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Abstract

We study the dilute A§2) loop models on the geometry of a strip of width N. Two families of
boundary conditions are known to satisfy the boundary Yang-Baxter equation. Fixing the boundary
condition on the two ends of the strip leads to four models. We construct the fusion hierarchy of
commuting transfer matrices for the model as well as its T- and Y-systems, for these four boundary
conditions and with a generic crossing parameter A\. For \/m rational and thus ¢ = —e** a root
of unity, we prove a linear relation satisfied by the fused transfer matrices that closes the fusion
hierarchy into a finite system. The fusion relations allow us to compute the two leading terms in the
large-N expansion of the free energy, namely the bulk and boundary free energies. These are found
to be in agreement with numerical data obtained for small N. The present work complements a
previous study (A. Morin-Duchesne, P.A. Pearce, J. Stat. Mech. (2019)) that investigated the dilute

Ag2) loop models with periodic boundary conditions.
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1 Introduction

Loop models have historically played a central role in deepening our understanding of critical statistical
models on two-dimensional lattices [1]. The loops are random curves that typically arise in the study
of models with local degrees of freedom, by considering the curves drawn on the lattice by collections of
these local objects and thus elevating the model to one with non-local observables. Examples include
the contour curves of percolation clusters, Ising spin domains or spanning trees. The formulation of
these problems in terms of a transfer matrix or Hamiltonian treats one of the two spatial directions as a
time direction along which evolution runs in discrete steps. The various quantities of interest are then
expressible in terms of the eigenvalues and eigenstates of these operators. If the model is Yang-Baxter
integrable [2], then its transfer matrix and Hamiltonian are elements of larger commuting families and
various techniques allow one to compute the eigenvalues and eigenstates.

Loop models are also intimately tied with vertex models, and likewise to Interaction-Round-a-Face
models like the Restricted Solid-on-Solid (RSOS) models. Many interesting features of these models
emerge in the continuum scaling limit, where the size N of the lattice is sent to infinity. Theoretical and
numerical studies show that in this limit, the spectrum of the transfer matrix, after proper scaling, is
described by characters of the Virasoro algebra. The central charge ¢ of the underlying conformal field
theory (CFT) then depends on the model considered. For instance, it depends on the loop fugacity /3
for the loop models, on the quantum group parameter ¢ for the vertex models, and on the number L
of allowed heights in the RSOS models. If ¢ is a rational number, then the CFT describing the scaling
limit of these models is either rational or logarithmic. The latter case is particularly interesting, with
indecomposable yet reducible representations and non-trivial Jordan cells for the dilation operator [3-5].
These structures are not fully understood, so this provides in itself a good physical motivation to pursue
the study of these models. But the models defined on finite lattices are also rich in algebraic structures,
some of which still remain to be unraveled.

The elementary building blocks for the loops models are the face operators (or R matrices in
the language of vertex models), which take the form of linear combinations of diagrams weighted
by Boltzmann weights. The model is integrable if these weights are chosen so that the Yang-Baxter
equation is satisfied. This in turn ensures the existence of a one-parameter family of commuting transfer
matrices. Solutions to the Yang-Baxter equations are often labeled by affine Lie algebras [6, 7], with
the most studied cases corresponding to the low-rank algebras Agl), Aél) and Ag). Thanks to a large
body of work on the dense A(ll) loop model and the related six-vertex models, it is fair to say that their
sf(2) integrability structures are now well understood [2,8-11].

This article focuses on the dilute loop model in the Ag) family, a model with a richer structure
also often referred to as the dilute O(n) loop model. Its Boltzmann weights were obtained by
Nienhuis [12], and Izergin and Korepin [13]. Some of these weights can be negative, curtailing an
immediate interpretation within statistical physics, but also leading to unexpected behavior in the
scaling limit [14]. Here we investigate these loop models defined on the geometry of the strip, with
boundary face operators satisfying the boundary Yang-Baxter equation. Two solutions were given by
Batchelor and Yung [15], and further studied by Dubail, Jacobsen and Saleur [16]. We label them by
S and C (for sine and cosine). Both sides of the strip may have different boundary conditions, so a
total of four models will be studied throughout, namely those with identical boundary conditions on
the two sides (SS and CC), and those with mixed ones (SC and CS). We also mention that the current
work complements an earlier study [17] of the dilute Ag) loop model defined with periodic boundary
conditions.

The transfer matrix that we investigate for the loop model on the strip, denoted D(u), takes
the form of a linear combination of connectivity diagrams. As such, it is an element of the dilute
Temperley-Lieb algebra dTLy () [18-21], a generalisation of the Temperley-Lieb algebra [22,23] where



the loops are dilute instead of dense. The transfer matrix depends on a spectral parameter v and
a crossing parameter A, with the latter parameterizing the loop fugacity as f = —2cos4\. It is
a Laurent polynomial in e* whose coefficients are elements of dTLy (). The commutativity relation
[D(u), D(v)] = 0, typical of integrable models, allows one to show that these coefficients are commuting
conserved quantities.

In this paper, we construct the fusion hierarchy of transfer matrices D"™"(u) for the Ag) loop
model on the strip, with D'%(u) = D(u). These transfer matrices satisfy relations that allow us to
write each D" (u) as a function of the elementary transfer matrices D(u + k) with & € Z. This
directly ensures that [D""(u), D(u)] = 0. Moreover, the construction is done in such a way that each
member of the hierarchy is a Laurent polynomial in e, which implies that its coefficients are also
conserved quantities. This process might seem vacuous as the resulting fused matrices D" (u) do not
create new commuting quantities, since they are algebraically related to those of D(u). The power
of the hierarchy is instead revealed for A/m € Q. In this case, the fused transfer matrices satisfy a
linear closure relation that turns the hierarchy into a finite system. Since the fused matrices of the
hierarchy commute, they can be diagonalized simultaneously and the closure relation thus translates
into a functional relation satisfied by the eigenvalues of these matrices. Equivalently, this system can
be recast in a unique functional polynomial equation satisfied by D(u). This identity lives in the
algebra dTLy (), but is also satisfied by replacing D(u) by any of its eigenvalues. This is Baxter’s
celebrated method [2] of functional equations, to extract physical quantities from transfer matrices.
The techniques that were developed to solve these systems of equations [24—27] are intimately related
to the thermodynamic Bethe ansatz.

The outline of the paper is as follows. In Section 2, we review the definition of the dilute Temperley-
Lieb algebra and of its standard modules. Section 3 defines the dilute Ag) loop model in terms of its face
and boundary operators and their integrable Boltzmann weights. It also gives a list of the local relations
that they satisfy and reviews the definition of some projectors defined in [17]. In Section 4, we define
first the fundamental transfer matrix D(u), and subsequently the fused transfer matrices D" (u) using
the fusion hierarchy relations that they satisfy. This longer section also discusses several key properties
of the transfer matrices, in particular some alternate but equivalent definitions of these objects, the
reduction relations that they satisfy at certain special values of u, and their behavior in the braid limit
u — ioco. Finally, Section 4 also shows that the fusion hierarchy can be recast in terms of a T-system
and a Y-system. The proof that the fused transfer matrices are Laurent polynomials contains new
ideas not seen before for other models, and is the topic of Section 5. Then in Section 6, we set A/7 € Q
and prove the closure relation of the fusion hierarchy. With the polynomiality of the fused matrices
established, the closure relation takes the form of an identity between Laurent polynomials in e with
coefficients in the dilute Temperley-Lieb algebra. The strategy for the proof consists in checking the
identity at a finite number of points. This section also discusses the closure for the Y-system. Some of
the proofs of Sections 4 and 6 are direct whereas others are longer and are gathered in Appendix A.
Finally, Section 7 shows the physical relevance of the functional relations of the hierarchy by computing
the bulk free energies (obtained previously by Warnaar, Batchelor and Nienhuis [28]) and the boundary
free energies (which to our knowledge are new). Section 8 offers some concluding remarks.

2 The dilute Temperley-Lieb algebra

The words planar algebras [23] refer to a broad set of algebras whose elements are diagrams known
as tangles. One of their main features is that tangles are multiplied by concatenation. Specific rules
to be performed upon concatenation will lead to different algebras. The present section is devoted
to the description of the rules defining the dilute Temperley-Lieb algebra dTLy () and its standard



representations.

2.1 Definition of the algebra

Similarly to the dense loop model and its underlying Temperley-Lieb algebra TLy(3), the dilute Ag)
loop model is defined using the dilute Temperley-Lieb algebra dTLy(3). The algebras dTLy(3) form
a family of associative unital algebras labelled by a positive integer N and a parameter 8 € C. The
present section introduces a diagrammatic presentation of dTLy(3) and some of its properties. More
details and its basic representation theory are given in [21].

The construction of the basic objects, the connectivities, goes as follows. Let NV € N. A rectangle
with N nodes on the bottom edge and N other ones on the top edge is drawn. A set of non-intersecting
planar loop segments is also drawn to connect a subset of the nodes in pairs. The loop segments are
constrained to stay within the borders of the rectangle and to have each end tied to one of the 2NV
nodes. A node may be left unconnected and is then said to be vacant. Here are two connectivities with
N = 6, with the loop segments depicted as solid blue lines and the vacancies as solid black circles:

T [T -

The numbers of vacancies on the two sides of a connectivity always have the same parity by the
requirement that loop segments have both ends connected.

As a vector space, the algebra dTLy(3) is the formal linear span over C of connectivities. The
product cice of two connectivities is defined via concatenation. To compute it, the connectivity co is
drawn above c¢;. The inner edges and nodes of the rectangles are identified and then removed. The
resulting loop segments might have loose ends in the middle of the diagram or might be closed to form
a loop. The following rules are then applied to obtain a connectivity. If a loop segment ends at a
vacancy, the result is set to zero. If loop segments join to form a loop, it is removed and the diagram
is multiplied by a factor 8. Otherwise, the loop segments are contracted and the resulting connectivity

is read off directly. Here are two examples:

*—e W
C1Cy = /f.\ = ﬁ ~ \ s CoC1 = =0. (2.2)

The algebra dTLy () is associative and non-commutative. There is a unit element, I, which is the

sum of 2N connect1v1tles.
] A-T+0 23

1 2 3 N-1 N

The dimension of dTLy () was computed in [21] using the resemblance with the Temperley-Lieb algebra

TLn(8): N
dimdTLy (3 Z - i - <2k> (%) = May , (2.4)

where My is the 2N-th Motzkin number. It can also be written as
2N 2N
dim dTLy(8) = < ) _ < ) (2.5)
0/, 2/
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where the trinomial coefficients are defined by
NN
—1\N _ k
(x+1+2 )" = E <k>2a: (2.6)

2.2 Standard modules

Several key results about loop models can be obtained using the standard modules over the dilute
Temperley-Lieb algebra. The set of standard modules on dTLy(3) is {W%,0 < d < N}, where the
parameters N and [ are as above and d is the defect number introduced below.

A basis for the standard module lev is constituted of link states. To construct a link state, a
horizontal line is drawn with N marked nodes. A set of non-intersecting loop segments is added above
the horizontal line, each one either connecting two nodes together or connecting a node to infinity
above. A loop segment of the second type is called a defect, and the number of defects is denoted d.
Like those in a connectivity, the nodes of a link state may be left vacant. The formal linear combinations
of link diagrams forms a vector space Wy, and the link states with a fixed d, with 0 < d < N, span a
subspace that will be the standard module W?V for the action to be defined below. For example, here
are the link states generating the vector spaces of the modules Wg with d =0,1,2,3:

we: L o owee L L1

Wi | r\|J_._.__.J_.__._.J_ (2.7)
Wi O M, /R

There is a natural action of dTLy () on the vector space W%. If ¢ is a connectivity and w a link
state, the action of ¢ on w is computed similarly as the product of two connectivities in dTLy (). The
link state w is drawn above ¢ and the nodes on the upper edge of the rectangle are identified with
those of the link state and then removed. The resulting connectivity is read directly starting from the
lower edge of ¢. Some rules apply. First, if a loop segment is connected to a vacancy, the result is
zero. Second, if the concatenation reduces the number of defects, the result of the action is set to zero.
Third, any closed loop created by the concatenation is removed from the diagram and the remaining
link state is multiplied by the factor 8¢, where £ is the number of loops. The following are examples of
the action of connectivities of dTL4(/3) on link states in W, W3 and W} respectively:

N L] .

. N

N\ (O (O
=0, =0 and =p | N - (2.8)

™ ™ ™

The dimension of the module lev is

dim W4, = <JZ>2 — (k]12>2 : (2.9)

The standard modules W?V are indecomposable for all N and d with 0 < d < N. The structure of
the module Wflv depends on the value of 3 = ¢+ ¢~ '. The parameter ¢ is said to be generic when it
is not a root of unity. For generic values of ¢, each W?V is irreducible. When ¢ is a root of unity, the
module lev is indecomposable but not always irreducible. When it is not, it is instead the quotient |§lv
of Wﬁl\, by its radical that is irreducible. These quotients form a complete set of isomorphism classes



of irreducible modules of dTLx(/3). Let us describe the roots of unity case in more detail. For a given
value of ¢, an integer d is said to be critical if ¢t = 1. For d critical, W?V is irreducible. Let d be
non critical and d. be the smallest critical integer larger than d. We define d* as the integer obtained
from the reflection of d with respect to d., namely d* = 2d,. — d. Similarly, we define the integer d~ by
a reflection of d across the largest critical integer d., smaller than d, that is d~ = 2d., — d. The sequence
{...,d==,d",d,d*,d**,...} is then infinite in both directions. To study the structure of W4, at a root
of unity, we truncate this sequence by keeping only the elements in the range [0, N]. This truncated
sequence is called the orbit of d. Being in the same orbit is an equivalence relation. If both d and d4
are in the truncated sequence, then there is a non-zero morphism le\; — W4 and W?V is reducible.
It has two composition factors, I?V and Icﬁ, and its Loewy diagram is Iﬁl\, — Ifﬁ. The algebra dTLy(f)
can be seen as a module over itself. This is the regular representation and it can be decomposed into
a direct sum of indecomposable modules. All the elements in this direct sum that contain composition
factors that arise in the set of standard modules W$;, with e in the orbit of a given d, are said to
form a block. Similarly, an indecomposable dTLy-module may only have composition factors |5, with
their labels e belonging to the same orbit. They are then naturally associated to the block labeled by
this orbit. Non-trivial homomorphism and extension groups exist only between the indecomposables
associated to the same block. (See [21] for more details.)

3 Integrable face and boundary operators

The transfer matrix of the dilute Aéz) loop models is constructed out of two building blocks: the face
operator and the boundary operator. The present section introduces these operators and lists some of
their properties.

3.1 Definition of the operators

An elementary tile is a square with a single node on each edge. Like for a connectivity, these nodes may
be connected in pairs by non-intersecting loop segments or stay vacant. There are then nine elementary
tiles. The face operator is a linear combination of these nine tiles:

u | =p@} b+ 4t mwi Am N § ) .

. — . (3.1)

(g |+ prlu) — + ps(u) A+l \\,

where black circles indicate vacancies, as in Section 2. The small quarter arc in the lower-left corner of
the left-hand side indicates the orientation to be given to the diagrams. For instance, a face operator
with the arc in the lower-right corner would have all the diagrams rotated counter-clockwise by 90°. The
factors p;(u) of the elementary tiles are interpreted as local Boltzmann weights. They are parameterized
by u, the spectral parameter, and X, the crossing parameter. They are

p1(u) = sin(2X) sin(3\) + sin(u) sin(3A — u) , p2,3(u) = sin(2X) sin(3\ — u) ,
pas(u) = sin(2X) sin(u) , pe.7(u) = sin(u) sin(3\ —u) , (3.2)
ps(u) = sin(2X — u) sin(3\ — u) , po(u) = —sin(u) sin(A — u) .

The crossing parameter also parameterizes the fugacity of contractible loops as

B = —2cos(4) . (3.3)



The weights p;(u) are real for u, A\ € R. Note however that the positivity constraint is relaxed as they
can be negative. Our normalization of these local weights is different than that of [17]. The present

choice removes the singularities at A = %, 7, %’r The crossing parameter is said to be generic if % ¢ Q,
whereas otherwise % € Q and thus ¢ = —e** is a root of unity.

The face operator can be seen as an element of dTLy (/) by fixing a direction of action, that is, from
two adjacent nodes that would appear at the top of the connectivities, to the remaining two adjacent
nodes, that would be at the bottom [4]. The face operator can also be seen as an element of dTLy(5)
acting non-trivially on the adjacent nodes 7 and ¢ + 1, with 1 < i < IN. Then for each j different from
i and 7 + 1, the j-th nodes on the top and bottom of the connectivity are connected by a unit link
(represented by a dashed line in (2.3)).

The boundary operator is a linear combination of two elementary triangular tiles:

"::5(%_@ BZM(?’;M) D . (3.4)

With the triangles pointing rightward as in the equation above, the boundary operator has one node
on each diagonal edge but none on the vertical one. We consider two possible choices for the function
0(u), which we refer to as the sine (S) and cosine (C) boundary conditions. For simplicity and to
underline the links between the S and C cases, we also introduce the function d(u) for each case:

S: d(u) = sin(u) , (?(u) = cos(u) ,
C: d(u) = cos(u) ,  O(u) =sin(u) .

In the following sections, when no ambiguity is possible, we use the short-hand notations

(3.5)

up =u+ kX, s(oug) = sin(a(u + kX)) , clauy) = cos(a(u + kX)) . (3.6)

We note that the normalisation of the function s(auy) used here differs from the one used in [17].

The weights (3.2) in the face operator and those (3.5) in the boundary one are not arbitrary. They
are chosen to satisfy algebraic constraints, among them the Yang-Baxter equations, that lead to the
integrability of the models defined in the next section. They were studied in [12,13] for the weight of
the face operator and in [15,16] for the boundary ones.

3.2 Diagrammatic properties of the face operator

Many useful properties are satisfied by the face operator or a concatenation of a few of them. Some
are valid only at given values of the spectral parameter u. Those reviewed here are well-known (see
for example [17]) and thus stated without proof. These identities are derived in the planar version
of the dilute Temperley-Lieb algebra [23]. In this context, diagrammatic objects like face operators
are glued together, sometimes with the dashed loop segment (2.3) that acts as the identity, and the
outside of the diagram has a number of free nodes. These relations can then be used to simplify larger
diagrams where a member of one of the identities appears. They can also be converted into identities
in dTLy(5).
The crossing symmetry

U = [3\—u (3.7)
D /]
links the face operator evaluated at u to the one rotated by 90° and evaluated at 3\ —u. The inversion

relation




shows that the concatenation of two face operators, evaluated at u and —u respectively, is a multiple
of the identity. This operator is thus invertible as long as ps(u)ps(—u) # 0, that is, when u # £2\ or

+3A.
The Yang-Baaxter equation plays a crucial role in the proof of the integrability of loop models and
is given by
ne v u ae
u—v P R u—v (3.9)
“ed  uw v aa
D D

At some values of the spectral parameter, the face operator factorizes into the product of two
tangles. Those values are referred to as degeneration points in [17]. At v = 0 and v = 3, the two
tangles are triangles that carry the identity arc:

0 | =s(20)s(3)\) /a1, 3X | = s(20)5(30) F-oN\C - (3.10)
D H D ‘.
At u = X and u = 2, these tangles are
A | =sNs@N | S 2 | =s(N)s20) | N\ | (3.11)
D D
where the black triangle is
AZQC(A)/\'\+/©\+/<\'\+/>\' (3.12)

In contrast with the boundary operator (3.4) that has two nodes, one on each shorter side, the black
triangle tangle has three nodes, one per side. The crossing symmetry (u <> 3\ — u) links these
degeneration points into pairs.

There are also other local relations where a collection of face operators attached together are
evaluated at values of the spectral parameter that differ by 2\ or 3\, and then have a simpler form
in terms of fewer tangles. In particular, the next two relations are known as push-through properties,
as they both involve the propagation from right to left of a triangular tile through a pair of face
operators. These tangles are those defined above, namely the identity arc and the black triangle,
respectively. Using the short-hand notation (3.6), these relations are

UZ -

R m | = —s(u_g)s(uz) {s| w1 |, (3.13a)
uy s a

L

R b= s(u2)s(u_2)s(us)s(u_s) (3.13b)
() Loe’ .'" ‘,.--”

D :

To obtain the similar push-through properties for a propagation from left to right, one must simply
rotate the whole stacks of tangles by 180°.

