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The problem of establishing Bell and Greenberger-Horne-Zeilinger states between faraway places or distant
nodes of a circuit is a difficult and an extremely important one, and a strategy which addresses it is entanglement
percolation. We provide a method for attaining the end through a quantum measurement strategy involving three-,
two-, and single-qubit measurements on a single-layer honeycomb lattice of partially entangled pure bipartite
entangled states. We then move over to a double-layered lattice, and introduce entanglement percolation on that
lattice under a realistic restriction on local quantum operations and classical communication allowed on the
nodes of the lattice. When applied to a single-layered honeycomb lattice, our strategy would call for less noise
effects in an actual realization than when the same phenomenon is attained via existing methods. Moreover, for
the double-layered honeycomb lattice, we report advantage of quantum entanglement percolation over classical

entanglement percolation under the realistic restriction.
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I. INTRODUCTION

One of the major problems in quantum information [1] is
of distributing entangled states [2—4]. Entanglement is often
a fragile resource and decoherence tends to frequently make
the problem of distributing entanglement a difficult one. But
distributing entanglement, be it between two remote positions
on a lattice or between two stations separated by a relatively
large distance, can have a multitude of uses, ranging from
quantum computers [5] to quantum key distribution [6-9] and
quantum dense coding [10—16]. Quantum networks [17-24]
have been employed as a solution to the problem of distribut-
ing entanglement. They consist of nodes where each node can
station many qubits. Different qubits at a particular node can
be entangled with other qubits at other nodes. A network often
has a well-defined geometric structure, and may form a lattice,
for example, a triangular or a square lattice. Local quantum
operations at the nodes and classical communication between
the nodes are usually accessible in a realistic situation, and are
thereby adopted in theoretical considerations of manipulation
of the structure and connectivity of a quantum network.

An associated problem is that of establishing maximally
entangled states (also called Bell states) between two far-
away places. Using maximally entangled states for different
protocols like quantum teleportation [25] and quantum cryp-
tography [26] is extremely important, since they often provide
the maximum advantage over the corresponding classical pro-
tocols. (See Refs. [27-34] however.)

Nielsen’s majorization criterion answered the question
whether a single copy of a bipartite pure state can be con-
verted to another, deterministically and under local operations
and classical communication (LOCC) [35]. Vidal derived the
complete set of monotones for local pure state transforma-
tions and found the formula for the maximum probability of
successfully converting—under LOCC—a bipartite pure state
to another [36] (see also Refs. [37-39]). The entanglement
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swapping scheme was earlier introduced by Zukowski et al. in
Refs. [40] (see also Refs. [41,42]). Bose, Vedral, and Knight
generalized this scheme to a multiparticle scenario and ap-
plied it to a communication network [43].

Acin, Cirac, and Lewenstein (ACL) [44] developed the
“classical entanglement percolation” (CEP) protocol and used
it to show how the concept of percolation [45] in statistical
mechanics can be applied in the context of sharing quan-
tum entanglement. (See Refs. [46-50] for further studies.)
Precisely, they showed how it can be utilized to achieve the
task of distributing entanglement between faraway nodes on
a network and to establish a maximally entangled Bell state
between two distant nodes of an asymptotically large lat-
tice. They further developed a protocol which they termed as
“quantum entanglement percolation” (QEP), and showed how
QEP can succeed where CEP could not, in accomplishing the
task of entanglement distribution.

In this paper, we will mainly be concerned with QEP, and
use shared pure entanglement for this purpose. In particu-
lar, a quantum measurement strategy is constructed which
helps to establish maximally entangled states between two
“antipodal” end nodes of a lattice. We discuss about both
single- and double-layered honeycomb lattices where the
present measurement strategy can be utilized. The hexago-
nal (or honeycomb) lattice is one of the most widely used
lattices in the theory and experiment of ultracold gases and
condensed-matter physics (see, e.g., Refs. [51-55] for some
recent examples). We believe that this proliferation of hexag-
onal lattices in real systems would lend the strategy reported in
the paper to be more prone to being realized when considered
for that lattice. Apart from this practical aspect, there is a
mathematical tractability issue that led to the choice of the lat-
tice. The percolation threshold can be analytically calculated
for the honeycomb lattice. As a result, the results obtained
in the paper are independent of numerical approximations,
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FIG. 1. Schematic diagram of a quantum network. The network
is formed by a collection of nodes, each of which contains a cluster
of qubits. A qubit in one node is typically entangled with a qubit
in a different node. The smaller circles represent the qubits, while
the larger ones represent the nodes. The lines represent the entangled
states.

in the context of calculation of percolation thresholds. Only
for a few lattices can the percolation threshold probability be
calculated exactly, with honeycomb and triangular lattices
being two such lattices. This has led us, and may have led
the former works in the literature, to choose to study transfor-
mations from a honeycomb to a triangular lattice.

