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While entanglement plays an important role in characterizing quantum many-body systems, it is hardly possible
to directly access many-body entanglement in real experiments. In this paper, we study how bipartite entanglement
of many-body states is manifested in the correlation of local measurement outcomes. In particular, we consider
a measure of correlation defined as the statistical distance between the joint probability distribution of local
measurement outcomes and the product of its marginal distributions. Various bounds of this measure are obtained
and several examples of many-body states are considered as a testbed for the measure. We also generalize the
framework to the case of imprecise measurement and argue that the considered measure is related to the concept

of quantum macroscopicity.
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I. INTRODUCTION

Entanglement [1] is a distinctive feature of quantum
mechanics, which exposes fundamental differences between
quantum and classical physics [2—4] and can be exploited as
a resource for quantum information processing [5]. Entangle-
ment is also a useful tool for characterizing quantum states
in many-body systems [6,7]. For example, ground states of
gapped Hamiltonians typically follow an area law [7-10],
whereas random states follow a volume law of entangle-
ment[11,12]. Amid experimental developments in engineering
many-body quantum systems [13—16], a great deal of interest
has been generated in examining such features of many-body
entanglement in real experiments. For example, there have
been several proposals for measuring Rényi o = 2 entangle-
ment entropies [17-19] and their experimental realizations
[20,21]. Generally speaking, however, it is very hard to directly
measure the entanglement as it is a nonlinear function of the
state itself, not an observable. In order to measure the entangle-
ment, one needs to obtain the density matrix through a quantum
state tomography or find the appropriate relations to other mea-
surable quantities, which are nontrivial in many-body systems.

In this paper, we study the many-body entanglement in
terms of the correlation in local measurements. To be specific,
we consider a bipartite separation of many-body spin states
and positive-operator valued measures (POVMs) acting on
each party separately. We then investigate the correlation
in such local POVM measurements, which is quantified by
the statistical distance (total variation distance) between the
joint probability distribution of the measurement outcome and
the product of its marginal distributions. Formally, given a
quantum state p4p of a composite system A ® B and local
POVMs {M;} and {N;} acting on the subsystems A and B,
respectively, we consider

1
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where ps = Trp pap and pp = Try pap. Letting Pa(i) =
Tr[(M; ® 1g)papl, Ps(j) =Tr[(14 ®N;)papl, and Pap
(i,j) = Tr[(M; ® N;)pap], this quantity can be written more
straightforwardly as

1 .. . .
Ap({M;},{N;}) = 3 Z |Pag(i,j) — Pa(D)Pe(j)l. (2)
ij

For convenience, we will call this quantity a correlation in local
measurements (CLM) throughout the paper.

Apparently, for general mixed state p4 g, the CLM does not
necessarily capture the entanglement between A and B. On the
other hand, if the state p4 g is guaranteed to be pure, the CLM
should be nonzero for properly chosen POVMs if and only if
pap 1s an entangled state. Our aim is to study such relation
between the CLM and the entanglement in a quantitative
manner under the condition that p4 5 is a pure many-body spin
state. Note that, by definition, the CLM has a direct relevance to
real experimental situations. Note also that the CLM is different
from conventional correlation functions of two local operators
like Tr[O4 ® Op(pap — pa ® pp)] as the CLM is defined by
the probability distribution of the measurement outcome, not
by the expectation values of general operators. There have been
earlier works that studied correlation measures involving local
measurements [22-25]. However, the main focus of them was
on investigating quantum correlations that are not captured by
local measurements. Our focus, on the other hand, is on how far
one can access the quantum correlation only using local POVM
measurements, especially, in many-body systems. There also
exists a previous study of Eq. (2) [26], but it only dealt with
two-qubit states.

In Sec. II, we investigate the relation between the CLM
and other correlation and entanglement measures that have
been studied before [25,27,28]. We then examine, in Sec. III,
the CLM for several examples—Haar random states, spin
squeezed states, and the ground state of the Heisenberg X X Z
model—under the restriction that local measurements are
performed in the basis of a collective spin operator. In Sec. IV,
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we generalize the CLM to the case of imprecise measurement
and find its relation to the concept of quantum macroscopicity
[29-31]. We further investigate in Sec. V how the imprecise
measurement affects Bell’s inequalities and conclude the paper
in Sec. VL.

II. GENERAL PROPERTIES OF THE CLM

Before proceeding, it is worthwhile to mention the relation
between Ap and another type of correlation measure defined
as

| Tr[Ms ® Mp(pag — pa ® pp)ll

cov(A : B) = max , 3
M, Mp IMAllIMp]

where the maximization is carried over all operators M, and
Mg acting on subsystems A and B, respectively. Here, || O || is
the operator norm of O given by the maximum eigenvalue of
~/ 0T 0. The correlation measure cov(A : B) has been inves-
tigated in various contexts [8—10,32,33]. The detailed relation
between cov(A : B) and Ap is not clear. However, when we
restrict the maximization in Eq. (3) only to Hermitian oper-
ators, it is simple to show that 2 maxip,},(N;) Ap({M;},{N;})
upper bounds cov(A : B).

