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Genuine multipartite correlations distribution in the criticality of the Lipkin-Meshkov-Glick model
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Correlations play a key role in critical phenomena. Quantities such as the entanglement entropy, for instance,
provide key insights into the mechanisms underlying quantum criticality. Almost all of our present knowledge,
however, is restricted to bipartite correlations. Some questions still remain unanswered, such as: What parcel of
the total correlations are genuinely k-partite? With the goal of shedding light on this difficult question, in this
paper we put forth a detailed study of the behavior of genuine multipartite correlations (GMC) of arbitrary orders
in the Lipkin-Meshkov-Glick model. We find that GMC of all orders serve to signal the second order quantum
phase transition presented in the model. Applying finite-size scaling methods, we also find the critical exponents
for some orders of correlations.
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I. INTRODUCTION

Phase transitions emerge from the complex correlations
developed between the microscopic constituents. Understand-
ing and characterizing these correlations has, therefore, al-
ways been a central problem in statistical physics. This is
particularly more so for quantum phase transitions, for which
one may employ concepts from quantum information theory.
For example, the divergence of the entanglement entropy as
one crosses the critical point is related to the underlying
conformal theory that dictates the universal properties of a
quantum phase transition [1]. This has led to several studies
aimed at characterizing entanglement in a variety of different
critical systems [2–6], including the first direct experimental
measurement of the entanglement entropy in a superfluid [7].

Most of our present knowledge on this subject, how-
ever, is restricted to bipartite correlations. The extension to
a multipartite scenario is highly nontrivial, for two main
reasons. The first is related to the factorial large number of
partitions that one can divide a system comprised of N parties,
making the problem difficult to analyze. The second is related
to the difficulties in constructing measures of genuine multi-
partite correlations (GMC) [8]. In a system with N parts, a
genuine correlation of order k � N represents the total
amount of correlations that cannot be obtained from clusters
of size smaller than k.

Hence, GMC should be able to quantify what part of the
total correlations is distributed between clusters of different
sizes. This has applications in, e.g., dimerization in aperiodic
spin chains [9] or the formation of strings in the Fermi-
Hubbard model [10]. GMC can therefore be a valuable tool
in our understanding of quantum criticality.

*lourenco.antonio.c@gmail.com

The characterization of multipartite correlations in quan-
tum critical systems has thus far focused almost exclusively
in multipartite entanglement, which has been explored in a
variety of models [1,11–14]. The current available measures
of multipartite entanglement, however, are either ill defined or
too complex to be computed [15] (for a review on approaches
to characterize multipartite entanglement in many-body sys-
tems, see Ref. [16]). For this reason, such studies still remain
scarce.

More recently, Girolami et al. have put forth a formalism
for computing GMC which relies only on knowledge of the
quantum relative entropy (Kullback-Leibler divergence) [17].
The formalism accounts for both quantum and classical cor-
relations and is based on general distance-based concepts,
formalized in Ref. [18], thus making it much more tractable.
This framework has since been applied to GHZ [19] as well
as Dicke states [20].

In this work, we calculate genuine k-partite correlations in
the ground state of the Lipkin-Meshkov-Glick (LMG) model
by the framework presented in Ref. [17]. Also, we show
how is the distribution of correlations for a system of many
particles and that these correlations signal the already known
second order quantum phase transition (QPT). In addition, we
use a method of finite-size scaling (FSS) to find the critical
exponent of some orders k of correlations with emphasis on
the total correlation, the bipartite correlation, and the tripartite
correlation.

This work is organized as follows: In Sec. II is presented
the materials and methods, where we introduce the measures
used to calculate the genuine k-partite correlations, the LMG
model, its QPT, and the FSS theory. The analysis of the
genuine k-partite correlations, the verification that all orders
of k signal the second order QPT, and the achievement of
the critical exponents via FSS for total correlation, bipar-
tite correlation, and tripartite correlation, are presented in
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Sec. III. Finally, the conclusions and perspectives are left for
Sec. IV.

II. MATERIALS AND METHODS

A. Measures of genuine k-partite correlations

Consider an N-partite system described by the density ma-
trix ρN ∈ D(HN = H[1] ⊗ . . . ⊗ H[N] ), where each partition
ρ j = trN/ j (ρN ) is the state of the subsystem j, where trN/ j

indicates the trace over all partitions except j, such that ρ j ∈
D(H[ j] ). It is important to emphasize that each partitioning
H[ j] can also be a multipartite system, indeed the number of
subpartitions in each subsystem will be useful to define the
genuine correlations. Now, let us consider that the system has
m partitions {Hk j }m

j=1
and k j denotes the number of partitions

in each subsystem

Skj = {
S[1], . . . , S[k j ]

}
, k j � k, (1)

such that
∑m

j=1 k j = N . In our case each S[i] is a qubit system.
One can define the set of genuine uncorrelated states for a

given order higher than k. In this way, it is possible to define
a specific partitioning considering an integer number 2 �
k � N and the coarse grained partitioning {Hk1 ⊗ . . . ⊗ Hkm},
where each cluster Hk j includes at most k subsystems [17].