Our strategy involves three-, two-, and single-qubit mea-
surements. The outcome is in a Greenberger-Horne-Zeilinger
(GHZ) state [56,57] between an arbitrary number of nodes
of the lattice, which can then be transformed to a maximally
entangled two-qubit state between two faraway nodes. Stick-
ing to a single layer of the honeycomb lattice, we compare
our strategy with previous entanglement percolation strate-
gies in the literature with respect to the resources utilized,
and show that the number of measurements required for the
success of our strategy is less than those required in both
Ref. [44] and Ref. [48]. It is thus plausible that our mea-
surement strategy would have less noise effects in an actual
experimental realization compared to the same based on the
strategies in Refs. [44,48]. When applied to a single-layered
honeycomb lattice, it may look like our measurement strategy
is not that effective since there is no advantage of QEP over
CEP. But to find out the nontrivial feature(s) of our measure-
ment strategy, we apply it to a double-layered honeycomb
lattice with the restriction that the layers are provided one
by one, i.e., no joint measurement on both layers is allowed.
In this way, by introducing entanglement percolation under
what we refer to as “restricted” local quantum operations
and classical communication (rLOCC), we show how QEP
can be advantageous over CEP via our measurement strategy.
We note that the restriction we are talking about can be ex-
periment friendly, because, compared to full LOCC, rLOCC
will be easier to implement. In fact, the main motivation
of considering rLOCC comes from the adaptive strategies
which have drawn significant attention recently; for example,
see Refs. [58-62].

The rest of the paper is arranged in the following way.
In Sec. II, we provide a recapitulation of a few tools that
will be necessary for our analysis. Thereafter, in Sec. III, we
present the main results, and finally, in Sec. IV, we provide
the concluding remarks.
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FIG. 2. Entanglement swapping. Entanglement swapping, prob-
ably the earliest and the simplest quantum network, can be seen
as a method of entangling two quantum systems that have never
met, but are each entangled with two further quantum systems that
have interacted in the past. In the schematic given, the quantum
systems are represented by the circles (in blue) and the lines represent
entangled states. The ellipse (in red) enclosing the two blue circles
indicates an interaction, possibly via a measurement, between the
two blue circles. In the figure, the two blue circles at the extremes
get entangled by the interaction. The arrow represents the flow of
operations in time.

II. COLLECTING THE TOOLS
A. Classical entanglement percolation

We begin with a description of the protocol for CEP. First,
any node of a lattice can contain any number of qubits, and
secondly, the qubits of two different nodes can be connected
via partially entangled states. See Fig. 1, where the nodes
within a quantum network are shown. The geometry created
due to these partially entangled qubits at different nodes forms
the structure of the lattice. The protocol begins by applying
LOCC between the nodes to convert the partially entangled
states to maximally entangled states. After this, some of the
previous links are broken and the probability that an initial
partially entangled state is converted to a maximally entangled
one is governed by the singlet conversion probability (SCP) of
the initial states.

Now for every lattice, there exists a percolation threshold
which is the critical value of the occupation probability in the
lattice, such that infinite connectivity (percolation) occurs. In
CEP, if the SCP is greater than the percolation threshold for
the given lattice, then an infinite cluster forms in the lattice.
This infinite cluster consists of nodes which are all linked with
maximally entangled states and, thus, one finds many paths
along which one can do entanglement swapping (see Fig. 2)
to create a maximally entangled state between two faraway
nodes of the given lattice. This can be performed, provided
the two such nodes lie in the same cluster, the probability
of which is 6(p), which is strictly greater than zero if SCP
is greater than the percolation threshold of the lattice. So,
the task of creating a maximally entangled state between two
end nodes of the lattice has been accomplished with a strictly
nonvanishing probability. The same would not have been pos-
sible using only entanglement swapping (without the singlet
conversion step in CEP), since in that case, as was shown in
Ref. [44], if the initial states were partially entangled, then the
probability of succeeding would have decayed exponentially,
with increasing lattice distance between the nodes.
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B. Quantum entanglement percolation