A last property links the face operators at u and u + 7. Following [29], we define a gauge operator
on one site. It is depicted as a white box:

O =(-1) OO + 033, (3.14)



The following periodicity property then holds:
1

ut+n| = U = |: U :| (3.15)
D N N
| I

Finally, we recall that some projectors for the dilute Ag) loop model were constructed in [17]. Here
we only introduce the first two non-trivial ones, P?° and P'!, defined as

I i | | i _7 -
where
_ s 5(2)s(3)) 5(2)) 5(2))s(3))
e 5(4\)s(5N) ~ s(4N)s(5X) T s(aN) + SO)s(AN) . (3.17a)
_ s(20)s(3X)s(TA) $(2X\)s(3))
— 5(A)s(5X)s(6)) LEGSVTHY) ' (3.17b)

We have the relations

=0. (3.18)

The first two identities are used to show that P>? and P! are indeed projectors.

3.3 Diagrammatic properties of the boundary operators

Similar relations involving boundary operators (3.4) also exist. Some of them involve only boundary
operators, whereas others apply to particular combinations of boundary operators and face operators.
The first relation is the crossing symmetry at the boundary. It is a diagrammatic relation that links
boundary operators evaluated at v and 3\ — w:

IS

_ p(2u—30)3(u - 3)
= Ty . (3.19)

|
o[>~

~—

In these equations and in others below, the boundary operators are chosen to be of S or C types and the
functions §(u) and d(u) are set accordingly from (3.5). The boundary operator type S or C stays the
same when an equality between tangles is presented. We also note that the function in the right-hand

10



side in fact does not have any pole in u, as the zero in the denominator is cancelled by a zero in the
numerator for both the S and C functions. The next relation is the inversion relation at the boundary:

0 N\ _u = 5(3 —w)6(2 + u) wrereeeenan : (3.20)

(3.21)

It is by solving this equation that the expressions (3.4) for the boundary tile were obtained in [15,16].

The previous identities are similar to those appearing in other models, for instance in the dense loop
models (see for example [4]). In contrast, the following relations are particular to the dilute models.
They are analogous to the factorization and push-through properties of the face operator. They do not
apply to the boundary operator itself but to specific combinations of tangles which include boundary
operators. These combinations will be interpreted as boundary conditions for the first fused transfer
matrices in Section 4.3. The combinations are

) (3.22a)

(3.22b)

The combinations are grouped in pairs linked by crossing symmetry. Starting from any member of a
pair, changing the evaluation point respectively as u — A — u for (3.22a) and as u — —u for (3.22b)
and then applying a 180° rotation gives the second member. The combinations are also invariant under
u+— u~+ 7. An important property of these combinations is that, similarly to (3.10) and (3.11) for the
face operator, they factorize at some specific values of u into products of tangles that involve either a
black triangle or an identity arc. The remarkable values of w at which this occurs depend on the type
S or C of the boundary operators.

11



The following remarkable evaluations apply to the combinations in (3.22a), with these objects
rewritten as a collection of operators involving black triangles. The evaluations are presented for the
rightward pointing triangle, and only the tangles necessary for the factorization are drawn. There are
four different values of u for each boundary operator of type S or C. The type of boundary is always
specified, and SC indicates that both are allowed. These evaluations are

(3.23a)
(3.23b)
(3.23¢)
The weights are
p1 = % , p2 = 5(N\)s2(2\)s(3)) , (3.24a)
p3 = s()\)s(2)\)5(%) , pa=s(N\)s(2N\)d % -7) . (3.24Db)

As an example, we give the steps leading to the first identity in (3.23a), marking each equal sign by
the identity used:




(3.19) 5(2X)s(3X)0(2))
— 0(0)ps(—2))

(3.25)

The next remarkable evaluations apply to the objects in (3.22b), and the resulting diagrams involve
an identity arc. There are only two such values of u for each type of boundary operator. These relations
are

A third evaluation point is worth mentioning even if no identity arc is factored. It cancels the
combination (3.22b) because a loop segment connects to a vacancy:

The weights in the previous identities are:
a1 = s(2N\)s(3N)5 (%) g2 = s(2M\)s(3N)5 (3 — %) g3 = s(2\)s3(3)) . (3.28)

We note that all these identities for the boundary operators of type C can be recovered from those of
type S from the relation

(3.29)

There are also push-through properties associated to the combinations (3.22), which we refer to as
boundary reflection properties. Let us recall that the push-through properties (3.13a) and (3.13b) both
include a pair of face operators whose evaluation points differ by 2\ or 3\. The boundary reflection
properties include similar shifts, but now in the evaluation points of the boundary operators. The
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first combination in (3.22a) contains two boundary operators shifted by 2\ and satisfies a reflection
property for the black triangle for both S and C cases:

(3.30)

The second reflection property applies to the first object (3.22b), to which an identity arc factor is
attached. Similarly to (3.13b), this combination contains two boundary operators shifted by 3\ and
holds for both S and C cases:

= —25(2u—3)0(u_52)0(u_3/2)0(u_1/2)8(uz/2) (3.31)

A straightforward method to prove (3.30) and (3.31) is to expand each operator in terms of its
elementary tiles, and then compute the resulting connectivities using the rules stated in Section 2
for the concatenation of diagrams. The coefficients of identical connectivities are added together and
simplified. Then the proof consists of checking that identical connectivities on the two sides of the
equation have equal coefficients. This method is direct but cumbersome and cannot be easily applied
to calculations implying a large number of tangles.

A second method to prove the previous properties will also play an important role in the following
sections. A quick presentation is in order. The weights appearing in the face and boundary operators
are trigonometric functions, and the spectral parameter u always appears linearly in their arguments.
Seen as functions of the new variable z = el these operators are thus Laurent polynomials of the form
Z—mgigm C;%* for some linear combination of tangles C; and some integer m. Since the weights in the
boundary operator contain a single trigonometric function, the boundary triangles in the tangles on the
left-hand side of (3.30) and (3.31) account for polynomials in z of maximal degree m = 1. The weights
p; have either one or two trigonometric functions whose arguments are linear in u. The face operator in
the two tangles is evaluated at 2u — A or 2u and its coefficients will be polynomials of maximal degree
up to m = 4. The other faces in the tangles, namely the black triangles and the triangles containing the
identity strand, do not depend on u (or z). The tangles in the boundary reflection properties are thus
polynomials of the form Z_m@-gm C;z* with m = 6. To determine the coefficients Cj;, it is sufficient
to check the equality at 2m + 1 distinct values of z.

As stated earlier, the combinations (3.22) are invariant under u — u+ 7. Because the black triangle
and the identity arc do not depend on wu, the left-hand side of (3.30) and (3.31) are also invariant under
this transformation. However, u and u + 7 respectively lead to z; = e and zy = e!(®**™) = — 2, which
are not equal. Each evaluation in uw with Re(u) € [0, 7) thus gives us two values of z, and it is sufficient
to check m + 1 values of u in this domain.
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Combinations of tangles are easier to compute if the value of the spectral parameter u is such that
(i) one of the sides of the identity vanishes trivially or (ii) diagrammatic properties can be used. As an
example, one can consider the following evaluation points for (3.30) for the boundary of type S:

XA, 75
2’2 27 27

A 3\ T
— —, A A+ = 3.32
27 2 ) bl + ( )

() -

The right hand side of (3.30) vanishes when evaluated at the points (i), and the identities (3.23a),
(3.23b) and (3.23c) can be used for the evaluations at points (ii). We do not present the remaining
explicit computations. All those points are distinct for A generic and thus give more than the seven
verifications needed. The push-through property (3.30) then extends to all A by continuity.

This technique for proving tangle identities is based on a polynomial argument and was introduced
in [17], replacing the usual diagrammatic method that consists in expanding all the diagrams and
verifying the identity for all w.

3), 3\ + g (ii):

4 Commuting transfer matrices

The previous sections prepared the ground for introducing the family of commuting transfer matrices
of the Ag) loop models on the geometry of the strip. In Section 4.1, we introduce the fundamental
transfer matrix of the model D(u) = D'9(u). In Section 4.2, we give a recursive definition of the
fused transfer matrices D" (u), based on the fusion hierarchy relations and valid for all m,n. Then
Section 4.3 gives a second equivalent definition for D*°(u) and D%!(u) that is diagrammatic. In
Section 4.4, we discuss a formulation of D"""(u) in terms of the determinant of a matrix of size m +n
whose entries are proportional to I or D(u + kM), with k € Z. In Section 4.5, we show that the fused
transfer matrices D™°(u) with the spectral parameter u specialized to certain special values satisfy
reduction relations. In Section 4.6, we discuss the braid limits © — 4ioco of the face and boundary
operators and of the fused transfer matrices. Finally, Section 4.7 derives the T-systems and Y -systems
of equations for this integrable hierarchy of commuting transfer matrices. The technical proofs of some
properties of the fused transfer matrices are relegated to Appendix A. In the proofs here and in the
appendix, we assume when needed that the parameter \ is generic, that is, e is not a root of unity.
The results then extend to roots of unity as the identities under study are between Laurent polynomials
in both the variables e* and e'.

4.1 Fundamental transfer tangle

In this section, we define the fundamental transfer matrix D(u) and discuss some of its important
properties. As a first step towards this goal, let us define the following tangle built from 2N face
operators and two boundary operators:

sequt€ny [utb) | - |ut§n)f--
D(u) = [38A—u 44 4 u . (4.1)
- u—§(1) u—f(z) o u—f(N) ==
D D D

The tangle ﬁ(u) is an element of dTLy(f3): there are N nodes on its upper edge and N on its lower
edge. The tangle depends on the crossing parameter A, the spectral parameter v and the number of
sites V. These parameters X\ and N will be fixed throughout, so we only write the dependence on the
spectral parameter u explicitly. Each column is assigned an arbitrary inhomogeneity {(;). We note
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that the subscript j in parenthesis is a column label and not a shift in the evaluation of the spectrum
parameter. Note that, using crossing symmetry, the arcs in the upper tiles can be moved to the left
lower corners at the expense of changing the evaluation points from u+§;) to 3\ —u — ;). The proofs
of certain results below will assume that §(;,) # &(;,), however by continuity these results will also hold

when two inhomogeneities (or more) coincide. The homogeneous transfer tangle is obtained from ﬁ(u)
by setting £(;y — 0 for all j.

The boundary operators are chosen in (3.5) to be either of S or C type, and this choice can be
different for the two boundaries. This leads to four possible boundary conditions for the transfer
tangles, that we gather in two groups: (i) identical, for SS and CC, and (ii) mized, for SC and CS. For
instance, SC refers to the choice S for the left boundary and to C for the right boundary.

The diagrammatic properties introduced in Section 3 result in important properties satisfied by
ﬁ(u) The first one is a crossing symmetry which ties the evaluations of the spectral parameter at
uw and 3\ — u. The proof follows closely the similar proof given in [30] for Interaction-Round-a-Face
models and is a direct consequence of (3.7), (3.8) and (3.19). The crossing symmetry takes different
forms depending on the choice of boundaries:

SS and CC D(u) = D(3\ —u) , (4.2a)
SC s(u— %) c(% —u) D(u) = c(u— %) S(% —u) D3\ —u) , (4.2b)
CS c(u— %) s(% —u) D(u) = s(u— %) c(% —u) D3\ —u) . (4.2¢)

Note that the pairs of trigonometric factors on the left and right sides of (4.2b) and (4.2c) are themselves
tied by the crossing symmetry u — 3A — u.

Because D(u) is a Laurent polynomial in z = e'*, it has no poles for z € C*. We then deduce from
(4.2b) and (4.2¢) that D(u) has overall trigonometric factors in the mixed cases. It is convenient to
define a renormalized tangle where these factors are removed. The reduced matrices D(u) are defined
in the four cases as'

SS: D(u) = —D(u) CC: D(u) = —D(u) , (4.3a)

SC: D(u) =

5 4.3b
()% ) (430)

We shall refer to D(u) as the fundamental transfer tangle (or transfer matrix). Its symmetry properties
can be expressed uniformly for all choices of boundary conditions:

crossing symmetry D(u) = D3\ —u) , (4.4a)
commutativity [D(u), D(v)] =0, (4.4b)
periodicity D(u) = D(u+) . (4.4¢)

The relation (4.4b) is the commutation of two transfer tangles with different spectral parameters. It
embodies the integrability of the model and can be proved diagrammatically with (3.8) and the Yang-
Baxter equations (3.9) and (3.21). The arguments follow those in section 3.4 of [30]. The periodicity
property (4.4c) is a consequence of the gauge transformation (3.15).

Another feature of the fundamental transfer matrix is that it evaluates to a multiple of the identity

'The minus sign for SS and CC is included for convenience, so that the fusion hierarchy relations of Section 4.2 are
written in a uniform way.
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at certain special values of wu:

_s(3M/2)e(A/2)s(5M/2) Ss
c(3\/2) ’
D(O) = FENFEBNI < 20 sy (4.59)
s(22) s(3)/2) ’
1 SC and CS,
c(3X/2)s(A/2)c(BA/2) qs
) s(30/2) ’
Ty — x L 5 s(30/2)c(N\/2)s(5A/2 .
D(3) = f2A+ 3)fBA+ §)I x o <Y - (3)/ )(:((3)\//2))( /2) cc, (4.5b)
1 SC and CS,
where
N
flu) =[] s(u—¢g)s(u+éy) - (4.6)
j=1

To obtain these results, one applies the push-through property (3.13b) subsequently N times to (4.1)

specified at u = 0, 5, and then evaluates the constant diagrams

and

Of course, because of the crossing symmetry and periodicity, D(u) also evaluates to a multiple of the
identity at u = 3\, m, 3\ + 3, etc.
It directly follows from the definition (4.1) that D(u) is a Laurent polynomial in z = e*:

4N+2

D(u) = Z Oz, (4.8)

j=—(4N+2)

with coefficients C; that are elements of dTLy(5) that depend on A. As discussed in Section 3.3,
the degree is fixed by the number of tiles used in the diagrammatic definition. A centered Laurent
polynomial such as the one in (4.8) is said to have mazimal power maxP = 4N + 2. A consequence of
the definitions (4.3) is that the maximal power of D(u) depends on the type of boundary:

identical: maxP(D(u)) = 4N + 2, mixed: maxP(D(u)) = 4N. (4.9)

We also remark that, because maxP (s(uy —§(;y)) = 1 for all j, the maximal power of the function f(u)
is 2N. Moreover, all zeros of f(u) are distinct for generic inhomogeneities, an observation that will be
useful in the following.

4.2 Fusion hierarchy of fused transfer tangles D" " (u)

The fused transfer tangles D™"(u) for the Ag) loop models form a commuting family of dTLy(3)
elements. The fused tangles are labelled by pairs of integers (m,n) and depicted on a lattice in
Figure 1. The fundamental transfer matrix considered as an element of this larger set is labelled as

D(u) = DYO(u) . (4.10)
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Dm,()
AN+ 2m s pil D52 D63
6N +12 6N 416 6N +20

D20 D31 D42 D53
4N—|—4.." 6N + 10 6N + 14 6N + 18

' Do D21 D32 D43 . pmn

4N+2_.-' 6N + 8 6N + 12 6N + 16 6N+2(m+n)+2
I DUl D22 D33 D44
0 6N + 6 6N + 10 6N + 14 6N + 18
po! D2 D23 D34 D45

AN +2 " 6N+8 6N+12 6N+16 6N +20

Figure 1: The fused transfer matrices and their maximal power (maxP) for identical boundary
conditions (SS and CC). The elements near the boundary of the wedge, between the dotted lines,
are the fused transfer tangles D™°(u) and D%"(u) and their maxP behaves differently to those of the
elements D™"(u), for m,n > 1. For mixed boundary conditions (SC and CS), the maximal powers
are 4N for the fused tangles D™°(u) or D°™(u) and 6N for D™"(u) with m,n > 1. The index of the
tangles D" (u) are exchanged upon reflection with respect to the horizontal line.

The conjugate fundamental transfer tangle is defined by
D%'(u) = DYO(u + ) . (4.11)
Let us introduce the additional short-hand notations
D" = D™ (u+ kX) , fr = f(ug) - (4.12)

Two techniques were previously used to introduce transfer tangles of loop models with higher
fusion indices. For some models, a diagrammatic definition is possible in terms of the appropriate
projectors. The recursive relations can then be directly derived by diagrammatic manipulations that
use the recursive definition of these projectors. This was achieved for the Agl) and Agl) loop models,
in [10] and [29] respectively.

For the Ag) loop models, the appropriate projectors are not all known. An alternative technique
was used in [17]: a set of fusion hierarchy relations are written down, these are used as a recursive
definition of the fused transfer tangles, and then the desired properties are shown to hold. In this
section, we employ the second technique to define the transfer matrices D™"(u), with the desired
properties given in (4.17a) — (4.17d).

The fused matrices depend on the choice of boundary conditions for D*?(u) and therefore on the
corresponding functions defined in (3.5). To express the upcoming equations (4.15) in a unified manner
for all boundary conditions, we introduce four functions in Table 1, namely w(u), @w(u), w™ (u;,) and
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@™ (uy,), that differ according to the boundary conditions chosen for D¥?(u). We stress in particular
that the functions d(u) and w(u) are not the same. Indeed, the transfer matrix contains two boundary
operators, which may or may not be assigned the same choice of §(u). In contrast, the functions w(u)
and w(u) are associated to a pair of boundary conditions for D(u).

wu) @)  w™(u) @™ (u)
SS | s(u) c(u) s(u+m3) clut+ng)
CC | c(u) s(u) clu+m%) s(u+nf)
SC 1 1 1 1
CS 1 1 1 1

Table 1: The weights for the four choices of boundary conditions.

The structure of the fusion hierarchy for the strip geometry is analogous to that of the periodic one
(see the set of equations (5.11) in [17]): the shifts in the f functions are identical and the recursion
formula for the transfer tangle D" (u) involves the same tangles obtained at a previous step. However,
a large number of boundary weights need to be included for the present case with a double-row transfer
matrix with boundary operators. Here are the coefficients appearing in the recursive formulas:

ao(u) w(u_ 3/2) (U1/2) (u—2)

o (m, w) = 5(2um—2)s(2ugm—5)w"™ (U _5/2) 0 (U —g/2) f (t2m—5) f (tm—1) (4.13a)

o (m, u) = $(2um—4)5(2uzm—3)w ™ (- 7/2)W(U2m—7/2)

a3(m,u) 8(2Um—5)$(2u2m—2) W (U, - 9/2) (U2m—5/2)f(u2m—2)

B2(m,u) = f(uzm) f (u2m+1)
BHm,n,u) = 5(2umin-2)s $(24hy,, o) f (u2m—2)
B2 (m, n,u) = $(2um—2)s(24h, o) w"™ (tn_52)w™ (s, s ) (4.13b)
53(7”7”7“) = 3(2um—4)3(2¢‘n_4)w(m) (um—7/2)w(n) (?/‘n_7/2)

X ’lZ)(’LLQm_g/Q)w(%Qn_g/Q)w(u2m—1/2)w(%2n—1/2)'

Equation (4.4a) states the crossing symmetry of the fundamental tangle D'9(u). As will be seen below,
the fused tangles D" (u) satisfy a crossing symmetry extending (4.17a), with a shift that depends on
the fusion indices. This symmetry will describe how D™"(u) behaves under

u—h=04-2m-2n)A—u. (4.14)

This new variable 9 already appears in several of the functions 7. The fusion hierarchy relations
defining D™"(u) are expressed in terms of the functions o' and the (7, and their form depends
crucially on the position of the label (m,n) in Figure 1, namely:

(i) for the elements near the wedge of the region:

al(2, u)Dg’O = a?(2, u)Dé’OD;’O —a?(2, u)ao(u_l)Dg’l , (4.15a)
BY(1,1,u)Dy" = (1, 1,u) Dy Dyt — B2(1,1,u)8°(1,u) 8 (1, )1 (4.15b)
o!(2,4#) Dy* = o*(2,#) Dy’ Dy — a®(2,4)a’ (s_) Dy, (4.15¢)
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(ii) for the elements at the boundary of the region:

al(m,u)DgLO = o?(m,u) Dy~ 1 0D2m 9 — a?’(m,u)Dom_z’1 , m>2, (4.15d)
al(n,y/c)Dg "= (n,gﬂ)Dg ng RE— (n,gﬁ)Dé’n_2 , n>2, (4.15¢)

(iii) for the elements adjacent to a boundary elements:

B (m, 1,u)D6n’1 = %(m, 1,u)DTOn’ODg;711 — B3(m, 1,u)ﬂ0(m,u)D6n_1’0 , m>1, (4.15f)
B(n, 1, 4)Dy"™ = 52(n, 1,9#) Dy’ DY" — 53 (n,1,9)8%(n, ) D" n>1, (4.15g)

(iv) elsewhere:

B (m,n,u) D" = ﬂz(m,n,u)Dgn’ODgﬁ — B*(m,n,u) Dy~ 10Dg£+é , m,n > 1. (4.15h)
All matrices are evaluated at u in (4.15). The coefficients o’ apply to the boundary segments of the
region shown in Figure 1 and the coefficients 3¢ are for every other fused tangles (anywhere inside
the region). We note that the fusion hierarchy relations are divided in these many cases because of
the different maximal degrees of the transfer tangles D" (u) and D%"(u) compared to D"™"(u) with
m,n > 1. The functions o’ and 3/ then compensate for these degrees accordingly: o', o2, o and /3°
for the relations labeled by pairs (m,n) near the boundary of the wedge in Figure 1, and o® and °
near the corner.

