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Abstract

Non-compact Conformal Field Theories (CFTs) are central to several aspects of
string theory and condensed matter physics. They are characterised, in particular,
by the appearance of a continuum of conformal dimensions. Surprisingly, such CFTs
have been identified as the continuum limits of lattice models with a finite number of
degrees of freedom per site. However, results have so far been restricted to the case of
periodic boundary conditions, precluding the exploration via lattice models of aspects
of non-compact boundary CFTs and the corresponding D-brane constructions.

The present paper follows a series of previous works on a Zo-staggered XXZ spin
chain, whose continuum limit is known to be a non-compact CFT related with the
Euclidian black hole sigma model. By using the relationship of this spin chain with
an integrable D3 vertex model, we here identify integrable boundary conditions that
lead to a continuous spectrum of boundary exponents, and thus correspond to non-
compact branes. In the context of the Potts model on a square lattice, they correspond
to wired boundary conditions at the physical antiferromagnetic critical point. The re-
lations with the boundary parafermion theories are discussed as well. We are also able
to identify a boundary renormalisation group flow from the non-compact boundary
conditions to the previously studied compact ones.
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1 Introduction

The study of the critical antiferromagnetic (AF) Potts model and the related Z,-staggered
XX7Z spin chain was initiated many years ago [1,2]. An extensive investigation—using a
combination of integrability, conformal field theory (CFT) and numerical techniques—paved
the way to the understanding that this model has an unusual continuum limit: although
the lattice model has a finite number of degrees of freedom per site, its field-theory limit is a
non-compact CFT, characterised in particular by the appearance of a continuous spectrum
of conformal dimensions [3}4].

This correspondence was subsequently made more precise by the identification [5] of the
continuum limit with the si(2, R)/u(1) Euclidian black hole CFT, a non-linear sigma model
with a non-compact target space that was first introduced in the string-theory literature [6].
The consequences of this link go beyond the explanation of the observed continuous spectrum
and allows, in particular, for a lattice interpretation of the density of states—related in
turn to the reflection amplitude for the scattering of a closed string on the black hole—by
showing that its continuum limit agrees with known results for the CFT [7,)8]. Further
studies confirmed this identification in various ways [9,/10]. Finally, a very recent series
of works [11H14] on the one hand confirms the coincidence of the partition function of the
Euclidian black hole CFT with one half of the partition function arising in the scaling limit
of the lattice model with periodic boundary conditions, but on the other hand refines the
original identification by proposing that a part of the Hilbert space of the lattice model
should coincide with the pseudo-Hilbert space of the non-linear black hole sigma model
with Lorentzian signature.

While all these studies were restricted to the case of periodic boundary conditions, the
exploration of the AF Potts model in the presence of a boundary is of undeniable interest.
On general grounds, one would presume the existence of integrable boundary conditions in



the lattice model, which could in turn be identified with conformally invariant boundary
conditions in the continuum limit. An attractive aspect of such investigations would be
to make precise contact with D-brane constructions in non-compact boundary CFTs of
relevance in the context of string theory [15,/16].

We have initiated this work program in a series of two recent papers [17,/18]. In [17],
a combination of numerical techniques was used to study the AF Potts model with open
boundary conditions, confirming again its close relationship with the Euclidean black hole
CFT. A significant finding of [18] was to establish the equivalence of the AF Potts model
with an integrable model constructed from the twisted affine D3 Lie algebra. This result
paved the way to studying the case of open boundary conditions with the Bethe Ansatz.
Somewhat disappointingly, however, the boundary conditions considered in both [17] and
[18] led only to a discrete set of conformal weights in the continuum-limit boundary CFT
(BCFT), hence missing the more interesting non-compact aspects of the theory, and in
particular the identification of non-compact branes |15]. The motivation for the present
work is to remedy this problem by, finally, exhibiting integrable boundary conditions that
produce a non-compact spectrum in the continuum limit.

