Journal of Physics A: Mathematical and General

You may also like

The asymptotic entanglement cost of preparing a dessial commnicaion v Quni
q uantu m State Haoyu Qi, Qingle Wang and Mark M Wilde

- Seven definitions of bipartite bound

entanglement
Michael Gaida and Matthias Kleinmann

To cite this article: Patrick M Hayden et al 2001 J. Phys. A: Math. Gen. 34 6891

- The information-theoretic costs of
simulating guantum measurements
Mark M Wilde, Patrick Hayden, Francesco
Buscemi et al.

View the article online for updates and enhancements.

This content was downloaded from IP address 18.118.45.162 on 05/05/2024 at 15:19


https://doi.org/10.1088/0305-4470/34/35/314
https://iopscience.iop.org/article/10.1088/1751-8121/aae290
https://iopscience.iop.org/article/10.1088/1751-8121/aae290
https://iopscience.iop.org/article/10.1088/1751-8121/aae290
https://iopscience.iop.org/article/10.1088/1751-8121/aceecc
https://iopscience.iop.org/article/10.1088/1751-8121/aceecc
https://iopscience.iop.org/article/10.1088/1751-8113/45/45/453001
https://iopscience.iop.org/article/10.1088/1751-8113/45/45/453001

INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS A: MATHEMATICAL AND GENERAL

J. Phys. A: Math. Gen. 34 (2001) 6891-6898 PII: S0305-4470(01)16862-9

The asymptotic entanglement cost of preparing a
quantum state

Patrick M Hayden', Michal Horodecki’ and Barbara M Terhal’

! Centre for Quantum Computation, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK
2 Institute of Theoretical Physics and Astrophysics, University of Gdansk, 80-952, Gdansk,
Poland

3 Watson Research Center, PO Box 218, Yorktown Heights, NY 10598, USA

E-mail: patrick.hayden@qubit.org, michalh @iftia.univ.gda.pl and terhal @ watson.ibm.com

Received 1 September 2000
Published 24 August 2001
Online at stacks.iop.org/JPhysA/34/6891

Abstract

We give a detailed proof of the conjecture that the asymptotic entanglement
cost of preparing a state p is equal to lim, . E;(p®")/n where E is the
entanglement of formation.

PACS numbers: 03.67.-a, 03.65.Ta

1. Introduction

One of the central issues in quantum entanglement theory is to determine how to optimally
convert between different entangled states shared by distant observers Alice and Bob. More
precisely, one is interested in the conversion of m pairs of particles, with each pair in a state
p, into n pairs, each in another state p’, by means of local quantum operations and classical
communication (LOCC) [1], so that the asymptotic ratio m/n is minimal. Of course, the
perfect transformation by LOCC

®m 'Qn
P —p

is usually impossible. Therefore, one permits imperfections and requires only asymptotically
perfect transformations: the state p®” is transformed into some state p/, which for large n
approaches p'®" with a chosen distance measure D:

lim D(p,, p"®") = 0.

n—oo
If the final state p is a two-qubit singlet state \/% (]01) — |10))(which we will denote by |W_)),
then the process of conversion is called distillation [2]. If, instead, it is the initial state that is

in the form of singlets, then one refers to formation [1]. In this paper we are interested in the
latter process. We will call the optimal asymptotic yield the entanglement cost, and denote it
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by E.. In [3] it was shown that for a pure state p = | ) (Y|, E. is equal to the entropy of either
of its reductions, e.g. p4 = Trp(p). Thus, to produce |)®" one needs m ~ nS(p4) singlets,
i.e. the initial state has to be |W_)®"S(a)

That result suggested the following stochastic method for the production of p out of
singlets [1]. One decomposes p into an ensemble p = Y, p; ;) (¥;| of pure states. Then
one picks a state |1;) according to the probability distribution {p;}, makes the state |i;) from
initially shared singlets, and finally forgets the identity of the state. Therefore, one needs
on average ) . p;S (,ol.A) singlets (where ,oiA is the reduction of |i;)). One can choose the
ensemble which minimizes the above average, with the corresponding minimal cost being
called the entanglement of formation of p [1], which we will denote by E ¢ (p).

