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Optimal verification of general bipartite pure states

Xiao-Dong Yu®'*, Jiangwei Shang *** and Otfried Giihne ®'*

The efficient and reliable verification of quantum states plays a crucial role in various quantum information processing tasks. We
consider the task of verifying entangled states using one-way and two-way classical communication and completely characterize
the optimal strategies via convex optimization. We solve these optimization problems using both analytical and numerical

methods, and the optimal strategies can be constructed for any bipartite pure state. Compared with the nonadaptive approach, our
adaptive strategies significantly improve the efficiency of quantum state verification. Moreover, these strategies are experimentally

feasible, as only few local projective measurements are required.
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INTRODUCTION

A Dbasic yet important step in most quantum information
processing tasks is to efficiently and reliably characterize a
quantum state. The standard approach is to perform quantum
state tomography by fully reconstructing the density matrix.'
However, tomography is known to be both time consuming and
computationally hard due to the exponentially increasing number
of parameters to be reconstructed;** moreover, the underlying
approximations may be conceptually problematic.* In fact, full
tomographic information is often not required, and a lot of effort
has been devoted to characterizing quantum states with non-
tomographic methods.>® Recently, an alternative statistical
approach, namely quantum state verification, has triggered much
research interest due to its powerful efficacy.”™"*

Quantum state verification is a procedure for gaining con-
fidence that the output of some quantum device is a particular
state by employing local measurements.’ Consider a device that is
supposed to produce the target state |), but may in practice
produce 07,03, ... ,0y in N runs. In the ideal scenario, the verifier
has the promise that either oy = |p)(y| for all k or that o, have a
finite distance to |@), i.e., (Y|ok|p) < 1 — € for all k. Given access to
some set of allowed measurements, the verifier must certify that
the source prepares |p). One cannot exclude that he certifies the
source to be correct although it is not, but this failure probability &
should be as small as possible.

In general, for each state o, the verifier may apply a different
measurement with some predefined probability. So a state
verification strategy can be expressed as Q= >"" .p;,Q;, where
(P1,Pa, --- ,P,) is @ probability distribution, and {Q;, 1 — Q;} are
allowed measurements with outcomes labeled by “pass” and “fail”,
respectively. For each output state ok, the verifier randomly
chooses a measurement {Q;, 1 — Q;} with probability p; then
performs the test. In a pass instance, the verifier continues to state
Ok+1, otherwise the verification ends and the verifier concludes
that the state was not |¢). To guarantee that the perfect state |p)
is never rejected we assume Q; satisfies (¢|Q;|p) = 1; it has been
observed in ref. ? that such strategies are better than others. The
worst-case failure probability of each run is given by
maxyjoly)<1-¢11(Q0) = 1 —ev(Q), where v(Q) represents the
spectral gap between the largest and the second largest
eigenvalues of Q.°

In the case that all N states pass the test, we achieve the
confidence 1 — § with

§<1—ev(Q)". M

In reality, however, quantum devices are never perfect, so the
verifier cannot be promised that either o, = |) (Y| or (Y|ok|yp) <
1 — € for all k. Instead, a more practical task is to certify with high
confidence that the fidelity of the output state is larger than a
threshold value 1 —¢. In this case, the verifier measures the
frequency f of the pass instances. If f >1 — ev(Q), the confidence
1 — & can be derived from the Chernoff bound'*'*

§ < e DI —av@)IN )

where D(x || y) = xlog(’y—() +(1- x)log(]%;) is the Kullback-Leibler
divergence.

The advantage of the state verification approach is that the
failure probability 6 decreases exponentially with N, hence the
target state |¢) can be potentially verified using only few copies of
the state. As seen from Egs. (1) and (2), the performance of a
verification strategy depends solely on v(Q). Therefore, to achieve
an optimal strategy, we need to maximize v(Q) over all accessible
measurements. Although lots of effort has been devoted to this
research line, few optimal strategies have been found. To the best
of our knowledge, the only optimal strategy reported by now is
the verification of two-qubit pure states with local projective
measurements (PMs).

In this work, we introduce adaptive measurements, i.e.,
measurements assisted by local operations and classical commu-
nication (LOCC)'®" to the task of quantum state verification. We
show that the efficiency of the verification can be significantly
improved by considering adaptive measurements. For any d; x d,
bipartite pure state, we explicitly construct the optimal one-way,
as well as near-optimal two-way adaptive verification strategies.
Best of all, in these strategies, only few local PMs are needed for
their implementation in the laboratory.

