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Abstract

We consider a general resource theory that allows the use of free resource as a catalyst. We
show that the amount of ‘resource’ contained in a given state, in the asymptotic scenario, is
equal to the regularized relative entropy of resource of that state, which then yields a straight-
forward operational meaning to this quantity. Such an answer has been long sought for in
any resource theory since the usefulness of a state in information-processing tasks is directly
related to the amount of resource the state possesses in the beginning. While we need to place
a few assumptions in our resource theoretical framework, it is still general enough and includes
quantum resource theory of entanglement, coherence, asymmetry, non-uniformity, purity, con-
textuality, stabilizer computation and the classical resource theory of randomness extraction as
special cases. Since our resource theoretic framework includes entanglement theory, our result
also implies that the amount of noise one has to inject locally in order to erase all entanglement
contained in an entangled state is equal to the regularized relative entropy of entanglement,
resolving an open question posted in [Groisman et al., Phys. Rev. A. 72: 032317, 2005]. On
the way to prove the main result, we also quantify the amount of resource contained in a state
in the one-shot setting (where one only has a single copy of the state), in terms of the smooth
max-relative entropy. Our one-shot result employs a recently developed technique of convex-split
lemma.

1 Introduction

A question that is commonly asked in Physics is how a certain property of a physical system can
be used to achieve useful tasks, and how to quantify the amount of such a property in a meaningful
way. Various areas in Physics have developed methodology to answer these questions relevant
to their own areas; however, many of the approaches are difficult, sometimes even impossible, to
employ outside of their respective fields. Quantum resource theory then emerges when quantum
information theory is found to provide a unified platform for characterizing the resource [II 2]
because in a nutshell, they can all be viewed as interconversion of different system states with
system-dependent constraints. Since then, individual resource theory has been able to characterize
targeted properties in some information-processing tasks using entropic quantities defined on system
states.
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The core of a resource theory is built upon two main system-dependent requirements for the
resources and allowed operations; namely, (i) the existence of a set of states that are free and
those not in the set are expensive; and (ii) the allowed operations are those that map the set of free
states to itself. Various resource theories have been developed in the past decade. The most notable
example is the resource theory of entanglement [3], where the set of free states corresponds to the
collection of separable states and the allowed free operations are the local quantum operations and
classical communication (LOCC). These two classes of states and operations have attracted stand-
alone interests besides resource theory [4, 5]. Under this resource framework, one can then ask the
amount of valuable resource (cf. quantum entanglement) possessed by an entangled state relative to
the set of free states (cf. separable states). This question motivates the scenario of injecting noise
locally to the system in order to destroy the quantum entanglement, i.e., the randomness cost. A
complete characterization of this question has remained open; though, gapped upper and lower
bounds have been provided in the asymptotic i.i.d. setting in Ref. [6]. It is worthwhile to mention
that investigation of a variant of the above setting, where the local noise is used to destroy the
total correlation in an entangled state, relates the minimal randomness cost to the quantum mutual
information [6]. This seminal result gives the first operational meaning to this entropic quantity and
advances significantly our understanding of entanglement theory. Being able to answer the optimal
randomness cost to bring entangled states to separable states thus bears equivalent significance,
if not more important, since the existence of entanglement is believed to make quantum systems
superior to their classical counterparts and the amount of entanglement is generally linked to its
information-processing power [7]. Likewise, this crucial question of the amount of valuable resource
possessed by a state relative to its free resource is then adhesive to every resource theory, be it
quantum coherence, thermodynamics, etc.

One can view the above erasing framework as a restricted model of state transformation, where
the final state belongs to the free resource [§, [9]. In the general model of state transformation, it
has been demonstrated that not every state transformation is possible, and could become possible
if a catalyst is involved [10]. Even if the transformation process is possible in the beginning, adding
catalyst would likely make the process much more efficient. Therefore, individual resource theories
have included catalyst in their formalism [11}, 12].

We thus consider a general resource theory framework that allows free resource being used as
a catalyst. We demonstrate that this framework includes previous major resource theories of (i)
entanglement [3], [0, [13][T4], (ii) coherence [15] [16] 14, [17], (iii) thermodynamics [I8], 19, 20} 211 22}, 23],
(iv) non-uniformity [II], (v) purity [24], (vi) randomness extractors [25] 26], (vii) contextuality [27],
(viii) asymmetry [28] and (ix) stabilizer computation [29] as special instances. Treating resource
theory in a general framework enjoys the major advantage that the resource conversion tasks done
for one particular resource can already be adapted to other resources almost trivially. Hence, it
has started to attract more attention [8],[9]. We establish that the entropic quantity, the reqularized
relative entropy of resource [§], characterizes the amount of useful resource in a given state relative
to its free resource in the asymptotic i.i.d. setting. In other words, if one has infinitely many copies
of the same state, the randomness cost (per copy of the state) for erasing the resource contained
in the given state and bringing it to the closest free state is equal to this entropic quantity. This
yields a crucial operational meaning to this entropic quantity. Since the resource theory of quantum
entanglement is a special case of our framework, our result directly provides the missing answe
to the minimal randomness cost for erasing the amount of entanglement in an entangled state to a

'"We remark that an independent work for this answer can be found in Ref. [30]



separable state, a question first posted in Ref. [6].

