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Abstract

We investigate various aspects of the integrability of the vertex models associated
to the D? affine Lie algebra with open boundaries. We first study the solutions of the
corresponding reflection equation compatible with the minimal symmetry of this system.
We find three classes of general solutions, one diagonal solution and two non-diagonal
families with a free parameter. Next we perform the Bethe ansatz analysis for some of
the associated open D32 spin chains and we identify the boundary having quantum group

invariance. We also discuss a new D3 R-matrix.
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1 Introduction

Much work has been done in integrable lattice statistical mechanics models with open boundary
conditions, since Sklyanin [[] generalized the quantum inverse scattering method to tackle the
boundary problem. The bulk Boltzmann weights of an exactly solvable lattice system are
usually the non-null matrix elements of a R-matrix R(A) which satisfies the Yang-Baxter
equation. The integrability at boundary, for a given bulk theory, is governed by the reflection

equation, which reads
1 2 2 1
Rip(A = p) K- (A)Bar(A+ ) K- (1) =K - (1) Biz(A+ ) K- (M) Rar (A — p) (1)

where the matrix K_(\) describes the reflection at one of the ends of an open chain. Similar
equation should also hold for the reflection K (A) at the opposite boundary. However, for
several relevant lattice models Ky () can be directly obtained from K_()). For example, this
is the case of models whose R()) matrix satisfies extra properties such as unitarity, P and T
invariances and crossing symmetry [, B].

Therefore, the first step toward constructing integrable models with open boundaries is
to search for solutions of the reflection equation. To date, solutions of this equation have
been found for a number of lattice models ranging from vertex systems based on Lie algebras
B, @, B, B] to solid-on-solid models and their restriction [{]. Classification of such solutions for
particular systems [§] as well as extensions to include supersymmetric models [{] can also be
found in the literature.

In spite of all these works, there is an interesting vertex model based on the non-exceptional
D? Lie algebra for which little is known about the solution of the corresponding reflection
equation. This is probably related to the fact that the D? R-matrix does not commute for
different values of the rapidity [[[{], consequently the trivial diagonal solution K_(\) = I does
not hold for this system [[J]. The purpose of this paper is to bridge this gap, by presenting
what we hope to be the minimal solution of the reflection equation for D? vertex models. This
result offers us the possibility to understand a relevant open problem which is the integrability

of the D? vertex model with quantum algebra symmetry. In fact, this symmetry has been



found for all vertex models based on non-exceptional Lie algebras [[J] except for the D? model.
It turns out that, by carring out a Bethe ansatz analysis, we are able to identify this symmetry
for the simplest D2 model and conjecture it for arbitrary values of n.

We have organized this paper as follows. We start next section by considering the reflection
equation for the D3 vertex model. We find one diagonal solution without free parameters and
two non-diagonal families which depend on a free parameter. We also derive the corresponding
integrable one-dimensional open spin chains. In section 3 we present the Bethe ansatz solutions
of the open D3 spin chain associated to the diagonal K-matrix and to a special manifold of
the first non-diagonal family. This allows us to identify the quantum group symmetry for the
D? model. In section 4 we generalize the K-matrices results of section 2 for arbitrary values
of n > 2. Section 5 is reserved for our conclusions as well as a discussion on possible new D?
R-matrices. In Appendix A we collect some useful relations and Appendix B contains a new

D3 R-matrix as well as its boundary behaviour.

2 The D3 K-matrices

The D32 vertex model has four independent degrees of freedom per bond and its Boltzmann
weights preserve only one U(1) symmetry out of two possible ones. Here we are interested in
looking at solutions of the reflection equation that commute with this symmetry. We find that
the most general K-matrix having this property is
Yi(A) 0
V(A Y

0 ( )
0 Ys(\) Yi
0 0

0

0

A0
Ya(A

0
. (
K_(\) = ( (2)
0

)
Our next step is to substitute this ansatz in equation ([J) and look for relations that con-
straint the unknown elements Y;(A),j = 1,...,6. Although we have many functional equations,

a few of them are actually independent, and the most suitable ones have been collected in Ap-

pendix A. The basic idea is to try to solve such equations algebraically, which hopefully will



produce a general ansatz for functions Yj(A) containing several arbitrary parameters. The
general strategy we use is to separate these equations in terms of ratio of functions depending
either on A or on g. From the relations (A.5-A.7) one easly concludes that the simplest possible
solution is to take Y5(A) = Yg(A) = 0. This is the diagonal solution, and by employing the
“separation variable method” described above for the relations (A.5-A.7) we are able to fix the
following ratios

) _ g V) S Vi) @ g 5
N T =BT M) e = B e =g

where 3;, 7 =1,2,3 are arbitrary constants.