Let us first investigate the relation between Ap and
quantum mutual information I(A : B) = S(pa) + S(pp) —
S(pap), where S(p) = —Tr[p log p] is the von Neumann
entropy. Throughout the paper, all logarithms will be taken
to base 2.

Proposition 1. For a bipartite quantum state p4p, the fol-
lowing inequality holds for any POVMs:

M’1/1 _ZI(A:B)}’ 4)

Ap < T(pap) < min
2 loge

where T (pag) = Tr |pap — pa ® ppl/2isthetotal correlation
[34,35] measured using the trace distance [27,28].
Proof.

1
ApUMLIND = 5 D I TrM; © Nj(oan — pa @ pp)ll
ij
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®)

where the maximization is carried over all valid POVMs { K, }
for the composite system A ® B that satisfy ) K, =1
and K,, > 0 for all m. The first inequality of the theorem
straightforwardly follows from the fact that the last line
in Eq. (5) is nothing but the trace distance D(pap,ps ®
og); hence T (pap), where D(p,0) =Tr|p — o|/2 [5]. The
second inequality consists of two parts. The first part is a
well-known Pinsker’s inequality, which states Tr |pap — pa ®
o8l/2 < /I(A: B)/2 Tog2[36]. The second part comes from
the relations between quantum distances. It is known that
D(p,0) < /1 — F(p,0)?, where F(p,0) = Tr[p'?cp'/?]'/?
is the fidelity between two quantum states. Using the relations
between the affinity A(p,0) = Tr[p'/?¢''/?] [37] and other
quantities, A(p,0) < F(p,0)and —log A(p,0) < S(pllo)/2
[38], the second inequality is obtained. Here, S(pl|lo) =

Tr[p log p — p logo] is the relative entropy between p and
o and S(pagllpa ® pp) = 1(A: B). u

We note that the Pinsker’s inequality is tighter when /(A :
B) is smaller, while it is meaningless when I(A : B) > 2 loge.
We also note that there is a previous study [26] that investigated
the relation between Ap and I(A : B) for systems of two
qubits.

For pure state pap = V) (Y|, I(A : B) = 2S(py) is twice
the entanglement entropy of |y¥), S(pa) = — Tr[pa log pal.
Thus Proposition 1 implies that Ap must be small when the
entanglement is small. Let us further investigate the relation
between Ap and the entanglement for psp being pure. The
starting point is a simple proposition.

Proposition 2. A pure quantum state |) is a separable state
of two parties (A and B) [¢) = |¢4) ® |¢p) if and only if
Ap({M;},{N,}) = 0 for any POVMs {M,} and {N;}.

The question is what is the lower bound of A p({M;},{N;})
with an optimal choice of the POVMs when the pure state [v/)
is entangled? The following theorem gives a partial answer.

Theorem 1. For a pure state |y), there exist POVMs
{M;},{N;} such that Ap({M;},{N;}) > 1—"P, where P =
Tr[p3] is the purity of the reduced density matrix.

Proof. We prove this theorem by explicitly constructing
the POVMs. Suppose that the Schmidt decomposition of
1Y) is given by [¥) = Y, /Ax Ika) [kg) with > hx = 1,
where Ay > 0 are Schmidt coefficients. Using the projective
measurements in the Schmidtbasis {M; = |i4) (ial}and {N; =
|jg) (jBl|}, the probability outcomes are given by Pap(i,j) =
Aidi j, Pa(i) = A;,and Pp(j) = A ;. Here, §; ; is the Kronecker
delta function. Then, for these POV Ms,

1
Ap=3 Z |Pag(i,j) — Pa(i)Pp())l
i,j
1
=3 Z [Aidij — AiAjl
ij

:% PR HE PP (6)

i i#]

Using A; > A7and 1= 3", Ak = D A7 4 X Aikj, we
obtain

Ap=1-)"1=1-"P. (7)

|
From the theorem, Ap({M;},{N;}) =0 for all POVMs
implies P = 1, which means p, is pure and hence pap is sep-
arable. Note that the lower bound 1 — P is the linear entropy,
which has been widely investigated in quantum information
theory. The linear entropy is a nice indication of entanglement
for pure states, and it is known that its convex roof extension
to mixed states is an entanglement monotone [39].
We can also consider a convex roof extension of the CLM.
Let us consider the following definition:

5 = i i A 5 8
0= iy 2y Aov - ®

where the minimization is over all pure-state ensembles
{pr, |¥i)} that give Y, pi [¥) (Y| = p. Even though it is
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not an entanglement monotone generally, one can easily show
that £(p) = 0 if and only if p is a separable state.

