PHYSICAL REVIEW LETTERS 134, 090202 (2025)

Computable Entanglement Cost under Positive Partial Transpose Operations
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Quantum information theory is plagued by the problem of regularizations, which require the evaluation
of formidable asymptotic quantities. This makes it computationally intractable to gain a precise quantitative
understanding of the ultimate efficiency of key operational tasks such as entanglement manipulation. Here,
we consider the problem of computing the asymptotic entanglement cost of preparing noisy quantum states
under quantum operations with positive partial transpose (PPT). By means of an analytical example, a
previously claimed solution to this problem is shown to be incorrect. Building on a previous
characterization of the PPT entanglement cost in terms of a regularized formula, we construct instead
a hierarchy of semidefinite programs that bypasses the issue of regularization altogether, and converges to
the true asymptotic value of the entanglement cost. Our main result establishes that this convergence
happens exponentially fast, thus yielding an efficient algorithm that approximates the cost up to an additive
error ¢ in time poly(D, log(1/¢)), where D is the underlying Hilbert space dimension. To our knowledge,
this is the first time that an asymptotic entanglement measure is shown to be efficiently computable despite

no closed-form formula being available.
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Introduction—Quantum Shannon theory studies the
fundamental limitations on the manipulation of quantum
information in the presence of external noise. Calculating
those limits often involves computing certain functions that
encapsulate the ultimate capabilities of information car-
riers. Paradigmatic examples include the various capacities
of quantum channels, such as the classical [1,2], quantum
[3-5], private [5,6], and entanglement-assisted [7,8]
capacities, but also the operational entanglement measures
that tell us how much entanglement can be extracted from a
given bipartite quantum state, i.e., the distillable entangle-
ment [9-13], and vice versa, how much entanglement must
be invested to create that state [14—17]. This latter quantity,
the entanglement cost, is the main focus of this work.

With the sole exception of the entanglement-assisted
capacity, all of the above functions are expressed by
regularized formulas, i.e., formulas that involve an explicit
limit n — oo over the number of uses of the channel or the
available copies of the state. For example, by the Lloyd-
Shor-Devetak theorem [3-5], the quantum capacity of a
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channel A equals Q(N') = lim,_, o (1/n)I.(N'®"), where
1.(V) is the coherent information of A/, and \/®" represents
n parallel uses of N. In stark contrast with classical
information theory, for quantum channels it holds in general
that I,(N®") # nl .(N), meaning that evaluating the limit
cannot be avoided. Such nonadditivity is a fundamental
feature of most settings encountered in quantum information
[18-23]. Analogously, the entanglement cost of preparing a
state p = p,p using local operations and classical commu-
nication (LOCC) is given by

|
E.rocc(p) = lim —E; (/’®n)’ (1)

n—-oon

where E; is the entanglement of formation [11,24]. The
precise nature of these formulas is not so important here;
what is important, however, is that the regularization n — oo
makes them analytically hard to control and computationally
intractable. Indeed, on the one hand the dimension of the
quantum system on which N®" acts, or to which p®"
pertains, is exponential in n, quickly rendering numerical
calculations infeasible as n grows; on the other, there is no
guarantee of the quality of the approximation obtained by
stopping at the nth level in any of these formulas—for
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instance, an unbounded n may be required to even check that
the quantum capacity is nonzero [25]. The regularization
thus appears to be an omnipresent curse that stifles almost
every attempt to quantitatively understand the ultimate
limitations of quantum information manipulation.

But is that really so? In this Letter we show how
to overcome this fundamental obstacle in a specific case
by efficiently calculating a type of entanglement cost—
expressed as a regularized quantity—on all quantum states.
To this end, we look at a problem that has been studied by
many authors [26-30], but for which a full solution had not
been found prior to our work: namely, zero-error asymp-
totic entanglement cost under “positive partial transpose”
(PPT) operations. The roots of PPT transformations lie in
the fundamental connection between entanglement and
partial transposition identified by Peres [31] and the
Horodeckis [32,33]. In the context of entanglement
manipulation, PPT operations were introduced in the
pioneering works of Rains [34,35] as a mathematically
natural relaxation of the much more complicated set of
LOCC operations, providing a convenient way to gain
some insights into the latter and, importantly, giving hope
for an easier understanding of some of the fundamental
limits of entanglement transformations. Because of this,
they attracted significant attention in the operational study
of quantum entanglement, but even in this technically
simpler setting the fundamental questions in entanglement
manipulation remained unsolved.

