arXiv:hep-th/0603112 v3 11 Dec 2006

The open XXZ and associated models at q root of unity

Anastasia Doikou^1

INFN Section of Bologna, Physics Department, University of Bologna Via Irnerio 46, 40126 Bologna, Italy

Abstract

The generalized open XXZ model at q root of unity is considered. We review how associated models, such as the q harmonic oscillator, and the lattice sine-Gordon and Liouville models are obtained. Explicit expressions of the local Hamiltonian of the spin^1_2 XXZ spin chain coupled to dynamical degrees of freedom at the one end of the chain are provided. Furthermore, the boundary non-local charges are given for the lattice sine Gordon model and the q harmonic oscillator with open boundaries. We then identify the spectrum and the corresponding Bethe states, of the XXZ and the q harmonic oscillator in the cyclic representation with special non diagonal boundary conditions. Moreover, the spectrum and Bethe states of the lattice versions of the sine-Gordon and Liouville models with open diagonal boundaries is examined. The role of the conserved quantities (boundary non-local charges) in the derivation of the spectrum is also discussed.

1e-mail: doikou@bo.infn.it

1 Introduction

The ultimate goal when studying a physical system is the derivation of the corresponding observables. In the framework of integrable spin chains the first step towards such an aim is the diagonalization of the corresponding transfer matrix by means of the quantum inverse scattering method, introduced by the St. Petersburg school [1, 2, 3]. The diagonalization process relies primarily on the existence of certain exchange relations emerging from the specific algebra that rules the model, defined by either the Yang-Baxter [3, 4, 5] or the reflection equation [6, 7]. From the physical viewpoint Yang–Baxter and reflection equations describe the factorization of multiparticle scattering in the whole and half line respectively, a unique feature displayed by 2D integrable systems. Due to analyticity requirements imposed upon the spectrum certain constraints, known as Bethe ansatz equations [2, 8] arise, whose exact form depends explicitly on the choice of representation. The significance of Bethe ansatz equations rests on the fact that their solutions yield all the physically relevant quantities such as exact S matrices [2, 9, 10], thermodynamic properties [11, 12, 13] and correlation functions [3, 14]. In addition it was recently realized [15] that in a particular limit string theories may be mapped to N = 4 super Yang-Mills gauge theories, which in turn can be associated to special examples of integrable spin chains. Thus one may implement the powerful Bethe ansatz techniques [2, 8], in order to derive non-perturbatively the physically relevant quantities. This remarkable realization put integrable spin chains and Bethe ansatz into the fore of recent advances in string theory.

The main aim of the present article is the investigation of the spectrum of a generalized XXZ model, and associated models, with special open boundary conditions that preserve integrability. Historically the spin^1_2 XXZ chain with diagonal boundaries was investigated in [7, 16, 17], whereas the corresponding spin chain with non diagonal boundaries was just recently solved for q root of unity [18], and for generic values of q in [19]. The spectrum and Bethe ansatz for the spin s XXZ model with non-diagonal boundaries were also derived in [20, 21]. In [22] the spectral equivalence between the Hamiltonians of the XXZ model with a non diagonal boundary and a novel open model (the asymmetric twin chain) with an obvious reference state is shown via the representation theory of boundary Temperley–Lieb algebras. Furthermore, the spectral equivalence of XXZ type Hamiltonians with diagonal and nondiagonal boundaries was investigated in [23], again in the context of boundary Temperley-Lieb algebras. Equivalence of the spectra of spin chains with different boundaries was also established in [24] by introducing appropriate defects. In the present study we shall be mainly interested in the case where the parameter q is a root of unity, and we shall restrict our attention in finding the spectrum of the general XXZ model and the q harmonic oscillator with non diagonal boundaries for the so called cyclic representation [25], which has not been treated so far. It will be instructive to provide a special example of the Hamiltonian of the spin^1_2 XXZ model with special integrable conditions, i.e. H = − 1 4 N−1∑ i=1 ( σ^x_i σ^x_{i+1} + σ^y_i σ^y_{i+1} + cosh(iμ) σ^z_i σ^z_{i+1} ) − N 4 cosh(iμ) + M_N + c_1 σ^z_1 + c_2 σ^+_1 + c_3 σ^−_1 (1.1)

σ^{x,y,z}, (σ^±) are the 2 × 2 Pauli matrices. The constants c_i are dictated by integrability, and M is a 2 × 2 matrix with entries being either scalars (c-number K matrix applied at the right boundary) or elements of a particular algebra, e.g. U_q(sl_2), the q harmonic oscillator algebra etc., that is a dynamical boundary coupled to the right end of the spin chain, that is a typical quantum impurity problem. In general such type of Hamiltonians turn out to be of particular significance in condensed matter physics, describing for instance quantum impurities (see [7, 13, 20, 24], [26]–[29] and references therein) or being related to the Azbel-Hofstadter Hamiltonian [26, 30, 31, 32]. Note that we shall also examine the spectrum and Bethe ansatz equations of the open lattice sine Gordon and Liouville models, but only with diagonal boundaries.

Let us outline the content of each section of the present article. Sections 2 and 3 serve basically as a general review. More precisely, in section 2 we introduce the generalized XXZ model, and we also review how associated models such as the lattice sine-Gordon, Liouville models and the q harmonic oscillator arise via certain limiting processes. The underlying algebraic description is also provided and useful realizations are presented. In fact, one of the the main objectives of this article is to offer a unifying framework for the study of a whole class of open integrable lattice models emerging from the generalized XXZ model. However to identify the spectrum of the relevant models one has to fix a representation and this is done in sections 6 and 7. In section 3 section well known c-number K matrices, solutions of the reflection equation are reviewed, and the algebraic transfer matrix of an open spin chain is also recalled.

In section 4 a special example of a XXZ Hamiltonian (1.1), with spin^1_2 in the bulk coupled to some dynamical system at the one end is considered. More precisely, explicit novel expressions of the dynamical boundary term M of the Hamiltonian (1.1) are provided. Note that these expressions are generic (algebraic) at this stage, i.e. they are independent of the choice of representation for both the U_q(sl_2) and the q oscillator algebras, which are our primary interest in the present study. In fact such a Hamiltonian may be regarded as a special example of the more general case described in section 3. To deal with the corresponding spectrum naturally one has to choose a particular representation associated to the boundary. This is done however in section 6, where we restrict our attention to the cyclic representation for both XXZ and the q harmonic oscillator. In section 5 the boundary non local charges for the generic XXZ chain are reviewed, and novel expressions of the non-local charges for the lattice sine-Gordon model and q harmonic oscillator are derived. Their significance and their relation to the spectrum becomes clear in section 6.

In section 6 the spectrum of the XXZ model and the q harmonic oscillator in the cyclic representation [25], for special non-diagonal boundaries is investigated. Generalizing the formulation of [19, 33] we are able to identify a reference state, by means of suitable local gauge transformations known also as Darboux matrices [34], upon which eigenstates are built. The derivation of the reference states, which is a new result, is achieved by solving sets of recursion relations. Within the algebraic Bethe ansatz framework novel expressions of the spectrum and Bethe ansatz equations of the relevant models are found. In this context the Hamiltonian presented in section 4, with the boundary terms associated to the cyclic representation, (see also (1.1)) is also treated as a special case. Another intriguing new result is the connection between the spectrum of the open transfer matrix and the spectrum of the conserved boundary non local charges, which is presented in section 6.3. Although this is a generic result, which hold for any representation we provide particular examples for the XXZ model and the q harmonic oscillator in the cyclic representation, given that these models are our primary concern. In Appendix C we present such a conserved quantity in the spin s representation (locally) as a tridiagonal (Jacobi) matrix [35], and in the cyclic representation of U_q(sl_2), and we attempt its diagonalization. In section

7 we give a flavor on the lattice sine-Gordon and Liouville theories with diagonal boundary conditions. This is the first time to our knowledge that these models with open boundary conditions are considered. Finally, in the conclusion section we summarize the results of the present article.

2 The XXZ and associated models

In this section the XXZ model is introduced, and various closely related models, which arise from it naturally are reviewed. The XXZ spin^1_2 R matrix, associated to the fundamental representation of U_q(sl_2), acting on (C^2 )^{⊗2}. In general, the R matrix is a quantity proportional to the physical S matrix, acts on V^{⊗2} , and is a solution of the Yang-Baxter equation [3, 4]

R_{12}(λ_1 − λ_2) R_{13}(λ_1) R_{23}(λ_2) = R_{23}(λ_2) R_{13}(λ_1) R_{12}(λ_1 − λ_2), (2.1)

which acts on V^{⊗3} , and as customary R_{12} = R ⊗ I, R_{23} = I ⊗ R. The spin^1_2 XXZ R matrix in particular is given by R(λ) = ( sinh μ(λ +^i_2 +^{iσz}_2 ) σ^− sinh(iμ) σ^+ sinh(iμ) sinh μ(λ +^i_2 −^{iσz}_2 ) ) . (2.2)

The R matrix is written in the so called principle gradation, it can be however expressed in the homogeneous gradation by means of a simple gauge transformation

R^{(h)}_{12} (λ) = V_1(−λ) R^{(p)}_{12} (λ) V_1(λ), V(λ) = diag(1, e^{μλ}). (2.3)

One may now derive a more general object L(λ) ∈ End(C^2 ) ⊗ U_q(^sl_2), where the quantum algebra U_q(^sl_2) is defined by the fundamental algebraic relation (see also Appendix A)

R_{ab}(λ_1 − λ_2) L_{an}(λ_1) L_{bn}(λ_2) = L_{bn}(λ_2) L_{an}(λ_1) R_{ab}(λ_1 − λ_2). (2.4)

A simple solution of the latter equation, which we shall use hereafter, is (index free notation) L(λ) = ( e^{μλ}A − e^{−μλ}D (q − q^{−1})B (q − q^{−1})C e^{μλ}D − e^{−μλ}A ) (2.5)

A, B, C, D satisfy the defining relations of U_q(sl_2) (q = e^{iμ}), namely

A D = D A = I, A C = qC A, A B = q^{−1}B A, [ C, B ] = A^2 − D^2 q − q^{−1} . (2.6)

A well known representation of U_q(sl_2) is the spin s representation, which is n = 2s + 1 dimensional, and may be expressed in terms of n × n matrices as A = n∑ k=1 q^{αk} e_{kk}, C = n−1∑ k=1 C̃_k e_{k k+1}, B =^{n−1} ∑ k=1 C̃_k e_{k+1 k} (2.7)

where we define the matrix elements (e_{ij} )_{kl} = δ_{ik} δ_{jl} and

α_k = n + 1 2 − k, C̃_k = √ [k]_q[n − k]_q, [k]_q = q^k − q^{−k} q − q^{−1} . (2.8)

The generators A, B, C, D may be also expressed in terms of the Heisenberg-Weyl group generators X, Y X Y = q Y X (2.9) as A = D^{−1} = X, B = 1 q − q^{−1} (q^{−s}X^{−1} − q^sX)Y^{−1} , C = 1 q − q^{−1} (q^{−s}X − q^sX^{−1})Y. (2.10)

Such a realization may be also thought of as a q-deformation of the sl_2 algebra, when the corresponding generators are expressed in terms of differential operators, i.e.

S^z = y d dy , S^− = y^{−1}(y d dy + s), S^+ = y(y d dy − s). (2.11)

It is worth pointing out that the latter expressions for s = 0, correspond to a sl(2, R) realization, which has been employed in the context of high energy QCD. More precisely, it was shown in [36] that the high energy asymptotic behavior of the hadron-hadron scattering amplitude in QCD is described by the non-compact XXX Heisenberg chain with s = 0 [37, 38].

In the present article the XXZ model will be examined for the special case where q is root of unity, i.e. q^p = 1, q = e^{iμ}, μ =^{2kπ}_p , where k, p integers. In this case the algebra admits a p dimensional representation, known as the cyclic representation [25]. More specifically, in addition to (2.9) one more restriction is applied so one may obtain a representation with no highest (lowest) weight

X^p = Y^p = 1

then the generators X, Y may be expressed as p dimensional matrices X = p∑ k=1 q^{−k} e_{kk}, Y = p−1∑ k=1 e_{k k+1} + e_{p1}. (2.12)

This realization is of particular interest and it has been extensively used for instance in the problem of Bloch electrons in a magnetic field, described by the Azbel-Hofstadter Hamiltonian [30, 31, 32]. In addition as argued in [39] the quantum Hall effect states may be also seen as cyclic representation of U_q(sl_2).