These relations enable us to write an ansatz for three unknown functions in terms of a
normalizing factor, say Y;(A). Substituting the relations (3) back to the reflection equation
(M), we conclude that all the parameters 3; are fixed by

I
pr=—f2 = —1/53 = 7@ (4)

where ¢ is the deformation parameter of the D2 R-matrix [L0]. This leads us to our first

solutions with no free parameter,

e — L N+ L v |
Yy = 1, }/2(1)()‘):,\7\/?7 1/3(1)()\):A7@7 Yy = . wlz; €A V4 (5)

—— S N L]

o = e +\/§ e +\/§ Va4

Next we turn our search for non-diagonal solutions now with both Y5(A) and Ys(A) non
null. From the equations (A.8-A.11), we notice that it is possible to solve Y53(A), Y5(A) and
Ys(A) in terms of Y5(A). At this point we should keep in mind that we are looking for regular

K-matrices, i.e. K_(0) ~ identity. After some simplifications, we find the following general

solutions
(1 + Y50 4 Ys(N)] = e [Ys(A) = Ys(N)] (6)
(= DY2(N) + Ys(N)] = e [Yo(A) — Y5(N)] (7)
Y2(A) = Y3(A) = ea[Y5(A) — Yo(A)] (8)



where ¢; are four arbitrary parameters. These are linear equations which can be easily solved
for the ratios Y2(A)/Y5(A), Y5(A)/Y5(A) and Ys(A)/Y5(A). Taking this into account as well as
equations (A.5) and (A.7), we end up with the following ansatz for functions Y;(\)

Yi(A) = (ese® + e’ + ex) /e, Vy(A) = (14 €?) [ea(e® — 1) — ese’] (9)
Vo) = (1+e®) [—ea(e® — 1) — ese?] , Vi(A) = (exe™ + eoe™ + €r0)e’ (10)

V() = (e =D ]aet +a(l +e?)], Yy(\) = (2 = 1) e —a(l+e)] (1)

having altogether ten free parameters. Substituting this ansatz back to the reflection equation
and after involving algebraic manipulations, we find that nine parameters are in fact fixed,
leading us to two classes of non-diagonal solution with a free parameter. The first class is

given by

YO E) = (@ +9)(€qe® = 1), YN E) = (@ + (g — D)t (12)

v ) = LECD e g — 1+ g1 - 29)] (13
v = LEED Lo g — (14 91 - 29) (14
0.6 = v, = T g e (13

while the second family is

YO E) = (P —g)eee® =)™, YN E) = (2 —g)(ee — Pt (16)

Vo) =) = gy e 17
V0,6 = D e ) g (1 a1+ ] (19
Ve = oD e s g (g4 ] (19

where £_ is an arbitrary parameter.



Since the D5 R-matrix is PT invariant and crossing symmetric, the Ky (A) matrices at the

opposite boundary are easily derived from the above solutions [f, f]. More precisely, we have

Ki(N &) = Ki(In[q] = X, &)M (20)

where M is a matrix related to the crossing matrix V' by M = V'V [}]. From the results of
Appendix A, we have that for the D3 model M is given by

M = diag(q,1,1,¢7") (21)

Having found the K4 (\) matrices, one can construct the corresponding commuting transfer

matrix 7(A). Following Sklyanin [}, we have

a (m) a (l)
tEmO) = Tr, | Ky (VTN K- (NT7H=X) (22)
where T'(A) = Ru(A) -+ Rq1(A) is the monodromy matrix of the associated closed chain with L
sites. This means that the three families of K_(A) matrices we found will produce nine possible
types of open boundary conditions. The corresponding Hamiltonian of the spin chains with
open boundaries are obtained by expanding the transfer matrix t*"J(\) in powers of \. When

Tr[Kj_m)(O)] is non-null, the Hamiltonian H™) is proportional to the first-order expansion [[l]

a (1 Tr, [K_ (O)HLa]

Tr [K{7(0)]

(23)

where Hyp11 = Py g1 %Rk7k+1(}\)|A:0 is the two-body bulk Hamiltonian and { is the normal-
ization Ry2(0) = (P ]

For the first two solutions we indeed have Tr[K1(0)] # 0 while for the third one Tr[K1(0)] =
0. In this last case one has to consider the second order expansion in the spectral parameter A
[L7]. We find convenient to write the expression for the Hamiltonians in terms of Pauli matrices