Definition 1 (k-partite genuine product states). It is de-
fined a set of states that has up to k subsystems as

Pk :=
⎧⎨
⎩σN =

m⊗
j=1

σk j ,

m∑
j=1

k j = N, k = max{k j}
⎫⎬
⎭, (2)

where σk j is a subsystem of k j particles, this set contains all
the sets Pk′ with k′ < k, such that P1 ⊂ P2... ⊂ PN−1 ⊂ PN .

In order to calculate the GMC of order higher than k, it is
used the relative entropy as a pseudodistance

Sk→N (ρN ) = min
σ∈Pk

S(ρN ||σ ), (3)

where the minimization is taken over all product states σ =⊗m
i=1 σki ∈ Pk . The state σ that minimizes Sk→N (ρN ) will be

the product of the reduced states of ρN [8,17,21]. Therefore

Sk→N (ρN ) = S
(
ρN || ⊗m

i=1 ρki

)
(4)

=
m∑

i=1

S
(
ρki

) − S(ρN ). (5)

For states with permutation symmetry Eq. (4) can be simply
written as

Sk→N (ρN )

= �N/k�S(ρk ) + (1 − δN mod k,0)S(ρN mod k ) − S(ρN ),

(6)

where �N/k� is the floor function, which is the greatest integer
less than or equal to N/k. The ρN mod k describe the subsystem
SN mod k . If we choose k = 1,

S1→N (ρN ) = NS(ρ1) − S(ρN ) (7)

describes the total correlations presented in the system.
The genuine k-partite correlations can be defined as the

difference between the correlations of order higher than

k − 1 → N and those of order higher than k → N

Sk (ρN ) = Sk−1→N (ρN ) − Sk→N (ρN ). (8)

Once the correlations of order higher than k − 1 encapsulates
those ones of order higher than k, the difference between
them returns only the genuine k-partite correlations. A nice
interpretation of the GMC of order k introduced above is that
the sum of all GMC gives the total correlation in the system,
S1→N (ρN ) = ∑N

k=2 Sk (ρN ), as can be verified from Eq. (8).

B. Lipkin-Meshkov-Glick model

The LMG model, as studied here, is a system composed
of N spins 1/2 fully connected with anisotropy controllable
by the parameter γ and an external transversal magnetic field
h acting on it. This model has first and second order QPTs
depending on the values of the control parameters h and γ .
Here, we limit our analysis to the cases in which γ = 0.5
and the external field varies in the range 0 � h � 2. The
critical point at h = 1 signals a second order QPT. Such phase
transition has already been studied according to the quantum
information theory in Refs. [4–6,22–24]. The Hamiltonian of
the LMG is described by [4–6]

H = − λ

N

∑
i< j

(
σ i

xσ
j

x + γ σ i
yσ

j
y

) − h
N∑

i=1

σ i
z , (9)

where λ is the ferromagnetic coupling factor, λ = 1 was
chosen for the sake of simplicity, and σ k

α are Pauli matrices
with α = x, y, z. Employing Jα = ∑N

i=1 σ i
α , the Hamiltonian

can be represented by collective spin operators as

H = − λ

N
(1 + γ )

(
J2 − J2

z − N/2
) − 2hJz

− λ

2N
(1 − γ )(J2

− + J2
+), (10)

with J being the total collective angular momentum, Jz is its
projection along the z direction and J− and J+ are collective
ladder operators of lowering and raising, respectively. The
ground state of the LMG model is a linear combination of
Dicke states, which are eigenstates of J2 and Jz,

J2 |J, M〉 = J (J + 1) |J, M〉 , Jz |J, M〉 = M |J, M〉 , (11)

where J = N/2 and M = −N/2,−N/2 + 1, ...., N/2 −
1, N/2. Instead of |J, M〉, it will be used the following
representation of Dicke states |N, ne〉, in which ne is
the number of excited spins. The Dicke states are totally
symmetric by permutation of particles and can be represented
by

|N, ne〉 = 1√(N
ne

)
∑

i

Pi(|0〉N−ne ⊗ |1〉ne ). (12)

The sum is taken over all possible permutations of ne de-
scribed by the permutation operator Pi and

(N
ne

)
is the binomial

coefficient required to normalize the Dicke state. Therefore,
the ground state of the LMG model is

|�〉 =
N∑

ne=0

Pne |N, ne〉 , (13)
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with Pne being the amplitudes of probability of occurrence of a
Dicke state with ne excitations, which ones are obtained from
numerical diagonalization of the Hamiltonian in Eq. (10).

