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Abstract

The higher fusion level logarithmic minimal models LM(P, P’;n) have recently been constructed

as the diagonal GKO cosets (Agl))k @ (Agl))n/(Agl))k_m where n > 1 is an integer fusion level and
k= P’?—fp — 2 is a fractional level. For n = 1, these are the well-studied logarithmic minimal models
LM(P,P") = LM(P,P';1). For n > 2, we argue that these critical theories are realized on the lattice
by n x n fusion of the n = 1 models. We study the critical fused lattice models LM (p,p’)nxrn within a
lattice approach and focus our study on the n = 2 models. We call these logarithmic superconformal
minimal models LSM(p,p') = LM(P, P';2) where P = |2p — p/|, P’ = p/ and p, p’ are coprime. These
models share the central charges ¢ = 22 = %(1 — %) of the rational superconformal mini-
mal models SM(P, P"). Lattice realizations of these theories are constructed by fusing 2 x 2 blocks
of the elementary face operators of the n = 1 logarithmic minimal models LM(p,p’). Algebraically,
this entails the fused planar Temperley-Lieb algebra which is a spin-1 Birman-Murakami-Wenzl tangle

algebra with loop fugacity 8o = [z]3 = 22 + 1 + 272 and twist w = 2* where z = € and \ = w=pm
The first two members of this n = 2 series are superconformal dense polymers LSM (2, 3) with ¢ = —%,

P2 = 0 and superconformal percolation LSM(3,4) with ¢ = 0, o = 1. We calculate the bulk and
boundary free energies analytically. By numerically studying finite-size conformal spectra on the strip
with appropriate boundary conditions we argue that, in the continuum scaling limit, these lattice
models are associated with the logarithmic superconformal models LM (P, P’;2). For system size N,

P.P2  pplo ()

we propose finitized Kac character formulas of the form q_c 7 A X, s.0(q) for s-type boundary

conditions with r =1, s = 1,2,3,..., £ = 0,1,2. The P, P’ dependence enters only in the fractional
power of ¢ in the prefactor and ¢ = 0,2 labels the Neveu-Schwarz sectors (r + s even) and ¢ = 1
labels the Ramond sectors (r 4+ s odd). Combinatorially, the finitized characters involve Motzkin and
Riordan polynomials defined in terms of g-trinomial coefficients. Using the Hamiltonian limit and the
finitized characters we argue, from examples of finite lattice calculations, that there exist reducible
yet indecomposable representations for which the Virasoro dilatation operator Ly exhibits rank-2 Jor-
dan cells confirming that these theories are indeed logarithmic. We relate these results to the N =1
superconformal representation theory.


http://arxiv.org/abs/1312.6763v2

Contents
1 Introduction

2 Logarithmic Minimal CFTs LM(P, P';n)

2.1 Coset construction and central charges of LM(P,P’;n) . . . . . ... . ... ... ...
2.2  Branching functions and logarithmic minimal Kac characters . . .. ... .. ... ...
2.3 Conformal weights of LM(P,P';n) . . . . . . .
Fused Temperley-Lieb Algebra
3.1 Linear Temperley-Lieb algebra . . . . . .. . ... ... o o
3.2 Fused Temperley-Lieb algebra . . . . . . . . . . .. ... ..
3.2.1 2 x 2 fused linear Temperley-Lieb algebra . . . . . .. .. ... .. .. ... ...
3.2.2 n xn fused Temperley-Lieb algebra . . . . . .. .. ... ... ... .......
3.3 General n x n fused face operators . . . . . ... Lo L o
3.3.1 m x n fusion and push-through properties . . . . . .. .. ... ... ... ....
3.3.2 2 x2fused face operators . . . . ... Lo
333 2x2fusedbraids . . ... ... ...
3.34 nxmnfused face operators . . . . . . . ...
3.4 2 x 2 fused link states and matrix representations . . . . . . . .. ... ... ... .. ..
3.4.1 Neveu-Schwarz . . . . . . . . . . . e
3.4.2 Ramond . . . . . . . e
3.4.3 Action on cabled link states . . . . . . ... ... L L
3.4.4 Matrix representations . . . . . ... Lo

Logarithmic Superconformal Minimal Lattice Models LSM(p,p’)
4.1 Yang-Baxter integrability . . . . . . . . ...

4.1.1 Generalized Yang-Baxter equations . . . . . . . . . ... oo
4.1.2 Boundary Yang-Baxter equations . . . . . . . ... ... oL
4.2 Commuting double row transfer matrices . . . . .. . ... ... ... ... .......
4.2.1 Neveu-Schwarz sector (r,s) = (1,1) . . . . . .. ... . oo
4.2.2 Ramond sector (r,s) = (1,2) . . . . . ...
4.2.3 Neveu Schwarz sectors (1,s), s >3 . . . . . . ...
4.3 Hamiltonian Limit . . . . . . . . . . . .
4.3.1 Neveu-Schwarz sector (r,s) = (1,1) . . . . . . . ... o
4.3.2 Ramond sector (r,s) = (1,2) . . . . . . o
4.3.3 Neveu-Schwarz sectors (1,8), s>3 . . . . . . .. .
4.4 Duality . . . . . e
4.5 Free energies . . . . . . .. e
4.5.1 Bulk free energies. . . . . . . . .
4.5.2 Boundary free energies . . . . . . . ..o
4.6 Finitized r =1 Kac characters . . . . . . . . . . . . ...
4.6.1 Neveu-Schwarz sectors . . . . . . . . . . . . e
4.6.2 Ramond sectors. . . . . . . . ..

Numerical Strip Partition Functions for LSM (p,p’)

5.1 Finite-size corrections . . . . . . . . . . . L e e e e
5.1.1 Transfer matrices . . . . . . . . . . . e
5.1.2 Hamiltonians . . . . . . . . . . . e e e e

5.2 Numerical central charges and conformal weights . . . . . . . .. ... ... ... ....

10
10
13
14
14
15
15
16
17
18
20
21
22

22
23
23
23
24
25
25
26
27
27
29
30
30
31
31
32
35
36
37



5.2.1 Neveu-Schwarz sector (r,s) = (1,1

~—
w
Nej

5.2.2  Neveu-Schwarz sector (r,s) = (1,3) . . . . . . . ... 41

5.2.3 Ramond sector (r,8) = (1,2) . . . . . .. 41

5.3 Excitations . . . . . . . . e e 43

6 Jordan Cells and Representation Theory 43
6.1 Example rank-2 Jordan cells for LSM(2,3) and LSM(3,4) . . . . .. ... .. ... .. 43
6.2 Some representation theory . . . . . .. .. L oL 45
6.2.1 Superconformal dense polymers LSEM(2,3) . . . . .. .. ... L. 46

6.2.2 Superconformal percolation LSM(3,4) . . . . ..o o 48

6.2.3 Neveu-Schwarz sector conjectures . . . . . . . . . . . . . . . 49

7 Conclusion 49



1 Introduction

The simplest logarithmic Conformal Field Theories (CFTs) [1,2] are by now well studied from an
algebraic and a lattice perspective. The current status can be seen in the special issue [3]. Some of
the articles more relevant to this work include [4—6]. In the Virasoro picture, that is assuming that the
conformal algebra is the Virasoro algebra and not an extended symmetry algebra, it has recently been
argued [7] that general logarithmic minimal models LM (P, P’;n) at arbitrary integer fusion level n are
constructed as diagonal su(2) GKO cosets [8-10]. For n = 1, these logarithmic CFTs are realized on
the square lattice by the logarithmic minimal models LM (p,p’) [11] where p,p’ are coprime integers.
As loop models, these coincide with special “rational” points on the critical line of O(n) models [12].
The first members of this series include critical dense polymers LM(1,2) [13-16] and critical (bond)
percolation LM(2,3) [17]. For n = 2, the coset theories are logarithmic superconformal field theories.
Such theories have been considered, from within the algebraic approach, by several authors [18-23].

In this paper, we adopt a lattice approach and study exactly solvable two-dimensional lattice
models [26] associated with the n > 1 logarithmic minimal models LM(P, P';n). On the square
lattice, the Boltzmann face weights of the fused models LM (p,p')nxn [27] are obtained by using a
process of fusion [28] to form n x n fused blocks of elementary face operators of the LM (p, p’) models.
For integrable boundary conditions on a strip, commuting double row transfer matrices for the fused
models can be constructed analogously to the associated rational theories [29]. In this way, we obtain
families of Yang-Baxter integrable loop models which realize the complete family of higher fusion level
logarithmic minimal models LM (P, P’;n) in the continuum scaling limit.

We develop a general framework but focus our study here on the logarithmic superconformal
minimal models as 2 x 2 fusions of the logarithmic minimal models LM (p, p’)

LEM(p,p') := LM(p,p)ax2 = LM(P, P';2), P=|2p—yp|, P'=p (1.1)

The explicit identification of these theories with n = 2 logarithmic minimal cosets is consistent with the
duality relation p <+ p’ — p of Section 4.4 and is confirmed by direct numerics in Section 5.2. For p > 2,
the central charges of these logarithmic theories are shared with the associated nonunitary minimal
models so the identifications SM(p,p’) = M(P, P’;2) also apply naturally to these rational minimal
models. For the unitary minimal models with p = p’ — 1, this is in accord with the analytic results of
Kliimper and Pearce [30]. The first members of the superconformal series (1.1) 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.

Mathematically, the Yang-Baxter algebras underlying the general LM(P, P’'; n) models are planar
braid-monoid algebras [31] in the form of n x n fused Temperley-Lieb algebras [32-38]. For the n = 2
superconformal models, this algebra is a one-parameter specialization of the two-parameter Birman-
Wenzl-Murakami (BMW) [39,40] tangle algebra.

The layout of the paper is as follows. In Section 2, we recall the coset construction [7] of the
logarithmic minimal models LM (P, P';n) and summarize their conformal data including their central
charges, conformal dimensions and Kac characters.

In Section 3, we describe the n x n fused Temperley-Lieb algebra, its generators in the form of
braids and generalized monoids and the construction of the n x n face operators. The standard fusion
procedure described in the existing literature [34-38] uses Wenzl-Jones projectors [41,42] which only
exist for n < p/. To generalize fusion to all n € N, we develop a new and general diagrammatic
fusion procedure and explicitly implement it in the 2 x 2 and n x n cases. The standard procedure
is reviewed in Sections 3.1 and 3.2 for the purpose of establishing that the new diagrammatic fusion
procedure agrees with the standard procedure when n < p’. Specializing to the n = 2 logarithmic
superconformal models, we also discuss the matrix representations of the generators through their
action on link states in the Neveu-Schwarz (r + s even) and Ramond (r + s odd) sectors labelled by



the quantum numbers (r,s,¢). The form of these link states, their relation to the quantum numbers
(r,s,£) and their combinatorial counting in terms of trinomial coefficients are all new.

In Section 4, we address Yang-Baxter integrability in the presence of suitable boundaries. The
various subsections build on familiar constructs and concepts such as bulk and boundary Yang-Baxter
equations, transfer matrices and their quantum Hamiltonian limits, duality, inversion relations and
finitized characters, but we generalize them to the new context in which a number of new features and
subtleties arise. More explicitly, restricting to the case n = 2 with » = 1, we construct the commuting
families of double row transfer matrices and their Hamiltonian limits and observe that they exhibit a
duality under the involution p <+ p’ — p. One new feature that arises is the appearance, in Ramond
sectors, of a new boundary field n which has not been seen previously. We calculate analytically the
bulk and boundary free energies in the r = 1 sectors. Also, for n = 2, we use combinatorial arguments
to conjecture general expressions for the » = 1 finitized Kac characters. These involve polynomial
generalizations of Motzkin and Riordan numbers [43-45] defined in terms of g-trinomial coefficients.

In Section 5, we confirm numerically that the logarithmic superconformal models arising from the
2 x 2 fusion of the elementary LM (p, p’) lattice models indeed are to be identified with the LM (P, P’;2)
CFT coset models where P = |2p — p/| and P’ = p/. The relation between the parameters p,p’ of the
lattice model and the parameters P, P’ of the CFT coset is not predicted by theory and is far from
obvious. Specifically, employing this identification and using estimates based on finite-size corrections,
we confirm the predicted values of the central charges ¢ and the first few conformal dimensions Af’f 2;2
in the r = 1 column of the Kac tables (2.18). The numerics also confirms that we have corrécytly
constructed explicit boundary conditions conjugate to the Kac operators, at positions (1, s, /), in the
r = 1 column of the infinitely extended Kac tables.

In Section 6, using the Hamiltonian limit, we argue that there exist reducible yet indecomposable
representations for which the Virasoro dilatation operator Ly exhibits rank-2 Jordan cells confirming
that these theories are indeed logarithmic. We also relate these results to the N = 1 superconformal
representation theory. We conclude with some general comments in Section 7.

