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Abstract

We show that complementary state-specific reconstruction of logical (bulk) operators
is equivalent to the existence of a quantum minimal surface prescription for physical
(boundary) entropies. This significantly generalizes both sides of an equivalence previ-
ously shown by Harlow [1]; in particular, we do not require the entanglement wedge to
be the same for all states in the code space. In developing this theorem, we construct an
emergent bulk geometry for general quantum codes, defining “areas” associated to arbi-
trary logical subsystems, and argue that this definition is “functionally unique.” We also
formalize a definition of bulk reconstruction that we call “state-specific product unitary”
reconstruction. This definition captures the quantum error correction (QEC) properties
present in holographic codes and has potential independent interest as a very broad
generalization of QEC; it includes most traditional versions of QEC as special cases. Our
results extend to approximate codes, and even to the “non-isometric codes” that seem
to describe the interior of a black hole at late times.
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1 Introduction

1.1 Background and motivation

In the last decade, the ideas of quantum error correction have revolutionized our understand-
ing of holography [1-11]. Central to this progress is the notion of the entanglement wedge of
a boundary subregion B. Roughly speaking, this is a bulk subregion b that encodes the same
information about the state as the boundary subregion B. An important signature of the re-
lationship between these two regions is a relation between their entropies known as the QES
prescription [12-14],

Ag(b)
S(B =——=+8(b)y, - 1
(Bviy) re (b)) €))
The entropy S(b).y) := —tr[yylogyy] is the von Neumann entropy of bulk state

Yy, = trg[y) (1 |] on subregion b, and likewise S(B)yy, is the entropy of boundary region
B in the state dual to |¢), obtained by acting with the bulk-to-boundary map V. Ag(b) is the
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area of the bulk surface bounding b and homologous to B, and G is Newton’s constant. The
entire right hand side of (1) is known as the generalized entropy of b.

For appropriate holographic states, (1) is true for any boundary region B, so long as one
defines the entanglement wedge b to be bounded by the minimal quantum extremal surface
(QES) homologous to B [14]. This means that the region b is (i) an extremum of the general-
ized entropy under local perturbations of its bounding surface and (ii) among all such extremal
regions, b has minimal generalized entropy.*

For static states (or those at moments of time-reflection symmetry), the above prescription
simplifies considerably; the entanglement wedge is simply the smallest generalized entropy bulk
region contained in the static (or time-reflection symmetric) slice. While this simpler restricted
prescription can’t teach us about the detailed dynamics of information flow in quantum grav-
ity,2 it is sufficient to capture many other aspects of the information-theoretic structure of
AdS/CFT. It will be the sole focus of the present paper. To emphasize this, from now on we
will use the expression quantum minimal surface (QMS), rather than minimal QES.

The QMS prescription is a signature of a broader and deeper relationship between bulk
and boundary information known as “entanglement wedge reconstruction.” Entanglement
wedge reconstruction is easiest to understand (and was first understood) when the entangle-
ment wedge b of the boundary region B is the same for all states of interest. This will be
(approximately) true so long as one restricts interest to small “code spaces” of bulk states with
a fixed geometry in limits where the bulk entropy term can be ignored in (1) when finding
the entanglement wedge. In such situations, (1) implies an approximate equality between the
relative entropy [17,18] between any two boundary states on region B and the corresponding
bulk relative entropy between the dual states on region b. In turn, this implies that every bulk
operator Oy, acting on b has a “boundary reconstruction” Oy acting only on B that acts faith-
fully on the code space [4-6]. We say that such a reconstruction is state independent because,
in contrast to the more general case discussed below, the same boundary representation of a
bulk operator can be used for the entire code space of allowed bulk states.

In fact, (1) implies something even stronger in these settings: complementary state-
independent recovery. The same equality between relative entropies that ensured B could
reconstruct b also implies that a bulk operator acting on the complementary bulk region b
can be state-independently reconstructed on the complementary boundary region B. In other
words, so long as b is the same for all states of interest, the single condition (1) implies recon-
struction of both b in B and b in B.

While this is already a very powerful result, in [ 1] Harlow proved something perhaps even
more interesting: a converse statement is also true. Complementary state-independent re-
covery is sufficient to show that (1) holds — for some definition of “area” A. That is, for any
complementary quantum error correcting (QEC) code — even one that a priori has nothing
to do with holography - if the physical subsystem #y can state-independently reconstruct a
logical factor H;, and likewise Hz can reconstruct Hj, then

SB)ypyy =A+SDb)yy (2)

for some constant “area” A that depends on the particular QEC code.?> We can therefore define
an entanglement wedge for B in any complementary QEC code as the reconstructible factor of
the code space and obtain an associated holographic entropy formula. In this picture, rather

Let us emphasize the proviso: this is only true for appropriate holographic states. As shown in [11] (see
also [15]), there are some semiclassical holographic states — i.e. simple states of bulk quantum matter on fixed
semiclassical geometric backgrounds - for which (1) does not apply for any bulk region b, even as a leading order
semiclassical approximation. In such cases, we say that the entanglement wedge of B is not well-defined.

2For example, it doesn’t know about the scrambling time delay before information escapes an evaporating black
hole after the Page time [9,16].

3In the analogy with area, we are implicitly using units where 4G = 1.
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than the area term in (1) being an external input from quantum gravity, it simply quantifies a
particular source of entanglement that is present in all (complementary) QEC codes.

In this sense, any QEC code has the beginnings of an emergent “bulk geometry” within it,
albeit by “geometry” we so far mean the area of a single surface. In turn, this geometry gives
us a clear justification of, and information-theoretic motivation for, the existence of a formula
like (1), which is a result that has otherwise only been derived using the somewhat mysterious
tool of gravitational path integrals.

That said, the framework of [1] is not yet the full story. It explains only the special case
of a code space with a single, state-independent entanglement wedge.* In general, different
states within the same large code space may have different entanglement wedges. See Figure
1 for an example. Hence the entanglement wedge cannot generally be defined as the region
that is reconstructible in a state-independent way. That region, called the reconstructible wedge
in [21], depends only on the code space, and not on the state itself, and is in fact equal to the
intersection of the entanglement wedges over all states in the code space, pure and mixed
[4,6,21]. State-independent complementary reconstruction is not possible when different
states in the code space have different entanglement wedges; the assumptions of the theorems
in [1] do not apply.

Can Harlow’s arguments be generalized to these settings? Does bulk reconstruction still de-
fine the entanglement wedge? And does geometry still emerge from information? Answering
such questions will be the primary goal of this paper. It turns out that, while state-independent
complementary reconstruction is no longer always possible, a weaker version of complemen-
tary reconstruction is equivalent to (1). The new ingredient is that the reconstruction may
need to be state-specific, with different reconstructions used for different states within the
code space. Remarkably, not only does one still find an emergent bulk geometry — and a holo-
graphic entropy prescription — for any code with state-specific complementary reconstruction,
but the emergent geometries can be much richer than those found before. Rather than a
single surface with a single area, we define areas that bound any set of “bulk” subsystems.®
And rather than (1) holding for a fixed subsystem Hj,, the subsystem H; is determined by
minimizing generalized entropy over all sets of subsystems — a true quantum minimal surface
prescription.

sy

B

Figure 1: An AdS/CFT setup without complementary state-independent recovery.
Between the two candidate extremal surfaces lies a black hole with horizon area
much greater than the difference in area between the two surfaces, Agy > A, —A, .
Neither B nor B can reconstruct operators in b’ in a state-independent way.

“See [7,8,19, 20] for generalizations of [1] that nonetheless still use the same assumption of a single, state-
independent entanglement wedge.
>Of course, even this is still a long way from having a smooth bulk metric!
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Figure 2: Two illustrations of the quantum codes used throughout this paper. (a)
A linear map V : ®;H;, — Hp ® Hg. (b) This linear map encompasses situations
in holography. Each input leg corresponds to a bulk point or subregion, while the
output legs correspond to boundary subregions. The map V is implicit.

1.2 This paper

To explain our generalization of Harlow’s results we must first define both “areas” and “entan-
glement wedges” for arbitrary quantum codes.

We define a quantum code as an isometry V : ®_;H; — Hp ® Hg, as in figure 2a. In
a holographic context, the input subsystems H,, are each associated to different local bulk
regions, as in figure 2b.

Given any subset b := {b; , b;, ...} of input legs, we define an “area” Ag(b) as follows. (See
Section 2 for more details.) For every isometry V there is an associated special state, called
the Choi-Jamiolkowski state, defined by acting with V on half of a maximally-entangled state

|CJ>B§r1...rn =V |MAX>b1...bnr1...rn P 3)

where H, = H’I‘;i, and |MAX)y p . is the canonical maximally entangled state on

Hp, ®..Hp OH, ®... H, .5 See Figure 3. This state consists of a product of maximally entan-
gled states on each pair Hj ®H,.. In particular, H, = ’}-[ri1 ®Hrl.2 ... purifies Hy, = Hbil ®”Hbi2
The area Ag(b) is defined by

Ag(b) :=S(B1)|cy) - @

This definition works for any collection of input subsystems b for any QEC code V, and we will
argue in Section 2 that it is “functionally unique” as a definition of area for codes that obey a
QMS prescription.” The explicit dependence of (4) on H should be understood as enforcing
the homology constraint on the surface bounding region b.

Next we need to define the entanglement wedge EWg(|¢)) of a boundary region B for bulk
state [¢). One approach would simply be to always define EWg(]y)) = b as the collection of
input subsystems b that minimizes Ag(b) + S(b)). However this would be naive: for most

SGiven an arbitrary orthonormal basis {|i)} for a Hilbert space #, the canonical maximally entangled state
IMAX) € H ® H* is defined to be Y., [i) |i)* /v/d. It is easy to verify that this is independent of the choice of basis
{l1)}-

7By this we mean that any other definition of area — for example the geometric area in holographic codes, and
the log bond dimension in tensor network codes — will agree with (4) on any surface that is quantum minimal for
some state in the code space. As we emphasize in Section 2, the different definitions may not agree for surfaces
that are never quantum minimal; however in that case (4) still gives a lower bound on any other definition of area.
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Figure 3: The Choi-Jamiolkowski state |[CJ). Angled lines represent maximally en-
tangled states, with one half of the maximally entangled state input into V.

codes V (and even for many states in holographic codes [11]) the quantum minimal surface
defined in this way has no information-theoretic significance.® Instead we want to define
the entanglement wedge (when it exists) to be the collection of bulk subsystems that are
reconstructible from #y in an appropriate sense. We will then show as a consequence that the
entanglement wedge must always be quantum minimal.

So what is the sense in which the entanglement wedge needs to be reconstructible from
‘Hg? We describe a precise answer to this question in Section 3 where we also explain how
that answer encompasses and generalizes previous definitions of quantum error correction
and bulk reconstruction. The reconstruction needs to state-specific, or else the entanglement
wedge would need to be the same for all states in the code space, as in the theorems in [1].
We say that a bulk unitary Uy, can be reconstructed by the boundary unitary Uy for the specific
state [) if

UV ) =VUy ) . (5)

Note that it is important here that the boundary reconstruction Uy is unitary — otherwise the
reconstructed operator would be able to change the reduced state on Hz despite nominally
only acting on Hy. Indeed, so long as the dimension dg of Hjp is at least as large as the
dimension dz of Hg, then a generic state |1)) € Hp ® Hz can be mapped to any other state by
a non-unitary operator acting only on 3.’

However, it would be too strong to demand that B can do state-specific reconstruction of all
unitaries Uy, that act on its entanglement wedge b. By acting with arbitrary unitaries within b
one can change the entanglement structure of the state |v)), potentially changing the location
of the quantum minimal surface and therefore the entanglement wedge; see Figure 4. This
cannot ever be achieved by acting only with a unitary on H, since it will change the entropy
S(E)W)). To avoid this issue, we should only insist that B be able to reconstruct unitaries Uy,
that don’t change the entanglement structure of the bulk state. Such operators are product
unitaries — unitaries that can be written as a product of local unitaries Uy, = Ubi1 ®U biy + e

8See Appendix B.1 and also [11] for examples.
°The celebrated Reeh-Schlieder Theorem [22] is a similar statement about continuum quantum field theory.

6
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Figure 4: An AdS/CFT setup in which a unitary acting within an entanglement wedge
changes the location of the quantum minimal surface. On the left, we have two black
holes in an entangled pure state. Because of the large amount of entanglement, y; is
quantum minimal and therefore both black holes are inside the entanglement wedge
of B. On the right, we have the situation after acting on both black holes with a
unitary Uy,  that maps the original state to a factorized pure state. Now v, is quantum
minimal. This unitary has changed the entropies S(B) and S(B) and therefore cannot
be represented by a unitary on B.

We therefore define the entanglement wedge of B for a pure state |1/))b1___ b, as the bulk re-
gion b for which state-specific complementary reconstruction of product unitaries is possible.
In other words, for any product unitaries U, and Ulf), there need to exist boundary reconstruc-

tions Uy and U% respectively such that

UsULV [4) = VURU 1) . 6)

What about the entanglement wedge of B for mixed bulk states? A mixed state will gen-
erally not have complementary entanglement wedges for B and B. However, we can use the
standard trick of purifying the mixed state with an auxiliary reference system Hz to construct
the pure state |¥) b,..b,R- We have complementary state-specific reconstruction if, for any prod-
uct unitaries Uy, and U%, there exist boundary reconstructions Uy and U%ﬁ- In other words, the
reconstruction of Uy is allowed to act not only on the environment Hg, but also on the refer-
ence system Hgz. In the interests of full generality, we can also add a reference system Hy to
the Hj side:'° in this case, we say that the entanglement wedge of the region BR for the state
|‘I’>b1... b, RR 1S b, if, for any product unitaries U, and U%, there exist boundary reconstructions

/
Ugr and UET( such that
UBRUéEV |¥) = VU, U; |¥) . 7

The central result of this paper will be to show that this definition of the entanglement
wedge, based on its reconstruction properties, is equivalent to the QMS prescription being
valid for the state |¥), together with all states related to [¥) by a product of local unitaries.
Specifically, it is equivalent to the prescription

S(BR)VUbUéllll) =Ag(b) + S(bR)UbUéhy) ) 8)

1Mathematically, this generalization is essentially trivial. However, physically it is very important: studying the
entanglement wedge of auxiliary nonholographic quantum systems is at the heart of recent progress on the black
hole information problem [9,10].
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holding for all product unitaries Uy, U]f).“ This prescription is the obvious generalization of (1)
to the entropy S(BR); it was first introduced in gravity in [6].
The results can be formalized in the following theorem, which we prove in Section 4.

Theorem 4.2. Let V : Hcoqe = ®Hp, = Hp ® Hg be an isometry, with b= {b; , b;, ...} a subset
of input legs, and b its complement. Finally, let |¥) € Hoqe ® Hg ® Hz be a fixed, arbitrary state
with Hg, Hg reference systems of arbitrary dimension.

Then the following two conditions are equivalent:

1. (Complementary Recovery) For all product unitaries Uy, and Ulf), there exist unitary oper-
ators Ugg and U%Tz respectively such that

UsrUyV %) = VU U 1¥) ©
2. (Holographic Entropy Prescription) For all product unitaries Uy, and U,
S(BR)VUbUéI\I/) =Ag(b) + S(bR)UbUlf)I\IJ) . (10)

Moreover, both statements imply:

3. (One-shot Minimality) For all b’ Cbandb’ C b,

Hmin(5/|bR)|\1/) >Ap(b) —Ag(bub’), (11
Hppin(b'[bR)jg) >Ag(b) —Az(b' Ub). (12)

This in turn implies:

4. (Minimality) For all b’ CbUb,

Ap(b’) +S(b'R)jg) = Ap(b) + S(bR)}y) - (13)

Since Condition 3 (One-shot minimality) here is probably less familiar or intuitive to read-
ers than the other three conditions, let us take a moment to explain its significance. If the
left hand sides of (11) and (12) were replaced by the conditional von Neumann entropies
S(b’ |bR)|g) and S (v |I_)§)|\I,>, then Conditions 3 and 4 would be equivalent. Instead, however,
Condition 3 features an alternative entropy measure — the conditional min-entropy H,;,(A|B).
As a result, it is a strictly stronger condition. While, for any state |¥), there is always some set
of subsystems b satisfying Condition 4, there is not always any b satisfying Condition 3.

In [11], we pointed out an important relationship between one-shot quantum information
theory and holography. The upshot is that the generalized entropy of the minimal QES is not
equal to the boundary entropy for all quantum states. In other words, Condition 4 does not
imply Conditions 1 and 2 even in holographic codes. So when is the holographic entropy
prescription valid for holographic states? In [11], we provided the answer: complementary
state-specific reconstruction is possible in AdS/CFT, and the QES prescription is valid, when-
ever Condition 3 holds. The same is true for toy models of AdS/CFT such as random tensor
networks.

111t turns out to be important to demand that the QMS prescription hold for all states related to |¥) by product
unitaries, rather than just for the state |¥) itself. In general codes, regions that just satisfy (1) for a single state |¥)
need not have any particular reconstruction relationship to B, see Appendix B.1. To really talk about a holographic
entropy prescription as we know it from gravity, we need (1) to be satisfied not just by a single state, but by all
states with a particular entanglement structure, i.e. related by product unitaries.
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For general quantum codes, Condition 3 of course cannot be sufficient to derive Condition
1 and 2, since it does not depend on the isometry V at all. However, it is always true for any
quantum code V and state |¥) satisfying the first two conditions, and as a consequence so is
Condition 4.

In Section 5 we generalize Theorem 4.2 in two important ways. (Since the proof of this
more general theorem is somewhat technical, we postpone it to Appendix C.) Firstly, we allow
small errors in reconstruction and in the QMS prescription. This is crucial because the known
nontrivial examples of state-specific product unitary reconstruction (including AdS/CFT itself)
are inherently approximate. Indeed, in particularly simple versions of state-specific codes
known as zero-bit codes, one can prove that exact state-specific reconstruction implies state-
independent reconstruction, even though approximate state-specific reconstruction does not.

Secondly, we generalize Theorem 4.2 to allow linear maps V that are not isometries. This
allows us to understand code spaces in the interior of black holes with entropy larger than the
Bekenstein-Hawking entropy. Such code spaces are completely irreconcilable with the usual
framework of quantum error correction, but seem to arise naturally in semiclassical gravity.
In particular, they play a vital role in recent progress on the black hole information problem
[9,10]. We therefore view state-specific codes as crucial for a QEC-based understanding of the
interior of black holes.

In Section 6 we summarize our results and discuss important consequences and potential
future directions.

Finally, in Appendix A, we provide self-contained proofs of various technical results previ-
ously stated in the main body of the paper. These include a number of results that are well
known in the quantum information community, but are included for the convenience of the
reader because they may be less familiar to people with a background in high-energy physics.
In Appendix B, we consider various seemingly plausible variations on Theorem 4.2, and con-
struct counterexamples to each of them. These include replacing product unitaries by local
unitaries, and extending the minimality statement in Condition 4 to more general sets of sub-
algebras.

