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Abstract. We establish bounds on the maximum entanglement gain and
minimum quantum communication cost of the fully quantum Slepian—Wolf
(FQSW) protocol in the one-shot regime, which is considered to be at the apex
of the existing family tree in quantum information theory. These quantities,
which are expressed in terms of smooth min- and max-entropies, reduce to
the known rates of quantum communication cost and entanglement gain in the
asymptotic independent and identically distributed scenario. We also provide an
explicit proof of the optimality of these asymptotic rates. We introduce a resource
inequality for the one-shot FQSW protocol, which in conjunction with our results
yields achievable one-shot rates of its children protocols. In particular, it yields
bounds on the one-shot quantum capacity of a noisy channel in terms of a single
entropic quantity, unlike previous bounds. We also obtain an explicit expression
for the achievable rate for one-shot state redistribution.

New Journal of Physics 13 (2011) 093042
1367-2630/11/093042+30$33.00 © IOP Publishing Ltd and Deutsche Physikalische Gesellschaft


mailto:n.datta@statslab.cam.ac.uk
mailto:minhsiuh@gmail.com
http://www.njp.org/

2 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Contents
1. Introduction 2
2. Notation and definitions 4
3. Main results 7
3.1. Optimal rates for the one-shot fully quantum Slepian—Wolf (FQSW) protocol 7
3.2. Optimality of the rates in the asymptotic independent and identically distributed
SCENATIO .+ v v v v v v e e e e e e e e e e e e e e e e e e e e e e 8
3.3. Optimal rate of one-shot quantum communication . . . . . . . . ... ... .. 10
4. Resource inequalities and the children protocols 12
5. Proofs of theorems 8 and 9 18
5.1.  Achievability proof of the one-shot FQSW protocol . . . . . . ... ... ... 18
5.2. Converse proof of the one-shot FQSW protocol . . . . . ... ... ... ... 19
6. Conclusions and discussions 23
Acknowledgments 23
Appendix A. Useful lemmas 23
Appendix B. Proof of the one-shot decoupling theorem 26
References 28

1. Introduction

An important problem in quantum information theory is the evaluation of optimal rates of
various information processing tasks. These include data compression [1, 2], information
transmission [3-8], entanglement manipulation [9-12], state merging [13, 14], channel
simulation [15, 16] and a host of other protocols [15, 17-24]. Initially, all these different
protocols were considered to be unrelated and each of them was studied individually.
That was until the authors of [17] proposed two new protocols, namely the ‘mother’ and
‘father’ protocols, from which five of the previously studied protocols could be generated
by direct application of teleportation and superdense coding. More precisely, entanglement
distillation [11, 12], noisy teleportation [17] and noisy superdense coding [19] could be
generated from the ‘mother’, whereas the transmission of quantum information through a
quantum channel [6-8] and the entanglement-assisted transmission of classical information
through a quantum channel [15, 20, 21] could be generated from the ‘father’.

Within the resource framework developed in [17, 18], quantum Shannon theory can
ultimately be viewed as the study of inter-conversions between non-local information-
processing resources. These resources can be classified as either static (e.g. shared randomness
or entanglement) or dynamic (e.g. communication channels). Further, they may be either noisy
or noiseless, and finite or asymptotic. Noiseless resources are the fundamental ingredients of
information theory because they can be employed to achieve essential tasks (e.g. information
transmission, teleportation, etc) perfectly, that is, without any error. The basic unit of a
noiseless quantum static resource is represented by an Einstein—Podolsky—Rosen (EPR) pair
(an ebit), whereas the corresponding dynamic one is a noiseless single-qubit channel. At
the most fundamental level, optimal rates of protocols hence characterize the quantity of
noiseless resources that can be extracted from a given noisy one. The ‘mother’, which is a
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quantum communication-assisted entanglement distillation protocol, is a parent of protocols
that involve ‘static’ resources, whereas the ‘father’, which is an entanglement-assisted quantum
communication protocol, is a parent of protocols that involve ‘dynamic’ resources.

In 2006, yet another protocol, called the fully quantum Slepian—Wolf (FQSW) was
proposed [25], which achieved the remarkable feat of unifying the family tree mentioned
above. It is, hence, also referred to as ‘the mother of all protocols’. It is a generalization
of the ‘mother’ protocol since, in addition to quantum communication-assisted entanglement
distillation, it accomplishes state transfer from the sender to the receiver. Moreover, the FQSW
can also be transformed into the ‘father’ protocol by employing the Schmidt symmetry [25, 26].
In addition, the FQSW protocol can be used as a primitive for the following important
protocols: state merging [13, 14], simulation of channels (a fully quantum reverse Shannon
theorem) [15, 16, 27], quantum communication through broadcast channels [28, 29], distributed
compression [25] and state redistribution [30-32]. It is, hence, evident that the FQSW protocol
is at the heart of quantum Shannon theory. The FQSW protocol derives its name from its
applicability to distributed compression, a problem that was solved in the classical case by
Slepian and Wolf [33]. It is also referred to as state transfer [26] or the merging mother [34].
Note, however, that the family tree is not exhaustive since it does not cover all information-
theoretic protocols. Also, the tree structure is not unique, since, for example, it is possible to
obtain the FQSW from state merging via superdense coding [34].

Optimal rates of quantum information-processing tasks were originally evaluated in the
so-called asymptotic independent and identically distributed (IID) scenario, i.e. in the limit of
asymptotically many uses of the underlying resources, under the assumption that there was
no correlation between successive uses. In other words, quantum channels employed in the
protocols were assumed to be memoryless and entanglement resources were assumed to consist
of states that were multiple copies (and hence tensor products) of a given entangled state.

In real-world applications, however, this assumption and the consideration of the asymp-
totic scenario are not necessarily justified. A more general theory of quantum information-
processing protocols is obtained instead in the so-called one-shot scenario [27, 35-43], in which
resources are considered to be finite and the information-processing tasks are required to be
achieved only up to a finite accuracy. This also corresponds to the scenario in which experi-
ments are performed, since channels and entanglement resources available for practical uses are
typically finite and correlated, and transformations can only be achieved approximately. The fact
that the one-shot scenario is more general than the asymptotic IID is further evident from the
fact that optimal rates of protocols in the latter can be obtained directly from the corresponding
one-shot rates. Further, one-shot rates also yield asymptotic rates for protocols involving corre-
lated resources via the quantum information spectrum method (see, e.g., [44, 45] and references
therein).

In this paper, we focus on the one-shot FQSW protocol and evaluate the upper and lower
bounds on its optimal rates. In this protocol, one starts with a single copy of a tripartite pure
state |y)4B8R, where the system A is with Alice, B is with Bob and R denotes the purifying
reference system. The aim is for Alice to transfer the A-part of the state to Bob and at
the same time generate entanglement with him. Alice and Bob can both do local operations
on systems in their possession and Alice can send qubits to Bob. The minimum quantum
communication cost, i.e. the minimum number of qubits that Alice needs to send to Bob in
order to achieve the state transfer (up to a given finite accuracy) and the maximum resulting
entanglement gain are referred to as the optimal rates of the one-shot FQSW protocol. Since
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this protocol is the one-shot version of the ‘mother of all protocols’, it can be viewed as the
most basic building block of quantum Shannon theory and is at the apex of the family tree of
protocols.