RESULTS
Optimal state verification as convex optimization

In the following, we derive two convex optimization problems that
completely characterize the optimal adaptive state verification

"Naturwissenschaftlich-Technische Fakultt, Universitat Siegen, Walter-Flex-Str. 3, D-57068 Siegen, Germany. *Key Laboratory of Advanced Optoelectronic Quantum Architecture
and Measurement of Ministry of Education, School of Physics, Beijing Institute of Technology, 100081 Beijing, China. >State Key Laboratory of Surface Physics and Department of
Physics, Fudan University, 200433 Shanghai, China. *email: Xiao-Dong.Yu@uni-siegen.de; jiangwei.shang@bit.edu.cn; otfried.guehne@uni-siegen.de

Published in partnership with The University of New South Wales

npj nature partner

journals


http://orcid.org/0000-0001-8835-5524
http://orcid.org/0000-0001-8835-5524
http://orcid.org/0000-0001-8835-5524
http://orcid.org/0000-0001-8835-5524
http://orcid.org/0000-0001-8835-5524
http://orcid.org/0000-0002-2332-5882
http://orcid.org/0000-0002-2332-5882
http://orcid.org/0000-0002-2332-5882
http://orcid.org/0000-0002-2332-5882
http://orcid.org/0000-0002-2332-5882
http://orcid.org/0000-0002-6033-0867
http://orcid.org/0000-0002-6033-0867
http://orcid.org/0000-0002-6033-0867
http://orcid.org/0000-0002-6033-0867
http://orcid.org/0000-0002-6033-0867
https://doi.org/10.1038/s41534-019-0226-z
mailto:Xiao-Dong.Yu@uni-siegen.de
mailto:jiangwei.shang@bit.edu.cn
mailto:otfried.guehne@uni-siegen.de
www.nature.com/npjqi

npj

X.-D. Yu et al.

strategies assisted by one-way and one-round two-way classical
communication, respectively. In general, to get an optimal
verification strategy, we need to consider the optimization
problem

maximize

P V(Q)

n
subjectto Q= p;Q;,
i=1 3)

n
Zpi = 17pi > 07f0r all i7
i=1

(Y|Qy]Y) = 1,0; € M, for all i,

where |p) is the target state we want to verify, and M denotes the
set of all allowed measurements. Be reminded that v(Q)
represents the spectral gap between the largest and the second
largest eigenvalues of Q. As (); < 1, the last constraint leads to

Qily) = ) and PO = O — g)(p], where P* =1 —[p)(y].
Hence, v(Q) admits an alternative expression

v(Q) =1—[|PraPt]], @
where || - || denotes the largest eigenvalue.

Generally speaking, the optimization in Eq. (3) is difficult to
solve, if not impossible at all, because the set of all possible
measurements cannot be easily characterized. Here, we give a
complete characterization of Q for both one-way and one-round
two-way adaptive measurements, then reduce the corresponding
problems to convex optimization. These optimization problems
can be further simplified and solved. For succinctness, hereafter
we restrict the two-way adaptive measurements to one-round
communication only. In addition, the accessible measurements
allowed in our verification strategies are not restricted to PMs, i.e.,
positive operator-valued measures (POVM:s) are possible, although
in the end we show that the optimal strategies can be achieved
with PMs in most cases.

Without Ioss of generality, a bipartite pure state can be written
as |¢) = Z, 1Ailii), where the Schmidt coefficients satisfy A; >
h> ..M >0and S0 A2 =178

We start with the analysis of one-way communication. In this
case, Alice first performs a measurement, and sends the
measurement outcome to Bob. Bob then chooses his measure-
ment in accordance with Alice’s measurement outcome. Hence,
the one-way adaptive strategy Q" takes the form

n
a” = Z pi<y”

where {Ma‘,} are measurements on Alice’s system, and each
{Ngji, 1 a‘,? is a “pass” or “fail” measurement on Bob’s system
depending on Alice’'s measurement outcome. Here, we can
assume that the Mg; are rank-one, otherwise some further
decomposition can make this assumption satisfied. If the joint
system is in state |¢), Bob’s subsystem would collapse to some
pure state Pa\l = TrA( ali ® 1|‘IJ> <1P|)/Tr( ali ® HWJ)(WD after
Alice’s measurement {M;} . Then the best strategy for Bob is
to perform the measurement {Pq);, 1 — Pg;} to verify whether his
subsystem is in state Pg). Mathematlcally, to ensure that
(W @) =1, Ng; must satisfy that Ng; > Pgj. If all Ngj; satisfy

= Z Ma\i ® Na\iv (5)

Ngji = Pgj, we call the one-way adaptive strategy Q" semi-
optimal. Hence, to maximize v(Q~), ie, to minimize
> PO to be semi-optimal strategies.