In section [2] we briefly review the critical antiferromagnetic Potts model with open bound-
ary conditions. We shall pay particular attention to the result from [18] showing that the
integrable D3 model is equivalent to the AF Potts model formulated as a Zj-staggered six-
vertex model. In section [3| the boundary conditions of interest will be presented. These
boundary conditions were found previously in [19] by solving the boundary Yang-Baxter
equation for the D3 model.

Our first key result is eq. , stating that the D2 boundary conditions under study pro-
duce a remarkably simple Hamiltonian that can be written entirely in terms of Temperley-
Lieb (TL) algebra generators. In section [3.4] we furthermore show that—after a geometrical
transformation discussed in section [3.3}—the transfer matrix also has a simple interpretation
in terms of TL generators. In fact, it is given by the transfer matrix of the critical AF Potts
model with wired boundary conditions (the dual of free boundary conditions; see eq. (50))).
We furthermore find that when we tune the spectral parameter u to a different value and
carry out the geometrical construction accordingly, the same D3 boundary conditions can
be interpreted as free boundary conditions in the AF Potts model. However, note that it is
well established that the continuum limit of the AF Potts model with free boundary condi-
tions is compact. Section [ presents a complete Bethe Ansatz solution of the model with the
D2 boundary conditions considered in this paper, based to a large extent on the work [21]
where a partial solution was already obtained. The complete Bethe Ansatz equations are
given in .

In section [5| we consider the continuum limit of the model in different representations of
the TL algebra. Most significantly, in the loop representation the continuum limit is non-
compact (see Figure[17)), and the resulting continuous spectrum of conformal dimensions can
be understood in terms of those of the Euclidean black hole CFT—see eq. (83)). This is in
contrast with the boundary condition studied previously in |18], where we found a compact
continuum limit.

To investigate the relation between these two boundary conditions we introduce, in
section @, a Hamiltonian ([125]) with a boundary parameter o that can interpolate between
them. We show that « induces a boundary Renormalisation Group (RG) flow from the non-
compact BCFT studied here towards the compact BCFT of [18]. Moreover, we compute
the boundary entropy at either fixed point, confirming that it decreases under the boundary
RG flow, in agreement with the “g-conjecture” by Affleck and Ludwig [20].



Figure 1: A configuration of the Potts model in the loop/cluster formulation on the square
lattice. The black dots are the loci of ()-component Potts spins o;. The thick bars form
clusters, whose total size is denoted |G| in (3)). Cluster configurations are in one-to-one
correspondence with their surrounding loop configurations, shown as thin curves in the
figure. Each pair of (horizontally or vertically) neighbouring black dots resides diagonally
around a tile, in whose interior two pieces of loops split in one of two possible ways.

2 Conformally invariant boundary conditions in the
AF Potts model

The two-dimensional )-state Potts model is defined by the classical Hamiltonian

H=-K> 650, (1)
(i)

where 0; = 1,2,...,Q and (ij) denotes the set of nearest neighbours on the square lattice.
This model has been reviewed and discussed extensively in our previous works [17,/18] so
only the most important points will be repeated here. It is well known that the partition

function
Z = Z exp(—H) = Z H exp(K g, 0;) (2)
{0} {o} (ij)
arising from can be reformulated, first as a sum over configurations of clusters of spins
[23], and subsequently as a sum over configurations of loops [24] (see Figure [1):

22 QY Y 4lIQt 3)
loops
with x = e}\;g, whereas |G| denotes the number of edges in the clusters, and ¢ is the number

of loops in each configuration.