2 Logarithmic Minimal CFTs LM(P, P';n)

2.1 Coset construction and central charges of LM(P, P';n)

Algebraically, the logarithmic minimal models are constructed [7] as cosets

, nP pP-pP , ,
EM(P,P;n):COSET(W—Zn), gcd[P, ]:1, 1<P<P, nPPeN (21)
where n = 1,2,... is an integer fusion level and N denotes the set of positive integers. The diagonal

GKO coset [8-10] takes the form

(A1) ® (AP),
(A )k

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

the respective levels k, n and k + n. The central charge of the coset Virasoro algebra is thus given by

3kn(k +n+4) o 3k
(k+2)(n+2)(k+n+2) P k2
where ¢}, is the central charge of the affine current algebra (Agl) )k- The central charges of the logarithmic
minimal models LM (P, P';n) are thus

COSET(k,n) : -2, ged[p, p'] = 1, n,p,p €N (2.2)

, k=

Cc=Ck+Cp— Chan = (2.3)

=1, 0O<P<P (2.4)

., 3n 2(n +2)(P' — P)? P —P
P7P b
! n+2 (1 B n2PP’ >’ ged [P’ ]



The usual logarithmic minimal models [11] are given by n = 1. The logarithmic superconformal
minimal models are given by the specialization n = 2 with central charges

o 3 2(P' — P)? P'—P
CP,P,2:§<1_%)7 gcd[P, 5 }:1, 0<P<P (2.5)

2.2 Branching functions and logarithmic minimal Kac characters

The Kac characters of the logarithmic minimal models LM(P, P';n) are given by the branching
functions [7, 10, 46] of the logarithmic coset (2.1). These are expressible in terms of the string
functions [47-51] of Z,, parafermions with central charge ¢ = 22=2. For the fundamental domain

n+2
0<m<e<n, {—m € 27, m,£=0,1,...,n, neN (2.6)
the string functions are given by
_d2n—2 L(042) m?
24 n+2 4(n+2 4an
A = L7 3( i (1) DG
(@)% 52
« [q%(é-l-m)-l-%(é—m) _ qn—€+1+%(2n+2—€—m)+%(2n+2—€+m)] (27)

where the dependence on n has been suppressed and we use the g-factorials

(@n = -, H (1-q") (2.8)

k=1

The notation for the string functions should not be confused with the notation for the central charges.
The fundamental domain of definition (2.6) of the string functions is extended to the domain

£=0,1,...,n, m € Z, neN (2.9)
by setting ¢’ (¢) = 0 for £ —m ¢ 2Z and using the symmetries

ch(q) =" (q) = b7 (q) = chiian(@) (2.10)

so that ¢!, (q) is even and periodic in m with period 2n.
Explicitly, the Kac characters of the logarithmic minimal models are given [7] by the branching
functions of the GKO coset (2.1)

P,P'in
rs

sRECD) e ¢t (q) — q76f+s(q)], r+s=¢mod2, rseN, 0</<n (2.11)

PP ABF'm_e
ot (@)=¢"""

X

where the conformal weights Af ’SP,;" are defined in the next section. These branching functions satisfy
the logarithmic branching rules (see [7] for notations)

b, _ p,p+npin p+np'p’ _Jn+1—p, sodd
27 (g, 2) iy (a,2) = ;N X0re (@) X 0 2), e—{p_L ooy (212)

o =r+£ mod 2

For n = 1, we recover the quasi-rational Kac characters of the logarithmic minimal models

: PP e (1— )
PPl - AP q
Xr,8;0 (@) =q¢ = Tan @)
(o @]

(2.13)



For n = 2, the branching functions simplify to

PP

2 P,P2 rs
/ “SEr A T (1 ) m_=m
NS: £=0,2; r+ seven: XTI,DSPZQ(Q): ! JPP2 ppz( 1) :
g rE ATl () —qF L, (q)], my =2-m_(2.14)

A

CP,P,2 X /, rs
R: ¢=1; r+sodd: XPP2( y=¢q +T18+A£SP2(1—q7)c%(q)

r,s,1

where m_ = 0,2 =r—smod 4 and my = 0,2 =r+ s mod 4. In this case, there are three independent
string functions which are related to the three irreducible Virasoro characters cha(q), A € {0, 6 2
of the rational Ising model with central charge ¢ = ¢3! = % by

(@oo 2(q)oo L2 Pt Doo 4= (a);
Z(q) = 3(q) = e AU [ﬁ(lJrq’“ 2)—ﬁ(1—qk %)] _a® i /i 2.15
=T e T 2 LM i 0w 2 (@; 1)
ChL(Q) qﬁ e qﬁ e q% qﬁ e qﬂ%
clg) = 16 — Ry — 24° =
0= o o L o L T 2 W

For later use, we have recalled the fermionic forms (positive coefficient g-series) of these string functions.
It is to be stressed that, in this paper, we work throughout with the Virasoro algebra as the chiral
conformal algebra and not the superconformal or W-extended chiral algebra. In the superconformal
picture, the sectors £ and n — £ are combined into symmetric and anti-symmetric super-characters. For
n = 2 in the N.S sector, this gives the superconformal characters
P P2 PP
AN ) (1 - %) e 0(a) £3(q)], m_=my

P P' P,P2
+agtAns

NS: xR @) £x55 @) =

r,s,0 r,8;2

) (2.16)
(1) (1F4%)[S(q) £ Y(q)], mse=2—m_

where the combinations of string functions are related through the irreducible Virasoro Ising characters
to simple infinite products

S

J:-‘H

()—

1
2

0 0 Cho( ):]: ch 0 1

co(q) £ c3(q) = e H (1£q"2), (2.17)
We call our models superconformal minimal models because the underlying lattice models are the same
with or without an extended symmetry. The only difference is that, with a superconformal or W-
extended symmetry, different boundary conditions must be constructed on the lattice to respect the
enlarged symmetry [52-55].

2.3 Conformal weights of LM (P, P';n)
The conformal weights of the logarithmic minimal models LM(P, P’;n) are given explicitly [7] by

APFin ATI?’SPI;"+AfTS+MaX[%(€+2—T—s),O], r+s=+{mod 2, r,s=1,2,... (2.18)

r,s;¢
The first term on the right side is

v (rP'—sP)? — (P — P)?
AR = PP . oms=1,2,... (2.19)




31 1 1 1 15 5 35 43 11 3 3 11
10 16 571 ~ 16 570 16 573 10 4 16°16 1 16°16 0 16°1
41| 138 |1 1| 13 |4 1| 157 7| 25 1| 1 1| o
9 |35 | 3 [375| B |36 | 1 9 32| % | Lzl % |%2] 16
15 1 1 1 31 9 9 23 15 1 1 7 1 23 15
8 16 570 ~ 16 571 16 574 8 4 |16°16| 4 |[16°16| 2 |16°16
1 1 1| 15 5 | 79 3| o 1| 1 1| 25
T L%z | % [32]| 16 T 1231w |03 6 |L2]| 6
6 | 1B |11 1 |wma| 57 (3510 6 | 1 |2l ¢ lus| | [Bas
2R |63 18 |6:3] 28 |63 16°1 1616 16°16
- PO U IR O I I IR AT s liql 2 1ol 2 |39 2
0 072 6| Lz | T6 472 16 9 271 16 270 16 2’2 16
1|1 15 |5 79 |17 1 |7 1| 1 |15 23] 9 |71 63
4 i6|20] %6 |23 16 |28 4| 1 [ 16| 7 [16°T6| 1 |16°16
1 1| 13 |4 11| 157 |19 35| 445 1 1|1 25 | 7 81
3 |36 = |36 3 |36 3120 % |31| 1% |23 %
1|1 31 |9 111 |21 3 11 43 35 99 107
2 |~ |l| % | 24| 96 |31 2 | 0 |37 1 |T6016| 4 |T6716
3| 15 5 | 7o 17 | 101 3| o 3 | 49 1 | 121
1105 1% |32 © (32| 76 1 105 |1 |23]| 16 |92 | 16
1 2 3 4 5 6 r 1 2 3 4 5 6 r
Table 1: The infinitely extended Kac tables of conformal weights (2.18) for superconformal dense
polymers LSM(2,3) = LM(1,3;2) with ¢ = —% and f5 = 0 and superconformal percolation

LEM(3,4) = LM(2,4;2) with ¢ = 0 and S = 1. The Neveu-Schwarz (NS) sectors with r + s
even correspond to £ = 0,2 and are shown as Af’sﬁjz,Afff. The conformal weights in these two
sectors differ by half-odd integers reflecting the presence of supersymmetry. The Ramond (R) sectors

with 7 + s odd correspond to £ = 1.

Setting m’ = m mod 2n, the second term is the conformal weight of the string function c/,(q)

: (0+2) m?
Z,?’L o / / / _
AP = Max[A(m', ¢,n), A2n—m' £,n), A(n—m',n—20,n)], A(m,l,n) = nt2)  in (2.20)

folded into the fundamental domain (2.6). The third term only gives a nonzero contribution for
r + s < £ < n. These conformal weights are thus organized into n 4 1 layered and infinitely extended
Kac tables each displaying the checkerboard pattern r + s = £ mod 2. In accord with the fact that
these theories are nonunitary, the minimal conformal weight is

AP P’ — P even / 2
PnP’0’ .. PP
e :Aﬁ%ﬁ:—L———L<O (2.21)

PP'n
A 4nPP’!

min - ’
P,P';n /
AP, . P~ Podd

It follows that the effective central charge is independent of P, P’ and given by the central charge of
the affine current algebra (Agl))n

3n

P,Phn _ _
n+ 2

A /.
Cog = cBFmn _gq ADEn

min

(2.22)

:Cn

The logarithmic superconformal minimal models with n = 2 therefore all have the effective central

charge cog = g = %



The infinitely extended Kac tables of conformal weights are shown in Table 1 for superconformal
dense polymers LM(1,3;2) with ¢ = —% and 2 = 0 and superconformal percolation LM (2,4;2) with
c=0and B = 1.

3 Fused Temperley-Lieb Algebra

The planar Temperley-Lieb (TL) algebra [31], is a diagrammatic algebra generated by the two tiles or
2-tangles

J ’ \\ (3.1)

Within the planar algebra, these tiles are multiplied together (in arbitrary directions) by connecting
the nodes at the midpoints of the edges of the faces by a planar web of connectivities. Fixing the
direction for multiplication in the planar algebra leads to the loop representation of the correspondng
linear TL algebra [32].

3.1 Linear Temperley-Lieb algebra

The linear Temperley-Lieb (TL) algebra [32] TL(z; N) is a one-parameter algebra generated by the
identity I and the monoids ej, j = 1,..., N subject to the relations

e? = e (3.2)

ejejilej = ej (33)

€i€; = €€ |Z —j| > 2 (3.4)

The parameter z = €' is a (complex) phase. For generic loop models A € R whereas, for the logarithmic
minimal models LM (p,p’), the crossing parameter A\ = (p;—,p)w is restricted to rational fractions of .

A faithful representation of the (linear) TL algebra is given by the loop representation with generators
on a set of N parallel strings
=

e B e B R
1 2 N-1IN 1 2 J j+1 N—1N
that act by vertical concatenation. In diagrams, closed loops are removed and replaced with the scalar
loop fugacity . For example, diagrammatically, relation (3.2) becomes

(3.5)

= /
QO |- sl | X ] (3.6)
' 1 2 j j+1 N—-1N

1 2 7 j+1 N—-1N

The loop fugacity (5 is a scalar weight assigned to closed loops

5:51:():@—1-@::13—1—3:_1:2005/\, 5n_1:[:13]n:$ _:E_l ZSI?H)\ (3.7)
T —x sin A

The TL algebra is associated with (Agl))l or su(2) at level n = 1, so the loop segments carry a Spin-%

charge.
The TL algebra TL(x; N) encompasses a braid-monoid algebra where the braids b; and inverse
braids bj_1 are defined by

bj = i($1/2ej —z7 V2], bj_1 = (a1 — :E_1/2€j) (3.8)



with diagrammatic representations

N I o N Y I e ™

1 2 J J+1 N—-1N 1 2 J Jj+1 N—-1N

Although braid operators are not strictly planar objects, in the planar algebra setting [31] they
are viewed as additional rigid tiles (2-tangles) that are connected by planar webs of connectivities.
Assuming the e; are real in a given matrix representation so that €; = e;, we see the inverse braids are
given by complex conjugation bj_1 = E The braids satisfy the quadratic relation

(bj + iz~ Y21)(b; — i2/?T) = 0 (3.10)

The additional relations for the TL braid-monoid algebra are

bib; ' =1
bjbjt1bj = bjt1bibj
bib; = bjb;, i —j| > 2
biej = Ejbi, |Z —]| > 2 (3.11)

ejbj+1bj = bjri1bjejr1 = ejejin
bjej = ejbj = We;

3/2 is called the twist, as it enters diagrammatically by undoing a twist

Q = wM (3.12)

The twist relation follows using the definition of the braid operator (3.8) and the property that closed
loops can be removed

where the scalar phase w = iz

bie; = (ix*2e; —iz"2e; = [ix?(x + 271) — iz ?e; = ia®%ej = we; (3.13)

A similar (complex conjugate) relation holds for undoing a twist created by acting with the inverse
braid on the monoid giving

bj_lej =ej j_l =w e, Q = wlmM (3.14)

3.2 Fused Temperley-Lieb algebra
3.2.1 2 x 2 fused linear Temperley-Lieb algebra

Assume that A # 7 so that » = e £ and B # 0. To define the 2 x 2 fused TL algebra TL(x;2, N),
we use the first non-trivial Wenzl-Jones [41,42] projector

1
pj:I_Eeja P =pj, B#0 (3.15)

This projector annihilates the monoid
bj€; = €;p; = 0 (316)

It is represented diagrammatically by two fused or cabled strings as

pj = |c>| = | | - >< (3.17)
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and satisfies

In the 2 x 2 fused TL algebra TL(x;2, N), the consecutive pairs of 2N strings are fused together
to form N compound strings each carrying spin-1 charge. The identity in the 2 x 2 fused TL algebra is

N
= szj—1 (3.19)
j=1
The fused loop fugacity is

SO0 1C-rin-s-smcs o

This spin-1 property reflects the fact that this algebra is associated with su(2) at level n = 2

S HEHOTIG F I R

The fused 2 x 2 braids and monoids are constructed by using the projector p; to fuse [28] the elementary
TL generators

Bj = paj—1p2j+1b2ib2j—1b2j4+1b2iD2j—1D2j+1
~1 B

Bj = p2j—1p2j+lb2j ij_lbgj_Hij DP2j—1P25+1 (3.22)
E; = paj_1p2j+1€2;€2j—1€2+1€2;P2j—1P2j+1

Acting on 2 cabled strings, the operators are represented diagrammatically as

I:D D sz@zx, B;lz@zx, Ej:%:X (3.23)

Not surprisingly for spin-1, the fused braids satisfy a cubic relation
(B; — x*I)(B;j + 2*1)(B; — 2 2I) =0 (3.24)

and the monoids are given as quadratics in the braids by the skein relation

(2 —a ?)(B; — 1) = B; — B; ' (3.25)
The two-parameter Birman-Wenzl-Murakami (BMW) algebra BMW(z,y; N) [39,40] is a more
general braid-monoid algebra with cubic and skein relations

(Bj +y)(B; —2*y)(Bj—y ') =0,  (y—y )(E;j—1I)=B;—B;' (3.26)

and braid-monoid relations

BBy =1
BjBj1Bj = Bj11B;Bji1
BiBj = B;B; i—j|>2
E} = ByE;
E;E;1E; = E; (3.27)
EE; = E;E; i —j|>2
E;Bj = BjE; i—j|>2

EjBj+1Bj = Bj+1BjEj+1 = EjEj+
BjEj = Eij = (,UQEj

11



where ) o
M woy = z2y (3.28)
y—y
The 2 x 2 fused TL algebra TL(x;2,N) = BMW)(z,2?; N) is thus a one-parameter specialization of
the BMW algebra with y = 22.
It is often convenient to use an alternative presentation of the fused TL algebra TL(x;2, N) by

defining [56-59] a generalized monoid operator

P2 =1+

Xj = p2j_1D2j+1€2jP2j—1DP2j+1 (3.29)

X;:ZZZ (3.30)

In this presentation, as opposed to the algebraically equivalent braid-monoid presentation, the
generators are all strictly planar objects. The braids and inverse braids are expressed in terms of
the operators I, F;, X; by

represented diagrammatically as

B; = 2*E; — (x + 2 )X, + 2721, Bj_1 =27 2E; — (x + 27 )X, +2°1 (3.31)

These combine to give the form

X, = W) gy

2T (Bj + B; ") (3.32)

2@ +ax71)
which is manifestly invariant under crossing symmetry (rotation through 90 degrees)
—1
Ej(-)[, Bj(-)Bj s Xj(-)Xj (333)
Eliminating the braids from the braid-monoid relations gives the relations [59]

E} = ByE;
EjEj:tlEj = Ej
B*X? = B3X; + E;

,BX]'E]' = BE]'X]‘ = /82Ej

EE; = EE; i—j|>2
XiX; = X; X, i—j|>2
X,E; = E;X; i—j|>2 (3.34)

XjEjn1 X = X1 B X
BE; X1 E; = B I
XjEjr B = Xju Ej
B X Xj11E; = s X1 Ej + Ej
B XX X) = X1 X X)) = B(Bj X — EjiXj + X Ej
—XjEjn+X; - Xjn) - Ej + Ejn

where f33 is defined in (3.7). All of these relations hold under time-reversal, that is, with the order of
the products of E; and X reversed on both sides. We note that replacing X; with X; = 8X; and using

the identity 37183 = By — 1, gives a planar generalized monoid algebra with the fused loop fugacity S3s
as the only parameter.