The one-shot FQSW was first introduced in [25] and studied in [27, 43]. Moreover, a
classical-quantum version of it was treated in [36]. In [27], an expression for the achievable
rates was obtained in terms of an unsmoothed min-entropy. However, the optimality of these
rates or the analysis of the asymptotic case was not addressed. In contrast, we obtain both lower
and upper bounds on the optimal rate of one-shot FQSW. Our achievable rates are expressible in
terms of smooth min- and max-entropies [46—49], which have the advantage of directly yielding
the known achievable rates of the FQSW in the asymptotic IID scenario (which are expressed
in terms of the mutual information) [25]. Moreover, our one-shot results can be used to prove
that these asymptotic rates of quantum communication cost and entanglement gain are indeed
optimal [14]. Further, we introduce a resource inequality (RI) for the one-shot FQSW protocol.
This leads to resource inequalities and achievable rates for the one-shot ‘mother’ and ‘father’
protocols and their children. In this paper we list some of these, a more exhaustive study of all
the children protocols being deferred to a forthcoming paper. In particular, we obtain upper and
lower bounds on the one-shot quantum capacity of a noisy channel in terms of the same entropic
quantity, namely a smooth max-entropy, unlike previously obtained bounds [38]. As shown
in [56], the FQSW protocol can be used as a primitive for state redistribution. Consequently,
our results on the one-shot FQSW can be used to obtain an expression for the achievable rate
for one-shot state redistribution. A more detailed analysis of this will be presented in [56].
The smooth min- and max-entropies appearing in our theorems have interesting properties and
satisfy a series of useful inequalities (see, e.g., appendix A). These relations and a one-shot
decoupling lemma are the main ingredients of our proofs.

The paper is organized as follows. We start with some definitions and notation in section 2.
In section 3, we state our main results on the one-shot FQSW, the optimality of the rates of
quantum communication cost and entanglement gain in the asymptotic IID scenario and the
bounds on the one-shot quantum capacity of a noisy channel. In section 4 we introduce resource
inequalities for the one-shot FQSW and some of its children protocols. Theorems 8—12 and
the one-shot resource inequalities of section 4 constitute the main results of this paper. Proofs
of theorems 8 and 9 are given in section 5, while the one-shot decoupling theorem, which is
employed in the proof of theorem 8, is proved in appendix B. In appendix A, we list the various
entropic inequalities we use.

2. Notation and definitions

Let B(H) denote the algebra of linear operators acting on a finite-dimensional Hilbert space
‘H, and let D(H) C B(H) denote the set of positive operators of unit trace (states) on .
Furthermore, let D<(#) denote the set of subnormalized states. Throughout this paper, we
restrict our consideration to finite-dimensional Hilbert spaces and denote the dimension of a
Hilbert space H4 by |A].

For any given pure state [) € H, we denote the projector |[y) (| simply as ¥. For a
positive semi-definite operator w® € B(H, @ Hp), let w? := trg 8 denote its restriction to
the subsystem A. For given orthonormal bases {|i*)}%_, and {|i®)}¢_, in isomorphic Hilbert
spaces H ~ Hp >~ H of dimension d, we define a maximally entangled state (MES) of Schmidt
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rank d to be

1 d
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Let I; denote the identity operator in B(H,), and let 4 := 1, /| A| denote the completely mixed
state in D(H,).

In the following, we denote a completely positive trace-preserving (CPTP) map & :
B(Ha) — B(Hp) simply as €478, Similarly, we denote an isometry U : H, > Hp ® He
simply as U4~ B¢,

The trace distance between two operators A and B is given by

|A— Bl :=tr[{A > B}(A — B)] —trf[{A < B}(A — B)], 2)

where {A > B} denotes the projector on the subspace where the operator (A — B) is non-
negative, and {A < B} :=1—{A > B}. The fidelity of two states p and o is defined as

F(p,0):=tr\/\/po/p= /oo, (3)

Note that the definition of fidelity can be naturally extended to subnormalized states. The trace
distance between two states p and o is related to the fidelity F (p, o) as follows (see e.g. [50]):

where we use the notation F2(p, o) = (F(p, cr))z. For p € D(H) and 0 € D<(H), we also use

the quantity
C(p,0):=+1—-F(p,o0), (&)

which was introduced in [51] and proved to be a metric. It is monotonic under any CPTP map
&, ie.

C(p,0) = C(E(p), E(0)). (6)
Moreover, if p, 0 € D(H), then

Clp,0) <Vlp—al;. (7

This follows by noting that C(p, o) is a special case of the purified distance P(p, o)
(introduced in [48]), which satisfies these properties. We use the following lemma.

Lemma 1 (gentle measurement lemma [59, 60]). For a state p € D(H) and operator 0 <
AL iftrAp >1—36, then

lp =~ ApvV/All < 245.

The same holds if p is a subnormalized density operator.

The results in this paper involve various entropic quantities. The von Neumann entropy
of a state p* € D(H,) is given by H(A), = —tr p* log p*. Throughout this paper we take the
logarithm to base 2. For any state p% € D(H 4 ® Hp), the coherent information 1 (A)B) , and
the quantum mutual information / (A : B), are defined, respectively, as

I(A)YB), = H(B),— H(AB),, (8)
I(A:B),:=H(A),+H(B),— H(AB),. 9)
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In addition to the above entropic quantities, we make use of the following generalized
relative entropy quantity, referred to as the max-relative entropy, introduced in [52]:

Definition 2. The max-relative entropy of two operators p € D<(H) and o € B(H), 0 >0, is
defined as

Diax(pllo) :=logmin{i : p < Ao} (10)

We also use the following conditional min- and max-entropies defined in [46—48].

Definition 3. Let p*® € D<(H ® Hp). The min-entropy of A conditioned on B for the state
0B is defined as

Hmin(AlB)p: max [_Dmax(pAB||I[A®UB)]~

oBeD(Hp)

Definition 4. For any 0 < ¢ < 1 and p € D(H), we define the e-ball around p as follows:
B(p)=1{peD<(H): F*(p, p) > 1—¢%).
Note that if p € B(p) then C(p, p) < &

Definition 5. Ler 0<e <1 and p*® € D(HsQ®Hp). The s-smooth min-entropy of A
conditioned on B for the state p® is defined as

“n(AlB), = max Hyn(A|B)j.

mm BAB e (pAB)

We also use the max-entropy that is defined in terms of the min-entropy via the following duality
relation [47-49].

Definition 6 [48]. Let p*8 € D(H 4 ® Hp) and let p*B€ € D(H4 ® Hp ® He) be an arbitrary
purification of pA8. Then for any 0 < e <1,

H; . (A[C), = —H_, (A|B),. (11)

When p*8 is a pure state,

mm(AlB)P max(A),O (12)

For any state p*? € D(H4 ® Hjp) the e-smooth conditional max-entropy can be equivalently
expressed as [48, 49]

max(A|B)p - min HmaX(A|B)[), (13)
ABEBs(pAB)
where
Hyux(A|B); = max 2log F(p*8,1, ® 0®). (14)
oBeD(Hp)

Moreover, for any p? € D<(Ha),
Hinax (A), = 2logtry/ pA. (15)

Other than the conditional min- and max-entropies, we also require the entropic quantity
defined below.

New Journal of Physics 13 (2011) 093042 (http://www.njp.org/)
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Definition 7. Given any p*® € D (Ha ® Hp), we define
Hy(A|B), = max logtrl'[pAB(]IA(X)aB), (16)
B)

oBeD(H
where Tl jas denotes the projector onto the support of p*®. For any 0 < & < 1, define

Ho(A|B),:= min Hy(A|B);. (17)
[)ABEBs(pAB)

When the system B is trivial, we have
Hy(A), =logtrI,a,

where IT,4 denotes the projector onto the support of p*.

We also use the following entropic quantity, which is obtained by a different smoothing of

Hy(A),. For any 0 < ¢ < 1 and any p4 € D(H,), define
Hj(A), = min Hy(A)

A
0< <y Pg
rQpA>1—¢

(18)

where pj is defined as

pa=+0p"V0. (19)
It follows from the gentle measurement lemma (lemma 1) that || ,03 — p?|l1 <24/¢ and simple

calculation gives pj € B°(p*), where § =/4.,/e —4e. Various properties of the entropies
defined above, which we employ in our proofs, are given in appendix A.

3. Main results

3.1. Optimal rates for the one-shot fully quantum Slepian—Wolf (FQSW) protocol

In the one-shot FQSW protocol, one starts with a single copy of a tripartite pure state | )45R,

where the system A is with Alice, B is with Bob and R denotes the reference system. The aim
is for Alice to transfer the A-part of the state to Bob and at the same time generate entanglement
with him. The protocol is referred to as an e-error one-shot FQSW protocol, if for any given
0 < & < 1, the error in achieving this aim is at most &.