By introducing an efficient algorithm for the evaluation
of the asymptotic PPT entanglement cost, we solve this
long-standing problem and exhibit an entanglement mea-
sure that is both computable and operationally meaningful
for general—pure and mixed—quantum states. This can be
contrasted with other entanglement measures, which are
either defined in terms of operational tasks and thus suffer
from the problem of regularization, making -efficient
evaluation impossible, or they are simply abstract math-
ematical constructions with no precise operational mean-
ing. Prior to our work, the PPT entanglement cost was only
known to be computable for a specific class of quantum
states [26] (including pure states, Gaussian states, Werner
states, and two-qubit states [36]), with its value given by a
celebrated entanglement measure known as the logarithmic
negativity [26,37,38]. The logarithmic negativity is one of
the most widely employed entanglement measures, having
found numerous applications in all corners of quantum
physics [39-46], from quantum field theory [39]
to condensed matter [42]. The success of the logarithmic
negativity is due to two main reasons: first, its efficient
computability [37], which makes it highly suitable for
numerical applications, and second, its partial operational
interpretation, which guarantees that it coincides with the
zero-error PPT entanglement cost for this specific class of
quantum states [26]. While encouraging, this partial opera-
tional interpretation is arguably not satisfactory if this

measure is to be applied widely in quantum physics.
Indeed, beyond this restricted class of states the negativity
is not known to be an operational quantity, and it is unclear
whether, e.g., the states considered in [40,41,46] genuinely
belong to the class in question.

It was recently claimed that the PPT entanglement cost
can be computed exactly for all states [27,28], but, as we
show below (see also [47]), this claim relies on some
erroneous assertions. In this work, building on the partial
results of [27,28], we find the correct generalization of the
logarithmic negativity that enjoys the operational interpre-
tation of being the zero-error PPT entanglement cost for all
quantum states. Crucially, our generalization is also effi-
ciently computable, requiring almost the same computa-
tional time as the logarithmic negativity. This opens the
door to numerous applications in quantum physics, serving
as a fully operationally motivated alternative to the neg-
ativity as a computable entanglement quantifier.

Zero-error PPT entanglement cost—The goal of zero-
error PPT entanglement dilution is to prepare n copies of a
given bipartite quantum state p = p,p by consuming as few
singlets @, (i.e., two-qubit maximally entangled states) as
possible and using PPT operations only. Here, a channel A
is called PPT if its partial transposition I'oAol" is also a
valid quantum channel, where I" is the partial transpose
operation [31] definedas (X, ® Y) = X, ® Y§. We say
that a number R is an achievable rate if for all sufficiently
large n there exists a PPT operation A,, with the property

that An(d)?uw) = p®". By definition, the zero-error PPT
entanglement cost of p, denoted as E§pr(p), is the
infimum of all achievable rates R. In this work, we show
how to compute EZS5(p) for any quantum state p.

In a nutshell, the key reason why many authors [26-30]
have been interested in the problem of entanglement
dilution under PPT operations is that it provides a more
tractable model for the fundamental problem of entangle-
ment dilution under LOCC operations, whose underlying
figure of merit, given by (1), is computationally inacces-
sible in most cases of interest. In general, PPT operations
are a superset of LOCC, but any PPT channel can be
implemented in a stochastic manner by LOCC together
with the assistance of PPT states [35,48]; since it is known
that PPT states possess only a weak form of entanglement
that cannot be distilled [49], such states can be considered
as a ‘“cheap” resource, thus providing intuition for the
PPT operations being a prudent relaxation of the power of
LOCC. Such PPT-based approaches have also attracted
significant attention in other parts of entanglement theory
[34,35,50,51].

