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Although it is well known that the amount of resources that can be asymptotically distilled from a
quantum state or channel does not exceed the resource cost needed to produce it, the corresponding relation
in the nonasymptotic regime hitherto has not been well understood. Here, we establish a quantitative
relation between the one-shot distillable resource yield and dilution cost in terms of transformation errors
involved in these processes. Notably, our bound is applicable to quantum state and channel manipulation
with respect to any type of quantum resource and any class of free transformations thereof, encompassing
broad types of settings, including entanglement, quantum thermodynamics, and quantum communication.
We also show that our techniques provide strong converse bounds relating the distillable resource and the
resource dilution cost in the asymptotic regime. Moreover, we introduce a class of channels that generalize
the twirling maps encountered in many resource theories, and by directly connecting it with resource
quantification, we compute analytically several smoothed resource measures and improve our one-shot
yield-cost bound in relevant theories. We use these operational insights to exactly evaluate important

measures for various resource states in the resource theory of magic states.

DOI: 10.1103/PRXQuantum.3.010348

I. INTRODUCTION

Resource distillation and dilution are two fundamental
resource manipulation tasks concerned, respectively, with
the purification of noisy quantum resources and with the
synthesis of general resources from pure ones. There have
been many efforts to investigate the optimal rates of these
tasks, which are known, respectively, as the distillable
resource yield and the resource dilution cost, under various
physical settings in the asymptotic regime with vanishing
error [1-6] and in the nonasymptotic regime with nonzero
error [7—12]. In the asymptotic regime, an operational
argument paralleling the second law of thermodynamics
implies that the distillable resource is bounded from above
by the dilution cost, because otherwise one could pro-
duce an unbounded amount of resources by repeating the
distillation-dilution cycle ad infinitum [2,5,13—19]. (For
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related discussions of second-order asymptotics in the con-
text of entanglement theory, see also Refs. [20—22]). How-
ever, in the nonasymptotic regime, the relation between the
distillable resource and the resource cost is more subtle,
especially when errors incurred in the transformations are
also taken into account.

The recent work of Ref. [23] has established a quanti-
tative relation in the nonasymptotic regime for entangle-
ment transformations that use local operations and classi-
cal communication and it has recovered the well-known
asymptotic relation as a limit of the one-shot bound. A nat-
ural question following these findings is to what extent we
can strengthen the relations obtained there and establish
the corresponding bounds in more general settings beyond
the distillation and dilution of entangled states.

One possibility is to extend the result for entanglement
manipulation to the manipulation of other types of quan-
tum resources, such as quantum superposition [9,10,24,25]
and thermal nonequilibrium [3,26]. The ultimate form of
this extension is to consider general resource theories [27],
which encompass diverse types of physical resources in a
single framework. Results obtained for general resource
theories are not only readily applicable to practical set-
tings of interest but also provide foundational insights into
what properties are universally shared by wide classes of
quantum resources, which might seem very different from
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each other on the surface. Despite the apparent difficulty of
getting meaningful results out of this abstract setup, recent
years have seen significant development in the understand-
ing of operational aspects of general resource theories,
including the settings of resource erasure [28,29], discrim-
ination tasks [30—35], resource quantification [27,36,37],
and resource transformations [4,12,16,19,31,38-42].

Another possible extension is to the setting of quan-
tum channel manipulation. Although research in resource
theories has largely focused on quantum states, there are
various situations in which quantum dynamics, generally
represented by quantum channels, play the role of the
main objects of study. As a framework to accommodate
these settings, resource theories of quantum channels have
recently been under rapid development [11,31,43—69].
These dynamical resources include resource theories of
states as special cases, because quantum states can be
equivalently represented as quantum channels that pre-
pare them. Thus, channel theories are strictly more general
than state theories and results that hold for arbitrary quan-
tum channel resources are automatically carried over to
state theories. Importantly, we can impose additional struc-
tures to channels under study so that the resulting resource
theory can describe various settings involving quantum
channels with predetermined structures, such as the sce-
nario of Bell nonlocality represented by no-signaling boxes
[70—72], and measurement incompatibility [73], where a
channel describes a set of positive operator-valued mea-
sures (POVMs) [63]. Although the performance of channel
distillation and one-shot channel manipulation in gen-
eral resource theories has recently been studied [58,59,
63,67,68], the relation between the one-shot distillable
resource and the resource cost under arbitrary free-channel
transformations has still been elusive.

In this work, we establish a fundamental quantitative
relation between the one-shot distillable resource and the
dilution cost that is applicable to general resource theories
of quantum channels, accomplishing the two extensions
in a single framework. We further extend the one-shot
bound to the asymptotic regime and obtain strong con-
verse bounds between transformation rates, also revealing
new relations in the asymptotic manipulation of quantum
states. Our framework not only accommodates well-known
quantum resources that have been previously studied using
related approaches—such as quantum entanglement and
coherence—but also other settings that involve dynamical
resources as central objects of study, e.g., quantum com-
munication. Notably, a major part of our main results does
not even assume the convexity or closedness of the set
of free channels, unlike most of the works dealing with
general resource theories. Moreover, our bounds hold for
all chosen sets of free operations satisfying only minimal
requirements, thus accommodating all physically moti-
vated choices of free operations, including ones that may
be equipped with complex structures.

An important technical aspect of our result is that, for
the bounds to be most effective, they require the collapse
of a class of resource measures based on Rényi diver-
gences. Focusing on resource theories of states, we provide
an operational interpretation for this and related conditions
in terms of a special class of free operations that reflects
the essential features of the “twirling” operation commonly
encountered in various theories [74,75]. We use this class
of operations to obtain analytical expressions for a num-
ber of smoothed resource measures, leading also to an
improved yield-cost bound for the case of state manipula-
tion. Finally, to demonstrate the applicability of our results,
we use these operational insights in the resource theory
of magic [54,76,77] and compute resource measures for
several special states of interest.

We focus on discussing the main results and their impli-
cations in the main text, while deferring all proofs and
technical details to the appendices.

II. RESOURCE THEORIES OF STATES

We begin by introducing the framework of resource
theories of quantum states, in which quantum states are
the central objects under study [78]. Quantum informa-
tion processing necessarily involves the manipulation of
quantum states but is commonly performed under some
physical restrictions, which limits the accessible set of
quantum states and operations. A primary example is a
scenario in which two parties, Alice and Bob, are physi-
cally separated. Unless they are connected by a quantum
communication channel, they can only apply local quan-
tum operations and exchange classical messages. This
restriction limits the accessible set of operations to the
class known as local operations and classical communica-
tion (LOCC). Importantly, LOCC channels cannot create
entanglement for free but can only prepare states that are
separable [79].

The framework of resource theories allows us to deal
formally with such restrictions [27]. It provides a recipe to
quantify the amount of resource that cannot be created due
to the restriction and characterize feasible resource manip-
ulation using only accessible operations. Each resource
theory comes with a set I of fiee states and a set O of fiee
operations. They are subsets of quantum states and quan-
tum channels (completely positive trace-preserving maps),
respectively, and are considered to be accessible for free
under a given setting. The minimal requirement for free
operations is that they should not create resourceful states
out of free states, i.e., A € O = A(o) € F,Vo € F. Phys-
ical considerations usually impose more constraints but it
is useful to consider the set of free operations consisting of
all the operations satisfying this minimal requirement; we
call this the maximal set of free operations and write it as
Omax. Consequently, any valid set of free operations is a
subset of Qpax-
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A major strength of resource theories is that they allow
us to evaluate the resourcefulness of a given state quan-
titatively. This is made possible by introducing resource
measures, which are functions from quantum states to real
numbers that represent the amount of resource contained
in the state. The requirement for resource measures is that
they output the same value for free states and that they do
not increase under the application of free operations.

Here, we consider two resource measures that can be
defined for an arbitrary set ' of free states and an arbi-
trary set O of free operations. The first one is known as the
generalized robustness or, alternatively, the max-relative
entropy measure [80—83], defined as

Diax(p) = inf{log(l +9) | p1+” eF,7e ID)}
=inf{k| p§2)‘a,oeF}, (1)

where D is the set of all quantum states. The other type of
resource measure relevant to this work is the min-relative
entropy measure [82], defined as

Dpinr(p) := ;g Dyin(pllo), ()

where Dpin(pllo) := —log Tr[I1,0], with I, denoting
the projector onto the support of p.

These quantities lay out a platform for establishing rela-
tions between resource manipulation and resource quan-
tification. Resource distillation and dilution in particular
stand out as important subclasses of resource manipula-
tion tasks. Resource distillation is a protocol to transform
a given state to a state in the family T of reference states
using free operations, while resource dilution is the oppo-
site task, in which a reference state is to be transformed to
the desired state. The optimal performance of these tasks is
characterized by the one-shot distillable resource and the
dilution cost, defined, respectively, as

d5(p) = sup {Re(P) | F(A(p), ®) > 1 —¢,
® e T, A e0},

5 (p) = inf {Rp(®) | F(p,A(P)) =1 —¢,
® e T, A e0},

3)

where F(p,0) = I|ﬁ\/5||f is the fidelity [84] and fRy
refers to an arbitrary resource monotone. For simplicity, we
take Rp = Dpinr in the above definition throughout this
paper.

To provide more insight into these definitions and con-
nect them with notions of distillation and dilution familiar
from commonly encountered resource theories, let us con-
sider the case of quantum entanglement. Here, ' denotes

all separable quantum states and the family T of refer-
ence states can be taken simply as copies of the maximally
entangled qubit Bell state:

T = {®%"|n € N}, 4)

where |®;) = \%(lOO) + |11)) and we use the shorthand
notation &, = |®,){D,|. Combined with the fact that [85]

Dmin,IF(q)gm) =n, (5)

the quantities dg, and c{; can be alternatively understood
as asking, respectively, how many copies of |®;) can be
obtained from a given state, or how many copies of |P,)
are necessary to produce a given state. We use more gen-
eral definitions of distillation yield and resource cost to
accommodate potentially more complex families of refer-
ence states and resource theories where a simple choice of
reference states T might not be available.

ITII. RESOURCE THEORIES OF CHANNELS

We now introduce resource theories of quantum chan-
nels, extending the framework described in the previous
section. To take into account the various structures that
may be imposed on channels, we employ the approach of
Ref. [63] and consider a subset O, of quantum channels
as the set of channels of interest. Each situation desig-
nates a set QO C Qyy of fiee channels that does not contain
any resource considered precious under the given setting.
We also need to introduce the set of free operations that
are accessible to manipulate channels. General channel
transformations are described by quantum superchannels
[86,87]. Superchannels are linear maps that map quan-
tum channels to quantum channels and they are physically
realizable by sandwiching an input channel with a pre-
processing channel and a postprocessing channel, both of
which can also be connected by a quantum memory. Let-
ting O, denote the set of output channels of interest, the
set of relevant superchannels is specified as

Sau = {E ‘ E(g) S @;“, V€ € @au} . (6)

Then, one can consider a subset S C S, of superchan-
nels as free superchannels, serving as free operations. The
minimal requirement for free operations forces ® € S =
O(M) e O,V M e O. Analogous to the case of state the-
ories, we also define the maximal set of free superchannels
as the set of superchannels satisfying the above minimal
condition and call it Syax.

We can analogously introduce resource quantifiers that
do not increase under any set of free superchannels. The
relevant channel resource measures that we need are the
max-relative entropy measure [31,46,56,57], defined for
every £ € Qg as
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Dmax,@(g) = inf sup Dmax(id ® 5“//) ||1d ® M(l/f)),
MeO ¥
(7
and the min-relative entropy measure [56,57], defined as
Dmin,@(g) ;= inf sup Diin(1d ® 5(10) lid ® M(lﬁ)),
MeO W
®)

where the optimization is restricted to every pure input
state ¢, without loss of generality [88].

Then, we can formalize the tasks of resource distillation
and dilution. Resource distillation is a task that transforms
a given channel £ € Oy to a channel in the set T C O],
of reference channels using free superchannels S, while
resource dilution transforms a reference channel to the
desired channel £. The optimal performance of these tasks
is characterized by the one-shot distillable resource and
dilution cost, defined, respectively, as

ds(€) = sup {Ro/(T) | FOE),T) = 1 —¢,

TeT,0 €S}, ©
(&) :=inf{Ro/(T) | FE,0(T) = 1—¢,
TeT,0Oc€eS},
where
F(&,8) =minFid@&H().ide &) (10)

is the worst-case fidelity [88] (also called the channel
fidelity) and R refers to an arbitrary resource monotone,
which we take as Rg = Dpin,0 in the above definition for
simplicity.

In our discussion below, we make the natural assump-
tion that the reference channel 7 is a pure target channel,
in the sense that id ® 7 () is pure for every pure state V.
This covers general types of distillation processes encoun-
tered in physical resource theories, where 7 plays the role
of a noiseless resource. If the input and output systems
are identical, then the condition implies that 7 is uni-
tary, while if the input and output systems have different
dimensions, then it implies that 7 is an isometry. When
the input space is trivial—which is the case, e.g., in the
special case of resource theories of states—then 7 reduces
to a pure-state-preparation channel.

IV. YIELD-COST RELATIONS

Our first main result is a relation between the one-shot
distillable resource and dilution cost, which we dub a yield-
cost relation, applicable to (1) dynamical resource theories
of channels, (2) any set of free channels, and (3) any set of
free superchannels defined for the given free channels.

Theorem 1: Suppose that for every channel T in the cho-
sen reference set T, id ® T () is pure for every pure state
V¥ and T satisfies Diino(7) = Dyaxo(7). Then, for all
€1 €[0,1) and €; € [0,1 — €], for every quantum chan-
nel £, and for every set S C Syax 0f fiee superchannels,
the following inequality holds:

ds' (&) < (&) + logf (e1,€), (11

where f (€1, €3) is a function defined as

f e, e) = min{(l —e —Ja) (1 —e— \/E_l)_z}

(12)
Jore + /&2 < 1and
fene)=G1—e—Ja)> (13)

otherwise.