In (4.15), 4 sometimes appears as the evaluation point for some functions «'. The integers m and n
needed to compute 9% are then the ones of the fused tangle created by the fusion hierarchy, that is, the
one appearing on the left-hand side of each equation. The m and n in the definition of % are thus the
same throughout a given equation. The notation % is handy, but somewhat dangerous as the operation
u — 74 does not commute with that of shifting v — u = u+k\. Unless stated otherwise, the operation
u — 7k in these expressions is the last to be performed. For example, the function a0(7/L_1) appears in
(4.15¢) where m = 0 and n = 2 and thus % = —u. This function for SS boundary conditions is

a () = a0(u_1)|u»—>¢——u
= ( (u_ 3/2) (Ul/z)f(u 2))_ ‘u»—);ﬂ:—u
= s(u— el — 1 fw—3N)], (4.16)
= —s(u+)c(u+3)fu+3)\),

where we used f(—u) = f(u).

The weights 37 appear in pairs invariant under u + (4 —2m+2n)\ —u and m <> n. For this reason,
a relation between D" (u) and D™ (%) becomes apparent, at least for the pair of equations (4.15f)
and (4.15g), and for the fused tangles defined with (4.15h). This property, the generalization of the
crossing symmetry (4.4a), is proved in Appendix A.1. Thus, any two tangles D""(u) and D™ (u)
that appear in Figure 1 as mirror images through the horizontal line are related by crossing-symmetry.

Figure 1 also gives the maximal power maxP of the fused tangles for identical boundary conditions
(SS or CC) in the variable z = e introduced earlier. These maximal degrees should be contrasted
with those of the periodic case obtained in [17]. In the latter case, fused matrices have different
polynomial degrees: the ones with labels on a boundary of the region have maxP = 2N, and all the
others have maxP = 3IN. For the strip geometry, the cases of identical and mixed boundaries need to be
distinguished. The mixed cases behave in a way similar to the periodic geometry: the maximal powers
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of the fused transfer matrices are respectively 4N and 6N on the boundary and inside the region. The
identical cases do not behave as nicely, and the maximal power of D" (u) increases linearly with the
fusion indices, as 4N + 2m for the cases (m,0) and (0,m), and as 6N + 2(m + n) + 2 for (m,n) with
m,n > 1.

The fused matrices satisfy the following properties for all fusion indices m, n:

crossing symmetry D™"(u) = D™ ((4 —2m — 2n)\ — u), (4.17a)
commutativity [D™" (), D™ " (v)] = 0, (4.17b)
periodicity D™"(u) = D"™"(u+ ), (4.17¢)
conjugacy D"(u) = D™O(u + \), (4.17d)
polynomiality The coefficients of D" (u) are Laurent polynomials in z. (4.17e)

These equations generalize the properties (4.4a) to (4.4c) of the tangle D%°(u). The first one is
the crossing symmetry discussed above and its proof is given in Appendix A.1. The second is the
commutation that holds for any integers m,n, m/,n’ and spectral parameters u,v. This property follows
directly from (4.4b), since the fused transfer tangles are all expressible in terms of the fundamental
transfer tangle evaluated at different values of u. The third one, the periodicity, follows similarly from
(4.4c). The proof of the conjugacy linking D%"(u) and D™°(u + \) is non-trivial and relegated to
Appendix A.2. Likewise, the polynomial properties D™"(u) are not obvious and will be the topic of
Section 5.

4.3 Diagrammatic definition of D*°(u) and D" (u)

In this section, we focus on the first fused transfer matrices D?*°(u) and D%!(u), for which the
projectors P?? and P! are known [17]. This allows us to give a diagrammatic definition for these two
transfer matrices:

................. u2—|—f(1) u2+§(2) ce ug—l—f(N) .
a /d 71 us
........ u0—|—§(1) u0+§(2) e UO+E(N) huuw
1 (] (] 1
D*(u) = —55 A=2u A (4.18a)
(u) ’u,27£(1) u27£(2) P ’LLQ*&(N) T
S > ug
wo—E€(1) [uwo—E2)| -+ [wo—E(N)fmmmmmmmnnan
Y Y A
u3+£(1) U3+£(2) . e “3+£(N) ------------
(] ] 1 us
uo+§y [wotéy | -0 [wotEnyf---
a /d Ja _
= : (4.18b)
uz—&(1) [us—&(2) cee |us—&(N)penn
D Y Y U
wo—€y |[uo—E€) | - - Juo—E(n)pennmmnnaaas
A D A\
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where

Z2’O(U) = 43(2u_1)s(2u0)5L(u_3/2)5L(u_1/2)6R(u_1/2)5R(u1/2)f(u_1)f(uo)

-1 SS and CC,
X (4.19a)
O (u_5/2)0L(u1/2)0R(u_3/2)0R(u3/2) SC and CS,
Z5(u) = 4s(2u0)*01. (% — w)r(% + u) f (uo)
-1 SS and CC, 100
| 603 + a3 — 052 + won(R — i~ wWon(R+w) SCandcs. 1)

Here we add subscripts L and R to the functions §(u) to distinguish contributions coming from the left
and right boundaries, thus allowing us to treat all four choices of boundary conditions simultaneously.

We now show that these definitions are equivalent to those presented in Section 4.2. In each case,
expanding the projector as in (3.16) produces two terms:

Z?%(u)D*(u) = A; — Ay, ZY (w)DM (u) = By — By . (4.20)
Using the notation
u—& = |u=€q) [u—€2)| -+ [u—ém| , u+ & = |utém) |utée) | -+ utean| , (4.21)
D D N N Ja Ja Ja Ja
we rewrite Ay as
.......... u2_|_£ I SEsssssssssssssssssss=s=s u2+£
BA—uo a U2 BA—ugo 4 U2
uo +§ keuy” N | | /S \emmmus - Uy — 5
A= R 2u—2A KW AX—2u 3 — K 2u— X\ A—2u P
U9 — § ke /| | NN Nfesmu=s - uO + 5
BA—ug A uo BA—uq, a4 ug
.......... Ug — & fereerenes £ T 4
D D
ug + &
BA—uo rd U9
1 u2—¢
N ~1,0 ~1,0
= ps(2u — A)ps(\ — 2u) = ps(2u — N)ps(A —2u)Dy Dy,  (4.22)
ug + &
BA—ug ra U
ug — &

N

where we first applied the Yang-Baxter equation and then the inversion identity. For Ay, we write

.................. U2 _|_§ hessnsnans T U2+£ hessnsnans

BA—us 4 U { = a Ug
.......... Ug —|—§ an uo-f—é' -
A = 2u — A KRA—2u = A N—2u
ug —¢§ ug —¢§

BA—ug m| 1 P U 1 P Uo

...... % RTINS S PR L] wg— €& fereeeane

D D
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Uy F & prmmmmmens
.......... Ia U1
= l(u)t(u) PA% us — & b )
. N m
1P up —§
_ ui +€ | = 0w)t(w)r(w)b(u) Dy’ (4.23)

uy —¢&

Here we applied the push-through property N times on the top and bottom of the diagram, at the
third and fifth equality. The resulting functions #(u) and b(u) are obtained from (3.13a) and satisfy
t(u)b(u) = f(u—g)f(uz). Similarly, the factors ¢(u) and r(u) arose at the second and fourth equality
from the application of the boundary reflection property on the left and right boundary, respectively,
and are read off from (3.30):

U(u) = 25(2u—3)dr(u_s5/2)0L(3 —w)or(urpa),  r(u) =LA —u)l; 5 . (4.24)

Finally, we used (3.18) at the last step and obtained ﬁi’o = ﬁg’l. The final result is an identity relating
Dg’o, D(l)’ODé’0 and Dg’l which precisely reproduces (4.15a) after simplification of the trigonometric
prefactors.

The same arguments can be applied to compute B; and By, leading to

Bi = ps(2u)ps(—20)Dy"Dy”, B = {(w)i(w)i(w)b(u)I, (4.25)

with #(u)b(u) = f(u_3)f(u_2)f(us)f(us) and the functions f(u) and 7(u) = £(—u)|s, s, read off
from (3.31). After simplification of the prefactors, the resulting relation is found to be exactly (4.15b).
This then confirms that the recursive and diagrammatic definitions are equivalent, for both D?*°(u)
and DVt (u).

We stress that we still have not proven that D*°(u) and D! (u) are Laurent polynomials in z = e
Indeed, both the recursive and diagrammatic definitions involve denominators written in terms of
trigonometric functions of u that could potentially lead to singularities. Showing the polynomiality of
the fused transfer matrices is a non-trivial task which is addressed in Section 5. Finally, we note that
it is also possible to give diagrammatic definitions of D™°(u) for m > 2 using the projectors in the
Appendix A of [17], however these expressions are not needed in this paper.

4.4 Determinantal form of the fused tangles

The fusion relations define recursively the fused transfer tangles as polynomials in the elementary
transfer tangles D% (u). In this section, we write D™"(u) in terms of a formal determinant and use
it to rewrite the fusion hierarchy (4.15). The proof of these determinant formulas is sketched at the
end the section.
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The determinants are expressed in terms of the following quantities:

S
£
I
VAl
g

(2u—q)s(2ur )@ (u_z/9)wV (u_3/9) Dy (u) = det(1,0)(u) (4.26a)
(U—5/ Jw (U3/2) w(u_ 3/2) (U1/2)f( u—g)f(uz)I . (4.26b)

We often use the shorthand notation Dy = D(uy) and Fj = F(uy). These new functions satisfy

=
Il
=
[N~}
F
P
Vo)
—
[\}
s
w
N—
S

D(u)
F(u)

D3\ —u) , D(u) u+T), (4.26¢)
FA—u), Flu)=Fu+m). (4.26d)

I
S

The fused transfer matrices will be written in terms of two families of determinants. The first is
for fused tangles with indices (m,0) and (0,n) corresponding to the boundary of the domain depicted
in Figure 1:

Dom—2 Dop—3z Fom—s 0 0 O
Fom—a Doy—s Doyps Fom—r 0 0
0 Fom—6 Dom—6 Dom-r - 0
det(m, 0)(u) = . e | (4.27a)
0 0 3 S 1
0 0 0 Fo Dy Dy
0 0 0 0 Fo Dy
det(0,n)(u) = det(n,0)(4\ — 2nA — u) . (4.27b)

The matrix in the determinant det(m,0)q has size m x m. Like for the functions F(u) and D(u), we
will use the notation det(m,0); = det(m,0)(ug).
The first determinant is tied to the fused matrix D™ (u) by

det(m,0)o = s(2u—_4)s(2ugm—1)w™ (u,_ 5/2) 0 (u) (4.28)
m—2 2m—5 — m—1 m—2
X ( S(Zuj)>< H s(2u; >< H >< H w(“zk—3/2)> ( H w(u2k—1/2)> :
5=0 j=m—3 I=—1 k=0 k=0

We postpone the (sketch of the) proof of this statement until the end of the section.
The definition det(0,n)(u) as det(n, 0) (%), with ¢4 = 4A\—2nA—u, ensures that the crossing symmetry
(4.17a) is realized. Moreover, this first family of determinants has the property

det(0,n)p = det(n,0); . (4.29)

The proof is given in Appendix A.2. The property Dg’" = D?,o for n > 1 is also proved in
Appendix A.2.
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The second family of determinants is

Fomsz, 0 0 0 0
|
D2m+2 | 0 0 0 0
|
det(m,n)(u) =| 0 Fomi1 Domtr ' Fom-1 0 0 0 (4.30a)

0 0 Fom—21 Doy Dop—3 Fom—s 0

0 0 0 f Fom—4
0 0 0
det(n, 0)2m+1 0 0 0
_ Fom-1 0 0
e T~ . (4.30b)
0 0 0 det(m,0)q
0 O 0

It applies to all fusion pairs (m,n) with m,n > 1, corresponding to the positions in Figure 1 that do
not touch the edge of the wedge. The bottom-right and the top-left blocks are of size m x m and n x n
respectively. The determinant (4.30a) and the fused matrix D" (u) are related by

5(2u2m—4)5(24hs,, ) det(m,n)(u) = (4.31)
S(2u_4)S(2¢—4)S(2um_3)S(2%n—3)3(2um+n—2)S(2¢2n—2)f(u2m—2)Dm’n(u)
2m—3 m—1 m—2 2m—4
X ( I1 8(2%‘))( I1 w(u2k—3/2))< 11 w(u2k—l/2)>< 11 f(w))
j=0 k=0 k=0 I=—1
2n—3 n—1 n—2 2n—4
< (T 5(26)) (TT #0haiso)) (T wrsy)) ( T £600) -
5=0 k=0 k=0 =-1

with % = (4 — 2m — 2n)A — u. We note that the right-hand side of (4.31) always contains factors
5(2ugm—4)5(24k,,,_4), even for m = 1 or n = 1. It is however easier to leave them as prefactors on the
left-hand side instead of identifying in which factor they appear in the right-hand side, as this depends
on m and n.

These determinants satisfy a number of recurrence relations. The following ones express the fusion
hierarchies in a unified manner, namely for all four choices of boundary conditions and independently
of the position of the label (m,n) in Figure 1:

det(m, 0)0 =Doy_o det(m —1, 0)0 — Fom—_4a det(m — 2, 1)0 , (4.32&)
det(0,n)o = Dy det(0,n — 1) — Frdet(l,n —2)y, (4.32Db)
det(m,n)o = det(m,0)o det (0, n)2m, (4.32¢)

— Fom—oFom—1det(m — 1,0)gdet(0,n — 1)2m 42 -
These relations are valid for m,n > 1, with the convention
det(0,0) =1, det(m,—1); =det(—1,n), =0 (4.33)

The relations (4.32a) and (4.32b) are respectively obtained by expanding det(m,0)p and det(0,n)o
along the first row and the last column. Expanding with respect to the first column after the dashed
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line leads to (4.32c). Two additional useful recurrence relations are

det(m, 0)0 = DQm_Q det(m — 1, 0)0
— Fom-a (ng_g det(m — 2,0)9 — Fom—cFam—s5 det(m — 3, 0)0), (4.34a)
det(m,0)g = Do det(m — 1,0)2 — Fo (D1 det(m — 2,0)4 — F1Fadet(m — 3,0)g), (4.34b)

with m > 2. The first is a rewriting of (4.32a) and the second is obtained from the determinant (4.27a)
by an expansion along the last column.

The symmetry properties of the determinants are analogous to those satisfied by the fused transfer
matrices. These are expressed in a form that is independent of the choice of boundary conditions:

crossing symmetry det(m,n)(u) = det(n,m)((4 — 2m — 2n)\ —u) , (4.35a)
commutativity [det(m,n)(u),det(m’,n')(v)] = (4.35D)
periodicity det(m,n)(u) = det(m,n)(u + 7T) , (4.35¢)
conjugacy det(0,n)(u) = det(n,0)(u + \) . (4.35d)

We end this section by sketching the proof of the relations (4.28) and (4.31) that relate the formal
determinants and the fused transfer transfer matrices. For (4.28), the proof is done by induction on m
using (4.34a). The seed cases m = 1 and m = 2 are first checked separately. For m = 1, (4.28)
follows directly from the definition of D(u). For m = 2, we check that (4.32a) reduces to (4.15a)
using (4.28). For m > 3, the proof proceeds using the induction hypothesis (4.28) for m’ < m. With
(4.15d) and (4.15f), one first derives a new relation that ties D™%(w), D™ 19(u), D™ 2%(u) and
D™ 30 (y). Then we must show that (4.34a) reduces to this relation upon applying (4.28). Each step
is straigthforward and tedious, and amounts to writing the prefactors for each fused transfer matrix,
cancelling the common terms, and then checking that the remaining ones precisely match those in the
new relation. We omit the details of this calculation, which in the end proves (4.28). The similar result
for m,n > 1, namely the relation (4.31), is proved using the same idea. We use (4.32c) to expand
det(m,n)g, and then (4.28) to express all the determinants in terms of the fused transfer matrices.
After the cancellation of many common terms, one obtains (4.15f), (4.15g) or (4.15h) depending on the
fusion indices (m,n).

4.5 Reduction relations

In this subsection, we study properties of the fused transfer matrices Dm’o(u) at specific values u =1u
of the spectral parameter. We find that D™°(%) is proportional to a fused transfer matrix with the
index m reduced by 3. We refer to these identities as reduction relations. Applying these relations
repeatedly, we find that Dm’o(ﬂ) is proportional to the unit I. To proceed, we first write down the
functional relations

pl(m, w) D = p2(m, ) Dy 0Dy o — i (m, ) DY Dy 4 it (m,u) D0, (4.36a)
vi(m, u)DOm’O = 12(m, u)D(l)’ODgn_l’0 — 3 (m,u)DYDY >0 + 4 (m, u)Dgn_?”O, (4.36b)
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where

g (m,w) = w(ugm—g/2)w™ (U, —52)5(2Um—3)5(2Um—2)5(2uzm—6)5(2U2m—5) fam—6 fam—5 fom—1, (4.37a)

w2 (m,w) = w0 (g 720" (U _7/2) 8(20m—a)5(2um—3)5(2u2m—6)5(2u2m—3) fam—6, (4.37b)
w3 () = w(tay_52) (U —g/2) WY (g g /0) W™ (U g 9)8(2tm—5) (2t —4)
5(2um—3)5(2zm—2) fom—2, (4.37¢)
pt(m, w) = w(ugm—15/2) W (Uam—g/2 )W (U —7/2 )W (U5 /2 ) (U —132) W (g —11/2) 8 (Uzm—9/2)
W) (U, 11/2)5(2tm—6)5(2um—5) 5 (2ugm—3)5(2uz2m—2) fom—aS2m—3 fam—2, (4.37d)
and
v(m,u) = (u 1/2) 0™ (U, 59)5(2u0) 8 (2u1) 8 (2um—3)8(2um—2) -1 fo f1, (4.38a)
v (m, u) = w0 (u_g )™V (U _3/2) 5(2u2)s(2u1)8(2m—2)s(2um—1) f1, (4.38b)
V3 (m,u) = w(u_s ) w(u_ 1/2) Y(u_ 1/2)w 2 (U 1/2)5(2u—3)8(2u0)s(2um—1)5(2um) f-3, (4.38c)
v (m,u) = w(u_ 572)W(U_3/2)w(u_y2)w(us /o)W (u_1/2)w(uy /2)w(ug/2)w (m—3)(um+1/2)
$(2u—3)s(2u—2)5(2um)s(2um+1) f-3f-2f-1. (4.38d)

These are obtained by two possible methods: (i) by combining the fusion hierarchy relations for
D™%(w), D™ 21 (u) and DY 2(u), or (ii) by simplifying the common prefactors in (4.34). The
above equations hold for m > 4, but also for m = 2,3 with the identifications D%O = fr_ofr_sl
and D;l’o +— 0. Moreover, we remark that the relations (4.36a) and (4.36b) are related by a crossing
symmetry linking the evaluations at u and (5 — 2m)\ — w.
These relations allow us to derive reduction relations for the fused transfer tangles. For instance,
we note that
p*(m,a) = p*(m,0) =0 for u=(4—m)A+ 1,

. . _ reZ. (4.39)
v3(m,0) = v*(m,0) =0 for 0= (1—-mA+ 1,

Moreover, for m > 3, u'(m,u) and p*(m, ) are non-zero for generic values of \, and likewise for
vt(m,v) and v*(m, 7). We therefore have

Ym, ) a0~ A(m,a) . - Y(m,a .0/~
DS*”@):%DO S’O(U):%Do (7 —m)A + 5 )—%[Do "@)]1ss)
(4.40a)
vt (m,v v (m,v vt (m, v
D (v) = %D?‘“@) = %D?‘”(u —mA+ ) = % D5 @) s
(4.40b)

where we used crossing symmetry at the second equalities. Writing m = x 4 3y with € {0, 1,2} and
y € N, we apply the first reduction relation repeatedly to write

y—1 4 rm
m,0/~\ __ x, T ‘s s _ H (m’ (4_m))\+ _)
D™%(4) =D 0((4—x))\—|—7) klzlog (m — 3k), g (m)= i, (4—m))\+%)' (4.41)
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This relation also holds for y = 0 provided that the product is replaced by the factor 1. Crucially, one
can write each of the tangles for m = 0, 1,2 in terms of one of the following objects:

DOO(UN+ I s F2A + IE) F(N + ), (4.42a)
1,0 e 1,0 rmy _ rr rry 5(62) w(B + FPu=% + Fa(-3+5)
DY PBAN+ ) =DV (5) = f(2A+ ) f(3A + 2)3(2A) W (B 1 o) I,
(4.42b)
2,20+ )P (A + I
D20x 4 1) = ~ T BRI oy ooy, (4.42¢)

al(2,2) 4+ 1)

The relation (4.42a) follows directly from our convention for D%%(u) used in (4.36), and (4.42b) was
given in (4.5). Finally for (4.42c), we used the fact that a?(2,u) in (4.15a) has a factor s(2u_s).

