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Quantum coherence and quantum entanglement represent two fundamental features of non-classical systems
that can each be characterized within an operational resource theory. In this paper, we unify the resource theories
of entanglement and coherence by studying their combined behavior in the operational setting of local incoherent
operations and classical communication (LIOCC). Specifically we analyze the coherence and entanglement
trade-offs in the tasks of state formation and resource distillation. For pure states we identify the minimum
coherence-entanglement resources needed to generate a given state, and we introduce a new LIOCC monotone
that completely characterizes a state’s optimal rate of bipartite coherence distillation. This result allows us
to precisely quantify the difference in operational powers between global incoherent operations, LIOCC, and
local incoherent operations without classical communication. Finally, a bipartite mixed state is shown to have
distillable entanglement if and only if entanglement can be distilled by LIOCC, and we strengthen the well-

known Horodecki criterion for distillability.

The ability for quantum systems to exist in “superposition
states” reveals the wave-like nature of matter and represents
a strong departure from classical physics. Systems in such
superposition states are often said to possess quantum coher-
ence. There has currently been much interest in constructing
a resource theory of quantum coherence [1-11], in part be-
cause of recent experimental and numerical findings that sug-
gest quantum coherence alone can enhance or impact physical
dynamics in biology [12—15], transport theory [2, 16, 17], and
thermodynamics [18-20].

In a standard resource-theoretic treatment of quantum co-
herence, the free (or “incoherent”) states are those that are di-
agonal in some fixed reference (or “incoherent”) basis Differ-
ent classes of allowed (or “incoherent”) operations have been
proposed in the literature [1, 3, 9—-11] (see also [21, 22] for
comparative studies of these approaches), however an essen-
tial requirement is that the incoherent operations act invari-
antly on the set of diagonal density matrices. Incoherent op-
erations can then be seen as one of the most basic generaliza-
tions of classical operations (i.e. stochastic maps) since their
action on diagonal states can always be simulated by classical
processing. Note also that most experimental setups will have
a natural basis to work in, and arbitrary unitary time evolu-
tions might be physically difficult to implement. In these set-
tings, there are practical advantages to identifying “diagonal
preserving” operations as being “free” relative to coherent-
generating ones.

One does not need to look far to find an important con-
nection between incoherent operations and quantum entangle-
ment, the latter being one of the most important resources in
quantum information processing [23]. Consider the task of
entanglement generation. This procedure is usually modeled
by bringing together two or more quantum systems initially
in a product state p ® o and then applying an entangling joint
operation. However, using only incoherent operations, this
will not be possible unless either p or o already possesses
coherence. The reason is that when p ® o is an incoherent

bipartite state, any incoherent operation acting on both sys-
tems will leave the joint state incoherent (and hence unentan-
gled). On the other hand, if the joint state is [+)|0), with
|£) = M(Im + 1)), then an application of CNOT yields
the entangled state V1/2(|00) + |11)). This example reveals
that coherence, or at least coherent-generating operations, is a
pre-requisite for producing entanglement. In fact, as Streltsov
et al. have shown [24], every coherent state can be used for
the generation of entanglement in a manner similar to this ex-
ample.

Notice that the transformation |[+)]0) — \/1/_2(|00> +
[11)) requires performing an entanglement-generating inco-
herent operation. To capture both coherence and entangle-
ment in a common resource-theoretic framework, one must
modify the scenario by adopting the “distant lab” perspective
in which two or more parties share a quantum system but they
are spatially separated from one another [23, 25]. In this set-
ting, entanglement cannot be generated between the parties
and it becomes another resource in play. When the constraint
of locality is added to the incoherent framework, the allowable
operations for Alice and Bob are then local incoherent op-
erations and classical communication (LIOCC). The hybrid
coherence-entanglement theory described here is similar in
spirit to previous work on the locality-restricted resource the-
ories of purity [26-29] and asymmetry [30]. We do not point
to a specific biological or thermodynamic process as motiva-
tion for our study of LIOCC - although, one could envision
potential physical applications in certain coherence-enhanced
transport networks where the nodes interact through classical
signaling. Rather, we promote LIOCC as the natural setting
to explore the interplay between coherence and entanglement
as resource primitives in quantum information theory. For ex-
ample, how much local coherence and shared entanglement
do Alice (A) and Bob (B) need to prepare a particular bipartite
state pA8 using LIOCC (Fig. 1 (a))? Conversely, how much
coherence and entanglement can be distilled from a given state
pAB using LIOCC (Fig. 1 (b))? The latter task can also be seen
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Figure 1. (a) An LIOCC formation protocol asymptotically gen-

erates an arbitrary state pA® from an initial supply of local coherent
bits (@4 /Pp) and shared entanglement bits (P 4-p). (b) An LIOCC
dilution protocol performs the reverse transformation.

as type of collaborative randomness distillation, where Alice
and Bob work together to generate local sources of genuine
randomness for each other [6].