Any g-error FQSW protocol for |1/)48® can be assumed to have the following form. Alice
does local operations on the system A and sends a quantum system (i.e. qubits) to Bob, who
then performs local operations on the quantum systems in his possession. The final state of the
protocol has to be e-close (in a sense specified below) to the state ®4'%1 @ /5 BR where the
subscripts have been chosen to denote which systems are in whose possession (i.e. B’, B and
B; are with Bob and A, is with Alice), ®4#' is an MES of size |A;|, and %2 is identical to
the initial tripartite state ¥ 5% but with the system A now in Bob’s possession. Consequently,
the initial entanglement between A and R has been transferred to Bob.

The following two theorems, which together give upper and lower bounds on the minimum
quantum communication cost and the maximum entanglement gain of an g-error one-shot
FQSW protocol, constitute the main results of this section.

New Journal of Physics 13 (2011) 093042 (http://www.njp.org/)
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Theorem 8 (achievability). Fix 0 <& < 1. Then for any tripartite pure state y4BR, there
exists an g-error one-shot FQSW protocol with an entanglement gain e and a quantum
communication cost q\" bounded, respectively, by

eV > 1[H{(A)y + H), (AIR) | +1og &, (20)

min

a!" <3HH(A), —

8

(A|R)y] —logé’, (21)

IIllIl

for some 8 > 0 such that ¢ = 2/58' +2+/8 and §' = § ++/4/5 — 48.

The proof of this theorem relies on the one-shot decoupling theorem (theorem 14), which is
proved in appendix B.

Theorem 9 (converse). Fix 0 < & < 1. Then, given a tripartite pure state y*E%, the quantum
communication cost q'V and the entanglement gain e " of any ¢-error one-shot FOSW protocol
satisfies the following bounds:

qs(l) [ mm(A)I/f - mm(AlR)I/f] - lOg i (22)

M M € 2
eV < gV + Hi (AIR)y +log —, (23)
&

where & : = 3(s ++/3./¢).

The proofs of theorems 8 and 9 are given in section 5.

3.2. Optimality of the rates in the asymptotic independent and identically distributed scenario

Here we prove how the known achievable rates for the FQSW in the asymptotic IID scenario can
be recovered from theorems stated above. We also prove explicitly that these rates are indeed
optimal [14].

Let ¢ 8% := (yA8%)® and let (') and e), respectively, denote the quantum
communication cost and entanglement gain of an e-error one-shot FQSW for the state
WABR Then the optimal rates of quantum communication and entanglement gain in the

asymptotic IID scenario can be respectively defined in terms of ¢{') and e{!) as follows:

1
g® :=lim lim —¢" (24)

e,n
e—>0n—oopn 7

and

00 . . 1 (1)
e® :=1lim lim —e, . (25)

e,n
e—>0n—oon

Theorem 10. The optimal rates of quantum communication cost and entanglement gain for the
FQSW protocol for a tripartite pure state 8% in the asymptotic IID scenario are, respectively,
given by the following:

q= =1I1(A:R)y; e®=1I(A:B),. (26)

New Journal of Physics 13 (2011) 093042 (http://www.njp.org/)
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Proof.
To prove the above theorem we make use of the following relation (theorem 1 of [47]):
Vo € D(H, @ Hp),

1
lim lim —H;. (A|B),en = H(A|B), (27)

min
e—>0n—oon

and the following identity given by lemma 16:

1
lim lim —Hj(A)yen = H(A),. (28)
e—>0n—oon
In the above, H(A), := —tr p* log p# is the von Neumann entropy of p*, and H(A|B), :=
H(AB),— H(A),.
We first show that the upper and lower bounds for the quantum communication cost
converge to the quantity %I (A:R)y. We have

1
q> : = lim lim q(l)

e—>0n—oon

< lim lim (%[Hg(A)%

e—>0n—o0

= 3[H(A)y — H(A|IR)y]

2 (AIR)y,1—1ogé)

1’1’111’1

=1I(A:R)y. (29)

The first line follows from the definition of ¢* in (24). The second line follows from the upper
bound for ¢!} in theorem 8. The third line follows from the identities (27) and (28) and the
fact that the (logd")/n term clearly vanishes as n — oo. Similarly, the lower bound for ¢!} in
theorem 9 gives

1
g™ : = lim lim q(l)

e—>0n—ocon

1 {1 2
> lim lim — <2[ HE, (A)y, — HE, (A|R)y,1—log £)

e—>0n—oon
=2I(A:R)y. (30)

Next, we can show that the upper and lower bounds for entanglement gain converge to the
quantity 3/ (A : B). Similarly, from (25) and the lower bound for ¢{!) in theorem 8, we have

1
e*: = lim lim — ;1,1
e—>0n—oon

> lim lim —( [H‘S(A)% +H’. (A|R)y,]1+logs)

min
e—>0n—00

[H(A)y + H(A|R)y]

1
2
1
2

=1I(A:B)y. 3D

New Journal of Physics 13 (2011) 093042 (http://www.njp.org/)


http://www.njp.org/

10 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT
. 1 . .
Finally, the upper bound for e{!) in theorem 9 gives

1
e®: = lim lim —e'"
e—>0n—oopn ~’

ST N 2
< lim lim [g:)) + Hyin (A|R)y, | +1o0g 2
, e

e—>0n—oon

=1I(A:R)y +H(A|R), (32)
=Ll1(A: B),. (33)
0

3.3. Optimal rate of one-shot quantum communication

Our result (theorem 8) on the one-shot FQSW can be employed to provide a convenient
characterization of the e-error one-shot quantum capacity of a noisy channel, entirely in terms of
the smooth max-entropy. We consider this result to be an improvement over previously obtained
results [38] for reasons given in section 4. Before stating our result we first describe the protocol
of quantum communication that we are considering, and define the e-error one-shot quantum
capacity.

The protocol [38]. Given a quantum channel N4~ 2 let #,, be an m-dimensional subspace
of its input Hilbert space H 4, and let 0 < & < 1 be a fixed positive constant. Alice prepares
a MES |CI>ﬁ/'lA> e M'®@ M, where M' >~ M C H, >~ H,, and sends the part A" through the
channel N4 ~% to Bob. Bob is allowed to perform any decoding operation (CPTP map) on
the state that he receives. The final objective is for Alice and Bob to end up with a shared
state that is nearly maximally entangled over M’ ® M, its overlap with |d>j\‘//lA) being at least
(1 — &2). There is no classical communication possible between Alice and Bob. In this scenario,
the one-shot e-error quantum capacity of the channel N4~ is defined as follows.

Definition 11 (One-shot e-error quantum capacity). Given a quantum channel N :

D(Ha) = D(Hp) and a real number O < ¢ < 1, the one-shot e-error quantum capacity of
NA=EB s defined as follows:

OP(N) := max{logm : Fey(N; m) > 1— g%}, (34)
where

Fend (A m) 1= max mgx((bﬁﬂ(id®Do/\/’)(<l>ﬁ/;A)|CI>ﬁ//lA),
MEHA
dimH py=m

with D=4 being a decoding CPTP map.

Theorem 12. For any 0 < ¢ < 1, the one-shot g-error quantum capacity of a noisy channel,
N = NA=8 satisfies the following bounds:

—H? / M e
Ar4n§a?§/‘[ H, (A|B)y, ] +2logd < Q! (N)éjanga%[ H: (AIB)y,]. (35)

for some § >0 such that & :=2+/58'+2+/8 and § =8 ++/4/8 —48, and ¥ denotes the
state

1Y) BE = (1, @ U~ EE) 4. (36)
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In the above, U JO/*B E denotes a Stinespring isometry realizing the channel, and |<I>ﬁ,f/) isa MES
of rank m (=dim M) in Hx @ Ha, M C Ha.

Proof.