12



3.2.2 n xn fused Temperley-Lieb algebra

The general Wenzl-Jones projectors [41,42,60,61] pg-n) are defined recursively by

n n wn n
O Attt ACTRT LI S MR BT

These projectors act on n strings with 1 <n < N so, diagrammatically, the recursion is

_ _ ~ (3.36)
N ;N , []n+1 s
n+1 n n—1

which is an expression of the spin—% fusion rule n®2 = (n+1) @ (n—1). For general n, the generalized
loop fugacities defined to be the closure of the Wenzl-Jones projector on n strands, are given by the
Chebyshev polynomials of the second kind

n+l _ .—n—1
. @m—u o

This holds trivially for n = 1 since 1 = f = x + 2~ = [z]2. It holds for general n by induction

_ U [z]n L [2]n
BTL‘H @ O [ ]n+1 |i> ‘ ZE]n—l—l

= BB, — Zlpt1 = [T]na2 (3.38)

n:l’][ Lin+l —

[w]n—i-l [‘T]n-i-l

Similarly, the twists for general n can be obtained recursively

222K

by repeatedly using the relation
bj = (—az)bj_1 + izt (@ — 2 (3.40)

and the fact that the second terms do not contribute due to formation of a closed half-arc which is
killed by the action of the projector.
In summary, in the general n x n fused TL algebra [32,34-38], the loop fugacity and twist are

n/2 .

= 3 el = TR e, (3.41)
S11

m=-—n/2

where the sum is over half-integers or integers. The braid B; satisfies a degree n + 1 polynomial
equation [36, 38]

(Bj —wPI)(B; — @) ... (B — V) =0, W) = (—1)k+lpkE=Dy, (3.42)

n n
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and the monoid F; can be written as a degree n polynomial in the braid operators

(B; —wiPI) .. (B — w1

E;=p5 (3.43)
’ " (wp — wg))(wn - wg’)) oo (wn — wﬁf‘“))
3.3 General n x n fused face operators
3.3.1 m x n fusion and push-through properties
Let us introduce the following notations that we use throughout the paper
/ J—
A= (ppi/p)ﬂ’ gedp,p]=1, 1<p<yp, pp eN (3.44)
sinu
s(u) = o Un=u + 0\, sp(u) = s(u+n\) (3.45)

The weights of elementary 1 x 1 faces of the logarithmic minimal models LM (p,p’) [11] are expressed
in terms of the TL algebra as

u | = s(A—u) /) + s(u) J- sA—u)l + s(u)e; (3.46)
\ AN a
where the small arc in the bottom-left corner indicates the orientation of the face operator. The last

equality applies if the planar operators act from the bottom-left to the top-right. Fusion of m x n
blocks of face operators

Un—m | - - - coo Un—2 | Un—
(3.47)
U2—m| - - - e Uo U
ul% oo oo u71 ’uO
D

is implemented diagrammatically by applying a restriction or projection, implemented by hand, along
each edge. If there is an internal closed arc beginning and ending anywhere along a given edge, then
there must be a small internal closed half arc between neighbouring nodes somewhere along that edge.
The fusion procedure acts to project out all faces with a closed internal arc along any of the edges.

If there is a closed half arc anywhere in a TL link state [11], then there must be a small closed half
arc between neighbouring nodes somewhere in the link state. Such small external closed half-arcs have
a push-through property. Specifically, if there is a small half-arc in an in-link state at the top acted
upon by a seam, consisting of a p x 1 block of fused faces, then by a simple trigonometric identity there
must also be a small closed half-arc in the out-link state at the bottom of the seam

/A /AR /AR
—u-A| u - = s(2\ —u)s(u) _Jf\\_ + 52X —u)s(A —u) — s (3.48)

(N N\ N\
+ s(u—A)s(A—u) —\\J =+ s(u— A)s(u) —\\\\— = s(2\ —u)s(u) -
| | |

_\\
A

T
_>\
A
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Note that the closed loop in the third diagram on the right-side contributes a scalar factor 5 = s(2\).

This push-through property means that, if there are no internal closed half loops on the bottom edge,

then there must be no closed half loops on the in-link state at the top. This means that the projector
(m)

can be pushed through from the bottom to the top. If the Wenzl-Jones projector P; exists, then the

action of the projection process described above agrees with the action of the Wenzl-Jones projector
pg-m). However, the projection process described above also makes sense when the Wenzl-Jones projector

fails to exist. For A = (p/;—,p)ﬂ, we will always use the diagrammatic implementation of fusion, including

for the construction of fused boundary operators in Section 4.1.2.

3.3.2 2 x 2 fused face operators

For 2 x 2 fusion, the fused face transfer operator X;(u) is defined by

(1) X (0) = (I - u“]) (5.49)

where the projectors are indicated by ovals and 72 2(u) is a suitable normalization factor which removes
common factors. Internally, there are 2* = 16 loop configurations, 9 of which are killed by the projectors
because they have half arcs along the edges. The remaining 7 internal configurations are

L/ fJ A L/ f\\ L/ fJ ’ L/ f\\ \\\\ L/ f\\ \\\\

Jf Jf Jf Jf \\Jf \\Jf \\Jf \\\\ \\\\ (3.50)

There are three distinct connectivity classes (with respect to the connections between the 8 external
nodes) given by the first, the last and the five intermediate planar operators. The first operator is the
fused identity I and the last is the fused monoid E;. The other five planar operators combine to give
the generalized monoid X; (3.30)

P ] —

I = J — ijf E. = % — \\\\ X, — — dh (3.51)
J U J 1\ J
lalild A N | /]
= = =
Explicitly, using trigonometric identities to combine these 5 intermediate weights and removing the
common factors 7y 2(u) = —s(2X\)s(A — u)s(u) gives the 2 x 2 fused face transfer operator
s(A—u)s(2A — u) s(u)s(u+ )
X;(u) = I —w)X; + T R 52
J(u) 8(2)\) + S(U)S()\ ’LL) J + 8(2)\) J (3 b )

With this normalization, we have X;(0) = I, X;(\) = E;. The face transfer operators of more general
m X n fusions can be calculated similarly. The n x n fusions are considered explicitly in Section 3.3.4
since these coincide with physical face operators of the logarithmic minimal models LM (P, P’;n).

3.3.3 2 x 2 fused braids

In this section, we discuss the fused braids to obtain an alternative, but algebraically equivalent, braid-
monoid presentation of the generalized monoid form of the face transfer operators (3.52). In fact, the
2 x 2 fused face operator X;(u) can be rewritten in terms of the fused braids B, Bj_1 and the identity 1.
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We first derive expressions for B;, Bj_1 in terms of fused monoids. This is done diagrammatically by
taking the diagrams for the braid and inverse braid

— —_—
I 1

B; = | B\ = 0:_ _:0 (3.53)

and expanding each elementary braid using its definition (3.8)

b; = i(z'/%e; — 2712T), bj_1 = i(z121 — 27 %¢))

After canceling the configurations annihilated by the projectors, the surviving configurations are
precisely those in (3.50). Combining the terms into connectivity classes gives

B; =2°E; — (z + 2 H)X; + 2721, Bj_1 =1 2Fj — (v + 2 )X + 2*T (3.54)
which agrees with (3.31). These expressions can be inverted to give
t72B; — 2?B;' + (2t — 2T 1
X; = : Ej=1+—5——(B;— B! 3.55
J (22 —272)(x + 27 1) [ +a:2—a:—2( J i) (3.59)

where we recognize that the expression for the monoid is the skein relation (3.25). Finally, using these
relations, gives the 2 x 2 face operator in terms of Bj, Bj_1 and 1

(z—z"Y(z12B; — a:z_lBj_l)

Xjlz) =T+ (x — =Y (2?2 —272)

(3.56)

This is the one-parameter specialization (1 = 2), y = x?) of the face transfer operator associated with
the BMW algebra
(z— 21 (a7 12B; — :L"z_lBj_l)

N e VR

(3.57)

where
r =exp(iN), y=-exp(in), =z = exp(iu) (3.58)

More usefully, this can be put into a form which manifestly respects the crossing symmetry (3.33) with
U A—u

X, (u) = 1 [8()\ — u)s(2u) I+ s(A —u)s(u) s(u)s(2X\ — 2u)
s(u) s(2X) $(A —u)

Some typical lattice configurations for 2 x 2 fused logarithmic minimal models are shown in Figure 1.

(Bj+ B;) + E; (3.59)

3.3.4 n x n fused face operators

The general n x n face transfer operator is constructed using fusion as

Y
U’O PP oo u,n72 ’un71

M (1) X () = ff AN (3.60)

Uo2nl --- Uo Uy

Ul—n| - - - e U ()
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Figure 1: Typical lattice configurations for 2 x 2 fused models using the algebraically equivalent
braid-monoid presentation (3.59) on the left (with tiles I, Bj,Bj_l,Ej) and the generalized monoid
presentation (3.52) on the right (with tiles I, X}, F;). The description on the left is well suited to
superconformal dense polymers £LM(1,3;2) with 83 = 0. The polymers cannot form closed loops
but are allowed to cross and to form knots. The planar description on the right is well suited to
superconformal percolation LM (2,4;2) with ¢ = 0 and 2 = 1. The interconnecting webs of cabled
connectivities can be localized or can percolate as an infinite connected cluster from one side to the
opposite side of a large lattice.

It is useful to write these in terms of generalized monoids X](-i) [62]. Explicitly, the face operators take
the form

XMW =3 Ssiwx,  xV =1 x"=E (3.61)
i=0
where ] " ,
Si(u) = (—1)rn szl s(u+ (i + k—n—1)X) (3.62)
Z [—1 s(N) [Tz s(mA)
The normalization is
n 2n—2 )
() = [ skA) T s(u+ (@ —n)x) etz (3.63)
k=1 =1

)

For example, for n = 4, the intermediate generalized monoid operators X ](Z are given by

Here the 4 x 4 fused face configurations are just indicative of the connectivity class of configurations
contributing to the generalized monoid.

3.4 2 x 2 fused link states and matrix representations

The planar TL operators act on suitable vector spaces Vﬁjg)z of link states. In this section, we introduce

fused or cabled link states for the case n = 2 relevant to the logarithmic superconformal minimal
models. For simplicity, we restrict to the cases with » = 1. There are two sectors, Neveu-Schwarz (NS)
with r + s even, £ = 0,2 and Ramond (R) with r + s odd, ¢ = 1. These correspond to an even and odd
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number of underlying elementary TL nodes respectively. The number of (single) defects d is directly
related to the quantum number s by

(3.65)

J ) 2k, NS: 2N nodes
= S — =
2k+1, R: 2N+1 nodes

where the system size IV is the number of projected paired nodes and k is the number of cabled defects.

3.4.1 Neveu-Schwarz

Let N be the size of the system given by the number of fused pairs of elementary nodes. For N even,

corresponding to ¢ = 0, the cabled link states with no (cabled) defects in the Neveu-Schwarz sector

(r,s,£) = (1,1,0) are generated [27] by acting with E; and X, (for j =1,...,N — 1) on the simplest
(N)

state in which neighboring pairs of nodes are connected. For N = 2,4 the basis link states of Vi1 are

N2 LN

The number of link states, for even IV, is given by the Riordan numbers Ry with even N

dimV{Yy = Ry = 1,3,15,91,... N =2,46,8,... (3.66)

The basis cabled link states in Vf\& in the Neveu-Schwarz sector (r,s,f) = (1,1,2) are obtained
similarly but with N odd. For N = 3,5 the link states are

A

NN AZSN
CAND. TN, Lo

The number of link states, in V1 1 2, is given by the Riordan numbers Ry with odd N

dimV\, = Ry =1,6,36,232,... N =3,5,7,9,... (3.67)

There is a simple bijection between Riordan cabled link states and Riordan paths for N even or
odd. Riordan paths are (spin-1) paths where each step is diagonally up, diagonally down or horizontal,
except that the first step must be diagonally up and the last step must be diagonally down. The path
must start and finish at the base height 0 and is constrained to lie above the base height. The paths
are unrestricted in the sense that they can reach arbitrarily large heights by taking N sufficiently large.
The number of Riordan paths of length N is given by the Riordan numbers [44,45]

Ry =0,1,1,3,6,15,36,91,232,... N =1,2,3,... (3.68)

A Riordan path is uniquely labelled by the ordered list of heights at each step. Similarly, a link state is
uniquely labelled by the same ordered list of heights where the heights designate the number of doubled
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strands that pass above the gaps between consecutive (paired elementary) nodes. The matching of the
labels gives the bijection. For example,

0 1 1 2 1 1 0 0 1 1 2 1 1 0

We next form link states with defects, that is, cabled strands that connect from the bulk to the
boundary. In the Neveu-Schwarz sectors, there is always an even number of underlying elementary
nodes. This means that, in the Neveu-Schwarz sectors, the defects consist of an even number d = 2k of
single strands mutually cabled together in the boundary. In the Ramond sectors with an odd number
of underlying elementary nodes, the defects consist of an odd number of single strands cabled together
in the boundary. In the following examples, in the NS sector, we take N to be even. The N odd cases
are similar. The basis link states for N = 2,4 with a single (k = 1) cabled defect are

vor N

URN TSN LN

The (red) dashed line separates the bulk on the left from the boundary on the right. The number of
these link states with 1 (cabled) defect is

dim V) = Rv1 = Ry41=1,6,36,232,... N =2,46,8,... (3.70)

When there are k& > 1 (cabled) defects, each (cabled) defect must be in a separate cluster. In
other words, the (cabled) defects are not allowed to be connected in the boundary. For example, in
the cases N = 2,4 with k = 2, the link states are

N =2: @I

dimV{Y) = Rvz = 1,6,40,280,... N =2,4,6,8,... (3.71)

In general, the number of cabled link states, with k£ (cabled) defects, is given by generalized
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Riordan numbers Ry, as shown in Table 2. Explicitly, these are differences of trinomial coefficients

. N N N
== (), - (1),

- i; (s e L IOV ) B

where £ = 2N mod 4 and the supertrinomial coefficients are given in terms of trinomial coefficients by

(142 = g (],Z);k, @)2:%{%(N_j_k)gw_ﬂk),j} (3.73)

k=—N §=0
and '
N!
l,m,N—l—m 0, otherwise
N~lo o1 2 3 Nlo o1 2 3
2 1 1 1 0 1 0 1 0 0
4 3 6 6 3 3 1 3 2 1
6 15 36 40 29 5 6 15 15 10
8 91 232 280 238 7 36 91 105 &4
10 | 603 1585 2025 1890 9 232 603 750 672
(a) Rn,k, N even (£ =0) (b) Rk, N odd (£ =2)

Table 2: The generalized Riordan numbers Ry j giving the number of link states on N (paired) nodes
with k cabled defects in the Neveu-Schwarz sectors with (a) IV even (¢ = 0) and (b) N odd (¢ = 2).
We note that the numbers Ry, satisfy the recursion relation Ry = Ry—1 -1+ Bn-1% + BN—1k+1,
N > 1, k > 0 subject to the initial conditions R; , = (1, k) and Ry = Rny—1,1 = Rn.