+

oy and o ; with components a =T, ] acting on the site ¢ of a lattice of size L. In terms of

!The normalization we use for R(A) (see Appendix A) produces { = (¢ — 1/¢)? for D3 model.



these operators and up to irrelevant additive constantsf], we have

—1/a)?
H(l’m) _ ( 5 /q Z Hkk-l—l _I_[w{
! - ! N
Z Mg)(f—)dw + 60 011001+ JT( )(f—)U%UiJ + ‘]i( )(5—)UI10T71

a="14

- > Mgm)(er)Ufy,L‘Hs( UTLU¢L‘|‘J¢ (§+)UTLU¢L‘|‘JT (§+)U¢LUTL}
a=1,}
(24)

where the expression of the bulk part [:[k,k+1 is

(q—1/q) 1, .
el

Hppn = Oy T Ui,k)(a;r,kﬂaikﬂ + U{k+10f,k+1) - (U{kaik + U{kaf,k)(aikﬂ + Ui,k+1)}
1 _ _ _ _

+(va — %)2 [U{k%,kﬂﬁ,kaikﬂ + UT,kU{kq—lUIkULk{—l

+U{k0{k+10£kaik+1 + U{k”{kﬂaikaikﬂ}

—2 (05407 g1+ OTx0T s ) (L + 07 407 pt) + (0F00T gy + 0740 1) (L4 05405 4]
1 _ _

‘|‘(\/§ + %) [(U{kUT,k-l—l + UT,kU{k-H)(l - Ui,kai,k-l—l)

+(UIk0Lk+1 + O-Lko-j—,k-l—l)(l - U?kai,kﬂ)}

1 _ _ _ _
—(Vq - 75) {(U{k%,kﬂ + UT,kUI—,k-H)(Ui,k - U;,k+1) + (Uj—,kUT,k-H + ULkU{k-I—l)(U?k - Ui,k+1)}

1 V2
+[1 — T](UT,kU¢,k + UT,k+1U¢,k+1) - %(%,k%,kﬂ + U¢,kUT,k+1)
(¢+1/q) (¢—1/q) . . 1
[7 + 2]( TkUT k1 T % k% k-|—1) R e— Z (%,k - %,k+1) —2(q+ g)]k,kﬂ

4 2

a="14

Turning to the boundary interactions we found that the chemical potentials are given by

i) =12 -1 V() =172+ 12

1+g° 1+q
0 — (2) _ (1+q+2¢9) (2) _ (1+9—2¢9q)
Ha (f) — 3\ Mt (5) = _(1_|_q)((152q2q_1)7 Ky (5) = _(1_|_q)((1£2q2q_1) (25)

u6) = pl? = L

ZWe also note that we have normalized the Hamiltonian by the pure imaginary number.




while the on-site parameters 6() and J((£) are

2(1-|—q)
5O — 5@ — 2{;1;1(]) (26)
= i
and
H =" =0
Jél)(f) - ‘]T( (&) = J¢(2( §) = 3+; gf:) (27)
JT(g)(f) _ (1+?()1 1+)§ +4\/_57 J¢(3)(5) _ (1+<(;;(_11+)2:;\/q_g

A natural question to be asked is which (if any) of these solutions would lead us to an
integrable D2 model with quantum algebra symmetry. One way to investigate that is by
applying the Bethe ansatz method to diagonalize the above open spin chains. This allows
us to extract information about the eigenspectrum, which in the case of quantum algebra
invariance, should be highly degenerated (see e.g. [[J]). In next section we will discuss this

problem in details.

3 Bethe ansatz analysis

The purpose of this section is to study the spectrum of some of the open spin chains presented
in section 2 by the coordinate Bethe ansatz formalism. One of our motivations is to identify
the boundary that leads us to the quantum group symmetry. We begin by noticing that the

total number of spins N, = =k S 105 1s a conserved quantity and its eigenvalues ns

labels the many possible disjoint sectors of the Hilbert space. Therefore, the wave function

solving the eigenvalue problem H |W,,) = E(l’m)(L) |W,s) can be written as follows

Z Z f le? e 7xQnS)O-;Iz—1,l’Q1 o O-;lz—ns,l’QnS |0> (28)
a5 TQ,
where |0) denotes the ferromagnetic state (all spins up) and 1 < ag, <xg, <--- <uwg,. < L

g ns —

indicate the positions of the spins.