In QEP, the original lattice structure, using some particular
quantum measurements, is converted to some other lattice
for which the percolation threshold is lower than that of the
parent lattice. Thenceforth, CEP is applied on the new lattice.
To demonstrate the effectiveness of their protocol, ACL used
a double-layered honeycomb lattice in which percolation is
not possible as the critical amount of entanglement (which
is governed by the SCP here) is less than the percolation
threshold [44]. Carrying out measurements in the Bell basis
at the nodes, they converted their original lattice structure to
a triangular lattice which has a lower percolation threshold
than, and thus meets the criterion of, the critical amount of
entanglement being greater than the percolation threshold,
for entanglement percolation to succeed in the new lattice.
The Bell basis is given by the set of four orthonormal states,
(1/+/2)(100) % |11)), (1/+/2)(01) % [10)). As evident, this
protocol of entanglement percolation uses the richness of the
geometry of two-dimensional lattices. Further, the particular
lattice transformation used is one of the most important factors
leading to the success of the QEP. It is important to note
here that a double-layered honeycomb lattice was used, since
using the measurement strategy described in Ref. [44], it is
not possible to convert the single-layered honeycomb lattice
to a triangular lattice.

In this paper, we will present a quantum measurement strat-
egy which helps to establish multiparticle genuine entangled
states between an arbitrarily large number of nodes and maxi-
mally entangled states between two end nodes of the lattice by
using a single-layered honeycomb lattice. We then apply our
measurement strategy to a double-layered honeycomb lattice.

C. Schmidt decomposition

If |¥) is a pure state which belongs to a bipartite quantum
system, described on the Hilbert space H = Ha ® Hp, then
there exist orthonormal bases {|i4)} and {|iz)} in H4 and Hp
respectively, such that

W) = JVailia)lis), 1)

referred to as the Schmidt decomposition of |¢), where /«;
are non-negative real numbers which satisfy the condition
> ;o = 1. The ,/a; are known as Schmidt coefficients.

D. Nielsen’s majorization criterion

Nielsen found the necessary and sufficient condition that
a pure entangled state |¢) can be deterministically converted
into another pure entangled state |¢) under LOCC [35]. Con-
sider a pure entangled state |) € C" @ C". Let the Schmidt
decomposition of the state |i/) be given by

W) =Y Vailia)lis), )
i=1

where Z?:I a; =1and o; > ;41 > 0. The problem is to find
whether it can be converted, exactly and deterministically at
the level of a single copy and under LOCC, to another pure
state |p) € C" ® C", the Schmidt decomposition of which is

given by

6y =Y V/Bilia)lis), 3)
i=1

where > Bi=1 and B; > Biy1 2 0. Let us define
the Schmidt vectors, Ay = (@i, @2,...,0,) and Ay =
(B1, B2, - - ., Bn). Then Nielsen’s criterion tells us that [1) can
be converted to |¢) under LOCC if and only if A, is majorized
by Ay (written as Ay, < Ag), that is if and only if

k

k
Yy B @)
i=1

i=1

forallk =1,2,...,n.

E. Singlet conversion probability

Vidal [36] showed that the pure state |y) € C" ® C" can
be locally converted to the pure state |¢) of the same Hilbert
space with a maximum probability given by

P = i i il 5

(1) = I¢)) = min (Z,a Z;;e) )
i= i=

For the conversion of a two-qubit pure partially entangled

state with Schmidt coefficients v/¢g and /i, ¢g > ¢; > 0,

to a maximally entangled Bell state, the above formula yields

an SCP of 2¢;.