We also obtain matching upper and lower bounds on the randomness cost if one only has a
single copy of a given state, i.e., the one-shot scenario. Our one-shot bounds are given in terms
of smooth max-relative entropy; hence our result also provides a new operational meaning to this
quantity in the resource theoretic framework. We emphasize that being able to obtain matching
one-shot bounds in such a general resource theory framework is rare [8], and is due to the technical
tool: the convex split lemma [31]. This again provides another excellent example that quantum
information theory helps in the understanding of quantum physics.

The paper is organized as follows. Section Bl contains assumptions required for our catalytic
resource framework. We then define our information-processing task of quantifying the amount
of resource and present our main theorem. We also discuss several individual resource theories
as special cases of our framework. Section Bl contains definition of entropic quantities and useful
lemmas required in the proofs. The proofs of our main result are given in Sections @H6l We conclude
in Section [Tl

2 Catalytic Resource Framework and Main Results

The question that we will answer in this general catalytic resource theory framework is how much
resource is contained in a given resource state p (relative to its free resource). This question is
crucial, as this amount directly relates to the power the state p possesses in achieving information-
processing tasks.

We first present assumptions that we have to make in our resource theoretic framework. It
is apparent that if no limit is set on the allowed operations and free resources, then it is almost
impossible to obtain useful characterization, as also noted in Ref. [8]. Thus, we need a sufficient
(yet small) number of assumptions to keep the theory interesting.

Our framework for both single-partite and multi-partite settings is discussed below, with the
assumptions on free resources and allowed operations. Our assumptions capture the requirement
we impose on an experimenter (or experimenters in the multi-partite setting) who wants to quan-
tify a useful property of his/her physical system. For this, we start with the natural experimental
framework, where the experimenter has decided upon the global Hilbert space and its tensor decom-
position into several Hilbert spaces (for example, as ‘physically separated’ Hilbert spaces). Given
this framework, we impose the conditions that are to be satisfied by the set of free resources and
the allowed unitary operations. It is important to note that the conditions are only for a given
framework; we do not restrict the choice of the global Hilbert space and its tensor decomposition
by the experimenter.

For the notations and definitions used in this section, please refer to Section [Bl

2.1 Single-partite case

As discussed above, an experimenter starts with a collection of quantum registers and performs
operations on them. The joint state lives on a global Hilbert space H. This Hilbert space possesses
an ordered decomposition into r systems H = H1 ® Ho ® ... H,. Given the Hilbert space and its
ordered decomposition (the order of the decomposition may matter in a given physical scenario,
hence we take it into account), we define the set of free states and allowed operations. The definition
is analogous to the postulates given in Ref. [§].



Definition 1 (Single party resource theory). Fiz an integerr > 1. Given H = H1@Ho®. .. H, and
registers My, My, ... M, where M; corresponds to H;, the set of free resources and free operations
are as follows.

1. For every non-empty ordered set L = {s1,s2,...5} € {1,2,...7} (where {s1,52,...51/}
are increasing sequence of integers), let Hp = Hs, @ Hsy @ ... ’HS‘L‘ and Fr, C D(Hy) satisfy
the following properties. For brevity, we set My, := Mg Ms, ... M,

CTSIL
(a) Fr is a convex and closed set.
(b) For any L' C L, Fpy @ Fp\p C Fr.

e This assumption states that if two quantum states are free resources, then their
tensor product is a free resource as well.

(¢) For any ony € Fr and L' C L, Tryy,, (ony,) € Frap-

e This assumption states that if a quantum state on more than one registers is a
free resource, then we obtain a free resource by partial trace over a subset of these
registers.

(d) It holds that % € Firy, where |M,| is the dimension of register M,..

e Under this assumption, we require the maximally mixed quantum state to be a free
resource on the last register.

2. The complete set of free resources is F := UpFr.

3. For a fized L, the free operations U, are defined as the set of all unitaries U : Hy — Hp that
satisfy

(a) 0 € F = UcU' € Fy.
(b) U €Uy, if and only if UT € Uy,

4. The set of all free operations are U := UrlUf.

We remark that these assumptions we required are natural and mild [8]. Above, we also observe
that the set Uy, (for every L) forms a group.

Now we are in a position to formally define our task, that we call an (g, log |.J|)-transformation
of pyr to F.

Task 2. Let € > 0, r > 1 be an integer and fix a Hilbert space H with decomposition Hi ® Ho ®
... ®H,, which is chosen by the experimenter. Let the register M correspond to Hyr = Hy, register
J correspond to Hy = H, and register E correspond to Hg = Ho ® ... H,_1. An experimenter
holds a quantum state ppr. Using a state ppy € F, she applies a unitary U € U to obtain a joint
quantum state O prpy:

Oumes = Ulpy @ pups)UT.

It is required that there exists a oy € F such that Pur(©yp, onE) < €, where the chosen distance
measure is defined in Equation (). The number of discarded qubits is log|J|.



In above task, no restriction is made on the transformation of the free resource state pugs. But
in many cases, it is desirable that this quantum state be returned close to its original form and
hence act as a catalyst. For example, the framework of catalytic decoupling [32] studies such a
scenario. Our achievability result shall belong to such class of transformations. Hence we have the
following definition.

Definition 3. Task[d is said to be a (e,log |J|)-catalytic transformation of pyr if kps = e @ pg
and oy p = oy ® pg for some oy € F.