This proves that D™°(%) is proportional to the identity element I, for all m > 0. The overall
prefactor is a non-trivial product of trigonometric factors, which can be simplified to

N N . QUoym—3)s(2U2m—2) W Uzm 5/2) T N
Dm70 =1 m— m— S( = = j— .
(@) = I x f(uam—3)f(Uz2m—2) 5@ 3)5(2m_2) 0 (@ry_s2) H —Ugj—3/2)W(—1z;5/2)

(4.43)

This formula is valid for all four boundary conditions. It can be checked first for m = 0, 1,2 and then
proved inductively on m by steps of 3 using (4.40a).

4.6 Braid limits

The bulk braid operators are defined as the following limits of the face operator:

Fi(m—2\) . .
too|= lim & | u | = + + — et J/ — T2 \. (4.44)

N

N

={F00 +ook-
+oo |=|Fo |, ) +oo P =p Foo ». (4.45)
D 4 -{too Foof-

D D

+o0 | +oo | = /\~, 400 | = fraeneed . (4.46)

— P et3iN2 4+ eT3IN/2 7 ¥ = { -5 (4.47)

28



These satisfy the crossing symmetry relation

= T3 . (4.48)

The fundamental braid transfer tangle is defined from the limits of the operators composing D9 (u):

e :FOO :Foo :FOO k== +4I0N 1.0
D )
Dy = DY = |Foodp—B S foo| = m D) (4.49)
T :l:oo :l:oo coo coo :too haw u—rioo 7(”)f—3f—2
D D D
where (u) depends on the choice of boundary condition:
identical:  y(u) = —w(u)w(3\ —u) , mixed:  ~y(u)=1. (4.50)

Using the braid inversion relation, the Yang-Baxter equation and the crossing symmetry at the
boundary, one can show that

o —00 | —00 —0Q0 p== -nd -I—OO -I—OO +OO -
—oo P R R +oo| = |+oo P R R —0o0| . (4.51)
- +OO +oo -l"OO - wd —00 | —00 —-—00 ==
D D D D D D

It thus follows that DLY does not depend on the choice of limit u — +ioco in its definition.
The fused braid transfer tangles are defined as
e:|:4i>\mNDm,0(u)

D™ = lim — , (4.52a)
u=ico fu_gz) fu—2) [[Zg v(u2))
DOn — pno | (4.52b)
:|:4i)\(m+n)NDm,n 1
D™" = lim © () , (4.52¢)

u=rioo WM (1,5 /9 )w (™) (tyy—52) f (u—3) f (u—2) f (U2m—1) HT:_Ol v (u2;) H?:_& 7 (ko)

for m,n > 1. The definition (4.52) is completed with D%’ = I. For the mixed boundary cases,
these definitions are similar to those used for the periodic geometry [17]. For all choices of boundary
condition, the fusion hierarchy relations in the limit © — +ioco become:

DZIO,O _ DQ—I,OD})&)O _ Dg’g—ll 7 (4.53a)
D™ = DQZ;OD&,” _ DZLO—LOD(O)gL—l ) (4.53b)

It immediately follows that each fused braid tangle is a polynomial in D, that can be expressed as a
determinant:

D, D, I 0 0 0
I D, D, I 0 0 00 0
nxn 0 0 0
pro—| 0 e e T e 0 i I 0 01 (459
0 0 I D, Do, I o0 0 0 I
0 0 0 TI Doo Doo 0 0 0 m X m
0 0 0
0O 0 0 0 D..

As previously in (4.30a), the upper block is associated to D(;gL and the lower block to Domo’o.
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4.7 T-system and Y-system

The T-system is a set of quadratic equations satisfied by the fused transfer matrices, that follows from
the fusion hierarchy relations. For the Ag) model on the strip, it can be written in a uniform way using
the determinantal forms given in Section 4.4, namely

m—1

det(m, 0)o det(m —k,0)o 42 = ( H .’ng) det(k,m —k)o+det(m+1,0)gdet(m —k —1,0)24+2 (4.55)
=k

where 0 < k < m and det(0,0) = I. The proof, given in Appendix A.3, is completely analogous to the
one given for the periodic case in [17]. Of course, the T-system can be written directly in terms of the
fused transfer matrices D" (u). For all boundary conditions, the T-system equation reads

§(2Um—3)5 (21 )™ (U352 Jw(m=H) (um+k_1/2)D?’°D£1§’°

m—1 m—2
= ( H w(_u2j—1/2))< H w(—U2j+1/2)>S(2uk_3)8(2u2m)w(U2m_1/2)fsz'S’m_k
s J=H

+ 5(2un1) (2t s -2) 0™ (w0 )0 I (g g 0) DYDY (4.56)

for 0 < k < m, with Dg’o = fo_3fe_oI used for the case kK = m — 1. A similar result holds for £ = 0
with the first term of the right-hand side replaced by

(ﬁlw(_“%—l/?)) <ﬁ2 w(_u2j+1/2))
Jj=0 =0

X 3(2U—3)3(2U2m)w(u—5/2)w(uzm—1/2)w(m) (—Um—s/z)f—szng’m : (4.57)

It is clearly more convenient to work with the determinantal expressions. To express this in terms
of a Y-system, we first define the functions d™(u) as

_det(m +1,0)g det(m — 1,0)2

d"™(u) - m =0, (4.58)
(H}”:_o 7"21) det(m, 0);
with d°(u) = 0. It then directly follows from (4.55) that
I4dr = det(m, 0)o det(m,0)2 (4.59)

(H;n:_ol .7:2j) det(m, 0)1
The starting point to derive the Y-system equation is to compute the product dg'dy":

det(m — 1,0)a det(m — 1,0)4 det(m + 1,0) det(m + 1,0)s

drdy =
0 a2 H;_n:—ol Fo; Hgnzl Foj det(m,0); det(m,0)3
I Fo TS Foj (I + d=)(T + ditY) det(m + 1,0)1 det(m — 1,0)3
175! Foy T Foy (I +dr) det(m, 0)2 [T75' Fajaa
(I +d3= (T +d5™)
- dr. 4.60
T +dp) 1 (4.60)

The Y -system is therefore identical to the one obtained for periodic boundary conditions:

m gm I dm—l I dm—',—l
d(&% _ I+ 2142(d§”+ 0 ), m>1. (4.61)
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5 Polynomiality of the fused transfer matrices

In this section, we prove an important property of the fused transfer matrices D" (u), namely that
they are Laurent polynomials in z = e*. The proof is divided in three cases. In Section 5.1, the
polynomiality of D*%(u) and D! (u) is established using the diagrammatic definitions of these transfer
matrices given in Section 4.3. Then in Sections 5.2 and 5.3, we respectively prove the polynomiality of
D™°(u) and D™"(u) for m,n > 1, by cleverly using the fusion hierarchy relations. Throughout the
section, the arguments are done for generic values of A\. By continuity, they then hold at all values of
A, including those for which ¢ is a root of unity. A reader uninterested in these technical proofs may
wish to accept this result and skip forward to Section 6.

5.1 Polynomiality of D*°(u) and D" (u)

In this section, we prove that D*°(u) and DV!(u) are Laurent polynomials in z = e'*. Let us first
recall that we have two equivalent definitions for these objects. The first definitions in (4.15) express
D?P%(u) and D! (u) as functions of D'9(u) and its shifts, whereas the second definitions in (4.18) are
diagrammatic and written in terms of projectors. For DQ’O(u), the potential poles are the zeros of the
functions o!(2,u) and Z%°(u), or more precisely the common zeros of these two functions:

rT SS

. :ﬂ7 .. :)\_’_ﬂ’ :A"i‘ 5

Hu=75 (ii) u 7 (iii) u = 3 { r+ %)71 cc.
(iv) u = A £ &) +rm, (v) u= £ +rm, for j=1,...,N, reZ. (5.1)

For the mixed cases, there are no potential poles of types (iii). We also note that the functions a!(2,u)
and Z2%(u) have simple zeros for (i), (ii), (iv) and (v), and double zeros for (iii) for the boundary
conditions SS and CC. Likewise the potential poles of D! (u) are the common zeros of 8(1,1,u) and
Z%1(u), which are the values of v in (i) and (v). In this case, the zeros are double for (i) and simple
for (v), and this holds for all boundary conditions.

To prove that D?*%(u) and D%!(u) are regular at the points, we note that their diagrammatic
definitions can be rewritten as

npm b b
ug+1) [ |u2t€(2) e u2+&()
A Ao o Va
o o o
uot€a) | |uoté(2) oo uo+E()
Ja A — Va
— — — . (5.2a)
U2_f(1) u2—£(2) “. u2—€(N) L]
N [=1aY o (=] A\
[a\] (e} [a\]
uo—§1) [ |uo—&(2) o uo—E&()
Y N - N
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npm b b
uz+€) | |ust2) oo uz ()
Vs Vs = /]
= = =
uot€) | |uot(2) ooc uo+E()
Ja st Ja s — A
- — — (5.2b)
uz—¢§) | |us—¢2) e u3—§(N)f==-
N —N — — N\
— — i
uo—§1) [ |uo—&(2) o uo—E&()
Y _E\ - _E\

We justify this claim as follows. For D?%(u), let us choose any of the projectors P> in (5.2a) and
expand it using (3.16). The black triangle of the second term in this decomposition points leftwards
if we selected a projector in the bottom part of the diagram, and to the right if it belongs to the top
part. This triangle is then either pushed through a pair of face operators using (3.13a), or it reflects on
the boundary using (3.30). In all cases, this black triangle then connects with another P>° projector,
yielding a zero result due to the third identity in (3.18). Only the first term of the decomposition (3.16)
survives, and the final result is a diagram identical to the original one, but with this projector now
absent. This argument is repeated until all projectors are removed except for one. The same argument
applies for D™!(u) and its P'! projectors.

These expressions with many projectors allow us to investigate the polynomiality of DZ’O(u) and
Dl’l(u) in terms of some of their constituting parts. First, let us consider the combinations

. uz*f(j) 1 u37£(j)
o 7 =R . 5.3
S(U_l — g(j))S(UO - 5(])) wo—€j) S(U() - 5(])) uo—&(j) ( )
N D

Each of these combinations is a Laurent polynomial in z = e'*. To show this, we note that

u2—&(j)

e s(A)s2(20)s(3)) [SH— =0, (5.4a)
wo—€¢j) =) ke P

uz—£(j) L. "ol

R = s2(20)s?(3\) |7—=— =0, (5.4b)
u=¢(5) L
uo—E(;) -

1,1

Lo

where we used (3.10), (3.11) and (3.18). Similar identities holds with w shifted by m, and likewise
for (5.4a) with u = A+ §(;) + rm. The combinations (5.3) appear in the bottom bulk sections of the
diagrams in (5.2), which are now understood to be Laurent polynomials. The same holds for the top
bulk parts of these diagrams, as this follows from repeating the argument with ;) — —&(;, using
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combinations similar to those in (5.3) but with projectors attached to the right. This ends the proof
that D?°(u) is regular at the points (iv) and (v), and likewise that D! (u) is regular at the points (v).

The proofs of the regularity at the point (i), (ii) and (iii) are instead related to the operators on
the boundaries. In this case, we consider the combinations

1
$(2u—1)0L(u_g/2)dr(u_1/2)

These are also Laurent polynomials. The proof uses the same arguments, namely one shows using
(3.23), (3.26) and (3.27) that the diagrams evaluate to zero if u is specified to a value where the
denominator vanishes. Similar identities hold on the right boundary. The relevant combinations are
obtained from (5.5) by rotating the diagram, replacing d;, by dg, and changing u +— A —u and u — —u
for the first and second combinations, respectively. This allows us to conclude that the expressions
(5.2) for D*°(u) and D%!(u) are regular at a number of values of u that includes all the points of
type (i), (ii) and (iii). This is also true in the cases of double zeros, as in these cases, one zero is
accounted for in the combination corresponding to the left boundary and the second for the one in the
right boundary. This ends the proof of the polynomiality of D*°(u) and D% (u).

5.2 Polynomiality of D™°(u)

Idea of the inductive proof. The polynomiality of D™ (u) is already established for m = 1 and
m = 2. This section proves that this also holds for m > 3, using induction on m. Dividing (4.36a) and
(4.36b) by p!(m,u) and v'(m,u) respectively gives two different expressions for D™ (u) in terms of
fused transfer matrices D™ °(u) with m’ < m. By the inductive hypothesis, these transfer matrices
with lower fusion indices are assumed to be Laurent polynomials in z = e'*. Therefore the only potential
poles for D™ (u) are the zeros of u'(m,u) and v'(m,u), or more precisely the common zeros of these
two functions. Upon inspection, we see that they share the factor s(2um—3)s(2um—2)w™ (t,,_5 /2)-
Therefore D™ (u) potentially has poles at the following values of u:

mZ SS,

m+nz cc, &Y

(i) u = (2—m)A+5F, (ii) w = (3—m)A+1F, (iii) u = (%—m))\—l—rﬂ—l-{

with r» € Z. Of course, there is no potential pole of type (iii) for the mixed cases SC and CS. For
m > 4, all the other zeros of u'(m,u) are not zeros of v!(m,u), so the above list exhausts all the
possible problematic values of u. Let us thus first consider m > 4. (The case m = 3 is discussed at the
end of the section). Below we prove that D™9(u) is regular at each of these points.

Proof for (i) and (ii). From the periodicity and crossing symmetry, we have

D™ ((2—=m)A+ ) = D™O((3 —m)A + ). (5.7)
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As a result, the proof of regularity for (i) will imply the same result for (ii). We thus focus on (i) and
define @ = (2 — m)A + ZX. The function v!(m,u) has a zero of degree one at u = 4. To show that
D™?(%) is non-singular, we must show that

K (m) = lim <I/2(m, w) Dy DY — 3 (m,w) DYO DY 4 v (m, u)DgL_g’O) = 0. (5.8)

We readily observe that v?(m,u) = 0 at u = u because it has a factor of s(2u,,_2). In contrast,
v3(m, 1) and v*(m,u) are non-zero. We thus have

K(m) = = (m, @)Dy @Dy~ *"(@) +v*(m,2)Dg " (@). (5.9)
As a first step, we note that

2 o~
230, _ MM = 3,U6) m—40,~ 1,0~
Dgn (u) = —ng (U)D2m—2(u)v (5.10)

Ml(m - 37 aﬁ)

with the other two terms absent due to zeros of u3(m — 3, %) and p*(m — 3,%g). This holds for m > 4.2
From crossing symmetry and periodicity, we have D;’nol_z(ﬁ) = Di’o(ﬁ) and

vi(m, @) p?(m — 3,dg)
Vg(m7 a) :u‘l(m -3, aﬁ)

K(m) = —v*(m,@)Dy°(@)( D (@) - Dy @), (5.1)

=J(m)

The factor in front of the parenthesis is non-zero leaving us to show that the content of the parenthesis,
J(m), vanishes. We check the cases m = 4, 5,6 explicitly:

400 2\ 2(1 7
_ 20 V(4 w) (1) oo~ U= — rm
J(4) = Dy (u) J7(4.7) M1(1736)D6 (u), U= —2\+ 7, (5.12a)
Ar =\ 209 =
_ 30 V(5. 0) (2, U6) 1.0 ~ rr
J(5) = Dy (u) (5.7) p1(2.70) Dy " (u), u= -3+, (5.12b)
406 2 ,2(2 7
40, V(6,0) p2(3,U6) 52,0, ~ o
J(6) =D, (u) 27(6.7%) 41(3. ) Dg " (u), U= —4X+ . (5.12¢)

All six transfer tangles in (5.12) turn out to be proportional to the identity I. Indeed, using the
crossing symmetry, periodicity and conjugacy of the transfer matrices as well as the reduction relations
(4.40), one can write each of these tangles in terms of the objects in (4.42). Verifying that J(4), J(5)
and J(6) vanish is then straightforward, as it amounts to checking three equalities satisfied by finite
products of trigonometric factors.

Returning to the cases m > 7 with u = (2 —m)A + 5F, we apply (4.40) to both transfer matrices
in J(m) and find

_9 ~ B R 4 ~ 2 _3 ~ 4 4 ~ B R
J(m) = pa(m 734)1)21 30(3) — V3(m,g) Ml(m 736)M1(m ,26)Dgn 70(2)
pa(m — 2, ) v3(m, @) pt(m — 3,4e) p' (m — 4, )
—92 7
_ palm = 2,) J(m — 3). (5.13)
pa(m — 2, )

2For m = 4, Dgnig’o(’u\) = Dé’o(ﬂ). The relation (4.36a) holds trivially as pt(1,u) DY (w) = p?(1,u) D (u) DO (u)
and all other terms vanish due to negative fusion indices. In (5.10), each u‘(m — 3,%s) vanishes, but one can check that
2(m—3,7g)
Zl(mf?),ﬂg)

_ 1% (m=3,uq)

as lim, 5 WTm—3ue) "

the equality still holds by using a limit and understanding
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The last equality stems from the definition (5.11) of J(m — 3) and the relations

v (m, @) p' (m — 2,4) p?(m — 3,dg) p'(m — 4,46) _ vi(m -3
Vg(maa) M4(m - 27774) :u‘l(m - 37a6) Ml(m - 47776) B Vg(m -3

Dy@) =Dy @), DY@ =Dy @), 9=

(5.14a)
m)A + X, (5.14b)

valid for m > 7.3 By the induction hypothesis, D™ ~*%((5—m)A+ZZ) is finite and therefore J(m—3) =
0. Because ju1(m — 2,7) # 0 we deduce that J(m) = 0. This ends the proof that D™ (u) is regular
at u= (2 —m)A+ 5F and (3 —m)\ + 5.

