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Abstract— We give the first systematic study on the second
order asymptotics of the operational task of coherence distilla-
tion with and without assistance. In the unassisted setting, we
introduce a variant of randomness extraction framework where
free incoherent operations are allowed before the incoherent
measurement and the randomness extractors. We then show
that the maximum number of random bits extractable from a
given quantum state is precisely equal to the maximum number
of coherent bits distillable from the same state. This relation
enables us to derive tight second order expansions of both
tasks in the independent and identically distributed setting.
Remarkably, the incoherent operation classes that can empower
coherence distillation for generic states all admit the same second
order expansions, indicating their operational equivalence for
coherence distillation in both asymptotic and large block length
regimes. We then generalize the above line of research to the
assisted setting, arising naturally in bipartite quantum systems
where Bob distills coherence from the state at hand, aided by
the benevolent Alice possessing the other system. More precisely,
we introduce a new assisted incoherent randomness extraction
task and establish an exact relation between this task and the
assisted coherence distillation. It strengthens the one-shot relation
in the unassisted setting and confirms that this cryptographic
framework offers a new perspective to the study of quantum
coherence distillation. Likewise, this relation yields second order
characterizations to the assisted tasks. As by-products, we show
the strong converse property of the tasks above from their second
order expansions.
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I. INTRODUCTION

CENTRAL problem of a general resource theory [1] is

resource distillation: the process of extracting canonical
units of resources from a given quantum state using a choice
of free operations. The usual asymptotic approach to studying
problems in quantum information theory is to assume that
there is an unbounded number of independent and identically
distributed (i.i.d.) copies of a source state available and that
the error measure asymptotically goes to zero. However, for
many practical applications there are natural restrictions on the
code length imposed, for example, by limitations on how much
quantum information can be processed coherently. Therefore
it is crucial to go beyond the asymptotic treatment and
understand the intricate tradeoff between different operational
parameters of concern.

In general, suppose a quantity of interest is given by
R(p®™,¢) which is a function of the sequence of states
{p®"}en and the error threshold e. The typical information-
theoretical study focuses on finding the asymptotic rate
Ri(p) = lim._olim, %R(p(@”, ¢). Together with a
strong converse property, this is equivalent to expanding
R(p®",e) = nRy + o(n) where R; is called the first order
coefficient. An estimation to the order o(n) is usually unsatis-
factory in the case with limited resources, motivating us to fur-
ther investigate the second order expansion, a refined estima-
tion of R(p®",¢) to the order o(y/n). More precisely, we aim
to find an expansion R(p®",e) = nRy + v/nRs + o(y/n)
where Rs is called the second order asymptotics. To achieve
this, we shall first consider the one-shot scenario where the
source is characterized by a single instance of unstructured
quantum state, and then replace the unstructured state with
the i.i.d. state p®™ to retrieve the desired second order result.

The significance of second order expansions is multifold.
First, second order expansions provide a useful approximation
for finite block length n, refining optimal rates that typi-
cally correspond to the first order asymptotics in asymptotic
expansions. Second, they determine the convergence rate to
the first order asymptotics, analogous to the relation between
the Central Limit Theorem and the Berry-Esseen Theorem,
as the latter determines the convergence rate in the former.
Finally, second order expansions can be used to derive the
strong converse property, an information-theoretic property
that rules out a possible tradeoff between the transformation
error and the rate of resulting resource of a protocol.
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In this paper, we focus on the resource theory of quantum
coherence [2] and investigate in-depth the second order asymp-
totics of the coherence distillation task under various settings.
In the following two paragraphs, we summarize the state-of-
the-art research progress of both the unassisted and assisted
coherence distillation tasks, point out the major concerns, and
present shortly our strategy to solve these concerns and the
obtained results.

Unassisted coherence distillation and randomness extrac-
tion: Quantum coherence is a physical resource that is essen-
tial for various information processing tasks [3]-[9]. A series
of efforts have been devoted to building this resource theory
in recent years [2], [10]-[13], characterizing in particular the
state transformations and operational uses of coherence in
fundamental resource manipulation protocols [5], [14]-[19].
The task of coherence distillation in the asymptotic scenario
has been first investigated in [14] and has been recently
completed in [20]. Despite their theoretical importance, the
asymptotic assumptions become unphysical in reality due to
our limited access to a finite number of copies of a given state,
making it necessary to look at non-asymptotic regimes. The
first step in this direction is to consider the one-shot setting
that distills coherence from a single instance of the prepared
state. Such a scenario has been investigated in [17] and has
been mostly completed in [19]. These works estimate the one-
shot distillable coherence under different free operations by
their corresponding one-shot entropies. The one-shot entropies
most accurately describe the operational quantity, yet they
tend to be difficult to calculate for large systems, even for
the independent and identically distributed (i.i.d.) case. This
motivates further investigations of second order expansions.

The usual approach to deriving the second order expansion
of an information task is to combine the one-shot entropy
bounds on the information quantity and the second order
expansion of the corresponding entropies (e.g., [21]-[27]).
However, as second order expansions have a strong depen-
dence on the error parameter €, the existing one-shot entropy
bounds on distillable coherence [17], [28] are insufficient
to get a tight second order expansion. That is, the second
order coefficients in the expansion of the one-shot entropy
lower and upper bounds are often mismatched. To solve this,
we introduce a variant of randomness extraction framework in
the context of quantum coherence theory [29], [30] and build
an exact connection of this task with coherence distillation.
Such a connection provides a new perspective to the study
of the distillation process, leading to an almost tight one-shot
estimation of distillable coherence. Finally, expanding the one-
shot estimation, we obtain the desired second order expansion.

The exact one-shot relation between randomness extraction
and coherence distillation builds a bridge between two seemly
different information tasks, providing new perspectives to the
study of both problems. Moreover, our second order expan-
sions initiate the first large block length analysis in quantum
coherence theory, filling an important gap in the literature.

Assisted coherence distillation and randomness extrac-
tion: Chitambar et al. [15] originally proposed the assisted
distillation task, arising naturally in bipartite quantum systems
in which Bob aims to distill coherent bits from the state at
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his hand, aided by the friendly Alice who possesses the other
system [31]-[42]. Streltsov et al. [43] pushed forward this task
by enlarging the set of free operation classes, mimicking the
bipartite operation hierarchy well studied in the entanglement
resource theory [44]. They coined this the resource theory
of coherence in distributed scenarios. Subsequent works have
been carried out both on the theoretical [45], [46] and exper-
imental [47]-[49] directions. Recently, Regula et al. [50] and
Vijayan et al. [51] independently studied the one-shot assisted
coherence distillation via different approaches, enhancing the
asymptotic results [15], [43] to the one-shot realm. However,
the existing results are unsatisfactory due to the following rea-
sons. Firstly, they made a priori assumption that the bipartite
state shared between Alice and Bob is a pure state. It contrasts
with the practical scenario that Bob only holds an extension,
rather than a purification, of Alice’s state. Secondly, they
considered a limited free operation class that Alice performs
measurements and Bob performs conditional incoherent oper-
ations. It would be meaningful to explore the power of other
free classes in the distributed incoherent operation hierarchy.
Lastly but most importantly, the previous one-shot bounds
cannot lead to tight second order asymptotics.

Our approach towards these concerns is largely inspired
by the ideas from the unassisted scenario. More specifically,
we propose a variant of randomness extraction framework
within the context of distributed quantum coherence theory,
which we call the assisted incoherent randomness extraction.
We establish an equivalence relation between this task and the
assisted coherence distillation in the one-shot regime. It uplifts
the relation between coherence distillation and incoherent
randomness extraction in the unassisted setting to the assisted
scenario. Then, we make use of this relation to draw a
complete characterization on these two tasks by proving a one-
shot lower bound on the assisted extractable randomness and
a one-shot upper bound on the assisted distillable coherence,
with matching dependence on the error threshold € in the two
bounds. This characterization bestows us with desired second
order expansion for both tasks.

Outline and main contributions: The main contributions
of this paper are listed in Table I for references and can be
summarized as follows:

o In Section III, we first propose a variant of random-
ness extraction framework in the context of quantum
coherence theory, and then establish an exact relation
between the task of randomness extraction and the task
of quantum coherence distillation in the one-shot regime.
More precisely, we show that the maximum number of
secure randomness bits (/g,) extractable from a given
state is equal to the maximum number of coherent bits
(sz,o) distillable from the same state. That is, for any
quantum state p, error tolerance ¢ € [0,1], it holds
Ciolp) = L5(p), where free operation class O €
{MIO, DIO, 10, DIIO} whose definitions can be found in
Section III-A. We further give one-shot achievable and
converse bounds for (5, as well as Cf , in terms of
hypothesis testing relative entropy, through which we get
the second order expansion of our information tasks.
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TABLE I

Li1ST OF RESULTS WITH REFERENCES OBTAINED IN THIS WORK REGARDING BOTH UNASSISTED AND ASSISTED COHERENCE DISTILLATION AND
INCOHERENT RANDOMNESS EXTRACTION TASKS. HERE O € {MIO, DIO, 10, DIIO} IS A SINGLE PARTITE FREE OPERATION CLASS AND
F € {LICC, LQICC, SI, SQI, QIP} Is A BIPARTITE FREE OPERATION CLASS

Assistance Characterization Reference
-shy ival
one-shot equivalence Theorem 1
Cs.0lpB) =£5(pB)
Unassisted case R
second order expansion
C;O(p%") =05(05") = Theorem 2
nD(pplAlpp)) + v/nV (sl Alps)) 271 (%) + O(logn)
-shy ival
) one-shot equwj ence Theorem 3
Cd7Q[p(PAB) = eQIP (paB)
Assisted case R
second order expansion
C§7le(p§%)7 e (p3) = Theorem 5

nD (paBllAs(paB)) + V1V (pasllAs(par)) 7 1(e?) + O(logn)

o In Section IV, we first propose the assisted incoherent
randomness extraction task within the quantum coherence
theory in the distributed scenario, and then set up an
equivalence relation between the assisted coherence
distillation and the assisted incoherent randomness
extraction in the one-shot regime. That is, we show that
the maximum number of coherent bits (Cg op) that can
be distilled from a bipartite quantum state pap is equal
to the maximum number of secure randomness bits
(lgp) that can be extracted from the same state, where
QIP is the set of quantum-incoherent state-preserving
operations (cf. Section IV-A). Finally, we prove one-shot
achievability bounds for /% and one-shot converse bounds
for CF z, where F € {LICC,LQICC, SI, SQI, QIP}, in
terms of the hypothesis testing relative entropy. These,
together with the established one-shot equivalence
relation, yield a one-shot characterization to these two
quantities. Invoking the second order expansion of the
hypothesis testing relative entropy, we can get the second
order expansion of these rates.

o In Section V, we show the strong converse property of all
the investigated tasks, coherence distillation, incoherent
randomness extraction, and their assisted versions by
using the established second order expansions.

e In Section VI, we establish a series of relations
among various entropic quantities evaluated on the
dephased tripartite state Ap(¥rap), where |U)pap is
a purification of p4p and Ap is a completely dephasing
channel on system B. These relations are essential to
our second order analysis and may find applications in
other quantum information processing tasks.

o In Appendix B, we conceive an alternative formulation
of the assisted incoherent randomness extraction.
The advantage of this alternative is that we can
establish an equivalent relation between the assisted
coherence distillation and the alternative assisted
incoherent randomness extraction for all free operation

classes under consideration. However, a second
order expansion for this alternative task is still
missing.