III. CLM FOR COLLECTIVE SPIN MEASUREMENTS

So far, our discussion was general; we did not consider
any specific form of POVMs or a system. In this section,
we consider several examples of many-body spin systems
to investigate the properties of the CLM. To be specific,
we consider systems of N s = 1/2 spins composed of two
subsystems A and B, where N is even and the subsystem A
(B) contains the first (last) N/2 spins. As a natural choice,
we consider the case wherein each party performs a collective
spin measurement. For subsystems A, the spins are measured
in the basis of S;(&) =& -S4, where & is a unit vector
and $o = )_,.,0"/2 is the collective spin operator. Here,
o™ = {a}”),aé’”,a;")} is the vector of Pauli spin operators for
the nth spin. We can obtain the POVM for S4(&) from the
decomposition

N/4
Sa@ =Y iy i) il ©)
i=—N/4 i

where i € [—N/4,N /4] are possible measurement outcomes
and p; is the index for the degenerate subspace corresponding
to the outcome i. Then the POVM can be written as M;(&) =
>, lipi) (i il Likewise, we also define Sp() = B - S5
and the corresponding POVM {N j(,é)} such that Sp(B) =
Zjv:/ M N/aJN; (B) for subsystem B. To simplify the notation,
the shorthand expression A p (@, 8) will be used throughout this
section to designate A p({M; (&)}, {Nj(,é)}) unless it confuses.

Before proceeding, let us first consider simple heuristic
examples.

Example 1. Let [Y0) = (I1)®N + [1)®")/v/2 and |y)) =
AN + 1) 1NV )/V2. Then Ap(2.2) =1/2 for
both the states. The possible outcome pairs (i,j) from
the measurements are {(N/4,N/4),(—N/4,—N/4)} and
{(N/4,N/4 —1),(N/4 — 1,N/4)}, respectively. For the same
states, correlation function (S4(2) @ Sg(2)) — (Sa(2)) (Sp(2))
yields N?/16 and —1/4, respectively, which largely differ.
This example illustrates a stark difference between the CLM
and the correlation function. It also shows that the CLM does
not distinguish between bipartite entanglement and genuine
multipartite entanglement.

Example 2. Let us consider [y) = C Y (P |{)®V/*
I1YENHY(P | L)EN/4 14)8N/4) where the summation is over
all possible permutations P and the same P is applied on
the two subsystems. The normalization constant C is given

by C = (AN]ﬁ ]/2. As the whole component states live in the
subspace of S4(2) = Sp(Z) = 0, we can see that Psp(i,j) =
8i,08j,0 and Pa(i) = 80, Pp(j) = ;0. Therefore, Ap(Z,2) =
0. On the other hand, when we compute the entanglement
entropy, we get S = log (%ﬁ). Using Stirling’s formula, this
can be approximatedas S &~ N/2 In2 + O(log N)for N > 1,
which indicates that the entanglement is extensive. This result
illustrates that Ap using collective spin measurement cannot
capture entanglement of some states.

A. Random states

In this subsection, we investigate the behavior of the CLMs
in z direction and optimized over all directions, i.e., Ap(Z,2)
and maxg ) Ap(@&, ,3), for Haar random states. For this, recall
Levy’s lemma which implies that the values of a Lipschitz
continuous function f are all concentrated to its mean value
(f). Formally it is written as follows.

Theorem 2 (Levy’s lemma; see Ref. [40]): Let f : S* — R
be a function with Lipshitz constant n and ¢ € S* be a point
chosen uniformly at random. Then,

Pr| f(#) — ( f)] > €] < 2 exp(=2C(k + D)e*/n*)  (10)

for a constant C > 0 that may be chosen as C = (1873~
We now prove the Lipschitz continuity of the CLM for fixed
directions.
Theorem 3. For fixed & and B, Ap(&,B) is a Lipschitz
continuous function of |y) with the Lipschitz constant n < 3.
Proof. Let |Y) and |y') be two different pure states. The
difference of Ap is given by

1
3 Z | Tr[M; @ Nj(pap — pa ® pp)l|

i,j

1 /
-3 D ITeM; ® Nj(phg — p4 @ ppll|. - (11)

iJj

where pap = |¥) (Y| and p); ; = [¥') (¥']. M; and N; are the
POVMs in directions & and f3, respectively. Then we can obtain

1 ,
<3 Z | Tr[(M; ® Nj)(pap — pyp)]
L]
—Tr[(M; ® N;)(p)y ® p — pa @ pp)ll (12)