We will start our study by first considering the open spin chain H®Y corresponding to
the diagonal K-matrix solution. As it is customary we begin our discussion of the eigenvalue

problem in the sector of one down spin, ns = 1. In this sector, we find that for 1 <z < L

I

WO LY O () — (LA F@ () ) @ 11e LD oy =
e O] = (-2 by O+ e+ 0, =

4q
(29)
where we have defined A = ¢+ 1/¢. The matching condition at the left and right boundaries

gives us the following constraints

FM(0) [ A—pny dyy FD(1) (30)
F®(0) dyy A —pyy fW(1)
and
FOL +1) [ A=y dry FD(L) (31)
FOL +1) dry A —pry fO(L)
where the matrices parameters are given by
pir = 34 vat ol +3v4) Py = 3t =L+ 3/d) (32)
! (l+ya dg(~1+ /4)
_3—2q—|—3q2—2]\/§—|—21q\/§ _3—2q—|—3q2—|—2]\/_—2[q\/§
Py = 4 ; PLl — (33)
q 4q
—1
dir = dyy = —dgy = —dyy = T (34)

4

In order to go ahead it is crucial to notice that both boundary constraints (30) and (31) can
be diagonalized by the same unitary transformation U. After performing this transformation

the new components fa(:zj) = U f*(x) satisfy

N
TR T
z 2
S S
(] (]
S—’ S—’
;/
I
N
o —
vl O

and



see ref. [[3, [[4]), namely

Clearly, equation (29) for 1 < x < L remains the same but now for the transformed
amplitudes f( )(x). Now we reached a point in which one can try the usual Bethe ansatz (e.g.

FO(x) = Aa(k)e™ — Ay (—k)e™™ (37)
and by substituting this ansatz in (29) we obtain the following eigenvalue
! (-9
————EU(L) = (I — 2)A + 2cos(k) + —— 38
S P = (L =28 2cos(h) + L (33)
The fact that this ansatz should be also valid for the ends * = 1 and & = L provides us
constraints for the amplitudes A(k) and A(—k), which reads
_ ik - %e_ik) 2i(L+1)k
A(=k) = —€e"A(k) and A(—k)= (1= 2y e A(k) (39)
J— _62
2
whose compatibility gives a restriction on the momentum k, namely
ik _ A
2ing, (€7 — 5

2. =]
A -
(ze*=1)
The next task is to generalize these results for arbitrary numbers of down spins. For a

(40)
general multiparticle state, we assume the Bethe ansatz wave function

f(al 7Oln)(lev e 7xQnS) = ngH(P)
P

H € ikpjw@j]A(kPle to 7kPQNe)OfQ17"' aQ
7=1

(41)

where P is the sum over all the permutations of the momenta, including the negations k; —

—Fk;, and the symbol sgn accounts for the sign of the permutations and negations. It turns

L
2(1/q —q)

out that for configurations such that |z, — xg,| > 2 the open spin chain HWY behaves as a
free theory and the corresponding eigenvalues are

ECD(L) = (L - 1A+ fj[z cos(k;) — A] + (1-g)

42
- (42)
The new ingredient for ns > 2 is that the nearest neighbor spin configurations enforce

constraints on the amplitude of the wave function. This condition enhances a relation between

the exchange of two states such as {(k;, ;); (kj, )} and {(k;, a;); (k;, o)} which ultimately
is represented by the two-body scattering

Aoy i (oo bij by o) = Sij (i ) A (oo iy gy ) (43)
9



while the reflection at the left and right ends generalizes equation (29), which now reads

Agi(=kj ) = —eMA, (k) (44)
(1— ée_ikj) 26(L+1)k

Ao =kyj) = ——%——e LADR A (o k) (45)
(1 —Seh)

Fortunately, the bulk two-body scattering amplitude S; ;(k;, k;) has been recently identified
in ref.[[7 for the periodic chain. This result is of enormous help here since it allows us to choose
the suitable parametrization for the momenta k; in terms of the S-matrix rapidities A;, which
is

i sinh(A; —iv/2)
- sinh(A; +v/2)

where we have conveniently defined ¢ = €. For explicit expression of the non-null S-matrix

elements see ref.[15].

