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Abstract. A Temperley—Lieb (TL) loop model is a Yang-Baxter integrable
lattice model with nonlocal degrees of freedom. On a strip of width N € N, the
evolution operator is the double-row transfer tangle D(u), an element of the TL
algebra TLy (8) with loop fugacity 5 = 2cos A, A € R. Similarly, on a cylinder, the
single-row transfer tangle T'(u) is an element of the so-called enlarged periodic TL
algebra. The logarithmic minimal models LM (p, p’) comprise a subfamily of the
TL loop models for which the crossing parameter A = (p’ — p)7/p’ is a rational
multiple of 7 parameterized by coprime integers 1 < p < p’. For these special
values, additional symmetries allow for particular degeneracies in the spectra that
account for the logarithmic nature of these theories. For critical dense polymers
LM(1,2), with § =0, D(u) and T (u) satisfy inversion identities that have led to
the exact determination of the eigenvalues in any representation and for arbitrary
finite system size N. The generalization for p’ > 2 takes the form of functional
relations for D(u) and T'(u) of polynomial degree p’. These derive from fusion
hierarchies of commuting transfer tangles D" (u) and T"""(u), where D(u) =
D"“'(u) and T(u) = T""(u). The fused transfer tangles are constructed from
(m,n)-fused face operators involving Wenzl-Jones projectors P, on k = m or
k = n nodes. Some projectors P, are singular for k > p’, but we argue that
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D™"(u) and T"™"(u) are nonsingular for every m,n € N in certain cabled link
state representations. For generic A, we derive the fusion hierarchies and the
associated T- and Y-systems. For the logarithmic theories, the closure of the
fusion hierarchies at n = p’ translates into functional relations of polynomial
degree p’ for D™ (u) and T™" (u). We also derive the closure of the Y-systems for
the logarithmic theories. The T- and Y-systems are the key to exact integrability,
and we observe that the underlying structure of these functional equations relate
to Dynkin diagrams of affine Lie algebras.

Keywords: conformal field theory, loop models and polymers, solvable lattice

models
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1. Introduction

The logarithmic minimal models LM (p,p’) [1], where p,p’ are coprime integers, are a
family of Yang-Baxter integrable models built on the square lattice using the planar
Temperley—Lieb (TL) algebra [2, 3]. These models are loop models that admit nonlocal
degrees of freedom in the form of polymers or connectivities. The first members of
this series include critical dense polymers LM(1,2) [4]-[7] and critical (bond) percolation
LM(2,3) [8]. The motivation for introducing these models was (i) to initiate a lattice
approach to the study of logarithmic conformal field theory (CFT) from the continuum
scaling limit of a Yang-Baxter integrable model, and (ii) to demonstrate that the Jordan
blocks associated with reducible yet indecomposable representations of these theories are
accessible through finite-size lattice calculations. The logarithmic minimal models are
the simplest family of logarithmic CFTs (without extended symmetries), and they are
expected to play the same role for logarithmic CFTs that the rational minimal models [9]
play for rational CFTs. Recent reviews on logarithmic CFT can be found in [10].
Although logarithmic minimal models are not rational and not unitary, they have
many similarities with the rational minimal models M(m,m’), where m, m’ are coprime
integers. The rational minimal models are realized as the continuum scaling limit of the
Yang—Baxter integrable restricted-solid-on-solid (RSOS) lattice models [11, 12]. For the
unitary minimal models M(m, m + 1) [11], a fusion hierarchy of functional equations
satisfied by the periodic single-row transfer matrices of the level n € N fused RSOS
models M(m, m+1),x, was obtained by Bazhanov and Reshetikhin [13]. Working within
a lattice approach, it was shown, by Kliimper and Pearce [14]-[16] and in subsequent
work, that T- and Y-systems are the key to the analytic solution of these theories. The
T-system is solved for the nonuniversal properties of the statistical system such as bulk
free energies [17], boundary and seam free energies [18|, and correlation lengths [19]. The
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Y -system is solved, in the continuum scaling limit, for the universal conformal quantities
such as central charges, conformal dimensions, and characters.

To put T- and Y-systems into historical perspective, it was in the context of the su(2)
unitary minimal models [14]-[16] that the first T-system appeared allowing the associated
Y-system and nonlinear integral equations to be systematically derived and solved for
all excitations. For integrable quantum systems, the T-systems take the form of discrete
classical bilinear Hirota equations [20]. The first Y-systems appeared earlier in the work of
Zamolodchikov [21, 22| in relation to thermodynamic Bethe ansatz equations for massive
scattering theories. T- and Y -systems for theories associated with Lie algebras other than
su(2) were obtained in [23]-[26]. T- and Y-systems appear in many contexts. Recently,
they have been used to study integrable aspects of the AAS/CFT correspondence [27].
A general review article on 7- and Y-systems appears in [28]. Historically, 7- and Y-
systems were first obtained for periodic single-row transfer matrices T""(u). Later, it
was realized, at least for rational CFTs, that Y-systems are universal [29] in the sense
that precisely the same Y-system of equations holds for all topologies and all boundary
conditions. This miracle, the fact that you are solving the same equations, explains why
the same central charge and the same set of conformal weights appear in each topology
with various boundary conditions. For unitary minimal models on the strip in the presence
of boundary conditions, the T- and Y-systems were obtained [30] by working with double-
row transfer matrices D"""(u). In the case of the tricritical Ising model on the strip, the
functional equations have been solved [31] for all conformal boundary conditions and all
excitations, underscoring the power of these methods.

The fused minimal models M(m,m’),x, have a long history of being described, as
CFTs, by models M(M, M’;n) admitting diagonal Goddard—Kent—Olive (GKO) coset
descriptions [32]-[34], where M = M(m,m’) and M’ = M'(m,m’) are integers satisfying
2 < M < M'. It has recently been argued [35] that general logarithmic minimal models
at higher fusion level can similarly be described as diagonal su(2) GKO cosets

P P —P
EM(P,P’;n):COSET( " —2,n>, gcd(P, . ):1,

P—P
1<P<P, nPPEcN, (1.1)
where n is the integer fusion level. The diagonal GKO coset [32]-[34] takes the form

A(l) A(l) " D
( 1 )k@( 1 ) k:£_2’ gcd(ﬁ)i)/) =1, n,]ﬁ,f)/EN, (12)

(Agl))k+n 7 ﬁ/

where k is a fractional fusion level and the subscripts on the affine su(2) current algebra

COSET(k,n):

Agl) denote the respective levels k, n, and k + n. The central charges of the logarithmic
minimal models LM(P, P';n) are

' 3 2 2)(P' — P)?
R L P (n +2)( ) ‘ (1.3)
n+ 2 n?PP’

In [1], the nonfused lattice loop model LM (p,p')1x1 and the corresponding CFT
LM(P,P';1) were studied and both referred to as the logarithmic minimal model
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LM(p,p'). To emphasize the strong relation between the lattice model and the
corresponding CFT, here we write

£M<p7p/)1><l = [’M(Pa P,a 1)7 P =D, Pl :p/' (14)

For n > 1, it has been conjectured in [36] that the theories LM (P, P';n) are realized
on the lattice by n x n fusions built from the elementary logarithmic minimal models
LM(p,p'); that is,

LM, p )nxn = LM(P, P';n) (1.5)

for some P = P(p,p’), P' = P'(p,p’). In particular, for n = 2, the theories are logarithmic
superconformal field theories [36]

LM(p,p)ax2 = LM(P, P';2), P=12p-p|, P =Y, (1.6)

also denoted by LSM(p,p’). The first members of the superconformal series include
superconformal dense polymers LSM(2,3) and superconformal percolation LSM(3,4),
which are lattice models that are expected to be of independent interest in statistical
mechanics. At present, it is not known what relation between P, P’ and p, p’ is required to
make the identification (1.5) valid in general. This is also the case for the fused minimal
models.

According to [35], the coset construction of the general logarithmic minimal
models LM(P, P';n) is completely analogous to the coset construction of the rational
minimal models M(M, M’;n), but based on more complicated representation theories.
Furthermore, the chiral logarithmic minimal models can be described [35] as the
logarithmic limit [37, 38] of the rational minimal models

LM(P,P';n)= lim M(M,M;n), (1.7)

M, M’ 00
M/M'—P/P!

where the limit is taken through a sequence of M, M’ values satisfying
M — M
gcd(M,—) =1, 2<M< M, MM eN. (1.8)
n

It follows that the central charges (1.3) of the logarithmic minimal models are given as
limits of the central charges of the rational minimal models:

’. . ,.
PP — o lim MM (1.9)
M, M’ — oo
M/M'—P/P’

Cc

The coset construction (1.1), along with the logarithmic limit (1.7), makes precise the
sense in which the logarithmic minimal models LM (P, P’; n) are extensions of the rational
minimal models M (M, M';n).

The goal of this paper is to extend the fusion hierarchy and the 7- and Y-systems
to the commuting double-row and single-row transfer matrices of the fused logarithmic
minimal models LM (p, p')nxn. For the case of the double-row transfer matrices on the
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strip, we only consider the simplest vacuum boundary conditions conjugate to the identity
operator. These transfer matrices are not actually matrices but rather diagrammatic
objects (tangles [39, 40]) defined in the corresponding planar TL algebra [2, 3]. Matrix
representations are obtained by acting with these tangles on suitable vector spaces of
link states [1, 36]. Our results mirror the results obtained in [16] for the corresponding
rational RSOS models [11, 12], but here they are established directly in the planar
algebra. Crucially, this ensures that the results are valid for all matrix representations
of the transfer tangles. Since the logarithmic minimal models are su(2) theories, we work
throughout with 7- and Y-systems of the same form as in [16]. Remarkably, we find
that these functional equations hold for arbitrary coprime integers p,p’, and that the
underlying structures are related to the Dynkin diagrams of the affine Lie algebras A;S)_r
Indeed, the determinantal structure of the polynomial functional equations of degree p’
is the same [41] as for the cyclic solid-on-solid (CSOS) models [42]-[44]. In contrast, the
structures of the T- and Y-systems of rational minimal models are related to the Dynkin
diagrams of classical Lie algebras.

The layout of the paper is as follows. Section 1.1 contains notation and functions
used repeatedly throughout the paper. In section 2, we present a brief review of the
ordinary (nonfused) TL loop models. As computations are later carried out in the planar
TL algebras, we first discuss this framework, its relation with linear TL algebras, and
the construction of link state modules for these algebras. We then write down some
fundamental planar identities and define the transfer tangles on the strip and cylinder.
The definition and key properties of Wenzl-Jones projectors are also reviewed.

In section 3, we introduce (m,n)-fused face operators and study their decomposition
in terms of generalized monoids. (The fusion index m should not be confused with the
minimal model label m used above.) The explicit decomposition coefficients generalize
results of [45, 46] for (n, n)-fusion and their computation is deferred to appendix A. Planar
identities similar to the ones in the nonfused case are obtained for the fused faces. The
generalization of the boundary Yang-Baxter equation to the fused setting is nontrivial,
and a proof is presented in appendix B, following ideas developed in [30].

In section 4, we introduce fused transfer tangles. The projectors and fused faces are
well defined for A\ generic, but in general not for \/m rational. However, we show that
the expression for the transfer tangles can alternatively be given by replacing the P,
projectors by effective projectors ), which are well defined for all § € C*. From this, we
argue that singularities of the P, projectors can be eliminated from the transfer tangles.
A key property of the effective projectors is established in appendix C.

In section 5, we argue that singularities of the P,, projectors can also be ignored by
studying representations of the fused TL algebra built from cabled link states explored in
appendix D. These representations are defined for generic A, and we show that, in certain
quotient representations, the limit to rational A/7 is well defined. The corresponding
transfer matrix representations are therefore nonsingular and well defined.

In section 6, we derive the fusion hierarchies satisfied by the transfer tangles on
the strip and cylinder, with lengthy diagrammatic proofs deferred to appendix E. The
corresponding 7T- and Y -systems are subsequently worked out algebraically.

In section 7, we focus on fractional A = (p’ — p)n/p’. For m = n, this corresponds
to the higher-level logarithmic minimal model LM (p,p')nxn. For general n, the fusion
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hierarchies close, and we prove this diagrammatically in appendix F. The closure translates
into functional relations of polynomial degree p’ for the transfer tangles. In the cylinder
case, the closure and functional relations are expressed in terms of the so-called braid
transfer tangle. The closure of the Y-systems is also worked out explicitly.

In section 8, we compare our results for the fusion hierarchies, T-systems, and Y-
systems of the logarithmic minimal models with those obtained previously for rational
models. We find that the fusion hierarchies and 7T-systems coincide with those of the
critical A-D-FE models, as described in [29], but observe that the closure mechanisms of
the fusion hierarchy and Y-systems differ significantly.

Finally, section 9 contains some concluding remarks.

1.1. Notation

For ease of reference, definitions and conventions used repeatedly in the paper are listed
below.

Weight function and shifted spectral parameter:

sin(u + kX)

o - So(uk), up = u+ kA (1.10)

sk(u) ==

Coefficient functions arising from half-arc propagation:

m—1

s—i(u)saqi(—u). (1.11)
=0

Fused transfer tangles with shifted arguments:
D" .= D™"(u+ kM), T,"" :=T™"(u+k\). (1.12)

Renormalized double-row transfer tangles:

n+k—2
Dk = S2k+n— 1 2U— ( H 82]4_1 2U— )> Dz%n (113)

Collapsed transfer and braid transfer tangles:

m,0

D™ (u) = F™ = 1™, T(w) = F"" =1™, (1.14)
D" wy=Fm1=0, T () =F"""=0. (1.15)

Fusion hierarchy coefficient functions:

Ji' = sop1(2u — p (H S—i( sk+mi(u—u)> ) o= ( ] (—i)skj(u)> .

doi:10.1088/1742-5468 /2014 /05 /P05012 7
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T-system coefficient functions:

n+k—1 n+k—1
Vl(sn) = H [t ik ﬁlgn) = H hi hiy. (1.17)
j=k j=k

Fusion closure coefficient functions:

p'—1 p'—1
a:= H fi a = e H hy, 0 :=sNm(p —p)m. (1.18)
=0 =0

2. Temperley—Lieb loop models

Planar TL algebra. The dense loop model with crossing parameter A can be described by
the planar TL algebra [1]-[3] generated by the elementary face operators

X u | := s1(—u) Jf + so(u) \\ . (2.1)

This decomposition is in terms of the two possible internal connectivities, with the
coefficients indicating the corresponding (local Boltzmann) weights. The small quarter
arc in the lower-left corner is a marker indicating the orientation of the diagrams in the
decomposition. The weights are given in terms of the spectral parameter u, where the
chosen normalization in (1.10) requires a real crossing parameter to be of the form

ren(R\Z). (2.2)
The corresponding loop fugacity
B =2cos A = s2(0) (2.3)

is the (nonlocal Boltzmann) weight assigned to a (closed) contractible loop. We note that

Sk(O) = Ug_1 <§>, k € Ny, (24)

where U (z) is the kth Chebyshev polynomial of the second kind.

The elements of the planar TL algebra are called tangles [39, 40], and they are
diagrammatic objects formed by adding or linking together a number of elementary face
operators. Noting that

J = 0 N \ = )\ s 2
AL N L 29
we stress that individual connectivity diagrams are themselves tangles. Tangles are linear
combinations of planar connectivity diagrams with an even number of free nodes connected
by nonintersecting loop segments. Here, a node refers to the midpoint of an edge of an
elementary face operator, and it is said to be free if it is not linked to any other node

doi:10.1088/1742-5468 /2014 /05 /P05012 8
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via the outside of the corresponding box. In the decomposition of a tangle in terms of
connectivity diagrams, closed loops may be formed, but every one of them is replaced by a
multiplicative factor of 3, the loop fugacity. Two tangles are equal if their decompositions
in terms of connectivity diagrams are identical. A tangle with 2n free nodes is called an n-
tangle, and it is a (possibly trivial) linear combination of connectivity diagrams containing
exactly 2n free nodes.

Multiplication of tangles is performed diagrammatically by linking or gluing together
the tangles using nonintersecting loop segments. Here is an example of a 4-tangle, with
its free nodes indicated by black dots, obtained as the product of two 3-tangles:

p—® v—N\

® 2\ \

AN

o

vt (2.6)

[=
G N

where the extra free nodes of the two 3-tangles are indicated in blue. In the decomposition
of this 4-tangle, the particular connectivity diagram

SRSy
\\\/\ jal (2.7)
>
N2
appears with decomposition coefficient
50(2A\)s0(w)so(w)s1(—v)so(u + N)so(v — A) = —Bso(u)s1(u)[s1(—v)]*so(w). (2.8)

The removal of the three closed loops introduces an additional factor of 3.

If the 2n free nodes of an n-tangle can be linked without intersections to 2n distinct
points on a circle encircling the tangle, a direction of transfer can be defined by selecting
n of the free nodes, linked to n consecutive points on the circle, to represent an
instate direction. In this case, the remaining n (likewise consecutive) nodes represent
the corresponding outstate direction. As tangles can also be defined on more complicated
geometries such as annuli and cylinders, the notion of a direction of transfer has to be
adjusted in some cases.

Linear Temperley—Lieb algebras. With the direction of transfer fixed, a planar N-tangle
can be expressed in terms of words of the ordinary (linear) TL algebra

] \4
TLN(B) = <I, ej; ] = 1,...,N - 1>, I= | | | | 9 €j = | | m\ | | ’ (29)
12 3 N 1 Jj g+l N

doi:10.1088/1742-5468 /2014 /05 /P05012 9
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whose defining relations are
IA = Al = A, 6? = /363‘7 €;€;+1€; = €5, €;€; = €;€; (|Z — j| > 1), (210)

where A is any element of TLy(8). Multiplication in the diagrammatic realization is
by vertical concatenation, placing e; atop e; to form the product e;e;, for example. The
diagrammatic realization is faithful in the sense that the ensuing diagrammatic algebra is
isomorphic to the TL algebra.