Quantum phase transitions of the LMG model

In Ref. [5], where by mean field approximation was de-
termined the phase diagram of the LMG model, the authors
show that for the region of 0 � h � 1 (broken phase), the
ground state of the system is double degenerated for γ 
= 1,
for γ = 1.0 the ground state is infinitely degenerated, and
for 1 < h � 2 symmetric phase the ground state is unique
for all γ . The second order QPT in the LMG model occurs
due to the competition between the spins interaction and the
effect of the external field h applied over the spin chain.
When the external field is strong enough (h � 1), all the
spins begin to align with it so that the state of the system in
this phase has no correlations between the spins. For h = 0
and γ = 0 the ground state of the system is described by a
GHZ-like state [6]. Even though we are using the anisotropy
parameter γ = 0.5 for all of our calculations, the ground state
is still an approximation of the GHZ-like state, so the spins
are correlated. Some previous works in quantum information
theory used entanglement [4–6,22–27] and others correla-
tions [28–34] as order parameter to detect the second order
phase transition of this model. Furthermore, there are also
some previous works in quantum information that make use
of FSS [4,5,27,29–31,33,34] for the calculus of exponents in
the LMG model.

Since the LMG model is an infinity coordinated system,
because all particles interact with all others equally, the sys-
tem does not have the concepts of length and dimensionality
defined [35], such as made to study finite size scaling in others
systems. Then, the number of particles N is the only one
variable in the analysis of FSS exponents. Here, we analyze
the behavior of the genuine k-partite correlations near the
second order QPT.

The method to extract the exponent that we apply is the
following: we take the minimum derivative of k-partite cor-
relation and calculate the k-partite correlation at this point as
function of N , thus assuming that relation of correlation and N
obeys a power law, we take the logarithm of both variables and
we are able to get the exponent relate to the genuine k-partite
correlation.

III. RESULTS

In this section we calculate numerically the genuine k-
partite correlations across the QPT for some values of k. By
induction, we conclude that all orders of the genuine mul-
tipartite correlations signal the second order QPT at h = 1.
Following the same reasoning, we calculate critical exponents
for some genuine k-partite correlations and evidence that all
exponents are in the range [−1/2, 1/2].

From Eq. (6), we notice that to compute the multipartite
correlations of order higher than k, Sk→N (ρN ), it is necessary
to calculate the reduced density matrix ρk = TrN/kρN from ρN .
For the ground state, which one is a superposition of Dicke
states, as in Eq. (13), we can do the Schmidt decomposition
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FIG. 1. Genuine k-partite correlations presented in the ground
state of the LMG model for N = 156, γ = 0.5, and k = 2, 3, 4, 13
as function of h. In the phase in which h > 1 the spins are aligned to
the external field so that they are not correlated. The inset is a zoom
of the figure to a better visualization of the behavior of the GMC of
order k = 13 near the phase transition.

of the Dicke states [36,37] as

|�〉 =
N∑

ne=0

Pne

L∑
le=0

λle |L, le〉 ⊗ |N − L, ne − le〉 , (14)

where λle =
√

(L
le

)N − L
ne − le

)(N
ne

−1 ), getting the reduced density ma-
trix from this state and tracing out |le, L〉 we obtain the
reduced density matrix of k spins

ρk =
N∑

n′
e,ne=0

L∑
le=0

⎡
⎣

(L
le

)√(N−L
ne−le

)(N−L
n′

e−le

)
√(N

ne

)(N
n′

e

)
⎤
⎦Pne P

∗
n′

e
|k, ne − le〉

× 〈k, n′
e − le| , (15)

where 0 � ne − le � N − L = k and 0 � n′
e − le � N − L =

k. The coefficients Pne depend on the ground state of the LMG
Hamiltonian in Eq. (10).

A. Genuine k-partite correlations in the ground state of the
LMG model

We recall that the anisotropy parameter is fixed as γ = 0.5
in all numerical analysis of the GMC of order k presented
in the ground state of the LMG model. In Fig. 1 and inset
it is possible to observe the behavior of the GMC of orders
k = 2, 3, 4, 13 for N = 156 spins. For h = 0 the ground state
of the LMG model is approximately a GHZ state [6], which
implies that the GMC can be described approximately by the
expression Sk = N/(k − 1)� − N/k�. Also, as k increases
the genuine k-partite correlations decrease and become more
resistant to variations of the magnetic field. Such a tendency
also appears in Ref. [6] for the calculus of entanglement
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FIG. 2. The GMC of order higher than k, Sk→N , as function of k
for N = 200, γ = 0.5, and h = 1. In (a) all integers values of k from
1 � k � N are considered, while in (b) only the values of k which
satisfy the constraint N mod k = 0 are taken into account.

entropy, where partitions with higher number of particles, up
to half of the total number of particles, are more resistant to
changes in the field in the region 0 � h � 1.