Proof for (iii). This case applies only to SS and CC boundary conditions. We start by deriving a
new functional equation. Recall that a section of the matrix used to defined det(m,0)(u) takes the
form

0

Doira Dopysz Fopyr
0 Fory2 Dopia Dogyr For-1 0

det(m,0)(u) =| ~777 77T 0  Fop—2 1 Dogo Dop3 Fops 0] (5.15)

Using the determinant minor expansion, we obtain the five-term relation

det(m, 0)0 = det(m —k, O)Qk det(k‘, 0)0 + For_oF ok 1F ok det(m — k-2, O)2k+4 det(k‘ -1, 0)0
— Fop_9Dop_q det(m — k-1, 0)2k+2 det(k: —1, 0)0
4+ Fop_aFor_3Fok_o det(m— k— 170)2k+2 det(k: - 2,0)0, k=1,...,m—1. (516)

Rewriting this equation in terms of the fused transfer tangles, we find

7 (m, k,u)DF° = 72 (m, k,u) D MO DEC 4 73 (m, k, ) DY RO DELO

2k-+4
+ 74 (m, k,u) DYy 5O DY DY 4 7 (m, kyw) DY O DY, (5.17)
where k =2,...,m — 2 and
THm, k,w) = $(2um-2)8(2um—3)3(2uzk—1)5(2uzk—3)5(2uzk—2)5(2uzk_1 )W (Ugg_5/2) 0™ (U _s5/2)
X f(ugr—a)f(uor—3)f(ur—2)f(uak—1), (5.18a)
T2 (m, k,u) = s(2up—3)s(2up—2)5(2usk—1)8(2usk—1)8(2Umk—3)8(2umk—2)0 ™) (U 1k _5/0)
x W (up_s2) f (uak—a) f (ugh—1), (5.18b)
3 (m, k,u) = 5(2up—4)5(2up—3)5(2u2k—1)5(2u2k—3)S(2Um 1) S(2Um 1) w(Ugk—7/2) W (Ugk—5/2)

W (togp1/2) 0 (tag—5 /2 )W (g —32) W (a1 /2)W ™2 (w1 j0)w Y (g7 o)

3This also works in the case m = 7, in which case the functions u'(m — 6,76) and u?(m — 6,7s) both vanish and their

2
ratio in (5.14a) should be interpreted as lim, %.
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x f(ugk—a)f(uzk—3), (5.18c¢)

THm, b, u) = —5(2up—4)s(2up—3)5(2u2k—3)s(2uok—2) S (2tmk—2) 5 (2t g 1) D (Uog_5/2)

< w M (g ) (g5 o)WY (w7 o), (5.18d)
T2 (m, k,u) = $(2up—5)s(2up—4)s(2uk—2)5(2uak—1)5 (2t k—2)5(2tmik—1)w(Uog_11/2)w(Ugg_5/2)

X w(ugp— 3/2) w(ugy— 9/2) (U 7/2) w(ugp— 5/2) )(um+k—3/2)w(k_2)(uk—9/2)

x f(ugk—2)f(ugk—1). (5.18e)

The determinant relations (5.16) for £ = 1 and k = m — 1 correspond to (4.36a) and (4.36b). For all
values of k, the function 7' (m, k,u) contains the problematic factor w(™ (u,,_s /2), which may produce
potential poles for Dm’o(u) for SS and CC boundary conditions. To show that this is not the case, we
treat separately the cases of m odd and even.

Starting with m odd, we set i = (2—m)A+(r+1)m for SS boundary conditions and @ = (3—m)A\+rr
for CC boundary conditions. We use the relation (5.17) with k = 24 noting that 75(m, 41, %) = 0

2
and that the degree of the zero of 7!(m, mTH,u) at v = © is one. Thus to prove that Dmo( ) is
non-singular, we must show that

72(m, mEL @)D D20 @) Dm0 @) 4 73(m, mi @) Dm0 @) D205

+ 74 (m, mL @)D Y0 @) DL @) DY (@) = o. (5.19)

(m—k—l

With the function p!(Z42, @) non-zero, we rewrite DmH/20(7) ag

3(mtl = 4rm4l =

PR ~ 0
pt (2t ) pt (2L )

(5.20)

This expresses the left side of (5.19) as a sum of four terms. With crossing symmetry, we find that

two of them are proportional to D%n 45 5)/2, 0( )D(m /2 0( ), whereas the other two are proportional to

Dg;n+33)/2 0( )DL0 (@ )D(()m /2, 0( ). It is then straightforward to check that the sum of their coefficients

vanishes. This also holds for the special case m = 5 where D(m 5/ 20(u) — f_sf—2(u), and using
f=3(BA —u)f_2(BA —u) = f_3(u)f-2(u). This ends the proof for m odd.

For m even, we define 4 = (3 —m)A+r for SS boundary conditions and @ = (2 —m)A+ (r+3) for
CC boundary conditions. In this case, we use the relation (5.17) with k = 4. We note that 77(m, %, u)
vanishes at u = 4 for j = 1,3,5, and that 7!(m, %,u) has a double zero whereas 73(m, 2, u) and

) 9
(m, %, u) have simple zeros. To show that D™9(u) is regular at u = @, we show that

7' (m, 5, u) D™ (u)

L= lim — % =0, (5.21)
U=t w(m )( m—5/2)
or equivalently
1 " . .
L = hIIL— 7'2(m7 %7 u)Dm/ZODO /270 4 7_3(777/7 75, U)Dm{;’_%l 2, OD /2 1,0

+74m, 2, ) DT DY DR 4 S, ) DO DT A0 — 0. (5.22)

Because 73 (m, Hu) = (m, &, u) = 0, the limits of the second and fourth terms are evaluated directly
and their sum is found to vanish due to the relations

3 m 5 m
Dm/2fj70 P Dm/2—j,0 ~ 1i 7 (m, 7710) i 7> (m, 2 ;) 5.93
m2j (@) 0 (@), umst W™ ) (u m—5/2) T w0 (1, 5/2) (5.23)
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the first of which is obtained by crossing symmetry. For the remaining terms, we expand D%/ 20 and

Dom/z’0 as
*(%,u) P (g, u) pt (g u)
Dm/z,oz,u R Dm/2—1,0D1,0_ _ 2 Dm/2 20D10 L P, m/2 30 5944
L e e R X 20
Dm0 _ V2(%,um)D1 ()Dm/2 1,0 Vg(%’um)Dl,O Dm/2_2’0 + v (% )Dm/2 3,0 (5.24b)
m Vl(%,um) m+2 Vl(%,um) m+1"~"m+4 v (% um) m—+6 . .

The functions p®(%,w), p*(%,u), v*(%, um) and v*(%, uy,) vanish at u = @ with simple zeros.
Expanding Dm/ 2 ODgn/ 20 With (5.24) yields nine terms, four of which contain two of these functions.
Dividing by w(™ )(um_5 /s2) and taking the limit v — u, these four terms vanish. Four more terms
contain exactly one of the functions p3(%, u), u* (%, u), v3(%2, up,) and v*(Z, uyy,). After the division by
w™ (u,,_s /2), the limit of each term is well-defined and nonzero, and involves fused transfer matrices
evaluated at v = u and shifts thereof. These four terms then cancel pairwise due to the crossing-

symmetry relations in (5.23) and

J(m J(m
2rm o~ m/2, 2 —~ N(27u) . m/2—1 1: V(zaum) .
po (%, u) = (1) (5, Um),  lim —r = = (1) lim ——s——, j =34
? ? u=t W™ (U, _52) u=t W™ (U _572)
(5.25)
The remaining terms combine to
L= lim P2(om, 2, P V(5 ) o (5.26)
u—i wl )(um—5/2) 2 :ul(%7u) Vl(%yum me
+ 74 (m, 5, U)Diéo—l] ng/z_l’oszz_l’o-
With ) ) ) .
— T (m,%,u),u (%7“)7/ (%7um) - _ T (m,%,u) (5 27)
7 :u'l(%7u)yl(%7um)a2(27um—2) ag(zaum—2)a0(um—3)7 .
it follows that 5 110 210
L=1lm —————a' (2, upm_2) D>, | DY D5 5.28
i ) [0} (2, un2) D3| it (5.28)

The function a'(2, t,,_2) has a double zero at u = @, so after dividing by w™ (u,,_s /2), we find that L
vanishes, ending the proof that D™°(u) is regular at u = @ for m even.

The special case m = 3. For m = 3, (4.15d) and (4.15¢) provide two equations for D3%(u). The
results of Section 5.1 confirm that the right-hand sides of these equations are Laurent polynomials in
z = e, The coefficients of D*%(u) in these equations are respectively

o' (3,u) = s(2up ) 2w® (ul/g)w(_l)(ugp)flfz, (5.29a)
al (3,9 — A) = s(2u0)*w® (—uy )@Y (—u_y9) fof-1. (5.29b)
For the mixed boundary conditions, these two have no common zeroes for generic inhomogeneities &)

and D3%(u) is thus a polynomial. For the boundary conditions SS and CC, the only common zeroes
are those arising from w(®) (uy /2) which is equal up to a possible sign to w® (—uy s2)- Thus the only

zeroes to be studied are
A { (r+ %)77 SS,

U=—= 5.30
" * T CC. ( )

2
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To show that D3%(u) is regular at this value, we use (4.36a) and note that u'(3,u) and p*(3,u) have
simple zeros at u = 1. We must then show that

1*(3,0) Dy (@) Dy (@) — 1*(3,2) Dy (@) Dy (@) = 0. (5.31)

This follows directly from the crossing symmetry of D'°(u ) and the relation

D*(q) = (2;()2 u() U plogg). (5.32)

This ends the proof of the polynomiality of D3°(u), and of D™(u) by the inductive argument.

5.3 Polynomiality of D" (u)

In this section, we show the polynomiality of D™"(u) for m,n > 1, assuming that it holds for D™ (u).
Recall also that this property was already established for D1 1( ) in Section 5.1. From (4.15h), the
potential poles of D™"(u) are at the values of u where

Br(m,n,u) = —5(2Uman—2)5(2uam—_2) f (uzm—_2) = 0 . (5.33)
We write down a second formula for D""(u) starting from the T-system relation (4.55) with
(m, k) — (m+n,m):
m+n—1
( H ]:gj) det(m,n)p = det(m+n, 0) det(n,0)2mt+2 —det(m+n+1,0)gdet(n —1,0)2m+2 . (5.34)

j=m
Reformulated in terms of fused transfer matrices, it reads

0 (myn,u) DG = 0P (myn,u) DG Dy — i (myn,w) Dy T DLLS L (5.35)

with
n*(m,n,u) (H (ko 39 )(H W(tha; 1 /9 ) 5(2um—3)5(2u2m+2n)0(Ugmian—1/2) fomron , (5.36a)

n*(m,n, u) = 8(2um+n—3)3(2u2m+n) ) (g 52) 0™ (U 12) (5.36Db)

W™ (U n3/0) - (5.36¢)

This relation holds for m,n > 1 with the convention D%O — fr_3fr_od used for the special case n = 1.
Having established in Section 5.2 the polynomiality of the transfer matrices D™ (u) with m > 1, we
conclude that the right side of (5.35) is also a Laurent polynomial. It can then be checked that the
intersection of the zeros of B'(m,n,u) and n'(m,n,u) is empty for generic values of A, for all m,n > 1.
This ends the proof that D" (u) is a Laurent polynomial in z = e®.

(m+n+1)(

?73(77% n, u) = 3(2um+n—1)3(2u2m+n—2)w um+n—3/2)

6 Closure at roots of unity

For generic values of A, the fusion hierarchy, T-system and Y -system are infinite systems of equations.
In this section, we fix the crossing parameter to rational multiples of 7
(b —a)
26
for which these systems close finitely. The main result of this section, stated in Section 6.1, is the
closure relation for the fusion hierarchy. There, we also give the strategy of the proof, which is then the
topic of Sections 6.2 to 6.4. Finally, Section 6.5 shows that the Y-system also closes finitely at roots of
unity.

A=Xgp = ged(a,b) =1, (6.1)
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6.1 Results and skeleton of the proof

A closure relation for the fusion hierarchy is a linear relation between fused transfer matrices. The
following theorem gives these relations for the Ag) loop model on the strip.

THEOREM 6.1. For A = X\, p, with b > 2, the fusion hierarchy is finite, namely Db’o(u) can be expressed
as a linear combination of D™"(u) with m 4+n < b. For b > 2, the closure relation reads
b,0 b—2,1
w@ (u_s/2) f-1Dy" — ’w(l)(u—s/z)Dz ’

0@ (u_g9) Y (uy j5) f3 D5° (6.22)

_l’_

w(u_7/2) w(u_ 5/2) w(u_ 5/2) w(u_ 3/2) w(u_ 1/2)
=w(u_5/2)(U =2V)f-3f-af1r1,

and for b =2
(a) 20 _ @ MW= 01 _ _
W (u_s2)Dy" — w' (u_sjp)w' (—ugp)w(u_yjp) Dy = w(u_ss)(U —2V)f3faxI,  (6.2b)

where
— b—1

H W(ugj41/2)w(Ugj43/2)s Vi(u) = | | w(ugjrse)wlugsiyz), (6.2c)
=0 =0

and

(6.2d)

-3 mixed.

B { (—1)a_1(2 + (—1)b) identical,

The relation (6.2) holds for b = 3 with D?l’o — fi1faol.

This result thus holds for all four choices of boundary conditions. A proof of the theorem follows in
Sections 6.2 to 6.4. The rest of this section presents the skeleton of this proof.

First we note that (6.2a) is an equality between centered Laurent polynomials in z = e/ of maximal
degree 6N +2b+1 and 6V, for identical and mixed boundary conditions respectively. Using the strategy
outlined at the end of Section 3.3, it thus suffices to check that the identity holds for 12NV 4 4b+ 3 and
12N + 1 values of z, respectively.

An important simplification arises from the fact that the closure relation can be written in terms
of the determinants as

det(b,0)0 — F_sdet(b —2,1)s + F_sF _1Fodet(b —3,0)s = A(U — 2V) kI (6.3)
with
21 b—1
= H s(2u;) f; H W(Ugp1/2)W(Ugt3)2)- (6.4)
=0 =0

We then define
Po = det(b,0)g — F_odet(b—2,1)9 + F _oF _1Fpdet(b— 3,0)q, Jo=AU-2V)rI, (6.5)

so that the closure equation reads Py = Jo. This equation is also an equality between Laurent
polynomials, whose degrees are however larger than the ones given above for (6.2a). We will show in
Section 6.2 that for A = Agp, P(u) and J (u) satisfy the periodicity and crossing symmetries

P(u) = P(u+2X) = P(BA — 2bA — u), T (u) =T (u+2X) = T (BN — 2bX\ — u). (6.6)
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These symmetries turn out to be useful to reduce the number of points where (6.2a) needs to be
evaluated. Indeed, dividing both sides of (6.2a) by w(u_s/2)f-3f-2f-1, we see that the equation we
want to prove reduces to

1
(@) DO — ph-21
WU - w (u_
w(u_s2)f-3f-2f-1 (u—s/2)f-1Dy (u_s/2) Dy
+ w(u_7/2)w(u_s/g)w(u_5/2)w(u_g/Q)w(U_l/Q)w(a) (U—s/z)w(_l) (ul/g)f_gDZ_g’O 6.7)
=(U-2V)klI.

We readily observe that the right-hand side is invariant under shifts of 2X. The same applies to the
left-hand side, as it can be expressed as P(u)/A(u), with both factors individually invariant under
shifts of 2.

The left-hand side of (6.7) has a non-trivial denominator, letting us believe that it may have
poles at values of u where w(u_s/2)f-3f-2f-1 = 0. But it is clear that it has no poles at values of
u where w(u_y/2)fofi = 0. Once (6.6) is established, we know that the left-hand side is periodic
in uw with period 2\, and thus deduce that it has no poles at all, including at the zeros of the
denominator w(u_s/9)f-3f-2f-1. This equivalently implies that (6.2a) holds at all values where
w(u_s2)f-3f-2f-1 = 0. We conclude that (6.7) is an equality of Laurent polynomials of degree width
4b for SS and CC boundary conditions, and of degree width 0 for SC and CS boundary conditions. To
prove the equation, we must show that it holds for 4b 4+ 1 and 1 values of z, for identical and mixed
boundary conditions, respectively. In Section 6.3, we will prove, for the identical cases, that (6.7) holds
at 4b finite values of u corresponding to 4b distinct values of z = e!*. The last evaluation point, needed
for both the identical and mixed cases, is the braid limit © — ico, corresponding to z = 0. This will be
the topic of Section 6.4, and will then end the proof of the theorem, for all four boundary conditions.

6.2 Symmetries at roots of unity

In this section, we establish the periodicity and crossing properties (6.6) of the functions P(u) and
J (u). The function J (u) is equal to I times a function involving only simple trigonometric functions,
and verifying that it satisfies the two symmetry properties is straightforward. We therefore focus on
the function P(u). We will use repeatedly the symmetries Doy = Dy and Foprp = Fi. Using
(4.32¢) with (m,n) = (b—2,1), we express P(u) as

’P(u) = det(b, 0)0 —F D, det(b — 2, 0)2 + F_4F _3F _o det(b —3, 0)2
+F _oF _1Fodet(b—3,0)4 . (6.8)

We now show the crossing symmetry of P(u). It directly follows from (4.35a) and (4.35d) that
det(b,0)(u) = det(b,0)(5X — 2bA\ — u), so the first term in (6.8) is invariant under u — 5\ — 20\ — w.
For the second term, we have

F(OBN—=2bA —u—2)) = F(u—2X+2b\) = F_o,
DOBA—2bA—u—X) =D(u—A+2b\) =D_; , (6.9)
det(b—2,0)(5A — 2bA — u + 2X) = det(b — 2,0)(5A —2(b — 2)A — (u + 2X)) = det(b —2,0)2 ,

where we used (4.26¢) and (4.26d). We thus see that this second term is also invariant. This is in
contrast with the last two terms of (6.8), which are mapped to one another:

det(b — 3,0)(5X — 26X — u -+ 2)) = det(b— 3,0)(5A — 2(b — 3)A — (u + 4\)) = det(b — 3,0)4(x) . (6.10)
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The same is seen to apply to the prefactors, namely we have
(.7-'_4.7-'_3.7-"_2 det(b — 3, 0)2) (5A — 26X — u) = (.7:_2.7:_1.7:0 det(b — 3, 0)4> () , (6.11)

ending the proof of the crossing symmetry.
To prove the periodicity, we compute Py—P2. The terms proportional to det(b—3,0), immediately
cancel, and we are left with

Po— P2 = det(b, 0)g — F_2D_; det(b —2,0)2 + F_4F_3F_odet(b—3,0)9
— det(b, 0)2 + FoDy det(b -2, 0)4 — FoF1Fo det(b -3, 0)6 . (6.12)

We now expand det(b,0)g using (4.34b). The terms proportional to det(b — 2,0)4 and det(b — 3,0)¢
cancel, resulting in

Po - PQ = D(] det(b — 1, 0)2 — .7:_21)_1 det(b — 2, 0)2
+ F_4F _3F_o det(b — 3, 0)2 — det(b, 0)2 =0, (6.13)

where at the last step we rewrote det(b,0), using (4.34a). This ends the proof of the periodicity of
P(u).

6.3 Evaluations at finite points

In this section, we focus on the SS and CC boundary conditions. Our goal is to prove that the closure
relation holds at 4b distinct values of u that are real and in the interval [0, 27).

Let us suppose that we are able to prove it for some finite value v = u. By the periodicity and
crossing properties (6.6) of P(u) and J(u), we will also have proved the relation for u = @ + 2k,
U+ 2kN+ 7, —u+ (2k+ )X and —u+ (2k + ))A + 7, with £ = 0,...,b — 1. Depending on @ and A,
these may or may not lead to a full set of 4b distinct values of z = e'*. This turns out to depend on the
parity of b — a. For b — a odd, choosing © = ¢\ for a given ¢ € Z does in fact lead to 4b distinct values
of z. In contrast, for b — a even, choosing u = ¢\ for any ¢ € Z only gives 2b distinct values. These can
then be combined to 2b more distinct values obtained from @ = '\ 4- 5 for some ¢’ € Z, leading to a
full set of 4b values.