II. PRELIMINARIES

In this section, we define several quantities and set the nota-
tion that will be used throughout this paper. We label different
physical systems by capital Latin letters (e.g. A, B,C, L).
We often use these labels as subscripts to guide the reader
by indicating which system a mathematical object belongs to.
We drop the subscripts when they are evident in the context
of an expression (or if we are not talking about a specific
system). The corresponding Hilbert spaces of these physical
systems are denoted as H 4, H g, Hc, Hy. The corresponding
alphabet sets are denoted by the same letters in mathcal font
(e.g., A,B,C, L). For example, A := {1,2,---|A|} where
|A| is the dimension of Hilbert space H 4. Let {|a)}qca be
the computational basis on Hilbert space H4. The set of
positive semidefinite operators on H 4 is denoted as P(A).
The set of quantum states, which are positive semidefinite
operators with unit trace, on H 4 is denoted as S(A). Denote
the completely mixed state on H 4 as 7 4. The identity operator
and the identity map are denoted as 1 and id, respectively.
A quantum operation A4, is a completely positive trace-
preserving (CPTP) map from S(A) to S(C'). All logarithms
in this work are taken base two.

For any p,0 € P, the purified distance P
is defined in terms of the generalized quantum
fidelity F as P(p,o) = 1—F(p,0)? with

Fp,o) = |ypvalh + I -Tp(1-Tra) (521
For any p € & and o0 € P, their quantum hypothesis
testing relative entropy is defined as D% (p|lo) =
—logmin{Tr Mo TcMp > 1 —¢,0 < M < 1}
[53]-[55]. The smooth max-relative entropy is defined as
Di o (pllo) = minp; <. inf{X : p < 2*c} [56]. The
second order expansions of quantum hypothesis testing relative
entropy [22], [23] and smooth max-relative entropy [22] are,
respectively, given by

Dy (p>"[l0®")
= nD(pllo) +v/aV(pllo) @7 (&) + Ologn), (1)
(o= 0"

—nD(p|l0) -

DE

max

WV (pllo) 871(e2) + Olog ), (@)
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where D(p||o) := Tr[p(log p —log 0)] is the quantum relative
entropy, V (pllo) := Tr[p(log p — logo)?] — D(p|o)? is the
quantum information variance and @~ is the inverse of the
cumulative distribution function of a standard normal random
variable.

For any o € P, we denote the number of distinct non-zero
eigenvalues of o by v/(0). Let Apax and Apin be the maximum
and minimum non-zero eigenvalues of o, respectively. Set
Ao) = log Amax(0) —1og Amin (o). The following 6 function
is commonly used in one-shot information quantities:

0(o) := min{2[A(0)],v(o)}. 3)

III. QUANTUM COHERENCE DISTILLATION AND
INCOHERENT RANDOMNESS EXTRACTION

In this section, we first review the resource theory of quan-
tum coherence and the operational task of quantum coherence
distillation. We then introduce a variant of the randomness
extraction framework in the context of quantum coherence
theory.

A. Resource Theory of Quantum Coherence

The resource theory of coherence consists of the follow-
ing ingredients [13]: the set of free states and the set of
free operations, that is, a set of quantum operations that
do not generate coherence. The free states, so-called inco-
herent states, are the quantum states which are diagonal in
a given reference orthonormal basis {|b)}ren. We will use
Ap() == > e |b)(b] - [b){(b] to denote the diagonal map
(completely dephasing channel) in this basis." Then the set
of incoherent states is denoted as Z(B) := {p € S(B)
p = Ap(p)}. For convenience, we will also use the cone
of diagonal positive semidefinite matrices, which is denoted
as 7**(B) := {X € P(B) : X = Ap(X)}. The maximal
resource state on Hp is the maximally coherent state (MCS)
[Up) = 1/@2,@1 |b) with dimension |B|. Denote its
density operator as ¥ := |U)(U|. The resource theory of
coherence is known not to admit a unique physically-motivated
choice of allowed free operations [2], [14], [57]-[59]. The
relevant choices of free operations that we will focus on are:
maximally incoherent operations (MI10) [10], defined to be all
operations A such that A(p) € Z for every p € Z; dephasing-
covariant incoherent operations (DIO) [57], [58], which are
maps A such that A o A = A o A; incoherent operations
(10) [13], which admit a set of incoherent Kraus operators
{K;} such that KlpKlJr € Z** for all | and p € T; the inter-
section of IO and DIO is denoted as DIIO := DIO N 10 [28].
Another two classes of free operations commonly studied
are strictly incoherent operations (SIO) [14] and physically
incoherent operations (P10) [57]. We do not investigate further
details of SIO and PIO, as it has been recently shown that
quantum coherence is generically undistillable under these two
classes [20], [60]. Finally, the inclusion relations between free
operation classes can be summarized as DIIO C 10 C MIO,

n this section, we assume that Bob instead of the commonly used Alice
is the main party of all the operations, thus the symbol of our notations starts
from the letter B. We do so to keep consistent with the later assisted scenario
in which Alice serves as assistance.
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UB%CE

plA pIA, A PN A, f

Fig. 1. Schematic diagram of an incoherent randomness extraction protocol
given by (A, A, f). |)Br is a purification of pp. UgﬁCE is the Stine-
spring representation of Ag_,c € O. A is a completely dephasing channel
and f is a hash function from alphabet C to L. p[A], p[A, A] and p[A, A, f]
are respectively the output states in each step of the protocol. The systems in
blue belong to Bob and the systems in gray belong to Eve.

DIO ¢ DIO ¢ MIO, while IO and DIO are not contained by
each other.

B. Framework of Quantum Coherence Distillation

The task of coherence distillation aims to transform a given
quantum state pp to a maximally coherent state W such that
the obtained maximally coherent state has dimension as large
as possible and that the transformation error is within a given
threshold. More formally, for any free operation class O, any
given state pp € S(B) and error threshold ¢ € [0,1], the
one-shot distillable coherence is defined as

Caolpp) = max{log|C| : P(Ap—c(pp), ¥c) <e}. (4)

Note that some previous works (e.g., [17], [18], [28]) esti-
mate the performance of distillation by the error criterion
P(Ap—c(pB), ¥¢e) < \/e. Here we use the definition in (4)
for convenience.

C. Framework of Incoherent Randomness Extraction

The task of incoherent randomness extraction aims to obtain
as many random bits as possible in Bob’s laboratory that is
secure from the possible adversary Eve. A general incoherent
randomness extraction protocol is characterized by a triplet
(A, A, f), where A is an incoherent operation in a certain
class, A is a completely dephasing channel and f is a hash
function. A detailed procedure of randomness extraction by
(A, A, f) is depicted in Figure 1. Here, we assume that Eve
has unlimited power in her system and all the information of
Eve about Bob’s systems is encoded in a purification. That is,
for any given quantum state pp held by Bob, we denote its
purification as 2

)R =Y V/Dolb) Bl R With Trr [9) (¥ 5r = pB, ()

beB

where R is the reference system held by Eve. Then the
extraction protocol follows three steps:

1) Bob first performs a free operation Ag_.c € O on his
part of the system. If he uses a quantum operation whose
final state is always a specific incoherent state, say the
maximally mixed state 7, the resulting conditional
entropy equals log |C|, which increases unlimitedly as

2Note that |¢);,) are not necessarily orthogonal to each other.
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|C| increases. To avoid such a trivial advantage for
Bob, similar to the study of quantum key distribution
[61]-[63] and private capacity in quantum Shannon
theory [64], we assume that the environment system H g
of the free operation A is also controlled by Eve. This is
because it is not easy to exclude the possibility that Eve
accesses a system that interacts with Bob’s operation.
Hence Eve has control over two systems Hpr and Hpg
in total. To cover such a worst scenario, we consider
the Stinespring representation U” of A, where U? is
the isometry from Hp to He @ Hg. 3 After the action
of A, the total output state is a pure state

plAcpr = U)o |(UM)T. (6)

2) Next, Bob performs an incoherent measurement, with
respect to the computational basis, on his part of the
state. The output state is then given by

pIA, Alcer = Ac(p[AlcERr). 7

3) Finally, a hash function f is applied on his part of the
system to extract the randomness that is secure from
Eve. For any deterministic function f : C — L, and any
classical-quantum (CQ) state pcr = Y ¢ telc){clc @

PRl denote prcyr = Docec el f () (f(O)|L @ pRic.
Then the output state in the final step is given by

PN, A, floer = p[A, Alf(c)ER- (8)

To quantify the security of randomness in a quantum state
ppRr With respect to the reference system Hp, we employ the
following measure:

dsec(pBr|R) '= min P(ppr,75 ® 0R). )

ocrES(R)
This measure quantifies the closeness of a given quantum state
pBR to an ideal state mp which contains perfect randomness
and is decoupled from the reference system H . Based on this
security measure, the one-shot extractable randomness under
given free operation A € O is defined as

ta(pB) = m?X{loglLl tdsec(p[AS A, flLpr|ER) < €}
(10)

The one-shot extractable randomness under free operation
class O is then defined by optimizing all possible choices
of operation A in O:

(1)

tolpp) == max (i (pp).

Note that the identity map id is always free in coherence the-
ory. Thus (id, A, f) is a valid incoherent randomness extrac-
tion protocol for any f, which was studied in [22, Section III].
That is, Bob directly performs an incoherent measurement A
on his given state pp. In this case, the environment system H g
reduces to trivial and system Hco = Hp. It has been shown
in [22, Theorem 8] that for any n € (0, £],

Hoy! (BIR)o +4logn =3 < fy(pp) < Hyin(BIR)o,
(12)

3Note that a free operation does not necessarily admit a free dilation [57].
Thus U™ is not necessarily incoherent though A is free.
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where
H:. . (B|R), = -D: 1 13
mln( | )P anElg}((R) max(pBRH B®wR) ( )
is the conditional min-entropy and opgr := p[id, A] is the

dephased classical-quantum state in the protocol.