One can further define an oriented loop model by assigning an orientation to each of
the loops, and summing over both orientations with appropriate weights [24] to recover the
unoriented loop weight Q'/2. Keeping then these orientations but summing instead over the
possible loop splittings at each vertex, for any fixed choice of orientations of the adjacent
edges, results finally in a six-vertex model where the vertices live on the tiles in Figure
and take the configurations shown in Figure [3| This vertex model is in general staggered,
meaning that the Boltzmann weights of the vertices take two different values depending on
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Figure 2: A configuration of oriented loops. The oriented loop model becomes a six-vertex
model, after summing over the loop splittings.
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Figure 3: The vertices and their Boltzmann weights, shown below (resp. above) the vertex
for a tile corresponding to a horizontal (resp. vertical) pair of Potts spins.

whether they live on a tile that corresponds to a vertical or horizontal coupling (ij) between
two neighbouring Potts spins, o; and o;. The vertex weights are shown in Figure |3 with
the case of a horizontal (resp. vertical) coupling shown below (resp. above) the vertices.
The case xpy = 1 is the ferromagnetic critical point of the Potts model, for which the
staggering disappears. But in this paper we focus instead on the AF critical point |1]

L —2+4-Q
EEN R

and we refer to this vertex model as the Zy-staggered six-vertex model [4]. The two possible
signs in xXF correspond to a pair of mutually dual models—we shall come back to the issue
of duality at the end of our analysis.

Previous work on the AF Potts model imposed periodic boundary conditions on the
vertex orientations, or on the corresponding loops. If one moreover imposes the same weight
for a non-contractible loop as for a contractible one—namely Q'/2, by —the vertex model
must be appropriately twisted.

We consider instead open boundary conditions, corresponding to the loops being reflected
back at the boundaries. A first study of such an open AF Potts model appeared in [17],
where we constructed conformally invariant boundary conditions by assigning particular
Boltzmann weights to the loops touching the boundaries. These boundary conditions were
shown to produce the discrete characters of the sl(2,R)/u(1) CFT in the continuum limit
[15]. However, no sign of a continuous spectrum of conformal weights was found for that
choice of boundary weights.

The open AF Potts model was further studied in our second paper [18], this time using
the tools of integrability. Recall first that in the case of periodic boundary conditions the

(4)



staggered six-vertex model can be described by an integrable row-to-row transfer matrix

t(u) = Tro(Ra1(u) Raa(u) - Rop(u)), (5)

where the subscripts of the R-matrix refer to the quantum spaces ¢ = 1,2,..., L and the
auxiliary space a. Since R satisfies the Yang-Baxter equation, the theory is solvable by
Bethe Ansatz [1,[4]. A main result of [18] was to show that the R-matrix appearing in (/5
and the R-matrix of a particular integrable model constructed from the twisted affine D3
Lie algebra are equivalent, in the following sense. First recall from [4] that the staggered
six-vertex model R-matrix is written in terms of two parameters, v (crossing parameter)
and u (spectral parameter). The former is related to the @ appearing in the Q-state Potts

model by
\/@ =V e, (6)

In the standard work [25], the integrable Di R-matrix is written instead in terms of two
other parameters, k and x. If we relate the parameters by [18]

e* (7a)

r o= M, (7b)

the transfer matrix in , built from the D3 R-matrix, is equivalent—via a change of basis
and a gauge transformation [18]—to the transfer matrix built from the staggered six-vertex
model R-matrix.

This equivalence between R-matrices allows one to study as well the staggered six-
vertex model with open boundary conditions, by exploiting the known integrable boundary
conditions in the D2 model. In the open case we need the double-row transfer matrix

t(u) = Try K (u)Ror(u) - Ro1(w) K, (u)Rya(u)...Rpq(u), (8)

where the K*-matrices encode the Boltzmann weights of the left (K~) and right (K)
boundary vertices respectively. K~ satisfies the boundary Yang-Baxter equation

Ris(u—v)Ky (u)Ra1(u+ v)Ky (v) = Ky (u)Ry2(u+ v) Ky (u) R (u —v). (9)
To ensure that KT satisfies the analogue of @D for the right boundary we take
KHO) = K- (—p— )M, (10)

where t denotes the transpose. The model-dependent quantities p and M are given by
p=—logk and M = diag(k,1,1,k") for the D2 model.