The above scenario can be improved if we realize that it might be more economical to
produce the state p®" all at once than it is to produce its n constituents one by one (see, e.g.,
[4]). Thus, the proposed optimal cost should be revised to [5]

®n
E¥(p) = tim 22 ()
n— 00 n

(In the following we will argue that the limit on the right-hand side of this equation exists.) This
quantity is believed to be equal to the entanglement cost of preparing the state p, E.(p). The
definition of the entanglement cost, however, refers to a deterministic number of input singlets,
while in the stochastic method the number of input singlets is a random variable. Furthermore,
it is not clear that the stochastic method is really the optimal way to produce the state p. In this
paper we resolve these issues by proving that £ ;’f (p) is equal to the entanglement cost E.(p).
Our result is in a sense dual to that of Rains [6] concerning the entanglement of distillation.
He showed that the entanglement of distillation, if defined in a way analogous to our definition
of the entanglement cost, is equal to the expected yield of a stochastic protocol for generating
output singlets.

To begin, let us sketch our approach. In our proof, we will first show that £ jio (p) = E.(p),
i.e. that there exists a formation protocol that achieves the asymptotic rate 7 ~ EF(p), by
explicitly constructing such a protocol based on the law of large numbers in both its classical
and quantum [7] forms. Next, we will show that E}’-O(,o) < E.(p). The latter inequality
will be derived using only some general properties of the entanglement of formation, such as
its monotonicity under LOCC operations and its quite strong continuity properties, proved by
Nielsen [8]. Such an approach, focusing on abstract features of quantum information-theoretic
quantities, has already proven to be fruitful in the domain of quantifying entanglement as well
as in the study of quantum channel capacities [9, 10], providing a simple view of intricate
topics. To illustrate its power we will now sketch the proof of the inequality E;o(,o) < E (p).

As mentioned before, the entanglement of formation is monotonically decreasing under
LOCC operations [1], i.e.

Ef(p) > E;(L(p)) 6)

for any state p and LOCC operation £. Moreover, the entanglement of formation is continuous
[8] in the sense that for states p and p’ we have

|Ef(p) = Ef(p)| < 5D(p, p")log, dim H +21(D(p, p')) 3)

where p and p’ are supported on the Hilbert space H and n(x) = —xlog, x, under the
assumption that D(p, p’) is sufficiently small. D is the Bures distance, given by D(p, p') =
2T = F(p, p)) with F(p, p') = Tr/p/2p’'pl/2. (Note that the normalization factor for D
is not completely standardized. We have made our choice to agree with [8].) The function
F is called the Uhlmann fidelity or square-root-fidelity [11, 12]. Inequality (3) implies that
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if two states are close to one another, then so are their densities of entanglement. A similar
continuity result has been proved in [13] for the relative entropy of entanglement [14].

Now, in order to prove E;ZO < E., consider the optimal formation protocol, i.e. the
sequence of LOCC operations A, producing states p, ~ p®" out of [W_)®", so that m/n
tends to E.. If we take large n, so that D(p®", p,) is small, then by continuity (3) we have

E;(p®") ~ E¢(pon)

4)
n n
Since p, = A, (|W_){W_|®"), from the monotonicity of E ; we obtain
Ef(pn) _ Ep(|W_)(W_|®"
7(Pon) < AP _m )

n n n
Now, by definition, the left-hand side of equation (4) tends to ES°, while the last term of
estimate (5) tends to E., hence we obtained the required inequality.

Since we used only two properties of the entanglement of formation, we can rephrase the
result in a more general setting. Consider any function f, which can be regularized, i.e. for
which the limit f*°(p) = lim,_, A (‘; ™) exists. N ow, if f is monotonic and continuous in the
sense of equation (3), then f* is a lower bound for E.. This supports the view, according to
which the dual measures of entanglement, entanglement of distillation £ and entanglement
cost E, are in a sense extreme ones [9].