1.3 Notation

We use lower-case letters to label bulk Hilbert spaces (H by> Hrl, etc.) and capital letters to label
boundary Hilbert spaces. Bold letters denote sets, for example b = {b; , b;,,...}, and U(d) is
the group of d x d unitary matrices, while U € U(d) is a single unitary. For any set b of Hilbert
space labels, we define Hy, = ®;, ;- Finally, we use bars to denote the complement of a

subsystem or set of subsystems, e.g. b={b; : 1 <i <n, b; ¢b}.

2 Areas in general quantum codes

Before we can prove a QMS prescription for arbitrary quantum codes, we need to define what
we mean by “area” in such codes. After all, unlike gravity, quantum codes do not in general
come pre-equipped with a notion of geometry! The task of this section will be to motivate such
a definition. Our definition will be valid for any quantum code, by which we mean a quantum
channel in the Stinespring picture. Said precisely, a quantum code is an isometry

V: Hcode = ®i7-[bi - HB ® H§ (14)

mapping a code space Hqqe, made up of a collection of subsystems H,;,, to an output Hilbert
space Hjp together with an environment Hz.'? The area Ag(b) will depend only on the code

12In conventional applications of quantum error correction, it is helpful to distinguish the encoding map, which
is chosen by the experimenter for its nice properties, from the noisy channel, in which the “errors” occur. Mathe-

9
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V, the output Hilbert space Hp, and the choice of input subsystems b. It does not depend on
any choice of input state |¥). Unlike previous definitions of area in QEC codes, the code will
not need to have any particular error correcting properties.

However, the definition of “area” we introduce will not be completely unique. Other dis-
tinct definitions can also lead to a QMS prescription, such as the natural ‘areas’ in tensor
networks and gravity. And, for some surfaces, our definition may not necessarily agree with
those other definitions.

That said, the differences are not important; they correspond to essentially trivial redefi-
nitions of the same QMS prescription. Consider, for example, a surface with very large area,
such that it can never be quantum minimal for any input state. We can clearly redefine the
area of this surface, increasing its size, without affecting the validity of the QMS prescription.
Of course, by doing so, we have not meaningfully changed the QMS prescription that we are
using, since the surface was never relevant to that prescription anyway!

Indeed, in Section 2.2, we argue that our definition of area is functionally unique in the
sense hinted at above. We prove that any alternative definition of area consistent with a QMS
prescription must agree with our definition on all surfaces that are ever quantum minimal ac-
cording to that alternative prescription. Moreover, on any surface — including surfaces that are
never quantum minimal — our definition of area is a lower bound on any alternative definition.

2.1 An area definition for arbitrary codes

We begin by stating our definition of the area of a set of subsystems, and then provide some
comments on and motivation for this definition.

Definition 2.1. Let V : H o = ®;H;, — Hp ® Hy be an isometry and let
lc‘J)Bl_?rl...r,1 =V |MAX>b1...bnr1...rn

be the associated Choi-Jamiolkowski state, with [MAX), ., the canonical maximally en-
tangled state for H, = H;. Let b = {b;,b; ...} be a subset of input legs with
Hp = Hp, ® Hp, ... maximally entangled with 7, = H, ®H, ... in IMAX) . by, - We

then define the area Az(b) € R as
Ag(b) = S(Br)|cy) 5 (15)

where S(Br)|y) is the entanglement entropy of Hy ® H, for the state |CJ) BBryr,-

In other words the function Ay : 2{P1-bx} — R maps a subset b of input legs (i.e. an
element of the power set 2{1-n}) to a real-valued “area” of the “surface” bounding the subset
b. Note that the function Az depends explicitly not only on the isometry V but also on the
output subsystem Hjy. The dependence on Hjy represents the homology constraint present in
the QMS prescription: two surfaces bounding the same bulk region b will have different areas
if they are homologous to two different boundary regions B.*

Remark 2.2. Given any subset b C {b;...b,}, the area Ag(b) = S(Br)|c; and the comple-
mentary area Az(b) = S(B t)y) are equal.

matically the properties of the code depend only on the composition of these two maps, and in holography there
is no distinction between them. (Holographic codes are often interpreted as erasure codes where V is the encod-
ing map and the noisy channel consists only of the partial trace, but this separation is essentially arbitrary.) We
shall therefore refer only to a single isometry V mapping the logical state to the final physical state of system and
environment.

130ne way to see this is to consider the area of the surface bounding the empty set. Az(&) is not zero, and so
the surface is not trivial; it is better interpreted as the surface homologous to B but excluding the entire bulk.

10
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Remark 2.3. Definition 2.1 is a generalization of the area defined for codes in [1]. Suppose
that we have an isometry V : H;, ® H;, — Hp ® Hz such that

bsc;—B,b,co—B
VI e, = Vi TV, [9) 0, 1) ey (16)
for any state [v) where |y) € H, ® H,, is a fixed state and Vflcl_}B : Hp, ® H,, — Hjp and

Vzbzcz_’B : Hp, ® H, = Hg are isometries. In other words, suppose V obeys the structure theo-
rem of [ 1] for exact QEC codes with complementary recovery. Then it can be seen immediately

that

Ap(b1) =S(Bry)icyy =S(c1)yy) - a7

The right hand side of (17) is exactly the definition of area used in [1]. Definition 2.1 therefore
agrees with the definition of area from [1] whenever both are defined. As emphasized above,
however, Definition 2.1 is much more general, applicable to arbitrary input subsystems for
arbitrary quantum codes. In contrast, the definition of area used in [1] relies crucially on the
structure theorem (16) for complementary QEC codes, and so cannot be applied outside that
context.

2.2 Comparisons with other definitions of area

While we do not know of any natural alternative definition of area for arbitrary subsystems
in arbitrary quantum channels, there do exist standard notions of area for particular, special
channels, such as tensor networks and of course gravitational systems themselves. If we are
to relate our QMS prescription to the already known prescriptions for these special classes of
channels, it is important to be able to compare the different definitions of area.

To give a sharp example, tensor networks codes are a particular class of quantum code
where the isometry V can be replaced by a network of smaller tensors contracted together.
See Figure 5. For tensor network codes, the “area” of a set of input subsystems is commonly
defined as the logarithm of the dimension of cut in-plane legs for a surface surrounding those
input legs. Generically, random tensor networks (RTNs) [23] satisfy a QMS prescription with
respect to this area. So what is the relationship between that area and the one from Definition
2.1? Can the two QMS prescriptions ever lead to different entanglement wedges for the same
state?

We will give precise answers to these questions below in the form of two theorems and a
corollary. The basic summary is that any alternative prescription will agree with Definition 2.1
on the location of the entanglement wedge and on the value of the area for any surfaces that
are potentially quantum minimal according to the alternative prescription. For other surfaces,
our definition of area lower bounds all possible alternative definitions. The area in Definition
2.1 is therefore “functionally unique.”

In order to make more precise statements, we will need to first introduce some preliminary
definitions.

Definition 2.4. Consider an isometry V : H.q. = ®;Hj — Hp ® Hp. An “area” function

Ay 2{b1-bn} 5 R is said to lead to a quantum minimal surface (QMS) prescription for a state
[¥) € Heoge ® Hp ® Hy and region BR if there exists a set of input subsystems b C {b;...b,}
such that for all product unitaries U = Uy, ® Uy, ...,

S(BR)yyjy)y = Az(b) + S(bR)yy) » (18)

and moreover that
AL(b") + S(b'R)jg) = Aj(b) + S(bR),y) , (19)
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Figure 5: An example tensor network. The blue circles each represent tensors, four-
partite states on the union of the small red circle and three black legs touching that
blue circle. Each tensor can be viewed as a map from a state on the red circle to a
state on the black legs. A solid black line between tensors represents postselection
of the state on one leg from each tensor onto the state |[MAX). The entire tensor
network forms a map from states on the union of the small red circles to the union
of the boundary legs, which are those legs crossing the outer circle.

for all other sets of subsystems b’ C {b; ... b,}. We then say that b is an entanglement wedge
EW3.(|¥)) of BR for the state |¥).

Remark 2.5. As a notational convention, we reserve Ag to denote the use of area as defined in
Definition 2.1. Alternative area functions are therefore denoted by A}. Similarly, we reserve
EW for the entanglement wedge defined by (7), which Theorem 4.2 shows is equivalent to the
entanglement wedge given in Definition 2.4 for Ag.

In essence, Definition 2.4 says that an area function A leads to a QMS prescription for the
state |¥) if |¥) satisfies Conditions 2 and 4 of Theorem 4.2, with the area Ag from Definition
2.1 replaced by the alternative area function A7.

Remark 2.6. For a given area function A,, quantum code V, and state |¥), there can exist more
than one entanglement wedge EW,,(|¥)) if there exists more than one subset b € {b;...b,}
with the same generalized entropy A%(b) + S (bR)|y)-

For example, consider the area function Az from Definition 2.1, with a quantum code with
V the identity map after identifying H; = Hp and H;, = Hg, with dj, > d,,,, and with a state
lv) € Hp, ® Hy, that is maximally entangled between the two subsystems. For any product
unitary U = Uy, ® Uy, we have

S(B)vy) =logdy, = Ag(byby) =Ag(b1by) +S(b1by)y,) - (20)
However we also have

S(B)viyy =S(b1)jy) =Ap(b1) +S(b1)y) - 21

It is easy to verify that b, and @ have larger generalized entropy. Hence both b; and b, b, are
entanglement wedges EWj(|y)) of the region B for the state [¢).

We also want to define a notion of an area function A}, leading to a QMS prescription for an
isometry V in general, rather than just doing so for one specific state |¥). A naive approach to
doing so would be to demand that all states |¥) obey a QMS prescription. However, this would
be too strong. As shown in [11], even the actual, geometric area of surfaces in AdS/CFT does
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not lead to a QMS prescription that works for all states.'* Instead, we use the area function Az
from Definition 2.1 to define a reasonable set of states for which the QMS prescription ought

to apply.

Definition 2.7. We say that an area function A} leads to a quantum minimal surface (QMS)
prescription for the isometry V if A} leads to a QMS prescription for all states |¥) and regions
BR for which the area function Ag from Definition 2.1 leads to a QMS prescription.

With all the needed definitions in hand, we are finally ready to state the main technical
results of this section. We first show that the area Ay introduced in Definition 2.1 is a lower
bound on any other definition of area that satisfies a QMS prescription.

Theorem 2.8. If an area function A} satisfies a QMS prescription for the isometry V, then

A, (b) > Ag(b), (22)
for all collections of inputs b C {b;...b,}.
Proof. See Appendix A.2. O

Finally, we show that any alternative area function A, that leads to a QMS prescription for
the isometry V must agree with Ag for all subsets b that can ever be an entanglement wedge.

Theorem 2.9. Let A} lead to a QMS prescription for the isometry V. Then, for any subset
b C {by...b,}, if there exists a state |¥) € Hqe ® Hg ® Hg such that b = EWy,(|¥)), then

AL(b) = Ag(b). (23)
Proof. See Appendix A.2. O

Corollary 2.10. For any area function A} that satisfies a QMS prescription for an isometry V,
b =EW,.(|¥)) = b=EWy(|¥)). (24)

Proof. By assumption, for all product unitaries U, S(BR)yyy) = Az(b) + S(bR)yg). By Theo-
rem 2.9 this implies that also S(BR)yyy) =Ag(b) + S(bR)yy), and therefore b = EWgr(1¥)).
O

3 State-specific reconstruction

The same basic idea — that certain logical quantum information is encoded in a particular
physical system — underlies the many versions of quantum error correction: exact, approxi-
mate, subsystem, algebraic, etc. In this section, we introduce a new kind of quantum error
correction, which we call “state-specific product unitary reconstruction.” It is important to
holography because it naturally defines the entanglement wedge, a fact that we prove in The-
orem 4.2. It is also of independent interest as a type of generalized quantum error correction,
which includes most more conventional definitions as special cases. In order to motivate it,
we first review the usual, “state-independent” version of quantum error correction. We then
gradually generalize the definition until we reach state-specific reconstruction.

4In fact, it fails for highly incompressible states at leading order in G.
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3.1 State-independent quantum error correction

State-independent quantum error correction can be formalized in a number of equivalent ways.
The following theorem reviews some of these ways; see e.g. [1] for others.'®

Theorem 3.1 (Formulations of exact state-independent QEC). Let V : H.,qe — Hp ® Hg be
an isometry between finite-dimensional Hilbert spaces. Then the following four statements are
equivalent:

1. (Schrodinger picture) There exists a “recovery isometry” Wy : Hg — Hcoge ® Hi Such that

for any state pioge .
trEE[VVBVIO(:odeV er; 1= Pcode - (25)

2. (Heisenberg picture) There exists a “recovery isometry” Wy : Hg — Heode ® Hp such that
for any Hermitian operator Ocoqe, the Hermitian operator Op := Wy O.oq.Wp satisfies

<1/)|VTOBV|"/)) = (lplocode'w) 5 (26)
fOT‘ all WJ) € Hcode-

3. (Reconstruction of Hermitian operators) For any Hermitian operator O..qe, there exists a
Hermitian operator Og such that for all |v) € Hoge

OBV W)) = Vocode |¢) . (27)

4. (Reconstruction of unitary operators) For any unitary operator U,yq., there exists a unitary
operator Ug such that for all [¢) € Heoge

UgV WJ) = VUcode W)) . (28)

Proof. See Appendix A.3. O

All four conditions in Theorem 3.1 have natural physical interpretations. Condition 1 says
that there exists a unitary evolution Wy that recovers the code space state |¢) from the re-
duced state of V |y) on Hg. Condition 2 is the standard dual Heisenberg picture: for any
measurement O,4. On the code space, we can find a measurement Oy := Wg OcodeWp with
the same expectation values. Condition 3 has a similar physical interpretation to Condition 2
in terms of simulating measurements, but is naively slightly stronger (although equivalent in
reality) since it requires the measurement operator Oy to have the correct action on all states
V |4) rather than merely the correct expectation values.

Finally, Condition 4 says that any unitary evolution of the code space can be simulated by
a unitary evolution of the state on Hp. In other words, we can perfectly manipulate the state
|y)) while only having control over Hp.

It turns out that Condition 4 of Theorem 3.1 will most naturally generalize to the definition
of state-specific reconstruction that we introduce in this paper. Although less common than
some other definitions of quantum error correction — in particular the Schrédinger picture
(Condition 1) - in the quantum computing literature, it is also a very natural perspective from
the point of view of holography, where we are often interested in finding boundary protocols
for preparing particular bulk states.'® We will return to it when we talk about state-specific
reconstruction.

15To see the equivalence of the conditions in Theorem 3.1 below and those in Theorem 3.1 of [1], note that
Condition 3 below is manifestly equivalent to the Hermitian and anti-Hermitian parts of Condition 2 of Theorem
3.1 of [1].

16See e.g. the discussion of reconstruction complexity in [24-26]. The circuit complexity of reconstruction is
only well defined when reconstructing unitary bulk operators using unitary boundary operators.
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There is a natural generalization of QEC, called subsystem QEC, where only a subsystem
Hp, of Heoqe Needs to be reconstructible. The four conditions for QEC from Theorem 3.1 all
generalize to subsystem codes, as we now review; again, see e.g. [1] for other equivalent
conditions.!”

Theorem 3.2 (Subsystem QEC). Let V : H oqe = Hp, ® Hj — Hp ® Hg be an isometry between
finite-dimensional Hilbert spaces. Then the following four statements are equivalent:

1. (Schrodinger picture) There exists a “recovery isometry” Wy : Hg — H ® Hy such that

for any state poge
trEE[WBVpcodeVTWB' ] =Pp- (29)

2. (Heisenberg picture) There exists a “recovery isometry” Wy : Hg — Hj, ® Hp such that for
any Hermitian operator Oy, the Hermitian operator Og := WI; O.ode W5 satisfies

(YIVTOsVIY) = (10y13) , (30)

for all |Y) € Heoge-

3. (Reconstruction of Hermitian operators) For any Hermitian operator Oy, there exists a
Hermitian operator Og such that for all |v) € Hode

OV |y) =VOy ) . (D

4. (Reconstruction of unitary operators) For any unitary operator Uy, there exists a unitary
operator Ug such that for all [) € Hoge

UpV [yh) = VU, [Y) . (32)

Proof. See Appendix A.3. O

Remark 3.3. Subsystem QEC can be further generalized to operator algebra QEC, where the
set of reconstructible operators can be a von Neumann subalgebra acting on #.4e, but that
generalization will only play a small part in this paper.

Note that subsystem QEC is a weaker condition than ordinary QEC — only certain unitaries
need to be reconstructible — but it is also a generalization of ordinary QEC (ordinary QEC is
the special case of a subsystem code where the reconstructible subsystem is the entire input
Hilbert space).

Definition 3.4 (Complementary Recovery). We say that state-independent complementary re-
covery is possible for an isometry V : H, ® Hy — Hp ® Hy if system Hp forms a subsystem
QEC code for H};, and simultaneously system Hz forms a subsystem QEC code for the comple-
mentary subsystem Hj,.

3.2 Approximate codes and state specificity

Theorem 3.1 and Theorem 3.2 are about ‘exact’ QEC codes, where information can always be
perfectly recovered without any error. This assumption greatly simplifies the analysis, but in
practice it is an assumption that is almost never truly valid, whether in real world experiments
with quantum computers or in theoretical applications such as quantum gravity.

17Theorem 3.2 should be compared to Theorem 4.1 of [1]. Again, the correspondence between Condition 3 of
Theorem 3.2 and Condition 2 of Theorem 4.1 of [1] is immediate.
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To deal with errors, we need to use a more general framework called approximate QEC
[27-30]. Often, doing so merely adds considerable effort, while leading to the same qualitative
conclusions: so, for example, there exist analogous versions of Theorem 3.1 and Theorem 3.2
for approximate QEC codes, with all the various conditions replaced by approximate versions
of the same condition, and with different errors all bounded in terms of one another. For
example, (25) can be replaced by the statement that there exists a Wy such that for any state

Pcode>

”trEE[WBVpcodeVTW;] - pcode”l <e, (33)

for some small & > 0, where ||X||; = tr VXTX is the Schatten 1-norm.'®

However, the relationship between exact and approximate QEC is not always so simple. It
turns out that for large quantum systems approximate QEC can be possible with very small ¢,
even when exact QEC is completely impossible. In essence, two limits do not commute: a) the
number of qubits n goes to infinity and b) the error € goes to zero. A classic example of this
effect is that exact QEC is always impossible in the presence of arbitrary errors of greater than
a quarter of the qubits, whereas approximate QEC is still possible so long as the errors are on
fewer than half of the qubits [32].

