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We extend the formalism of cluster-state quantum secret sharing, as presented by Markham and Sanders [Phys.
Rev. A 78, 042309 (2008)] and Keet et al. [ Phys. Rev. A 82, 062315 (2010)], to the continuous-variable regime.
We show that both classical and quantum information can be shared by distributing continuous-variable cluster
states through either public or private channels. We find that the adversary structure is completely denied from the
secret if the cluster state is infinitely squeezed, but some secret information would be leaked if a realistic finitely
squeezed state is employed. We suggest benchmarks to evaluate the security in the finitely squeezed cases. For
the sharing of classical secrets, we borrow techniques from the continuous-variable quantum key distribution
to compute the secret-sharing rate. For the sharing of quantum states, we estimate the amount of entanglement

distilled for teleportation from each cluster state.
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I. INTRODUCTION

Secret sharing is a cryptographic task aiming to distribute
a secret among a group of parties. A good secret-sharing
protocol should allow authorized subsets of parties, known as
the access structure, to faithfully reconstruct the secret, while
other unauthorized parties, known as the adversary structure,
are denied any information about the secret. Classical secret-
sharing protocols have been proposed [1,2], where classical
information is encoded by a mathematical transformation.
The protocols can be proven to be information-theoretically
secure, i.e., no information about the secret can be obtained
by the adversary structure even when they have unlimited
computational power, if the communication channels between
the dealer and the parties are secure.

Following the rapid development of quantum information,
the extension of secret sharing to the quantum regime has
received much theoretical attention [3-6]. The objective
of quantum secret sharing (QSS) is to use the quantum
correlations in well-constructed entangled states to securely
transmit a set of classical or quantum information to only
the access structures. As the involved parties are supposed
to be spatially well separated, an optical system is the
most suitable implementation for QSS due to its excellent
mobility. Several proof-of-principle experiments have already
been demonstrated [7-9]. However, constructing a large-scale
optical QSS state is technically challenging, because the
nonlinear interaction between photons is weak, and some QSS
protocols require more than two quantum levels, where the
commonly employed polarization encoding is not applicable.
Recently, Markham and Sanders [10] proposed a unified
QSS approach based on qubit cluster states [11,12], which
could be constructed efficiently using only linear optics and
postselection [13-15].

Cluster states have another advantage in that an N-mode
cluster is well characterized by N stabilizers or an N-
vertex connected graph, in contrast to a general quantum
state that has to be expressed in an exponential number of
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superpositions. Therefore, the theoretical construction and
the security analysis of a cluster-state QSS scheme could
be simplified. The idea of cluster-state QSS has also been
extended to odd-dimensional states (qudits) in [16].

In this paper, we further extend the idea of cluster-state
QSS into the continuous-variable (CV) regime. While many
quantum information protocols can be optically implemented
by using discrete- or continuous-variable formalism, CV
systems have the advantages that multipartite entangled states
can be produced deterministically, and the measurement is
high in fidelity using present technology. In particular, CV
cluster states are proposed to be useful resources to conduct
measurement-based universal quantum computation [17,18].
A CV cluster state can be efficiently implemented in an optical
system by various approaches including the conventional
method of controlled-PHASE (CPHASE) operation [17,19],
linear optics with offline squeezing [20], optical parametric
oscillator [21-23], and quantum nondemolition gate [24].
Recently, CV cluster states involving four optical modes have
been demonstrated experimentally [25,26]. For simplicity,
we consider that the CV cluster states are prepared by the
conventional method of CPHASE operation, though the states
can be equivalently prepared by other approaches, and our
result is independent of the method of state preparation.

The main objective of this work is to investigate how
CV cluster states can be used to securely share quantum
and classical secrets. Instead of directly extending the qudit
approach to the d — oo limit, a CV cluster state is critically
different from its discrete-variable counterparts in that a
perfect (infinitely squeezed) CV cluster state is physically
and hence, practically, impossible. We find that when realistic
finitely squeezed cluster states are instead utilized, QSS is still
possible but the security is inevitably reduced, i.e., the secret
is not precisely recovered by the access structure while partial
information is leaked to unauthorized parties. We suggest
benchmarks to evaluate the performance of each of the QSS
tasks. For the sharing of classical information, we calculate
the amount of secure key that can be distilled from each
cluster state for encoding the secret. A procedure is provided
to transform the distilled state to the standard form that can
be analyzed by the techniques in CV quantum key distribution
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(QKD). For the sharing of quantum information, we estimate
the number of cluster states required to establish a high-fidelity
teleportation channel to transmit the secret state. The amount
of entanglement is quantified by the logarithmic negativity. In
both tasks, we give two examples to demonstrate the decoding
and security analysis procedures.

As we want to focus our discussion on the application of the
quantum correlations of CV cluster states, the states received
by the parties are assumed to be the same as when prepared by
the dealer; i.e., all quantum channels are ideal (noiseless and
lossless). Detections are also assumed to be perfect in fidelity.

Our paper is outlined as follows. In Sec. II, we intro-
duce QSS and classify it into three tasks. The physical
and mathematical background of CV cluster states are also
reviewed. In Secs. III and IV, we analyze the security of
classical information sharing when the cluster state is delivered
through secure and insecure channels, respectively. In Sec. V,
we discuss the performance of quantum state sharing. We
conclude in Sec VI with a short discussion.

We denote the quantities of the access structure by the
subscript A, that of the adversary structure by E, and that of
the dealer by D. We pick 7z = 1 in the following calculations.
All logarithm in this paper uses base 2.

II. BACKGROUND

A. Quantum secret sharing

In the literature, the idea of QSS has been developed to
serve one of the following three tasks [10].

CC. Classical information is shared among parties by
distributing QSS states through private (secure) channels,
which are invulnerable to eavesdropping. The role of quantum
resources is to substitute the classical secret-sharing encoding
with the quantum correlations in a QSS state.

CQ. Classical information is shared among parties by
distributing QSS states through public (insecure) channels,
which are open for eavesdropping. The quantum correlations
in the QSS states can be used both to detect the disturbance of
eavesdropping and to encode secret sharing. When compared
with the hybrid approach that unifies classical secret sharing
and QKD, the CQ scheme can reduce the cost of communica-
tion [3].

0Q. Also known as quantum state sharing, a secret quantum
state is shared among parties by distributing QSS states
through public channels. The QQ scheme can be implemented
by either encoding the quantum secret into a QSS state or using
a QSS state to distribute entanglement between the dealer and
the access structure for teleporting the secret state. We consider
the latter approach in the current paper.

The three tasks form a hierarchy of the required resources;
i.e., a QQ quantum state can perform all three tasks, and a CQ
state can be used for CC, while the reverse is not always true. In
principle, constructing a QQ state is versatile, but the amount
of resources and the required infrastructure can be optimized
according to the properties of the shared information and the
channels.

For CC and CQ, we consider that the cluster states are
measured by the dealer and the access structure. Because of the
entanglement, random but strongly correlated measurement
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outcomes will be obtained, from which the dealer and the
access structure can distill secure keys. Therefore, the secret-
sharing rate, i.e., the amount of classical information securely
shared in each round of QSS, is determined by the net amount
of secure key distilled from each cluster state.

For QQ, we consider that the dealer and the access structure
extract entanglement from the cluster states. After accumulat-
ing enough extracted states, entanglement distillation can be
conducted to distill a more entangled state, through which the
secret state can be teleported from the dealer to the access
structure with higher fidelity.

We note that in all the QSS tasks, the objective of the
dealer is to securely transmit the secret to the access structure,
although the identities of the access structure are not revealed
until all QSS states have been received. Because, in a secure
protocol, the mutual information between the dealer and the
access structure is larger than the information obtained by
the adversary structure, the access structure’s identities can
be authenticated using parts of the shared information. The
dealer should then trust the access structure and cooperate in
subsequent postprocessing of the shared QSS states.

We also note that in the limit of infinite squeezing, our
cluster-state scheme is not as general as the QQ scheme
proposed in Ref. [6]. However, our scheme is interesting
because all three kinds of QSS are considered in a unified
approach, and the resource state is a cluster state that can be
efficiently constructed and easily analyzed.

B. Continuous-variable cluster states

As an analog to the discrete-variable cluster state, which
is formed by preparing all qudits in an eigenstate of the
generalized Pauli X operator and then applying the CPHASE
gate, a CV cluster state is formed by first preparing all quantum
modes as squeezed vacuum states and applying CV CPHASE
gates, given by € = exp{iA;jGi4;}. An n-mode CV cluster
state can be characterized by an n-vertices graph, where the
quantum modes act as the vertices V = {v;}, and a CPHASE
operation is applied across edges & = {e;; = {v;,v;}} with
weight A;; [16]. The CV cluster state |W) is defined as

(W) == [ expliAidid;}vo)®". (1)
e,-‘,»eé‘
where in the infinitely squeezing case,
[%0) infinite = |O)p1 where ﬁ|0)p =0, 2

and in the finitely squeezing case,

\/E 2.2
ohsnie = 275 [ €7 la),da. 3)
b4
where |q), is the eigenstate of ¢ with eigenvalue g; o is a
parameter characterizing the degree of squeezing.

1. Nullifier representation

Apart from the ket vector representation, an infinitely
squeezed cluster state can be characterized by its stabilizers
[18,27]. A stabilizer S of a state |) is defined as the operator
of which |¢) is an eigenstate with + 1 eigenvalue, i.e.,
S [v) = |¥). Analogous to the discrete-variable cluster state,
an n-mode infinitely squeezed CV cluster state has at least
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n independent stabilizers. Although any sum and product of
the stabilizers is a new stabilizer, the whole set of stabilizers
uniquely specifies the cluster state [28].

In a CV system, considering that the nullifiers of a cluster
state is sometimes more convenient than the stabilizers. A
nullifier N is defined as an operator of which [) is an
eigenstate with eigenvalue 0, i.e., N |[Yy) = 0. There can be
infinitely many choice of nullifiers as any sum and product
of nullifiers is another nullifier. For an infinitely squeezed CV
cluster state, we choose a set of nullifiers, which we call the
standard set, i.e., [28]

Ni=pi— Y Ayg. (4)
jeN

where the position operators are summed over indices of
the neighbors of the vertex i in the graph, i.e., j|(i,j) € &.
The standard nullifiers can be constructed by considering that
before the CPHASE operations, the squeezed vacuum modes are
nullified by p;’s. The CPHASE operation between the mode i
and j transforms the nullifiers as p; — e/4i%4i p;e~Ai4id =
pi — Aijq;. From the construction procedure, it can be easily
shown that all standard nullifiers commute and are linearly
independent.

