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ABSTRACT. We study the discrimination of a pair of orthogonal quantum states in the many-copy setting.
This is not a problem when arbitrary quantum measurements are allowed, as then the states can be
distinguished perfectly even with one copy. However, it becomes highly nontrivial when we consider states
of a multipartite system and locality constraints are imposed. We hence focus on the restricted families of
measurements such as local operation and classical communication (LOCC), separable operations (SEP),
and the positive-partial-transpose operations (PPT) in this paper.

We first study asymptotic discrimination of an arbitrary multipartite entangled pure state against its
orthogonal complement using LOCC/SEP/PPT measurements. We prove that the incurred optimal av-
erage error probability always decays exponentially in the number of copies, by proving upper and lower
bounds on the exponent. In the special case of discriminating a maximally entangled state against its
orthogonal complement, we determine the explicit expression for the optimal average error probability and
the optimal trade-off between the type-I and type-1I errors, thus establishing the associated Chernoff, Stein,
Hoeffding, and the strong converse exponents. Our technique is based on the idea of using PPT operations
to approximate LOCC.

Then, we show an infinite separation between SEP and PPT operations by providing a pair of states
constructed from an unextendible product basis (UPB): they can be distinguished perfectly by PPT mea-
surements, while the optimal error probability using SEP measurements admits an exponential lower bound.
On the technical side, we prove this result by providing a quantitative version of the well-known statement
that the tensor product of UPBs is UPB.

1. INTRODUCTION

Testing whether a system has a specified property of interest is a fundamental problem in science. In
statistics, this problem is called hypothesis testing [1], which has substantial applications in numerous
fields, such as information sciences [2, 3, 4, 5, 6, 7, 8], computational learning theory [9, 10, 11, 12],
property and distribution testing [13, 14, 15, 16], and differential privacy [17, 18, 19, 20, 21].

The most basic form of hypothesis testing is binary hypothesis testing, which consists of a null hypoth-
esis Hyp and an alternative hypothesis Hy. In quantum computing, the two hypotheses are modeled by
quantum states pg and p1, respectively. To distinguish the two quantum states, one has to perform a test
T, or equivalently a two-outcome positive-operator valued measure (POVM) measurement {7, 1 — T} on
the received state, where 0 < T < 1 is a quantum observable. Such a test T incurs two types of error
probabilities; namely, the type-I error a(7T) := Pr [H;|Hg] = Tr [po(1 — T')] is the probability of accepting
the Hy when Hp is true, and the type-II error 5(T") := Pr[Hog|Hi] = Tr[p17] is to decide for Hy when
actually Hjp is true. If the prior probabilities of the hypotheses are known, say p and 1 — p, we measure
the performance of the decision scheme by calculating the average (Bayes) error probability. We term this
the Bayesian approach, and specifically the symmetric setting when the two hypotheses are equally likely,
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p=1—p= % In most practical situations where the prior probabilities are unknown, a Neyman-Pearson
approach is to analyze the trade-off between the two types of errors. We call this the asymmetric setting.
In the Bayesian setting, the optimal average error probability is then given by

Pe(po, pr:p) »= inf {pa(T) + (1 = p)B(T)}

for p := Pr[Hg] € (0;1). Helstrom and Hoelvo [22] proved a closed-form expression of P, and showed that
the optimal test is achieved by projection onto the positive support of ppg — (1 — p)p1. This measurement
can be viewed as the quantum generalization of the classical Neyman—Pearson test [23, 24, 25, 20].

In the present paper we are concerned with the many-copy and asymptotic behavior of Pc(p6®", p?"; D),
where n identical copies of states are prepared. The celebrated quantum Chernoff theorem [27, 28, 29]
then establishes that

1
e 1: - QXN n, _ : 1—s s
&clpo, pr) := lim ——log Fe(py™, p1";p) = Jin logTr [pg°pi] - (1)

That is, the Chernoff exponent c(po, p1) determines the convergence rate of the error probability. Be-
cause of this result, in the asymptotics we consider all the Bayesian error probabilities Pe(pgzm, p?"; p) as
pertaining to the symmetric setting, as long as p does not depend on n.

In the asymmetric setting, one aims to study the asymptotic functional dependence between the type-I
and type-1II errors. In particular, three exponents are the most important (the detailed definitions will be
given in Section 2). The Stein exponent characterizes the best (i.e. the largest) exponential decaying rate
of they type-II error /3, when «;, is bounded by some € € (0,1). The quantum Stein’s lemma [30, 31] shows
that the exponent is given by the quantum relative entropy [32]. Moreover, it is independent of € € (0, 1),
which is called the strong converse property. The Hoeffding exponent and the strong converse exponent,
respectively, determine the optimal exponential rate of the type-I error or the type-I success probability
when the type-II error exponentially decays at the rate below or above the Stein exponent. They are
proved to be given by quantities involving Petz’s Rényi divergence [33, 34, 28, 29] and the sandwiched
Rényi divergence [35, 36, 37, 38]. Other extensions in the large, moderate, and small deviation regimes
have been studied in depth (see e.g. [39, 40, 41, 42, 43, 44, 6, 45, 7, 8]).

Small to immediate scale quantum computers will be available in the near-term future [46, 47]. How-
ever, such quantum computers will be built in geographically separated laboratories, which means that
only local quantum operations in each lab and mutual classical communications may be available. Those
operations constitute a restricted class of measurements and they are termed local operations and clas-
sical communication (LOCC) [48, 49, 50, 51]. It is thus natural to ask how well LOCC measurements
perform in hypothesis testing in comparison to global measurements. For instance, the above-mentioned
quantum Neyman—Pearson test is generally not implementable via LOCC due to quantum entanglement
and nonlocality [52, 50]. This problem of local discrimination and local hypothesis testing thus gained
considerable attention in quantum computation and quantum information recently [53, 54, 55, 56, 57, 58,
59, 60, 61, 62, 63, 64, 65, 66, 67]. Unfortunately, only limited results are known due to the complicated
mathematical structure of LOCC.

In the present work, our goal is to study the asymptotic behavior of the errors incurred by the restriction
to LOCC, and derive the above-mentioned four exponents. We also consider other classes of measure-
ments: the positive-partial-transpose operations (PPT) and separable operations (SEP) [68], mainly out
of theoretical interest or as a tool to bound LOCC. It is well-known that strict inclusions hold among
them [52], i.e.

LOCC Cc SEP C PPT C ALL. (2)

Although hypothesis testing under LOCC has been studied in manyf papers [53, 54, 55, 56, 57, 58, 59,
60, 62, 63, 65], our results, for the first time, demonstrate an interesting phenomenon in the asymptotic
error behavior, which shows that distinguishing a pair of orthogonal states under LOCC indeed exhibits

a fundamental difference from the conventional task using global measurements. By definition of the
Chernoff exponent given in (1) and the inclusions (2), we have

6090 < € < 8" < €8 = — min logTr [p*pi] (3)
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Here and subsequently, we put a superscript X on P, and £ to highlight the class X of measurements
allowed. Particularly intriguing examples arising in the context of data hiding [69, 70, 53, 71, 72, 73]

are that the underlying states are orthogonal, i.e. Tr[pgp1] = 0. This implies that §éLL(p0, p1) = 00.

However, whether £gocc(p0, p1) is finite or not for a given pair of orthogonal states has remained open
since the early days of quantum information theory. At least, we know it is nonzero, which can be achieved
through local tomography and then using the classical Chernoff bound. On the other hand, it is unknown
if the definition of the Chernoff exponent with respect to a class X € {LOCC, SEP, PPT} is faithful in the
sense that the sequence (—% log POX(pon,P?n;P)) ., diverges if and only if PX(p3™, p$";p) = 0 for some
finite n; cf. [64]. Hence, in this work, we study the case of distinguishing an entangled state (possibly
on a multipartite system) and its orthogonal complement using restricted classes of POVMs. Perhaps
surprisingly, we show that the Chernoff bound in this case is indeed faithful; we remark that no simple
expression for a general multipartite entangled state is known.

Although it has been shown that the inclusion relations (2) are all strict [52], it is not known whether
strict inclusion still holds in the many-copy asymptotics. For instance, does any equality hold in (3)? This
question arises naturally since SEP and PPT operations are often exploited to approximate the LOCC
operations. Hence, one may wonder how differently the restricted classes of measurements perform. Here,
we demonstrate that there is a separation between the SEP and PPT operations. Namely, we construct
a pair of states such that {gPT = o0, while 5(83EP < —log i < oo for some p > 0.