A number of solutions to (9)) for the D3 model were found in [19]. Our previous work [18]
focussed on one of these, showing that its continuum limit coincides with that of the AF
Potts model with free boundary conditions for the Potts spins. By contrast with that work,
we here find a nice interpretation of the boundary conditions (namely wired, dual to free)
already in finite size. Relating the double-row “integrable geometry” of the transfer matrix
to the “diagonal geometry” of the lattice model (see Figures requires a few tricks,
which will be exposed in section [3.3]

The present work considers another solution to @ that will turn out to admit a re-
markably simple lattice interpretation. But most importantly, the corresponding boundary
conditions will be shown to produce an interesting continuum limit, given by a non-compact

boundary CFT.

'Note that in [25] the parameter k is just written as k, but to be consistent with our previous work we
need to reserve the label k for a different parameter appearing in eq. .
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3 New boundary conditions

The new boundary conditions to be considered here correspond to the integrable K-matrix
[19]

—sinh(A —7) 0 0 0
S 1 0 cosh Asinhn  —sinh A coshn 0
K2() = sinh(A + n) 0 —sinh Acoshn  cosh Asinhn 0 (1)
0 0 0 —sinh(A —7)
where the correspondence with our previous notation is
A = 2iu, (12a)
n o= iy. (12b)

The edges in the D3 vertex model can be in four possible states

{11),12),13),14)}- (13)

In the Zs-staggered six-vertex model, the spectral parameter alternates on every second
quantum space |4/, so to it is natural to regroup these spaces two by two and choose again
a basis of four states

{1, 110, 1), 14D (14)

corresponding to the arrow orientations in Figures 2H3] There is a similar alternation on
the auxiliary spaces, so the integrable R-matrix is formed by regrouping an array of 2 x 2
elementary R-matrices of the usual six-vertex model. This leads to a 38-vertex model (an
R-matrix of size 16 x 16 with 38 non-zero entries), as first noticed in [4] and further reviewed
in [18]. One central result of [18] was to relate this to the integrable R-matrix of the D3
model.

3.1 Change of basis

To interpret the K-matrix (11]) within the staggered six-vertex model, we briefly review the
corresponding change of basis from to (14)), first given in [18]. The main idea is to first
write the K-matrix in an intermediate basis {|1), |2), |3), |4)}, where

B = =)+, (152)
~ 1
B = S5 -13). (150)

and then make one more basis change to as follows:

Sl

1 /.
Jacoss (67 ) = 6_7|¢T>> : (16a)

1 _iy iy
3) = W(e 1)+ eF ) (16b)



3.2 Hamiltonian limit

The fully anisotropic limit is obtained by sending the spectral parameter u — 0. A quantum
Hamiltonian H is defined as the logarithmic derivative of the transfer matrix ¢(u) in that
limit. Due to the integrability, we have [t(u), H] = 0, so the two operators share the same
eigenvectors. Therefore, studying the eigenvalue problem of H defines a quantum spin chain
problem which is equivalent to the original two-dimensional statistical problem, up to an
anisotropic rescaling.

In the periodic case, the precise relation between the quantum Hamiltonian and the
integrable R-matrix is thus

u=0

L
d
7'[pelriodic = E Pn,n—l—l@Rn,n-i—l(u) ) (17)
n=1

where P, ,+1 denotes the permutation operator. It was found in [4] that for the Z,-staggered
six-vertex model

2L

Hperiodic = Z (20087 €m — (emCmi1 + Emi1€m)) (18)

m=1
where e; are certain operators acting on sites 7,7+ 1 of the chain. The site labels here pertain
to the case before the two-by-two regrouping of spaces—hence to a chain of length 2L—
and the periodic boundary conditions imply that labels are considered modulo 2L. More
precisely, the e; are the generators of the (periodic) Temperley-Lieb (TL) algebra, satisfying
the abstract algebraic relationsﬂ

e; = \/@ei , (19a)
€;€i+1€; = €5, (19b)
e;e; = eje; for |i—j| > 2. (19¢)

where @ is related to v by (0).
The TL algebra admits several interesting representations. Of particular interest to us

is the so-called vertex representation, where the e; are written in terms of Pauli matrices o;
as

