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Abstract

We prove that a special Lipkin—-Meshkov—Glick model is quasi-exactly solvable
with solutions that can be expressed in the SU (2) coherent state form. Ground-
state properties of the model are studied analytically. We also show that the
model reduces to the standard two-site Bose—Hubbard model in the large-N
limit for finite U/t or large (N — 1)|U |/t cases with finite N, which proves that
in these cases the ground state of the standard two-site Bose—Hubbard model
is an SU (2) coherent state.

PACS numbers: 03.65.Ud, 75.40.Cx, 03.75.Lm, 03.65.Fd

1. Introduction

It is well known that the Lipkin—Meshkov—Glick (LMG) model [1-3] that originated from
nuclear many-body problems is related to a broad range of other fields, such as spin
systems [4], Bose—Einstein condensates [5], quantum entanglement [6], etc. The ground-
state entanglement entropy has been analyzed [7]. Further, the large-N behavior of the model
has been explored using a semiclassical approach [8]. The finite-size scaling behavior has
also been investigated [9]. Though the model is known to be exactly solvable [10, 11], and
the numerical analysis for systems with small number of bosons is possible, large-N cases
have not been reachable with the techniques used up until now. A special case of the model is
also related to the standard two-site Bose—Hubbard model [12], which has been investigated
widely by many authors using various methods, such as the Gross—Pitaevskii approximation
[13], mean-field theory [14, 15], the quantum phase model [16] and the Bethe ansatz method
[17]. The temporal evolution of the expectation value for the relative number of particles
between the two condensates for different choices of the coupling parameter and distinct
initial states has been analyzed [18]. Quantum phase transitions of the model have been
studied by using the Bogoliubov approximation [19] and a Bethe ansatz solution for relatively
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low number of system bosons [20]. Chaotic and semi-classical properties of a similar model
have also been presented [21, 22].

Generally speaking, quantum phase transitions in a quantum many-body system should
be defined in the thermodynamic (large-N) limit, although the transitional behavior may also
be observable mesoscopically. Since large-N limit is not reachable, a coherent state algorithm,
such as the one introduced by Gilmore based on an algebraic coherent state constructed
according to the dynamical symmetry group of a system [23, 24], has often been adopted to
investigate quantum phase transition phenomena, for example, in the interacting boson model
for nuclei, which allows one to take the N — oo limit called the classical or mean-field
limit. It is commonly accepted that the algorithm used to analyze quantum phase transitions
is reliable.

The purpose of this paper is twofold. First, we will show that a special Lipkin—-Meshkov—
Glick (LMG) model corresponding to an extended two-site Bose—Hubbard model is quasi-
exactly solvable with solutions that can be expressed in terms of the SU (2) coherent state form.
Second, we will show that the ground state of the standard two-site Bose-Hubbard model in
the large-N limit is indeed an SU(2) coherent state under the condition (N — 1)|U|/t > 1,
which corresponds to a Mott-insulate phase. It follows from this that the SU (2) coherent state
cannot be used to describe the standard two-site Bose-Hubbard model at the critical point.

2. A quasi-exactly solvable case

We consider a special LMG model with the Hamiltonian
H=—t(J,+J)+UJF+8(J2+J2), (1)
where J,, (u = +, —, 0) are generators of the SU(2) algebra, which satisfy commutation
relations [Jy, J+] = £Jg, [J+, J-] = 2Jy. Note that the Hamiltonian (1) corresponds to the
extended two-site Bose—-Hubbard model with the Jordan—Schwinger realization of the SU(2)
algebra: J, = a'b, J_ = b'a, Jy = (a'a — b'b)/2, where a' (a) and b' (b) are boson creation
(annihilation) operators in two traps or different hyperfine states. In this case, the first term
in (1) describes the tunneling between the two sites, characterized by the strength parameter
t; the second term in (1) is equivalent to an on-site single-particle energy which originates
from the external potentials and is related to the on-site part of the kinetic energy, while the
third term in (1) describes double-boson hopping between the two sites, characterized by the
strength parameter §. And indeed, as shown in [25] through a systematic expansion in powers
of the lattice attenuation factor € <« 1 for the Hamiltonian including one- and two-body
interactions describing systems of interacting, ultra-cold, spin-zero, neutral bosonic atoms
that are harmonically trapped and subject to an optical lattice potential, the final extended
Bose—Hubbard Hamiltonian in the two-site case is equivalent to the form shown in (1) since
the total number of bosons N = afa+b'b is a conserved quantity. As shown in [25], U/ ~ €2
is a small quantity and is often neglected. If there is no dipole interaction among the bosons,
the parameter 6 > 0(<0) when U > 0(<0); however, the sign of § may be the same as or
opposite to that of U when dipole interaction among bosons must be considered [26].