The XXZ model can be regarded as a universal model, since it gives rise to a whole class of associated integrable models. In what follows we shall briefly review how the lattice sine-Gordon and Liouville models are obtained in a natural way from the XXZ L matrix. Also the q harmonic realization will be obtained again from the generalized XXZ form. The generators X and Y may be associated with an infinite dimensional representation in terms of some lattice ‘fields’. Then one may identify the L operator of the lattice sine–Gordon model [40]. More specifically set Z_n = Y_n X_n, it is then clear that X_n Z_n = qZ_n X_n, where notice that for convenience we reintroduce the index n. Also set X_n → e^{−iΦn} , Z_n → e^{iΠn} , [ Φ_n, Π_m ] = iμδ_{mn} (2.13) q^{s− 1}2 = −im. The parameter s of the representation is associated to the mass scale of the system. Also by multiplying by −im σ^x (we are allowed to multiply with σ^x because this leaves the XXZ R matrix invariant) one obtains the lattice sine-Gordon L matrix [40] L^{SG}_{an} (λ) = ( h_+(Φ_n)e^{iΠn} −im 2 sinh(μλ + iΦ_n) −im 2 sinh(μλ − iΦ_n) h_−(Φ)e^{−iΠn} ) (2.14)

h_±(Φ_n) = 1 + m^2e^{±2iΦn+iμ}.

As was argued in [41] by taking an appropriate massless limit a lattice version of the Liouville model is also recovered. Indeed by multiplying the sine–Gordon L operator with L_{an}(λ) = g_a L^{SG}_{an} (λ) g^{−1}_a , g = diag ( ( m iα )^{12} , ( m iα )^{− 12} ) (2.15)

where α will be associated to the spacing of the lattice and in the classical limit α → 0 (see below). In the quantum level is a finite number and for our purposes here we set α = −i (see also section 7). Consider also the following limiting process [41] iΦ_n → iΦ_n + c, μλ → μλ + c, m → 0, e^{−c} → ∞, m^2e^{−2c} → α^2 (2.16) one obtains the lattice Liouville L matrix L^{Lv}_{an} (λ) = ( e^{iΠn} αe^{−μλ−iΦn} 2α sinh(μλ − iΦ_n) h(Φ_n)e^{−iΠn} ) (2.17)

h(Φ_n) = 1 + α^2e^{−2iΦn+iμ}.

The interesting observation is that the entailed L operator (2.17) has a non trivial spectral (λ) dependence a fact that allows the application of Bethe ansatz techniques for the derivation of the spectrum (see also [41]). The classical limit of the aforementioned L matrices (2.14), (2.17) provides the corresponding classical Lax operators satisfying the zero curvature condition, and giving rise to the classical equations of motion of the relevant models (for more details see also [40, 41]). Let us briefly review the connection between the quantum (lattice) versions and the classical sine-Gordon and Liouville models. Consider the following classical limit [40, 41], the spacing α → 0, set μ → hμ such that^1_h [, ] → {, }, and

Φ_n → β 2 ϕ(x) − π 2 , Π_n → α β 4 π(x), − 4im → αm̃, μλ → u + iπ 2 (2.18)

m̃ is the continuum mass and β corresponds to the coupling constant of the sine Gordon model, and for the Liouville model we set^β_2 = 1, following the normalization of [41]. Bearing in mind the expressions above (2.18) we obtain as α → 0

L(u) = 1 − αU(u) + O(α^2) (2.19)

then the quantities U(u) and V(u), written below provide a Lax pair for the classical counterparts of the lattice sine-Gordon and Liouville models. More precisely for the sine Gordon model

U(u) = 1 2 ( −i^β_2 π(x) −m̃ sinh(u + i^β_2 ϕ(x)) m̃ sinh(u − i^β_2 ϕ(x)) i^β_2 π(x) ) ,

V(u) = 1 2 ( −i^β_2 ϕ^′(x) −m̃ cosh(u + i^β_2 ϕ(x)) m̃ cosh(u − i^β_2 ϕ(x)) i^β_2 ϕ^′(x) ) (2.20) whereas for the Liouville model the Lax pair reads

U(u) = 1 2 ( −iπ(x) −2e^{−u−iϕ(x)} 4 sinh(u − iϕ(x)) iπ(x) ) , V(u) = 1 2 ( −iϕ^′(x) 2e^{−u−iϕ(x)} 4 cosh(u − iϕ(x)) iϕ^′(x) ) (2.21)

The Lax pair satisfies the zero curvature condition

U̇ − V^′ + [ U, V ] = 0 (2.22)

which leads to the corresponding equations of motions i.e.

sine-Gordon model: ϕ̈(x) − ϕ^{′′}(x) + m̃^2 β sin(βϕ(x)) = 0

Liouville model: ϕ̈(x) − ϕ^{′′}(x) − 4ie^{−2iϕ(x)} = 0. (2.23)

Similar limiting process to (2.16) leads to the q-harmonic oscillator L matrix starting from (2.5), (2.10). In fact, by simply multiplying the Liouville L matrix with an anti-diagonal matrix and bearing also in mind (2.13) we obtain the following L_{an}(λ) = ( e^{μλ}V_n − e^{−μλ}V^{−1}_n a^+_n a_n −e^{−μλ}V_n ) (2.24)

where the operators a_n, a^+_n , V_n are expressed in terms of X_n, Y_n as

V_n = X_n, a^+_n = (X^{−1}_n − qX_n)Y^{−1}_n , a_n = Y_n X_n (2.25)

and they satisfy the q harmonic oscillator algebra i.e.

a^+_n a_n = 1 − qV^2_n , a_n a^+_n = 1 − q^{−1}V^2_n . (2.26)

The latter may be also seen as q deformation of the Discrete-Self-Trapping (DST) model [42]. The DST equation introduced in [43] to describe the non-linear dynamical behaviour of small molecules (ammonia, acetylene), and big molecules as well (acetanilide). Also the integrability properties of the DST model with two or more degrees of freedom were studied in a series of articles [34, 44].

Finally, the simplest q deformed L matrix is obtained from (2.14) —written in terms on the algebraic objects X_n, Z_n (see (2.13))— via a simple limit μλ → μλ + b, e^b → ∞, − ime^b → 1 (2.27) then the corresponding L matrix becomes (see also [31]) L_{an}(λ) = ( Z_n e^{μλ}X^{−1}_n e^{μλ}X_n Z^{−1}_n ) (2.28)

and this L matrix was used for the construction of lattice versions of the KdV system (for more details on the lattice KdV see also [45, 46, 47]).

3 The open transfer matrix

As is well known to construct the transfer matrix associated to an open spin chain one needs in addition to the R (L) matrix one more fundamental object, namely the K matrix, which is proportional to the physical boundary S matrix, acting on V, and is a solution of the reflection equation [6],

R_{12}(λ_1 − λ_2) K_1(λ_1) R_{21}(λ_1 + λ_2) K_2(λ_2) = K_2(λ_2) R_{12}(λ_1 + λ_2) K_1(λ_1) R_{21}(λ_1 − λ_2). (3.1)

As proposed in [28, 48] an effective way of finding solutions of the reflection equations (3.1) is to exploit certain algebraic structures such as (boundary) Temperley–Lieb algebras [48]–[52].

Let us recall how one may express the XXZ R and K matrices, solutions of the Yang-Baxter and reflection equations respectively, in terms of the generators of the boundary Temperley-Lieb (blob) algebra. First define the blob algebra b_N (q, Q), which is a quotient of the affine Hecke algebra [50], with generators U_1 , U_2 , ..., U_{N−1} and U_0 , and relations:

U_l U_l = δ U_l , U_0 U_0 = δ_0 U_0 U_{l±1} U_l U_{l±1} = U_{l±1} , U_1 U_0 U_1 = γ U_1 [ U_l , U_k ] = 0, |l − k| ≠ 1 (3.2)

δ = −(q + q^{−1}), q = e^{iμ}, and δ_0, γ are constants depending on q and Q = e^{imμ}. Physically the constants q and Q play the role of the bulk and boundary parameter respectively of the open spin chain, which will be constructed in the following.

The generators U_l , l ∈ {1, .., N − 1}, U_0 of the blob algebra are given in the spin^1_2 XXZ representation, i.e. let the tensor representation h : b_N (q, Q) → End((C^2 )^{⊗N} ) such that (see also [51])

h(U_l ) = 1 ⊗ . . . ⊗ 0 0 0 0 0 −q 1 0 0 1 −q^{−1} 0 0 0 0 0 ⊗ . . . ⊗ 1,

h(U_0 ) = ( −Q q^θ q^{−θ} −Q^{−1} ) ⊗ . . . ⊗ 1 (3.3)

with h(U_l ) acting non-trivially on V_l ⊗ V_{l+1} , (where V = C^2 ) and h(U_0 ) acting on V_1 . Note that h(U_l ) l ∈ {1, . . . , N − 1} are actually the XXZ representations of the Temperley-Lieb algebra generators [49, 52]. The notation here is slightly modified compared to [28]. Also, for this representation we find: δ_0 = −(Q + Q^{−1}) and γ = qQ + q^{−1}Q^{−1}.

As argued in [28] tensor representations of the blob algebra provide solutions of the reflection equation. Hence a solution of the reflection equation (3.1) may be written in terms of the blob algebra generator h(U_0 ) (3.3) as

K^{(b)}_1 (λ) = 2 sinh μ(λ − im 2 − iζ) cosh μ(λ − im 2 + iζ) I+ sinh(2μλ) h(U_0 ), (3.4) ζ is an arbitrary constant. The XXZ spin^1_2 R matrix (2.2) may be also written in terms of the representation h(U_l ), [53], i.e.

R_{12}(λ) = P_{12} ( sinh μ(λ + i) I+ sinh(μλ) h(U_1 ) ) (3.5)

where P is the permutation operator, such that P(a ⊗ b) = b ⊗ a.

The matrix obtained from the blob algebra (3.4) coincides with the K matrix found in [54, 55] (written in the homogeneous gradation) i.e. K(λ) = ( sinh μ(−λ + iξ) e^{μλ} q^θκ sinh(2μλ) q^{−θ}κ sinh(2μλ) sinh μ(λ + iξ) e^{−μλ} ) (3.6)

subject to the following identifications e^{−iμξ} 2κ = sinh(imμ), e^{iμξ} 2κ = − sinh(2iμζ). (3.7)

The K matrix (3.4), (3.6) is written in the homogeneous gradation. To obtain the matrix in the principal gradation it is necessary to perform a simple gauge transformation, i.e.

K^{(p)}(λ) = V(λ) K^{(h)}(λ) V(λ) (3.8)

where V is given by (2.3).

Another representation that leads eventually to upper (lower) triangular K matrices follows essentially if one considers the limit q^θ, Q → ∞, then the representation of the boundary element (3.3) reduces to:

h(U_0 ) = ( −Q q^θ 0 0 ) ⊗ . . . ⊗ 1. (3.9) Indeed the matrices h(U_l ) (3.3) and h(U_0 ) (3.9) form a representation of the blob algebra with δ_0 = −Q and γ = q Q. The corresponding K matrix then is K(λ) = ( sinh μ(−λ + iξ) e^{μλ} q^θκ sinh(2μλ) 0 sinh μ(λ + iξ) e^{−μλ} ) (3.10)

where in this case the relations among the boundary parameters become e^{−iμξ} κ = e^{imμ}, e^{iμξ} 2κ = − sinh(2iμζ). (3.11)

It is clear that by considering q^{−θ} → ∞ one recovers a lower triangular matrix. In fact, such upper (lower) triangular K matrices may be thought of as the result of a very particular gauge transformation of the type (2.15), where the mass parameter m ∝ q^θ becomes very big (or very small).