Our main results are the following. (1) We completely
characterize the achievable coherence-entanglement rate re-
gion for the task of asymptotically generating some pure state
[¥)48 (Theorem 1). (2) We introduce a new LIOCC mono-
tone that combines both coherence and entanglement mea-
sures (Theorem 4), and we show it quantifies the optimal rate
in which Alice and Bob can simultaneously distill local co-
herence from a pure state. (3) We identify an achievable rate
region for the coherence-entanglement distillation of a pure
state and show optimality at almost all corner points (Theo-
rem 5). (4) In analogy to Refs. [26-29], we introduce and
compute for pure states the nonlocal coherence deficit and the
LIOCC coherence deficit (Eqns. (8)—(9)). (5) We show that
LIOCC operations alone are sufficient to decide whether en-
tanglement can be distilled from a mixed state using general
LOCC.

Let us begin by briefly describing the theory of bipartite
coherence in more detail. Assigned to both Alice and Bob’s
system is a particular basis called their incoherent basis. We
denote Alice’s incoherent basis by {lx)A }d’*_1

x=0
herent basis by {Iy)B }jiz)l so that the incoherent basis for their

joint system HA ® HB is {|x)* |y>3}jf; 451 Then any bipar-
tite state belongs to the set of incoherent states 7 iff it has the
form

and Bob’s inco-

B =" paliial! @ ). (1)
Xy

Following the framework of Baumgratz et al. [3], a lo-
cal incoherent operation for Alice is given by a complete
set of Kraus operators {K,}, such that (K, ® I5)p*8(K, ®
18) /tr[K, K], ® 1BpAB] € T for all pAB € I. If ever she in-
troduces a local ancilla system H’ A,, the incoherent basis for
this additional system is labeled in the same way (I }i/‘:' (; g
Analogous statements characterize the notion of incoherent

operations on Bob’s system. In the LIOCC setting, Alice and
Bob take turns performing local incoherent operations and
sharing their measurement data over a classical communica-
tion channel.

The canonical resource states in the bipartite LIOCC frame-
work are the maximally coherent bits (CoBits), |Py) :=
VI72(10y* + [1)4) and [@5) := VI/2(10)% + |1)?) for Al-
ice and Bob’s systems respectively [3], as well as the entan-
gled state [®ap) := V1/2(]00) + |11)), which we will call
the maximally coherent entangled bit (eCoBit). Notice that
unlike entanglement theory, only those bipartite states related
to |®4p) by an incoherent local unitary transformation can be
regarded as equivalent to |®4p). For example, as we will see
below, one eCoBit cannot be incoherently transformed into
the state V1/2(|0+) -+ |1-)), even asymptotically.

We now describe the primary tasks studied in this paper,
which can be seen as the resource-theoretic tasks recently an-
alyzed by Winter and Yang in Ref. [7] but now with additional
locality constraints. All of the detailed proofs can be found in
the Supplemental Material [31], which also contain Refs. [32—
46], and here we just present the results. Let us begin with the
problem of asymptotic state formation shown in Fig. 1 (a). A
triple (Ra, Rp, E°) is an achievable coherence-entanglement
formation triple for the state p8 if for every € > 0 there exists
an LIOCC operation £ and integer n such that

s (q)frn(Rﬁe)] ® q)‘i[”(RB"rf)] ® ¢§[Z§E"“+e)1) £ o
Dual to the task of formation is resource distillation, as de-
picted in Fig. 1 (b). A triple (R4, Rp, E°) is an achievable
coherence-entanglement distillation triple for pA8 if for every
€ > 0 there exists an LIOCC operation .£ and integer n such
that