Let | J M) be basis vectors of the SU (2) irrep with J = N /2, where N is the total number
of particles in the system. Generally, the Hamiltonian (1) can be diagonalized numerically in
the Hilbert subspace spanned by {|J M)}, which is N + 1 dimensional. However, it can be
shown that

|2) = e 1T =) )
is an eigenstate of (1) when the parameters § and z satisfy a special condition. With the help
of the following relations:
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JOeZJ+|J — J) = ez‘l+(—J+ZJ+)|J - J)v (3a)
],ezj+|J—J):€ZJ+(2Z.]—Z2J+)|‘]_‘I>’ (3b)
BT = T) = ¢ (P = 220 = D) Ju + 2IDI = ), (3¢)

J2e ] — ) = e (2J (20 — )2 =220 — DI +HIDH|T = J), (3d)

one can easily check that the eigen-equation H|z) = EQ@)|z) requires that coefficients
proportional to J, and J?2 are zero. The eigen-energy in this case is
E(z)/t = —2zJ + VJ? +2822J(2J — 1), 4)
where V = U/t. The zero-value condition for the coefficient proportional to J? gives
- V2
§=0/t=——, 5
/ 1+ &)

which shows that the sign of § must be opposite to that of V, which corresponds to a situation
when dipole interaction among bosons is taken into account [26], while the zero-value
condition for the coefficient proportional to J, provides the ansatz equation to determine
z with

LHxd =+ —xz—1=0, (6)

where x = V(2J — 1), which provides for four real roots and two complex roots. Only four
real roots correspond to possible solutions and the condition of the quasi-solvability, which
are

Zex = £, (N
1 1 [x2
zi=—f——x/8+x2j:—\/x——2+)—cx/8+x2 (8a)
4 4 2V 2 2
forx > 1 and
1 1 [x2
zi=—f+—x/8+x2j:—\/x——2—fx/8+x2 (8b)
4 4 2V 2 2
for x < —1.
According to relation (5), the first two solutions given by (7) lead to large amplitude of
double-boson hopping with § = —V /2, which may be irrelevant to real situations. The other

two solutions, (8a) and (8b), correspond to weak double-boson hopping cases when the dipole
interaction among bosons is considered as shown in [26].

It can be verified that z. < 0 and E(z) > 0O is always satisfied for V > 0 with x > 1.
Therefore, the solution (8a) corresponds to an excited state. Actually, it can be verified by
direct diagonalization that E(z) with x > 1 is the highest excited state in the system. When
V < Owithx < —1, z+ > 0 and E(z+) < 0 is always satisfied. Though a direct proof
is in demand, one can check numerically in comparison with direct diagonalization for any
accessible J that E(z1) with x < —1 corresponds to the ground-state energy of the system.
It should be noted that two solutions of (8b) denoted as z_ and z, with 0 < z_ < z, and
z-z4+ = 1 result from the S, symmetry with respect to the site exchange a = b in the system
when U < 0, namely |z_, (a, b)) = |z+, (b, a)), which provides for the same ground state of
the system with E(z,) = E(z_). Therefore, in the following, we set z = z, when x < —1
and only focus on the case where the on-site interaction is attractive with U < 0 similar to
the case studied in [20], in which the effective interaction energy for the internal Josephson
dynamics is negative when the model is used to describe two superconductors connected with
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Figure 1. The ground-state energy per particle as a function of x, where S denotes the super-fluid
region, while 7 denotes the transitional region. The crossing point of S and 7 shows the critical
point in the system with E© (z)/(Nt) = —3/4 atx = —1.

a Josephson junction [27]. With this choice, the ground-state properties of the model described
by the Hamiltonian (4) can be studied by using the coherent state ansatz (2).

It can be shown from (8b) that z = z. , = 1 with§ = —U /2 is also a ground-state solution
with § = —U/2 = 0. Therefore, 7 = z.+ = 1 with § = —U /2 corresponds to the super-fluid
phase of the system, which is independent of x, and is only characterized by the condition
6 = —U/2. The transitional phase is characterized by —oco < x = (N — 1)U/t < —1,
and the Mott-insulate phase is characterized by x = (N — 1)U/t — —oo. Hence,
x. = (N — 1)V, = —1 corresponding to z = z.,+ = 1 is the critical point of the system
in this case.