2. Entanglement cost and entanglement of formation

Let us now pass to the fully rigorous part of the paper. Analogous to the definition of asymptotic
reducibility in [15] (cf [16]), we define the asymptotic entanglement cost for the preparation
of a bipartite state to be

Ec(,o)=inf{E|v6>0,5>0,3m,n,£,‘E—ﬂ
n

<6

and D(L(|W-_)(¥_""), p®") < 6} (6)

where |W_) is the singlet state in C, ® C,, £ is an LOCC superoperator and D is again the
Bures distance.
Our main result is the following:

Theorem 1. The asymptotic entanglement cost of preparing a state p is given by

®n
E.(p) = lim 2L

n—00 n

(N
where E.(p) is defined in equation (6) and E ¢ (p) is the entanglement of formation of p, defined

as

E¢(p) = _fin

minMZpiEqwi)(wiD ®)

and E(|Y¥)(¥]) is the von Neumann entropy of the reduced density matrix of | ).

To make sense of the above claim, we note that the sequence (E r(p®M)/ n) has a well
defined limit. This is a consequence of the fact that if a sequence (a,) satisfies a, < cn for
some constant ¢ and a, + a,, > a,+, for any m, n, then (a,/n) is convergent [17]. It is easy
to see that our sequence satisfies the conditions.

We begin by proving that £, obeys a form of additivity that is highly desirable for an
asymptotic cost function, and that will be useful in what follows.
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Lemma 1. E.(p®) = kE.(p) forallk =1,2, ....

Proof. One direction is simple: since a protocol to approximate p®f is just a protocol to
approximate k copies of p, E.(p®%) > kE.(p). The first step in demonstrating that the
inequality holds in the opposite direction will be to show that in the definition of E,, n can be
taken to be arbitrarily large. Suppose not, in other words, that for fixed €, § > 0, it is impossible
to choose n > N, m, and £ such that |E.(p) —m/n| < § and D(L(W_XW_|®™), p®") < €.
By the definition of E.(p) and the fact that the set of LOCC operations is closed, this implies,
however, that there existn < N, m, and £ such that E.(p) = m/nand L(|W_}W_|®") = p®",
Setting 7 = [N /n] and applying £%" to |W_)W_|®"" then violates the assumption that n could
not be taken arbitrarily large.

Now, to complete the proof, we will pick n > k in order to efficiently approximate some
number of copies of p®. Formally, we write n = rk + s, where r and s are non-negative
integers and s < k. If we produce an approximation to within € of p®" starting from m
singlets and then throw away the extra s copies of p, we are left with an approximation to
within € of p®’* that still required m singlets. The waste, however, becomes insignificant since
|E—m/n| — |E —m/rk|asn — oo. g

Note that full additivity of E.(p), i.e. E.(p ® o) = E.(p) + E.(0) would be a stronger
statement, possibly requiring additivity of £ ;. With that technical lemma concluded, theorem 1
becomes a consequence of the following two lemmas.

Lemma 2. Let the entanglement of formation of a (finite-dimensional) density matrix p be
Ef(p) =Y, pi Ef(I¥i)(¥il) where the optimal ensemble is given by {p;, Wi)}f.‘:l. We have
Er(p) = Ec(p).

Proof. In the limit of large n, we will approximate p®" by

pro = D W) (Wl ©)

(n)
SETSI

where Ta(l") is the (strongly) typical set defined as follows. All states |v/) (unnormalized)
in this set are tensor products of states ,/p;|v¥;) and they are such that every state ,/p;|¥)
oceurs p;n & §nlog, (2)/k times in the tensor product. (We assume that p; < 1 for all i.
Otherwise, p is a pure state.) This implies that the total probability p;, = (¥|,) for a state
|s) is bounded as

Z*H(H(ﬁ))‘ﬂsl) < ps < 2*"(1‘1(1;))*81) (10)

where H(p) is the Shannon entropy of p = (p;). The density matrix P is basically the

state p®" constructed by cutting off the unlikely sequences of states and then renormalizing®.
In order to bound the fidelity for this approximation, we add these unlikely sequences of states
with probability O in the sum. For any §; > 0, €; > 0 and n sufficiently large we have by
the asymptotic equipartition theorem [18] that the total probability pro for the typical set is

1
larger than 1 — €;, where €; — 0 as n — oo. Thus, using the joint concavity of F [11], we
can bound