In the cylinder case, the relevant algebra is the enlarged periodic TL algebra,

EPTLn(a, B) = (1,2, Q" ej35=1,...,N), (2.11)

where the three new generators are realized as

SR P77 SN\ oo

123 123N

with periodic boundary conditions identifying the matching left and right nodes, thereby
forming connectivity diagrams on the surface of a cylinder. The vertical line along which
the identification is taking place is referred to as the wvirtual boundary. The defining
relations of EPTLy(«, §) are given by (2.10) supplemented by

Qe =e;q,
QO =070 =1,
(OFlen) V1= QEN (QFley), (2.13)

QiNeNQ:FN =€n,
EQF'E=aF, E :=eeq...eny_2ey (N even),

where the subscripts are defined modulo N. The parameter « is seen to be the (nonlocal
Boltzmann) weight assigned to noncontractible loops formed around the cylinder. Note
that such loops can only appear for N even. As for the linear TL algebra above, the
diagrammatic realization is faithful in the sense that the ensuing diagrammatic algebra is
isomorphic to the enlarged periodic TL algebra. The enlarged periodic TL algebra is the
quotient of the affine TL algebra [47]-[50] by the last relation in (2.13).

Even though vertical can be chosen as the natural direction of transfer in many of our
considerations, see (2.25) and (2.26) for example, it is often more convenient to work in
the planar or cylindrical setting without reference to any particular direction of transfer.

Link states. A natural way to produce matrix representations of TL algebras is to let the
tangles act on a suitable vector space of link states.

A planar link state on N nodes is a planar diagram that encodes connectivities between
N nodes equally spaced on a horizontal line. It consists of d € {0,..., N} vertical loop
segments (called defects) attached to individual nodes and (N — d)/2 half-arcs, where
N —d = 0mod 2, connecting nodes pairwise by loop segments that live above the horizontal
line and cannot over-arch defects.

We distinguish between planar link states and cylindrical link states. An example of
a planar link state on N = 10 nodes with d = 2 defects is given by

N | m | : (2.14)

doi:10.1088/1742-5468 /2014 /05 /P05012 10
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while an example of a cylindrical link state on N = 10 nodes with d = 4 defects is given
by

N AlllrZ (2.15)

Letting V2 and f/](i, respectively denote the linear spans of planar and cylindrical link
states on N nodes with d defects, we have

N N 3 N
dmVei=(N-d| - | N—-d-2], dmVi=|N-d]|. (2.16)
2 2 2

We say that the planar and cylindrical link states form canonical bases of Vi and Vg,
respectively. To obtain concrete matrix representations, one still has to identify the
subset of link states the tangles are meant to act on, and specify the action itself. A
particularly simple prescription yields the so-called standard modules reviewed in the
following.

Standard modules. Both on the strip and cylinder, the simplest nontrivial modules
are the standard modules. For N fixed, they yield representations of TLy(f) and
EPTLy(a, ) on End(V{) and End(Vd), respectively, with d = 0,..., N subject to
d = N mod 2.

For the strip case, let ¢ be a connectivity (diagrammatic realization of a word) in
TLx(8), and let w be a link state in the canonical basis of V. Viewing w as the instate
(see the discussion following (2.8)), the action of ¢ on w is computed from the composition
diagram obtained by placing w atop ¢ and linking the nodes of w to the N free nodes on
the upper edge of c. If the result is not in V¢, it is readily set to zero. Otherwise, the result
cw is a scalar multiple of a link state in the basis of V&, called the outstate, and the scalar
is given by 8%, where # is the number of (closed) loops in the composition diagram.
By construction, this action preserves the number of defects. It is linearly extended to
any tangle in TLy(8) and any element of V&, and it is well known that it generates
a representation of TLy(8); see [51, 52], for example. The matrix representative of ¢ €
TLx(B) on the standard module with d defects is denoted by p% (c). We illustrate the
action of connectivities on link states in the definition of standard modules on the strip
for N = 10 with the two examples

J

oo .
//r\uﬁ =2 LN AN //muh o (217)

For standard modules on the cylinder, the action of a connectivity ¢ € EPTLy(«, ) on
an element w of the canonical basis of ‘7]% is likewise computed by the connection procedure
described above for the strip case. The result cw is a basis link state in ‘7]% multiplied
by a#(@3#8) where #(a) and #(/3) are the respective numbers of noncontractible and
contractible loops in the ensuing composition diagram, whereas it is zero if defects have
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been annihilated in the diagram. As an illustration, we have

(2.18)

A W WY
AN LA AL

This action defines a representation of EPTLy(«, f). The matrix representative of ¢ €
EPTLy(a, B) on the standard module with d defects is denoted by 5% (c).

Fundamental tangle relations. The face operators enjoy the crossing relations

N P
u | = A=ul = | u | = |A-ul, (2.19)

D V4

commute in the sense that

and satisfy the local inversion relation

G = wiamin S o)

the Yang—Baxter equation (YBE)

v U
u—v P = p U—v D> (2.22)

u v
D D

and the boundary Yang-Baxter equations (BYBEs)

= = : (2.23)

Because only vacuum boundary conditions are considered, the two relations in (2.23) are
simplified versions of the usual BYBE; see for example [1]. In fact, the BYBEs (2.23) are
equivalent to the commutation relation (2.20). The face operators also have the push-
through properties

L/ \

N e (O D Cawaco D). e
C\u (s )C\\ u) (Wi )JKD (224)

which one can regard as rewritings of the local inversion relation (2.21).
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Transfer tangles. On a strip of width N and with trivial boundary conditions, the double-
row transfer tangle D(u) is defined by

B G oy ) o

D D D

N

Similarly, on a cylinder, the single-row transfer tangle T'(u) is defined as

T(u);:- u U U

n b h (2.26)

N

where the periodic boundary conditions identify the left and right edges of T'(u), thereby
forming a band of length N around the cylinder. Strictly speaking, T'(u) is only locally
planar, as it is defined on the surface of a cylinder. Transfer matrices on the strip and
cylinder are obtained by fixing a representation of TLy(5) and EPTLy(«, ). For example,
in the standard representations, the transfer matrices are p% (D (u)) and p% (T'(u)).

From (2.21), (2.22), and (2.23), these tangles can be shown to form distinct commuting
families of tangles [30, 53], in the sense that

[D(u), D(v)] =0, T(u), T(v)] =0, u,v € C, (2.27)

where multiplication is by concatenation of diagrams, placing D(v) atop D(u) in the
product D(u)D(v), for example. Even though D(u) and T'(u) are planar tangles and
hence not matrices, they are occasionally referred to as transfer matrices in the literature.

Crossing symmetry. Following arguments in [30], it can be shown that D(u) is crossing
symmetric in the sense that

D(u) = D(\ — ). (2.28)

The manifestation of crossing symmetry of the cylinder transfer tangle T'(u) requires
the extension of EPTLy(a, ) by a reflection generator R. Due to the periodicity of the
cylinder, we can choose R = R, for any j = 1,..., N, where R; is defined by the relations

Rj ejRj = €j> Rj QR] = Q_l, R2 = 1. (229)

J

Using relations such as e; = Q7 3e, 3, it follows that RyesRy = e_1 = ey_1, and more
generally

RZ’ ejRi = €2i—j, Z,j = 1,...,N, (230)
where it is recalled that e, = ¢, if kK = ¢ mod N. The crossing symmetry then reads
RT(u)R =T\ — u). (2.31)
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Braid transfer tangles and braid limits. The elementary braid tangles are 2-tangles
defined by

: — 671”? Jf + eiﬂg)\ \\ —|— = eiﬂgA Jf + €_i7rg)\ \\ (2.32)

U T (e iy ) L[4 = tim (e iy ) kez,  (2.33)
| u—ico Sk(u) u—+ioco sk(u) A

N

and they satisfy planar relations obtained as braid limits of usual planar identities, such as

& SHES -

We define the braid transfer tangles in terms of these braid 2-tangles as

D s e
| | |

The braid transfer tangles are central elements of TLy(8) and EPTLy(«,f),
respectively [58, 59|, and can be obtained as braid limits of the corresponding transfer
tangles as

eiltr=2/2)\ 2 i eilr=/2\ ¥
F = ulglréo <<W> D(u)), F = ulglréo ((W) T(u)) (2.36)

On standard modules, the braid transfer tangles F' and F' act as scalar multiples of
the identity; that is,

PN(F) =011, p4(F) =011, (2.37)

where
O¢=2(—1)%cos (d+1)A), O =2cos (g(n - A)) (2.38)

are special cases of the expressions in (5.29), while I is the identity matrix of dimension
dim V& or dim V¢, respectively.

Characterization of X\ values. A primary goal of this paper is to find functional relations
satisfied by the transfer tangles D(u) and T(u) when the crossing parameter is a
noninteger rational multiple of 7. In this case, we write

/_
A=Ay = (pp—/p)ﬂ’ ged(p,p) =1, peN, p €Ny, (2.39)
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and we refer to these A values as fractional. Accordingly, the values A € 7(R\Q) are referred
to as generic. The logarithmic minimal models LM (p,p’) [1] are defined for fractional
A = A, for which 1 <p < p" and are the focus of section 7, in particular.

For A = \,1 € 7Z, the weights in (2.2) diverge. After these divergencies are removed
by a renormalization of the face operator, the relative weight of the two connectivity
diagrams in (2.1) is simply +1, since so(u) and s;(—u) are equal up to a sign for \ € 7Z.
In this case, one can show that D(u) is merely a scalar multiple of the identity tangle

r=| |- (2.40)

while the periodic transfer tangle T'(u) is a scalar multiple of the single-row braid transfer
tangle F. We view these as trivial functional relations of degree p’ = 1. As already indicated
in (2.2), crossing parameters of the form A € 7Z are therefore excluded in the remainder
of this paper.

Wenzl-Jones projectors. Let A be generic. The Wenzl-Jones (WJ) projector P, [40, 54,
55] is an n-tangle

P, =@, neN, (2.41)

defined recursively by

o - ) - , . (2.42)
The first nontrivial examples are
-5 = (23)
and
== | |25 (R R) g RN (2.44)

The WJ projectors have many remarkable properties. In particular, as an element of
TL,(B), P, is indeed a projector; that is,

= . (2.45)

Second, P, is a half-arc annihilator in the sense that, if two adjacent nodes from the top
edge (or bottom edge) are connected by a half-arc, the resulting diagram vanishes as

| = 0. (2.46)

These two properties are used in the definition of fused loop models in section 3, and
repeatedly in the planar computations of appendices E and F. Moreover, P, is the
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unique n-tangle with properties (2.45) and (2.46). Two other important properties of
WJ projectors are

O - T - CEd m<n (2.47)

and

_ 57;(1(%’) =) (2.48)

Finally, P, can be realized in terms of face operators as

_ 1 _ sk(0)
<k> N Sk+1(0) @ - @ B Skil(o) @ (249)

For A\ = )\, s, the recursive definition (2.42) of P, is well defined for n € {1,...,
p' — 1}, but breaks down for n = p/, since s,(0) = 0. In certain contexts, one can
circumvent the nonexistence of WJ projectors and still perform the corresponding
projection operations. For example, the general construction of boundary conditions in
logarithmic minimal models [1] involves projection operations which can be handled
by so-called generalized TL projectors [6]. In the remainder of this section, we
only consider A for which the participating projectors exist. Later, we will need to
handle situations where some projectors do not exist. Thus, in sections 4 and 5,
we will discuss how to implement the relevant properties of certain projectors for
general A and, following [6], why we may ignore certain other projectors in our
analyses.

3. Fused Temperley—Lieb loop models

In this section, we construct fused face operators and write down the generalized planar
identities. The parameter A is taken to be generic, so that the projectors P,, and P, exist
for all m and n.

3.1. Fused face operators

Definition of fusion. Fusion of m x n blocks of loop faces is implemented diagrammatically
by (i) forming a rectangular array of m by n elementary face operators with spectral
parameters as in (3.1), and (ii) applying P,, and P, projectors along the horizontal and
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vertical edges, respectively. The ensuing (m,n)-fused face operator is thus the (m + n)-
tangle given by

[ m ]
Un—m| --- coe [ Un—2 [ Un—
N N N
(m,n)
= n (3.1)
K
U2—m cooa coo uo Ul
N N N
Ul—m 500 00 o U— UuQ
LN N N =
[ m ]

A fused face with the small orientation-indicating quarter circle drawn in the lower-right,
upper-right, or upper-left corner corresponds to a counterclockwise rotation by 90°, 180°,
or 270°, respectively, of the diagram in (3.1).

We mention that fused face operators can be scaled by a factor n”™" that removes
overall poles and zeroes; see for example [29]. However, the absence of such normalization
factors makes the planar computations in appendices E and F slightly less cumbersome.
A discussion of our results with the factors included is presented in section 8.

If an internal arc beginning and ending on the same edge appears in a configuration in
the decomposition of the mn elementary face operators in (3.1), then there must be a small
half-arc connecting neighbouring nodes somewhere along that edge, and the configuration
has weight zero due to property (2.46) of the WJ projectors. The fusion procedure thus
projects out all faces with an internal arc attached to a single projector along the edges.

A simplified albeit asymmetric realization of the (m,n)-fused face is obtained by
removing the P, projector acting on the right and the P, projector acting on the top of the
fused block. Indeed, if these projectors are expanded in terms of connectivity diagrams,
every one of these diagrams but I (which is always present in the decomposition of a WJ
projector) contains one or more half-arcs that propagate through the fused face (because
of the push-through properties (2.24)) to eventually be annihilated by the projectors at
the bottom or to the left, by property (2.46). The only remaining connectivity diagram
is I and, from property (2.45) or (2.49) of the projector, it readily follows that its weight
is 1. This implies that the original and simplified realizations are in fact equal as tangles,

[ m ]
Up—m| --- cee | Un—2 | Up— Un—m| --- s | Un—2 | Upn—
N N N N N N
’u,z_,rn uo Ul Ug_,rn uo Ul
N N N N N N
U/147n Ufl ’uo Ul% Ufl uo
N N N — N N N
[ m ] [ m ]

doi:10.1088/1742-5468 /2014 /05 /P05012 17


http://dx.doi.org/10.1088/1742-5468/2014/05/P05012

Fusion hierarchies, T-systems, and Y-systems of logarithmic minimal models

Monoid decomposition. An (m,n)-fused face can be written as a linear combination of
min(m,n) + 1 generalized monoids, labelled by a € {0,1,..., min(m, n)}, and given by

&
(3
Xmin )\ ‘ (3.3)
a = Q) (m>mn),
&

where the diagram X" for m < n is obtained by performing a left-right reflection of
the diagram in (3.3) and interchanging m and n in the reflected diagram. The details of
this decomposition is the content of the following proposition whose proof is presented in
appendix A.

Proposition 3.1. The decomposition of an (m,n)-fused face in terms of generalized
monoids 1s given by

@ = gt X, r :=min(m,n), (3.4)
= a=0
where

QM a Sr_ji1 0 a—1 Snrii (U . m—1n—1
azn’n = (—1)(m+n)a <H SJT)()> (H ﬁ)’ oy = H H si,jH(—u).

j=1 i=0 Sm—i i=0 j=0

(3.5)

For example, in the nonfused case where m = n = 1, we simply have

Xé’1=<8> Xl“i@ o' =si(u), ot = s, (36)

corresponding to the decomposition (2.1) of the elementary face operators, while in the
case of (2,2)-fused faces, the decomposition reads

= s_1(u)so(u) (s_g(u)s_l(u)X§’2 — 63_1(u)so(u)X12’2 + So(u)sl(u)X§’2>, (3.7)

V.

and it involves the three generalized monoids
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Along with the corresponding coefficients a2, diagrams similar to (3.8) were introduced
in [45] and later generalized to the n x n case in [46]. The (2, 2)-fused loop model and its
conformal properties are investigated in [36].

Fused planar identities. The (m + n)-tangle
|

acts from below as the identity on the generalized monoid X", while /™™ acts as the
identity from above; that is,

Jmen

(3.9)

ST

[T = X — X g =01, (3.10)

When m = n, we have X" = ™™,

The fused face operators satisfy generalized versions of the various identities for the
elementary 1 x 1 boxes discussed in section 2. The generalized YBEs and crossing relations
are thus discussed in sections 3.2 and 3.3, while here we note the local inversion relation

— gmvn(u) , gm,n(u) Z:Ti_[ ﬁ Sj— z+1 Sz j+1(_u)> (311)

where the diagram to the right represents the identity tangle /™" in (3.9) rotated by
90° in the counterclockwise direction. Pairs of half-arcs as in the diagram to the left
in (3.11) will be used to indicate that multiple half-arcs connect the fused faces. In the
concrete example in (3.11), the upper and lower pairs represent m and n nested half-arcs,
respectively. Another example of multiple half-arcs is given by comparing equations (4.3)
and (4.10) below.