2. Wigner function representation

As an extension to the nullifier representation, the Wigner
function is a good description of the quantum correlation of
finitely squeezed CV cluster states. The Wigner function of a
single mode CV state p is defined as [28]

0]

) dx, (5)

where the definition can be tr1V1ally generalized to the
multimode state. The Wigner function of n finitely squeezed
vacuum states is given by

1 - ;
o L [exp (=o?a?) exp (—%) . ®

Wo(g,p) =

l

and that of a finitely squeezed CV cluster state is

1 N?
We(q.p) = Wo(q.N) = — [ [ exp (—0747) exp (—0—;> :
@)
where g =(q1,....q.)', p=(pi,....p,)T, and N =
(N1, ...,N,)T; N; is the standard nullifier in Eq. (4) with

the operators replaced with the respective scalar variables;
the initial degree of squeezing of each mode i is o;. In the
infinitely squeezing limit, i.e., 0; — OV i, the exp(—o?g})
would converge to a constant function while the exp(—N;/ aiz)
term becomes a § function; i.e.,

Wintinice (¢, P) o [ [ 8(N). ®)

3. Correlations of measurement

Consider an infinitely squeezed CV cluster state that
is locally measured by the operators {M;}, where M; is a
linear combination of §; and p;, i.e., homodyne detection
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in a rotated basis. If the measurements are compatible to
a nullifier, there exists a linear combination of Mi’s that
equals a linear combination of standard nullifiers, i.e.,
> kiM; =3",_, ,1;N; for some real k;’s and real /s,
then the measurement outcomes would be correlated due to
the entanglement as ) _,_, , k;M; = 0.

Similar quantum correlations of measurements prevail in
finitely squeezed CV cluster states, but the accuracy depends
on the degree of squeezing. Consider a finitely squeezed CV
cluster state that is measured by the same set of measurement
operators {M;}; the expectation value of the measurement out-
comes are statistically correlated as in the infinitely squeezed
case, i.e.,

<Z kiMi>=<ZziNi>=o. 9)

i=1,n i=l,n

However, the variance is finite, i.e.,

2 2
)bl
i=l,n i=ln
2
(Z liNi) We(q,p)d"qd" p
i=1,n

i 10
- Tv ( )

1

Il
—

1,n

but scales as a that is small. The correlation comes from
the exp(— le /012) terms in Eq. (7), which are narrow-width
Gaussian functions.

In subsequent discussions, we regard a quantum correlation
as “strong” if the collective variance of the local measurement
outcomes is small, and so the modes are strongly correlated
if their local operators produce strong correlations. Our QSS
scheme is secure if the access structure is stronger correlated to
the secret than the unauthorized parties. According to Eq. (10),
the local measurement operators are strongly correlated if they
linearly combine as a nullifier and o;’s are small, so we usually
encode the secret in nullifiers.

4. Cluster-class state

A class of states that shares similar properties as the CV
cluster state can be constructed by applying local Gaussian
operators onto |W). The operations linearly transform the
quadrature operators in nullifiers, as well as the quadrature
parameters in the Wigner function, as § — a,§ + b, p + ¢,
and p — a,g + b, p + c,, for some real constants a,b,c that
obey the uncertainty principle. General linear transformations
can be implemented by only three kinds of basic operators [29]:
displacement, squeezing, and Fourier operator.

A displacement operator D(x) shifts a nullifier by a
constant factor; i.e., the components in nullifiers are trans-
formed as § — § + v2Re(e) and p — p + +/2Im(a). All
the displacements do not affect the measurement basis nor
the variance of the quantum correlations, but only the ex-
pectation values of the measurement results are changed. A
squeezing operator S(y) = exp[—ir(§p + pg)/2] scales the
quadrature operators as ST S — y 4 and 81 pS — p/y, where
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y = ¢". Linear coefficients of %; and p; in the nullifiers
will be altered but the measurement basis remains the same.
A Fourier operator F) = exp[—if(g* + p?)/2] transforms
the quadrature operators as EFT§F = cosfg +sin6p and
FTpF = —sin0§ + cos 6 p. The Fourier operator changes the
local measurement bases for the quantum correlation.

III. CC QUANTUM SECRET SHARING

In the CC setting of QSS, the dealer is connected to the n
parties through secure quantum channels. A classical secret
value s is encoded by displacing certain modes i of the
cluster state by some function f;(s). The value of f;(s), the
strength of the CPHASE A;;, and the neighbors of the cluster
N are designed for specific access and adversary structure.
A CV cluster state can be used for CC QSS if for each
access structure, there is a nullifier containing s and the local
quadrature operators of only that access structure, i.e., there
exists real numbers /; such that

N
D LR =" kiM; + g(s), (11)

JeA

where k; are real numbers, M ; are linear combinations of the
local quadrature operators of an access structure party, g(s) is
a nontrivial function of s. On the other hand, every adversary
structure cannot construct a nullifier containing s and only
their local operators.

In the case of infinitely squeezing, the access structure can
obtain g(s), and thus s, by locally measuring their modes
according to M ;. The scheme is secure if the reduced Wigner
function of the adversary structure is independent of s.

In the case of finitely squeezing, the access structure also
measures according to M ;. Their results are merely strongly
correlated to s, while some information about the secret is
leaked to the adversary structure due to the weak correlation.
The security of the QSS scheme can be analyzed by comparing
the amount of information obtained by the access structure and
the adversary structure.

The information obtained by the access structure is quanti-
fied by the mutual information, /(D : A), between the dealer
and the access structure [30]. Let the dealer chooses a secret
value s following a probability Pp(s). The access structure
would not obtain exactly the same value due to the finite
squeezing. The probability of obtaining a result s’ follows a
probability distribution P4|p(s,s’), while the total probability,
Pa(s’), of the access structure’s result is given by

PA(S/) = [PD(S)PA|D(S,S/)dS. (12)
The mutual information (D : A) is defined as [30]
I(D: A)=H(A)— H(A|D), (13)

where H(A) is the entropy of the access structure’s result,
which is defined as

H(A) = —/PA(S/) log Pa(s")ds’, (14)
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and H(A|D) is the entropy of access structure conditioned on
knowing s, which is defined as [30]

H(A|D) = —/PD(S)PA”)(S,S/)log”PA‘D(s,s/)dsds/. (15)

On the other hand, the adversary structure can unite their
modes through ideal quantum channels and can conduct any
operation allowed by physics. The amount of information
leaked to the adversary structure, /(D : E), is capped by the
Holevo bound x [30,31], i.e.,

I(D: E) < x =S(pp) — fPD(S)S(ﬁE\D(S))dSa (16)

where S(p) is the von Neumann entropy, pg|p(s) is the state
obtained by the adversary structure if s is prepared by the
dealer, pg is the average state obtained by the adversary
structure, viz.,

po = / Po(s)prp(s)ds. (17)

As CV cluster states are Gaussian, the reduced state of
the adversary structure is also Gaussian. The von Neumann
entropy of Gaussian states can be calculated by using their co-
variance matrix V, which is defined as V;; := ({Ax;,Ax;})/2
[18]. If the Wigner function of an r-mode Gaussian state is
known, V can be obtained through the relation [18]

exp[—1/2(x — )"V~ (x — ¥)]
) /det V ’

where x = (q1,p1,....q5,p,)". Covariance matrices can be
characterized by their symplectic spectrum {v; }, which is equal
to the eigenspectrum of the matrix |i 2V | [18], where

1 ifi=2k—1, j=2k,

WE) = (18)

Q; ;=13 —1 ifi=2k, j=2k—1, (19)
0 else,
fork = 1, ...,r. The von Neumann entropy is calculated using
S = gw), (20)
where
W)= v+ ) tog v+~ ¥ :
gw):=(v+7 Jlog{v+3 v—5)log{v—7]).

21

In the case that the covariance matrices of ¢ and pg|p are
independent of s, their respective von Neumann entropies are
also independent of s. Then the Holevo bound can be simplified
as

I(D: E) < $(Pe) — S(PE|D)- (22)

The minimum secret-sharing rate in each round of the protocol
is thus

K.e=I1(D:A)—I(D: E). (23)

With the strongly correlated random numbers s and s’, and the
expected amount of secret information, K., a secure key can
be distilled to encode and share the classical secret [32].
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5,5 5,5

FIG. 1. Schematic representation of the cluster states for the (2,3)
protocol (left), and the (3,5) protocol (right). Each oval represents
a squeezed mode, which will be distributed to the party, denoted
by the label inside the ovals. The subscript of each mode denotes
the squeezing parameter and the displacement before the CPHASE
operation. The edges joining modes represent CPHASE operations
with the strength denoted by the edges’ label.

As examples, K. for the (2,3) and the (3,5) protocol are
calculated. Readers who are mainly interested in the general
formalism of QSS can skip the examples.

A. Example 1 of CC quantum secret sharing: (2,3) protocol

In a (2,3)-CC protocol, the access structure is any two of
the three parties collaborating, while the adversary structure is
any collaboration with only one party. The (2,3)-CC protocol
can be implemented by a linear three-mode cluster, as shown
in Fig. 1. We assume the dealer picks the secret classical value
s following a Gaussian probability distribution with a width
¥, ie.,

1 2 2
Pp(s) = ﬁeﬂ 1% (24)

The state is encoded by displacing mode 2 by is/ V2 and mode
3by —is/ V2. Inthe infinitely squeezing case, the nullifiers of
the CV cluster state are
Ni=pr—g—4s Na=pr—qi+s;
(25)

A

N3 = p3s— g1 —s.

1. Parties {1, 2} collaborating

Consider parties 1 and 2 to be the access structure. If
the cluster state is infinitely squeezed, the shared secret is
the difference between p measurement outcome of party 1
and § measurement outcome of party 2; i.e., s =¢q; — p2
according to N,. Deriving from Eq. (8), the reduced Wigner
function of party 3 is a constant function independent of s;
thus, the protocol is secure. In the finitely squeezing case,
the Wigner function is given by Eq. (7) with the nullifiers in
Eq. (25). For simplicity, we assume the modes are equally
squeezed, i.e., o; = o for all i, but our analysis is applicable
for inhomogeneous o;.

The measurement basis of the parties is the same as the
infinitely squeezing case. The classical probability of the
measurement results p, and g is

1 . s, 2 2
PS\)D;{I,Z}(‘II,pZ) =7¢ (P2=qu=s)°/0” p=0 i (26)

which is obtained by tracing out g;, p,, and the contributions
of party 3 in the Wigner function. The probability distribution
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of the difference of the measurements, s" = q; — p,, can be
obtained by tracing out an orthogonal quantity, e.g., (p; +

q2)/2, then we get
2
exp [——(S 2 } 27

1
Paip:1.2)(s,5") =
A1D3(1,2(8,57) Vo
and thus,

2252
PapnGs) = e S /O TED, (28)

1
SN o+ 22
The mutual information between the dealer and the access
structure can then be calculated using Eq. (13).

We now consider the adversary structure. The reduced
Wigner functions of oz and pg|p(s) are

o? o21(p3—9)+q3(1+a*)]
— T
3y = ———=¢ 4o ; (29)
a1+ o?

2 1’2
- 0 O G (30)
a1+ 04 +02%2

The covariance matrices of these states are

1 1
v (= O v _ [ 0
E|D:{3} = 0 e E{3} = 0 l+ottols? |

202 202
(31)

where the symplectic eigenvalues are vg p.3) = v/ 1 + 04/20?
and vg,3) = v/1 4+ 0% + 02%2/202, respectively. The Holevo
bound can then be calculated using Egs. (20) and (22), and
hence the secret-sharing rate can be obtained from Eq. (23).

Because both party 2 and party 3 hold the end mode of
the cluster state, the structure of their local states is the same;
i.e., all Wigner functions will be the same as above except
replacing the subscript 2 with 3 and s with —s. The security for
party {1,3} collaboration can be analyzed by similar procedure
as the {1,2} collaboration, and the secret sharing in both
collaborations will be the same.

2. Parties {2,3} collaborating

Consider now that parties 2 and 3 are the access structure. In
the infinitely squeezed case, because the operator N, — N3 =
P2 — p3 + 2s is also a nullifier, the secret s can be obtained if
both parties conduct p measurement, i.e., s = (—p2 + p3)/2.
The protocol is secure because the reduced Wigner function
of party 1 is a constant independent of s.