Importantly, the optimal performance achievable
under PPT operations also establishes bounds and no-go
limits on what can be achieved under LOCC in practice.
These bounds are often the tightest available, as evidenced
in the contexts of channel capacities [52,53] and entangle-
ment distillation [35]. Let us now consider the task of
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entanglement dilution under LOCC operations, which is
defined as above but with LOCC operations replacing PPT
operations. We denote the corresponding figure of merit by
ENGcc(p). Because of PPT being an outer approximation
to LOCC, it holds that

EZ%er(p) < EZGcc () )

for all bipartite states p = pyp. Our main result allows
us to calculate the left-hand side, which is particularly
significant because establishing computable lower bounds
on EZ8cc(p) is a priori difficult, as to do that one needs to
constrain all possible LOCC entanglement dilution proto-
cols. (To prove an upper bound, on the contrary, it suffices
to exhibit an explicit dilution protocol.)

We also remark that, in our definition, “zero error”
means that we require the transformation of @? Bn) into
p®" to be realized exactly. This is a model of entanglement
dilution that has been studied before in several different
contexts [16,26,54]. The setting contrasts with definitions
that allow for an asymptotically vanishing error in the
transformation [11,14,16]. However, in the Supplemental
Material (SM) [55] we show that no substantial change
occurs if we require that the error, instead of being exactly
zero, decay to zero sufficiently fast—the relevant figure of
merit is then still EZ§5r.

Prior work—In a pioneering paper by Audenaert, Plenio,
and Eisert [26], it was shown that the PPT entanglement
cost EZfpr(p) can be evaluated exactly for all bipartite
states p = p,p that satisfy a condition known as “zero
binegativity” [26,36,67]. Specifically, if [p"|" > 0, where
X' denotes the partial transpose I'(X) of an operator X and
|X| :== VXX is its absolute value, then

EZ$5r(p) = loglp" || =t Ey(p). (3)

The expression on the right, Ey, is the logarithmic
negativity [37,38], obtained by simply evaluating the trace
norm || - ||, = Tr| - | of the partially transposed state. This
framework thus provides a partial operational interpretation
for Ey through its equality with the zero-error PPT cost
ES5; for some states. At the same time, Eq. (3) effectively
solves the problem of computing ES535, for states with zero
binegativity because Ey is efficiently computable via a
semidefinite program (SDP) [68-70],

Ey(p) = log, min {TrS: —§ < pr < S} (4)

But what to do for those states that have nonzero
binegativity, i.e., satisfy [p'|'#0? In their recent works
[27,28,47], Wang and Wilde showed that ES35 can be
expressed as a regularization of another quantity called E,.
They then made an even stronger claim that E, is in fact

additive, meaning that E, (p®") < nE.(p) holds true for all

bipartite states p and all positive integers 7, thus completely
eliminating the issue of regularization. This would
imply a general computable solution for ESX35: it would
simply coincide with E,, which is computable via an SDP
[27,28,47]. However, in Lemma 1 below we construct a
simple counterexample that disproves the claimed addi-
tivity of E,. Its existence shows that in general E, # ES5r,
thus invalidating the computable solution claimed
in [27,28] and reopening the question of whether the
asymptotic cost EZS; can be efficiently evaluated.
Further details concerning the claims of [27,28] can be
found in [47].

The equivalence between the regularization of the
quantity E, and the PPT entanglement cost revealed in
[27,28] will still prove useful to us, albeit a priori it is not
clear how it could lead to a computable formula for
E$5—the daunting problem of regularization persists.

Main results—In this work, we completely solve the
problem of computing the asymptotic zero-error PPT
entanglement cost E$gr. To do this, we construct a
converging hierarchy of semidefinite programs that can
be used to calculate ES35; for any given state to any degree
of precision efficiently, i.e., in a time polynomial in the
underlying Hilbert space dimension and in log(1/¢), with &
being the additive error. The key quantities in our approach
are a family of PPT entanglement monotones indexed by an
integer p €N and given by

E)(,p(p) = 10g2)(p(p)7 (5)

where

2, (p) ::min{TrSp: -8;<8,<8,,i=0,...,p,S_, :p}
(6)

is an SDP with variables Sy, ..., S,. These quantities are
increasing in p for every fixed p, and we refer to them as the
“x hierarchy.” Note also that E, ; = Ey, hence E, , can be
regarded as a generalization of the logarithmic negativ-
ity [37,38].