1
< 5[Trlpas = gl FTrloa ® pg — ply @ ppll,  (13)

where we have used the reverse triangular inequal-
ity ||A| —|B|| < |]A — B| for the first inequality and
Tr|p — o| = maxk,; Y, |Kn(p — o) for the last inequal-
ity As Tr|ps ® pp — 0}y ® pgl < Trlpa ® (0 — pp)l +
Tr |(pa — P)) ® ppl <2 Trlpap — Pygl,

< 3Trlpas — Pl
=3Tr||y) (Y] — ¥ (']

L=y <3 = 19 . (14)

Therefore, the Lipschitz constant n < 3 is obtained. |

The above two theorems imply that, as N — oo, the CLMs
for Haar random states converge to a certain value with a
vanishing variance. We numerically generated Haar random
states and obtained the CLM in z direction A p(Z,Z). The result,
averaged over 10° random states, is plotted in Fig. 1 along
with the linear entropy of a subsystem. It shows that while the
linear entropy of a subsystem increases with N and coincides
with the analytic result 1 — (P) = 1 — 2V/2+1 /2N 4 1) [41],
the CLM in z directions decreases exponentially with N. The
collective spin measurement is thus inappropriate to capture
the entanglement of random states [11,12].
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FIG. 1. CLM in z directions, optimal CLM for collective spin
measurements, and linear entropy of a subsystem, obtained for Haar
random states. For each N, 10° random states were taken and the
results were averaged. The green dots represent the analytic values
of the average linear entropy. The results show that the averaged
CLM for random states decreases whereas the averaged linear entropy
increases, indicating that for large N, the considered CLM hardly
capture the entanglement. The error bars for the linear entropy are
invisible as they are too small.

The behavior of Ap(Z,2) can be understood as follows.
Let the basis states in z direction be {|a) = |i,u;)} and
{IB) =1j,m )} for subsystems A and B, respectively, with
—N/4 <i,j < N/4. One can then write the state as |{) =
Za’ﬁ Agy g o) | B). 1t can be shown thatas N — oo, |Aw;|2 ap-

proaches 1/2" with a vanishing fluctuation (see Appendix A).

= )G o a/2N and PaG) =

Py(i) = (; ;' )/2V% Jeading to Pap(i. j) = Pa(i)Pp(j)and
hence vanishing A p.

We also numerically calculated the optimal CLM
max, 5 A p(@,p) for each given random state. The result is
shown in Fig. 1 as a dashed curve. We obtained the result only
for N < 14 due to the computational cost in the optimization.
The result indicates that, for Haar random states, the optimiza-
tion over the measurement direction is not of much help in
identifying the entanglement.

In such a limit, Psp(i,J)

B. Spin squeezed states

In this subsection, we consider one-axis twisted states that
are generated by applying a squeezing operator

V, = e—ivae—iqu/Z (15)

to the spin coherent state in x direction |+)®V, where |+) =
(1) + [I)V2 [42] (for a review, see Ref. [43]). Here, S, =
Sa(X) 4+ Sp(x)and S, = Sa(2) + Sp(2). This kind of squeezed
state has been experimentally generated in many different
setups [44—47]. Note that the squeezing in z direction is
followed by the rotation in x direction, making the state have
the maximal spin variance in z direction (see below). This
scheme is sometimes called a twist-and-turn spin squeezing
[48].

As spin coherent states and squeezing operators are sym-
metric under any permutations between spins, the resulting
squeezed states also live in a permutation symmetric subspace

1.0

0.81

0.61

0.4

0<
0.01 ' 0.0 ' 0.2
0.00 0.05 0.10 0.15 0.20

1

FIG. 2. Ap(Z,Z) (blue curve), linear entropy of a subsystem (red
dotted curve), and the upper bound from Proposition 1 (green dashed
curve), obtained for spin squeezed states V,, |+) ®N as a function of the
squeezing strength w. The system size is N = 200. The inset shows
the entanglement entropy for comparison.

of the total Hilbert space. One may use a vector space spanned
by Dicke states to efficiently represent this state. Dicke states
are given by

N 2 k N—k
— ® QN—
|N,k>—<k> XPjPﬂm eV (6

for 0 < k < N, where the summation runs over all possible
permutations. It is easy to show that when we divide a sub-
space generated by Dicke states into two subsystems of N /2
spins, Dicke states in each subsystem (|N/2,k)) also become
a basis set, i.e., |N,k) = er(:o C,IN/2;r),IN/2,k —1)p.
Consequently, the entanglement entropy of any permutation
symmetric state is upper bounded by log(N /2 + 1).