Task 2 is motivated by the work [6], which considered the problem of transforming a bipartite
quantum state pf% into a product state pan ® ppn with the aid of shared randomness and local
unitaries. It was shown that the number of bits of randomness required (in other words, the
randomness cost) is = n-1(A : B),. Task Plis along the lines of the framework considered in above
work, but with an additional freedom of allowing the use of additional free resources that can aid
in the transformation of the desired quantum state. Moreover, when the register J is classical (in
a more precise sense to be discussed below), we can interpret log |.J| to be the randomness cost of
the protocol. In Definition [B] we have provided further restriction that the free resource (expect
for the randomness used) be returned with small error.

We provide a near optimal characterization of the randomness cost of Task [2] in Theorem
below. Our achievability protocol requires a further assumption related to the last register (and its
connection to rest of the registers), as this register serves as the source of ‘classical randomness’.
This assumption is as follows.

Assumption 4. Invoke the notation in Definition [ Then there exists a canonical basis B =
{11),12),...14r)} on H, (where £, is the dimension of H,) such that

1 Ny
F = conv Z ZU]UU; ® ’j><]‘MT 10 € f{1’27...7«_1},Uj S u{1,2,...r—1} y
J

and the experimeter only performs an operation from the set

Lr

Z Uj @ 17) (il Uj €EUpa, ro1y
j=1

Moreover, suppose it holds that Fy; = Fyiy for all j < r. Then opym,..m, € F implies
O'Mle...Mj,le+1...MT- c ffO’I” allj <7r.

Under this assumption, all the states ugy € F in Task [ are classical-quantum states, with
register J being classical and p; being diagonal in the canonical basis. Thus, the assumption allows
us to interpret log |.J| as the randomness cost of the protocol. We have the following theorem.

Theorem 5. Fize,d > 0, and a quantum state pys.

o Achievability: Suppose Assumption[f] holds. Then there exists an (¢ + 0,k + 2log %)-catalytz’c
transformation of par to F , where k := ming ;e r D5 0 (parllonr).



e Converse: For every (e,log|J|)- transformation of pyr to F, it holds that

lOg|J| > min Dfnax(pMHO-M)7
o EF

'” Assumpt’ion 18 true. Otherwise,
l | | > 1 1 E[I ( || )
O J min ]) 1% g .
g - 2 o EF ax M M

The proof of this theorem is given in Section @ Now we consider the asymptotic i.i.d. properties
of our results.

Definition 6. Suppose Assumption [4] holds. We say that the asymptotic randomness rate of cat-
alytic transformation of par is R, if for every e > 0, there exists an ng(e) such that for alln > ng(e),
there exists a (e,nR)-catalytic transformation of pj\ej[" to F. Define the following relative entropy of
resource:

E(p)= inf D
(p) ,inf_ (palloar)

and the reqularized relative entropy of resource:

1
E>®(p) = lim —E(p§").

n—oo N

Let F,, denote the set of free resources for the register M™ := M x M x ... M. Define the constant

C(F):= lim E inf | log 7| co-

n—00 N TEFp
Using Theorem [l we obtain the following.

Theorem 7. Suppose the resource theory F is such that C(F) < co. Then for a quantum state
pum s the asymptotic randomness rate of catalytic transformation of p is given by E*(p).

It completely characterizes the per copy randomness requirement in the asymptotic i.i.d. setting.
The proof is given in Section Bl Moreover, we show that the number of qubits of catalytic free
resource grows only polynomially in n (Theorem [28]).

2.2 Multi-partite case

Our formalism also extends to the multi-partite case. We consider the case of t parties and introduce
some minor modifications to Definition [[l and Assumption @ Let H be the global Hilbert space in
the multiparty setting. We start with a decomposition of H = H1 @ Ha ... ® H,, where H; is a
Hilbert space shared by all the ¢ parties.

Definition 8 (Multi-partite resource theory). Fiz an integer r > 1. Given
H=H1@Hs...®H,

and registers M{M? ... M}, MIMZ ... ML, ... M}IM? ... Mt, where M} M? ... M} corresponds to
H; and M is held by j-th party, the set of free resources and free operations are as follows.



1. For every non empty ordered set
L= {s1,82,...5)} €{1,2,...7}

let FI, C D(Hs, @ Hsy @ ... @ Hg,) satisfy the following properties. For brevity, we let My, be
the register corresponding to set L.

(a) Fr is a convex and closed set.
(b) For any L' C L, Fpy @ Fp\p C Fr.
(¢) For any onry, € Fr and L' C L, Tray, (our,) € Fryp-
2. The complete set of free resources is F := ULFL.
3. For a fixed L, the free operations Ur, are defined as the set of all unitaries U that satisfy
(a) 0 € F = UoU' € Fy.
(b) U € Uy, if and only if UT € Uy,
4. The set of all free operations are U := UrlUf.

In an analogous fashion to Task 2] we define the multi-partite task.

Task 9 (An (e,log |J|, t)-transformation of pyrias2 st to F). Lete >0, 7 > 1 be an integer and fix
a Hilbert space H with decomposition H1QHs . ..QH,., which is chosen by the experimenters. Let the
register MY M? ... M* correspond to Harnz e = Ha, register JiJo ... Jy correspond to Hy, j,...5, =
H, (with register J; held by i-th party) and register E correspond to Hp = Ho @ Hz ... @ Hy—1.
The experimenters share a quantum state ppripz. - Using a state pgyg, .5, € F, they apply the
unitary U € U to obtain a joint quantum state © ypinr2 arepg, g, 0,

Onrar By Jode = Upariarz. ant @ g ge.0)U".

