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1. Introduction

In recent years it has been realized that the ground state of the transfer matrix of the
critical O(n = 1) loop model on the square lattice can be explicitly described for finite
system sizes [1,2]. Such feasibility is rather unusual for critical models®, and is commonly
reserved for free fermion models only. Exact knowledge of the finite size ground state
provides access to the precise size dependence of the most probable configurations of the
O(n = 1) model, and hence to finite size correlation functions. Examples of conjectural

3 Valence bond states (VBS) or dimerized states are common examples for gapped systems. Another well known
example is the matrix product stationary state for the asymmetric exclusion process.
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results for such correlations, based on numerical studies for homogeneous systems, can be
found in [3].

Applications of the O(n = 1) model are abundant, the most well known ones being
critical bond percolation on the square lattice and the quantum X X7 spin chain at
A = —1/2; see e.g. [4]. Other closely related models are the stochastic raise and peel
model [5] and lattice realizations of models with supersymmetry [6]-[8] or an underlying
logarithmic conformal field theory [9]. A further interesting connection has been made
with the quantum Hall effect [10].

Following initial conjectural results in [1,2] and [3,5,11,12], a method was initiated
and developed in [13]-[17] for proving a variety of results regarding the O(n = 1)
ground state by generalizing to inhomogeneous models. This approach was extended
in [18,19], introducing the use of expressions with multiple contour integrals for certain
linear transformations of the ground state, which has been successful for establishing
several conjectures. An alternative approach describing each component of the ground
state in terms of factorizations of non-commuting operators was developed in [20]; see
also [21].

Although a wide variety of periodic and open boundary conditions have been studied,
the case of two open boundaries has so far resisted progress. Here we deal with this case,
and will generalize the results for reflecting [14] and mixed [17] boundary conditions.
As a corollary we obtain the normalization, or sum rule, for the case of two open
boundaries. The normalization is important as the O(n = 1) ground state can be
interpreted as a probability distribution function. In contrast to the case for other
boundary conditions, there is as yet no combinatorial interpretation of the normalization
for two open boundaries.

2. Two-boundary Temperley—Lieb algebra

Sklyanin’s double-row transfer matrix [22] of the O(n) model, and consequently the
Hamiltonian, can be expressed in terms of algebraic generators satisfying a Temperley—
Lieb algebra,; see e.g. [14,23]. The particular version of the Temperley—Lieb algebra which
is needed depends on the imposed boundary conditions. In this paper we will consider
the O(n) model on a strip with open boundaries on both sides, which can be described
in terms of the two-boundary Temperley—Lieb algebra [24]. Models with two reflecting or
diagonal boundaries, as well as with mixed boundaries, were studied in [14, 17, 20].

Definition 1. The two-boundary Temperley—Lieb (2BTL) algebra, or Temperley—Lieb
algebra of type BC',, is the algebra over Z defined in terms of generators e;, 1 =0,..., L,
satisfying the relations

2 _

€i€i+1€6; = €4,

} fori=1,...,L—1,

2 2
€y = €o, €r = €L,

(2.1)

and commuting otherwise.
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The 2BTL can be generalized to include parameters in the quadratic relations [24].
In particular, the quadratic relations in (2.1) can be generalized to

el = —(q+q Ve, (2.2)

for some parameter ¢.* Unless stated otherwise, throughout this paper we will fix ¢ to be
the third root of unity,

q=e*/3, (2.3)

The Hamiltonian of the dense O(n = 1) loop model with open boundaries can now be
expressed as the following operator:

~

H201(1—€0)+CQ(1—€L)+ . (1—€j), (24)

<.
I

where ¢, ¢y € R.

The 2BTL is infinite dimensional, and it was shown in [24] that all finite dimensional
irreducible representations satisfy two additional relations, which we will describe now.
First we define two (unnormalized) idempotents I; and I as follows:

e [ even:
Iy =ee3---ep_q, Iy = egeqey - - er_ser. (2.5)
e [ odd:
I, = ee3---ep_seq, I = epey -+ e1_q. (2.6)
The double quotient of the 2BTL algebra has the additional relations
L1, = bl Iy 115 = bls, (2.7)

where b is an additional parameter.
In the rest of this paper we will restrict to the case b = 1 so that the 2BTL has a
one-dimensional representation p defined by

pie;— 1, i=0,1,...,L. (2.8)

In particular we have that p(H) = 0; hence 0 is an eigenvalue of H in any faithful
representation. In fact, because the eigenvalues of e; are 0 and 1, for ¢y, co > 0 the lowest
eigenvalue of H is 0 and corresponds to the ground state of the O(n = 1) loop model.
Moreover, by the Perron—Frobenius theorem, the ground state is unique as I — H is a
stochastic matrix.

The 2BTL algebra has two distinguished representations, both of dimension 2% [24].
One representation is in the tensor product space (C?)®E, giving rise to the quantum X X 7
spin chain with non-diagonal boundary conditions on both sides. In this representation
the Temperley—Lieb generators can be expressed in terms of the Pauli matrices o, o¥ and

4 An even further generalization is possible but will not concern us here.
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0%, and take the form

e; %(0?03”“ +olol | +cosy(oiof,, — 1) +isiny(o] — 07yy)),

il g (—sin Bof + cos foi 4+ icos 2yo; —sin27y), (2.9)
er — (sin(B + v)of — cos(fB + 7)oy —icos2yo; — sin27y),
in -~y
where we have used the notation ¢ = e7. If we specialize to b = —(q + ¢~'), this

representation is valid for generic values of ¢. The expressions above furthermore contain
an additional angle 3, which, due to the rotational symmetry in the spin x—y plane, is a
free gauge parameter on which the spectrum of H does not depend. The choice (2.3) of
q as the third root of unity corresponds to anisotropy A := cosy = —1/2 in the X X7
chain.

Another representation of the 2BTL algebra is in a space of link patterns, which we
will describe in section 2.1. This representation is relevant for the O(n) model with open
boundaries [3,25]. The particular choice (2.3) of ¢ in this setting corresponds to n = 1.

2.1. Action on link patterns

The 2BTL algebra has a graphical loop representation in a space spanned by link patterns
(sometimes called connectivities) or, equivalently, the space spanned by (a variant of)
anchored cross paths [26].