1.1. Main Contributions. In the following, we state our contributions.
e study the optimal error probability of distinguishing an arbitrary multipartite entangled pure
I) We study the optimal bability of distinguishi bit Itipartite entangled
state ¢ and its orthogonal complement ¢ := %;_dl’ (where D is the dimension of the underlying
Hilbert space) in the many-copy scenario.
i) For eing an arbitrary multipartite entangled pure state, we prove that the optimal error
i) For ¢ being bitrary multipartite entangled tat that the optimal
probability decays exponentially in the number of copies n (see Theorem 1 of Section 3):
there exists constants 0 < a < b < oo such that,

e b < PCLOCC (w®n7 (wJ_)(Xm;p) <e ™. Vnel.

Hence, the Chernoff bound is faithful.
Our key technique is to prove this result is to establish an exponential lower bound to the
optimal error probability of distinguishing bipartite entangled state i on a bipartite sys-
tem C? ® C? against its orthogonal complement 1+ using PPT POVMs (Proposition 3 of
Section 3.1):

PEPT (y®r, (ph)®":p) = min{p,1 —p}-¢", ¥n €N
where t := (d%%?)n € (0, d_-lu) and 7 denotes the largest squared Schmidt coefficient of .
The above bound also provides a lower bound to the error probability using LOCC. In the

case that 1 is a bipartite entangled pure state, we establish a universal upper bound to the
optimal error probability using LOCC POVMs (Proposition 2 of Section3):

n
PEOCC (yon (6yp) < (1-) (47 )+ mEN
d+1

Moreover, our approach extends to a strong converse bound in the asymmetric setting—
the type-I error approaches 1 at the exponential rate r — log% whenever the type-II error
decays exponentially at rate r (Proposition 4 of Section 3.2), which also implies that the Stein
exponent is upper bounded by the quantity log %

(ii) In the special case where the underlying pair of states are maximally entangled state ®,4 :=
ézfgio |i7)(jj| on C? x C¢ and its orthogonal complement state &7 := (1 — ®,)/(d? — 1),
we explicitly calculate the optimal average error probability as (Theorem 8 of Section 4.1):

1 n
LOCC (q@n [l \@n. \ _ _
PEOCC (@i, (@)°") =min {1 =) (757 ) o)
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This then immediately gives the Chernoff exponent £E0°C (@4, @) = log(d + 1).
Further, we establish the optimal trade-off between the type-I and type-1I errors (Theorem 10
of Section 4.2), i.e. given any type-I error «,,, the minimum type-II error satisfies

(I =)
Brn = ar (4)

With such functional dependence, we then obtain the associated Stein, Hoeffding, and strong
converse exponents, respectively (Corollaries 11, 12, and 13 of Section 4.2).

(iii) Our results apply to case of testing the pure state with uniform non-zero Schmidt coefficients
(ie. ZZ”J_:lO lit) (jj| for m < d) and its orthogonal complement (Propositions 15 and 16
of Section 5). Lastly, we extend Matthews and Winter’s work [53] of testing completely
symmetric state against completely anti-symmetric state [74] to prove the corresponding
Stein, Hoeffding, and strong converse exponents (Propositions 17 and 18). In Table 1 below,
we summarize the established exponents in various setting of testing.

(IT) In Theorem 20 of Section 6, we prove an infinite separation between SEP measurements and
PPT measurements. Specifically, we consider the null hypothesis to be the uniform mixture of an
unextendible product basis (UPB) [76], and the alternative hypothesis to be a state supported on
the orthogonal complement of the former. Such a pair of states can be discriminated perfectly by
a PPT measurement, while we show that the optimal error probability under SEP measurements
possesses an exponential lower bound (Theorem 20 of Section 6). Our key technique to establish
this result is the introduction of a novel quantity (Definition 21 of Section 6) that measures how
far a UPB is from being an extendible product basis, and its multiplicativity property under the
tensor product (Proposition 22). Our result hence gives a quantitative characterization of the
property that the tensor product of UPBs is still a UPB [77].

Organization of the paper. Section 2 introduces necessary notation and definitions. In Section 3, we
test arbitrary entangled pure state and its orthogonal complement. Section 4 is devoted to a special case
of testing a maximally entangled state and its orthogonal complement. In Section 5, we consider the case
of testing pure state with equal non-zero Schmidt coefficients. In Section 6, we demonstrate an infinite
separation for the SEP and PPT operations. We provide discussions and conclusions of this paper in
Section 7.

2. NOTATION AND DEFINITIONS

Let C? be a d-dimensional complex Hilbert space. A quantum state (i.e. density operator) on C? is
a positive semi-definite operator with unit trace. The trace operation is denoted by Tr[-]. We use 14
to stand for the identity operator on C¢, and O, denotes the zero operation on C?. If no confusion is
possible, we will drop the subscript for simplicity. A positive-operator valued measure (POVM) is a set
of positive semi-definite operators that sum to identity. For any density operator p on €%, we denote by
pt the density operator on C? (if it exists and is unique) which is orthogonal to p. For example, if p is
pure (i.e. a rank-one projection), then p- = (14 — p)/(d — 1). We call such a state p- the orthogonal
compliment of p. The maximally entangled state on C¢ ® C? is denoted by ®; := éijio lig) (57|, and
<I>j is its orthogonal complement. Let o4 and aj denote the completely symmetric and completely anti-
symmetric states on C% @ C? [74]. We use 74 := 14/d to denote the completely mixed state on C¢. The
operations ® and @ mean the tensor product and direct sum, respectively. We use boldface to denote a
column vector, e.g. X = (xg...2,)T with T being the transpose. We use IN to denote natural numbers.
For an operator X on a bipartite Hilbert space H4 ® Hp, we use I' to denote its partial transpose with
respect to Hp, i.e. for some orthonormal basis {|i)4 ® |j)B}( ), we defined the partial transpose to be

([)a ® 1)) B(kla ® (Up)" = li)a ® [O)p{kla© (|5
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Setting \ Exponents Chernoff | Stein Hoeffding Strong converse
HO . @?n
{H1 : (@é)@m log(d + 1) 00 r —log(d + 1)
log(d +1
Ho : (@5)°" s+
H, - ®n 00 log(d + 1) 0
1%y
H050®n d+1
{H .(;L)@?" 00 logd 0
L \%d log 11 53]
o
Ho:(aj-)@’n gd—l | d+1 | d+1
o 00 r—1lo
Hy : 0" Sd_1 &
Ho : (®,, ® 0)*" o 1 o 1 o e ™1
Hy: (AL & (1— A)r)®" 5N X &
Ho : (94 @ 0)°" 1 <log1
0 . (% & 0) on max 4 log(m + 1),log — 00 > "= ogi\ 0
Hi: (MA@, & (1 —X)7) A log(m+1) r > log
Ho : (om EB(D)@’" m+1 1 00 r < log 3
. on max < log ,log — 00 m+1 1 0
Hi: (Ao @ (1= N\)7) m—1 A log 24 7 >log
HO:(U,%@@)@WL o m+1 o m+1 o m+1
- - 00 -
Hy : (Ao @ (1= A)7)®" #Xm—1) ®Xm—1) X — 1)

TABLE 1. This summarizes our main results of the Chernoff (6), Stein (9), Hoeffding
(10), and the strong converse exponents (11) under various settings of binary hypothesis
testing via LOCC, SEP, and PPT measurements. The states &, and o4 are the maximally
entangled state and completely symmetric state on C¢ ® €%, and 7 is a completely mixed
state on another system (whose dimension is irrelevant here).

Given a multipartite system Hi ® - - - @ Hop,

a (one-way) LOCC POVM [51] is a decision rule based on

all the measurement outcomes performed locally on each subsystem. A SEP operation is defined as

SEP := {(E,i” @@ B"): B

and the PPT POVMs are defined as
PPT := {(Ek)k POVM :V1 < j <m,Vk, (Ek)F >0, where T is partial transpose on ”Hj.} .

Consider a binary hypothesis testing problem as follows:

Given a test T where (7,1 —

HQ : pgzm
H1 : p?n

T) forms a two-outcome POVM, we let ,(T) := Tr[p®"(1 —T)] and

,Vn € IN.