Before we start the analysis between the GMC and the
second order QPT in the LMG model, we call the attention
to the behavior of the distance measure Sk→N for different
values of k and its connection to the total number of spins N .
Figure 2(a) shows the distance Sk→N for N = 200 and h = 1
as function of k. The distance is monotonically decreasing
with the block size k. For small values of k the decreasing
is smooth, but as k becomes comparable to N abrupt changes
occur in form of a ladder. Such an effect was already verified
for Dicke states in Ref. [20] and comes from the floor function
in Eq. (6), or equivalently, there is an unpaired block of k′
particles with k′ < k. On the other hand, in Fig. 2(b) we also
show the dependence of Sk→N with k, but with the constraint
N mod k = 0. As can be seen, this is enough to remove the
role played by the floor function and consequently removing
the ladder behavior. This kind of imposition allow us to get the
critical exponents straightforwardly, since the unpaired blocks
cause abrupt changes in the GMC of order k.

B. Quantum phase transition and genuine k-partite correlations

Our first task is to show that all GMC of order k (1 � k �
N) are able to signal the second order QPT. For the sake of
simplicity we included the value k = 1, which means the total
correlations, see Eq. (7). In order to verify that the GMC signal
the QPT we calculate the first derivative of Sk with respect to
the parameter h and show that in the thermodynamic limit it
is nonanalytic for some value of h, named critical parameter
hc. This behavior is shown in Fig. 3, where we conclude that
the minimum value of dSk/dh (for k = 1, 2, 3, N) occurs for
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FIG. 3. The first order derivative of the total correlations (k = 1)
and GMC of orders k = 2, 3, N as function of the external control
parameter h. The minimum value of the derivatives occurs for values
of h closer to hc = 1 as N increase.

some value of the control parameter hmin which tends to hc =
1 for N → ∞.

This result is in agreement with Fig. 1 inset, where the
GMC of higher orders disappear faster after the phase transi-
tion hc = 1 and with Fig. 4 which explores the thermodynamic
limit. We observe that the same procedure has been performed
for other values of k not reported here, but which ones
corroborate the conclusion presented above. Therefore, the
GMC of order k are able to signal the already known second
order QPT in the LMG model [5].
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FIG. 4. Values of the control parameter h in which the first order
derivative of the total correlations and GMC of orders k = 2, 3, N
are minimum as function of the number of spins in the system N .
The solid lines are logarithm fit of the points to show that in the
thermodynamic limit (N → ∞ hmin ) → hc = 1. The constraint N
mod 6 = 0 has been imposed for the curves with k = 2, 3.
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FIG. 5. The critical exponents are obtained from the angular
coefficients of the line for the total correlations and for the CGM
of order k = 2, 3, N . For k = 2, 3 the constraint N mod 6 = 0 has
been imposed.

C. Finite size scaling exponent analysis of
genuine k-partite correlations

The application of the finite size scaling method to find
the exponents that govern the behavior of the order parameter
near the transition point can be made using different strategies.
Here, to compute the exponent of the genuine k-partite corre-
lations we take the minimum point hmin of the first derivative
of the correlation as function of the number of particles N .
Then, the critical exponent α is obtained from the function
Sk (hmin) = ANα , where A is some constant. As the compu-
tational cost for the numerical calculations increases rapidly
with the number of particles N , we calculate the critical ex-
ponents extending N until 500 spins, i.e., our thermodynamic
limit in practice. The values of the exponents can vary a little,
becoming smaller with the increasing of N and when ruling
out the smaller values of N in the graph. The strategy used
here to obtain the critical exponents considers only the values
of N in which N mod k = 0 and N mod (k − 1) = 0. As
mentioned before, the advantage of this procedure is that it
avoids sudden changes in the values of the GMC of order
k and consequently enable to obtain a well defined critical
exponent. However, as k increases fewer points remain in
the graphs to calculate the exponents. This method is applied
to obtain the critical exponents of the total correlations and
for correlations of order k = 2, 3, N , as shown in Fig. 5.
Additional results for k = 4, 5, N/4, N/2 are summarized in
Table I. Although we did not test all possible values of
the critical exponents, it seems that they are confined in the
interval [−1/2, 1/2]. In literature we have found the critical
exponents for bipartite correlations only, being 1/3 for en-
tanglement entropy [6] and concurrence [23]. From Table I
we notice that for partitions of fixed size (k = 1, 2, 3, 4, 5),
the critical exponent is positive, but when the partition size
increases with the number of spins (k = N/4, N/2, N), the