Remark 1: On the one hand, the randomness extraction
protocol without using incoherent operations (e.g., the one
considered in [28, Figure 1.(b)]) is too restrictive, as such
a framework does not make good use of free resources at
hand. On the other hand, an extraction protocol that does not
consider Eve’s attack on the free operation A is too trivial
because Bob can generate an arbitrary amount of randomness
by using a free replacer channel A(-) = 7. Hence, the setup
in Figure 1 contributes to a reasonable randomness extraction
framework in the context of quantum coherence theory.

Remark 2: Note that performing incoherent unitary opera-
tions in the first step does not make any difference with the
protocol by identity map id. This justifies our consideration
of general incoherent operations. More precisely, for any
incoherent unitary U, it holds (5, (pp) = £5,(pp) with U(-) :=
U(-)UT. To see this, recall that any incoherent unitary on Hp
can be written as Up = >, 5 €'%|g(b)) (b] with a permutation
g and phase factors €' [2, Section II.A.2]. Then a direct cal-
culation gives that p[Uf, A, f] = 37,5 pol f(9()))(f(g(b))| @
[tv) (¥p] = plid, A, f o g], implying the equivalence of extrac-
tion protocols (U, A, f) and (id, A, f o g). Then ¢§;(pp) =
%, (pp) follows by definition.

Remark 3: The randomness extraction framework proposed
here is also closely related to the one in [30]. But we should
note the following subtle differences: (i) the independence of
the resulting randomness is quantified using the trace distance
in [30] instead of the purified distance we use in (9). Though
the trace distance can give us the nice property of universal
composability (see [65]), the choice of purified distance in (9)
is crucial for obtaining the exact relation between coherence
distillation and randomness extraction in the next section,
which then becomes a key ingredient to proving the second
order expansions; (ii) while the paper [30] discusses the
large block length regime, its analysis focuses the exponential
decreasing rate for the amount of the leaked information ¢, but
we will put more focus on the rate of extractable randomness
in the one-shot and large block length regime with constant e.

The references [29] and [30, Section VI] also address
the randomness extraction via incoherent operations but with
additional constraints on Eve, which are different from our
setting here.

D. Relation Between Coherence Distillation and Randomness
Extraction

In this section, we present an exact connection between
incoherent randomness extraction and coherence distillation,
the proof of which showcases a nice one-to-one correspon-
dence between protocols in these tasks.

We first present a method of constructing a coherence dis-
tillation protocol from a given randomness extraction protocol
with the same performance, which will be used in showing the
one-shot connection. We note that this method has essentially
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been proposed in the proof of [28, Theorem 4], using the trace
distance in the security measure. Whereas in our formulation,
the purified distance is preferred and is crucial in establishing
tight second order asymptotics.

Proposition 1: For any quantum state pg € S(B), error
tolerance ¢ € [0,1] and incoherent randomness extraction
protocol (id, A, f) such that dg..(p[id, A, f]Lr|R) < ¢, there
exists a quantum operation I' : S(B) — S(L) such that
I' € DIIO and P(PBHL(pB)a \I/L) <e.

The proof can be found in Appendix A.

Theorem 1 (Exact One-Shot Connection): For any quantum
state pp € S(B), error tolerance ¢ € [0, 1] and free operation
class O € {MIO,DIO,IO,DIIO}, the following equation
holds

Ca.olps) =Llo(pB)- (14)

Remark 4: Recall that there is an exact characterization
of one-shot distillable coherence under MIO and DIO oper-
ations [17, Proposition 2]. Together with the above (14),
we have the following chain of equalities:

Cé,MIO(pB) = Cé,DIO(pB) = luio(pB) = hio(pB)
= 1 DE X J—
s H(pBllX)
Tr X=1

15)

where the minimum is taken over all Hermitian operators
X on Hp satisfying the conditions and § > 0 is the least
number such that the solution corresponds to the logarithm of
an integer.

Remark 5: A one-shot relation between distillable coher-
ence and extractable randomness has appeared in [28, Equation
(80)]. Unlike the precise equation in (14), the relation in [28]
is given in the form of one-shot lower and upper bounds with
unmatched error dependence and additional correction terms.
However, the clean form in (14) plays a pivotal role in deriving
the second order expansions where the error dependence
matters.

Proof of Theorem 1: We first show the direction
lo(p) = Cfolpp). Denote Cf n(pp) = log|C| and
suppose that this rate is achieved by a free operation
A :S(B) — S(C) such that P(A(pp), ¥¢) < e. Consider a
randomness extraction protocol (A, A,id). Note that p[A]cgr
is a purification of A(pp). By Uhlmann’s theorem [66] there
exists an extension of W¢, denoted as Yo ® o, such that

P(A(pB),¥¢c) = P(p[Alcer, Yo ® 05g). Then we have
sec ( [A A ld]CER|ER) (16)
= UER%%'I(lER) P (Ac(p[AlcER), Tc ® 0ER) (17)
< P(AC( [Alcer), Tc ® okR) (18)
P(Ac(plAlcer), Ac(Ye ® ogR)) (19)
P (p[Alcer,Yc ® 0pR) (20)
P(A(pa), ¥c) (1)
<e, (22)

where the second equality follows by A¢(V¢) = 7e, the
second inequality follows by the data-processing inequality
of purified distance, the third equality follows from the
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assumption of o}, . Thus we know that log|C| is a achiev-
able randomness extraction rate, which implies (5, (pp) >
log |C| = C5 o ().

For the other direction, we denote ¢, (pg) = log|L| and
suppose that this rate is achieved by an extraction protocol
(A,A, f) with A € O. Observe that applying the protocol
(A, A, f) on quantum state pp is the same as applying a
protocol (id, A, f) on A(pp) with purification p[A]lcgr and
reference system E'R. By Proposition 1 there exists a quantum
operation I' : S(C) — S(L) such that ' € DIIO and
P(T'(A(pB)),¥r) < e. Since I' € DIIO C O and A € O,
we have "o A € O and this operation achieves the distillation
rate log |L|. This implies C§ (pp) > log|L| = {5 (pp) and
completes the proof. |

E. Second Order Analysis

In this section, we discuss the second order expansions
of distillable coherence and extractable randomness. For this,
we first show a one-shot characterization of distillable coher-
ence by the hypothesis testing relative entropy.

Proposition 2 (One-Shot Characterization): For any quan-
tum state pp € S(B), free operation class O €
{MIO, DIO, 10, DIIO}, error tolerance ¢ € (0,1) and 0 <
n<e 0<§<min{(e —n)?/3,1— (¢ —n)?}, it holds

DT "2 (pg)| Apg)) — g, 6,1m)
< C5.0(pp) < D (p]|Alps)),

where ¢(pp,e,0,m) = logf(pp) + log(A(pp)) + log((e —
1n)? — ) —log(8°n* (e — 1)*(1 — (¢ = n)* +9)) + 11.
Proof: The upper bound follows from a known result
n [17, Proposition 2] (see also (15)). Choosing a feasible
solution X as A(p), we have Cé,o(PB) < C;,MIO(pB) <
D?; (pBl|A(pp)) where the first inequality follows by the
fact that @ C MIO. As for the lower bound, we have
Cs.0(p5) = lo(pp) > L(pn) > Hop (BIR), +4logn —3
where the first equality follows from Theorem 1, the first
inequality follows since id € O, the second inequality follows
from (12). By (101) of Proposition 4 we can further lower
bound the conditional min-entropy by the hypothesis testing
relative entropy. This gives us the one-shot lower bound stated
in (23). |
Now we are ready to present our main result in this section.
Theorem 2 (Second Order Expansion): For any quantum
state pp € S(B), error tolerance ¢ € (0, 1) and free operation
class O € {MIO, DIO, 10, DIIO}, the following second order
expansions hold

CaolPs") =Lolp5") ZHD(pBHA( ))

+/nV(ps||A(pg)) @1 (e?) + O(logn), (24)

where ®~! denotes the inverse of the cumulative distribution
function of a standard normal random variable.

Proof: The first equality follows from the one-shot rela-
tion in Theorem 1. We now prove that the second order
expansion holds for C'g. o(p%™). This can be seen as a direct
consequence of expandlng the one-shot characterization in

(23)
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Proposition 2. Given the i.i.d. state p%", we have

CaolP5") < D (p5" 1A(ps)*").

Expanding the r.h.s. via formula (1) we have the second order
upper bound. On the other hand, we have

n - 2 é n n n
C50(pE™) = D" 2 (05" | A(pB)®") — c(pE", €, 8,1).
(26)

(25)

By definition (3), (c®") < 2[A(c®")] = 2[nA(c)] which
scales at most linearly in n. Choosing 1 and § proportional
to 1/y/n, we know that the correction term c(p®™,e,8,n) €
O(logn) and ®~1((e — n)? — 26) = ®71(2) + O(1/y/n).
Thus expanding the r.h.s. of (26) via formula (1) leads to
the second order lower bound which matches exactly with the
upper bound. |

Remark 6: From Proposition 4 in Section VI, the first
and second order asymptotics can also be written as con-
ditional entropy H(B|R),,, and conditional information
variance V(B|R),,, respectively, where opr = p[id, A]
is the dephased classical-quantum state from the randomness
extraction protocol.

Remark 7: Comparing the second order expansion of

. (p3™) in [22, Corollary 16] and the result above, we can
conclude that a general incoherent randomness extraction pro-
tocol (A, A, f) has no advantage over the protocol (id, A, f)
in the sense that they lead to the same first order asymptot-
ics [30] and the second order asymptotics of extractable ran-
domness. However, this does not rule out a possible advantage
in the third or higher order terms.

Remark 8: The distillable coherence under operation classes
MIO/DIO/IO/DIIO not only have the same first order asymp-
totics as observed in [14], [17], [28] but also have the same
second order asymptotics, indicating that they are equivalently
powerful for coherence distillation in the large block length
regime. The same argument goes to the incoherent randomness
extraction.