L(p®) £ @fL"(RA—f)J ® q>§|ﬁ(RB—5)J ® cpfgl(Ew‘f”,

As we are dealing with asymptotic transformations, we should
expect the optimal rate triples to be given by entropic quan-
tities. Recall that for a bipartite state w8, the von Neu-
mann entropy of, say, Alice’s reduced state w? is given by
S(A), = —tr[w? logw?]. The quantum mutual information
of w8 takes the form I(A : B), = S(A)y — S(AIB)y,
where S (A|B)y, := S (AB),, — S (B),,. For a pure state [¥)5,
the entropy of entanglement E(¥) := S(A)y = S(B)y is
the unique measure of entanglement in the asymptotic regime
[47], and it can be generalized to mixed states as the en-
tanglement of formation Ep(p) [48]. We will also be in-
terested in these entropic quantities after sending our state
wB through the completely dephasing channel, A(w) :=
Sy [y (xylwlxy)(xyl. It will be convenient to think of A(w)
as encoding random variables XY having joint distribution
p(x,y) = (xy|A(w) |xy). For this reason, we follow stan-
dard convention and replace the labels (4, B) — (X,Y) when
discussing a dephased state.

Our first main result completely characterizes the achiev-
able rate region for the LIOCC formation of bipartite pure
states.



Theorem 1. For a pure state |[¥Y*8 the following triples are

achievable coherence-entanglement formation rates

(Ra R, E<) = (0, S(YIX) acx) » S (X)acy)) 2
(Ra,RB, E“) = (S (X)acy), S(YX)ary), E(Y)) ()
(Ra-Rp. E) = (0, 0, S(XY)(y)) 4)

as well as the points obtained by interchanging A < B in
Eqns. (2) — (4). Moreover, these points are optimal in the sense
that any achievable rate triple must satisfy (i) E©° > E(Y), (ii)
Ra +Rp > S(XY)A(Y), (iii) Rp + E° > S(XY)A(\Y).

For a mixed state pA, a formation protocol can be con-
structed that achieves the average rates for any ensemble
{Pr, |<pk)AB} such that p = > prler){ek| [48]. For instance,
one can consider an ensemble whose average bipartite coher-
ence attains the coherence of formation Cr for p; i.e. it is an
ensemble {px, pr )28} for p that minimizes 3 piS (XY) Agr)
[6, 7]. Then for a mixed state p, the coherence rate sum
Ra + Rp of Eq. (3) can attain the coherence of formation
Cr(p). In the global setting where Alice and Bob are al-
lowed to perform joint operations across system AB, it has
been shown that Cr(p) quantifies the optimal coherence con-
sumption rate for generating p using global incoherent opera-
tions [7]. Our result then intuitively says that in the restricted
LIOCC setting, the same coherence rate is sufficient to gen-
erate p, however they now need additional entanglement at a
rate Y prE(@r), where the ensemble {py, )45} minimizes
the average coherence of p.

The proof of Theorem 1 uses two lemmas that may be of
independent interest. The first generalizes a result presented in
Ref. [3], and the second is an incoherent version of Nielsen’s
Majorization Theorem [49].

Lemma 2. An arbitrary d X d unitary operator U can be per-
formed on a system using incoherent operations and [logd]
CoBits.

Lemma 3. Suppose |28 and |28 have reduced density ma-
trices that are diagonal in the incoherent bases for both par-
ties and both states. Then |y — |¢) by LIOCC iff the squared
Schmidt coefficients of |¢) majorize those of ).

Next, we introduce a new LIOCC monotone and provide
its operational interpretation. To do so, we recall the recently
studied task of assisted coherence distillation, which involves
one party helping another distill as much coherence as pos-
sible through general quantum operations performed on the
helper side and incoherent operations performed on the dis-
tillation side [50]. For a given state p*5, the optimal asymp-
totic rate of coherence distillation on Bob’s side when Alice

helps is denoted by C2% (pAB). When the roles are switched,

the optimal asymptotic rate is denoted by CZ¥(p4B). It
was shown in Ref. [50] that C5%(p*B) = S(Y)a(y) and
CHA(p"B) = §(X) Acy)- With these quantities in hand, we

define for a bipartite pure state [¥)*? the function

Cr(¥) = CaP(¥) + () - E(Y)
=SX)acy) +S(¥)acy) —E(Y). S

Its extension to mixed states can be defined by a convex roof
optimization [45]: Cr(p8) = inf;, |,148) 2k pkCr(e®)
for which p*® = 3 il (eul.