TABLE I. Critical exponents for different values of k of the GMC
Sk vs h across the second order QPT in the LMG model.

k Critical exponent

1 0.508 ± 0.001
2 0.313 ± 0.001
3 0.317 ± 0.002
4 0.333 ± 0.004
5 0.350 ± 0.003
N/4 −0.377 ± 0.002
N/2 −0.4540 ± 0.0007
N −0.492 ± 0.003

critical exponent becomes negative. Also, the GMC across the
quantum phase transition diminish faster for higher orders of
k when it depends on N . In the particular case of the GMC
of order N it goes to zero at a rate greater than for the other
exponents. If we analyze the GMC of order k per particle
in the thermodynamic limit across the second order QPT,
limN→∞ Sk (ρN )/N = 0, it becomes null, as expected for the
classical world.

IV. CONCLUSIONS AND PERSPECTIVES

We analysed the genuine multipartite correlations in the
Lipkin-Meshkov-Glick model according to the measure intro-
duced by Girolami and coworkers [17]. Within this framework
we were able to calculate the genuine k-partite correlations
and show they behavior for different partition sizes. Also, we
verify that the genuine k-partite correlations signal the second
order quantum phase transition in the LMG model. Fur-
thermore, we obtained the critical exponents through finite-
size scaling analysis for the total correlations and genuine
multipartite correlations of order k = 2, 3, 4, 5, N/4, N/2, N .
From that we observed that the genuine multipartite cor-
relations go to zero across the second order quantum
phase transition in the thermodynamic limit when the par-
tition size k increases with the number of particles of the
system.

As perspective for future works, it would be interesting
to certify if the critical exponents of the genuine multipartite
correlations of order k are confined in the range [−1/2, 1/2]
for all k. Likewise, the analysis of weaving, a measure of
correlation also proposed by Girolami et al. [17] which is
the sum of all genuine multipartite correlations, to see if it
is possible to gain additional information on the scalability
of the genuine multipartite correlations across the quantum
phase transition.

ACKNOWLEDGMENTS

The authors acknowledge financial support from the
Brazilian funding agencies Coordenação de Aperfeiçoamento
de Pessoal de Nível Superior (CAPES), Conselho Nacional
de Desenvolvimento Científico e Tecnológico (CNPq), Fun-
dação de Amparo à Pesquisa e Inovação do Estado de Santa
Catarina (FAPESC) and Instituto Nacional de Ciência e Tec-
nologia de Informação Quântica (CNPq INCT-IQ (Grant No.
465469/2014-0)).

054431-5



ANTÔNIO C. LOURENÇO et al. PHYSICAL REVIEW B 101, 054431 (2020)

[1] G. Vidal, J. I. Latorre, E. Rico, and A. Kitaev, Entanglement
in Quantum Critical Phenomena, Phys. Rev. Lett. 90, 227902
(2003).

[2] F. Iemini, T. O. Maciel, and R. O. Vianna, Entanglement of
indistinguishable particles as a probe for quantum phase transi-
tions in the extended hubbard model, Phys. Rev. B 92, 075423
(2015).

[3] J. Vidal and S. Dusuel, Finite-size scaling exponents in the
dicke model, Europhys. Lett. 74, 817 (2006).

[4] S. Dusuel and J. Vidal, Finite-Size Scaling Exponents of the
Lipkin-Meshkov-Glick Model, Phys. Rev. Lett. 93, 237204
(2004).

[5] S. Dusuel and J. Vidal, Continuous unitary transformations
and finite-size scaling exponents in the lipkin-meshkov-glick
model, Phys. Rev. B 71, 224420 (2005).

[6] J. I. Latorre, R. Orús, E. Rico, and J. Vidal, Entanglement
entropy in the lipkin-meshkov-glick model, Phys. Rev. A 71,
064101 (2005).

[7] R. Islam, R. Ma, P. M. Preiss, M. Eric Tai, A. Lukin, M. Rispoli,
and M. Greiner, Measuring entanglement entropy in a quantum
many-body system, Nature (London) 528, 77 (2015).

[8] C. H. Bennett, A. Grudka, M. Horodecki, P. Horodecki, and
R. Horodecki, Postulates for measures of genuine multipartite
correlations, Phys. Rev. A 83, 012312 (2011).