>0,y By
k

) @ --®E,§m>:]1},

Bn(T) := Tr [c®"T]. In the symmetric case with prior 0 < p < 1, we define the optimal error probability

of the binary hypothesis testing using the class X of POVMs as:

7p1 7p): (_

The associated Chernoff exponent is

1
X 1 X
& (po, ) i= lim —-log PX(s"

{pa( n) +

(1=p)B(Tn)} -

Y™ p).

()

(6)

We note that the definition given in (5) can be naturally extended to multiple hypothesis testing with

priors.
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Given density matrices pg and p1, we define

o (po, p1) = inf {a : ( ) e R*(po,p1)}, (M)
BX(po, p1) =1inf {B: (a, B) € R*(po,p1)}, (8)
RX(po, p1) = {(e B) :aT,n—TeX:azwn—T)po], B=Te[Tpnl}.
Here, R¥(po, p1) is sometimes called the hypothesis testing region, and the trade-off between type-I and
type-II errors, X (pg, p1), is termed as the Neyman-Pearson function or the trade-off function (see e.g. [1,

Section 3.2], [75], [21, Definition 2.1]).
In the asymmetric case, we define the following exponent functions:

. 1
oo 0= Jim s - log () on(T) <2 Ve 0,1) (9
(1-T)e
1 1
X8 (po, p1,7) 1= li_>m sup {——logan(T) t——log B, (T) > r}, Vr > 0; (10)
N0 (1-T)eX n n
1 1
&lpo, i) = lim  sup {——loga — an(T)) : = log B (T) > r}, w00 (1)
oo (1-T)ex (N n

3. TESTING ARBITRARY ENTANGLED PURE STATES

This section is devoted to proving that the Chernoff bound of testing an arbitrary multipartite entangled
pure state against its orthogonal complement using LOCC POVMs is faithful. Namely, the associated
optimal error probability exponentially decays in the number of copies (see Theorem 1 below).

The main ingredient in establishing this result is to show an exponential lower bound to the optimal
error probability using PPT POVMs, which will be delayed to Proposition 3 of Section 3.1. Moreover,
our technique also extends to showing a strong converse bound for the Stein exponent and a lower bound
to the strong converse exponent in the asymmetric setting (Section 3.2).

Theorem 1 (Faithfulness of the Chernoff bound). Let @ be an arbitrary multipartite entangled pure
state and - be its orthogonal complement state. The optimal error probability of discriminating them
using LOCC POVMs decays exponentially in the number of copies, i.e. for any 0 < p < 1 there exist
0 <a<b< oo such that,

e~ < pLOCC <¢®n’ (¢J_)®n;p) <e ™ VWnel.
In other words,
0<a< &LJOCC (1[),1/%) <b<oo.

Proof. The rightmost upper bound to PFOCC (¢®", ()&, p) can be proved as follows. Write P and @) as
the probability distributions induced by taking an LOCC POVM on v and 1" in each copy, respectively.
Then, the classical Chernoff bound gives that ¢ = ming<s<1 >, P(i)17*Q(4)*. This value c is one if and
only if P = @ for all possible LOCC POVMs. However, this is not the case since clearly 1 # 1 and the
product basis spans the whole Hilbert space. Hence, there exists an LOCC POVM such that P # Q.
For the converse, note that any multipartite system can be viewed as a bipartite system with an
arbitrary cut through the whole system. Hence, LOCC POVMs on a multipartite system can be achieved
by LOCC POVMs on the associated bipartite system, which then incurs smaller errors. Then, without
loss of generality, it suffices to apply the exponential lower bound to the error probability using LOCC
POVMs on a bipartite system, given in Proposition 3 of Section 3.1 below, to complete the proof. O

If v and ¢ live in a bipartite Hilbert space, we establish a universal upper bound (which only depends
on the dimension of the underlying space) to the optimal average error probability using LOCC POV Ms.
6



Proposition 2 (Achievability in the bipartite case). For any bipartite pure state 1) on C¢ @ C?, its
orthogonal complement ¢+ = %, and any p € (0,1), the error probability of testing multi-copies of

them using LOCC POVMs is upper bounded by
PEOCC (o, ()= p) < (1 —p) <#> ., neN.

d+1
Proof. Let E YN li7) be the Schmidt decomposition of ¢ for some Schmidt basis {|i > . On each copy
we perform the LOCC measurement on the Schmidt basis of 1 to obtain the two probablhty distributions
P and Q:
P(z) = A x:(z’.z) ;
0  otherwise
d? 1
- - P
@ d? —1 v a2 —1""
where U is the uniform distribution over {0,1,...,d* — 1}.

Then, the classical Chernoff gives an upper bound on the error probability of discriminating P and Q
by

n d—1 n
<Z P (2)Q"( )) =p*(1—p)t® (W Z)\?(l — )\i)l_a> , Yael0,1].
i=0

We simply choose o = 0 to obtain desired upper bound, which completes the proof. O

Remark 3.1. For multipartite state [¢)) € C* @ C2 ®---®@ C%, we can choose the measurement as follows.
We first expand |¢) in the computational basis of the first n — 2 system

) =10 )@t + D |)]di) -1

3700

Let z ' VAilii) be the Schmidt decomposition of 1,1, for some Schmidt basis {|i >}z_07 where d <
dn—17 d

We measure system the first n — 2 system in computational basis and the last two system in the Schmidt
basis corresponding to 1,1 ,. The resulting probability distributions is P and

dids -+ - dy, 1
= U— P
@ didg---d, —1 didy---d, — 1
where the support of P is at most dids---d, +d — d,_1d,. Using the classical Chernoff bound we can
obtain that

dp—1dy, — min{d,_1,d, } \"
LOCC ®n 1\®n, < _ _ Un—10n n—1,dn
Pc (w 7(¢ ) 7p>_(1 p)(l dlden—l > s n € N.

Remark 3.2. Let us emphasize that if ¢ is not entangled, but rather a product state, then the distribution
P is a singleton and hence the Chernoff bound becomes oo, which can be seen by choosing o = 1/2.

As we will prove in Theorem 8 of Section 4.1, the upper bound given in Proposition 2 is tight when ¢
is maximally entangled.

3.1. A Converse Bound for Symmetric Hypothesis Testing.

Proposition 3 (Exponential lower bound for PPT POVMS). Let ¢ be a bipartite entangled pure state on
C?® C? and Pt = d2 1 be its orthogonal complement. Then, the error probability of testing multi-copies
of 1 and Y using LOCC POVMs is lower bounded by

pLoce («b@", (sz)@";p) > Pt (¢®", (T,Z)L)®";p) >min{p,1—p}-t", VYneN (12)

where t = (d%%)n € (0,#) and 1 denotes the largest squared Schmidt coefficient of v, i.e. n =

ITraf]ll € [, 1)-

7



Hence, it follows that SéOCC (1/1,1/%) < 0.

Proof. For the leftmost lower bound of (12), our key technique is to succinctly formulate the PPT-
distinguishability norm [71] into its dual representation in terms of Schatten l-norm. Then, we find a
feasible solution to the dual problem to prove our claim.

Since

PEPT (057, (0)"p) = 2min{p. 1 —p}- PEPT (057, (0)°: 4
it suffices to consider exponential lower bound for the scenario with equiprobable prior distribution. Let
p=1%" and o = (1»1)®". The error probability using PPT POVM is

PEPT (40, (1)1 §) o= 0oL = M)+ 5 Tl M) 1

inf
M,(1-M)ePPT 2

11
inf  —+-Tr[(p—o)(2M —1
ma-theppr 41 2 rf(p—a)( )]

1 1
D) <1 D) llp— U”PPT) ’ (14)
where the PPT-distinguishability norm for Hermitian matrices [71] is defined as

|H|ppp =  sup  Tr[HM]. (15)
—1<M,MT<1

Since there are four linear inequality constraints in the above optimization, we write the Lagrangian L
by introducing the corresponding dual variables A, B,C, D > 0 as

L=Tr[HM]+ Tr[A(l — M)] + Tr [B(1 + M)] + Tr [C(1 — M")] + Tr [D(1 + M")]
=Tt[A+B+C+D]+ Tt [M(H-A+B-C"+D")].

To derive the dual program of (15), we maximize L over all Hermitian matrices M without constraints.
Clearly, this is infinite unless H = A — B 4 (C — D)''. For such a case, the maximum is simply
Tr[A + B + C + D]. Hence, the dual formulation for the PPT-distinguishability norm is

— H . _ _ . I
”HHPPT_A,B}Iclfpzo{Tr[AJrBJrCJrD]'H_A B+ (C-D) }.