The lower bound in (35) follows from the RI (60) given in section 4. The upper bound
in (35) for the e-error one-shot quantum capacity Q" (N\) can be proved as follows. Denote
by A4 := (idy ® D=4 (Y 4F) Bob’s decoded state, where ¥4 Z is the channel output defined
through (36). For any ¢-error one-shot quantum communication, we have

Dt e B (™). (37)
Then an upper bound for Q" (N\) can be obtained as follows:
logm = - Hmax(A|A/)<I>M
< max [_Hmax(AlA/)é]

5AA/€Bs(wAA/)

= — HE (A|A), < —HE (A|B)y,,. (38)
The first inequality follows from (37), and the second inequality follows from the data-
processing inequality for e-smooth max-entropy (lemma 18). O

It is interesting to compare theorem 12 with theorem 1 of [38]. In the latter, the lower
and upper bounds on the one-shot e-error quantum capacity were given in terms of different
smoothed versions of the entropic quantity Hy(A|B), defined by (16). The lower bound was
given in terms of the quantity [—1:108 (A|B)y,,], where

Hj(A|B), = _ABmin Hy(A|B); (39)
pire )

Be (pAB

isrelated to H;,,. (A|B), through lemma 22, whereas the upper bound was given by an operator-
smoothed version of [—Hy(A|B)y,,] (for details see [38]). In contrast, our theorem 12 has the
advantage of being given entirely in terms of a single quantity, namely [—H?, (A|B)y,,].

We now consider the case of a memoryless quantum channel N4 =%, Let us denote
the output of n successive, independent uses of the channel, corresponding to the input state

|<I>ﬁ/’t:‘) € M) ® M, where M,, C HS", by
=W UL R @), (40)

Let OV (N®") denote the one-shot &-error quantum capacity of the channel N*®". The quantum
capacity Q°(N) of a memoryless channel A/, which is evaluated in the limit of asymptotically
many uses of the channel, can be defined in terms of le)(/\/' ) as follows:

OFWN) := lirr(l) lim ngl)(N(@n).
e—>0n—oon

Next we prove how the known expression [6, 38] of the quantum capacity Q*°(N') can be
recovered from theorem 12.

Theorem 13. The quantum capacity of a memoryless channel N is given by the following:

O®WN) = lim 1 max I (A)B)y,, , (41)

n—o00 N M, g—[f"

where j\‘/{iE is defined in (40), and I (A) B)y,, is the coherent information (8) of the state .
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Proof.
Note that

O*WN) = lin(1) lim lQ‘(gl)(N(X)n)
e—>0n—oon

e—>0n—oonp Mﬂgq{?"

1
< lim lim — ( max [ Hy o (AlB)y,, ])

N

1
lim lim — < max [—H(A|B)y,, +8clog|Ap,| +2h(28)]>

e—>0n—>oon Mﬂg;{%"

= lim l( max [—H(A|B)1,,Mn]>. (42)

n—oon Mﬂgyf’"

The first inequality follows from the upper bound in theorem 12. The second inequality follows
from the fact that |A ,, | denotes the dimension of the Hilbert space on which the state /¢ M, 18

supported and from lemma 5 in [37], which states that for 0 < ¢ < 1 and p*8 € D(H, @ Hp)
*w(A1B), > H(A|B), — 8 log |A| — 2h(2¢),

where h(¢) = —eloge — (1 —¢)log(1l —¢&).
Similarly, from the lower bound in theorem 5 we have

max

OFWN) := lin% lim lQS)(N@n)
e—=0n—->o0on

1
> lim lim —( max [— max(A|B)¢,M ]+210g8’>

e—>0n—oon Mﬂg}[%"

1
> lim lim —( max_[— maX(A|B)¢,®n]+210g8’)

e—>0n—>oon M®nng§n
= —H(A|B . 43
max [—H(A|B)y, ] (43)

The second inequality follows since the maximization is over a smaller set. The last equality
follows from the fact that (logd’)/n vanishes as n — oo, and from the following relation
(theorem 1 of [47]): Vo8 € D(H A @ Hp),

1

hr% lim —H; (A|B)jen = H(A|B),. (44)
e—=>0n—>o0on

We can then obtain the lower bound for (41) by noting that I (A)B)y,, = —H(A|B)y,, and

using the standard blocking argument. O

4. Resource inequalities and the children protocols

As shown in [17, 25], the FQSW protocol in the asymptotic IID scenario can be conveniently
expressed using a RI [17, 18, 25]. Before stating it, let us briefly recall the notation used in the
RI framework and how one interprets the inequalities.

Some of the basic units (referred to as unit asymptotic resources) of the RI framework are
the following: [c — c] represents one bit of classical communication from Alice (the sender)
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to Bob (the receiver); [¢ — ¢] represents one qubit of quantum communication from Alice to
Bob; [gq] represents an ebit shared between Alice and Bob. For a more complete list of units,
see [18].

The original mother protocol (or quantum communication-assisted entanglement
distillation), of which the FQSW is a generalization, is given by the following RI [17]:

(W% +31(A: R)ylg — q) = 31(A: B)ylgq). (45)

It states that n copies of a state 4% shared between Alice and Bob (with purification y45%,
where R denotes the reference system) can be converted into %I (A : B)y EPR pairs per copy,
under the condition that Alice is allowed to communicate with Bob by sending him qubits at a
rate %I (A : R)y per copy. Minor inaccuracies in the final state are allowed, provided they vanish
asymptotically, i.e. as n — 00. The one-shot analogue of the RI (41) is given by (52) below. In
contrast, the RI for the FQSW protocol is given by [25]

<US—>AB . w_S) +%I(A : R)I//[q — q] > %I(A . B)¢[Q6]]+ (idS—>B : ws> (46)

In the above, U545 is an isometry taking the system S to AB and signifies that a state is
distributed between Alice and Bob, whereas the identity map id*~% on the right-hand side
signifies that the same state is given to Bob alone. Thus the inequality expresses that Alice
transfers her part of the initial state to Bob. More precisely, it states that starting from the state
|y ABRY®" - Alice can transfer her part of the state (and hence also the entanglement that she
shares with the reference system R) to Bob by using quantum communication at the rate of
%I (A : R)y, and they can simultaneously distill EPR pairs at the rate %I (A : B)y. Again, minor
inaccuracies in the final state are allowed, provided that they vanish asymptotically. The one-
shot version of this RI is given by (47). Note that resource inequalities provide statements about
achievable rates of protocols, but do not ensure the optimality of these rates.

Next we state one-shot resource inequalities for the FQSW and some of its children
protocols. A more exhaustive study of one-shot resource inequalities of all the different children
protocols will be carried out in a later paper [55].

The RI for the one-shot FQSW for the state |)45% is given by

(US4 y5) 44 g — q] 2. ePlgql+ (id* 7 - 9%, (47)
where the quantum communication cost ¢! and entanglement gain e!" are given by
O =1[H(A)y — HY, (AIR)y ] —log ¥, (48)

e, =3 [Hy(A)y + Hy

min

(AIR), ] +log¥, (49)

for some 8 > 0 such that & = 24/58’ +2+/8 and 8’ = § + V448 — 48. This follows directly from
theorem 8. Note that in (47) the notation >, is used to denote that we are considering e-error
one-shot FQSW.

The RI for the one-shot FQSW in (47) yields the following RI for the one-shot state
merging protocol when combined with the RI for teleportation, 2[c — c] +[gq] = [g — ¢q][18]:

(U728 45y +qPlg — q1+2q e — ] =, ePlgql+ (id* 8 : 5y +2¢P[ec — c,
>, (e —gMgql+ (1d" 2y %) +¢V g — ql. (50)
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In the RI (50), the ¢V qubits of quantum communication that are employed at the start of the
protocol are recovered at the end. Hence they play the role of a catalyst. Thus we can obtain
the achievable entanglement gain (e — g{V) for the one-shot state merging protocol in terms
of the §-smooth conditional min-entropy H2, (A|R),, modulo additional e-dependent terms.
Note that the entanglement gain (e{"” — g{") in (50) can also be achieved using a one-shot state
merging protocol without any catalyst, a result recently announced in [39]. That the quantity
H?. (A|R), is optimal for the one-shot -error state merging protocol is further justified by a
corresponding converse proof given in [39]. This leads us to write one-shot resource inequalities,
modulo the consideration of the catalyst, as follows (for which we replace the symbol >,
by =>.).