Importantly, we show that the y hierarchy approximates
the entanglement cost ES5; from below, in the sense that
EXSpr(p) > E, ,(p) for all states p and all p. The proof of
this fact, which can be found in the SM [55], relies on the
connection between the entanglement cost ES$5, and the
regularized form of E, shown in [27,28]. Our first main
result, the forthcoming Theorem 1, establishes that this
approximation becomes increasingly tight as p increases,
and the y hierarchy gives the value of ESS5 exactly in the
limit p — oo. This allows us to replace the limit in the
number of copies n, which is what makes ES35; difficult to
compute, with a limit in the hierarchy level p. This already
provides a “single-letter”” formula for the PPT entanglement
cost that no longer suffers from the curse of regularization.
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However, because of the limiting procedure p — oo, it is
still unclear if the expression can be evaluated easily.
Crucially, in Theorem 1 we also show that calculating
the limit of the y hierarchy is indeed significantly easier
than evaluating regularized expressions: the convergence to
the true value of ES5, is exponentially fast uniformly on
all states, which opens the way to an accurate calculation of
EZ$5y in practice.

Theorem 1 (Exact expression of the cost)—For all
bipartite states p = psp on a system of minimal local
dimension d = min {|A|, |B|} > 2, and all positive integers
p €NT, it holds that

’

1
0 < EZSr(p) — E, »(p) < log, T

entailing that
ESi5(p) = ImE, (o). (8)

The proof of Theorem 1 is outlined in the End Matter,
with full details provided in the SM for interested
readers [55]. Note that for every fixed value of d and
for large p, the approximation error on the right-hand side
of (7) can be estimated as [1 — (2/d)]?(log,e). In other
words, the speed of convergence in (8) is exponential in p
and furthermore independent of p.

The single-letter formula (8) can be used to establish two
notable properties of the zero-error PPT entanglement cost
ES5r, namely additivity and continuity [55, Secs. IILE, F].
Also, Theorem 1 yields immediately a simple solution in
the qubit-qudit case (d = 2), generalizing Ishizaka’s result
that ES'35 = Ey for all two-qubit states [36].

Corollary 1—For all states p = p,p on a 2 X n bipartite
quantum system, it holds that

EZEst(p) = E, 1 (p)
= log, min {||Spl,: —So <p' < Sp}. (9)

But the most important implication of Theorem 1 is that
it allows us to construct an efficient algorithm that
calculates Ef'35; to any desired accuracy. This algorithm
takes as input a bipartite state p = p,p and an error
tolerance & > 0, and returns as output a number E such
that |[E®3(p) — E| < e. It works as follows: (1) use (7) to
find p large enough so that E, ,(p) approximates EZ55(p)
up to an error £/2. A value of p = O(dlog(d/e)) is
sufficient. (2) Solve the SDP in (6) up to an (additive)
error £1In(2)/2. Taking the logarithm yields an estimate £
of E,,(p) up to an (additive) error &/2 [see (5)].
(3) Return E.

The time complexity of the above algorithm is analyzed
in Theorem 2, which shows the core result of our work: the
zero-error PPT entanglement cost can be efficiently com-
puted. The key observation behind this result is that

climbing the y hierarchy up to level p introduces only
polynomially many more constraints in the SDP in (5) and
is thus relatively inexpensive.

Theorem 2 (Time to compute the cost)—Let p be a
bipartite state on a system of total dimension D and
minimal local dimension d. Then, the above algorithm
computes ESS5r(p) up to an additive error & in time

O((dD)*Wpolylog(1/e)). (10)

The proof of Theorem 2 is sketched in the End Matter.
Remarkably, Theorem 2 implies that the time complexity
required to compute ESS5; is only marginally larger than
that of computing the logarithmic negativity E, which is
bounded by the time complexity required for the diago-
nalization of a D x D matrix—also polynomial in D and
log(1/€). In short, while both EJ$5; and Ey can be
computed efficiently, ES'35; stands out because, by defi-
nition, it has an operational meaning for all quantum states,
unlike Ey.