Moreover, we can rewrite the above in terms of 1-norm as follows by denoting Hermitian matrices

X=A-BandY = (C - D)":

[Hllppr = inf {I1X1 + Y5l s B = X +Y} (16)
This is because the optimal decomposition of the absolute value of a matrix is into its positive and negative
parts. That is,

| Xl = sup Tr[MX]
—1<M<1

= inf sup{Tr[MX]+Tr[A(1 - M)]+Tr[B(1+ M)]}
A,B>0 pf
= inf {Tr[A+ B]: X =A—- B}.
A,B>0
Next, we find a feasible solution to the dual program (16) to obtain a lower bound to the error proba-
bility. Let n := || Tra[¢]|| € [4,1). We choose
X =(1-1")p;
Y =t"p—o;

1—mn 1
. — .
wl—nne<“d+J
8



Since t" < 1 and 1!}_7: < 1, we have
X = (1 —1t")y®" > 0;

r Xn
erﬁﬁéﬂﬁ'kgf_w) '—@—¢U®1so, (18)

which, in turn, implies that
[ Xy = Tr[X] = (1 —2");

19
IYO[, = — T [YT] = —Te[y] = (1 — 7). (19)
Combining (13), (14), (16), (17), and (19) then gives
PPT 1 n 1 n
>_-(1—(1-— = -
as desired. O

3.2. A Strong Converse Bound for Asymmetric Hypothesis Testing.

Proposition 4 (Lower bound to the strong converse exponent). Let ¢ be a pure bipartite entangled state

on C?@C? and ¢+ = CIlL__di be its orthogonal complement. Lett := (dl:?)n € (0, d—}rl) andn = || Tra[Y]|| €
1
1

oFFT (v, (wh)En) 21— el e vne .

[é, 1). Then, for any r > log 7, we have

In other words,
fggT (1/1,1/1{7‘) >r— log%, Vr > log %
Proof. Firstly, we claim that
1
X _
o (p.) =max {3 (14 A= o= 2ol =} (20)
where aff is defined in (7) of Section 2. This can be proved by the following:
X =i — : <
@ (p0) = inf {Tr[p(1 = T)] : Tr [oT] < p}

= max %Iég( {Trip(1 —T)] + AT [0T] — Au}

= I}\lgé(%lelgi{% (I+AX=Tr[(p—Ao)(2T —1)]) - )\,u}

1
= {5 (14 A=l = Ao =}

where we have used the identity p(1 — T) + AoT = 3 (p+ Ao — (p— Ao)(2T — 1)), and the PPT-
distinguishability norm given in (15).

Now let p = ¥®" and o0 = (¥1)®". We invoke the dual formulation for the PPT-distinguishability
norm given in (16):

o~ Aollppr = inf {IXT, + V7, p— Ao =X + ¥} 1)
To obtain a lower bound to aEPT (p,0), we choose
X =(1-At")p;
Y = M"p — Mo,
1—mn 1
= —"7+— 0,——|;
(@1 ( va
A=t



As the derivation given in (18), we have

X = (1 - A" =0

A r on n
YP:W‘[(%‘“) ‘(““br)@]“’

and therefore,

X1y = 0; )
V'), = =T [YT] = = Te[Y] = A1 — 7).
Combining (20), (21), and (22), we have
n n 1 n —nr
aEPT Ly (057 (1)) 2 S [T+ A= A1 =] — Xe
— 1T
as claimed. 0

From Proposition 4, the type-I error converges to 1 exponentially fast as long as the exponential decay
rate of the type-II error exceeds log % This directly gives a strong converse bound for the Stein exponent
for distinguishing 1" against ()"

Corollary 5 (Strong converse bound for the Stein exponent). Let ¥ be a pure bipartite entangled state
on C1® C? and Yt = ]l w be its orthogonal complement. Let n:= || Tra[¢]|| € [5,1). We have

(d*> — 1)y
I—n

€877 (v, (H)®",2) < log € llog(d +1),00), Ve € (0,1).

4. OrpTIMAL LOCC PROTOCOL FOR TESTING MAXIMALLY ENTANGLED STATES

This section aims to test the following hypotheses of maximally entangled states against its orthogonal
complement:

HO . p6®n = <I>§m
. @n Lp— o\ , VnelN (23)
His i = (#5) = (W)

In Section 4.1, we establish the optimal average error probability (Theorem 8) and the Chernoff exponent
(Corollary 9) in the symmetric setting. In Section 4.2, we obtain the optimal trade-off between the two
types of errors (Theorem 10) and the Stein, Hoeffding, and strong converse exponents (Corollaries 11, 12,
and 13).

4.1. Symmetric Hypothesis Testing. In this section, we consider the binary hypotheses given in (23)
with the prior probability Pr[Hy] = p € (0,1) and Pr[H;] = 1 — p. In Theorem 8 below, we derive the
expression for the optimal average error probabilities under the optimal PPT, SEP, and LOCC POVMs,
ie.

PEPT(p8™ pP™ip) = PRV (o™, pP™ip) = PEOCC (5™, pY ;p)zmln{(l—p) <m> ,p}-

To obtain this result, we first provide an upper bound using LOCC (i.e. achievability) in Proposition 6,
and then prove a lower bound using PPT (i.e. converse) in Proposition 7.

Proposition 6. Consider the binary hypothesis given in (23). There is an LOCC protocol such that

. 1 "
PLOCC(PO ,,01 3P )<m1n{(1—p) (m) ap}-

10



Proof. For each copy, we perform the two-outcome measurement by

Gd—zm (ij], 1 — Gd—zm (i1

i#]

Since the states in the hypotheses are both U ® U*-invariant (where ‘+’ means the complex conjugate),
after the twirling operation, we have the measurement

1 d
M;=® —(1-9 1-My=—(1-@ . 24
{ d d+d+1( ) d d+1( d)} (24)

It can be verified that such choice of My is implementable by a (one-way) LOCC protocol. Moreover,
n 1 n—k
M7 = — T,
" =Y(a)

where T}, denotes the sum of all elements of {®4, 1 — <I>d}®" which have k copies of 4. Hence,

1-34\%"
POLOCC:pTr[(ﬂ—M(;@")Q;@"]+(1—p)Tr[M§9”< d> ]

21
() n (=)
=(1-p) <ﬁ11>n (25)

Xn
Lastly, if PeLOCC > p, we just choose p?” = (1_%) . ]

=1—-p)Tr

d2—1

Next, we move on to the lower bound via PPT POVMs. Our approach is inspired by [53] to formulate
the average error probability as a linear programming, and find a feasible solution to its dual problem.

Proposition 7. Consider the binary hypothesis given in (23). Then, for all PPT POVMs, it satisfied
that

PEPT (3™, pF™: p) Zmln{(l—p) <d—+1> ,p}-

Proof. Since the states p® and p?” are invariant under permutations of each copy and under U ® U*
transformations of the individual copies, we can impose such symmetry on the two-outcome POVM as
the following without loss of generality:

{Zkak,Z (1 —xk)Bk}, (26)
k=0

where By, denotes the sum of all elements of {®4, 1 — <I>d}®" which have k copies of ®4. Note that the
constraints 0 < x3 < 1 for £k =0,...,n are necessary and sufficient for the test to be valid. The minimum
average error probability is then

n

n

Z(l — xk)kagQ"

k=0

PPPT( Z kakp?n

k=0

py™, P p) = pTr +(1—p)Tr

=p+(1—p) (xo_lfpx")

(27)
11



Since the partial transpose of the flip operator F' is d®4, we have

F 1 1
==ty

1 1
(]l—@d)F:]l—@E:<1—E>Hs+<1+a>ﬂa.

H,,

Here, we denote 11 and II, the projections onto the symmetric and anti-symmetric subspaces. Hence, we
can write the operators B}; as linear combinations of operators from the set of 2" orthogonal operators

{11, T, }*".
Let S} denote the subset of strings in {0,1}" which have k zeros. Then,

By =>_ é <<v - (—1)”’%) IT, + (vi — (—1)”2‘2) Ha>

UES,’JZ':I
n ! Y ANVA RN NI\ F 1\"lk
Sy (GG (-0 () )
. 7] \k—3j d d d d
1=0 0<j<lk

where A; is the sum over all elements of {HS,HG}@)" which have [ copies of II;. Then, a necessary and
sufficient condition for the two-outcome POVM to be PPT is given by the following inequalities:

N (n—1\ /1)’ 1\ 1\" 1\ "k
> =) (1-= —— 1+ = >0 forl=0,...
v 2 ()G -8 (a) (d) =0 fort =,
0 0<j<l,k

(28)

kzi:(l—$k) > (;)(Z:j) <$>j<1—$>l_j (—é)k_j <1+$>n_l_kﬂzo for 1 =0,....m.