State merging:

(US4 Sy +2¢ Ve — 3.V — gD gq] + (id5~F : y5). (51)

The RI (47) for the one-shot FQSW directly leads to the RI for the one-shot mother for
the state | )48% (if one focuses on the entanglement distillation alone and ignores the additional
task of state transfer which is required in FQSW):

Mother:

W) +9" g — q1 >. ¢"[qq]. (52)

From (52), we can obtain the RI for one-shot entanglement distillation by combining it
with the RI for teleportation as follows.
Entanglement distillation:

W) +q g — q1+2¢"[c — c] >, ePlgql +2¢"

> (e’ —gMlgql+4"lg — q]

= (¥*8) +2¢V[c — c]1 Z.(” — ¢")lgq]. (53)

The quantities ¢{" and e" appearing in (52) and (53) are given by (48) and (49), respectively.
We thus obtain an achievable one-shot entanglement distillation rate in terms of the §-smooth
max-entropy [—Hriax(A|B )y ], modulo additional e-dependent terms. Note that in [41] an
expression for an achievable rate of the one-shot entanglement distillation, without any catalyst,
was obtained in terms of H(A|B),, an entropic quantity defined through (17).

Two children protocols of the mother are noisy teleportation and noisy superdense coding,
which as their names suggest correspond to teleportation and superdense coding with a general
entangled state 148, The one-shot resource inequalities for these protocols are easily obtained
from (52) as follows.

Noisy teleportation:

[c — c]

W) +q"lg > q1+2e[c — c] > ePlgq] +2¢"[c — c]

>, e’lg = q1.

= (Y**) +2eV[c > cI2. (" —q{")lg — q]. (54)
Noisy superdense coding:

(W) +9lqg — ql+e’lqg — q1 >c e"lqq] +e(’lq — ]

>, 2e£”[c — cl].

= (Y8 +(q" +e)g — q1>:2¢"[c — c]. (55)
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The second inequality in (54) follows from the RI for teleportation, whereas in obtaining the
second inequality in (55) we have made use of the RI for superdense coding [18]:

lg — ql+Igqq] = 2[c — c].

It has been proved in [17, 18] that the entanglement gain and quantum communication
cost for the FQSW protocol in the case when asymptotically many copies of the tripartite state
are shared between Alice, Bob and the reference yield the entanglement cost and the quantum
communication gain for the so-called father protocol, which is the protocol for entanglement-
assisted quantum communication through a noisy channel. This is also the case for the one-
shot regime, as explained below. Applying superdense coding after executing one instance
of the father protocol allows us to trade quantum for classical communication and therefore
results in one-shot entanglement-assisted classical communication through the noisy channel
and yields a lower bound on the corresponding capacity. This mimics the method of determining
an achievable rate for entanglement-assisted classical communication in the asymptotic scenario
within the RI framework [17, 18]. As is natural in the one-shot scenario, we allow for a finite
error (say ¢) for both the FQSW and father protocols.

The RI for the one-shot FQSW yields a RI for the following entanglement-assisted
quantum communication (or father) protocol. Alice initially shares two MESs—one (®4151)
with Bob and the other (®4°®) with a reference system R that is inaccessible to both her and
Bob. The MES ®4181 acts as a resource of prior shared entanglement between Alice and Bob.
Alice’s goal is to send the quantum system A to Bob through a noisy quantum channel N4~ %
so that finally Bob shares a MES with the reference system. To achieve this goal she does an
encoding isometry W on the systems A, and A; in her possession (see figure 1(a)). The output
A’ of this isometry is subjected to the Stinespring isometry U /(‘/_)B E realizing the noisy channel
NA=EB Letus denote the resulting pure state by ¥45Z, where A = RB,.

In order to see how one can relate the one-shot father protocol to the one-shot FQSW
protocol, let us consider the state y48E of the one-shot father protocol to be the initial tripartite
state of an e-error one-shot FQSW protocol.

The one-shot FQSW theorem (theorem 8) tells us that there exists a unitary operator
UA~B1R and an isometry V51858 guch that the state resulting from their successive actions,
1.e. the state

B1B— ByB’ A—>B|R ABE B1B— ByB’ A— B[R
(V1—>00U—>1)w (Vl—>OOU—>l)T’

18 e-close to the state
PBR & WB’E

with the systems B, and B’ being in Bob’s possession, and ¥®'Z being a purification of the
state £ := tryprABE. 2 The protocol corresponding to this theorem consists of performing the
unitary U4~ 8% on the system A and sending the system B; to Bob, who then performs the
isometry V518508 on the composite system B B;. The number of qubits sent in the protocol is
hence equal to log| B;| and the number of ebits distilled is log|Ay| = log| By|. * Note that at the
end of the protocol, Bob shares a state with the reference system R which is e-close to a MES,

2 Here the system B’ denotes the composite systems AB of the state 48, Furthermore, one can think of the
state 1 2'F as identical to the state 4B

3 Note that in the setting of figure 1(a), sending the quantum register B, to Bob is not necessary since it is already
in Bob’s possession.
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Figure 1. Relating the one-shot FQSW and father protocols. (a) Applying the
one-shot FQSW protocol to the channel output state y48E of the father protocol
results in Bob and the reference system R sharing a state ®%50 (the superscript
By denotes that the A, system has been transferred to Bob), which is e-close
to a MES—the desired outcome of the father protocol. However, the FQSW
protocol requires acting on the reference system, which is inaccessible to Alice
and Bob. (b) Circumventing the problem of implementing the unitary U: note
that performing the unitary U on system A = R B in the one-shot e-error FQSW
protocol in (a) is equivalent to Alice performing U” on system AygA, (since R B,
and AgA; are in an MES) before employing her encoding isometry W.

and thus by using the -error one-shot FQSW protocol on the state ¥42E of the father protocol,
the aim of the father protocol is achieved. Effectively, log| Ay | qubits have been transmitted from
Alice to Bob and this therefore quantifies the quantum communication gain of the protocol.
Note, however, that there is a caveat to the above argument. Since A = B R, the unitary
U = U4~ B1R requires acting on the reference system R. However, R is inaccessible to Alice and
Bob and hence the unitary cannot be implemented. This problem is easily overcome by noting
that performing the unitary U on system A = R B, in the one-shot e-error FQSW protocol in
figure 1(a) is equivalent to Alice performing U” on system AyA; since RB; and AygA; are in a
MES. In this way, a complete one-shot ¢-error entanglement-assisted quantum communication
protocol with encoding W o U and decoding V is established (see figure 1(b)). Note that
the entanglement cost of this protocol (i.e. the required prior shared entanglement between
Alice and Bob) is log| By | ebits, which is equal to the quantum communication cost of the one-
shot FQSW protocol, and the quantum communication gain of the one-shot father protocol is
equal to log|Ap|, which in turn is equal to the entanglement gain of the one-shot FQSW. These
considerations yield the following RI for the one-shot e-error father protocol through a noisy
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quantum channel N4~ 5.

Father:
N)Y+ePgql = 3"lq — q], (56)
where
eV = =1 [H{(A)y — HY, (AIE)y | —log ¥, (57)
g\ = 1[HS(A)y + H) (A|E)y | +1og 8. (58)

Here, ¥ denotes the state |{)A8E = U$~BE|p)A4" with U} ~BE being a Stinespring isometry
realizing the channel, and |p)44 belng some pure state in ’H AQHna.