Remark 9: For any quantum state pp = ), . pi;|)(j| 5
written in the computational basis, we can assign it to a
bipartite maximally correlated state pme := 3_; ; pij|i)(jla ®
|i)(j|ls. The second order expansion of distillable entan-
glement of p®" under local operations and classical com-
munication (LOCC) is also given by nD(p||A(p)) +

nV (pl|A(p)) @~ 1(¢?) + O(logn) [26, Proposition 10].
Together with the result in Theorem 2, the coincidence of
these second order expansions leads to a new evidence to the
long-standing conjecture (see e.g. [2, Section II.D]) that any
incoherent operation acting on a state pp is equivalent to a
LOCC operation acting on the associated maximally correlated
state Pme.

Remark 10: Compared with the one-shot estimation in [28,
Equations (37,46,47)], we can verify that their upper and lower
bounds on the one-shot distillable coherence agree in the first
order term but disagree in the second order term. In particular,
the dependence on ¢ is qualitatively different in their upper and
lower bounds. Thus, one could certainly argue that the bounds
in [28] are not as tight as they should be in the asymptotic
limit.
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IV. ASSISTED COHERENCE DISTILLATION AND ASSISTED
INCOHERENT RANDOMNESS EXTRACTION

In this section, we first introduce the resource theory
of quantum coherence in the distributed scenario and then
formally define two different resource processing tasks with
assistance from the environment within this resource theory.
The first is the assisted quantum coherence distillation initially
investigated in [15], [43]. The second is a variant of the ran-
domness extraction task adapted into the distributed scenario,
which plays a crucial role in establishing the second order
characterization of the former task.

A. Resource Theory of Quantum Coherence in Distributed
Scenarios

Motivated by the local operations and classical
communication known from entanglement theory [44],
Chitambar et al. [15] seminally introduced the framework
of local incoherent operations and classical communication
(LICC) in the distributed resource theory of quantum
coherence, which was later further explored by Streltsov
et al. [43]. In this scenario, there are two separate parties,
Alice and Bob, that are connected via a classical channel and
restricted to performing local incoherent operations. We think
of Alice as an assistant who helps Bob to manipulate
coherence. Here we briefly summarize several sets of free
bipartite quantum operations widely studied in the distributed
resource theory of coherence and refer the interested readers
to [43], [67] for more details:

o LICC: the set of local incoherent operations and classical
communication [15]. That is, Alice and Bob perform
local incoherent operations and share their outcomes via
a classical channel. Throughout this work, we assume
without loss of generality that the free local operations
are chosen to be MIO *;

o LQICC: the set of local quantum-incoherent opera-
tions and classical communication [15]. That is, Alice
can adopt arbitrary quantum operations while Bob is
restricted to quantum incoherent operations, and they
share the outcomes via a classical channel;

o SI: the set of separable incoherent operations [43]:

Aapap ()= (A4 ®B)()(4 ®B)f, (@7

i

where both A; and B; are incoherent Kraus operators
satisfying 3. AT A; © BIB; = 1.4p;

o SQI: the set of separable quantum-incoherent opera-
tions [43] of the form (27), where B; are incoherent
Kraus operators satisfying . AIAZ- ® BjBi =1T4pB.

The two free classes LQICC and SQI lead to the same set of

free states, which is called the quantum-incoherent states [15],
[43] (system A is quantum and system B is incoherent) and

40One may choose other sets of local incoherent operations, say SIO or 10,
but all of these free local operations lead to the same result in the distributed
setting [50, Section III]. We choose MIO since QIP reduces to MIO in the
single partite scenario.
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bears the form

QI(A:B) := {O‘AB = Zpboz ® |b)Xb|p :

beB

P >0,> py=1, 0% € S(A)
beB

(28)

This motivates us to define the maximal set of free opera-
tions that preserve QZ, the set of quantum-incoherent state
preserving operations QIP [67]:

QIP := {A AB—A’B’/ 4 quantum operation:

Voap € QT, Aap-a(0ap) € T} (29)
By definition the following inclusion relations hold:

LICC C LQICC C SQI C QIP,

LICC C SI C SQI C QIP. (30)

In the following, we assume F be some chosen free bipar-
tite operation class in {LICC, LQICC, SI, SQI, QIP}, which is
different from the free class O € {MIO, DIO, IO, DIIO} in
the previous section.

B. Framework of Assisted Coherence Distillation

In the task of assisted coherence distillation, Alice and Bob
work together to transform a given quantum state pap (not
necessarily pure) to an MCS in the system B such that the
error is within certain threshold and the obtained MCS has
dimension as large as possible, under the constraint that the
available quantum operations are chosen from F. We call this
task the assisted coherence distillation since we can think of
Alice as a helpful environment which holds an extension pap
of pp possessing a certain amount of quantum coherence. See
Figure 2 for illustration. More formally, for any free operation
class F, any given state pap € S(AB) and error tolerance
e € [0,1], the one-shot assisted distillable coherence of pap
is defined as

Cq.7(paB) := max { log|B'| : (31)

P(Tra A(pan),¥p) <&, Aap_ap € f}7

where system A’ is at Alice’s hand, system B’ is at Bob’s
hand, and |¥ /) is an MCS in B’

C. Framework of Assisted Incoherent Randomness Extraction

The task of assisted incoherent randomness extraction aims
to obtain as many random bits as possible at Bob’s laboratory
that is secure from possible attackers such as Eve, under
the assistance of a helpful friend Alice. In the beginning,
Alice and Bob share a bipartite quantum state ps4p with
purification |¢))gap such that the reference system R held
by Eve. A general assisted incoherent randomness extraction
protocol is characterized by a triplet (A, A, f), where A € F,
and is composed of three steps:

1) Alice and Bob perform a free operation Ay a/p € F
on their joint system. Let Usp_, o- /g be a Stinespring
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Aaparp €F
A A
MA—>X
PAB
B A;c B’ ~ |
BB ~ V)
Fig. 2. Schematic diagram of the assisted coherence distillation. Alice and

Bob together perform a free bipartite quantum operation Ayg_,ar5/ € F
to distill an MCS |W /). The systems in red belong to Alice and the systems
in blue belong to Bob. The shaded box depicts a one-way LQICC strategy
in which Alice performs a measurement M 4_, x and sends the outcome x
to Bob. Conditioned on x, Bob performs an incoherent operation A

) Bp o
distill | W /).

[¥) aBr {ABqB'} {f B’AL} L

A
UABHA’B’E

pIA pIA, A] PIA A, f

Fig. 3. Schematic diagram of an assisted incoherent randomness extraction
protocol given by [A, A, f]. The systems in red belong to Alice, the systems
in blue belong to Bob, and the systems in gray belong to Eve.
isometry representation of A. We assume the environ-
ment system E of A is also controlled by Eve. Since
Alice is a friend of Bob, Eve has no access to system
A’. Hence Eve has control over two systems ER. After
the action of A, the whole system is in a pure state
plAlarp ER = UAB—»A’B’E(|¢><¢|RAB)UI;BHA/BIE-
(32)

2) Bob dephases system B’ via the dephasing channel Ap.
This yields the classical-quantum state

(33)
(34)

pIA, Alap Er :=Ap (p[AlaBER)

= pulb)Xblp @ 0% pp,
beB
where p, = Tr(b|p[Alap Erlb) and oY pp =
(blp[A]ar B ER|D)/Db-
3) A hash function f is applied on B’ to extract the
randomness that is secure from Eve, leading to the final
output state

p[AaAaf]A/LER ::p[A’A]A’f(B’)ER (35)
=" nlFONSB)]L © Ypn.
beB
(36)

A detailed procedure of the assisted randomness extraction via
(A, A, f) is depicted in Figure 3.

Using the security measure (9), the one-shot assisted
extractable randomness of pap via A is defined as

3 (paB) = m?x {log |L| : dsec (p[A, A, floER|ER) <c}.
37
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Correspondingly, the one-shot assisted extractable randomness
of pap 1is defined as

r(pap) = maxti(pap)- (38)

Notice that the identity map idap_ap is free in this
distributed framework, thus (idap—ap,Ap, f) is an valid
assisted incoherent randomness extraction protocol for any
hash function f. In this protocol, Bob does not perform any
assisted incoherent operation and directly dephases his state
Yp = Trra Yrap via Ap. Hence, the environment system
‘HEg ceases to exist and we concern with the extractable ran-
domness in state Ag(1¥rp) that is secure from R. Following
the argument around (12), we conclude for any 7 € (0, €] that

U7 (pap) = Hyp (BIR)o + 4logn — 3, (39)

min
where orap = Ap(Yrap) is the dephased classical-
quantum state and H,; is defined in (13).

Remark 11: In the above assisted randomness extraction
framework, we do not require that the extracted randomness by
Bob is secure from Alice. That is, L and A’ may be classically
correlated in the output state p[A, A, fla'Ler (cf. the shaded
area of Figure 3). This assumption is reasonable since we
regard Alice as a benevolent friend of Bob who aims to extract
randomness. We only require that the extracted randomness be
secure from the evil Eve who controls the systems E'R.

Remark 12: Assume that Bob ignores the assistance from
Alice, i.e., Bob performs a free operation Ag_. 5 € DIIO
(which is also free in the assisted framework) to extract
randomness without touching A, we recover a slightly more
general randomness extraction framework than that was inves-
tigated in Section III-C by allowing the state shared between
B and the reference system R to be a mixed state Yprp =
Tra ¢Yrap. Whereas in Section III-C, ¥ rp is assumed to be
pure a priori.

Remark 13: Recently, Yang, Horodecki and Winter initiated
the research of distributed private randomness distillation [68],
in which Alice and Bob trust each other and collaborate
to extract independent randomness private against Eve. Our
assisted randomness extraction task is different from theirs
mainly in two aspects: First, we do not require that Alice
and Bob share independent randomness. All we need is that
Bob possesses randomness private against Eve. Second, our
free operations are naturally motivated within the resource
theory of quantum coherence towards the distributed scenario,
which is different from their closed local operations and
dephasing channel communication. They mentioned in the
Outlook section that the distributed randomness extraction
under the framework of coherence theory is a notable topic to
pursue. Our assisted randomness extraction task investigated
here is the first step towards this direction.

D. Relation Between Assisted Coherence Distillation and
Assisted Incoherent Randomness Extraction

We present an equivalent relation between the assisted
coherence distillation and the assisted incoherent randomness
extraction in the one-shot regime, extending Proposition 1 to
the assisted scenario.
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Theorem 3 (Exact One-Shot Connection): Let pap be a
bipartite quantum state and ¢ € [0, 1]. It holds that

Caar(pas) = Lop(pas)- (40)

The proof of Theorem 3 is divided into two pieces: we first
conclude the “<” direction in Lemma 1 and then prove the
“>” direction in Lemma 2. Actually, for the “<” direction,
we can obtain a much stronger statement that C5 r(pag) <
(% (pap) for arbitrary F. That is, the optimal rate of assisted
randomness extraction is always larger than the optimal rate
of assisted coherence distillation.