F. Locally converting generalized GHZ to GHZ state

We find here an LOCC-based strategy to convert an m-
qubit partially entangled GHZ state [56] to the m-qubit
GHZ state with maximal probability. The initial state for
the measurement strategy is the partially entangled GHZ
state (also called the generalized GHZ state), | )a,4,..4, =
c0s000...0) +sin@[11...1), |ii...i) = [)®", Vi=0,1.
Here we take 0 < 6 < % and cosf = /¢y > sinf = /¢;.
|0) and |1) are elements of the computational basis, being
eigenstates of the Pauli-z operator. We now apply an LOCC-
based measurement strategy to convert the above state to the
GHZ state, |¢4+) = (]00...0) 4+ |11... 1))/\/5. The strategy
involves a measurement on just any one of the m qubits. The
corresponding measurement operators are given by

an(fF - (RE )

0 0

where lez 1 Mf M; = I, with [ being the identity operator act-
ing on the qubit Hilbert space. The probability of conversion
is seen to be 2¢;, and is the same as that of the conversion
of the same states in any bipartition, so that the probability is
optimal.

In this paper, for m = 3, we will refer to the corresponding
states as generalized GHZ and GHZ states. For larger m, we
will refer to the GHZ state as the “cat” state [56,63].

III. MAIN RESULTS

We first demonstrate our measurement strategy using a
single-layered honeycomb lattice, and then in a later portion,
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FIG. 3. Monolayer hexagonal lattice of bipartite states to a
monolayer triangular lattice of tripartite states. The single-layer
hexagonal lattice is formed by bipartite (possibly nonmaximally)
entangled states on each edge. Each node contains three qubits.
Being a bipartite lattice, we can color (or number) the nodes of the
hexagonal lattice with two colors (numbers), say, red(1) and blue(2),
such that each nearest neighbor of a red(1) node is a blue(1) node and
vice versa. Measurement in the GHZ basis is carried out on the three
qubits at the red(1) nodes. For example, the GHZ-basis measurement
is performed at the node A,, which has three qubits, each of which
is connected to a qubit at a neighboring blue(2) node via a bipartite
entangled state. These blue(2) nodes are denoted in the figure as A;,
As, and Ay4. The relevant three qubits of these blue(2) nodes transform
into a generalized GHZ state, due to the GHZ-basis measurement
at the red(1) node, A,. There are two more qubits at each of these
blue(1) nodes, which are in turn connected to neighboring red(1)
nodes on the other side with respect to A,. Making such GHZ-basis
measurements at all the red(1) nodes of the hexagonal lattice leads to
a monolayer triangular lattice of generalized GHZ states, a unit cell
of which is depicted on the right-hand side of the figure.

we extend our strategy to a double-layered honeycomb lattice
by introducing entanglement percolation under restricted local
operations and classical communication, i.e., TLOCC.

A. Our measurement strategy on a single-layered
honeycomb lattice

Our task is to establish maximally entangled states between
two distant nodes of an asymptotically large lattice. As shown
in Ref. [44], the average of the SCPs over all four possible
outcomes at one node that may result due to entanglement
swapping between two identical copies of a two-qubit state is
the same as that of the original states. Further, they used this
result to convert two layers of partially entangled two-qubit
pure states arranged on honeycomb lattices to a single layer
of the same on a triangular lattice, via entanglement swap-
ping measurements at the nodes of the bilayered honeycomb
lattice. This is done because the percolation threshold of the
honeycomb lattice is higher than that of the triangular one.
If the partially entangled two-qubit pure states that acted as
initial states of the bilayered honeycomb lattice are such that
the SCP is less than the amount needed to do entanglement
percolation on a honeycomb lattice, the ACL entanglement-
swapping-based quantum measurement strategy enables one
to do entanglement percolation via “moving” to the triangular
lattice, provided the said SCP is higher than the critical value
needed for entanglement percolation on the latter lattice. See
also Ref. [48].

=5

FIG. 4. Transforming a honeycomb lattice to a triangular one
by measuring on the Greenberger-Horne-Zeilinger basis on every
other node. The nodes at which the measurements are carried out are
marked with a circle (in red) on the hexagonal lattice. These nodes do
not appear any more on the triangular lattice. Further details appear
in the text and in the caption of Fig. 3.

Starting with a single layer of partially entangled pure
states arranged on a honeycomb lattice, we propose another
quantum measurement strategy which can attain entanglement
percolation. Since, it is a single layer of the lattice that we use,
the amount of entanglement used here is lower than that in the
ACL strategy which used two layers. However, while ACL’s
strategy required two-qubit measurements, we use three-qubit
ones. Later, when we use a double-layered honeycomb lattice,
the single-layered strategy gets modified accordingly.