Definition 2. A link pattern is a non-crossing matching of the integers 0,1,..., L+1. The
matching between the integers 1, ..., L 1s pairwise, whereas 0 and L + 1 may be matched
with, or connected to, an arbitrary number of other integers. The integers 0 and L+ 1 are
respectively referred to as the left and right boundary.

Definition 3. An anchored cross path is a sequence of integers (hg, hi,...,hr) such that
hiy1 = h; £ 1 and min(h;) € {0,1}.

Before describing these representations more precisely, we present an intuitive picture
in figure 1 using the well known graphical depiction of e; as a tilted square decorated
with small loop segments. Multiplication in the 2BTL algebra corresponds to vertical
concatenation of pictures.

We now give a more precise description of the link pattern representation. Link
patterns can be conveniently described by a sequence of opening ‘(" and closing ‘)’
parentheses. If site ¢ is matched with, or connected to, site 7 we put an opening parenthesis
‘(" at i and a closing parenthesis ‘)’ at j. If site i is connected to the left boundary we
place a closing parenthesis at i. Likewise, if a site ¢ is connected to the right boundary
we place an opening parenthesis at ¢. The link patterns for L = 2 are thus given by

D, 600 ( (2.10)

which respectively mean that (i) the two sites are connected to the left boundary, (ii) the
first is connected to the left boundary while the second is connected to the right boundary,
(iii) the two sites are connected to each other, and (iv) both are connected to the right
boundary. Because we can independently place an opening or closing parenthesis on each

doi:10.1088 /1742-5468 /2009 /04 /P04010 5


http://dx.doi.org/10.1088/1742-5468/2009/04/P04010

The exact finite size ground state of the O(n = 1) loop model with open boundaries

0 1 2 3 4 5 6 7 8

Figure 1. Graphical depiction of action of e; on the anchored cross-path
(2,1, 2, 3,2, 1, 2, 3, 4) or, equivalently, the link pattern )(())(((. The result
will be the path (2, 1, 2, 3, 2, 3, 2, 3, 4), or link pattern )(()()((.

site, the dimension of the space LP; of link patterns of size L for the two-boundary
Temperley—Lieb algebra is

dim LP;, = 2. (2.11)

The generator e; (i = 1,..., L—1) acts between positions i and i+ 1 on a link pattern
a € LPy in the following way: if site ¢ is connected to k and site ¢ + 1 to [, e; connects
i with i + 1 and k with {. Here, k,1 € {0,...,L + 1}, but if they both correspond to a
boundary (0 or L + 1), then the connection from k to [ is disregarded in the final picture.
We now describe the action of the generator ey. It connects 1 to the left boundary, and
if 1 was previously connected to ¢ # 0, L + 1, then ¢y, would also connect i to the left
boundary. If 1 was connected to the left boundary, then ey would act as the identity. The
action of the generator ey, is similar to that of eq. It connects L to the right boundary, and
if L was previously connected to ¢ # 0, L 4+ 1, then ey would also connect ¢ to the right
boundary. If L was connected to the right boundary, then e;, would act as the identity.

The representation on anchored cross paths is completely equivalent to that on link
patterns. The loop decorations on the tiles define a link pattern in the obvious way, as
in figure 1. The action of a generator follows then from sticking the corresponding tile
to a path, connecting all the loop decorations, resulting in a new link pattern, and then
replacing the picture with the minimal path with the same such link pattern.

As stated below (2.8), the Hamiltonian (2.4) has a positive spectrum and a unique
ground state energy Fy = 0 in LP,. We will be interested in the corresponding right
eigenvector |W) as a function of the parameters ¢; and ¢,

H|U(cy, e3)) = 0. (2.12)

As shown by Di Francesco and Zinn-Justin for other kinds of boundary conditions, it is
possible to derive exact closed form expressions for certain properties of |¥) for finite
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system sizes. For example, we will show that the normalization Z = (¥|¥), which in
the link pattern representation is equal to the sum over all components of |¥), can be
expressed as a product of four determinants. To achieve this one needs to generalize the
eigenvalue problem (2.12) by considering an inhomogeneous model. This is done via the
transfer matrix formalism which will be described in section 3.

3. Transfer matrix

In order to define the transfer matrix we will first introduce the operators R and K, as
well as their unchecked versions. We furthermore list some useful properties which we will
need in later sections. Throughout the following we will use the notation [z] for

[2] =2z — 271, (3.1)

3.1. Baxterization

The Baxterized elements Ri(z), and the boundary Baxterized elements Ky(z,¢) and
Kp(z,() of the Temperley—Lieb algebras are defined as

RZ(Z) _ [q/Z] B [Z] €;

[az]
e (3.2)
Ki(za C) = k(zjlg()l/z{qgu[) ] Za 1= O: L:

where k(z,() is given by
k(z,¢) = [2/q¢][=¢/ - (3.3)

The parameter z is called the spectral parameter. In addition, each boundary element can
be equipped with an additional free parameter (. We thus will have two such parameters
available, and they will be related to the coefficients ¢; and ¢, in (2.4) by

(¢ —1/g)? _ 3
(-1 —q2?) 1+¢+¢G7

The Baxterized elements obey the usual Yang—Baxter and reflection equations with
spectral parameters:

C; =

(3.4)

Ri(2) Ris1 (zw) Ri(w) = Ryyy (w) Ri(2w) Rita(2),
Ko(z, Q) Ry (2w)Ko(w, O)Ry(w/2) = Ry(w/2)Ko(w, ) Ri(2w) Ko(z, ), (3.5)

Ki(z,O)Rp_1(zw)Kp(w, O)Rp_1(w/z) = Rp_1(w/2)Kp(w, ) Rp_1(2w) K1 (2, C).
They furthermore satisfy the unitarity relations