Lemma 1: Let F € {LICC, LQICC, SI, SQL, QIP}. Let pag
be a bipartite quantum state and ¢ € [0, 1]. It holds that

Ca.r(pap) < x(paB). (41)

Proof: This is shown by the same technique employed
in proving Theorem 1. Nevertheless, we write down
the details for completeness. Let C§ z(pap) = logM
and let Aap_.apr € F achieves this rate, i.e.,
P(Trar Aap—ap(pag),VYp) < ¢ and |B’| = M. Con-
sider the following assisted randomness extraction protocol
(A, A,id), where the hash function is chosen as the identity
map id. Since p[A]A'B’ER purifies AABﬁA/B/(pAB) (it also
purifies Tras Aup—a'p/(pap)) and ¥ is a pure state, the
Uhlmann’s theorem [66] guarantees that there exists a quantum
state 0y, pp in A’ER such that

P(Trar Aap—ap (paB),¥Yp)

= P(p[AMaper, VB ®0)pr). (42)
Consider the following chain of inequalities regarding state
plAlLER:

dsec (p[A7 A7 1d]LER|ER)

- in  P(p[A, A, id 43
UERfélg(lER) (p[A, A,id]LER, TL ® OER) (43)
(a)
< P(p[A, A id) L pr, 7L ® 0R) (44)
b
QP ((Ap @ Tra)(p[Alas mr),
(Ap @Tra) (Ve ® 0y gr)) (45)
©
< P(p[AlapER, VB @04 pR) (46)
d
@ P(Tra Aap—ap (par), ¥p) (47)
<e, (48)

where 0}, := Tra  oagr in (a), (b) follows from L = B’
and Ap/ (Vp/) = mps, (c¢) follows from the data-processing
of purified distance, and (d) follows from (42). That is, log M
is an achievable assisted randomness extraction rate, yielding
the desired inequality. |

The “>” direction in (40) turns out to be more difficult.
We first present a technical result that is utilized in the proof
of this direction. This result is of independent interest as it
offers a systematic method to construct an assisted coherence
distillation protocol from a given assisted randomness extrac-
tion protocol (that does not use free operations) with the same
performance.
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Proposition 3: Let id4p_ ap is the identity map. Given an
assisted randomness extraction protocol (id, A, f) such that
dsec(plid, A, flLr|R) < €, we can construct from the protocol
a quantum operation I' : AB — L such that I" € QIP and
P(Tap—r(pap),¥y) <e, where L is in Bob’s possession.

The proof is given at the end of this section.

Remark 14: We emphasize that this technical result holds
for the QIP class, i.e., we can only show that the devised
quantum operation I' belongs to QIP. This limits us to
enhance Theorem 3 (more concretely Lemma 2 below) to other
free classes of operations. It remains an interesting problem
whether one can further construct a distillation operation I'
that belongs to a less powerful free class such as LICC. As
a possible solution, we conceive an alternative definition of
the assisted incoherent randomness extraction task in Appen-
dix B. For this new variant, we can establish the equivalence
relation (40) for all free operation classes under consideration.
However, we have difficulty in obtaining one-shot achievability
bound for that new task; the lower bound concluded in (39)
does not hold anymore. We left it as an open problem to
obtain complete characterization (one-shot, second order, and
asymptotic analyses) for that task.

Lemma 2: Let pap be a bipartite quantum state and
€ € [0,1]. It holds that

Caar(paB) > lop(pas)-

Proof: Let Lop(pap) = log|L| and let the randomness
extraction protocol (A, A, f) with Aap_, a-p € QIP achieves
this rate, i.e., dgec (p[A,A,f]LER|ER) < &. The key obser-
vation is that applying the randomness extraction protocol
(A, A, f) on quantum state pap is the same as applying the
randomness extraction protocol (id, A, f) on quantum state
oarp = Aap_arp(pap) with purification p[A]a s gr and
reference systems F'R. For the latter protocol, Proposition 3
guarantees that there exists a quantum operation I'4/p/—,
such that T' € QIP and P(I'(ca'p/), V1) < e. Compositing
these two quantum operations A and I' yields

(49)

PTap—roAap—ap(paB),¥Yr)
= P(FA’B’HL(O'A/B/% \I/L) <e.

That is to say, the composite operation I'o A distills an MCS of
rank |L| such that the error is bounded by e. Since A € QIP,
I" € QIP, and the class QIP is closed under composition [67],
we have 'o A € QIP. As so, we have constructed an operation
in QIP that distills MCS at rate log |L| and thus complete the
proof. |

Now we proceed to prove the claim in Proposition 3. The
following lemma is utilized, whose proof can be checked by
definition.

Lemma 3: Let |u;) and |v;) be the purification of p; and o;
such that F'(p;, 0;) = (u;|v;). Then we have

(sz |®pzvz% |®0i)
= Z \/ZTq’LF Pi;gi)

=F (Z mwu»,mem) G

(50)
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Proof of Proposition 3: Let o be a quantum state that
attains the minimum in

dsec( [ld A f]LR|R)

URIQ}S‘I(IR) (plid, A, flor, 7L ® OR) (52)
and then we have
P(plid, A, flLp, 7 ® o) < € (53)

The relation between purified distance P and fidelity F' gives

F(plid, A, flor, 7 ® o) > V1 — 2. (54)

We decompose the pure tripartite state 1)) p4p into the basis
B of system B as

) ras =Y _ \V/pe®)b) 5" Ra,

beB

(55)

where pp a probability distribution and {|¢*)} a set of pure
states in RA which are not necessarily mutually orthogonal.
Define the incoherent isometry Uy from H g to H g such that

Vb e B, Uslb)g == |f(b))L|b)B (56)
Notice that
Usl)aBr = Z Voe®)Ur|b) B|Y°) R (57)
beB
=3 " Vos®)lf )b sl ra. (58
beB

Since the mapping f : B — L is non-injective, where L is the
alphabet of L, each new basis ¢ may corresponds to several
bases b such that f(b) = £. As so, we can equivalently write

UslY) apr as
UslY)aBr = Z\/HWL ® |¢°) ras,

Lel

(59)

where the normalized vectors |¢>£> rap and normalization
factors 7, for £ € L satisfy

Vi ras = > Vpe®d)b)s® ) Ra

beB:f(b)=L

(60)

Let |¢*)rap on Hpap be a purification of o5. By the
Uhlmann’s theorem [66], for each |q5£> raB there exists a
unitary Uy on H 4p such that

F(Trap |¢efdelran, o)) = F(Ur|¢") R, |6") raB)-

(61)
Define the conditional unitary U := ), . [()X{|r ® Up. We
have

F(UU; [¥)raB, |¥)1 ®|¢")RrAB)

2 F <Z Vel L ® Uel¢') ras,
teL
L® ¢ >RAB> (62)
> 7
= Z W U€|¢ RAB, |9*)RAB) (63)

Lel
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© Z A/ |7Z (Trap |peXde|RAB, OR) (64)

D (Z rel€XtlL © Trap 6" |raz,

Lel

) | £|I X ® UR> (65)

teL
D F (plid, A, flerom © o)
where (a) follows by definition, (b) and (d) follow from
Lemma 3, (c¢) follows from Eq. (61), and (e) follows from
the fact that

(66)

plid, A, flor = TrapUsAp (YraB) U} (67)
= 0}l @ Trap |¢X¢ |rap.  (68)
el
Now we construct the required operation I' 45,1, as
Capor(-) = Trap [UUf(-)U;UT . (69)

See Figure 4 for illustration of this construction. First we show
that ' 4.1, can transform p4p to an MCS Y within error
e. Consider the following chain of inequalities:

F(Tap—r (paB), |[¥X¥[L)

= F (Trap [UUpapUJUT] 0)@1L)  (70)
(a)

> F(UUys|Y)raB, |®)L ® [0")rAB) (71)
®p (plid, A, flLr, 7L ® o) (72)
Qe (73)

where (a) follows by the data-processing inequality of the
fidelity F' under Trapg, (b) follows by (66), and (¢) follows
from (54). This implies that P(Tap_r1(pap),¥r) < e. It
remains to check that I'yp_,;, € QIP. Note that I" admits the
following Kraus decomposition

=Y KU (UJK]
beB
(b|U. This is indeed a Kraus decompo-

(74)

with operators Kj 1=
sition since

> (viK)) (mouy) = Uf <Z KgKb> Uy

beB beB

=Ujut (Z |b><b|3> UU; =UUTUU; =1, (75)
beB

On the other hand, one can verify that for any bases b, b’ € B
and any quantum state p% in A,

KUy (W15 @ o) U K]

= Tr [Kbp’;{Kﬂ [{BIT 5y [0) PLF BN F ()]
eI (L).

(76)
7

That is to say, I' transforms arbitrary quantum-incoherent state
in Q7 to some incoherent state in Z, which in turn is a strict
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T(paB)
Uy

B B

<
PAB

Fig. 4. Schematic diagram of the QIP distillation protocol in Proposition 3.
The systems in red belong to Alice and the systems in blue belong to Bob. The
isometry Uy and conditional unitary U in the dashed box are not necessarily
incoherent. The shaded area depicts the designed operation I' 4 ., 1,, which
belongs to QIP.

subset of Q7. Thus we conclude that I' € QIP and complete
the proof. |

E. Second Order Analysis

We now give second order characterizations to both assisted
coherence distillation and assisted randomness extraction.
We do so by first establishing one-shot achievability and
converse bounds for these two tasks in terms of the hypothesis
testing relative entropy. These two bounds have matching
dependence on the error threshold €. Then we derive a second
order characterization by invoking the second order expansion
of the hypothesis testing relative entropy. As a direct corollary,
we show that the ultimate rate in the asymptotic setting
is uniquely determined by the quantum incoherent relative
entropy of coherence.

Theorem 4 (One-Shot Characterization): Let the operation
class F € {LICC,LQICC,SI,SQI,QIP}. Let pap be a
bipartite quantum state and £ € (0, 1). For arbitrary € (0, &)
and § € (0, min{(c —7)?/3,1 — (¢ — n)?}), it holds that

- 2—
DS n)"—26 (paBl|AB(pap)) —c(pap,e,d,n)
(a)

< lx(paB) (78a)
(2) Low(pAB) (78b)
(i) Cg QIP(pAB) (78¢)
(S) D5 (pasllAs(pag)) . (78d)
where the correction term c is defined as
c(pap;€,0,n) = logb(pap) +10g0(Ap(pan)) (79

+log((e —n)* = 0) + 11
—log(6°n* (e = 1)*(1 — (e — n)* + 9)).