3.4.2 Ramond

In the Ramond sectors, corresponding to £ = 1, the link states have an odd number of underlying
elementary nodes in the bulk and the number d = 2k + 1 of single-strand cabled defects entering the
bulk from the boundary must be odd. We say that the system is of size N if there are N paired
nodes plus one single node in the bulk. The number of link states in the Ramond sector is given by
generalized Motzkin numbers My j as in Table 3. For example, the Ramond link states for N = 1,2,3
with one defect (k = 0) are

N=1: ﬁ
[ [
N =2: @ /:\,

These link states are counted by the usual Motzkin numbers [43,45]

dim VY, = My = Myo = Ry + Rys1 =1,2,4,9,21,...  N=12.3,... (3.75)
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MNFlo 1 2 3
1 |1 1 0 0
2 12 2 1 o0
3 |4 5 3 1
4 19 12 9 4
5 |21 30 25 14
6 |51 76 69 44

Table 3: Generalized Motzkin numbers My = Ry + Ry 41 giving the number of link states for
system size N with 2k + 1 defects in the Ramond sector. We note that My o= My.

This identity follows by partitioning the link states into Riordan link states of size IV with a spectator
link on the right and Riordan link states of size N + 1 where the right most pair of nodes is not
projected. Similarly, the Ramond link states for N = 1,2,3 with three defects (k = 1) are

vor R
LA @

dlmV141—MN1—RN1+RN2—12512 30, . N=1,23,... (3.76)

More generally, the Motzkin link states, for system size N with 2k + 1 single defects, can be
partitioned into two sets corresponding to the Riordan link states on N nodes with k cabled defects
and separately with & + 1 cabled defects

My = Rnji+ RN k+1 (3.77)

Using (3.72), the generalized Motzkin numbers My, as shown in Table 3, are given explicitly in terms
of supertrinomial coefficients and trinomial coefficients by

. N N N
s () (),

_Z<[ (N—j~ k)j\%[<N—j+k>,j] [é(N j—k- 2)?

<N—j+k+2>,j]> (378)

3.4.3 Action on cabled link states

The action of the operator E; or X; on a cabled link state is given diagrammatically by gluing
the operator underneath the link state and then decomposing any internal projectors to give a
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decomposition back into the original basis of cabled link states. For example,

SA-EN-&aN

- -2 AN 379

The action of the generators can annihilate certain cabled link states. For example,

™| =
™| =

_ - —% = —(E-NEN e=0  (330)

since the projector annihilates the single monoid operator (3.18).

3.4.4 Matrix representations

Matrix representations of the elements in the fused Temperley-Lieb algebra are obtained by acting with
the operators on the cabled link states. For example, to find the matrix representation of E; using
the link states on four nodes with no defects, we act with E7 on each of the basis link states, write
the result as a linear combination of the basis link states and put the coefficients in the columns of a
matrix

N = 4: Neveu-Schwarz, no defects (k = 0)

By 1 £ 00 0 20 % 2o %
Ey=Es=(0 0 0 B=|1 8 2| X;=Xs=[0 0 0 Xo=[0 0 0] (381
0 0 0 00 0 0 1 5 0 1 &
N = 3: Ramond, one defect (k = 0)
00 0 0 00 0 0 % 0 -4 o0 L -1 0 o0
0 B 1 2 00 0 0 0 2 o 4 0 0 0 0
E: B,E: ,X: B s ,X:
looo o o P{or s Z) T Tlo o0 0o of TPTl0o 0 2o
00 0 0 00 0 0 0 0 1 % 0 1 0 %
(3.82)

For modest values of the system size N, the action of the generators can be implemented in
Mathematica [63] using the elementary TL algebra to obtain matrix representations of the operators I,
E;, X; and hence the double row transfer matrices. In the case of an (r, s, ) boundary condition on one
side of the strip and the vacuum (1,1,0) on the other side, these matrices can be directly diagonalized
to obtain finite-size spectra. In such cases, numerical conformal spectra are obtained by extrapolating
the finite-size corrections to the continuum scaling limit. For non-vacuum boundary conditions on both
sides of the strip, the transfer matrices need not be diagonalizable and Jordan blocks can occur.

4 Logarithmic Superconformal Minimal Lattice Models LSM (p,p)

In this section, we regard the LSM(p,p’) models as exactly solvable lattice models [26] and discuss
their Yang-Baxter integrability. We also discuss duality and the combinatorial structure of finitized
Kac characters for the case n = 2 with r = 1.
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4.1 Yang-Baxter integrability
4.1.1 Generalized Yang-Baxter equations

The elementary n = 1 Yang-Baxter Equation (YBE) is expressed [26] in the equivalent forms

Xj(w)Xjp(u+v)X;v) = Xjn(v)X;(u+v)Xj(u)

YAV ANTAN )
DN a4

In the diagrammatic representation, the square faces are distorted to rhombi. This YBE is satisfied
by the elementary face transfer operators (3.46). Diagrammatically, starting on the left hand side, the
diamond shaped face on the right is pulled through to the left with the effect of interchanging the
spectral parameters u, v of the other two faces.

The 2 x 2 face transfer operators are defined by

Xj(uw) = pj-1Pj+1 X5 (w — A) X1 (w) Xj1(w) X (w + A)pj-1pj+1 (4.2)

where increasing the j in X;(u) by one unit equates to increasing the j in X;(u) of the underlying
elementary lattice by two units. The unprojected 2 x 2 fused YBE takes the form

Xjw)Xjr(u+v)X;(w) = Xjpm(0)X;(u+v)Xj1q(u)

(4.3)

where w = v—u. The fused YBE is readily proved, starting on the left hand side, by pulling through to
the left each of the four elementary faces of the diamond shaped fused face on the right and interchanging
spectral parameters appropriately. In this way, the elementary YBE is applied 8 times. Finally, the
fusion projector is applied on the six sides of each hexagon and pushed through to obtain the projected
2 x 2 fused YBE. The scalar normalization factors 7 2(u) can be included because they trivially cancel
out of the YBE. The same proof easily extends to n x n fused YBE. Indeed, the faces need not be
square. A generalized YBE holds as long as the dimensions on the left and right sides are compatible
with the push-through properties. Everything in this section holds generally for the RSOS, vertex and
loop representations of TL. In particular, the projected 2 x 2 fused YBE is satisfied by the face transfer
operators X;(u) given by (3.52) or (3.59).

4.1.2 Boundary Yang-Baxter equations

To work with lattice models on the strip in the presence of boundaries, we follow [29] and introduce left
and right boundary triangles and the fused crossing parameter u. Since the left and right boundary
triangles and their Boundary Yang-Baxter Equations (BYBEs) are simply related by a reflection in
the vertical with the spectral parameter u replaced with p — u, we only consider right triangles. For
the logarithmic superconformal minimal models, the boundary conditions are labelled by the quantum
numbers (r, s,¢). In this paper, we only consider boundary conditions of s-type with quantum number
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r = 1. More general r-type boundary conditions are considered in [64]. Let us start with the elementary
n = 1 logarithmic minimal models with boundary K operator acting on the last string

Kn(u) = <ﬁj (4.4)

To ensure integrability, these triangles must satisfy the BYBE
Xn_1(u—v)Kn(u) Xy 1(A—ptu+v)Kn(v) = Kn(0) Xy_1(A—p+u+o)Kn(u) Xy_1(u—v) (4.5)

Following [29], the general n x n fused transfer matrices satisfy the crossing symmetry D™"(u) =
D™ (u— (n—1)X — u). To ensure the crossing symmetry D™"(u) = D™" (X — u), we need to choose
@ = nA in these equations. For the superconformal loagrithmic minimal models, we choose p = 2\ so
that D(u) = D(A — u). Using the commutation relation [X;(u), X;(v)] = 0, it is seen that a simple
(vacuum) solution for n = 1 is given by

Kn(u) =1 :<n - <i] (4.6)

This boundary condition is conjugate to the identity operator labelled by (r,s) = (1,1).
The fused 2 x 2 boundary triangles are defined by

KN(’LL) = pN_lKN(’LL)XN_l(Z’LL)KN(’LL + /\)pN_1 = (47)

The fused BYBE
XN_l(u — U)KN(U)XN_l(U + U)KN(U) = KN(U)XN_l(U + v)KN(u)XN_l(u — ’U) (48)

follows by straightforward algebra, using the elementary YBE (4.1) and the elementary BYBE (4.5)
with © = 2X. This relation holds without the projectors so the projectors can be put in at the end.
Using the commutation relation [X;(u), X;(v)] = 0, it is seen that (after normalization) a simple solution
is given by

Kn(u) =py-1= = (4.9)

This vacuum solution is obtained, up to a scalar, by substituting the elementary vacuum solution
(4.6) into (4.7) and observing that the projector acting on the face Xn_1(2u) gives s1(—2u)py_1.
Further solutions to the BYBE are obtained in Section 4.2 by acting on the vacuum solution (4.9) with
integrable seams to obtain dressed solutions.

4.2 Commuting double row transfer matrices

In this section, we construct commuting double row transfer matrices in the Neveu-Schwarz and
Ramond sectors. For each sector, we identify the appropriate integrable boundary conditions by the
action of integrable seams on the vacuum solution (4.9) of the BYBE. To complete the definition of
these transfer matrices we specify, referring to Section 3.4, the vector space of link states on which
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they act. Following the methods of [29], the YBE (4.3), BYBE (4.8) and inversion relation (4.11)
together suffice to establish commuting transfer matrices and hence integrability at least for boundary
conditions of = 1 type given by (4.9).

For the 2 x 2 fused face operators (3.52), we introduce the diagrammatic representations

U |u+A
Xi(u) = || = [772,2(u)]_10: I) (4.10)

These face operators satisfy the inversion relation
S(A—u)s( A+ u)s(2A — u)s(2A + u)

X, ()X, (~u) = RO

I (4.11)

and crossing symmetry

(2,2) (2,2)

X; (1) = X;(A—u), 0| = |\ (4.12)

4.2.1 Neveu-Schwarz sector (r,s) = (1,1)

In the Neveu-Schwarz sector, we define double row transfer matrices with N columns diagrammatically

by 1 1
' H H H H
(2,2) (2,2) (2,2) (2,2)
A—u A—u e A—u A—u
D(u) = B B B B (4.13)
(2,2) (2,2) (2,2) (2,2)

N N N N

I I
' HH H H |
These transfer matrices act on either the vector space of link states Vf\{,)o or V{
N is even or odd respectively.

5\1[,)2 depending on whether

4.2.2 Ramond sector (r,s) = (1,2)

To move to the Ramond sector with » =1 and s = 2, we change the boundary conditions by adding a
seam which consists of a single defect in the bulk which closes on the boundary. By construction, the
action of such seams on the vacuum solution (4.9) of the BYBE produces new dressed solutions [64] to
the BYBE. By convention, we place this (topological) defect seam on the right but by the generalized
YBE it can be propagated to any position along the double row. We thus define the double row transfer
matrices in the Ramond sector diagrammatically by

' H _H H H |

(2,2) (2,2) (2,2) (2,2) 22—

A—u A—u A—u A—u

D(u) = : (4.14)

(2,2) (2,2) (2,2) (2,2) A | —
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The system size N for this transfer matrix is the number of columns in the bulk excluding the
Ramond seam. Notice that the single string in the boundary on the right is a spectator since it acts as
the identity. These transfer matrices act on the vector space of link states V{g’)l for N even or odd. The
column inhomogeneity £ is a boundary thermodynamic field. If we allow both columns of the Ramond
seam to depend on the spectral parameters (with the spectral parameters decreasing by A with each
step to the left), fuse the 2 defects and set & = 0, we see that this has the effect of adding an extra
column of faces to the double row transfer matrix thus increasing N by 1 and taking us back to the NS
sector with the opposite parity of N. The width of the fused part of the Ramond seam that is spectral
parameter dependent is the quantum number ¢ € {0,1,2} = A3 associated to the boundary condition
on the right. Since ¢ € As, it is perhaps not surprising that the Ramond seams and their parfermionic
indices satisfy the Ising fusion algebra with 0 being the identity and 1 the fundamental. Specifically,
¢ satisfies the fusion rules 0 ® /£ =/¢,2®2=0,1®2=1and 1® 1= 0® 2 but where the sum may
not be a direct sum. The superconformal picture is generated under the Zy orbifolding [65] of this A
diagram. In the general n > 2 case, the width of this fused seam is ¢ € {0,1,2,...,n} = A, 1+1. In this
case, the seams and ¢ satisfy the A, 11 fusion algebra. The parameter £ associated with an /-type seam
plays a similar role to that of the column inhomogeneity £ for r-type boundary seams. To distinguish
the two, we will usually work with the equivalent field n = A — £ € (0, 7). Numerically, the continuum
scaling limit is found to be independent of the value chosen for n provided 7 is restricted to certain
subintervals of (0, 7). In contrast, taking 7 to have an imaginary part, suitably scaled with log N, will
induce a boundary renormalization group flow between different conformal boundary conditions in the
continuum scaling limit [66].

4.2.3 Neveu Schwarz sectors (1,s), s >3

To move to sectors with » = 1, s > 3 and s odd, we increase the number of defects d = s — 1 in the
transfer matrices and link states by adding an s-type seam on the right side in accord with (3.65). The
action of the s-type seams on the vacuum solution (4.9) of the BYBE produces new solutions to the
BYBE known as s-type boundary conditions. The s-type seams are obtained by fusing face operators
to form a seam with spectral parameters, introducing an inhomogeneity ¢ and taking the braid limit
¢ — +ioco. As in Section 3.4, the quantum number s — 1 is the number of single strands, in the link
state, that connect the bulk to the right boundary. These defects then just propagate along the right
boundary. In this way, the number of defects in the bulk is controlled by the boundary condition. The
double row transfer matrices in the NS sector for s = 3 are defined diagrammatically by

H H H i B

(2,2) (2,2) (2,2)
A—u A—u “ee A—u 01—
D(u) = B B B (4.15)
(2,2) (2,2) (2,2)
u u (U W -

N N N
I I

' °HH H i F
These transfer matrices act on either the vector space of link states Vfg,)o or fog’é depending on whether
the number of columns N in the bulk is even or odd respectively. The cabled defect enters the bulk

through the link state and propagates through the bulk system. Transfer matrices with more defects
in the Neveu-Schwarz and Ramond sectors are defined similarly.
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4.3 Hamiltonian Limit

In this section, we derive expressions for the quantum Hamiltonians associated with the matrix
representations D(u) of the double row transfer tangles of the previous section. For the numerical
calculations of spectra, it is more efficient to work with the Hamiltonians rather than the double row
transfer matrices.