The extension of the push-through properties (2.24) to the (m, 1)-fused faces is given by

7] |T|

3 % 2

\ml =q"(u) r =q"(u) ) \ml =q¢™(uy) \ =q"(u) =1, (3.12
o \ = )

where ¢™(u) is defined in (1.11).

g

¥
Ex\

3.2. Yang—-Baxter equations

The YBE for fused face operators is

(mm) )
(n,2) v U (n,2)

u—v Py = R u—v > (3.13)
U

(m,n)

D D
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For general £, m, n € N, this identity follows readily from the YBE (2.22) for the elementary
1 x 1 face operators and properties of the projectors. The fused face operators also
satisfy [30] the left and right BYBEs

&® %@ | Q% : ‘@@ o

As in the nonfused case (2.23), the simplicity of the BYBE (3.14) is due to the fact that
we are only considering vacuum boundary conditions. Proofs of (3.14), adapted from [30]
to the present loop model context, are given in appendix B.

3.3. Crossing symmetry

Fused faces of the form (1,n) or (m, 1) decompose in terms of two generalized monoids
only. This is merely a special case of the more general situation where a vertical array of
elementary faces sandwiched between two P, projectors decomposes as

o] 1 \JT 1/ I

nf 1 e :jl;[lso(v(j)) n\\n —|—j1;[131(—v(j)) an" (3.15)
1] Sawl Al

It readily follows that fusion of single columns or rows yields fully symmetric functions of
the spectral parameters,

ool [wm]]

N N

W b= B (w®, . w™) =P, ™), (316)
e )

N — —N —

where the face weights are related by a permutation operator P, on n items. Similar
relations obviously hold for horizontal arrays of elementary faces. As an immediate
consequence, we have the crossing relation

) am

w | = | u | (3.17)

N

Generally, the fused faces enjoy the crossing relations

Y P

(m.m) (n,m) (m.m) (nm)
u | = | A-ul = | u | = |A-ul (3.18)

D V4

To prove the crossing relations for m > 1, extra projectors are inserted inside the fused
faces. This is made possible because of the push-through properties (2.24) and property
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(2.46) of the WJ projectors. The proof then uses the crossing property already established
for (1,n), from which the similar results for (m, 1) follow. For example, for (m,n) = (2, 3),

2 2 2
Ul (%) Ul u9 U_— uo
D D D D D D
(2,3)
U = 3| Uo up 13| = 3] Uo 3] U1 3] = (3] Uo |3] U1 |3
D N N N N N N
U— | ug U— U Ul U
o D - o = - o — -
L2 1 L2 1 L2 1
(3.19)
2 2
U | ug A—u_g| A—ug
N N Va Va
—_ I3l wo [ w1 [3] _ [B[r—uwo|r-wf3] _ |&?
o N N B ya ya = Ayl
A
U1 U A—u1|A—us2
D D — — Va —
L2 ] L2 ]

This is readily extended from (2,3) to general (m,n), and the remaining equalities in
(3.18) are proved using similar arguments.

4. Transfer tangles

For A\ generic, a set of m cabled strands is obtained by inserting a P,, projector acting on

these m strands,
‘ : ‘
T (4.1)

—_——— —_———
m free m cabled
strands strands

As discussed at the end of section 2, some projectors fail to exist for fractional A\, and, in
this case, an alternative scheme must be used to project out unwanted connections. This
is described in section 5. For now, we keep A generic, and note that, on an array of N sets
of m-cabled strands as in (4.1), the identity tangle is given by

I| B |I | T I|, (4.2)
where the number of P, projectors is N. For m = 1, this reduces to the identity tangle
in (2.40), as I' = I. For m > 1, on the other hand, I" does not act as the identity on
free strands. Instead, it is the identity of the subalgebras FTLy,,(8) C TLnn,(8) and
FEPTLy (v, B) C EPTLyp(a, B) defined in section 5.

T
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4.1. Fused transfer tangles for generic A

For A generic, the multi-row transfer tangles are defined by

(m,n) (m,n) (m,n)

| | v R (7
Dm,n(u) p— (\ N N )
7B e | e || 9GP (4.3)

u u
D D D

and

(m,n) (m,n) (m,n)
T (u):= o u u

N N N (4.4)

N

On the strip, the construction of fused transfer tangles involves an additional fused crossing
parameter, 1 € C. One should note that (i)  only enters in the weight of the face operators
in the top multi-row of D™"(u), and (ii) the transfer tangle still depends on A through
the fugacity of closed loops 5 = 2cos A and the definition (2.1) of the face operators.
This mimics the analogous construction for rational models [30]. For m = 1 and n = 1,
the logarithmic minimal models LM(p,p’) correspond to p = A, but, in general, ;1 may
depend on the fusion indices. For example, the infinite family of higher-level logarithmic
minimal models [35] is believed to correspond to m = n and p = n\. When m = n = 2,
in particular, setting u = 2\ indeed gives rise to logarithmic superconformal minimal
models [36].

It is occasionally convenient to indicate explicitly the dependence on the crossing
parameter A by writing

D™"(u) = D"™"(u, ), T (u) =T""(u, \). (4.5)
It is also observed that D™"(u) and T""(u) have the crossing and periodicity properties

D™ — up—1) = D™"(u), RT™" (A —u)R =T""(u) (4.6)
and

D™ (u + ) = D™"(u), T (u+ 1) = (=)™ T™" (1), (4.7)

where R is the reflection generator appearing in (2.31). For convenience, we recall the
shorthand notations (1.12):

D" .= D™"(u+ kM), T,"" :=T™"(u+k\). (4.8)
Crucially, the transfer tangles (4.3) and (4.4) form two separate commuting families,
[D™"(u), D™ ()] =0, [T™"(w), T™" (v)] = 0. (4.9)
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Using diagrammatic arguments as in [30], this commutativity property follows from
equations (3.11), (3.13), and (3.14).

As a consequence of the crossing relations (2.19) and the push-through properties
(2.24), the multi-row transfer tangles D™"(u) and T"""(u) can be written in terms of
(m, 1)- and (1, m)-fused face operators and a single P, projector:

1,m) | (1,m) (1,m)
il | e
Va Va Va
a,m) | a,m) (1,m) ] (m.1) | (m.1) (m,1)
wpmp|upmp| o | o feams A g (g | o | o s F
Va Va Va N N N
@,m) | (a,m) (1,m) . . .
| P SRR IR P - : : .
D" = I ” T9" = |n . 4.10
0 ] om0 | (m,1) (m,1) 0 (m,1) | (m,1) (m,1) ( . )
Ut |Upea | =0 | oo Juna - 1 Uy soo || coo u
N N N N N N
(m,1) | (m,1) (m,1)
[ %o Uo Uo [C
n LN D D
(m,1) | (m,1) (m,1)
w1 w1 R uy
N N N
(m,1) | (m,1) Gon)
ug U coo || ooo U
D Y D

It is noted that the connections indicated in blue are all single (not multiple) connections.
Using the definition (3.1) in (4.3), push-through properties allow half-arc propagation
towards the left both in the top n and bottom n layers of D™"(u) (=), whereas in
(4.10), half-arcs propagate towards the right in the top fused faces, but towards the left

—_—

in the bottom faces (=).

4.2. Effective projectors and fused transfer tangles for fractional A

It is recalled from section 2 that the WJ projectors fail to exist for some fractional .
However, there is an important distinction between the roles of the WJ projectors P, and
P,, located along the vertical and horizontal interfaces (and edges), respectively, of the
multi-row transfer tangles. We can actually ignore the projectors P,, along the horizontal
interfaces and edges due to the push-through properties and because the transfer tangles
are ultimately meant to act on so-called cabled link states whose characterization will
implement the projection offered by P,,; see section 5. We will therefore not be concerned
with questions about the existence of P,, until section 5.

Regarding P,, the above constructions of the multi-row transfer tangles D™"(u, \)
and T"™"(u, A) are ill defined for some fractional A\. However, as we will discuss below,
there exist alternative expressions for D™"(u, A\) and T""(u, A\) which are manifestly
equivalent to our original definition for generic A\, but are well defined for fractional A as
well (modulo potential issues with P,,). We view these alternative expressions as suitable
starting points for generalizations to fractional A. Alternatively, we could have taken any
of these expressions and used it as our definition of the corresponding strip or cylinder
transfer tangle. In doing so, however, many features and manipulations of the transfer
tangles would become more involved and less transparent. This is why we prefer to work
with the projector dependent constructions of section 4.1.

To appreciate that we can avoid the projector P, in (4.10), we consider the transfer
tangle D""(u) in the case when p = A\, m = 1, and n = 4, where it readily follows from
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(2.42) and the push-through properties that

’LL3 oo US
U2 oo ’(1,2
ul oo U,l U3 P US
D = |(GrreD) || — lotw)a! =)™ {(Et D
’U,3 .o ’LL3 ’U,3 oo ’U,3
g |- - -| U2 Ug |-+ - ug
wy |- Uy
(4.11)
Ug|---|Uo
us |- .-l us Uy |- UL
Uy |-« | us Ug |---| U
N N
[ st o)\ Qe D) - et e o)\ QD
Ug |- -+ Uo Ug |- -| U
N

+[g* (u1)q (us)g* (—u—1)g* (—u)] " T.

It is emphasized that this expression is independent of WJ projectors, and thus it is well
defined for all N € N and 8 € C. It can therefore serve as a definition of Dy* for all
A € m(R\ Z), in particular for fractional .

Effective projectors. For B # 0, there is a neat way to encode the above result for D(l)’4. In
the definition (4.10) of Dy*, one can replace the P, projector, [Z, by the 4-tangle

@ = ||| 5K+ X[+ X)X % (4.2

Indeed, it is readily verified that this prescription correctly reproduces the
decomposition (4.11).

For 8 # 0, this construction extends to general n € N, replacing the WJ projector P,
by the effective projector

Q= @, neN, (4.13)

defined recursively as

oD - G| - @& X, am = |, @ = 11-3 X (419)

Written in terms of elements of TL,(3), @, is simply given by

[n/2] N\"
Qn:I+ Z Z <_B> €j1ej2”'6jk7 (415)

k=1 1< <k <Ljr<n—1
where a < b here means that a < b — 2.
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It is emphasized that, for n > 2, (), is not a projector, as it violates the condition for
property (2.45) of the WJ projectors. It likewise does not have the fundamental properties
(2.46) and (2.47) of the WJ projectors. However, the following proposition, which we prove
in appendix C, states that the expressions (4.10) for Dy"" and T"" are equal to the
corresponding tangles with the projectors P, replaced by @,. This result thus explains
why we refer to the n-tangle @),, as an effective projector.

Proposition 4.1. For X\ generic, the transfer tangles can be expressed in terms of effective
projectors as

(1,m) | (1,m) (1,m)
e v | (OO O s
Ya Ya Ya
(1,m) (1,m) (1,m) A
e o Bl Il L L] i}
4 4 4 h h h
a,m) | (1,m) 1,m)
. wi—p|w—p| 0 | oo fai—p i : : s
D" — Va Va Va T — | .
0 O ot | (o) ) 0 (eat) |[Geai) (m,1)
Un—1 |Una | """ | " [Un—a 7 \7-’41 \Ul \U1 B
N N N
(m,1) [ (m,1) (m,1)
| U [ Uo Uo
h N
n
(m,1) | (m,1) (m,1)
Uy Uy R Uy
N N N
(m,1) | (m,1) (m,1)
U ug RPN ug
wvh N N

(4.16)

Since the expressions (4.16) are based on the effective projector @Q,, they are well
defined for all 5 € C* and can therefore serve as definitions of the transfer tangles for
fractional A for which 2cos A # 0. The argument extends to § = 0 in the following way.
For each tangle in the decomposition (4.15) applied to (4.16), the factor (1/8)* is exactly
cancelled by a factor ¥ coming from closed loops that appear in the simplification of the
tangle. As in (4.11), the decomposition coefficients are thereby rendered nonsingular at
g =0.

As we will discuss in sections 6.1 and 6.2, there exists yet another way, valid for all
A € 1(R\Z), to write D™"(u) and T"" (u) without the use of P,, namely the determinant
forms in (6.4) and (6.7).

Having established that D""(u) in (4.3) and T""(u) in (4.4) for generic A can be
rewritten in a form independent of the projector P,, we may view the transfer tangles for
fractional A = A\, ,, and m < p as

D™ (u,A\py) = lm D™"(u, ), T"" (u, A\py) = lim T"™"(u,\),

/\_>)‘p,p’ >\_>>\p,p,

1<m<p -1, neN, (4.17)

We note that the arguments of these limits are given by projector dependent transfer
tangles. The existence of the limits implies that every coefficient in the decomposition of
these tangles in elementary connectivity diagrams is nonsingular at A = A, ». As already
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indicated, potential issues with the projectors along the horizontal edges disappear for the
fused link state representations pﬁlv’m and ﬁ]dv’m introduced in section 5, so the limits

oo (D™ )] = i gl [P (0, )], mneN  (418)
ﬁ(]i\Cm [T"W'ﬂ(u’ Apm’)} - )\_lgl\n ﬁ?\f,m [Tm’n(uv A)] ) ’ .

p,p’

for the corresponding transfer matrices are well defined for all m,n € N. This further
implies that relations between transfer tangles obtained by diagrammatic manipulations
for A generic are valid for the transfer matrices in the A — A, ,; limit. As we will discuss
in section 7, additional special relations hold for fractional .

4.3. Braid transfer tangles

(m, n)-fused braid operators are defined by

I m | m

= p | S === P | P (419

| m | | m

and they appear in the braid limit of (m, n)-fused faces,

;=2 m—1n—1 i

Il . it S (m.m) . (n,m)
1 = <z];([)j'1;[()Sj—i(uk> o )’ oI = (H H o ) (4.20)

U—100 N U—100 —0 i=0 S;— ] A
Jj=

In terms of these, the fused braid transfer tangles are defined as

mn . B ERN UL I I I
F "( > S TR T o (42

1 I 1
and they appear in the braid limit as

m—1n—1 1(7r A) N
Fm" — i DM
Jm (VI o= ) 29 )

=0 j7=0

molnol i((r-))/2)
- e
F™" = lim - ).
uioe (( Uo jr:[o sj-i(u) ) )
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5. Matrix representations

In this section, we identify states and modules on which the fused transfer tangles can
act. A primary goal is to resolve the issue with the nonexistence of some P,, projectors
for fractional A. Initially, we let A be generic, and we commence by making some algebraic
observations before discussing the construction of states and representations. To build
these for m > 1 and generic A, we adopt the defect-preserving diagrammatic action of
tangles on link states used in the construction of standard modules for m = 1 in section 2.
We conclude by turning our attention to fractional A\, by showing that the P, projectors
play no role in the matrix representations for the transfer tangles.

Transfer tangles without P,, projectors. The push-through properties allow us to write
D™ (u) =IT" D™" (u) I"™, T""(u) = 1" T™" (u) I, (5.1)

where D™"(u) and T"""(u) are identical to (4.3) and (4.4), but with all P,, projectors
removed. That is,

(m,n) | (m,n) (m,n)

el ]| 095 || 200 |prman
3 L — ml ml ul
D7 (u) - C (myn) | (m.n) (mum ) (5.2)

U U
ul ul ul
and
(m.n) | (m,n) (m,n)
Tmn(u) = g u U u E (5 3)
o ul ul
where
Up—m| --- 00 C Un—2 | Up—1
N N N
(m) |
- & (5.4)
L
U2rm | - -- 000 U U1
N N N
Ul—m | - - - 000 U—1 Ug
— N N —

To distinguish these fused faces with projectors only on the left and right, we indicate the
orientation with a small square instead of the usual small arc. In fact, the push-through
properties allow us to simplify (5.1) and write

D™"(u) = I D™"(u), T""(u) = I"T™" (u). (5.5)
We also note that
I"=1, (5.6)
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and that we can elevate the limit (4.18) from matrices to tangles as

D™ (u, ) = )\_lgn /Dm’n(ua A,
T"" (u, \pyy) = lim T""(u, N, m,n € N. (5.7)

)x—))\np/

Fused Temperley—Lieb algebra. Focusing on the situation on the strip, we introduce
FTLy m(B) :== (v € TLnm(B)| 3% € TLym(B) such that x = I™zI™ = I"x), (5.8)
which is a subalgebra of TLy,,(5), since

T1,T9 & FTLN,m(B)
T+ Ty = Im(.fl + jg)Im = Im(i’l + Lf’z) € FTLN,m(ﬁ),

(I I (I3 ™) = I (71 T) I
e {<Imf1)(1m:z2) - I (%,25) - € FTLym(B5).

(5.9)

Tacitly assuming that the direction of transfer is vertical, the transfer tangle D™"(u) is
an element of FTLy,, (/). It is also noted that I" is in the algebra FTLy,,(5), and that
it plays the role of the identity. On the cylinder, we similarly introduce

FEPTLy m(a, B) i= (x € EPTLym(av, B)| 37 € EPTLym(a, )
such that x = I"zI™ = I™Z), (5.10)

which is a subalgebra of EPTLy,,(«, #) and includes T " (u) as one of its elements.