To see these qualitative differences in practice, consider yet another definition of quantum
error correction, known as the information-disturbance trade-off. In this definition, rather than
studying the information accessible from Hjy, we focus on the information that is inaccessible
from the thrown away degrees of freedom in Hz. These are equivalent because in quantum
mechanics information can neither be copied (the no-cloning theorem) nor destroyed (the no-
erasure theorem). Hence quantum information can be recovered from system B if and only if
the complementary subsystem B is completely ignorant of it.

In other words, equivalent to the four statements in Theorem 3.1 is the statement that for
all states |Y)) € Hcodes

Yz =trp[VI|yY) (Y| V'] = wz, (34)

where wy is a fixed state that is independent of [v). That said, this statement is only equivalent
in the context of exact QEC. In approximate QEC we need to be more careful. Suppose for all
[Y) € Heoge We have

Vg —wgll <e. (35)

It seems like an observer with access only to g learns nothing about |1)), and so by the
information-disturbance tradeoff, #y should learn everything about |v). But that conclusion
would be too quick.

Let us consider a new state |¥) € H.,q. ® Hg Where Hjy is an auxiliary reference system
isomorphic to H yq.. Crucially, suppose that the observer of Hz also has access to Hp. For
the observer to truly learn nothing about |¥) from %z (beyond the reduced state Wy that they
already know), then we need

[Wgp — w5 ® Ugll; < &', (36)

for some small ¢’. But (35) being true for all |¢)) € H 4. and small ¢ does not mean that (36)
is true for all |¥) € H g ® Hy and small ¢’. Instead, the tightest possible bound on (36) from
(35) is that &’ < O(d o40.€) [33]. Since the code space dimension d, 4. is exponential in the
number of qubits, this means that we have essentially no control over &’ at all, given reasonable

18This is only one possible definition of the reconstruction error e. Other natural possibilities include replacing
the Schatten 1-norm in (33) by the quantum fidelity, or replacing the states p..4. by states in H .4 ® Hy Where
the reference system #j, has dimension dg > d..4.. However all these definitions are equivalent in the sense that
the different errors uniformly bound one another in the limit ¢ — 0. See e.g. Proposition 4.3 of [31]. This is the
same sense in which Conditions 1-4 are equivalent in Theorem 3.5 below.
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values of €. The tiny corrections to 15 allowed by (35) can build up in superposition and give
large corrections to Wp.

As the intuition from the information disturbance tradeoff suggests, it is (36) that is equiv-
alent to state-independent approximate QEC as in (33) [34]. However, while (35) is too weak
to imply those conditions, it does nonetheless imply something meaningful about the informa-
tion accessible from Hy. Specifically, in the language of [6, 35], it says that Hp encodes the
zero-bits of H yqe. Other names for this are that B can do universal subspace QEC, or that B
can do quantum identification [33,35].

As with state-independent quantum error correction, there exist various equivalent oper-
ational definitions of a zero-bit code. While we review a number of these below in Theorem
3.5, in many ways the nicest definition is Condition 4, which is analogous to Condition 4 (Re-
construction of unitary operators) from Theorem 3.1. As in that condition, for any unitary
operator U,,4. and state |)) € H .4 there needs to exist an (approximate) unitary reconstruc-
tion Ug such that

UBV hp) ~ VUcode hb) . (37)

However, the reconstruction Uy is now allowed to depend not only on the unitary U,,q. that
it is reconstructing, but also on the state [¢)) itself. We can implement an arbitrary evolution
of the state |v) while acting only on Hp, but we have to know the initial state |¢) in order to
do so. The reconstruction is therefore “state specific.”

Theorem 3.5 (Zero-bit codes). Let V : Hooqe — Hp ® Hy be an isometry between finite-
dimensional Hilbert spaces. Then the following four statements are equivalent:

1. (Forgetfulness of the environment) For all states |v), the reduced density matrix

Yy =trg[V [¢) (Y] V'] satisfies
g —wpll < e, (38)
for some fixed density matrix wsg.

2. (Universal subspace quantum error correction) For any two-dimensional subspace
Heode E Heodes there exists an isometry Wy : Hp — Heoge ® Hi such that for all den-
sity matrices P qoge With support only on H qge

||trEE[WBV/3c0deVTV’V;r] - ﬁcode”l <é&. (39)

3. (Distinguishing quantum states) For any pair of orthogonal states |{)) ,|¢) € H ode, there
exists a projector Ilg such that

(YIVIIRVIY) = 1—e5, and (P|VTIV|) < &5. (40)

4. (State-specific reconstruction of unitary operators) For some fixed state |1) € Hoge and
for any unitary operator U4, there exists a unitary Ug such that the inner product

HVUcode w)()) —UgV |w0> H < g4 (41)

Specifically, Condition 1 implies Condition 2 with €, < 44/3¢&;; Condition 2 implies Condition
3 with €3 < 2¢,; Condition 3 implies Condition 4 with €4 < 2,/€3; and Condition 4 implies
Condition 1 with g, < 2¢4.

Proof. See Appendix A.3. O
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It is worth emphasizing that Condition 4 of Theorem 3.5 does not depend on the choice
of fixed state [1),). Given any alternative choice |1);), there exists a unitary Ué ode Such that

|¢6> = Uéode W’o) Now let W)) = Ucode |7~l)6> = Uégde |¢0) We have

U ULV L) m ULV o) RV ) (42)

So UJ/U,! is a state-specific reconstruction of Ug,q. for the state [rg)-

It is illuminating to note how this story changes if we instead consider states
[Wo) € Heode ® Hg for some large reference system Hp = Hooge- Suppose we know that,
analogously to Condition 4, for any U,q., there exists Uy such that

UBV |\DO> ~ VUcode |\I’0> . (43)

If |¥,) factorizes between H.,q. and Hy, then this is exactly Condition 4 and we only have a
zero-bit code. However, if |¥)) is highly entangled, then it becomes a much stronger condition:
roughly speaking, rather than only needing to act correctly on a single state, Up needs to act
(approximately) correctly on all states in the Schmidt decomposition of |¥;). When |¥,) is
maximally entangled, this is (average case) state-independent approximate quantum error
correction.?

Here we can see the first hints at how phase transitions in the size of an entanglement
wedge work; as the entanglement entropy of |¥,) grows, it becomes harder to reconstruct
unitaries Uyqe using Hg.

3.3 State-specific product unitary reconstruction

Entanglement wedge reconstruction in holographic codes involves all of the generalizations
of quantum error correction introduced in Sections 3.1 and 3.2:

* A boundary region B can only reconstruct operators acting on certain subsystems of the
bulk Hilbert space, namely those within its entanglement wedge.

* The reconstructions are state-specific, in a way that generalizes zero-bit codes [6,35].
* The reconstructions are approximate, with errors of at least e (/%) [4,18].

To include all these features within a single formalism, we need to introduce a new type of re-
construction that we call “state-specific product unitary reconstruction,” or just “state-specific
reconstruction” for short. This is of course the type of reconstruction that appears as Condition
1 in Theorem 4.2 (except for the non-zero error €, which is incorporated in Condition 1 in The-
orem 5.5); we will now introduce it carefully. While the aim here is to formalize the specific
features of entanglement wedge reconstruction in holographic codes, state-specific product
unitary reconstruction is very general and includes as special cases all the types of quantum
error correction discussed above.

Let Hoqe be an input Hilbert space factorizing as a product of n “local” Hilbert spaces Hy, ,
with the isometry

Vi Heode gHbl ®,Hb2---,an - Hg ®Hg,

as in Figure 2. Consider some subset of the input subsystem:s,

b:{bil,biz,...}g{bl,...bn}. (44)

9Technically, (43) is slightly weaker than e.g. (33), because there can exist a few states |)) € H 4. for which
the reconstruction Uy does not work, so long as such states only make up a small fraction of the full Hilbert space
Hode- In contrast, we demanded that (33) was true for all states without exception. However, in practice, the two
conditions are comparably “difficult” to achieve; for example the quantum capacity of a channel is the same by
either definition.
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Finally let [¥) € H o4 ® Hg ® Hz be an arbitrary state. We want to introduce an appropriate
definition of state-specific reconstruction of Hy, using Hz ® Hpy

It turns out to be most natural to define state-specific reconstruction in terms of the recon-
struction of unitary operators as in Condition 4 of Theorems 3.1, 3.2, and 3.5. This is, after all,
the only condition that appeared in closely related form in all three theorems! A more precise
reason is that Conditions 2 and 3 of Theorem 3.5 really involve a choice of two states (either
two orthogonal states or two states whose span defines H,.q4.) rather than just one,?® and this
is hard to generalize to entangled states in subsystem codes.

A naive first guess then would be to define state-specific reconstruction for the state |¥)
by the requirement that for any unitary U;, acting on Hy = ”Hbil ® Hbiz ..., there exists a
reconstruction Uy such that

UgrV ) ~ VU |T) . (45)

However, it turns out that this is not always possible in holography, even if the reconstruction
Upgg can be specific to the state |¥) with b the entanglement wedge of BR for the state |¥).
The reason is that the entanglement wedge b depends on the entanglement structure of the
bulk state |¥). If the operator U, can change the entanglement structure of |¥), it can change
the entanglement wedge, and thereby, for example, change the entropy S(BR). Clearly this
change cannot be achieved by any unitary Ugg.

It is therefore natural to restrict Uy, to operators that don’t change the entanglement struc-
ture of |¥) — namely product unitaries.

Definition 3.6 (Product unitary). A unitary Uy, acting on Hy, = %bil ®H by, ® - is said to be a
product unitary if it can be written as a product of local unitaries U b, ® Ubl,2 ®....

We saw a similar effect in the discussion at the end of Section 3.2, where the entanglement
structure of |¥,) € Hoge ® Hr — which, crucially, couldn’t be changed by unitaries Ugyge —
controlled how easy reconstruction was. We therefore define state-specific product unitary
reconstruction by the following set of two equivalent conditions:

Theorem 3.7 (State-specific product unitary reconstruction).

Let V : Heodge = Hp, ® Hp, - Hp, — Hp ® Hg be an isometry, with b = {b; , b;,...} a subset of
input legs. Finally, let |¥) € Hooge ® Hp ® Hg be a fixed, arbitrary state with Hg, Hz reference
systems of arbitrary dimension. Then the following two statements are equivalent:

1. (State-specific reconstruction of product unitaries) For any product unitary Uy, there ex-
ists a unitary reconstruction Ugg such that

|UrV 19) = VU, @) || < ;. (46)

2. (Forgetfulness of product unitaries by the environment) For any product unitary Uy, we
have

(| erarlV U [9) (B U VT — trge[V @) (| V]|, < €. (47)

Specifically, Condition 1 implies Condition 2 with €4 < 2¢;, while Condition 2 implies Condition
1 with g < /&,.

Proof. See Appendix A.3. O

20physically, this is because state evolution is nontrivial to implement even when the initial state is already
known, whereas measurements are only nontrivial if the system can be in at least two possible states.
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Remark 3.8. In the special case where n =1, b = {b;} and dy = dz = 1, Theorem 3.7 reduces
to Conditions 1 and 4 of Theorem 3.5.

Remark 3.9. The “no cloning theorem” does not prevent state-specific product unitary recon-
struction of the same subsystem from both Hp and 7{5.21 Consider the example from Remark
2.6 where the state [v) has H;, = Hp maximally entangled with H, = Hz (with V =1,
dp, > dp, and dg = dg = 1). Since all maximally entangled states are related by a unitary
operator acting on the larger Hilbert space, {b;, b,} can be reconstructed from Hz. However
b, can also clearly be reconstructed from Hz.

This type of reconstruction is almost sufficient to define the entanglement wedge. However
it still misses one important aspect: complementary recovery. Given any holographic bulk state
|¥) with a well defined entanglement wedge, the entanglement wedge of BR is always the
complement of the entanglement wedge of BR. Hence, any bulk subsystem #,;, that cannot
be reconstructed from Hy ® Hy can always be reconstructed from Hz ® Hz.

Note it is crucial here that we are considering the purified state |¥). In general, the en-
tanglement wedges of B and B alone will not be complementary for a mixed state V.4V ",
unless we are working within a code space where the entanglement wedges of B and B are
fixed and hence state-independent complementary reconstruction is possible, as in [1].

With this, we have finally reached the full version of reconstruction that defines the entan-
glement wedge — complementary state-specific product unitary reconstruction.

Definition 3.10 (Complementary state-specific product unitary reconstruction).

Let V : Heoge = ®;Hyp, — Hp ® Hy be an isometry, with b = {b; , b;, ...} a subset of input legs.
Finally, let ) € H .4 ® Hgr ® Hy be a fixed, arbitrary state with Hy, Hz reference systems of
arbitrary dimension. We say that complementary state-specific product unitary reconstruction
is possible if for any product unitary Uy, there exists a unitary reconstruction Ugg, and for any
product unitary U]f) there exists a unitary reconstruction Uéﬁ, such that for all pairs of product
unitaries Uy, Ulf)

UprU'3zV [¥) ~ VUbUIf) |T) . (48)

Since complementary state-specific reconstruction seems a priori to be fairly distinct from
traditional definitions of quantum error correction, one might wonder what the relationship
is between Theorems 4.2 and 5.5 and Theorem 4.1 of [1]. The answer is that complemen-
tary state-independent reconstruction is possible whenever complementary state-specific re-
construction is possible for all states |¥), with the entanglement wedge b independent of the
state |¥).

Theorem 3.11 (From state-specific to state-independent reconstruction).

Let V : Heoge = ®;Hp, — Hp ® Hy be an isometry, with b = {b; , b;, ...} a subset of input legs.
Finally, let |¥) € Hoq. ® Hg be an arbitrary state with the reference system Hg having dimension
dz = d.o4e- Then the following three statements are equivalent:

1. (State-specific reconstruction of product unitaries for all states) For every state |¥) and
product unitary Uy, there exists a unitary reconstruction Ug such that

UV W) = VU, W) < &;. (49)

2. (State-independent reconstruction of product unitaries) For every product unitary Uy,
there exists a unitary reconstruction Ug such that for all states |¥)

UV [¥) = VU, [W)]| < &5. (50)

ZlInstead, the no cloning theorem only rules out reconstruction of a subsystem by both H, and Hz if in the state
|¥) that subsystem is maximally entangled with a reference system.
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3. (Schrodinger-picture subsystem code) There exists an isometry Wy : Hg — Hp ® H, such
that for all states pPode

HtrEE[WBVpcodeVTW;] - tr]_)[pcode] ”1 < €3. (51)
Specifically, Condition 1 implies Condition 2 with £, < +/3g;, Condition 2 implies Condition 3
with €3 < 2¢5 and Condition 3 implies Condition 1 with ¢ < 2,/€3.

Proof. See Appendix A.3. O

4 Exact codes

4.1 Theorem Statement

In this section we prove that the existence of an exact QMS prescription is equivalent to the
existence of exact complementary state-specific product unitary reconstruction. Before stat-
ing the theorem, we first formally define the min-entropy Hy,(A|B)}yy, which will play an
important role.

Definition 4.1 (Min-entropy). The conditional min-entropy Hpn(AlB)) of a state
[Y) € Hy ® Hp ® H is defined as follows. Let 145 = tro[|4) (3]]. Then

Hmin(AlB)hp) = _ngianax(pABlﬂA ® UB) = _nclrin inf{}‘ : 1;L’AB < eAﬂA ® OB} s (52)

where the minimization is over all density matrices 0.

Theorem 4.2. Let V : Hcoqe = ®;Hp, = Hp ® Hg be an isometry, with b= {b; , b;,...} a subset
of input legs, and b its complement. Finally, let |¥) € H o4 ® Hr ® Hz be a fixed, arbitrary state
with Hpg, Hg reference systems of arbitrary dimension.

Then the following two conditions are equivalent:

1. (Complementary Recovery) For all product unitaries Uy, and Ulf), there exist unitary oper-
ators Uggp and U]igﬁ respectively such that

/ _ /
UsrUL=V [8) = VU U [®) . (53)
2. (Holographic Entropy Prescription) For all product unitaries Uy, and U,
S(BR)VUbU]gllP) =Ag(b) + S(bR)UbUIf)I\I/) . (54)
Moreover, both statements imply:
3. (One-shot Minimality) For all b’ € b and b’ C b,
Hypin(B'[bR)jg) 2A5(b) —Ag(bU D), (55)
Hppin(b'|BR) g >Ag(b) —Ag(b" UD). (56)
This in turn implies:
4. (Minimality) For all b’ CbuUb,

Ap(b’) + S(b'R)jg) = Ag(b) + S(bR);y) - (57)
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4.2 Proof

Before proceeding to the main parts of the proof of Theorem 4.2, we first need to introduce
some preliminary lemmas. These introduce one of the most important technical tools used in
the main proofs, which involves using an isometry W to extract information out of the holo-
graphic code and into an auxiliary Hilbert space isomorphic to the space of square-integrable
functions L?(U) on the unitary group U.