For € + ,/e; < 1, each quantity can be tighter than
the other for certain error regions. Indeed, direct calcula-
tion reveals that (1 —¢; — ﬁ)_l < Wl —€— ﬁ)_z

if and only if

1
E(I—VI —e)(l - Je)

<€ = %(1 +V1—e)1 - e). (14)

This gives a fundamental relation between distillable
resource and dilution cost in the one-shot regime under any
chosen set of free superchannels. In particular, when trans-
formation errors are taken into account, the one-shot cost
could be smaller than the one-shot yield. Our result estab-
lishes a quantitative trade-off relation between a potential
yield-cost gap and the transformation inaccuracy.

The only assumption required for the result to hold is
the choice of reference channels that satisfy Dyino(7) =
Dinax,0(7). The collapse of the two measures to the same
value is a common property of maximally resourceful
states or channels [12,41,63], which are precisely the
most appropriate references employed in distillation and
dilution protocols in practice. We review examples of ref-
erence states and channels in several physical settings in
Appendix B. We also return to this condition in Sec. V to
provide more intuition behind the assumption and give an
operationally motivated understanding of it.

Theorem 1 is a direct consequence of the following
lemma.

Lemma 2: Let £ be an arbitrary quantum channel and let
€1, € be arbitrary real numbers such that €| € [0,1), €; €
[0,1 — €;]. Also, let T| be a channel for which id ® T ()
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is pure for every pure state ¥ and there exists ©; € S
such that F(©(E),T1) > 1 — €, and let T, be an arbi-
trary channel for which there exists ©, € S such that
F(©,(13),E) > 1 — €. Then,

Dmin,@(ﬁ) =< Dmax,@(ﬂ) + Ing (€1>62)> (15)
where f (-, ) is the function introduced in Theorem 1.

A natural question following these results is whether
they smoothly connect to an asymptotic yield-cost relation.
In asymptotic distillation (and analogously for dilution),
the goal of the tasks is commonly to obtain as many copies
of a fixed reference channel as possible from multiple
copies of the given channel, in such a way that the trans-
formation error vanishes in the limit of infinite copies. The
figure of merit is then the ratio of the number of obtained
copies of the reference channel to the number of used
copies of the given channel. The following result provides
a relation between the optimal rates for the asymptotic dis-
tillation and dilution in a more general setting, in which the
errors do not necessarily approach zero in the asymptotic
limit.

Theorem 3: Let £ be an arbitrary input channel and let
T be some target reference channel for which id ® T ()
is pure for every pure state . Let d be any rate of dis-
tillation such that there exists a sequence {©,}, of free
superchannels with

1 — F(©,(E%"), T®")) = 5, (16)

Also, let ¢ be any rate of dilution such that there exists a
sequence {©,}, of free superchannels with

1 — F (©,(T®),E%") =t ¢,. (17)
Suppose that the following conditions are satisfied.:

(i) It holds that liminf, . €, + 5, < L.
(ii) The resource theory is closed under tensor prod-

ucts; that is, M, M, € O = M; ® M, € O.
Then the following inequality holds:

d-D

min,Q

(T) < cDg,

max,0

(1), (18)

where

1
D o(T) = lim —Dpn (T%"),
D o(T) == lim —Dyax (T%").

? n—o0o n
Let us briefly discuss the assumptions of Theorem 3.
Condition (i) simply means that the errors of distillation

and dilution do not get too large at the same time; it is
satisfied, for instance, when we take lim,_, -, €, = 0 and
liminf,,_, . 8, < 1 or vice versa. Condition (ii) is a basic
property obeyed by virtually all theories encountered in
practice.

Although the result of Theorem 3 is appealing since
it follows straightforwardly from our one-shot relation in
Theorem 1, one can ask whether it is possible to derive
asymptotic relations that have a better dependence on
quantities such as D0 (7)) and D: (7), as well as
being free from the constraint on the target channel 7
that is, the constraint that id ® 7 (v) is pure for every
pure state . We discuss several variations on this idea in
Appendix C, where we present other bounds that are poten-
tially tighter and do not impose any condition on 7 but
come with an additional condition on the sequences {¢,},
and {§,}, of achievable errors or require the computation
of more complicated regularized quantities. For our pur-
poses, it is sufficient to use the condition of Theorem 3 and,
indeed, we see that the reliance on the max-/min-relative
entropies is not a problem in most theories of practical
interest.

The result of Theorem 3 implies in particular the strong
converse bounds given in Corollary 4 below, for the rates
of resource manipulation tasks. Before stating this result,
let us recall the definitions of the basic asymptotic quanti-
ties involved. We define the asymptotic distillable resource
dg°® as the largest achievable rate at which copies of 7°
can be extracted from a given channel and, analogously,
the asymptotic resource cost ¢g° as the least rate at which
copies of 7 are needed to produce a given channel. Impos-
ing that the error in such transformations vanishes in the
asymptotic limit, we have

dz*(€£,T) := sup {d

im sup F (©,(E®"), T®1") :1},
n—>00 g eg

(€&, T) = inf{c

lim sup F (©,(T®),£%") =1}.
=0 @,cs

(20)

As counterparts to the above asymptotic quantities, we
also define the corresponding strong converse quantities as
[17,89]

dX(E,T) = inf{d

lim sup F (@n(é’@”),T@Ld’”) :O},

n—>00 @ s

(&, T) :=sup {c

lim sup F (©,(7®),£9") =0},
n—oo ®,eS
21

with the interpretation of the strong converse distillable
resource as the smallest rate at which the error is guaran-
teed to converge to one in the asymptotic limit and that for
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the strong converse dilution cost as the largest rate at which
the error is guaranteed to converge to one. The following
equivalent expressions for the strong converse quantities
hold:

dX (&, T)
= sup { d | limsup sup F (©,(E®"), T®1") > O} ,
n—o0 OueS
&(E,T)

=inf{c

limsup sup F (©,(7®1),£%") > 0} ,

n—oo 0,eS

(22)

which can alternatively be understood as weakening the
requirements imposed on the transformation error in
Eq. (20). Here, the interpretation is as follows: unlike the
quantities in Eq. (20), the strong converse quantities no
longer ask that the error converges to zero but represent
the best rates at which the error does not converge to
one—they therefore provide a general threshold on achiev-
able asymptotic transformations even when perfect con-
version is not required. Note that d3°(€,7) < Zlg‘“ &,7T)
and c°(€,7) > ¢°(€,T) by definition.

Theorem 3 implies the following strong converse
bounds.

Corollary 4: Let £ be an arbitrary input channel and let
T be some target reference channel for which id ® T ()
is pure for every pure state \r. Suppose that the following
conditions are satisfied:

(i) The resource theory is closed under tensor prod-
ucts; that is, M, My, € O = M; ® M, € Q.

(ii) The target channel satisfies Diin0(7) = Dmax.0(7T)
and Diyino(T®") = nDino(7) for every n.

Then the following inequalities hold:

dX(ET) <€), dFET) = FET). (23)

We remark here that the definitions of strong converse
quantities and Corollary 4 imply the following fundamen-
tal inequality:

& (E.T) < FET). (24)

Here, condition (i) is generally satisfied in physical the-
ories, but condition (ii) imposes nontrivial requirements
on the choice of a suitable target channel 7. In partic-
ular, in addition to the collapse of the max- and min-
relative entropy measures to the same value, it requires
that the min-relative entropy measure is additive, i.e.,
Dinino(T®") = nDmino(7). Although this constitutes a
seemingly restrictive condition, the existence of channels

or states satisfying this requirement is actually a common
property of important resource theories, obeyed, e.g., by
quantum entanglement, quantum thermodynamics, magic,
and quantum communication (cf. Ref. [58, Table 1]). Intu-
itively, the condition can be thought of as characterizing
how well the given reference 7 serves as an intermediary
channel in distillation and dilution protocols.

We stress that all the results in this section automatically
provide bounds for state theories as special cases; when
one is interested in a resource theory of quantum states
with free states IF and free operations O, the same results
hold by replacing free superchannels S with free operations
O and free channels O with free states . Furthermore, in
the case of state transformations, the generalized quantum
Stein’s lemma [15,90] implies that the asymptotic distill-
able resource coincides with its strong converse rate when
the set of free states and the reference state satisfy some
mild assumptions—for details, see Appendix D. When the
generalized quantum Stein’s lemma holds, for the asymp-
totic distillation and dilution for an arbitrary state p with
respect to a reference state ® under free operations O, we
can improve the bound in Corollary 4 to

a3 (p, ) < &3 (p, ®). (25)

This applies in particular to the resource theory of quan-
tum entanglement, which solves an open problem posed
in Ref. [23]. The implication of Eq. (25) is that the yield-
cost relation still holds even when neither of the errors is
required to vanish in the asymptotic limit, which gives a
significant strengthening of the inequalities in Eq. (23).

We remark that another approach to asymptotic transfor-
mation rates of states and the consequent relations between
asymptotic resource yield and cost in general resource
theories has been considered in Ref. [19].

V. OPERATIONAL ACCOUNT FOR REFERENCE
STATES

We saw that the relation between Dpino and Dmaxo
plays a major role in establishing the yield-cost relation
in general resource theories. Here, we give operational
insights into the properties of these quantifiers and in par-
ticular the condition Diino(7) = Dmax.0(7) that we have
encountered previously. By studying the interplay between
these and other related measures, we are able to quantify
a number of smoothed resource monotones for target ref-
erence states in general resource theories. In this section,
we restrict our attention to theories of quantum states and
we use [F and O to specify the set of free states and free
operations, respectively. In what follows, we also assume
that [F is a convex and closed set.

In addition to Dpying and Dpmap, We also consider
another type of robustness measure known as the standard
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robustness [80], defined as

P+ ST
1

Dsr(p) = inf{ log(1 + ) | g

eF,t EIF}, (26)

We also define two smooth robustness quantities as [82,90]

Dx(p) :=inf{Dsp(p’) | F(p',p) =1—¢€}, (27)
Dﬁnax,IF(p) = inf{Dmax,F(p/) | F(p/, p) > 1 - 6} (28)

and two types of hypothesis-testing relative entropy mea-
sures [10,41,90]:

Dy p(p) == ggngq(pllo),

Dy (p) ;== inf Dy(plo) (&)
H affm) \P) = GE%(F) H\P1lo),
where
DS (pllo) := sup log Tr(Po)™" (30)
Trg’%)gl—e

is the hypothesis-testing relative entropy [7,91,92]. We use
aff(IF) to denote the affine hull of IF, which is the smallest
affine subspace that contains [F. The min-relative entropy
is obtained as a special case of the hypothesis-testing rela-
tive entropy measure as D p(0) = D;:I? (p). We use this
correspondence to define the affine min-relative entropy
measure [41,63] as

Dijin atir) (0) 1= D;:,a()ff(]F) (p)

= inf DO ) 31
panf . D (pllo) (31)

Then, the following ordering holds for an arbitrary state p:

Dmin,afT(F)(p) = Dmin,]F(p) =< Dmax,F(p) =< Ds,lF(,O), (32)

where the first inequality follows because [F C aff(IF), the
second inequality because Dy (0]|0) < Dmax(p||o) for all
states p and o, and the third inequality from the defini-
tions of the generalized and standard robustness measures.
Depending on the structure of I, some of these measures
may exhibit drastic behavior. Dy and Dp,y r take finite
values for every state p as long as [F contains at least
one full-rank state, which is satisfied by most of the rel-
evant theories. However, D,y may diverge if [F is reduced
dimensional [41], meaning that IF has zero volume in the
set of all states and span(IF) is not the whole space of
self-adjoint operators. Examples of reduced-dimensional
theories include the theories of coherence and thermal
nonequilibrium. On the other hand, for full-dimensional
theories, which are not reduced dimensional and include
the theories of entanglement and magic as examples, D

remains finite but Dpin ity takes the value zero for every
state p. Therefore, D,y is usually a relevant resource
quantifier in full-dimensional theories, while Diin afr) 1S
relevant in reduced-dimensional theories [41,63].
Although these measures are introduced in a rather
abstract manner, they play crucial roles in the quantitative
characterization of distillation and dilution—under certain
assumptions on the target state @, the value of the one-shot
resource yield df (o) under the maximal set of free opera-
tions is directly related to Dj; p(p) or D;—[,aff(IF) (p), while
the value of the resource cost cf(p) corresponds to the
value of D{(p) or Dy, p(p) [12,41]. A necessary require-
ment for a precise description of distillation or dilution to
be possible is that, when evaluated on the reference state
®, the resource measures all collapse to the same value;
specifically, in full-dimensional theories one needs that

Dmin,]F(q)) = DS,JF(CD)a (33)

while in reduced-dimensional theories one instead requires

Dmin,aff(]F)(q)) = Dmax,]F(cD)- (34)
In some theories, such as entanglement or coherence, the
existence of such states is natural: the maximally entan-
gled or coherent states always satisfy the requirement. It
is rather remarkable that maximally resourceful states sat-
18Ty Diinp(P) = Diax r(P) in any convex resource theory
[41] but this is still not sufficient to guarantee that Egs. (33)
and (34) hold in general—we expect this to be a resource-
dependent property that needs to be verified explicitly in
each specific setting.

Here, we find that Eqs. (33) and (34) can have oper-
ational implications, which then help to evaluate other
resource measures introduced in this section. In particu-
lar, we provide an understanding of the conditions given in
Egs. (33) and (34) in terms of a free operation that parallels
twirling.