Cabled link states. On the strip, we define an m-cabled link state on Nm nodes with d
defects as a (canonical basis) link state in V&, =~ that does not have a half-arc linking a
pair of nodes located between positions ¢m + 1 and (¢ 4+ 1)m for any ¢ € {0,..., N — 1}.
This generalizes the construction for m = 2 in [36]. The linear span of m-cabled link states
is denoted by V&W and its complement Wf\l,’m in Vi, is generated by the link states
having at least one half-arc linking a pair of nodes located between positions ¢m + 1 and
(¢ + 1)m for some ¢ € {0,..., N — 1}. We illustrate this characterization of link states
with a link state in V% ; and one in V72 5, namely

n|m||Q_lewj3, |mh@ € Vi (5.11)

—— N N—— —— N N——
3 3 3 3 3 3 3 3

As indicated, only the second of these is a 3-cabled link state. It is also noted that the
defect number d is subject to the constraints

0<d<Nm, Nm—d=0mod?2. (5.12)

Similarly on the cylinder, an m-cabled link state on Nm nodes with d defects is
defined as a link state in the canonical basis of Vi, with no half-arc linking, via the
front of the cylinder, two nodes located between positions fm+1 and (¢4 1)m for any ¢ €
{0,..., N —1}. The linear span of these m-cabled link states is denoted by f/]flﬂm, and its
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complement Wﬁ]m in V¢, is generated by the link states having at least one half-arc
linking, via the front of the cylinder, a pair of nodes located between positions ¢m + 1 and
(¢ 4+ 1)m for some ¢ € {0,..., N — 1}. Examples are

m\lmlr\/eﬁﬂ, \m h/fef/o'(‘t;'lzs)
I afhr e e et ot e el

The spaces Vi, . and V&, thus decompose as

xm
V]fl/xm - V]g/',m S W]C\l/,mv Vjiifxm = f/]fl/,m S Wﬁ,m? (514)

and we let Pg,, and 751dv,m be the corresponding matrix projectors from Vi, =~ and

Vi, onto Vi and \N/]fl,,m, respectively. With respect to the decompositions (5.14), these
matrices are of the form

I 0 ~ I 0

It is stressed that the decompositions (5.14) and the matrix projectors are well defined
for all m € N, independently of \.

In appendix D, we prove that the numbers of m-cabled link states on the strip and
cylinder, respectively, for N and d subject to (5.12) are given by

N N ) N
dimVy,, = Nm—-d| —|Nm-d—2]| |, dimV{, = Nm—d| ; (5.16)
2 m 2 m 2 m

see propositions D.1 and D.2. Here, the (m 4+ 1)-nomial coefficients <]l::[) , with k£ €

m
{0,..., Nm}, are defined as the expansion coefficients of the generating function

[go:Zi]N:%(]Z)mzk’ N, m & Ro. (5.17)

k=0

For m = 1,2, these coefficients are recognized as the usual binomial and trinomial
coefficients, respectively. In appendix D, we also discuss how these sets of link states
are related to certain classes of lattice paths.

Generalized standard modules. By construction of the link states in Wg,,, the
diagrammatic action of 2 € FTLy,(5) on w € W§ ., yields zw = 0 due to the presence
of I in x. The space Wﬁ,’m is therefore trivially stable under the action of FTLy ,,(5).
As a similar argument applies in the cylinder case, we can view the quotient spaces

V]flf,m = V]l\ifxm/W]%f,m> v]%,m = V]flfxm/WJC\lf,m (518)
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as vector spaces on which representations of FTLy ,,,(3) and its cylinder counterpart are
built. Decomposing the matrix representative p%.,,(x) of an element z € FTLy,,(3) on
Vi, . with respect to (5.14) as

Honle) = (7 0). (5.19)

the corresponding representation Pﬁiv,m of FTLy ,,(8) on Vﬁjm is obtained by using the
matrix projector Pf,, introduced in (5.15), or equivalently by taking the upper-left matrix
minor M ]C\l,,m of the appropriate size,

PN (@) 7= M [P (2)] = As. (5.20)
From
A A 0)
d T4 T2
m(T122) = , 5.21
PN x ( 1 2) (CmAzz 0 ( )
it readily follows that p%,, is a representation of FTLy,,(3); that is,
pﬁl\f,m(xlah) = A$1A$2 = p(]i\f,m(‘xl)pﬁl\ﬂm(xQ) (522)

In stark contrast, the matrices My, [p%m(®¥)], ¥ € TLym(5), do not constitute
representations of TLyy,,(3) for m > 2.

The construction of matrix representations g4, of FEPTLy(av, () is similar. Thus,
for simplicity, the arguments are given for p‘fv’m only.

Representations for fractional \. Let v be an element of Vi, = and decompose it as
v=1v"+w, v eV, weWg .. (5.23)
From the definition of I, it satisfies
Iy =1 =7+, w' € Wi ., (5.24)
from which it follows that

ol = (g )0 Pl =1, (5.25)

where [ is the identity matrix of size dim Vﬁvm and S is a A-dependent rectangular
matrix that can have singularities for fractional A. Then, for some € FTLy,,(5), the
corresponding T satisfies

_ Aj Bi
p(Jime(x> - (Cx Dz) ) (526)

and, because r = Iz,

I 0\ (A; B;
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This shows that, for fractional A, if Z exists, p%,, () is free of singularities. These
arguments carry over to the cylinder case. We thus conclude that, for the action on
cabled link states, it is equivalent to work with D"""(u) and T"™"(u) instead of the
transfer tangles D™"(u) and T " (u). The expression on the right-hand side of (5.27), in
particular, does not involve any P,, projectors. Furthermore, recalling that the potential
singularities arising from P, projectors were dealt with using the corresponding effective
projectors (), in section 4.2, we see that we can compute matrix representations of the
transfer tangles without employing any projectors at all. It follows that the proposed
matrix representatives of D™"(u) and T"™"(u) are well behaved for all m,n € N and A
generic or fractional alike.

The modules built from the defect-preserving diagrammatic action on Vi . or f/ﬁ,m
resemble the standard modules reviewed in section 2. This class of modules is certainly not
exhaustive, though, as more general modules and representations can be envisaged and
are known to exist for m = 1. For example, representations of TLx (/) where defects can
be annihilated in pairs appear naturally in the study of transfer tangles with nontrivial
boundary conditions [1, 6, 56, 57]. The above construction of matrix representations
without projectors can be extended to this larger class of modules.

As a final remark, we stress that we have defined the cabled link states without the
use of projectors. Although it might seem natural a priori to include projectors in their
definition by considering {I"™v;v € Vi, ..} instead of Vi{ . and similarly on the cylinder,
it is generally not appropriate in scenarios with A = A,,; and m > p'. However, if one
makes specific assumptions about A, (or 3) to ensure the existence of the projector P,
one can of course choose to work with cabled link states defined using these projectors.
This is indeed the situation in [36], where the main focus is on the (2,2)-fused case and
[ is assumed nonvanishing such that P, exists.

Braid transfer matrices. Using arguments as in [58] and [59], one can show that the braid
transfer tangles F™" and F' " are in the centre of FTLy,(3) and FEPTLy n(a, 8),
respectively. They furthermore act as scalar multiples of the identity on Vﬁ%m and Vﬁm,
respectively; that is,

")

=0, (5.28)

n

P E™) =T L, i (F

where [ is the identity matrix of dimension dimV]fl,,m or dimf/]fl,,m, respectively, and the

constants 0% and (52 are real, independent of N and m, and given by

WS (1Y) o, sin (04 1)(d/2)(x — )

n

(5.29)

6. Fusion hierarchies and T- and Y -systems

In this section, we show that, for fixed m and A, the commuting fused transfer tangles
(4.10) with different vertical fusion index n are not all independent. Both on the strip and
cylinder in sections 6.1 and 6.2, we present a set of relations, the fusion hierarchy, relating
transfer tangles with different vertical stacks of face operators. In sections 6.3 and 6.4, we
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then show how the fusion hierarchy in each case translates into T- and Y-systems for the
transfer tangles.

The proofs of propositions 6.1 and 6.2 are provided in appendices E.1 and E.2,
respectively. There, the diagrammatic manipulations in the planar algebra are made for
A generic. However, it is recalled that the barred transfer tangles D™ (u) and T""" (u)
are well defined for all A € 7(R \ Z) (see sections 4.2 and 5). The results presented in the
five propositions 6.1-6.5 for the transfer tangles D™"(u) and T"™"(u) are therefore valid
for the barred transfer tangles for A generic and fractional alike. The results are likewise
valid for the transfer tangles themselves for all fractional A for which P, exists. In all
cases, the results are valid for the corresponding transfer matrices in the representations
discussed in section 5.

6.1. Fusion hierarchy on the strip
Proposition 6.1. On the strip, the fusion hierarchy for m,n € N is given by
Sn(2u — p1)590 1 (2u — p)
Sn—1(2u — 1) 520 (2u — 1)
Sn—2(2u — p1)59n41(2u — p)
S 1 (20 — )50 (20— 1)
where ¢™(u) is defined in (1.11).

m,n ym,1 __ m,n+1
DO Dn - DO

[ () g™ (1 — un—1)|Y D",

(6.1)

In terms of the renormalized transfer tangles b:m defined in (1.13), equation (6.1)
can be expressed as

~ m,n+1 ~ m,n—1

Dy Dy = D)+ frp, Dy (6.2)
where f;* is defined in (1.16) and it is noted that
D" =Dy (ut k), f = f(u kD). (6.3)
Equivalently, we have the determinant expression
D" o0 00
fro DM 0o
D" = 0 g 0 |, (6.4)
00 D", f
o o o g D™

where nontangle entries are understood to be multiplied by I". Likewise, the braid transfer

tangles satisfy

FFetoo 0 0 0
1 F™ 1 0 0
Fm,n-i—l — Fm,nF’m,l . Fm,’n—l — Un+1(%Fm71) — 0 1 0 (65)
0 0 . F™ 1
0 0 0 1 F™!
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where U, (z) are Chebyshev polynomials of the second kind, and the matrix on the right-
hand side has dimension n 4 1. This result for the braid transfer tangles can be shown
either by the diagrammatic arguments underlying proposition 6.1 in section E.1, or by
taking the appropriate braid limit of (6.1) and (6.4).

6.2. Fusion hierarchy on the cylinder

Proposition 6.2. On the cylinder, the fusion hierarchy for m,n € N is given by
Tg Tt = Tg" 4 b, TE (6.6)
where h}' is defined in (1.16).

The general fusion hierarchy can be rewritten in the determinant form

' hm 00 0
e Tt R0 0
Ty ™ =10 hr . .0 | (6.7)
0 o .1 o,
0 o o0 A T

The braid transfer tangles on the cylinder form a hierarchy identical to the one on the
strip (6.5), namely

F"' 1 0 0 0

1 F™ 1 00 0
R E T g 0F™ = 0 1 . . 0 | (68)

o o . F™ 1

o o o 1 F™

6.3. T-systems
From the fusion hierarchy (6.2), we derive the T-system on the strip. This is the content

of the following proposition.
Proposition 6.3. For m,n € N, the T-system on the strip is given by

~ mmn+1l ~mmn—1

D,"D" =Dy DT M, (6.9)
where 1/(()”) is defined in (1.17).

Proof. For n = 1, equation (6.9) is trivially true, as it coincides with (6.2). Following
arguments given in [16], we prove (6.9) recursively. First, we use the commutativity of the
transfer tangles and equation (6.2) to obtain

~ m,n( ~-mmn—1 ~m,l ~ myn—1

s ~ m,n ~.m,l
~ m,nfl) ~ m,n—1

A mn , A mmn :1 m ~ m,n—2 ~ myn+1 m em (610)
D, (D," + fi"fi", D, ) = (D, + [t fate Dy D,
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Rearranging terms and assuming equation (6.9) for n — 1 subsequently gives

~ m,n A~ mmn mn+1 ~.mmn—1 m rm mmn—1 ~-mmn—1 mmn ~.mmn—2
DO Dl D Dl +.f fn 2( Dl _D D )
m,n+1 ~ mn 1 n— m,n+1 ~ mmn—1 n) ym
=Dy 4o = DT DT M (6.11)

as required. N

Taking the appropriate braid limit of the T-system in proposition 6.3 yields the
following T-system for the braid transfer tangles on the strip:

Fren e — Fm,n-i-lFm,n—l + I, (612)

From the fusion hierarchy in proposition 6.2, we derive the T-system on the cylinder.
This is the content of the following proposition.

Proposition 6.4. For m,n € N, the T-system on the cylinder is given by

T = ettt g g e (6.13)
where 1/0 is defined in (1.17).
Proof. The proof is identical to the proof of proposition 6.3. O

The T-system for the braid transfer tangles on the cylinder is obtained by taking the
appropriate braid limit of the T-system in proposition 6.4, and is given by

~m m,n+1 ~mmn—1

F""F" = F""F + I (6.14)

This is seen to be identical to the T-system (6.12) for the braid transfer tangles on the
strip.

6.4. Y -systems

For m € N and n € Ny, we define

-1 ~mn+l m,n—1gm,n+1
k NN k OB ' '
k k

Since D,CJrl =0 and T,CJrl = 0, it follows that d;*” = 0 and ] = 0. As demonstrated
in the following proposition, the infinite Y-system generated by (6.15) is universal in the
sense that it is the same on the strip as on the cylinder.

Proposition 6.5. For m,n € N, the Y-system for y € {d,t} is universally given by
yo "y = (I ) (I ). (6.16)
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Proof. For y = d, we have

~mmn—1 ~ mmn—1 ~ - mmn+1l ~mmn+l
mmn _gmmn (Dl D2 )( 0 Dl )
do " dy” = (n) (n)
Vo 1
(n—1) ym A~ mmn—2 ~.mmn (n+1) 7m ~ m,n ~ m,n+2
Vén)yfn)
~ mmn—2 ~.mmn ~ m,n ~ m,n+2
D D D, D
— Im + 2 1 Im + 1 0
(1m0 B ) (e 2 D0
= (I™+dy" ) (I™ +dg ™, (6.17)
where the third equality follows from
pnm Dyt — o fmy (), (6.18)
The proof for y = t is identical to the proof for y = d. m

It is noted that a shift in the spectral parameter u by a multiple of the crossing
parameter A readily yields

Yty = (I g (@ g, (6.19)
The corresponding Y-system for the braid transfer tangles is given by
ym,nym,n _ (Im + ym,n—l) (Im + ym,n—l-l)7 y € {f7 }}7 (620)

where

mn—1 ~mmn+1

—F""TF

m,n

fm,n — 1_7'|m,n—11_71m,n-‘y—17 }' , (621)

with f™° =0 and },m,O = 0 following from F™ ' =0 and "l =o.

7. Functional relations in logarithmic minimal models

In this section, we consider fractional A = A, with 1 < p < p'. The corresponding TL
loop model (m = 1) is referred to as the logarithmic minimal model LM (p,p’) and, as
argued in [1] and subsequent works, it gives rise to logarithmic conformal field theories in
the continuum scaling limit. Here, we establish that the transfer tangles D(u) and T (u)
satisfy certain functional relations of polynomial degree p’. More generally, we find that
the transfer tangles D™ (u) and T (u) satisfy such relations for all m € N for which P,
exists, and we emphasize that the derivation of these relations is performed in the planar
algebra. If P, does not exist, the relations are still valid provided the transfer tangles are
replaced by their barred counterparts; see section 5. For ease of presentation, however,
the various results are given in terms of the transfer tangles themselves. The functional
relations we obtain generalize the inversion identities (of polynomial degree p’ = 2) found
in critical dense polymers LM(1,2) [4, 5].

We also discuss how the Y-systems on the strip and cylinder close on finite sets of
generators. The universality of the Y-system, as presented in proposition 6.5, is broken
by the closure mechanism. The finite systems on the two geometries can nevertheless be
described in a uniform way, as outlined in corollary 7.13 and theorem 7.15 below.
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7.1. Closure of the fusion hierarchy on the strip

First, we establish that the fusion hierarchy on the strip closes for fractional .

Proposition 7.1. For A = )\, ,; and m € N, the fusion hierarchy on the strip closes as

(Hsj u)Sj41 u—u)) Im. (7.1)

A proof of this proposition is given in section F.2.
In terms of the renormalized transfer tangles D defined in (1.13), the fusion closure
in equation (7.1) can be written as

ng’p' _ [qm(uo)qm(u . uil)} Dm,p —2 + 2

, m,p’ —2 m
Dy = g, DY a1, (7.2)
where a is defined in (1.18), and where it is noted that
D, =D fmL=f v =0, ) =d? kel (7.3)

Combined with the fusion hierarchy derived in section 6.1, equation (7.2) implies the
functional relations given in the following theorem. They are expressed in terms of the

double-row transfer tangles for which ﬁ;:l = Sor(2u — p) D™ (u + k).

Theorem 7.2. For A = ),y and m € N, the double-row transfer tangle on the strip
satisfies the functional relation

m,1

L T
f D, fir 0 0
p>2 0 fa 0 0,
~ m,l
0 0 D, , fr, 3 (7.4)
(~"fr, 0 0 fr, D,
SO m m
poa | Do A
fot+ it Dy

where nontangle entries are understood to be multiplied by I'™.

The functional relations in theorem 7.2, along with the similar ones on the
cylinder (7.25), are among the main results of this paper. We stress that they are valid
in the planar algebra and therefore in any representation, for example those described in
section 5.

For p’ = 2, the functional relation (7.4) is an inversion identity. It was investigated
n [4] for p =1, m =1, and p = A, corresponding to critical dense polymers LM(1,2).
For m =1 and p € C, we find

) (el e )
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For A = A2 and m > 1, the tangle I"™ does not exist in general. An inversion identity
nevertheless exists for every m, but only for the corresponding barred transfer tangle (5.2).
Recalling from (5.6) that I"™ = I, this inversion relation reads

D™ (w)D™ (u n g)
[ [so(w)si(u — )] = [s1(u)sa(u — )]V
_ I y(u)y (u + 5) ( 5o (2 — 1) ) I, m odd, (7.6)
0, m even,
where
Y(u) = s1(2u — ) (so(u)s1(u)s1(u — p)sy(u — p))Nom=172, (7.7)

In the case of critical percolation LM(2,3), for which m = 1 and p = A, the functional
relation for the double-row transfer tangle D(u) = D' (u) on the strip can be written as

D(u)D <u+g>©(u+2§) :@(u)+®<u+g)+®(u+2§> —21,

D(u)
[s1(u)]*N
The closure of the fusion hierarchy, as described in proposition 7.1, can be viewed as a

folding of ng for n = p’ onto a subset of {]:7;”’]; J,k=0,...,p" —1}. A similar folding
property holds for general n € N, as described by the following proposition.