Theorem 4. The function Cy is an LIOCC monotone.

We note that this is the first monotone of its kind since it be-
haves monotonically under LIOCC, but not general LOCC or
even under LQICC, the latter being an operational class in
which only one of the parties is required to perform incoher-
ent operations (as opposed to LIOCC where both parties must
perform incoherent operations) [50].

Using the monotonicity of C,, we are able to derive tight
upper bounds on coherence distillation rates.

Theorem 5. For a pure state |[¥Y*8 the following triples are

achievable coherence-entanglement distillation rates

(R Ry, E°°) = (S (X)) ~E(¥), S(V)ag)> 0) (6
(R, Rg, E) = (0, S(YIX)a(w)s I(X: V)apw), (D

as well as the points obtained by interchanging A < B
in Egn. (6) and (7). Moreover, these points are optimal
in the sense that any achievable rate triple must satisfy (i)
Ra+ Rp < Cp(Y) and (ii) Rp + E° < S(Y)A(ly).

This theorem endows C, with the operational meaning of
quantifying how much local coherence can be simultaneously
distilled from a pure state. For a state [¥) the maximum that
Alice can help Bob distill coherence is CﬁlB while the maxi-
mum that Bob can help Alice is CaB 4, Evidently, they cannot
both simultaneously help each other at these optimal rates. In-
stead, they are bounded away from simultaneous optimality at
a rate equaling their shared entanglement.

It is still unknown the precise range of achievable distilla-
tion triples (R4, Rp, ESS,,), where E€C, . is the maximum eCo-
Bit distillation rate. While we are able to prove that ES),, is
the regularized version of /(X : Y) A(y) optimized over all LI-
OCC protocols, we have no single-letter expression for this
rate nor do we know the achievable local coherence rates for
optimal protocols.

A natural question is whether ES2, (V) = E(¥). While
this question remains open, we can show that E('¥') is achiev-
able if the Schmidt basis of the final state need not be inco-
herent. More precisely, we say a number R is an achievable
LIOCC entanglement distillation rate if for every € > 0, there
exists an LIOCC protocol £ acting on n copies of ¥ such that

L(¥®") X Ag, where Agisad®d maximally entangled pure
state (i.e. A" = A =1/d) with L logd > R — €. The largest
achievable distillation rate will be denoted by EE/OCC ().

Theorem 6. ELOCC(¥) = E(¥).



It is interesting to compare the coherence distillation rates
using incoherent operations under different types of local-
ity constraints. In Refs. [26-29], similar comparisons were
made in terms of purity (or work-information) extraction.
Let Cgl"b“l, CgIOCC, and Cg O denote the optimal rate sum
R4 + Rp of local coherence distillation using global inco-
herent operations, LIOCC, and local incoherent operations
(with no classical communication), respectively. In com-
plete analogy to [26-29], we define the nonlocal coherence
deficit of a bipartite state pA8 as §(p48) = Cgl"b“l (p"B) -
CHOCC(pAB) and the LIOCC coherence deficit as 6. (p*8) =
CHOCC (pAB) — CLIO(pAB). Intuitively, the quantity 5(p*5)
quantifies the coherence in a state that can only be accessed
using nonlocal incoherent operations. Likewise, 6.(o"%)
gives the coherence in p? that requires classical communi-
cation to be obtained. The results of Winter and Yang imply
that C§/P(¥) = S (XY)aqy) and CHO(Y) = S (X)ppy) +
S (Y)acg) — 2E(¥) for a bipartite pure state [¥)48 [51]. Com-
bined with Theorem 5, we can compute the two coherence
deficits for pure states:

6(Y) =E(Y) - I(X:Y)aw) (8)
6c(¥) =E(Y). 9)

It is curious that the entanglement E('¥) quantifies the coher-
ence gain unlocked by classical communication. But note that
a similar phenomenon exists in the resource theory of purity.
Namely, the quantum deficit 6(¥) and classical deficit 6. (¥)
measure the analogous differences in local purity distillation
by so-called “closed operations” (CO), and they are given by
6(¥) = 6.(¥) = E(Y) [26, 27]. For the task of distilling Co-
Bits, every protocol using incoherent operations can be seen
as one using closed operations by accounting for all ancilla
systems at the start of protocol [52]. However, closed opera-
tions allow for arbitrary unitary rotations, which are forbidden
in coherence theory. The term /(X : ¥)a(y) in 6(¥) identifies
precisely the basis dependence in coherence theory and shows
how this decreases 6('¥) relative to 6(¥). On the other hand,
there is evidently no basis dependency in the LIOCC classical
deficit 6. (¥) and it is equivalent to 6. (F).