Thus for the proof, we will show that the closure relation holds for & = (4 —b)A+ 5t with r € {0, 1}.
The cases b = 2 and b = 3 are treated separately in Appendix A.4. For b > 4, we keep A generic for
now and note that*

2(b—2,1,u5)
D215 B( L U2) 1o oy ph-2,0 - 6.14
2 (’LL) 51(1)—2,1,’[72) 2b—1(u) 2 (’LL), ( a)
2(b — 3,74)
Db—s,o ~ _H ( y Ug DL (4 Db—4,0 o). 6.14b
4 (U) Ml(b — 37 a4) 2b—4(u) 4 (U) ( )

The three remaining fused transfer matrices, Dg’o(ﬁ), Dg_z’o(ﬂ) and DZ_4’0(1’Z), are precisely of the
form Dgn’o(ﬁ) with ¥ = (4 —m)A + 5F, for m = b, b— 2, and b — 4 respectively. By (4.43), these tangles

*We note that (6.14b) also works for b = 4, with DS° — fi foI and Zigi:ggz; understood as lim, 3 ngzig,ﬁ;
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are all multiples of I. Let us define

R'(u) = (U 52) /-1 Dg", (6.15a)
R*(u) = —wW (u_s5) D51, (6.15b)
R3(u) = w(u_q2)w(t_s )0 (u_s o) (u_g0) 0 (u_12) 0D (u_z2) 0V (wy2) fs Dy >0, (6.15¢)
RY(u) = w(u_s;p)Uf-3f-af 11, (6.15d)
R*(u) = w(u_5/2)V f-3f-2f-11. (6.15¢)

Using (6.14) and (4.43), we obtain simple expressions for R!(u), R?(u) and R3}(u): RY1) is
proportional to I, whereas R?(4) and R3(%) are respectively proportional to D2b 1 (@) and D;;)O_ 4(1).
This is true for all A. Setting A = A, ;, we remark that

D) (@) = Dy (@) =Dy’ ((b—a+1)%), (6.16)

which follows from periodicity and crossing symmetry. From (4.42b), we see that D;go_l(ﬂ) and

D;bo 4(u) are scalar multiples of I at A = Aqp.
The evaluation of the closure relation at @ then reads

R'(1) + R*(u) + R*(u) = x(R*(w) — 2R*(1)). (6.17)

and checking it amounts to comparing the prefactors of I in R*(@), R*(7) and R3(u) with those in
R*(%) and R’(%). Evaluating the prefactors, one finds

R'(@) = R2(4) = R3(1) = —R*(@) = (~1)""'R°(@),  for b > 4. (6.18)

For b — a even, each R'(%) in fact vanishes, and thus the above equalities hold trivially in this case.
In contrast, for b — a odd, none of the R'(u) vanish. For either parity of b — a, the proof of (6.17) is
trivial using (6.18).

The proof of (6.18) is lengthy but straightforward. To show how it works, let us prove that
R*(W) = (—1)’R®(0). From the definition (6.15), we have

b—1 b—1
Uu) = H W_py2j49/2 W_bt2j4+11/2 > V(u) = H W_py25111/2 W—pt-2j49/2 5 (6.19)
=0 =0

where we use the short-hand notation
wy, = w(kA + ), wy, = w(kA + 5). (6.20)
The proof rests on the identities
Wiop = (—1)"%wg,  Wpyay = (1),  w_g_y = —wydy, (6.21)

valid for both SS and CC and all k,¢. The first two of these equations hold for A = A, 3, whereas the
last one holds for all A. The first two identities allow us to write

b—1

Hw23+x W24y = H W5/~ 1)+ W25/ —1)+y = H W2/ g—2 W2j/4y—2 (6.22)
J'=0
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for all z,y. Thus we may freely shift the indices of all functions in the products by two. For the
products in (6.19), this yields

b—1
U(u) = H W_py25+1/2 W—p42j+3/2 5 (6.23a)
=0
’ b—1 b—1
V(@) = (-1)° H Wp—2j-11/2 Wp—2j-9/2 = (—1)° H Wy—2(b—1—5/)—11/2 Wp—2(b—1—j7)—9/2
=0 /=0
b—1 b—1
= (=" [T @-ts2j—7/2 w_ps2ji—ss2 = (=1)° [ [ @-psojs1/2 w_pi2j3/2 - (6.23b)
3'=0 §'=0

The two products are thus equal up to the sign (—1)°, confirming that R*(@) = (—1)*R5(@). Showing
that R'(2), R%(4) and R*(@) are equal to —R*(4) then follows three similar paths. For each, one can
show, using the identities f(—u) = f(u) = f(u+ ) and s(—u) = —s(u) = s(u + 7), that all functions
f(u) and s(2uy,) appearing in the functions R (@), R*(2) and R?(4) simplify up to a potential sign. A
finer analysis is needed for the factors w and w, but one can check that they always coincide with those
of R}(%), again up to potential signs. These lengthy checks complete the proof of (6.18). Finally, the
fact that each R'(%) vanishes for b — a even follows from an analysis of the products of w, w functions:
either the argument of a sine function is an integer multiple of 7 or the argument of a cosine function
is an odd integer multiple of 5. This ends the proof of the closure relation at 4b separate values, for
both parities of b — a.

6.4 Evaluation at infinity

This section finishes the proof of the closure relations by taking the braid limit of the four terms in
(6.2a). These are all polynomials in z = e™ of the same degree. Multiplying them with a properly
chosen rational function of e gives a finite result in the limit © — ioo. This rational function will be
chosen as

QAN
r(u) = = = , (6.24)
W' (u_s/3) f-3f-2f-1TT;Z0 v(u2s)
where 7(u) defined in (4.50). This choice ensures that the first term is
lim 7 (u)w® (u_s9) Dy’ (u) = DY, (6.25)

u—rioco
as introduced in (4.52a), and thus that the limit of the closure relation is non-trivial. With this rational
function r(u), the limit of the other terms are

lim — r(w)w® (u_g) D5 >" (u) = —Di>L,
U—>100

lim 7 (w)w(u_g/o)w(u_s/o ) (u_s/9)o(u_g/9)m(u_y j)w'™ (U—s/z)w(_l)(U1/2)f3DZ_3’O(U) = D530,

U—100
1+2(—1)" identical,
lim r(u)w(u_s/;)(U —2V)f 3f of 1kI = Ab = T x { (—1)° identica

U—100

(6.26)

3 mixed.

The computation of these limits proceeds as in the proof leading to the identities (4.53) for the fusion
hierarchy of braid transfer tangles. The problem is thus reduced to proving that the braid transfer
tangles satisfy
b,0 b—2,1 b—3,0 b
D' — D)5+ D" — A" =0, b>2. (6.27)
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(For the special cases b = 2 and b = 3, this is also true with the conventions D%’ = I and D} = 0.)
The proof of this identity proceeds in several steps: (i) we introduce families of polynomials p,,(x) and
gm(z) related to Chebyshev polynomials and establish a link with the fused transfer matrices; (ii) we
show that one of these polynomials is equal, up to an additive constant, to the left-hand side of (6.27)
with the variable x set to D, — I; (iii) we recall that the tangle D is a central element of dTLy(f)
and discuss its minimal polynomial in the regular representation of this algebra; (iv) we show that the
determinant obtained in (ii) has this minimal polynomial as a factor, thus confirming that the left-hand
side of (6.27) is equal to zero.

Let pp,(z) with m > 1 and ¢, (x) with m > 3 be the polynomials in z defined as the following
m X m determinants:

z 1 0 0 0 z 1 0 0 1
1 =z 1 0 0 1 1 0 0
1 = ... 00 01 = ... 00
pm($) = SR <o Qm(x) = I I (6'28)
0O 00 ... =z 1 000 ... z 1
0O 00 ... 1 «x 1 0 0 1 =«

By expanding the determinants along the first line, they are seen to satisfy the recurrence relations

pm(T) = 2pm—1(2) — Pm—2(®),  @n(2) = Pm(®) — pm—2(z) —2(=1)",  m >3, (6.29)
The solutions are written in terms of Chebyshev polynomials as
pm($) = Um(%)v Qm(x) = 2Tm(%) - 2(_1)m' (6'30)

This then allows us to extend the definition of g,,(x) to m =1 and m = 2.

The determinant form of ¢,,(x) was crucial in the study of the dense loop models (see Section 7
of [10]). We now relate the fused braid transfer matrices of the dilute Ag) model to the polynomials
pm(x). First, we note the matrix identity

110 ... 00 z 1 0 0 0

011 ...00 1 1 0 0

001 ... 00 01 =z 0 0

0 0 0 11 0 0 O z 1

0 00 01 0 0 O 1 z
z+1 x+1 1 0 0 0 0
1 z+1 z+1 1 0 0 0
0 1 z+1 41 0 0 0
0 0 1 z+1 ... 0 0 0

O . (631)
0 0 0 0 oo+l 41 1
0 0 0 0 1 z+1 x+1
0 0 0 0 0 1 x

Except for the bottom right entry, this matrix with x+1 — D, is identical to matrix in the expression
(4.54) for D™, Moreover, the first matrix in (6.31) clearly has a unit determinant. By expanding the
determinants of the other two matrices along the last row, we find the simple identity

Dg,o — Dg—LO +pm(DOO _ I) (632)
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This completes step (i).
Step (ii) aims at tying the polynomials ¢, (z) to the left-hand side of (6.27). The relation is
remarkably simple:

0 identical,

>2, (6.33
2(-1)™ — )T mixed, (6.33)

D0 — DI 4 DI - A™ = g, (DX - 1) + {

where we set D0 +— 0 for m = 2. This relation is easily checked for m = 2 and m = 3. The proof
for m > 4 is by induction:

Domo,o . Dgz—ll + DZLO_?”O _ DZZ;O o DOODQZ,_ZO + 2D22—3,0
=D 10— p D730 L oDmA0 1y (2) — (14 2)pm—2(2) + 2pm_3(z)
= qm-1(z) + (1 = 2(=1)")I + pm(z) — (1 + 2)pm—2(x) + 2pm-3(z)
= gm(2) + (1 +2(=1)")1, (6.34)

where x = Do, — I. The inductive hypothesis was used at the third equality, and the relations (6.29)
at the fourth. This ends the proof of (6.33), and therefore of step (ii).

The first two steps translated the statement (6.27) into one involving only the fundamental braid
transfert tangle D, defined in (4.49). Defining the polynomial

0 identical,

2((-1)™—1)  mixed, (6.35)

Qi () = gm(z — 1) + {

we must then show that Qp(x) vanishes for x = D, with A = A,p. It will be so if this polynomial
contains, as a factor, the minimal polynomial of D, or, more precisely, the minimal polynomial P, ()
of its action on the algebra dTLy(3) with § = —2cos4)Agp. In other words, we need to prove that
Pop | Qp. Step (iii) consists in finding all factors that can possibly appear in this minimal polynomial
Py p(z). A key observation is that D is central. A proof of this for a slightly different element of
dTLy(5) is given in Appendix B of [21]. It rests upon relations similar to (4.46) and goes through
without change for D,,. Since it is central, it defines a homomorphism d : M — M on any module M
by multiplication p — Dy, for 4 € M. Such a homomorphism can have only one eigenvalue on an
indecomposable module. Computing this eigenvalue Tﬁl\, on the standard module lev is then a good
idea. Indeed, these standard modules are indecomposable and their quotients by their radicals give a
complete family of isomorphic classes of simple modules. In other words, the eigenvalues of the action
of Dy, on any module M will be among those on the W?V with 0 < d < N. Similar computations were
done before. For example, Section 3.1 of [31] does such a computation for the action of the fundamental
braid transfer matrix for the ordinary Temperley-Lieb algebra TLx (/) on its standard modules. The
computation for D, is similar and gives

—1 identical,

Y% = Doclwg = 1+ 2ccos (A1 +d)),  e= { (6.36)

1 mixed.

Can any of these eigenvalues have multiplicities in the minimal polynomial of D, in the regular
representation? For roots of unity, the answer is yes [21]. For any d that is not critical, there is a
non-zero nilpotent homomorphism from the block of dTLy(3), where D, has the eigenvalue Y%, to
itself. The square of this homomorphism is zero and no other such homomorphisms p can be nilpotent
of a higher order, that is, there exists no homomorphism p such that p’ = 0 but p~! # 0 with i > 2.
For d critical, any indecomposable module on which D, has the eigenvalue Tﬁl\, is in fact irreducible
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and the minimal polynomial of D, on these is simply (z — Tﬁl\,). Summing up, the minimal polynomial
of Dy may only contain factors (z — Y%)! for d critical and (z — Y%)? for d non-critical, but none
with higher powers. In conclusion, the minimal polynomial P, of D, divides the polynomial

1 d critical,

Ry p(7) = H (x —TF)", ng = { (6.37)

D 2 d non-critical,

where A = A, and D is a subset of {0,1,..., N} such that {Y% | d € D} contains all possible
eigenvalues in {T% | 0 < d < N} once and only once. (For N < 2b— 1, the orbit of some non-critical d
will only contain d. In this case, ng = 1 and P, ; divides R, without being equal to it. If N > 2b—1,
then Py, = Rgp.)

The goal of step (iv) is to establish whether the polynomial Qp(z) specified to A = A, contains
the polynomial R, ,(x) as a factor. If it does, then Py | Ryyp | Qp and thus Pyp | Qp as desired. We
rewrite the polynomial @, using (6.33) as

Qu(z) = 2(Ty(3(z — 1)) — €. (6.38)

We must thus check that this polynomial vanishes for « replaced by the eigenvalue Y%, and show that
the multiplicity of such a zero is greater than or equal to its multiplicity ng in R, p(2). Because of
the expression (6.36) for Tﬁiv, it is natural to introduce the change of variables x = 1 4 2ecos ), thus
rewriting

Qp(x) = 2(Th(ecos 0) — €¥) = 26" (Ty(cos ) — 1) = —4e” sin?(3b6). (6.39)

The property Ty(—x) = (—1)"Ty(z) was used at the second equality and the trigonometric formula
Ty(cos §) = cos(bf) at the third one. The evaluation at z = T4, namely at § = 4X\,,(1 + d), gives

Qp(T4) = =4 € sin®((b — a)(1 + d)7), (6.40)

which is clearly zero for any integer d.

The multiplicity of these zeros must be computed for Q,(z) seen as a polynomial in x. Care must
be taken to ensure that the change of variables z — 6 has not introduced spurious multiplicities. To
get the correct multiplicities, we compute

din(x) %in(l + 2ecos ) = beb—
T

B 1sin bd
~ dxdf

e (6.41)
The multiplicity of a zero zg is larger than one if and only if Q) (zo) = 0. We see from (6.41) that this
occurs for 0y = 4A(1 + d) if 6y # nw for n € Z. In these cases, taking the second derivative of Qp(z)
reveals that the multiplicity is precisely 2. In contrast, for 6y = nm, Qy(zo) # 0 and the multiplicity of
the zero is 1. Recalling that ¢ = ¢/**~™) and 4y = 27?(5’_7“)(1 + d), we see that the condition 6y = nm
can be written as ¢2(¢t1) = 1. This is precisely the condition for criticality, for which the multiplicities
ng in (6.37) are also equal to one. All zeros of R, are thus among those of Q, (also counting the
multiplicities), and thus R, divides Q. This completes the proof of the closure relation for all four

boundary conditions.

6.5 Closure of the Y-system

In this section, we use the closure of the fusion hierarchy to derive the closure relations of the Y -system.
The first step towards this goal is to derive extra closure relations in the fusion hierarchy, satisfied by
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the transfer matrices Db’k(u) and Dk’b(u)7 for k =1,...,b— 1. For this, it turns out to be simpler to
work with the determinants. The result reads:

det(b, k) = F_odet(b— 2,k + 1) — < H F; ) det(b — 3 — k,0)app4 + Jo det(0, k)o, (6.42a)
j=—2
2k—1
det(k,b)g = Fop_1 det(k +1,b — 2)g — < II 7 ) det(0,b — 3 — k)opyo + T 1 det(k,0)9,  (6.42b)
j=-3

where we recall the definition (6.5) of J(u). The closure relations for det(b, k)¢ are proven inductively
from the same relation for det(b,0)q following the arguments of Proposition B.3 of [17]. The closure
relations (6.42b) are then directly obtained by applying the crossing symmetry to (6.42a).

The second step is to derive the following quartic relation:

(det(b—1,0)0det(0,b — 1)g — F_oF _gdet(b — 2,0)2 det(0,b — 2)o)
x (det(b—1,0)2 det(0,b — 1)g — F_oF_q det(b — 2,0)5 det(0,b — 2)3)

b—2
_ (H J—'gj> det3(0,b — 1)g + Jo det?(0,b — 1)o det(b — 2,0)s (6.43)
§=0
T 1 F_adet(0,b — 1)g det®(b — 2,0) + (F (Hﬂm) det®(b — 2,0)s .
7=0

Its proof follows the same arguments as those in Proposition B.4 of [17]. This relation can be rewritten
as

Toxo  Tilxzo)?  T1=6 Fajm

3
S B 0 (o) (6.44)
[0 F2 [0 F2  I1ZoF2y

(I+dy (I +yo)I +y1) =1+

where
.7:_2 det(b — 2, 0)2

(W) = Gk —1.0);
To factorize the right-hand side, we recall that Jo = x Ag(U —2V), with U(u), V(u) and & introduced
n (6.2c) and A(u) in (6.4), and use the equalities

y(u) = —x_jxp. (6.45)

b—1 — b—a - .
(1) identical,
[ 72 =0 Aol [[Fosm=MV.  MU=0AV, o= _ (6.46)
<o - 1 mixed,
and
1 SS and CC with a odd,
Vv —tan?(bu+ (b—a)%) SS with a even,
U~ ) —cot2(bu+ (b— a)h) CC with a even, (6:47)

1 SC and CS.
With this information, we treat separately the identical and mixed boundary conditions, as well as the

different parities of a and b, and find that the above equation can be nicely rewritten as

I+d5! = (6.48)

(I +@o)(I + 1fpao)? { (—=1)" identical,
Y L=

(I +yo) +yy) 1 mixed,

47



for all parities of a and b. We also have the relation

LoLa U_21+dg_2 _ U_2(I+dg_2)(1+y1)(1+y2)
z V2r4+dyt V2 (T4 x)T 4+ Gax)?

(6.49)

Thus the closed Y-system for A = X\, consists of the relations (4.61) for m = 1,...,b— 2, along with
the relations (6.48) and (6.49).

7 Free energies

In this section, we show how the fusion hierarchy relation for D'!(u) can be used to compute the
bulk and boundary free energies of the homogeneous transfer matrix (whereby §(;) = 0), following the
method of Baxter [32]. This relation reads

B*(1,1,u)Dg"Dy® = 81 (1,1,u) Dy + 8°(1,u)B°(1, —u) 33(1, 1, u)I. (7.1)

The idea consists in noticing that the function 3!(1,1,u) has a zero of degree 2N + 2 at u = 0,
thus rendering the first term on the right side exponentially negligible compared to the second in the
neighbourhood of v = 0. The bulk and boundary free energies for the leading eigenvalues D(u) of
D'%(u) can then be computed from the relation

3 u
DD+ 33 = B0 )8 (1, ) S 1)
— (S(u +20)s(u — 20)s(u + 3N)s(u — 3)\) “ (7.2)

$(6X — 2u)s(6X + 2u) W(3 +u)w(3 —u
sgg)\ — gu;sgg)\ 1 zu; w(g;\ iuiwi%‘ _ u)w(% + u)w(% - u)w(% + u)w(% —u).

Writing log D(u) ~ —2N fuu(uw) — fody(u), we identify together the different orders in N and write

Jouk () + fouk(u + 3X) = —log (s(u +2\)s(u — 2X\)s(u + 3\)s(u — 3)\)), (7.3a)
$(6X — 2u)s(6A + 2u) W(5 +u)w(5 — u)
$(2A = 2u)s(2A + 2u) (3 + w)w(3 — )

fbdy(u) + fbdy(u + 3/\) = - IOg (73b)

X w(% + u)w(% — u)w(% + u)w(% —u)|.