1
¢=3 [o70f,, +0lol,| — cosy ofo} 4+ cosy —isiny (0] —07,,)] , (20)
or, in an explicit tensor-product notation,
0O 0 0 0
; 0 e™ 1 0 ;
— ®i—1 : ®2L—i—1

€; 1 & 0 1 e ® 1 ) (2]‘)

0O 0 0 0

where 1 denotes the 2 x 2 identity matrix. The corresponding Hamiltonian—i.e.,
inserted into —deﬁnes the periodic Zs-staggered XXZ spin chain, which was studied
extensively in [4] and subsequent works (see the Introduction).
Turning now to the open case, the relationship between the double-row transfer matrix
and the Hamiltonian is (usually—but see the discussion below) given by [26]
d

i) =2HT KT(0)+Tr KV(0), (22)

2The proper definition of the periodic TL algebra requires a few further elements, but since our aim is
to move to the open case, we shall not discuss them further here.



leading to the following expression for the Hamiltonian H:

L-1
1 . Tr,(K(0)Hy )

n=1

(23)

where a is an auxiliary space and where H,, 11 = P11 diR” na1(u )‘ .o However, for
the K-matrix (11)) the quantity Tr, K*(0) vanishes, and hence the H defined by (22) . is
ill-defined. To construct a meaningful Hamiltonian for the K-matrix under study, one must
take instead the second derivative of the transfer matrix, yielding [27]

£(0) — 1
-7 = H,, K~ 24
[ A(T + 24) ; mt1+ 5 K7(0) (24)
1 2
+ 5T+ 24) (Tra( H0)Gra) +2Tra (K, (0)Hpa) + Tra(K, (O)HL,a)> ;
where the quantities A, T and G are defined by
Tra(K:(O)HL,a) = A]la (253)
T = Tr,K*(0), (25b)
d’R; 41
Gjjr1 = Pjjn —dif L (25¢)

where 1 is now the 4 x 4 identity matrix. The Hamiltonian reads

202 202
H = Alese + Avignte + cosy(eq + ear—1) +2cosy Z €m — Z (Emem+1 + €mi1em),  (26)

m=2 m=1

where A, and Ayigne denote the second and third terms in , built from K~ and KT
respectively. They can be computed from (11 via the change of basis discussed in section
Omitting additive constants proportional to the identity, the results are

0 0 0 0
_ 0 e™ 1 0 ®2L—2
A =cosy [ iy | @1 (27)
0 0 0 0
and
0 0 0 0
0 e™ 1 0
202
Aright =1I® & cosy 0 1 e (28)
0 0 0 0
Comparing with , the total Hamiltonian therefore becomes
201 202
H = 2COS’Y Z €; — Z (6j6j+1 + €j+1€j) . (29)
j=1 j=1

The simple expression is a key result of this paper. When compared to the open
Hamiltonian studied in our paper [18],

2L—1 20—2
~ 1
H = cosv (e1 4+ ear1) +2cosy mzl Cm — mZ:l (ememi1 + Emr1€m) (30)
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Figure 4: Geometrical interpretation of the transfer matrix . When the parameters w;
are set to zero we recover the transfer matrix ({g]).
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Figure 5: The geometrical interpretation of the transfer matrix in (32) when the parameters
wj are given by equation .

1
cosy

appears in some sense very natural, since it is related to the periodic one by a
simple change of the summation ranges. This simplicity, however, does certainly not mean
that is a trivial result. Indeed, suppose one defined an open model in a naive fashion,
by simply replacing K*(u) by the identity matrix. This would lead to

we notice that the difference is a boundary term, — (e1 + ear—1). The new Hamiltonian

L-1 dR 2L—-2 2L—2
Hnaive = ﬂ — 2 m - mbEm m m) s 31
; T occos*y(erl—egL 1+ Ze) Z(e em+1 T €ms1€m), (31)

m=2 m=1

hence again boundary terms, yet different from those of . But the identity matrix does
not satisfy the boundary Yang-Baxter equation @, SO Huaive does not define an integrable
model! From this perspective, it is a remarkable fact that the K-matrix in ensures that
all the e; terms in get the same coefficient.

