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Abstract. The Bose-Hubbard dimer Hamiltonian is a simple yet effective model for descri-
bing tunneling phenomena of Bose—Einstein condensates. One of the significant mathema-
tical properties of the model is that it can be exactly solved by Bethe ansatz methods. Here
we review the known exact solutions, highlighting the contributions of V.B. Kuznetsov to
this field. Two of the exact solutions arise in the context of the Quantum Inverse Scattering
Method, while the third solution uses a differential operator realisation of the su(2) Lie
algebra.
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1 Introduction

The experimental realisation of Bose-Einstein condensation using atomic alkali gases has pro-
vided the means to study macroscopic tunneling in systems with tunable interation parame-
ters [9]. From the theoretical perspective, the Bose-Hubbard dimer model (see equation (1)
below), also known as the discrete self-trapping dimer [4, 5, 6] or the canonical Josephson Hamil-
tonian [9], has been extremely useful in understanding this tunneling phenomena in the context
of a bosonic Josephson junction. Despite its apparent simplicity, the Hamiltonian captures the
essence of competing linear and non-linear interactions which lead to non-trivial dynamical be-
haviour and ground-state properties (e.g. [7, 12, 14, 15, 16]). In particular the model predicts
macroscopic self-trapping and the collapse and revival of Rabi oscillations, features which have
been directly observed experimentally in a single bosonic Josephson junction [1, 11].
The Bose-Hubard dimer Hamiltonian is given by
k

H = “(Ny—Np)?— %(N1 o)

£
5 (blby + bib1), (1)

2
where b{, bg denote the single-particle creation operators for two bosonic modes and N7 = bxbl,
Ny = b;bQ are the corresponding boson number operators. The coupling k provides the strength
of the scattering interaction between bosons, p is the external potential and £ is the coupling
for the tunneling. The change £ — —& corresponds to the unitary transformation b; — by,
ba — —by, while p — —p corresponds to by <> ba. The total boson number N = N; + Ny is
conserved and consequently the model is integrable as it has only two degrees of freedom and
two conserved operators, viz. H and N. Mathematically the Hamiltonian is of interest because,
related to its integrability, it admits exact Bethe ansatz solutions. This property opens avenues
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to rigorously analyse the model. For example, the Bethe ansatz solution can be used to study
the ground-state crossover from a delocalised state to a “Schrodinger cat” state in the attractive
case [3], as well as facilitating the calculation of form factors [10].

The first Bethe ansatz solution of the Hamiltonian was given by Enol’skii et al. [4, 5] using
the machinery of the Quantum Inverse Scattering Method. A key ingredient in this approach
was the use of a bosonic realisation of the Yang—Baxter algbera, which was developed in the
work of Kuznetsov and Tsiganov [8]. For zero external potential an alternative application of
the Quantum Inverse Scattering Method, using the Gaudin algebra formulation, was given by
Enol’skii, Kuznetsov and Salerno [6]. We remark this method of solution for the model has also
been recently discussed in [13, 14]. In this approach a connection was made with confluent Heun
polynomials. It was also observed in their work [6] that this connection could be established
using an su(2) realisation of the Hamiltonian (see also [17]). This property provides a direct
route to a third Bethe ansatz solution using elementary properties of second-order ordinary
differential eigenvalue equations with polynomial solutions.

2 Exact Bethe ansatz solution I

In this section we review the Quantum Inverse Scattering Method and associated algebraic Bethe
ansatz. The notational conventions we adopt follow those of [10], which also contains the full
details for the following calculations. Then we will apply this approach to derive the exact Bethe
ansatz solution of (1), as was originally described in [4, 5].

We begin with the su(2)-invariant R-matrix R(u) € End(C?®C?), depending on the spectral
parameter u € C:

1 0 | 0 0
0 b(uw) | c(u) O
Ru)=1 - - - = | (2)
0 c(u) | bu) O
o 0 | 0 1

with b(u) = u/(u+n) and c¢(u) = n/(u+n). Above, n is an arbitrary parameter. It is easy to
check that R(u) satisfies the Yang-Baxter equation

R12(u - U)ng(u)Rgg(v) = Rgg(U)ng(u)ng(u — U) (3)

on End(C? ® C? ® C%). Above R;x(u) denotes the matrix acting non-trivially on the j-th and
k-th spaces and as the identity on the remaining space. Next we define the Yang—Baxter algebra
with monodromy matriz T'(u),

_ (4w B
7= (& o) .

subject to the constraint

Ris(u — )Ty (u)Ta(v) = To(v)T1(u)Ri2(u — v). (5)
Given a representation 7 of the monodromy matrix, the transfer matrix is defined

t(u) = m(A(u) + D(u)) (6)

which satisfies [t(u),t(v)] = 0 for any choice of u and v as a result of (3). If there exists
a pseudovacuum state |y) which satisfies

m(Aw) [x) = a(u) [x),  7(B(u))]x) =0,
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m(Cw)Ix) #0,  7(D(w)[x) = d(u) [x)

the transfer matrix has eigenvalues

. Mu—vk—l—n Mu—vk—n
Aw) =a(u) [ ———— +dw) [ ——— (7)

u—v u—v
k=1 k k=1 k

Provided the Bethe ansatz equations

M
a(vk)znw, k=1,....M (8)
Vp — V5 +
Ak kT

are satisfied.
We may choose the following realization for the Yang—Baxter algebra, with arbitrary w € C,