It is required that there exists a oy ypep € F such that Pur(© e yep, onipe. mte) < €,
where the chosen distant measure is defined in Equation ().

We can similarly define a catalytic transformation in this framework.

Definition 10. Task[@is said to be a (g,log |J|, t)-catalytic transformation of pyriyrz. e of RET .. d, =

WE @ gy Jy..d, Ond Oppip2. vt = Oppip2. at @ p for some oy e € F.
We will also need the following assumption for achievability protocol.

Assumption 11. Invoke the notation from Definition [8. There exists a canonical basis Bj =
{11),12),...16:)} on Hi (where the dimension £, of Hi is independent of j) such that

¢
1 T
" k=1
and experimenter only performs an operation from the set

{Z Ur ® k) (klap @ [R)(Klaz @ - [R) (Klagg = U € u{l,2,...r—1}} :
k
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For brevity, define

Lr

T o= 5= ) k) klagy ® k) (Klagz @ - ) (Klagg
" k=1

Moreover, suppose it holds that F(;y = Fyy for all j <r. Then

o F
M M2 MY MM MY, MIM2. Mt €
implies

Mt

2
M g+

2 Mmimzomt €F

(o 2 2 1 2
M}M2. M MIM3 .M, .M} M?_ | M}

b MMM M)

1
forall j < r.
We are now in a position to prove the following theorem.
Theorem 12. Fix e,0 > 0, and a quantum state pyrip2 pgt-
o Achievability: Suppose Assumption [[1] holds. There exists an (¢ + d,k + 2log %,t)-catalytic
transformation of pypipg2. e to F, where k :=ming o eF Diax(Paraez. aelloam e, e )-

e Converse: For every (e,log|J|,t)-transformation of pyriarz. st to F, it holds that

log|J| > min Dy (paraz arellonae. ),
T2t €F

if Assumption [T is true.

The proof of this theorem follows similar to the proof of Theorem Bl and is given in Corollaries
and 27 in Section Bl

2.3 Known resource theories

To conclude this section, we show that our general resource framework includes at least the following
individual resource theory.

1. Resource theory of entanglement [3| [0, [13],[T4]: In this resource theory, the set of free states, F,
is the collection of separable states. The perfectly correlated state I, 5 is a separable quantum
state for all £ > 1, and hence is a free resource. The formalism also extends to multi-partite
entanglement, where the free resources are convex combination of product quantum states.

2. Resource theory of coherence [I5], [T6] 14, I7]: In this resource theory, the set of free states, F,
is the collection of diagonal states in a pre-determined basis. This is captured by Definition
[, where we choose a basis on each Hilbert space H; and take the free resources F;; to be the
set of diagonal quantum states. The properties such as being closed under partial trace and
tensor product are easily seen to be satisfied. Moreover, maximally mixed state is diagonal
in any basis, and hence belongs to the free resources.



. Resource theory of asymmetry [28]: In this resource theory, the set of free resources are the
states that are invariant under some group transformation. To construct Fyy) for some ¢ > 2,
one fixes a group G with a unitary representation {Uy }4c¢ in dimension ¢. The set Fiey is the

collection of states o that satisfy UgaUg = 0. The resource theory can then be constructed
on tensor product of such Hilbert spaces (see Section 2.B in [28]). To verify the partial trace
condition (Item 1(c)), let oar, ar, be such that (U; ® Vg/)a]\/[l]\/fz(U;r ® VgT,) = onM,- Then

o, = Tran(omne) = Trag <Ug ® Vg o m (U] @ VJ))
= Tra, (Ug ® VI Vg )or s, (U] @ 1)) = Tra, (Ug © Do, (U © 1))
= UgomU}.

Symmetry under permutation of registers of identical dimension can also be verified in similar
way, as o, M, must be invariant under Uy, @ Uy for all g, ¢'.

. Resource theory of nonuniformality [I1] and purity [24]: In this resource theory, the only free
state is the completely mixed state. This is easily captured by Definition[Il This is equivalent
to the formalism of randomness extractors [25] 26].

. Resource theory of Thermodynamics [I8] 19, 20, 21, 22| 23]: In this resource theory, the
e PH

free states are Gibbs quantum states, that are states of the form pg(H) = Tr(eFH) for an
arbitrary Hamiltonian H > 0. To capture it in Definition [Il we assign a Gibbs state as the
only free resources in the set Fy; (for all 7). Thus, for a system with 7 registers, the free
resource is ®!_;ps(H;). The condition that U ®!_; pg(H;)UT = ®I_ps(H;) is equivalent
to the condition [U,Y; H;] = 0. Moreover, this also implies [UT,3". H;] = 0. Finally, the
maximally mixed state is a Gibbs quantum state with Hamiltonian H = 0. This establishes
consistency with Definition [I1

Theorem [ applies as long as C(F) < oo. For a Gibbs state pg(H), it holds that
1 1og ps(H)lse < ||IBH oo + log Tr(e™H) < ||BH |00 + log d,
where d is the support size of the Gibbs state. Thus, Theorem [ applies for bounded || H |-

. Resource theory of contextuality [27]: In this resource theory, the free resources are the set
of conditional probability distributions that can be described ‘classically’ (a notion that is
made more precise in [27]). All the conditional probability distributions in this theory satisfy
a consistency condition (which can be viewed as an analogue of the non-signaling condition
in the case of non-locality). It can be observed that the set of free resources satisfies the
conditions in Definition [1, being convex and closed under permutations and tensor product.
Uniform probability distribution (or the maximally mixed state) also belongs to the free
resource.