B Rl1fz) =1, | (3.6)
KZ(Z7C)KZ(1/27 g) = 17 Z:O7L‘

The relations above can be easily checked using the algebraic rules (2.1), or using a
graphical notation like the one in figure 1. We now introduce a graphical definition of the
Baxterized elements, using the planar Temperley—Lieb—Jones algebra [28], which we will

doi:10.1088 /1742-5468 /2009 /04 /P04010 7


http://dx.doi.org/10.1088/1742-5468/2009/04/P04010

The exact finite size ground state of the O(n = 1) loop model with open boundaries

be able to use in a more general context than in figure 1. We thus define the R-operator
R(z,w) to be the following linear combination of pictures:

ol [l [
R =teml LA e D (3.7)

and will graphically abbreviate R(z, w) as

A

R(z,w) =12 ! o3 (3.8)

w

Note that we can use this picture in any orientation, as the arrows uniquely determine how
the spectral parameters z and w enter in R. Likewise, we define the boundary K-operators

by
_ Klqw,) [N _ fallgw?]
Ko(wag) - k(l/qUJ;C) b k’(l/qwa g) b

_ . 1 (3.9)
V>

= Q . (3.10)
w’ NG

For simplicity we will sometimes only draw the lines carrying the arrows and spectral
parameters. The Baxterized elements R, Ky and K will be used to define the transfer
matrix of the system.

The unitarity relations (3.6) for R and K can be graphically depicted as

and

Y = : s = : (3.12)

doi:10.1088/1742-5468 /2009,/04/P04010 8


http://dx.doi.org/10.1088/1742-5468/2009/04/P04010

The exact finite size ground state of the O(n = 1) loop model with open boundaries

In addition, the Yang—Baxter and reflection equations (3.5) can be written as

}<, (3.13)

a
1
||

and

- , _ . (3.14)

-1 -1 2
Z w z w zZ w z w

We furthermore note the crossing relation satisfied by R, i.e. R(z,w) = R(qw, z) (recall
that ¢ = e?™/3), which graphically reads

(3.15)
z
The crossing relation (3.15) can be made to hold for generic values of ¢ if R is normalized
appropriately [27].
3.2. Transfer matrix

Using the definitions in section 2 we define Sklyanin’s double-row transfer matrix 7, (w) =
Tp(w; 21, ..., 21; (1, o) pictorially in the following way (see [14,22,23]):

A A A

To(w)= e . (3.10)

o o &

4 1 ZZ Zl_vT ZL

As is well known, the Yang—Baxter and reflection equations (3.5) imply that T'(w) forms
a commuting family of transfer matrices, i.e.

[TL(U)aTL(w)] =0, (317)

and hence define an integrable lattice model. Following [13,14], we note that the Yang—
Baxter and reflection equations (3.5) also immediately imply the following interlacing

doi:10.1088/1742-5468 /2009,/04/P04010 9
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conditions of the transfer matrix with R;, Ky and K

Ri(zi)zin)Tr(w; 21,y 2n) = To(w; 21, - ooy Ziga, Ziy - -5 20) Ri(2i) zig1),
Ko(zfla C)Tp(w; 21, 2) = To(w; 27 29, ZL)KO(Zfly Q) (3.18)

KL(ZLa Q)T (w; 21, ..., 20) = Tp(w; 21, . . - ZLA,ZZI)KL(ZL,CQ)-

Due to the existence of the one-dimensional representation (2.8), the transfer matrix
has an eigenvalue equal to 1, and a corresponding eigenvector |¥) defined by

To(w;zi, .y z0)|V(z1, .oy z0))n = V(2,0 20)) (3.19)

where |W); depends on z; but not on w. In the homogeneous limit z; — 1, the transfer
matrix 77, becomes the probability transition matrix of the stochastic raise and peel
model [5,26], for which the steady state eigenvector (3.19) is unique by the Perron-
Frobenius theorem. We will assume that the eigenvector remains unique for generic values
for z1,...,2z5. The vector |W), is the ground state eigenvector for the O(n = 1) loop
model with open boundaries. In section 4 we will use the interlacing conditions (3.18)
to rewrite (3.19) in a form which is known as the g-deformed Knizhnik—Zamolodchikov
equation. This will allow us to obtain an explicit characterization of |¥), for finite L.
We will in particular be able to derive a closed form expression for the normalization
Zp, = (¥|¥),. In order to do so we need a recursion relation for |W);, which we will
discuss first.

3.3. Recursion

Let ; denote the map that sends site j to 7 + 2 for j > ¢ in a link pattern, and then
inserts a link from site ¢ to ¢ 4+ 1, thus creating a link pattern of size two greater. For
example,

wa: O = )OO (3.20)

In appendix A we prove that the transfer matrix satisfies the following identity:

lq/ zw] [CIQZz‘/w]
[¢?ziw][qw /2]

Tr(w; 21, ..., Zig1 = qZiy -+, 20) © 95 = wio T _o(w;... %1, %42,--.).

(3.21)

A similar relation was proved in [14] and for the case of periodic boundary conditions
in [13]. Property (3.21) will be used later, in particular in conjunction with ¢ = e*™/3
when the proportionality factor equals 1.

Likewise one can prove that at the boundaries, and for ¢ = e
satisfies

27i/3 the transfer matrix

Tr(w; 21 = qC1, -+, 20;C15 C2) © 9o = o 0 Tr1(w; 22, ., 205 GC1, C2),  (3.22)
where ¢ is the map that sends site j to site j + 1, and inserts a ) on the first site; and
Tr(w;zy, .. 20 = G/q; G, G) oo = wr o Ty (w; 21, - -5 2015 C1, G2/ Q) (3.23)
where ¢y, is the map that inserts a ( on the last site.

doi:10.1088/1742-5468/2009,/04 /P04010 10
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4. The g-Knizhnik—Zamolodchikov equation

The ground state eigenvalue equation (3.19) for the inhomogeneous transfer matrix of
the O(n = 1) model is equivalent to a particular instance of the ¢KZ equation with
q = e®™/3. This connection will provide a handle for an explicit analysis of the ground
state eigenvector of the O(n = 1) Hamiltonian for finite system size L. We will first
describe the ¢KZ equation for open boundaries (corresponding to type BC in the Dynkin
diagram classification), and then prove the equivalence with the transfer matrix eigenvalue
equation (3.19).
We consider a linear combination |=) of states |a) labeled by link patterns:

E(z1,020)) = D balzns .- 2)|a). (4.1)