[9] A. P. Vieira, Low-Energy Properties of Aperiodic Quantum
Spin Chains, Phys. Rev. Lett. 94, 077201 (2005).

[10] C. S. Chiu, G. Ji, A. Bohrdt, M. Xu, M. Knap, E. Demler, F.
Grusdt, M. Greiner, and D. Greif, String patterns in the doped
Hubbard model, Science 365, 251 (2019).

[11] T. R. de Oliveira, G. Rigolin, M. C. de Oliveira, and E. Miranda,
Multipartite Entanglement Signature of Quantum Phase Transi-
tions, Phys. Rev. Lett. 97, 170401 (2006).

[12] T. R. de Oliveira, G. Rigolin, and M. C. de Oliveira, Genuine
multipartite entanglement in quantum phase transitions, Phys.
Rev. A: At., Mol., Opt. Phys. 73, 010305(R) (2006).

[13] A. Anfossi, P. Giorda, A. Montorsi, and F. Traversa, Two-Point
Versus Multipartite Entanglement in Quantum Phase Transi-
tions, Phys. Rev. Lett. 95, 056402 (2005).

[14] Z. Y. Sun, Y. Y. Wu, J. Xu, H. L. Huang, B. F. Zhan, B. Wang,
and C. B. Duan, Characterization of quantum phase transition
in the X y model with multipartite correlations and Bell-type
inequalities, Phys. Rev. A: At., Mol., Opt. Phys. 89, 022101
(2014).

[15] R. Horodecki, P. Horodecki, M. Horodecki, and K.
Horodecki, Quantum entanglement, Rev. Mod. Phys. 81, 865
(2009).

[16] L. Amico, R. Fazio, A. Osterloh, and V. Vedral, Entanglement
in many-body systems, Rev. Mod. Phys. 80, 517 (2008).

[17] D. Girolami, T. Tufarelli, and C. E. Susa, Quantifying Genuine
Multipartite Correlations and Their Pattern Complexity, Phys.
Rev. Lett. 119, 140505 (2017).

[18] K. Modi, T. Paterek, W. Son, V. Vedral, and M. Williamson,
Unified View of Quantum and Classical Correlations, Phys.
Rev. Lett. 104, 080501 (2010).

[19] C. E. Susa and D. Girolami, Weaving and neural complexity in
symmetric quantum states, Opt. Commun. 413, 157 (2018).

[20] S. Calegari, A. C. Lourenço, G. T. Landi, and E. I. Duzzioni,
Genuine multipartite correlations in dicke superradiance,
arXiv:1907.04263.

[21] S. Szalay, Multipartite entanglement measures, Phys. Rev. A
92, 042329 (2015).

[22] J. Vidal, G. Palacios, and C. Aslangul, Entanglement dynamics
in the lipkin-meshkov-glick model, Phys. Rev. A 70, 062304
(2004).

[23] J. Vidal, G. Palacios, and R. Mosseri, Entanglement in a second-
order quantum phase transition, Phys. Rev. A 69, 022107
(2004).

[24] J. Vidal, S. Dusuel, and T. Barthel, Entanglement Entropy in
Collective Models, J. Stat. Mech.: Theory Exp. (2007) P01015.

[25] T. Barthel, S. Dusuel, and J. Vidal, Entanglement Entropy
Beyond the Free Case, Phys. Rev. Lett. 97, 220402 (2006).

[26] T. Caneva, R. Fazio, and G. E. Santoro, Adiabatic quantum
dynamics of the lipkin-meshkov-glick model, Phys. Rev. B 78,
104426 (2008).

[27] H. T. Cui, Multiparticle entanglement in the lipkin-meshkov-
glick model, Phys. Rev. A 77, 052105 (2008).

[28] M. S. Sarandy, Classical correlation and quantum discord in
critical systems, Phys. Rev. A 80, 022108 (2009).

[29] J. Ma, L. Xu, H.-N. Xiong, and X. Wang, Reduced fidelity
susceptibility and its finite-size scaling behaviors in the lipkin-
meshkov-glick model, Phys. Rev. E 78, 051126 (2008).

[30] H.-M. Kwok, W.-Q. Ning, S.-J. Gu, and H.-Q. Lin, Quantum
criticality of the lipkin-meshkov-glick model in terms of fidelity
susceptibility, Phys. Rev. E 78, 032103 (2008).

[31] R. Orús, S. Dusuel, and J. Vidal, Equivalence of Critical Scaling
Laws for Many-Body Entanglement in the Lipkin-Meshkov-
Glick Model, Phys. Rev. Lett. 101, 025701 (2008).