Lemma 5: If a state ® satisfies Dupinp(P) = Dsp(P)
0F Dinin afim) (P) = Dimaxp(P), there exists a free opera-
tion A € O, defined by an operator 0 < P* < 1 with
Tr[P*®] = 1 of the form

A() = Tr[P*-]® + Tr[(1 — P*)-Jo ™, (35)
such that o* is a state orthogonal to ®, satisfying
Tr[Po*] = Tr[Po*] = 0. When Duinr(P) = Dsp(P), one
can further take o* to be a free state.

This free operation possesses a property similar to well-
known group twirling operations such as the isotropic
twirling [ U® U* () U" ® U*T dU in entanglement theory
[75], in that it maps states to the given reference state
or its complement, while stabilizing a specific state ®.
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Such twirling operations have been found to be useful to
evaluate several entanglement measures for states invari-
ant under them [93]. In particular, the existence of such
an operation allows us to obtain exact expressions for
smoothed resource measures, which a priori require a
nontrivial optimization over all states within an error €.

Proposition 6: If a state ® satisfies Dpinp(P) =
Dyp(®) =: 1, then for every € € [0, 1), it holds that

Dy (®) = r+ log (36)

1—¢€

and

DrénaxIF(qD) :DEIF((D) = max {l"— log 1
’ ' —€

,0}. (37)

Similarly, if a state ® satisfies Dinafiry(P) = Dimax (D)
=:r, then

1
DY arr) (P) = Dy p(P) = 7 + log 0

(38)
and

1
Dy p(P) = max :r—log 1—,0}. 39)
’ —€

A crucial property that makes this result possible is that
optimal states in the optimization of the smoothed resource
measures can always be taken of the form &, =« d +
(1 — k)o™, as obtained through the operation in Lemma 5.
Such states share many useful properties with isotropic
states of entanglement theory and, indeed, several quantita-
tive insights into the description of isotropic states in works
such as Ref. [93] can be extended to general resource the-
ories. In particular, the entropic resource quantifiers can be
computed exactly for such states.

Proposition 7: Suppose a state @ satisfies Diinp(P) =
Dyp(®) =: 7, and let o* be the state in Eq. (35). Then,

Duins(®@,) = {f i
and
Draxp(®i) = Dy p(Pr)
= max {r—log%,O} (41)

forevery ®, = k® 4 (1 — k)o* with«k € [0, 1]. Similarly,
if a state ® satisfies Dyin atiw) (P) = Dmax5(P) =: 7, then

Dmin,aﬁ(]F) ((DK) = Dmin,F (CDK)

0, 0<k <,
=11 =0 42
g k=0, (42)
7, k=1,
and
1 —K
Diax r(®P,) = max {r — log —, log (43)
’ K 1—-2-r

forevery ®, = k® + (1 — x)o* with k € [0, 1].

We present a more complete discussion of the quantita-
tive properties of the isotropiclike states @, in Appendix E,
where we also show how the smoothed entropic measures
can be computed for this class of states.

These exact evaluations of the resource measures allow
us to employ the argument in Ref. [23] to obtain an
alternative bound to that given in Theorem 1.

Theorem 8: [fthe chosen reference set obeys Dpinp(P) =
DS,IF(CD) VO eT or Dmin,aff(]F)(d)) = Dmax,]F(q)) Vo e T;
then for every set QO C Qnax of free operations and all
€1, €2 > 0 satisfying €| + €, < 1, the following inequality
holds:

(44)

1
d3 (p) = €5 (p) + log 7——,

where € = [e1(1 — &) + Ve, (I — el)Jz.

This improves the bound in Theorem 1, as it gives a
tighter upper bound for all regions of (e;,€;) with €; +
€, < 1, as we prove in Appendix G. We also remark
that this bound becomes essentially tight when O = Oy,
p €T and either €; or ¢ is 0. This can be shown

by using dp (p) = Djjz(p) and cg,  (p) =D (p)
when Diinp(p) = Dyx(p) and dg (p) = Dy g (p) and

Cgmax (p) = Dr?ax,IF(lo) when Dmin,aff(]F) (p) = Dmax,]F(p) (up
to some floor or ceiling due to a discrete structure of T)
[63], as well as explicitly evaluating these measures by
Proposition 6.

So far, we have employed the property of several
resource measures evaluated for a reference state to show
the existence of a twirlinglike operation as given in
Eq. (35) and presented its applications. We now also
investigate the opposite direction, asking whether the exis-
tence of a certain type of free operation provides insights
into the relation between different resource measures. The
following result addresses this question.
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Lemma 9: Let S(®) be a set of channels stabilizing ®,
defined as

S(®) = {Tr[P-]dD +AO|0<P<1,

Ti{®P] = 1, A € CP},
(45)

where CP is the set of completely positive maps. Then,
if there exists a free operation A € Qpax N S(P), the
equality

Dmin,IF(q)) = Dmax,]F(q)) (46)

holds. In addition, if A is completely free, i.e., iId® A €
Onmax, where id is the identity map on an arbitrary ancillary
system, then

Dmin,F(q)@n) = Dmax,F(q)@n)a Vn. (47)

Moreover, if g\ can be taken as a free subchannel in
Eq. (45), i.e, A(o) o< cone(IF), Yo € F, then

Dmin,F(q)) = DS,F(q))a (48)
where cone(X) 1= {kx | A>0,x eX}.

Together with Lemma 5, we conclude a general oper-
ational correspondence between the collapse of resource
measures and the existence of twirlinglike free operations:
we have that Dy p(®) = D,r(P) if and only if there
exists a map of the form given in Eq. (35) with a free
state o*.

However, it is not always easy to find a channel A €
Omax N S(P) to apply Lemma 9. The following result
helps to find such a channel by formally relating the
group-theoretic twirling operations inspired by the original
LOCC twirlings [74,75] to the form of Eq. (45) necessary
to apply Lemma 9.

Proposition 10: Let ® be a pure state. Suppose that there
exists a convex set O C Qax of free operations and a finite
or a compact Lie group G with a unitary representation
{U(g)}gec that satisfies U(g) - Ug)" € Oand Ug) |®) =
e¥s |®) Vg € G for some set of eigenvalues {e'¢},. If |®)
is the unique simultaneous eigenvector of all U(g)’s with
eigenvalues {€%2}y, then Diinp(®) = Diaxr(P) holds.
Moreover, if Q is completely free, then Diinp(®®") =
Dinax 7 (D) holds for every positive integer n.

This result allows us to find an appropriate free opera-
tion to ensure the condition required in Theorems 1 and 8.
We indeed find that Lemma 9 and Proposition 10 are help-
ful to obtain new insights into specific resource theories,
which we now demonstrate.

VI. APPLICATION: THEORY OF MAGIC

As we have emphasized earlier, our results immediately
hold in general types of quantum resources of both states
and channels and we direct the interested reader to, e.g., the
recent Refs. [12,58,59,63,67], as well as to Appendix B,
for a discussion of how such general methods can be
applied in specific theories such as quantum communica-
tion. Here, we discuss a nontrivial example in which the
quantification of resource measures for many important
states is still not understood—the theory of magic (non-
stabilizerness) [76,77]. Applying the results of our work,
we show how they can be used to provide new quantita-
tive insights and reveal broad and useful relations for this
resource.

To realize scalable fault-tolerant quantum computation,
it is essential to encode the whole computation in a higher-
dimensional space using an error-correcting code. Clifford
gates in particular stand out as a subset of quantum gates
that admits efficient fault-tolerant encoding on many error-
correcting codes. However, to form a universal gate set, we
also need to implement a non-Clifford gate. This is usually
accomplished by the gate-teleportation technique [94,95],
which simulates the action of a non-Clifford gate by com-
bining a Clifford operation and a magic state, which cannot
be created solely by Clifford operations. Since magic states
are hard to produce in a fault-tolerant manner, they are
precious resources under this setting, motivating us to con-
sider the quantification and manipulation of them using a
resource-theoretic formalism [76,77].

In particular, the optimal performance of magic state
distillation and dilution has been a central question in the
field, as it is the most resource-demanding part to realize
fault-tolerant universal quantum computation. Our results
establish a relation between the optimal performance of
these two, under the assumption that the reference resource
states satisfy the aforementioned conditions on resource
measures. Here, we investigate these conditions for some
well-known states that can be good candidates for refer-
ence states in distillation and dilution protocols. We find
that our approach, particularly Lemma 9 and Proposition
10, provides new operational insights into the evaluation of
resource measures, which may be of independent interest.

Stabilizer states are those that can be represented by
a probabilistic mixture of eigenstates of Pauli operators.
In the resource theory of magic, stabilizer states form the
set F,p of free states. Although it is often assumed that
quantum computation is carried out in multiqubit systems,
higher-dimensional qudit systems also stand as potential
candidates for a large-scale quantum computing architec-
ture [96,97]. Resource theories have been developed for
both settings [76,77,98] and we consider several standard
magic states defined in these scenarios.

Let us start with multiqubit systems. For single-qubit
states, the farthest states from the set of stabilizer states are
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positioned at % (%1, £1,+£1) in Bloch coordinates, which

are connected to each other by Clifford unitaries. We call
one of them the face state, which is written as

_ 1+ X +Y+2)/V3

|E) (F > ;

(49)

where X, Y, Z are qubit Pauli operators. Then, Lemma 9
and Proposition 10 allow us to obtain the following rela-
tion:

Proposition 11: The qubit face state satisfies

Dmin,]Fstab (F®n) = Dmax,IFsmb (F®n)- (50)
for every integer n > 1.
Since the face state is a maximizer of Dy, . called a

golden state [12,41], the case of n = 1 recovers the result
in Ref. [12]. Also, noting that the stabilizer extent intro-
duced in Ref. [99] is identical t0 Dyaxr,, [36], Eq. (50)
can be shown by using the additivity of Dy, (F®") and
Dinax Fy, (F ®n) as well as the equivalence of DiinF oy (F)
and Diax r,, (F)) shown in Ref. [99]. Our result provides
a different operational approach to this relation based on a
strategy with a broad potential applicability.

We also obtain an analogous result for a special class of
magic states that includes the 7 state and the Toffoli state,
which are usually used for gate-teleportation protocols.

Proposition 12: Let V be a unitary in the third level of the
Clifford hierarchy and let |¢) be a stabilizer state defined
on a multiqudit system with local dimension d, where d =
2 or d is an odd prime. Then, the state |\/) = V|¢) satisfies
Diinryyy, (W®") = Dmaxpy,, (WE") for every integer n > 1.

This provides an alternative proof of the result in
Ref. [99] and extends it to qudit systems, including
the qudit generalization of the T state [97]. Note that
DimaxFyyy (W®") = nDimax p,,,,, () holds for every ¢ of up to
three qubits [99] and, indeed, also for single-qubit mixed
states [100].

Although Dyinr,,, and Diaxr,,,, coincide for the above
cases, one can actually show that for every single-qubit
state, Dpmaxr,,, 1S strictly less than Dy . . The natural
question is whether there exists a state for which the three
quantities collapse to the same value, allowing us to use
both Theorems 1 and 8. No such state has previously
been known in the theory of multiqubit magic, which has
prevented previously known bounds for one-shot distilla-
tion and dilution from being tight [12,41]. To show that
a suitable choice does indeed exist, let us consider the

three-qubit fiducial Hoggar state [77,101—104], defined as
1
V6
The Hoggar state serves as one of the fiducial states from
which group-covariant symmetric informationally com-

plete POVMs (SIC POVMSs) can be generated [104]. We
show that the three measures collapse for the Hoggar state.

|Hog) = —(1 +4,0,—1,1,—i,—1,0,0)".  (51)

Proposition 13: The three-qubit Hoggar state satisfies
Dhin g, (HO0g) = Dinax r, (Hog) = Dy, (Hog)

12
=log—,  (52)

and

Dmin,]Fstab (H0g®n) = Dmax,IFstab (H0g®n) (5 3)

for every integer n > 1.

We note that the value of Dy r , (Hog) has been reported
in Ref. [77].

Let us now turn our attention to qutrit states. In the qutrit
magic theory, two classes of states are identified to have the
maximum sum negativity of the discrete Wigner function
[76]. The first class is represented by the Strange state [76,
98,105,106], defined as

1
V2

We can use Lemma 9 to show the collapse of the three
measures for this state.

18) = —=(I1) = 12)). (54)

Proposition 14: The qutrit Strange state satisfies

Dmin,[FSmb (S) = Dmax,]Fsmb (S) = DS,]FSmb (S) =1 (55)

and

Dmin,]Fstab (S®n) = Dmax,IFStab (S®n) (5 6)

for every integer n > 1.

Our results complement the findings in Ref. [98], which
has considered Dyinr and Doy With respect to a larger
set of free operators (not necessarily normalized quan-
tum states) based on the negativity of the discrete Wigner
function and has found that Dy (S) = Dmaxr (S) =
log(5/3).

Another maximizer of the sum negativity is the Norrell
state [76], defined as

1
N) = —(—
al f6(

We can obtain a similar collapse for the measures but to a
different value.

10) +21[1) —2)). (57)
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Proposition 15: The qutrit Norrell state satisfies
Dmin,]Fstab N) = Dmax,Fsmb N) = DS’Fs[ab (N)

3
=log =. 58
0g 5 (58)

We note that Dpyinr,, (N) = Dmaxrg,, (V) = log% has
originally been reported in Ref. [98].