(46)

In this general case, the compatibility between the bulk and boundary scattering constraints

(43-45) leads us to the Bethe ansatz equation for the momenta k;

20k L (eik %) — Ak L
T EaR ) ik k) (47)
2
where A;(ky,- -, kys) are the eigenvalues of the auxiliary inhomogeneous transfer matrix ¢; =

Sins(kjykns) -+ Sj(k;, k1) S1;(kL, —k;) -+ Spsj(kns, —k;). The integrability of this latter inho-
mogenous problem follows from the fact that the 2 x 2 identity K-matrix is a solution of the
reflection equation associated to the two-body scattering S;;. As was shown in ref. [[[J] there is
no need of a second Bethe ansatz to solve this auxiliary eigenvalue problem. By adapting the
results of ref.[[] to our case and by relating the momenta k; and the rapidities A; by equation
(46) we find that the Bethe ansatz equations are given by

lsinh()\j—i’y/Z)rL cosh(A; +iv/2) 1”_5[ sinh(A;/2 — A /2 —ivy/2) sinh(X; /2 + Ag /2 — iy /2)
sinh(A; +1iv/2)]  cosh(A; —iv/2) poysinh(X; /2 — Mg /2 4 i /2) sinh(X; /2 + Ae /2 +i7/2)
j=1,---.,ns (48)

and the eigenvalues (42) in terms of the rapidities A; are

BOIL) = <8sin' () 3o s = (L = 1) sin(2) + dsin() sin(3/2) (19

10



Clearly, the Bethe ansatz equations for the open spin chain H") are not just the “doubling”
of the corresponding results of the closed chain with periodic boundary conditions [If, [J] due
to an additional boundary left hand factor. We recall here that the “doubling” property has
been argued [[7] to be one of the main features of a quantum algebra invariant open spin chain
at least for standard forms of comultiplication. Looking at the spectrum of HY), however,
we notice a certain pattern of degeneracies which suggests an underlying hidden symmetry. It
could be that the diagonal boundary solution corresponds to an asymmetric form of coproduct
since this, in principle, is allowed too [[§.

Next we turn our attention to the first non-diagonal solution and its corresponding open
spin chain. In this case, at least for generic values of 1, the Bethe ansatz construction we
just explained above needs further generalizations. This can be seen even at the level of
one down spin state, since there is not a unique transformation that diagonalizes both left
and right boundary matrix problems. However, there is a particular manifold, £, = ¢£_, in
which our previous Bethe ansatz formulation is still valid. Fortunately, as we shall see below,
this special manifold will be sufficient to single out the boundary leading us to the quantum
algebra symmetry. Since for £, = gé_, the Bethe ansatz analysis is very similar to the one
just described above, we restrict ourselves to present only the final results. We found that the

Bethe ansatz equations for the Hamiltonian H(>?) at £, = gf_ are

sinh(A; —iv/2) 2L B ﬁ sinh(A; /2 — A\ /2 —iy/2) sinh(X; /2 + A\ /2 —avy/2) . |
snh(\, +iv/2)] M Smn(y 2= N2 i7/2) sinh(\, /2 + A2 +ing2) T T
(50)
while the corresponding eigenvalues are given by
ns 1 |
EUY(L) = —8sin® —4(L—1)sin(2y)—4si ey —pu@ 262
(L) = —8sin (7);@8(7)40@(2&) (L—1)sin(2y)—4sin(7) a:N(Ma (60) — (&) +
(51)

Now the Bethe ansatz equations do have the “doubling” property at £, = ¢&_ and this is

(2,2)

an extra motivation to investigate the eigenspectrum of H'>“). It turns out that at the value

(2,2)

¢_ = 0 and therefore £; = 0 we discover that the spectrum of the open chain H is specially

highly degenerated. In fact, after some algebraic manipulations, we check that for £ = 0

11



the Hamiltonian H(*? has the appropriate boundary coefficients to ensure commutation with
U,(D3). Therefore, we finally managed to identify the quantum algebra symmetry for the D3
vertex model.

Finally, it seems desirable to solve the open spins chains associated to the non-diagonal
solutions for arbitrary values of the parameters £4. The coordinate Bethe ansatz method,
however, leads us to cumbersome calculations even for the first excitation over the reference
state. In such general case it seems wise to tackle this problem by using a more unifying
technique such as the algebraic Bethe ansatz approach. Since the basics of this method has
been recently developed for the D? vertex models [[J] we hope to return to this problem

elsewhere.