Although our distillation results so far have only applied to
pure states, we can deduce a very general result concerning
the distillability of mixed states.

Theorem 7. A mixed state p*B has (LOCC) distillable en-
tanglement if and only if entanglement can be distilled using
LIOoCC.

The proof of this theorem is actually quite simple and uses
the fact that an arbitrary quantum operation can be simu-
lated using incoherent operations and CoBits (Lemma 2). In
Ref. [50] it was shown how local coherence can always be
distilled for both Alice and Bob from multiple copies of every
entangled states using LIOCC. Hence for a sufficiently large
number of any distillable entangled state p*5, Alice and Bob
first distill sufficient local coherence using LIOCC, and then
they simulate the LOCC protocol which distills entanglement.

As shown in Ref. [53], a state p has distillable entanglement
iff for some k there exists rank two operators A and B such that
the (unnormalized) state A ® Bp® A ® B is entangled. By The-
orem 5 and following the same argumentation of Ref. [53],
we can further require that the A and B are incoherent oper-
ators; that is, they have the form A = |0){ag| + [1){@| and
B = [0)Bol + 11){B1| where A(ap) := A(lag)ay|) is orthog-
onal to A(a) := A(la;)ail), and likewise for A(By) :=
A(|BoXBol) for A(B1) := A(IB1){B1]). We are thus able to
add an additional condition to the distinguishability criterion
of Ref. [53].

Corollary 8. A bipartite state p has distillable entanglement
iff for any pair of orthonormal local bases By = {|x)"}
and B = {|y>B} there exists some k and projectors Py =
lao )Xol + la1){a1| and Pp = |Bo){Bol + |B1){B1| such that

1. (PA® Pp)p®*(Ps ® Pp) is entangled,
2. tr[AA(ao)AA(aq)] = tr[AB(ﬂo)AB(ﬁl)] =0,

where Ay is the completely dephasing map in the basis B?k.

Conclusion: In this letter, we have investigated the relation-
ship between entanglement and coherence in the framework of
local incoherent operations and classical communication. The
findings of this study suggest that indeed entanglement and
coherence are closely linked resources. For instance, Theorem
5 shows that the entanglement of a state plays a crucial role in
limiting the amount of coherence that can be distilled from a
state, a result highly reminiscent of the complementarity be-
tween local and nonlocal information studied in Ref. [28]. Ina
similar spirit, Theorem 7 shows that entanglement distillabil-
ity can be studied through the lens of coherence theory. This
latter result seems somewhat remarkable since despite coher-
ence being a basis-dependent resource, its resource-theoretic
analysis can be used to draw conclusions about entangle-
ment, a basis-independent resource. Future work will be con-
ducted to see whether the strengthened distillability criterion
of Corollary 8 can be useful in the long-standing search for
NPT bound entanglement.

Finally, we would like to comment on the particular type
of incoherent operations studied in this letter. As noted in the
introduction, there have been various proposals for the “free”
class of operations in a resource theory of coherence. This let-
ter has adopted the incoherent operations (IO) of Baumgratz
et al. [3], where each Kraus operator in a measurement just
needs to be incoherence-preserving. While the class IO has
drawbacks in terms of formulating a full physically consistent
resource theory of coherence [11, 21], it nevertheless seems
unlikely that the results of this letter would remain true if other
operational classes were considered. For example, the strictly
incoherent operations (SIO) proposed by Yadin et al. are un-
able to convert one eCoBit into a CoBit [11]. Thus, we believe
that the interesting connections between IO coherence theory
and entanglement demonstrated in this letter make a positive
case for why 10 is important in quantum information theory,
independent of any other motivation. In fact, one could even



put coherence aside and view LIOCC as just being a simpli-
fied subset of LOCC. As we have shown here, nontrivial con-
clusions about entanglement can indeed be drawn by studying
LOCC from “the inside.” This approach is somewhat dual to
the standard practice of studying LOCC using more general
separable operations (SEP), the chain of inclusions being LI-
OCC c LOCC c SEP. Interesting future work would be to
consider more general connections between coherence non-
generating and entanglement non-generating operations.