These results may make one wonder whether there is
a general characterization for when the three measures
take the same value. Although we still do not have a
definitive answer for this question, we can make the
following observation. For a given state v, Lemma 5
implies that if Dyin g, (V) = DmaxF,, (¥), We must have
Daxry, (W) < Dy, (W) unless there exists a free state
acting on supp[(1 —)/d —1]. This is equivalent to
the condition that the weight resource measure [58,107],
defined for the set F of free states as

We(p) = sup{w‘ p=wo+({—-wrt, o eIF}, (59)

satisfies

I -
W]Fstab (ﬁ) > 0. (60)

This condition can be explicitly verified to hold for the
Strange state and Norrell state, for which we have seen
that the three measures coincide. On the other hand, for
the qutrit 7 state [97], defined as

1 ; i
1) i= 2@ P10+ +e 02, (6D

one can check that Wg_, ((1 — 7)/2) = 0. Combining it
with Proposition 12, we recover the fact that

Dmin,Fstab (1) = Dmax,JFmb D < Ds,Fsmb(T)- (62)

Interestingly, numerical investigations suggest that, for
most qutrit states, the weight measure for the complement
is equal to zero, indicating that the nonzero gap between
Dpaxr,,, and Dyr . is a generic feature shared by the
majority of qutrit states. We leave a thorough investigation
on the relationship between the weight resource measure
and the robustness measures for future work.

VII. CONCLUSIONS

We establish a quantitative relation between the one-
shot distillable resource and the resource cost for gen-
eral quantum resource theories, including both state-based
resources as well as dynamical resources of quantum
channels. We also show the corresponding bounds in
the asymptotic regime and recover the familiar relation

between the distillable resource and the resource cost in the
form of strong converse bounds. We investigate the con-
ditions that appear in the yield-cost relation and relate it
to a class of free operations that have properties similar
to those of twirling operations. We employ such opera-
tions to obtain analytical expressions for several smoothed
resource measures for general resource theories of states
and tighten the yield-cost relation. We then apply our oper-
ational technique to evaluate resource measures for several
standard resource states in the resource theory of magic,
recovering previous results with different techniques and
presenting new evaluations of measures for some magic
states.

Outstanding questions include the extension of the
results that are only shown for state theories in this work
to channel theories, such as the two-sided strong converse
bound given in Eq. (25) and the relation to the twirlinglike
operation. The difficulty in characterizing the manipulation
of quantum channels, and in particular their asymptotic
properties [60], makes such questions nontrivial to answer.
Another interesting direction is to use the operational tech-
niques introduced here to shed light on settings other than
magic theory. On the other hand, it will also be beneficial
to gain a deeper understanding of the structure of magic
theory, for which additional operational insights might be
helpful.
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APPENDIX A: PROOFS OF THEOREM 1, LEMMA
2, AND THEOREM 3

Let us first define the smoothed channel divergences
[46,109]:
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Dy (EIIM) = SEPDZ(id Q EW)lid ® M),

. (A1)
Dfnax(EHM) = F(é‘/lf,r‘%f;l—e Dmax(g/“M)a

which construct the following resource monotones
[46,56,57]:

Diyo(€) == inf D(EIMD.
D¢ E inf D¢ (42)
max,(O)( ) T /\l/lne([)

max

(EIM).

We begin by showing some useful lemmas. The first two
are channel extensions of the relations shown in Refs. [110,
111] between the hypothesis-testing relative entropy and
the max-relative entropy of quantum states. They have an

J

interpretation in the resource theory of asymmetric distin-
guishability as a one-shot yield-cost relation for bits of
asymmetric distinguishability [55].

Lemma 16: For all €1,e; > 0 with €, + \/ex < 1, two
arbitrary channels £, M satisfy

1
DI(E < D2 (£ log— . (A3
i (EIM) < D2 (EIIM) + Ogl_el_ﬁ (A3)
Proof. Reference [110] has shown that
D (pllo) < D2y (pllo) +log ————  (A4)
— max 1 —€ — €

for all 1,6, > 0, €; + /e, < 1 and all states p,o. Then,
we obtain

D (EIM) = sngi; (id ® EW)lid ® M)

Csup D2 (id® EW)lid ® M¥)) + log
Y

up inf
v F@idgeW)=1-6

@) .
<sup inf

1
l—€ — /&

1
Diax (¢]1id @ M(¥)) + log T—e_ &

Ve

1
Dmax(id ® g(‘/’)llld ® M(l//)) + IOg T

¥ F(EE)>1—€ — /€2
3) 1
< inf Diax (id ® & id @ M log———
—F(g/,?}zl_ezsl;p (d ® &(¥)lid @ M(¥)) + R I

=D2 (E|IM) + log ]

max

where we use (1) Eq. (A4), (2) the restriction of
the optimization over ¢ to the form ¢ =id ® &' ()
with F(£',€) > 1 — €, which is justified by F(id®
EW)id EW)) > F(E,E) > 1 — ¢, for every ¥, and
(3) the max-min inequality. |

We note that alternative bounds with trace-distance
and diamond-distance smoothing have been shown in
Refs. [55,112].

We also have the following alternative bound.

Lemma 17: Forall €),€; > 0 with €, + €, < 1, two arbi-
trary channels £, M satisfy

Dy (EIM) < D2, (M) + log

1
V=& -ya)
(A6)

1
—61—\/5’

(AS)

(

Proof. The proof of Theorem 4 of Ref. [111] establishes
that

Dij(pllo) < Dz (pllo) + log

A7
ima—vay

forall €;,€, > 0, €; + €, < 1 and all states p, 0. The state-
ment for the channels follows by employing the same
argument in the proof of Lemma 16. |

We also recall monotonicity properties under one-shot
channel transformations involving smooth measures.

Lemma 18 (Theorems 1 and 3 in Ref. [63]): If
there exists a free superchannel ® € Sy, such that
FOE),N)>1—¢, then for every resource
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monotone ‘Ro,

Ro(€) > RGN, (A8)
where
Ro(©) = inf  Ro(E). (A9)
In particular,
Dinax,0(€) = Dy o (N). (A10)

Now let N be a channel such that id @ N () is pure for
every pure state . If there exists a free superchannel ®
such that F(®(E),N) > 1 — 8, then

DY o(€) = DrinoN). (All)

We are now in a position to prove Theorem 1 and
Lemma 2.

Proof of Theorem 1 and Lemma 2. Theorem 1 is obtained
from Lemma 2 by maximizing the left-hand side over
7T € T and minimizing the right-hand side over 7, € T
for fixed errors €1, ¢€,. Thus, it suffices to show Lemma
2. Let 77 be an arbitrary channel for which there exists
©®; € S such that F(©1(£),77) > 1 — ¢; and let 7, be an
arbitrary channel for which there exists ®, € S such that
F(©,(713),€) = 1 — €. Then,

Dmin,@(lz—l) = Del (5)
< D2 o(E) +logf (e1,€)

=< Dmax,@(’zi) + Ing (61’ 62)’ (A12)

where in the first and the third inequalities we use Lemma
18 and in the second inequality we use Lemmas 16
and 17. |

Theorem 3 can be shown similarly.

Proof of Theorem 3. Let us first observe that the regular-
ized quantities D5  and DT o are both well defined.
This follows since Dpax0 and Dpin o are subadditive under
assumption (ii)—as can be seen from their definitions
using the additivity of Dp,x and Dpi, on tensor-product
arguments—and hence the limit in the definition of the
regularized quantities exists by Fekete’s lemma. Now, by
assumption (i), there exists a subsequence {n;}; of indices

such that limy_,  €,, + 8,, < 1. Then,

(1) LdnkJ 1

d Do (T ino (T 1474
m1n®( ) k oo ny LdnkJ mn@( )
) 1 s,
< lim —D(S k(E®)
k—o00 nk

3) 1 e,,
< lim —[ mg‘x@(é’@"") + log/f (€ nk)]

k—o0 ny

“ 1
< lim — [ max,@(T(X)[cnk]) + logf (Gnk’ 5nk)]

k—00 Ny
D i Temd Ly eren
k—oo ny  [cng] '
©cp2, (T, (A13)

where we use: (1) the fact that lim;_, , |dni]/nr = d and
that

Diino(T®4)) = D3, o(T) (Al4)

lim ;
koo | dny]
by definition; (2) Lemma 18; (3) Lemmas 16 and
17 and that lim;_ €, + 38, < 1; (4) Lemma 18; (5)
limy_, oo (1/1)f (€4, 8,,) = 0; and (6) the same argument
asin (1). ]

We remark that the subadditivity of Dpaxo under
assumption (ii) implies that DY (7)) < Dmax0(7), also
giving the general bound

max,

d D2

min,O

(T) <c Dmax,@(T)- (AIS)

APPENDIX B: APPLICABILITY TO SPECIFIC
SETTINGS

We briefly review several examples of physical set-
tings, as well as a reference channel 7, that satisfy the
conditions of Theorem 1. The examples discussed here
are either state-preparation channels with one-dimensional
input or unitaries with input and output of the same dimen-
sion, ensuring that id ® 7 () is pure for every pure state
Y. They further satisfy Dpino(7) = Dmaxo(7) and thus
serve as appropriate references for distillation and dilution
protocols that meet the conditions in Theorem 1.

Let us first consider state theories, where O is a set of
channels preparing free states (denoted by F in Sec. II).
The theory of bipartite entanglement [79], in which separa-
ble states serve as free states, takes a maximally entangled
state |®;7) = Y m~'/2 ii) as a reference state and obeys
Dinin0(P)) = Dmax.0(®}}) = logm. In the case of the the-
ory of coherence [25], where the free states are the diagonal
states with respect to a given preferred basis, a maxi-
mally coherent state, i.e., a uniform superposition of the
basis states [¢f) = > 7", m~Y/2 i), meets the condition
Dinino($,}) = Dimax0(¢,}) = logm. The theory of thermal
nonequilibrium [3] is defined by fixed temperature and the
Hamiltonian. The “work bit” represented by the eigenstate
of the Hamiltonian with the highest energy is considered
as a standard unit resource and it also satisfies the con-
ditions of Theorem 1. In fact, the above observation can
be generalized to an arbitrary state theory; every theory
with an arbitrary convex set [ of free states is equipped
with a golden state ®g014 [12] such that Dyin r(Pgod) =
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Dinaxr(®Pgola) [41]. See also Sec. VI in the main text for
further discussion on the theory of magic states.

Many important dynamical resource theories are rele-
vant to the setting of quantum communication. A cen-
tral purpose of quantum communication is to transmit
a quantum state from one party to another. In such a
scenario, the identity channel connecting the two par-
ties is considered as the most useful channel. It is then
natural to take the m-dimensional identity channel id,,
as a reference in distillation and dilution protocols and,
indeed, the identity channel satisfies the conditions in
Theorem 1 under several coding schemes that are spec-
ified by different choices of O [58,63]. For instance,
in the theory of no-signaling—assisted communication,
we obtain Duyin0(idy,) = Dmaxo(idy,) = 2logm, while in
quantum communication assisted by LOCC, separable, or
positive partial transpose codes we obtain Dy o(id,) =
Diaxo(idy,) = logm. A related setting is a framework
that quantifies how much quantum memory a given
channel can preserve [47]. This theory takes the set
of entanglement-breaking channels as free channels and
the identity channel again serves as an appropriate ref-
erence channel [53]. In relation to Sec. VI, dynamical
resource theories of magic [54,113] admit several unitary
gates as reference channels satisfying the conditions in
Theorem 1 [58].

APPENDIX C: ALTERNATIVE ASYMPTOTIC
BOUNDS

Besides Theorem 3, we can also show alternative
asymptotic bounds, which are tighter but have additional
conditions on the achievable errors. Another advantage of
our alternative bounds is that they do not require the refer-
ence channel 7 to be pure, i.e., id ® 7 (¥) does not need
to be pure for every pure state .

Let us begin by presenting some useful lemmas. We first
introduce the smoothed hypothesis-testing relative entropy
measure as

Dio(€) == inf

D¢ (EN.
F(E,E)>1-8 .0(")

(CD)

Then, we can relate this smoothed measure and the stan-
dard hypothesis-testing measure as follows.

Lemma 19: For an arbitrary channel € and all €,5 > 0
satisfying € + /8 < 1,

D5 o(€) < D). (C2)

Proof. The hypothesis-testing measure can be written
explicitly by

D __ . .
no®) = —los gt
Ti[P idDE (¥)]=1—¢
Tr[P id ® M ()], (C3)
where we define log(0 := —oco here and throughout the

paper.