From the definition, we get the following necessary conditions
for Q~ being semi-optimal

Q" es, T@Q7)=1 @a ly) =1, ©6)

where S is the set of separable operators, i.e, unnormalized
separable states.'” Next, we show that these constraints are also
sufficient. Q7 is separable implies that there exists a
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decomposition Q7 =" Ms ® Ng, such that M, are positive
semidefinite and N, are rank-one projectors. Then, Trg(Q™) =1
implies Y~ Mg = 1, i.e, {Mg}, is a measurement on Alice’s system.
This concludes our proof by taking into account the last constraint.
Thus, the optimization in Eq. (3) can be written as

ma);)ignize v(Q7)

subject to QO es, )
Trg(Q7) =1,
(wlQ7[y) =1,

for one-way adaptive verification strategies.

We move on to discuss the one-round two-way communication
scenario. In this case, Alice and Bob use shared randomness to
decide who performs the measurement first. After the measure-
ment, he/she sends the measurement outcome to the other party.
Then the receiver chooses her/his measurement according to the
received measurement outcome. Thanks to the permutation
symmetry of |p) = Z, 1Ailii), the optimization in this setting
can be easily simplified. Let S be the SWAP operator, i.e., S|i}|j) =
)iy for all i,j=1,2,....,d, then we have S|p)=|p). This
indicates that, for two-way adaptive measurements, if Q satisfies
the constraints in Eq. (3), so does % (Q+ SQST). Furthermore, Eq. (4)
implies
v B Q+ sos‘*)} > % [v(Q) + v(sQsh)] = v(Q). 8)
Hence, we can focus on the two-way adaptive strategies Q7 that
are invariant under the SWAP operation, ie, Q~ =1(Q~ +Q7),
where Q7 is a one-way adaptive strategy and Q“ =505,
Similarly, to optimize v(Q™), we can also restrict Q™ to be semi-
optimal. Thus, the optimization in Eq. (3) can be written as

maximize vi(@Q T +Q7)]

subjectto Q7 €S, ©)
Tre(Q) = 1,
W~y =1,

for two-way adaptive verification strategies.

Optimal verification of two-qubit states

Without loss of generality, we write the two-qubit entangled pure
state as |Y) = cos 6|00) + sinB|11) with 0<6 < m/4. Then the
subspace P+ is spanned by {|y;)}2, = {|01),]10),sin6]00)—
cos0]11)}.

First, we need a group G to simplify the optimizations. The
group G is defined to be generated by the unitary operator
g=0®0, where ® is the phase gate, ie, ®|0)=|0) and
®|1) =i|1). Then we can show

3
for some w;; see Supplementary Note A for the proof. As

gly) = |p), Q also satisfies the constraints in Egs. (7) and (9) if Q
does. Furthermore, Eq. (4) implies

(10)

.;;

3

3

> %Zv(gkog_k) =v(Q). (11)
k=0

Thus, we can restrict to the diagonal Q™ as in Eq. (10) for the

optimizations in Eqgs. (7) and (9).

Then, we consider the case of one-way adaptive verification. For
two-qubit quantum states, the positive partial transpose (PPT)
criterion is necessary and sufficient to characterize their separ-
ability.w’20 Thus, by combining Eq. (10) with the PPT criterion, the
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optimization in Eq. (7) can be written as

maximize  min;{1 — w;}

wi

subjectto w; >0,i=1,2,3,
wy = sin?0(1 — ws),

wy = cos?0(1 — ws),

(12)

where the constraints arise only from Q~ >0 and Trg(Q™) =1,
since the PPT criterion gives the redundant condition
wiw, > sin?6cos?0(1 — W3) As 0<6 < /4, we have w, > w;.
Thus, the solution of Eq. (12) is attained when w;, = w3, and
1

1+ cos20’