We may now solve these relations using Fourier transforms and assuming that the function D(u) is
analytic and non-zero in the strip 0 < Re(u) < 3A. For the bulk free energy, this calculation was done
previously by Warnaar, Batchelor and Nienhuis [28]. For 0 < A < %, the final expression is

Foui(t) = — logsin(2\) sin(3)) — 2 /OO dk sinh[uk] sinh[(3\ — uw)k] cosh[(m — 5A)k] cosh[Ak] '

. Jsinh(k) cosh (37k) (74)

Let us now solve (7.3b) for fiqy(u), starting with the mixed boundary conditions for which w(u) =
w(u) = 1. We first study the asymptotic behavior of log D(u) as u — ico. From the form of D(u) as a
centered Laurent polynomial in €%, we deduce that its behavior for u — ioco is given by

—4Niu

log D(u) = log (a_sne + a_(4N_2)e_(4N_2)i“ +...) = —4iuN +loga_4n + ... (7.5)
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with the next terms going to zero in the limit. We thus find that®

for which

: - 4 4 4 4
" 3i\ 1" 3iA
+3) g (y—32) = + —~ - (7.8
S+t =7 sinh?(2y + 6i\)  sinh?(2y — 6i\) sinh?(2y 4 2i\)  sinh?(2y — 2i\) (7:8)
We define the Fourier transform of ¢”(y):

G =5 [ wwegw), @)= [ dkebram). (7.9)

27 — 0 —0o0

With the assumption that fiqy(u) has no zeros in the analyticity strip 0 < Re(u) < 3\, we find

1 [ ~ i
%/ dy e~k g (y &+ 30y = eFIN2G (k). (7.10)
As a result, we have
1 [ - 4 4
2 hka:_/ d —lky< + =
cosh(=5%)G(k) 21 J_ oo ve sinh?(2y + 6i\)  sinh?(2y — 6i)) 1y

4 4
 sinh?(2y + 2i\)  sinh?(2y — 2i)) >
We can compute these integrals using the identity

1 [ , 1 ket
— dy e~ kv =— , e (0,7), 7.12
= e R e MR A (R (7.12)

which is easily obtained from the residue theorem. With v — 7 — ~, we then also have

L[~ - 1 ke k(=)
_ d —iky _ . B
We also give the identity
L[~ - 1 L R (EFY)
_ d —iky _ Cax "
2m /—oo ve COSh2(y:|:i'y) ek _ 17 e ( 2 2)7 (7 )

as it is needed for the boundary conditions SS and CC. Applying this to the four terms in (7.11), we
find after some simplifications
k cosh[(§ — A)k] — cosh[(§ — 3\)k]

Gk) = 2 cosh(3F) sinh(ZF) ' (7.15)

5For SS and CC boundary conditions, the lowest power of D(u) as a Laurent polynomial is e~ (WN+2)iv and in this

case only the second derivative of fuay(u) vanishes, with the first derivative instead given by limy i fiqy (u) = 2.
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The inverse transform is then given by

PN b kel*v  cosh[(F — A\)k] — cosh[(F — 3A)k]
9'(y) = /_OO dk 2cosh(%) 1 Smh(_)
Y kcos(ky) cosh[(§ — A)k] — cosh[(§ — 3\)k]
B /_oo dk 2 cosh(2 k) : s1nh(7) ’ (7.16)

where we used the symmetry of the integrand under kK — —k. Integrating once with respect to y yields

dk

+C. 7.17
—oo  2cosh(3F) sinh(ZF) (7-17)

g/(y) _ /00 sin(k:y) COSh[(% — /\)k;] — COSh[(— _ 3)\)]{7]

We fix the constant C' by imposing that limy_,~ ¢’(y) = 0, see (7.6). Indeed, we have

0 in k' cosh[(Z — A\)E] — cosh[(Z — 3\)E
lim ¢'(y) —C = lim [ d¥ ——— il - GV )
y—oo y=0 ) oo 2ycosh(g") sinh (%)

as the integrand behaves as y 2. We thus conclude that C' = 0. Integrating once more, we find

o) = /oo ” cos(ky)  cosh[(§ — A)k] — cosh[(F — 3\)k] LK (7.19)
—oo  2kcosh(33E) sinh(ZF)
The value of g(?”)‘) can be read off directly from (4 5): g(&) = —log [:EES?;] This can also be

obtained from (7.3b) by noting that 9(31)‘) and g(—3 ) are equal due to crossing symmetry. This fixes
the value of K. After simplification, this yields

B sin(6) °  sinh [(Q +iy)% ] sinh [(— - 1y)ﬁ] cosh[(§ — A)k] — cosh[(§ — 3\)k]
9(y) =~ log [sin(2)\)] + /Oodk 2 k:cosh(?’)‘Tk) 2 ' smh(j)
(7.20)
and finally,

foay(u) = —

[sm ] / dk sinh [%%] sinh [(3X — u)%] cosh[(§ — A)k] — cosh[(§ — 3\)k] '
sin(2 k: cosh(23%) sinh(ZF)
(7.21)
In deriving this result, we applied (7.12) with v = 6, so this result holds for 0 < A < . In Figure 2, we
compare these results with the groundstate eigenvalue D(u) (namely the largest eigenvalue at u = %),
for SC boundary conditions and with A = {5. We see from the pattern of zeros of D(u) that it has no
zeros in the strip 0 < Re(u) < 3X. We also see that the integral formulas for fiui(u) and fiqy(u) nicely
match the numerical data. We find a similar agreement numerically for the CS boundary condition.
For SS boundary conditions, the linear functional relation for fiqy(u) involves more terms on the

right-hand side:

B S(6X — 2u)s(6X + 2u) (3 +u)e(3 —u)
fbdy(u) +fbdy(u+3)\) = —log s(2X — 2u)s(2) + 2u) c(é +u)c(§7)\ ) (7.22)
x s(3 +u)s(3 —u)s(B +u)s(3 — )
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Figure 2: Zeros and free energies for SC boundary conditions with A = 5. Top: the position of

the zeros of D(u) in the complex u-plane for N = 4, with the analyticity strip colored in gray. Left:
the integral formula (7.4) for fpuk(u) in red and its finite-size approximations —ﬁ log D(u) for N =
1,...,5 in blue. Right: the integral formula (7.21) for fyqy(u) in red and its finite-size approximations
—log D(u) — 2N fpuk(u) for N =1,...,5 in blue.

From this expression, the steps are similar to those for the mixed boundary conditions. We provide
only the key steps. The second derivative of g(y) is given by

> k cos(k
i) = [ ar S

0o 2cosh (25%) (7.23)

[cosh[(g — A)k] — cosh[(T — 3)\)K]
sinh(ZF)

As before, the first integration on y replaces the first numerator k cos(ky) by sin(ky) and introduces a
new constant of integration C' which is obtained by computing

oo in k' cosh[(Z — A)E] — cosh[(Z — 30K
lim ¢'(y) — C = lim | dk — >0 kw, =Y 1{] - G =305 (7.24)
y—00 y—=oo | o 2y cosh(z—y) smh(’ly)
cosh(%%l) - cosh(%%/) - cosh[(’r_—f)‘)%/] — cosh[(”_T?’)‘)%’] _
sinh(g—lg)

The value of ¢'(y) = if},q,(u) in the limit u — ico is —2 by the above footnote, and C' must be set to 0.
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Figure 3: Zeros and free energies for SS boundary conditions, with A = {5. Top: the position of the zeros
of D(u) in the complex u-plane for N = 4, with the analyticity strip colored in gray. Left: the integral
formula (7.4) for fuun(u) in red and its finite-size approximations — 5% log D(u) for N = 1,...,5 in blue.

Right: the integral formula (7.25) for the real part of fyqy(u) in red and its finite-size approximations
—log D(u) — 2N fou(uw) for N =1,...,5 in blue.

The final result for the these boundary conditions is thus

sin(6) COS(A) sin(@) sm(ﬂ)
foay(u) = —log [— 2V 2 COS(%) : } (7.25)
o0 sinh(%) sinh [(3\ — u)%] [cosh[(% — A)k] — cosh[(§ — 3\)k]
* /_oo dk kcosh(?’)‘Tk) sinh(%k)
COSh(%) - cosh()‘—Qk) - cosh[L_;)‘)k] - Cosh[L_;”‘)k]
Sinh(’r—zk)

It again holds for 0 < A < §. Asillustrated in Figure 3, our numerical investigations for small N confirm
the analyticity assumptions for the groundstate eigenvalue D(u) and show a good match between the
integral formulas for the free energies and the numerical data. We also note that, for 0 < A < %, the
logarithm on the first line of (7.25) has a negative argument, which implies that f,qy(u) has a non-zero
imaginary part equal to an odd multiple of 7. This is a simple artifact of our choice of normalisation
for D(u), causing it to be negative for 0 < u < 3\ for SS boundary conditions, see for instance (4.5).
As a result, we only plot the real part fyqy(u) in the right panel of Figure 3.
For CC boundary conditions, the functional relation (7.3b) is

S(6A — 2u)s(6\ + 2u) s(%
3

+
s(23 — 2u)s(2X + 2u) 5(3 + (7.26)
+

Jody(u) + fody(u + 3X) = —log

X c(% + u)c(% - u)c(%
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Figure 4: Zeros and free energies for CC boundary conditions, with A\ = {5. Top: the position
of the zeros of D(u) in the complex u-plane for N = 4, with the analyticity strip colored in gray.
Left: the integral formula (7.4) for fuouk(u) in red and its finite-size approximations — & log D(u) for
N = 2,...,5 in blue. Right: the integral formula (7.30) for the real part of fiqy(u) in red and its
finite-size approximations —log D(u) — 2N fuuk(u) for N =2,...,5 in blue.

While it is possible to solve this equation with the same arguments as before, the solution turns out

not to match the numerical data. Indeed, for CC boundary conditions, our numerical explorations

reveal that the groundstate eigenvalue D(u) has a pair of real zeros very close to u = % and u = %

These thus lie inside the strip 0 < Re(u) < 3\, and the condition that D(u) is free of zeros in this
strip is violated. As a result, (7.9) no longer holds, as the argument leading to this identity requires
that we deform the integration path across an area that is free of poles, a condition that does not hold
in the present case. The position of these zeros is not exactly at u = %, %, however they appear to
converge to these positions rapidly as N is increased. To bypass this problem and compute fiay(u) for
CC boundary conditions, it is useful to consider the eigenvalue

7.27
sin(3 — u)sin(3 —u)’ (7.27)
a function that has no zero in the analyticity strip, in the limit N — oco. Its corresponding boundary
free energy satisfies the functional relation

o)

$(6\ — 2u)s(6A + 2u) 0(7)‘ + u)c(% —u) (% + u)c(% + u)
A

R R 5
Foay () + foay(u+ 33) = — log $(2\ — 2u)s(2X + 2u) 8(37 + u)s(2 — u)S(% +u)s(2 —u
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Defining g(y) = ﬁ,dy(iy + %), we find that its second derivative is

/ dk k cos(ky) [cosh[(% — A)k] — cosh[(§ — 3A)E] (7.29)

2 cosh %) smh(—)
N cosh[(T522)k] + cosh[(T52 )k] — cosh(35%) — cosh(25%)
Smh(%)

and the integral formula for fi,qy(u) for CC boundary conditions reads

54) cos (32
e = g O
% ginh [“ | sinh [(3X — u)ﬁ] cosh[(§ — A)k] — cosh[(F — 3\)k]
+/_Oo dk k:cosh(?’)‘Tk) : [ ; smh(—)
N cosh (W) + cosh ((” SNk ) cosh (5>‘k) — cosh (3)‘k)

smh(%)

[smgﬁ)\

\_/\_/

] —log (sin(3 — u) sin(% — u)) (7.30)

and is valid for 0 < A\ < %. One can then check that lim,_is f{)dy(u) = 21 as needed. The second
logarithm in (7.30) gives rise to an imaginary part for u € (%, %)
the poles in ﬁ(u), see (7.27). Only the real part has a physical interpretation. The corresponding
numerical data is given in Figure 4. In addition to the zeros of D(u) lying inside the analyticity strip,
we also see that the convergence of the numerical data for fiuk(u) to its integral formula is much slower
in this case due to the two singularities of fpqy(u). The agreement for Re(fpay(u)) is in contrast very

convincing.

This is due to the presence of

8 Conclusion

In this paper, we studied the commuting transfer matrices of the Ag) model on the strip. The main
results of the article are the fusion hierarchy relations (4.15) defining the fused transfer matrices, their
T-system (4.55), and for \/m € Q the closure relation (6.2) for the hierarchy and the corresponding the
finite Y-systems, consisting of the relations (4.61), (6.48) and (6.49). These formulas and their proofs
turn out to have a much greater complexity than the similar results for the dense loop model or for the
Aéz) model with periodic boundary conditions. This can be traced back to the fact that the solutions
of the boundary Yang-Baxter equation have a non-trivial dependence on the spectral parameter u,
which then causes the fused transfer matrices to have polynomial degrees in e that increase with the
fusion indices. A similar feature in fact arises for the dense loop model with loop segments that can be
attached to the boundaries of the strip, in the context of the two-boundary Temperley-Lieb algebra.
The closure relation in this case is conjectured in Section 5.2 of [11], but remains without proof. We
expect that the methods developed here will apply to this case and lead to a proof of this result.

In contrast, here we provided complete proofs for all the results. These proofs, particularly the
difficult ones for the polynomiality of the fused tangles and their closure relation, indicate how tightly
constrained the definition of the fusion hierarchy is. Despite the substantial length of this text, it is
worth mentioning that our first versions of many proofs were even longer. For example, an alternative
proof of the polynomiality of D™°(u) and D™ (u) relies on their equivalent diagrammatic definitions
with the projectors P™Y and P™! defined in [17]. Moreover, we note that, like for the periodic
Ag) dilute loop models, a diagrammatic definition of D" (u) for m,n > 1 and of the corresponding
projectors P™" is still missing. Finally, we note that unifying the presentation of the hierarchies for
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the four boundary conditions (SS, CC, SC and CS) through the notation of Table 1 was not an easy
task. It reduced the length of the proofs significantly.

We also computed the bulk and boundary free energies using the first fusion hierarchy relations
and the analyticity properties of the groundstate eigenvalues. Their agreement with numerical data,
obtained for small strip lengths N, is striking. In particular, the case of CC boundary conditions
featured zeros inside the analyticity strip and was resolved convincingly. This, of course, raises the
question of which conformal weights arise in the continuum limit of the loop models. The method
of non-linear integral equations, originally developed by Klimper and Pearce in the nineties [24-26],
allows for the computation of the next leading term in the large-N expansion of the eigenvalues. This
term is proportional to 1/N and its coefficient involves the combination ¢ — 24A, where c is the central
charge and A is the conformal weight of the field that the corresponding eigenstate scales to in the
limit. These techniques were recently applied to the groundstate of the loop models in the standard
module with no defects, for the A(ll), Aél) and Ag) models with periodic boundary conditions [27]. For
Ag), these results were found to be consistent with the known values of the central charge in Regimes
I and II. The general formula is [28]

3(m — 4))? )
e — VR Regime 0<A<3,
6(7T B 2)‘)2 . T T
c=4¢ —1 e Regime III:  § <A < 27, (8.1)
3 3(3m —4N)? ) 9
—_ II. = .
5 (=) Regime 3 <A<T

This work should be extended to the same models on the strip, for all four choices of boundary
conditions. In the representation W?VZO, one can expect for the mixed boundary conditions a
groundstate with a non-zero conformal weight A, corresponding to the insertion at infinity of a field
that changes the boundary condition from S to C. For identical boundary conditions, we instead
expect that the groundstate has the weight A = 0, since no boundary condition changing field must
be inserted in this case. The technique of non-linear equations and Rogers dilogarithms should be
applied to confirm this, and subsequently to compute the conformal weights of the groundstates in all
the standard representations Wﬁl\,. A more ambitious project would then be to apply this to the excited
states of the Ag) loop model as well, and thus to compute the properly scaled transfer matrix traces
and express them in terms of characters of representations of the Virasoro algebra. This program is
currently being implemented for the special case of A = 3 corresponding to the model of critical site
percolation on the triangular lattice, with the results to appear soon [33].
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A Proofs of properties of the fused transfer matrices

In this appendix, we collect the technical proofs of some of the properties of the fused transfer matrices.

A.1 Proof of the crossing symmetry of D™"(u) and det(m,n)(u)

This section is devoted to proving the crossing symmetries (4.17a) and (4.35a). We start with the proof
for D™ (u). Together with certain properties of the functions £°(m,n,u), it will imply the crossing
symmetry of both D™"(u) and det(m,n)(u).

The proof of the equality D™°((4 — 2m)A — u) = D%™(u) is by induction on m. The inductive
argument requires that the cases m —1, m —2 and m — 3 be already shown. We thus check the crossing
symmetry for transfer tangles D% (u), D*°(u) and D3°(u) first. The case m = 1 follows readily
from (4.4a) and (4.11). For m = 2, we use the definition (4.15a) for D*°(u) and the evaluation point
% = (4 — 4\ —u = —u. We show that D*%() = D?*%(u) using the definitions of the weights in
(4.15a) and (4.15¢) and the crossing symmetry of DY0(u). For m = 3, proving the crossing symmetry
for D0 (u) requires that we understand the same property for D! (u). Its crossing symmetry follows
from (4.15b), the crossing symmetry of D™?(u), and the fact that the three functions 8%(1,1,u),
t =1,2,3, are invariant under v +— % = —u. Then, the symmetry of D30 (u) is checked using the same
arguments as for D?%(u), with the property just proved for D%t (u).

We now consider m > 4, for which %4 = (4 — 2m)A\ — u. The fusion hierarchies (4.15d) and
(4.15¢) respectively define D™°(u) and D%™(u) and involve the fused transfer matrices D™ % (v)
and Dl’m_2(u2), to which the inductive assumption does not apply. These are replaced by their
definitions (4.15f) and (4.15g):

B (m —2,1,u)Dy "Dy — B3 (m — 2, 1,u)8%(m — 2,u) Dy >

D2 (y) = (mﬁl(m 1w , (A.1a)
Dl’m_z(ug) _ B%(m — 2,1, v)D;ODZ’m‘Q — 33(m —2,1,v)8%m — 2, v)Dg’m_3 7 (A.1D)
B(m —2,1,v)
where, in the second equation, v must be computed following the prescription (4.15g):
v=4-2-2m—-2)A—up=UA-2mA—u=14. (A.2)

Equation (A.1b) provides an example where the operation u — 4 is performed before the shift u — us.
Thus, v is precisely the combination appearing in the crossing symmetry for D™ (u). The expressions
for D™°(u) and D%™(u) become

o (m,u) D™ (u) = |a2(m, u) Dy~ Dy,

3
- 51((; (1” 2u1) m (ﬁQ(m —2,1,u)DI20DY L~ B3 (m —2,1,u)%(m — 2, u)DB”_?”O)] , (A.3a)
o’ (m. ) D" (u) = [0 (m, ) D™ D!

a3, ) oo .
T B m—2.1,4) (ﬁz(m —2,1,4) Dy DY™ 2 — 83 (m — 2,1,9)8°(m — 2,4) DY 3)] . (A.3b)

In both of these equations, the fused matrices on the right-hand side are evaluated at u. We now
evaluate all terms in (A.3a) at 4. All weight functions become exactly equal to those of (A.3b). It
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remains to check that the transfer tangles transform correctly. Here are two examples:

Dy ) = Dg (4 = 2m)A —w) = D (4 = 2(m — 1))A — (u+2X)) = Dy (u)
DY° () = DyO((4 — 2m)A —u+ (2m — 2)A) = Dy°((4 — 2)A —u) = D (u) (A4)

The last equality in each line uses the induction hypothesis with m’ = m — 1 and m’ = 1 respectively.
The proofs for the other matrices is similar. This completes the proof of the crossing symmetry for
D™ (u).
The proof of D" (u) = D™™((4 —2m — 2n)\ — u) for m,n > 0 rests on the following property of
the functions B%:
B (m,n, ) = B'(n,m,u), 1=1,2,3. (A.5)

(We already used this fact to prove the crossing symmetry of Dl’l(u).) This equality requires the
identity f(u) = f(—u) and is clear for all the other weights, as they appear in pairs.

We give the details of the proof for (4.15h) wherein both m,n > 2. The manipulations are similar
for (4.15f) or (4.15g). With (A.5), (4.15h) evaluated at 4% reads

B2(m, n, ) DG () Dy () — B2 (m, o, ) DG~ (3h) Doy 5 (1)
B(m,n. 1)
_ B(nm w) D () Dy () — B3(n, . w) DY () DY () (A6)

/Bl(n7 m7 u)

D" () =

The remaining step is to check that the fused tangles in D" (#) are identical to those appearing in the
definition of D™™(u). Here are two examples, the two others being obtained with similar arguments:

D) = D°((4 — 2m — 2n)X — u) = D0 ((4 — 2m)A — (u + 2n))) = D™ (u) |
DY () = DY™((4 — 2m — 2n)A — u + 2mA) = DY™((4 — 2n)A —u) = DP%(u) . (A7)

The last equality in each line uses D™ 0((4 — 2m/)A — u) = D%™ (u). This ends the proof of the
crossing symmetry (4.17a).