. Resource theory of stabilizer computation [29]: In this resource theory, the free resources are
the convex hull of the set of all pure states that can be generated by the action of a Clifford
unitary on a standard state (for example, |0)). Thus, maximally mixed state belongs to this
set. This set is convex and closed. The free resources can be extended to the tensor product
of registers along the lines as discussed in [28].



3 Preliminaries

Let H4 be the Hilbert space associated to a register A. Let |A| denote the dimension of H 4.
Let D(H,4) be the set of all normalized quantum states acting on H,4. For two subsets F4 C
D(Ha),Fg € D(Hp), let FAR Fp :={pa®@op :pa € Fa,op € Fp}. Let U :Hy — Ha be a
unitary operator acting on H 4.
The definitions below have been adapted from the references [33| 34, 35, 36 37, [38, 39] For
pa,04 € D(H4) such that supp(pa) C supp(o4), its relative entropy is given by
D(palloa) := Tr(palog pa) — Tr(palogoa),

and is equal to infinity otherwise. Similarly, the relative entropy variance of p4,04 € D(H4) is
defined as

V(pllo) := Tr(p(log p — log 0)2) — (D(pl|o))?,

when supp(p4) C supp(ca).
The max-relative entropy of pa, o4 € D(Ha) such that supp(pa) C supp(oa) is

Diax (palloa) :==inf{\ e R: Noa > pAt-

The smooth max-relative entropy DZ .. (palloa) is

D c(palloa) :=  sup  Duax (P4lloa)
P EB(pa)

where the e-ball, B%(p4) := {p/s| Pur(pa, p'y) < €}, is defined via the purified distance

Pur(pa,o4) := /1 —=F%(pa,04). (1)

In the above, F(pa,04) := ||\/pPa\/T4ll1 is the fidelity between two states.
We will use the following facts.

Fact 13 (Triangle inequality for purified distance, [39]34]). For quantum states pa,o4,TA,
Pur(pa,oa) < Pur(pa,7a) + Pur(ra,04).

Fact 14 (Uhlmann’s Theorem, [40]). Let pa, 04 € D(Ha). Let |p){plap € D(Hap) be a purification
of pa. There exists a purification |0)(0|ap of 04 such that,

F(10)(0]as, |p)(plas) = F(pa,oa).

Fact 15. Let pa,04 € D(Ha) and pap € D(Hap) be an extension of pa. Then there exists an
extension oap of o4 such that

F(pap,oa) =F(pa,oa).

Proof. Introduce a register C' and consider a purification |p)(p|apc of pap. There exists a purifica-
tion |o)(o|apc of o4 such that F(|p){p|lapc,|o){c|apc) = F(pa,oa), due to Uhlmann’s Theorem
(Fact [[4)). Thus, o4p is the desired extension due to the relation

F(pa,oa) > F(pap,oaB) = F(lp){plasc,|o)(o|asc) = F(pa,0a).

10



Fact 16. Let py,04 € D(Ha) and pap € D(Hap) be a classical-quantum extension of pa, that is
PAB = D_; PPy ® |4)(j|B, where pa = > pjply. Then there exists a classical-quantum extension
oA of o4 such that

F(pap,oa) =F(pa,04),

and supp(op) C supp(pp)-

Proof. From Fact [[0] there exists an extension o’y 5 of 04 such that F(pap,0'y5) = F(pa,o4). Now,
consider the map A : B — B defined as A(wp) = >, [7){(jlws|j){(j|. Observe that Iy @ Ap(pap) =
pap. Define o/} = 14 ® Ap(0’y5). It holds that o’j5 is a classical-quantum extension of o4.
Moreover,

F(pa,04) > F(pan,oap) > F(pan,oap) = F(pa,04).

Let IIp be the projector onto the support of pp. Define the quantum state oap := %.
B

Observe that o4p is also a classical-quantum extension of 04 and supp(op) € supp(pp). Then

F(pap,oap) = Tr <\/\/@UAB\/@>

1
= ——Tr v/ Mo’y ,11g./
Tr(a%HB) (\/ PABLLBO ypllB PAB>
1
= —Tr VPABO' o/
Tr(a%HB) (\/ PABO 4B PAB)
1
= ——F o)
Te(opTip) (paB,oAB)
> F(pap,ohp)-
This completes the proof. O

Fact 17. Let © 4 be a bipartite quantum state. Let Ilg be the projector onto the support of ©p.
Then
Oap <X |B|O4 ® 5.