4.3.1 Neveu-Schwarz sector (r,s) = (1,1)

Let us define a normalised double row transfer matrix

By D(u), B2 #0

d(u) - 3sin 2\ (416)
2sin 3u D(u)’ ﬁ2 =0
such that
lirrb d(u) =1, d(u) =d(\ —u) (4.17)
u—

for all 8. For small u, the double row transfer matrices then admit a series expansion of the form

_ 2u 2
diu)=1- sin2)\% + O(u®) (4.18)

The quantum Hamiltonian H is thus given by the logarithmic derivative of the double row transfer
matrices

H=— 5 — log d(u) , Ae(0,m), A#3F (4.19)
u=0
To obtain the Hamiltonian, let us assume initially that 82 # 0 and expand the double row transfer
matrix D(u) (4.13) to order O(u?). We do this diagrammatically. First, we open the double row
transfer matrix and use the crossing symmetry property to rotate the faces in the upper row

In the diagrams we show N = 4 but the general N case works similarly. We expand to O(u?) using
the series expansion of the face operator
B2 U u

X.
sin 2)\u sin A"’ + sin 2\

X;(u) =1 - E;+0u?),  Ba=2cos2\+1 (4.21)
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The expansion for the double row transfer matrix is thus

D(u>=[ﬁ2l—2N(S.5§ )u1+2< u Py v > 2%:1(—52 Xj+ —=hE) | +0(u?)

in 2\ nApg sin 2\ =
2u B2 =
— BQ{H s [( NBy + 5 )I+ Z BX; + E; )] } +0(u?), B2#0 (4.25)
Comparing this with the expansion (4.18) gives the Neveu-Schwarz Hamiltonian
N-1
~H=> (BX;+Ej) (4.26)
j=1

where we have shifted the zero of energy (bulk and boundary free energies) by —N 2+ 5 132 to remove
the constant terms in the Hamiltonian.

To obtain the Hamiltonian for superconformal dense polymers, we fix fo = 0 and expand d(u)
to order O(u?). Because of the normalisation factor sin3w in (4.16), this is equivalent to expanding
D(u) to order O(u?). In this case, the contributions (4.22) to (4.24) all vanish except for the term on
the right of (4.23) which gives the constant term in the Hamiltonian. At the next order in u, the only
surviving terms are diagrammatically as in the right side of (4.23) but with an additional X; or Ej;
for j =1,2,...,N — 1. After shifting the zero of energy, we again obtain the Hamiltonian (4.26). In
all cases, the Hamiltonian (4.26) acts on the vector space of link states fo\{’)o or fo\& depending on
whether NV is even or odd.

4.3.2 Ramond sector (r,s) = (1,2)

Applying the same method used in the Neveu-Schwarz sector (r,s) = (1,1) to the Ramond sector
(r,s) = (1,2), gives the Ramond Hamiltonian

N-1 )
2sin” 2\
X;+E;)+h _ _ h = 4.2
-H= Jz:l (BX; + Ej) + hy(n) pan—1€anpan—1,  hn () S sn(Es =)’ € (0,m) (4.27)

The extra boundary term with trigonometric coefficient hy(n) is due to the presence of the Ramond
seam introducing the single defect in the bulk. It acts at position IV in the fused Temperley-Lieb
algebra and has the diagrammatic representation

v
_1€ 1= 4.28
P2N—-1€E2NP2N -1 N ( )

(N)

The Ramond Hamiltonian acts on the vector space of link states V17271.
The trigonometric coefficient hpy(n) has singularities at the endpoints n = 0,7. If A = 7/3 or
27 /3, there are no further singularities on ) € (0, 7) and hy(n) is always positive if A = 7/3 and hn(n)
is always negative if A = 27 /3. Otherwise, there is a third singularity at 1 = 7,y and so we restrict
the parameter 7 to
N € (0, Nsing) U (Msing, T), Nsing = 3A mod 7 (4.29)

In these cases, the field hy(n) is positive (ferromagnetic) on one subinterval and negative
(antiferromagnetic) on the other subinterval. The midpoints of the two subintervals are

ne = TP L T s =sglh(n). sen(hn(n:) > 0. sga(hy(n-) <O (430)
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More explicitly, the midpoint of the positive interval of hx(n) is
. m=5 A=7 (4.31)

Numerical investigations indicate that the conformal properties in the continuum limit depend only
on the choice of the sign of hy(n), that is which subinterval n lies in, and that they are otherwise
independent of the choice of the value for n. For the purpose of generating numerical estimates with
A < 3, it is therefore convenient to fix the value of 1 to n = n,.

4.3.3 Neveu-Schwarz sectors (1,s), s >3

The Hamiltonians, in the NS and R sectors, with r = 1 and s > 3 are given by the same expressions
(4.26) and (4.27) depending on the parity of s. The only difference is that they act on the vector space

of link states Vgi)o (s odd, N even), V&?Q (s odd, N even) or Vg};)l (s even) with s > 3. In these
cases, the generators X, Ij in the Hamiltonian do not act on the s —1 unpaired sites on the boundary.

Specifically, for s = 3, the Hamiltonian acting on the space of link states V}g’)o is

N-1
~H=> (BX;+Ej) (4.32)

Jj=1

where the total number of underlying TL sites is 2NV + 2.

4.4 Duality

In this section, we observe that the logarithmic superconformal minimal models exhibit an exact duality
for finite systems under the involution

AT —X or pep —p (4.33)

Since the spectra are invariant under this duality, as argued below, it therefore suffices to restrict our
study to models satisfying

/

A< g p> % (4.34)
Under the duality (4.33), we see that
T —xL B« —p (4.35)
and observe that the TL algebra is invariant provided we supplement the map (4.33) with
I 1, ej < —e; (4.36)

The WJ projectors are then readily seen to be invariant (p; <> p;), while the generators of the fused
TL algebra are mapped as

-1
I &1, Xj — —Xj, Ej — Ej, Bj — Bj (437)

As a consequence, the fused face operators, the double row transfer matrices (4.13) and the
Hamiltonians (4.26) are all invariant under the duality transformation if we map

U —u or zérzt (4.38)
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It follows that, in the Neveu-Schwarz sectors, the matrix representatives D(u) = D(u, ) and H = H(\)
satisfy
D(u,\) ~ D(—u,7 — \), H(A) ~H(m —AN) (4.39)

where ~ denotes matrix similarity.
The same duality transformation holds in the Ramond sectors with the additional mapping n <
7 — 1. The double row transfer and Hamiltonian matrix representatives then satisfy

D(“v A)U) ~ D(—U,W—/\,W—W), H(Aﬂ?) NH(TF—A,W—T]) (440)

We note that hy(n) changes sign under the duality mapping n <> 7 — 7, A <> m — A so the roles of 74
and 7_ are interchanged under duality and

nt(A) =7 —np(m — N), A # %,%’T (4.41)

4.5 Free energies

As argued in [11], although we consider models with crossing parameter A given by rational fractions

of m, these values are dense on the real line and so the bulk free energies, the boundary free energies

and central charges are all given as continuous functions of A. In the next two subsections, we calculate
i

the bulk and boundary free energies analytically for 0 < A < 5. The central charges and first few
conformal weights are determined numerically in Section 5.

4.5.1 Bulk free energies

The bulk free energies are calculated using the inversion method of Baxter [67]. The 2 x 2 fused face
operators satisfy the inversion (4.11) and crossing relation (4.12). It follows that the partition function
per face k(u) = exp(— fpur(u)) satisfies the inversion and crossing relations

S(A—u)s(A+u)s(2\ — u)s(2A + u)

k(u)k(u 4+ A) = SN2 , k(u) = k(A —u) (4.42)
Using the identities
d? sin u o 2t cosh(m — 2u)t
W IOg m = — /_Oo sinh it dt, 0<Reu<m (443)
" e s wsn ) hix - 2)
sin(A — u) sin(A +u % 4t cosh(m — 2A\)t o,
— 1 =— “dt A 4.44
du? 8 sin? \ /_oo sinh 7t ¢ ’ [ Reu] < (444)

it follows that

d? SN —u)s(A 4+ u)s(2A — u)s(2A + u) % 8t cosh(m — 3A\)tcosh A\t o,
— 1 =— “dt 4.4
du? % s(2))2 /_Oo sinh 7t ¢ (445)
Writing
d—2 log k(u) = /00 c(t)e? dt (4.46)
du? 8 ) '
we conclude that
_ 8t cosh(m — 3\)t cosh At
t) = 2\t —t 1 2\t — _ 4.4
o) = e Pe(1), (14 el ) (4.47)
so that the solution is At cosh =
c(t) = — coshir — 3A)t e M (4.48)

sinh 7t
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Integrating twice and evaluating the integration constants gives

log (1) = / cosh(m — 3\)t [cos.h()\ — 2u)t — cosh \t] dt + Au
. t sinh mt
% cosh(m — 3\)¢sinh ut sinh(\ — u)t A A
:2/ cosh(m — 3\) s%n ut sinh(A — u) dt, —2 < Re(u) < 3A (4.49)
o t sinh 7t 2 2

where applying the crossing symmetry and setting v = A implies A = 0. Since the solution without
zeros and poles in the relevant (physical) analyticity strip is unique, this solution can be rewritten as
~s(AHu)s(2A —u) A

3\ ™
K(u) = SV , —§<Reu<7, 0</\<§ (4.50)

Let Eg be the lowest energy eigenvalue of the quantum Hamiltonian H in the vacuum sector
(r,s,£) = (1,1,0). Then taking the Hamiltonian limit, as in Section 4.3, and allowing for the fact that
there are two faces in each column gives

fi(u) ~ exp { - sinu2)\ <% * 52” ~ ZES(AQ)A — Nox (451)

Taking the logarithmic derivative, or equivalently equating the linear terms in u for the small u
expansion and using

S(A+u)s(2A — u) u

~ 4.52
s(2)) sin 2\ (452)
gives the energy eigenvalue Ej of the quantum Hamiltonian H as
E
—W°~ﬁ2+1=/32, N — oo (4.53)

This result is confirmed to high precision by our numerics in both the NS and R sectors.

4.5.2 Boundary free energies

The boundary free energies are calculated using the boundary inversion relation methods of [68].
Diagrammatically, following [69], the boundary partition function ko(u) = exp(— fyay(u)) satisfies the
boundary inversion relation

5(20)2
(A—2u)s(A+2u)s(2A—2u)s(2\+2u)
A

ko(u)ko(u + A) = . (4.54)

where the faces with spectral parameters +2u are put in using the inversion relation (4.11) and
compensated by the scalar prefactors. The identity acting internally at the bottom is decomposed
into the complementary fusion projectors

E; E;

_ 5 _ o
1_52 (1 52), B2 #0 (4.55)

32



and only the first projector is kept. Replacing the four boundary triangles in (4.54) with the vacuum
triangles (4.9), rotating the central faces and using the push-through relations
_ 5(3A—2u)s(2A—2u) _5(3A42u)s(2A+2u)

Xj()\—Q’LL)Ej = 8(2/\) Ej XJ()\—FQ’LL)Ej = 8(2/\) Ej (456)

gives the scalar contributions of the central faces and the scalar boundary inversion relation

s(BA—2u)s(3A+2u)

s(A—2u)s(A+2u) (4.57)

Ko(u)ko(u + A) =

Applying the decomposition (4.55) to the full double row transfer matrices, as in (4.54), gives an
inversion identity [70] of the form

D(u)D(u + ) = SEAT2Ws(3A+32u)

D0y |
SO 20z L o@D (W) (4.58)

where ¢(u) is a scalar function and D) () is a fused double row transfer matrix. The scalar inversion
relation ensues because the second term on the right of this inversion identity is exponentially small
for w in an appropriate strip in the complex u plane.

We first calculate the boundary free energies for the transfer matrices D(u). Taking the
Hamiltonian limit gives the boundary free energies of the Hamiltonians valid on the interval 0 < A < %.
We then analytically continue these results to the interval 0 < A < 3.

In its analyticity strip —% < Reu < %, the vacuum boundary contribution Ro(u) = ko(u)/B2

satisfies the inversion relation and crossing relations

sin? \ sin(3\ — 2u) sin(3\ + 2u)
L \) =
Ro(u)kolu +2) sin? 3\ sin(\ — 2u) sin(A + 2u) ’

Ro(u) = Ro(A—w),  R(0)=1  (4.59)

sin® \ sin(3\ — 2u) sin(3\ + 2u) A A

., 2 <Reu<?2 4.60
sin? 3\ sin(\ — 2u) sin(\ + 2u) 2 sy (4.60)
But now using the identities (4.43) and (4.44), it follows that in the strip [Reu| < \/2

log o (u) + log Ro(u + A) = log

et dt (4.61)

d? sin(3\ — 2u) sin(3\ + 2u) /°° 2t sinh L;A)t sinh At

du? 8 sin(A — 2u) sin(\ + 2u) o sinh 7t
We conclude that

B 2t sinh L;)‘)t sinh At

c(t) = e=Me(—1), (1 + e*Me(t) —2 (4.62)
sinh &
so that the solution is ()t
tsinh 22 ginh \t
t) = 2 At 4.63
(t) sinh %t cosh At ( )
Integrating twice and evaluating the integration constants gives
0 sinh T2V ginh Mt
log & — 2 —(A—2u)t dt + A B
0g Fo(u) /_Oo 4t sinh %t cosh At c HAu
_ /°° sinh w sinh Mt [cosh(\ — 2u)t — cosh ] dt 4 Au
oo 4t sinh %t cosh \t
o0 ginh T2 ginh At sinh ut sinh(A — )t A 3\
2
= dt, ——= <R < — 4.64
/_OO 2t sinh %t cosh \t 2 e(u) 2 ( )
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Figure 2: Plot of the Hamiltonian boundary free energy (4.68) against A. The agreement with numerical
estimates is good for A < %. There is some scatter of numerical data points for A > % due to larger
errors arising from slow convergence of the sequences of approximants.

where applying the crossing symmetry and setting v = A implies A = 0. This result applies in the
interval 0 < A < %. This result can be analytically continued to the interval 0 < A < 7, but since we
do not need it, we do not give the expression here.