Our result is the first of its kind for two distinct reasons.
First, because it establishes the efficient computability of an
operationally meaningful asymptotic entanglement mea-
sure (i.e., a distillable entanglement or an entanglement
cost). There is no known algorithm to estimate any other
such measure, not even under the simplifying zero-error
assumption. Second, because efficient computability is
shown without exhibiting a closed-form single-letter for-
mula, but rather by describing a converging SDP hierarchy.
To the extent of our knowledge, the only other case in quantum
information theory where a similar situation arises is in [71,
Theorem 5.1]. However, unlike ours, the algorithm described
there is computationally extremely expensive, featuring an
exponential dependence on d? /e. More generally, expressing
difficult-to-compute quantities through converging SDP hier-
archies is a technical tool that has found various uses in
quantum information [53,72-76], but such applications typ-
ically do not result in efficiently computable algorithms or
do not yield exact operational results.

Discussion and conclusions—In this Letter, we have
provided a solution to the problem of efficiently calculating
the zero-error PPT entanglement cost of arbitrary (finite-
dimensional) quantum states. To the best of our knowledge,
it is the first time that any operational asymptotic entan-
glement measure is shown to be efficiently computable.
A particularly interesting feature of our construction is that
it does not rely on a closed-form formula, but rather on a
converging hierarchy of semidefinite programs that
approximate the cost from above and below with control-
lable error.

Our solution identifies the correct generalization of the
celebrated logarithmic negativity, which became popular in
quantum physics for its efficient computability, despite
being operationally meaningful only for states with zero
binegativity. In contrast, our entanglement measure,
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lim,_ E, ,, is not only efficiently computable—specifi-
cally, it can be efficiently computed via an algorithm with
almost the same time complexity as the logarithmic
negativity—but it also has operational meaning for all
quantum states through its equality with the zero-error PPT
entanglement cost ESE5y. For states with zero binegativity,
our entanglement measure coincides with the logarithmic
negativity, but for other states it can be significantly
smaller.

An open question in our analysis is whether the y
hierarchy collapses at any finite level for some—or even
all—states. We found examples of states p such that
En(p) = E,o(p) <E,1(p) and also E,(p) < E,»(p),
but we were not able to ascertain whether there exists in
general a gap between E, , and £, 5. If E, , = E, 3 holds in
general, then this would mean that EZ5; = E, ,, and thus
the cost could be computed with a simple single-letter
formula. While this would be a considerable simplification
from the analytical standpoint, we stress that it will only
entail a poly(d) improvement in the time complexity of
evaluating it numerically.

Note added—The issue with the original argument by
Wang and Wilde that leads to the additivity violation for E,
(Lemma 1) is discussed in detail in the erratum [47].
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End Matter

Appendix A: The task—We start by defining EYS5; in
rigorous terms. A (quantum) channel A: X - Y is a
completely positive and trace preserving map taking as
input states of a quantum system X and outputting states
of Y. The set of completely positive maps (respectively,
quantum channels) from X to Y will be denoted as
CP(X - Y) (respectively, CPTP(X - Y)). If X =AB
and Y =A'B’ are both bipartite systems and
AeCP(AB — A’B’), we say that A is PPT if I'goAcl'y
is still completely positive, where I'p denotes the partial
transpose on B, and analogously for I'g. Another way to
understand this class of channels is to realize that they
completely preserve the set of PPT states, in the sense
that I'p p[id ® A(0a,5,4,8,)] 20 for any state o with
I's5,(04,8,4,8,) = 0. We can then define the zero-error
PPT entanglement cost of any bipartite state p = p,p as
EZ%4(p) =inf{R: for all sufficiently largen €N

c

IA, EPPTNCPTP: A, (@) =p@nl (A1)
Here, ®, i= |,) (], where @) = (1/v/2)(00) + [11))
is the two-qubit maximally entangled state, i.e., the
“ebit,” and A,, is required to be a PPT channel.