Note that for an arbitrary channel &’ satisfying
F(&',&) = 1— 4, an arbitrary positive semidefinite oper-
ator P satisfying 0 < P < 1, and an arbitrary state ¥/,

TP id ® E)] — THP id ® £ ()]

1
<Slid®EW) —id®E W)

<V1I-F(&.&), (C4)
where the first inequality is because of the opti-
mization form of the trace distance %H p—ol =

maxo<p<1 T1[P(p — o)] satisfied for an arbitrary two
states p and o [114] and the second inequality is because

1
Slid® EW) —id@ W)l

<VI-Fid®EW),id®E ¥))

<V1I-F(8),

where we use the relation between trace distance and
fidelity [115] in the first inequality and the definition of
channel fidelity (10) in the second inequality. This implies
that as long as F(£/,E) > 1 -6, every P with 0 < P <
1 and state ¥ satisfying Tr[P id ® E(¥)] > 1 — ¢ also
satisfy Tr[P id ® £ ()] = 1 — € — /3. This gives

(C5)

Tr[P id ® M ()]

max min min
Me0 v 0<P<1
TP idQE(Y)]=1—€

> max min max
MeO ¢ F(E,E)>1-8

min Tr[Pid ® M(¥)]

0<P<1
Tr[P id®E’ (¥)]>1—e—/8

> max max min
F(£,8)>1-§ MO

min Tr[Pid @ M )],

0<P<1
TP id®E’ (¥)]=1—e—/3

(Co)

where in the last line, we use the max-min inequality.
Taking — log on both sides concludes the proof. |

The following result, which is a variant of Theorem 1 in
Ref. [63], is also useful.
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Lemma 20: [f there exists a free superchannel © €
Smax such that F(©(E),N) > 1 — e, then for an arbitrary
resource monotone R,

R(E) = RV W) ()
forevery 0 < § < 1, where
ROE) = inf  Re&). (C8)
F(E,E)>1-8

Proof. Let P(E,N) := /1 —F(E,N) be the sine dis-
tance of quantum channels (also known as the purified
distance), which satisfies the triangle inequality

PET) <PEN)+PWN,T) (C9)

for all channels £, /', 7 [88]. Noting that R? is a resource
monotone for all §, we can use Lemma 18 to obtain

RUE) > inf RN
PN N)=e
= inf inf  RoN”).  (C10)

PN N)<Je PN N")</8

Using the triangle inequality of the purified distance, we

obtain P(N”,N) < /e ++/§ for all channels N, \’,
N that satisfy PN, N) < /e and PIN",N") < /5.
Noting also that P(N", N) < /€ ++/8 is equivalent to
FN",N) > 1— (/€ ++/8)?, we obtain

Ry (E) > inf RoWN")
FN" N)Z1-({/e++/5)?
= RV ). (C11)
[

Remark: We can improve the triangle inequality given in
Eq. (C9). Define the following “best-case” fidelity:

Fmax(gaN) = SUPF(idR &® 5(pRA)>1dR ®N(10RA))

PRA

= mng(c‘f(p),N(p)), (C12)

where the supremum in the first line is taken over every
possible ancillary system R and the second equality is due
to the data-processing inequality, ensuring that tracing out
the ancillary system does not decrease the fidelity. The
last form in particular allows for an efficient computa-
tion via the following semidefinite program, which follows
from Eq. (C12) and the known semidefinite program for

fidelity [116]:
V Fmax(gaN)
= max E(p) X :| >0,

mas {Re[Tr[X]]‘ [ X N

XeL(H)

Tr[p] = 1} , (C13)

where L(H) denotes the set of linear operators acting on
the output Hilbert space H for the channels £ and N.
Then, we have the following inequality.

Lemma 21: Every set of channels £, N, and T with
PE,N)? +PWN,T)* < 1 satisfies

PE,T) = PE,N)VFuxN, T)
+ PN, T)y/Frax (E,N).

(C14)

Proof. Recall that the purified distance P(p,0) :=
V1 —F(p,0) defined for an arbitrary two states p and o
satisfies the following triangle inequality [108]:

P(p,7) < P(p,0)y/F(0,7) + P(0,0){/F(p,0) (C15)

for every set of three states p,o, T such that P(p,o)? +
P(o,1)?> < 1. We can employ this to obtain

PET) = maxP(d® £).id® T()))
< mwaxP(id R EW),iId QN WV Fmax N, T)
+ max P(id ® N (), id @ T W)V Fax (€, N)

= P(gsN)V Fmax(NsT)
+ PN, T)/Frnax(E,N).

(C16)

Equation (C14) is tighter than (C9) in general because
Fpax(E,N) < 1 for every £ and N. Although (C9) and
Lemma 20 suffice to establish the forthcoming results,
Lemma 21 may find use in other different settings.

We are ready to show the first alternative asymptotic
bound, which is tighter than Theorem 3 and does not
assume anything on 7, while having less flexibility in the
achievable errors.

Proposition 22: Let £ be an arbitrary input channel and
let T be some target reference channel. Let d be any rate
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of distillation such that there exists a sequence {©,}, of
free superchannels with

1 — F (©,(E%), T®") =: 5, (C17)

Also, let ¢ be any rate of dilution such that there exists a
sequence {©,}, of free superchannels with

1 — F(©,(T®1),E%") =: ¢, (C18)
Suppose that
lim §, =0, liminfe, < 1. (C19)
1
DX\ o(T) > lim lim inf [one]
n—0 k—o0 nk [cni]

> lim lim inf — D

n—0 k—oo ny max,0

|
> lim lim inf —
n—0 k—oo ny

|
> lim lim inf —
n—0 k—oo ny

|
> lim lim inf —
n—0 k—oo ny

The second inequality follows from Lemma 20, the third
inequality from Lemmas 16 and 17 and the fact that & +
(Vn+ \/Q)z < 1 holds for 5 sufficiently close to 0 and
for sufficiently large £, the fourth inequality from Lemma
18, noting that Di,,@ is a resource monotone for a fixed &,
and the fifth inequality from Lemma 19 together with that
& — /8y, € [0, 1] for sufficiently large k.

The second term of the last line, logf (£, (/n
+ ﬂ)z) /ni, vanishes at the limit of £ — oo, which also
removes the n dependence. Also, for every § > 0, we
have /8, < §' for sufficiently large k. Noting that D 0
is nondecreasing with respect to €, we can bound the last
line as

> lim lim 1nf DS g (el

8 —0 k—o0

L |1 (C23)
= lim lim inf ~3 ——pf3 (7@l
§'—0 k—oo  np |dng]
Since this holds for every & with 0 < & < 1 — €4, we can

further take limg_,¢ and use

(it e

Difﬁ (T —logf (&, (v + mﬁ)} :

Then, the following inequality holds:

d- Dfi,o@(’]') <c- Dmax@(T), (C20)
where
- 1
DY o(T) := lin?) liminf —D, o (7%,
’ —0 n—o0 ’
‘ "1 (C21)
DY o) = lim lim sup Dmax®(5®")
n—o0
Proof. Let {n;}; be a subsequence of indices such that
€00 1= limy_, o €,, < 1. Then, for every & with 0 <& <
1 — €4, We obtain
D o(TE1MT)

(E®™)
Djy o) ~logf (5. (/i + Ver)’) |

Dyt (T —logf (8, (i + yén)?) |

(C22)

(

lim lim lim inf
E>08—>0 k—oo

1 oy 3
e Dijj o (T®4mly > D (T) (C24)

to obtain

(T) = dDj5o(T). (C25)

max O

In particular, this gives a strong converse inequality
(&, TDX o(T) = dX(E,T)Djo(T).  (C26)

In the case of state transformations with mild assumptions
(cf. Appendix D), the asymptotic equipartition property

D r(®) = D,‘}O,F(dD) holds [90] and consequently we
obtain

43 (€, ®) < E(E, B). (C27)

In addition, if @ satisfies Dpinp(P®") = Dyp(O®™) =

MDpinp(P) Vm, this leads to the double-sided strong
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converse inequality

d3 (0, ®) < &F(p, ), (C28)

as we discuss in Appendix D.
Finally, if we further impose a stronger condition to the
achievable errors, we can obtain an even tighter bound.

Proposition 23: Let us consider the setting in which we
instead have the condition limy_, 8,, = limy_ €, =0
for some subsequence {n}. For every resource monotone

Ro, define

R (€) = hmhmsup SR &%,

n—oo

(C29)
RY(E) = hn}) lim mf SRE &®M).
Then,
d-RX(T) < c- Ry (D). (C30)
Proof.
—00 . .. |—Cl’lk—| 1 n ®[cng]
Ry (T) > hm hm inf ——RH(T 1T
n—>0 k—oo  ng [eng]

> lim lim inf — R0V (gemy
n—0 k—oco ny

([+ﬁ+4/5n ) (T®|.dnkJ)

> lim lim inf — 9%
n—0 k—oo ny

(C31)

where the second and third lines follow from Lemma 20.

Since limy_, o €,, = lim;_, o 8,, = 0, for arbitrary con-
stant & > 0, it is ensured that ¢, <& and §,, <& for
sufficiently large k. Since fRf; is nonincreasing with respect
to €, we can bound the last expression as

> lim lim inf — 9‘{([ 2D (T ®lnely.

n—0 k—oco ny

(C32)

Since this holds for every & > 0, we can bound the expres-
sion in Eq. (C31) by taking the limit § — 0 as

(VT+ S+ 0,)?
lim lim lim inf — ERI %0 k (T®LdnkJ)
n—=0&-0 k—oo ny

> lim lim lim inf — 9%([ 26’ (T8Ln)y

n—0&£—0 n—oco pn

d 1
= lim lim lim inf L _L_gg /728" (rolan)
n—0£§—0 n—>00 n Ld n|

> dR3(T), (C33)

resulting in the desired inequality in Eq. (C30). |

This extends and complements similar relations known
for state transformations in settings such as entanglement
[14,18] and a general class of resources [16,19]. In par-
ticular, this reduces to the intuitive bound ¢ > d when
ﬁg (T) = R3(7) > 0. Note, however, that the regular-
ized resource measure may take 0 for all channels in some
cases [117].

APPENDIX D: STRONG CONVERSE PROPERTY
OF DISTILLABLE RESOURCE

Reference [90] has discussed a generalization of quan-
tum Stein’s lemma for resource theories satisfying mild
assumptions. Using this, Ref. [15] has characterized the
asymptotic distillable entanglement under the set of nonen-
tangling operations with the regularized relative entropy
of entanglement. In fact, their argument shows more than
that—the regularized relative entropy of entanglement also
serves as a strong converse distillation rate.

Here, we extend this strong converse property to general
resource theories by combining the results in Refs. [15]
and [41] in the case when the generalized quantum Stein’s
lemma holds. This can then turn the one-sided strong con-
verse inequality in Corollary 4 to a double-sided inequality,
making both quantities—yield and cost—strong converse
rates for each other.

Before stating the result, we recall the following charac-
terization of the fidelity of distillation.

Lemma 24 ([41]): For an arbitrary convex and closed set
F, if Dininp(®) = Dy (®P) =7, then

sup F'(E(p), P)
IAS0)

= Gr(p;2"), (D)

where

Gr(p; K) := sup {Tr[Wp] ‘ 0<w=<1,

Ti[Wo] < l Yo € F} .
K
(D2)

Then, we obtain the following relations.

Proposition 25: Let IF be a set of free states that:

(1) is convex and closed

(2) contains a full-rank state

(3) is closed under partial trace and composition of free
states

Also, let ® be a state that satisfies Dpinp(P®") =
Dy p(®®™) = mDyin p(P) Vm. Then,

(p,®) = (0, D). (D3)

(D)max ®max
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In particular, for every QO C Qyax, we have that

a3 (p, @) < & (p, ). (D4)

Proof. Let Fg(p — ¢) be the fidelity of distillation from
o to ¢ under free operations O, defined as

Fo(p — ¢) :==sup F(E(p), §). (D5)
£e0
Lemma 24 and the assumed additivity of Dy, r give
FOpa (0" — ®F) = Gr(p®";2"™), (D6)

where r = Dmin,IF(cD) = Ds,IF(CD)-

Note that Gp(p; K) is a convex-optimization program
and one can obtain its dual program by following stan-
dard techniques in convex-optimization theory [118] (cf.
[90]). For operators W > 0, Y > 0, Z € cone(FF), consider
the Lagrangian

L(p, W, Y,Z)
= Tr[Wp] + Tr[(1 — MY]+ Tr[(1 — KW)Z]
= Tr[Y] + Tr[Z] + Tr[W(p — Y — K2)]. (D7)

This form leads to a dual program:

inf { Tr[Y] + Tr[Z] | Y > 0,Y > p — KZ,Z € cone(F)}

= inf{ Tr[p — KZ]4+ Tt[Z] | Z € cone(F)}, (D8)
where we define Tr[4]., to be the trace over the positive
part of the operator A. Since Slater’s condition [118, Sec.
5.2.3] is satisfied, which can be confirmed by taking W =
1/(K + 1) in Eq. (D2), we obtain

Ge(p;K) = _inf

1
Tr[p — o —Tro]l;. (D9
selnt { r[p U]++K r[a]} (D9)
Taking & = 2o for some b € R and o € IF allows us to
write
Ge(p®";2™)

— i __nrnb —r(y—b)n
oe%Fr}bfeR{Tr[p 204+ 42 }

(D10)

for all n and y. Let R (p) be the regularized relative
entropy resource measure [15,16], defined as

1
Ry p(p) := lim — inf D(p®" o), (D11)

oo n o€l

where D(p||o) is the relative entropy defined for an arbi-
trary two states p and o taking Tr[p log o] — Tr[p logo]
if supp(p) < supp(o) and +oo otherwise. Let us take y =

(1/nR3 (p) + € for some € > 0. Then, for each n, we
can take b = (1/”)Rre11F(:0) + (€/2) to obtain

GJF(,O®n ”"(Rrel F(P)+€))

< ing {Tr[ p®@" _ oADK 2o He/2)] U]+} 4 (me/2)
(XS]

— inf{Tr[p®n_ YRG PIHre/D] oy } 4 p(me/2)
oelF

(D12)

Reference [90, Prop. III.1] has shown that the first term
approaches 0 in the limit of » — oo for every € > 0.
Therefore, combining it with Eq. (D6), we obtain that for
alle > 0,

lim Fo,,, (p®" — q>®"(Rrem<P>/’+€>) —0. (DI3)
On the other hand, if we take y = (1 /r)RrelF(p) — ¢, the

optimum b for each n needs to satisfy b < y because oth-
erwise Gr(p®", ") would diverge as n — oo. Therefore,

Ge(p®™'r) = inf Tr[p — 2" FerP) =G (D14)

The right-hand side approaches 1 for every € > 0 [90] and
thus leads to

lim F@max (Io®n _ q)®n(Rf:L]F(p)/r7€)) =1 (DIS)
for every € > 0. Equations (D13) and (D15) imply
RI(:xiF(p) rel[E‘(p)
(p, @) = (p, @) = —=
@mdx @max mm,]F (CD)
(D16)
Finally, combining this with Corollary 4, we obtain
A1 (05 ) < Eer (P ). (D17)
Noting that
do (0, D) = doy (P, ), Cop (0, ®) < Co(p, D)
(D18)
for every O € Oyax immediately leads to
do(p, ®) < Colp, ), (D19)
which concludes the proof. |

We note that the fact that (l/r)Dmax@(E') is a strong
converse rate for distillation in general resource theo-
ries of channels has previously been shown in Ref. [58].
However, the relation

(D20)

and, in partlcular the fact that (l/r)Rre]F(p) constitutes
an achievable rate of distillation under O, is a very

010348-18



ONE-SHOT YIELD-COST RELATIONS...