Finally, to construct the generating function of the conserved commuting quantities associated to an open spin chain, one needs two solutions K^±(λ) of the reflection equation (3.1). Indeed, the transfer matrix t(λ) associated to an open spin chain of N sites [7] reads

t(λ) = tr_0 { K^+_0 (λ) T_0(λ) K^−_0 (λ) T̂_0(λ) } = tr_0 { K^+_0 (λ) T_0(λ) } (3.12) where T is a solution of the reflection equation (3.1) and

T_0(λ) = L_{01}(λ − iΘ)L_{02}(λ − iΘ) · · · L_{0N} (λ − iΘ) T̂_0(λ) = L̂_{0N} (λ + iΘ) · · · L̂_{02}(λ + iΘ)L̂_{01}(λ + iΘ),(3.13)

L is one of the matrices introduced in section 2 and L̂(λ) = L^{−1}(−λ). As usually we keep only the index 0, associated to the ‘auxiliary’ space, whereas the indices 1, . . . , N, corresponding to the ‘quantum’ spaces are suppressed. The parameter Θ is called inhomogeneity, and in principle one could attach a different one at each site of the spin chain. Also K^+(λ) = M K(−λ − i), K is any solution of the reflection equation, and M is defined as:

M = I, Principal gradation M = diag(q, q^{−1}), Homogeneous gradation. (3.14)

K^− is a c-number solution (3.6) of the reflection equation as well. The transfer matrix (3.12) provides a family of commuting operators [7], i.e. [ t(λ), t(λ^′) ] = 0. (3.15)

At this stage the quantity (3.12), (3.13) is a purely algebraic construction. It only acquires a physical meaning describing a spin chain system once particular representations are chosen to act on the quantum spaces.

4 Hamiltonian of a spin chain coupled to a dynamical boundary

Already in the introduction the general form of a Hamiltonian with dynamical boundary term was presented (1.1). We focus here in a special case of the algebraic transfer matrix (3.12), (3.13) described in the previous section. More precisely, we consider the situation where the spin^1_2 representation is assigned at each quantum space (L → R, set also Θ = 0), and the right end of the chain is coupled to dynamical degrees of freedom, associated to the U_q(sl_2), and the q harmonic oscillator algebras i.e. t(λ) = tr_0 { K^+_0 (λ) R_{01}(λ) . . . R_{0N} (λ) K^−_0 (λ) R̂_{0N} (λ) . . . R̂_{01}(λ) } (4.1)

where R is the XXZ matrix (2.2), and now the K^− matrix is expressed in a factorized form [7, 26, 27, 20, 28, 29, 24]

K^−_0 (λ) = L_{0d}(λ − iΘ_0) K_0(λ) L̂_{0d}(λ + iΘ_0) (4.2)

the index d characterizes the extra ‘dynamical space’ attached to the right boundary of the chain, K is a c-number solution of the reflection equation (3.6) with parameters ξ^−, κ^−, θ^−, L being the matrix given by (2.5) or (2.24), and K^+ = MK^′(−λ − i) where K^′ is again a c-number solution of the reflection equation of the general type (3.6), but with parameters ξ^+, κ^+, θ^+. Note that the dynamical space may be thought of as an extra site of the spin chain, but here it is preferable to treat it as a dynamical system attached to the boundary. It will be instructive for future reference to provide at this point explicit expressions for the dynamical matrix M appearing in the Hamiltonian (1.1), and due to the dynamical nature of the boundary the entries of M in (1.1) will be written in terms of the generators of the U_q(sl_2) and q harmonic oscillator algebras as we will see below. In general the Hamiltonian is defined as proportional to^d_{dλ} t(λ)|_{λ=0}, in particular we choose to normalize as (we also set Θ = 0): H = − (sinh(iμ))^{−2N+1}F^{−1} 4μ sinh(iμξ^−) ( tr_0K^+_0 (λ) )_{−1} d dλ t(λ)|_{λ=0}, (4.3)

where F = L_{0d}(−iΘ_0) L̂_{0d}(iΘ_0), and for:

(I) the U_q(sl_2) case, F = w − cosh iμ(1 + 2Θ_0) with w being the Casimir of U_q(sl_2)

w = q A^2 + q^{−1}D^2 + (q − q^{−1})^2B C = q^{−1} A^2 + qD^2 + (q − q^{−1})^2C B. (4.4)

(II) the q-harmonic oscillator, F = 1 − q^{1+2Θ0} .

Then having in mind that R(0) = R̂(0) = sinh iμ P, K(0) = sinh(iμξ^−) I and also define H_{kl} = − 1 2μ d dλ (P_{kl} R_{kl}(λ)) (4.5)

we may rewrite the Hamiltonian as H = N−1∑ l=1 H_{l l+1} − sinh(iμ) F^{−1} 4μ sinh(iμξ^−) ( d dλ K^−_N (λ) ) | | |_{λ=0} + tr_0 K^+_0 (0) H_{10} tr_0 K^+_0 (0)

. (4.6)

The first term in (4.6) gives rise to the bulk spin-spin interaction between first neighbours appearing in (1.1), whereas the second term gives rise to M, and the third one to the last three terms of (1.1). We shall provide at this point the explicit values of the constants c_i of (1.1). It is straightforward to compute from (4.6) that:

c_1 = − sinh(iμ) cosh(iμξ^+) 4 sinh(iμξ^+)

, c_2 = − sinh(iμ)κ^+q^{−θ+} 4 sinh(iμξ^+)

, c_3 = − sinh(iμ)κ^+q^{θ+} 4 sinh(iμξ^+)

, (4.7)

where the parameters ξ^+, κ^+, θ^+ are apparently associated to the left boundary K^+. To summarize the Hamiltonian is finally written exactly as in (1.1) H = − 1 4 N−1∑ i=1 ( σ^x_i σ^x_{i+1} + σ^y_i σ^y_{i+1} + cosh(iμ) σ^z_i σ^z_{i+1} ) − N 4 cosh(iμ) + M_N

− sinh(iμ) cosh(iμξ^+) 4 sinh(iμξ^+) σ^z_1 − sinh(iμ)κ^+q^{−θ+} 4 sinh(iμξ^+) σ^+_1 − sinh(iμ)κ^+q^{θ+} 4 sinh(iμξ^+) σ^−_1 (4.8)

Our objective in what follows is to give explicit expressions for the matrix M occurring as a boundary contribution in the Hamiltonian above due to the second term in (4.6).

(I) The U_q(sl_2) algebra: The entries of M ‘act’ to the ‘dynamical space’ which in this case is associated to a copy of U_q(sl_2), hence they are expressed in terms of the U_q(sl_2) generators as

M_{11} = − sinh(iμ) F^{−1} 4 sinh(iμξ^−) [ − cosh(iμξ^−) ( 2q A^2 + 2q^{−1}D^2 − w − q^{1+2Θ0} − q^{−1−2Θ0} )

+ 2κ^−(q − q^{−1}) ( q^{−θ−} B(q^{1+Θ0} A − q^{−1−Θ0} D) + q^{θ−} (q^{−Θ0} A − q^{Θ0} D)C ) + 2 sinh(iμξ^−) ( qA^2 − q^{−1}D^2 )]

M_{22} = − sinh(iμ) F^{−1} 4 sinh(iμξ^−) [ cosh(iμξ^−) ( 2q^{−1} A^2 + 2qD^2 − w − q^{1+2Θ0} − q^{−1−2Θ0} )

+ 2κ^−(q − q^{−1}) ( q^{θ−} C(q^{1+Θ0} D − q^{−1−Θ0} A) + q^{−θ−} (q^{−Θ0} D − q^{Θ0} A)B ) + 2 sinh(iμξ^−) ( qD^2 − q^{−1}A^2 )]

M_{12} = − sinh(iμ) F^{−1} 4 sinh(iμξ^−) [ 2 cosh(iμξ^−)(q − q^{−1})(q^{Θ0} D − q^{−Θ0} A)B + 2 sinh(iμξ^−)(q − q^{−1})(q^{−Θ0} A + q^{Θ0} D)B

+ 2κ^− ( q^{−θ−} (q − q^{−1})^2B^2 + q^{θ−} (q + q^{−1} − q^{1+2Θ0} D^2 − q^{−1−2Θ0} A^2) )]

M_{21} = − sinh(iμ) F^{−1} 4 sinh(iμξ^−) [ 2 cosh(iμξ^−)(q − q^{−1})(q^{−Θ0} D − q^{Θ0} A)C + 2 sinh(iμξ^−)(q − q^{−1})(q^{Θ0} A + q^{−Θ0} D)C

+ 2κ^− ( q^{θ−} (q − q^{−1})^2C^2 + q^{−θ−} (q + q^{−1} − q^{−1−2Θ0} D^2 − q^{1+2Θ0} A^2) )] . (4.9)

(II) The q harmonic oscillator algebra: In this case the entries of M belong to the q harmonic oscillator algebra (2.26) generated by V, a, a^+

M_{11} = − sinh(iμ) F^{−1} 4 sinh(iμξ^−) [ cosh(iμξ^−)(1 + q^{1+2Θ0} − 2qV^2) + 2 sinh(iμξ^−)qV^2 +2κ^− ( q^{−θ−+1}a^+V + q^{θ−} (q^{−Θ0} V − q^{Θ0} V^{−1})a )]

M_{22} = − sinh(iμ) F^{−1} 4 sinh(iμξ^−) [ − cosh(iμξ^−)(1 + q^{1+2Θ0} − 2q^{−1}V^2) − 2 sinh(iμξ^−)q^{−1}V^2 +2κ^− ( − q^{−θ−} q^{Θ0} V a^+ − q^{θ−} a(q^{−1−2Θ0} V − q^{1+2Θ0} V^{−1}) )]

M_{12} = − sinh(iμ) F^{−1} 4 sinh(iμξ^−) [ − 2 cosh(iμξ^−)(q^{−Θ0} V − q^{Θ0} V^{−1})a^+ + 2 sinh(iμξ^−)(q^{−Θ0} V + q^{Θ0} V^{−1})a^+ +2κ^− ( q^{θ−} (q + q^{−1} − q^{1+2Θ0} V^{−2} − q^{−1−2Θ0} V^2) + q^{−θ−} (a^+)^2 )]

M_{21} = − sinh(iμ) F^{−1} 4 sinh(iμξ^−) [ − 2 cosh(iμξ^−)q^{Θ0} V a + 2 sinh(iμξ^−)q^{Θ0} V a + 2κ^− ( q^{θ−} a^2 − q^{−θ−} q^{−1+2Θ0} V^2) )] . (4.10)

As expected the entries of the matrix M, due to right dynamical boundary, are expressed in terms of the generators of the two main algebras i.e. U_q(sl_2) and the q harmonic oscillator. These generators occur naturally in the expressions above due to the presence of L_{0d}, L̂_{0d} in the dynamical boundary we are considering (4.2). To find the spectrum and the eigenstates of such a Hamiltonian one has to fix the representation at the boundary, and this will be done in section 6 where the cyclic representation (2.12) is considered for both U_q(sl_2) and the q harmonic oscillator.

5 The boundary non-local charges

The so called boundary non-local charges [56]–[59] will be now introduced. Such charges are going to play an essential role in the derivation of the spectrum as we shall see in a subsequent section. They are obtained via the standard procedure, by considering the asymptotics of the operator T as μλ → ∞ (see also [57, 58]). Note that in what follows the L, L̂ and K^± matrices are written in the principal gradation.