(7.8)
D(u) =

Proposition 7.3. Let n = yp' + j withy € Ny and j € {0,...,p' —1}. Then

- o m,p'—j—2

Dy" = (y+1)a*Dy " +ya? WD (7.9)
Proof. This is trivially true for n = 1,...,p" — 1, and it reduces to (7.2) for n = p’. For
n > p', it follows recursively in n from the relations

~ m,l ~ mmn—1 ~ m,n+1 ~ m,n—1

~ m,n m m ~-m,l ~mmn m m
Dk Dn+k — Jn+kSntk—2 Dk = Dk = Dk Dk+1 - fk+1fk71 Dk+2 . (7-10)

The second of these relations is obtained by summing over entries of the first column and
row in an expansion of the determinant expression in (6.4), and by adding a shift in the
spectral parameter. O

For p/ = 2, it readily follows from proposition 7.3 that

~-m,l
D(r)n,n _ (y + 1)@3/D0 , n = 2y + 1, (711)
(Wfe + (y+ V) frav— I, n=2y.

As already indicated at the beginning of section 7, for m > 1, we stress that (7.11) only
makes sense in general with D replaced by the barred and renormalized transfer tangle

D, and with I"™ replaced by I.
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Corollary 7.4. Lety € Ny and j € {0,...,p' — 1}. With the definition

~ m,yp’+j ~ m,yp’ +p’ —j—2

DY) .= o D] +/9 DT , (7.12)
the general folding can be expressed as
(yvj) — Y (Ovj)
DY (y+1+y) a" DL, (7.13)

By taking the appropriate braid limit of (7.1), one finds a closure relation for the braid
transfer tangles:

Fmv = Fr=2 L o (1) oI™, o= (—1)"m+ir, (7.14)
From (6.5), we have F™™" = U,(3F™"), which together with (7.14) implies that
Ty(AF™) =eI™, €= (=10, (7.15)

where T (z) is the kth Chebyshev polynomial of the first kind, and we have used the
relation

Uk(l') — Uk_g(iB) = 2Tk(l’), k e N, (716)

In determinant form, the closure reads

F*too1 0 0 o
1 F™ 1 0 0
0 1 . . 0 | =0, (7.17)
0 o . 1
o 0 0 1 F™!

where the dimension of the matrix is p’. Because we can rewrite the determinant relation

in (7.17) as

p'—1 ~

2% 1
[T (F™ —2cos ﬂ[’” —0, e=-° (7.18)
k=0 p 2

the eigenvalues of F™! in any representation (where I™ acts as the identity) are of
the form 2cos((2k + é)w/p’) for some integers k. It also follows that the Jordan cells
associated to these eigenvalues have rank at most 2, and that the rank is 1 if the eigenvalue
2cos((2k + €)m/p’) is £2. For y € Ny and j € {0,...,p’ — 1}, the general folding property
of the set of braid transfer tangles on the strip is given by

Fr S = U (F™ 4+ Uy ()P 72 = &y 4 )F™ + &1y F™ =72 (7.19)
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7.2. Closure of the fusion hierarchy on the cylinder
The fusion hierarchy on the cylinder closes for fractional .

Proposition 7.5. For A = ),y and m € N, the fusion hierarchy on the cylinder closes as

Ty = hh_, TP 20 J™, (7.20)

where a is defined in (1.18), and where J™ is a u-independent tangle.

The proof of proposition 7.5 for m = 1 is provided in section F.3, where an explicit
expression for the tangle J' is given in (F.71). Arguments outlining the proof for general
m follow proposition F.5. It is furthermore observed that, for A = A,y and k € Z,

= =

210h

m,n 2inf gam,n m
T,.,, 6 =T,

216 ~2
k+p k+p — a-,

(7.21)
where 6 is defined in (1.18), and where it is noted that e*? € {—1, +1}.

The Nm-tangle J™ appearing in proposition 7.5 can be written in terms of braid
transfer tangles. This is done by considering the closure properties of the braid transfer
tangles, and it results in the following proposition, where Ty (z) is the kth Chebyshev
polynomial of the first kind.

Proposition 7.6. For A = )\pp/ and m € N, the tangle J™ appearing in (7.20) is given by

m m,p’ —2 ~ m,1
g =YE" —F" ) = 1,LF™). (7.22)
Proof. Applying the braid limit evaluator
m—1p'—1 ol((r=2)/2) N
B(f(uw) = lim (( IIII° - ) f<u>) (7.23)
=0 7=0 J= Z
to both sides of (7.20), and using
BEy?)y=F""  Bhrh TN = F" T Ba) =1, (7.24)
yields the first equality in (7.22). The second equality follows from F"" =u, (%1:" )
given in (6.8), and the relation (7.16). D

As on the strip, the fusion closure in proposition 7.5 gives rise to a functional relation
which can be written neatly in determinant form. On the cylinder, this expression involves
the braid transfer tangle.

Theorem 7.7. For A = A,y and m € N, the single-row transfer tangle on the cylinder
satisfies the functional relation

doi:10.1088,/1742-5468/2014,/05 /P05012

' B 0 0 AT ™o 0 e

P T hg 00 TR 0 0

0 Ay 0 |=al o 1 L0 P >2,
0 0 T, hy, 0 0 "o

m, 00 A, T e 0 1 B

39


http://dx.doi.org/10.1088/1742-5468/2014/05/P05012

Fusion hierarchies, T-systems, and Y-systems of logarithmic minimal models

(7.25)
F™ 14e0
~m,l

1+6? F

Ty R+

m =a
hy+ by T

. P =2, (7.26)

where nontangle entries are understood to be multiplied by I'™.

The case (p,p’) = (1,2), for which 0 = %Nmﬂ, was investigated in [5] for m = 1,
corresponding to critical dense polymers LM(1,2). For critical percolation LM (2, 3), the
functional relation for the single-row transfer tangle T = T"' on the cylinder can be
written as

T 2m ™ 2m NS ~

I(u)1<u+§>‘3<u+?> —i(u)—l—‘l(u—%g) —|—Z<u+?) +iV(F" - 3F),
T(u)

[s1(w)]N”

where it is recalled that F = 13’1’1.

As in the strip case, the closure of the fusion hierarchy on the cylinder can be viewed
as a folding procedure. For general n € N, this is the content of the following proposition.

(7.27)
T(u) =

Proposition 7.8. Let n =yp' + j, withy € Ny and j € {0,...,p' — 1}. Then
Ty = D) @t (aU,(J™) T3 + 2050 U, (I TR 7)) (7.28)
where Uy(J™) = I™ and

o(y.4) = ((y = 1)p' + 24)yb. (7.29)

Proof. This is trivially true forn =1,...,p'— 1, and is the content of proposition 7.5 for
n =p'. For n > p', it follows recursively in n from the relations

m,nam,l m m m,n—1 _ gmmn+l _ gpm,lgamn m m m,n—1
Tk Tn+k - hn+khn+k—2 Tk: - Tk - Tk Tk:+1 - hk+1hk—1 Tk+2 J (7'30)

the second of which is obtained by summing over entries of the first column and row in
an expansion of the determinant expression in (6.7). O

For p' = 2, it readily follows from proposition 7.8 that

—_1\Nmy zy my 1 —

av~! ho (eighlUy(Jm) + hko_l(Jm>>, n =2y,

where the comment following (7.11) about barred transfer tangles on the strip for m > 1
applies here too, for T"" and J™. It is also recalled that results like (7.31) are valid for
the corresponding matrix representations for all m.

Corollary 7.9. Let n=yp + j, withy € Ny and j € {0,...,p' — 1}. Then

~m,p'—1

i T = i9(v.9) &y_l(& Y +p —1T6n,j + e21917(_j;r1)1~71m,yp -1 Tm,p’—j—Q). (7.32)

Jj+1
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Proof. This follows from multiplying both sides of (7.28) by Fm’p/_l, and subsequently
using F'" = Un(%l:"m’l) and J" = (1F ) combined with the Chebyshev relation

Ug]H_k_l(ZU) = Uk_l(l') Ug(Tk(ﬂf)), ke N, e Ng. (733)
]

Corollary 7.10. Let y € Ny and j € {0,...,p" — 1}. With the definition

Tgl:hj) — (~le_1¢(y’j)T6n’ypl+j 4+ e—i¢(y+1,1)ﬁ(_jl+1) f_r;l:ilipurp'*J'*Q7 (734)

the general folding can be written as

~ m,p’—

FUUTI D — gy g 09, (7.35)

For y € Ny and j € {0,...,p" — 1}, the folding of the set of braid transfer tangles on
the cylinder is given by

~ m,yp’+j

F

m,p’—j—2

= U, (J™)F™ + U, (J"F (7.36)

7.3. Closure of the Y -systems

For fractional A = \, s, the Y-system generators (6.15) have the translational symmetry
properties

d;, =dp", oy =t keZ. (7.37)

Proposition 7.11. For A = \,,, m € N, y € Ny, and j € {0,...,p' — 1}, the set of

Y -system generators on the strip folds as

dg P — AP = (2 1) (dy — ), (7.38)

-1
where d""" = —1I"™.

Proof. For p/ = 2, the relation follows from dj"* = dj*, itself a consequence of (7.11).
For p' > 2, the folding rule (7.9) in proposition 7.3 is used to evaluate the left-hand side
of (7.38), and this is done separately in the four cases j =0, 1 <j<p' —3,j=p —2,
and 7 = p’ — 1. The expression on the right-hand side subsequently follows from relations
such as

~(3) ~(p'—7 ~ —j—2
(()]) j(p D2 = 1/(1+ )V](']il] ) (7.39)

]

Proposition 7.12. For A = X\,,y, m € N, y € Ny, and j € {0,...,p' — 1}, the set of
Y -system generators on the cylinder folds as

m,yp’ +j m,yp’ +p'—j—2 m m,j m,p’ —j—2

g £ 2 g, () (£ — ), (7.40)

-1
where t;"" = —I"™.
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Proof. The proof is similar to the one of proposition 7.11, but is now based on the folding
properties (7.31) and (7.28), supplemented by the Chebyshev relation

Ugy () = [Uy<$)]

- [Ua@)], yeN. (7.41)

]

Corollary 7.13. For A= \,y, m € N, y € Ny, and j € {0,...,p' — 1}, the two sets of
Y -system generators fold as

ygn,yp’ﬂ' o yjnizip%p’—jﬂ _ Ugy(Km) <y6n,j . y;?izi’—j%)’
Ko {P:; y=d, (7.42)
J", y=t.
Proof. This follows readily from Uy, (1) = 2y + 1. O
Proposition 7.14. For A = A,y and m € N, the Y -systems close as
g2 OO g e (a2 g 0= /2)) (7.43)

where K™ is as in (7.42).

Proof. The folding property (7.42) implies that the Y-systems close at the minimum
value of max{yp’ + j, yp' +p' — j — 2}, for which yp' + j # yp' +p’ — j — 2, evaluated over
yeNandj=1{0,...,p) —1}. ]

For p/ even, the folding relation

m,yp’+(p'—2)/2 m,yp’ +(p'—2)/2 m m,(p'—2)/2 m,(p'—2)/2
Y +('=2)/2 _ ypl/y2p +('=2)/2 _ Usy (K™) (g0 '=2)/2 _ yp//(QP )/ ) (7.44)
relates a pair of generators at the same fusion level n = yp’ + p’/2 — 1, and is therefore
not suited to close the system. For p’ = 2, for example, we simply obtain yB”’Q =y
Recalling that Us(z) = 42? — 1, the closure of the Y-system for small p’ is given by

pP=2  yp? = 4Ky +AKT) - T (7.45)
pP=3 oyt =yt (AKT)? - Ty (7.46)
=4 ypt =yt 4 (K™ - Ty (7.47)
p=5  yp =yt 4 (K™ = I (g -y, (7.48)

As an immediate consequence of the propositions above, we obtain the following theorem.

Theorem 7.15. For A = A,y and m € N, the Y-systems on the strip and cylinder are
finite, as they close on the sets

r_9 9
0 S |

respectively, with relations given by

m,n_ mmn m m.n—1 m m,n+1 3]9/—2
yo "yt = (I +y" ) (I +ye" ), n=1,..., 5 , (7.50)

where ygl’tgplm is given in (7.43), and where y € {d, t}.
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To obtain the corresponding finite Y-system for the braid transfer tangles, we first
establish the folding property

Y I = Uy (KT (Y™ -y ),
I, y=1F, (7.51)
K™= m .
{J : y=1,
using Uy, (€) = Uy, (1). This folding relation implies a closure of the Y-system (6.20), similar

to the one in proposition 7.14. However, the simplicity of the braid transfer tangles implies
the stronger closure

ym,p/ —9 ym,p'—l _ ym,p'—Q + UQ(Km) —Jm™. (752)
The finite Y-system for the braid transfer tangles is thus given by
Yy = (I (g™, =1 =1 (T53)

and the closure relation (7.52).
8. Comparison with rational models
In this section, we compare our results for the logarithmic fusion hierarchies, T-systems,

and Y-systems to those obtained previously for rational models. To this end, we
renormalize the (m,n)-fused face operator (3.1) by defining

o) | 1 (mn) 8.1
u = u ) .
N N (u) K ( )
where
n—1 m
() = (=3 T[T ey o0 (5.2
k=1 j=1

Recalling the decomposition (3.4) in terms of generalized monoids, the renormalized
decomposition coefficients are given by

A" () = O‘Zn’n(“) — (i)™ (— (m+n)a - ST—j—H(O)
) = S — (i (ﬂ—sj<o> )

X (1:[ sTnj(—u)> < 1:[ sj(u)>. (8.3)

In terms of the renormalized fused faces (8.1), we define renormalized fused transfer
tangles by

(m,n) (m,n) (m,n)

o prtealiinal | fain . N
’ pp— Y N N — m,n
D7 (u) = C o Lo P ) = <,'7mn(u) nm’”(u—un1)> D™"(u)

~ s | LR (8.4)

D D D

n—2

¥ = (-0 ([ 5 ) D™ ()

rm

k=0 Jk
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and
Tm’n(u) .— 5 (mdn) (mitn) (md") S ( 1 >NTm” ) =iV (H )
R NS NI h " n"" () hy - (8.5)
N
Here, we have set
- om0z = m,—1 ~m0 = ~m,—1

D, = mIm, D, =0, T, =hmI", T, =0, (8.6)

and introduced
N

fm = (—1)Nm< ]:[ Sk () Shrm—j (U — u)) b=y = ( 1:[ skj(u)> - (8.7)

These renormalized transfer tangles also form fusion hierarchies, T-systems, and Y-
systems, readily obtained from the similar structures satisfied by the original fused transfer
tangles. Indeed, we find the fusion hierarchies

~ m,nbm,l _ 5n72(2u - /L)S2n+1<2u )fm Dmn 1

D
° " Sn—1(2u — 1) 20 (2u — p1)
Sn(2u — p)Son_1(2u — ) 5 =mnt1
"D 8.8
Sn—1(2u — 1) 20 (2u — p1) e (88)
and
TmnTml_hmen 1—|—h Tmn—‘rl. (89)
The corresponding T-systems are given by
D Dm me S_l(QU' B M)52n+1 (2U _ :LL) lefTTLnIm
 Sn1(2u — 1)spga (2u — )
n 2u — 2 ~ m,n ~ m,n—
[5n(2u = )] DD (8.10)

Sn—1(2u — p1)sn11(2u — 1)

and

mmn+1 ~mmn—1

T, "T)" = rm+ Ty T, (8.11)

while the Y-systems are the same as in section 6.4. The closure relations for fractional
A = A\, now read

DI =DM oy, T =TT e )M g, (8.12)

The fusion hierarchies (8.8) and (8.9) and T-systems (8.10) and (8.11) coincide with
those of the (rational) critical A-D-E models, as described in [29], for example. The
closure relations (8.12), on the other hand, differ significantly from the closure relations
in the rational models. Indeed, in the rational models, the fusion hierarchies truncate at
n = p’ — 1, in the sense that the fused transfer matrices with fusion index n = p’ — 1 are
identically zero. Consequently, the corresponding Y-systems truncate at n = p’ — 2, so the
way in which our Y-systems fold for fractional A = A\, ./, as described in section 7.3, is
therefore also new.
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9. Conclusion

The (higher fusion level) logarithmic minimal models LM (P, P';n) [35, 36] constitute a
very large class of su(2) theories describing the critical behaviour of statistical systems
with nonlocal degrees of freedom, such as generalized polymer systems and generalized
percolation processes. In this paper, we have initiated the study of the integrable algebraic
structures of the critical fused lattice models LM(p,p')nxn [36] realizing the general
logarithmic minimal models LM (P, P';n) described as coset CFTs in [35]. Specifically,
we have obtained the fusion hierarchies, T-systems, and Y-systems for these models,
and demonstrated their finite closure both on a strip and on a cylinder. The T-systems
and Y-systems are the key to the analytic calculation of nonuniversal statistical and
universal conformal quantities, respectively. The coset construction of the logarithmic
minimal models brings these theories within standard schemes for constructing and
classifying CFTs based on Lie algebras. The explicit manifestation of the 7- and Y-
systems further imposes standard integrable algebraic structures on the underlying Yang—
Baxter integrable lattice models. The logarithmic minimal models are not rational and
not unitary, and the accompanying representation theory, with the profusion of reducible
yet indecomposable structures, is clearly very intricate. Nevertheless, it is becoming
increasingly clear, at least as far as the study of spectra is concerned, that these logarithmic
theories are amenable to the standard approaches of mathematical physics as applied to
rational CFTs.