PRX QUANTUM 3, 010348 (2022)

nontrivial result established in Ref. [90], applicable only
to resources of quantum states. It is an open question
whether an extension of this result to channel theories can
be obtained (cf. Ref. [60]). It would also be interesting
to understand whether the double-sided strong converse
bound described in this section can be shown without
relying on the generalized quantum Stein’s lemma of
Ref. [90].

APPENDIX E: PROOF OF LEMMA 5,
PROPOSITION 6, AND PROPOSITION 7

We first show Lemma 5.

Proof of Lemma 5. Suppose that Dpin p(P) = Dsp(P). By
definition of the standard robustness and the closedness of
the set IF, there exist states 7, 0* € [F such that

D 2P — o~
t= D55 (®)

(ED

Also, by definition of Dpi,p(P) and noting that
Dininr (®) = D§;)(®), one can confirm that an oper-
ator P* =Ily satisfies 0 < P* <1, Tr[P*®] =1 and

J

A(D) + [2P55 @) — 1]A(0)

Al = D55 (®)

Tr[P*n] < 27 Pminr(® vy e [F. Using this operator, define
the following channel:

A() := Tr[P*]® + Tr[(1 — P*)-]o*. (E2)
One can check that A € Oy  as follows. For every n € I,
we obtain

A(np) = Tr[P*n]® + Tr[(1 — P*)nlo™, (E3)

with

Tr[P*n] < 2_Dmin,[4‘(¢) — 2_Ds,]F(<D)‘ (E4)
The convexity of IF and the form of Eq. (E1) imply that all
states of the form
a®+ (1 —a)o*, 0<aq <2 DF® (ES)

are free states. Therefore, Eq. (E4) ensures A(n) €
F, Vi € F, implying A € Opax.

Next, we show that Tr[P*c*] = Tr[®o*] = 0. If we
apply A to 7 in Eq. (E1), we obtain

@ + [22F® — [{Tt[P*0*]® + Tr[(1 — P*)o*]o*}

2D (@)

= {27PF@ L Tr[P*o*][1 = 272 D]} @ + [1 — 27 P (1 — Tr[P*0*]) o™

Since T € Fand A € Opax, we have A(t) € F. Therefore,
the definition of D;r(®) [or, in other words, Eq. (ES)]
forces Tr[P*o*] [1 - Z_DSJF(‘I’)] < 0. Since 270sF(® < 1,
we must have that Tr[P*0*] = 0. Combining the fact
that P* > & because of Tr[P*®] = 1, we also have 0 =
Tr[P*0*] = Tr[®o*] = 0, leading to Tr[Po*] = 0.

The proof for the case of Dpinafir) (P) = Dmaxr(P)
goes analogously. The only difference is that the inequality
in Eq. (E4) becomes an equality and P* does not neces-
sarily coincide with 1. By definition of the generalized
robustness, there exist a free state 7 € F and some state
o* € D such that

[0} + [2Dmax,]F(<D) — 1]0—*
t= D () : (E7)

Also, by definition of Duyinmm) (P) := D;:,;)ff(IF)’ there
exists an operator P* that satisfies 0 < P* < 1, Tr[P*®] =
1, and Tr[P*n] < 2 Pminati®® vy e aff(F). In fact, these
conditions impose a strong constraint

(E6)

Tr[P*n] = 2~ Pminatie)(®) vy e F, (E8)
To see this, observe first that Dpip afir) (P) > 0 because in
Eq. (30), the choice of P =1 ensures Dj;(p|lo) > 0 for
all o € aff(IF) and all €, resulting in D;Laff(lF) (p) = 0 for an
arbitrary state p. This particularly ensures that

Tr[P*n] <1, Vn € aff(F). (E9)
Then, suppose that there exist two free states 5,71, €
F such that Tr[P*n] # Tr[P*n,], where we assume
Tr[P*ni] — Tr[P*n,] =: A > 0 without loss of general-
ity. Define an affine combination 7(c) :=cn; — (1 —
c)ny € aff(F) for an arbitrary real number c. This opera-
tor realizes Tr[P*n(c)] = cA — Tr[P*n,]. However, since
A >0, one could violate Eq. (E9) by taking suffi-
ciently large ¢, which is a contradiction. Thus, we must
have Tr[P*n] = const, Vn € F. Combining this with the
definition of Dpinamr) leads to the condition given in
Eq. (ES).
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Using this operator, define the following channel:

It is now easy to check that A € Oy« using Egs. (E8) and (E7).
Next, we show that Tr[P*c*] = Tr[®o*] = 0. If we apply A to T in Eq. (E1), we obtain

A(D) + [2Dmax,]F(<D) — 1]A(c™)
2Dmax.JF(cD)

A(r) =

@ + [2Pmaxr (@ _ 1] (Tr[P*0*]® + Tr[(1 — P*)o*]o*)

A() = Tr[P*]® + Tr[(1 — P*)-Jo™. (E10)
2Dmax,]F(¢)
= {27 Pmat® 4 Tr{Pro*][1 — 27Pmaxs ]} @ 4 [1 — 27 Pmaxd (D] (1 — Tr[P*0*]) 0. (E11)

Since 7 € F and A € O, we have A(r) € F. The
definition of Dy r(®) states that 27PmaxF(®) is the max-
imum coefficient in front of ® such that a mixture
with another state becomes a free state. This forces
Tr[P*o*][1 — 27 PmaxF(®] < 0. Since 27Pmaxr(®) < 1, we
must have that Tr[P*c*] = 0. Combining the fact that
P* > @ because of Tr[P*®] =1, we also have 0=
Tr[P*o*] > Tr[®o*] > 0, leading to Tr[Po*] = 0. ]

Using Lemma 5, we obtain the following simplification
of the evaluation of resource measures:

Lemma 26: Let R be a resource measure defined by

R(p) = ir;gD(p,a), (E12)

where D is a contractive measure under free opera-
tions, i.e., D(p,0) = D(A(p), A(o)), VYp,o for an arbi-
trary free channel A € Q.. Suppose that Dgyp(®) =
Diinp(P) =: r for some state ® and let o* be the state
that appears in Eq. (35). Also, let D and F be the sets of
states defined as

K<D+(1—lc)a*| 051651},

D:
- (E13)
I

|
= {ocCID—i—(l—oz)a*

OfaEZ_r}.

Then, for every p € D, we can restrict the optimization in
Eq. (E12) as

R(p) = inf D(p,0).

oeF

(E14)

On the other hand, if Dpax 7 (P) = Diinafir) (P) =: 7, then
every p € D satisfies
G :=27"d+(1-2")0"

R(p) = D(p,0), (E15)

Proof. When D;p(®P) = Dpinr(P) = r, Lemma 5 ensures
the existence of a channel A € Qp,, of the form given in
Eq. (35). Crucially, all states in D are invariant under A.
Thus, every p € D satisfies

> irégD(A(p),A(G))
= inf D(p, A(0))

> inf D(p,0)

oeF

> inf D(p,0)
oelf

= R(p), (E16)

where we use the contractivity of D in the second line, the
fact that A(p) = p in the third line, A(o) € F Vo € F due
to Lemma 5 and the definition of the robustness measures
in the fourth line, and F C F in the fifth line, leading to
Eq. (E14).

When Dax 5 (P) = Dminafiry (0) = 7, the operator P* in
Eq. (35) satisfies Tr[P*c] =27",Vo € F as in Eq. (ES).
Thus, Eq. (E15) is obtained by replacing F in Eq. (E16)
with {G}. |

We are now ready to prove Propositions 6 and 7. In fact,
we show a more general result, which immediately implies
both of the propositions and allows for the computation
of the smoothed entropic measures for all isotropiclike
states ®,.

Proposition 27: Suppose that a state O satisfies
Diinp(P) = Dyp(P) =:7 and let o* be the state in
Eq. (35). Then, every state &, = k® + (1 — k)o* with
0 <k < 1 satisfies
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0, €e=0,0<k<1,
D5 () =

O0<e<l,k=1.

(E17)

1
r—l—logl_e

Also, let nt,, and n,. be the minimum and maximum
n that satisfy Foa((n,1—n),(k,1 —«)) >1—¢€, where

Fulp,q) = (Zl ,/piqi)z is the fidelity for two classical

distributions. Then,
1
Dfnax,m(fb,() = DEJF(CD,() = max {r — log —, 0} (E18)

foralle € [0,1).
Similarly, if a state @ satisfies Duminasir)(P) =
Dmax,]F(q)) =:r, then

D atir) (Pi) = Dy o (D)

0, €e=0,0<k <1,
1
_ , €e=0,k=0,
= )1-2r
r-l—log1 O0<e<l, k=1,
—¢€
(E19)
and
1 € —r
r—logT, Min = 2775
D5 x5 (@) = 1 —n; _
max, 1 max’ € <2 ;’
Og 1_27,- nmax—
O’ 77rgnin = 27 = nrenax’

(E20)
forall e € [0,1).

We remark that one can obtain an analogous result for
smoothing with different distance measures. In particular,
the trace-distance smoothing leads to simple expressions
with n; . =« — € and nj,, =Kk + €.

Proof. Let us first consider the case when Dy p(P) =
Dyr(®) =r. Since Dj,(-||-) satisfies the data-processing
inequality, we can use Lemma 26 to obtain

€ _ : -1
DH,F(%)—logglelIrFl omax; Tr[Qr]
Tr{Q®(]>1—¢
=logmin max Tr[Qr]"!,  (E21)
ref  0=0<1
Tr{Q®(]>1—¢

where F is the set of free states defined in Eq. (E13).
Let A and P* be the channel and operator in Eq. (35).
Then, since A(®,) = &, and A(r) =7, Vr €F, if O

is a feasible solution in Eq. (E21), AT(Q) = Tr[Q®]P* +
Tr[Qo (1 — P*) is also a feasible solution giving the same
objective function, i.e., Tr[AT(Q)7]~! = Tr[Qr]~'. Thus,
it suffices to take the optimization over operators of the
form O = nP* + A(1 — P*). The conditions 0 < O < 1,
Tr[Qd,] = 1 — € are equivalent to

(E22)

Let A be the set of (1, ) that satisfies Eq. (E22). Then, we
can compute D;,F(CDK) as

log min max Tr[{nP* 4+ A(1 — P*)}
0<a<2-" (LA

x {a® + (1 —a)o*}] !

= —log max min [no + A(1 — )],

E23
0<a<27" (AneEA ( )

where we use Tr[P*®] = 1 and Tr[P*c*] = 0.
Let us first consider the case k = 1. The condition for A
in this case turns to

0<xr<l, l—e<p<l. (E24)
Then, Eq. (E23) can be further computed as
1

—log max (1 —e€)a =r+log N . (E25)
O<a<2~" -

On the other hand, suppose that e =0 and 0 <« < 1.
Then, the condition for A takes the form

O0<i<l, 0<n<l, nc+r(l—x)=1. (E206)

From this, it is clear that for the case 0 < k¥ < 1, we must
have A = n = 1, which makes the quantity in Eq. (E23)
equal to 0. In the case of k = 0, which forces A = 1,0 <
n < 1, the optimum in Eq. (E23) is achieved ata« = n = 0,
A =1, also resulting in 0. The case of k = 1 is included in
Eq. (E25); we obtain r by setting ¢ = 0.

To summarize, we show that

0, €e=0,0<k<1,
Dy (®) =

O<e<l, k=1

(E27)

r+log1_6

€

rmax > DOte that

To show the expression for D

D 5 (Pic)
= inf D¢, (D, |o)
oeF

max

=inf{logs | p<so,o eIF‘,F(,o,CD,() >1 —e},
(E28)

where in the second line we use Lemma 26 because
Dt . (-|l-) satisfies the data-processing inequality for all
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quantum channels. Consider again the map A in Eq. (35),
which maps an arbitrary state to a state in D [cf.
Eq. (E13)], while stabilizing every state @, € Dando € F
as A(d,) = &, and A(o) = . Then, p < so implies that
A(p) <sA(o) =s0,Vo € [F. We also have

F(A(p), @) = F (A(p), A(D) = F(p, ) = 1 — €.

(E29)
Thus, the optimization in Eq. (E28) is achieved
by the states of the form p=nd+ (1 —n)o*,

0 =ad+ (1 —a)o* with constraints 0<n < 1, F(p, D,)
>1—¢€and 0 <« <27". Noting that Tr[®c*] = 0 and
thus p = n® & (1 — n)o*, the condition on » can equiva-
lently be written as a condition for two classical distribu-
tions (1,1 — n) and (x, 1 — k):

FCI((nal _77)9(/(;1 _K)) = 1 —e. (E3O)
Let n;;, and 75, be the minimum and maximum 5 that
satisfy Eq. (E30). Then, we can compute D5, »(P,) as

max,

inf {logs | n®+ 1 —-no* <sfad+ (1 — ot)a*]}

ael0,277]
NEM in-Tmax]

= inf

{logs| sa —n >0, s(1 —a)— (1 —n) >0}

ael0,277]
ﬂg[’lfnj“)nrfnax]
1 —
=log inf max{ﬂ,—n} . (E31)
«e[0.27"] o l—-«a

nE[nﬁlmJlfnax]

Note that max {n/«, (1 —n)/(1 —a)} is clearly lower bounded by 1 and it is achieved when n = «. Thus,
when nf. <27, we immediately obtain Dy, z(®,) = 0. On the other hand, when ng; > 27", we always have

max {n/a, (1 —n)/(1 —a)} = n/a, and the minimization over « and n gives D

concisely be written as

Dfnax’]F(CD,() = max {

€

which concludes the proof for the expression of Df . .