(I)The XXZ and lattice sine Gordon models: The asymptotics of L(λ − Θ), L̂(λ + Θ) as μλ → ∞, bearing in mind the evaluation homomorphism (A.5), is given as (μΘ is considered finite) L_{0n}(μλ → ∞) ∝ ( k_{1,n} k_{2,n} ) + e^{−μλ}w ( f_{1,n} f_{2,n} ) + . . . , L̂_{0n}(μλ → ∞) ∝ ( k_{1,n} k_{2,n} ) + e^{−μλ}ŵ ( e_{2,n} e_{1,n} ) + . . . (5.1)

with k_2 = k^{−1}_1 . The subscript n simply denotes that the corresponding objects are associated to the n^{th} site (‘quantum space’) of the chain,

w = 2 sinh(iμ) q^{− 12 +Θ′} , ŵ = 2 sinh(iμ) q^{− 12 −Θ′} , Θ^′ = Θ + 1 2 . (5.2)

By also considering K^−, being of the form (3.6) with boundary parameter ξ^−, κ^−, θ^−, as μλ → ∞ (3.6) (the constants ξ^−, κ^−, θ^− are considered to be finite) K^−(μλ → ∞) ∝ ( q^{θ−} κ^− q^{−θ−} κ^− ) + e^{−μλ} ( −e^{−iμξ−} e^{iμξ−} ) + . . . (5.3)

one may formulate the corresponding behavior of T (3.12), namely T (μλ → ∞) ∝ ( q^{θ−} q^{−θ−} ) + 2 sinh(iμ) e^{−μλ} ( Q^{(N)}_1

Q^{(N)}_2 ) + . . . (5.4)

where the non-local charges Q^{(N)}_i , i ∈ {1, 2} are given by the following expressions [56]–[59]

Q^{(N)}_i = q^{− 12 −Θi} K^{(N)}_i E^{(N)}_i + q^{12 +Θi} K^{(N)}_i F^{(N)}_i + x_i(K^{(N)}_i )^2, i ∈ {1, 2}. (5.5)

K^{(N)}_i , E^{(N)}_i and F^{(N)}_i , provide N coproducts of the quantum Kac–Moody algebra U_q(^sl_2) (see also Appendix)

K^{(N)}_i = Δ^{(N)}(k_i), E^{(N)}_i = Δ^{(N)}(e_i), F^{(N)}_i = Δ^{(N)}(f_i), i ∈ {1, 2} (5.6)

and the constants appearing in (5.5) are:

x_1 = − e^{−iμξ−} 2κ^− sinh(iμ)

, x_2 = e^{iμξ−} 2κ^− sinh(iμ)

, Θ_1 = Θ^′ − θ^−, Θ_2 = Θ^′ + θ^−. (5.7)

It is clear that in the case of an upper triangular K^− matrix the boundary non-local charges follow immediately from the expressions above, given that the term proportional to q^{−θ−} is omitted. Analogous expressions are obtained for a lower triangular matrix, and in this case the term proportional to q^{θ−} is omitted in the expressions (5.5).

It is worth elaborating a bit further on the lattice sine–Gordon. Our aim is to provide explicit expressions of the lattice topological charge [40] and the fractional-spin integrals of motion for the lattice sine Gordon model. To achieve this we recall that locally the L matrix (2.14) lacks a highest (lowest) weight, and as a consequence the algebraic Bethe ansatz formulation cannot be applied. However, it was proposed in [40] that one may consider a 2N site spin chain and locally can deal with a new L matrix constructed as a combination of two successive L matrices. Here we are dealing with a system with open boundaries, and we also need to define the corresponding L̂ matrix. Indeed we define the following objects

L_{0n} (λ) = L_{0 2n−1}(λ) L_{0 2n}(λ), L̂_{0n} (λ) = L̂_{0 2n}(λ) L̂_{0 2n−1}(λ) (5.8)

where the subscripts 2n, 2n − 1 in the L operators denote the corresponding site in the one dimensional lattice. Then by keeping the lowest order terms in the μλ → ∞ expansion the L, L̂ matrices reduce to the same form as in (5.1). In this case in particular k_i, e_i, f_i are given by the following expressions: k_{1,n} = e^{−i(Φ2n −Φ2n−1)}, k_{2,n} = k^{−1}_{1,n} e_{1,n} = − im q − q^{−1} (h_+(Φ_{2n})e^{iΠ2n} e^{iΦ2n−1} + h_−(Φ_{2n−1})e^{−iΠ2n−1} e^{iΦ2n} ), f_{1,n} = − im q − q^{−1} (h_+(Φ_{2n−1})e^{iΠ2n−1} e^{iΦ2n} + h_−(Φ_{2n})e^{−iΠ2n} e^{iΦ2n−1} ), e_{2,n} = − im q − q^{−1} (h_−(Φ_{2n})e^{−iΠ2n} e^{−iΦ2n−1} + h_+(Φ_{2n−1})e^{iΠ2n−1} e^{−iΦ2n} ), f_{2,n} = − im q − q^{−1} (h_+(Φ_{2n})e^{iΠ2n} e^{−iΦ2n−1} + h_−(Φ_{2n−1})e^{−iΠ2n−1} e^{−iΦ2n} ). (5.9)

In the context of the lattice sine–Gordon the N coproduct (see also Appendix A) K^{(N)}_1 plays the role of the lattice topological charge, whereas the coproducts E^{(N)}_1 , F^{(N)}_1 play the role of the lattice fractional-spin integrals of motions, i.e. the lattice analogues of the classical expressions appearing in [60], generating U_q(^sl_2).

(II) The q harmonic oscillator: The asymptotic expansion of L(λ − Θ) and L̂(λ + Θ) as μλ → ∞ gives rise to the following matrices L_{0n}(μλ → ∞) ∝ ( V_n 0 ) + w^′e^{−μλ} ( a^+_n a_n ) + . . . , L̂_{0n}(μλ → ∞) ∝ ( V_n V^{−1}_n ) + ŵ^′e^{−μλ} ( a^+_n a_n ) + . . . (5.10)

w^′ = q^{− 12 +Θ′} , ŵ^′ = q^{− 12 −Θ′} . (5.11)

Finally forming the asymptotics of T , and bearing in mind (5.10), (5.3), we obtain the corresponding boundary non-local charges for the q harmonic oscillator T (μλ → ∞) ∝ ( q^{θ−} ) + e^{−μλ} ( Q^{(N)}_1 Q^{(N)}_2 ) + . . . (5.12)

and the explicit expressions of the boundary charges, which are new are given by,

Q_1 = q^{− 12 +Θ1} A^{+(N)}V^{(N)} + q^{− 12 −Θ1} V^{(N)}Â^{(N)} − e^{−iμξ−} κ^− (V^{(N)})^2, Q^{(N)}_2 = q^{− 12 +Θ2} A^{(N)}(V^{(N)})^{−1} (5.13) where we define

A^{+(N)} = N−1⨂ n=1 V_n a^+_N , A^{(N)} = a_1 N⨂ n=2 V_n, V^{(N)} = N⨂ n=1 V_n

Â^{(N)} = N∑ n=1 V ⊗ . . . ⊗ V ⊗ a_n ⊗ V^{−1} . . . ⊗ V^{−1}. (5.14) Similarly if one considers an upper (lower) triangular K^− matrix then the corresponding boundary charges are obtained by ignoring the terms proportional to q^{−θ−} (q^{θ−} ) exactly as in the previous case.

It was shown in [58, 59] that depending on the choice of the left boundary either Q^{(N)}_1 or Q^{(N)}_2 or a combination of the two is conserved. For instance for the special case where the left boundary (principal gradation) is

K^+(λ) = diag(e^{μ(λ+i)}, e^{−μ(λ+i)}) (5.15)

the charge Q^{(N)}_1 is a conserved quantity [58]. Actually a stronger statement was shown in [58], i.e. the charge Q^{(N)}_1 turns out to be also the centralizer of the boundary Temperley–Lieb (blob) algebra in the spin^1_2 XXZ representation. This immediately implies the commutation of the corresponding Hamiltonian, written in terms of the blob algebra generators, with Q^{(N)}_1 . The derived non-local charges will turn out to play a crucial role in the identification of the spectrum of the corresponding models, hence they are not only of mathematical but of physical significance as well. Their relevance to the spectrum will be examined in detail in the subsequent section.

6 Diagonalization of the transfer matrix and Bethe ansatz

6.1 The pseudo-vacuum

To identify the spectrum and formulate the Bethe ansatz equations of the models under consideration we shall apply the method employed in [19, 33]. In the present section we deal with the XXZ model and the q harmonic oscillator, in the cyclic representation (2.12), with non-diagonal boundaries. The lattice sine–Gordon and Liouville models with diagonal boundaries only will be treated in a subsequent section. Let us give a brief account of the method, however for a more detailed analysis on the subject we refer the reader to [19]. One first introduces suitable gauge transformations known also as Darboux matrices (see e.g. [34])

M_n(λ) = ( X_n(λ), Y_n(λ) ) , M̄_n(λ) = ( X_{n+1}(λ), Y_{n−1}(λ) ) (6.1)

with

X_n(λ) = ( e^{−μλ}x_n 1 ) , Y_n(λ) = ( e^{−μλ}y_n 1 ) , x_n = x_0e^{−iμn} , y_n = y_0e^{iμn} . (6.2)

Here {x_0, y_0} ∈ C are λ−independent and will be determined explicitly in the following. Introduce also the matrices

M^{−1}_n (λ) = ( Ȳ_n(λ) X̄_n(λ) ) , M̄^{−1}_n (λ) = ( Ỹ_{n−1}(λ) X̃_{n+1}(λ) ) , (6.3) with

X̄_n(λ) = 1 x_n − y_n ( − e^{μλ}, x_n ) , Ȳ_n(λ) = 1 x_n − y_n ( e^{μλ}, − y_n ) , X̃_n(λ) = 1 x_n − y_{n−2} ( − e^{μλ}, x_n ) , Ỹ_n(λ) = 1 x_{n+2} − y_n ( e^{μλ}, − y_n ) . (6.4)

One can check that certain combinations of (6.2), (6.4) lead to orthogonal relations among the various vectors. Also, face-vertex correspondence relations corresponding to commutation relations between the above quantities can be derived using the R−matrix (2.2), which are omitted here for brevity [19]. We now introduce the gauge transformed L−operator, L_n(m|λ) = M̄^{−1}_{(n−1)g+m}(λ)L_n(λ)M̄_{ng+m}(λ) ≡ ( α̃_n β̃_n γ̃_n δ̃_n ) ,

S_n(m|λ) = M^{−1}_{ng+m}(−λ)L^{−1}_n (−λ)M_{(n−1)g+m}(−λ) ≡ ( α̃^′_n β̃^′_n γ̃^′_n δ̃^′_n ) . (6.5)

where g depends on the choice of representation. A priori one may associate a different representation at each site of the chain, here however we consider for the sake of simplicity the case where all sites correspond to the same representation. The occurrence of a different g at each site, depending on the choice of representation, is a non trivial observation facilitating the generalization of the formulation described [19], where all sites are associated to the fundamental representation. Note for instance, that for the spin^1_2 representation the factor g is unit, for the spin s representation is 2s, and for the models we are considering here in the cyclic representation will be specified later on. Also at the end of the section 6.2 we shall discuss the special case where all sites correspond to the spin^1_2 and the space attached to the boundary is associated to the cyclic representation (2.12). This scenario in fact corresponds to the Hamiltonian described in section 4 (4.8).

It follows that the transfer matrix (3.12) can be rewritten with the help of the aforementioned gauge transformations (6.5), and related orthogonal relations [19] as t(λ) = tr_0 { K̃^+_0 (λ) T̃_0(λ) } , (6.6)

where

K̃^+(m|λ) = ( K̃^+_1 (m|λ) K̃^+_2 (m|λ) K̃^+_3 (m|λ) K̃^+_4 (m|λ) ) = ( Ȳ_m(−λ)K+(λ)X_m(λ) Ȳ_m(−λ)K+(λ)Y_{m−2}(λ) X̄_m(−λ)K+(λ)X_{m+2}(λ) X̄_m(−λ)K+(λ)Y_m(λ) )

(6.7) and T̃ (λ) = ( A_m(λ) B_m(λ) C_m(λ) D_m(λ) ) = ( Ỹ_{m−2}(λ)T (λ)X_m(−λ) Ỹ_m(λ)T (λ)Y_m(−λ) X̃_m(λ)T (λ)X_m(−λ) X̃_{m+2}(λ)T (λ)Y_m(−λ) ) . (6.8)

Similarly to [19], one defines the transformed K^− matrix as K̃^−(l|λ) = ( K̃^−_1 (l|λ) K̃^−_2 (l|λ) K̃^−_3 (l|λ) K̃^−_4 (l|λ) ) = ( Ỹ_{l−2}(λ)K−(λ)X_l(−λ) Ỹ_l(λ)K−(λ)Y_l(−λ) X̃_l(λ)K−(λ)X_l(−λ) X̃_{l+2}(λ)K−(λ)Y_l(−λ) ) (6.9) with l = m + Ng. In the case where a different representation is assigned at each site then l = m + ∑_N n=1 g_n, where g_n characterizes the representation at each site. Note that here the K^± matrices are c-number solutions of the reflection equation, with relevant parameters ξ^±, κ^±, q^{θ±} .