[32] J. Ma and X. Wang, Fisher information and spin squeezing
in the lipkin-meshkov-glick model, Phys. Rev. A 80, 012318
(2009).

[33] C.-Y. Leung, W. C. Yu, H.-M. Kwok, S.-J. Gu, and H.-Q.
Lin, Scaling behavior of the ground-state fidelity in the lipkin-
meshkov-glick model, Int. J. Mod. Phys. B 26, 1250170 (2012).

[34] C. Wang, Y.-Y. Zhang, and Q.-H. Chen, Quantum correlations
in collective spin systems, Phys. Rev. A 85, 052112 (2012).

[35] R. Botet and R. Jullien, Large-size critical behavior of infinitely
coordinated systems, Phys. Rev. B 28, 3955 (1983).

[36] J. K. Stockton, J. M. Geremia, A. C. Doherty, and H. Mabuchi,
Characterizing the entanglement of symmetric many-particle
spin- 1

2 systems, Phys. Rev. A 67, 022112 (2003).
[37] G. Tóth, Detection of multipartite entanglement in the vicinity

of symmetric dicke states, J. Opt. Soc. Am. B 24, 275 (2007).

054431-6

https://doi.org/10.1103/PhysRevLett.90.227902
https://doi.org/10.1103/PhysRevLett.90.227902
https://doi.org/10.1103/PhysRevLett.90.227902
https://doi.org/10.1103/PhysRevLett.90.227902
https://doi.org/10.1103/PhysRevB.92.075423
https://doi.org/10.1103/PhysRevB.92.075423
https://doi.org/10.1103/PhysRevB.92.075423
https://doi.org/10.1103/PhysRevB.92.075423
https://doi.org/10.1209/epl/i2006-10041-9
https://doi.org/10.1209/epl/i2006-10041-9
https://doi.org/10.1209/epl/i2006-10041-9
https://doi.org/10.1209/epl/i2006-10041-9
https://doi.org/10.1103/PhysRevLett.93.237204
https://doi.org/10.1103/PhysRevLett.93.237204
https://doi.org/10.1103/PhysRevLett.93.237204
https://doi.org/10.1103/PhysRevLett.93.237204
https://doi.org/10.1103/PhysRevB.71.224420
https://doi.org/10.1103/PhysRevB.71.224420
https://doi.org/10.1103/PhysRevB.71.224420
https://doi.org/10.1103/PhysRevB.71.224420
https://doi.org/10.1103/PhysRevA.71.064101
https://doi.org/10.1103/PhysRevA.71.064101
https://doi.org/10.1103/PhysRevA.71.064101
https://doi.org/10.1103/PhysRevA.71.064101
https://doi.org/10.1038/nature15750
https://doi.org/10.1038/nature15750
https://doi.org/10.1038/nature15750
https://doi.org/10.1038/nature15750
https://doi.org/10.1103/PhysRevA.83.012312
https://doi.org/10.1103/PhysRevA.83.012312
https://doi.org/10.1103/PhysRevA.83.012312
https://doi.org/10.1103/PhysRevA.83.012312
https://doi.org/10.1103/PhysRevLett.94.077201
https://doi.org/10.1103/PhysRevLett.94.077201
https://doi.org/10.1103/PhysRevLett.94.077201
https://doi.org/10.1103/PhysRevLett.94.077201
https://doi.org/10.1126/science.aav3587
https://doi.org/10.1126/science.aav3587
https://doi.org/10.1126/science.aav3587
https://doi.org/10.1126/science.aav3587
https://doi.org/10.1103/PhysRevLett.97.170401
https://doi.org/10.1103/PhysRevLett.97.170401
https://doi.org/10.1103/PhysRevLett.97.170401
https://doi.org/10.1103/PhysRevLett.97.170401
https://doi.org/10.1103/PhysRevA.73.010305
https://doi.org/10.1103/PhysRevA.73.010305
https://doi.org/10.1103/PhysRevA.73.010305
https://doi.org/10.1103/PhysRevA.73.010305
https://doi.org/10.1103/PhysRevLett.95.056402
https://doi.org/10.1103/PhysRevLett.95.056402
https://doi.org/10.1103/PhysRevLett.95.056402
https://doi.org/10.1103/PhysRevLett.95.056402
https://doi.org/10.1103/PhysRevA.89.022101
https://doi.org/10.1103/PhysRevA.89.022101
https://doi.org/10.1103/PhysRevA.89.022101
https://doi.org/10.1103/PhysRevA.89.022101
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/PhysRevLett.119.140505
https://doi.org/10.1103/PhysRevLett.119.140505