Expectation values and the variances of spin operators for
the spin squeezed state V,, [+)®" are calculated in Ref. [42].
It shows

<Sx>=ﬁcosN—‘%, (S)=(S:) =0, (17

AS2 [ — cog?™-D ﬁ) — N—_IA:|, (18)
2 2
(as3.)= %{ [A + /A% + B2 cos(2v + 25)]}
19)
where A—l—cos 2, B=4sinkcos" 24, and § =

arctan X'

For the system size N = 200, we performed numerical
calculations for v = 7 — & that maximize (ASZZ) and minimize
(AS%). InFig. 2, A p(Z,Zz) and the linear entropy of a subsystem
are plotted with respect to the squeezing strength u. For
comparison, the upper bound of the CLM from Proposition 1
and the entanglement entropy are also plotted. All those results
show similar functional behaviors, suggesting that the CLM is
appropriate to capture the entanglement in this case. One may
compare Ap(Z,Z) with the value for the GHZ state (i) in

E
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0.8

Aporl—7P

FIG. 3. CLMs in x and z directions and linear entropy 1 — P of
a subsystem for the ground state of the Heisenberg X X Z model. The
inset shows the entanglement entropy for comparison.

Example 1), for which Ap = 0.5. We find that Ap(Z,2) = 0.5
for u 2 0.04.

C. Ground states of the Heisenberg X X Z model

As a final example, we consider the ground state of the
one-dimensional Heisenberg X XZ model. The Hamiltonian
of the model is given by

N
1 +1 1
H = Z[J(a;%;“ '+ oM"Y + LoMa"V], (20)

n=1

where J > 0 is the interaction strength and J,/J determines
the strength of anisotropy. It is well known that this model
is solvable using the Bethe ansatz. For J > 0, the model is
gapless in thermodynamic limit (N — oo) for —1 < J,/J <
1. When J,/J < —1, two degenerate ground states are |1)®"
and ||)®V. As there is no spontaneous symmetry breaking
for finite N, we take (|1)®Y +[1)®V)/+/2, which is the
GHZ state we have studied in Example 1, as the ground
state for J,/J < —1. For J,/J > 1, the model shows the
gapped antiferromagnetic phase [49]. The quantum phase
transition at J,/J = —1 is the first order and the infinite order
Kosterlitz-Thouless transition occurs at J,/J = 1. We note
that this Hamiltonian models some real materials [50] and
is implementable using engineered systems such as optical
lattices [51] and trapped ions [52,53] (see also Ref. [54] which
provides the summary of theoretical proposals and experiments
of this model).

For the system size N = 24, we obtained the ground state
using the Lanczos method. In Fig. 3, Ap in x and z directions
and the linear entropy 1 — P are plotted for —2 < J,/J <
8. We have obtained Ap(Z,Z) > 0.5 (Ap for the GHZ state)
for —1.0 < J,/J < 0.66. The first-order phase transition at
J./J = —1 is directly seen from the sudden changes of Ap
and 1 — P. There is a crossing of Aps in x and z directions
at J,/J =1 as the system has a full SU(2) symmetry at that
point. Some singular points in A p(X,%) that are nothing to do
with a quantum phase transition appear near J,/J ~ 0.3 and
~1.7.

When J,/J > 1, the ground state is the superposition
of two Néel ordered states |1] ---) + |1 ---). The joint

0.8 J—
\
0.7 —_—
@ \
:\2: 0.6
Q
<]
0.51
04//
8 12 16 2 2% 28

N

FIG. 4. CLM in z direction for the ground state of the Heisenberg
XXZ model for J,/J = —17, 0, and 1 (from top to bottom) as a
function of N. Inset: log-log plot of N versus 1 — Ap, which suggests
Ap ~ 1 —cN™ scaling.

probability distribution of the measurement in z direction
is given by Pap(i,j) = (Sl'y()gjq(). In this case, Ap(z,2) =0 is
obtained and this is consistent with the result in Fig. 3. By
rotating the state, we can also obtain the probability distribution
for the measurement in x direction. A simple calculation yields
Pap(i,j) = iv]/\]2/4)(j frv/l\%/z‘)/ZN_1 when i + j + N /2 is even
and Psp(i,j) = 0 otherwise. Using this, Ap(x,%) = 1/2 is
obtained, which also agrees with our numerical result.

We also numerically obtained Ap(2,2) at J,/J = —1T, 0,
and 1 for the system sizes N that are multiples of 4, which
are plotted in Fig. 4. These values of N are used as the ground
states are translation invariant, i.e., T |GS) y = |GS) y (foreven
N that is not a multiple of 4, T'|GS) y = — |GS) y). The result
shows that A p(Z,Z) is increasing with N. This indicates that a
relatively large value of CLM can be obtained for any system
size. We also find that this increasing behavior follows a power
law that is typical for critical systems.