Here |a) runs over the set of anchored cross paths (or link patterns) of size L, and the
coefficient functions &, are polynomials in L variables with coefficients which are functions
of ¢ and a new parameter s, which we regard as complex parameters,

£, €C[22,...,22). (4.2)

The ¢-Knizhnik—Zamolodchikov equation [29]—[31] is a system of finite difference equations
on the vector |Z). For open boundary conditions they can be written as [14,17]°

Ri(zi/ziJrl)’E) :Wi‘E>7 Vie {177L_1}7

Ko(1/21,G1)|E) = m0[2), (4.3)
Ki(szp,50)|2) = m|2).
The operators Rl(z) are the Baxterized elements of the TemperleyLieb algebra, and K,

and K7, are the boundary Baxterized elements from (3.2). The operators Ri(2i/zi41),
Ko(1/2,¢) and Kp(szp,sC) act on paths (link patterns) |«), whereas the operators 7;

(1=0,...,L) act on the coefficient functions &, only;
Trzé( ey Ry Rl e ) - é( cey Rl B - ')7
m0&(z1,...) =&(1/21,...), (4.4)

7TL€(---72L) :f(...,l/SQZL).

For later convenience, we note that the ¢KZ equations can be rewritten in the following
way':

6lS) = —afE)  (i=0,...,L), (4.5)
where
maplleml B G) ke G)
e I L A 7 - R G v pere v
(4.6)

where k was defined in (3.3). The operators a; (i = 0,..., L) satisfy the relations of the
affine Hecke algebra of type C [20], as well as those of the Hecke algebra of type BC.

® We write the equations in a form used by Smirnov [29]; these imply the more commonly used form of Frenkel
and Reshetikhin [30].
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4.1. Equivalence with the transfer matrix eigenvalue equation

The ¢KZ equation has polynomial solutions for special values of s and ¢.% At special values
(namely g = e?™/3 s = 1), the ground state eigenvector |¥) of the transfer matrix also
satisfies the ¢KZ equation. We prove this by acting on both sides of the eigenvector
equation (3.19) with the elements R(z;/z41), Ko(1/21,¢1) and Kp(szp, sC):

Ri(zi)z0)|9) 1 = Ri(2i/zip1)Tp(w; 21, ..., 20) | 9)
= TL(’U}, Zl: ey ZZ'Jrl, Zi: ey ZL)Ri(Zi/Zi+1)’\Ij>L- (47)

Acting on both sides with 7;, we obtain

TL(UJ; Dy ey ZL>(7TZ‘RZ'(ZZ‘/ZZ'+1)’\IJ(21, ey ZL>>L = WiRi(Zi/ZiJrl)’\Ij(zla ey ZL>>L7 (48)
and since the eigenvector in (3.19) is unique, this implies that

iR (zi) 2 )|V (20, . 2V = Bz, 20) W (2, - 2n)) L, (4.9)

where [3; is some rational function. Multiplying both sides of (4.9) with m; R;(2;/zi+1), and
using the identity in (3.6), it follows that

]\Il(zl, ey ZL)>L = BZ( c ey Rl Ry e - ')WiRi(Zi/ZiJrl)‘\p(Zla oy ZL))L: (410)
and so
B( s zis zigy - )P Zigns 2is ) = 1 (4.11)

Because we may assume that the components of |¥); do not have a common factor,
equation (4.10) implies that the numerator of 3; must be a constant, or that 1/43; is a
polynomial. But then (4.11) implies that 3; is in fact a constant such that 5? = 1. The
sign is fixed to +1 by setting z;11 = 2;, so we finally obtain

Rz‘(zi/zi—l—l)m/(zla 2L =Tl Yz, )L (4.12)
Similarly, we find that

f:(o(l/zh (21, .y 20))p = mo|¥(z1, ..., 20)) s (4.13)

KL(SZL, SC2)|\I/(2’1, ey ZL)>L = 7TL|\I/(2’1, ey ZL)>L7

where proof of the last equation makes use of the fact that when s* =1, Ki(sa,sb) =
K (a,b) and R(s?z,w) = R(z,w).

6 Interesting recent developments [32] relate polynomial solutions of the ¢KZ equation associated with Uq(sly)
to the polynomial representation of the double-affine Hecke algebra [33, 34]. These solutions can be expressed in
terms of Macdonald polynomials with specialized parameters [35].
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4.2. Example L = 2

In this section we work out an example of a solution of the gKZ equation for L = 2 which
also solves the eigenvalue equation (3.19). We work in the link pattern basis {)),)(, (), ((},
which is equivalent to (2,1,0), (2,1,2), (0,1,0) and (0,1,2) in the path representation.
In this case, there are twelve equations resulting from the ¢KZ equations. Defining

si=q+q" —a, (4.14)
these equations can be written as

0=aoy = aoct, %o =sowy, W = sy, (4.15)

0=axpy =axnh),  Yg=s Py =82y, (4.16)

0=ayy) = ahy = anh,  s1g =y + U+ U (4.17)

It is an easy consequence of the equation agi = 0 that if ) # 0, it should contain a

factor k(z1, (7). Similar conditions hold for the vanishing of ¢ when acted upon by a; and

a9

(i) ¥ and 1) vanish or contain a factor k(z1, (1), the remainder being invariant under
21 1/2.

(ii) % and )y vanish or contain a factor k(1/szp,s(s), the remainder being invariant
under szp < 1/52.

(iii) vy), 1) and v vanish or contain a factor [gz; /2], the remainder being a symmetric
function in z; and 2.