The honeycomb lattice has three qubits at each node, and
the three edges emerging from each node connect with three
other qubits of three neighboring nodes, with each connection
(edge) being a single copy of the partially entangled state, |¢)
= V/$l00) + /$1111), ¢ > ¢1 > 0, and ¢ + ¢ = 1. See
Fig. 3. We now assume that measurements are carried out, at
a certain specified set of nodes of the lattice, in the three-qubit
GHZ basis which is composed of the following eight states:

(]000) = [111))/+/2, (|001) % [110))//2,
(1010) £ [101))/+/2, (|011) % [100))/~/2. (7)

The honeycomb lattice is a “bipartite” lattice, which means
that its nodes can be colored (or numbered) by using two col-
ors (or numbers), say red(1) and blue(2), such that all nearest
neighbors of any red(1) node are blue(1), and vice versa. The
GHZ-basis measurements are carried out only at the nodes of
a specific color (or number), say red(1). The measurements are
carried out on the three qubits at the nodes which are colored
(and numbered) red(1)in Fig. 3, and which are circled (in
red) in Fig. 4. After this measurement, we have successfully
converted our single-layered honeycomb lattice made up of
partially entangled pure two-qubit states to a triangular lattice
spanned by three-qubit generalized GHZ states. It is to be
noted that the triangular lattice is such that every fundamental
triangle that is filled with a generalized GHZ state is sur-
rounded by three empty triangles that are neighbors on its
sides. Thus, every empty triangle is surrounded on its sides
by filled triangles. The three-qubit generalized GHZ state
between the three relevant qubits of the three nodes (which
form a triangle in Fig. 3) neighboring the node at which the
GHZ-basis measurement is carried out can be obtained by
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computing the following expression:
I ® |ANAI @I ® DI/ /Pi. ®)

The notations in the above state can be described as follows.
Consider four parties Ay, A, A3, A4 which are four neighbor-
ing nodes of a honeycomb lattice. Suppose that A, is sharing
three pure two-qubit partially entangled states +/¢|00) +
VE1I11), ¢o > 1, o + ¢1 = 1, with each of the other three
parties. So, A, has three qubits, representing a node, on which
the measurement in GHZ basis is carried out. The operators
|A;)(A;| are the projectors onto the elements of the three-qubit
GHZ basis, which act on the three qubits present in a node (be-
ing in possession of A,). On the other hand, identity operators
act on the single qubits of A;, Az, and Ay4. p; is the probability
that the projector |A;)(A;| clicks. |A) denotes the total state of
the six qubits in possession of the four observers at the four
nodes. Exploiting the three-qubit measurement, we obtain the
following three-qubit generalized GHZ states, which generate
the triangles spanning the new lattice:

$0v/$01000) £ ¢1/@1[111)  Po/$11001) = ¢14/¢|110)

oy + b3 Pod1 + dido
Po/P11010) £ ¢14/ol101)  ¢1/o|011) jZ¢0«/<i5—1|100>_
P31 + dido P51 + dido

€))

These generalized GHZ states are created due to a GHZ-basis
measurement, and they appear, respectively, with probabilities
pi, given by

== BTA
1 2 2 9

2 2
pj:w,w:s,...,& (10)

The average SCP is calculated by averaging the SCPs
over all the eight possible outcomes (all outcomes are given
above) and is given as Avg. SCP = py = 2¢f(q)1 ~+ 3¢0).
Now we need to figure out the percolation threshold for our
triangular lattice. It could be difficult to calculate the threshold
for bond percolation in a triangular lattice spanned by GHZ
states. However, we can map our problem to a site percolation
problem as shown in Fig. 5.

An essential point to note here is that now each site in
the mapped triangular lattice (the red dots on the right-hand
side lattice in Fig. 5) denotes the presence of a GHZ state
with probability py (and its absence with probability 1 — py).
Percolation of GHZ states in the original lattice is mapped to
percolation of sites in the mapped triangular lattice of sites in a
one-to-one correspondence. It is to be noted that the mapping
here is just a mental picture that aids in the mathematics of the
problem, and does not represent a physical maneuver.