(T(u)) = Li(u +w) Ly(u — w) (9)

written in terms of the bosonic realisation of the Lax operator given by Kuznetsov and Tsiga-
nov [8]:

N; b )
Lf(u)_(qub? 771), i=1,2. (10)

Since L(u) satisfies the relation
Rua(u —v) Ly (u)Lip(v) = Lip(v) L) () Ruz(u —v),  i=1,2 (11)

it is easy to check that the relations of the Yang—Baxter algebra (5) are obeyed. Specifically,
the realisation of the generators of the Yang—Baxter algebra is

m(Au)) = (u® — W) + quN + 7> N1 Ny — nw(N; — Ny) + bbby,
m(B(u)) = (u+ w4+ nNi)bs +n~ 1y,

(C(u)) = bj (u — w +nNa) + b},

7(D(w)) = blby + 172,

It is straightforward to verify the Hamiltonian (1) is related with the transfer matrix (6) through

1

H = =p (100 = O~ ur0) 1+ - u2).

where the following identification has been made for the coupling constants:

k_pn* op_ £ _
F L B B R

We can apply the algebraic Bethe ansatz method, using the Fock vacuum |0) as the pseudova-
cuum |x), giving

a(u) = u? — W, d(u) =72

For this case the Bethe ansatz equations are

M
2/ 2 2 Ve — V5 — 1
v —w —”7, k=1,..., M, 12
77(k: ) ﬁgkvk v n ( )



4 J. Links and K.E. Hibberd

where M is the eigenvalue of the total number operator N. The energies of the Hamiltonian are

M 2772
_ n n°M
E:_p<n2||<1+vi—u>_ 1 —unM — u?
i=1

_n‘2+w2+(u2—w2)ﬁ<l_Uz‘i“>>.

i=1

This last expression is independent of the spectral parameter u, which can be chosen arbitrarily.

3 Exact Bethe ansatz solution II

The second Bethe ansatz solution of (1) described by Enol’skii, Kuznetsov and Salerno [6] applies
only when p = 0, i.e. for the Hamiltonian

k &
H = 2 (N1 = N2)* = 2 (bibz + bibn). (13)

To obtain this solution, first we introduce new operators through a transformation

1 1
b1 = —(a1 — ias), [ — T—i—iaT,
1 \/5( 1 —iaz) 1 \/i( 1 )
. 1 )
by = —=(a1 +iag), b; = —(aJ{ — za%)

V2

such that the canonical commutation relations [a;, az] = ;%1 etc. hold. Under the above trans-
formation the Hamiltonian (13) becomes

H = g (;@m +1)(2n2 + 1) = (a)%a3 — (a})a] — I) +5 (2 —m), (14)

where n; = a;aj and N = nj + ns.
The next step is to write (14) in terms of an su(2) realisation. The su(2) algebra has
generators {57, S*} with relations

(5%, 8% = +5%, [ST,57] =28 (15)
It may be shown that

st=Ltw s =l s=levin

is an su(2) realisation preserving the commutation relations (15). It follows that we may write

k

H="=
2

1
<2SfS§ + S8y +S7SS — 81‘) +E(S5—-55). (16)

To derive the Bethe ansatz solution for (16), one takes

(T )

with o € C, and constructs the monodromy matrix

m(T(u)) = gLi (u+ B)L5 (u — B),
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where 3 € C and

1/ wl+nS? nS; .
S - i i —
L) = u < nS;  wl —nS? ) ’ i=12

The elements of the monodromy matrix are found to be

m(Aw)) :exp(na){<f+ +551> ( uﬁﬁsg) +1ﬂ77—2525152+}’
7(B(u)) = exp(na) {ngSl_ <I— uﬁ S§> + #S{ <I+ U:ngf)}’
() = expl-na) { s (14 Losy )+ sy (1- s ) b
m(D(u)) = exp(—7 ){(1— +5S1>< —uﬁ 55) 2525+52}

from which we can construct the transfer matrix (6). For the Bethe ansatz solution, the pseudo-
vacuum state |x) can be chosen to be the vacuum state |0), either of the one-particle states

aJ{ |0) or ag |0), or the two particle state a‘ia; |0}, since for all cases
m(B(u)) [x) =0

and
m(AW) Ix) = a(u)[x),  7(D(w)[x) = d(u) |x) -

In this manner the form of the Bethe ansatz solution depends on whether the total particle
number is even or odd. We find

au) = exp(na) <1 + u"f ,5) (1 + u”f%) : (17)
d(u) = exp(—na) <1 - u”f ﬁ> (1 - u"fz B) : (18)

where k1 = kg = 1/4 or kK1 = kg = 3/4 for the even case, and k1 = 3/4, ko = 1/4 or k1 = 1/4,
ko = 3/4 for the odd case. It can now be shown that 71, 7o defined by