4 The D? K-matrices

Here we shall consider the generalizations of the K-matrices solutions of section 2 for the
general D? model. This system has n — 1 distinct U(1) conserved charges, and the K-matrix
ansatz compatible with these symmetries can be represented by the following block diagonal

matrix

K_(A) = diag(Yi(A), -+, Yoot (M), AQA), Yo (A), -+, Yau(N)) (52)

where A()\) is a 2 X 2 matrix

A = ( ' (53)
Yanga(A) Yoqa(X)
where Y;(A), 7 = 1,---,2n + 2 are functions we have determined by solving the reflection

equation. Notice that for n = 2 we recover our starting ansatz of section 2.
Substituting this ansatz into the reflection equation, we realize that the simplest possible

solution is the symmetric one, namely
Vi) =Y = = Yia(N) and V() = Vi) = = ¥au(d)  (54)

[t turns out that the remaining functional equations for the functions Y1 (A), Y, (A), Y11 (X),
Y2, (A), Yaut1(A) and Ya,42(X) are very similar to those presented in the appendix A. Therefore,

12



they can be solved by the same procedure described in section 2 and in what follows we only
quote our final results. As before we find three general families of A'-matrices, and the diagonal

one is given by
e g1/

(1) _ 1 _
1/1 ()\) - 17 Yn( )()\) - 6_/\ . [q_(”_l)/2 (55)
Ny [g-(n=1)/2 Ny [gm(n=1/2 N _ [ (n=1)/2
y W) = 21 vy = = ¢ - (56)
e+ [q—(n=1)/2 e+ [q~(n=1)/Z =X _ [¢(n=1)/2

The one-parameter families of non-diagonal A-matrices are given by

YO ) = (P ") E e = De, VP 6) = (P 4+ ¢ ) (g = e)e (57)

€2A
v = TS e e gt - g - g (58)
() _ 1+ ) 22 n—1 A n—1 2 n—1
VL) = o 2 - e = Mg - 20T (59)
2N
VL6 = a0 = S et 1 e (60)

and

YO ) = (@ =" (Ee® = 1), VD 6) = (2 — ¢ (e — et (61)

V€ = Y06 = EEC ety e (62
Vo6 = oD e e e o] o

(QMT_D e e (e S S IR ()

The next natural step is to search for asymmetric K-matrices for n > 3, i.e. those having

Yi(A) # Y2(A) # -+ Y1 (A) and Yopa(A) # Yigs(A) # -+ - Yo, (A). In this case the number of

Va0 €)=

free parameters grows rapidly with n and the solution of the reflection equation becomes more
involving. To illustrate that, we consider the D2 model and for sake of simplicity we look first
for diagonal solutions. There are six functions Y;(A) to be determined and their ratios are fixed
by choosing some easy looking relations coming from the reflection relation. More precisely,

we have found the following equations

Ya(A) e~ Y3(\) B et —cy  Yi(N) B e — s (65)
Vi(A) e —¢” Vi) et =’ Yi(A) e —e3

13



Ys(A) B et — ey Y5(A) B e~ — ¢ (66)
Yi(A) e —y Ys(A) e

where ¢; are once again constants yet to be determined. Substituting these relations back to

the reflection equation we find only one possible manifold for the parameters ¢;, which reads
ci=cs=—1 and ¢ =c3=¢,=0 (67)

After an appropriate normalization, this solution leads us to a new diagonal K-matrix for

the D2 model

.D?
K

(M) = diag(e™,1,1,1,1,¢*) (68)

It is plausible that this “almost unity” solution and its extensions generalizes for arbitrary
values of n > 4. Next we have looked at the possibility of asymmetric non-diagonal solutions
for the D2 model. It turns out that, within our algebraic approach, we did not found any of
such solutions. However, this possibility should not be completely rule out, at least for general
n, since we have so many free parameters that the chance to miss a particular integrable
manifold is high. In general, classification of the solutions of the reflection equation seems to
be an intricated problem even for simpler models [§]. We hope, however, that our K-matrices
results prompt further investigation concerning this problem for the D? vertex models.

We would like to conclude this section with the following remarks. The K (A) matrices

can be obtained from K_(X) by the isomorphism
Ky(\) = K'[(n —1)In[g] — \]M (69)
where M is a diagonal matrix given by
M = diag(q(%—iﬂ)7 RO U DRl Cin q—(2n—3)) (70)

Once we are equipped with K4 (A) matrices, the construction of the corresponding open
spin chains is possible along the lines of section 2. Similarly, at least for the diagonal solution,
one can also repeat our Bethe ansatz construction without further technical difficulties. In
particular, we conjecture that the open spin chain associated to the first non-diagonal solution

at £+ = 0 is the one having the underlying quantum group symmetry.