The proof of Theorem 4 is divided into the following
steps: the achievability part (a) is drawn in Lemma 4; the
inequality () follows directly from the inclusion relation (30);
the equality (c) has already been shown in Theorem 3; and the
converse part (d) is proved in Lemma 5. However, we note
that the one-shot characterization for the assisted coherence
distillation C§ 1p(pap) cannot be generalized to other classes
of free operations since (c) only holds for QIP.

Lemma 4 (Achievability): Let the operation class
F € {LICC,LQICC, SL, SQL, QIP}. Let pap be a bipartite
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quantum state and ¢ € (0,1). For arbitrary n € (0,¢) and
§ € (0, min{ (e — n)?/3,1 — (¢ — n)?}), it holds that

5(pan) > D" "% (pap| Ap(pas)) — clpas.c.0.n).
(80)

where the correction term c is defined in (79).
Proof: In (39) we already obtained the following lower

bound for arbitrary free class F in terms of the smooth

conditional min-entropy:

> H:."(B|R), + 4logn — 3,

min

0 (paB) > (81)

where opap = Ap(|Y)XY|rap) is the dephased classical-
quantum state. Moreover, we establish in Proposition 4 a
relation between the smooth min entropy H;, and the
hypothesis testing relative entropy Dj; regarding state orapB.
Adapting (101) into (81), we have the desired (80). |
Our converse bound proved below asserts that the
quantum-incoherent hypothesis testing relative entropy of
coherence upper bounds the one-shot assisted distillable
coherence of psp via arbitrary free operations F €
{LICC, LQICC, SI, SQI, QIP}. This result can be viewed as a
one-shot analog of [43, Theorem 2], in which Streltsov et al.
showed that the quantum-incoherent relative entropy of coher-
ence upper bounds the asymptotic assisted distillable coher-
ence of pap. Note that (d) in (78d) is immediately concluded
from Lemma 5 by choosing o045 = Ag(pap) in (82).
Lemma 5 (Converse): Let the operation class F €
{LICC, LQICC, SI1, SQI, QIP}. Let p4 be a bipartite quantum
state and ¢ € (0,1). It holds that
CS rlpap) < min D5 (pagloas).  (82)
’ ocap€QT
Proof: Assume C§ z(pap) = log M, that is, there exists
a free operation Dyp_.c € F such that

P(Dap—c(pap), Tn) <e

By the definition of purified distance P, the above condition
is equivalent to

(83)

Tr [Dap—c(pap)¥n] > 1 — &2 (84)

Let Map := D (¥ ), where DT is the adjoint of D. Since
D is completely positive, so is Df. This gives Map > 0.

On the other hand, Tr[Dap_c(pap)¥u] < 1 implies
MAB S ]IAB' Now we have
Tt [papMag) = Tr [papD' (V)] (85)

=Tr[D(pap)¥u] >1—%  (86)

That is to say, M 4 g is a feasible solution for Di; (paglloas).
Then

DH (PAB”JAB) IOgTI"[JABMAB] (87)
—logTr [oasD (T)]  (88)

- log Tr [D(O’AB)\I/]\,I] . (89)

Since D is quantum-incoherent state  preserving,

we know that D(cap) is an incoherent state in C
and thus Tr[D(oap)¥y] < 1/M. Then we have
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D5; (paslloas) > —logl/M = C5(pap). As the
argument holds for any ¢ € Q7, we can complete the proof
by minimize over o. |

The matching dependence on the error parameter € of the
achievable and converse bounds in Theorem 4 yields tight
second order expansions of the assisted distillable coherence
as well as the assisted incoherent extractable randomness.

Theorem 5 (Second Order Expansion): Let the operation
class 7 € {LICC,LQICC,SI,SQI,QIP}. Let pap be a
bipartite quantum state and ¢ € [0, 1]. The following second
order expansions hold:

Ciar (05%) =nD (pasllAs(pas))
+/nV (paBl|Ap(pas))® " (%)

+ O(logn), (90)
U5 (p3%) = nD (pas|As(pan))

+ 1V (pag||As(par))® ' (?)

+ O(logn). on

Proof: The proof follows from Theorem 4 and a similar
argument of the proof of Theorem 2. |
Remark 15: From Proposition 4 in Section VI, the first and
second order asymptotics can also be written as conditional
entropy H(B|R),,,, and conditional information variance
V(B|R)oapn respectively, where capr = plid,A] is the
dephased classical-quantum state from the assisted random-
ness extraction protocol.

Remark 16: As a consequence of Theorem 5, we find
the quantum-incoherent relative entropy of coherence,
defined as CQ‘B(pAB) ‘= min,,cor D (paplloap) =
D (pagl|As(pag)) [15, Eq. (4)], quantifies the ultimate
power of assistance in both the coherence distillation and
incoherent randomness extraction tasks, in the sense that it is
the best distillation and extraction rates that can be achieved
using the largest free class QIP in the distributed scenario. This
bestows the quantum-incoherent relative entropy of coherence
a new operational meaning.

Remark 17: Our results—the single-shot result in Theo-
rem 4, the second order result in Theorem 5, and its corollary
in Remark 16—together paint an ‘almost’ complete picture
for the assisted coherence distillation task. What’s more, they
cover many known results as special cases:

1) When pap = pa ® pp is a product state, our results
reduce to the unassisted coherence distillation [14],
as QIP reduces to MIO in the single party setting.
Theorem 5 matches the second order results for the
coherence distillation without assistance in Theorem 2.

2) When py4p is pure or maximally correlated, Remark 16
enhances the results of Theorem 5 and Proposi-
tion 6 in [43] by stating that the quantum-incoherent
relative entropy of coherence Cﬁ B (pap) is the ultimate
rate that can be achieved in the assisted coherence
distillation even if we make use of the largest free
operation class QIP. Note that the same conclusion was
previously obtained in [67, Proposition 19] for the pure
state case.
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V. STRONG CONVERSE PROPERTY

The direct part of resource distillation states that for any rate
below the optimal rate, there is a corresponding distillation
protocol that accomplishes the task successfully. More pre-
cisely, if we denote the transformation error in the protocol for
n uses of the underlying resource by ¢, then for any rate below
the optimal rate there exists a protocol, whose transformation
error € vanishes in the asymptotic limit n — +oco. Such rates
are called achievable, and the optimal rate is defined as the
supremum over all achievable rates. In contrast, the converse
part states that for any distillation protocol with a rate above
the optimal rate, the error does not vanish asymptotically. That
is, it is bounded away from 0 in the asymptotic limit n — 4-oc0.
This is usually called weak converse. In principle, it leaves
open the possibility of a trade-off between the error and the
rate of a protocol. However, the strong converse property
rules out such a possibility, stating that for any distillation
protocol with a rate above the optimal rate, the corresponding
transformation error ¢ incurred in the protocol converges
to one. In other words, such protocols become worse with
increasing block length n and eventually fail with certainty
in the asymptotic limit. In this part, we showcase a standard
argument how a second order result automatically implies the
strong converse property.

As a concrete example, we consider the task of unassisted
coherence distillation whose strong converse property has been
pointed out by [28, Theorem 16]. Here we give an alternative
proof. For simplicity, we denote C,(p) := D(p||A(p)) and
Vi(p) :== V(p||A(p)). For any achievable rate R,,, we have
R, < %C’;’O(p@”). By Theorem 2, we have

Vi(p) 92)
n

R, < Cy(p) + ®~1(e?) + f(n),

with f(n) € O (logn/n). Rearranging (92) and using
monotonicity of ¢ yields

62><I>( . (m(Rn—cr(p)Hg(n)), ©3)

with g(n) = —/nf(n)/+/Vi(p). Thus lim,_, 4 g(n) = 0.
Note that lim,_, 4~ ®(x) = 1. For any achievable rate R,, >
C(p), the argument in (93) diverges to +oo and thus we have
€ — 1 as n — oo. This implies the strong converse property of
coherence distillation under O € {MIO, DIO, 10, DIIO}. Sim-
ilar argument works for the incoherent randomness extraction.

Moreover, following the same argument outlined above,
we can conclude from Theorem 5 that both the assisted
coherence distillation via QIP and the assisted incoher-
ent randomness extraction via arbitrary free operation class
F € {LICC, LQICC, SI, SQI, QIP} satisfy the strong converse
property. This promises the unique role of CQ‘B(p Ap) in the
two assisted tasks.

VI. RELATIONS AMONG ENTROPIES OF A DEPHASED
TRIPARTITE QUANTUM STATE

Let pap be a bipartite quantum state with purification
|VYraB, 1€, Trrrap = pap. Assume the following
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decomposition into the basis B of system B:

W) ras =Y _ \pe®)b)B|¢°) RA,

beB

(94)

where pp a probability distribution and {|)*)} a set of pure
states in AR which are not necessarily mutually orthogonal.
By definition, we have psp = Trg ¥ rap. Dephasing B yields
the classical-quantum state

oraB = Ap(Yran) = Y polb)bls @ [N [Ra. (95)
a€B

Notice that o4 = Ap(pap). In the following, we establish a
list of relations among the various entropies evaluated on the
dephased quantum state ogap. These relations are essential
to the above second order analysis. They are of independent
interest and may find applications in other quantum informa-
tion processing tasks.