The proof of the crossing symmetry of the determinantal form (4.30a) follows easily. For m,n > 1,
it consists in exchanging m and n in (4.31) and evaluating the result at ¢ = (4 —2m —2n)A —u. Clearly
the two bottom lines of the right-hand side of (4.31) simply get exchanged. So are all the other factors,
except maybe the three factors s(2u4n—2),5(24,, 5) and f(ugm—2). A direct computation shows
that the latter remains invariant under the changes while the two former become —s(2uy,4n—2) and
—5(24h,,, ) respectively. The last step is to use the crossing symmetry of D" (u). This confirms the
crossing symmetry (4.35a) of the determinantal form, for m,n > 1. Note that, by definition of det(0,n)
in (4.27b), the crossing symmetry when one of m and n is zero is actually built in, so nothing has to
be proved. Still the relation (4.28) between det(m, 0)(u) and D™(u) enjoys an invariance similar to
that of (4.31) and it will play a role in the next section.

A.2 Proof of the conjugacy of D"™"(u) and det(m,n)(u)

This section proves the conjugacy properties (4.17d) and (4.35d). We start with the latter:
det(0,m)(u) = det(m,0)(u + \).

By definition, we have det(0,m)(u) = det(m,0)((4 — 2m)A — ). It is thus natural to evaluate the
entries in the determinant det(m,0) at % = (4 — 2m)\ — u. Let k be an arbitrary shift of the spectral
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parameter and v = u + A. The functions D;, and F}, in this determinant become

Dk(u)‘uH(4_2m)A_u =D((4—-2m)A —u+kX) =DBN— (u+ (2m — k — 1))))
U2 D+ (2m — k — DA) = Dopn_o_n(v) , (A.8)
and
Fr(@] s amp = F(A=2m)A —u+ kX)) = F(A = (u+ (2m — k = 3)\))
2D Fut @m — k= 3)A) = Fom_a_i(v) . (A.9)
It follows that
Do(v) Di(v) Fi(v) 0 0
Fo(v) Di(v) Ds(v) 0
det(m,0)(4X —2mA —uw) = | o F,(u) Dy(v) Fom_s ()] - (A.10)
0 0 g Dom-—3(v)
0 0 0 Foma(v) Dom_s(v)

This matrix is the transpose with respect to the anti-diagonal of the one appearing in det(m,0)(v).
Their determinants are equal, and therefore

det(0,m)(u) = det(m,0)((4 — 2m)\ — u) = det(m,0)(v) = det(m,0);(u) . (A.11)

We now argue that the previous result implies the conjugacy property for the fused matrix, namely
D™y + \) = D%™(u). From (A.11), we have

det(m, 0)((5 — 2m)\ — u) = det(m,0)(u) . (A.12)

The product of weights in the expression (4.28) for det (m, 0),(u) is invariant under u + (5 —2m)\ — u.
(This fact can be verified by direct computation. Some signs appear during this computation, but they
all cancel at the end. This invariance is the property alluded to at the end of the previous section.)
From (A.12), the identity D™°((5 — 2m)\ — u) = D™°(u) follows and, by the crossing symmetry
(4.17a), the desired conjugacy property: DT’O(u) = Dg’m(u).

A.3 Proof of the T-system relations

The proof of the T-system relations (4.55) presented in this section is completely analogous to the same
proof given for the periodic case in [17]. The proof is inductive on m and requires that we first check
the seed cases m = 1,2, 3 separately, for all the allowed values of k, namely for £k =0,...,m — 1. For
the proof, we will repeatedly use (4.32) as well as the relations

det(m,n)g = Do det(m — 1,n)y — FoD;det(m — 2,n)y + FoF1Fa2det(m — 3,n)g , (A.13a)
det(m,n)o = Damian—1det(m,n — 1)g — Fomion—3Domyon—2 det(m,n — 2)g

+ -7:2m+2n—5-7:2m+2n—4-7:2m+2n—3 det(m, n — 3)0 . (Al?)b)

These are obtained by expanding the determinant (4.30a) along the first row and the last column,
respectively. We also recall that det(1,0); = Dy and det(0,0), = I.
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It is easy to see that the T-system relation for (m,k) = (m,m — 1) is directly equivalent to the
fusion hierarchy relation (4.32a) with m +— m + 1. As a result, for the seed cases, we need only check
(m, k) =(2,0), (3,0) and (3,1). For (m, k) = (2,0), we have

det(2, 0)0 det(2, 0)2 = (DOD2 — Dl.'F()) det(2, 0)2 = DyD> det(2, 0)2 — D1 Fy (D2D4 — D3.7:2)

=D, (DO det(2, 0)2 — .7:0'D1'D4) + .7:0.7:2('1)1'1)3)
=D, (DO det(2, 0)2 —FoD1 Dy + .7:0.7:1.7:2) + FoFa det(2, 0)1
=D, det(3, 0)0 + FoF> det(O, 2)0 , (A.14)

which is the desired result. For (m, k) = (3,0), we use (A.13a) and find

det(3,0) det(3,0)2 = (Do det(2,0); — FoD1 Dy + FoF1F2) det(3,0)2
= det(2, O)QD() det(3, 0)2 — FoD 1Dy det(3, 0)2 + FoF1F> det(3, 0)2 . (A15)

Here we rewrite Dy det(3, 0)2 using the T-system relation for (m, k) = (2,0) already proven above, and
use (4.32a) for det(3,0)2 in the last term. This yields
det(3,0)o det(3,0)9 = det(2,0)2 (Do det(3,0)2 — FoD;det(2,0)4 + -7:0-7:1-7:21)6)
+ .7:0.7:2.7:4 (D1 det(O, 2)2 — .7:1 det(l, 1)2)
= det(2, 0)2 det(4, 0)0 + FoF2F, det(O, 3)0 R (A.16)
which ends the proof in this case. For (m, k) = (3,1), we have
det(3,0)o det(2,0)s = (Do det(2,0)s — FoD1Dy + FoF1F2) det(2,0)4 . (A.17)

We rewrite the first term using the T-system for (m, k) = (2,0) proven above, and the second term
using the fusion hierarchy relation (4.32a) for det(2,0)4:
det(3, 0)0 det(2, 0)4 =Dy (D4 det(3, 0)2 + FoF, det(O, 2)2) —FoD:1Dy det(2, 0)4
+ FoF1F2(DyDs — D5 F4)
=Dy, (Do det(3,0)2 — FoD1det(2,0)4 + -7:0-7:1-7:21)6)
+ .7:2.7:4 (Do det(O, 2)2 — .7:0.7:11)5)
=Dy det(4,0)o + FoF, det(1,2)0 , (A.18)

ending the proof.

Having proven all the seed cases, we now move on to the general case (m, k). We thus assume that
(4.55) holds for m — 1,m — 2, m — 3 and all corresponding values of k. We expand det(m,0) using
(A.13a) and find

det(m,0) det(m — k,0)2x12 = Do det(m — 1,0)3 det(m — k, 0)oxyo
— D1 Fydet(m — 2,0)4 det(m — k,0)op 42 + FoF1Fadet(m — 3,0)¢ det(m — k, 0)ax42
= Do(det(m — 1,0)g det((m — 1) — (k — 1),0)op,—1)+2),
— D1 Fo(det(m — 2,0) det((m —2) — (k —2),0)a4-2)42),
+ FoF 1 Fa(det(m — 3,0)0 det((m — 3) — (k — 3), 0)0_3)42),, - (A.19)
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For each of the three terms, we use the induction hypothesis and apply the T-system relation for
(m,k) — (m—1,k—1), (m—2,k—2) and (m — 3,k — 3), respectively. To avoid negative indices, we
first consider the case k > 3. In this case, we find

m—2
det(m,0) det(m — k,0)ox10 = ’Dg(det(k‘ —1,m—k)o H Faj + det(m,0)gdet(m —k — 1 O)Qk)
j=k—1

m—3
—leo(det(k?—2,m—k 0 H .7:2 —I—det )odet(m—k‘—l O)Qk 2)4
j=k—2

m—4
—|—.7:'0.7:1.7:2(det(k—3,m— k 0 H -7:2] +det( -2 0)0 det(m k—1 0)2k 4>6

Jj=k-3
m—1
= det(k,m — k)o [ [ F2j + det(m +1,0)g det(m — k — 1,0)2442 - (A.20)
j=k

At the last step, we applied (A.13a) with (m,n) — (k, m —k) to combine the first, third and fifth term,
and the same equation with (m,n) — (m + 1,0) for the other three.
It thus remains to check the cases k =0, kK =1 and k = 2. For k = 2, we find

det(m,0)g det(m — 2,0)g = Dydet(m — 1,0)9 det(m — 2,0)
— D1 Fodet(m — 2,0)4 det(m — 2,0) + FoF1F2det(m — 3,0)¢ det(m — 2,0)g

m—2
= ’D0<det(1, m — 2)g H Faj + det(m,0)q det(m — 3, 0)4)2
j=1

—D17’0<det0m—2 H Foj + det(m —1,0)0det(m—3,0)2>4

+ FoF1Fodet(m — 3,0)g det(m — 2,0)¢

H <D0 det(1,m — 2)s — D1 Fodet(0,m — 2)4 ) +det(m + 1,0)o det(m — 3,0)g

(A.21)

which is the announced result. The only difference with the general case is that we only used two
T-system relations inductively at the second equality. For k = 1, we have

det(m,0)g det(m — 1,0), = Dy det(m — 1,0)2 det(m — 1,0)4
— D Fy det(m — 2, 0)4 det(m -1, 0)4 + FoF1Fo det(m -3, 0)6 det(m —1, 0)4

m—2
= Do(det(o, m — 1)0 H .7:2j + det(m, 0)0 det(m — 2, 0)2)2 — D Fy det(m — 2, 0)4 det(m —1, 0)4

j=0
m—1

+ .7-'0.7-'1.7-'2(det(m —~2,0)4 det(m — 2,0)5 — det(0,m — 2)s [ 7-'2j) , (A.22)
=2

where we applied the T-system relation (4.55) inductively for the first and last terms, with (m,n) —
(m—1,0) and (m —2,0) respectively. Collecting the second, third and fourth terms, we apply (A.13a)
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and find

m—1
det(m, 0)0 det(m —1, 0)4 = H .7:2]' (DO det(O, m — 1)2 — FoF1 det(O, m — 2)4>
j=1
+ det(m + 1,0)o det(m — 2,0)4
m—1
= det(1,m —1)o [] Fz + det(m + 1,0)o det(m — 2,0)4 , (A.23)
j=1

ending the proof for this case.
Finally, for k = 0, we first use (A.13a) and find

det(m,0) det(m,0)2 = Dy det(m — 1,0)2 det(m,0)y — D1Fdet(m — 2,0)4 det(m, 0)2
+ FoF1Fadet(m — 3,0)6 det(m, 0)y
= Dy det(m — 1,0)3 det(m,0),

m—1
_ ’Dl.’Fo<det(m —1,0)2 det(m — 1,0)4 — det(0,m — 1) H j:2j>
j=1
m—1
+ FoF1Fs(det(m — 1,0 det(m — 2,006 — det(1,m — 2), [] ;) . (A24)
=2

At the last equality, we used inductively the T-system relation for (m,n) +— (m — 1,0) and (m — 1,1)
to reexpress the second and third terms, respectively. Collecting the first, second and fourth terms,
which all have a factor of det(m — 1,0)2, we use (A.13a) and find

m—1
det(m, 0) det(m, 0) = det(m + 1,0)g det(m — 1,0)2 + [ ] Fa; (D1 det(0,m — 1)s — Fy det(1,m — 2),)
j=0
m—1
= det(m + 1,0)o det(m — 1,0)3 + det(0,m)o [ Fo;, (A.25)
§=0

ending the proof.

A.4 Closure relations for b =2 and b = 3

In this section, we give more details on the closure relations and their proofs, for b = 2 and b = 3
with identical boundary conditions. We show that these relations hold at u = u = (4 — b)A 4 &, thus
completing the work of Section 6.3 where the proof is presented for b > 4. The arguments are given
separately for (i) b =2, (ii) b = 3 with a odd, and (iii) b = 3 with a even.

The case b = 2. In this case, a is an odd integer and the loop weight is 8 = 2. Following the same
idea as in (6.15), we denote the four terms in the closure relation (6.2b) as S*(u),...,S*(u) in such a
way that it reads

S(u) + 82 (u) = k(S3(u) — 284 (u)), Kk =3. (A.26)
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At X\ = Ay 2, the various functions have the symmetries

D™"(u) = D™"(uq) = D™ (uz + §) fu) = f(—u) = flua) = fuz + 3), (A.27a)
w(u) = —w(ua), w(u) = Cow(uz), (A.27b)
w® (1) = Cw(ug), oM (u) = —pw(u), (A.27¢)
w(—u) = —pw(u), w(—u) = ow(u), (A.27d)
where
(= (D)2 o= { _11 22 (A.28)

We use this information to evaluate each term of the closure relation at # = 2A+ . Using the notation
(6.20), we find

S'(@) =28%(u) = -2 8%(w) = —28(a) = (~1)"" 20w} yuwd o f(G) F (A + F)I, (A.29)

which we use to confirm that (A.26) holds at « = @. In particular, to compute S* (@), one must carefully
use the result (4.43) for generic A and then take the limit A\ — A, 2. Finally, we note that the closure
relation for b = 2 can be rewritten as the quadratic functional relation in D(u)

0 = w(uy2)w(usj2)DoDs + ow(uz ) frf2D1 — ow(uzse)* fofs D3
+3 w(u1/2)w(ug/g)zw(ug)/g)w(u7/2)2f0f1f2f3I. (A30)

The case b = 3 with a odd. In this case, the loop weight is § = 1 and the functions entering the
closure relation (6.2) have the symmetries

D™ (u) = D™" (u3), fu) = f(=u) = f(us), (A.31a)
w(u) = —Cw(us), w(u) = —Cw(us), (A.31b)

w (u) = pw(u), o (u) = —pw(u), (A.31c)
w(—u) = —pw(u), w(—u) = ow(u), (A.31d)

where ( and p are as in (A.28). Using this information, we find that all five terms in the closure relation
vanish at u = A + & with » € {0,1}:

R(a)=0, i=1,...,5. (A.32)
To show this, we first note that exactly one of w(%) or w(%) vanishes at A = A\, 3 with @ odd. Then,
depending of the values of A and r and the choice of boundary conditions, the fact that R*(u) = 0 may
be easy to check due to the vanishing of one of the factors arising explicitly in the definition of this
function. If this factor is w(® (u_s/a) or w(l)(u_5/2), then one must use the symmetries (A.31) to show
that it indeed vanishes. In fact, R*(), R*(%) and R’(%) are always easy to compute in this sense.
For R'(@), when it is not easy to compute, one must instead rewrite D3%(%) with (4.43) to show that
it vanishes. Similarly, in the cases where R?(%) is not straightforward to compute, showing that it
vanishes requires that we carefully apply the limit A — A, 3 to the fusion hierarchy relation (4.15b) for
DY (ay).
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Note that, for b = 3 and a odd, the face operator (3.1) vanishes at u = 0, 7. Moreover, the weights
o(u+ %) and d(u — %) that define the boundary operator in (3.4) are equal up to a sign. This implies
that the renormalised transfer matrix

~ D(u)
Du)=—— A.33

= Fawlug2y (4.3
is a Laurent polynomial in e'*. Its maximal power is 2N/.\ In terms of this matrix, the closure relation
is equivalent to the simple cubic functional relation for D(u)

0=0DoD1D> — foDy— fiD — foDy +4fy f1f21. (A.34)

This is precisely the functional relation studied in [33] for A\ = % corresponding to critical site percolation
on the triangular lattice.

The case b = 3 with a even. In this case, the loop weight is also f = 1. We see from (4.5) that
D(u) vanishes at v = 0, 5. We therefore define the renormalised transfer matrix

Bu) — P

D(u) (A.35)

~ sin2u’
It is a Laurent polynomial in e of maximal power 4N. Of course, these zeroes are particular to b = 3
with a even and, in the computations below, the evaluation on A must thus precede that on w. (This
observation turns out to be crucial for the computation of R?(%).) The various functions in (6.2) have
the symmetries

D™"(u) = D™" (ug), f(u) = f(=u) = f(us), (A.36a)
w(u) = —w(ug), w(u) = —oC w(usg), (A.36b)
w (u) = —C wlus), oW (u) = —pw(u), (A.36¢)
w(—u) = —ow(u), w(—u) = ew(u), (A.36d)
where
SS
C= (-1 o= { L (A37)
Using the short-hand notation (6.20), we find
R'(i) = ~R'(u) = R°(u) = (—I)T’Cw%/zwg’ﬂwgmf(%)f(/\ + 2 f(2A + 51, (A.38a)
R (_1)r+1Cw3 R R
R*(@) = Cwy/pD 3N+ 72) = W—J (s202D(O)D(3) — winf (F)*F O+ 5)°I),
(A.38b)
R3(U) = (=1)"Cw pus ;o f (2N + 55)°F(BA+ 5T (A.38¢)

Here we used (4.43) for R(@) and simplified the terms. Likewise the product of factors for R3(a),
R*(@) and R° (%) were simplified using (A.36). Only R2(7) is not yet in its final form. In Lemma A.1
below, we show that D(0) and D(%) are equal and proportional to the unit I, and we compute the
corresponding prefactor. Inserting these results in (6.17), we find that the identity indeed holds, ending
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the proof of the closure relation at © = u. Finally, we note that the closure relation in this case is
equivalent to the cubic functional relation

0 = 05(2ug)s(2u1)s(2uz) Do D2 Dy (A.39)
+ s(2uo)s(2u2)w(u5/2)2f2f3ﬁ1ﬁ4 - s(2u1)s(2u2)w(u9/2)2f4f5ﬁ0ﬁ3

— 5(2u0)s(2ur)w(u12)? fof1DaDs + w(uy jo)*w(ug o) *w(us o) fo fE 3 31

+ w(ug o) wluge) wlug2)® fo fi 1 fsI + wlug j2)*w(ug o) w(ur 2)° £3 frfaf3 T (A.40)

[Hf]} ( w(usz/z) w(u7/2)2w(u11/2)2 + 2w(u1/2)2w(u5/2)2w(u9/2)2)I.

LEMMA A.1. The renormalized transfer matrix satisfies

D) = D(3) = 355 (W3PS 0)S() — w(3) SN BN)T (A41)

Proor. We give the proof for ﬁ(O), noting that the result will also hold for ﬁ(g) because of crossing
symmetry. To compute D(0), we use L’Hopital’s rule to write

~ 1d 1d -
where D(u) is defined in (4.1). Let us then define
(A.43)
N (A.44a)
(A.44D)

There are two push-through properties. The first, given in (3.13b), has dashed arcs that propagate to
the left. The second, specific to A = A, 3, involves a dashed arc with a gauge operator which is moved
to the right:

I::I R = 8(u_1)s(u1)8(u0)2 HH. (A.45)
O Ug "~...~ "~.
D s

This relation is derived from (3.13b) using (3.15) and the fact that 6A = 7 mod 2w. We apply the
derivative to the right side of (4.1) and use the product rule. The derivative must be applied to each
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of the face and boundary operators, so this produces a total of 2/N 4+ 2 terms: two boundary terms and
2N bulk terms. For each, we use the two push-through properties repeatedly. This yields

H 5(€y +20)s(E) — 2M)s(Eey + 3N)s(Eey) — 3N)
L e+

= 52]) 3 - g(]) k=
Va Va

0 (= IN_j, (A.46)

0+ |3A
SR .

/
1ot
N

where, to get the correct signs, one must remember the sign in (A.42) and another coming from the
derivative of the left boundary triangle. Moverover, we use the notation Iy to denote the identity in
dTLx(8), and ¢1 ® ¢ to denote the horizontal juxtaposition of two elements of dTLy, (8) and dTLy, (5)
that forms an element of dTLy,+n,(83). The remaining diagrams are evaluated as

(A.47a)

N 270 | 4 e | = (5(¢-3)5(62)5(€2)5(€5) — s(€-1)s(€0)%5(€0)) 1. (A.4TD)

These two relations lead to a straightforward check of (A.41) for N = 1. To show this, we use
Ls2N) +3=w(3)’  $s(2\) -5 =-w®)> (A.48)

For N > 1, inserting (A.47b) into (A.46), we find that all terms in the sum cancel pairwise, except for
one contribution from j = 1 and another from j = N. This yields

D(0) = 5(FENFBN + FOF NI = = (FENFEN ~ FOFNL (Ad0)
which is found to be equal to (A.41) after simplification. |
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