Taking the Hamiltonian limit of (4.64) gives the boundary free energy for the Hamiltonian (4.26)

99 B2 sinh {F=2t ) sinh A\t tanh At
Jody = foay = 5—+sm2>\/ dt

Slnh ”
. 2)\[2005)\ +/°° sinh T=2¢ 4)‘) sinh A\t tanh \t dt] 0<iec (4.65)
- sin 3\ oo sinh %t ’ 3 '

For A > %, the integral diverges so we analytically continue this result to 0 < A < § by combining the
two terms in square brackets into one integral. We start with the identity

00 ginh? T=2N¢ 22 A)
logsin A= — [ ot 3 - 4.
og sin A /_oo P dt, O< A< (4.66)

It follows that

2cosA  1d 1d [ sinh? EZ=8NL _ gginp2 (T=20¢
— % 3logsin A — logsin3\] = —— 2 2 g
Sn3x — 3y BlogsinA —logsin3A] = o . #sinh 7t
[ Sinh(ﬂ—2/\).t — sinh(m—6\)t gt — /oo cosh F=4Mt : At tsmh At it (4.67)
oo sinh 7t oo sinh &
Substituting into (4.65) and simplifying the single integrand gives
] % cosh @ tanh \t -
Jody = sin 2 /_OO b 2 dt, 0<A< 3 (4.68)

A plot of the analytic boundary free energy fyq4, against A is shown in Figure 2. This analytic result is
well confirmed numerically.
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4.6 Finitized r = 1 Kac characters

In this section, we use combinatorial arguments to conjecture the r = 1 finitized Kac characters of
the logarithmic superconformal (n = 2) minimal models LSM (p,p’). Our arguments generalize those
applied to the logarithmic minimal models LM(p,p’) [11] by replacing the role of g-binomials with
g-trinomials. The quantum numbers 7, s, ¢ determining the sector are fixed by boundary conditions.
In each sector, we impose the requirements that (i) as ¢ — 1, the finitized characters give the correct
counting of the link states with s—1 single defects, (ii) as N — oo, the finitized characters converge to the
corresponding full character (up to the leading power of ¢) and (iii) the finitized characters are fermionic
in the sense that, for each N, they admit a g-expansion with nonnegative integer coefficients. The
manner in which sums of g-trinomial coefficients enter is fixed by the trinomial coefficients appearing
in the counting formulas of Section 3.4. These ¢-trinomial coefficients are multiplied by suitable powers
of ¢ with quadratic exponents to ensure condition (ii) is satisfied. That such finitized characters exist
in each sector (at least with r» = 1), satisfying all of the required properties (i)—(iii), gives remarkable

confirmation of the consistency of the lattice approach.
P,P';2,(N) P,P';2

To obtain a finitized form x; , (q) of X, (q), we use g-trinomial coefficients defined in
terms of g-factorials (2.8) by
(@n Ny
[ " ] _ ) @@ @ benTlmm € Zx0 (4.69)
Lmn—l—m], 0, otherwise

In the limit ¢ — 1, the g-trinomials reduce to the trinomial coefficients (3.74)

. n n
51—% [l,m,n—l—mL B [l,m,n—l—m} (4.70)

In the limit N — oo, the g-trinomials satisfy

lim [ N ] = lim (@n
N=ro0 %(N—j—k),%(N—j—kk),j g N7 (Q)%(N—j—k)(q)%(N—j-i—k)(q)j

_ (Q)oo . 1
(@D @e(@;  (@e(); (4.71)

We present our conjectured finitized superconformal Kac characters separately in the Neveu-
Schwarz and Ramond sectors. Since the form of the finitized characters for r > 1 is more complicated,
we restrict our attention in this paper to r = 1. Observe that, as in the n = 1 case, the dependence on
P, P’ or p,p’ in the Kac characters only enters in the fractional power of ¢ in the prefactor. To remove
these fractional powers of ¢, it is convenient to write the superconformal Kac characters (2.14) and Zy
string functions (2.7) as

/
P P52 P,P2 1 1 1

—q o TRl Rilg),  d=qrdlq), d=qméd(g, (=02 (472)

P,P'2
Xr,s,@ (Q)

where ¢3(q) = &3(q) = q%(l + ---) is the only hatted quantity with a g-expansion not starting with 1.
We recall that s—1 is the number of single defects and, since r = 1, we must have s + £ odd in the NS
and R sectors. In the NS sector with £ = 0,2, r = 1 and s odd, we also define

3, s=1,0=2
Al = AP+ Max[L(0—s+1),00 = { 3, ==L odd, s > 1 (4.73)
0, % even
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4.6.1 Neveu-Schwarz sectors

NS: s odd, N even ({ =0) or N odd (£ = 2)

¢ ol N N
A i s
LTI o (PR RN Y S S
1aald) = 28 ( LV o), BV ) v v
(4.74)
Taking the limit as ¢ — 1 and using (4.70) gives
N
N N
limf((]\s[)q: [ . el .o ]—[ . s ]
P2 ) ;0 s(N=j =23, 5(N—j+551),7 ] [5(N—j—=5), 3(N—j+551),j

N N
= <s—1> - <s—1 > = RN s—1 (475)
= /o Tz t1/, $ 2

which is the correct number of Riordan link states with s — 1 single or %(s — 1) cabled defects. We
check that the limit N — oo gives X1 5¢(q) separately for £ =0 and ¢ = 2.

NS: s odd, N even (£ =0)

We separate the two terms in (4.74) and sum over only the nonzero terms (in which the arguments of
the g-trinomial coefficients are integers). This gives two cases: s =1 mod 4 and s = 3 mod 4.

NS: s =1 mod 4, N even (¢ =0)

0 2 2
j even
0 o N
s 2
—q2 q?
JZ_; {%(N J=),5(N J+%),JL}
j odd
1 s qé q% e qé
A0 EN)
— _ = ¢y —q2¢ 4.76
e 2 @ e @y 00 (470
Jj even j odd

where we have used (4.71) and the fermionic forms (2.15) of the string functions. Indeed, these
fermionic forms were used to fix the quadratic exponents of ¢ in the factors multiplying the g-trinomial
coefficients. We notice that such fermionic forms are known [71] more generally for n > 2 parafermionic
string functions.

NS: s =3 mod 4, N even (£ =0)

1o (o) = i W A
Jim gz x 1,8,0(Q)—ngnoo{ Z ¢* [%(N_j— 51 %(N—j+ﬂ),j]q

Jj=1 T ? 2
j odd
o 2 N
s J
—qz qz2 [ }
% [y v ]
j even
TP TP - -
~0 ENG)
= - = & —q2¢& (4.77)
(9)oo ; (@) (D)oo ; (9);
j odd J even



NS: s =1 mod 4, N odd (¢ = 2)

1 g7 g X 4T, s
lim g2 D, (q) = - = & q3¢ (4.78)
N—oc b2 (g)oo ; @; (@) ; @; ° 7
j odd Jj even
NS: s =3 mod 4, N odd (¢ = 2)
| & 2 s oo 42
. A q?2 q2 q? 2 S .9
lim X(? (@) = —— — = (5 —q2¢ (4.79)
N—oo 182 Qo JZ_; @ (@) Z:; (0; 27T
J even j odd

In the Neveu-Schwarz sectors with » = 1, these four expressions for the N — oo limit of the finitized
characters combine to give the required result in accord with (2.14):

NS: s odd, £=0,2
. ~(N —At LN
Jim 70 () = (@ - a2 (4.80)
where m_ =s—1mod 4, my = s+ 1 mod 4 and my =2 —m_ mod 4.
4.6.2 Ramond sectors

In the Ramond sectors, we have £ = 1 and s even.

Ramond: s even, N even or odd (¢ = 1)

(N) S N N
Y M} s
X s (q): q 2 |: s c | 85— :|_q2|: s s :|
b ]ZZ:O ( s(N—=j=52), 5(N=j+552).5 ], * [s(N—j—*), 5(N—j+*£).j ],
(4.81)
Taking the limit ¢ — 1 gives
N
N N
th(N) q) = [ . e . oe— ]—[ . L s }
@ =2 | [y - 52 30— 5525 ] T LBv—i- ) 30— 5520,
N N
= <s—2> - <s_2 ) = My o2 (4.82)
=/, 5 t2), 2

which is the correct number of Motzkin link states for system size N with s — 1 single defects. For the
limit N — oo, the cases IV odd or even and s = 0 or 2 mod 4 must be considered separately

Ramond: s =0 mod 4, N even ({ =1)

- (1(;)“ > q(qjj = (- ah)éda) (1.3

Ramond: s =2 mod 4, N even ({ =1)

lim X&N)l(Q): lim iqﬂ% [1 52 ]1V 2 -:|_q§[1 542 ]1V 2 }
N—oo™ 5% N—o0 =0 E(N_j_s%)ai(N_j—i_%)?] q E(N_j_%)ai(N_j—i_s_)?] q
i2—j

ST > e — - (484

Jj even

37



Ramond: s =0 mod 4, N odd (¢ =1)

W0 =T 7 2 T = e (489)

J even

Ramond: s =2 mod 4, N odd (¢ =1)

2

o 1-¢3) ¢ = sy

lim X(AQ q :( E = (1—-q2)¢(q 4.86
Nooo VL ,1( ) ((])oo — (Q)j ( ) 1( ) ( )

j odd

In the Ramond sector with » = 1, these four expressions for the N — oo limit of the finitized characters
all give the required result in accord with (2.14):

Ramond: s even, N even or odd (my=m_=/{=1)
. ~(N) o PRSP |
A X7 (a) = (1—-¢2)éi(a) (4.87)

5 Numerical Strip Partition Functions for LSM (p,p’)

5.1 Finite-size corrections

In this section, we use finite size scaling to numerically estimate the eigenvalue spectra of the logarithmic
superconformal minimal Hamiltonians in the NS and R sectors.

5.1.1 Transfer matrices

For given p,p’ or the related P, P’, the partition function, on a strip with N columns and N’ double
rows, of the n x n fused lattice models LM (p,p')nxn with double row transfer matrix D™"(u) of fused
faces is defined by
ZRP’;n,(N) - Ty Dnm(u)N’ _ ZD;LJL(U)N’ _ Z e—N'E;-l’n(u) (5'1)
J

(r1,s1,01)|(r2,52,02) '
J

where the sum over j = 0,1,2,... is over all eigenvalues of the transfer matrix D™"(u) including
possible multiplicities and E;“L(u) is the energy associated to the eigenvalue D;L"(u) The form of the
partition function (5.1) holds in all sectors where (r1, s1,¢1) and (72, s2, £2) are the boundary conditions
on the left and right of the strip respectively in the Virasoro picture.

We usually work in the (r,s,¢) sector by taking (rq,s2,f2) = (r,s,£) and (r1,s1,¢1) = (1,1,0)
which is the vacuum boundary condition conjugate to the identity operator. In these cases, it is found
numerically that the double row transfer matrices D™ (u) are diagonalizable with real eigenvalues.
Conformal invariance of the model in the continuum scaling limit dictates [72,73] that the leading
finite-size corrections for large N in the (r, s, ¢) sector are of the form

27 sin ¥ C PP
E}™(u) = = D" (w) = N () + fan @)+ or= (- + AR 4 k) 0 (52)
for some k =0,1,2,... where the anisotropy angle ¢ [74] and modular nome ¢ are
/I N/
9 — 7T_/\U’ N\ = (p p/p)ﬂ" g = exp (- A ~ sin 19) (5.3)
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The central charge of the CFT is ¢ while the spectrum of conformal weights is given by the possible

values of Af’spgm with excitations or descendants labelled by the non-negative integers k. Here f&&(u)

is the limiting bulk free energy per fused column (which is twice the free energy per fused face) and
n,n

by (u) is the boundary free energy. The bulk free energy is independent of the boundary parameters
r,s,£ and the boundary free energy is independent of s.

5.1.2 Hamiltonians

Similarly, the finite-size corrections for the eigenenergies of the Hamiltonian H are given by

v C /.
E;"":Nfg;l’;ﬁfgg;Jr% (—ﬂ+Af’s’}"+k> b, k=0,1,2,... (5.4)

where v, is the velocity of sound. For 2 x 2 fusion, the velocity of sound is given explicitly by

msin 2\
N

Vg = X = Min[\, 7 — A] (5.5)
in accord with duality. For the superconformal n = 2 case of primary interest, we will usually drop
the superscripts (n,n). Again the bulk free energy is independent of the boundary parameters r, s, ¢
and the boundary free energy is independent of s. In particular, for the logarithmic superconformal
theories with n = 2, the Hamiltonian finitized conformal partition functions are

PP'2,(N P,P';2,(N
Z(l,l,O)\((r,s),Z)(q): r,8,0 ( )(Q) (56)

where the r = 1 finitized characters are given in Section 4.6 with the modular nome

N’wvs> (5.7)

5.2 Numerical central charges and conformal weights

In this section, we present the results of numerical calculations for the central charges and conformal
weights of the LSM(p,p’) :== LM(p,p')ax2 models, in the NS (r + s even) and R (r + s odd) sectors,
to confirm the identification with the n = 2 logarithmic minimal coset models

LSEM(p,p') = LM(P, P';2), P=2p—yp|, P'=yp (5.8)

Since it is numerically more efficient, we calculate the central charges and conformal weights using the
Hamiltonians and not the double row transfer matrices. Because of duality, we can restrict ourselves to
the case 0 < A < 5. The numerics support well our theoretical arguments. Ultimately, of course, these
models are exactly solvable. So, in principle, it should be possible to obtain all of the conformal data
analytically by extending the analysis of Kliimper and Pearce [30] based on T- and Y-systems. Indeed,
these functional equations are derived for the logarithmic minimal models LM(P, P’;n) in [75].

5.2.1 Neveu-Schwarz sector (r,s) = (1,1)

Estimates for the central charge ¢ and conformal weights A; are obtained by applying the finite-size
corrections (5.4) with the velocity of sound vs (5.5) to the ground state and excited states of the
Hamiltonians (4.26) and (4.27). The matrices representing these Hamiltonians are constructed and
diagonalized in Mathematica [63] out to system sizes N = 13. Since we work in the 2 x 2 fused TL
algebra, this means we work with chains of up to 26 sites in the underlying TL algebra. Let Ey be the
lowest energy in the vacuum sector with (1,1,0) boundary conditions on both sides of the strip. For
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Central charges ¢ and Ay 12 = 2 of LSM(p,p') with (r,s) = (1,1)

, y A\ NS, £ =0 (N even) NS, £ =2 (N odd)
(p.2) | (P, P) ™ Exact Estimated Error | Estimated Error
6.7) | (5,7) | 0.143 | 81/70 115714 | 1.15709 | .005% | 1.4996 | .03%
(5,6) | (4,6) | 0.167 1 1 1.0004 | .04% | 15008 | .05%
4,5) | (35 | 02 | 7/10 0.7 0.6998 | .02% | 1.4995 | .03%
(3,4) | (2,4) | 025 0 0 0 0 1.498 | .14%
5,7) | (3,7) |0.286 | —11/14 —0.7857 | —0.7854 | .04% | 1499 | .07%
2,3) | (1,3) |0333| —5/2  —25 | —2502 | .08% | 1504 | 27%
3,5 | (1,5) | 04 | —81/10  -8.1 797 | 1.6% 1.45 3.4%
4,7) | (1,7) 0429 | —195/14 —13.93 | —14.12 | 1.4% 1.46 2.5%

Table 4: Numerical estimates of central charges ¢ and the conformal weight Ay 12 = % in the Neveu-

Schwarz sector with (r, s) = (1, 1) for different logarithmic superconformal minimal models LS M (p, p').