4.2.1. Solution. With the known factors from items (i), (ii) and (iii) above, we thus look
for a solution of the form

2
Yy = Hk(l/szi,,;@) X [qz1/20)[qs*2122) % S(s21,522),
% (4.18)

Y= Hk(zi,ﬁ) X [qz1/22][q/z122] X g(zla@)-

where S(z1,2) and S(z1, 23) are symmetric functions invariant under z; < 1/z. The
other two components may be determined from

v =s0y, U= s — vy — Y (4.19)
When s* = 1, ¢ = €*™/3 we find that the solution to equations (4.15)—(4.17) can be given
explicitly by

S(Zlv 22) - A2 X(1,0,0) (82C127 Z%? Zg)u (4 20)

S(z1,20) = Ay X(l,o,o)(zfa Z%a C22)7 .

where, with an eye to generalization to arbitrary L, we have used the symplectic character

X of degree A defined by
Zi)\j+L7j+l . Z;)\j*[ri’]’*l

_ 1<i,j<L
Xa(z1y .00y 20) = TR , (4.21)

1<i,j<L
and A, is an arbitrary overall constant.
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5. Solution for general system size

As in items (i), (ii) and (iii) of section 4.2, for general L we may derive factors for certain
components. For each i, every link pattern in the LHS of the ¢KZ equation (4.5) will have
a small link from i to i + 1 once e; has acted. The ¢KZ equation then says that a;1, =0
iff o does not have a small link from ¢ to ¢ + 1. This leads to the following conditions on

(0%

(i) If @ does not have a small link from the left boundary to 1, 1, vanishes or contains
a factor k(z1, (1), the remainder being invariant under z; < 1/z.

(ii) If o does not have a small link from L to the right boundary, v, vanishes or contains
a factor k(1/szp, s(2), the remainder being invariant under sz, < 1/szy.

(iii) If o does not have a small link from i to ¢ + 1, 1, vanishes or contains a factor
[q2i/zi+1], the remainder being a symmetric function in z; and z;4;.

Using the above conditions, for general L the component 1. is given by

¢(( = H ]{J(Z“ Cl) H [QZZ/ZJ][Q/ZZZ]]fL(Zl, ey ZL), (51)

1<i<j<L

where fy is symmetric and invariant under z; — 1/z;. The majority of the factors in this
expression are imposed by the symmetry conditions. Note that with k£ as defined in (3.3)
we could write this as

Y= [ kG z)fula,. .. 2), (5.2)

0<i<j<L

by using the notation zy = (;.
Likewise, we have

L
Py.y = H k(1/sz;, s(2) H [qzi/ 2)[qs%zi2j) fr.(sz1, - . . 821),
i=1 1<i<j<L
= H k(1/s2i,52) fr(sz1, - .., 821), (5.3)
1<i<j<L+1

if we identify z;,; = (5. Here, fr, is symmetric and invariant under sz; — 1 /sz;. Other
components may be derived from the extremal components by acting with products of
Baxterized versions of the operators s;, as described in [20]. However, in the case under
consideration it is not possible to derive every component of |¥) in this way. In appendix B
we explain the reasons for this in detail for the case L = 3.

By using recursion and degree properties of the general solution, we can find an
expression for f; and fr. We emphasize again that throughout this section we will use
s* =1 and ¢ = e*"/3,
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5.1. Recursion

5.1.1. Recursion of the eigenstate. In order to find a recursive definition for all components
of |¥) 1, we must refer to the recursive property of the transfer matrix described in (3.21).
For the remainder of this section, we will suppress the arguments 21, ..., z; of T and |¥)
except where detail is needed. The notation Z; will mean that z; is missing from the list
21,...,2r. When we specify ¢ to be a third root of unity, the factors in (3.21) cancel, so
we have

Tr(w; zig1 = qzi) 0 i = @; 0 Tr_o(w; 2, Ziga). (5.4)
Now, acting with both sides on the vector |W(Z;, Z;41)) 12, we get

T (w; zip = qzi)(@im’(fia 73z‘+1)>L—2) = il W(%, £it1)) -2 (5.5)
which, by uniqueness of the eigenvector |V), implies

(W (241 = qzi)) 1 o< @i (%, Ziv1)) -2 (5.6)

This is consistent with the properties listed in section 4.2, which imply that any coefficient
of a link pattern without a small link connecting ¢ and ¢ + 1 vanishes when z;,, = ¢z;.
Relation (5.6) was already proved for subcases of the most general open boundary
conditions in [14,17], and for periodic boundary conditions in [13]. It can be shown
that the proportionality factor in (5.6) takes the same form for each i; see appendix C.
We denote this factor by p(zi; 21, ..., 2, Zivt, -+ -5 21)-

Likewise, from the boundary recursions (3.22) and (3.23) of the transfer matrix we
find that

"1’(21 = qC1; C1)>L = 7"0(227 <y RL Cl)%“l’(él; qC1>>L717
W(z = CG/q; ) =iz, -5 20-1: Q)Y (20 C2/4)) -1,

where rg and 7, are proportionality factors analogous to p.

(5.7)

5.1.2. Small size examples. In section 4.2 we presented a minimal degree solution for
L=2:
=4 [ *Gz)xaen 23, 0),

0<i<j<2

Py = Ay H k(1/szi, 82;)X(100)(5°C, 8727, 8°23).

1<i<j<3

(5.8)

When we set z; = gz, all components except for vy vanish. At this point, we have
from (4.19)

w()‘m:qn =(—1~— @0>¢))’m=q21
k(1/z,
= —Agwoﬁk(l/szl, $C)k(1/s29,82)k(1/s21, $29)
1
X X00)(8°21, 8%, S|

= — A k’(zh C1)2k(217 C2)27 (5'9)
doi:10.1088/1742-5468 /2009/04 /P04010 15
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where we have used the properties k(s%a,b) = s?k(sa, sb) = k(a,1/b) = k(1/qa,b) =
k(a,b), the definition of x given in (4.21), and the fact that 1)) vanishes when z, = ¢z.
Since the solution for L = 0 is simply a constant scalar (denoted Ay), we can easily see
that the proportionality factor in (5.6) for L = 2 is equal to

A
p(z1) = —A_Qk’(zh C1)2k(217 C2)2- (5.10)
0
For L = 1, a minimal degree solution is given by
¢( = A k(zla Cl) ¢) = A SQk(l/szla 5@2)- (5-11)

It is computationally very intensive to compute explicitly the full solution for L = 3.
However, if we restrict to the subset of equations so that 1y and ) are not individually
determined, but only their sum is, we find