The RI (56) for the one-shot father protocol readily yields an RI for the one-shot
entanglement-assisted classical communication through a noisy quantum channel, which in turn
yields a lower bound on the one-shot entanglement-assisted classical capacity. This can be seen
as follows. Combining (56) with the RI for superdense coding, yields the following RI for one-
shot entanglement-assisted classical communication through a noisy channel N' = N4~ 5
Entanglement-assisted classical communication:

M +3 Mgl +ePlqql = 3" lg — q1+3 " [qq]
>.2q"[c — c]
= (M) + (@GP +eMgql =. 2G"[c — cl. (59)

Combining (56) with the trivial RI [¢ — ¢g] > [¢gq], we can also obtain the RI for the one-
shot quantum communication through a noisy channel A = N4 =5
Quantum communication:

(M)Z:0"lg — ql, (60)
where
Q(l) — 51(1) ~(1)
= H’, (A|E), +2logé’
= —H’ (A|B), +2log¥. (61)

In (61) the last equality follows from the duality relation (11) between min- and max-entropy.
By using a decoupling theorem analogous to theorem 14, we can prove that Q" is indeed an
achievable rate for the one-shot g-error quantum communication through the channel A, and
this leads to the lower bound in theorem 12.

Another important protocol, of which the FQSW is a primitive, is state redistribution. In its
one-shot version, the protocol is as follows. Alice and Bob share a tripartite state p*5¢, where
Alice holds systems A and C, and Bob holds system B. Let the state p48¢ be purified by a
reference system R, the pure state being denoted as |y )48¢R . The task is for Alice to transfer
her system A to Bob while keeping the overall purification |1)AZ¢® unchanged (possibly with
the help of prior shared entanglement). Our results on the one-shot FQSW imply that Alice can
achieve this task (up to a finite accuracy (1 — ¢)) by sending

I8 (A R|B)y =1

max [ max(A|B)¢' mm(AlRB)'/f]
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number of qubits to Bob, modulo an additional e-dependent factor. The proof of this statement
and its optimality will be presented in a forthcoming paper [56].

5. Proofs of theorems 8 and 9

5.1. Achievability proof of the one-shot FQSW protocol

The proof employs the following one-shot decoupling theorem, which is proved in appendix B
for completeness. Various versions of the proofs can be found in, e.g. [27, 38, 39, 43].

Theorem 14 (one-shot decoupling). Fix 0 < & < 1, and p*R ¢ D(Hs @ Hpg). Let A1 A, be a
decomposition of the system A. Define

MR (U) = try, [(U @ T)p™ (U 1)), (62)
where U be a unitary acting on system A. If
log|A;| < %[log |Al+H:. (A|R),]+loge (63)
then
/ lo " R(U) — ™ @ p®||, dU < 5e, (64)
U(A)

where dU is the Haar measure over the unitaries on system A.

Proof of theorem 8. Fix 0 < ¢ < 1 and a pure state |y)*5%. For any 0 < § < 1 to be specified
later, let Q be the operator for which the minimum in the definition

HJ(A)y = Jmin logtr I gy g (65)
trQTﬁA;lA—é
is achieved. Define

WSBR = (/0L Y (VO ® ),

and let 1//3R, 103 denote its reduced states. It follows from the gentle measurement lemma,
lemma 1, that

1R —yABR| < 25,

since tr[(Q @ Izr) Y ABR] > 1 — 6.
Denote the dimension of Hilbert space on which the state wé‘ is supported by |Ay|. Due to

the choice of Q in (65), we have

log|Ag|:=logtrI,s = HY(A)y,
where l'[%a denotes the projector onto the support of 1//3. Applying the one-shot decoupling
theorem (theorem 14) to the state ¥ shows that, for any 8" = § ++v/4+/5 — 45,

log |Ai| < i [log|Ag|+HZ (AIR)y, ] +1og ¥,

min
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there exists an isometry U4 ~4142 such that if Alice acts on her share of the tripartite pure state
WSB R with it and sends the system A, to Bob, then the state of the system A, which she retains,
is decoupled from the state of the reference system R, i.e.

120" =t @yl <58,
where Qg'R is the reduced density matrix of the following pure state:
A1A>2BR A—>A1A ABR
(W) P = U R ) PR

Note that to send the system A, to Bob, Alice needs to transmit log|A,| qubits to Bob. We
denote the resulting pure state by [Q,)*#25% where we have replaced A, by B, since it is now
in Bob’s possession.

Note that since ®*1%' @ y4#* is a purification of the state 74! ® ¥ §, and all purifications
are related by isometries, it follows from Uhlmann’s theorem [54] that there must exist an
isometry VB28=B1B'B \yith H ~ H,,, which Bob can employ on the systems B, and B now in
his possession to obtain the following decoded state

A \AB|B'BR __ y,BBy—>B|B'B A1ByBR
|QQ> 1D1 :V 2—> D] |QQ> 102 ,
such that it is e-close to the optimal state ®4'51 ® 1 5'BK;
”nglzym _pMB gy BBR| < ”ngm’m _ oMb WS,BRII
+HoME @ Y SR — oM B @y B ER| < 2/58 +24/5 = e. (66)

Note that since systems A; and B; are in an MES, the protocol results in the generation of e'"
ebits of entanglement, where

eV = log|A| = %[log |Agl+ Hbi,

(A|IR)y,]+logé’

> 5[HG(A)y + Hyy, (AIR) ] +1og . (67)

1
2

The above inequality follows because B° (%) C BY (y4*). Further, the number of qubits that
Alice needs to transmit to Bob is given by

q" := log|As| =log|Ag| — i[log|Ag|+ H),

min

(AlR)y,] —logé’

< 3[H{(A)y — H), (AIR)y ] —logd'. (68)

5.2. Converse proof of the one-shot FQSW protocol

Proof of theorem 9. Without loss of generality, any e-error FQSW protocol for a tripartite pure
state 9 48% can be described by a pair of encoding and decoding operations (i.e. CPTP maps)
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(&, D) as follows.

(i) Alice’s encoding operation £474142 on the state Y¥* = trzp w42, Denote the state after
Alice’s operation by

|Q)A1A2E|BR — U;—>A1A2E1 |w>ABR, (69)

where U/~ *1%*1 is a Stinespring isometry of the map £4~4142, Alice then sends system

A, to Bob. This results in the state |Q2)4182£18R where we have replaced A, by B, since it

is now in Bob’s possession.

(ii) Bob’s decoding map D55~B8'B Denote Bob’s output state by $A1BIBBR.—

DBB=BIBB(QABBR)  where QABBR = try QMBEIBR and QAIBIB'BR s the reduced
density matrix of the following pure state,
A\A\BB'BRE\E, __ y7B2B—>B1B'BEy| 5\ A B,E | BR
1€2) =Up |€2) : (70)
with U587 B1B'BE2 peing a Stinespring isometry of D825~ 5815'3 guch that
”(I)AlBl ®¢B’BR_§2A1313/BR”1 gg’ (71)
where |®)418! is the MES on systems A; B;.

By Uhlmann’s theorem [54], there exists a pure state 9152 € D(Hy, ® Hp,) such that

”q)AlBl ® WB/BR ®<pE1E2 _ QA]BIB/BRElEznl < 2\/5 (72)
Combining (72) with the monotonicity of the trace distance under partial trace, we have
lrh @y @k —QUEE L <2V, (73)

where T4 = trg, ®41%1 is the completely mixed state on system A, X =trp s 55X, and
@F1 =trg, pF1F2, Note that QARE = QAIREL because Bob’s decoding operation DF28— 515’8

(or its corresponding isometry U5~ B1BBE: which relates the pure states |Q)4182E18R and
|Q2)41B1B'BREIE2y does not affect systems A;, R and E;. Hence we can rewrite (73) as
It @y @p" — QM <2Ve. (74)
O
We make use of the following lemma.
Lemma 15. Fix § > 0 and let k := 2./¢, then
Hotd " (AVE1|R)g > HY (A1 E)g, (75)
where QUER is the reduced density matrix of the pure state defined in (69).
Proof.
Using (7), we infer from (74) that
CaM @yt e, QM) <V, (76)

where C(p, o) is defined by (5) for any p € D(H) and o € D<(#H). Furthermore, the
monotonicity property (6) under partial trace yields

CM @™, QM) < C(Th @ YR @™, QMR < k. 7
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Then, for any @*' &' € B (w1 E1)

C@"™, @) <C@", QM+ Ch @™, QM) <8+ Vi,

where the first inequality follows from the fact that C(p, o) is a metric and hence satisfies the
triangle inequality. Further,

C@" @yt @e" @y =C@"", 1M @) <o+ k. (78)
Applying the triangle inequality once again and using (76) and (78) yields
C((I)AIEI ® 'l//R, QAlElR) < C((?)AIEI ® wR’ ,L,Al ®(pE1 ® wR) +C(TA1 ®¢E1 ® wR’ QAlElR)
<8+24k.