14



5 Concluding Remarks

In this paper we have made a great deal of progress towards the understanding of the integra-
bility of the D? vertex model with open boundaries. We have investigated the solutions of the
associated reflection equation and found three general families of K-matrices which respect
the minimal U(1) symmetries of this system. We have carried out a Bethe ansatz analysis for
the simplest case, D3 model, revealing to us that the first non-diagonal solution at 1 = 0
possesses the special quantum algebra symmetry. In fact, the structure of the K-matrices at
this particular point leads us to conjecture that this will be the case for arbitrary values of n.

We believe that our results open an enormous avenue for further investigations. One clear
possibility is to use the Bethe ansatz results of section 3 to compute the thermodynamic
behaviour, the bulk and the surface critical exponents. It would be also interesting to generalize
our results of section 3 for all sort of open boundary conditions and for arbitrary values of n. In
this case, probably the most suitable tool would be instead the algebraic Bethe ansatz approach.
This method would allow us to show that indeed the Bethe ansatz states are highest weight
states of the underlying quantum algebra in the case of the first non-diagonal family at £ = 0.

Other interesting issue is to apply the notion of the quantum group twisting [[9] to find
out slightly different D? R-matrices. As a result, this might lead us to integrable models with
very different behaviour, for an example see ref.[(]. The practical implementation of twisting,
however, seems to be quite involving specially for an algebra such D?. To shed some light to this
problem we proceed in a much more phenomenological way. Motived by the structure of the
non-diagonal solutions, we add extra Boltzmann weights to the Jimbo’s R-matrix to account
for such boundary terms at the level of the associated bulk Hamiltonian. Next step is to try to
solve the Yang-Baxter equation for this novel R-matrix structure. It turns out that we succeed
to find a new R-matrix solution for the D5 model. Since this involves many technicalities, we
have summarized it in appendix B together with the study of the corresponding solutions of
the reflection equation. We hope that these results will be useful to motivate further progress

in this problem.
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Appendix A : R matrix properties and reflection equations

In this appendix we briefly discuss some useful properties of the D? R-matrix [[J]. We
also present for n = 2 some relevant relations derived from the reflection equation. The D? R-
matrix satisfies, besides the unitarity and regularity, extra relations denominated PT invariance

and crossing symmetry, PT-Symmetry:
Pllez()\)Plg — R§12t2()\) (Al)

Crossing-symmetry:

11

I VRS [(n— Dlnfg] — \) v (A.2)

¢[(n = 1) In[g] = A]

where (()) is a normalization function and V' is the following crossing matrix

Ri2(A) =

V = antidiag {q—(2n—i’>)/27 (]—(271—5)/27 e L1, 7(](271—5)/27 q(2n—3)/2} _ (A.3)

1
) \/a
Here we find convenient to normalize the original Jimbo’s R-matrix by an overall factor

¢**q" and the function (()) is given by

() = (€ = iy — L) (A1)

Next we present the simplest relations derived from the reflection equation we used in

section 2. For sake of simplicity we shall use the following notation Y;(z) = Vi, Yi(y) =

Vi wi(z —y) = wj,wi(z+y) = w;. Considering this notation, the relations we have selected

from the reflection equation are given by
— wy [—wsY) Yy +wiV1Y, — wsY) Vs +weYr Yy | =
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wy [—wy Yy Vi 4w (VY + YY) + wi(V, Y, + Y5 Ye)) (A.5)
—w, {_w31/1/)/3 +wiY1Yy + weY, Yy — w51/1/}/6} =
wy [—wy Vi Y1 4wy (YaYy + Yy Ye) + wy(YVYs + Y; Ye)| (A.6)
—wy [wsYy Vi — w3V + ws Y,y —weY, Y] =
wy [—wiY Vi + we(YaYs + Yy Ye) 4wy (Y, Y, + Y2 o)) (A7)
—wg {ws (Y Ys — Y5Y5) +ws [V, (Vs = Yy) + V(Y = V)| } =
wy {ws(Yy Vs — Yo¥5) + ws [V5 (Y — Y5) + Ya(Yy — ¥5)| } (A.8)
—wy {ws(Yy Vs — Ya¥5 ) g [Vy(Ys = V5) + Y5 (Y, = Vy)| } =
wy {ws(Y,Ys = ¥aY5) 4 ws [Yo(Ys = V) + Ye(Y; = Y5)] } (A.9)
—wg {uws(YeYs = Y5Y5) + wa [Yy (Y — Yg) + Ya(Yg —V3)]} =
wy {wa(YyYs — Yo¥5) + we V5 (Y — Y3) + Ya(Yy — ¥5)| } (A.10)
—w) {ws(YyYa — Ya¥5 ) g [Vi(Ys = V5) + Y5 (Y, = Vy)| } =
wg {wa(YaYy — YaYy) 4 we Y5 (Y — Y3) + Ya(Y; — ;)] } (A1)