During preparation of this manuscript, we learned of work
by Streltsov and co-authors who have also initiated a study
into local incoherent operations and classical communication
[54].

Acknowledgments

We thank Alex Streltsov for fruitful exchanges on the topic
of coherence distillation. EC is supported by the National Sci-
ence Foundation (NSF) Early CAREER Award No. 1352326.
MH is supported by an ARC Future Fellowship under Grant
FT140100574.

[1] J. Aberg, (2006), arXiv:quant-ph/0612146.
[2] F. Levi and E. Mintert, New J. Phys. 16, 033007 (2014).
[3] T. Baumgratz, M. Cramer, and M. B. Plenio, Phys. Rev. Lett.
113, 140401 (2014).
[4] T.R. Bromley, M. Cianciaruso, and G. Adesso, Phys. Rev. Lett.
114, 210401 (2015).
[5] K. Korzekwa, M. Lostaglio, J. Oppenheim, and D. Jennings,
(2015), arXiv:1506.07875.
[6] X. Yuan, H. Zhou, Z. Cao, and X. Ma, Phys. Rev. A 92, 022124
(2015).
[7] A. Winter and D. Yang, Phys. Rev. Lett. 116, 120404 (2016).
[8] U. Singh, M. N. Bera, A. Misra, and A. K. Pati, (2015),
arXiv:1506.08186.
[9] I. Marvian, R. W. Spekkens,
1510.06474.
[10] A. Streltsov, (2015), arXiv:1511.08346.
[11] B. Yadin, J. Ma, D. Girolami, M. Gu, and V. Vedral, (2015),
arXiv:1512.02085.
[12] S. Lloyd, J. Phys.: Conf. Series 302, 012037 (2011).
[13] C.-M. Li, N. Lambert, Y.-N. Chen, G.-Y. Chen, and F. Nori,
Sci. Rep. 2 (2012), 10.1038/srep00885.
[14] S. F. Huelga and M. B. Plenio, Contemp. Phys. 54, 181 (2013).
[15] N. Lambert, Y.-N. Chen, Y.-C. Cheng, C.-M. Li, G.-Y. Chen,
and F. Nori, Nature Physics 9, 10 (2013).
[16] P. Rebentrost, M. Mohseni, and A. Aspuru-Guzik, J. Phys.
Chem. B 113, 9942 (2009).
[17] B. Witt and F. Mintert, New J. Phys. 15, 093020 (2013).
[18] M. Lostaglio, D. Jennings, and T. Rudolph, Nature Communi-
cations 6, 6383 (2015).
[19] V. Narasimhachar and G. Gour, Nature Communications 6,
7689 (2015).
[20] P. Cwikliﬁski, M. Studzifiski, M. Horodecki, and J. Oppen-
heim, Phys. Rev. Lett. 115, 210403 (2015).
[21] E. Chitambar and G. Gour, (2016), 1602.06969.
[22] 1. Marvian and R. W. Spekkens, (2016), 1602.08049.
[23] R. Horodecki, P. Horodecki, M. Horodecki, and K. Horodecki,
Rev. Mod. Phys. 81, 865 (2009).

and P. Zanardil, (2015),

[24] A. Streltsov, U. Singh, H. S. Dhar, M. N. Bera, and G. Adesso,
Phys. Rev. Lett. 115, 020403 (2015).

[25] M. B. Plenio and S. Virmani, Quant. Inf. Comput. 7, 1 (2007),
quant-ph/0504163.

[26] J. Oppenheim, M. Horodecki, P. Horodecki, and R. Horodecki,
Phys. Rev. Lett. 89, 180402 (2002).

[27] M. Horodecki, K. Horodecki, P. Horodecki, R. Horodecki,
J. Oppenheim, A. Sen(De), and U. Sen, Phys. Rev. Lett. 90,
100402 (2003).

[28] J. Oppenheim, K. Horodecki, M. Horodecki, P. Horodecki, and
R. Horodecki, Phys. Rev. A 68, 022307 (2003).

[29] M. Horodecki, P. Horodecki, R. Horodecki, J. Oppenheim,
A. Sen(De), U. Sen, and B. Synak-Radtke, Phys. Rev. A 71,
062307 (2005).