In other words, V @£t € B (wA1£1), the following is true:
@AlEl ® ,(pR e BS+2ﬁ(QA1E1R).
We then have
8424/
H V" (AE(|R)q = max Huin(A1E(|R)5

5A1E1RGB(S+2ﬁ(QA1E1R)

P max Hyin (A1 E1|R) g1 QYR

E)AIEI GB‘S(QAIEI)

- AE R R
=  max max [~ Do (@7 @ Y7 ||I4,5, ® 0")]
oM E1eBs(QA1E1) oReD(HR)

> max [—Dmx(c?)A”E1 QY |[La g, @Y )]

J)AIEIGB‘S(QAIEI)

= ~max Hpin (A1 E) a5y
E)AIEIGBS(QAIIZI)

mm (A Ey)q. (79)
The first inequality follows because %' @ Y& € B*>VK (w1 RE) for any o151 € B (0™ F1).
The second inequality follows because we choose a particular of = X, ([

We can now obtain a lower bound for the one-shot quantum communication cost, ¢, as
follows. Let k := 24/¢. Then, for any ¢’ > 0 and &¢”, ¢”” > 0, we have

q\" = log |As|
HE (A3 B)g
" " 2
> H;;f*f 2K (A, A E | B)g — HE V(A E|| A, B)g — log =

" "

Hé‘ +2¢"+¢ +2ﬁ(A|B)¢ _

max

2
" (A E\|A2BR)g ~log =

maX

"

Ha '+2&"+¢
max

2
*2VK(A|B), — HE. (A1 ALE |BR)g —log |A,| —log —

max

! " 8/// 2
ea2elee 42k <" (AIBR), —log|A,| — log =

= - Hmm (AlR)llf - max
&/ +2¢" +¢&" P 2
= — H P VR AIR), + HE (A)y — log | A, — log o (80)

The first inequality follows from lemma 20 of [48]. The second inequality follows from the
chain rule for smooth max-entropy (lemma 19). The third inequality follows from the fact that,
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for any § >0, H2. (A|R), = H’_ (AA2E||R)gq since the two states |)4B8R and |Q)A142£618R
are related by an isometry Uy, A= A0E (Jlemma 17), and by a simple application of the duality

relation (11) and lemma 15, Wthh yields
—Ho V(A By Ay B)g = Hi ™Y (A Ef|R)g
> H, (A Eq

min

= (AL E||A2BR)q.

max

The fourth inequality of (80) follows from Lemma 21. The second equality follows from the

duality relation (11) and the fact that, for any § >0, H®, (A|BR), = H’, (A{A2E||BR)q,

since the two states [y)A2% and |Q2)4142F18R are related by an isometry U2~ 442*1 (lemma 17).

The final equality follows from the duality relation (11) and the fact that ¥4 is pure.
Therefore, by choosing ¢’ = &¢” = ¢ and 2¢” = ¢ + /k, we have

g =1og |4z] > §[Hin(A)y — Hopr Y (AIR) ] — log 2. 81
We can also obtain an upper bound for entanglement gain. We start with

Ha’.+2£ +¢” +2f(A|R) €+2£ +¢” +2f(A AE 1|R)Q

min

8/// K_ 2
> Hmi;” (A\Er|R)a + Higy (Aol A EyR)g —log =

min

2
© (AIE)q+ HE (A|A, E1BR)Q—10g

m1n min

" 2
= Hi\ (A1 Ep)g — Hi,\ (Ay)q —log o

min

(1) 2

The first equality holds because systems A and A; A, E; are related by an isometry (lemma 17).
The first inequality follows from the chain rule for smooth min-entropy (lemma 19. The second
inequality follows from the lemmas 15 and 20. The second inequality follows from the duality
relation (11) and the fact that Q4142E1R8 ig 3 pure state. The last inequality holds because

gV =log|Ay| > HE, (Ay)q.

Let us choose ¢”” = /k. We can then find a lower bound for H,
side of (82) as follows:

c(AEDq=H

" (A, E)q on the right-hand

I'Illl’l

VE(AVEy)q = max Hiin(A1Ey) 54150
GME1L eV (QALET)

2 Huin(A1ED) 419451

= Huin(A1D) 41 + Huin(E1) o5y

> log|A|

=el. (83)

The first inequality follows because (74) implies that || T4 ® @£t — QM E1 ||, < k, which in
turn implies that T4 ® @' € BY¥(QA1£1). The last inequality follows because Hyin(E1), % is

mm min
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non-negative, since ¢%! is a state. Putting (82) and (83) together and choosing ¢’ =¢” = ¢, we
have
. 2
e < g+ Hpr ™ (AIR)y +log =. (84)
€
O

6. Conclusions and discussions

In this paper we obtain bounds on the quantum communication cost and the entanglement gain
for the one-shot FQSW in terms of smooth min- and max-entropies. The one-shot FQSW can be
considered to be at the apex of the existing family tree of protocols, since it yields the optimal
rates of the (asymptotic) FQSW, which in turn is known to be the mother of all protocols in this
tree. We also employ our one-shot results to explicitly prove the optimality of the asymptotic
rates. We introduce a RI framework in the one-shot regime that yields achievable rates for the
children protocols of the one-shot FQSW. We also obtain bounds on the one-shot quantum
capacity of a noisy channel in terms of the same entropic quantity, namely a smooth conditional
max-entropy, unlike previously obtained bounds [38].

Note that the entropic quantities characterizing the upper and lower bounds on the quantum
communication cost for the one-shot FQSW are different. The reason behind this can be
understood through the following examples pointed out to us by Berta ef al [58]. For the case in
which Alice and Bob initially share a state that is not correlated with the reference, perfect state
transfer can be achieved without any quantum communication. This agrees with the lower bound
on the quantum communication cost (in theorem 9), which (modulo the ¢-dependent factor)
vanishes for such a state. In contrast, there exist examples of genuine tripartite entangled states
(in which Alice’s system is classically correlated with the reference) for which one requires
the quantum communication cost to be of the order of the dimension of the Hilbert space of
Alice’s system. This in turn agrees with the upper bound on the quantum communication cost
in theorem 8.
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Appendix A. Useful lemmas
Lemma 16. For ¢ > 0 and p* € D(H,), we have

1
lim lim —HE(A) jon = H(A),.

e—>0n—oon
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Proof.
To show that

1
lim lim —Hg (A) o < H(A),, (A.1)

e—>0n—oon

we resort to the following more general inequality, for a sequence of states p# := {p}>° |

lim lim ! —H{(A),, < S(A),. (A.2)

e—>0n—oon
In the above, S(A) » denotes the sup-spectral entropy rate, which is defined as
S(A); :=inf{y : liminftr[ P} p] = 1},
n—oo
where P is a projector defined as
P = {pt =271, }.

Equation (A.2) holds because for every y > S(A); » and every § > 0 there exists a positive integer
no such that for every n > ny

[P’ o> 1-38.
Let pit := PY p2 PY. The gentle measurement lemma (lemma 1) gives

157 — o1 < 2V5.