Fact 18. Let © 4p be a classical quantum state with B as the quantum part. Let Ilg be the projector
onto the support of ©p. Then

Oap 204 ®1p.
Fact 19 (|35, B36]). Let € € (0,1) and n be an integer. Let p®", c®™ be quantum states. Define
2

B(z) = [*_ 67; dt. It holds that

Diax (0" |09™) = nD(pllo) + v/nV(pllo)@~(¢) + O(log n),
2

Fact 20. For the function ®(z) = [ \/%2 dt and € < %, it holds that |®~1(e)| < 24/log 2—15

Proof. We have

—z ,—t2/2 0o ,—(—x—1)%/2 0o ,—(—1)%/2
®(—z) = / C—dt= | et < e—r2/2/ IR

Thus, ®~1(g) > —2,/log 2_15’ which completes the proof. O
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Fact 21. Let p1 be a quantum state and {€,E&s,...} be a collection of quantum maps. Define a
series of quantum states {pa, ps, ...} recursively as p; = E;(pi—1). It holds that

Pur(pi, p1) < (i — 1) max-{Pur(&(p1), p1) -
Proof. Consider

Pur(p;, p1) = Pur(&i(pi—1), p1) < Pur(&i(pi-1), Ei(p1))+Pur(&i(p1), p1) < Pur(pi—1, p1)+Pur(&i(p1), p1)-
This completes the proof. O

Lemma 22 (Convex-split lemma [31]). Let ¢ > 0, ppr and oy be quantum states, n be an integer
and k = D% . (palloar). Consider the following quantum state

1 n
TMyMs...Mp = E E pMj ®UM1 ®O-M2---®O'Mj,1 ®O'Mj+1 ®0Mn
=1

where Vj € [n] : pum; = pur and oy, = opr. Then,
2k
Pur(Tanagy . My, 00t © Oty - @ Oag,) S €44 —

4 Proof of Theorem

4.1 Achievability

Theorem 23 (Achievability). Fiz e,d > 0 and par. Suppose Assumption [j] holds. There exists an
(e+ 9,k +2log %)-catalytic transformation of py to F, where k := min,,,cr DS . (parllonr).

Proof. Let n = %I; and let o7 € F be the quantum state achieving the minimum in the definition
of k. Let J be a random variable taking values uniformly in {1,2,...n}. Introduce registers
My, My,... M, = M. Let pan e, M, = af&" be the quantum state in F which an experimenter
uses as a catalyst.

The protocol is as follows. Experimenter introduces the quantum state par, as,. 0, ® %’, which
belongs to F due to Definition [ (Item 1(b)). Controlled on the value j in J, the experimenter
swaps register M with M;. This operation belongs to U from Assumption dl Let the resulting
global quantum state be Taras, My, 0, 7. We have Taran My M, = OM @ Tar, Mo M. M, and

n
1
TMiMs.. My = E PM; QO QOMy - QOM;  @OM;,, - O,
j=1

Using convex-split lemma (Lemma [22]), this allows us to conclude that
Pur(7an M. M, » Jf\%”) <e40.
This completes the proof. O
ok

Remark 1: The number of qubits used as a catalyst in above task is log [M] - 5.
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4.2 Converse Proof

In this section, we prove a converse bound for resource transformation, showing near optimality of
Theorem We will separately consider the cases where Assumption M holds and where it does
not.

Theorem 24. Fiz an ¢ > 0. For every (e,1og |J|)- transformation of ppr to F, it holds that
log |J| > min Dfnax(pMHO-M)’
oM EF

if Assumption[]] is true.

Proof. Consider any protocol that starts with quantum states pys ® pupy and applies the unitary
U := zj U; @ 15)(jls (where U; : Hg @ Hyr — HE ® Har) to obtain Oypy = U(py @ pe)UT.
By Assumption ] ppy is a classical-quantum state with J being the classical register. There exist
oymp € F such that Pur(©yp,onmp) < e.

From Fact [I6] there exists a classical-quantum extension @’M gy of op e (that is, @’M £ = OME
and J is the classical register in ©’, ;) such that

Pur(@MEJ,Q/MEJ) :Pur(QME,JME) <e. (2)

Since O’y is a classical-quantum state, it holds by Fact [I§ that

I I
ey S Oup @1y =|J] oy ® ﬁ = Duax <®/MEJHUME ® |7J|> <log|J].
From this, we conclude that
I
Dina (TrEJ (UT @;MEJU> I Tr5 (UT <aME ® ﬁ) U)) < log |J]. (3)

From Equation (@),
Pur (TrEJ (UT@QM,EJU> ,pM) < Pwr(UT0)5,U, prr @ ppy) = Pur(®y57, Omes) <e.  (4)

From Definition [ (Items 1(a), 3),
I 1
Try <UT <aME ® ﬁ) U> =17 > Ul(onp)U; € F.
J
Thus, again from Definition [I (Ttem 1(c)),

I
TI‘EL]<U<O'M®,U/E®ﬁ>UT>E.F. (5)

Combining Equations @), ) and (Bl), we obtain

UI,niEI‘lFDfnax(pM”Ug\J) < log ‘J‘
M

This completes the proof.
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Now we consider the converse bound without Assumption @

Theorem 25. Fiz an € > 0. For every (E,lOg ’J’)- tmnsiormatz’on of PM to }, it holds that
1 ’J’ > _1 in D¢ ( ” )
(6] min g .
g/l =g min Diaxlparlion

Proof. Consider any protocol that starts with quantum states pys ® pupy and applies the unitary
U € U to obtain Oy gy = U(py @ pey)UT. There exist oy p € F such that Pur(©yp, onp) < €.
From Fact [I5] there exists an extension @3\4 gy of omEe (that is, @’M r = omE) such that

Pur(@MEJ,Q/MEJ) =Pur(Opyp,onE) <e. (6)

It holds by Fact [I7 that

I I
gy 2Oy @1 =2 onp ® ’—j’ — Dy (@'MEJHUME ® ﬁ) < 2log | J|.