The first step for the diagonalization of the transfer matrix (3.12) is the construction of an appropriate pseudo-vacuum. Such a state will be of the general form:

Ω^{(m)} = N⨂ n=1 ω^{(m)}_n . (6.10)

Here we denote ω^{(m)}_n the local pseudo-vacuum annihilated by the lower left elements of the transformed matrices (6.5), i.e.

γ̃_n, γ̃^′_n ω^{(m)}_n = 0. (6.11)

Such a choice ensures that the operators T (λ), T̂ (λ) (3.13), acting on the pseudo-vacuum state reduce to upper triangular matrices. The above requirements (6.11) lead to certain sets of algebraic constraints. In particular, let

L_{0n}(λ) = ( α_n(λ) β_n(λ) γ_n(λ) δ_n(λ) ) (6.12)

from the action of γ̃_n on the local pseudo-vacuum we obtain: [ − x_{m+ng+1} α_n(λ) + x_{m+(n−1)g+1} δ_n(λ) + e^{−μλ}x_{m+ng+1} x_{m+(n−1)g+1} γ_n(λ) − e^{μλ}β_n(λ) ] ω^{(m)}_n = 0(6.13)

from the action of γ̃^′_n a similar constraint is entailed.

The non-diagonal elements of (6.7), (6.9) acting on the pseudo-vacuum state (6.10) must satisfy certain constraints such that the pseudo-vacuum is indeed an eigenstate of the transfer matrix (6.6). Indeed, we associate the integers m^0 and m_0 to the left and right boundaries respectively, and impose the following:

K̃^+_2 (m^0|λ) = K̃^+_3 (m^0|λ) = 0 , K̃^−_3 (m_0|λ) = 0 , (6.14)

K̃^±_{2,3} are given in (6.7), (6.9). The above constraints may be solved [19] fixing the relations among the parameters m_0, m^0, x_0, y_0. Indeed let x_0 = −ie^{−iμ(β+γ)}, y_0 = −ie^{−iμ(β−γ)}, then the relations among the boundary parameters (6.14) are e^{−iμξ+} 2κ^+

= −i cosh iμ(β^+ + γ^+ + 1), e^{−iμξ+} 2κ^+

= −i cosh iμ(β^+ − γ^+ + 1), e^{−iμξ−} 2κ^− = i cosh iμ(β^− + γ^−), (6.15)

and we define

γ^+ = γ + m^0, β^+ = β + θ^+, γ^− = γ + m_0, β^− = β + θ^−. (6.16)

For relevant discussions on these constraints see also [20, 18, 21, 19]. It would be illuminating to consider the above constraints bearing in mind the identifications of the boundary parameter with the parameters of the blob algebra [58]. Indeed analogous relations emerge in the double Temperley–Lieb algebra for exceptional values of the algebra parameters in [23]. It is not clear to us however why such constraints hold true for generic values of the boundary parameters. The natural question raised is whether this is simply a disadvantage of the methods employed or it reflects a deeper physical or algebraic reason. This is an intricate point, which merits further investigation.

In what follows we examine the pseudo-vacua for both the XXZ model, and the q harmonic oscillator. Their explicit forms are specified by solving the formulas (6.13), which lead to sets of difference equations.

(I) The XXZ model: As already mentioned we shall treat the cyclic representation (2.5), (2.10), (2.12), for the special case where q is root of unity. We associate each site of the chain with the cyclic representation, and we define the local pseudo-vacuum state as

ω^{(m)}_n = p∑ i=1 w^{(m,n)}_l f^{(n)}_l (6.17)

f^{(n)}_l is a p dimensional column vector with zeroes everywhere apart from the l^{th} position. The constraints (6.13) provide (a) the value of g = 2s − 2 and (b) recursion relations among the w^{(m,n)}_k : w^{(m,n)}_{k+1} w^{(m,n)}_k = q^{s−1+Θ} sinh iμ(k − s + 1) x_{m+(n−1)g+1} sinh iμ(k + s) , w^{(m,n)}_p w^{(m,n)}_1 = x_{m+(n−1)g+1} q^{−Θ+1−s} sinh(iμs) sinh iμ(1 − s)

.(6.18)

By normalizing the state with w^{(m,n)}_1 = 1 we can write w^{(m,n)}_k = ( qs−1+Θ x_{m+(n−1)g+1} )_{k−1}^{k−1}∏ j=1 sinh iμ(j − s + 1) sinh iμ(j + s)

. (6.19)

Comparing the expressions of w^{(m,n)}_p from equations (6.18), (6.19) we obtain the following constraint on x_m, i.e. ( − x_{m+(n−1)g+1} q^{−Θ+1−s} )_p = 1. (6.20)

Relations (6.18) are sufficient for the derivation of the spectrum.

(II) The q harmonic oscillator: For the L matrix describing the q harmonic oscillator (2.24) we consider X → q^zX, Y → q^12 Y (cyclic representation (2.12)). In this case g = −1. The local pseudo-vacuum will be also of the form (6.17), and the corresponding recursion relations are also provided by solving the constraints (6.13), w^{(m,n)}_{k+1} w^{(m,n)}_k = − 2 sinh iμ(k − z +^1_2 ) x_{m+ng+1} q^{−k+z−1−Θ} , w^{(m,n)}_p w^{(m,n)}_1 = − x_{m+ng+1} q^{z−1−Θ} 2 sinh iμ(^1_2 − z)

. (6.21)

Again normalizing the pseudo-vacuum with w^{(m,n)}_1 = 1 we conclude that w^{(m,n)}_k = ( − 2q^{−z+1+Θ} x_{m+ng+1} )_{k−1}^{k−1}∏ j=1 q^j sinh iμ(j − z + 1 2 ), (6.22) and the constraint necessary from cyclicity leads to: ( − 1 2 x_{m+1+ng} q^{z−1−Θ} )_p = p∏ k=1 q^k sinh iμ(k + 1 2 − z). (6.23)

To derive the spectrum of the transfer matrix for both the XXZ and the q harmonic oscillator we also need to know the action of the transformed diagonal elements on the pseudo-vacuum, which are given by:

α̃^{(m)}_n ω^{(m)}_n = a(λ) ω^{(m+1)}_n , δ̃^{(m)}_n ω^{(m)}_n = x^{m+ng+1} − y^{m+ng−1} x_{m+(n−1)g+1} − y_{m+(n−1)g−1} b(λ) ω^{(m−1)}_n α̃^{′(m)}_n ω^{(m)}_n = a^′(λ) ω^{(m−1)}_n , δ̃^{(′ m)}_n ω^{(m)}_n = x^{m+(n−1)g} − y^{m+(n−1)g} x_{m+ng} − y_{m+ng} b^′(λ) ω^{(m+1)}_n . (6.24)

The values of a, b, a^′, b^′ for each representation are given below

(I) a(λ) = q^{−s+1} sinh μ(λ + is − iΘ − i), b(λ) = q^{s−1} sinh μ(λ − is − iΘ + i) a^′(λ) = q^{−1+s} sinh μ(λ + is + iΘ), b^′(λ) = q^{1−s} sinh μ(λ − is + iΘ + 2i)

(II) a(λ) = 1 2 q^{1−z+Θ}e^{−μλ}, b(λ) = q^{z− 12} sinh μ(λ − iΘ + i 2 ) a^′(λ) = q^{− 12 +z} sinh μ(λ + i 2 + iΘ), b^′(λ) = 1 2 q^{2−z} e^{μ(λ+iΘ)}. (6.25)

6.2 Spectrum and Bethe ansatz equations

Now that the appropriate gauge transformations and the corresponding pseudo-vacua have been explicitly derived, we can proceed with the computation of the eigenvalues of the transfer matrix. Namely, we are looking for the solution of the following eigenvalue problem

t(λ) Ψ = Λ(λ) Ψ (6.26)

where Ψ is the general Bethe ansatz state of the form

Ψ = B_m0_{−2}(λ_1) . . . B_m0_{−2M} (λ_M ) Ω^{(m)} , (6.27)

and m will be defined below [7, 19]. Then one has to solve a typical eigenvalue problem (6.26) written explicitly as t(λ) Ψ = ( K^+_1 (m^0|λ)A_m0 (λ) + K^+_4 (m^0|λ)D̃_m0 (λ) ) Ψ, (6.28)

where

D̃_m(λ) = sinh μ(2λ + i) sinh μ(im + iγ + i) sinh(iμ) sinh iμ(m + γ) D_m(λ) − sinh μ(im + iγ + 2λ + i) sinh iμ(m + γ) A_m(λ) and the elements K^+_{1,4}(m^0|λ) are given in Appendix B. Using the definition of T (λ) in (3.12) and (6.8), the action of the operators A_m(λ) and D̃_m(λ) on the bulk part of the pseudo-vacuum (6.10) may be derived. Assuming that each site n of the chain is associated to either the XXZ model (2.5) or to the q harmonic oscillator (2.24) in the cyclic representation (2.12), it is convenient to define

f_n(λ) = a(λ) a^′(λ), h_n(λ) = b(λ) b^′(λ), (6.29)

a, b, a^′, b^′ are defined in (6.25). Then bearing in mind relations (6.24) and appropriate algebraic relations arising from the reflection equation (see also [19]) we obtain:

A_m(λ) Ω^{(m)} = N∏ n=1 f_n(λ) K^−_1 (m_0|λ) Ω^{(m)}

D̃_m(λ) Ω^{(m)} = N∏ n=1 h_n(λ) K^−_4 (m_0|λ) Ω^{(m)}, (6.30)

m_0 = m + gN, and K^−_{1,4}(m_0|λ) are introduced in Appendix A.

Having in mind the structure of the general Bethe state (6.27) it is obvious that we need exchange relations between the operators A_m(λ) and D̃_m(λ) with B_l(λ), which can be deduced with the help of the reflection equation (3.1) (see also [19]), then one obtains

A_{m+2}(λ_1)B_m(λ_2) = sinh μ(λ_1 + λ_2) sinh μ(λ_1 − λ_2 − i) sinh μ(λ_1 − λ_2) sinh μ(λ_1 + λ_2 + i)

B_m(λ_2)A_m(λ_1) − sinh(2μλ_2) sinh(iμ) sinh μ(λ_1 − λ_2 − im − iγ − i) sinh μ(im + iγ + i) sinh μ(λ_1 − λ_2) sinh μ(2λ_2 + i)

B_m(λ_1)A_m(λ_2) − sinh(iμ) sinh(iμ) sinh μ(−λ_1 − λ_2 + im + iγ) sinh μ(im + iγ + i) sinh μ(λ_1 + λ_2 + i) sinh μ(2λ_2 + i)

B_m(λ_1)D̃_m(λ_2) (6.31) and D̃_{m+2}(λ_1)B_m(λ_2) = sinh μ(λ^1 + λ^2 + 2i) sinh μ(λ^1 − λ^2 + i) sinh μ(λ_1 − λ_2) sinh μ(λ_1 + λ_2 + i)

B_m(λ_2)D̃_m(λ_1) − sinh μ(2λ_1 + 2i) sinh(iμ) sinh μ(λ_1 − λ_2 + im + iγ + i) sinh μ(im + iγ + i) sinh μ(λ_1 − λ_2) sinh μ(2λ_2 + i)

B_m(λ_1)D̃_m(λ_2) + sinh(2μλ_2) sinh 2μ(λ_1 + i) sinh μ(λ_1 + λ_2 + im + iγ + 2i) sinh μ(im + iγ + i) sinh μ(λ_1 + λ_2 + i) sinh μ(2λ_2 + i)

B_m(λ_1)A_m(λ_2) . (6.32)

In fact all the above exchange relations, arising from the reflection equation, hold exactly as described in [19]. What is only modified is the action of the diagonal elements and consequently of A_m, D̃_m on the pseudo-vacuum (6.30), which clearly depends on the choice of the particular representation. It may be shown that the state Ψ is indeed an eigenstate of the transfer matrix if we impose m ≡ m^0 − 2M. Without loosing generality we assume for simplicity m^0 = 0, and then it immediately follows that

m_0 = Ng − 2M . (6.33)

We may now deduce the transfer matrix eigenvalues by virtue of equations (6.28), (6.30), (6.31), (6.32) i.e.