Before presenting the relations, we first introduce some
notations. For two Hermitian operators X and Y, we denote
by {X > Y} the projector onto the space spanned by the
eigenvectors of X — Y with non-negative eigenvalues. Let
p € S(H), o0 € P(H), and ¢ € [0,1]. The informa-
tion spectrum relative entropy of p w.rt. o is defined as
[22, Definition 8]

Di(p|lo) :=sup{z: Trp{p < 2%} <¢e}. (96)

The Nussbaum and Szkotfa’s distributions are used inten-
sively in the analysis that follows. Assume the eigenvalue
decompositions p = > 7z |vzfve| and o = 37 syuy Xuy|.
Their Nussbaum and Szkota’s distributions [69] are defined

as Py (2,y) 1= 72| (va|uy) |* and Q0 (x,y) 1= sy[{ve|uy)|*.
These distributions satisfy the property that

D(PysQp0c) = D(pllo) and V(P,.Qps) = V(pllo).
7

Proposition 4: Let ¢ € (0,1) and § € (0, min{e?/3,
1 — £2}). We have the following relations regarding the
dephased tripartite quantum state orap (95):

Di (PUBRJ[B@UR ||QUBRJIB®0R)

= _D;_E(PI)AB7AB(PAB)HQPAB,AB(I)AB))’ (93)
D(opr|lp ®or) = —D(pasl|Ap(pas)), (99)
V(egrllp ®or) =V(pasl|Ap(panr)), (100)

Hin(BIR)y > D3 2 (pan| An(pan)) — c(pas, e, 6),
(101)

where the correction term is defined as

c(pap,e,0) :=1log8(pap) +logO(Ap(panp))
+log(e? — 6) — log(6°%(1 — €% + 6)) + 8. (102)
Proof of Eq. (98): For reduced state o assume the spec-

tral decompositions or = ). ¢r|vR)vE|, For the reduced
states {1)%};, assume the spectral decompositions

Vi =D pri (b)) |k,

(103)
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where prip is a conditional probability distribution, and
{]v"®)} is an orthonormal basis of R for each b. Set ppp 1=
PRr|BPB, We have the following spectral decompositions

lp®@or =Y qbXbls @ [v")v"|&, (104)
b,r

opr =Y per(b,7)b)Xbls @ ") 0 R (105)
b,r

Notice that op and pap are two marginal states of pure
tripartite state U opr and thus they have the same eigenvalues
due to the Schmidt theorem. That is, we can denote the
eigenvalue decomposition of pap as pap = >, q-lu"Yu"|,
where {|u")} is an orthonormal basis of AB. What’s more,
since each conditional sate [t)®)gr4 (95) is pure, the two
marginal states w% and w% has the same eigenvalues from
the Schmidt theorem. That is, there exists {|u®")} is an
orthonormal basis of A for each b such that

W ra =Y \/priB(r[D)[u ") al0") R, (106)

Correspondingly, we can decompose o 4p as

oan = Ap(pap) =Y _per(b,a)b)bls ® [u*)u’|4,
b,a

(107)

Consider the Nussbaum and Szkota’s distributions for the
operators opr and 1p ® oR:

PUBRJIB@UR((b/) ’I"/), (b7 T)) (108a)
i= Ppr(b, )| (W% [v:) 200 = Per(b, ") (v8 |v:)]?,
and
QUBR,HB®UR ((blv T/)v (ba 7’))
= g |(vps|or) PSupr = g, [ (W] [0,) 2, (108b)

and the Nussbaum and Szkota’s distributions for the operators
PAB and o AB-

PPAB7UAB (Tv b, a) = qT|<uT|ba w2>|27
QPAB,UAB (7“, b, a) = PB,R(ba a)|<u7’|bv ¢2>|2

Since |W)ABr = >, \/Gr|uy ) |VR), it holds (v"[¥)(V|v") =
¢r|u”)Xu"|. On the other hand, Eqs. (94) and (106) together
imply that

Wyasr =Y Vporb,a)u®) s @[b)s @ v k. (110)
b,a

(109a)
(109b)

This leads to

Ppupoan (1:0,a)
= g, [(ur|b, v2)[? (111)
= qr (b, ¥} ur) (ur|b, 90) (112)
= (b, Y, vr V) (]b, 05, v,) (113)
= Tr[(|b, ¥%) (b, 2] @ L)) (]| (v, [W2) > (114)
= Pp (b, a)| (v} |v,)[? (115)
= Prppapoos (b a,7). (116)
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Hence we can check that

Di (PUBRJLB@UR HQUBRJLB@UR)

(a)
= Ssup {x : PUBR7]IB®UR{(b7 a,r)|

IOg PUBRJ[B®UR (ba a, 7“)

_1OgQUBR,]lB®UR(a)T) Sx} Sg} (117)
()
= sup {{E : PU'BR;]lB®UR{(b’ a,r)|
log Pp,r(b,a) —logg, <z} <e} (118)
(o)
= sup {x : P/)AB7AB(I)AB){(b3 a,r)|
log Pp,r(b,a) —logg, <z} < e} (119)
(@)
= sup {x : P/)AB7AB(I)AB){(b3 a,r)|
IOg Qp,A(p) (b,a,r)
—log P, a(p)(b,a,r) <} < 6} (120)
(e) —
= = D; : (PPAB:AB(pAB)||QPAB;AB(pAB)) ) (121)

where (a) and (e) follow by definition, (b) follows by (108),
(c) follows by (116), and (d) follows by (109). This con-
cludes (98). [ |

Proof of Egs. (99) and (100): We first show (99). Con-
sider the following chain of equalities:

D(oBr|1B ®0oR)
(a)

= (PUBRJIB®UR||QUBRJB®0R) (122)
(b)
= Z PUBRJIB@UR (b7 T)[log PUBRJIB@UR (ba ’I“)
b,r
- logQUBRJLB@UR(baT)] (123)
S Pprsoan (r@)llogpa — log g;] (124)
b,r
(d)
= Z PI)AB7‘7AB (T7 a) [lOg Q/)AB,UAB (ra a)
b,r
— log Pyap.oas (’I“, a)] (125)
(e)
= - D(PPAB,UAB ”QPAB,UAB) (126)
e — D(paglloas), (127)

where (a) and (f) follow from the property of Nussbaum and
Szkota’s distributions (97), (b) and (e) follow by definition,
(c) and (d) follow by (108), (109), (116). This completes the
proof of (99). We can then prove (100) in a similar way. H

Proof of Eq. (101): First notice that o and psp are two
marginal of the pure tripartite state 14 g, thus they have the
same eigenvalues. This gives 6(ocr) = 0(pap). Consider the
following chain of inequalities:

Hyy, (BIR)o

= —inf D, (0BR[ILE ® TR) (128)
TR

> — Dux(oBrR|1B ® 0R) (129)

(a) s

> - Di c +5(PUBR713®UR||QUBR713®UR)
—log8(pag) + log(de?) (130)

@ D6275 P

— s ( /)AB7A(I)AB)||QI)AB7A(I)AB))
—log0(pap) + log(6e?) (131)
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(C) 2
> D% (paBl|As(pas)) — clpap,e,6),  (132)

where (a) follows from [22, Eq. (29)] and the fact that

0(ls ® or) = O(or) = 0(pap), (b) follows from (98),

and (c) follows from [22, Eq. (27)] with the correction term

c(pagp,e,d) givenin (102). Note that the constraints § < 1—¢?

and § < £2/3 are imposed in (a) and (c), respectively. This

completes the proof. |
VII. CONCLUSION

Our work initiated the first systematic second order analysis
on coherence distillation with and without assistance, filling an
important gap in the literature. In the unassisted setting, we
introduced a variant of randomness extraction framework in
the context of quantum coherence theory, establishing an exact
relation between this cryptographic task and the operational
task of quantum coherence distillation. Based on this relation,
we gave a finite block length analysis on these tasks, providing
in particular explicit second order expansions of distillable
coherence and extractable randomness under a diverse range
of free operations. We then lifted the obtained results to the
assisted setting in which Alice served as an assistant to help
Bob do the manipulations. A crucial step for our second
order expansions was the hypothesis testing characterizations
of the one-shot rate with almost tight error dependence. These
one-shot characterizations could be suitable for analysis even
beyond the i.i.d. assumption of the source state if combining
with a more refined result of hypothesis testing relative entropy
(e.g., [70] and the references therein).

Many interesting problems remain open. First, in the unas-
sisted setting the coincidence of the second order expansions
of (g and /;; indicates that optimizing the free incoherent
operations before the incoherent measurement can improve the
extractable randomness by the order O(logn) at most. One
may explore whether there is any advantage of performing
incoherent operations in the third or higher order terms.
Second, as a reverse problem of coherence distillation, the
coherence cost considers the minimum number of coherent
bits required to prepare a quantum state. It is known that the
first order asymptotics of coherence cost under IO operations
is given by the coherence information [14]. But what is
the second order expansion? Recall the critical role of the
randomness extraction framework in our second order analysis.
For coherence cost, we may consider a randomness extraction
scenario with Eve having limited power. Such a scenario has
been studied in [29] and [30, Section VI] and the correspond-
ing randomness extraction rate happens to coincide with the
coherence information. Finally, regarding the assisted scenario,
it would be interesting to extend the exact one-shot relation
between Cg op and £gp to other free operation classes. It is
also appealing to explore further the alternative formulation in
Appendix B and identify achievable rate in terms of hypothesis
testing relative entropy with e-square error dependence.

APPENDIX A
PROOF OF PROPOSITION 1
Proof: Let o be a quantum state that attains the mini-
mum in

dsec(p[id, A, flor|R) = min  P(p[id, A, f]lLr, 7L ® oR).

orES(R)
(A.133)
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Let |¢*)pr on Hp ® Hg be a purification of o},. Thus we

have
F(plid, A, flpr, 7 @ of) = /1 — 2.
Define the incoherent isometry Uy from Hp to Hr ® Hp as
Uslb)g := |f(b))z @ |b)B (A.135)

We choose normalized vectors |¢;)pr and normalization
factors ¢ such that

(A.134)

Usld)r =Y Tell)L @ |¢0) B, (A.136)
el
Vidddsri= > VDo) ®[Ye)r.  (A137)
beB:f(b)=¢

By Uhlmann’s theorem [66] there exists a unitary Uy on Hp
such that

F(Trp |¢e)(be|BR,0R)
= F(Ue|¢e) R, |9") BR) = (0"|Ut|¢0)-
Take U := ), . [€){(¢|L ® Us. We have

F(UU¢|Y)BR, Y1) ® |0")BR)

@ (Z\/—w ® Uslde), Z\/ITM ® |o* >) (A.139)

(A.138)

teL teL

b) .
Ue|de), |@ (A.140)

é;w m F(Udlée), |67))
<2 Z Ve F(Trp |¢e) (el o) (A.141)

k2 W
D F(3nlo @ Tep |60l Zw (o)

teL teL

(A.142)
E F(plid, A, flzr. T ® oF).
where (a) follows by definition, (b) and (d) follow from
Lemma 3, (¢) follows from Eq. (A.138) and (e) fol-
lows from the fact that pfid, A, flor = D ,cp )l ®
Trp |¢e){¢e|. We construct a quantum operation I'p_,1.(+) :=
TrB[UUf(~)U}LUT], whose schematic diagram is given in
= Trpr[UU ) (¥|rUJUY] and

(A.143)