The site percolation threshold for a triangular lattice is 1/2
[64]. If the average SCP, py, of the original triangular lattice
with generalized GHZ states (left panel in Fig. 5) is larger
than the percolation threshold p., = 1/2 of the mapped trian-
gular lattice of sites (right panel in Fig. 5), arbitrarily large
cat states, %(lOO...O) 4+ |11...1)), will be formed in the

el
S

FIG. 5. Mapping the bond percolation problem to the site perco-
lation one. The triangular lattice of generalized GHZ states that we
obtained via the GHZ-basis measurements on every other node of
the hexagonal lattice is depicted on the left-hand side of the figure.
The intent is to create a cat state (see text) between qubits of an
arbitrarily large number of nodes. On the left-hand side, this is a bond
percolation problem, while we can look at it as a site percolation
problem by replacing every generalized GHZ state on the left panel
by a dot on the right panel. Each of these dots has a three-qubit
GHZ state with probability py. The same intent as in the left panel
is attained by a site percolation on the triangular lattice on the right
panel. The change is only at the level of calculations, and does not
require a physical transformation.

original triangular lattice. This will be effected in the fol-
lowing way. There is a probability py for the generalized
GHZ states in the original triangular lattice to be transformed
locally, i.e., by local (with respect to the sites) quantum oper-
ations and classical communication (between the sites), to a
GHZ state. In cases when the transformation is successful, we
do two-qubit Bell-basis measurements along with single-qubit
measurements at the sites of the original triangular lattice
along the boundary of the region bounded by the sites forming
the cat state. See Fig. 6 for an example. The condition, on the
parameters of the bipartite nonmaximally entangled states of
the hexagonal lattice, for successfully creating an arbitrarily
large GHZ state is given by

2¢7(¢1 + 30) > 1, (11)

which, solving the cubic, provides the range,

1 . T 1 (1 )
0 : 2 18’ 2 ’
that iS,
¢0 > ¢] (S (0326 35, —é), (13)

with the left end of the last interval being correct to five
significant figures. This threshold is exactly the same as for
entanglement percolation using CEP on the hexagonal lattice
[44]. Each site of the original triangular lattice contains three
qubits. However, the sites that will form the cat state will
of course have one “active” qubit (i.e., the qubit used in the
construction of the cat state), and the remaining two qubits
will remain “passive.” By measuring in the o, basis on the
active qubits at all but two of these sites, we can create a
maximally entangled bipartite state between two sites that
have an arbitrarily large distance between them on the lattice.
It is evident that our measurement strategy, when applied on
a single-layered honeycomb lattice, is not better than CEP.
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Ay

A,

FIG. 6. A specific scenario of percolation on a triangular lattice
of Greenberger-Horne-Zeilinger states. Suppose that we wish to
create a cat state (see text) between the nodes marked as A;—Ajy.
We are beginning with an initial situation where each triangle in the
figure represents a GHZ state. For every such triangle, the GHZ state
is present with probability p,. The cat state that we wished for can
be obtained by Bell measurements and single-qubit measurements
along the boundary of the region formed by the nodes A;—A,. The
Bell measurements are performed at the nodes marked by the ellipses
(in blue), on the two qubits inside those ellipses. The single-qubit
measurements are marked by the circles (in green).

However, our measurement strategy helps to reduce the num-
ber of measurements. We now proceed to talk about that issue.

Reducing the number of measurements

Applying our measurement strategy to a single-layered
honeycomb lattice for the percolation task reduces the number
of required measurements, providing potentially important
implications for noise resistance in an actual realization of our
technique.

Comparing our result with that in Ref. [44], we see that
there the authors converted the bilayer honeycomb lattice of
partially entangled two-qubit states to a triangular lattice, and
they succeeded in attaining bipartite entanglement percola-
tion. All measurements performed were two-qubit ones. Our
measurement strategy applied on a single layer of their honey-
comb lattice uses three-, two-, and single-qubit measurements,
to attain multipartite (and hence also bipartite) entanglement
percolation.