Λ(λ) = ( K^+_1 (0|λ)K^−_1 (m_0|λ) N∏ n=1 f_n(λ) M∏ j=1 sinh μ(λ + λ_j ) sinh μ(λ − λ_j − i) sinh μ(λ + λ_j + i) sinh μ(λ − λ_j )

+ K^+_4 (0|λ)K^−_4 (m_0|λ) N∏ n=1 h_n(λ) M∏ j=1 sinh μ(λ + λ_j + 2i) sinh μ(λ − λ_j + i)

sinh μ(λ + λ_j + i) sinh μ(λ − λ_j) ) (6.34) provided a certain combination of ‘unwanted’ terms arising from the commutation relations (6.31), (6.32) that appear in the eigenvalue expression, is vanishing. This is true as long as λ_i’s satisfy a set of conditions, namely the Bethe ansatz equations. These equations guarantee also analyticity of the eigenvalues, and they are written in the familiar form H(λ_i) N∏ n=1 f_n(λ_i −^i_2 ) h_n(λ_i −^i_2 ) = − M∏ j=1 e_2(λ_i − λ_j) e_2(λ_i + λ_j ) , (6.35)

where we define

e_n(λ) = sinh μ(λ +^{in}_2 ) sinh μ(λ −^{in}_2 ) and H(λ) =

K^+_1 (0|λ −^i_2 ) K^+_4 (0|λ −^i_2 )

K^−_1 (m_0|λ −^i_2 ) K^−_4 (m_0|λ −^i_2 )

. (6.36)

A few comments are in order at this point. Notice that for the q harmonic oscillator a factor q^{−N} , which reduces to ±1 for N = kp (k integer or half integer), occurs in the left hand side of the Bethe ansatz equations, resembling the case of the XXZ chain with twisted boundary conditions. As realized in [41] a similar factor appears also in the Bethe ansatz equations of the lattice Liouville model with periodic boundary conditions. Furthermore, for particular values of the parameter s and the inhomogeneities Θ i.e. (I) s = 1, (II) Θ = 0 (see also (6.25)), the Bethe ansatz equations become degenerate, and as a consequence the Bethe ansatz formulation is not appropriate any more for deriving the spectrum. In this case one has to deal with the relevant Baxter operators and the Baxter equations [4] in order to examine the associated spectra.

The case of dynamical boundaries studied in a series of papers (see e.g. [7, 13], [26]–[24] and references therein) can be regarded as a special case of the above description. Indeed, let us consider a typical example of dynamical boundaries, which is described by the Hamiltonian of (4.8). Consider a chain with N + 1 sites, and assign to all quantum spaces n ∈ {1, . . . , N} the spin^1_2 representation, whereas the N + 1 site is associated to the cyclic representation, of U_q(sl_2) or the q harmonic oscillator algebra that is we consider a dynamical boundary at the right end (see also section 4). In fact, the N + 1 space is the ‘dynamical’ space d of section 4. Then the spectrum takes the form (6.34), but with the functions f_n, h_n being (set here for simplicity all the inhomogeneities to zero):

f_n(λ − i 2 ) = sinh^2 μ(λ + i 2 ), h_n(λ − i 2 ) = sinh^2 μ(λ − i 2 ), n ∈ {1, . . . , N} f_{N+1}(λ − i 2 ) = a(λ − i 2 ) a^′(λ − i 2 ), h_{N+1}(λ − i 2 ) = b(λ − i 2 ) b^′(λ − i 2 ), (6.37)

and recall a(λ), a^′(λ), b(λ), b^′(λ) are given in (6.25) for both U_q(sl_2) and the q harmonic oscillator. The pseudovacuum for the spin^1_2 case have been found in [19] so we do not repeat them here. The local pseodovacuum for the site n is given by (6.17) and (6.19) or (6.22) depending on the dynamics at the boundary i.e. U_q(sl_2) or q harmonic oscillator respectively. The general Bethe states are given in (6.27). We could have considered a dynamical boundary in the left end as well, then f_1 = f_{N+1}, h_1 = h_{N+1}.

6.3 Asymptotics and derivation of M

In [18, 19] the spin^1_2 XXZ model with both boundaries being non-diagonal is discussed in detail. In this case via the asymptotic behavior of the transfer matrix it was shown that the value of the integer M is fixed (see also [20, 21] for the spin s representation). Let us now consider a special left boundary given by (5.15), then the value of M may be derived in terms of the spectrum of the conserved quantity Q^{(N)}_1 . Indeed the asymptotic expansion of the transfer matrix (6.34) as μλ → ∞, taking also into account (B.6), is given for (I) the XXZ model, and (II) the q harmonic oscillator: (I) Λ(μλ → ∞) = −i κ^− e^{2μλ(N+1)+iμ(N+1)} ( e^{iμ(β− +γ−−2(s−1)N+2M)} + e^{−iμ(β−+γ−−2(s−1)N+2M)} ) (II) Λ(μλ → ∞) = −i κ^− e^{2μλ(N+1)+iμ(2N+1)} e^{iμ(β− +γ−+2M)} (6.38)

comparing with the results of section 5, and taking into account appropriate normalizations for the K and R matrices, we conclude,

(I) Q^{(N)}_1 = i sinh^{−1}(iμ) ( q^{β−+γ−+2M−2(s−1)N} + q^{−β−−γ−−2M+2(s−1)N} )

(II) Q^{(N)}_1 = 2 i q^{β−+γ−+2M+N} . (6.39)

The expressions of the boundary charges for both XXZ and q harmonic oscillator are given by the expressions (5.5) and (5.14) respectively. Also the sum β^− + γ^− is related to the right boundary parameters of the chain (6.15). From equation (6.39) the upper (lower) bounds of M (integer) are identified by means of the spectrum of the non-local operator Q^{(N)}_1 , which plays the role of q^{sz} , the corresponding conserved quantity when diagonal boundaries are applied in the spin chain. The relation between Q^{(N)}_1 and M underlines the significance of the algebraic object Q^{(N)}_1 into the derivation of the spectrum of the open spin chain with special boundary conditions. The identification of the spectrum of the boundary non-local charge is an intriguing problem, and some progress has been already achieved towards this direction, for particular representations in [23], however the problem in its full generality remains open. In fact, the operator Q^{(N)}_1 locally consists of tridiagonal form matrices for the spin s representation (2.7) (we provide an example in Appendix C). The explicit diagonalization of Q^{(N)}_1 for generic number of sites N will be discussed elsewhere.

Similar algebraic objects, forming the corresponding boundary quantum algebra [61], are necessary for the identification of the spectrum of models associated to higher rank algebras with non diagonal right boundary.

7 Boundary Lattice sine–Gordon and Liouville models

In this section we give a flavor on the lattice sine–Gordon and Liouville theories with diagonal boundaries, that is in the expressions for the c-number K^± matrices we set κ^± = 0. In particular, we identify the spectrum and the corresponding Bethe ansatz equations for both models.

In what follows we consider for simplicity the inhomogeneity Θ to be zero. We find local pseudovacua annihilating the lower left element of L, L̂, being effectively ‘highest weight’ states. Let such a state be of the form [40, 41]

ω_n = f(Φ_{2n}) δ(Φ_{2n} − Φ_{2n−1} − μ) (7.1)

γ_n, γ̂_n ω_n = 0 (7.2) and consequently f(Φ) should be a solution of the following set of difference equations

Lattice sine–Gordon: f(Φ + μ) = − h_−(Φ) h_+(Φ) f(Φ)

Lattice Liouville: f(Φ + μ) = −h(Φ)f(Φ) (7.3)

which occur exactly as in the bulk case. When q is root of unity a cyclicity (periodicity) requirement is necessary to be imposed on the pseudo-vacuum as well, i.e. (see also [40, 41]),

f(Φ + pμ) = f(Φ). (7.4)

To find the spectrum of the lattice systems we also need the explicit action of the diagonal entries of the L, L̂ matrices on the local pseudo-vacuum. Indeed it is straightforward to show that

α_n(λ) ω_n = a(λ) ω_n, α̂_n(λ) ω_n = a^′(λ) ω_n, δ_n(λ) ω_n = b(λ) ω_n, δ̂_n(λ) ω_n = b^′(λ) ω_n (7.5)

where

Lattice sine–Gordon: a(λ) = −4m^2 cosh μ(λ − i 2 + ir 2 ) cosh μ(λ − i 2 − ir 2 ) b(λ) = −4m^2 cosh μ(λ + i 2 + ir 2 ) cosh μ(λ + i 2 − ir 2 ) a^′(λ) = −4m^2 cosh μ(λ + i 2 + ir 2 ) cosh μ(λ + i 2 − ir 2 ) b^′(λ) = −4m^2 cosh μ(λ + 3i 2 + ir 2 ) cosh μ(λ + 3i 2 − ir 2 ) Lattice Liouville: a(λ) = −e^{−μ(λ− i2 )} sinh μ(λ − i 2 ) b(λ) = −e^{−μ(λ+ i2 )} sinh μ(λ + i 2 ) a^′(λ) = e^{μ(λ+ i2 )} sinh μ(λ + i 2 ) b^′(λ) = e^{μ(λ+ 3i2 )} sinh μ(λ + 3i 2 ), (7.6)

the constant r appearing in the sine–Gordon eigenvalues is given by 2 cosh iμr = (m^2 + m^{−2}), it plays the role of inhomogeneity and it is associated to the mass scale of the system. The standard algebraic Bethe ansatz may be applied [7], and the spectrum is obtained having the familiar form of (6.34) (K^−_{1,4}(m_0|λ) → K^−_{1,4}(ξ^−|λ), K^+_{1,4}(0|λ) → K^+_{1,4}(ξ^+|λ)), while the corresponding Bethe ansazt equations as customary follow as analyticity conditions on the spectrum and they have the form (6.35), (6.36) with

f_n(λ) = a(λ) a^′(λ), h_n(λ) = b(λ) b^′(λ)

K^−_1 (ξ^−|λ) K^+_1 (ξ^+|λ) = sinh μ(2λ + 2i) sinh μ(2λ + i) sinh μ(−λ + iξ^−) sinh μ(λ + iξ^+)

K^−_4 (ξ^−|λ) K^+_4 (ξ^+|λ) = sinh(2μλ) sinh μ(2λ + i) sinh μ(λ + iξ^− + i) sinh μ(−λ + iξ^+ − i), (7.7) and a(λ), a^′(λ), b(λ), b^′(λ) given by (7.6) for both the lattice sine-Gordon and Liouville models. The integer M appearing in the Bethe ansatz (6.35) this time is associated to the spectrum of the topological charge K^{(N)}_1 (5.6), (5.9) for the sine-Gordon model. It should be stressed that the identification of the boundary non-local charges for the case of the open lattice Liouville theory is an intriguing task, which needs to be further pursued.

In the same spirit the case where the right boundary is upper (lower) triangular may be examined. An obvious reference state still exists, and the Bethe ansatz equations may be easily extracted being of the familiar form. In this case of course the corresponding conserved quantity for the lattice sine-Gordon will be the charge Q^{(N)}_1 (5.5) (for a trivial left boundary (5.15)), but with the terms proportional to q^{−θ−} (q^{θ−} ) omitted. Finally the more general scenario with non-diagonal boundaries may be studied employing appropriate local gauge transformations. The spectrum is anticipated to be of the form (6.34), but this time the integer M should be associated to the corresponding conserved quantity. In general M being associated to the corresponding conserved non-local charge reflects essentially the underlying symmetry. Moreover, in this case the derivation of the reference state involves the solution of more complicated sets of difference equations, and it will be left for future investigations.