F(p®n7 pTﬁ(r)) > ﬂ (1)

4 Note that we are using an approximation to p®" which is based on the optimal decomposition for the entanglement of
formation and not on the eigendecomposition of p which is used in Schumacher compression [7]. Both approximations
converge to p®" in the limit of large n.
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Consider the density matrix P and its decomposition in terms of the states |i).
1

Each state |y/;) can be obtained from a set of EPR pairs by entanglement dilution [3]. In
particular, let |i,) be a state in which every state |y;) occurs p;n & §in logpi (2)/ k times.
Starting from a set of maximally entangled EPR pairs, we do entanglement dilution for
each state [y;) @718, @/k - Ror any §, and €, greater than zero there exists an n such
that starting from (p;n + §inlog, (2)/k)[E(|¥:)(¥:]) + 52] EPR pairs we can obtain an
approximation to |y, ) ®P"E011108, /K which has square-root-fidelity larger than 1 — €,. Since
there are k states in the optimal ensemble (and k is finite), we can therefore approximate
the (normalized) state |v/,) with square-root-fidelity |(¥/|¢')| > (1 — €)X, starting from
nYy ; piEr(1Yi)(¥i]) + n(O(8;) + O(52)) EPR pairs, with e, — 0, §; — 0, and 6, — 0
for n — oo.

The approximation of Pr» by o

/

o = ZseT;” |Y) (¢!, where |]) is the approximation
5 1

of |1,) which we obtain by entanglement dilution starting from the set of EPR pairs, has the
property that

k_—
Fprm, Pm) DN = (1 —e)f =1—6 (12)
SET(S(IH)

where €3 — 0 for n — 00, since k is finite. Furthermore, since we can make every state /)
starting from a given set of EPR pairs, we can make any convex combination, for example
p’T(,,), of the states |/]) (see [19] and also [20]), starting from this same set of EPR pairs.
81

Finally, we can use the triangle inequality for the Bures metric, and equations (11) and
(12) to obtain that

D(p®", p/T&on) L2y 1=V1I-ea+2/e (13)
1

which is the desired result. O

The lemma can be applied to bound E.(p) from above by E /( 0p®%)/ k where k is any fixed
number of copies of p, using lemma 1. Consequently, we have that

EF(p) > Ec(p). (14)
Let us now prove the converse of this relation.

Lemma 3. E;’»o(,o) < E (p).

Proof. The basic idea of the proof, as sketched in the introduction, is to use the continuity of
the entanglement of formation [8] and its monotonicity under LOCC operations. Throughout
the proof we will use the notation A, = E¢(p®")/n. Now suppose that the lemma does not
hold, so thatlim A,, > E.(p). It follows that there exists an integer N, such that forallk > N,

lim A, — E.(p)
_— >

|Ay —limA,| < A = 7

0. (15)

Let pp = L(|W_)W_|®") be an approximation to p®*. Now, supposing that p is supported on
Hilbert space H, fix € such that 5¢ log dim H — 2¢ log e = A. It then follows from equation (3)
and our choice of ¢ that if D(p®*, px) < € then

|E;(p®) — Ef(o0)| < kKA. (16)
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Now we will apply the definition of E.(p) to fix k. From the definition of E., equation (6),
and the proof of lemma 1, we have that there exists a k > N as well as m and £ such that

E.(p) — %’ <A (17)

and D(p®, p;) < €, where p; = L(|W_)YW_|®"). Next, we can bound

E¢(or)
k

lim A, < [lim A, — Ayl + | A — <2A (18)

~ Es(po)
k

by using equations (15) and (16). This gives E¢(o;) > k(lim A, — 2A). On the other hand,
by equation (17), we have

Ep(JW-_XW_|®") =m < k(Ec(p) + A) (19)
which finally yields
Ef(px) — Ef(W-_}W_|®") > k(lim A, — E.(p) — 3A) = kA (20)

a contradiction since the entanglement of formation cannot increase under LOCC operations.
O