One can easily verify that the ground-state energy per particle in both the superfluid region
with § = —U/2 and the transitional region with —oo < x < —1 is linear in x in the large-N
limit. The ground-state energy per particle in the superfluid regionis E® (z)/(Nt) ~ —1—x /4
with —0o < x < 0 in the large N limit, while it is EP(z)/(Nt) ~ 3x/4 in the transitional
region with —oco < x < —1, which varies as a function of x in the two different phases as
shown in figure 1. Though the ground-state energy per particle in both regions are the same at
the critical point, it is obvious that the first derivative of the ground-state energy per particle
in the super-fluid region with respect to x and that in the transitional regions are different
at the critical point x, = —1, which shows that the super-fluid to the Mott-insulate phase
transition is a first-order quantum phase transition. The first derivatives of other quantities,
such as the occupation probabilities of a- and b-bosons, local particle number fluctuations, etc,
with respect to the control parameter x in both regions, are also different at the critical point
X = X.

Since the ground state can be expressed as an SU (2) coherent state, many ground-state
properties of the model can be studied analytically by using the following results:

(Z1z2) = (1 +2')", (9a)
(Z'|Jolz) = (—Jui) (Z]2), (9b)
0z

/ a /

(Z'|Jelz) = a—<z |z}, (9¢)
Z

"Nz = ( J? 2J —1 O 2P\ 9d

(ZJylz) = —2(2J - )a—z+z Py (Z'l2), (9d)
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Figure 2. The occupation probabilities of a- and b-bosons (10) and local particle number
fluctuations (11) as functions of x = (N —1)U/t. The left panel shows the occupation probabilities
of a- and b-bosons, p, and pj, in the transitional region, and those in the super-fluid region denoted
as S with ,o,ss) = pés> = 0.5. The right panel shows the local particle number fluctuation

(Ang)?/N = (Anp)?/N in the super-fluid (S) and transitional (T) regions.

according to the relations shown in (3). For example, the occupation probabilities of a- and
b-bosons are given by

1 1 1 Z
= — T g J + - = —F, 10
pa = lzla’alz)/(zl2) = - {zlJol2)/(z]z) + 7 T+ (10a)
—1<IbTb|)/<I>—1 1(|J|)/<I>— 1 (10b)
,Ob—NZ a)/zlz) = 5 — 5 elolz zz—1+Z2,
and the local particle number fluctuation at site a or b is the same with
NZ?
Ang)? = (Anp)?r = ————, 11
(Ang)? = (Bn)? = s (11)

where An, = ata — Np,, An, = b'b — Np, and A = (z|A|z)/(z|z) for any operator A.
Figure 2 shows the occupation probabilities of a- and b-bosons as functions of x = (N —1)U/¢
with z = z, in the transitional region and z = 1 in the super-fluid region, from which it is
shown that the occupation probabilities of a- and b-bosons are the same with p, = p, = 0.5
in the super-fluid region with § = —U /2, while more and more particles will occupy one of
the sites with increasing values of (N — 1)|U |/t toward the Mott-insulate phase. It becomes
a Mott-insulate when x = (N — 1)U/t — —oo. The local particle number fluctuation is
proportional to the total number of particles in the system with (An,)? = (Any)? = N/4 in
the super-fluid region, while it drastically decreases with increasing values of (N — 1)|U|/¢
in the transitional region, and becomes negligible when x <« —1.
As is known, the entanglement measure for any pure bipartite system is defined by

n = —Tr(pa 10gy.1 pa) = ~Tr(py 1ogy,s £3), (12)

where p, is the reduced density matrix obtained by taking the partial trace over the subsystem
b, and similarly for p,. We use the logarithm to the base N + 1 instead of base 2 to ensure that
the maximal measure is normalized to 1. The explicit form of (12) for the present case is

NN 7%k N 7%k
"Z_Z(k) T+ )N 08w+ ((k) (1+z2>N>’ (13)

k=0
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Figure 3. The entanglement measure (13) of the model as a function of x. The left panel shows the
measure in the super-fluid (S) (straight solid line) and transitional (7)) (dotted curve) regions with
N = 1000 particles. In the transitional region, the solid curve indicates the empirical fit to (13)
with n(x) = —2.49178 + 3.18586/|x|%95. The right panel shows the measure with N = 10000
particles, in which the solid curve in the transitional region indicates the empirical fit to (13) with
n(x) = —20.8643 +21.5047/|x|0-005,

Table 1. The ground-state energy per particle E(z)/(Nt) of the extended Bose—Hubbard model
(EBHM) with the Hamiltonian shown in (1) and the standard Bose—Hubbard model (BHM) with
8 = 0for U/t = —0.011 and different number of particles.

BHM EBHM BHM EBHM
N =100 —1.00328 —0.760457 N =1000 —2.841 —2.83954
N =300 -—-1.12916 —1.08723 N =3000 —8.28031 —8.28026
N =500 —1.5572 —1.54647 N =5000 —13.7682 —13.7682

which depends not only on x but also on V. It is obvious that 1 decreases with increasing values
of |x| or N. A simple fit to (13) for different large-N cases shows that n & ¢ + ¢, /|x|*, where
c1, ¢ and @ > 0 are coefficients which are N-dependent. Figure 3 shows the entanglement
measure (13) of the system as a function of x and an empirical fit to the curve for N = 1000
and 10000, respectively.