8 Conclusions

The main aim of the present study was the investigation of a class of open quantum integrable models emerging from the generalized XXZ model (2.5). In this spirit a particular example of a spin^1_2 XXZ Hamiltonian coupled to a dynamical boundary (4.8) was first considered. Explicit expressions of the corresponding dynamical boundary term associated to the two main algebras i.e the U_q(sl_2) and the q harmonic oscillator algebra were derived (4.9), (4.10). The main point is that the expressions of the boundary terms (4.9) and (4.10) are generic at this stage that is independent of the choice of representation, hence they can be exploited for a variety of dynamical systems (quantum impurities) coupled at the end if the chain. As a step towards the identification of the spectrum of the various models under consideration, and after recalling known expressions of the boundary non-local charges for the generalized XXZ model, we derived novel expressions of boundary non-local charges for the lattice sine Gordon model (5.5) and (5.9), and for the q harmonic oscillator (5.13) and (5.14). The significance of such quantities and their relevance to the spectrum is emphasized in section 6.3.

In order to examine the spectra and eigenstates of the XXZ model and the q harmonic oscillator with non diagonal boundaries in the cyclic representation (2.12), we generalized the approach presented in [19]. The crucial observation is that although the local gauge transformations (see (6.5)) act on the ‘auxiliary’ space —being always associated to the fundamental representation of U_q(sl_2)— they depend explicitly on the choice of representation for each quantum space (site). In particular, there exists a parameter g incorporated in the local transformations (6.5), whose value depends clearly on the choice of representation for the each site (for the spin^1_2 case is unit). Based on this observation we were able to derive explicit expressions for the pseudovacua (6.17), (6.19), (6.20), (6.22), (6.23) by solving sets of involved recursion relations (6.18), (6.21). In fact both the value of g and the recursion relations (6.18), (6.21) were deduced from the solution of the constraint (6.13), which is the fundamental object in this construction. More precisely, the main requirement imposed was that the transformed L matrices

(6.5) become upper triangular after acting on the suitable local pseudo vacuum, which eventually led to the constraint (6.13). Consequently the Bethe states (6.27) were identified, and the spectra (6.25), (6.34), (6.29) and Bethe ansatz equations (6.35) of the aforementioned models were derived. The derivation of the pseodovacua and Bethe states is of particular interest especially in the context of computing correlations functions (see e.g. [14]). Moreover in the semiclassical limit as known Gaudin type Hamiltonians arise, whose eigenstates are the semiclassical limits of the Bethe states, and they satisfy Knizhnik-Zamolodchikov equations (see e.g [62]). It is a compelling task to identify the exact type of the Knizhnik-Zamolodchikov equations for the semiclassical limit of the models investigated here, this however will be undertaken elsewhere. We should also point out that within the spirit described above the Hamiltonian (4.8), with a fixed representation (cyclic) at the right end, was treated as a special case and the corresponding spectrum was presented in (6.34), (6.37).

Another intriguing new result is the link between the spectrum of the open transfer matrix with a trivial left boundary and a general non diagonal right boundary, and the conserved quantity Q^{(N)}_1 (see (6.38), (6.39)), which plays essentially the role that S^z plays in models with both diagonal boundaries. The study of its spectrum was also emphasized and examples on the diagonalization of the one site charge for the spin s and the cyclic representation (2.12) of the U_q(sl_2) were also presented (see Appendix C). Finally, we were able to identify the spectrum (6.34) and (7.7) and the corresponding Bethe ansatz equations (6.35), (7.7) for the lattice versions of the sine Gordon and Liouville models, but only with diagonal boundaries. We also realized that the corresponding pseudovacua (7.1), (7.3), (7.4) have the same structure as in the periodic case [40, 41]. Note that this is the first time that these models with open boundaries are examined, so the aforementioned results are quite useful especially from the point of view of computing the corresponding exact boundary S matrices and boundary thermodynamic properties.

It is worth emphasizing that all the models under consideration share a common spectrum form (6.34). This is somehow anticipated given that they all belong to the same universality class, emerging from the generalized XXZ model (2.5). More precisely, the terms ∏_M i=1 in (6.34), and consequently the right hand side of the Bethe asnatz equations (6.35), are generic that is independent of the choice of representation. On the other hand the terms of the spectrum including f_n, h_n and the left hand side of the Bethe ansatz equations depend clearly on the choice of representation, hence the various models naturally give rise to distinct expressions. Indeed notice the various f_n, h_n functions for each model (6.25), (6.29), (6.37), (7.6), (7.7). Furthermore, the spectrum (6.34), and the left hand side of the Bethe ansatz equations (6.35), depend on the choice of boundaries see e.g. K^±_{1,4} in (6.34), and also the function H(λ) (6.36), (7.7) associated to the corresponding boundary conditions. It should be finally stressed that in order to obtain ‘numbers’ for the spectrum one has to solve the corresponding Bethe ansatz equations. This can be achieved numerically for finite size chains, or using thermodynamic techniques as N → ∞, obtaining consequential (boundary) scattering information and (boundary) thermodynamic quantities (see e.g. [20]). This is a particularly interesting aspect, but it is beyond the intended scope of the present study, and it will be pursued in a forthcoming work.

Acknowledgments: I am thankful to P. Baseilhac, R.I. Nepomechie, A. Nichols and V. Rittenberg for illuminating discussions. I wish also to thank the organizers of the 3rd Annual Network Meeting, ‘Integrable Models and Applications’ in Santiago de Compostela, where part of this work was presented. This work is supported by INFN and the European Network ‘EUCLID’; ‘Integrable models and applications: from strings to condensed matter’, contract number HPRN–CT–2002–00325.

A The quantum Kac–Moody algebra U_q(^sl_2)

We briefly review some basic definitions concerning the quantum group structures. Let

(a_{ij} ) = ( 2 −2 −2 2 ) (A.1)

be the Cartan matrix of the affine Lie algebra ^sl_2 [63], and also define

[x]_q = q^x − q^{−x} q − q^{−1} . (A.2)

Recall that the quantum affine enveloping algebra U_q(^sl_2) ≡ A has the Chevalley-Serre generators [53, 64] e_i, f_i, k_i, i ∈ {1, 2} obeying the defining relations

k_i k_j = k_j k_i, k_i e_j = q^{12 aij} e_j k_i, k_i f_j = q^{− 12 aij} f_j k_i, [ e_i, f_j ] = δ_{ij} k^2_i − k^{−2}_i q − q^{−1} , i, j ∈ {1, 2} (A.3) and the q deformed Serre relations

χ^3_i χ_j − [3]_q χ^2_i χ_j χ_i + [3]_q χ_i χ_j χ^2_i − χ_j χ^3_i = 0, χ_i ∈ {e_i, f_i}, i ≠ j. (A.4)

There exists a homomorphism called the evaluation homomorphism [53] π_λ : U_q(^sl_2) → U_q(sl_2)

π_λ(e_1) = e_1, π_λ(f_1) = f_1, π_λ(k_1) = k_1 π_λ(e_2) = e^{−2μλ}cf_1, π_λ(f_2) = e^{2μλ}c^{−1}e_1, π_λ(k_2) = k^{−1}_1 , (A.5)

c is a constant. As mentioned this algebra is also equipped with a coproduct Δ : A → A ⊗ A, in particular the generators form the following coproducts

Δ(y) = k_i ⊗ y + y ⊗ k^{−1}_i , y ∈ {e_i, f_i} and Δ(k^{±1}_i ) = k^{±1}_i ⊗ k^{±1}_i . (A.6)

The L-fold coproduct is derived using the recursion relations

Δ^{(L)} = (id ⊗ Δ^{(L−1)})Δ (A.7)

and thus one may obtain explicit expressions of the L coproduct as

Δ^{(L)}(y) = L∑ n=1 k_i ⊗ . . . ⊗ k_i ⊗ y n position ⊗k^{−1}_i ⊗ . . . ⊗ k^{−1}_i y ∈ {e_i, f_i}, Δ^{(L)}(k_i) = L⨂ n=1 k_{i,n}. (A.8)

B Transformed K matrices

Explicit expressions for diagonal elements of the transformed K matrices are provided below

K̃^+_1 (m^0|λ) = − e^{−μλ}κ^+ sinh(iμγ^+) ( eiμξ^+ 2κ^+ sinh iμ(1 − γ^+) + e^{−iμξ+} 2κ^+ sinh μ(2λ + iγ^+ + i) + 2i cosh(iμβ^+) sinh(2μλ) )

K̃^+_4 (m^0|λ) = e^{−μλ}κ^+ sinh(iμγ^+) ( eiμξ^+ 2κ^+ sinh iμ(1 + γ^+) + e^{−iμξ+} 2κ^+ sinh μ(2λ − iγ^+ + i) + 2i cosh(iμβ^+) sinh(2μλ) ) (B.1)

K̃^−_1 (m_0|λ) = e^{μλ}κ^− sinh iμ(γ^− − 1) (eiμξ^− 2κ^− sinh iμ(−1 + γ^−) + e^{−iμξ−} 2κ^− sinh μ(2λ − iγ^− + i)

− 2i cosh iμ(β^− + 1) sinh(2μλ) )

K̃^−_4 (m_0|λ) = e^{μλ}κ^− sinh iμ(γ^− + 1) (eiμξ^− 2κ^− sinh iμ(1 + γ^−) − e^{−iμξ−} 2κ^− sinh μ(2λ + iγ^− + i)

+ 2i cosh iμ(β^− + 1) sinh(2μλ) ) . (B.2)

By restricting our attention to the case where the left boundary is a trivial diagonal matrix (5.15), then the transformed diagonal entries become

K̃^+_1 (m^0|λ) = − e^{−μλ} 2 sinh(iμγ^+) sinh iμ(1 − γ^+), K̃^+_4 (m^0|λ) = e^{−μλ} 2 sinh(iμγ^+) sinh iμ(1 + γ^+). (B.3)

For the derivation of the spectrum we shall also need certain combinations of the diagonal transformed elements i.e.,

K^+_1 (m|λ) = K̃^+_1 (m|λ) + sinh μ(iγ + m + 2λ + i) sinh(iμ) sinh iμ(1 + m + γ) sinh μ(2λ + i)

K̃^+_4 (m|λ) ,

K^+_4 (m|λ) = sinh iμ(m + γ) sinh(iμ) sinh iμ(1 + m + γ) sinh μ(2λ + i)

K̃^+_4 (m|λ) , (B.4)

K^−_1 (m_0|λ) = K̃^−_1 (m_0|λ)

K^−_4 (m_0|λ) = sinh iμ(m_0 + γ + 1) sinh μ(2λ + i) sinh iμ(m_0 + γ) sinh(iμ)

K̃^−_4 (m_0|λ) − sinh μ(im_0 + iγ + 2λ + i)

sinh iμ(m_0 + γ)

K̃^−_1 (m_0|λ) . (B.5)

It is instructive for our purposes here to consider the asymptotic behavior of K^±_{1,4}. We shall only deal with the case where K^+ is a trivial diagonal matrix (5.15). Considering the case where μλ → ∞ we conclude that: K^−_1 (m_0|μλ → ∞) = −iκ^−e^{3μλ−iμ(β− +γ−)}, K^−_4 (m_0|μλ → ∞) = − iκ^− 2 sinh(iμ) e^{5μλ+iμ(β− +γ−+2)} K^+_1 (m^0|μλ → ∞) = e^{−μλ+iμ}, K^+_4 (m^0|μλ → ∞) = 2e^{−3μλ−iμ} sinh(iμ). (B.6)

C The boundary charge as a tridiagonal matrix: diagonalization

In this appendix we consider a particular example of the boundary operator Q^{(N)}_1 (5.5). We deal with its spin s representation (2.7) and for only one site. In this case the operator reduces to an n×n tridiagonal matrix (see also [35]) whose diagonalization will be the main objective in this Appendix

(A) Let us first present the boundary operator for one site Q_1 (5.5) in the spin s representation (2.7). Let us set for simplicity

A_k = q^{− 12 −Θ1} q^{αk}C̃_k, B_k = q^{12 +Θ1} q^{αk}C̃_{k−1}, C_k = x_1 q^{2αk} (C.1)

the boundary operator may be written as

Q_1 = n−1∑ k=1 A_k e_{k k+1} + n∑ k=2 B_k e_{k k−1} + n∑ k=1 C_k e_{kk} (C.2)

which is indeed a tridiagonal matrix. Let us now solve the corresponding eigenvalue problem. Let Ψ = ∑_n l=1 w_l f_l be an eigenstate of Q_1 then

Q_1 Ψ = ϵ Ψ (C.3)

where ϵ is the corresponding eigenvalue. The latter equations can be written in a more explicit form as a tridiagonal (Jacobi) matrix,

C_1 A_1 B_2 C_2 A_2

... . .. .. . B_k C_k A_k . .. .. . .. .