In the finitely squeezed case, the measurement results of p,
and p, follow a probability distribution

PO prp) = — e exp| P2 P 2s)°
AP T S it ot 022 +o%)
s e~ P2t +(pa=s1/2+ot) (32)

The first exponent accounts for the strong correlations while
the last exponent is higher order weak correlations. The
quantity s = (— pa + p3)/2 follows the probability

1 2(s — 5")? 13
mae"p[‘ = ] &9

Paip:2.3)(s.s") =
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and thus

( /) ( S,2 ) (3 )
D.,. ) = —_— X _—_— ). 4
Al23) T ((72 +222) p ()2 + 222

For the adversary structure party 1, the reduced Wigner
function of pg|p.(1) is
2 2
o _ 2(q2+”71)
Wepg) = —=—==e€ ° """, (35)
|D:{1} N T ot
Because Eq. (35) is independent of s, the Wigner function of
ﬁE;{]} and ﬁE\D;{]} would be the same, i.e., WE\D;[I] = WE;{”.
Therefore, the Holevo bound vanishes and party 1 cannot get

any information, and hence the secret-sharing rate is simply
I(D : A).

B. Example 2 of CC quantum secret sharing: (3,5) protocol

In a (3,5)-CC protocol, the access structure is any three
of the five parties collaborating, while the adversary structure
is any collaboration with less than three parties. The (3,5)-
CC protocol can be implemented by a star-shaped five-mode
cluster, as shown in Fig. 1. All five modes of the cluster state are
displaced by —is/+/2, where the classical secret s is assumed
to be chosen according to the probability distribution given in
Eq. (24). In the infinitely squeezing case, the nullifiers of the
CV cluster state are given by

Ni = pi — Git1 — Gi-1 — s, (36)
wherei +1=1wheni =5;i — 1 =5wheni = 1.

Ten different combinations of access structure can be
formed in this protocol, but they can be categorized into two
classes of collaborations, which are three neighboring parties,
and two neighbors with one disjoint party. Without loss of
generality, we consider parties {1,2,3} as an example of three
neighbors collaboration, and parties {1,3,4} for two neighbors
collaboration. The security proof and secret-sharing rate of
these two cases can be adapted to other collaborations after
changing indices.

1. Parties {1,2,3} collaborating

Consider parties 1, 2, and 3 to be the access structure.
In the infinitely squeezing case, the secret s can be obtained
if both parties 1 and 3 measure § and party 2 measures p,
ie., s = —q1 + p» — g3 according to N, in Eq. (36). The
reduced Wigner function of parties {4, 5} collaboration is
a constant function after tracing out the contributions of the
access structure in Eq. (8).

In the finitely squeezing case, the probability measurement
by parties {1,2,3} is determined by the reduced Wigner
function Wy p.1.2.3(q1,P1,92, p2,93, p3) after tracing out the
contributions of parties 4 and 5. As the measurement bases
are ¢», p1, and g3, the measurement probability is obtained by
tracing out the dependence of py, ¢, and p3 from the reduced
Wigner function. The probability distribution of the received
secret, ' = p» — g1 — g3, can be obtained by first substituting
the set of variables (g1, p»,q3) by another linearly independent
set of variables (g1,s,¢3) and then tracing out ¢; and g3. The
Jacobian matrix of this variable transformation is 1, so the
form of probability distribution remains the same [33].
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The tracing processes described above involves different
physical meanings, but the end result is that all contributions
except s’ are traced out. So the probability distribution of
s’ can be obtained in only two steps: first substituting p, =
s" 4+ q1 + g3 in the total Wigner function and then tracing out
all variables except s’. In this case, we get

1 2
Paip:.2.3(s,8") = N exp |:— (s UZS) :|, 37

o
and thus,
1
Vol +3?

For the adversary structure parties 4 and 5, the reduced
Wigner function of Wgp.(,5; and Wg.(4 5, can be obtained by
tracing out the contribution of parties 1,2,3. The covariance
matrices of these states are

1

—2 2 2
Pai23(s) = eSO D, (38)

1
70 0 2
0 L+2 L o0
2 2
VEDias) = o > . (39)
0 357 557 0
. 0 0o L4<2
202 o2 2
1 1
%07 0 0 %07
0o L4 02432 L
Vs = Tt . (40)
0 357 357 0
1 1 o?4+3?
307 0 =+%=
where  the  symplectic  spectra are  Vgp.45 =
(V14 04/262,4/1 +04/20%} and VE.4.5) =

(V1 +0%/20%,4/1+ 0%+ 2062%2/202}. The von Neumann
entropy can then be calculated using Eq. (20), and the
secret-sharing rate is calculated from Eq. (23).

2. Parties {1,3,4} collaborating

Consider now that parties 1, 3, and 4 are the access
structure. In the infinitely squeezing case, the secret s can
be obtained when party 1 measures p and parties 3 and
4 measure p’ = (p — C;)/fz. Because N; — 1\73 — N, is a
nullifier, their measurement results are correlated as —p; +
V2 s+ V2 py = s. The reduced Wigner function of parties
{2,5} collaboration is a constant function, so the secret sharing
is secure.

In the finitely squeezing case, the probability distribution of
the quantity s" = —p; + p3 — g3 + ps — g4 can be obtained
by first substituting the set of variables (q1, p1,93,P3.94,P4)
with the new set of variables (q1,5’,¢3, p3,q4, ps). The deter-
minant of the Jacobian matrix of this transformation is 1. All
variables except s’ are traced out from the reduced Wigner
function, then we get

1 (s —s')?
Puib: 8 = — , 41
AID:{1,3,4)(5,57) N exp|: 352 } 41
and thus,
1 y
/PA;{1,3,4}(S/) _ e 2/(302-&-22)’ 42)

VT30 + X2
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For the adversary structure parties 2 and 5, the covariance
matrices of the states Og|p.2,5) and Pg.(2 5 are

e 0 0 0
0o L4+ o 1
VEb:s = 0 o 0 2 0 282 , (43)
202
0 &= 0 L+9g
5 0 0
S U 2+ 0 L4z
B3 = 0 L 0
0 H+Z o0 L+g4+Z
(44)

The symplectic spectra are vgp.25 = {vV1+ o4/202,
V3 +04/207%) and ve.5 = (V1 +0%/202,
V3 + 044+ 202%2/20?}, respectively. The von Neumann
entropy can then be calculated by Eq. (20), and hence the
secret-sharing rate can then be calculated by Eq. (23).

3. Results

The secret-sharing rate for the (2,3) and (3,5)protocols is
plotted against o in Fig. 2. Apart from the {2,3} in (2,3)
protocol that can completely remove the entanglement from
the adversary structure, CC QSS is secure unless the squeezing
parameter is larger than some threshold limit. The thresholds
for both protocols we considered are around o = 1. This
suggests that a CC QSS can be implemented with modest
technological requirement.

On the contrary to common beliefs that a CV state with
o = 1 cannot transmit secure information, we note that the
CC secret-sharing rate is nonzero in some scenarios even
when o > 1. The result is not surprising in cluster-state QSS,
because implementing a CPHASE requires the initial modes to
be squeezed. In fact, a two-mode cluster state can be easily

K. (bit/state)

0.1

FIG. 2. Secret-sharing rate of CC QSS protocols using CV cluster
states with different squeezing parameters o. The variance of the
classical secret probability is chosen as ¥ = 1. (Left) (2,3) Protocol
for {2,3} collaboration (solid line) and {1,3} collaboration (dashed
line). (Right) (3,5) Protocol for {1,2,3} collaboration (solid line) and
{1,3,4} collaboration (dashed line).
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showed to be locally unitarily equivalent to a finitely squeezed
EPR state unless 0 — oo.

Surprisingly, although any access structure collaboration
can obtain s in the infinitely squeezing case, different collabo-
rations obtain different security rates in the finitely squeezing
case. The unequal secret-sharing rate is related to the entangle-
ment structure of the cluster state. In practice, the dealer has
to consider the disadvantage of certain collaborations when
applying CC QSS.

IV. CQ QUANTUM SECRET SHARING

In the CQ setting of QSS, the dealer is connected to the
parties through insecure quantum channels, so the unautho-
rized parities can manipulate all the modes sent from the
dealer. The CC protocol mentioned in Sec. III is insecure
in this setting, because the adversary structure can capture
and measure the modes to obtain s. This eavesdropping can
be intractable if the adversary structure resends to the access
structure an infinitely squeezed state with the same s encoded,
so the access structure will have the same measurement result
as the adversary structure.

Here we modify the CC protocol for the CQ setting. We first
present an entanglement-based protocol and discuss how it can
be reduced to a mixed-state protocol that reduces the resource
requirement. Instead of constructing an n-mode cluster state
and encoding a classical secret s into the state, the dealer
prepares an (n + 1)-mode standard cluster state, where n of
the modes are delivered to the parties while the dealer keeps
the remaining one, denoted as mode D. A good CQ protocol
should produce quantum correlation between the dealer and
the access structure much stronger than that between the dealer
and the unauthorized parties.

Here we make two assumptions to simplify the demonstra-
tion of the security, but the assumptions will be relaxed at the
end of this section without compromising the secret-sharing
rate. We assume the access structure parties are connected
by secure and ideal quantum channels, so the modes can be
sent to one party, say party h, with perfect fidelity. We also
assume both the dealer and the access structure have quantum
memories, so the cluster states in each round of CQ are stored
with perfect fidelity for subsequent quantum operation and
measurement.

The procedure of CQ QSS is outlined as follows. In each
round of CQ QSS, an entangled state is shared between
the dealer and the access structure. Consider that the strong
correlation is represented by the two nullifiers, pp — Q4
and gp — P4, which are linear combinations of the standard
nullifiers. Q 4 and ﬁA are linear combinations of only the
access structure parties’ local § and p operators. By applying
a global operation, U, on all the modes at party z, Q4 and
f’A are transformed to §, and pj. As a result, the strong
correlations with mode D are transferred to mode /.

After all the rounds of cluster-state distribution, the stage of
parameter estimation ensues. The dealer or party 4 randomly
selects half of the shared modes for measurement, and the
selection is announced. Both the dealer and party & measures
the selected modes in either the £ or the p basis. The
measurement outcomes are announced for characterizing the
unmeasured states.
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In the infinitely squeezing case, the estimated parameters
should indicate that the state between mode D and mode h
is maximally entangled [34]. The dealer and party # measure
each residual mode randomly in either the § or the p basis,
the basis is then announced. Each measurement outcome is a
random number on the real axis, and the outcomes are the same
if the measurement bases are matching; i.e., one party measures
in ¢ while the other measures in p. The common random
numbers can be used as secure keys to encode the secrets.
Because the state was maximally entangled, no information is
leaked to unauthorized parties.

In the finitely squeezing case, although mode D and mode
h are strongly correlated, the state of adversary structure is
still weakly correlated with mode D. As to be discussed,
local quantum operation is applied on each residual mode to
rectify the covariance of the state according to the estimated
parameters. The dealer and party 4 then measure each mode in
either the & or the p basis and announce the basis. Unlike the
infinitely squeezed case, postprocessing is required to distill
secure keys from the correlated measurement outcomes due to
two reasons. First, even if the measurement basis is matching,
the measurement outcomes of the dealer and the access
structure are merely strongly correlated but not exactly equal.
Besides, partial information about the outcomes is leaked to
unauthorized parties due to the nonuniform distribution of the
measurement outcomes and the weak entanglement between
the unauthorized parties’ and the dealer’s modes.