The models are listed in increasing order of the crossing parameter A\ = M with 0 < % < %:

(i) Comparison of some exact (2.5) and estimated values (5.9) of ¢ with (r,s,¢) = (1,1,0) and N even.
There are no finite size corrections for ¢ in the case of superconformal percolation LSM (3,4) with the
largest eigenvalue of —H given exactly by 2(N — 1). (ii) Some estimates of Ay ;2 with £ = 2 and N
odd. The exact value Ay 12 = % is independent of (p,p’) corresponding to the supersymmetric partner
of the energy-momentum tensor. The agreement of the numerical values with the theoretical prediction
is good for A < 5. For Ay 1, the convergence is slower and the errors greater for A > 5. The results in
this table, along with the additional results in the plot shown in Figure 3, confirm the identifications

=2p—9p'|, PP =7

2 -
“\F\‘\‘\’\’\‘\\A | |
- 3 r T x2t 7z 27 ul
+ 50 50 99 7 6 11 5 9 2

-2

4

-6

-8
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Figure 3: Plot of the central charges ¢ = % — ﬂfiA;) 0 < A < § of the Hamiltonian (4.26) in the

Neveu-Schwarz sector (r,s,¢) = (1,1,0). For A < 257r , the agreement with numerics is good. As A

approaches 3, the central charges diverge to —oo and the errors in the numerical estimates are larger.

40



the quantum chains (4.26) and (4.27), the precise sequences of approximants we use for Ey and excited

state energies E; are

E(] 24n

- fouiks (Eo — N fowik) = fody, - (Eo — nfoutk — foay) — (5.9)
c n
ﬂ—i-w—vs(Ej—nfbulk—fbdy)—)Aj—l-k, k=0,1,2,... n=N-1 (5.10)

These sequences are extrapolated using Vanden Broeck-Schwartz [76] acceleration. The lowest energy
Ey in the vacuum Neveu-Schwarz sector with (r, s,¢) = (1,1,0) and Ay ;1,9 = 0 gives the central charge.
Our numerical results are shown as a plot in Figure 3 and tabulated in Table 4. For the special case
of superconformal percolation with (p,p’) = (3,4), the eigenenergies of the Hamiltonian in this sector
are given by —Ey(N) = 2(N — 1) =2,6,10,14,... for N = 2,4,6,8,... . In this case, we have A = 7,
—foute =2 = B2, f bdy = 0 and there are no finite-size corrections so that ¢ = 0.

Some results for the numerical estimates to the conformal weight A; ;2 = % in the Neveu-Schwarz

sector with N odd are also shown in Table 4.

5.2.2 Neveu-Schwarz sector (r,s) = (1, 3)

The Hamiltonian in the Neveu-Schwarz sectors with (r,s) = (1,3) is given by (4.32). The quantum
number / takes the values £ = 0 (N even) or £ = 2 (N odd). Some numerical estimates for the conformal
s

weights Ay30 =1 — % and Ajz9 = % — % are shown in Table 5 for 0 < )\ < 5. For A > %, the
extrapolations are less reliable.

Conformal weights A; 30 and Ay 39 of LSM(p,p’) with (r,s) = (1,3)

A (N even) A (N odd)
/ / A 1,3,0 1,3,2
(b, | (P F) @ Exact Est. Error Exact Est. Error
6,7) | (5,7) | 0.143 | 5/7 0.7143 | 0.7148 | .07% | 3/14 02143 | 02142 | .05%
(5,6) (4,6) | 0.167 | 2/3 0.6667 | 0.6673 | .10% 1/6 0.1667 0.1666 .01%
45) | (3,5 | 02 |3/5 06 |06001]|.01% | 1/10 0.1 0.0999 | .06%
(3,4) (2,4) 0.25 | 1/2 0.5 0.5001 | .03% 0 0 0 0
(5,7) | (3,7) | 0.286 | 3/7 0.429 | 0.4289 | .07% | —1/14 —0.07143 | —0.07136 | .09%
(2,3) (1,3) 10.333 | 1/3 0.3333 | 0.3336 | .09% | —1/6 —0.1667 | —0.1665 | .09%

Table 5: Some numerical estimates of the conformal weights Ay 30 =1— % and Aj39 = % — % in the

Neveu-Schwarz sector with (r,s) = (1,3) and £ = 0 (N even), £ =2 (N odd) for different logarithmic
superconformal minimal models LSM(p, p’). The models are listed in increasing order of the crossing
parameter A = (p/_—,p)” with 0 < % < % In this range, the agreement of the numerical values with
the theoretical prediction is good. For A > %, the estimates are less reliable. There are no finite size
corrections for Ay 39 in the case of superconformal percolation LSM(3,4) with the largest eigenvalue
of —H given exactly by 2(N — 1).

5.2.3 Ramond sector (r,s) = (1,2)

The boundary free energies have not been calculated analytically in the Ramond sectors, so they are
estimated by numerical extrapolation. Since the extrapolations of conformal quantities are sensitive
to the value of the boundary free energy, the numerical precision of the estimates is reduced in the
Ramond sectors. Some numerical estimates of the conformal weight Aj 21 = 1—?%( — %) are shown in
Table 6 for 0 < A < §. For A > %, the extrapolations are unreliable. A plot of the conformal weight

A1 for 0 < A < § against the numerical estimates for even and odd N is shown in Figure 4.
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Conformal weight A 91 of LSM(p,p’) with (r,s) = (1,2)
, , Ramond, ¢ =1

(p,2) | (P, F) 7 Exact Est. (N even) | Error | Est. (IV odd) | Error

6.7) | (5,7) [0.143 | 9/112  0.0804 0.0808 0.49% | 0.0806 | 0.25%

(5,6) | (4,6) | 0.167 | 1/16  0.0625 0.0626 0.10% 0.0625 0.05%

(4,5) | (3,5) 0.2 3/80 0.0375 0.0375 0.04% 0.0376 0.39%

(3,4) | (2,4) | 0.25 0 0 0 0 0 0

(5,7) | (3,7) | 0286 | —3/112 —0.0268 | —0.0256 | 4.3% | —0.0262 | 2.1%

(2,3) | (1,3) | 0.333 | —=1/16 —0.0625 —0.0585 6.3% —0.0643 2.9%
Table 6: Some numerical estimates of the conformal weight Ajo1 = 1—36( — %) in the Ramond
sector with (r,s) = (1,2), £ = 1 and N even or odd for different logarithmic superconformal minimal

models LSM(p,p’). The models are listed in increasing order of the crossing parameter A\ = £ ;,_,p

with
0< % < % In this range, the agreement of the numerical values with the theoretical prediction is good.
For A > %, the convergence is unreliable. The errors are greater in the Ramond sector since, for this
sector, the boundary free energy is not known analytically and the extrapolations are sensitive to the
value of the boundary free energy. There are no finite size corrections for the case of superconformal
percolation £LSM(3,4) with the largest eigenvalue of —H given exactly by 4v/2 + 2(N — 3) for both

even and odd N.
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Figure 4: Plot of the conformal weight Ay 51 = %( — %) for 0 < A < 3 in the Ramond sector against

numerical estimates for even (red) and odd (orange) N.
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5.3 Excitations

It is possible to numerically estimate the first few excitations in the conformal towers in each sector.
Although the finite sizes we can handle are too small to go very far, the results we do obtain are
consistent with the ¢ expansion of the r = 1 Kac characters (2.14) for all P, P’

Zg’,i3§|(1,1,0) @=a1(1+F+¢+) (5.11)
Z(Ii’,ﬁ;(l,l,z)(@ = q—§+§(1 +q+2¢°+-) (5.12)
Z{i’,ﬁ;(l,z,l)(q) = q‘ﬁwiﬂﬂ(l +q+2¢°+--) (5.13)
20T 0 (@) = A (1 g 43¢ 4 ) (5.14)

P,P';2 _c 4 APP2
Z 1 o (@ =a 282 (L4 q+2¢° + ) (5.15)

6 Jordan Cells and Representation Theory

In this section, we work with exact transfer matrices for small system sizes IV to give some examples
of the occurrence of Jordan cells in the NS sector. We also show, in a couple of examples, how this
relates to the representation theory of the N = 1 superconformal algebra.

6.1 Example rank-2 Jordan cells for LSM(2,3) and LSM(3,4)

As already mentioned in Section 5.1, if the double row transfer matrix has a (1, s,¢) boundary on one
side and the vacuum on the other, then the matrix is found to be diagonalizable with real eigenvalues.
Although well supported by numerics, this observation is highly non-trivial because these transfer
matrices are not normal matrices. Typically, in the Hamiltonian limit, the eigenvalues are all distinct
but this is not always the case. We conjecture that, in general, these matrices are diagonalizable in the
Hamiltonian limit v — 0 and assume this in the following discussion.

Following [11], let us consider fusing boundary conditions by placing non-trivial boundary
conditions on both the left and right edges of the strip. Specifically, let us consider fusion of the
boundary conditions (r,s,¢) = (1,3,¢) with £ = 0,2 in the NS sectors. If ¢; = ¢35 = 0, the number
of bulk sites N is even. To obtain N odd, we add a seam with £ = 2 on the left or the right. These
boundary conditions correspond to one cabled defect entering the bulk from the left and one from the
right. Since s = 3, this is described by the fusion of spin-1 representations given by the su(2) fusion
rule

(1,3,41) ® (1,3,62) = (1,1,¢) ® (1,3,4) & (1,5, ¢), 1,00 =0,2, £=/1+ ¥ mod4 (6.1)
where the decompositions are direct sums if
P,P’;2 P,P’;2 P,P’;2 P,P’;2 P,P’;2 P,P’;2
A1,3,z - A1,1,£ ¢ Z, A1,5,£ - A1,3,z ¢ Z, A1,5,z - A1,1,@ ¢Z (6.2)

In case of integer differences, Jordan cells can be formed thereby rendering the corresponding sums non-
direct. In terms of link states, the decomposition (6.1) says that 2, 1 or 0 single defects can close between
the left and right boundaries with the remaining 0,2 or 4 single defects entering and propagating in
the bulk. If the link states are partitioned in this way, the double row transfer matrices become upper
block triangular since defects can only be annihilated in pairs and not created by the action of the TL
algebra. In all cases, the blocks on the diagonal are diagonalizable with real eigenvalues. The finitized
conformal partition functions are

ZP7P,727(N)

() P,P’;2,(N) P,P’;2,(N) P,P';2,(N)
(13.0)/(13.62) (@)

(q) = q_iTquO = X(1,1,0) (q) + X(1,3,0) (q) + X(1,5,0) (6.3)
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where L((]N) is a finitized Virasoro dilatation operator (related to the Hamiltonian by a shift in energy)
with limy_ oo L((]N) = Ly.

If the conditions (6.2) are satisfied, the double row transfer matrices, corresponding to fusing
the two cabled defects, are expected to be diagonalizable and this is confirmed numerically. If the
conditions (6.2) are not satisfied, then it is possible to form rank-2 Jordan cells between two blocks
whose conformal weights differ by integers. The formation of such non-trivial Jordan cells is a hallmark
of a logarithmic CF'T and, indeed, we explicitly find such non-trivial Jordan cells for small system sizes
between diagonal blocks with APPZ 2 Af ;,3 ;€ Z. We illustrate this with two examples. Explicitly,
we consider superconformal dense polymers .CSM( 3) with (P, P") = (1,3), {1 =0, {5 =2, N = 3,
=1 08=0c¢c= —5 and superconformal percolation LSM(3,4) with (P, P’) = (2,4), {1 = {5, =0,
N =4, 3=+2, fo =1, ¢ = 0. The relevant conformal weights in these two case are respectively

LSM(2,3): Ay

=1 aldi=-
LSM(3,4): A

1,3:2 1,3:2
Ay — A €L (6.4)

MI»—‘ w|>—t

2 1,3;2
2 1,5,2
2 242 1 2,4:2
0="0, Ai3h =73, A150

2.4:2 2.4
AT’sh — A5 ‘50 € Z (6.5)

In the first case, we expect Jordan cells to appear between the s = 1 and s = 5 blocks in (6.1). In
the second case, we expect Jordan cells to appear between the s = 3 and s = 5 blocks, as discussed in
Section 6.2. These expectations are confirmed by Jordan decompositions of the exact finite-size double
row transfer matrices. In the examples we consider, only rank-2 Jordan cells appear.

For the example of superconformal dense polymers, the Jordan decomposition of the 6 x 6 (energy-
shifted) Hamiltonian matrix gives

%(\/ﬁ—l)l—’HNOGB%(Vl—?—l)@%(\/l—?—l)GB(é(\/l_ng?)) %(\/1—17+3)>@\/ﬁ (6.6)

where the diagonal blocks are ordered with increasing energy eigenvalues. The 6 link states, in the NS
sector, are the same as the N =4, (r,s,¢) = (1,3,0) link states shown above (3.70) but with a dashed
red line inserted to separate off the cabled defect on the left. The states in the s = 1, 3,5 blocks appear
in positions {5}; {3,4,6} and {1,2} respectively. The N = 3 finitized conformal partition function is

1,3;2,(3 1,3;2,(3 1,3;2,(3 1,3;2,(3
Z(1,370§|()173,2)(Q) X1,1,2( )(Q) + X1,3,2( )(Q) + X1,5,2( )(Q)

3 _1 9 1 _e . _1 1 5 3 11
=q 22 +q c(1+qg+q)+q2(1+q))=q 2i[g 6 +qg2 +q°+2¢2 +qo] (6.7)

corresponding to
(3) 1 1.5 21 11
L Z(—a)@§@6@<8 %>@€ (6.8)

Matching the ordering of the energies, confirms that the single rank-2 Jordan cell indeed forms between
the two degenerate energy eigenvalues %(\/1_7 + 3) in the s = 1 and s = 5 blocks of the Hamiltonian
exactly coinciding with the degenerate conformal energy eigenvalues F = % between the s = 1 and
s = b finitized characters. Moreover, the appearance of such Jordan cells is robust as the system
size N is increased [77]. The Hamiltonian energy eigenvalues will, of course, only approach the exact
conformal energies in the limit N — oco.