The structure of the logarithmic 7T- and Y-systems we obtain closely mirrors the
su(2) T-systems and Y-systems of the (rational) critical RSOS A-D-FE models [16, 29, 30].
Remarkably, we find that these functional equations hold for arbitrary coprime integers p,
p’, and that the underlying structures are related to the Dynkin diagrams of the affine Lie
algebras AS)_I. Indeed, the determinantal structure of the polynomial functional equations
of degree p’ is the same [41] as for the CSOS models [42]-[44]. In contrast, the structure of
the T- and Y -systems of rational unitary minimal models are related to Dynkin diagrams
of classical Lie algebras. Perhaps it should not be too surprising to see affine Lie algebras
enter in the logarithmic setting. After all, it has been argued [60] that, with W-extended
symmetries on the strip or torus, certain aspects of the n = 1 theories are in fact encoded
by twisted affine coset graphs Az(fz))’ = AP ® Ag) /Zs.

The next stage in this programme is to solve the Y-system for the central charges and
conformal weights of the logarithmic minimal models in terms of Rogers dilogarithms.
Since this system of functional equations closes but does not truncate in the usual
way, some new techniques will probably need to be developed. One hope is that, if
W-extended symmetry can be properly incorporated into the functional equations, then
perhaps the associated Y-systems would exhibit the twisted affine coset structure and
naturally truncate. In this regard, we stress that the only boundary condition on the
strip considered here, namely, the vacuum boundary condition conjugate to the identity
operator in the so-called Virasoro picture, in general breaks the WW-extended symmetry. It
is clearly of interest to extend the derivation of the logarithmic 7- and Y-systems on the
strip to more general boundary conditions including WW-symmetric boundary conditions.
Lastly, we note that, since the logarithmic minimal models are also exactly solvable off-
criticality [61], it should also be possible to obtain both massless (critical) and massive (off-

doi:10.1088/1742-5468 /2014 /05 /P05012 45


http://dx.doi.org/10.1088/1742-5468/2014/05/P05012

Fusion hierarchies, T-systems, and Y-systems of logarithmic minimal models

critical) thermodynamic Bethe ansatz equations for these theories with their concomitant
implications for the associated relativistic two-particle scattering theories.

Acknowledgments

AMD is supported by the National Sciences and Engineering Research Council of Canada
as a postdoctoral fellow. He is also grateful for support from the University of Queensland.
JR is supported by the Australian Research Council under the Future Fellowship scheme,
project number FT100100774. The authors thank Adam Ong, Yvan Saint-Aubin, Hubert
Saleur, and Elena Tartaglia for comments and discussions. AMD and JR also thank Jean-
Bernard Zuber and the LPTHE at Université Pierre et Marie Curie, where part of this
work was done, for their kind hospitality.

Appendix A. Decomposition of fused face operators

Here, we recall and prove proposition 3.1.

Proposition 3.1. The decomposition of an (m,n)-fused face in terms of generalized
monoids is given by

@ =S apmXmn p = min(m,n), (A1)
= a=0

ag " 2 Sr—j4+1 0 o Sn—r+i\U m.n gt
agmn = (—1)(m+n)a <H S]T)()> (H %), Qg = H H Si—j—i-l(_u)'

j=1 i—o Sm—i i=0 j=0
(A.2)

Proof. Because X)"" and X™" can only be obtained from the (m,n)-fused face operator

by respectively fixing every elementary face operator to <8> or @, their coefficients ag"™"
and o, are seen to be given by

m—1n—1 m—1ln—1
op" = T T se-m(=w., o= T T s-i(w). (4-3)
i=0 j=0 =0 j=0

This is correctly reproduced by (A.2), with the usual convention H?’:l f(j) = 1. The

coefficients /" for a = 1,...,r — 1 are found recursively by using the following three
relations. The first one of these relations,
ag""(u) = a7 (A — ), (A.4)

stems from the crossing relation and allows one to relate a coefficient a*" with m <n to
a coefficient o, " with m’ > n/. The other two relations,

n—m-+a—1 n—1
QT7H = a;n’n_l H Sj(U) H Sl—k(_u) (m < n)v (A5)
j=n—m k=n—m-+a
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a—1 n—1
o = (g™ + o) [[si() [[sia(-w) - (0<a<n), (M)
7=0 k=a

are proven diagrammatically in the following. For m < n, we have

where we have used (3.16) to reverse the order of the spectral parameters appearing in the
upper-left column of elementary face operators. The push-through properties now allow us
to remove the projector P,, drawn with a thicker boundary. It subsequently follows that
only a single configuration in the decomposition of the array of elementary face operators
appearing in the upper-left part of the previous diagram gives a nonzero contribution,

namely
}a n—m+a—1 n—1
< I siw ] s1e(-w), (A.8)
j=n—m k=n—m+a
——

and subsequently

m n—m+a—1 n—1
@ _ Z:%Oé;n’anam’n H sj(’u,i: H sl,k(—u). (Ag)

= j=n—m n—m-+a

This completes the proof of (A.5). For m = n, we have

(A.10)
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After removing the P, projector indicated by a thick boundary, we now have two
contributing configurations, namely

a a
a—1 n—1 a n—1

< [T si) [T s1-x(~u), < T [T s1ow(-w). (A.11)

7=0 k=a 7=0 k=a+1

It follows that

n—1 a—1
—1
- E aln (X;stj Hsl k( +Xa+1 sj(u H s1—k( )
a=0 7=0 7=0 k=a+1

\V

(A.12)

n—1

=ap" Xy —|—a"”X"”+ZX"” el g Qe 1 HSJ Hsl_k(—u)
a=1

where we used (A.3) to establish the last equality. This completes the proof of (A.6). As
already announced, the coefficients o))" for a = 1,...,7 — 1 now follow recursively. [

Appendix B. Boundary Yang—Baxter equations for fused face operators

First, we note in (3.14) that the left BYBE is obtained from the right BYBE by rotating the
diagram by 180° while simultaneously mapping v — u,,_,, and v — v,_,,. The objective
of this appendix is then to show that

Em,n - Rm,nv £m,n = (B].)

)

We refer to this equation as BYBE,, ,,. Note that the special case BYBE; ; is identical
to the second relation in (2.23). Following the ideas of [30], the proof for general m,n is
done in two steps. First, a recursion in n will show that BYBE, ,, results from the YBE,
BYBE;, ,—1, and BYBE; ;. A second recursion, in m, will show that the YBE, BYBE,,_; ,,
and BYBE, ,, imply BYBE,, .
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First recursion: BYBE 1 ,. We start by writing

, o

where we have used (3.16) to establish the second equality. In the diagrammatic
representation of £, ,,, we remove the two unnecessary projectors and add an extra tile,

In fact, an extra (1,n — 1)-fused face with arbitrary spectral parameter w can be added
because, after it is decomposed as in (3.15) in terms of two diagrams, one can show using
the push-through properties that (i) the two projectors can be removed, and (ii) the
second term is zero. The particular choice for w in (B.3) allows us to use the YBE and
the (assumed) BYBE. At every step, the required identity is indicated above the equality
sign, and the boxes to be changed are specified by thick boundaries. We thus find

which is the required result.
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Second recursion: BYBE ,, ,. This time, we write

- Q\%@\ | (B.5)

and use the similar expansion for the v-dependent face operator. As before, we add a
new face operator, this time with parameter w = u 4 v + (n — 2)\ and function 7(w) =
H;.":_(f s_j(w), remove unnecessary projectors, and find

This concludes the proof.

Appendix C. Effective projectors

Here, we recall and prove proposition 4.1.

Proposition 4.1. For )\ generic, the transfer tangles can be expressed in terms of effective
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(1,m) (1,m) (1,m)
Va Va Va
(1,m) | (1,m) (1,m)
U2—ft | u2—p U2—f
Va Va V4
(1,m) | (1,m) (1,m)
o Ul—p | U1 —H uUl—p
D" = Va Va Va
0 N (m,1) | (m,1) (m,1)
Un—1 | Un—1 Un—1
N N N
3
(m,1) (m,1) (m,1)
Uy Uy Uy
N N N
(m,1) (m,1) (m,1)
Uo Uo Uo
AV aY Y D

mmn __
T, =

(m,1) [ (m,1) (m,1)

Un—1 | Un—1 Un—1 [~

N N N

(m,1) [ (m,1) (m,1) ’ (C'l)
u1 u1 up

N N N

(m,1) [ (m,1) (m,1)

Ug Ug uo [~

D Y Y

Proof. For the proof on the strip, we use induction to establish a more general relation,

namely

(1,m)[(1,m)

(1,m)

Un—1|Un—1| " ° * |Un—1
(1,m)|(1,m) (1,m)
1|01 1

Va Va Va
(1,m)|(1,m) (1,m)
v

‘1S
— D
U/

v

VU
G""(u,v)

Uy

uy | uy uy
D D

(m,1)|(m,1) (m,1)

0 [ Uo Uo

and note that G™" (u,u; — p) =

(1,m)

(1,m)

(1,m)

Un—1|Un—1| " * * |Un—1
(1,m)|(1,m) (1,m)
1| Y1 1

Va Va Va
(1,m)|(1,m) (1,m)
Vo | Yo 0

Va Va Va
(m,1)[(m,1) (m,1)
Un—1|Un—1 Un—1
(m,1)|(m,1) (m,1)
Uy | U1 Uy
D D
(m,1)|(m,1) (m,1)
Up | Uo Uo

(C.2)

D"™"(u). The choice of face operators ensures that the

propagation of half-arcs from push-through properties is towards the right within the top
n layers and towards the left within the bottom n layers (=). Since Q; = P; and Q, = P,

the relation (C.2) is trivially true for n = 1, 2.

The first step in building the induction is to modify the first form in (C.2) using (2.42):

e
<m»1>> N

)
G (u,v) =
U

(1,m)|(1,m) (1,m)
Un—1|Un—1|* * * |Un—1
(L) |(1,m) (1,m)
Un—2|Un—2] " * * |Un—2
(L) |(1,m) (1,m)
o | 0o |-
(m,1)|(m,1)
(Un—1|Un—1] * * * [Un—1
(m,1)|(m, 1) (m,1)
P R KA
(m,1)|(m, 1) (m,1)
ug | uog |- | uo
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Un—=2|Un-2]" * * |Un—2
(L, m)|(1,m) (1,m)
vo | vo | [ o
(o D)| (1) (m,1)> (C?))
Un—1|Un—1] * * * |Un—1
(m,1)|(m,1) (m,1)
uy | uy ||
(m, 1)|(m, 1) (m,1)
ug | uo |- | uo
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One readily recognizes that the first tangle contains G™" '(uy,v,) as a sub-tangle, and
by the induction assumption, the full tangle satisfies

(1,m)|(1,m) (1,m) (1,m)|(1,m) (1,m)

Un—1|Un—1|"* * * |Un—1 Un—1|Un—1|" * * [Un—1

Va Va Va Va Va
(1,m)|(1,m) (1,m) (1,m)[(1,m) (1,m)
Un—2|Un-2[""* * |Un—2 Un—2|Un-=2|"* *|Un—2

(1,m)|(1,m) (1,m) (1,m)|(1,m) (1,m)
e v “ e

S
o
§
S
o
§
S
(e)
W
I
A
\,-_./O
3
:,:\O
3 =
HIE
b
—
(@)
o~
S—

(m,1)|(m,1) (m,1)

Un—1|Un—1]* * * [Un—1 Un—1|Un—1 Un—1

N N N N
n—1 —1

(m,1)|(m,1) (m,1) (m,1)|(m,1) (m,1)

wy [uwy’|e e fuy wy | uy’|ce | u

(m,1)|(m,1) (m,1) (m,1)|(m,1) (m,1)

N T R ) uo | uo’| -+ | ug
N N N N

As for the second term in (C.3), the push-through properties and property (2.46) of the
projectors allow one to remove the leftmost P,_; projector. The ensuing term can then
be written as

(L)L) (Lm0
C'Un—l Un—1| " * |Un—1 C
(1}7':12) (vl;:lz) cee (1)17’:2) %\\%\\\%
~sn-1(0) o6 | i |- “oz”) = 31Oy ()] o6 | i |- “oz“)
sn(0) el e sn(0) ! A ;
. B . (2, 1) (1) (m,1)
nif | : L ug | ug || U2
(rﬂ,lnua,ln . ('{‘L’f) \%\%\\\%
(7{1’01)('{261) <r{2,01> J U

= _ [qm(ul)qm(—vn_g)]NGm’"*Q(uz, Vo),

(C.5)

where property (2.48) was used at the last step. Again, the induction assumption implies
that this can be written in terms of effective projectors. One now applies the same
evaluation technique to the second form in (C.2), this time using the recursive definition
(4.14) for effective projectors. This yields the exact same result as for the first form of
G™"(u,v), thereby completing the proof of (C.2). The proposition for T5"" is verified
similarly. O]

Appendix D. Cabled link states and lattice paths

The dimensions of the linear spans Vﬁ,,m and f/ﬁ,m can be determined by establishing
bijections to certain families of (generalized Dyck) lattice paths. We first consider the
situation on the cylinder.

Proposition D.1. For N;m € N and d € Ny subject to (5.12), the number of linearly
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independent m-cabled link states on N nodes with d defects on the cylinder is given by

N N
dimVy,, = Nm—d| . (D.1)
2 m

Proof. We first establish a bijection between the canonical basis of cabled link states
and a class of N-tuples of integers. The number of link states is subsequently found by
counting these N-tuples.

To every node of a cabled link state in the canonical basis of ‘7]{1,7m, we assign an
integer

v € {+1,-1}, i=1,...,Nm, (D.2)

setting z; = —1 if the loop segment tied to the ¢th node connects to another
node by moving toward the left, and 41 otherwise, that is, if the emanating loop
segment moves to the right or happens to be a defect. Because for every ¢ €
{0,...,N — 1}, two nodes 7,5 with fm + 1 < i < j < ({ + 1)m only can be
linked via the back of the cylinder, the sequence of integers x; must be of the
form

(=) ...(=)(+1)...(+) (=) ...(=D)(+1)...(+1) ... (=1)...(=1)(+1)...(+1),

[\ [\ / [\ /

(/2 w2 mew)2 )2 (m—yn)2  (mryn)/2
: " : (D.3)
where
yp € {—m,—m+2,...,m}, k=1,...,N. (D.4)
By construction, we have
Uk = T(h—Dymt1 T T(k—1)yms2 T + T (D.5)

and

N Nm
=) a;=d. (D.6)
k=1 i=1

Since the structure of link states disallows half-arcs arching over defects, the association of
the N-tuple (y1,...,yn) to the link state we started out with is clearly an invertible map.
Indeed, the sequence x4, ..., x N, associated to the N-tuple decomposes into alternating
subsequences consisting exclusively of (—1)s or (+1)s. There are two possible scenarios.
(i) If there is only one such subsequence, it must consist of (+1)s, and all associated
nodes give rise to defects. (ii) If instead there is more than one subsequence, there must
be an even number of them, and the leftmost (—1) in every subsequence of (—1)s must
be linked to the (+1) to its immediate left. Ignoring these pairs of connected nodes, the
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remaining shorter sequence of s also decomposes into alternating subsequences of (—1)s
or (+1)s, respectively, and we repeat iteratively the steps following (i) or (ii). The half-arcs
produced in these subsequent iterations will thus arch over already produced half-arcs.
The last step in this procedure is the first (and only) time option (i) is applied, and it is
reached when the sequence of xs has been reduced to d (+1)s. Note that this last step is
only executed if d > 0. By construction, the ensuing link state is the one we started out
with. We have thus established a bijection between the canonical basis of cabled link states
in V¢, and the set V¢ of N-tuples of integers, (y1,...,yn) € Y, subject to (D.4)
and (D.6).

These N-tuples can be used to characterize a family of lattice paths in Z?, where
the path associated to (y1,%,...,yn) € Y§,, starts at the origin and ends at (N,d),
with steps (1,41),(1,92),...,(1,yn) along the way. We thus have a bijection between
cabled link states on the cylinder and the corresponding family of lattice paths labelled
by the elements of Yﬁ’m. [lustrating this bijection, the path (3,1,—3,-3,1,—1,3) € Y7173
is depicted as

ZQ

and it corresponds to the link state

/mmml/

it 11411 —1—1—1—1—1—1—1 11 —1—1 1111
i e e i
Ye 3 1 -3 -3 1 -1 3
To determine the cardinality of the set Yﬁm, and hence the dimension of f/ﬁm, we
relax the parameters of the space of tuples and thus let Y,fm denote the set of n-tuples
of integers (y1,. .., ¥y») subject to

(nm —|d|),|d| € Ng, m e N. (D.7)

N[

yke{_ma_m+27"'7m}a Zyk:da 1,

From the lattice path interpretation, the cardinalities of the sets Y;{m are easily seen to
satisfy the recursive relations

t=—m,—m-+2,....m
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and it is straightforward to verify from the definition (5.17) that

n
YE 1= nm-—d D.9
| n,m

2 m

satisfies (D.8). O

A refinement of the y-paths used in the proof of proposition D.1 is obtained by using
the z-parameters instead to define the steps. The corresponding lattice path thus ends
at (nm,d), with steps (1,z1), (1,x2),..., (1, z,,) along the way. For instance, the xz-path
refinement of the y-path in the example above is given by

ZQ

Proposition D.2. For Nym € N and d € Ny subject to (5.12), the number of linearly
independent m-cabled link states on N nodes with d defects on the strip is given by

N N
dimVy, = Nm—-d| —[Nm-d-2] . (D.10)
2 m 2 m

Proof. The result trivially holds for d = Nm. For d < Nm, let C’ff,m denote the linear
span of the set of cabled link states on the cylinder with loop segments crossing the
virtual boundary. The number of linearly independent cabled link states on the strip is
then given by

dimVy,, = dim V¢, — dim C4,,,. (D.11)

There is a simple bijection between the canonical basis of CN’JC{,m and that of \N/ﬁ,ﬁ A link

state in the basis of C’]‘f,m contains at least one half-arc crossing the virtual boundary. By
identifying the top one and cutting it into two defects, we produce a unique link state
in the basis of Vﬁf. Noting that every link state in the basis of Vﬁ,ﬁ contains at least

two defects, the inverse map follows by replacing the leftmost and rightmost defects of a
given link state in V]fl,:f by a half-arc linking the corresponding two nodes via the back

of the cylinder, thereby producing a unique link state in the basis of C’]‘{,m This bijection
implies that dim C§,, = dim Vi1, and hence (D.10). O
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In terms of x-sequences, the cabled link states on the strip are characterized as on
the cylinder, but with the additional constraint that only nonnegative partial sums can
appear:

t
> a;>0,  Vte{l,... Nm}. (D.12)
=1

Viewed as a refined lattice path, an z-path can thus not extend under the horizontal axis.
In terms of y-sequences, this constraint translates into

b, >0, ho1+bh>m,  s=1,....N, (D.13)

where the height b, after s steps is defined by
ho := 0, be =D i, s=1,...,N. (D.14)
k=1

The corresponding y-paths are those in Y]("lﬂm that do not extend below the horizontal axis,
and for which every pair of consecutive heights sums to m or more. For m = 2, the y-
paths on the strip are the generalized Riordan paths discussed in [36]. In this case, (D.12)
implies that these lattice paths cannot remain at height 0 for two (or more) consecutive
steps.