[30] The resource theory of asymmetry [55-59] under locality con-
straints has been studied in Refs. [60, 61]. Note that the pre-
cise connection between coherence and asymmetry is rather
subtle, since in the latter one can allow for decoherence-free
subspaces when taking tensor products. For instance, if U(1) is
the local symmetry for Alice, then when considering two copies
of her system, the coherence-generating operation [01)4142 —
1/ V2(101y4142 4 110y4142) is allowed. See [21] and [22] for
more details.

[31] Supplemental Material [URL].

[32] C. Fuchs and J. van de Graaf, Information Theory, IEEE Trans-
actions on 45, 1216 (1999).

[33] M. Fannes, Communications in Mathematical Physics 31, 291
(1973).

[34] K. M. Audenaert, J. Phys. A 40, 8127 (2007).

[35] A. Winter, IEEE Transactions on Information Theory 45, 2481
(1999).

[36] I Csiszér and J. Korner, Information Theory: Coding Theorems
for Discrete Memoryless Systems (Cambridge University Press,
Cambridge, UK, 2011).

[37] L. Devetak and A. Winter, IEEE Trans. Inf. Theory 50, 3183
(2004).

[38] I. Devetak and A. Winter, Proceedings of the Royal Society
A: Mathematical, Physical and Engineering Science 461, 207
(2005).

[39] A.S. Holevo, IEEE Trans. Inf. Theory 44, 269 (1998).

[40] B. Schumacher and M. D. Westmoreland, Phys. Rev. A 56, 131
(1997).

[41] A. Uhlmann, Rep. Math. Phys. 9, 273 (1976).

[42] R. Jozsa, Journal of Modern Optics 41, 2315 (1994).

[43] J. A. Smolin, F. Verstraete, and A. Winter, Phys. Rev. A 72,
052317 (2005).

[44] R. Bhatia, Matrix Analysis (Springer, 1996).

[45] G. Vidal, J. Mod. Opt. 47, 355 (2000).

[46] B. Synak-Radtke and M. Horodecki, Journal of Physics A:
Mathematical and General 39, L.423 (2006).

[47] S. Popescu and D. Rohrlich, Phys. Rev. A 56, R3319 (1997).

[48] C.H. Bennett, D. P. DiVincenzo, J. A. Smolin, and W. K. Woot-
ters, Phys. Rev. A 54, 3824 (1996).

[49] M. A. Nielsen, Phys. Rev. Lett. 83, 436 (1999).

[50] E. Chitambar, A. Streltsov, S. Rana, M. N. Bera, G. Adesso,
and M. Lewenstein, Phys. Rev. Lett. 116, 070402 (2016).

[51] A. Winter, in Information Theory, 2005. ISIT 2005. Proceed-
ings. International Symposium on (2005) pp. 2270-2274.

[52] With sufficient ancilla systems, every incoherent operation can
be modeled using a projective measurement on a larger sys-
tem and classical processing [21]. However, since the target
states are pure, one does not need to classically process mea-
surement outcomes or discard any subsystems in a successful