B_{n−1} C_{n−1} A_{n−1} B_n C_n w_1 w_2 . . w_k . . w_n

= ϵ w_1 w_2 . . w_k . . w_n

. (C.4)

Note that in [35] the diagonalization of triadiagonal matrices and their relation to q hypergeometric series is discussed (also related to Leonard pairs, Askey-Wilson polynomials etc. see e.g. [59] and references therein).

One has now to solve the following recursion relations, in order to determine the factors w_l of the eigenstate,

A_1 w_2 = Ĉ_1 w_1, A_k w_{k+1} + B_k w_{k−1} = Ĉ_k w_k k ∈ {2, . . . , n − 1}, B_n w_{n−1} = Ĉ_n w_n (C.5)

Ĉ_k = −C_k + ϵ. Finally solving the recursion relations we obtain compact expressions for the factors, i.e.

w_m = m−1∏ j=1 Ĉ_j A_j + l−1∑ k=1 (−)^k m−1∑ j_k>j_{k−1}>....>j_1=2, j_k−j_{k−1}>1 Ĉ_1 . . . Ĉ_{j1−2}B_{j1}Ĉ_{j1+1} . . . Ĉ_{jk−2}B_{jk}Ĉ_{jk+1} . . . Ĉ_{m−1} A_1 . . . A_{j1−2}A_{j1} A_{j1+1} . . . A_{jk−2}A_{jk} A_{jk+1} . . . A_{m−1} , m = 2l or m = 2l − 1. (C.6)

(B) It is also worth discussing briefly the cyclic representation. In this case the structure of the boundary operator becomes more involved and its diagonalization a more intriguing task. In particular, the boundary operator is now of the form:

Q_1 = p−1∑ k=1 A_k e_{k k+1} + A_p e_{p1} + p∑ k=2 B_k e_{k k−1} + B_1 e_{1p} + p∑ k C_k e_{kk}. (C.7)

Similarly we define:

A_k = q^{− 12 −Θ1−k} q^{−s−k} − q^{s+k} q − q^{−1} , B_k = q^{12 +Θ1−k} q^{−s+k} − q^{s−k} q − q^{−1} , C_k = x_1 q^{−2k} (C.8)

and the eigenvalue problem in a matrix form is then written as

C_1 A_1 B_1 B_2 C_2 A_2

... . .. .. . B_k C_k A_k . .. .. . .. . B_{n−1} C_{n−1} A_{n−1} A_p B_n C_n w_1 w_2 . . w_k . . w_n

= ϵ w_1 w_2 . . w_k . . w_n

(C.9)

and finally to identify the spectrum and the corresponding eigenstates one has to solve the subsequent set of recursion relations:

A_k w_{k+1} + B_k w_{k−1} = Ĉ_k w_k, k ∈ {1, . . . , p}. (C.10)

References

[1] L. Faddeev, E. Sklyanin and L. Takhtajan, Theor. Math. Phys. 40 (1980) 688.

[2] L.D. Faddeev and L.A. Takhtajan, J. Sov. Math. 24 (1984) 241;

L.D. Faddeev and L.A. Takhtajan, Phys. Lett. 85A (1981) 375.

[3] V.E. Korepin, Theor. Math. Phys. 76 (1980) 165;

V.E. Korepin, G. Izergin and N.M. Bogoliubov, Quantum Inverse Scattering Method, Correlation Functions and Algebraic Bethe Ansatz (Cambridge University Press, 1993).

[4] R.J. Baxter, Ann. Phys. 70 (1972) 193;

R.J. Baxter, J. Stat. Phys. 8 (1973) 25;

R.J. Baxter, Exactly solved models in statistical mechanics (Academic Press, 1982).

[5] L.A. Takhtajan, Quamtum Groups, Introduction to Quantum Groups and Intergable Massive models of Quantum Field Theory, eds, M.-L. Ge and B.-H. Zhao, Nankai Lectures on Mathematical Physics, World Scientific, 1990, p.p. 69.

[6] I.V. Cherednik, Theor. Math. Phys. 61 (1984) 977. [7] E.K. Sklyanin, J. Phys. A21 (1988) 2375. [8] H. Bethe, Z. Phys. 71 (1931) 205.

[9] E. Ogievetsky, N. Yu. Reshetikhin and P. Wiegmann, Nucl. Phys. B280 (1987) 45. [10] A. Doikou and R.I. Nepomechie, Nucl. Phys. B521 (1998) 547;

A. Doikou and R.I. Nepomechie, Nucl. Phys. B530 (1998) 641. [11] M. Takahashi, Prog. Theor. Phys. 46 (1971) 401;

M. Takahashi and M. Suzuki, Prog. Theor. Phys. 48 (1972) 2187;

M. Takahashi, Thermodynamics of One–Dimensional Solvable Models (Cambridge University Press, 1999).

[12] J.D. Johnson and B.M. McCoy, Phys. Rev. A6 (1972) 1613. [13] V.M. Filyov, A.M. Tsvelik and P.B. Wiegmann, Phys. Lett. 81A (1981) 175;

A.M. Tsvelik and P.B. Wiegmann, Adv.in Phys. 32 (1983) 453; H. Babujian, Nucl. Phys. B215 (1983) 317.

[14] J.M. Maillet and V. Terras, Nucl. Phys. B575 (2000) 627;

N. Kitanine, J.M Maillet and V. Terras, Nucl. Phys. B641 (2002) 487. [15] J. Minahan and K. Zarembo, JHEP 0303 (2003) 013.

[16] M. Gaudin, Phys. Rev. A4 (1971) 386; La fonction d’onde de Bethe (Masson 1983). [17] F.C. Alcaraz, M.N. Barber, M.T. Batchelor, R.J. Baxter and G.R.W. Quispel, J. Phys. A20 (1987) 6397.

[18] R.I. Nepomechie, J. Stat. Phys. 111 (2003) 1363.

[19] J. Cao, H.-Q Lin, K.-J. Shi and Y. Wang, Nucl. Phys. B663 (2003) 487. [20] A. Doikou, Nucl. Phys. B668 (2003) 447;

A. Doikou, Nucl. Phys. B634 (2002) 591.

[21] C.S. Melo, G.A.P. Ribeiro and M.J. Martins, Nucl. Phys. B711 (2005) 137. [22] A. Doikou and P.P. Martin, JSTAT (2006) P06004. [23] A. Nichols, V. Rittenberg and J. de Gier, JSTAT (2005) P03003;

J. de Gier, A. Nichols, P. Pyatov and V. Rittenberg, Nucl. Phys. B729 (2005) 387; A. Nichols, JSTAT (2006) L02004.

[24] Z. Bajnok, JSTAT (2006) P06010.

[25] P. Roche and D. Arnaudon, Lett. Math. Phys. 17 (1989) 295.

[26] A.V. Zabrodin, Theor. Math. Phys. 104 (1996) 762. [27] H.-Q. Zhou, X.-Y. Ge, J. Links and M.D. Gould, cond-mat/9809056;

H. Frahm and N. Slavnon, J. Phys A32 (1999) 1547; Y. Wang and P. Schlottmann, Phys. Rev. B62, (2000) 3845.

[28] A. Doikou and P.P. Martin, J. Phys. A36 (2003) 2203. [29] P. Baseilhac and K. Koizumi, Nucl. Phys. B649 (2003) 491. [30] P.B. Wiegmann and A.V. Zabrodin, Nucl. Phys. B422 (1994) 495. [31] L.D. Faddeev and R.M. Kashaev, Commun. Math. Phys. 169 (1995) 181. [32] E.G. Floratos and S. Nicolis, J. Phys. A31 (1998) 3961. [33] L.A. Takhtajian and L.D. Faddeev, Russ. Math. Sur. 34:5 (1979) 13. [34] V.B. Kuznetsov, M. Salermo and E.K. Sklyanin, J. Phys. A33 (2000) 171;

E.K. Sklyanin, solv-int/9908002.

[35] V.B. Kuznetsov and E.K. Sklyanin, math.CO/0509298. [36] L.N. Lipatov, JETP Lett. 59 (1994) 596.

[37] L.D. Faddeev and G.P. Korchemsky, Phys. Lett. B325 (1994) 459;

S.E. Derkachov, G.P. Korchemsky and A.N. Manashov, Nucl. Phys. B617 (2001) 375. [38] H.J. de Vega and L.N. Lipatov, Phys. Rev. D64 (2001) 114019. [39] O.F. Dayi, J. Phys. A31 (1998) 181.

[40] A.G. Izergin and V.E. Korepin, Lett. Math. Phys. 5 (1981) 199;

A.G. Izergin and V.E. Korepin, Nucl. Phys. B205 (1982) 401. [41] L.D. Faddeev and O. Tirkkonen, Nucl. Phys. B453 (1995) 647. [42] A.E. Kovalsky and G.P. Pronko, nlin.SI/0307040; nlin.SI/ 0204066. [43] J.C. Eilbeck, P.S. Londahl and A.C. Scott, Physica D16 (1985) 318;

A.C. Scott and J.C. Eilbeck, Phys. Lett. A119 (1986) 60.

[44] V.Z. Enolskii, M. Salermo, N.A. Kostov and A.C. Scott, Physica Scripta 43 (1991) 229;

V.Z. Enolskii, V.B. Kuznetsov and M. Salermo, Physica D68 (1993) 138; P.L. Christiansen, M.F. Jorgensen and V.B. Kuznetsov, Lett. Math. Phys. 29 (1993) 165.

[45] A.Yu. Volkov, Phys. Lett. A167 (1992) 345;

A.Yu. Volkov, Lett. Math. Phys. 39 (1997) 313. [46] A. Kundu, Mod. Phys. Lett. A10 (1995) 2955.

[47] D. Fioravanti and M. Rossi, J. Phys. A35 (2002) 3647. [48] D. Levy and P.P. Martin, J. Phys. A27 (1994) L521;

P.P. Martin, D. Woodcock and D. Levy, J. Phys. A33 (2000) 1265. [49] H.N.V. Temperley and E.H. Lieb, Proc. R. Soc. A322 (1971) 251. [50] I. Cherednik, Invent. Math. 106 (1991) 411. [51] P.P. Martin and H. Saleur, Lett. Math. Phys 30 (1994) 189;

P.P. Martin and H. Saleur, Int. J. Mod. Phys B8 (1994) 3637. [52] P.P. Martin and D. Woodcock, LMS JCM (6) (2003) 249. [53] M. Jimbo, Lett. Math. Phys. 10 (1985) 63;

M. Jimbo, Lett. Math. Phys. 11 (1986) 247.

[54] H. J. de Vega and A. Gonzalez–Ruiz, J. Phys. A26 (1993) L519.

[55] S. Ghoshal and A. B. Zamolodchikov, Int. J. Mod. Phys. A9 (1994) 3841; Erratum-ibid. A9 (1994) 4353.

[56] L. Mezincescu and R.I. Nepomechie, Int. J. Mod. Phys. A13 (1998) 2747. [57] G. Delius and N. Mackay, Commun. Math. Phys. 233 (2003) 173. [58] A. Doikou, JSTAT (2005) P12005;

A. Doikou, J. Math. Phys. 46 (2005) 053504. [59] P. Baseilhac, Nucl. Phys. B709 (2005) 491;

P. Baseilhac, Nucl. Phys. B705 (2005) 605;

P. Baseilhac and K. Koizumi, Nucl. Phys. B720 (2005) 325. [60] D. Bernard and A. LeClair, Commun. Math. Phys. 142 (1991) 99. [61] A. Doikou, Nucl. Phys. B725 (2005) 493.

[62] H.M. Babujian and R. Flume, Mod. Phys. Lett. A9 (1994) 2029. [63] V. Kac, Infinite dimensional Lie algebras, Cambridge University Press (1990). [64] V.G. Drinfeld, Proceedings of the 1986 International Congress of Mathenatics, Berkeley ed A.M.

Gleason 1986 (Providence, RI: American Physical Society) 798.