Figure 5. Then T'p_.1.(p5)
we can check that
F(Tp-r(pB),¥1)
> F(UUs|Y) R, W) ® [¢*)BR) (A.144)

= F(plid, A, flLr, 7L ® 0}) (A.145)
>V1-e? (A.146)

where the first inequality follows by the data-processing
inequality of quantum fidelity under Trpg, the equal-
ity follows by (A.143) and the second inequality follows
from (A.134). This implies that P(T'p_.1(pp), V) <¢

It remains to check I" € DIIO. Note that I' admits a Kraus
decomposition I'(-) = >, KbUf(')U;K;r with operators

K} = (b|U. For any computational basis |z) and any b € B,
we have
EyUsla)(@|UL K} = [(0U ()| (2))(f ()| € T,

(A.147)
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T(pB)

PB Uf

Fig. 5. Schematic diagram of the DIIO distillation protocol in Proposition 1.
The isometry Uy is incoherent. The unitary U, represented by the inner dashed
box, is a controlled unitary but is not necessarily incoherent. The overall
operation I'g_, 1, represented by the dashed box, belongs to DIIO.

by direct calculation. Thus I' € IO. For any computational
basis |x) and |y), we can first check that

T (12) () = WU 0y Upi o) £ () (£ (9)].
Thus it holds

C(A(Jz)(y])) = T(dz,ylz)(2])
= b2y D(|x)(2]) = 00y | f(2)) (f(2)], (A.149)

(A.148)

and

AT (@) YD) = 5y, ) WU}y Ui 2] (2))(f ()]
= 64(2).1 )0y | f (2)) ([ ()]

= 0gy| f(2))(f ()] (A.150)

Combining (A.149) and (A.150), we have T'o A = AoT,

indicating that I' € DIO. Finally we have I' € DIIO. |
APPENDIX B

AN ALTERNATIVE FORMULATION OF ASSISTED
INCOHERENT RANDOMNESS EXTRACTION

In this appendix, we consider an alternative formulation of
the assisted incoherent randomness extraction framework that
is different from the one discussed in Section IV-C. In this
formulation, Bob is more discreet in the sense that he accepts
the assistance from Alice but does not allow her to possess
any information about the extracted randomness.

A. Task Description

In the beginning, Alice and Bob share a bipartite quantum
state pap with purification |1))pap such that the reference
system R held by Eve. A general assisted incoherent random-
ness extraction protocol is characterized by a triplet (A, A, f),
where A € F a free operation and f a hash function. The
protocol has three steps:

1) Alice and Bob first perform a free operation
Aap—c € F on their joint system, where C'is in Bob’s
possession. That is, there is no output system at Alice’s
hand anymore. This can be done by performing a partial
trace operation. Let U p_,c g be a Stinespring isometry
representation of A. We assume the environment system
E of A is also controlled by Eve. After the action of A,
the whole system is in a pure state

T[Acer = Uap—ce([0)X|ras) Ul cp
(B.151)
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[¥) ran [ACAC] [f CAL] L

A
UAB%CE

an TIA, A A A, f

Fig. 6. Alternative formulation of the assisted randomness extraction
framework given by [A, A, f]. The system in red belongs to Alice, the
system in blue belong to Bob, and the two systems in gray belong to Eve.
In the shaded area, we illustrate an incoherent randomness extraction protocol
[id, A, f] (without assistance!) for the state 7 with purification 7[A]cgR.

where we use 7 instead of p in (B.151) to indicate that
we consider an alternative formulation here.

2) Bob dephases system C' into the incoherent basis
via Ac.

3) Bob performs the hash function f to extract randomness.
These two steps lead to the final output state

7'[/\7 A, f]LER = 7'[/\7 A]f(C)ER
> ol f D)X D)l @ o,

beB

(B.152)

where pp =

(blT[AlcEr[b)/po.
A detailed procedure of this alternative assisted randomness
extraction via (A, A, f) is depicted in Figure 6. Likewise,
the one-shot assisted extractable randomness via F of the
quantum state p4p in this alternative formulation is defined
as

Tr(b|7[Alcer|b) and obgp =

max

lrlpap) = | max_

log |L| :
 max{log|L|

dsec (TIA,A, floer|ER) <e}.  (B.153)

Remark 18: As one can tell, the essential difference
between this formulation and the original definition in
Section IV-C lies in what kind of incoherent operation A € F
that Alice and Bob can use. In the original definition, Alice
and Bob can adopt operations of the form Aap_. /g such
that the output A’ is at Alice’s hand and B’ is at Bob’s
hand. As a result, Alice has some information on Bob’s
extracted randomness that is secure from Ever. However,
in this alternative formulation, we rule out this possibility by
only allowing operations of the form A p_.c such that the
output system C' is under the full control of Bob. Apparently,
Bob in the alternative formulation is more stringent since
he solely makes use of Alice while does not allow her to
possess any secrecy. However, this difference does not cause
any trouble in the assisted coherence distillation scenario, since
Aap—ap can be converted to Aap_.c by doing an extra
partial trace Tr 4, without affecting the distillation rate.

Based on the argument in Remark 18, we conclude that
Bob in the original assisted randomness extraction framework
(cf. Section IV-C) can extract more randomness than in this
alternative framework.
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Proposition 5: Let F € {LICC,LQICC, SI, SQI, QIP}. Let
pap be a bipartite quantum state and ¢ € [0, 1]. It holds that

G (pan) < lx(pan). (B.154)

B. New Equivalence Relation

The main advantage of this alternative assisted incoherent
randomness extraction framework is that we can establish an
equivalence relation between the assisted coherence distillation
described in Section IV-B and the alternative assisted incoher-
ent randomness extraction described here, for all free operation
classes under consideration. This equivalence hence is much
stronger than that was concluded in Theorem 3, holding only
for the QIP class.

Theorem 6 (Equivalence Relation II): Let F €
{LICC, LQICC, SI, SQI, QIP}. Let p4 g be a bipartite quantum
state and € € [0, 1]. It holds that

C5.7(paB) = U5 (pan)- (B.155)

Proof: “<”: This direction can be shown using similar
argument in Lemma 1.

“>7: Let {%(pap) = log|L| and let [A, A, f] achieves
this rate such that App_.c € F. The key observation is
that an assisted incoherent randomness extraction protocol
[Aap—c,Ac, f] for state pap can be regarded as an incoher-
ent randomness extraction protocol [idc_.c, Ac, f] (without
assistance) for the state 7o = Aap_.c(pap), with purification
T[Alcggr defined in (B.151) and joint reference system ER
(cf. the shaded area of Figure 6). That is, for the state 7¢,
there exists a hash function f such that

dsec (7[id, A, flLer|ER) < €. (B.156)

Recalling the one-to-one correspondence between coherence
distillation protocol and incoherent randomness extraction
protocol in Proposition 1, we conclude from (B.156) that
there exists a quantum operation I'c_,;, € DIIO such that
PTo_rn(mc),VL) < e. Compositing these two quantum
operations yields

P(Tcor (1¢), Y1)
=PTc—roAap—c(pan), V1) <e.

That is to say, the composite operation I" o A distills an MCS
of rank |L| such that the error is bounded by e. It then suffices
to show that I' o A € F. In the following, we handle case by
case to show that the conditions A € F and I € DIIO together
indeed imply that ' o A € F.

Cases that F = LICC or F = LQICC. We only consider
F = LQICC since the other case F = LICC can be
shown similarly. We focus on the last round of classical
communication in the local incoherent operations and classical
communication operation A 4p_,c € LQICC. It must be that
Bob sends her outcome to Bob. More specifically, in the last
round, Bob performs a POVM {E%} such that E% > 0 and
>, E% = 1. She sends the outcome z to Bob. Condltloned
on z, Bob performs an operation D%_, ~ € MIO on the post-
measurement state. After that, he continues to do the operation
I'c_.p. Since I'c_,;, € DIIO, we know I' o D* € MIO as

(B.157)
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DIIO C MIO and MIO is closed under composition. As one
can tell, the only difference between A and I' o A is that in
the last round Bob performs different conditional operations;
for the former D¥ is taken, while for the latter I' o D*
is adopted. They are both free local incoherent operations.
Hence, I"' o A € LQICC.

Cases that F = SI or F = SQI. We only consider F = SI
since the other case F = SQI can be shown similarly. Assume
the incoherent operations A 4p_,c € SI has the form

> (4@ Bi)()(4i @ By)f,

i

Asp_c(s) = (B.158)

where both A; and B, are incoherent Kraus operators. Since
DIIO C 10, I'c—, 1, admits an incoherent Kraus decomposition
as Te—r(p) = >, KlpKlT, where K are incoherent Kraus
operators. Thus, I" o A admits the decomposition

Te—roAap—c(pas)
— ZKZ <Z(Ai ® B;)p(A; ® Bﬁ) K/ (B.159)
The completeness condition holds since

> (4@ KiB)' (A KiBy)
1,i

—ZA ® B;) <ZKTK1> i®Bi)  (B.I61)

—ZA ® Bi)'(Ai ® Bi) = Lap.

A; ® KiBy) pap (A; @ KiB;)' . (B.160)

(B.162)

What’s more, the Kraus operators K;B; are incoherent since
incoherent Kraus operators are closed under composition.
Hence I'o A € SL.

Cases that F = QIP. Notice that DIIO preserves the free
incoherent states Z. On the other hand it holds by definition
that Z C QZ. Thus DIIO preserves QZ. This implies that
I'(QZ) Cc QI. Since A € QIP and QIP is closed under
composition, we conclude I' o A € QIP. [ |

C. Comparison Among Various Assisted Tasks

We have considered three assisted tasks concerning a bipar-

tite quantum state p4p in this work:

1) The assisted coherence distillation task introduced in
Section IV-B and the corresponding one-shot optimal
rate C r(pap) (31),

2) The assisted incoherent randomness extraction task
introduced in Section IV-C and the corresponding one-
shot optimal rate ¢%(pag) (38), and

3) An alternative formulation of the assisted incoher-
ent randomness extraction task introduced in Appen-
dix B and the corresponding one-shot optimal rate
(%(pap) (B.153).

The following relation holds among these quantities as a
consequence of Proposition 5 and Theorem 6:

C5 7(pan) = 5(pag) < Cr(pan). (B.163)
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Specially, for the class of QIP we obtain an equivalence
relation due to Theorem 3 and Theorem 6:

CZ,QIP(pAB) = EE)IP(PAB) = K(E)IP(pAB)' (B.164)

To prove or disprove that the inequality in (B.163) is an
equality for other free classes is left to future work.
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