€
max,

p(Pe) = r —log(1/n%,,). These can

1
r— log T,o} , (E32)

min

The smooth standard robustness can be computed sinﬁilarly. Note that D{ p(®) = inf,cr D5 p(P|l0), where

. . py + 8T )
Dip(p1llp2) := mf{log(l +5) | i Ty S P TE F, F(p,p1) =1~ 6}, (E33)
and D;F is contractive under every free operation £ € Oy, as for all states p and o,
Dir(pllo) = Dsp(pllo)
> Dsr(E(P)NIE(0))
> D{p(E(p)IE(0)), (E34)

where we set p as the optimal state realizing the standard robustness and in the third line we use that F(E(p), E(p)) >
F(p,p) > 1 — €. Thus, we can use Lemma 26 to compute DE,F(dDK) as
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inf
aef0,27"]
NEMin-max]

inf
aef0,27"]
NEM in-max]

) nl—n 1-27
inf max{—, ——,

a€f0,277] 0 l—a 1 -2«

nE[nfmnmﬁmx]

= log

where in the first line, we use the notation A4 <p
B <= B — A4 e cone(IF). When 5, <27", we imme-
diately obtain D5y (®,) = 0, which is achieved at a« = 7.
On the other hand, when n;. > 27", we have n/a >
1-n)/0—-a)and n/a > (1 —2"n)(1 — 2"a), in which
the minimization over « and 5 results in D§(P,) =7 —
log(1/nmin). These two can be combined as ’

1
D§p(®,) = max {r —log —, 0} ) (E36)

min

The proof for the case when Dpinafir) (P) = Dmax 7 (P)
goes analogously, where we basically change the region
of optimization over free states from F to {6} defined in
Eq. (E15). Since Dj,(pllo) satisfies the data-processing
inequality even if o is not a positive operator [63], we can
employ the same argument as that in Lemma 26 to obtain
Tr[Q5]"',  (E37)

D;,’am«) (®,) = log sup

0<0<1
Tr[QPy ]>1—€

where we use that the map A in Eq. (35) transforms all 0 €
aff(IF) to 6. We can then restrict the optimization to Q =
nP* + L(1 — P*) with the condition given in Eq. (E22).
Recall that A is the set of (A, n) that satisfies Eq. (E22).
Then, we can compute D;,aﬁ(F) (d,) as

log sup Tr[{nP* + A(l — P27 ® + (1 —27")o*}]"!
(rmeA

= —log inf [n277 4+ A(1 =271)]. E38
og  Inf A[n + A( )] (E38)

When « = 1, the condition on .4 becomes Eq. (E24). Then,
we evaluate this as

—log [(1 — 6)2”] =r+ log (E39)

l—¢
On the other hand, whene€ = 0and 0 < x < 1, we are con-
strained to A = n = 1, leading to value 0. When x = 0, we

have A =1, 0 <n <1, giving log[(1/(1 —27")]. When
k =1,wehave 0 <X <1,n =1, giving r.

{logs‘ sa —n=>0,s(l —a)—(1—n)=>0,

I

{logs | n® + (1 — n)o* <p s[a® + (1 — a)o™*]}

sl—a)—(l=n) _,
s —n -

2

(E35)

Noting that the above argument gives the same conclu-
sion for Dy  as well, we reorganize the above form to
reach

D;I,aff(]F) ((DK) = D?{,[F(q)ic)

0, €e=00<« <,
1
_ 10g1—2—1” €e=0,k=0,
r—|—log1 , 0<e<l1,k=1.
—€
(E40)
As for Dy, . we follow the same argument up to

Eq. (E31) to obtain

inf
NEMin>Tmax]

n l—n
D p(®i) = log max { e 2_r} .

(E41)

If n,, = 27", we always have n/27" > (1 —n)/(1 —27")

and thus Dp, p(®) =log(ng;,/27"). If npa <277,

we always have /27" < (1 —1n)/(1 —=27") and thus

DS (@) = log[(1 — 150/ (1 = 27N If 5, <27 <

Miax»> then Dy o () = 0, which is achieved at n = 27"
Summarizing, we obtain

r — log — Niin =277,
. r?in
Dmax’F(CDK) = IOg 11 _nzn’ia:’ Ufnax < 2_r9
0’ nrenin = 27 = nrgnax’
(E42)
concluding the proof. |

The generality of Lemma 26 has wide applicability
beyond the above measures. As an example, it allows us
to provide an exact evaluation for a measure based on the
trace distance.

Proposition 28: Define the trace-distance measure
Rus(p) 1= minger 5110 = 0 ll1. If Dinins (P) = Dye(®) =
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ror Dmin,aff(F)(qD) = Dmax,F(q)) =:r, then

Rep(®)=1-27". (E43)

Proof. For the case when Dy p(®) = Dsp(P) =: 7,

1
Ry p(®) = min 5”(1) —olh

oeF

= min
0<a<2—"

1 *
EIICP —[e®+ 1 —a)a*] Iy
= min (1 —a)

O0<a<2—7"

—1-2", (E44)

where in the first line we use Lemma 26 and in the third
line we use that Tr[®o] = 0. The case for Dpin afr) (P) =
Diax r(P) can be shown analogously. [ |

APPENDIX F: PROOF OF THEOREM 8

Proof. The proof combines Proposition 6 and the argu-
ment in Ref. [23]. For two states ®, &, € T, consider the
following sequence of transformations:

(FD)

Let A, and A, be free transformations corresponding to
the first and the second transformations above. Define the

purified distance P(p,0) := /1 — F(p,0), which satis-
fies the following triangle inequality [108]:

P(p,T) < P(p,0)/F(0,7) + P(o,T)\/F(p,0) (F2)

for every set of three states p,o, T such that P(p,o)* +
P(0,1)? < 1. Applying this to our setting, we obtain that

A1 o A, € O achieves the transformation ®, TE) @, with

2
¢:=[Val-a+/al-a. )
whenever €; + €, < 1 is satisfied. Moreover, €; +¢; < 1
ensures € < 1. This can be shown as follows. Direct
calculation gives

€ =€ +e+2 /66 [\/ (I—e)—e€)— «/6162] .

(F4)

Let us change parameters as A :=1 — (€} + €;) and p :=
€1€,, which behave as independent variables under the con-
dition that (1 — A)> —4p > 0,0 < A < 1, p > 0, noting
that €, €, are solutions of the quadratic equation x> — (1 —

A)x 4+ p = 0 while satisfying €;,¢; > 0 and €] + €, < 1.
Then, we obtain

1—e’=A—2ﬁ(,/A+p—ﬁ). (F5)
This gives
9 N_q_ NP
a—A(l—e)_l m>0, (F6)

implying that 1 — €’ is a strictly increasing function of A
for an arbitrary fixed p. Since (1 — €')|a—¢ = 0 for every
p, we obtain that 1 — ¢’ > 0 for all €; and ¢, satisfying
€1+e < 1.

Therefore, for every dilution operation A, with error €,
and distillation operation A with error €;, we obtain

Dinin(®1) < Dfy (D)

= Dmin,]F((DZ) + lOg (F7)

1—¢€’
where the first line follows from Lemma 18 and the second
line from Proposition 6. Optimizing over all feasible A
and A, and using the definition of distillable resource and
resource cost gives the desired relation:

dg (p) < cg(p) + log (F8)

1—¢"
[ |

APPENDIX G: COMPARING THE BOUNDS IN
THEOREMS 1 AND 8

Here, we show that the bound in Theorem 8 is always
tighter than the bound in Theorem 1.

Let us first compare the expression in Theorem 1 valid
for € + €, < 1 and the bound in Theorem 8. Comparing
the denominators of the expressions inside the logarithm,
we obtain

(1-¢)-(Vi—e-va)
= —2¢1 + 2616 — 2/ e162(1 — &) (1 — €7)
+2Ve(1—€)
=2/a(—e) |l - Vel —a)|-2a0-e)
=2/a(-e)|1-Val-a) -Val-a|
=2/a—a) (1-v),

(G1)

where €’ is the one introduced in Eq. (F3). As shown
in Appendix F, we have ¢’ < 1 (and thus 1 — /€’ > 0)
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for all €; and €, satisfying €; + €, < 1. This implies that

(1 - e/) - («/1 — € — ﬁ)z > 0 and, in particular,
1 -2
/<log<\/l—62—\/a) ,

— €

log 1 (G2)

fore; +e6 < 1.

We next compare the expression in Theorem 1 to the
bound in Theorem 8 for €; + /€, < 1. Direct calculation
gives

(1) (1-a-va)
=€ + e — [\/61(1 —e)+Vel( —61)]2

=Ja —a+26 —2/aa(l —a)(l —ea).
(G3)

Let us define g(e1, ;) := (1 —€¢') — (1 — € — /&) and
consider varying €; for a fixed €,. Although we are inter-
ested in the region 0 < €; < 1 — /e, let us consider an
extended region 0 < €] < 1 — ¢, as a domain of g(ey, €3).
Since 1 — /e < 1 — €, if we can show that g(e;,€) > 0
for 0 <€ <1 —¢, then g(e1,65) >0 for 0 <e; <1-—
€2 automatically follows.

Since g(0,€) =g(l — €y, €) = /e, — € > 0, it suf-
fices to show that g(-, €;) > 0 at local minima. Since

€1,€
81g 1, €2

o e(l —e)(1 —2¢€)
Jee(l —e(l —e)

o« 2v/erer(1 —e))(1 — €2) — (1 — €)(1 — 2¢y),
(G4)

the local minima occur at €] such that

2\/6;62(1 —en(l—e) — (1 —e)(1 — 260 =0, (G5)
for which we obtain a simplified form of g(e7, €2) as

g(e],e) = Je& — e+ 26efe; — (1 — ) (1 — 2¢7)
=& — 1+ 26, (G6)

Equation (G5) can alternatively be written as

—1+ €+ [\/e;(l — )+ \/62(1 — 6;)]2 =0, (G7)

leading to

(G8)

Jau—e)=a-ya)/i-q.

for the region €] < 1. This gives the expression of the local
minimum as

1 —
= — Y2 (G9)

2

Plugging this into Eq. (G6) gives
g€l &) = 0. (G10)

This concludes the proof that (1 —€¢') — (1 — € — /&)
> 0 for all €; and e, satisfying €; + ,/e; <1 and, in
particular,

1
<log—— . (G11)

lo
e = %1 - /o

APPENDIX H: PROOF OF LEMMA 9

Proof. Let us write A € Qpax N S(P) as

A() = Tr[P]® + A(), (H1)

where Tr[P®] = 1 and A € CP.Leto € Fbe an arbitrary
free state. Since A € Qp,y, We obtain

Tr[Po]® + (1 — Tr[Po]) T € F, (H2)

where we define a state T := A(0)/ Tr[A(0)] and use that
Tr[A(0)] = 1 — Tr[Po] because A is trace preserving.
Since this holds for every free state o, the first expression
of Dmaxr in Eq. (1) implies that

Tr[Po]™! = 2Pmaxr(®  yo e F. (H3)
Note that
2PminF(®) — min max T !
oer 05Q§1 foo]
THQ®]=1
> ma inTr - H4
2 Jmax min [Qo], (H4)
THO®]=1

where the inequality is due to the max-min inequality.
(This can be made into an equality by further using the con-
vexity of IF, the linearity of the trace, and Sion’s minimax
theorem—which, however, we do not need here.) These
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give

2PminF(®) > max  min Tr[Qo ]!
0<Q<l o€F
THOd]=1

> min Tr[Po ]!
oeF

2 2Dmax,]F(‘D)’ (HS)

implying that Dpin p(®) > Diaxr(P). On the other hand,
note that Dpin p(P) < Dpmax r(P) for every @ because

Dmin,]F(cD) = (iTIGI{;Dmin(q> llo),

Dmax,]F(q)) = ingDmax(q)”O')s (H6)
[oAS

Dmin(q)||0) =< Dmax(q)||0) VCD,O‘.

These result in Diyin p(P) = Dmax r(P). The proof for D,
goes analogously.
Furthermore, A®” takes the form
A®" = Tr[P®".]1D®" + A/("), (H7)

where A’ is another completely positive map. Noting that
0 < P®" <1, Tr[P®"®®"] = 1, and

A =(A®d® - ®id)o((d®A® - ®id)
o--ro(id---®1d® A), (H8)

is in Oy because A is completely free, we obtain A®" €
Omax N S(®®"). Thus, by using the same argument, we
obtain Dpin p(P®") = Diax r(P®") for every positive inte-
ger n. ]

APPENDIX I: PROOF OF PROPOSITION 10

Proof. Let us define the group twirling operation

20 = /G dg Ug) - Ulg)', (11

where the integral is taken over the Haar measure of
the group G. We first show a general form of how the
twirling operation acts on an arbitrary state p [in particular,
Eq. (I11)]. Although Eq. (I11) has already been presented
in Ref. [119, Sec. 2.6], here we provide a self-contained
explanation for completeness.

An arbitrary unitary representation {U(g)}4cc of a finite
or a compact Lie group G can be decomposed into a
direct sum of irreducible representations [120]. Accord-
ingly, the Hilbert space on which each U(g) acts admits

the following decomposition:

H=PH,H", (12)
"

where w labels the irreducible representations, Hl(j)
denotes the subspace on which each irreducible represen-
tation acts nontrivially, and HL’") denotes the multiplicity

subspace. We write the dimensions of H(’ and H{" as
(r) (m) i
d;’ and d;", respectlve'ly.
Each U(g) can be written as

U =P uYe e (13)
1

Also, Schur’s lemma [120] imposes a structure to every
symmetric state o satisfying U(g)o U(g)" = o Vg as

1™
o =Dz o, (14)
i 14

where {g,,},, is a probability distribution, n¢" is a quantum
state, and 17 is the projector onto (.