L u+ 1 e
= lim 1 t(u) = 205 — — (25755 + S y
T nlir(lJu_l)Izlﬁ< " ) (u) ST 25(5152+5152 + S755),
u—p3
= lim li t(u) = 2055 + — (29755 + S S5 + 57 S
7 ngﬂgugmﬁ( 772)(U) oS5 + 2ﬁ( 195 4818, +505))
are related to the Hamiltonian (16) and the total number operator through
k 2
H=mn—-1——1 N = -1
2T et 5(71-1-72)
with
2 &
B = E’ a = 5

To make the Bethe ansatz solution of the model explicit it is a matter of substituting (17), (18)
into (8) and taking the limit 7 — 0 to obtain

K1
a+ k=1,..., M. 19
Ulrl-ﬁ Uk—ﬂ Z/Uj_vk (19)



6 J. Links and K.E. Hibberd

Letting A; denote the eigenvalue of 7;, it follows from (7) that

M
1
A1 = lim lim <u—|—2ﬂ> A(u) = 2k a_@_ ’
n—0u——0 n

u—pf
Ao = lim lim Alu) =2k |+ — —
2 77—>0ul—>ﬂ< 772 ) () 2

The eigenvalues of the Hamiltonian are given by

M

EN? k&
E—g(ﬁg—lil)+8+2jzlvj,

where those of the number operator are
N =2M + 2(k1 + k2) — 1.

It is apparent that the Bethe ansatz equations (12) with w = 0, which are in multiplicative
form, take on a different form to those given by (19) which are additive. Moreover, the Bethe
ansatz equations (12) are associated with a single reference state whereas (19) are dependent on
the choice of reference state. In this latter case there are four forms of the Bethe ansatz equations
associated with the choices of k1, ko which can take values 1/4 or 3/4. In the following it will
be shown how a unified system of Bethe ansatz equations can be derived in the additive form.
This approach does not use the Quantum Inverse Scattering Method.

4 Exact Bethe ansatz solution II1

We again follow the work of Enol’skii, Kuznetsov and Salerno [6] (see also [17]) and start with
the Jordan-Schwinger realisation of the su(2) algebra (15):

1
St=blb,, S =blby, 5%= 5 (N1 = Na)

which is (N + 1)-dimensional when the constraint of fixed particle number N = N + N is
imposed. In terms of this realisation the Hamiltonian (1) may be written as

k

H="_
2

(S7)2 — puS* — g (S*+57). (20)

The same (N + 1)-dimensional representation of su(2) is given by the mapping to differential
operators

d N d d

= y— = — + = N —ur = =

s Y 2 5 YT S du
acting on the (N + 1)-dimensional space of polynomials with basis {1,u,u?,...,u"V}. We can

then equivalently represent (20) as the second-order differential operator

k d? d N? d N & d
H="( S v - Npus 2 ) —p(us =) =S (Nutr 1 — )=
2<u du2+( )udu+ 4> u(u > < u + ( u)du>

_ ku? d2 1

—TW—Fi((k(l—N)—Zu)u—i—S(uQ—l))i—i-i—ki—

du 8 2 2
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Figure 1. Energy levels E versus coupling k of the Hamiltonian (1) for N =10, u =0, and £ = 1.

Solving for the spectrum of the Hamiltonian (1) is then equivalent to solving the eigenvalue
equation

HQ(u) = EQ(u), (22)

where H is given by (21) and Q(u) is a polynomial function of u of order N.
From this point, it is little effort to obtain a third Bethe ansatz solution for the Hamilto-
nian (1) (cf. [3]). First express Q(u) in terms of its roots {v;}:

H u = ).
Jj=1

Evaluating (22) at u = v; for each [ leads to the set of Bethe ansatz equations

N
Evi+ (k(1—N) —2u)vy — & :Z 2 11 N (23)
kv? j#lvj—vl’ U

N
N Nty v; and by considering the terms of

j=1
order N in (22), the energy eigenvalues are found to be

Writing the asymptotic expansion Q(u) ~ u

kEN? MN £
E=— -+ Zv] (24)

In the above manner a single form of additive Bethe ansatz equations (23) is obtained. As far as
we are aware, the mapping of the solution (23), (24) to (12), (2) remains an unsolved problem.

Fig. 1 shows the energy levels for the model with 4 = 0 and N = 10, obtained from the
solution (23), (24). Even for such low particle number it is clearly seen the ground state be-
comes quasi-degenerate in the attractive regime. This property underlies the validity of using
spontaneous symmetry breaking based on a mean-field approximation, as discussed in [2], to
distinguish the quantum phases of the Bose-Hubbard dimer Hamiltonian (1). Alternatively,
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associated with the Bethe ansatz solution (23), (24) there is a mapping of the spectrum of the
Hamiltonian into the low energy spectrum of a one-dimensional Schrédinger equation. This
facilitates a different approach for determining quantum phases of the Hamiltonian where the
crossover is identified with a bifurcation of the Schrédinger equation potential [3].
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