H k(zj7 Zi) X(l,l,O,O)(’Zfa Z%a Z§7 C22)g3(zf7 Z%? Z??)’
0<i<j<3

(5.12)
Py = Az §° H k(1/s2i,82;) X(1100)(8°27, $°23, %23, 8°(1)g3(s° 27, s° 23, °23),
1<i<j<4

with x as before, and where g3 is symmetric and invariant under z; <> 1/z;. Imposing the
boundary recursions (5.7) requires that

93(2%7 Z%? Zi‘%) - X(17070)(Z%7 Z%? Z?%) (5'13)

We have verified that this indeed comprises the full solution for L = 3. Computing
Py = 83, and setting z3 = g2y, we find the recursion between size L = 3 and 1:

A
V(0 zs=q = — Aj (22, C1) (22, C2)*h (22, 21) "4 (5.14)

Assuming that p(z;; 21, ..., 2i, Ziv1, - - -, 21) takes similar forms for each L, and noting
that p must be symmetric in all z; # z;, we find the general form to be

A
L=2, p(z) = —A_Zk(zia G)%k(z, G)?,

A .
L=3,  pluiz)= —A—jk(zi, C)*k(zi, ) (2, 2)", G A i+, (5.15)
o Ap
plai2r, o B B, 21) = = (%Cl (2,G)° ] k(zii2)!
-
JFii+1

Using similar arguments, it can be deduced that the proportionality factors ry and
rr, in the boundary recursions (5.7) are given by

L
TO(Z% -y 2L Cl) = (_1)L+1Aij (glu €2) H (glu Z’i)27 (516)
- =2
and
A L—1
ro(z, . 2o G) = (—1) (s )ALL1 (1/5Cs, 5C1) Hk 1/5Co, 52;)>. (5.17)
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5.1.3.  Recursion for components. We would like to find recursions relating certain
components of |¥) for size L to components for size L — 1 and L — 2, as we already
have done for small system sizes. Such a recursion would allow us to determine the still
unknown functions fr, and fg, in (5.2) and (5.3). Recalling the definition of s; in (4.14),
we have that

Y. =S¥ (5.18)

and since Y. (|., =gz, , = 0, it follows that

k(sz, s¢
w(l./..()‘zL=q2L_1 = (WL% H k Z],ZZ fL(Zla R L))

L 0<i<j<L

2L =qZL—1
L—2
= k(21-1,(2) H k(z-1,2)? H k(zj,2i) fr(z1, -5 201, s*qz-1)
i=0 0<i<j<L—2
p fL(Zl ZL—1 SQQZL 1)
=k 7 2k - k B i2 y oy ~L—1y - L*Z'
(z0-1,C1)"k(zL-1, C2) E (2r-1, %) Fra(z1r . 212) ¢(...(
(5.19)
Here we have used the properties of k given below (5.9). From above, the proportionality
factor in this relation is given by p(zp_1; 21, ..., 21_2), SO we arrive at a recursion for f:
A L—2
fL(Zla ey RL—1, 32qZL—1) = ) L k(ZL—la C2) H k(ZL—h Zj)2fL—2(Z1, cey ZL—2)~ (5-20)
L—2 ,
7j=1

A similar argument finds a recursion for fL. Due to the symmetry properties of both these
functions, the recursions can be generalized to arbitrary i:

Ap ..
folz, oz 8%qzi, . 20) = 7 k(zi, G2) H k(ziazjffoz(Zl,---72i72i+1a---72L),
L-2 LT
FESRED
fL(Zl,...,Zi,SQ(]ZZ‘,...,ZL) Z“Cl H k ZZ,Z] (21,...,,7:’Z‘,,7:’i+1,...,ZL).
jFi,i+1

(5.21)

The boundary recursion (5.7) can be immediately applied to the extremal
components (5.2) and (5.3), and we find that f and f in addition satisfy

fL(Zl,-- y ZL— 1,62/q C17C2) ( LHAAL 1_[/€ 1/{2723 fi— 1(217"'72L71;Clac2/q)7
L-1 35

L

fL(QCh 22,5215 G, CQ) = (—1)L+182E H k(Cla Zj) ]ELfl(Z% ey 213qC, CQ)a

Jj=2

(5.22)

where we have explicitly indicated the dependences on (; and (s.
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5.2. Degree

Polynomial solutions of the ¢gKZ can be labeled by their top degree u, where p is a
partition, gy > po > --- > py > 0. These solutions are of the form

> e, (5.23)

veW-u

where W - u denotes the orbit of 1 under the action of the Weyl W group of type BCp,
¢, are constants, and

L

2 .

2 = Hzi’“.
i=1

We can use the recursions (5.21) and (5.22) to find out what the minimal degree
of fr has to be for arbitrary size. Consider ¢ = 1 and denote the top degree of f; by
v = (Z/£L), o VéL),O,O, ...). Since the degree of k(z1, z;) is (1,0) in the variables 2%
and 27, the top degree in 27 on the right-hand side of (5.21) is 2L — 3. Comparing top

degrees in (5.22), it immediately follows that z/j(»L) is at least equal to V](-L_l) + 1. We thus

find that the following inequalities have to hold,
P > o — 3, (5.24)

VB > D 4, (5.25)

For a possible minimal degree solution these inequalities become equalities, and we find
that

L . .

vW=L-j (j=1...,L) (5.26)

which agrees with the solutions we explicitly constructed for the small system sizes

L =1,2,3 in section 5.1.2. We will write v = A 4 XEFD where A is the partition
of [XV] = [L(£ — 1)] with

w | L= -
A = {TJ . j=1,...,L, (5.27)

ie.

AP = (n—1,n—1,...,1,1,0,0), ACHD — (nop—1,n—1...,1,1,0,0).  (5.28)
From the degree of k(z;, 2;) it immediately follows that the product of factors in the

expression for the extremal components amount to a degree of AL+ 4 \(L+2) - Selutions

of the ¢KZ equation of minimal degree, which are relevant for the O(n = 1) loop model
with open boundaries, therefore have degree p™), with

pB) = A(D) 4 g\ . \(+2) (5.29)
so that
W =20 +1-25 (5.30)

The total degree of these solutions is equal to |4")| = L? and the degree in each variable
2% is equal to py; = 2L — 1.