We compare our result of using QEP on the monolayer
hexagonal lattice with that of using CEP on the same lattice
[44]. The thresholds obtained are exactly the same. However,
the number of measurements are different. While CEP uses
lower-qubit measurements, we use less measurements. Pre-
cisely, for an / x [ square box encompassing a part of the
hexagonal lattice, to create a cat state between nodes on the
boundary of the square, CEP requires 6/> + O(1) single-qubit
and O(!) two-qubit measurements, while the QEP proposed
here requires 2/%> + O(l) single-qubit, O(/) two-qubit, and
21? 4+ O(l) three-qubit measurements. It is to be noted that
the length and breadth of the square box are counted such that
the hexagonal lattice in Fig. 4 is of breadth 2. It is probably

TABLE I. Comparison of the number of measurements in the
strategy described in this paper with the CEP in Ref. [44]. The
number of measurements shown here is for an / x [ square box
encompassing a part of a hexagonal lattice. For a large lattice, the
number of measurements that our strategy uses would be consider-
ably lower than in CEP, and hence it will potentially call for less
noise effects, assuming a physical system that has comparable noise
levels in single-, and two-, and three-qubit measurements.

Type of measurement QEP CEP

Single-qubit measurements 212 + o) 6% + 0()
Two-qubit measurements o(l) o(l)
Three-qubit measurements 212 + 0(l)

Total number of measurements 417 + 0(1) 6% + 0(l)

important to mention the following here. If the threshold re-
quired to connect nodes agrees with the one given through
the percolation threshold then it is expected that a connec-
tion between the distant ends can be established for some
nodes. However, it cannot be decided in advance which nodes
at the distant ends would be connected in the end. To see
the difference more clearly, we highlight the comparison in
Table L.

It should be noted that three-qubit measurements are, in ac-
tual implementations, often harder than two-qubit ones, which
in turn are harder than single-qubit ones. This is potentially
a technical restriction and does not necessarily have to be
true for all future architectures and physical substrates. The
advantage obtained here is under the assumption that a future
quantum device architecture will be able to implement all
few-qubit gates with equal or similar efficiency and noise
level.

Finally, in Ref. [48], the authors have used a different
measurement strategy and have attained multipartite entangle-
ment percolation. For the success of their strategy, the authors
needed to do between four and five measurements per unit
cell of their honeycomb lattice, whereas we need to do three
measurements per unit cell of our honeycomb lattice. Due
to the reduced number of measurements (per unit cell), it is
plausible that noise effects on a realization of our strategy will
be lower than the same on the one in Ref. [48].

B. Our measurement strategy on a double-layered
honeycomb lattice

We have already seen that, using a single-layered honey-
comb lattice, our measurement strategy does not lend any
advantage over CEP. So, it may seem that our measurement
strategy is weaker than the one introduced in Ref. [44]. But to
explore the nontrivial advantage of our measurement strategy
we need to dig a bit deeper. Though till now we have just
used a single layer of a honeycomb lattice, we can show
that our measurement is of particular importance when there
is more than one layer. The same measurement strategy, as
introduced in the previous section, is extended for the double-
layered honeycomb lattice here. As in case of Ref. [44], the
two layers of our double-layered honeycomb lattice are built
of nonmaximally entangled pure quantum states. But in this
network, only rLOCC is allowed. We now provide a formal
definition of rLOCC.
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Definition 1. The LOCC class that we had considered until
now meant that an observer at a given node can perform all
quantum operations at that node, and can also communicate
classically with the observers at any other node. The restricted
LOCC class disallows any operation in that class that involves
a joint operation on “particles” of both the layers. The parties
must perform LOCC between the nodes, but by considering
one layer after another.

The motivation of considering rLOCC comes from the con-
cept of adaptive LOCC. Researchers often use adaptive LOCC
in the context of state discrimination or channel discrimina-
tion in a many-copy scenario. Adaptive LOCC is interesting
because it is potentially easier to implement in a practical
scenario, in comparison to an element of the full LOCC class.
This is the reason why we consider rLOCC.