From this, we conclude that

I
Dinax (TTEJ <UT@§V1EJU> [ Tres (UT <0ME ® ﬁ) U>> < 2log|J|. (7)

From Equation ([@]),
Pur <TI'EJ <UT@3\4EJU> ,,OM) < Pur(UT@SWEJU, oM @ ppy) =Pur(0)y 5, Omes) < e (8)
From Definition [l (Items 1(b), 1(d), 3),
f L
Tr; (U UME@m U)eF.

Thus, again from Definition [ (Item 1(c)),

I
TI"EJ<U<O'M®,U/E®ﬁ>UT>€]:. (9)

Combining Equations (), [8) and (@), we obtain

min_D5,o(parllody) < 2log]J].

Om

This completes the proof.

5 Proof of Theorem 12

Achievability

The proof of achievability follows along lines similar to proof of Theorem We state it as a
corollary.

14



Corollary 26. Fiz e,§ > 0 and pypipe. ppe- Suppose Assumption [[l holds. Then there exists an
(e+d,k+2log %, t)-catalytic transformation of pypaz. At to F, where

k= min Dinax(Parinez arellonraez. are)-
Oplp2. mt€

Proof. Let n := §—f§ and o2 ¢ € F be the quantum state achieving the minimum in the
definition of k. The experimenters possess the state I, ; in registers JiJs ... J;, such that |J;| = n
for all 4. Introduce registers M7, M3, ... M} = M*. They use the quantum state

. ®n
Kz Mt MEM3 . M, MMM = T2,

as a catalyst. The protocol closely follows the protocol given in the proof of Theorem 23], where the
party ¢ swaps the registers M* and M]Z controlled on the value j in register J;. It can be verified
from Definition 8 and Assumption [I1] that all these operations belong to F and /. The proof of
completeness follows similarly using convex split lemma (Lemma 22]). O

Converse
Using argument similar to that of Theorem 24] we have the following corollary.

Corollary 27. Fiz an e > 0. For every (g,log |J|,t)- transformation of pysipz. At to F, it holds
that

log |J] > min Diax(Part vz el o a2 aat)s
Tpin2. it €F

if Assumption [11] is true.

Proof. Consider any protocol that starts with quantum states ppsip2. 2t ® g, J,...5, and applies
the unitary U = >, Uy ® |k)(k|s, @ |k)(k|s, @ ...|k)(k|s, (where Uy : Hpypppz apt @ HE —
Haraz. vt @ HEg) to obtain © v viep, g0, = Ulparivz. et © gy gs...0,)UT. By Assumption
0O uxrJg,g,.., is a classical-quantum state with registers JyJy...J; being classical and py,j,. 7,
belonging to supp(l;¢). Furthermore, there exists a quantum state opip2 tp € F such that

Pur(@M1M2thE, O-Mle...MtE) S E.
From Fact [I6] there exists a classical-quantum extension 1,2 5 T ds of oy MtE
. / _ . . . . /
(that is, ©) 1w = Oaiarz. mep and JiJs ... Jy s the classical register in O}y gy )
such that

/
Pur(©npine vt Bg go. i ®M1M2,,,MtEJ1J2___Jt) = Pur(Oynprz amip, onimz. mie) < € (10)

Moreover, supp(©’; ;, ;) € supp(ls;). Thus, by Fact

/ /
M2 MBS T gy SO0z e @11
which implies
/
Dunax (Ohriarz. artgge. s lo0ine. e @14) < loglJ].
From this, we conclude that

Dmax (TrEJ1J2---Jt (UT@lMlMZ...MtELth...JtU) ”TrEJ1J2---Jt (UT (O-MlM?...MtE’ ® I|J\,t) U)) < log ’J’
(11)
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From Equation (I0),

Pur <ﬁEJ1J2...Jt <UT@3W1M2...MtEJ1JQ...J;:U> 7pM1M2...Mt>

!/
< Pur(UT@MlMQ,,,MtEJ1J2,,,JtU7 Prry2. vt @ :uEJ1J2...Jt)
/
=Pur(Oy e aep gy g g OV M2 MBS T 0,) S E- (12)

From Definition [ (Items 1(a), 3),

1
Tl“Jljzmjt <UT (UMlMQ...MtE & I\J|7t) U) = m Z U]i‘(O-MlM?..MtE)Uk e F.
k
Thus, again from Definition § (Item 1(c)),
Tres, g, <U (O‘Mle___Mt ® ,U/E & I‘J|7t) UT) € F. (13)

Combining Equations (1), (I2) and (I3)), we obtain

o min . Divax (Pariarz. art |0 ppe i) < log|J].
MIMm2.. Mt

This completes the proof.

6 Proof of Theorem [Tl

First we show that the number of qubits of catalysts scales only polynomially in the number of
copies of the quantum state to be transformed.