7
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5.3. Solution

For L. = 2 and 3, the solution contains a symmetric function which involves the symplectic
character defined in (4.21). The solution for general L can also be expressed in terms of
a special symplectic character. It turns out that the following two functions satisfy the
necessary recursions (5.21) and (5.22), and have the correct degree v*),

fo(z,.oz) = Avxoa (21, 25, Gxaw (21, -+, 21),
2.2

N (5.31)
fL(Szla SR SZL) = AL(SQ)LXA(LJrl) (82C127 522%7 R SQZ%)XA(L) (SQZ%7 sy S ZL)'

The classical character y for the partition A = A%) appears repeatedly in related studies
on loop models [14,17] and symmetry classes of alternating sign matrices [36]. It is further
worthwhile noting that (5.21) is satisfied because of the recursion

X (23, -y 28y 1maz = (—1)F H k(zj, 2) xaw-2 (25, 22,250, 21), (5.32)
.01

and the specification s* = 1.

5.4. Normalization
The normalization of the ground state eigenvector is defined by
Zp, = (V|¥),, (5.33)

which can also be expressed as the sum over all the coefficients of |¥),

Zy=Y tha (5.34)

aclPy,

as the left eigenvector of the transfer matrix satisfies (V|a) =1 for all .

We have derived in (C.5) and (C.6) the recursions for the normalization Z;. Using
the recursion (5.32) for the symplectic character S.(..., 2, ...) = xaw (..., 27, ...) defined
in (4.21), we thus note that

Sria(Ciy 21,5 20, G) Sy (G, 215 -+ 5 20)Spa (21, -+ 20, G2)SL(21, - - 21)
= /f(Zi, C1)2 k(Zz', C2)2 H /f(Zi, Zj)4 SL(Cla ooy Ziy Zig Ly e e Cz)
jiyi+1
X Spo1(Cus- -y Zis Zigry -+ )Spoa (oo 26 Zigay -5 G2)SToa (e vy Zis Zigs ).

(5.35)
Since the recursions (C.5) and (C.6) specify enough points to uniquely determine 7, of
degree pP) = \B) 4 2\E+D 4 AE+2) gee (5.30), and, when we set Ap = (—1)FA;_;, this

product of four symplectic characters satisfies the same recursions, we conclude that

Zi+1=4%;

ZL(Zh sy ZL) = SL+2(C1: Zly ey RLy C?)SL—H(Ch Zly e ZL)
X SLJrl(Zla"'7ZL7C2)SL(217---72L>- (536)

This proof also requires equivalence for L = 1 and 2, which is easy to show. In particular,
the normalization of the ground state of the Hamiltonian (2.4) is obtained by setting
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z; = 1, and is given by

ZL = ZQ(Cl, Cg)Zl(Cl)Zl(CQ)Zo, (537)
where

Zy=5.(1,...,1),

Zl(Ci) = SL+1(CZ',]_,...,1), (538)

22(017 62) - SLJrQ(Cla 17 ) 17 C2)7
and

3
G=— (5.39)
1+ ¢+

6. Conclusion

We have given an explicit description, for finite system sizes and without resorting to the
Bethe ansatz, of the ground state of the O(n = 1) loop model with open boundaries. The
boundary conditions considered in this paper contains as special cases those of reflecting
and mixed boundary conditions which have been considered before [14,17,20]. In an
alternative interpretation the O(n = 1) model is equivalent to the stochastic raise and
peel model [5,26] for which the ground state is a stationary state distribution. In this
setting it is important to compute the normalization so that the stationary state is a
properly normalized probability distribution. The derivation of the normalization of the
raise and peel stationary state, or O(n = 1) ground state, with two open boundaries is
presented in section 5.4.

There is another, independent reason for computing the normalization, which is in the
context of the Razumov—Stroganov conjecture [1,2,12]. This conjecture states that there
is an intriguing relation between the O(n = 1) ground state | V), and the combinatorics
of a fully packed loop (FPL) model on finite geometries, as well as other combinatorial
objects such as alternating sign matrices and symmetric plane partitions [37]. In particular
it states that the ground state normalization is equal to the statistical mechanical partition
function of an FPL model on a certain finite patch of the square lattice. Such a link has
been made for the ground state of the model with identified open boundaries (see [38]),
but for the model considered here, which genuinely has two open boundaries, it is not
known which FPL geometry gives rise to a partition function equal to the normalization of
|W) 1, as computed in (5.37). Understanding the underlying combinatorics for the general
case of two boundaries will therefore lead to a deepening of our understanding of the
RS conjecture, as well as to possible generalizations of symmetric plane partitions and
alternating sign matrices.

We hope and expect that our results will lead to explicit expressions for finite size
correlation functions of the open O(n = 1) loop model, as well as for those of the closely
related X XZ quantum spin chain with anisotropy A = —1/2 and non-diagonal open
boundaries at both ends. Other incarnations of the model considered here to which
our results may be applied include the conformally invariant stochastic raise and peel
model [5,26], and supersymmetric lattice models with boundaries [7, 8].

One way forward would be to express certain linear combinations of the components
of the ground state eigenvector in terms of multiple contour integrals such as was done
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for reflecting boundary conditions [18,19]. However, we anticipate some fundamental
difficulties with this approach for the case of open boundaries, related also to the lack
of convenient factorized expressions which do exist for reflecting and mixed boundary
conditions [20]. We further hope to make a connection between our solutions and
Macdonald-Koornwinder polynomials of type (CY,C,,) for specialized parameters [39],
as well as with those in the form of Jackson integrals for ¢KZ equations on tensor product
spaces; see [40,41] for the case of type A.
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Appendix A. Proof of the recursion (3.21)

In the following we will use the shorthand notation

a(z) = [q/z]) b(z) = —ﬂ.
laz] [42]
We first define |o/); = @ila)r—2 to be the link pattern of length L with a small link
connecting sites ¢ and i + 1 inserted into the link pattern |a);_s. Restricting our focus to

the action of the transfer matrix on the sites ¢ and ¢ + 1, we find

Z  qz
A

Tr(w; zie1 = qz)|ayp = .. - (A1)
w

N

As each R-operator consists of two terms, the action of T}, on sites i and 7 + 1 produces
sixteen terms,

a(ziw)a(qzw)a(w/z)a(w/qz;)