In the following, we employ the security analysis tech-
niques from CV-QKD [35] to estimate the minimal rate of
secure key distilled from each cluster state and hence the
secret-sharing rate in each round of CQ QSS.

A. Equivalence of CQ quantum secret sharing and QKD

We now show why CQ QSS and CV-QKD can be analyzed
using the same techniques. Consider that before the CPHASE
operation, mode D is squeezed with op while all other modes
are squeezed with o. Assume mode D is connected to N
neighbors after the cluster-state formation, the reduced Wigner
function of mode D is

O’o‘De_“Lz)qlz) pzD
Woaopo = 222~ by
n,/N + o2} op+N/jo

(45)

Wp is the same as the reduced Wigner function of a two-mode
cluster state |Cy), where mode D is connected to a mode u that
is squeezed with o/+/N . Because both the CQ cluster state and
|Cw) are pure, the amount of entanglement between the mode
D and the delivered modes is the same as the entanglement
between the modes in |Cy).

As in the common security analysis of QKD, we grant
the unauthorized parties full power to manipulate the modes
sent from the dealer. Then there will be no difference for the
dealer to prepare the CQ cluster state or |Cy), because the
unauthorized party can transform the delivered cluster-state
modes to mode u or vice versa. Then our CQ state delivery is
equivalent to the following scenario: The dealer first prepares
|Cy) and delivers mode u through an insecure quantum
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QKD QSS

l —
Local unitary
equivalent

Delivered mode Modes delivery

captured by adversary A

=

ED;O‘.
lDecoding

Deliver strong
correlation to mode h

Tracing out
modes besides h

[] Dealer

[j Unauthorized parties

[] Authorized parties

=3

FIG. 3. (Color online) Strategy for computing the secret-sharing
rate using CV-QKD techniques. Strongly (weakly) correlated modes
are linked by solid (dotted) lines. The procedure of CQ QSS is shown
on the right while that of QKD is shown on the left. The key idea is
that both QKD and QSS have the same initial (pure entangled state
with parts delivered) and final resources (strongly correlated state
between the dealer and the authorized parties.)

channel. The unauthorized parties capture mode u, entangle it
with ancillae, and forward some modes to the access structure.

The access structure’s modes are then gathered at party
h. After the operation U 4, modes other than mode h are
still weakly correlated with mode D. For simplicity, these
weak correlations are neglected in our analysis; i.e., all modes
except h are traced out. This action only reduces the quantum
correlations between the dealer and the access structure;
thus, the security is not unphysically improved. Now the
CQ protocol is effectively reduced to a CV-QKD protocol:
The dealer first prepares a two-mode Gaussian state, [Cy),
and delivers one mode. The access structure finally gets a
mode /& that remains strongly correlated with mode D, but
the quantum correlation is reduced due to the entanglement
with the environment controlled by the unauthorized parties.
The degradation of quantum correlations in the encoding and
decoding processes in CQ QSS can be analogous to the loss
and noise when transmitting an EPR state through an imperfect
channel in QKD. The whole idea is summarized schematically
in Fig. 3.

B. Secret-sharing rate

In the unified picture of CV-QKD, a finitely squeezed
two-mode squeezed state is prepared by the dealer and
delivered to the authorized party through an imperfect channel
[18,36]. Both parties measure some of the delivered states to
estimate the covariance matrix, V, of the unmeasured states.
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Using the fact that Gaussian states minimize the distilled
secure key rate for every state sharing the same V [36,37],
assuming the unmeasured states being Gaussian upper bounds
the information leakage to unauthorized parties. Because a
Gaussian state is completely characterized by its covariance
matrix, the secure key rate can be deduced from only V. For
realistic channels that are usually symmetrical for quadratures
X and p, V can be expressed in a standardized form as

VI cZ
V = , (46)
cZ V'I

where I and Z are the 2 x 2 identity and Pauli Z matrices,
respectively; V is the variance of the undelivered mode of
the dealer; V' is the variance of the mode received by the
authorized party; c is the correlation between the two modes.
V can be characterized by only V and two channel parameters,
the transmittance, 7, and the noise, x, which are defined by
the relations

c= T<V2—%>; V=1V + x). 47

To estimate the minimal secret-sharing rate of the CQ QSS,
in the parameter-estimation stage the dealer and the access
structure construct the covariance matrix by measuring some
of their modes. A quantum operation is then applied on the
unmeasured modes to transform their covariance matrix to
the standard form, from where the analogous t and x can be
extracted according to Eq. (46). For the pedagogic purpose, we
demonstrate in Secs. IV C and IV D the procedure of getting the
standardized covariance matrix for different collaborations in
the (2,3)- and (3,5)-CQ protocols, respectively. Readers who
are mainly interested in the general formalism can skip the
examples.

We assume our protocol is direct reconciliation, i.e., the
measurement result of the dealer is the secret value that has to
be estimated by the access structure, but the secret-sharing rate
of a reverse reconciliation protocol can be easily calculated by
similar procedure [35]. The secret-sharing rate, K¢, is given
by [35]

Kco=1(D:A)—I(D: E), (48)

where I(D : A) is the mutual information between the dealer
and access structure; the information obtained by unauthorized
parties is given by I(D : E), which is capped by the Holevo
bound.

The mutual information /(D : A) can be calculated by
comparing the variance of mode & with and without knowing
the measurement results of mode D. In terms of the analogous
channel parameters, the mutual information is given by [35]

I(D:A):llog(v—l—)l(). (49)
X+

2 w

In direct reconciliation protocols, the Holevo bound of the
unauthorized parities’ information is defined as

I(D: E) = S(E) — S(E|D), (50)

where S(E) is the von Neumann entropy of unauthorized
parties’ state, S(E|D) is the conditional von Neumann entropy
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if the measurement result of the dealer is known. As the
unauthorized parties can control the environment that purifies
the whole system, the entropy of the unauthorized parties
is the same as that of the system DA, i.e., S(E) = S(DA).
The entropy can be calculated using Eq. (20) as S(DA) =
g(y) + g(v_) [18], where the symplectic spectrum of V,
{vy,v_}, is given by

v = AJVF VR =42 £(V -V (1)

Similarly, because the state of system AE is pure after
system D is measured, the conditional entropy S(E|D) is the
same as S(A|D). The covariance matrix of system A after the
measurement of the dealer is given by [38,39]

V&V 0
Vap = 0 vl (52)

where the symplectic eigenvalue is

_vi(v-SY =< v ! 53
Ve = < _V)_T ( +X)<V+X>~ (53)

Hence, we get S(E|D) = g(v.).

With the strongly correlated measurement outcomes and
the expected amount of secret information, K¢, the dealer
and the access structure can collaborate to distill secure key to
encode the classical secret [32].

C. Example 1 of CQ quantum secret sharing: (2,3) protocol

In a (2,3)-CQ protocol, any two of the three parties can
form a strong correlation with the dealer, while any one party
is only weakly correlated with the dealer. The protocol can
be implemented by a diamond-shaped CV cluster state with
Aps = Aj3 = A = land Apy = —1, as shown in Fig. 4. We
note that the diamond-shaped CV cluster state is also a form
of error correction of a CV cluster state [20]. In the infinitely
squeezing case, the nullifiers are

Np=pp+4—4qs; Ni=pP1—q—qs;
. . (54
No=po+qp—4qi; N3=ps—4p — 4.
The finitely squeezed state is described by Eq. (7) with the
above nullifiers.

The access structure can be composed by parties {1,2},
{1,3}, and {2,3}. The entanglement structure possessed by
collaborations {1,2} and {1,3} are equivalent, because the

FIG. 4. Schematic representation of the cluster state for the
(2,3)-CQ protocol (left), and the (3,5)-CQ protocol (right). All of the
modes are not displaced before the CPHASE operation. The strength
of unlabeled edges is A = 1.
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nullifiers of {1,2} will be the same as that of {1,3} if the
dealer applies a 7-phase operation, F (i), to his mode. On
the other hand, the collaboration {2,3} possesses a different
entanglement structure.

1. Parties {1,2} collaboration

If parties {1,2} are the access structure, the strong correla-
tions are specified by the nullifiers

Np—Ny=pp—p1+2§ and Nr=dgp— 4 + ps.
(55)

A global operation is applied on the access structure’s mode to
transfer the strong correlation to mode 2; i.e., mode 2 is treated
as mode /. The transformation can be implemented by various
sequence of operations, but the final measurement results and
the covariance matrix are not affected. One possible choice is
the {/,2} decoding sequence: (i) apply exp(—i§i§,); (ii) then
exp(i p1 po); (iii) finally F5(rr).

After tracing out the modes other than mode D and mode
2, the covariance matrix of the resultant state pp4 is given by

1 1
20,2) 0 0 2(7,2)
2
o
=+% % 0
1% _ o o
DA{1,2} — 1 1 o2 0
o2 o2 + 2
a? 1
20[2) 0 0 2 + 2(7%,

(56)

The covariance matrix will be revealed in the parameter-
estimation stage when half of the states are measured. As
V basf1,2) 1s not in the standard form, i.e., Eq. (46), rectifying
quantum operations are applied onto the residual states. First
of all, the variance of §p and pp are balanced by squeezing
mode D with the squeezing parameter

g,
Vb = ?D,/2+azag. (57)

Next, mode 2 is squeezed to balance the coherent terms, i.e.,
(AgpApy) and (A ppAgr). The squeezing parameter is given
by

20’D

V= | ——F/—
0,/2+ 0%}

In practice, both yp and y, can be obtained from the
results in parameter-estimation stage, i.e., without knowing the
squeezing parameter of the initial cluster state. This squeezing
stage will transform the state pp,4 as

(58)

poa = s = Sp(rp)S(y)ppaSiy)8h(vp),  (59)
where the covariance matrix becomes

V/ _ 0 V(2.3) C
DA{1,2} — 0 c Vq/

c 0 OVI/7

) (60)
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for Vo 3y =/2 + Uzalz)/zmm; c= l/ﬁaoD; the variance of

mode 2 is
1+ 003 (2+0%,/2+ 0%}

Ve——T%99% . oy .61
q P
00opy/2+ 0203 4o0p

We note that yp and V| 3) are the same for any collaboration
in the (2,3) protocol, because mode D is kept with the dealer
that is not affected by operations on delivered modes. The
disparity between Vq’ and V,; implies imbalanced noise for
the quadratures g, and p,. As the aim of this paper is to
demonstrate the possibility of performing CQ QSS using CV
cluster states, we balance the variances of ¢, and p, by a
“state-averaging” process, which would nonetheless sacrifice
some quantum correlations. Consider that the dealer randomly
divides the unmeasured states into two sets, and the choice
of division is announced. In one set, the dealer applies a
Fourier operator, F p(—m/2), on each mode that transforms
the quadrature operators as §p — pp and pp — —gp. In the
other set, party 2 applies Fp(—7/2) on each mode that causes
the transformation ¢, — p, and p, — —gG,. After that, the
choice of division is discarded. The state will be transformed as

Pioa = Pha = sEp(=1/2pp, Fl(—7/2)
+3B(=m/2pp B (=7 /2).  (62)

The covariance matrix of g}, is given by

V2,3 0 ¢ 0
0 Ve 0 —¢
v’ — . ’ 63
DA;{1,2} c 0 Vauy 0 °
0 _c 0 Vas1.2)

where V(12 = (Vq’ + V[;)/Z with the definition in Eq. (61).
Finally, the modes are measured by the dealer and party 2
in either the ¢ or p basis. The variances of the measurement
results will be given by Eq. (63).