0 0<j<Lk

n

k=

In the following, we rewrite the constraints in (28) for the convenience of the linear program. Denote
an (n+ 1) x (n+ 1) matrix @ with its elements

e ZOGDE D7 -

It can be verified that

12



Then, letting

p
Ci:(SOi—f(s'
0 1=0,...,n
bi=<—-1 i=n+1,...,2n+1,
-1 +1=2n+2,...,3n+ 2,
Q
P=(-Q],

-1
we can write (27) as a linear program as follows:
min{cT-x]P-x >b,x > 0}.
The dual problem is
PEPT(p§™, p¥™p) =p+ (1 —p)c’ -x>p+ (1 —p)b" -y, (30)

subject to PT .y < ¢,y > 0.
Letting y = u @ v & w, the dual problem can be rewritten as

m{ I

=1 =1

u,v,w>0,Q -u-—Q7. V—W<C} (31)
Now, we consider a point y* = u* & v* ® w*, where
1— (-2~
( d+1> ]
v; =0, (32)

(o i=0,...n—1
w,; = n
! max{lpp (#) ,O} i=n

In Appendix A, we show that y* is a feasible solution to (31). Then, the dual objective function at

y'=u"@e v ewris
-y vf - w-*:min{— —|—< > ,0},
2 vi- ) R

which by combining with (30) gives the desired lower bound to the minimum average error probability

under PPT POV Ms:
n : 1 "
PYFT(p§™, pP™;p) > min {(1 —p) <d—+1> ,p} -

O

Combining (3), Propositions 6 and 7, we explicitly calculate the minimum average error probability for
discriminating the maximally entangled state and its orthogonal complement. (We do not prove because
they follow from the preceding discussion).

Theorem 8 (Optimal average error probability). Consider the binary hypotheses given in (23). It holds
that

n n n . 1 "
PEFT (o™, pE™ip) = POEF (o™, pP™ip) = PEOCC (o™, p¥™p) =min{ (1 —p) (—— ) ,p¢-
d+1

By the definition given in (6), we obtain of our main result of the Chernoff exponents:
13



Corollary 9 (Chernoff exponent). Consider the binary hypothesis given in (23). For every 0 < p < 1,
we have

& &9 (po, p1) = log(d + 1).

Remark 4.1. Theorem 8 shows that our result of exponential lower bound for testing arbitrary multipartite
entangled pure state against its orthogonal complement given in Proposition 3 of Section 3.1 is tight for
maximally entangled state ®.

posp1) = £ (po, p1) =

4.2. Asymmetric Hypothesis Testing. In this section, we consider the asymmetric setting of the
binary hypotheses (23). Our main result is first to obtain the optimal trade-ff between the type-I and
type-II errors (Theorem 10), and then apply it to obtain the corresponding Stein, Hoeffding, and strong
converse exponents (Corollaries 11, 12, and 13).

In Theorem 10 below, we calculate the 3, for the three classes of POVMs.

Theorem 10 (Optimal trade-off). Consider the binary hypotheses given in (23). It holds that

11—«
PPT n SEP, ®n LOCC
(PgQ ,101 ") = Ba (ng ,101 ") = Ba (Po 701 )_m-

Proof. We will first prove an upper bound:

11—«

LOCC
Boa (,00 7p1 ) (d+ 1)n’ (33)

and next an lower bound:

11—«

PPT( ®n
ﬁ (pO 7/01 ) (d i 1)
On the other hand, from the definition given in (8), it follows that
BLOCC » GSEP - gPPT

Combining the above three inequalities thus completes the proof.
We begin with the upper bound (33), i.e. the achievability. For every a € [0, 1], we choose the test

Xn

1
T,i=(1—-a) M =(1-a) <I>d+d—+1(]l—<1>d) ,

where My is defined in (24) of Section 4.1. As in the proof of Proposition 7, the chosen test and its
complement are implementable by an (one-way) LOCC protocol. Then, we calculate the following

an(Ty) = Tr [(1 — T,) @]
=(1—a) Tr[(1-M") "] +a- Tr[1- 07"
=(1—a) -Tr[(1-o5") 05" +a
= a. (35)

On the other hand,
Bu(T) = Tr [T (@)
= (1—a) - Tr [Mg" (@)™
11—«
CES (36)

where we have used (25) in the last line.
Equations (35) and (36) imply that (a, B,(T3,)) € R(pg™, pP"). Hence, we have BLOCC(pS™, pP™) <
Bn(Ty) = d+S" as desired.
14



Next, we move on to prove the lower bound (34), i.e. the converse. Following the proof of Proposition 7,
we let the test to of the form in (26),

n
T, =Y xB,
k=0

where 0 < xp < 1, and By means the sum of all elements of {®4, 1 — ®y4
From (27), we have

}®™ which have k copies of ®g.
an(Th) = (1 —xy,);  Bu(Th) = xo.

Since the test (and its complement) must satisfy the PPT condition, the constraint in (28) still hold.
Hence, we formulate our problem as a linear program:

AT o) = min {7 x|P x> bx > 0},
X

where
¢ = doi,
0 1=0,...,n,
b — -1 i=n+1,....2n+1,
)1 i=2n+2,...,3n+2,
l—a 1=3n+3,
Q
-Q
P =
-1 |
hT
hi:(sniy

and the matrix @ is introduced in (29).
The dual problem is then

max {b” - y|P" -y <c,y >0}
X
Letting y = u® v & w @ z for convenience, we have

min{cT-x|P-x2b,x20}
X
2max{—lT-V—lT-w+(1—6)z|QT-u—QT-v—w+zhSc,u,v,wZO,zZO}. (37)
X

Now, we choose a point y* = u*®&v*@®w* @ z*, with u* be given in (32), vV = w* = 0, and z* = W'
Then, by (53) in Appendix A, we have

QT -u* — Q" -v* — w* + 2*h), = o — Ok

= +4 ! 0,
= = k.
d+1)r a1 T
This along with (52) implies that the chosen y* is a feasible solution to the dual problem, (37). Hence,
11—«
5§TT(108§",P?") > 1T v —1" w4 (I-a)z"=(1—-¢)" = m,

which proves our claim. O
The optimal trade-off between type-I and type-II errors (Theorem 10) directly gives us the results of

the Stein exponent (Corollary 11), the Hoeffding exponent (Corollary 12), and strong converse exponent
(Corollary 13) as below.

Corollary 11 (Stein exponent). The following Stein exponents hold.
15



(a) Consider the binary hypothesis testing: po = ®4 and p1 = @j. Then,
gé)TT(IOO) 1, 6) = é.SEP(p()) 1, 6) = géJOCC(pO’ 1, 6) = log(d + 1)7 Ve € [07 1)

(b) Consider the binary hypothesis testing: py = (IDj and p1 = ®4. Then,

e (po, p1,€) = E8%F (po, p1,€) = €5°C(po, p1,€) = 00, Ve €[0,1).

Proof. (a) By Theorem 10, we have, for every ¢ € [0, 1),

1
g50°C(@5", (27)%", ) = lim B (n) = li_>m log(d+1) — —log(l —¢) =log(d + 1)
n— 00 n

n—o0

as desired.
(b) For every ¢ € (0,1), we choose the test T,, :== 1 — M5". From (25), (35) and (36), we have

1

Hence, it follows that lim,,_o a,(7},) < &, and

. 1
£§(p07 P1, 6) > nh—>Igo —E log ﬁn(Tn) = 00.
This completes the proof. -

Remark 4.2. In [54], Brandao et al. proved that the Stein exponent is given by the regularized relative
entropy between the measurement outcome when ¢ = 0, i.e. for every class of measurements ‘X’,
D(M(pg") M (p1™))

lim X €)= lim su
€_>0£S (p(]vpb ) n—)ooMEI;( n )

where D is the quantum relative entropy [32], and M is any POVM in the class "X’. Firstly, calculating
such a regularized quantity is computationally intractable. Secondly, the author did not prove whether the
strong converse property holds. Namely, if §§<(p0, p1,¢€) is dependent on ¢ € (0,1). Hence, in Corollary 11,
we establish a single-letter formula for testing ®,; against @j, and further prove the strong converse
property.
Corollary 12 (Hoeffding exponent). The following Hoeffding exponents hold.
(a) Consider the binary hypothesis testing: pg = ®4 and p; = <I>j. Then,
IP‘)ITT(p()) P1, 7") = gllep(p()) P1, T) = gll-iocc(p(b 1, T) = 00, vr < IOg(d + 1)
(b) Consider the binary hypothesis testing: po = ®+ and p; = ®4. Then,
EITT(IO(MIOMT) = gEIEP(IOOvpl)T‘) = %IOCC(POaPI,T) = log(d + 1)7 vr > 0.