It is easy to see that every output of the group twirling
operation is a symmetric state because, for every g € G,

Uz (o), = [ de'Uie)Uig U Ue)
= /G dg'U(ggpU(gg")’
= fG dg'U(g)pU(g"!
= E(p), (15)

where in the third line we use the left and right invariances
of the Haar measure.

Let us also define the projection onto invariant sub-
spaces as

PO =Y 1001 Y 101", (6
I 1
The projection turns every state p into the form

Pp) = @ Puo™, a17)
y72

where {p,}, is probability distribution and o™ is
a quantum state acting on M) ® H(". Also, the
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forms of Egs. (I3) and (16) imply that U,P(p)U} =
P(ngUg) Vp,Vg € G and hence

EoP(p) =PoB(p)

= E(p) (8)

for every state p, where in the second line, we use the fact
that E maps every state to a symmetric state, which has the
form given in Eq. (I4). Then,

E(P(p))
@/dgpu U(r)(g)@)]l('")] (r,m)

x[UP @@ 1] (19)

E(p)

Since E(p) is a symmetric state having a structure of
Eq. (14) and U} in Eq. (19) acts only on M’ nontrivially,
we must have

[ den [0 01010 [0 @127
G

]1(’) -
_ m
pﬂdl(f) ®J s VM:

(110)

where o := Tr,[0,/""] and Tr, denotes the partial trace
over the system with (. Therefore, we obtain

(m)

(r)
Zpu (r)

(V)
— Z (r) ® Tr, [P(,O)]l(r) ]l(m)]

E(p) =

]1 (r)

= Z e ®Tr, [p1V ®1™]. (111

We now show that this group twirling operation satisfies
the condition for the operation that appears in Lemma
9. By assumption, |®) is an eigenvector of U, with
eigenvalue e%¢ for every g € G. This implies that |®) is
in the invariant subspace of U(g) corresponding to the
one-dimensional irreducible representation {e/®z JeeG- We
assign the label w* for this representation. Then, every
U(g) has the form

i 1 (M)
U(g) = (6 L

implying that there exist df:'f) simultaneous eigenvectors of

Dy Ug) (2) ® ﬂLm)) , (112)

all U(g)’s with eigenvalues {e?¢},. Using the assumption

that |®) is the unique simultaneous eigenvector with eigen-
values {e"¢},, we identify dl(:'f) = 1. Noting d;(;*) =1 and
111(;2 = &, we obtain from Eq. (I11) that

()

1
E(p) = Tr{p®]® + ) —= 5 - ®Tr, [p17 @ 10"].

uFEP R

(113)

The second term is a completely positive map. Also, the
convexity of O and the assumption that U, - U; € O imply
that E € O C Opax. Thus, we can apply Lemma 9 to
conclude the proof. |

APPENDIX J: PROOFS OF PROPOSITIONS 11-15
We first show Proposition 11.

Proof of Proposition 11. The face state is the +1 eigen-
state of the Clifford unitary K := SH, which cycles Pauli
operators as X — Z — Y. This implies that one can con-
struct the dephasing map A with respect to |F') and the —1
eigenstate |F) of K of the form

1 1 _
3P+ 21<,01<T Tr[Fp]F + Tr[(1 — F)p]F.

(2]

A(p) =

Since this is realized by a probabilistic application of the
Clifford gate K, it is a stabilizer operation and thus A €
@,1. We obtain the statement by applying Lemma 9 or,
alternatively, Proposition 10. ]

This idea can be employed to prove Proposition 12.

Proof of Proposition 12. Consider a t-qudit system with
local dimension d. Since ¢ is a stabilizer state, there exists
a Clifford unitary U such that |¢) = U|0)®’, where |0) is
the +1 eigenstate of {2/ }¢—§ with Z := Y"{") &2/ |j) (j .
Since U is Clifford, ¢ is the 41 eigenvalue of the #(d — 1)
generalized Pauli operators { U’ Zf{ U }k , where Z; is the Z

7/
operator that only acts on the kth qudit and acts trivially on
the other qudits. Since V is in the third level of the Clif-
ford hierarchy, ¥ is the unique +1 eigenstate of #(d — 1)

Clifford unitaries {Wlﬁ Z’ U V} . Let W]k =iyt Z’ uv

and |yz) := VU|zZ) with z € {0 — 1} be another
eigenstate of Wy parametrized by Z, satisfying Wi 1Yz) =
e2™/4 |yfr=) . The uniformly random application of Clifford
unitaries {]_[2:1 VI/jkk}j]-njt works as a dephasing among
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{v:}; because

ltd_l > (]’[VE)W 0z |(H ,kk>

k=1

27ji(zk—2;)/d
-~ 3 [

St k=1

‘ d—1
1 i27j (zp—z,)/d
D[] ;lze J Gk}
k=1 Jj=0
= V=) (Yl J2)

Thus, it acts as a projector onto {y;}; as

) (HW’“‘> (H M) PMIEIERICI

(J3)

Importantly, this is a free operation because any []}_, ]kk
is a Clifford unitary. On the other hand, this is clearly in
S(y) and thus we can apply Lemma 9 or, alternatively,
Proposition 10. ]

Next, we prove Proposition 13.

Proof of Proposition 13. The crucial property of the Hog-
gar state is that it has a completely flat representation in the
Pauli basis, in the sense that

1
|{Hog|P|Hog)| = =, (J4)

for every nontrivial Pauli operator P # 1.

On the one hand, we know that Hog is a maximizer of
Dy, with Dgp . (Hog) = log [77]. On the other hand,
we consider the stabilizer norm [121], defined for every
n-qubit operator 4 as

1
Il = o Y ITr(A P, J3)

PeP

where P denotes all n-qubit Pauli operators. Crucially,
since any stabilizer state satisfies ||o ||y < 1, we can define
the set

FP = {G | 020, Tro =1, |o]s < 1} 2 IFstab- (J6)

Then Dyinr,,, (P) = Dminrp (0) for every state p.

Then take the Hoggar state, which can be written as

|Hog)(Hog| = —3 1+ Z Leior p

PeP\{1

(7

and consider any state o € Fp, which can always be
written as

1+ > zP|, (J8)

PeP\{1}

022—3

with ", |zp| < 2% — 1 since ||o || < 1. Then,
2_Dmin,]Fp(H0g) < (HOg|O‘|H0g>

1 1.
§ i¢)
2—3 1 + ge PZP

PeP\({1}

213 [1+;(23—1)}

1 7

8
5
=, J9
12 2
Using the fact that Dgp_ (Hog) > Dyayr,,, (Hog) >
Din iy, (H0g) > Diyin . (Hog) concludes the proof of the
first part of the result.

To show the second part of the result, note that the Hog-
gar state |Hog) is the +1 eigenvector of all unitaries in the
group generated by two unitaries with order 7 and order 12
[104], defined as

IA

| /\

0O 0 1 0 —i 0 0 0
0 0 i 0 -1 0 0 0
0 0 0 — 0 -1 0 0
@0 0 0 -1 0 —i 0 0
Ll 00 0 0 0 —i o}
-0 0 0 0 0 1 0
0O i 0 0 0 0 0 -I
o 1 0 0 0 0 0 i
J10)
0 0 0 0 I i 0 0
0 0 0 0 -1 i 0 0
I = 0 0 0 0 0 0
. @|-1 - 0 0 0 0 0 0
Up = — . ,
s2lo o 1 i 0 0 0 o
0 0 -1 i 0 0 0 0
0 0 0 0 0 0 1 —i
0 0 0 0 0 0 —1 —i
J11)
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where @ = e?™/%. Let us call this group G and consider
the representation {Ug}eeq that has the identical form to
the element of the unitary group G. As one can explic-
itly check, U, has a one-dimensional +1-eigenspace with
the unique +1-eigenvector |Hog), meaning that the Hog-
gar state is the unique simultaneous +1-eigenvector of all
unitaries {Ug }geG-

Since U7 and U, are Clifford unitaries, G is a sub-
group of the three-qubit Clifford group and hence U,
Ogwp Vg € G. Noting also that Qg is completely free
[113], we can apply Proposition 10 to conclude the
proof. |

We now focus on qutrit states. First, we show Proposi-
tion 14.

Proof of Proposition 14. The Strange state is a fidu-
cial state for a SIC P20VM for dimension 3. Recall
that a set {|v;)(y; |}”I__0l of projectors is called a
SIC POVM if (1/d) Y, ;) (y;| = 1 and | (Yslyy) P =
(dé; +1)/d + 1. Moreover a SIC POVM is called covari-
ant with group G if any state |v;) in the SIC POVM can
be constructed by applying some unitary representation
Uy,»gi € G to a fiducial state [vo) as Uy, [Vo) = |v;). The
SIC POVM generated from the Strange state is covariant
with respect to the Heisenberg-Weyl group and the Strange
state is stabilized by a subset of the Clifford group that is
isomorphic to the special linear group SL(2,Zs), which
is the set of matrices with unit determinant the entries of
which are over Zs3 [105]. It has been shown that there is
a one-to-one correspondence between any F € SL(2,7Z3)
and a Clifford unitary U (up to global phase) acting as

UrDy U}, = Dpy., (J12)
where Dy = Dy, , = —e™/9X*17% [105,106]. Noting that
the projectors in the SIC POVM generated from the
Strange state can be parametrized by k as |yy) (¥k| =
Dy 1S)(S| D} and

Ur 1Y) (¥l Up = UpDy Uy [S)(S| Up Dy UL
= |Yri) (Vrxl
|S), we obtain that, for k # 0,

(J13)
where we use that Ur |S) =

1

A =— Urync UL
W = STa 7] > UrnUp
FeSL(2,Z3)
1
=3 Z Vi
K'#0
31— |S)(S]
= —. J14
. (J14)

In the third equality, we use the fact that {%wk}k consti-
tutes a POVM and thus ), i = 31. The second equality

follows from the following observation. The set of Clif-
ford unitaries of the form (J12) is the collection of all
possible mappings from a Pauli operator to another Pauli
operator. This means that a certain given nonidentity Pauli
operator Dy can be mapped to an arbitrary nonidentity
Pauli operator Dy by some Ur. Let Uf(’l)k, }.X| be the set
of Clifford unitaries that map Dy to Dy as'in Eq. (J12),
where Ny is the number of such Clifford unitaries, and
set that Uf(”)k, Uf(’lk, for j; # j,. The second equality of
Eq. (J14) is equivalent to showing that Ny takes the same
value for all k' £ 0. Suppose, to the contrary, that there
exists kK’ such that Ny > Ny for all K” # K'. Pick an arbi-
trary k" with k” # K" and let { Uy i}k be a fixed set of
unitaries that satisfies

Uk’—)k”Dk’U%k/_)k// = Dyr. (JIS)

This implies that for every j, Uy x» Uf(’ ) K maps Dy to Dy

and thus is a member of the set {U” Moreover, we

LS
have

Uk -k Uf(“jk, # Ui U

ok Y1 FE 2,

U(/z)

>k = Ykok?
lating the assumption. This implies that for every Uﬁi}k,,
we can construct a corresponding element in {U{ Mot
which are distinct from each other for different values of ;.
This shows that we must at least have Ny > Ny but this
violates the assumption that Ny > Ny. This concludes the
proof that Ny takes the same value for all k' # 0, leading
to the second equality in Eq. (J14).

On the other hand, for k =0, we obtain A(yg) =
A(S) = S. Since {%Wk}k is informationally complete, any
state p can be expanded as

(J16)

because otherwise it would result in U(’ X vio-

p=7) b J17)
K
This gives an action of A for an arbitrary state p as
31-8
A(p) = coS + (1 —co)
1 —
=1 —-€)S+¢, J18)

2 >

where we set €, := [3(1 — ¢¢)]/4. In order for A to be lin-
ear in p, €, must have the form ¢, = Tr[H p] for some
Hermitian operator H. Combining this with the conditions
A(S) =Sand A (1 —95)/2) = (1 — S)/2, we obtain

1-S5
A(p) = Tr[Sp]S + Tr[(1 — S)p]T, J19)

showing that A € S(S).
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Moreover, (1 —S§)/2 is a stabilizer state because
A(]0)(0]) = (1 — §)/2, while |0) is a stabilizer state and
A is a stabilizer operation. Indeed, we explicitly find

1-§5 1
— = Z(IO)(Ol + ) (] + xz) ez + ez (2],

2
(J20)

where |x), [xz), |xz?) are the eigenstates of X with eigen-
value +1, XZ with eigenvalue ¢?*/3, and XZ? with eigen-
value e 27/3 respectively, defined as

1
= —(10) + 1) + |2
lx) ﬁ(|>+|>+|>)

xz) = %um + e TR 4723 2))  (121)
€
V3

These allow us to apply Lemma 9 to obtain the statement.
The value for Dyinr,,, (S) can be explicitly calculated by
computing the overlaps between the Strange state and all
the pure stabilizer states and taking the logarithm of the
inverse of the maximum overlap.

Ixz%) := —=([0) + €3 |1) + &27/3 |2)).

Finally, we show Proposition 15.

Proof of Proposition 15. Dsp . (N) < log % is obtained by
noting that

1 1
INY(N| + 7 [+){(+| = §(|1)<1I + |xz") (x2'| + |xzZ") (xzZ')),
(J22)
where
1
= —(]0 1 2
[+) ﬁ(|)+|)+|))
|xz') := i(|o> + 2731 + 12) (323)
V3
xzz') 1= = (10) + e 23 |1 + [2)

V3

are stabilizer states. On the other hand, the optimization in
Dhnin g, 18 achieved by

_ 3
Dhinr,, (N) = log (N|xzz') > = log 5 (J24)

Use of the inequalities DpyinFy,, (V) < DmaxFyy (V) <
Dy, (N) concludes the proof.
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