We note that p},, is not a Gaussian state because the
stage-averaging process in Eq. (62) is not a Gaussian operation.
To calculate the secret-sharing rate using the techniques in
Sec. IVB, we assume the measurement results originates
from a Gaussian state g where its covariance matrix is V.
According to Refs. [36,37], Gaussian states minimize the
secure key rate for all states with the same covariance matrix.
Therefore, our action maximizes the power of the unauthorized
parties and lower bounds the secret-sharing rate.

By comparing Eq. (63) with Eq. (46), the variance of
the dealer’s mode is V = V(3 3), and the analogous channel
parameters can be deduced as T = ¢?/ (Véﬁ) —1/4)=1 and
X = Vay1,2) — Vi2,3). The minimal secret-sharing rate can then
be calculated by Eqgs. (48)—(51) and (53).

2. Parties {2,3} collaboration

If parties {2,3} are the access structure, the strong correla-
tions are specified by the nullifiers

Np=pp+dr—§s and
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The quantum correlation can be transferred to mode 2 by
the {2,3} decoding sequence, which is simply a 50:50 beam
splitter that transforms a, — —(a, + as)/ V2 and az — (4p —
as)/ /2. The resultant covariance matrix between mode D and
mode 2 becomes

L 0 0 L

20[2) \/izrlz)
0 L+% A 0
P 2
Vpays = 0 ) \/z 0 . (63
V202 202
1 a? 1
N 0 0 5 + =y

The secure sharing rate can be deduced by process similar
to that in the {1,2} collaboration: squeezing and transforming
local modes to construct a state with standardized covariance
matrix and then measuring the states to obtain the analogous
channel parameters for computing the information of different
parties. However, the {2,3} collaboration is special as the dealer
and party 2 are actually holding a pure state, i.e., the beam
splitter has removed all entanglement from the unauthorized
parties. This can be seen from the symplectic spectrum of
Eq. (65), v2,3; = {1/2,1/2}, so the entropy of the system DA
vanishes, i.e., S(DA) = 0. Therefore, the unauthorized parties
cannot obtain any information about the secret by entangling
their modes to the dealer’s mode. The secret-sharing rate is
hence the same as the mutual information between the dealer
and the access structure, which is given by

I(D : A) = IOg(2V(2y3)). (66)

D. Example 2 of CQ quantum secret sharing: (3,5) protocol

Ina (3,5)-CQ protocol, any three of the five parties can form
a strong correlation with the dealer, while any collaboration
with less than two parties is only weakly correlated with the
dealer. The protocol can be implemented by a pentagonal CV
cluster state, as shown in Fig. 4, where each connected vertex is
entangled by a CPHASE operation with A;; = 1. In the infinitely
squeezing case, the nullifiers are

5
Np = pp — ZC?i;Ni = pi — Git1 — §i-1 — gp, (67)
i—1

wherei +1 =1wheni =5,andi — 1 =5 wheni = 1. The
finitely squeezed state is described by the Wigner function in
Eq. (7) with the above nullifiers.

The access structure can be composed by two categories of
collaboration: three neighboring parties, e.g., parties {1,2,3},
and two neighbors with one disjoint party, e.g., {1,3,4}.
The collaborations in each category hold nullifiers with the
same form, so the decoding sequence will be the same. If
the squeezing parameter is identical for all five modes, the
secret-sharing rate of the collaborations in each category will
also be the same.

1. Parties {1,2,3} collaboration

If parties {1,2,3} are the access structure, the strong
correlations are specified by the nullifiers

Np — Ny + 2N, — N3 = pp — (p1 +341) + 2p2 + )
—(P3 +343)
and —Ny=4qp — pr+q1 +§s. (68)
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The quantum correlations can be transferred to party 2 by
the {/,2,3} decoding sequence: (i) applying exp(—i§§,) and
exp(—ig2§3); (ii) then exp(i p; p) and exp(i p, p3); (iii) finally
expli p2(2p1 + §1)] and expli p2(2p3 + §3)].

The covariance matrix of the state pp4 between mode D
and mode 2 is given by

1 1
20127 0 0 26;3
0 5+<72<7[2) 5
202 202
Voanzs =| o s steot ) (69)
207 27 -0
1 140203
w0 —o? =B
D D

All terms in V pa;(1,2,3; can be revealed by £ and p measure-
ments in the parameter-estimation stage except for the local
coherent terms ((AGrAp> + AprAgy)/2). However, these
terms do not affect the parameters in the squeezing stage and
will be eventually canceled during state-averaging.

The unmeasured states are squeezed locally to balance the
variance of §p and pp, as well as the coherent terms. The state
is transformed as in Eq. (59), where the parameters for the
{1,2,3} collaborations are

Op o
Yo = /?,/S—G—ozog; Y2 = /E,/5+azaé. (70)

The covariance matrix of the transformed state is given by

V(3,5) 0 0 c

V/ _ 0 V(3.5) C
DA{1,2,3} — 0 c Vq/

c 0 OVIQ

) (71)

where V3.5) =\/5 + 0203 2000; ¢ = +/5/200p, and the vari-
ance of mode 2 is given by

V- (5 +60%),/5+ 0%} o S(+a’p)
q — ) q — -
1000p 200p,/5+ 020}

(72)

The value of yp and V(3 5y are the same for any collaboration
in the (3,5) protocol.

State averaging ensues to balance the correlations of pp —
q» and gp — p,. Half of the unmeasured states are transformed
by Fp(—m/2), while the other half are transformed by
Fy(—m/2). After discarding the choice of division, the state
transforms as Eq. (62), where the covariance matrix becomes

V(3!5) 0 C 0
V//DA-{Lz 3} = 0 Yo 0 N ,
T c 0 VA;{I,2,3} 0
0 —c 0 Vai1,2,3)

(73)

for V23 = (Vq’ + Vp/)/2 with the definition in Eq. (72).
We note that the local cohereint terms vani§h after state
averaging because their sign in Fp(—m/2)pp 4 FLT)(—JT/Z) and
Fz(—n/Z),ébA FJ(—n/Z) are opposite.
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We again assume the measurement results come from a
Gaussian state with the same covariance matrix V), Ai{1.2.3)"
The variance of the dealer’s mode is recognized as V = V3 5),
and the analogous channel parameters can be deduced as t =
52/(‘/(%’5) — 1/4) =1 and)( = VA;{],2,3} — V(3,5).The minimal
secret-sharing rate can then be calculated by Egs. (48)—(51)
and (53).

2. Parties {1,3,4} collaboration
If parties {1,3,4} are the access structure, the strong
correlations are specified by the nullifiers
Np —2Ni + N3+ Nu = pp — 2p1 + 41) + (p3 — 243)
+ (Pa —244)
and Ny — N3 —Ns=dgp+ p1—(p3—§3)
— (Pa — Ga)
The quantum correlations can be transferred to mode 1 by the
{1,3,4} decoding sequence: (i) apply exp[—i(§; + p3 — §3)]
and exp[—i(§1 + ps — 4a4)1; (ii) followed by exp(i p; p3) and
exp(i p1 Pa); (iii) then exp(i2 ﬁf); (iv) finally F().
The covariance matrix of the state pp, between mode D
and mode 1 is given by

(74)

1 1
w00 g
0 5+020} 5
202 202
Vbay34 = 0 S5 st60t _5p2 (75)
202 202
1 2 143020}
ﬂ 0 —20 20_12)

After the parameter-estimation stage, local-squeezing is
applied as in Eq. (59) except mode 1 is now mode h. The
squeezing parameter in the current collaboration is

o o
vo = 2\f5+0%3; ylz,/ﬂm. (76)

The covariance matrix of the unmeasured states then becomes
V(3,5) 0 0 C

, . 0 V(3!5) C

DA;{1,3,4} 0 c Vq’ 0

c 0 OV[’,

, (77)

where ¢ = +/5/200p, and the variance of mode 1 is given by

4 2.2
_ S+60%),/5+0 O'D. _

q 1000p -

5(1 + 3020%)

200p,/5+ 020}

(78)

’ p

State averaging ensues to balance the correlations of pp —
g1 and gp — pi. The covariance matrix becomes

V(3,5) O C 0
P _ 0 V(3!5) 0 —C
DA{1,3,4} c 0 VA;{1,3,4} 0 ’
0 —C 0 VA;{],3y4}

(79)
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FIG. 5. Secret-sharing rate of CQ QSS protocols using CV
cluster states with different squeezing parameters o. The squeezing
parameter of dealer’s mode is set as op = o. (Left) (2,3) Protocol
for {2,3} collaboration (solid line) and {1,3} collaboration (dashed
line). (Right) (3,5) Protocol for {1,2,3} collaboration (solid line) and
{1,3,4} collaboration (dashed line).

where V(134 = (Vé + VI;)/Z with the definition in Eq. (78).
Similar to the {1,2,3} collaboration, the local coherent terms
are eliminated by state averaging.

After local § and p measurements, we again assume the
results come from a Gaussian state. The variance of the dealer’s
mode is recognized as V = V|3 5y, and the analogous channel
parameters can be deduced as T = &2/ (Vés) —1/4) =1 and
X = Vausg — Vas).

E. Results

The secret-sharing rate of the (2,3)- and (3,5)-CQ protocol
is plotted in Fig. 5 for different o. As in the CC case, secure
key can be distilled if the squeezing parameter is smaller than
a threshold limit, except in the {2,3} collaboration in (2,3)
protocol that the entanglement of the adversary structure is
completely removed. The threshold values are about o = 1
in the examples we consider. Disparity of secure key rate in
different collaborations is also observed in CQ protocols. The
secret-sharing rate is nonzero in some cases even wheno > 1.
As we have discussed in the CC case, a two-mode cluster state
is still entangled even if the initial state is not squeezed. The
entanglement between the dealer and party /& imposes strong
quantum correlations that can distill secure keys.

F. Simplification

In the above analysis of CQ protocols, we assume an
(n + 1)-mode cluster state has to be created and quantum
memory is available to store the delivered modes until all of the
states are received as well as an ideal quantum channel being
available between the access structure parties. Here we show
that these requirements can be relaxed without compromising
the security.