Furthermore, the Hamiltonian (1) will become the standard Bose-Hubbard model in the
large-N limit for finite U /¢ or large (N — 1)|U |/t cases with finite N, namely the third term in
(1) will be negligible in such cases. Hence, |z1) tends to be the ground state of the standard
Bose—Hubbard model in the large-N limit for finite U/t or large (N — 1)|U|/t cases with
finite N. To prove this, we calculate its contribution to the ground-state energy, which is

2
A+zhd+22)? |,
The result indicates that the ground-state energy of the extended Bose—Hubbard model only
deviates from that of the standard Bose—Hubbard model by a term of O((U/ 1)3N7?) for
large-N cases. Therefore, the third term of (1) is indeed negligible in the large-N limit for
finite U/t or large (N — 1)|U|/t cases with finite N. Table 1 shows the ground-state energies
per particle of the extended Bose—Hubbard model with the Hamiltonian shown in (1) and that
of the standard Bose—Hubbard model with § = 0 for U/t = —0.011 fixed and N = 100, 300,
500, 1000, 3000 and 5000, respectively, which indicates that the ground-state energies of the
two models become the same when N > 5000 in this case. Table 2 shows the ground-state
energies per particle of the two models for N = 500, 1000 and 3000, respectively, with

8{ze|(J2+ J?)|z4) = —2Nx — —2N/x°. (14)
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Table 2. Ground-state energy per particle E(z)/(Nt) of the extended Bose-Hubbard model
(EBHM) with the Hamiltonian shown in (1) and the standard Bose—Hubbard model (BHM) with
&8 = 0 for N = 500, 1000 and 3000 and different values of x = (N — 1)U/t with U < 0.

N =500 N = 1000 N = 3000
BHM EBHM BHM EBHM BHM EBHM
x=-5 —1.45252 —1.43865 —1.45126 —1.43739 —1.45042 —1.43656
x=-10 -=272091 —-2.60309 —2.6025 —2.60058 —2.60083 —2.59891
x=-20 -=5.06025 —5.05977 —5.055 —5.05476 —5.05167 —5.05142
x=-30 754836 —7.54829 —-7.54083 —7.54077 —7.53583 —7.53376
x=-40 —10.045 —10.045 —10.035 —10.035 —10.0283  —10.0283

different values of x, which indicates that the ground-state energies of the two models become
the same when x < —40 for these cases. In these two tables, the ground-state energy of the
standard Bose—Hubbard model is obtained by direct matrix diagonalization.

3. Concluding remarks

In summary, we have shown that a special Lipkin—-Meshkov—Glick (LMG) model that is
equivalent to the extended two-site Bose—Hubbard model is quasi-exactly solvable. The
quasi-exact solvability requires that the double-boson hopping strength § and the on-site
interaction parameter U satisfy arestricted condition. When the on-site interaction is attractive,
the ground state of the model is an SU (2) coherent state. The ground-state properties of the
model, such as ground-state energy, local particle occupation probabilities and particle number
fluctuations, and entanglement measures of the system are studied analytically, which show that
the model has three distinct phases, denoted as the super-fluid, transitional and Mott-insulate.
With increasing values of (N — 1)|U|/¢, the system undergoes a first-order quantum phase
transition with the critical point |U.|/t = 1/(N — 1), and becomes the Mott-insulate when
(N — 1)|U|/t — oo. Furthermore, our analysis shows that the model becomes the standard
two-site Bose—Hubbard model in the large-N limit for finite U /¢ or large (N — 1)|U |/t cases
with finite N, which proves that the ground state of the standard two-site Bose—Hubbard model
becomes an SU (2) coherent state in such cases.

More importantly, it is now clear that an SU (2) coherent state is the ground state of the
standard two-site Bose—Hubbard model in the large-N limit only when (N — D|U|/t > 1
corresponding to a Mott-insulate phase. As has been shown in [20], the critical point of the
standard Bose—Hubbard model is given by (N —1)|U|/t ~ 1 based on the results obtained with
finite N, of which the ground state cannot be described by an SU (2) coherent state. SU(2) is
just the dynamical symmetry group of the standard two-site Bose-Hubbard model. Therefore,
one should be cautious when the coherent state algorithm [23, 24] or other similar semi-
classical methods are applied to study critical point phenomena in quantum phase transitions
of many-body systems. Analysis of other integrable models, such as the one related to atom-
molecule Bose—Einstein condensate context [28], may be also possible. Related work is in
progress.
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