In general, the measurements associated with the optimal
solution are POVMs. However, one can directly calculate that the
bound in Eq. (13) can be achieved already with PMs

cos?0 1 1

X, Y,
"1+ cos20 2+ 2(1 + cos26) + 2(1 4 cos26) ¥’

max v(QT) = (13)

—

(14)

where

P2z =10)(0 @ [0){0[ + [1)(1] @ 1) (1],
Xy = 190) (@0l + |@2) (@2,

Y, = @) (@] + [@3) (@],

with o) = 15(10) + 1)) ®
|o1) = g*[@o)-

Next, we discuss the case of two-way adaptive verification. By
combining Eq. (10) and the PPT criterion, we can get a
simplification of the optimization in Eq. (9) by simply replacing
the objective function in Eq. (12) with

. 1
min 1—§(W1+W2),1 — w3 g,

whose solution is given by
2

Q7)) =-.

maxv(a7) =3

Again, we epricitIy write down the PMs

(15)

(cos 6|0y +sin6|1)) and

maximize (16)

Wi

Y +- Y (18)

6 6 6 6
where P, XJ, and YJ are defined as in Eq. (15), and X; = SX;ST
and Y, = SYHS

FinaIIy, we compare the adaptive strategies with the non-
adaptive approach in ref. °. For two-qubit entangled states, we
plot the optimal values of v(Q) for different strategies in Fig. 1. As
can be seen, the two-way strategy works much better than the
one-way strategy, whereas both the adaptive strategies signifi-
cantly outperform the nonadaptive one. Concerning the resources
used in each strategy, we have the following remarks. Although
no classical communication is involved in the measurement
process of the nonadaptive strategy, it is still a necessary resource
for the data processing after the measurement. On the contrary,
the one-way adaptive strategy relies on classical communication
for the measurements, but no classical communication is needed
for the data processing as one party alone can determine whether
the result is a pass or fail instance. The case for the two-way
adaptive strategy is similar, but to obtain the final frequency of the
pass instances, the two parties need to cooperate.

1
QHsz;ZqL X, += Xw +-

Optimal verification of general bipartite states

We move on to discuss the optimal adaptive verification of
general bipartite states. Firstly, we need a Iarger group G for the
general bipartite (two-qudit) pure state |l[}> Z, WAilii), Where the
Schmidt coefficients satisfy Ay > A, > ... A;>0 and Z N=1.

i=1"
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Fig. 1 Optimal values of v(Q) with different verification strategies
for the two-qubit entangled pure state |) = cos6|00) + sin 6|11)
with 0 <6<m/4. Note that when 6 = /4, i.e, |¢) is the maximally
entangled state, all three strategies give the same optimal value

v(Q) = 2/3.

The group G |s defined to be generated by the unitary operators

{9, = (Dk®(l)k,k71 2,....d}, where Olj) =i|j) when j=k,
and Olj) = |j) otherwise. Then we can show
d
|G|Zg g' = Z wilif) il + > pylif) (i, (19
gea J#iLi=1 ij=1

for some wj; and p; where |G| is the order of G; see
Supplementary Note A for the proof. Similar to the two-qubit
case, if Q satisfies the constraints in Egs. (7) and (9), so does Q,
since g|y) = |y) for all g € G. Furthermore, Eq. (4) implies

|G|Z v(9Qg') = v(Q).

geaG

(20)

Hence, we can restrict Q™ to be of the form in Eq. (19) for the

optimizations in Egs. (7) and (9). Additionally, (p|Q|y) =1, ie.,

Q|Lp> )8 means PA = A, where p := (pu)/ is Hermitian, and
()\17A27 7)\d)

Secondly, we consider the case of one-way adaptive verification
with the help of the group G. The main difference between two-
qudit and two-qubit states is that the PPT criterion is only
necessary but not sufficient to characterize the separability for
d > 3.%° Hence, by replacing O~ € S with (QH)TB >0, Egs. (7)
and (19) only give us a relaxation of the original optimization

1

maximize min{1—w;,1— [lo —A"||}
WijPjj
subjectto 0<p <1,w; >0, foralli=j,
2 -

wywj > |py|~,  for all i#j, 1)
ZW;/+pii: 1, foralli,
J#i
PA = A,

where the constraints arise from 0 < Q~ < 1, the PPT criterion,
Trg(Q7) =1, and (Y|Q7|Y) =1 respectively. Therefore, the
solution of this relaxed problem sets an upper bound of the
optimal v(Q ™). To show that the solution is a valid strategy, we
still need to prove that the optimal Q™ obtained from Eq. (21) is
separable. Here, instead of resorting to numerical methods, we
can analytically solve the optimization in Eq. (21), which gives