Appendix E. Fusion hierarchies

E.1. On the strip

Here, we recall and prove proposition 6.1.

Proposition 6.1. On the strip, the fusion hierarchy for m,n € N is given by

D(r)n,nDTan,l _ Sn(2u — 1) 89, 1(2u — p) D(V)n,nJrl
Sn—1(2u — 1) 520 (2u — 1)

Sp—2(2u — p1)Sop+1(2u — p) ¢ . N ot
* Sp—1(2u — u)32:(2u — 1) [q" (n)q"™ (1 = un—1)] " D ; (E.1)

where ¢™(u) is defined in (1.11).
Proof. Equation (E.1) will be obtained after applying planar transformations to the

tangle DB”’"J“I. For arbitrary n, this requires studying diagrams with many layers of
(m, 1)-fused and (1,m)-fused faces. We start by noting that the annihilating property
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(2.46) of the WJ projectors allows us to write the left and right boundaries of D§*"*" as

N+ 71| 741

-1

where the functions

® n—1 2n—1 ® n—1 2n—1
ap’ =[] so(=vi) =[] sju—n),  af =]] sw) H s—j(pn — 2u) (E.3)
=0 j=n =0

are such that the configuration with all diamond face operators given by <€ has weight 1.
The order of the spectral parameters in the diamond boxes in (E.2) ensures that half-arc
propagation in the bulk and boundary of the transfer tangle is of the form C€<=72. Also,
(E.2) holds for all v € C, but setting

vi=p—2u—(2n— 1)\ (E.4)

will permit the use of the YBE below. Repeating the argument used in (4.10) to write
D™"(u) with a single projector, we reexpress D" as

Ve 'UO

U1

Q?Q?Dm 7z+1

] (m,l)f =t : (E5)
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Transforming P, using its recursive definition (2.42) yields two terms, the first of which is

(1,m) (1,m)
Upp—p 77 fuppa—uy
A
(1,m)
o up—p
/] Vo
U1
(1,m)
U — L
A
(1,m)
uUl—p
Va Vi
(m,1) " (EG)
5o Uy,
N
(m,1)
T Un—1
N
(m,1)
U1
N
(m,1)
Ug
N
(m,1) (m,1)
H—Un e H—Un
N N
(m,n) (m,n)
~Un—1| - U
(1) H—Un—1 H—Un—1 )
= —v A\ v
(m,1) (m,1)
Unp, . Unp
N N
(m,n) (m,n)
Up Uug
D D
(E.7)
(m,1) (m,1)
H—Un PP H—Un
N N
(m,1) (m,1)
Un ..o Un
(n,1) (1,n) N S m.n m.1
J— JE— b 9
- v v () () - 77(%#) DO Dn )
H—Un—1| - -- |H—Un-1
N N
(m,n) (m,n)
’LLO ooo UO
D N

where, at the first equality, P, projectors have been reinserted to produce the (m, n)-fused
faces inversion identity, and where (3.11) was used at the last equality, with the ensuing
factor

wn ) = g 2ut ot DA =) = ([ szu—m ) { I[ ssu-20).  (83)
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The second term in the decomposition of a?a?Dg""H is

(1,m) (1,m)
Unpa—H " unp—Y
Ya Va
(1,m) (1,m)
Un— Un—
/] /] Vg
U1
(1,m) (1,m)
U2—p U2—H
Ya Va
(1,m) (1,m)
Ul — ul—,
sn(0) ’ ’
— Un—1 )
1 1
5n41(0) (Z ) (11 )
n n
K )
(m,1) (m,1)
Un—1 | " | Un-1
N
(m,1) (m,1)
Uy Uy
N
(m,1) (m,1)
uo Uo
— b D

(E.9)

and the next step is to expand the leftmost P, projector in a linear combination of
elementary tangles. Except for the one with n horizontal strands, all connectivities have
half-arcs propagating as € <=2, and are annihilated by the second projector by property
(2.46). As a consequence, this leftmost projector can be removed.

Then, using the identity

and property (2.46) of P,, it follows that

2n—2
v = s2n(p—2u) ] s—j(u—2u),

Jj=n

(E.11)
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and that the tangle (E.9) can be reexpressed as

(1,m) (1,m)
Uppa—p "7 funpa—p
Ya Ya
(1,m) (1,m)
Un—pt| "7 |un—p
Va Va Vo
U1
(1,m) (1,m)
uz—p| T |ua—p
Ya Ya
(1,m) (1,m)
UL—H| T UL
Sn(O) 4 4 Un—1
S 0 (m,1) (m,1)
n+1( ) w, | o |,
N N
[ (m.1) (m,1) )
Un—1 | """ | Un-1
N N
(m,1) (m,1)
Uy s | g
N N
(m,1) (m,1)
ug | g
i} N
(1,m) (1,m)
Unp—m T [unp—H
Va Va
(1,m) (1,m)
Up— Up—
ya ya Vo
U1
(1,m) (1,m)
u2—L U2 — L
Va Va
(1,m) (1,m)
uy— ul—
__sl0) C i 0
= s
s (0) L (m,1) (m,1)
n+1 o .. )
n n
N N
[ (m.,1) (m,1)
Un—1 Un—1
N N
n
(m,1) (m,1)
Uy .. Uy
N N
(m,1) (m,1)
Uo ce U
N D
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) U
(RERERE
N T N ”
(1,m) (1,m)
un—1—p ° " Jup—1—Y
Ve Va Ul
(1,m) (1,m)
n(0) o m N
== Y a™ (1 = un—1)] 4 4 vn
5ur1(0) N
D N
( [ m (m.1) )
Un—1 | *°° | Un—1
N N
wl
(m,1) (m,1)
Ul Uy
D N
(m,1) (m,1)
(%) up
LN N
)
(FC 4
VLN
N
(1,m) (1,m)
[t —1—1Y C ey
ya ya
(1,m) (1,m)
. Sn(O) m N UI_Mf Ud_uf
() Ym0 (= n )] (m.1) (m,1) (E.12)
(D)
_\ N
(m,1) (m,1)
Un—1 Un—1
D N
n
(m,1) (m,1)
U1 Uy
D N
(m,1) (m,1)
() UQ
—D D
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C

U —1— 1Y T un—1—Y

/] /]

(1,m) (1,m)

s (0 wip| * o fua—p
n( ) N Va Va

- $nr1(0) YLYR [qm(un)qm(M - un—l)]

N\

£

U/
N

S

(o) )
Un-2| """ | Un-—2

(m,1) (m,1)
uo | 0 | wo
S N

= R [d™ ()™ (4 — un—r)] Y D
(E.13)

Omne should note that, in (E.12), the idea underlying (E.11) was applied to the right
boundary, with

2n—1
Vi = so1(2u—p) [] s5(2u—p), (E.14)
j=n+1

and that property (2.47) of the WJ projectors was used at the last equality. Finally,

N

oBo@ Dmntt ) DD o [ () g™ — )] DI (E.15)

)

which leads to (E.1) after simplifications of the trigonometric functions. As a final remark,
we note that all the arguments go through for n = 1 as well, with the final result given
by (E.15), with D§"° replaced by I™. O

E.2. On the cylinder

Here, we recall and prove proposition 6.2.

Proposition 6.2. On the cylinder, the fusion hierarchy for m,n € N is given by
Ty T =T + kb, Tg " (E.16)

where h}' is defined in (1.16).
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Proof. We use the form (4.10) for T, and rewrite the projector using (2.42) to obtain

(m,1) (m,1) (m,1) (m,1)
= u, || u, Up, | = | un
N N N N
[ (m,1) (m,1) [ (m,1) (m,1) [7]
q [Un—a]| " |Una [T Un—1]| """ |Un—1
N N N N
Tmm—i—l o Sn(o) . . (E 17)
0 = - . — — . : I .
Sn+1 (0) n
(m,1) (m,1) (m,1) (m,1)
T U ur = | Y1 ur | —
N N N N
(m,1) (m,1) (m,1) (m,1)
7| %o Uo [ =1 | Yo Uo |
L D L D —

The first term is readily recognized as T{""T™'. For the second term, we expand

the rightmost projector in connectivities, and find that only the identity connectivity
contributes nontrivially. All other connectivities have half-arcs that push through towards
the left and are annihilated when reaching the leftmost projector. The second term can
then be written as

mul  fom) & k
S GBDDD
oo 2 vEYEYE
N N
_ 5n(0) | : L = — sn(0) [qm(u )]N B I S0 P Pt
snt1(0) |l — sn+1(0) " Pl s
(m,1) (m,1)
— | u; 0 up — -
N N
_ (7&01) (7&01)_ _ (TLS) (7&01)_ <E18)
o h Lh N
(m,1) (m,1)
Un—2 Un-2["
N N
= —[g" ()] ] DR = kb, T
(m,1) (m,1)
() ug I~
N N

as required. Note that property (2.48) of the WJ projectors was used at the second equality
and

[q" ()] = BRI (E.19)

at the last one. O

Appendix F. Closure of the fusion hierarchies

F.1. Preliminaries

For every integer n > 2 and all A € (R \ Z), the fusion hierarchy equations of section 6
(proved above in appendix E) express (m,n)-fused transfer tangles in terms of products
and sums of (m,n’)-fused transfer tangles with n’ < n. In this appendix, we show that,
for fractional A = A, s, the fusion hierarchy closes both on the strip and cylinder, and find
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that the (m,p')-fused transfer tangle can be expressed as a linear combination of (m,n’)-
fused transfer tangles with n’ < p’. For convenience, in the remainder of this appendix,
we parameterize p’ as

p=0+1. (F.1)

As will soon become evident, the fusion closure is made possible by properties specific
to fractional values of A\. One such property is that the local Boltzmann weights satisfy

siver1(u) = (1) Ps;(u), se+1(0) =0, (F.2)
from which it follows that the following four properties hold.

a) | W | = (—1)ft-r \“—1.

L
b) Pyy1 does not exist.

(
(
(©) =0,
(d) The recursive definition of Py in terms of P,_; can be simplified to

/—1

e = =l -8 [[]X- (F.3)

=1

Even though Py, is singular, the limits (4.17) of the transfer tangles D;”’ZH and
T Z“Hl still exist for m < p, and they can for example be defined in terms of effective
projectors, as explained in section 4.2. Here, the closure relations will be shown using only
diagrammatic objects which are well defined for A = A, .41. Indeed, the starting points of
the proofs will be D§"* D" and T""T"" instead of Dy""™" and T"**". Equations (7.1)
and (7.20) are just concise rewritings of the results we obtain, using the fusion hierarchy
equations (6.1) and (6.6). For simplicity, we will first prove the closure for m = 1 and
then generalize to m > 1. For m = 1, the tangles DO ZDl ! and T T;’l will be written in
terms of columns of elementary face operators, to Wthh projectors are glued, of the form

Uy Uy
.—\ P -
Up— (')
N Y
= |w || (F.4)
V4 V4
U
N Y
Uo Up—1
L& K ||

Because

L/

| — (1) P /d ‘
C\UO 1) q )C\\ (F.5)

going from one form to the other in (F.4) reverses the order of half-arc propagation for the
full column of faces, from <— to —. This property will play a key role in the following.
We conclude these preliminaries with the following lemma.
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Lemma F.1. For A = A\, 41, the (£ + 2)-tangle defined by

\\ Jf
A Jf
— \\ + (1) Jf 041 (F.6)
\\ Jf
\\ Jf
satisfies
\\ Jf
5D &
0 ¢ -7 e\\ 0 0 = Jrz (F7)
\\ - AJf
\\ Jf

Proof. To prove the first relation in (F.7), we examine the two contributions coming from
the expansion (F.6), and write the left-hand side as X; + (—1)?X5. For X, using (F.3),
we expand the rightmost projector, and find

D AD N AN

X1 = \\ = \\ - B \\ﬂ = \\ - B (
D, in) in) in N | (F.8)
\\ \\2_1 \\g_l L \\ \\e_l
\\ \\ \\_ \\ \\

where the two horizontal loop segments in blue represent a total of ¢ — 2 links. For X5, in
the expansion of the rightmost projector, only a single connectivity survives,

ISETIN
:(71)p+1 ) i
and this yields
L/ A L/
Xy = ‘Jr‘ =(-1) Z\\ : (F.10)
Jf \\
(] A

Two terms cancel out in X; + (—1)? X5, and this concludes the proof of the first identity.
The second identity in (F.7) is obtained by a left-right reflection of the first, with the
factor of (—1)? arising due to the relative sign in (F.6). O
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One should note that the proofs in this appendix are for general fractional A = A, 41
and require planar calculations involving arrays of face operators whose heights can go up
to 2(¢+1). Vertical dots are usually included to indicate high columns, but in some cases
this would make the diagrams cumbersome, and planar computations are then reported for
some large column height instead. The previous proof is an example where this reporting
technique has been employed.

F.2. On the strip

Proposition F.2. For m =1, the fusion hierarchy on the strip closes as

‘ N
N —
D(lJ,E—H _ [ql(uo)ql(,u _ u—l)} Di,f 1 +9 +1 p(H 3]+1 U — Iu)) I. (F.ll)

Proof. The proof of (F.11) is based on a set of recursion relations to be constructed in the
following. First, we write down the relations and describe the objects they link together,
but we postpone their technically involved proofs till the end. The fusion closure we set
out to prove is thus given by

S90(2u — p)se—1(2u — p)
S2e-1(2u — p)se(2u — p)

N
+ [0 (o) (n—ur)] VDI 2 (— (H sﬁlu—m) I

(F.12)

D' Dy’ = [q' (u_y)q' (p— u_z)] Dy

Because no P,.; appears in this expression, all objects are well defined. It is also
straightforward to show that (F.12) and (6.1) imply (F.11).

The first step is to prove that the following identity holds:

$20(2u — p)se—1(2u — p) Dy Dyt = 5901 (20 — p1)sy(2u — p1) A, (F.13)
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where the tangle A is defined as

Upp] — Mo oo el oo e Upy) — [
Ug— |4 Ug— |4
/] /]
4 L 14 4 4
U2 — [ U2 — [
/] /]
Uy — M Ul — W
A= ] a1 | | 4= ’ (F14)
’U,Z T . = /LLE
Up—1 Up—
AN N
14 l 14 14 14
ul PR o« o Ul
AN N
Ug UQ
LN | | N\ I

The proof of (F.13) is rather technical, and is given below.

The next step is to establish recursion relations between two (new) families of objects,
A, and D,lg’,f,_l, r=20,...,N, for which A = A, and D,lf = D,lc’f) are special cases. The
new lower index r indicates that the r leftmost columns of boxes are removed from the
diagrammatic definition of Ay and Dk0> and replaced by r vertical strands. The left
boundary is then displaced toward the right to act as the left boundary for the reduced
diagram of face operators which is composed of N — r columns; that is,

(2,1) (2,1)

y W—Mf W_li
DO,’I’ = < (1,6) (1,€) ) ' F 1
Sl INRRN U (F.15)

D D

———
T N—r

By summing over configurations of face operators in the first column of A,, we will find,
n (F.26)—(F.50),

A=A (H sj(u)sj1(u — u>> + [¢" (uo)g (= u_n)] "

J=0

N-—r
+ g (uma)g" (1 — us)]
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For r = N, it is straightforward to show that

S%Jrl(o)
85(0)

where, in general, for n € N and )\ generic,

Ay =¢1I = I=0, Dyy'=¢I=s/(0)I=(-1)""I, (F.17)

(0)
0 T <> = sn(0). (F.18)

The recursion relation (F.16) allows us to write an equality tying A, D(l)’gfl, and Di’gil
with Ay, Déf{l, and Dif\?l, which reads, after simplification,

A — g (ur)g (1 — u—s)] "Dyt — [q" (uo)g* ( — ur)] " Dy

=2(=1)F ( H sj(u)sjir(u — ,u)> I (F.19)

With (F.13), this concludes the proof of (F.11). The remaining technical computations
are the proofs of (F.13) and (F.16), which are done in the next two paragraphs.