1. Mixed-state approach

Because the distributed modes are unaffected by any local
operation of the dealer, the state obtained by the parties is
the same regardless of whether mode D has been measured.
Therefore, instead of preparing an (n + 1)-mode cluster state
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| W) and measuring mode D afterwards, the dealer can simulate
the consequence of the measurement by distributing an n-
mode state that is the same as the measured |¥). Consider
that if the dealer intends to measure in the § basis, then the
dealer can instead prepare the pure state ({(s|,,)|W), where
|s)q, is @ gp eigenstate with the eigenvalue s. Similarly in
the p measurement rounds, the dealer can prepare ({s],,)|¥),
where |s),,, is the pp eigenstate with the eigenvalue s. Other
parties cannot distinguish the mixed state from |W) if s is
picked according to the probability distributions of dealer’s
measurement results on |W). The probability distributions are
imposed by the Wigner function in Eq. (45) as

2.2

Pyp(s) = / Wp(s,pp)dpp = %e*"”s ; (80)

X2
e o3 +N /o2

ﬁ,/ag+N/62'

In the simulated § measurement rounds, the infinitely
squeezed ({s|,,)|W) is characterized by the nullifiers

Py (s) = / Wolqps)dqn = 81)

[\A/iq = ﬁ; — ZA[jC?j — A;ps, (82)
JeN
wherei = 1, ...,n; A;p = 0if the mode i is not a neighbor of

mode D. The nullifier Niq is the same as N; except the operator
gp is replaced with the simulated measurement outcome s. In
the finitely squeezed case, the state can be characterized by the
Wigner function W, (q1,p1, . .. ,qn, Pn), Which is obtained by
tracing out pp and replacing all gp with s in the Wigner
function of |W). Because W, is the same as W, in Eq. (7)
with the nullifiers Niq, (s1g,)I¥) is a cluster-class state that
can be formed by displacing a finitely squeezed cluster state.
In the simulated p measurement rounds, the infinitely
squeezed ({s,,)|¥) is characterized by the nullifiers

Nf=ZAjDC?j—S;N,-p=Ni—1\7i—1, (83)
JeN
where j =2,...,n. In the finitely squeezed case, the

state can be characterized by the Wigner function
Wy, (q1,P1, - .. ,qn,Pn), Which is obtained by tracing out gp
and replacing all pp by s in the Wigner function of |W).
However, unlike W,,, W, is not necessarily representable by
the form of W, with the nullifiers Nf ; therefore, ({s|,,)|¥)
is generally not a cluster-class state. Nevertheless, ({s|,,)|¥)
is a Gaussian state that can be efficiently prepared by offline

squeezed states and linear optical elements [20].

2. Classical memory

When estimating the secret-sharing rate, we need the
delivered modes to be rectified so the covariance matrix is in
the standard form. The modes are stored in quantum memories
until the covariance matrix is constructed from parameter
estimation. Here we show that the measurement probability
distribution of the transformed state 4" can be obtained by
first measuring the original state p and then subjecting the
measurement results to classical manipulations. Therefore,
the delivered modes can be measured before the parameter-

estimation stage; quantum memory is thus not necessary.
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The rectifying process involves two stages: local squeezing

and state averaging. After state averaging, p” becomes a mix-

ture of Fp(—m/2)p Fl(—m/2) and Ey(—m/2)p Ef (=7 /2).
By definition, the Wigner function of p”, W” can be written

as the sum of the Wigner function of p’, W’ as

W"(qp.pp-gn.pr) = W' (Pp. — 4D-qh. P1)
+3W qp.pp.pr. — qn).  (84)

Consider that the dealer measures p” in §p and party h
measures in §,; the probability of obtaining measurement
outcomes y; and y», Py . (y1,y2), is given by

PI;IDJ[h(ylvyZ):fW//(ylva7y2’ph)ddeph
1 /
= E/W(pD’ = Y1,¥2, pr)dppdpy,
1
+§/.W’(Y1,P07Ph, — »2)dppdpy

1 / 1 /
= EIPI’I)&]/,(_yl’yZ) + Elpﬂh)qm(yl’ - y2)’
(85)

where the last equality involves renaming of variables; P,
is the joint {p,%;} measurement probability of §’. Similarly,
the probability of another strongly correlated measurement,

{Pp,Pn}, can be expressed as

P 1Y) =3P, (vi.y) 4+ 3P, (.y2). (86)

These two relations indicate that the measurement proba-
bility distributions after state averaging are not different from
mixing some measurement probability distributions before
state averaging. Consider that the dealer and party 4 randomly
measure /' in X and p bases. Half of the {Gp, p,} outcomes and
half of the {pp,§;} outcomes are picked to mimic the {Gp,§}
measurement of p”. For the {§p, p;} half, all the p;, outcomes
are multiplied by —1 and then regarded as §;, outcomes; for
the {pp,gn} half, all the pp outcomes are multiplied by —1
and then regarded as gp outcomes. After mixing the two sets
of data, the probability P™ of getting y;,y is given by

P 1.y2) = 3P 0 (=19 + 3Py, (i — y2), (87

which is the same as Eq. (85). The {pp,p,} measurement
probability of 5” can be mimicked by similar procedures.

In the local-squeezing stage, the dealer and party 4 apply
local squeezing operations, S’D(yD) and S‘h(yh), to balance
the variance of mode D and the coherent terms. The Wigner
function of the state p transforms as

W(qp.pp.qn,Pr) = W' (qp.PD.qn.P1)

q q
= W<—D,J/DPD7_th/hph>- (88)
YD Vh
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Consider that p’ is measured in §p and pj, bases; the
probability of obtaining the outcomes y;,y; is given by

Pao.pn1,32) = Py (91,32)
V1
= /W( ,YDPD,— 7Vh)’2>dPDdCIh
YD Vh
Vh V1
= —P ,1(—,”), (89)
YD b YD hr

where P is the probability distribution when measuring p.
Similarly, the probability distribution of pp and §, measure-
ment transforms as

Pop.ar(V1,y2) = y_DPPDJih <VDYIa2) . (90)
Yh Vh

Measurement results of {Gp,g§,} and { pp, p,} are sifted as they
are merely weakly correlated.

In fact, physically squeezing the state is not necessary
because the transformations in Eqs. (89) and (90) can be
conducted by classically scaling the measurement results.
Consider that every ¢; measurement result is scaled by
1/y;, and every p; measurement result is scaled by y;. The
old probability, P, of a § measurement result lying in the
range [y,y + dy] is equal to the new probability, P°, of a
scaled result in the range of [yy,yy + ydy]. Thus, we have
the relation P(y)dy = P'(yy)ydy for § measurement, and
similarly P(y)dy = P'(y/y)dy/y for p measurement. By
eliminating common factors and redefining variables, we get

N1 .
QD Ph(yl y2) - Yo Pﬂ]u Dh <V_Dsyhy2> s
91

X YD Y2
P;DJM 132 = ZPPDJM (J’D)’hﬁ) .

The above resultant probability distributions are the same as
in Egs. (89) and (90).

3. Local measurement

We have assumed the access structure parties have for-
warded their modes to a single party for global operations.
Here we show that the measurement results of the dealer and
access structure remains strongly correlated even if the access
structure conducts local measurements only.

Recall that the strong correlation is represented by the
nullifiers pp — QA and gp — PA Because they are linear
combinations of standard nullifiers, both the operators Q4
and 13A are sums of local operators; i.e.,

Q4= Zk?
J

where k;? and k;’ are real coefficients; A;I;I and M j” are rotated
quadrature operators of mode j. After discussing through
secure classical channels to decide the measurement basis to
be Q4 or P4, the dealer and authorized parties homodyne
detect their modes according to the basis M;’ or M j” . The
measurement results are then shared in the access structure
through secure classical channels.

Without loss of generality, we consider that the access
structure has chosen to measure Q 4. The measurement result

4. b __ P yyP
Mj,PA_ijMj, (92)
J
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Q4 is a linear combination of local measurement results
M;?, ie,Qa=>" k? M;?. The strong correlation is observed
from the joint probability distribution of pp and Q 4, which
we show is the same as the joint probability distribution of
pp and g;. Consider that the Wigner function of the state
of the dealer and the access structure, Wp(qp,pp.q4,P4),
where g4 and p, are the quadrature variables of the access
structure, is obtained by tracing out the unauthorized parties’
contributions in W, in Eq. (7). When rewritten in terms of the
new variables M7 = {M?} and *M9 = {*MJq.}, the Wigner
function becomes

Wpa(@p,Pp.qa.pa) = Wpulgp,pp.M4,«M?), (93)

where *M¢{ is the complementary variable of M?; i.e., the
corresponding operators satisfy [M;], * M?] = i. The choice
of {*M?} is not unique, but we can pick the set of which P, is
a linear combination.

We construct another set of variables Q=
{QA,07,...,0,) and P ={Py,P,...,P,}, where Q
(P) involves linear combinations of {M]q.} ({*M;.I}) only;
and the corresponding operators obey the commutation
relations [Qj,ﬁz] = i(Sﬂ, [Q_,‘,Q[] =0, and [ﬁj,ﬁ]] =0.
Such a construction of variables is possible as there exists
unitary operators that transform M’ o Q and *M? to P,
while preserving the commutation relations. In terms of Q
and P, the Wigner function can be further rewritten as

W/DA(qDprqu’*Mq)E WgA(qupDr QvP) (94)

The local measurement results follow a classical probability
distribution Pj,,, which is obtained by tracing out the
complementary components, i.e.,

PgA(PD,Mq)=/.W1/)Ad‘1de(*M61])

= f W) dgpd™ P, (95)

where the last equality is imposed because P is a linear
combination of #M? only. The probability distribution of Q 4
is obtained by tracing out the other independent variables in
Phasie.,

Poa(pp.04) = / Py d0:d0;.... (96)

On the other hand, consider that the access structure
parties’ modes are transferred to party 4. The strong quantum
correlation is transferred to mode / by applying a global
operation, U 4, which transforms Q A= U A Q A Ul = g, and
13A U A ﬁA Ul A= = pp. Other operators are transformed as
Q; — 9; and P; — %,. Using the definition in Egs. (93)
and (94), the W1gner function becomes

WDA(QD»PDstP) g WDA(qupD9qhsphvy1z)a (97)

where y = (y2, ...,ym)! and z = (22, ...,2m)" . Because Qj
and P commute with both Q 4 and PA, the transformed
operators $; and Z; do not contain any attributes of mode
h. The joint probability distribution of pp and g, is obtained
from the Wigner function after tracing out the modes other
than mode D and 4, as well as the complementary variables
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gp and py;ie.,

Poa(podn) = / Wi dapdpad™ yd" 'z (98)

The probability distribution in Egs. (96) and (98) are
deduced by different procedures. The former one is deduced by
first obtaining the classical probability distribution of all local
measurements and then extracting the probability distribution
of the classical variable Q 4; the latter one is deduced by first
achieving the Wigner function of the transformed quantum
state, and then obtaining the measurement probability of the
operator §,. However, Egs. (96) and (98) are mathematically
equivalent because their overall derivations are the same:
tracing out all quadrature variables in the Wigner function
except those specifying the strong correlation. Similar analysis
can be applied to the correlation between gp and P4. As a
result, the access structure can obtain the same covariance
matrix as we have discussed previously. Hence, the secret-
sharing rate remains unchanged even if the access structure’s
modes are measured locally.

4. Simplified CQ protocol

Incorporating the above ideas, the CQ protocol can be
simplified as follows: An (n + 1) cluster state or an n-mode
mixed state is prepared by the dealer and delivered. Parties
in the access structure have agreed on the measurement basis
in each round; local measurements are conducted on each
received mode. The classical measurement results are shared
among the access structure through secure classical channels.
Both the dealer and the access structure announce half of the
results to estimate the covariance matrix, while the other half
is scaled and mixed so the covariance matrix is in the standard
form. The variance and the analogous channel parameters
are then recognized for calculating the secret-sharing rate.
Finally, a secure key is distilled from the strongly correlated
measurement results, the key is then used for sharing classical
secrets.