Appendix B: The quantifier E.—Wang and Wilde
[27,28,47] introduced and studied the SDP-computable
quantity
E.p):=1log,min{TrS: —S<pl' <§, S'>0}. (BI)
Among other things, they showed that (i) E, is
monotonically nonincreasing under PPT channels;
(i) E.(p) > En(p) for all states p, with equality when p
has zero binegativity; (iii) E, is subadditive, meaning that

Ep ®p') S Edp) + Eclp') (B2)
for all pairs of states p = p,p and p’ = p/,,p; and (iv) its
regularization yields the zero-error PPT entanglement
cost, i.e.,

1
EZS3(p) = EX(p) = lim —E(p®").  (B3)

n—oon

As said, it was claimed in [27] that E. is additive,
meaning that equality holds in (B2). However, this claim
is incorrect (see also [47]). To disprove it, it is useful to
first note that additivity indeed holds when both p and p’
have zero binegativity, simply because in that case E,
coincides with the logarithmic negativity by property (ii),
and this latter measure is additive, as one sees
immediately by looking at its definition in terms of the
I-norm of the partially transposed state. Hence, our
search for a counterexample must start with the
construction of states with nonzero binegativity. That
such states do exist was reported already in [36,67] based
on numerical evidence. However, here we present a
simpler, analytical construction.

Appendix C: Punch card states—let A >0 be a
positive semidefinite d x d matrix, and let Q be another
d x d symmetric matrix with only 0/1 entries and all 1’s
on the main diagonal (i.e., such that Q;; =1 for all i).
The associated “punch card state” is the bipartite
quantum state on C? ® C“ defined by

1
Nao \ 755 i

where N4 o is chosen so that Trzy o = 1. It can be
verified that

1 [( s QiilAil Ay
oy | (i) 0@ ( ,
42T Nao Z,: i\ AL QijlAl
(C2)
from which, using the identity

‘(Qij'Aij| Ajj QijAij

Al
Aij Qij'Aijl Qiinj |Aij|

090202-7


https://doi.org/10.1103/PhysRevA.69.022308
https://doi.org/10.1088/1367-2630/10/7/073013
https://doi.org/10.1007/s00220-017-2859-0
https://doi.org/10.1109/TIT.2022.3182101
https://doi.org/10.1109/TIT.2022.3182101
https://doi.org/10.1007/s10107-021-01650-1
https://doi.org/10.22331/q-2020-02-14-230

PHYSICAL REVIEW LETTERS 134, 090202 (2025)

valid because Q,; € {0, 1}, one derives that

kol = 5= (S uaslin il + SIali i ).
s i

%
(C4)

Therefore, if A and Q are chosen such that QoA # 0,
where o denotes the Hadamard (i.e., entry-wise) product
between matrices, 74 Wwill have nonzero binegativity,
i.e., |y o|"#0. It is easy to construct examples of A and
Q that meet the above criteria, the simplest one being

1 1 1 1 01
AO = 1 1 1 , QO = O 1 1 (CS)
1 1 1 1 1 1

Having constructed a state with nonzero binegativity, we
can wonder whether two copies of it already violate the
additivity of E,. And sure enough, they do.

Lemma 1—The punch card state 7, := 4, o, defined by
(C1) with the substitution (C5) satisfies

1.001 % E (78%) < 2E,(ny) ~ 1.029. (C6)

In particular, the subadditivity of E,. and Lemma 1 imply
that ES4(m) < JE (78) < E(my) and therefore that

EXS5r (7o) # Ei(no), thus invalidating the main claim of

the works [27,28].