Theorem 28. Suppose Assumption[]] holds. Let e,y > 0 be such that v* < & and m be a sufficiently
large integer. For every pyr, there exists a (,m(R + 7))-catalytic transformation of pj\ej[m to F ,
such that the number of qubits of catalyst used upper bounded by

. 2logm -V .m2-V-(12?+v)

M ¥
| M| p

)

where R := ming,,cr D(pumllon) and V := V(pum|loy,), where o}, achieves the minimum in the
definition of R.

Proof. Fix a quantum state o, € F and let

o 2lorm Vipulow)

DI (8 2m
2 .k = Ditax(pyfllons) + 2log R

Let J be a random variable taking values uniformly in {1,2,. .. 2'“}. Introduce registers My, M, . ..
such that each M/ is equivalent to ¢ copies of M. Experimenter introduces the quantum state
®q-2F
o= (O’®q)M{ ®... (0®q)M2rk.
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She generates % copies Ji,Ja,...Jm of the random variable J. Let P be the (%,k)—ca‘calytic

transformation protocol for p%], as guaranteed by Theorem The desired protocol P’ is as
follows, where the quantum state p%m is divided into % blocks as

Pt = (0% Dan @ (0%, @ - (%) Mo -

q
Here, M; is equivalent to ¢ copies of M for all i € {1,2,... %}
1. Seti=1.

2. Experimenter introduces the random variable J; and runs the protocol P for the i-th block
with quantum state (p®7) ;.

3. She throws away the random variable J;.
4. Set i + i+ 1. Go to step 2.

Let © be the quantum state on registers Ml,Mg,...M%,M{,Mé, ... M, after the protocol
ends. For iteration i, let P/ be the overall quantum map applied on these registers after step 3
finishes. Observe that P, acts only on registers M;, My, My, ... My,. From Theorem 23] we have
that

Pur (7321 ((p®q)Mi ® J%qak) (0%, @ 05\3}[‘1'2’“) <&

Thus, from Fact 211,

Pur(®, (0%, @ ... (69w @ (@) @ . (6%),) <

q

Thus, the protocol achieves an (g, mTk)-catalytic transformation of pj\ej[m. The theorem now follows
from the following upper bound on k.

= 2
ko= Di(pif o3 +2log —
_ €q 2m
< q-Dlpallons) + Va-Vipulloa)@ ™ (52) + Oflog )
2m m
< 0 Dloullonn) +fatog 2 Vipulows) + Ollog )

1. 2 log =
T <D<,oM|raM> + \/ “log =2 V(purllowr) + O<—">)
q £q q
< q¢Dpumllom) +7),

where we have used Facts [ and 20} the choice of ¢ and the relation 72 < ¢.
U

Now we provide optimal asymptotic i.i.d. analysis of Task 2l For this we require the following
result, essentially proved in [41], and restated in our setting.
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Lemma 29 ([41]). Let p,p € D(Hum) be quantum states on register M with ||p — p'|ly == ¢ < &.
Let F C D(Har) be a convex set. Then it holds that

1
| inf D(pllo) — inf D(p'||o’)| <e <logM + inf || log7'||oo> + clog — + 4e.
oeF o'eF TEF €

Using above lemma, we have the following theorem.

Theorem 30. Suppose Assumption [§] holds and C(F) < oo. Then for every par, the asymptotic
randomness rate of catalytic transformation of par is equal to

1
lim — minD(p%"o).
T~ minD(p5 o)
Proof. The upper bound follows by applying Theorem to the quantum state pj\ej[". For the
lower bound, we appeal to the converse in Theorem [24] to conclude that for the (¢, nR)-catalytic
transformation of p%’j[" to F, we require

1. 1
R > —min Dl (pf o) = —min DF (37" |o).

Now, observe that

minDf(p¥"|le) =min  min  D(Y||lc) = min minD(y||o).
min D7) = mip min, D/lo) = min minD(y/lo)

Let p' € B°(p%') be the quantum state that achieves the minimum above. From Lemma 29} it
holds that

1 51
—[D(p'lo) = D(p*"[lo)] < £C(F) + clog M + —elog —.

Thus,

1 5 1
> —minD(p%"||o) — e(log | M — —elog —.
R = —minD(py/'||o) - e(log |M] + C(F))) — —elog -

Letting n — oo and € — 0, we conclude the proof.

7 Conclusion

In this work we quantity the amount of ‘resource’ contained in a given state, in terms of regularized
relative entropy of resource, in a general resource theoretic framework that allows to use free resource
as a catalyst. This then yields a new operational interpretation to this entropic quantity, which
has a nice geometric interpretation. Our general catalytic resource framework, while having some
restriction on the free resource and free operations, is still general enough to include several well-
developed resource theories in the literature, including resource theory of entanglement, resource
theory of coherence, resource theory of non-uniformity, classical resource theory of randomness
extraction, etc.

Our main result follows by first providing a one-shot bound that characterizes the amount
of randomness required in order to erase the resource contained in one copy of a given state.
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The one-shot bound is given by smooth max-relative entropy. This also gives the smooth max-
relative entropy a new operational meaning in the resource theoretic framework. To the best of our
knowledge, this is the first one-shot result that works for a general resource theoretic framework.
This result is obtained via the convex-split lemma.

Answering the amount of useful resource possessed by a given state is just a first step toward a
general resource theory. Understanding what other information-processing tasks could be done in
this general framework is thus a meaningful and fruitful open question.
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