Lemma 4.3. Consider the group U(d) of unitary operators in d-dimensions. Let Hyq) be the
Hilbert space L*(U(d)), with “position basis” |U)ya), ie. (UIU’) = &8(U — U’), with
de (U|U’) = 1 where dU is the Haar measure on U(d) normalized so that de = 1. Fi-
nally, let m : U(d) — Uy be a (measurable) map from U € U(d) to unitary operators w(U), on
the Hilbert space H,. Then the following defines an isometry W : H, — H, ® Hyq) for any map
m:

W, = f dU |U)yay ® m(U),. (58)

Proof. It suffices to show that W, preserves the norm for all [1)) ,, i.e. (W, |W ) = (3|3)).?2
This follows directly from

(Pl WiW, 1) =JdU<1/J|7T(U)T7T(U)I¢> = (Yly) . (59)

O

It will be helpful to introduce the following powerful change of basis for L2(U(d)). Let
u label an irreducible representation of U(d) and let Dl.“j(U ) label the matrix elements of the
unitary U for that representation. A famous theorem in representation theory guarantees these
matrix elements are orthogonal when interpreted as wavefunctions on L2(U(d)). Specifically,
we have

d“f dUDg(U)*D:f],(U) = 5HM/5ii/5jj/ 5 (60)

see e.g. Appendix A of [36]. Another famous theorem, the Peter-Weyl theorem, guarantees
these wavefunctions form a complete basis (see Appendix A of [36]). All wavefunctions 1(U)

can therefore be written
Y(U)= D > /DU, (61)
uooij

where the sum over u is over all irreducible representations of U(d) and

P = f dUD(UY ¢ (V). (62)

In Dirac notation, we have
Z NE ZD”(U)* 5 1) (63)

This means that the Hilbert space L?(U(d)) naturally decomposes into a direct sum over finite-
dimensional blocks H, ® 7-[;:

Huay =D H 01, (64)
w

With this rewriting in hand, we can now prove the following lemma:

22This also ensures that (W, 1)|W,+)) is finite for any |1}, and hence that W is a bounded operator.
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Lemma 4.4. Consider the setup from Lemma 4.3, specialized to the case d = d,, and let T =
be the fundamental representation of U,. Then

W), = f AU [U)g, ® U )4 = 1),y ® IMAX) s (65)

where H,, ® H; is the block associated to the fundamental representation g in the decom-
0 o

position (64) and |MAX) Ay = % 2?21 li)a |l>;* is the canonical maximally entangled state on
0
Ha® M), =H 0 H

Proof. Rewriting W using the irrep basis for L2(U(d)) introduced above, we find
W), =J AU |U)y, @ U ),
. J aUS ) a SR sy, 8 1A 10 S 1700 G 4)
u ij i’ J!
=>Jd.>] U dUDfJ‘.(U)*Dl?f;.’,(U)) s i)y, ® 1) (1)
w ij

o (66)
Zluo,u ®[i)a {jl)
(mem ) (WZh |z)
= |11b>‘u,0 ® |MAX>;,L3A .
O

Using Lemma 4.4, we can construct an isometry Wy : H, — H; ® HUbi that extracts
all the quantum information out of H; and into an isomorphic Hilbert space H, = Hj,
with the original subsystem H;_left maximally entangled with a reference system H, = H’l;i.
Specifically, we have

Wbi |\I/>b1...bi...bnR}_{ = f dUbi |Ubl->be_ ® Ubl- |‘lj)b1...bi...bnR§ (67)
= |\Ij> bl...ai...bnRﬁ |MAX> birl- > (68)

where we have identified H, = H, and H, = ’HZO with the fundamental representation
block H, ® 7—[:10 C Hy, from Lemma 4.4.
It is then natural to define W}, : Hy, — Hy, ® Hy,, where Hy, = Hy, ® Hy, ... is
ll 12
the Hilbert space of square-integrable functions L2(U,) on the group of product unitaries
UbgUbil XUbiz""by

Wh W) pirr = [Wb Wp,, 1) birR (69)
= J dUy |Ub)u, Ub %) pprz (70)
= |¥) .irg IMAX) by - (71)
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In other words, W;, is an isometry, built out of product unitaries acting on #y,, that extracts

the quantum state out of #;, and into a copy H, = Hail ® Haiz ..., leaving the original Hj,
3

maximally entangled with H, = Hfil ® Hriz L2
Now suppose that BR can do state-specific product operator reconstruction of b for the

state |¥), i.e. for every product unitary Uy, acting on Hy, there exists a unitary Ugg acting on
Hp ® Hpg such that

UggV W) = VU, [¥) . (72)

Then we can define an isometry Wyg : Hg ® Hg — Hp ® Hp ® Hy, by

Wpg = J dUy |Up) ® Ugg, (73)

such that
WirV %) oz = VW [ %) pirr = V W) a5z IMAX )y - 74)
Importantly, on the right hand side of (74), V : H}, ® Hy — Hp ® Hz and does not act on H,.

Remark 4.5 (Measurability). Since the map Uy, — VU, |¥) is continuous, we can always
choose Ugy such that Uy, — Ugy is piecewise continuous and hence measurable, as required
for Wyy to be well defined.

By acting only on Hy ® Hy, we have successfully extracted the quantum state out of
and into the copy H,, leaving the original H;, maximally entangled with #,. Schematically,
this can be represented by the following figure

RR

WBR:

(75)
Similarly, we can define the isometry Wy : Hy — Hi ® Hy, by

WB=JdUB|UB)®UB, (76)

that extracts the quantum state out of #H; and into Hj. If BR can do state-specific product
operator reconstruction of b, there exists an isometry

Wgr= J dUy |Up) ® Ugg, (77)

ZNote that this is not quite the same as directly applying the construction from Lemma 4.4 to the Hilbert space
H,,; that would involve integrating over all unitaries acting on H;, = Hbil ® Hbil ... rather than just product
unitaries.
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such that WgzV [¥) = VW [¥). Finally, if state-specific product operator reconstruction of
both b from BR and b from BR are possible for the same state |¥), as in Condition 1, then we
have

WerWirV [9) vz = [¥) aarg V IMAX)p, IMAX) ;= W) onr [CT) 55 - (78)

Graphically, we have

WBRWEE .

(79)
To reiterate, if we assume Condition 1 is true, then by acting with the product of an isometry
Wyp acting only on Hyz ® Hy with an isometry Wy acting only on Hz ® Hg, we can map the
boundary state V |¥) to the product of the Choi-Jamiolkwoski state |CJ) and the bulk state |¥)
stored in the auxilary copy H, ® H; of the bulk Hilbert space. This trick will be at the heart
of the proof of Theorem 4.2, to which we now turn. It will allow us to relate the boundary
entropy S(BR)y|g) to the sum of the bulk entropy S(bR)|y) and the area term Ag(b) = S(Br) ¢y

Proof (1) = (2):

With (78) in hand, the proof that Condition 1 implies Condition 2 is almost immediate. Since
Wpr and Wxz are isometries, we have

S(BR)y ) = S(BRUp ), w:-v|w) (80)
= S(BOw,,w,viw) T S@R)w,, w. v w) (81)
= S(Br)icy) + S(bR) ) (82)
= Ag(b) +S(bR)y) (83)

So the entropy S(BR)y|q) is given by a holographic entropy prescription. All that remains to
complete the proof is to show that, for any Uy, U]f), the entropy S(BR)yy, y/|v) is also given by
b

a holographic entropy prescription. To see this, first note that
S(bR)UbUél\Il) =S(bR)}y) (84)
so all we need to do is show that
S(BR)VUbU]f)l\I/) =S(BR)yy) - (85)
But Condition 1 tells us that there exist Ugr and Ul’_”_{ such that
UBRuéiv W) = VUbU]f) |T) . (86)

Hence (85), and thus Condition 2, follows immediately.
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Proof (2) = (1):

The idea here is to show Condition 2 can only hold if a product unitary U, (resp. Ulf)) always

leaves the reduced state on BR (resp. BR) unchanged. Suppose for example we know that for
any Uy

trpr [ VU [9) (8| U VT = trgp [V 9) (¥ VT] . (87)

Then VU |¥) and V [¥) would both be purifications of the same reduced density matrix on
Hz ® Hg. Since all purifications of a given state are related by a unitary operator acting on
the purifying system, we would know that there exists Ugg such that

UgrV [¥) = VU, |¥) (88)

as desired for Condition 1 to hold.
To show this, we again use the isometries W;, and W,. Without any assumptions about V,
we know

VWoWi 1) pirz = 1¥)aarr 1CI) gBss » (89)

and hence that
S(BRar)yy,w,|v) = S(BRAF)yw, w; ja) = Ap(b) + S(bR);g) - (90)
Tracing out Hp ® Hy ® Hy, from (89) leaves
Wiz ® [CI) (Gl = trgpy, | VW W 19) (¥ WiWI V]

= trgg U dUpd Uy (Ug|Up) ® VUL W; [¥) (9] WSU’EVT] (91)

_ J dUy trg | VU W [9) (| WUV
Therefore,
S(BRaF)yw,w;|v) = J dUy S(BREF)yy,w,|v) = J dUy, S(BR)vu,w; ) » (92)

where the inequality follows from S ( f dUp(U )) > f dUS(p(U)) and the last equality follows
from the purity of VU,W; |¥). Because of the strict concavity of von Neumann entropy, this
inequality is saturated if and only if the state

Prra(Up) = trop [ VU W [9) (| W U] V1] (93)
is independent of Uy,. Now note that

psr(Up) = trgy. | VUW ) (¥ W UV ]

- J dULdU"s gz [ VURUL [9) (@[ UL UT VT (U2 UE) (o4)
_ T Tt
_ f dU; gz [VU,UL 1) (0l U7tV

Therefore,

S(BR)vu,w;|w) = J dUé S(BR)VUbUél\I!) . (95)
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Finally, we know from our assumption of Condition (2) that

S(BR)VUI,UIZ)I‘I/) = Ag(b) + S(bR)}y), (96)

for all Uy, U]f). Combining everything together, we find

Ag(b) + S(bR))g) = S(BRaF)yw,w, v) = f dUpS(BR)vu,w;|w)

97)

= Ag(b) + S(bR),y) -

Both inequalities must be saturated and so we see that a) pzz::(Up) from (93) is independent
of Uy, and b) for any fixed Uy,

r(Up, UL) = trgg | VUUL [9) (9| UL UV | (98)

is independent of U;.
Since all purifications of a fixed density matrix are related by a unitary on the purifying
system, we know from (a) that for all Uy, there exists a unitary Ugg such that

UgrVW; W) = VU W [9) 99)
and thus for any U
(UélUE UprVW; [¥) = UgrVU; [¥) = VU U |¥) . (100)
Similarly, condition (b) implies that for all Utf), there exists a Uli”_z such that
/ Tyl
VUL @) = ULV |®) . (101)
Together, (100) and (101) tell us that for all Uy, Ul_’),
UprUzV W) = VUL U [9) , (102)
which is exactly Condition 1.
Proof (1) = (3):
We will need the following lemmas:

Lemma 4.6. (Corollary 5.9 of [37]) For any product state pag ® O g/,
Hmin(AA/|BB/)p®O' = Hmin(A|B)p + Hmin(A/IB/)o . (103)

Proof. For any state p,p, the min-entropy and max-entropy are defined respectively by

Hpin(AIB) =— IgiBanax(PABMA ®03p), (104)
Hpax(AIB) = — n;z;anin(pABlﬂA ®03), (105)
where
Dyax(plo) :=inf{A : p < e*o}, (106)
Din(pl0) :=—log(F(p,0)*), (107)
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where F(p,o0) = ||,/p+/cl; is the fidelity. It follows that

Hmin/maX(AA/IBB/)p®cr = _g;i;/leax/min(pAB ® O-A’B’”ﬂAA/ ® wBB’)
== mll‘} Dmax/min(pAB ® GA’B’IIﬂA ®@wp® j]~A’ ® wg/) (108)
COB,COB,

= Hmin/max(AlB) + Hmin/max(A/|B/) .

For the other inequality, introduce pp (resp. o 45/c/) as the purification of p,g (resp. oxp/).
From the above inequality, we have

Hpax(AA'|CC) pgo 2 Hinax (AIC) , + Himax (A'1C7), - (109)

For any tripartite pure state on XY Z, it holds that H,;,(X|Y) + H,,x(X|Z) = 0. It follows that
Hpyin(AA'|BB') g < Hinin(AIB) + Hpin(A'|B') . (110

Combining the two inequalities concludes the proof. O

Lemma 4.7. Consider the state ICJ) 55, ® W) 0ari- Let b’ Cb (and let &’ = {a; : b; € b’} and
¥ ={r;: b; €b’}). Then

Hpin(8'F|BRAr) cp)jp) = 0 = Hpin(b'|bR) )y > Ag(b) —Ag(b’ UDb). (111)

Proof. From Lemma 4.6, we know that

Hpyin(3'F |BRAY) ¢y 0y = Hinin(F'1B 1)) + Hinin (D [DR) gy - (112)

Moreover,
Hupin(F'[B 1) 5y < S(F|B )|y = Ap(b' Ub) —Ap(b). (113)
Combining these completes the proof. O

Lemma 4.8. The following inequality holds for any state |\) € H, ® Hp and Haar random
unitaries U, acting on Hy

f dUAdUA |Ua) (UA|UA ® UxlY) (Y lap U,QT < f dUy, |Uy) <UA|UA ® Uy 1) (Y lap UZ. (114)
Proof. The left-hand side is a rank one projector onto the state
WA|¢>=deA|UA)®UA|¢)M . (115)

Hence it suffices to show that the right-hand side is also a projector whose support includes
Wy |y). To see that it is a projector, note that

U AU, |Us) (Up| ® Up 1) (4] U/’i)2 = f dU, |Ua) (Upl ® Un ) (4] UJ . (116)

Its support includes W, [¢) because
U AU, [Uy) (Uyl ® Uy 1) (4] UQ’) Wyl) = Wylip) . (117)
This concludes the proof. O
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We are now ready to prove that Condition 1 implies Condition 3. We want to show that,
assuming Condition 1, then for all b’ C b,

Hpyin (3T |BRAT)y i 1wy = 0. (118)

From this (55) follows immediately via Lemma 4.7 and (89). Similarly, if we can show that,
forallb’Cb o
Hmin(a/r/|BR5f)vwa,;|q/) =0, (119)

then (56) follows immediately via Lemma 4.7 with all complementary Hilbert spaces ex-
changed (so for example H}, <= Hj, Hp <= Hg and so on). We shall focus on (118), since the
proof of (119) is completely identical up to the relabelling of Hilbert spaces.

By definition, for any state pyp

Hmin(AlB) =—min Dmax(pAB |ﬂA ® GB)
OB (120)
=>— Drnax(pAB |ﬂA ® pB) 5

where
Dpax(plo)=inf{A:p < e*o}. (121)

Therefore, in order to show that Hy,;;(A|B), = 0, it is sufficient to show p,p < 1,4 ® pp.
Using Condition 1, we can write

9) :=1CI)pBre ® V) aarr
=VWoW; [¥) irm (122)
:WBRWERV |\IJ>bI-JR}_2 .

Let b” = b\ b’ be the complement of b’ in b, and similarly a”” = a\ &’ and ¥’ = ¥\ ¥. Taking
a partial trace over Hz ® Hgz ® Hz» ® Hz/, we then find

¢BRaré’i" ::trE}_Eé”f” |¢> <¢|

_ T
=5y, | WerWszY 1) (V' WEEWBIR]

=JdU,;dUlf) (UL, |Ug) War gz [ UV 1) (@1 VUL | Wi @1, [Up) (UL ITT,,

< Weptrgz [V 19) (¥ VI W] ® f dUg 10, |U;, ) (Ug T,

S¢)BRar ® ﬂé/f" .
(123)

In the third line, we expanded Wyz, including explicitly expanding the product unitaries
Uy = U ® Up,. We also used Lemma 4.4 to introduce projectors I1, onto the fundamen-
tal representation block Hz ® Hy of Hy,, without affecting the state. The inequality in the
fourth line then follows from Lemma 4.8. This concludes the proof, since by the discussion
above, (123) implies (118) and hence (55).

Remark 4.9. This proof easily extends to a slightly stronger statement than (55). In (113),
we replaced a min-entropy in the |CJ) state with a conditional entropy, so that we could write
it as a difference in two areas. Had we left it in terms of the min-entropy, we would have
ended up with a stronger a statement, a bound on the min-entropy of the bulk state by the
min-entropy in the |CJ) state. One possible physical interpretation of this |CJ) min-entropy is
a bound on the fluctuations in the area difference. The stronger version of (55) would then
lower bound H,;, (b’ IbR)|y) by an upper bound on the area-difference, rather than the average
area difference.
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Proof (3) = (4):

This was previously proven in [11]. Recall that the min-entropy and max-entropy satisfy strong
sub-additivity [38],
Hmin/max(AlB) = Hmin/max(AlBC) . (124)

Consider an arbitrary subset b’ C {b;...b,} . We want to show that
Ap(b’) + S(b'R))g) = Ap(b) + S(bR);y) - (125)
By the assumption of Condition 3,
Ap(bNb’)—Ag(b) = Hy e (b \ b'|[bNDIR) g . (126)

Here we combined (56) with the duality identity H,,,(A|B) = —H,;,(A|C) for any tripartite
pure state, and the equality between complementary areas described in Remark 2.2. By strong
subadditivity,

Ap(b)—Ag(bUb") =—=S(r\r'|B)|cy)
>—=S(r\r'[Brnr’) gy (127)
=Ag(bNb")—Ag(b),

and
Hpyax (b \ D'[[bNDTR)jgy = Hpax (b \ b'[D'R) 1) = S([bUD'IR)jg) —S(B'R)jyy , (128)
where we also used H,,,,(A|B) > S(A|B). Hence
Ap(b")—Ap(bub’) > S([bUDb']R);y) —S(b'R)y) - (129)
Meanwhile, (55) tells us
Ag(b)—Az(bub’) < H;,(b"\ b|b) < S([b’Ub]R)—S(bR), (130)

where in the second inequality we used H,,;,(A|B) < S(A|B). Combining (129) and (130) gives
(125), which is what we set out to show.

Remark 4.10. One can also more directly prove Condition 4 from Condition 1, without any
reference to min- and max-entropies. By an analogue of Lemma 4.7, together with the strong
sub-additivity arguments above, it is sufficient to show that

S(@'F|BRA"F") e = —S(a'F|BRar)cyy) < 0. (131)
But, if |¢) = |CJ) |¥) as before,

Ppra = f dUdU; (U] |Ug) Uggtrgp [V W) (¥ VT ]U' Lo ® |Up) (U7
= f dUs, WE}’E(UB,)trB RI[V W) (¥ V'] Wé’}%(UB,)"' . (132)
Here we have defined the isometry

which depends implicitly on U, through Ugz. By the concavity of the von Neumann entropy,
and its invariance under isometries, we therefore have

S(BRA"F)cy)w) = S(BR)y |y = Ap(b) + S(b)jy = S(BRAF) )\, (134)

as desired.
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5 Approximate and non-isometric codes

5.1 Error correction for non-isometric codes

In traditional applications of quantum error correcting codes, the map V is always an isom-
etry VIV = 1. This is for obvious physical reasons: time evolution in quantum mechanics is
unitary, and so any physical process that encodes a quantum state into a quantum code must
be isometric.2*

This does not seem to be the case, however, in holographic codes, where the map V has a
very different physical interpretation as the “bulk-to-boundary map,” relating the semiclassical
description of the bulk state to the corresponding holographic boundary state. Because the
bulk has (at least) one more dimension than the boundary, a naive counting suggests that
there are in fact many more bulk states than there are boundary states!

Of course, if the bulk geometry is perturbatively close to vacuum AdS, we cannot excite
too many bulk degrees of freedom without causing gravitational backreaction that creates a
black hole.?> However, there is no such limit within the interior of a black hole. Instead, the
number of semiclassical degrees of freedom in a long wormhole behind a black hole horizon
can be arbitrarily large compared to the Bekenstein-Hawking entropy — the classic example of
this is an evaporating black hole after the Page time.

Traditionally, this fact has been regarded as unacceptable, and possibly as evidence for
new physics that avoids the excess semiclassical degrees of freedom [39-41]. However, recent
progress in understanding the black hole information paradox [9,10] has made it clear that the
semiclassical description of an black hole needs to be taken seriously, even after the Page time.
Instead, the apparent paradox is resolved by nonperturbative corrections to the semiclassical
inner product: exactly orthogonal simple states in the bulk quantum field theory have expo-
nentially small, but nonzero, overlap in quantum gravity [42]. Another way of saying this is
that while the bulk-to-boundary map V is still a linear map — the boundary dual of a superposi-
tion of semiclassical bulk states is just a superposition of the dual boundary states — it does not
preserve the inner product and so is not an isometry. As a result, the arbitrarily large Hilbert
space of semiclassical bulk states can be mapped by V into a much smaller Hilbert space of
holographic boundary states, the dimension of which is controlled by the Bekenstein-Hawking
entropy.