Appendix D: Two SDP hierarchies—Recall that in (5)
and (6) we introduced the y hierarchy E, ,(p) =

10g2 Ap (ﬂ) with

2p(p)=min{TrS,: —8;<S", <8;,i=0,....p.S_ 1 =p},

(D1)
which constitutes a generalization of the logarithmic
negativity. We now introduce another complementary

hierarchy of SDPs, the “x hierarchy,” defined for g € N*
(g=1) by

Ex,q (p) = 10g2’<q (p), (DZ)

with

Kk,(p) = min{TrS,_;:
S_1 =p, Sl;_l Z O}

_Si < Sg—l SSi,i:O,...,q— 1,
(D3)
Observe the resemblance to the definition of y, in (D1):

the only difference between the two optimizations is
the condition Sll;_l > (0; adding that to (D1) yields

immediately (D3) with ¢ — p, and indeed in that case
the optimal S, would automatically be S, = Sg_l.
Furthermore, E,; = E, coincides with the quantity (B1)
introduced by Wang and Wilde, of which the «
hierarchy thus constitutes a generalization.

In the SM [55] we explore the properties of the quantities
E, , and E,,, showing them to be legitimate entanglement
measures. In particular, the functions are all suitably
normalized, continuous, faithful on PPT states, and
strongly monotonic under PPT operations. The pivotal
property that distinguishes E, , from E,, is that, while
the quantities E, , are only subadditive, the y quantities are
fully additive under tensor products, meaning that regu-
larization can always be avoided.

Two key insights lead to the proof of our main results.
First, that the two hierarchies provide complementary
bounds on EPSE;, the fundamental quantity we want to
estimate: namely, the y hierarchy gives increasing lower
bounds on E§5,, while the k hierarchy gives decreasing
upper bounds on it. In other words, on any fixed state p

E)(,OsE)(,lS"'SES‘),(&I(;EI‘:EIC;OS"'SEK.ZsEK,l' (D4)

In particular, E,, is increasing in p, while E,, is
decreasing in ¢g. Equation (D4) immediately shows the
remarkable connection between two very different limits:
one in the number of copies 7, which is needed to compute
E? [see Eq. (B3)], and one in the hierarchy levels p and g.

The second insight is that there is a connection between
the y and « hierarchies, as expressed by the following key
technical result, proven in the SM [55].

Proposition 1—For all states p = pyp on a system of
minimal local dimension d := min{|A|, |B|} > 2, and all
pENT,

’

Kp(p) < g)(p (p) - (%l - 1>xp_1 (p). (Ds)

With Proposition 1 at hand, we can now see how it
implies our two main results, Theorems 1 (exact expression
for the cost) and 2 (time complexity of computing the cost).

Proof sketch of Theorem 1—Combining (D4) and (D5)
shows that

d d

2B <k (p) < 5;(1,(p) - (E - 1))(,;—1(P)~ (Do)

The quantity that we are really interested in, however, is the
normalized difference between y,(p) and its claimed
limiting value 2E3(P) To see what the above inequality
tells us in this respect, we can define the quantity
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Xp(P)

SR (D7)

&p(p) =1

by means of which (D6) can be cast as ¢,(p) <
(1 - %) €,-1(p). Iterating the above relation gives

qo < (1-3) a < (1-3)" o9

which entails (7) after elementary algebraic manipulations.
Taking the limit p — oo in (7) proves also (8). m

Proof sketch of Theorem 2—It suffices to formalize the
qualitative argument provided below the statement of the
theorem. For d > 2, we first choose

_ log,(2d/¢)

d= "mw = O(dlog(d/¢)), (DY)

so that, with the notation in (D7), ¢, (p) < (¢/2d). Using
In(2)|a — b| < [2¢ — 2V

, valid for a, b > 0, we get

Eexacl

2 e.PPT(p)g e
<
2dIn2 ~ 2In2’

0 < EZvpr(p) = Eyp,(p) < (D10)

where the last inequality is a consequence of the fact that
every state can be created via a quantum teleportation
protocol—and hence with PPT operations—from a max-
imally entangled state, which entails that EJ§S(p) <
log, d for all p. We then solve the SDP for y, (p) up to
an additive error (In2 — 1/2)e by running an optimized
SDP solver [77,78]. Doing so yields an approximation of
E, ,.(p) up to an additive error [1 — 1/(21n2)]e. Adding
this up with the error in (D10) yields a total error of €. The
time complexity in (10) can be calculated using known
theoretical bounds on the complexity of SDPs, e.g., those
found in [77]. L]
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