Proof. (a) From Theorem 10, we know that if the type-1I error is allowed to decay exponentially at the
speed of log(d + 1), then the type-I error is zero for all n. From the definition of the Hoeffding exponent
given in Eq. (10), the type-I is always zero if the type-II error decays slower, which shows that the
Hoeffding exponent is infinite.

(b) Fix an arbitrary n. From Theorem 10, (35), (36), choosing the test as 1 — (1 — ) M5™, it follows
that

1—¢
an(Tn) = m7 /Bn(Tn) =Eé.

Note that the test is optimal for every ¢ € [0,1). Now, letting ¢ = exp{—nr} for any r > 0, we have
an(T,) = (1 — exp{—nr}). Since this holds for every n, then

| 1
&7 (o, pr,7) = lim ——log an(T,) = log(d + 1) — lim_—log(1 — exp{—nr}) =log(d + 1),

and we are done. O

Corollary 13 (Strong converse exponent). The following strong converse exponents hold.
16



(a) Consider the binary hypothesis testing: po = ®4 and p1 = @j. Then,

& (po, p1,7) = &6 (po, p1,7) = 53

(po, p1,7) =1 —log(d+1), Vr >log(d+1).
(b) Consider the binary hypothesis testing: py = (IDj and p1 = ®4. Then,
gggT(p()’pl)r) = gggp(p())plv’r) = gélgcc(p())plv’r) =0, Vr > 0.

Proof. (a) By denoting aé =inf {a: (o, B) € R¥(p5"™, p"™)}, Theorem 10 implies that

1—aX
_ B
b= (d+1)"

Letting 8 = exp{—nr}, we have the desired strong converse exponent.
(b) By Corollary 12-(b), the type-I error will exponentially decay when the type-II error exponentially
decay at any finite rate . This thus implies that the strong converse exponent is zero for all finite rate r
1

since lim;,_s o0 % log[1 — W] = 0. O

We remark that by following our argument in Theorem 10, one can also obtain the optimal trade-off:

X n 1\®n d—1\"
Ba <Ud , (07) ) =(1-aq) <d—+1> )
for testing completely symmetric state o4 and completely anti-symmetric state aj [74]. Here, the optimal
LOCC measurement is achieved by (1 — «) - ME", where M,, := %HS + I1, as in equation (13) of
[53]; i.e. Il and II, are the projections onto the support of the symmetric and anti-symmetric subspaces,
respectively.
Accordingly, the associated Stein, Hoeffding, and the strong converse exponents can be established
similarly as in Corollaries 11, 12, and 13. We summaries those results in Table 1.

Remark 4.3. From Corollaries 11 and 13, we know that shows that our converse bounds for testing
arbitrary multipartite entangled pure state against its orthogonal complement given in Proposition 4 and
Corollary 5 of Section 3.2 are both tight for maximally entangled state ®g.

5. TESTING PURE STATES WITH UNIFORM NON-ZERO SCHMIDT COEFFICIENTS

In this section, we aim to test pure entangled states with equal positive Schmidt coefficients, i.e.

m—1

1
L iY(ji| form <d
poi=— ;0 i) (jj| for m <

against its orthogonal complement (1, — pg)/(d?> —1). Equivalently, such state can be written as a
maximally entangled state ®,, on C™® C™ that is embedded in a higher dimension Hilbert space C%® C“.
In other words, we consider the binary hypotheses
Ho : p§" = (®m @ Og2_py2)"
on Ty — P, ® 0422 ®no . Vn. (38)
o = 21

In this case, the analysis of Proposition 7 in the previous section does not directly apply. To circumvent
this problem, we prove a useful converse bound below, which will be used for our analysis later.

Lemma 14. Fiz dimensions d and d'. Let p and o be density operators on C*® C*. Then, for any class
of two-outcome POVM, X € {LOCC,SEP,PPT,ALL}, any p,\ € [0,1] and any natural number n, it
follows that

Pr((p®0g2)®", (Ao @ (1 — N)7g2)%" 5p) = P (0¥, (A0)®";p) .
17



Proof. Recalling the definition of optimal average error probability for any (probably sub-normalized)
operators, i.e.

Pe(po, pr;p) = inf {pa(T) + (1 = p)B(T)},
it follows that
XN
PX <(,0 ® (Dd/2)®n ()\pj' ®(1- )\)Tdrz) ;p>
— Tinnefx {pTr[(1—T.)(p® 0y2)®"] + (1 — p) Tr [T, (Ao & (1 — \)742)®"] }

> inf {pTr[(1 —T)p*"] + (1 —p) Tr [T, (A0)*"] }

n—1
. k 1—k
+ Gl,?efx {p Tr[(1 — Gp)Og2] + (1 —p) Tr |G, kg_o A1 —=N)"""By } , (39)

where we have used super-additivity of infimum, and By denotes the sum of all elements of {o, 72 }*"
which have k copies of 0. Note that the second term in (39) is zero since one allows to choose the
projection 12 onto the copy of 742 as the POVM and, further, is implementable by all the four classes
of POVMS. This then completes the proof. O

In the following proposition, we consider a more general case compared to Eq. (38), since there are
non-unique orthogonal complements in high-dimensional systems.
Proposition 15. Consider the hypotheses

Ho : 05" = (P ® O _pn2)™"
Hy o i = (A(I)TJ;,, o1 )\)sz_mz)@n ,  Vn. (40)

Then, it holds that
. A "
PIPY (o, p5 ) = PERP (0", pE5p) = PEOC (o™, pf"; p) = min {(1 —p) <—> ,p} :
m—+1
Proof. We first prove the achievability, i.e. the “>” direction. We choose the POVM as
{(Mm ® ®d2—m2)®n s Lgen — (Mm @ ®d2—m2)®n}
g {M?in @ (DdZn_mZn, (]].m2n - M;%n) @ ]len_mZn} 5
where M, = ®,, + mLH(ﬂmz —®,,) as in (24).
Then, the average error probability for the chosen LOCC protocol is

®n
+(1—p)Tr |:M7;8;n B Ogzn_p2n - <)\(I)7J7‘1 (11— )\)TdQ_m2> :|

—(1-p)Tr [M,;f?;" (A@#b)"]

2 n n
m* —1 A
—a-n (%) (-55) -
d*—1 m+1
12— ®m®0 @n
Similar to the proof of Proposition 6, we choose p}" = (W) whenever PFOCC > p. Hence,

we complete the proof of achievability.
Next, we move on to prove the converse, i.e. the “>” direction. Invoking Lemma 14, we have

PYFT (o™, pP™ip) = PEPT (097, (AD;,) " p).

Following a similar argument as in Proposition 7 obtains the desired result. O
18



Remark 5.1. Choosing A\ = d; — in (40), it can be verified that the single copy in the alternative

hypothesis H; coincides the canomcal orthogonal complement in the alternative hypothesis of (38),
1,20-2m®0,2_,,.2

namely 1 . This answers the optimal average error probability of binary hypotheses (38)
n
considered at the beginning of this section, i.e. min {(1 —p) (2’;‘:11) ,p}.

The binary hypotheses considered in Eq. (40) have a simple variant (by interchanging ®,, and &),
for which we can immediately calculate its optimal average error.