For the example of superconformal percolation, the Jordan decomposition of the 15 x 15
Hamiltonian matrix gives

_HN(—G)@Jl@(_lgﬁ _1_1\/§>EB(—\@)@J2@J3@(\/%_1 7 1)@W@J4 (6.9)
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where the diagonal blocks are ordered with increasing energy eigenvalues, = x; are the four real roots
of the quartic equation z* + 423 — 622 — 122 — 4 = 0 and

J; = (%J :j) . 1=1,2,34; r] <29 <x3< T4 (6.10)
j

The N = 4 finitized conformal partition function is

2,4:2.(4 2,4:2.(4 2,4:2.(4 2,4:2.(4 1
Z(1,370§|()173,0)(Q) = X1,1,0 ( )(Q) + X1,3,0( )(Q) + X175,0( )(Q) = (1+q2+q4) + 2q2 (1+Q+2q2+q3+q4)
= 1+42¢% + 23 + ¢% + 4¢3 + 297 + ¢* + 2¢2 (6.11)

corresponding to

1 3 5 5 7 9
1 3 | 5 I 21
0 0 1 0 3 0 3 0 3 0 1 0

Matching the ordering of the energies, confirms that rank-2 Jordan cells form between all of the six
pairs of degenerate energy eigenvalues in the s = 3 and s = 5 blocks of the Hamiltonian and that this
exactly coincides with the six pairs of degenerate eigenvalues between the s = 3 and s = 5 finitized
characters. The exact degeneracy of 4 for the eigenvalue of the Hamiltonian corresponding to the
conformal energy F = g will only emerge in the limit N — oco. Moreover, as N — 00, the early terms

) will stabilize as L") — L.

ot =
[\e]Ne)

in the direct sum expansion of LSN

6.2 Some representation theory

Although our boundary conditions explicitly break supersymmetry, the representation theory of the
N = 1 superconformal algebra [78] can nevertheless be used to explain our findings in the continuum
scaling limit. The N = 1 superconformal algebra is defined by the (anti-)commutator relations

[Ln, Lm] = (77, — m)Ln+m =+ 1—6271(712 — 1)(5n+m70
[Ln,Gs] = (5 —0)Gnio (6.13)
{G07 Go"} = 2Lo+o" + %(02 - %)60'—1—0’,0

where n,m € Z, while 0,0’ € Z + % in the Neveu-Schwarz sector whereas o,0’ € Z in the Ramond
sector. The central charge is denoted by c¢ and is treated as a constant.

Here we focus on the NS sector of LM (P, P’;2) in which case a typical highest-weight module of
highest weight A is of the form

level 0: |A)

level %: G_%|A>

level 1: L_4|A)

level 2 G_%]A>, L_1G_%\A> (6.14)
level 2: L_5|A), G_%G_%‘A>7 L2,]|A)

level %Z G_%‘A>, L_QG_%’A>, G_%L_l‘A>, L%lG_%‘A>

Examples of NS highest-weight modules are provided by the superconformal Kac modules (r,s) for
r =1 and s odd. Such a module (1, s) is constructed as the quotient module obtained by quotienting
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out the submodule generated from the singular vector at level § in the highest-weight Verma module
of conformal weight A; ; where

g (1P —sP)? — (P — P)?
Aps=AD? = PP . r—se2z (6.15)

The associated superconformal Kac modules arising in the continuum scaling limit of the lattice model
LM(P, P';2) in the NS sector have characters

o0

X (@) = P (L= g2 ) ows(a),  ons(a) =]
j=1

1+4¢/2
—_— (6.16)
1—¢
We believe these modules are given by Feigin-Fuchs type modules as in the logarithmic minimal
models [79].

We can separate the set of states in (6.14) into integer and half-integer level parts. This corresponds
to decomposing the module with respect to its Virasoro subalgebra and gives rise to the characters

P,P';2 P,P’;2

X1s¢ (@), £=0,2, and more generally to x,. % ,”*(¢). As illustration, let us consider the superconformal

Kac module (1, 3) constructed by setting the singular vector at level % to zero in the ambient Verma
module of conformal weight Ay 3. Since £ = 2 corresponds to the integer-level part in this case, it
readily follows that, in the notation of (4.72) and in accordance with (5.14) and (5.15),

X130(0) =1+q+3¢+..., X132() =1+q+2¢°" +... (6.17)
Correspondingly, the full decomposition is given by

P,P';2
X133

(SIS

(q) = ¢***731 [X132(q) + 2 X130(q)] (6.18)

More generally, the superconformal Kac characters (6.16) are obtained as the plus expressions in (2.16).

6.2.1 Superconformal dense polymers LSM(2,3)
In the case of superconformal dense polymers LSM(2,3) = LM(1, 3;2) where ¢ = —%, the embedding
or structure diagram of the Verma module of highest weight Ay ; = 0 is given by

0 — e T T T (6.19)

1 21
2 2

where the arrows indicate actions of the algebra generators (6.13) on irreducible subquotients
represented by their conformal weights. The structure diagrams of the superconformal Kac modules
(1,s) for s odd but s ¢ 3N appear as sub-diagrams of this ambient structure diagram. The first few of
these superconformal Kac modules are thus given by

(1,1): 0, (1,5): 0— 1, (L,7): 53— 3, (1,11): 5 —4 (6.20)

indicating that the module (1,1) is irreducible.

Reducible yet indecomposable modules on which Ly acts non-diagonalizably also arise in the NS
sector of the N = 1 superconformal algebra, and as above, their integer and half-integer parts match
our lattice observations in the previous subsection. Here we focus on the structure of a particular
reducible yet indecomposable module of rank 2 which we conjecture appears in LM(1, 3;2), namely

1

R0,2 . 5
13 N (6.21)
0 «— 0
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Up to Virasoro level %, the states in this module are given by

level 3: G_%|0>' G_%|0> L_1|3)
. 1
level 1: G_%|2>
level %: |%> (6.22)
level 0: |0) |0)
———
(1L1): 0 (1,5): 0— 3
where
5) =G_110),  G_ilg)=La[0),  Lalg) =L1G_10) (6.23)

The states in the leftmost column form the irreducible superconformal Kac module (1,1) up to level %,
while the states in the other two columns form the two irreducible subquotients 0 and % of the reducible
yet indecomposable superconformal Kac module (1,5). Jordan cells of rank 2 are formed between the
states in the two copies of the irreducible subquotient of conformal weight A1 = Ay 5 = 0. Concretely,
actions by the superconformal generators contributing to the horizontal arrow in (6.21) are

Lol0) =10),  Lo(G_3]0)) = 5G_s10) + G_a]0),  G3(G_3|0)) = —310) +2[0)  (6.24)

from which it readily follows that |0) and |0) form an Ly Jordan cell of rank 2 of conformal weight 0,
while G_% |0) and G_% |0)’ form a similar cell of conformal weight % The actions contributing to the

southwest arrow in (6.21) are
1y / 1\ / 1\) _ /
Giby =200y, Li(Galh)=200).  Gs(Loilk) =4[0) (6.25)

It is noted that, since the state L_1\%> is an element of the irreducible subquotient of conformal weight
%, it does not participate in a nontrivial Jordan cell. Instead, we simply have

Lo(L-1l3)) = 5L-1l3) (6.26)

Modules over the Virasoro algebra similar in structure to the rank-2 module in (6.21) were first
described in [80,81] with extensions to certain W-algebras discussed in [82], and they are often referred
to as staggered modules. Although these types of modules now are ubiquitous in logarithmic CFT [6,
55,83-85], rank-2 modules over the N = 1 superconformal algebra have not been described explicitly
before in the literature. The module in (6.21) and the ones in (6.33), (6.41) and (6.42) below are
therefore the first of their kind.

The notation R?:g (with certain restrictions on the labels s and b) mimics the one used in [86,87] to
denote indecomposable higher-rank modules in the logarithmic minimal models LM (p, p’) and indicates
that the module can be thought of as an indecomposable combination of the two superconformal
Kac modules (1,s — b) and (1,s + b). The particular rank-2 module R(l)g is thus an indecomposable
combination of (1,1) and (1,5), implying that the character of the module is given by

0,2 1,3;2 1,3;2 1,3;2 1,3;2 1,3;2 1,3;2
x[Risl(a) = X377 (@) + X157 () = [X1,1,0(Q) + X1,5,0(Q)] + [X1,1,2(Q) + X1,5,2(‘J)] (6.27)

The two characters given by square brackets are the ones we observe from the lattice.
We can also decompose the character (6.27) in terms of the irreducible superconformal characters

qA1,6k71 _ qA1,6k+1 — qA1,5(1 k—%)7 s=6k—1

5 —q
ch = qg18 keN 6.28
Aqs (Q) q ¢NS(Q) qu,GkH . quﬁkJrs _ quvS(l _ q2k) s=6k+1 ( )
Noting that A;; = Ay 5, the decomposition thus reads
X[R(l]:g](Q) =2 ChA1,5 (Q) + ChA1,7(Q) =2 ChO(Q) + Ch% (Q) (6-29)
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6.2.2 Superconformal percolation LSM(3,4)

In the case of superconformal percolation LSM(3,4) = LM(2,4;2) where ¢ = 0, the structure diagrams
of the superconformal Kac modules (1, s) for s odd appear as sub-diagrams of the ambient structure
diagram

Azg—s = A5 — Apy_g —

AV 4 X X < s=1,3 (6.30)
~ Ags — Asp-s > A7 —
where the conformal weights are given by (6.15) with P = 2 and P’ = 4. The ambient Verma module
of highest weight A;; = Ay 3 = 0 is therefore described by
- 5 = B -

r :
0 X et s (6.31)

~ - 3 — & =

from which it follows that the first few superconformal Kac modules (1, s) are given by

NI

\S][SV]

(1,1): 0— 3, (1,3): 0— 1, (1,5): 3 —5, (1,7): 23 (6.32)

We conjecture that the reducible yet indecomposable rank-2 module

5
<N

%

N
0

appears in LM(2,4;2). Jordan cells of rank 2 are formed between the states in the two copies of the
irreducible subquotient of conformal weight A5 = % Since the rank-2 module R(l):}l can be thought
of as an indecomposable combination of the two superconformal Kac modules (1,3) and (1,5), its
character is given by

RY) - (6.33)

NI~
D=

XIRYI(@) = X352 () + X757 (@) = [XT50(a) + xT55(@)] + [XT55(a) + xT55(a)] (6.34)

As before, the two characters given by square brackets are the ones we observe from the lattice. In
terms of the irreducible superconformal characters

chin () = s(0) (40 4 D (1) g4 g (6.5
j=k+1
where
s = sg + 4k, so=1,3, k € Ny (6.36)
we have
2,4;2
X1 (¢) = ChAl,sO+4k (q) + ChA1,8750+4k (q) (6.37)
and
X[RY1(@) = chay, (@) + 2cha, 5 (a) + chay y, (a) = cho(g) + 2chy (g) + chs(q) (6.38)

Among the irreducible characters (6.35), it is noted that
cho(q) =1 (6.39)

as in the case of critical percolation LM (2, 3).
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6.2.3 Neveu-Schwarz sector conjectures

As we intend to discuss elsewhere, the N = 1 representation theory outlined above for the NS sector
for r = 1 can be extended to r > 1 and the Ramond sector and generalises to all LM (P, P';2). Here
we conjecture that, in the NS sector of LM(P, P’;2), there exists an infinite family of indecomposable
rank-2 modules R1 kP with1 <b< P, kP'—b € 2N—1 and k € N, where Rl’kp, can be thought of as
an indecomposable combination of the two superconformal Kac modules (1, kP — b) and (1,kP" + ),
and where these modules are described by

(LEP' =b): Aygproy = Drgprys, (LEP +0) 0 Ayvgprs = Dgra)pr—o (6.40)
The corresponding structure diagram is given by

Akr2)p—b
v N

R(l) ZP/ : Ay ppryp <  Airpigp (6.41)
N

Aqkp—p

and the rank-2 Jordan cells are formed between the states in the two copies of irreducible subquotients

of conformal weight A; ;pryp. In the special case Ay pp/—p = Ay pr4p, the superconfomal Kac module

(1, kP’ —0) is irreducible. This happens if and only if kK = 1 and P = 1, and the corresponding structure
diagram is then given by

Akr2)pr—b
R - < N (6.42)
Ay gpryy <—  Aigpigp
Following the analysis initiated in (6.1), we also conjecture the N = 1 superconformal fusion rule

(1,3) & RY3, in LM(1,3;2)
(1,3)®(1,3) = (1,1) @ Ry, in LM(2,4;2) (6.43)
(1,1)®(1,3) @ (1,5), otherwise

encapsulating the Jordan-cell structures observed in Section 6.1 and discussed in Section 6.2. In
the case of LM(2,4;2), the fusion rule (6.43) and the conjectured structure diagram (6.33) of the
indecomposable rank-2 module Rli seem to be confirmed [88] by initial applications of the Nahm-
Gaberdiel-Kausch algorithm [81, 89] to the fusion product (1,3) ® (1, 3).

7 Conclusion

In this paper, we have argued that the higher level logarithmic minimal models LM (P, P’;n) [7] with
n > 2, as defined by the GKO cosets (2.1), are realized as the continuum scaling limit of the n x n
fused logarithmic minimal lattice models LM (p, p)nxn. The identification

£M(p7p/)n><n = EM(P7 P/Q n) (71)

assumes that P, P’ are properly related to p,p’. After developing an algebraic framework for general
n within the fused TL algebra, we have focussed on the n = 2 logarithmic superconformal minimal
models LSM (p,p’) (1.1) which include superconformal dense polymers LS M (2, 3) and superconformal
percolation LSM(3,4) as its first members. For this series, we establish numerically that the
identification (7.1) is indeed correct with P = |[2p—p/| and P’ = p’. We explicitly construct commuting
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double row transfer matrices and their associated quantum Hamiltonians on the strip for the simplest
boundary conditions conjugate to operators labelled by the quantum numbers (r,s,f) with r = 1,
s =1,2,3,... and £ = 0,1,2. These matrices are diagonalizable with real eigenvalues. The spectra
separates into Neveu-Schwarz (r+ s even, £ = 0,2) and Ramond (r+s odd, ¢ = 1) sectors. The transfer
matrices and Hamiltonians act on suitable vector spaces of link states which are explicitly constructed
for the boundary conditions considered. By using combinatorial arguments based on the counting of the
link states, g-trinomial coefficients as well as Motzkin and Riordan polynomials, we conjecture general
fermionic finitized Kac characters for the » = 1 boundary conditions which reproduce the expected
superconformal Kac characters as the system size N — oo. The fact that such finitized characters
exist in each r = 1 sector, satisfying all of the required properties, gives remarkable confirmation of
the consistency of the lattice approach.

The bulk free energies of the logarithmic superconformal minimal models are obtained analytically.
Similarly, the boundary free energies are obtained analytically in the Neveu-Schwarz sectors with » = 1.
In the Neveu-Schwarz sectors (r, s, ¢) = (1,1,¢), (1,3,¢) with £ = 0,2 and the Ramond sector (1,2, 1),
we have carried out extensive finite-size numerical studies of the Hamiltonian spectra to extract the
central charges ¢ and conformal dimensions Ay 12 = %, A121, A130 and Aj 3. In all cases, to within
numerical error, we find complete agreement with the theoretical predictions. In addition, the numerics
correctly reproduce the first few excited levels for the n = 2 Kac characters. Lastly, examination of
the Jordan canonical forms of the Hamiltonians for small system sizes confirms the expected patterns
for the appearance of Jordan cells in the Virasoro dilatation operator Lg, thus confirming that the
logarithmic superconformal minimal models are indeed logarithmic. Further work is required to study
the logarithmic superconformal minimal models with boundary conditions labelled by (r,s,¢) with
r > 1 building on the results of [15]. It would also be of interest to construct the lattice boundary
conditions associated with the superconformal and W-extended chiral algebras and to study the fusion
rules and representation theory in full generality.
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