3. Alternative definitions of the asymptotic cost

While E.(p) is perhaps the most natural function to associate with the asymptotic cost of
preparing a bipartite state, other definitions would have been consistent with our discussion
in the introduction. An example of a different but perhaps useful definition of the asymptotic
entanglement cost is the following:

m
E——
n

Eal,(p)zinf{E|V6>O,8>0,EIN|(Vn>NEIm,£, <4

and D(L(|W-)(¥_|®"), p®") < 6) } 2n

The difference between E. and E,; is that for fixed fidelity and cost the former only
requires the existence of a single n such that p®" can be approximated efficiently, while the
second requires that there exist a threshold N such that for all n > N the state p®" can be
approximated efficiently. One consequence of this difference is that it is immediately clear
that E,; is additive in the sense of lemma 1, while some work was required to prove that E.
was. Indeed, a priori, one might not expect the two definitions to agree. Suppose, for example,
that for fixed e there exists a protocol to make an approximation p, of p®" from m singlets,
with the approximation satisfying D(p,, p®") = €. In order to produce an approximation to
%™ from km singlets, one might think that applying this protocol k times would be a good
strategy. One finds, however, that for € > 0,

lim D(p®™*, p®) = lim 2y/1 — (1 — e2)k = 2. (22)
k—00 k—o0

The protocol, therefore, generally fails to produce a good approximation for large k. This
example suggests that the existence of a threshold N beyond which approximations to some
given fidelity are always possible is a very difficult condition to satisfy. Nonetheless, by
applying the results of the previous section, it is actually easy to see that the definitions
E. and E,;, are equivalent, so that the extra condition can be met without increasing the
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asymptotic unit cost. First, note that the argument of lemma 2 actually also works for E;; so
that E,;,(p) < Ej’f (p). Next, since the definition of E,;, is more stringent than that of E,
we have that E.(p) < E,;;(p). Combining these inequalities with the result of lemma 3, we
obtain

E¥(p) < Ec(p) < Ear(p) < EF(p) (23)

so that these two definitions of the entanglement cost always agree.
A final pair of alternative definitions for the asymptotic entanglement cost would use the
trace distance

d(p,0) =3Trlp - o] (24)

in place of the Bures distance. Lemma 1 is easily seen to hold for d since its proof uses only
axiomatic properties of all metrics and stability with respect to tensor products but no other
properties specific to D. The status of lemmas 2 and 3 is slightly more involved. The trace
distance and Bures distance are related by the following inequalities [21]:

D 5 D2 D*
Z(p,a) =1—F(p,0)<d(p,0) <V1—-F(p,0)> = - " 16 (25)

which show that d and D are equivalent metrics and bounds them in terms of each other
by functions that are independent of the dimension of the underlying Hilbert space, H. In
other words, d and D are equivalent metrics even in the asymptotic regime. To be concrete,
applying the right-hand inequality to equation (13), for example, is sufficient to show that
lemma 2 also holds for the trace distance. In order to prove lemma 3, we used the continuity
relation, equation (3), but effectively only required the weaker inequality

|E(p) — E(0)| < BD(p,0) logdimH + C (26)

where B and C are constants and H is the supporting Hilbert space. Applying equation (25),
however, gives an inequality of the form

|E(p) — E(0)| < B/d(p, o) logdim ™M + C Q7

which again is sufficient to carry through the rest of the proof. Therefore, all our conclusions
hold even if the entanglement cost is defined using the trace distance. Indeed, they should hold
for any metric equivalent to the Bures metric in which the equivalence is given by a function
that is independent of the dimension of H.

4. Conclusions

We have given two rigorous definitions of the asymptotic cost of preparing a bipartite mixed
state p and shown them both to be equal to the regularized entanglement of formation, E ;'f)(,o),
resolving an important conjecture in the theory of quantum entanglement. Furthermore, we
have shown that this asymptotic cost is fairly insensitive to the choice of metric on density
operators. In particular, the Bures distance and trace distance result in identical asymptotic
costs.

An important problem left open by this work is the question of actually evaluating E7°(p).
Even the non-regularized function E (p) is notoriously difficult to calculate; its value is only
known for some very special cases [4,22]. If it turns out that E, is not additive for tensor
products, then, in spite of the results of this paper, determining the asymptotic cost of preparing
a state remains quite a formidable problem.
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