Proposition 16. Consider the binary hypotheses

Ho: pg" = <‘I)#z S2 ®d2—m2>®n7

Hi s g0 = (A @ (1= N 2) "
where X € [0,1]. Then, it holds that

. 1 \"
PN (5" o™ p) = POV (0™ o7 "5 p) = PLOCC(p?",p?";p)me{p <—m+1> ,(1—29)”}-

) \V/TL,

Proof. We choose the POVM as
{(]].m2n - M;%n) @ q)d2n_7n2n7 M?in @ ]].d2n_m2n} 5 (41)

where M, = ®,, + mL—i-l (1,,2 — ®,,) as defined in (24).
The average error probability for the chosen LOCC protocol is

PCLOCC == pTr _MT%TL @ ]].d2n_m2n . (@J_ )®n @ (Dd2n—m2"}
+ (L= p) Tr [(Lypen — Mp") @ Ogzn_ppzn - (AL © (1 = N7z _py2)"]
—pTr 'Mgn@fn)@"] + (1= p) Tr (e — BE) - (AD,,) "]

= pTr [ M (@)% + (1 = p)”

_ <mL+1>n (42)

On the other hand, we can also choose the POVM as
(e © Oon e, Opon & L _pon}. (43)
Then, the corresponding average error probability is
PLOCC — p1y [(szn ® Lyzn_ppzn - (PE)2" D Ogn_pp2n
+ (1= p) Tt [L2n ® Ogen_ppzn - ALy & (1= N)Tgz_p2)®"]
= (1=p) Tr [Ly20 - (AP) "]
= (1—p)A™ (44)

Since both the chosen POVMs in (41) and (43) are implementable by LOCC protocols, we minimize the
average error probabilities given in (42) and (44) to arrive at the “<” direction of our result.
For the other direction, i.e. “>”, we use Lemma 14, to obtain

PP (o, o) 2 POV ((25,)7, (AR ) ©"s ).
Following a similar argument as in Proposition 7 obtains the desired result. O

In the following Propositions 17 and 18, we apply similar techniques as before to calculate the binary
hypothesis of a symmetric state embedded in a high-dimensional system and its orthogonal complement.
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Proposition 17. Consider the binary hypothesis
Ho : p?n =(om® @dz_m2)®n,
1 ®n
Hy @ pfm = <)\Jm ®1- )\)sz_m2>
where A € [0,1] is arbitrary. Then, it holds that

n
LOCC . ; m—1
Pe (p6®n,p(18m7p) = nin {p <m—+1> 7(1 _p))\n} :

Proof. The proof follows similar reasoning as in Theorem 15.
We choose the POVM as

vn,

{ ( m2n M®n) @ ®d2n_m2n, M @ ]].dQn_an }

where M, := 2 +1H + 11, as in equation (13) of [53]; Iy and II, are the projections onto the support of
the symmetric and anti-symmetric subspaces, respectively.
Then, the average error probability for the chosen LOCC protocol is

PEJ;“OCC = pﬁ [Mgn @ ®d2n_m27l * 0‘;?;” @ j”1;[2”_7)7,2"]
1 on
+(1—p)Tr [( mon = M) ® Ogn_pon - (A0 @ (1= N7 ) ]

=pTr [Mg"a;%”]

n
_ m—1
- <m + 1)
where we invoke equation (17) of [53] in the last line. On the other hand, we can also choose the POVM
n (43) to obtain PMOCC = (1 — p)A\". We then choose the minimum of the two to complete the

achievability.
The converse follows from Lemma 14 and [53, Proposition 3]. O

Proposition 18. Consider the binary hypothesis

@n
Ho : ngn = (0-#7, & ®d2—m2) )

) vn?
H; : p(lgm = Aoy @ (1 — )\)sz_mz)@m
for some \ € [0,1]. Then, it holds that
1
PYOC(p§™, p"; p) = min {( ) <A—+ 1> ,p} :

Proof. We choose the POVM as
{Mgn @ ®d2n_m2n7 (ﬂmZn — Mgn) @ ]]_dzn_mzn} s

where M,, = 2+}H + 11, as in equation (13) of [53] and the proof of Theorem 17.

Then, the average error probability for the chosen LOCC protocol is
PEOC = pTr [(Lpon — ME™) ® Lgon_ppon - 0™ ® O gan_py2n |
+(1-p)Tr [M,%" & O _pzn - (Ao ® (1 — N)rd? — m2)®"]
=(1—-p)Tr [M®”)\” ®"]

= (1— )()\—+1>

Lastly, we choose p?” whenever PeLOCC > p.
The converse follows Lemma 14 and [53, Proposition 3]. O

Remark 5.2. The Stein, Hoeffding, and the strong converse exponents can be obtained by following the
same arguments in Section 5. We refer the readers to Table 1 for the summary of those results.
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6. INFINITE SEPARATION BETWEEN SEP POVMs anD PPT POVMs

In this section, we prove that there is an infinite separation between the optimal average error proba-
bilities using SEP POVMs and PPT POVMs.

Definition 19 (Unextendible product basis [76, 77]). Consider two Hilbert spaces H4 and Hp. A set
S={la;)®B;) : 1<i <N} CHa®R@Hp is called an unextendible product basis' (UPB) if it satisfies the
following:

i) @ |Bs) L lay) ®1Bj), Vi#j
{lo) @) e Ha@Hp:Vie{l,...,N},|¢) @ |¢) L|oy) @16:)} =0

For a UPB S = {|a;) ® |8i) : 1 <i < N} C Ha ® Hp, we consider the following binary hypotheses:

N o

H1 . O'®n

Here, o is a state in H4 ® Hp that is orthogonal to p. We show below that the optimal exponential
decaying rate of using SEP POVMs is strictly worse than that of using PPT POVMs.

Theorem 20 (Separation). There is an infinite separation between SEP POVMs and PPT POVMs. That
is, for testing the states given in (45), there exists a p > 0 such that

PPPT () —
e (=0 N
PeSEP(n) 2 %

The key ingredient to establish Theorem 20 is to introduce a novel quantity that characterizes the
“richness” of a product basis:

Definition 21. Given a product basis S = {|a;) ® |5;) : 1 <i < N} C Ha ® Hp, we define

0g = min max (ailpaloi)(Bilps|Bi), (46)

where p4 (resp. pp) ranges over all density matrices on H 4 (resp. Hp).
Note that the minimum in (46) is always attained for some p4 and pp, since the objective function on

the righthand side is continuous in p4 ® pp and the set of product states p4 ® pp is compact.
For an unextendible product basis S [77], one immediately has dg > 0.

Proposition 22. The quantity dg is multiplicative. That is,

051@8; = 05,08,
for any two product bases S1 and Ss.

Remark 6.1. Note that a product basis S is unextendible if and only if g > 0. Hence, the quantity dg
indicates how far a UPB is from an extendible product basis. Then Proposition 22 implies that the tensor
product of any two UPBs S; and Sy enjoys the property that dg,gs, = ds16s, > 0. This thus gives a
quantitative characterization of the well-known fact that the tensor product of UPBs is also UPB [77].

Proof of Proposition 22. Let two product bases be given as
S1={lai) ®B;) 1< i < N1} CHa, @ Hp,
Sy ={vj) ®|¢;j) : 1 < j < No} C Ha, @ Hp,.
From the definition given in Eq. (46), one can directly verify that

551@52 S 551 552 .

1n this paper we only considered unextendible product bases on a bipartite Hilbert spaces. However, the Definition 19
naturally extends to the multipartite scenario.
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It remains to prove the other direction.
Let pa,a, on Ha, ® Ha, and pp, B, on Hp, ® Hp, attain the minimization in g, gs,, i.e.

05105, = e (Qihjlpa, as|cith;)(Bidjlps, B, |Bids)- (47)
1<j<N
Further, for any 1 <i < Ny, we let
(ilpa, as|ai) = Nioi a,,
(BilpB1B,|Bi) = 1404, By

where
Ai o= Tr [(i]pa, as|ow)] = {ailpa,|ei) =0,
pi = Tr [(Bilps, B |Bi)] = (Bilpp,[Bi) = 0.
By the definition of d71, there always exists some 7y such that
)‘i(),ufi() > 651' (48)

For such choice of ig, for any 1 < j < N, we have
(Qtiohjlpas Ao ¥s) (Bio @5 |pBy B2 | Bio @5) = Nio thio (V5] 00, 4,05) (D5 |i, B2 ) -
By the definition of dg,, there exists some jy such that
<1/}j0‘0io7A2’1/}j0><¢j0’Uio,Bz’¢jo> > 05, (49)
Combining (47), (48), and (49) gives
551@5’2 2 5515527
which completes the proof. O

Now, we are ready to prove the main result, Theorem 20, of this section.