IV. EFFECTS OF MEASUREMENT IMPRECISIONS

In practice, any measurement in experiments is imperfect
to some degree. Then, the measurement outcomes are not
perfectly discriminated and the CLM A p({M;(&)},{N j(,é)})
is thus poorly defined. This motivates us to consider the cases
wherein the collective spin measurement of S4(&) and SB(,3 )
has a finite resolution. For subsystem A, the Kraus operators
for this type of measurement can be written as [55]

N/4
EC@x) = )y VPP )E@), @1)
i=—N/4

where {E;(&)} are the Kraus operators for M;(&), given by
M;(&) = E;(@)'E;(@). In our case, E;(@) = M;(&) as M;(&)
is a projection operator. Here, p?(x,i) is a smoothing func-
tion, which is a probability distribution function of con-
tinuous variable x, i.e., fxeDA dx p°(x,i) = 1. The proba-
bility p?(x,i)dx means the probability to obtain measure-
ment outcomes in [x,x + dx] when the state is actually i.
Here, o is a parameter which determines the resolution
of the measurement. The Gaussian (normal) distribution

po(x,i) = e " V/29° 1\ /2762 with x € R is widely used.
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Using the Kraus operators, the POVM of continuous out-
comes is defined as M° (&;x) = E°(&;x)' E°(&; x). For sub-
system B, we similarly define the Kraus operator F°(8,y) =
Zl,‘\]:/izvm «/p"(y,j)Fj(B) and the corresponding POVM
N°(B;y) = F°(B,y) F?(B,y). This kind of measurement is
also called a coarse-grained measurement [56].

The CLM Ap we have used above is defined for measure-

ments with discrete outcomes. We define a continuous version
of the CLM as

AcUM}L NG
1
-3 f / dx dy|Pag(x.y) — PACOPs)], (22)
xeDy JyeDp

where D4, Dp C R are the domains of the possible measure-
ment outcomes for subsystems A and B, respectively. Here,
the probability distribution functions are given by P4p(x,y) =
Tr[M(x) ® N(y)papl, Pa(x) =Tr[M(x)pal, and Pp(y) =
Tr[N(y)pgp]- We note that the properties of Ap derived in
Sec. II remain valid for Ac as a POVM with continuous
outcomes can be reduced to that with discrete outcomes as
far as the system is finite dimensional [57].

Example 3. Let us recall |y) and |¢) from Example 1.
A simple calculation yields Ac({M?°(Z;x)},{N°(Z;y)}) =
erf(N /(4+/20))?/2 for |yo) and erf(1/(2+/20))%/2 for )
when we use the Gaussian smoothing function. Here, erf(x) =
/ fx e dt /+/T is the error function. Therefore, for large N >
1, the correlation of |v) is detectable even with imprecise
measurement but that of | ) is not. For instance, when N = 20
and o0 = 2.0, A¢ =~ 0.488 for |yp), but Ac ~ 0.019 for [r).
We also note that when o — 0, A — 0.5 for both states,
recovering A p in Example 1.

Our main point of this section is that the CLM with coarse-
grained measurements is related to the concept of quantum
macroscopicity. The following two theorems make the relation
more explicit.

Theorem 4 (Correlation disturbance).

Ac({M°)LANT (Y < 1= F(¥) .php) (23)
where F(|yr) ,p) = (¥|ply)'/? is the fidelity between a pure
state |1/) and amixed state p. Here, p/, , is the postmeasurement
state given by
Pas =/ dx/ dy E°(x))® F° () [¥) (Y| E7(x) @ F7().

Dx Dy
24

Proof. Using | f(x)—g(x)|=max[ f(x),g(x)]— min[ f(x),
g(x)] and f(x) + g(x) = max[f(x),g(x)] + min[ f(x),g(x)],
we obtain |Pap(x,y) — Pa(x)Pp(y)| = Pap(x,y) + Pa(x)
Pp(y) — 2 min{Psp(x,y), Pa(x)Pp(y)}. Integrating both
sides, we obtain

Ac({M? ()}.IN® (0)))
<1- / dx / dy min[Pag(x.y), PA()Ps(y)]. (25)
Dy Dy

The theorem follows from
Pap(x,y) = (VI[E°(x) ® FC()I*|¥)
> [ (Y|E°(x) @ FP(|Y) |2 (26)

and
Pa(x)Pp(y) = (VI[E° (x) @ 111¢) (W|[1 ®F° (0)I*|¥)
> [(YIE°(x) ® F°()IY) I*. (27

We have used (¥|A%|Y) > (¥|A|y)? for Hermitian A to
obtain the inequality in Eq. (26) and the Cauchy-Schwartz in-
equality (f|f) (glg) > | (flg) 1> with | ) = [E”(x) @ 1] |¢)
and |g) = [1 ®F°(y)] |¢¥) for the inequality in Eq. (27). W

This theorem states that the CLM with coarse-grained
measurements is smaller than the disturbance the measurement
has caused. This relation resembles the well-studied relation
between quantum state disturbance and information gain [58].