Equivalently, 5 € B* (o), where §' = v/4+/8 — 45. Then
Hy(A),, < Ho(A);,
= log trIlj,
< log trP,;S
= logtr[{p; > 27", }4,]
< ny, (A.3)

and therefore (A.2) holds. When we restrict our considerations to a sequence ph = {p®"1,
S(A), = H(A), [61], and we obtain (A.1).
The opposite inequality

1
lim lim —HE(A) o > H(A), (A.4)

e—>0n—oon

follows directly from

Hy"(A), > min  Hy(A);
pEBE(p4)

and
o1 .
lim lim — |: min HO(A);,i| =H(A),.
e—>0n—oon ﬁEBZﬁ((pA)®n)

O

We make use of the following properties of the min- and max-entropies that were proved
in [39, 48].
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Lemma 17. Let 0 <& < 1, p*B € D(Hap), and let UA~C and VB~P be two isometries with
=U® V)pAB(UT ® V), then

nin(AlB), = Hpi(CID),,

min

nax (A1B), = Hi\, (C| D).

max

mm
max

Lemma 18 (data-processing inequality for smooth max-entropy) [48]. Ler 0 <e <1 and
028 € D(Hp), and let E87C be a CPTP map with 04¢ := (idy @ £87C) pAB. Then

max(A|B)/0 Hrfmx(A|C)a

Lemma 19 (chain rule for smooth min- and max-entropies) [39]. Ler 0 <e <1, ¢,&" >0
and p*8¢ € D(H apc). Then

H€+28 +&” (AB|C)p

min mm min

2
(A|BC)p +H® (B|C), —log 7
Let *BCR be a purification of p*B€. Furthermore, through the duality relation (11), we have

(A|R)(p H8+28+8 (AB|R)¢

max

2
max max(BlAR)<p log ;

Lemma 20 [48]. Ler 0 < & < 1 and p*8€ € D (Hapc). Then
nin(AIBC),, < mm(AlB)p,
H: (A|BC),< H. (A|B),.
Lemma 21 [39]. Let 0 < & < 1 and p*5€ e D<«(Hapc)- Then
w(AB|C), < Hio(A[C), +log|B].
Let p*B8R pe a purlﬁcatton of pA8C€. Furthermore, through the duality relation (11), we have
rax(AIBR), > rax(AB|R), —log |B|.

mm

l’Illl’l l’Illl’l

max

Lemma 22 [57]. Forany 0 <& <1, and p*8 € D(H, @ Hp),
H; (A|B), < HS(AlB)p, (A.5)
where Hg(AlB)p is defined through (17).

l’IldX

Proof.
Let w8 € B?(pA2) be an operator for which the minimum in (17) is achieved, and let w
be its puriﬁcation. Then

nx(AlB), = min  Hpy(A|B)j;

/_)ABGBS(,OAB)
Hinax(A|B),,
= - Hmin(A | E)a)

miEn[_Hmin(wAE |VE)]

ABE

max

/A

N

N

- min(a)AEla)E)
= Hy(A|B),,
= H{(A|B),, (A.6)

New Journal of Physics 13 (2011) 093042 (http://www.njp.org/)


http://www.njp.org/

26 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

where Hyin(02f|VE) = — Dy (0?E |14 ® vE). The second equality in (A.6) follows from the
duality relation (11) and the third equality follows from proposition 3.1 of [42] (extended to
subnormalized states), which states that for any tripartite pure state w*8%, H (0" |0f) =
—Hy(A|B),. 0

Appendix B. Proof of the one-shot decoupling theorem

Here we provide a proof of the decoupling theorem, theorem 5.1, for sake of completeness.
Various versions of the proof can be found in, e.g., [27, 38, 39, 43].

Proof.
For any fixed 0 < ¢ < 1, let pA® € B¢ (p*%) and let
MR (U) = trp,[(U @ I)p* " (U @ 1)1

Since the unitary operator only acts on system A, we have that 6 ®(U) = p®. Similarly, taking
the partial trace over A; on both sides of (62) yields o ®(U) = p®. By the triangle inequality,

lo ™ *(U) = @ p Iy
<o U) =)L+ 1161 (U) =t @pF i + It @ p* = @ p" s
= oM *(U) = W)L+ 16 F W) =M @ p" [l + 19 — p Il

< e W) =M @ p | + 216 M (U) — M W), (B.1)
where the last inequality follows from the monotonicity of the trace distance under partial trace:
12" = p%lli = 165 W) —a* (W)l < 64 F(WU) = F(U) 1.

Now by lemma 3.2 of [53], we have
/ lot® ) =M ® W) dU < 1pM* = pF,
U(A)

< 2¢ (B.2)
where the last inequality follows because pA1% € B¢(p41®). Substituting (B.2) into (B.1) yields

/ IIGAIR(U)—TA1®/0RII1dU</ le MR (U) — vt @ pF|l1 dU +4e. (B.3)
U(A) U(A)

Next we use the following inequalities (lemma 5.1.3 of [46]): let H be a Hermitian operator in
B(H), and 2 € B(#+). Then

IH I < Ve Q@ HQ ™A, (B.4)
IH|T <oV HQ™ V43 (B.5)

Hence

/ 164 (W) — o @ pR | dU
U(A)

<[ Veg/ieeiro) - ohe e 4R
U(A)

< «/trQ\// IQ-V4GARU) — 141 @ pRYQ-V4|12dU . (B.6)
U((A)

New Journal of Physics 13 (2011) 093042 (http://www.njp.org/)


http://www.njp.org/

27 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

The first inequality follows from (B.5). The second inequality follows from the concavity of the
function f(x) = /x. Choose Q =14, ® wg, where wgr € D(Hy), and let

6,A|R(U) — Q_1/4_A|R(U)Q_1/4
= (I, ®w,§”“)‘A1R<U><HA1 Qwg'’h
= (I, @ wg " Htra,[(U @ Tp)p* R (U @) (14, @ w0y )
=trp,[(U @) (14, @@y ' Hp (14, ® 0 /(U @Tx)']

= tra,[(U @ Ip) p** (U @ 1)1, (B.7)
with pAR (]1 Qwy MpAR(I,, @ wy' ") in the last equality. Note that pR = trypAF =
1) Rl/ 4 pRw, *. Continuing from (B.6),

f 164 GARW) — o @ pRYQ A2 dU
U(A)
:/ I6MRW) — o @ pRIE dU
U(A)
:/ tr[( MR (U) — M @ pF)HdU
U(A)
- / I64 R (U)?] - 2[5 MR (U) (M @ 5]+l (21 @ 50)2) dU
U(A)
- / tl6 R (U] dU — (e @ 5]
U(A)

:/ tr[c MR (U)?*1d U—Ltr[(,o )]
U(A) |A1|

1 AR
< —t B.8
S T4 [ (p4)%). (B.8)

The last inequality follows from lemma C.2 of [27], which states that

1 1
5ARUY1dU < — AR
/U(A) tr[c ™" (U)"] |Al|tr[(p )]+ |A2|tr[(p )21

Let p*® € D<(Har) and wg € D(Hp) be such that
Hp (A|R)py = — Dinax (Par||la ® wg)

= Hyin(A|R)jjw

< He(AIR) o, (B.9)
where Hc(A|R)j). 1s the quantum collision entropy of pax relative to wg:

Hc(AIR) 51 = —logtrl (I3 ® 0 ") (I ® w0 ™))

= —logtr[(p**)?]. (B.10)

The last inequality in (B.9) follows from lemma B.16 of [27]. Now suppose we choose
H:. (A|R),]+loge
< 2[log |A|+ Hc(A|R)jp0] +1oge
= 1[log|A| —logtr[(p**)?]] +1og e. (B.11)

log|A| < 5[log|Al+
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Equation (B.11) then implies that

1A\’ ~ AR\2
log| — | < log|A|—logtr[(p”"")"]
&

|Al
= log ————. B.12
8 Wl(AR)] (312
From (B.3), (B.6) and (B.8) we obtain
1 -
/ loa,r(U) — T4, @ prll1 AU < 4e+/|Ai], | ——tr[(Par)?]
U(A) | Al
de + A 1t[(~ )?]
=4e —tr
1 Al PAR
Py
<4de+|A
el
< Se, (B.13)
where the last inequality follows from (B.12). O
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