We next consider |¢)®?, where again |¢) = /¢o|00) +
VE1I11), ¢ > ¢y > 0, and ¢y + ¢1 = 1. We also consider
that each of the |¢)s belongs to the two different layers. So,
the optimal SCP under rLOCC will be p + (1 — p)p, where
p = 2¢,. Given the first copy, the parties are able to suc-
ceed with probability p = 2¢;. But they fail with probability
(1 — p). So, with probability (1 — p), they use the second
copy and then they can succeed with probability p = 2¢,;
again. In this way, the overall optimal SCP under rLOCC is
given by p + (1 — p)p. For CEP to succeed we need

.o
p+{—pp> (1—251n1—>, (14)

which implies that

6= +(1— JsinZ) ~02916
> — — Sin — ~ U.
) 18

= ¢; > 0.2916. (15)

Clearly, if we take ¢ = 0.28, then CEP fails. Nevertheless for
this choice of ¢; = 0.28, the average SCP using our measure-
ment strategy as introduced in the last section is

P =247 (1 + 3¢o), (16)

that is,
p =0.3825. (17

Recall that p’ is achievable when there is only one layer. But
here we are considering two layers under rLOCC. In this case,
using the first layer, probability p’ is achievable. Then, with
probability (1 — p’), the parties fail and they use the second
layer. Again, they get success with probability p’. So, the
overall optimal SCP under rLOCC using our measurement
strategy is p' + (1 — p')p’ = 0.6186 > 0.5, with p’ = 0.3825
and where the site percolation threshold for the triangular
lattice is 0.5. So, clearly QEP using our measurement strategy
succeeds where CEP alone had failed.

In the above, we discussed an example where we started
with ¢; = 0.28, i.e., the corresponding nonmaximally entan-
gled state is given by |¢) = +/0.72|00) + +/0.28 |11). For
the layers with this nonmaximally entangled state, we saw
that when we use rLOCC, CEP fails but QEP works. More
precisely, under rLOCC, the bound of (15) is strict for CEP,

but if one uses QEP, then, it is possible to go beyond this
bound.

The above is interesting due to the following reasons.

(1) We have introduced the concept of entanglement per-
colation under rLOCC.

(2) rTLOCC is motivated from the real-life scenarios. Imple-
mentation of rLOCC must be easier compared to full LOCC.

(3) Another important point is that if we look into the
protocol of Ref. [44], then under rLOCC, their protocol fails.
That is because they use measurements in the Bell basis on
both the layers jointly. In contrast, our measurement strategy
succeeds under rLOCC.

(4) When we do not get an advantage of QEP over CEP
using our strategy, apparently, it seems that our strategy is
weak. However, we find an advantage when there is more than
one layer and under rLOCC.

(5) Lastly, in the context of entanglement percolation, we
find a nontrivial feature in a many-layer scenario which is not
occurring in the single-layer scenario.

IV. CONCLUSION

Entanglement percolation is an interesting technique to dis-
tribute entangled states between two or more nodes of a lattice
that can be arbitrarily distant. It is important to note that it can-
not be decided in advance as to which nodes at the distant ends
would be connected in the end, but the important thing is that
such a connection between the distant ends can be established
for some nodes. We have used both single- and double-layered
honeycomb lattices, made of nonmaximally entangled pure
bipartite quantum states. We have provided a quantum mea-
surement strategy involving three-, two-, and single-qubit
measurements, to obtain Greenberger-Horne-Zeilinger (cat)
states shared between an arbitrarily large number of lattice
nodes. The cat states can then be reduced to a two-qubit Bell
state shared between faraway nodes.

A feature of our strategy is that after our entanglement
swapping measurement on the initial hexagonal lattice, every
other node with all their qubits is totally removed from the
protocol and does not play any further role in the strategy,
which is significantly different from the measurement strategy
used in Ref. [48]. The resources used in an entanglement
percolation strategy are the entangled states of the original
lattice and the measurements performed in between. The num-
ber of measurements performed is potentially an important
parameter for estimating the noise effects on a realization of
the strategy. We have compared our entanglement percolation
strategy with existing ones in the literature with respect to
both these resources and our result shows that an experimental
realization based on our measurement strategy will potentially
have lower noise effects than in those based on the strategies
in Refs. [44,48]. This is when we use a single-layered honey-
comb lattice.

Moreover, our measurement strategy is effective for entan-
glement percolation under rLOCC—an experiment-friendly
restriction to the LOCC class—in a double-layered honey-
comb lattice. In particular, we have reported advantage of
quantum entanglement percolation over its classical counter-
part under the restricted class of operations. Under the same
restriction, the strategy of Ref. [44] does not succeed in real-
izing entanglement percolation.
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