Theorem 5. For the Gaussian smoothing p°(x,i) =

e_("_i)z/z“z/v 2rwo?,

F¥) .ohp)* = exp(—

Vi) (S4(@) ® 1) + V(1 ®SB(;§>)>
402 ’

(28)

where V) (A) = (W|A2|y) — (W|A|y)? is the variance of
operator A for quantum state |/).

The proof of the theorem can be found in Appendix B. The
steps for the proof are basically the same as those of Theorem 2
in Ref. [59]. We note that V}y)(S4(@) ® 1) + Vjyy (1 ®S5(B))
in the theorem has an obvious relation to the measure of
quantum macroscopicity defined as

M) = max Viy,(A). (29)

where S is the set of collective observables given by
S = {Z&U) oD a9 =1 foralliel,... ,N}. (30)

The first definition of this measure appeared in Ref. [29]
and the measure has been developed in various contexts
[30,31] (see also Ref. [60] for a recent review). As Vjyy(S4 ®
1) + Viyy (L ®Sp) < max{Viy)(S4a @ L +1®S5p),Vjyy(Sa ®
1-1®Sp)} and 2(S4 @ 1 £ 1 ®Sp) € S, it is evident that
Vip)(Sa @ 1) + Viyy (1 @85p) < M(|y))/4. Using this result,
we can rewrite Theorem 4 as

M(Ilﬂ))). 31)

1602

Previous studies of quantum macroscopicity in many-body
spin systems have shown that a class of quantum states of N
spins |{y) can be regarded as a macroscopic superposition
if M(|¥)y) = O(N?), whereas it cannot be if M(|y)y) =
O(N) [29-31]. For example, a product state is not a macro-
scopic superposition as it gives M(|¢1¢ . .. ¢n)) = N. More
recent studies have shown that Haar random states [61,62] and
asymptotic states in nonintegrable systems that thermalize also
show an M = O(N) behavior [63]. Our result thus implies
that the correlations of those latter states with M = O(N)
cannot be detected if o > +/N. In some literature [64-66], a
course-grained measurement with o > +/N is considered as
a classical measurement in the sense that the measurement
hardly disturbs the state for large but finite N [55,56,67].
Following this line of arguments, our results suggest that the
correlation of pure entangled states |y) cannot be captured
with classical measurements if M(|y)) = O(N).

Ac(IM® @)} (N (B 1)) < 1 — exp (—

012107-6
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V. IMPLICATION TO BELL’S INEQUALITIES

Let us consider nonlocality tests using the Bell-Clauser-
Horne-Shimony-Holt (Bell-CHSH) inequality [3] in our many-
body spin setting with imprecise measurements. The Bell-
CHSH function is defined as

B = |E(a,b) — E(a,b’)| + |E(@',b') + E(d’,b)|. (32)

Here, E(a,b) is the correlation function of observables with
dichotomic outcomes and (a,a’) and (b,b") represent two
different measurement setups for subsystems A and B, respec-
tively. The Bell theorem states that B < 2 for local hidden
variable theories.

To construct a dichotomy observable in our spin measure-
ment setup, we define the measurement operator for subsystem
A as

o

A(a) :/ dx f(x)M°(a;x), (33)
—o0

where f(x) is an arbitrary function that gives either 1 or —1

according to x. Likewise, we also define B(b) for subsystem

B as

B(b) = / dx g(y)N(b; y). (34)
—0o0
Asin the previous section, o denotes the degree of imprecision.
Here, a and b parametrize the directions of collective spin
measurements. In this setup, a measurement setting (a,b) can
be transformed to others (a’,b),(a,b"),(a’,b’) using local uni-
tary transforms. The correlation function E(a,b) for the Bell-
CHSH function is then defined as E(a,b) = Tr[pspA(a) ®
B(b)]. Under this setting, the following theorem holds.
Theorem 6. The Bell-CHSH function B for pure state |y/)
is bounded as

B < 2—1—8{1 —exp <—M(|w>)>}.