http://arxiv.org/abs/arXiv:quant-ph/0612146
http://dx.doi.org/10.1088/1367-2630/16/3/033007
http://dx.doi.org/10.1103/PhysRevLett.113.140401
http://dx.doi.org/10.1103/PhysRevLett.113.140401
http://dx.doi.org/10.1103/PhysRevLett.114.210401
http://dx.doi.org/10.1103/PhysRevLett.114.210401
http://arxiv.org/abs/arXiv:1506.07875
http://dx.doi.org/ 10.1103/PhysRevA.92.022124
http://dx.doi.org/ 10.1103/PhysRevA.92.022124
http://dx.doi.org/10.1103/PhysRevLett.116.120404
http://arxiv.org/abs/arXiv:1506.08186
http://arxiv.org/abs/1510.06474
http://arxiv.org/abs/arXiv:1511.08346
http://arxiv.org/abs/arXiv:1512.02085
http://dx.doi.org/10.1088/1742-6596/302/1/012037
http://dx.doi.org/ 10.1038/srep00885
http://dx.doi.org/10.1080/00405000.2013.829687
http://dx.doi.org/ 10.1038/nphys2474
http://dx.doi.org/10.1021/jp901724d
http://dx.doi.org/10.1021/jp901724d
http://dx.doi.org/10.1088/1367-2630/15/9/093020
http://dx.doi.org/ 10.1103/PhysRevLett.115.210403
http://arxiv.org/abs/1602.06969
http://arxiv.org/abs/1602.08049
http://dx.doi.org/10.1103/RevModPhys.81.865
http://dx.doi.org/ 10.1103/PhysRevLett.115.020403
http://arxiv.org/abs/quant-ph/0504163
http://dx.doi.org/10.1103/PhysRevLett.90.100402
http://dx.doi.org/10.1103/PhysRevLett.90.100402
http://dx.doi.org/10.1103/PhysRevA.68.022307
http://dx.doi.org/10.1109/18.761271
http://dx.doi.org/10.1109/18.761271
http://dx.doi.org/10.1007/BF01646490
http://dx.doi.org/10.1007/BF01646490
http://dx.doi.org/10.1088/1751-8113/40/28/S18
http://dx.doi.org/10.1109/18.796385
http://dx.doi.org/10.1109/18.796385
http://dx.doi.org/10.1098/rspa.2004.1372
http://dx.doi.org/10.1098/rspa.2004.1372
http://dx.doi.org/10.1098/rspa.2004.1372
http://dx.doi.org/10.1109/18.651037
http://dx.doi.org/10.1103/PhysRevA.56.131
http://dx.doi.org/10.1103/PhysRevA.56.131
http://dx.doi.org/10.1080/09500349414552171
http://dx.doi.org/10.1103/PhysRevA.72.052317
http://dx.doi.org/10.1103/PhysRevA.72.052317
http://dx.doi.org/10.1080/09500340008244048
http://dx.doi.org/10.1088/0305-4470/39/26/L02
http://dx.doi.org/10.1088/0305-4470/39/26/L02
http://dx.doi.org/10.1103/PhysRevA.56.R3319
http://dx.doi.org/10.1103/PhysRevA.54.3824
http://dx.doi.org/10.1103/PhysRevLett.83.436
http://dx.doi.org/ 10.1103/PhysRevLett.116.070402
http://dx.doi.org/10.1109/ISIT.2005.1523752
http://dx.doi.org/10.1109/ISIT.2005.1523752

distillation protocol, and thus the whole procedure can be done
on a “closed” system [29].

[53] M. Horodecki, P. Horodecki, and R. Horodecki, Phys. Rev.
Lett. 80, 5239 (1998), quant-ph/9801069.

[54] A. Streltsov, S. Rana, M. N. Bera, and M. Lewenstein, (2015),
1509.07456.

[55] S. D. Bartlett, T. Rudolph, and R. W. Spekkens, Rev. Mod.
Phys. 79, 555 (2007).

[56] G. Gour and R. W. Spekkens, New Journal of Physics 10,
033023 (2008).

[57] G. Gour, I. Marvian, and R. W. Spekkens, Phys. Rev. A 80,
012307 (2009).

[58] I. Marvian and R. W. Spekkens, New Journal of Physics 15,
033001 (2013).

[59] I. Marvian and R. W. Spekkens, Nature Communications 5,
3821 (2014).

[60] J. A. Vaccaro, F. Anselmi, H. M. Wiseman, and K. Jacobs,
Phys. Rev. A 77, 032114 (2008).

[61] G. A. White, J. A. Vaccaro, and H. M. Wiseman, Phys. Rev. A
79, 032109 (2009).


http://dx.doi.org/10.1103/PhysRevLett.80.5239
http://dx.doi.org/10.1103/PhysRevLett.80.5239
http://arxiv.org/abs/quant-ph/9801069
http://arxiv.org/abs/1509.07456
http://dx.doi.org/10.1103/RevModPhys.79.555
http://dx.doi.org/10.1103/RevModPhys.79.555
http://stacks.iop.org/1367-2630/10/i=3/a=033023
http://stacks.iop.org/1367-2630/10/i=3/a=033023
http://dx.doi.org/10.1103/PhysRevA.80.012307
http://dx.doi.org/10.1103/PhysRevA.80.012307
http://dx.doi.org/10.1103/PhysRevA.77.032114
http://dx.doi.org/10.1103/PhysRevA.79.032109
http://dx.doi.org/10.1103/PhysRevA.79.032109

	Relating the Resource Theories of Entanglement and Quantum Coherence
	Abstract
	References