It may seem counterintuitive, or even impossible, for V to approximately preserve the
inner products of all pairs of simple states — for concreteness we can take these to be product
states on a large number of qubits — without V being (approximately) an isometry. However,
as the following theorem shows, not only in this possible, it is in fact generically true for
random maps V. The probability that any inner product is not preserved is actually doubly
exponentially suppressed.

Theorem 5.1. Let V : [C2]®" — [C2]®™ with n > m > 1 be defined by V = 2(n=m)/2 (g|®("=m) 1
where U is a Haar random unitary, and let € < 1 be an arbitrary positive number. Then, with
probability

2m—582

>1— 26n(n—m)+30n+4n6n exp[— 22—
p pl 81m3

1, (135)

24The most natural physical interpretation of a non-isometric map V in this setting is a QEC code that relies on
postselection onto a particular measurement outcome to succeed. Since the outcome of a measurement cannot be
predicted in advance, such codes would not be useful in practice.

251t is also worth noting that the negative curvature of AdS-space mean that the volume and surface area of a
sphere grow at the same rate in the large radius limit.
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for all product states 1) = 1;) [15) ... 1Y) and |¢) = |$1)16) ... |6), we have
(PIVTVIp) = (plp)| <. (136)

Proof. See Appendix A.4. O

However, this story is impossible to understand in terms of state-independent quantum
error correction. You cannot use m qubits to encode n > m qubits in a state-independent
way; there simply aren’t enough degrees of freedom. Fortunately, state-specific reconstruction
offers a resolution. The bulk Hilbert space can be larger than the boundary Hilbert space and
nonetheless be encoded into it as a state-specific code, with all of the desirable features of
holography.

A simple example of such a state-specific code is given by Theorem 5.1: given a product
state |1) and a map V : Hoqe — Hp defined as in Theorem 5.1 — H is trivial in this case —
we can implement any product unitary acting on |v), in a state-specific way, by acting with a
unitary on Hpg, because all product states have approximately the same norm.

Remark 5.2. While in Theorem 5.1 the state-specific reconstruction is only approximate, it
is easy to construct other examples where exact state-specific reconstruction is possible for
highly non-isometric codes. A simple example is a code space consisting of two qubits, with
|yy) maximally entangled, and the map V projecting the first qubit into the state |0) (and
rescaling by v2).

An alternative approach to this problem is to only consider a small subspace of bulk states,
so that the restriction of the bulk-to-boundary map V to that subspace is indeed (approxi-
mately) an isometry and traditional definitions of quantum error correction are applicable.
This is of course completely valid as far as it goes, but it means that one can only treat a small
number of bulk degrees of freedom as “real” in any given calculation, even though all the
other bulk degrees of freedom are obviously necessary, for example in order to correctly apply
the QES prescription. Using the framework of state-specific reconstruction, one can correctly
understand how the entire bulk Hilbert space is encoded, and also how state-independent
reconstruction emerges upon restriction to sufficiently small subspaces of states.

The obvious question is whether complementary state-specific codes with non-isometric
maps V obey a version of Theorem 4.2. The answer to that question will be the subject of
Section 5.2, but the simple answer is that they do; in fact the basic proof strategy from Section
4.2 goes through essentially unchanged.

5.2 Theorem Statement

In this section, we extend Theorem 4.2 in two important and complementary ways. Firstly,
we allow arbitrary linear maps V that are not necessarily isometries, so long as V does not in-
crease the norm of any state U |¢) related to |¥) by a product unitary U. (In practice |[VU |v)]|
will need to be approximately independent of the product unitary U.) Secondly, we allow the
existence of small corrections to each of the conditions in the theorem. As emphasized in Sec-
tion 3, this is both necessary to correctly capture the physics of holography — nonperturbative
corrections in quantum gravity will always prevent perfect reconstruction — and also appears
to be important if we want to actually find interesting and nontrivial examples of state-specific
codes.

The essence of the proof of Theorem 5.5 is the same as the proof of Theorem 4.2. However,
the necessity of keeping track of the various epsilons makes it noticeably more technical. As
such, we postpone the proof to Appendix C, and content ourselves for the moment with stating
the theorem in full and then making a few brief remarks.
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Before stating the theorem, however, we need to define the smooth min-entropy
(A|B)}y)- To do so, we first need to generalize the fidelity to subnormalized states:

HS

min
Definition 5.3 (Generalized Fidelity). For positive semidefinite operators p, o on Hilbert space
H satisfying tr p, tro < 1, the generalized fidelity F(p, o) is given by
F(p,0):=supsupF(p,5), (137)
H p,G
where the supremum is taken over all isometries V' : H — H’ of H into a larger Hilbert space

‘H’ and over (normalized) density matrices 5, & such that p =V’ Tp'V’ and o = V"6V’

Definition 5.4 (Smooth min-entropy). The smooth min-entropy Hf; (A|B)),, is defined as

min

Hy i (AIB) ) = sup Hp, (AIB)s,, (138)

PAB

where the supremum is over subnormalized density matrices g,z such that the generalized

fidelity F(ap, Y 5) > V1 — 2.

Theorem 5.5. Let V : Hopqe = ®;Hp, — Hp ® Hg be a linear map, with b = {b; ,b;,...} a
subset of input legs, and b its complement. Let Uy, Uy, (respectively U]fj, lA]tf)) be a product of local

unitaries on b (respectively on b) chosen at random according to the Haar measure. Finally, let
[¥) € Heoge ® Hr ® Hy be a fixed, arbitrary state with Hg, Hg reference systems of arbitrary
dimension such that for all product unitaries Uy, Ulf), we have ||VUbU]f) )| < 1.

Then the following two conditions are equivalent:

1. (Complementary Recovery) With probability p > 1—k, there exist unitary operators Ugg,
depending only on Uy, Uy, and Uligﬁ, depending only on U, Ué, such that

|UprULV U Uf 19) = VURU's [9) || < &1, (139)
2. (Holographic Entropy Prescription) With probability p = 1 — k>,

‘s (BR)VUbﬁéM —[Ap(b) + S(bR)N,)]‘ <ég,. (140)

Moreover, both statements imply:

3. (One-shot Minimality) For all b’ C b and b’ C b,

H? (b/[bR))g) =Ag(b) —Ag(b'b), (141)
H? (b'[bR))y) =Agz(b) —Az(b'D). (142)
This in turn implies:
4. (Minimality) For all b’ CbUb,
Ap(b’) + S(b'R))g) = Ap(b) + S(bR)y) — &4 (143)

Specifically, for sufficiently small €1,x,, Condition 1 implies Condition 2 for any K, > K with
g9 < ,/ef +K1/Ky log[d§d§/4(sf + k1/K,)]. Condition 2 implies Condition 1 for any xk; > 0
with &1 < (16/k1)[8k,log(dgdg) + 8e,]Y%.  Condition 1 implies Condition 3 with
€3 < 4/2¢;4+2xq. Finally, for any small e3 > 0, Condition 1 implies Condition 4 with
€4 < 4eq log[dfodedeﬁ/(%?z’)].

33


https://scipost.org
https://scipost.org/SciPostPhys.12.5.157

Scil SciPost Phys. 12, 157 (2022)

Remark 5.6. Some of the implications in Theorem 5.5 involve unavoidable factors of logd
for various Hilbert space dimensions d. This is in contrast to the proofs in Section 3, where
all bounds were universal, with no such factors. At first glance, this may appear somewhat
problematic, since in Section 3 we emphasized that zero-bit codes and state-independent QEC
codes are inequivalent because the corresponding errors can differ by a factor of d.,q.. The
difference, however, is that d > logd. In holographic codes, we have logd = O(1/G), whereas
the reconstruction errors € can be made nonpeturbatively small in G. Hence, polylogarithmic
factors of Hilbert space dimensions will still leave the errors nonperturbatively small. Polyno-
mial factors on the other hand can lead to large errors.

Remark 5.7. Unlike in Theorem 4.2, in Theorem 5.5 we cannot guarantee that bulk recon-
struction is possible for any specific single state |¥). Instead, we can only show that, with
high probability, bulk reconstruction will be possible for the state U, Utf) |¥), where Uy, Ué are
chosen at random according to the Haar measure. This is because the area Ag(b) is almost
unaffected by the action of V on a single state |¥). As a result, once &, is nonzero, we can
make bulk reconstruction impossible for the specific state |¥), without affecting Condition 2.

6 Discussion

6.1 State-specific definition of the entanglement wedge

In this paper, we have offered a new definition of the entanglement wedge as the region re-
constructible in a particular state-specific way. The entanglement wedge of boundary region
B is precisely the bulk region whose state can be changed to any other state with the same
spatial entanglement structure by acting unitarily on B — if the state on the complementary
bulk region can changed in the same way by acting on the complementary boundary region B
(or BR for the purification of a mixed state).

In Theorem 4.2, we showed this definition was equivalent to the more traditional definition
- namely the bulk region b satisfying S(B)y|yy = Ag(b) + S(b))y), where V is the bulk-to-
boundary map. That theorem also shows that, as a consequence, the entanglement wedge
minimizes the generalized entropy and is equal to both the so-called min- and max-EWs that
were defined in [11].

Theorem 4.2 is robust to small corrections, as we showed in Theorem 5.5. This is important
for two reasons. Firstly, in holography bulk reconstruction is always only approximate, with
inevitable errors of at least e"©(1/% [4,17,18]. Secondly, the known nontrivial examples of
state-specific codes, such as random tensor networks, are generally approximate in nature.
Indeed, for zero-bit codes, which are the special case of state-specific product unitary codes
where there is only a single bulk subsystem, exact state-specific error correction always implies
exact state-independent error correction. The difference between the two only appears when
errors are introduced.

Finally, in Theorem 5.5, we also allowed the bulk-to-boundary map V to be non-isometric.
While fairly heretical from a traditional quantum information perspective, this generalization
appears to be crucial to understand the encoding of the black hole interior into the boundary
Hilbert space; we discuss this more in Section 6.5.

6.2 Geometry from entanglement

We have introduced a definition of “area” for surfaces bounding arbitrary bulk regions of ar-
bitrary quantum codes. Moreover, we showed that it is the functionally unique definition of
area that appears in the QMS prescription whenever such a prescription exists. We see this as
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a significant step towards a general understanding of how the geometry of the bulk emerges
from the entanglement structure of the dual CFT.

There is still some ambiguity here: one can redefine the area of surfaces that are never
quantum minimal without affecting the QMS prescription, so long as we never make them
smaller that the definition of area in Definition 2.1. Moreover, there is no reason to expect
that Definition 2.1 will give areas that are consistent with a smooth metric at scales that are
large compared to the cut-off scale.

Indeed, it is easy to check explicitly that our definition of area does not agree with geo-
metric area for all surfaces in quantum gravity. It seems possible that there exist preferred
properties that naturally pick out a “better” definition of area than Definition 2.1, thereby
resolving this ambiguity. We leave that question to future work.

Regardless, it is clear that the emergent geometry depends not only on the entanglement
structure of an individual boundary state, but also on the quantum code V relating the bulk
to the boundary. From this perspective, geometry is still related to entanglement. But it is
about more than that — it is about the specific relationship between the entanglement in the
boundary and the encoding of the bulk into the boundary. This basic idea is not new; it’s the
same perspective given by Harlow in [1]. In this work, we have generalized that lesson to a
much larger set of surfaces and areas.

This lesson is important, so we emphasize it: if we are to understand how the bulk ge-
ometry emerges from the dual CFT state, we need to understand the code that embeds bulk
operators into the boundary.

While this might seem to make the emergence of geometry even more daunting — we have
to understand not just boundary entanglement but also the bulk-to-boundary code - it actually
presents a somewhat surprising simplification. Naively, one might expect that understanding
the emergence of the bulk geometry requires understanding Planck scale physics. Instead,
many features of the geometry depend only on the encoding of low-energy, effective-field-
theory operators. This fact is one important reason to pursue an understanding of holographic
codes in the quest to understand the emergence of spacetime. More speculatively, one might
wonder how this relationship between bulk fields and geometry could connect to Einstein’s
equations, which also constrain the geometry based on data about the bulk fields; for previous
work along somewhat similar lines, see [43-48].

6.3 Algebras with centers

Curiously, as discussed in Appendix B.4, it seems hard to make a theorem like 4.2 if the local
bulk algebras contain nontrivial centers. No such theorem can be simultaneously consistent
with both a) the definition of area from [ 1] for algebras with state-independent complementary
reconstruction and b) Definition 2.1 for the area of algebras with trivial center.

Specifically, in Appendix B.4 we construct an example of a code with state-independent
complementary reconstruction of algebras with nontrivial center, as in [1]. Then we show
that the generalized entropy, defined using Definition 2.1, of the trivial algebra generated by
only the identity is smaller than the generalized entropy of the entanglement wedge, defined
as in [1]. That is, the entanglement wedge is not quantum minimal in this valid algebraic
code.

This situation is fairly unsatisfactory. Local algebras with nontrivial centers play an impor-
tant role in bulk gauge theories, which often appear in AdS/CFT. Perhaps more importantly, in
code spaces where the bulk geometry is not fixed — and hence the area of a surface is a quan-
tum operator rather than simply a number - the area operator itself should lie in the center of
the reconstructible algebra.

There are a couple of potential resolutions to this issue. The first is related to the argument
from [49] that bulk gauge fields in quantum gravity are always emergent at low energies, and
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hence that the microscopic algebra does not contain a nontrivial center. This suggests that
maybe we should really always be working with an “extended code space” that does factorize,
and hence for which Theorem 4.2 applies, even when bulk gauge fields exist.

The downside of this proposal is that all states must have the same area for any bulk
surface; any difference in geometry between different states has to be reinterpreted as a dif-
ference in bulk entanglement entropy. There is nothing wrong with such a reinterpretation —
the equivalence of entanglement and area is the basic idea of ER=EPR [50] — but it doesn’t
achieve the goal of describing an emergent bulk geometry with nontrivial area operators.

An alternative possibility is that Definition 2.1 should be corrected for certain surfaces that
are never quantum minimal, so that the counterexample found in Appendix B.4 no longer
exists. In other words, the existence of algebras with centers in the quantum code changes
Definition 2.1, even when applied to algebras that themselves have trivial center.

One alluring option is to combine these two possibilities, using extended Hilbert space
considerations to learn how to redefine the area of non-minimal surfaces. For instance, in the
example in Appendix B.4, the problem is that the trivial region has an area much smaller than
the boundary entropy, so we could not simultaneously satisfy a holographic entropy prescrip-
tion and minimality. Now note, the reason Az(@) is so small is that Definition 2.1 depends
on the entropy of bulk states; increase the possible entropy of bulk states, and areas will in
general increase as well. If we calculated Ag(@) using a larger, factorizing “extended Hilbert
space” of bulk states, we would find a much larger area and thereby avoid the issue!

6.4 Extremality

A long term goal of this program is to see the emergence of not just spatial geometry, but
also to understand dynamics in holography. A first step would be to understand the quantum
extremal surface formula. Can our theorems be generalized to go beyond quantum minimal
surfaces and incorporate extremality in the time direction?

An immediate observation is that, as in the case of algebras with centers, the definition of
area given in Definition 2.1 would need alteration. To see this, consider a Cauchy slice of a
time-dependent spacetime in AdS/CFT that contains the minimal quantum extremal surface
for some boundary region B, but which is not maximin (i.e. the Cauchy slice also contains a
more minimal surface). Because the minimal QES divides the Cauchy slice into a part in the
entanglement wedge of B and a part in the entanglement wedge of B, the fields on this Cauchy
slice satisfy Condition 1 of Theorem 4.2, and hence obey a QMS prescription using the area
from Definition 2.1. However, by assumption, the minimal QES is not quantum minimal on
this Cauchy slice when we use the actual geometric area of surfaces.

To understand how this is consistent, we need to recall that Theorem 2.8, showing that the
area from Definition 2.1 lower bounds any alternative definition of area A%, assumed explicitly
that A} itself obeyed a quantum minimal surface prescription. In other words, Theorem 2.8
only applies to surfaces that lie in a maximin slice (including e.g. any static slice). For surfaces
in other slices, there is no guaranteed relationship between geometric area and Definition 2.1.

To obtain a full quantum maximin or QES prescription, one would presumably need to
start with a set of bulk algebras associated to every spacetime region, with appropriate nesting
properties, rather than simply a spatial tensor product structure. One issue here is that it is
hard or impossible to construct finite-dimensional algebraic structures with exact relativistic
lightcones.

6.5 State-specific reconstruction and the Page curve

One of the most exciting features of state-specific reconstruction is that, unlike state-
independent QEC, it is compatible with codes where the linear map V is not an isometry.
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As such it can provide a “Hilbert space” justification of the use of the QES prescription to de-
rive the Page curve of an evaporating black hole [9,10] using the semiclassical Hawking state.
In particular, it counters the objection of [?] that the “wrong” state is somehow being used to
calculate the real state’s entropy. While the physical state of the radiation is indeed not the
Hawking state, it is a state-specific encoding V |¥) of the Hawking state |¥), via a non-isometric
map V. Hence we can compute entropies from the Hawking state using the QES prescription.
A detailed discussion of these issues will appear in upcoming work [52].

6.6 From Condition 3 to Condition 1?

An unfortunate feature of Theorem 4.2 is that it provides generally no purely bulk method to
know that Conditions (1) and (2) are satisfied for some region b, even if you have been told
the bulk geometry in advance. One can find the minimal generalized entropy bulk region,
which will always be the region that satisfies Conditions 1 and 2 if any does, but you cannot
know whether the code V actually satisfies those conditions for the state |¥).

In contrast, in holography and in special classes of codes such as random tensor networks,
Condition 3 appears to be both a necessary and sufficient condition for Conditions 1 and 2 to
hold for the state |¥) [11]. Just by looking at bulk conditional min-entropies and areas, one
can determine whether there is a well-defined entanglement wedge.

We shouldn’t be surprised that the same is not true for general quantum codes; in general
Condition 3 simply doesn’t know enough about V to be able to prove Conditions 1 and 2.
However one might hope to find a simple additional constraint on the code V that makes
Condition 3 equivalent to Conditions 1 and 2. We leave the task of finding such a constraint
to future work.
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A Proofs of auxiliary theorems

Here we collect the proofs of the minor theorems that were not included in the main text. For
the reader’s convenience, we begin with proofs of some well-known theorems that will be used
in both the proofs later in this appendix and in the proof of Theorem 5.5.