+ a(zw)a(qzw)a(w/z)b(w/qz;) = T (A.2)
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Some of these pictures are equivalent with respect to their external connectivities. In total
there are five different kinds of connectivities. For instance, one of the connectivities has

a(ziw)b(gziw)a(w/z)b(w/qz)

+ a(zw)b(qzw)b(w/z;)b(w/qz;)

+ a(zw)b(qzw)a(w/z)a(w/qz;) = (A.3)

The closed loop in the first diagram is erased at the expense of a factor —(q + ¢ 1),
after which the coefficients of the three diagrams sum to 0. Using the fact that
a(qu)a(u) + b(qu)b(u) — (¢ + ¢ 1)alqu)b(u) = 0, it is easy to show that this happens
for three of the remaining four kinds of connectivities as well, and we are left with

TL(UJ; Zi41 = qzz‘)|O/>L

A2

= a(z;w)b(qz;w)b(w/z)a(w/qz)

Ziy 4Gz

= a(zw)b(qz;w)b(w/z)a(w/qz;)e;

g/ ziw][q® 2/ w]
[¢?ziw][qw / 2]

©; Tr—o(w; 2i, Zig1) ) L—a. (A.4)

Appendix B. Example: L = 3

For this example we will take ¢ = €*™/? and s* = 1, but we will leave b generic. For
N = 3, we use the notation

V=t Vs=U  2=v%0 e =1
3 = 1Py 7 = Py g = 1) g = 1Py,

and we recall the definition (4.14):

si:q—l—q_l—ai:—l—ai. (B]_)

Considering in turn each ¢ and «, the ¢KZ equation

Y dalela)) ==Y (aita) o) (B.2)

«
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implies the following 32 system equations:

CL077Z)QZO

=1.....4 B.3
50¢a+4=¢a} @ T (B.3)
a1 =0 a=1,275...,8 B4)
513 = 1 + o + Dihs + 17 5194 = Y6 + g .
ahe =0  a=1,3,4,57,8 (B.5)

Sots = g + s + P7 + g SoWp = Uy + 3

CL377Z)2a:0 Oézl,...,4
83¢2a_1 == @Z)Qa o = ]_, 3 (B6)
53901 = bibaq a=24.

The relations where the action of the projector a; gives zero force certain symmetry
restrictions on the components. For instance,

1 = k(21, Q1) k(22, 21)k(22, C1) K (23, 22)k(23, 21)k (23, C1) f1(21, 22, 23),
g = k(1/s21,1/829)k(1/829,1/523)k(1/521,1/523)k(1/s23,1/5(5) (B.7)
X k(1/s29,1/5C)k(1/s21,1/5C) fs(s21, S22, 523),

where f,(z1, 22, 23) is a symmetric function invariant under z; — 1/z;.

Using the system equations we may obtain the components 1), in terms of ¥; and g.
Assuming we know 11, we find 1)y = s3101, then 13 = 5910y — 11, and 1o, = b~ !s31h3. Then
we can find g from

Vg = Sathe — Ya — b5 — P, (B.8)
by using 1bg = 1104 — ¥3 and applying s3 on both sides of (B.8) to get
—1Pg = s352(S1%a — Vg) + Vs — Y6 — bifs, (B.9)

which implies
(b —1)¢hs = (s35281 — 51+ 1)ty (B.10)

The expressions for 1, 13, 14 as well as 15 can be neatly rewritten in a factorized form
as in [20]. However, if b = 1, the component 3 cannot be determined this way.

In a similar way, given 13 we can find 14, then 105, and 5. Since we can express 1,
and 15 in two different ways, these have to satisfy certain consistency conditions. Now
we can find the remaining two components:

(b= 1)s = s1h3 — V1 — P2 — Satb6 + Yy + g V7 = s1905 — Y1 — Yo — b, (B.11)

Again, if b = 1 these two components cannot be found separately in this way. However,
their sum can be determined. Assuming that we find an expression for one of these
components (say, by solving sgis = 1y for 15) which satisfies the appropriate degree
and the symmetries imposed by (B.4) and (B.5), the entire system can be shown to be
consistent.
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Appendix C. Symmetry of the proportionality factor

Denoting the proportionality factor of (5.6) as p;(2;; 21, ..., 2, Zig1, - - -, 21), We want to
show that p; takes the same form for each i. To do this we consider the normalization
Zp, = (V|¥),, (C.1)

which can also be written as the sum over the components of |U), as in (5.34). Acting
with (U] on both sides of the ¢KZ equation (4.3), and using that m; commutes with (U],
we have

Tl = (\11|R¢(Zi/zi+1)|‘1’>L
— ZwL,a@If!Ri(Zz’/ZHl)‘@
— M o) — M €|
- ;1%,01 ([qzi/ziJrl] W) 92/ 2i41] Wi >> 2

Since e;|a) = |o’) for some link pattern o/, and (¥|a) = 1 for all «, this becomes

Tz = Za:%@ qum/zi]  [m/zi] )

q2i/ ziv1] [q2i/ ziy1]
= ZwL,a = Zr. (03)

Similar arguments can be given to show that moZ;, = Z; and 7,2, = Z;. We therefore
know that Z; remains unchanged under any permutation of the variables z;. Recalling
that

Z 77Z)L,goia(zi+1 = q?«’z‘)%‘|04> = pz‘(zz‘; ey 2y »’:’z‘+1, .- ) Z¢L—2,a(5m »’:’z‘+1)<,0i|04>, (C.4)

we have
ZL(ZH—I = qzi) = pi(zi; ey 2 »’:’z‘+1, .- -)ZL—2(7:’z', éi—l—l)- (0.5)

Since taking z; — z; would give the same result, we know that p; = p; for all 7 and j. We
hence drop the index 7 from p;.

Completely analogously we can derive boundary recursions for the normalisation,
which result in

ZL(Zl =qC1y- -, 2L Cl:CQ) = 7“0(22, <5 RL Cl)ZLfl(Z% 5215 qC, Cz):

Zi(z, oo = /G G) = (2, 20-13G) Z—1 (215 - -5 20213 G, G2/ Q). (C.6)
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