Proof of Theorem 20. Let us consider the binary hypotheses given in (45) and let

N
1
P = Z loiBi)(ifBil,  p= NP'
i=1
By construction, both P and 1 — P are PPT operators [77]. Hence, the pair of states (p,o) can be
perfectly distinguished by PPT POVMs. Hence, it remains to show an exponential lower bound to the
error probability for distinguishing (p®", 0®"),en using SEP POVMs.
Let us consider uniform prior. Then,
PSEP (p®n oomn.
e )

)

)=1- sup {lTr [,o@”M]—FlTr [a®"(]l—M)]}.
M,(1—M)eSEP 2

N~

Note that above can be written as a primal problem of a semi-definite program:
1 1
maximize : 3 Tr [p®"1y| + 3 Tr [c®"1L1 ] ;
subject to: Ilg+1II; =1,
I, € SEP Vie {0,1}.

To derive its dual problem, we introduce the dual cone to SEP as follows:
SEP*(A" : B") := {H CHT = H, Te[lIH] >0, VIIe SEP}.
Such dual cone is also known as the set of block-positive operators [78, Section 2], i.e.
SEP* (A" B") = {H + H = H, (1xe ® (y) H(Lxe © ) >0, Vly) € H5"}.
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Then the associated dual problem is:
minimize :  Tr[H];
1
subject to: H — §p®" € SEP*(A™ : B"),
1
H - §a®" € SEP*(A™ : B"),
H=HT.
By the weak duality, we have
1 1
PSEP (p9m 6% 1)y > 1 — inf {Te[H]: H — -p®" H — -0®" € SEP*(A" : B") ¢ . (50)
Hi=H 2 2

Now, we choose a Hermitian operator H as
1 1w
H _ _ XN - _ RXn
7+ (575 ) o

2 2
s
= —¢c (0,1),
pi=4r€(0,1)
where dg was introduced in Definition 21, and it is clear that dg < 1. We aim to show that the operator

H is a feasible solution to (50) to complete the proof. Firstly, it is not hard to see that

1 1 un
H— = p%n — <_ — “_> o®" € SEP*(A™ : B),

2 2 2
since positivity implies block-positivity. Secondly, we have
H— %o—@" _ % (0" — puno®")
> % (P = p"1®")
= s (P - d81%n)

To show that the quantity P®" — §%1%" is block-positive, we will invoke the definition of dg given in
Definition 21 and the multiplicativity of dg established in Proposition 22. Note that for all 74 on H 4 and
T on Hp, we have

Tr [P(14 ® TB)] > dg > 0,
Hence, for any 74,4,..4,, ® TB,By...Bys
Tr [P®"TA1A2”A” & TBle...Bn] > dgon = 0g >0

In other words, P®" — 6g]l®" is block-positive, which proves our claim. O

7. DISCUSSIONS AND CONCLUSIONS

We studied the hypothesis testing between entangled pure state against its orthogonal complement in
the many-copy scenario. Our motivation is, firstly, because quantum entanglement is a valuable resource in
quantum computation and other important quantum information-theoretic protocols. How to distinguish
a state which possesses entangled bits is of fundamental significance. Secondly, whether the Chernoff
exponent for pairs of orthogonal states under LOCC is faithful (i.e. finite) is a long-term open problem.
This problem is challenging because there is no known simple mathematical structure of LOCC. Moreover,
a general state could be entangled in a multipartite quantum system. Without any simple mathematical
expression for it makes such hypothesis testing using LOCC more notorious.

In this paper, we show that the optimal average error probability for testing an arbitrary multipartite
entangled pure state against its orthogonal complement decays exponentially in the number of copies,
which then implies that the associated Chernoff exponent is faithful. In the special case of a maximally
entangled state, we explicitly derive its optimal average error probability in the symmetric setting and
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show that the best LOCC protocol is achieved by a single-copy measurement. This then directly leads to
an explicit expression of the Chernoff exponent.

In the asymmetric setting, we obtain the optimal trade-off between the type-1 error «;, and the type-
II error B,. This allows us to fully characterize their asymptotic properties. The associated Stein’s
exponent, namely the optimal exponential rate of 3, when «,, is at most a constant, is proved. When
By, decays at a rate below or above the Stein exponent, we also establish the optimal exponential rate of
o, and 1 — ay,, respectively. Our results show that the negative logarithm of the considered error does
not diverge, which then guarantees that all the definitions of the four exponents are faithful. In other
words, the asymptotic behavior of the errors satisfies the so-called large deviation principle [79]. Tt is
worth mentioning that the second-order asymptotics under LOCC have a distinctive difference from that
under the global measurements. This signifies that LOCC indeed has an exceptional structure. To be
more specific, we recall the second-order expansion of the optimal exponential rate of type-II error with
type-1 error no larger than an constant e under global measurements [43, 44], i.e.

Dl + LI ) 0 (RE1)), G1)

where D and V are the quantum relative entropy and the relative entropy variance, and ) is the cumulative
distribution function of standard normal distribution. As pointed out in [44, Section 5|, V(pollp1) = 0
implies D(pg|lp1) = 0 for any pair of quantum states pg, p1. In other words, the first-order term in (51)
disappears whenever the second-order term vanish. On the other hand, the obtained result for LOCC,
(4), shows that the optimal exponential rate of type-II error is given by

—llogﬁn =log(d+1) — M.
n n
Here, the second-order term is missing; however, the first-order term log(d + 1) is strictly positive. This
implies that such asymptotic expansion indeed has a different second-order term from that in (51). We
note that in a previous work by Hayashi and Owari [55, 56, 57], the asymptotic bounds for the case of
distinguishing a bipartite pure state and a completely mixed state under LOCC admit a similar second-
order expansion as in (51).

Finally, we establish an infinite separation between the SEP and PPT operations in the many-copy
scenario. Our result shows that indeed there is a gap between the SEP and PPT operations no matter
how many copies of states are provided. Our technique is a multiplicativity property—a quantitative
characterization of the tensor product of unextendible product bases, which might be of independent
interest. On the other hand, whether there is an infinite separation between the SEP and LOCC operations
is an interesting open problem and is left for future work. We believe that our analysis and results might
have applications in data hiding or the studies of other important sets of orthogonal states.
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APPENDIX A. PROOF THAT (32) IN THE PROOF OF PROPOSITION 7 IS A FEASIBLE SOLUTION

In this section, we prove that the y* = u*®v*@w* (32) is a feasible solution to the linear program (31).
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Since

AV
S N
:|*—‘
| — |
—_
|
VR
Q| &
+1 1
el
N————
3
|
[

v

(52)

for all i = 0,...,n, we have u* > 0. Further, v* > 0 and w* > 0 by the choice in (32). Hence, the feasible
solution y* satisfies the first three inequalities in (31).
It remains to verify that

QT'U*—QT-V*—W*gc.

To that end, we will show

(QT - u*)g = dor. — Sk <F11> , (53)

which in turn implies that the constraint in (31) is satisfied:

1 n P 1 n
T a=—0T . v —w*) = — N — _ < .
(Q u Q v w )k ok — Onk <d 1) 5nkmax{1 < 1) ,O} CL

Now, we write

Q" - )y
55 2 (00 ) ()70 )
-(57) () 5.2, ()00 () e - (=)
(k) - so(dnsk), (54)
where
(5 (o) .5, DO o
) IED 00
= (5] () 35,2, ()00 () 7o (65)
G EE G0Ny -



Letting m = [ — j, we rewrite ( as
d+1 1 V'R & m—m—j\ (m+i\ [ n d—1\"
s1(d, > RATRE ) (="
2d d+1 e k—j J m+j d+1

)
) ()
<d2+dl> (- i1>kzk§:<k e (1) Y
o) () 2 > T TR e _k;m (555)

- (%Y (—#)k; I ) 5 0

Note the summation over j equals 0 unless £ = 0. Hence,

n n—k m n n
d+1 n d—1 d+1 d—1
#1(d,m; k) = ok (W) 2 <m> <d—+1> = %o <W> <1 ! d—+1> =%k (O7)
m=0

Similarly, (56) can be rewritten as

wiet = (<) (<) £ () () e ()
:<_%>n<_ﬁ>k,§§(k J)(n—nin k‘)'m'J( Dm(%)j
- <_%>" <_ﬁ11>k:§); (n n/i)lk;v (n _(Z_ljjzl)uml (k _k;)!j!(_l)m <%>j
() ) G2 (e ) ()
() (o) ()2
() () () E e ()

Again, the summation over m equals 0 except n — k = 0. As a result,

so(d,n; k) = 6, < d2_d1> ( d+1>n<1+ji> =5nk<ﬁ>n. (58)

Combining (54), (57) and (58) gives our claim in (53), and thus the proof is completed. O
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