A.1 Preliminaries

Lemma A.1 (Holder’s inequality for the trace and operator norms). For any operators A, B we
have

tr[AB] < [|All1[1Blloo - (144)
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Proof. Let A=Y A; [y;) (¢;| be a singular value decomposition. Then

tr[AB] =" A (¢:1Blv:) < > AillBlloo = 1Al 1Bl o - (145)

Lemma A.2 (Triangle inequality). For any operators A, B we have
A+ Bll; < [lAll; + 1Bl - (146)
Proof. Let A+ B = UDV" be a singular value decomposition. Then
lA+Bll; = t{(A+B)VU T < JAIL VU lloo + IBI1IVU |l 0o < [IAll1 + [IBll1 , (147)
where the first inequality uses Holder’s inequality. O

Lemma A.3 (Monotonicity). Let X : Hy ® Hp — Ha ® Hp be an arbitrary operator. Then

lltrp X Iy < 11X - (148)
Proof. By Holder’s inequality,
ltrg X||; = maxtr[XU,] < maxtr[XUyg] = [IX]|; . (149)
Ua Usg

Here we used the singular value decomposition to see that a unitary saturating Holder’s in-
equality exists. O

Lemma A.4 (Lemma 3.21 of [53]). Let X,Y : H, — Hjp be arbitrary operators. It holds that
FXxT,yyH=|xTy|;. (150)
Proof. LetX =U;D, VlJ" and Y = U2D2V2T be singular value decompositions. We have
Fxx',yyh = HMW‘L = ||ty Dy UjU,D, U |, = |[VaD1 U U, DV, ||, = XY 11, -
(151)
O

Lemma A.5 (Uhlmann’s theorem). Consider Hilbert spaces H, and Hg. Let p,o be posi-
tive semidefinite operators on H, with rank at most dimHg, and let |y) € H, ® Hp satisfy
trg[|y) (Y]] = p. It holds that

F(p,0) =max{|(y|§)| : |§) € Hs ® Hp, trp[[¢) (#]]1=0}. (152)

Proof. See e.g. Theorem 3.22 of [53]. Let X : Hy — H, be a linear operator satisfying

|y) = vee(X), where
vec (Z ¢ijli)a <j|3) = cijli)alidp -
ij ij
Similarly, let Y : Hg — H, be a linear operator satisfying |¢) = vec(Y') for some |¢) satisfying
trg[|¢) (¢|] = o. It follows that by Lemma A.4 that

F(p,0)=FXX", vy =|XTY|, = rr;]axtr[XTYU] = max (|Ug|$) . (153)
B B

The result then follows from the equivalence of purification up to a unitary on the purifying
system. 0
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Lemma A.6 (Lemma 3.34 of [53]). Let Py and P; be positive semidefinite operators on Hilbert
space ‘H. It holds that

||P0—P1||12||VP0—VP1||%- (154)

Proof. Let I1y,II; = 1 — Il be projectors onto the positive and negative eigenspaces of
v/ Py— +/P; and let Q; = (1) I1;(4/Py — 4/ P;)11;. By Holder’s inequality,

tr [(TTo —I11)(Py — P1)] < [|Po — Py 11 [1TTg — i [l oo = [IPo — P51 - (155)

Now
e (Tl — 1,)(Py — P)] =3 e (11— 1)(v B — VPV By + /7))
s a[(— )R+ VPR - VY] (159
=tr[(Qo+Q1)(vPo+ vP1)] .

Finally, because Qq,Q1, 4/ Py, 4/ P; are all positive semidefinite, we have

tr[(Qo + Q1)(VPy + vP1)] = tr[(Qo — Q1)(v/Po — v/P1) ]
= 1vPo— VPl

(157)
O

Lemma A.7 (Fuchs-van de Graaf inequalities). Let p, o be density matrices on Hilbert space
Hy. It holds that

1 1
1—5||p—0||1£F(p,0)S\Jl—zllp—allz, (158)

or equivalently
2—2F(p,0)<|lp—oll; £2¢/1—F(p,0)2. (159)

Proof. See e.g. Theorem 3.33 of [53]. We will prove the two inequalities in (159), starting
with the first. Using Lemma A.6, one obtains

lp—ol = lvp = Vol =tu[(vp—vo)]=2—-2u[/pVo]=2-2F(p,0). (160)

Now for the second inequality in (159). Let Hp be a Hilbert space with dim g = dim#,. It
follows by Uhlmann’s theorem that there exist states ), |¢) € H, ® Hjp satisfying

wpllY) (Yl1=p, tplle){(ll=0c, [(Yl$)=F(p,0). (161)
Note it holds that
1) (Pl — 1) (@Il = 24/ 1= [{(Y[$)I> =24/ 1—F(p,0)?, (162)

which can be proven by explicitly diagonalizing the rank-2 matrix |) ({)| —|¢) (¢ |. By mono-
tonicity, we have

o =olly <lllY) (PI=1¢) (@1, (163)

completing the proof. O

Lemma A.8. Let n(x) =—xlogx. Then, for 0 <r,s <1 with |r—s| <1/2, we have

In(r)=n(s)l < n(lr—sl). (164)
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Proof. Without loss of generality, we can assume r > s. We first show that n(r)—n(s) < n(r—s).
We have

r r—s

dx n'(x) < f dx n'(x)=n(r—s), (165)
0

n(r)—n(s) = f
S
where the inequality follows from the monotonicity of n'(x) = —logx — 1.

To show n(s)—n(r) <n(r—s)for0 <s <r <1andr—s <1/2is slightly more tedious.
We simply search systematically for the minimal value of f (r,s) = n(r—s)+n(r)—n(s) within
the allowed region and show that it is zero. Since Vf = 0 requires r = s, there are no minima
within the interior of the region. Considering each boundary piece in turn: for r = s we have
f =0. Fors = 0 we have f = 2n(r) = 0. For r = 1, we have f(1,1/2) = f(1,1) = 0 with
a single maximum in between. Finally, for r —s = 1/2, f(r,s) decreases monotonically with
increasing r,s reaching its minimal value at f(1,1/2) = 0. This completes the proof. O

Lemma A.9 (Fannes’ inequality). Let p, o be (subnormalized) density matrices on the Hilbert
space H, such that ||p —o|l; < € < 1/e and let S(p) := —tr[plogp]. Then

IS(p)—S(0)| < slog%. (166)

Proof. See e.g. Theorem 11.6 of [54]. If we write p —o = P —Q, with P and Q positive
semidefinite and orthogonal, then

lo—cll; =tr[P+Q]=tr[2T—p —0C], (167)

where T = p +Q = o + P. Writing r;, s;, and t; respectively for the eigenvalues in descending
order of p, o, and 7, we have t; > max{r;,s;} = 1/2[r; +s; + |r; —s;|] and hence

lo—oll =D 2t —ri—s) = D Iri—sil. (168)
i i

Since for all i we have |r; —s;| < 1/e, by Lemma A.8

S(p)—=S(o) = D (n(r) —nGs:)| < D m(Iri —sql). (169)
IfA= Zi |rl~ —Sil, then
St —sih =&)Y on( M) < alog 2 (170)
i L L i A — A >
where the inequality follows from the bound S(p) < logd,. The result then follows from the
monotonicity of (x) in the range 0 < x < 1/e. O

A.2 Areas in general quantum codes

Lemma A.10. Let [MAX) € ®;[H; ®H,. ], with H,, = H] , be the canonical maximally entangled

state and let b,b’ C {b,...b,} be arbitrary subsets of {b;...b,}, with r := {r; : b; € b} and
v’ :={r; : b; € b’} the corresponding subsets of {r;...r,}. Then

S(b'1)jmax) = S(b'R)jgy — S(bR)g) , 171

for any state |¥) € ®;H; ® Hp ® Hy.
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Proof. The state [MAX) is maximally entangled on Hyn1y ® Hyny, While the reduced state of
IMAX) on Hy ® H, is maximally mixed on Hy\p, ® Hy\. We therefore find

S(b/r)|MAX) =S(b"\ b)max) +S(r\ r/)|MAX) (172)
= S(b"\ b)jmax) +S(b\ b)max) (173)
> S(b/ \ b)jg) +S(b\ b)) (174)

for any state [¥) € ®;H;, ® Hy ® Hy.
It remains to show that

S(b"\ b)g) +S(b\ b") gy = S(b'R)jg — S(bR),y;) - (175)
By subadditivity, we have
S(b'R)g) < S(b"\ b)g) +S(bNb'R) gy, (176)
while, by the Araki-Lieb inequality, we have
S(bR)jg) = S(bNb'R)y) —S(b\ b') . 177)

Combining these completes the proof. O

Proof of Theorem 2.8

Proof. We first prove that the area function Az always leads to a QMS prescription for the state
IMAX) € ®;[H;, ® H,,] and region Br with entanglement wedge b. This is because

S(Br)ymax) = Ap(b) = Ap(b) + S(br)max) (178)

by definition. Also, any product unitary U = U Uy, ... acting on [MAX) can be mirrored onto
a product unitary U, U,, ... acting on ®; H,., which manifestly leaves S(Br) unchanged. Hence
we always have

S(Br)yymax) =Ap(b) = Ag(b) + S(br)ymax) - (179)
Finally, for any other set of subsystems b’, we have
Ap(b") + S(b'1)maxy = SB ) cyy + S \ Djmaxy + S \ 1 )jmax) = S(Br), (180)

where the inequality follows from the Araki-Lieb inequality together with subadditivity as in
the proof of Lemma A.10. This completes the proof that Az leads to a QMS prescription with
entanglement wedge b for the state [MAX) and the region Br.

Hence, according to Definition 2.7, the area function A% must also lead to a QMS pre-
scription for the state [MAX) and the region Br. Of course, we do not yet know what the
entanglement wedge is according to that prescription, but it must be some b’ C {b;...b,}.
But then

Ag(b) = S(B)\cy) = A () + S(b'Dpasy < Ay(b) + S(br)ppaxy = Ay (b), (181)

where in the second equality we used the A, QMS prescription to evaluate S(Br)|c 5y and in the
inequality we used the requirement of minimality. O

41


https://scipost.org
https://scipost.org/SciPostPhys.12.5.157

Scil SciPost Phys. 12, 157 (2022)

Proof of Theorem 2.9

Proof. By way of contradiction, we suppose that there does exist a state |¥) and subset b such
that b = EWy,(|¥)), but A% (b) # Ag(b). Recall from the proof of Theorem 2.8 that the area
function Ag leads to a QMS prescription for the state [MAX) and the region Br, and hence
by assumption the A, area function must also do so. If we use the A} QMS prescription to
evaluate Ag(b), we find

Ap(b) = S(Br)|cj) = AR (b") + S(b'1)jmax) » (182)

for some b’ C {b;...b,}. We can then use Lemma A.10 and Theorem 2.8 to obtain

A% (b) + S(bR)g) > Ag(b) + S(bR)y) (183)
> Ap(b") + S(b'1)jmax) + S(bR)jy) (184)
> Ay (b)) + S(b'R) g - (185)

In (183), we used Theorem 2.8 together with the assumption that A% (b) # Ag(b). In (184),
we used the A% QMS prescription for Ag(b) from (182). Finally, in (185), we used Lemma
A.10. It can immediately be seen that (185) contradicts our assumption that b = EW,(|¥)),
since b does not have minimal generalized entropy for the state |¥). O
A.3 State-specific reconstruction

Proof of Theorem 3.1

Proof. We prove four implications.

1— 2: From (25) we have that for any |¢) € Hoge»

{(Y|0codelp) = tr[ ) (Y[ Ocoge ] (186)
= tr[trge[WgV [1) (| VW1 Ocoqte ] (187)
= (Y|VIW, Ocoqe W, V [4h) (188)
= (Y|VTOosVIp) . (189)

2 —3: Let Oypge := 02 , . Condition 2, applied to both O.ge and O,yge, implies

code*

VIOV = Oppge = 024, =V 05VVTORV . (190)
But because VV' and WBWIJ are projectors,
VIogvVTogv < viog0pv (191)
< VW, Ooqe W Wy Ocoqe WiV (192)
< VW, OcodeOcode WV (193)
<Viogv, (194)

with the first inequality (191) saturated if and only if
OgV =VVT0RV = VO,y4e, (195)

which is equivalent to (27).
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3—4: Let Ugge = €xp(iOgoqe)- Statement 3 tells us that for all states [1) € Hogde

VUeode [¥0) =V exp(iOcoqe) [Y0) = exp(iOp)V |¢) = UpV |9} , (196)

where Up = exp(iOg).

4 — 1: This last step is easiest to prove using the technology that we develop in Section 4.2.
In Lemma 4.4, it is shown that there exists an isometry W : H, — H, ® Hy,, where H, is
a finite-dimensional Hilbert space and Hy, is the space of square-integrable functions on the
unitary group U, with “position basis” {|U,)}, such that

Wy), = J dUx |Ua)y, ® Usl)a = ), IMAX) 4z (197)

Here H,, ® H;, < Hy, is a finite dimensional subspace of Hy, with H,, = H,, and dU, is the
Haar measure on U,. We can therefore define an isometry Wy : Hp — Hp ® Hy_, such that

WgV WJ) = J dUcode |Uc0c1e>Ucode ®UpV |’lp> (198)

= J dUcode |Ucode> VUcode WJ) (199)

=)V IMAX) , (200

as desired for Condition 1.26 O

Proof of Theorem 3.2

Proof. This proof is almost identical to that of Theorem 3.1.

1—2: From (29) we have that for any |¢) € Heode>

(Y10 1) = tr[tr[|vp) (¥ ]104] (201)
= tr[trz [ WV |[4) (4| VIW] 10, ] (202)
= (YIVTOosVIvp) . (203)

2—3: Let O :=02. Condition 2 implies
ViOgV =0, =0} =V'0aVVTo,V. (204)
But because WBVVTWBT <VV' <1, we have
VIogVVTogV < VoV, (205)

with equality only possible if OV = VVT0zV = VO,.

3 — 4: Condition 4 follows immediately from Condition 3 if we write U, = exp(iO;) and
UB = eXp(iOB).

260ne might worry here about whether W; is truly an isometry mapping Hz — Hooge ® Hy for some Hy, as
required by Condition 1. Since Hy,_,, is infinite dimensional, we can always write Hy_, = Hoqe ® H such that
Heode is identified with #,, on the subspace H,, ® H,, - Moreover since Hy and H 4. are finite dimensional, the
image of Wy then lies in H g ® Hpr Where Hgs C Hy is finite dimensional. We can therefore simply identify
Hy = Hp ® Hpn to reach the exact form specified in Condition 1.
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4 — 1: As in the proof of Theorem 3.1, we define

WB ::JdUblUb)®UB' (206)
Then
WiV 1)y = J AUy, |Up) VU [9) = V IMAX) e [9) 5 > (207)

where on the right hand side V still acts on Hoge = Hp ® Hjy. The reduced state WV [¢) on
H,, is therefore equal to the reduced state of [1)) on H,;, as required by Condition 1. O
Proof of Theorem 3.5
Proof. We start with Condition 1 and prove the cycle of implications.
1 — 2: Consider the state |®) € H g ® Hg, Where Hp, is a two-dimensional reference system,
given by

1
V2

where {|v),|¢)} is an orthonormal basis for ﬁcode, and let |x*) = 1/v/2[|y) £ |¢)] and
|x*) =1/v2[I4) £il¢)]. We have

@) = —=[1¥)10) + ) [1)], (208)

1 B 1
Cpr = (05 —25) @ Xrt (x5 — 25 ) O Vi
1 1
+ 5958 [0) (Ol + 565 1) (1lg (209)

R 3 wy®1p.
Here Xy and Yy are respectively the Pauli X and Y operators on Hj. In the approximate equality
we used (38), applied to all of [p), |¢), |x*), and | y*!). More precisely, we can use the triangle
inequality for Schatten 1-norms to see that

o L oa b <l 2l e Lo
R 3 @B® IR 1—a\lﬁ—”BHﬁa\Xﬁ—”BHﬁa\Xﬁ -,
1) _; 1 1 (210)
+5 ||l s, + 5 lve— sl + 5 65—z,
3381.
In (210) we implicitly used the trace norms || Xgzll; = |Y%I; = 2 and

[110) (Olgll; = II11) {(1|gll; = 1. By the first Fuchs-van de Graaf inequality, we therefore have
1 3
F(¥gp, y0p®10) 21— 1. (211)

Let |w) € Hz ® Hy be a purification of wz where the dimension dg > dg. By Uhlmann’s
theorem, there exists an isometry Wy : Hg — Hcoge ® Hp such that

—~ 2 3
(@] (w| WV @) > 1-Jer (212)
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But we can now use the second Fuchs-van de Graaf inequality to bound the Schatten 1-norm

|erze[WaV @) (@] VI, 1— @) (@], < 24/3¢; . (213)

/

For any state f.,q. there exists a positive operator ;311{ % with operator norm || ﬁ;/ %l < ¥/2 such

that trg[p }12/ 219) (3| p ;/ %1 = Bode- Hence, by monotonicity under partial traces and the Holder

inequality, we have
|tr5LW5 Y Beode VI Wy 1 — Beode ||, < 44/3e1 . (214)
Hence &, < 4/3¢;.
2—3: Let Heoge = span{|y), |¢)}. Now define the positive operator
Py = Wy [v) (4| W -
Note that Pz < 1, but Py is not necessarily a projector. By (39), we have

1— (I VPV ) = tr[ 1) (W] (1) (| — trg, WV ) (| VIW)) ] < ey, (215)

and
(PIVTPV |§) = tr[|9) (] (trge WV |9) (¢ VIW, — ) (p])] < &5 (216)

Hence
tr[Pp(V [p) (Y| VI =V [p) (¢ V)] > 1—2¢,. (217)

Suppose we now try to maximize the left hand side of (217) over all operators 0 < Pp < 1.
We are maximizing a linear function over a convex space, so the maximum always lies on
the boundary of the space, i.e. at a projector II;. It follows that there exists a projector Il
satisfying (40) with €5 < 2¢,.

3 = 4: Let (Yo|Uqgelto) = €!® cos@. We can then define the orthogonal, unnormalized
states

|¢+> = |7~/)0> + e_i¢ Ucode WJO) >

and .

|¢—) = |¢0> —e® Ucode WJO) .
Let Iz be a projector satisfying the inequalities (3 |V TIzV |y} / (34 |p.) > 1—¢3 and
(Y_|VTTIgV|y_) / (3p_|ap_) < 5. We then define the unitary operator Uz = e!? (2015 — 15).
We have

(P0lUoqeV UsVIho) = %((llul — (W DVi2Mp —15)V () + 1)) (218)

=1-6, (219)
where
Re(8) = 1+ = (. lth.) — = (p_Itp_) — = (4p IV TTIVIapy) + = (_|V TV )
PV R A T A A S 210)
< 2¢3.
Hence
[V Ucode Itb0) = UsV o) || = /2= 2Re (ol UL, VTUsVIpo)) < 24/ (221)
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4 — 1: Let |Y) = Ugge l¥o). Then by the second Fuchs-van de Graaf inequality and mono-
tonicity under partial traces,

[|eralV [4) (| V1= trg[UgV [4po) (ol VIUS]||, < 2¢4. (222)

However, if we define wg = trg[V [vq) (¢ V'] then this is exactly (38), with &; = 2¢,. [

Proof of Theorem 3.7

Proof. By Uhlmann’s theorem, Condition 1 is equivalent to the fidelity lower bound

F(trgr[V Uy |9) (| U VT, trgg[V [0) (B VT]) > /1 — 2. (223)

Theorem 3.7 then follows immediately by applying the Fuchs-van de Graaf inequalities relating
the Schatten 1-norm and the fidelity. O

Proof of Theorem 3.11

Proof. We first prove each equivalence in turn.