The functions w;(A) are some of the Boltzmann weights of D3 model and are given by [[[]

ey oy Lo Let
wa() = ( W= o e =—5la= )= D+ ) (A.12)
) = =50 = 2 = D+ 0w = Sa= DS = D=d ) (A
1 1 e q., \
we(A) = —5(q — ;)(; — e =1) (A.14)

Appendix B : A new D} R-matrix
We begin by presenting the new D3 R-matrix
R()‘) = (62/\ - q2)2 Z Eozoz & Eozoz + q(€2/\ - 1)(62/\ - q2) Z Eozoz & EBB

oF3 SN
aorf # 2,3

— ——[(*+ 1) > M+ 1) Y [(Basg @ Epat+ Eyy @ Eyy)
a < 2 a >3
5=2,3 5=2,3
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(" =) = ¢%)

- 5 (=€) X 4’ =1) X J(Bap @By, + By © Eyp)
a <2 a >3
5=2,3 5=2,3

+ Z GQB(A)EQB(@EQ/B/
o,8#2,3

+ Y bENEas © By + 5 (N Eg o © Bpo 4 07 (N) Eag @ Earp +07(N) B © Epg
o % 2,3
5=2,3

—I_ Z C+()\)Eaa ® Eozlozl —I_ C_()\)Eaa ® Eaa —I_ d—l—()\)Eozoz/ ® Eoz/oz —I_ d_()\)Eozoz/ ® Eozozl
a=2,3

+ Z f()\) [Eozozl & Eozoz + Eozoz ® Eaa’ - Eozoz ® Ea’a - Eoz/oz & Eozoz]

a=2,3

(B.1)

where E,5 are the elementary 4 x 4 matrices and we set o' = 5 — a. The Boltzmann weights

are given by

an(N) = au(N) = (€ =1, au(N) = an(Ne ™ = (¢— 1)(¢* = 1)(e +q) (B.2)

+ i/z 2 2 A g 2 2N N2
=L (oD@ - D, B =L@ - ) (B
bi—i/zA(z—l 2n N2 Ni_i/zA 2 2 N
i = e (@ - DT =Dt £q7), b= el — 1 = (e £1) (B.4)
=2 D SO = S - 1) 1 (B.5)
E =P D@ F DG+ £ 3P+ gl — D =) (B)

This R-matrix has additional Boltzmann weights, the last term in equation (B.1), as com-
pare to the standard D3 R-matrix [[[0]. In addition, several other weights have also a different
functional dependence on the spectral paramater A. For periodic boundary conditions, such
differences are not important since we verified, by using the algebraic Bethe ansatz approach
[[3], that the corresponding Bethe ansatz equations and eigenvalues are the same as those
found for the standard Dj model [[[f, [[J]. This result is a strong indication that indeed the
R-matrix (B.1) can be obtained by twisting the usual D3 R-matrix. However, the situation for

open boundary conditions turns out to be a bit different. In fact, we did not find any diagonal
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solution of the corresponding reflection equation. The basic K-matrices are non-diagonal and
we managed to find two classes of such solutions. The first family depends only on a discrete

parameter £ = £ and is given by

YI0E) = Y06 = (Pt eg) (B1)
VO = W) = L1 gt e (B5)
i) = Y0 = %(1 —eq)(=1+e*) (B.9)

while the second family has an extra continuous parameter &_

NPIE) = (=) g+ e, (B.10)
YOI ) = (1—Ee)(g+ee)e, (B.11)
YAy = %(1—f_eA)(f_—I—eA)(l—I-eQA)(eS—I-q), (B.12)
Y06 = %(1+§_ek)(—§_+€A)(1+€2A)(€+Q)a (B.13)
VO] = o = e - a)le — e — 1), (B.14)
VO] = - D - e+ 1) (B.15)

Finally, we remark that since this new R-matrix is only unitary, the associated K4 () ma-
trices can not be directly obtained by an isomorphism of the type described in (20). However,
as shown in ref. [B]], unitarity is a sufficient condition to allow one to construct commutative
transfer matrices leading to open spin chains. In this case one has to solve an extra reflection

equation to obtain the K4 () matrix [ET].
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