1602 (33)

Proof. For product state ps ® pp, let E (a,b) = Tr[(pa ®
pp)A(a) ® B(b)] and B = |E(a,b) — E(a,b")| + |E(a’,b') +
E(d’,b)|. Then,

|E(a,b) — E(a,b)|

= l/dX/dy F)EIM (x) ® N°(Wpag — pa ® prl

< [ax [avin @ N loan = o4 ® ol
—2Ac (36)
for arbitrary a and b. Moreover, it can be shown that
1E(a,b) = Ea,b)| - |E(a,b) — E(@.b)|

< |E(a,b) — E(a,b") — E(a,b) + E(a,b)| (37)
< |E(a,b) — E(@,b)| + |E(a,b) — Ea,b)], (38)
where we have used the reserve triangular inequality ||A| —

|B|| < |A — B| to obtain the first inequality and the second
inequality follows from the triangular inequality. Likewise, we

also obtain
|E(a',b) + E(a’,b)| — |E(a’,b') + E(a’,b)]|
< |E(@,b) — E(@,b)| + |E(,b) — E(@,b)|. (39

Then the difference between the two Bell-CHSH functions is
bounded as

IB— Bl <8Ac < 8{1 — exp (_A/llg;/’z)))},

where we have used Eq. (31). This completes the proof as the
Bell-CHSH function for a product state is bounded by 2, i.e.,
B <2. ]

This theorem indicates that, in order to observe a large
violation of the Bell-CHSH inequality, M(|y)) should be suf-
ficiently large and/or o should be sufficiently small. This eluci-
dates why previous studies have used macroscopic quantum su-
perpositions to show a violation of the Bell-CHSH inequality or
witness entanglement with imprecise measurements [68—71].

VI. CONCLUSION

We have investigated bipartite entanglement in many-body
spin systems in terms of the correlation in local measurements.
It turned out that the CLLM is upper bounded by a function of
quantum mutual information for general mixed states and there
exist local POVMs that give a CLM larger than the linear en-
tropy of a subsystem for pure states. As a realistic example, we
have considered the case wherein local measurements are per-
formed in the basis of a collective spin operator. Under this re-
striction, while the CLM with appropriate spin directions prop-
erly captures the entanglement of spin squeezed states and the
ground state of the Heisenberg X X Z model, it does not capture
the correlation of Haar random states. We have also considered
the case of imprecise measurement and generalized the defini-
tion of the CLM accordingly. It turned out that the measure of
quantum macroscopicity gives a bound to the CLM with im-
precise measurement and similarly to the Bell-CHSH function.
This analysis indicates that in order to observe a large violation
of the Bell-CHSH inequality with many-body spin systems,
one needs to prepare an entangled state with a large quantum
macroscopicity. As a final remark, it would be interesting to
investigate if there is a certain class of POVM that reveals en-
tanglement of any pure state. Symmetric, informationally com-
plete POVMs (SIC-POVMs) might be one of such candidates.
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APPENDIX A: FLUCTUATION OF |A, 4|2

In Sec. IIT A, we have argued that the CLM for Haar random
states goes to zero as N increases as |Aqg|* = | (o, 1Y) |?
should approach 1/2" with a vanishing fluctuation. This can
be shown from the following theorem.
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Theorem 7. For any state |¢),

1\? 1
JEU(|<¢>|U|0>|2 - 3> = O(E)’

where d is the dimension of the Hilbert space and E; indicates
the average over all unitary operator U in terms of the Haar
measure.

Proof. Using EgUAU'T = Tr[A]/d, we obtain

(AL)

1\?2 1
IE3(/<|<<i>|U|0)|2—3> =Eyl(plU|0)* — — (A2)

d*
Therefore, we only need to calculate Ey | (¢|U|0) [*. As
Eyl(¢lU0)*
= ($,0|Ey[U0)(0]UT @ UI0)(0[U|$,9),  (A3)
|

F(¥),0hp)*

the theorem follows from the well-known result (see, e.g.,
Ref. [72])

1+4+F
EyUI0)(0|UT @ U|0)(0|UT = +

“aarn MY

where I and IF are the identity and the swap operators in (C¢)®?,
respectively. |

The desired argument follows by choosing |¢) = |«,B) as
U|0) is a Haar random state and d = 2.

APPENDIX B: PROOF OF THEOREM 5
Note that

/Ddx/D dy (YIE°(x) @ FT WY )N (VIE® (x) ® F°(y)|¥)

e 802
ii'j.Jj's
His i1

>exp| Y.

=i+ =

. _ ./ 2 + . _ ./ 2 , , . ,
)3 exp|:—(l 4G =7 }|<i,ui,j,uj|1/f>|2|<i ) P

i’ j.j's
Wi s G

802

KT AT AT (AN TA AN LA TR B

where we have used [ dx p(x,i)'/? p(x,i’)!/* = exp[—(i — i’)*/(802)] in the second equality and the Jensen’s inequality to

obtain the last expression. Then the proof is completed as

DG = IV Wit ot WO P 1] J 1) 1P = 2V (Sa ® 1),

ii'j.J's
e
i

DG =0 Ui o W) P 1 1) P = 2V (1 ®Sp).

ii'j.j,
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