1 —2: For any U, we have

maxminRe [ (¥|V UV Up|¥) ] < minmaxRe [ (¥|[VTUIVU,®)], (224)
Us W) [w) Up
where on the left hand side we are minimizing with respect to |¥) (in a way that can depend
on Up) before maximizing with respect to Ug, and on the right we do the opposite. Hence the
left hand side is related to the error in Condition 2, where we consider the one Uy with the
best error for the worst-case state |¥), and the right hand side is related to Condition 1, where
we allow each U to depend on the state [¥). Thus Condition 2 manifestly implies Condition 1
with £; < g,. To show the reverse implication, we need (224) to be approximately saturated.
The first step is to note that since

(BIVTUSV U |®) = tr peoge VI ULV Up ], (225)

where p .4 = trz|¥) (¥|, we can replace the minimization over [¥) by a minimization over
density matrices p.,q.- By Holder’s inequality, we also have

max Re(tt] PeodeV ULV UL D) = ||tr5{V UpPeoge V||, = max Re(tr peoge VIOF VUL ]),  (226)
B BlIlI>

where the maximization is now over operators Oy with operator norm ||Og|| < 1.
Now by von Neumann’s minimax theorem,

max minRe(tr[pcodeVTO;VUb]) = min max Re(tr[pcodeV"rO;VUb]), (227)
[10glI<1 Pcode Peode [|Op]I<1

since Re(tr[ pcodeVJ"OE VUy]) is a bilinear function and we are minimizing and maximizing over
convex spaces.

For any Uy, we therefore have a state-independent operator Og with ||Og|| < 1 such that
for all states |¥)

. s 1
Re((¥| VIOl VU, W) > 1—§sf. (228)
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However, we don’t yet know that Oy is unitary. Let Oz have a singular value decompo-
sition Og = D A; lig) (iy| with 0 < A; < 1, and let [¥) have the Schmidt decomposition

1) =3 o/P; %) e | 7)7- Then

Re ((¥|V'O4V U, |¥)) = Re (Z Aip; (;1VTig) <iL|VUb|¢j>)
i,j

IA

Zlipj ’(¢1|VT|1'R>{2 Zlipj |(iL|VUb|1Pj>|2 ,
i,j i,j

where we have used the Cauchy-Schwarz inequality. Since

2 2
Zlipj|(’¢’j|VT|lR>| SZP;‘|<¢]'|V'|1R)| =1,
i,j i,j
and
DA iV Ui < D 1 p i VUi )2 =1,
i,J i,j
we have
2
> = 2p; [ IVIlig)|” < 2,
i,j
and

D= 2)p; i [V Uiy ) > < €2
i,j

Now let Ug = >, lig) (i;|. If we again apply the Cauchy-Schwarz inequality, we find

Re ((¥|VT[0) — Ul VU, |¥))

. . e |2
< | D2 =20p; VU )P | | D= 2p; [ (V7 lig)|
i,j i,j
< e%.
Thus
Re((T[VIULVULI¥)) > 1— 561

and &, < V/3¢;.

2—>3: Asin Section 4.2, we define the isometry Wy : Hp — Hp ® Hy, such that

WV |[0) = J dUy |Up) UpV W) .
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We also identify H, ® H, S Hy, with the subspace of Hy, associated to the fundamental
representation.?’ From (71), we have

VW, 1) pir = f AUy |Up) VU [¥) bz = V 1¥) i IMAX)y, (239)

By Condition 2, we therefore have

Re ((¥],57 (MAX|p, VI WV W), 57) = Re ((Wlpgz Wy VIWRV[®), 1) (240)
= f dUyRe ((¥|U/VTURV|¥)) (241)
L)
>1— &5, (242)
2
Hence, by the second Fuchs-van de Graaf inequality, we have
| trs5: LWV PeodeV Wi 1— pa|, < 263, (243)

where p, = try Pcoge- This is exactly Condition 3.

3> 1: Let O = W;UbWB. Note that ||Og|| < 1 but Op is not in general unitary. From
Condition 3 and Hoélder’s inequality, we know that, for all p yge

\tr[(VTOBV — Ub)pcode]| <eés. (244)

Hence, the operator norm of both the Hermitian and anti-Hermitian parts of (VI OzV — Uy,) is
bounded by €5 and, by the triangle inequality;,

IVTOgV — Up|| < 2¢5. (245)
Thus
Re ((|(U] —VTO[V)Up|¥)) < 2é5, (246)
and
Re ((¥|VTO[VULI¥)) = 1 —2¢;5. (247)

But, as discussed in the proof that Condition 1 implies Condition 2, the maximum of (247)
over all operators ||Og|| < 1 is always achieved by a unitary Uz. Hence &, < 2,/€3. O

A.4 Approximate and non-isometric codes
Preliminary lemmas

Lemma A.11 (Levy’s lemma (see, e.g. [56])). Given a function f : st - R with Lipschitz
constant K, and a random point ¢ on the d-dimensional sphere S¢, then for any € > 0 we have
If (¢)— (f)| < & with probability

—(d +1)¢?
9m3K?2
?7Recall from the discussion in Footnote 26 that we can trivially replace W, by an isometry H; — H;, ® Hy

between finite-dimensional Hilbert spaces as in the statement of Condition 3. For notational clarity, however, we
will maintain the distinction between #H, and H,,.

p=1—2exp[ 1. (248)
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Lemma A.12 (Product state m-net). There exists a discrete set S of product states
[Pty =pl) ... [pt) € [C*1®" with size

24nn3n(4 4 n2/n2)n
an

such that any (normalized) product state |v) = |v1) ... |v,) satisfies |||yp) — |y')|| < 1 for some
i) €.

Proof. We first construct an [n/n]-net for the single-qubit Hilbert space C2.2® To do so, we
consider a maximal set of states where all pairs of states are separated by a distance at least
n/n. Clearly, this is an [1/n]-net. However, we can upper bound the number of states in the
set using a volume counting argument: if each state lies at the center of a sphere of radius
1/2n, then none of the spheres can intersect. Therefore the total volume of all the spheres,
IS|V4(n/2n)* with V, the volume of the unit 4-sphere, is upperbounded by the difference in
volume of two spheres centered on the origin, one with radius 1 + n/2n and the other with
radius 1 —7/2n. This bounds the number of points by

(1+n/2n)* -1 —n/2n)* 8+ 2n?/n?
(n/2n)* ~ (n/2n)

To construct the set S we simply take all possible products of states in this [1)/n]-net. By the
triangle inequality, for any product states |¢) = [¢1)...|¢,) and |p) = |¢;)...|¢,), we have

1) = 1)1 < 3 i) = Il (251)

IS| <

; (249)

IS| <

(250)

It follows immediately that S is an n)-net as desired. O

Lemma A.13 (Norm bound). Let V be defined as in Theorem 5.1 and let |4)) be any (normalized)
state. Then, for any 6 > 0, we have

1-6—2"1<||VIY)| <1456, (252)
with probability
m+1gs2
p21—2exp[—2 0 ]. (253)
on3
Proof. We first estimate (||V |1)||). Since the map x — x? is convex, we have
AV I < IV 1)) (254)
<2 f dU (y|U"10) (01*" ™™ Ulp) (255)
<27 (i) ] [0) (0P ™ @ 1, ] =1, (256)

To obtain a lower bound on the average norm, we use the fact that x > 3x2/2 — x*/2 for all
x = 0. Hence

3 1
(V) 1) = S AV 1)) = S IV ) I) (257
> 2 gant f dU (10" 10) (0°" ™ Ulp)” (258)
,3_ 2 (10} (012" ™ @ 15n 2 +1[[0) (0P ™ @ 15n]) (259
=2 241 ? ’
>1— 2—m—1 (260)

20ne can mildly improve the scaling here by only constructing a net for qubit states up to a global phase. We
don’t do so primarily out of laziness, but hopefully also to make the proof slightly more readable.
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In (259), we used the standard result (see e.g. [56])

1+ Fowap

s o (261)

deUhp) (WIUTeUy) (Y| U=

where the operator Fgysp permutes the two copies of [C2]®" . We now have exponentially
close upper and lower bounds on (||V |y)]]).
To bound the fluctuations, we note that, by the triangle inequality,

126772 (0] 20 1y [y || = (12072 (0120 Uy [) || < 202Uy — U) )] (262)
Hence ||V |[))]| is a Lipschitz continuous function of U |1) with Lipschitz constant 2("™™/2_ We
can then use Lemma A.11 to obtain
2m+1 52

93

Combining (263) with (256) and (260) completes the proof. O

Prob(|[[V )| = (V1)) = &) < 2exp[—

]. (263)

Lemma A.14 (Norm-squared bound). Let V be defined as in Theorem 5.1 and let |) be any
(normalized) state. Then, for any positive & < 1, we have

IV I)I*—1] <38, (264)
with probability
m+1 <2
p21—2exp[—2 J 1. (265)
9mn3

Proof. The result follows almost directly from Lemma A.13. We first note that (265) is trivial
unless 6 > 27™. Hence

1-36<(1—=6—2"12<|VIY)IP<(1+6)><1+35. (266)

O

Proof of Theorem 5.1

Proof. For any two states |v), |¢), we have

4P IVIVIY) = V() + 1GNP = IV ) — 1NN+ illV(I4p) + i I@DIZ = illV (I4p) — i [pDII>
~ 1) +1@)I1Z = 11) = 1)I1P +illlap) +i1p)I* —illlp) — i)

~ 4 (oY),
(267)

where the approximation is valid with high probability thanks to Lemma A.14. To be precise,
we can use the union bound to see that with probability

2m+1 52

W] , (268)

p=>1—8exp[—
we have

{(pIVIVIY) = (ply)] < ? [l1) + 1917 + W) = 1)1 + l14p) + 1@ + lllp) — i 1)1 ]

(269)
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To extend this argument to all product states we use Lemma A.12. One can show (¢ |VTV|y)
is a Lipschitz continuous function of |¢) for fixed |¢) (and vice versa) with Lipschitz constant
2™ as follows.

{pIVIVIY) — (@ IVIVIY) < IVIV IO - lllp) = 19")]
<2"lly) = [l

where the first inequality follows from Cauchy-Schwarz, and the second follows directly from
the definition of V. It is therefore sufficient to show that

{(%WTVW]') - (¢i|¢j>| <

(270)

€
a0 271

5 (271)
for all pairs of states |v;),[v;) in an n-net for product states with 1 < 2m =3¢ To see this,

note that, for any pair of states |1}, |¢), there exist states [1);),[y;) in the n-net such that by
the triangle inequality

H{OIVTVIY) = (@) | < [{@IVIVI) = (i [VIVIP) |+ | (i [VTVIp) — (i [VIVIp;) |
+ |("~pi|VTV|¢j> - (1/)1'|"/)j)| +1(Wily;) = (Pl [+1{pl;) —(PlP) |
< 2(2™n) + % +on<e.
(272)

From Lemma A.12, we know that the number of states needed for such a net is at most

4n_,3 27,2
2"'n n(4+ n /n )n < 215n+3n(n—m)+1n3n )

SI < =

(273)

We can therefore apply the union bound to (268) for all pairs of |v;), using that the number of
pairs is bounded by |S|?. If we substitute € = 248§ in (269), this leads to the desired result. [

B Non-theorems and their counterexamples

While we have emphasized throughout this paper that Theorem 4.2 is a natural abstraction
of the core features of holographic codes, it is reasonable to ask whether there exist other
interesting theorems with the same basic interpretation, but different technical details. For
example:

1. In Condition (2), we insisted that the holographic entropy prescription (1) should apply
not just for the state |¥) but also for states related to |¥) by a product of local unitaries.
While this should always be true in quantum gravity whenever |¥) itself satisfies (1),2°
it is clearly a stronger condition for general codes. Is it perhaps unnecessarily strong?

2. Furthermore, did we even need to talk about arbitrary product unitaries in Condition
(1)? Couldn’t we just consider local unitaries acting on a single bulk site?

3. In Condition (4), we minimized the generalized entropy over all possible subsets of
{b;...b,}. But bulk entropies can be defined much more generally for any subsystem
in any tensor product decomposition of the bulk Hilbert space, as can areas using Defi-
nition 2.1. Can we prove minimality over all bulk subsystems, including ones that don’t
commute with the subsystems H;, ?

2This is because gravitational replica trick calculations depend only on the entanglement structure of |¥), and
not on the specific bulk quantum state.
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4. Finally, 4.2 assumes that the bulk factorizes into a tensor product of local subsystems. Is
there a theorem like it for more general bulk von Neumann algebras, as in Theorem 5.1
of [1]?

The answer to all of these questions is no. At least in their most obvious versions, none of
these other potentials theorems actually exist. In the following subsections, we will present a
counterexample to each one in turn.

B.1 Counterexample with a holographic entropy formula for only the state itself

Suppose we have an isometry V, subsystem #, and a state |¥), such that

However, unlike in Condition 2 of Theorem 4.2, we make no assumptions about the entropy
S(BR)yy,u;|w) for product unitaries Uy, Ug. As we shall see, on its own this is insufficient to
derive Condition 1, or anything similar to it.

As a counterexample, consider the isometry V : H; — Hp®Hg (for simplicity we consider
only a single bulk subsystem), mapping the qudit #; of dimension d; to two qudits, Hz and
‘Hz with much larger dimension, such that

{%Zﬁl li)p |15 » j=o,

d N . (275)
S liYgli+jd)g, >0,

Viide, =165 =

where ¢; are set of arbitrary normalized coefficients. All |¢;) are orthogonal, so V is indeed
an isometry.
By a judicious choice of parameters D, d, ¢;,d},, we can choose

S(B)g) =Ap(b1) +S(b1)o, (276)
S(B)|¢j>0) # Ag(b) +S(b1); - (277)

Indeed, let S := S(B), ) determined by the parameters c;. Then

1
Ag(by) :=S(Bry)|cy) =logdy, + - (log D + (dp, —1)S) . (278)
b,
If
_
dp -1
S =1log (Ddb1 ! ) , 279)
which is achievable by many choices of D, d, ¢;, then
S(B)vjy,) =1ogD =Ap(b1) =Ap(b1) +S(b1)yy) » (280)
ensuring (276).
However, since
SBIip,s0) =S # SB)yjyy) » (281)

then any unitary U, such that Uy, o) = |y #0) will change the entropy on B, and hence
cannot be reconstructible on B. Since there is only a single bulk subsystem, the unitary Uy, is
automatically “local”, thus ruling out any version of Condition 1.
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B.2 Counterexample with reconstruction possible only for local unitaries

Another naive possibility is that local unitaries U, are sufficient in Condition 1, without the
need for more general product unitaries. For example, one might wonder whether the follow-
ing is true:

Untrue theorem (local unitaries). The following two statements are equivalent.

1. (Complementary Recovery) For all Uy, if b; € b (respectively if b; € b) then there exists a
unitary operator Ugg (respectively Uzz) such that,

UgrV |¥) = VU, |¥), (respectively UzzV |¥) = VU, |¥)). (282)
2. (Holographic Entropy Formula) For all Uy,

S(BR)VUbi jwy =Ag(b) + S(bR)Ubi [w) - (283)

Let us first construct an example that satisfies Condition 1, but not Condition 2, and then
we will construct an example that satisfies Condition 2 but not Condition 1. Let H; and Hj,
be qubits, with Hp and Hz qudits for large d. Let

V'|0)p, 10}y, =10)510)5 , (284)
V1), 10y, =11)510)5, (285)
V00)p, 11)p, = |2)B 10)5 , (286)
V1), 1), Zh sli)g (287)

Finally let |+)) = |0} |0). For any U, we have U, [¢) € span{|00),[10)}. Similarly, for any Uy,
we have Uy, [¢) € span{|00),]01)}. Within both these subspaces, trz[V |¢) (¢|VT1=10) (0I5
is 1ndependent of |¢); hence all local operators are reconstructible on Hy and Condition 1
is satisfied for b = {b;, b,}. However S(B))yy = 0, while Ag(b) = S(Bry13)icy) = S(B)|CJ
= O(logd). So Condition 2 is not satisfied.

Note that the product unitary X, X; cannot be reconstructed on Hg, since

VXp Xy, W) =V 11), (288)

which has a different reduced state on Hgz. Hence neither Condition 1 nor Condition 2 of the
true Theorem 4.2 are satisfied.

To see the reverse (an example that satisfies Condition 2 but not Condition 1 of the hypo-
thetical local unitary theorem), let

d—1
1
V10)p, 10)p, = —= D li)gli)z, (289)
1 2 H =
V1), 10)p, = —= ) li)gli+d)z, (290)
=
VI0)p, 11)p, = —= ) li)gli+2d)5, (291)
1 2 1/3 pary
d—1
V1), 11)p, = D cili+d)pli+3d)5, (292)

i=0
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for some normalized coefficients c; such that V |11) has entanglement entropy S. Again, we
can choose d, S such that with b = {b,, b,} and for all U, , Uy,

S(B)VUbl 100) = S(B)vub2|oo> = S(B)yo0) = logd, (293)
and
Ag(b) +S(b)y, |00y = Ap(b) +S(b)y, j00) = Ap(b) = S(Brirs)icy) (294)
1
=log4 + Z(Slogd +3) (295)

are equal to one another. However, it is immediately obvious that in general the reduced
density matrix of VU, |00) or VU, |00) on Hz is different from that of V' |00), so Condition
1 of the hypothetical local unitary theorem is violated.