We end this section with two comments. First, although
the quantum channels for delivering cluster states are assumed
to be ideal, we believe a modified version of our protocol
would allow CQ QSS with realistic (lossy and noisy) channels.
The covariance matrix of the delivered modes can still be
obtained by parameter estimation, and subsequent classical
manipulations can always turn the measurement results to obey
the standard covariance matrix.

Second, in all the examples we have investigated, the
entanglement with the unauthorized parties’ modes only add
noise to the access structure parties’ modes, but the analogous
transmittance is retained as 1. This result is surprising in
the scenario of CV-QKD, because imperfection is always
simulated by adding noise into a beam splitter which reduces
transmittance. We believe this phenomenon originates from
the distinctive entanglement structure in the resource states
between CQ QSS (a cluster state) and CV-QKD (an EPR state).

V. QQ QUANTUM SECRET SHARING

In the QQ setting of QSS, the dealer shares a secret quantum
state among parties by delivering a multipartite entangled state.
The channels connecting the dealer and the parties can be
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insecure, so the unauthorized parties can manipulate all the
delivered states. In an ideal QQ protocol, the access structure
can recover the secret state with perfect fidelity, while the
unauthorized parties cannot get any information about the state
due to the quantum no-cloning theorem [40].

Our QQ QSS scheme is a generalization of the CQ
protocol. The dealer prepares an (n 4+ 1) mode cluster state,
of which n modes are distributed to the parties while one
is kept by the dealer. After forming the collaborations, the
access structure parties forward their modes to party i. We
assume the parties are connected by secure quantum channels,
so the access structure can combine their modes without
being eavesdropped. A global operation is applied to extract
a strongly entangled state between mode D and a single
mode /.

For an infinitely squeezed QQ cluster state, the strong
correlation between the dealer and the access structure is
represented by the nullifiers pp — Q 4 and gp — P,. After
all modes are gathered in party &, an operation Uy is applied
to transfer the quantum correlation to mode 4, i.e., Q4 —
UAQAUZ = g, and Py — UsP,U', = p,. We note that both
the nullifiers, Q 4 and ﬁA, and the operation U 4 are the same
as that in the corresponding CQ protocol in Sec. I'V.

The transformed nullifiers, pp — g, and §p — py, indicate
that the dealer and party & are sharing an infinitely squeezed
two-mode cluster state, which is a CV maximally entangled
state (for infinite energy). By jointly measuring the secret state
and the two-mode cluster, the dealer can teleport the secret
state to mode h. After appropriate error correction according
to the dealer’s measurement results, party & can revert the
secret state with perfect fidelity.

In the finitely squeezing case, party i conducts the same U4
to transform the strong correlation to mode /. However, mode
D and mode & are not maximally entangled, because their state
is finitely squeezed and is weakly entangled to other modes.
Conducting teleportation using the nonmaximal entanglement
will reduce the fidelity of the teleported state. The inaccurately
shared secret state may indicate a reduction of security of the
QQ QSS, because some information about the secret state
would be leaked through the measurement results announced
by the dealer, and through the states held by the adversary
structure that are weakly entangled with the teleported state.

Instead of conducting teleportation after each round of QQ
QSS, we consider that the extracted state is stored in quantum
memories. After rounds of the QQ protocol, a more entangled
state can be distilled from the stored extracted states through
CV entanglement distillation [41-45]. Although distilling a
maximally entangled CV state is impossible due to the infinite
required energy, the enrichment of entanglement can enhance
the fidelity of the teleportation.

The amount of entanglement of the distilled state is
determined by that of each extracted state, as well as the
number of extracted states accumulated in the quantum
memory. We quantify the amount of entanglement by the
logarithmic negativity [E [46], which is the upper bound of
the distillable entanglement. The logarithmic negativity of a
state p is defined as

E(p) = log||p"™ |1, (99)
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where the superscript T4 denotes a partial transpose of the
density matrix; || - ||; is the trace norm. If p is a two-mode
Gaussian state with a covariance matrix V, the logarithmic
negativity can be calculated as

E(p) =Y _ F(W), (100)

k

where F(x) = —log(2x)ifx < 1/2~, and F(x) = 0ifx > 1/2;
{7x} is the symplectic spectrum of V, which is defined as [47]

Vz(; 0)(0 g).

The covariance matrix V can be obtained by randomly
measuring some of the stored states in either § or p.

Because logarithmic negativity is additive [46], at least
E/E extracted states with logarithmic negativity EE is required
to distill a two-mode squeezed vacuum state with logarithmic
negativity Eg. In this section, we demonstrate the procedure
of extraction, and calculate the logarithmic negativity of
the extracted state in each round of the (2,3) and the (3,5)
protocols.

We note that logarithmic negativity is additive but not
strongly superadditive [37], so the amount of entanglement
may be overestimated if the access structure’s modes in
different rounds are entangled [48], i.e., when the unauthorized
parties conduct coherent attacks on the delivered modes. In
that case, the amount of entanglement should be characterized
by other strongly superadditive entanglement measures, such
as distillable entanglement and squashed entanglement [37].
However, logarithmic negativity is applicable in the current
case because of our assumption of ideal quantum channels,
so the access structure is expected to get the same states as
prepared by the dealer. The adversary structure parties only
get information about the shared secret through their modes
obtained in each round, which is effectively a collective attack.

(101)

A. Example 1 of QQ quantum secret sharing: (2,3) protocol

In the (2,3)-QQ protocol, any two of the three participating
parties can recover the shared secret state with high fidelity,
while any one party achieves much less information about
the secret. This protocol can be implemented by the same
diamond-shaped CV cluster state as that for the (2,3)-CQ
protocol in Sec. IV C. In the infinitely squeezing case, the
nullifiers are given by Eq. (54), and these nullifiers with Eq. (7)
characterize the finitely squeezed cluster state.

Three different collaborations can be formed: parties 1 and
2, parties 1 and 3, and parties 2 and 3. The entanglement
structure of the state of {1,2} collaboration is the same as that
of {1,3} collaboration, as their states are equivalent up to a
local unitary. As a result, the entanglement extracted between
the dealer and parties {1,2} is the same as that between the
dealer and parties {1,3}.

For the {1,2} collaboration, the quantum correlation can
be transferred to mode 2 by the {1,2} decoding sequence in
Sec IV CI. In the infinitely squeezing case, the nullifiers in
Eq. (55), which specifies the strong correlation, is transformed
to pp — ¢» and gp — pP>. An infinitely squeezed two-mode
cluster is hence extracted for teleportation. In the finitely
squeezing case, the {1,2} decoding sequence also transfers
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the strong correlation to party 2. The covariance matrix of
the extracted state between mode D and mode 2 is given by
V pa1.2) in Eq. (56).

For the {2,3} collaboration, the quantum correlation, which
is specified by the nullifiers in Eq. (64), can be transferred to
party 2 by applying a 50:50 beam splitter between modes 2 and
mode 3. Aninfinitely squeezed two-mode cluster state between
mode D and mode 2 is extracted in the infinitely squeezing
case. While in the finitely squeezing case, a strongly entangled
state is extracted with the covariance matrix V pa.p 3 in
Eq. (56).

B. Example 2 of QQ quantum secret sharing: (3,5) protocol

In the (3,5)-QQ protocol, any three of the five participating
parties can recover the shared secret state with high fidelity,
while fewer than three parties achieve much less information
about the secret. This protocol can be implemented by the
same pentagonal CV cluster state as used for the (3,5)-CQ
protocol in Sec. IVD. In the infinitely squeezing case, the
nullifiers is given by Eq. (67), and these nullifiers with Eq. (7)
characterize the finitely squeezed cluster state. Two categories
of collaborations can be formed: three neighboring parties, and
two neighbors with one disjoint party. Within each category,
the procedure of decoding and the final entanglement extracted
are the same for each collaboration.

Take the parties {1,2,3} as an example of the three
neighboring parties collaboration. The quantum correlation
can be transferred to party 2 by the {1,2,3} decoding sequence
in Sec IV D1. In the infinitely squeezing case, the nullifiers in
Eq. (68) that specify the strong correlation are transformed
to pp —§» and §gp — p». This indicates that an infinitely
squeezed two-mode cluster is extracted in mode D and mode 2.
While in the finitely squeezing case, the sequence of operations
extracts a strongly entangled state with the covariance matrix
VDA;[1,2,3] in Eq. (69)

On the other hand, parties {1,3,4} is an example of
collaboration that constitutes two neighbors and one disjoint
party. The quantum correlations can be transferred to party 1 by
the {1,3,4} decoding sequence in Sec IV D2. In the infinitely
squeezing case, an infinitely squeezed two-mode cluster is
extracted in mode D and mode 1, because the nullifiers in
Eq. (74) that specify the strong correlation is transformed to
Pp — ¢1 and gp — p;. While in the finitely squeezing case, a
strongly entangled state is extracted, and its covariance matrix
is given by V pa.(1,3.4 in Eq. (75).

The logarithmic negativity of the extracted state for dif-
ferent collaborations in the (2,3) and the (3,5) protocols is
calculated using Eq. (100) with the corresponding covariance
matrices. The result is plotted in Fig. 6 against different
squeezing parameters.

VI. CONCLUSION

In this work, we extended the unified cluster-state quantum
secret-sharing framework proposed in [10,16] into the CV
regime. We proposed that all three tasks of quantum secret
sharing can be implemented by CV cluster states. Although a
QQ protocol can be used to conduct CC and CQ, simplifica-
tions in the later two scenarios can reduce the requirement of
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log negativity

0.1

FIG. 6. Logarithmic negativity of the state extracted from a
CV cluster state in QQ QSS. (Left) (2,3) Protocol for {2,3}
collaboration (solid line) and {1,3} collaboration (dashed line).
(Right) (3,5) Protocol for {1,2,3} collaboration (solid line) and
{1.3,4} collaboration (dashed line).

resources. For a CC protocol involving n parties, only n-mode
cluster states are needed, and the states can be measured
once received. A CQ protocol requires either a mixture of
two n-mode Gaussian states or an (n + 1)-mode cluster state.
The states can be locally measured once it is received. A QQ
protocol requires (n 4+ 1)-mode cluster states. The states have
to be transferred to one party and accumulated in quantum
memories for entanglement distillation.

Contrary to discrete-variable systems, where no known
physical principle hinders the creation of a maximally entan-
gled state, the creation of a maximally entangled CV state
requires infinite energy and is thus not practical. Finitely
squeezed states are realistic substitutes for the maximally
entangled resources, but the nonmaximal entanglement would
leak information about the shared secret to the unauthorized
parties. We proposed computable measures to account for the
security of each of the three tasks of quantum secret sharing.
The secret-sharing rate of a CC protocol is the difference
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between the mutual information between the dealer and the
access structure, and the adversary structure’s information that
is capped by the Holevo bound. The secret-sharing rate of a
CQ protocol can be computed by the secure key rate of the
analogous QKD protocol. The performance of a QQ protocol
can be determined by the amount of extracted entanglement
between the dealer and the access structure.

Although we have analyzed only the (2,3) and the (3,5)
protocols that are both threshold protocols [4], our technique
is applicable to nonthreshold protocols because the security
analysis involves only the variance of measurement results of
the dealer and the access structure. The security of general
CV CQ and QQ protocols can also be analyzed using our
techniques, i.e., transferring the strong correlation to mode &
and then computing the covariance matrix between mode D
and mode £, even if the resource state is not a CV cluster state.