Proof of equation (F.13). We start with the form (E.6) for n(u, u) Dy‘D}",

Upp—pf T

(F.20)

Uo
Y
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where three new P, projectors have been added. This is permitted by push-through
properties and the annihilation property (2.46) of the projectors. Diamond face operators
are then expanded as

(F.21)

(F.22)

Uppr—pf T Jupp—p Uppr—pf T Jupp—p
ya Va ya Va

[
[

NE
e

©

|
hNE
S

o

|
NT
S

©

|

=

[
~
PV
PV

(F.23)

;E(O) : ’ (F.24)
=(-1p+1 k
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while all the others have half-arcs that propagate and are annihilated by the remaining
P, projector. Up to the factor (—1)P**[¢" (u,)]V, this gives

J
P (L

Up1—H] oo e |Up1—H

N
N

(i \\j = )" C\\\\\\D
C o= CJ P

N N N N

\#!
N |

U Ug () Ug

(F.25)

which is zero due to property (c) given in section F.1. Similarly, the tangles corresponding

to a?a;? and a?a? are also zero, because half-arcs propagate all the way
around the tangle, € =2, and are annihilated by the last P, projector. The only
contribution to n(u, 1) Dy Dy’ is a?a?A, with A defined in (F.14), and this simplifies
to (F.13).

Proof of equation (F.16). In the computations to follow, only the L := N — r columns
of boxes will be considered, while the r identity strands located on the left simply act as
spectators. These will therefore be omitted from the diagrams in our planar computations.
We start by expanding, in A,, the bottom ¢ elementary faces in the leftmost column of
face operators,

[ ] RN ] |

| = se [T s1-5(-0) [PA] +s1-e(=w) [T s5w) [RN] + 1 55w )
o | j=0 ‘U j=0 INY 1 [
Wl T W TN T

(F.26)
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where the last tangle is defined in (F.6). We thus write

A, = B, + B, + B3, (F.27)

and set out to study each term individually. For By,

Upp—pf] e e = e up—p
uru_ e _uru
l l l
U2 — [ U2 —
U1 — M U1 — [
\_ 7720 ™ R )
\ _\ ’ | _\ ’
Jf Upq Up—y
Y Y
L/
f
Jfl l l
J u . u
f Y ' Y '
Jf U Uug
L Y - N -
gy —fifd e | e e |ugp—py
C A
we—p - | g
A
uo—p - | s Jua—p
p
- = | =y
_ _ Va
—ae | (T (F 2
\ _\ Y
er \ug,l \ug,l
r
/
ré
| u
Jf Y ' Y '
r—\ ’ N ’

where the P, projector at the bottom left of the tangle has been replaced by its
only contributing connectivity (F.9), and all the other projectors (except two) have
been removed using push-through properties and property (2.46) of the projectors.
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Then,
(e
N
By = oy (—1)P g ()] vy
<>\: Uyg
AL
7
A
A
f—\uo
(Frdae
VNN
= [o' o) Lo o)) | [ | (P , (F.20)
FNISSSN
(Al dadada
jrf :
Jf \U1 Uy
r_\uo R IETH

where, this time, the P, projector has been replaced by a left-right reflection of the
connectivity (F.9). The next step is to use (F.3) on the remaining projector, and this
yields two tangles,

By = [q" (1 —u_1)] " [q! (uo)] " (M1 + M), (F.30)
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The first one is

Up—1—H oo |upa—H
A
U2 — M U2 — M
ya
Ul — K Uy — K
M, = C 4
j/ \uz_g “ . \’u,g_g
(1o
J/ Uy U1
N N
J/ D o D o

while the second one is

: Jr\\

©frea—n

Up1—p
A
U2 —
A
o

SHRR T A

) (

doi:10.1088,/1742-5468/2014,/05 /P05012

\u

Up—2 Up—2
N N
Ui Uy
N N
Uo Uo
Ay Ay

(F.31)

(F.32)
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U1 — “e. eoe upg—p
] ]
U2 — [ coo cee |ua—p
] ]
i UL — [ cee |ur—p
= (-1)” C ) ’ (F.33)
Up—2 P Uyg—2

Ul .o ’U,l
N N

Ug Ug
D D

where at the last step we replaced the leftmost P,_; projector by its unique contributing

connectivity,
(_1)572 81(0) Y
s¢-1(0) \ (F.34)
IR AN

A final form for B; is obtained after making two remarks. The first one is that an
extra projector can be added at no cost in the resulting tangles of both (F.31) and
(F.33):

Up 13— e eoe |upg—p Up 31— . oo |upa—p

<

I3
|

=

3

¥
|

\
= NTE
D

M1 M2

I
)
J
I
L)
>

Up—2 e Up—2 Up—2 e Up—2

\\\\:\\\\; |
c /J /f /J at

R O up || w
\uo ...\uo \uo ...\uo
] ] ] ] (F.35)
A particular linear combination of these gives Défﬁl; that is,
-2 -2
Dy, ' = M [ ] s1-j(—u) + My [ ] s5(w). (F.36)
j=0 j=0
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The other remark is that

g —p BER O () g —p upg—pf - |upa—p

U2 — [ cee Juz—p

U — b UL — £—2 UL — 4 - Jur—p
Va Va — H s .(u_‘u) C Ya r)
C\\ \ug,g \ug,Q ) j:1 ! \’u,g,g . \ug,g
N
\\ -1 {—1
U e u u u
\\ N ' N ' N ' N '
U e U U, 500 U,
\ D ’ D ’ D ’ Y ’

JFJ/J/J/ NN

(F.37)
where
uz,lf;: e ugflf;;
Uz — | « -+ |u2z—W
] Va
:—ulu R (O
] f)
CO’T — \”LL[,Q “ e \UZ,Q i (F38)
-1
Ul oo ’U,l
N N
Ug o ()
r D D
r L—-1
Putting these results together, we find
-3
B, = [ql(u—l)ql(ﬂ - U—Q)]L (D(lﬁf_l — Bsp—1(u) (H sj(u)sjyi(u — M))
j=0
X [se_1(u— M)Déf:i — sp—o(u — M)Co,r]> . (F.39)
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The same ideas are used for By, which in the end reads

—2
B, = [q' (uo)q* (1 — u_l)]L<D1€ L= BCyse(u)ses (u— H u)s;p1(u — M)),

where C, := Co,(u+ \).
For Bj, we proceed to sum over the remaining ¢ face operators of the leftmost
column:

[ | U ] RN |
E -1 § 14 ? 41
= sep(u—p) H s—j(p—u) N +se(p—u) H s;(u—p) ) +(—1)P H s;(u—p)
4 “ 4 =0 [%\L j=1 ijc j=1 4 0
[0 AN [ /] L
(F.41)
This leads to the separate contributions
B3 :B4+B5+BG, (F42)

which are tackled independently. Using the same arguments as before, one finds

B4 = —65@ 1( S@Jrl u—u <HS] SjJrl M)) [q1<u71>q1<,u—u72)]L
x (Dg,51 — BCoy), (F.43)
and also

B; =0. (F.44)

NNNNZ
(0

NNNNZ
(]

H = (—1)rt! (F.45)

f

NNNZNNNNNZZ
NNNZNNNNNZZ
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where, in order, we replaced the top P, by the connectivity (F.9), and used
(F.7) and property (2.47) of the projectors. Finally, to compute Bg, we use the
identity

_ 1 |- 1 (—1rss(0) |+ ' (F.40)

whose proof will be the topic of the paragraph below. This separates the computation of
Bg into the four parts

B = B; + Bg + By + By, (F.47)

each of which can be computed using the techniques presented earlier. This yields

B7 == (H S] S]+1 u — ,u)) AT+1, Bg == O, (F48)

By = s3(0) se—1(u)se(u — (HSJ u)sj+(u M)) [¢" (u-1)q" (1 — u-s)]"

(D(l) ﬁ—i—ll - ﬂ C’O r) (F'49)
By = (—1) se(u)sea(u — (HSJ 53+1 U = M)) [ql(uO)ql(u - Ufl)]u
x (D1 — BCh,). (F.50)

Combining (F.27), (F.39), (F.40), (F.42)—(F.44) and (F.47)—(F.50), one finds
that the coefficients of Cy, and C;, cancel out, and that the final result for A,
indeed is given by (F.16). The only missing piece of the puzzle is the proof of
equation (F.46).
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Proof of equation (F.46). We write the left-hand side as

hierar

Fusion

(F.51)

PP PP PP ARRRRRY
NS

NS\ e’
NS

ALEEEEASENSS
NS

PP PP
N2

By virtue of property (c) given in section F.1, the last term is readily seen to be zero.

The first term is not, and it expands as

PPPPLLLLPPPL

Q
_

PYYYY Y PP Y P
Sl

T\__\%\I_\\_\\_T\_T\__\\_\\_\H%i

d

Q
_

T\__\\_%\_\%_G%\_\\m%i

PYPYYP Y PYY P
—

—~

™
0
B~
S—

)

(F.53
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N——
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hierar

Fusion

For the second term,

(F.54)

T%fﬁfffr__;f%fr_z

C 9y

Z_/fﬁffr__,f__/f%fé

_—

(F.55)

NZARSNNZZZAD
&

l__l

N ﬁff_&\__\\_\\_\v_\ N

N

(F.51) is the longest to compute:

Finally, the last term in

NNz

U

Q

NSNS\
N

Tf_rf%ff_rf__\\__\\_\\m\_\%l_

d

N

Tf_ff%ff&\__\\_\k\_\\_ﬁ_
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@

Two connectivities contribute to the remaining F,_; projector in the second tangle
of (F.58):

Both diagrams on the right can be simplified:

~

(F.57)

~

N [ A AAAANNN [ AN

LadladadadadaNNNNNN

LadadadadadaNSNNNNN

and

~
=
~

=

=
=

LadadadadadaNNNNNN

N
LadadadadadaNNNNNN

LadadadadadaNNNNNN

(F.58)

a0 D €

se1(0) T (F.59)

and -1

_(_1133(0)
=( 1)82(0)
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yielding
U ] BN ]
2 N
Z —
27 s
A (A .| (7
(0)
i - (e = (e roo
SRS i
N\ N
Ny O
N 1 Wal Wal
Adding up all these contributions gives (F.46), as already announced. O]
Proposition F.3. On the strip, the fusion hierarchy for m € N closes as
) 2Nm
D [ (o)™ (—u_)] DY = 2 <—1>“1-p<Hsj<u>) r, (F.61)
j=0

where ¢™(u) is defined in (1.11).

Outline of the proof. The generalization from m = 1 to m > 1 is almost straightforward,
so we will only give an outline of the steps of the proof without repeating the diagrammatic
arguments. Because, as discussed in section 5, the tangles D}"" are in the subalgebra
FTLy,. (), it suffices to prove that (F.61) is satisfied with D replaced by D; see (5.2).
Now, the two transfer tangles Dgl’e and D(l)’g, seen as elements of TLy,,(8), are quite
similar. The only distinction is that, in Dg”, columns of face operators have their spectral
parameters shifted by an integer multiple of A\, and thus appear as

u VAV

2| U143 |2

Us

T— (F.62)

- -

for some i € {0,...,m — 1}. The proof of proposition F.4 can be adjusted, and it now
involves modified versions of A, D;’:‘f*l, Cy,, and C,,, with varying spectral parameters.
In the end, by summing over configurations of the leftmost column of face operators in
A,, one finds a recursion relation relating these objects, from which (F.61) stems after

simplifications.
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F.3. On the cylinder

In proposition F.4 below, we prove proposition 7.5 for m = 1, recalling that A is assumed
fractional, A = A, v, and that p’ is parametrized as p’ = ¢ + 1.

Proposition F.4. On the cylinder, the fusion hierarchy for m =1 closes as
¢
j=0

where J' is a u-independent tangle.

Proof. The fusion closure we set out to prove is

l
THTY = BB T 4 Bl T 4 2 ) (H h) P b= i),
§=0

(F.64)

which, from (6.6), is equivalent to (F.63). For every r € {0,..., N}, we introduce the three
new objects, U,, V., and W,., defined as

— i i bl Uy el Up [ Up fd Up
N N Y N
Upg—1| |Ul—1] |Ur—1]| [Ur—1
N N N N
U, := : : : :
/) ) /) ) /) ) ) ) (F_65)
Uy Uy Uy Uy
N N N N
] U ] U
L H H b b b b -
r N—r

Ug—2 Ug—2 Ug—2 Ug—2

(F.66)
] Uo U Uop
N—r
JF—JF—JF— U1 N U1 N Upg— N U1
N N N N
W, = |~ J f -1 J f -1 J f -1 -1 -1 -1 -1
1 oA o (F.67)
f f f Ul U7 (5% Ul
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Below, we prove that they satisfy the recursion relation

U, = (H 55 <u>) Urir + (=0) [selu)soe(—u)] " (Vr = Vi x e (u) H Sﬂ‘“))
+ ((=1)P8) [s0(u)s1_o(—u )]N*T
<W W1 x (—1)PBs,(u H ) (F.68)

This allows us to write an equality relating
U,=TyT}", Vo=Ty""' and Wy=T;"" (F.69)

with Uy, V n, and Wy, namely

U — (se(w)sz-o(—w))" Vg = (so(w)s1-o(—u)) Wy

= <HS§V(U)> x (UN —(=B)¥(Vn + (—1)pNWN>>- (F.70)

Defining

ivp

J = - (UN — (=8N (VN + (—1)PNWN)> : (F.71)

and noting that Uy, V, and Wy are all independent of u, we obtain equation (F.64).

Proof of equation (F.68). From the definition (F.65) for fractional A = A, /41, we expand
the leftmost column of elementary face operators using (F.26), and find

(Hs“ >X1+81g (Hs >X2+<Hs, > . (F72)

To evaluate X, we first use (F.7) r times, then remove all P, projectors except the
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leftmost, and finally use the push-through property N —r — 1 times:

H\Hw HwHa
| | | _\ _\ ' N ' N ' .

Jf \W*l \Uz71 \Wq

X, = Jf

0 ¢ 0 eJ 0 ¢ 0 ¢

U U U

Jf N ' N ' N '

U U U
L H = = f—\ ’ o Y ’ o Y ’ —

Up—1| [Ue—1| |Ue—1

-1 -1 U7 Ul U7

\\\\;\\\\l“ A

ijfjf\\/f

ijfjf\\/f

Uo Uo Uo

\\\\\

A1

Ug—2 | Ug—2 (Ur—2] -

I
4
- 1|
VEYBVERNYS

I
L/

N—r—1

= (=B)" [se(u)sa—e(—u)]

-1 —1 -1

Uo Uo Uo

\\\\;\\\\l’ A

ijfjf\\/f

ijfjf\\/f

% fj fj f\\J p

(F.73)

The final step is to rewrite the remaining Py projector using (F.3). This gives

X, = (—B)T[Sg(U)SQ_g(—U)]Niril (Z,-B2Z,), (F.74)
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where
N N N N
IO DIDDD:
(_ (_ (_Jf_ (1T 1
“1= N P R EA
\\ —1 \\ —1 \\ —1 J f —1
NIDNIDNT A"
\\ \\ \\ / A e oo ues L
= | \2—1 kl—l \Z—IJ -1 Do fer Lo Do) & - r Hi:o SZ(U)
\\ \\ \\ Jf ' ’ ' IT3=0 s1-4 ()
NINDNTIDNT AL L™
(F.75)
and
N N N\ N
ST Do
dEvdlw4dl f_)(_fff
SANININ N e e R )
\t —1 \t -1 \t -1 j / —1 -1
\ —\ —\ — f— —\uo \uo \uo

To proceed further, we note that the P, ; projector drawn with thicker boundaries
in (F.76) has only one contributing connectivity, (F.34), and this allows us to write

NINININIEEE
Z2:(—1)pI3_1 151\\21\\41\\21\\21 S ) B ) I :(—l)pﬂ_lviJrl.

\ \ \ \ U i U

(F.77)

si(w) (H sli<—u>> X1 = (=8 [se(w)sas(~w)] "™ (Vr Ve )] sj<u>) .
] (F.78)
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For X5, the same calculation is done by first reversing the order of the spectral parameters
using (F.4), such that

_Ug_ug_uZ_

|

|

|

g
\\

Ug Ug Ug

X

U1 Uy U1

Up—1] [Up—1] |UL—1
— — — —

JKJCJKJK

Then, with arguments similar to the ones above, we find
—1 N

s1_e(—u) (H sl(u)> X5 = ((=1)""8) [so(u)si—e(—u)]" "
=0

X <WT — W, (=1)PBse(u) 1:[ sj(u)>. (F.79)

Combining equations (F.72), (F.78), and (F.79) completes the proof of equation (F.68).

O
Proposition F.5. On the cylinder, the fusion hierarchy for m € N closes as
¢
T Ty — b T — hrhy T = 2iVmii=p) (H h;ﬂ) Jm, (F.80)
=0

where J™ is a u-independent tangle and h' is defined in (1.16).

Outline of the proof. For m > 1, the generalization turns out to be straightforward,
albeit tedious. Following the discussion in section 5, it suffices to prove (F.80) with T

replaced by T'; see (5.3). As tangles, Tg"’”,’_ijé’” € EPTLnm(a, B) are very similar, with

the difference that rows of face operators in T, have spectral parameters shifted by an
integer multiple of A and appear as

Up—;
K

(F.81)

for some i € {0,...,m — 1}. The steps in the proof of proposition F.4 are then repeated.
Summing over configurations of a single column of face operators produces a recursion
relation relating adapted versions of U,., V. and W ., eventually leading to (F.80).
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