B.3 Counterexample to minimality over all subsystems

While we have proved that EWgg(V [¥)) has minimal generalized entropy Ag(b) + S(bR)y)
over subsystems associated to subsets of {b,,...b,}, we have not shown that it is minimal
over all subsystems of the bulk Hilbert space. Indeed, to prove that the subsystem H; was
more minimal than some other subsystem #},, we had to use strong subadditivity,

S(bR) +S(b'R) > S([bUb’]R) + S([bNDb’]R). (296)

In other words, we made explicit use of the fact that there exists a tensor product decomposi-
tion

Heode = Hon @ Hiiy @ Hiy @ Hiri - (297)

Given two arbitrary subsystems of H.,g. (i.e. Hilbert spaces H; and H; such that
Heode = Hp ® Hiy = Hyy ® Hi, for some H; and H, ), no such decomposition will exist, and so
our proof of minimality will not work. In general, a decomposition analogous to (297) exists if
and only if the superoperators that project operators into the subsystem algebras on Hy,, Hyy,
H;; and Hy, all commute with one another.*

This is not just a failure of our proof method - it is simply not true in general that EWpp, is
minimal over all subalgebras. Here is an example. Let H; and H;, be qudits with dimension

d, and let V map them trivially to B and B respectively:

VIi)p, 1), =105 i) - (298)

It is straightforward to compute Az(b;) = 0. Now consider a maximally-entangled input state
) := D3 i), 11)p, /+/d. Clearly, Condition 1 of Theorem 4.2 is satisfied with b = {b;}. The
QMS prescription tells us that

and moreover that this is minimal relative to the Ag + S}y associated to inputs @, {b,}, and
{b1, by}
%0Given a decomposition of the form (297), the commutativity of the projectors (e.g. P,(O) = try[O] ® 15/d3)

follows trivially from the commutativity of partial traces onto independent subsystems. Conversely, given commut-
ing projectors we can construct a decomposition of the form (297) by defining, e.g., Pory = Pp Py = Pi Pp-
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Now define another subsystem via the following procedure. Let unitary U act as

U i)y, 1), = szfk/duc) 1K), |

(300)
Uli)o, i), ~=IJ)b1 |J Yo, JFET
Consider all operators of the form
U0y, ® 15)U". (301)
These form a von Neumann algebra Ab; on Hoqe With projector
Py (0) = Utr, [UTOU]® 1, U". (302)

Since the algebra Ab; is isomorphic to the algebra .A; of operators acting on H; , Ab{ is also

the algebra of operators acting on a subsystem ’Hb; , which is related to H,;, by conjugation

with U. However bel does not commute with P, , so our minimality proof does not apply.
Indeed, as we shall see,

Ap(b]) +S(b))jyy < SB)yjyy =Ap(b1) +S(b1)yy) (303)

giving a counterexample to minimality over all possible subsystems. To compute Ag(b7), we
need the reduced density matrix of Hg ® #,/ in the Choi-Jamiolkwoski state, which equals the
reduced density matrix of Hz ® H,, in the state VU [MAX).

1 : .
U IMAX)by,1,r, = 5U D110, 165, i), )y,
jk

1 i
=mze2nﬂ/d 1€)5, 1003, 1), | Z'J Yo 1K), 1), 1K),
jt ]#k
1 . .
== D1, 1K, i), 1K), (304)
jk
1 ..
+ 27z 22 kD, 1K)y, ), 1) ——Zu o, 1700, 1), 1),
jk
1
|MAX)+O(d1/2)

Using Fannes inequality and the fact that trace distances are monotonically decreasing under
partial traces, we have

Ap(b}) 1= S(Bry)icy) = S(Br)jcy) + O(1/ vV d) logd) = O((1/V d)logd). (305)

All that remains is to compute S (bg)w). Noting that

d
1 1
Uly) = —UZU Vo, 10, = = > eI k), 1K)y, =d)s, Id)y, . (306)
vd d £
we have
S(b)yyy =S(b1)yjy) =0, (307)
and therefore lood
o
Ap(b)) +S(b)yy) = (9( fa ) (308)

which is much less than Ag(b,) + S(b;)yy = logd for large d.
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B.4 Counterexample to minimality for algebras with centers

Theorem 4.2 is about bulk Hilbert spaces that factorize into a tensor product of local subsys-
tems. As such, it is comparable to (although much more general than) Theorem 4.1 of [1].
There is however a more general theorem (Theorem 5.1) in [ 1], where the local subsystems are
replaced by local von Neumann algebras. The new feature is that these subalgebras can have
a nontrivial center — operators that commute with every operator in the subalgebra. (Indeed a
finite-dimensional subalgebra with trivial center — i.e. containing only operators proportional
to the identity — is always just the algebra of all operators on some particular subsystem.) In
this way, the ‘area’ of a given surface can become a non-trivial operator that lies in the center
of the associated subalgebra, as we expect in AdS/CFT for code spaces where the bulk can
have any of multiple distinct possible geometries.

It is natural to hope that a similar generalization of Theorem 4.2 exists where the local
subsystems are replaced by local subalgebras. And indeed there exist fairly natural extensions
of our definition of area and state-specific product operator reconstruction for which some
aspects of Theorem 4.2 continue to hold.

However, there are also significant issues that show up. In particular there are serious
problems with trying to prove a version of minimality (Condition 4) for general von Neumann
algebras. For any such theorem, at least one of the following must not be true:

1. The definition of reconstruction includes state-independent algebraic reconstruction a
la Theorem 5.1 of [1] as a special case,

2. The definition of area reduces to the definition in Theorem 5.1 of [1] for cases where
that definition is valid,

3. The definition of area reduces to the value given by Definition 2.1 when evaluated on
algebras with trivial center.

To see this, consider the isometry
V0) =10)510)z,
zn
_ N1 (309)
V1) =272 i) i)z -
i=1

This is an algebraic QEC code in which B can state-independently reconstruct the algebra

Ap = {1,Z} acting on H.yqe- This is a commuting subalgebra that is equal to its own com-

mutant Ay = Ay, and is also reconstructible from Hz. We therefore have a state-independent

complementary algebraic QECC, exactly the conditions needed for Harlow’s Theorem 5.1.
Harlow’s area operator A(b) € Ay, is

Ag(b)=n|1)(1]. (310)
The entropy of B can be computed with the holographic entropy formula
SB)ypy) = (YIAp(D)y) +S(b)yy,) , (311)

for all |v) € H oge- Here S(b)yy is the algebraic entropy of the state [1)) for the subalgebra
Ay. Hence in particular
S(Blypy =n, (312)

as can be readily verified. However, this generalized entropy is not minimal, even when con-
sidering only algebras whose projectors commute with that of A;,. According to Definition 2.1,
the area Az(@) of the trivial algebra is

Ap(@) = g +0(n?%), (313)
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while the corresponding entropy vanishes S(&),) = 0. Hence at large n the trivial algebra
has generalized entropy much less than M.

It is important to emphasize here that this counterexample does not depend on any spe-
cific proposal for the definition of area for general algebras. Instead, it simply used Harlow’s
definition in [1], applied to a code with complementary state independent recovery, together
with Definition 2.1 for the areas of algebras with trivial center, applied to the trivial algebra
of operators proportional to the identity. Changing either of these definitions seems a priori
undesirable. We comment on possible resolutions in Section 6.3.

C Proof of Theorem 5.5

Lemma C.1. Let [¢),|¢p) € Hy ® Hp satisfy |[|Y)I, |||¢)]| < 1. Then

1) (Pl =) (1], < 2| 1) = )]l (314)

Proof. By explicit diagonalization, we have

[ 19) (b1 = 1) (1| = ((plap) + (p1d))> — 4l (1) 1P (315)
< (1) + (@))% — 4[Re((h|$))T2 (316)
<4 ) =19} ||". (317)

In the last inequality, we expanded A2 — B? = (A+ B)(A— B) and then used

(Ylp) +(plg) +2Re((Y|¢)) < 4. (318)
O

Lemma C.2. Let .
b5r(Up) :=trpr [ VU, @) (@] UJVT] . (319)

where |®) € Heoqe ® Hr ® Hy satisfies ||V Uy, [®)|| < 1 for all Uy, and all other terms are defined
as in Theorem 5.5. If

S ( f dUb‘PEE(Ub)) —f dUpS(@5r(Up)) <5, (320)
for sufficiently small 6 > 0, then with probability p > 1 —k, there exists a Ugg such that
n 2 8426
|UsrV Uy 1@) — VU @) ||” < — . (321)
Proof. Recall how one proves that
S(p)= D piS(p), (322)
i

for a density matrix p := Y. p;p; that is a mixture of density matrices p;. Let p be defined on
system A, and introduce auxiliary system B, in joint state

Pap = Zpi ) (ilz ® p; - (323)
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These systems each have entropy

S(pa)=S(p), (324)
S(pB)=S(Zpi|i) <i|3) =—> p;logp;, (325)
S(pag) = ZPiS(Pi)_Zpi logp; . (326)

The inequality (322) is then simply subadditivity. Explicitly,

S(p)— ZpiS(pi) =1(A:B),,, = Srei(Pasllpa® p3)- (327)

We want to write the analogue of (323), but for the continuous variable Uy, with proba-
bility measure d Uy, rather than the discrete variable i. To do so, we need to use the language
of operator algebras. We define the von Neumann algebra A as the direct integral

®
f Agﬁ dUy, (328)

where Az is the algebra of operators on Hz ® Hz. The analogue of the density matrices pyp
and p, ® pp are the linear functionals Pu,BR and py, ® ppg defined by

@
Py,BR (J Ogr(Up)d Ub) = J dUy tr[ O5(Up)®5z(Up) ] » (329)
@
Pu, ® P57 U ogﬁ(Ub)dUb) = f dU,dU; tr[ O5z(Up)@55(U)) ] - (330)

Note that Py,BR and py, ® pgg are both subnormalized

pUbEI_{(ﬂ) = ,OUb ® pgﬁ(ﬂ) = f dUb tr [(I)E}_{(Ub)] <1. (331)

However, we can extend them to normalized states by defining an isometry VE/ t Hg = Hy
with dy = dg + 1, as well as similar isometries for Hz and Hy,. We then define normalized

states Py, /g = V'py,5rV" +po and py, Py =V'pu,®p5rV’ +po with V! = V/gV'gV'y,
and

V/%pOV/E = V/I%povli = V/Tpr()V/Ub =0. (332)
We then have

Srel(ﬁUb/E’ﬁ’”pAUb’ ® Pyz) = Srel(PUb§§| lpu, ® P5R)

= f dUy tr [@EE(U,,) [log ( f dU; <I>§§(U,§)) —log ‘I’Eﬁ(Ub)H (333)
=S (J dUb@gﬁ(Ub)) —J dUpS(®55(Up)) < 5.

By Pinsker’s inequality, it follows that

Hpubgﬁ — Py, ® P§§H1 = HﬁUb’E'ﬁ’ —ﬁUb/ ® /35/}3/ . <V20. (334)
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However, we can explicitly evaluate

HPUI;EE_pUb ® PE}‘zul = J dUy || @5z(Us) —f dUp 5z(UL)|| - (335)
1
Finally, by Markov’s inequality, we know that with probability p > 1 —x /2
24/26
®5x(Up) —f dUp 5z(Up)|| < — (336)
1

where we can choose k such that 1 > x> 6. Now we can use the triangle inequality to show
that with probability p > 1 —«k

4‘2% . (337)

| 25x(Us) — 25x(Tb)||, <
If we extend ‘I’Eﬁ(Ub):‘I’Eﬁ(ﬁb) to normalized states <f>§/§/(Ub), &)E’E/(Ub) in the same way as
before, we find

957 (Up) — &5 2 (0|, = ||®5z(Us) — 255(0b)||, + |1252(U) I — 1252 Tp)II1|  (338)

- 8\/25’ (339)
K

where we used the triangle inequality. We then use the first Fuchs-van de Graaf inequality to
bound the fidelity
R . A 4426
F ($5z(Up), é55(0p)) = 1— — (340)
It follows by Uhlmann’s theorem (together with the fact that projecting the states back into
the original Hilbert space using V’ ]'EV’ }% can only decrease the norm) that there exists a unitary
Ugg such that

|UsrV Uy |®) = VU, [9) || < 8‘2%. (341)
O

Lemma C.3. For any state |{) € H, ® Hp ® H and sufficiently small € > 0, we have
HE. (AIB)y) < S(AIB) ) —4¢ log%. (342)

Proof. Let 1)) maximize the min-entropy H,,;,(A|B) within an e-ball of |3)). The state |1})
may in general be subnormalized; however, as in the proof of Lemma C.2, we can extend the

Hilbert spaces H 4/, with isometries Vy /¢ : Ha/p/c — 7—[;4 /B/C and define a normalized state
1)’) € "), ® H}, ® H,. such that
Vi) = Vg 1) = VE ) = 14p) . (343)
We have
H; . (AB)y) = Hmin(AlB)w;) < S(AIB)W;) = S(AIB)W) . (344)

But, by the definition of the generalized fidelity (Definition 5.3),>! we have

(P l) | = V1—e2, (345)

31Because |1)) is normalized, there is no need to supremize over isometries V.
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and hence
14/as —aplly < 2e. (346)
Finally, by Fannes’ inequality, we have®?
dydp
S(A|B)y) = S(A|B),;, —4el . 347
(AIB) ) = S(AIB), ) — 4¢log = (347)
O
Proof (1) = (2):
The proof proceeds analogously to the exact version in Section 4.2. We again have
For a given Uy, lAJ]f), let
W(ﬁ")—JdU |U,) ® U (349)
BR b1Yb BR >
and
W(U‘g) = | dUL|U.) ® U’ (350)
BR b'"b BR’

with Ugg, Ul’_”_2 satisfying (139) when possible and arbitrarily chosen otherwise.
Let p(RCVR) be the probability that Ugg, Uzia}'z satisfying (139) exist for randomly chosen
Up, U]f), Uy, Ué. Meanwhile let p(RCVR| U, f]]f)) be the probability that Ugpg, Uz/_;}_z satisfying (139)

exist for randomly chosen Uy, U]f), conditioned on some particular Uy, lA]]f). By assumption of
Condition 1

1—p(RCVR) = J dﬁbdﬁlﬁ)[l — p(RCVR| Ty, ﬁli))] <Ky. (351)

Hence by Markov’s inequality, for any k, > «, the inequality
N Ny Kq
1—p(RCVR|Up, UB) <—, (352)
K2

is satisfied with probability p(Us, lA]]f)) > 1 — K, for Haar random unitaries Uy, lAJ]f). From now

on, we assume that Ub, Ulf) satisfy (352).
By explicit evaluation

IWarWsgY Us 0 1) — vy Wi 1) ||* < f dU AU || UspUL2V 0y 0 [9) = VUU' 19) ||

<e24 L (353)
K2

Applying Lemma C.1, together with Fannes’ inequality, then tells us that

‘S (BR)VUbUélxp) —[Ap(b) + S(bR)N/)]’ = ’5 (BR)vﬁbﬁéN,) —S(BR)ywyw; ) ’ (354)

2 K1 d};%dI%
<\|e2+ Llog— PR, (355)
Ky 4] +x1/K3)

32Here we have simply applied the standard Fannes’ inequality to S(AB) and S(B) separately. You can improve
this bound somewhat (and avoid any d; dependence) using the Fannes-Alicki inequality [57], but we have not
done so in the interests of being self-contained.
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Proof (2) = (1):

Recall from the proof of the exact case in Section 4.2 that

S(BRaF)yy,w;w) = S(BRar)yy, w: a) = Ap(b) + S(bR);g) , (356)
and that
S(BRaB)yw,w,|g) = f dUpS(BR)yy,w;lw) = f dUpd Ulf)S(BR)VUbUéN,) . (357)
But by Condition 2,
j dUpd UéS(BR)VUbUél\Il) = (1 —x2)(Ag(b) + S(bR)g)) — &5 (358)
> AB (b) + S(bR)l\I/) — Ky log(dB dR) —&y. (359)

Hence, by Lemma C.2 (applied to [®) = W;, [¥)), for any k > O there exists Upy such that, with
probability p > 1 —k,

|UsrV O Ws 1) — VU W [9) ||* < 82K, logidBdR) 26 (360)
Since
|UsrV O Ws [¥) — VU, W [9) ||* = f dUZ || UrV OLUL [9) — VU, U |9) ||, (361)
we can use Markov’s inequality to show that
| UsaV O UL 19) = VUUL |9 || < Bv/2K, loggBdR) 20 (362)

with probability p > 1—2k. By an analogous argument, there also exists U]%}'z (depending only
on Ulf)) such that

8\/21('2 lOg(dB dR) + 282 (363)

U2 VO,U; [w) — VU, 0F 1) || < -

with probability p > 1—2k. By the union bound, both (362) and (363) are true with probability
p = 1 —4xk. Using the triangle inequality, and choosing x; = 4k, we find

||UBRUé§VUbﬁé 0) —VUU} ) || <||UprUsV Uy U} %) — UppV Uy UY |®) ||

+ || UsrV O UL W) = VULUL |9) || (364)
<[|Uzv 0,0 19) = VU, U; @) ||
+ || UsrV O UL [9) = VULUL |9) || (365)
16[8k, log(dgdy) + 8514
< [8x;log(dgdR) €] ' (366)
K1
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Proof (1) = (3):

By Condition 1, there exists ﬁb, [Aflf) such that (139) is satisfied for a randomly chosen Uy, U]f)
with probability p > 1 — x4 and thus

|WerWggV O U7 [0) — VIV, W5 [0) || = J dUdeé”UBRUéEV[AJbﬁé ) —VUU'5 1) || (367)
S €1 + K1 . (368)

By Lemma C.1 and monotonicity, we have
Hp—O‘Hl < 2¢;+2Kq, (369)

where p and o are the reduced states on Hy ® Hy ® HUI;/ ® Hy, of WBRWE}—leAJblAJ]fJ |¥) and
VW, Wi, [ &) respectively. As in the proof of Lemma C.2, these states can be extended to normal-
ized states 0, ¢ on larger “primed” Hilbert spaces, while at most doubling the Hilbert space
distance between them. Hence by the first Fuchs-van de Graaf inequality, the generalized
fidelity

F(p,0)=>F(p,6)>1—(2e; +2K1). (370)
It follows, if €5 = 4/2€; + 2K, then
Hﬁin(ﬁlquRaf)vwa;,hy) = Hmin(Ub_’|BRUb)WBRWﬁVfIb[AJé|\I/) . (371)

But, as in (123), if |¢) = WBRWB—RVUbﬁé |W), then

¢BrU,Uy < PBRU, ® Ly, > (372)

and so
Huin (U |BRUp v v 00 2 O (373)

From this, Condition 3 follows by Lemma 4.7.

Proof (3) = (4):

Recall from (127) in the proof of the exact version in Section 4.2, that by strong subadditivity
Ag(b") > Agz(bub’) +Ag(b' Nb’) —Agz(b). (374)
Hence, by Condition 3, and the equality of complementary areas (Remark 2.2), we have

Ag(b") > Ag(b)—H®

min

(b’ \ b|bR)\y) — H,?

min

(b’ \ b|bR)yy, - (375)
Finally, applying Lemma C.3 to the two smooth min-entropies gives

d? . dpds
Ag(b') = Ag(b) + 2S(bR),g) — S([b Ub'R)j) — S([b N b'IR)gy — 4e3 log 1—2“ ,
€3

(376)

from which Condition 4 follows immediately by strong sub-additivity.
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