1
max v(Q~) < 35
a” 14 A

(22)
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for all d > 2. Moreover, the bound in Eq. (22) can be achieved with

PMs

Q7 = wPyz + Z gX (23)
geq

where

Z|k (k| ® |k)(k
Ifi) = Zm

with y; = €4 and w = A?/(1 4 A?); see Supplementary Note B for
more details. In passing, we note two special cases of Eq. (24).
When |¢) is separable, i.e, d =1, Eq. (24) gives the optimal
nonadaptive strategy with v(Q) = 1. When [¢) is maximally
entangled, {|¢k)}k ; forms an orthogonal basis. Hence, Eq. (24)
gives the optimal nonadaptive strategy.”?'

In practice, the above strategy can be easily |mplemented Alice
first randomly chooses one of the two measurements {|k)}¢_, and
{|fk)}Z=1 with probabilities w and 1 — w, respectively. The former
measurement can be performed directly, while the latter one
requires some random phase shifts from G in advance. Then Alice
sends all the information to Bob via classical communication,
upon receiving which Bob can proceed to perform the
corresponding test.

Lastly, we consider the case of two-way adaptive verification. By
the same token, the efficiency can be improved by averaging Q™
and its swap Q. Specifically, we can get

. 1, _ 1
v(Q7) VL(Q +0Q )} TR
when Q™ is of the form in Eq. (23) with w = A%/(1 4+ A?) and
X =1(A] +13). However, unlike the two-qubit case, this strategy
is only near-optimal for general bipartite states. To get the optimal
strategy, we can numerically solve the optimization in Eq. (25),
then explicitly decompose the obtained strategy with the method
in ref. 2. Our testing results show that the optimal strategy is at
most 4% better in efficiency than the near-optimal strategy for all
d <10, whereas the measurement settings of the optimal
strategies may involve complicated POVMs; instead the near-
optimal strategies in Eq. (25) only involve PMs; see Supplementary
Note C for more details.

Before concluding, two remarks are in order. First, Egs. (22) and
(25) imply that v(Q) > 1/2 for all of our adaptive strategies. This
implies that N < 2e~ 1Iog(S ' copies of states are enough for
verifying any bipartite states, which is independent of the
dimension d. This is of the same scale with the best global
strategies with entangled measurements, which need N~
£ 'logs™" copies’ On the contrary, the best nonadaptive
strategies known so far need N = de~"log 6" to verify a generic
two-qudit state for d > 3,> which is worse than our adaptive
strategies by an order O(d). Second, it is possible to further
improve the efficiency of the adaptive strategies by involving
many-round communication. However, these strategies require
coherence-preserving measurements and can only improve the
efficiency up to a constant factor ¢ with ¢ < 2 for all dimensions.

Z\fk (Ficl @ |py) (.
(24)

i) = Zv;’km
j=1

(25)

DISCUSSION

Quantum state verification is an efficient and reliable method for
gaining confidence about the quality of quantum devices, which is
a crucial step in almost all quantum information-processing tasks
and foundational studies. In this work, we integrated adaptive
measurements to the problem of state verification and formulated
two convex optimization problems that completely characterize
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the optimal adaptive strategies for one-way and one-round two-
way classical communication. We solve these optimization
problems using both analytical and numerical methods, and the
optimal or near-optimal strategies are constructed explicitly for
any bipartite pure state. As a demonstration, we compared the
optimal adaptive strategies with the nonadaptive one, and find
that the verification efficiency can be significantly improved if
classical communication is allowed. Finally, our adaptive verifica-
tion strategies are readily applicable in experiments as only few
local PMs are involved. For future research, it is very interesting to
consider the multipartite case, which is more relevant for
applications. Moreover, it is meaningful to discuss how the
present approach needs to be modified, if the measurement
devices are not perfectly characterized. Statistical tools developed
for quantum state discrimination®**> may be helpful for this
purpose.

Note added. During the preparation of the manuscript we
becag;e aware of related works by Wang and Hayashi*® and Li
et al.
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