Our work shows that quantum secret sharing is feasible
with finitely squeezed CV resources. Since a finitely squeezed
cluster state can be deterministically constructed using only
offline squeezers and linear optics, which are practically
available resources in current technology, we believe CV
quantum secret sharing can be implemented in the near
future. An important remaining question is to determine if the
performance of quantum secret sharing is seriously worsened
under the presence of environmental and apparatus noise. As
we borrow the security analysis techniques from QKD, which
works well in noisy circumstances, it is likely that realistic
performance of quantum secret sharing can be analyzed using
the formalisms presented in this work.

ACKNOWLEDGMENTS

We thank Hoi-Kwong Lo and Barry Sanders for useful
discussions. This work is supported by the Kwok Sau Po
Scholarship, the E. F. Burton Fellowship in Physics, the
NSERC, and the Canada Research Chairs program.

[1] G. R. Blakley, in Proceedings of the National Computer
Conference, 1979 (AFIPS, 1979), pp. 313-317.

[2] A. Shamir, Commun. ACM 22, 612 (1979).

[3] M. Hillery, V. Buzek, and A. Berthiaume, Phys. Rev. A §9, 1829
(1999).

[4] R. Cleve, D. Gottesman, and H.-K. Lo, Phys. Rev. Lett. 83, 648
(1999).

[5] D. Gottesman, Phys. Rev. A 61, 042311 (2000).

[6] T. Tyc and B. C. Sanders, Phys. Rev. A 65, 042310 (2002).

[7] W. Tittel, H. Zbinden, and N. Gisin, Phys. Rev. A 63, 042301
(2001).

[8] Y. A. Chen, A. N. Zhang, Z. Zhao, X. Q. Zhou, C. Y. Lu,
C.Z. Peng, T. Yang, and J. W. Pan, Phys. Rev. Lett. 95, 200502
(2005).

[9] A. M. Lance, T. Symul, W. P. Bowen, B. C. Sanders, and P. K.
Lam, Phys. Rev. Lett. 92, 177903 (2004).

[10] D. Markham and B. C. Sanders, Phys. Rev. A 78, 042309
(2008).

[11] R. Raussendorf and H. J. Briegel, Phys. Rev. Lett. 86, 5188
(2001).

[12] R. Raussendorf, D. E. Browne, and H. J. Briegel, Phys. Rev. A
68, 022312 (2003).

[13] M. A. Nielsen, Phys. Rev. Lett. 93, 040503 (2004).

[14] D. E. Browne and T. Rudolph, Phys. Rev. Lett. 95, 010501
(2005).

[15] L. M. Duan and R. Raussendorf, Phys. Rev. Lett. 95, 080503
(2005).

[16] A. Keet, B. Fortescue, D. Markham, and B. C. Sanders, Phys.
Rev. A 82, 062315 (2010).

[17] N. C. Menicucci, P. vanLoock, M. Gu, C. Weedbrook, T. C.
Ralph, and M. A. Nielsen, Phys. Rev. Lett. 97, 110501 (2006).

[18] C. Weedbrook et al., Rev. Mod. Phys. 84, 621 (2012).

[19] J. Zhang and S. L. Braunstein, Phys. Rev. A 73, 032318
(2006).

[20] P. van Loock, C. Weedbrook, and M. Gu, Phys. Rev. A 76,
032321 (2007).

[21] N. C. Menicucci, S. T. Flammia, H. Zaidi, and O. Pfister, Phys.
Rev. A 76, 010302 (2007).

[22] N. C. Menicucci, S. T. Flammia, and O. Pfister, Phys. Rev. Lett.
101, 130501 (2008).

042313-17


http://dx.doi.org/10.1145/359168.359176
http://dx.doi.org/10.1103/PhysRevA.59.1829
http://dx.doi.org/10.1103/PhysRevA.59.1829
http://dx.doi.org/10.1103/PhysRevLett.83.648
http://dx.doi.org/10.1103/PhysRevLett.83.648
http://dx.doi.org/10.1103/PhysRevA.61.042311
http://dx.doi.org/10.1103/PhysRevA.65.042310
http://dx.doi.org/10.1103/PhysRevA.63.042301
http://dx.doi.org/10.1103/PhysRevA.63.042301
http://dx.doi.org/10.1103/PhysRevLett.95.200502
http://dx.doi.org/10.1103/PhysRevLett.95.200502
http://dx.doi.org/10.1103/PhysRevLett.92.177903
http://dx.doi.org/10.1103/PhysRevA.78.042309
http://dx.doi.org/10.1103/PhysRevA.78.042309
http://dx.doi.org/10.1103/PhysRevLett.86.5188
http://dx.doi.org/10.1103/PhysRevLett.86.5188
http://dx.doi.org/10.1103/PhysRevA.68.022312
http://dx.doi.org/10.1103/PhysRevA.68.022312
http://dx.doi.org/10.1103/PhysRevLett.93.040503
http://dx.doi.org/10.1103/PhysRevLett.95.010501
http://dx.doi.org/10.1103/PhysRevLett.95.010501
http://dx.doi.org/10.1103/PhysRevLett.95.080503
http://dx.doi.org/10.1103/PhysRevLett.95.080503
http://dx.doi.org/10.1103/PhysRevA.82.062315
http://dx.doi.org/10.1103/PhysRevA.82.062315
http://dx.doi.org/10.1103/PhysRevLett.97.110501
http://dx.doi.org/10.1103/RevModPhys.84.621
http://dx.doi.org/10.1103/PhysRevA.73.032318
http://dx.doi.org/10.1103/PhysRevA.73.032318
http://dx.doi.org/10.1103/PhysRevA.76.032321
http://dx.doi.org/10.1103/PhysRevA.76.032321
http://dx.doi.org/10.1103/PhysRevA.76.010302
http://dx.doi.org/10.1103/PhysRevA.76.010302
http://dx.doi.org/10.1103/PhysRevLett.101.130501
http://dx.doi.org/10.1103/PhysRevLett.101.130501

HOI-KWAN LAU AND CHRISTIAN WEEDBROOK

[23] S. T. Flammia, N. C. Menicucci, and O. Pfister, J. Phys. B: At.
Mol. Opt. Phys. 42, 114009 (2009).

[24] N. C. Menicucci, X. Ma, and T. C. Ralph, Phys. Rev. Lett. 104,
250503 (2010).

[25] X. Su, A. Tan, X. Jia, J. Zhang, C. Xie, and K. Peng, Phys. Rev.
Lett. 98, 070502 (2007).

[26] M. Yukawa, R. Ukai, P. van Loock, and A. Furusawa, Phys. Rev.
A 78, 012301 (2008).

[27] D. Gottesman, Ph.D. thesis, California Institute of Technology,
1997.

[28] M. Gu, C. Weedbrook, N. C. Menicucci, T. C. Ralph, and P. van
Loock, Phys. Rev. A 79, 062318 (2009).

[29] S. Lloyd and S. L. Braunstein, Phys. Rev. Lett. 82, 1784 (1999).

[30] M. A. Nielsen and I. L. Chuang, Quantum Computation and
Quantum Information (Cambridge University Press, Cambridge,
UK, 2000).

[31] A. S. Holevo, Probl. Inf. Transm. 9, 3 (1973).

[32] G. V. Assche, J. Cardinal, and N. J. Cerf, IEEE Trans. Inf. Theory
50, 394 (2004).

[33] A. Papoulis, Probability, Random Variables, and Stochastic
Processes (McGraw-Hill, New York, 1965).

[34] In this paper, we refer to “maximally entangled” as an entangled
state originating from two infinitely squeezed modes.

[35] R. Garcia-Patron, Ph.D. thesis, Université Libre de Bruxelles,
2007.

PHYSICAL REVIEW A 88, 042313 (2013)

[36] R. Garcia-Patrén and N. J. Cerf, Phys. Rev. Lett. 97, 190503
(20006).

[37] M. M. Wolf, G. Giedke, and J. I. Cirac, Phys. Rev. Lett. 96,
080502 (2006).

[38] J. Eisert, S. Scheel, and M. B. Plenio, Phys. Rev. Lett. 89, 137903
(2002).

[39] J. Fiurdsek, Phys. Rev. Lett. 89, 137904 (2002).

[40] V. Scarani, S. Iblisdir, N. Gisin, and A. Acin, Rev. Mod. Phys.
77, 1225 (2005).

[41] J. Fiurasek, L. Mista, and R. Filip, Phys. Rev. A 67, 022304
(2003).

[42] D. E. Browne, J. Eisert, S. Scheel, and M. B. Plenio, Phys. Rev.
A 67, 062320 (2003).

[43] J. Eisert, D. E. Browne, S. Scheel, and M. B. Plenio, Ann. Phys.
311, 431 (2004).

[44] D. Menzies and N. Korolkova, Phys. Rev. A 76, 062310
(2007).

[45] T. C. Ralph, and A. P. Lund, in Proceedings of the 9th Interna-
tional Conference on Quantum Communication Measurement
and Computing, edited by A. Lvovsky (AIP, New York, 2009),
p. 155.

[46] G. Vidal and R. F. Werner, Phys. Rev. A 65, 032314 (2002).

[47] S. L. Braunstein and P. van Loock, Rev. Mod. Phys. 77, 513
(2005).

[48] M. B. Plenio and S. Virmani, Quantum Inf. Comput. 7, 1 (2007).

042313-18


http://dx.doi.org/10.1088/0953-4075/42/11/114009
http://dx.doi.org/10.1088/0953-4075/42/11/114009
http://dx.doi.org/10.1103/PhysRevLett.104.250503
http://dx.doi.org/10.1103/PhysRevLett.104.250503
http://dx.doi.org/10.1103/PhysRevLett.98.070502
http://dx.doi.org/10.1103/PhysRevLett.98.070502
http://dx.doi.org/10.1103/PhysRevA.78.012301
http://dx.doi.org/10.1103/PhysRevA.78.012301
http://dx.doi.org/10.1103/PhysRevA.79.062318
http://dx.doi.org/10.1103/PhysRevLett.82.1784
http://dx.doi.org/10.1109/TIT.2003.822618
http://dx.doi.org/10.1109/TIT.2003.822618
http://dx.doi.org/10.1103/PhysRevLett.97.190503
http://dx.doi.org/10.1103/PhysRevLett.97.190503
http://dx.doi.org/10.1103/PhysRevLett.96.080502
http://dx.doi.org/10.1103/PhysRevLett.96.080502
http://dx.doi.org/10.1103/PhysRevLett.89.137903
http://dx.doi.org/10.1103/PhysRevLett.89.137903
http://dx.doi.org/10.1103/PhysRevLett.89.137904
http://dx.doi.org/10.1103/RevModPhys.77.1225
http://dx.doi.org/10.1103/RevModPhys.77.1225
http://dx.doi.org/10.1103/PhysRevA.67.022304
http://dx.doi.org/10.1103/PhysRevA.67.022304
http://dx.doi.org/10.1103/PhysRevA.67.062320
http://dx.doi.org/10.1103/PhysRevA.67.062320
http://dx.doi.org/10.1016/j.aop.2003.12.008
http://dx.doi.org/10.1016/j.aop.2003.12.008
http://dx.doi.org/10.1103/PhysRevA.76.062310
http://dx.doi.org/10.1103/PhysRevA.76.062310
http://dx.doi.org/10.1103/PhysRevA.65.032314
http://dx.doi.org/10.1103/RevModPhys.77.513
http://dx.doi.org/10.1103/RevModPhys.77.513