https://doi.org/10.1103/PhysRevLett.119.140505
https://doi.org/10.1103/PhysRevLett.119.140505
https://doi.org/10.1103/PhysRevLett.104.080501
https://doi.org/10.1103/PhysRevLett.104.080501
https://doi.org/10.1103/PhysRevLett.104.080501
https://doi.org/10.1103/PhysRevLett.104.080501
https://doi.org/10.1016/j.optcom.2017.12.050
https://doi.org/10.1016/j.optcom.2017.12.050
https://doi.org/10.1016/j.optcom.2017.12.050
https://doi.org/10.1016/j.optcom.2017.12.050
http://arxiv.org/abs/arXiv:1907.04263
https://doi.org/10.1103/PhysRevA.92.042329
https://doi.org/10.1103/PhysRevA.92.042329
https://doi.org/10.1103/PhysRevA.92.042329
https://doi.org/10.1103/PhysRevA.92.042329
https://doi.org/10.1103/PhysRevA.70.062304
https://doi.org/10.1103/PhysRevA.70.062304
https://doi.org/10.1103/PhysRevA.70.062304
https://doi.org/10.1103/PhysRevA.70.062304
https://doi.org/10.1103/PhysRevA.69.022107
https://doi.org/10.1103/PhysRevA.69.022107
https://doi.org/10.1103/PhysRevA.69.022107
https://doi.org/10.1103/PhysRevA.69.022107
https://doi.org/10.1088/1742-5468/2007/01/P01015
https://doi.org/10.1088/1742-5468/2007/01/P01015
https://doi.org/10.1088/1742-5468/2007/01/P01015
https://doi.org/10.1103/PhysRevLett.97.220402
https://doi.org/10.1103/PhysRevLett.97.220402
https://doi.org/10.1103/PhysRevLett.97.220402
https://doi.org/10.1103/PhysRevLett.97.220402
https://doi.org/10.1103/PhysRevB.78.104426
https://doi.org/10.1103/PhysRevB.78.104426
https://doi.org/10.1103/PhysRevB.78.104426
https://doi.org/10.1103/PhysRevB.78.104426
https://doi.org/10.1103/PhysRevA.77.052105
https://doi.org/10.1103/PhysRevA.77.052105
https://doi.org/10.1103/PhysRevA.77.052105
https://doi.org/10.1103/PhysRevA.77.052105
https://doi.org/10.1103/PhysRevA.80.022108
https://doi.org/10.1103/PhysRevA.80.022108
https://doi.org/10.1103/PhysRevA.80.022108
https://doi.org/10.1103/PhysRevA.80.022108
https://doi.org/10.1103/PhysRevE.78.051126
https://doi.org/10.1103/PhysRevE.78.051126
https://doi.org/10.1103/PhysRevE.78.051126
https://doi.org/10.1103/PhysRevE.78.051126
https://doi.org/10.1103/PhysRevE.78.032103
https://doi.org/10.1103/PhysRevE.78.032103
https://doi.org/10.1103/PhysRevE.78.032103
https://doi.org/10.1103/PhysRevE.78.032103
https://doi.org/10.1103/PhysRevLett.101.025701
https://doi.org/10.1103/PhysRevLett.101.025701
https://doi.org/10.1103/PhysRevLett.101.025701
https://doi.org/10.1103/PhysRevLett.101.025701
https://doi.org/10.1103/PhysRevA.80.012318
https://doi.org/10.1103/PhysRevA.80.012318
https://doi.org/10.1103/PhysRevA.80.012318
https://doi.org/10.1103/PhysRevA.80.012318
https://doi.org/10.1142/S0217979212501706
https://doi.org/10.1142/S0217979212501706
https://doi.org/10.1142/S0217979212501706
https://doi.org/10.1142/S0217979212501706
https://doi.org/10.1103/PhysRevA.85.052112
https://doi.org/10.1103/PhysRevA.85.052112
https://doi.org/10.1103/PhysRevA.85.052112
https://doi.org/10.1103/PhysRevA.85.052112
https://doi.org/10.1103/PhysRevB.28.3955
https://doi.org/10.1103/PhysRevB.28.3955
https://doi.org/10.1103/PhysRevB.28.3955
https://doi.org/10.1103/PhysRevB.28.3955
https://doi.org/10.1103/PhysRevA.67.022112
https://doi.org/10.1103/PhysRevA.67.022112
https://doi.org/10.1103/PhysRevA.67.022112
https://doi.org/10.1103/PhysRevA.67.022112
https://doi.org/10.1364/JOSAB.24.000275
https://doi.org/10.1364/JOSAB.24.000275
https://doi.org/10.1364/JOSAB.24.000275
https://doi.org/10.1364/JOSAB.24.000275