3.3 Change of geometry

The double-row transfer matrix has the diagrammatic interpretation shown in Figure
This “integrable geometry” is different from the “diagonal geometry” of Figures
in which the Potts spins reside on an axially oriented square lattice, while the vertices of
the corresponding six-vertex model are oriented diagonally (cf. Figure [3|). Fortunately the
two geometries can be related via a simple construction [28,29] that we now review. The
resulting change of geometry will ultimately allow us to interpret the integrable K-matrix
in terms of the diagonal geometry, which is more convenient for describing the AF
Potts model.

The transfer matrix can be modified to include inhomogeneous spectral parameters
w, on each quantum space n = 1,2,..., L, while conserving the integrability of the model.
We keep the spectral parameter v on the auxiliary spaces. The resulting inhomogeneous

10



k- 2u Tro(Ko(u)* Ruo(2u))

2u 2u

Figure 6: A rearrangement of the lattice in Figure the two lattices are topologically
equivalent and correspond to the same transfer matrix.

transfer matrix reads
t(u) = Try K (u)Ror(u+wp) - Rep(u+wi) K, (u)Ry4(u—wi) -+ Rpa(lu—wp) (32)

and is depicted graphically in Figure [d] The arguments of each R-matrix are given by the
usual difference property. The choice [28]29)

wy = (—=1)"y (33)

implies that the arguments of the R-matrices alternate between 0 and 2u, in a checkerboard
pattern. Since R;;(0) o< P, ;, the permutation operator, the choice can be graphically
depicted as in Figure [5, which can in turn be redrawn as Figure [6l This is precisely the
diagonal geometry required by Figures [[H2l In this geometry, the Boltzmann weights of
bulk vertices are given by R(2u), while the left and right boundary weights are K~ (u) and
Tro (Ko (u)™ R o(2u)) respectively.

3.4 Potts transfer matrix

We now work out the corresponding transfer matrix for the AF Potts model, by which we
mean the transfer matrix describing the Potts spins in the geometry of Figures [[H2] First
recall that each space in the integrable D2 model carries the four different states 7 which
can be related to a tensor product of two spin—% spaces by means of the basis change
of section |3.1] To revert to the six-vertex model we must thus replace each edge in Figure
[6] by a pair of edges, each of which can be in two possible states, |1) and |]). Under
this doubling, the geometry in Figure [ becomes the lattice shown in Figure [7] where the
dotted lines represent the edges carrying the six-vertex arrows, while the full lines are the
surrounding tiles (like in Figure [2)).
The staggered six-vertex model R-matrix can be written in terms of Temperley-Lieb
operators as [4]
Riit1 = (x+ey)(l+zeg1)(1+ zegisr)(x + ey). (34)

In the doubled lattice (Figure (7)) each of the four factors then corresponds to the interaction
between a pair of dotted lines within one tile. Making this identification for each R-matrix
yields the interactions of the full lattice model, as shown in Figure[§] In general, the para-
meter z appearing in ([34)) corresponds to the spectral-parameter dependent function [3]
sinu
w(u) = ——, (35)
sin(y — u)
but in order for the same parameter x to appear on even and odd tiles, as in , it is crucial
to evaluate z(u) at a value of u that corresponds to an isotropic point of the integrable vertex
model [3]. The isotropic point of relevance to us is

oo
=17 36
Uop 9 47 ( )
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Figure 7: The lattice from Figure @ but with each edge replaced by two spin—% edges, shown
as dotted lines. The full lines represent the tiles that surround each vertex.
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Figure 8: Same as Figure [7|, but with the action of the R-matrix and K-matrix written at
the place of each vertex, in terms of Temperley-Lieb generators.
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for which we have )
sin 3 — cos 3

—_2 772 _ .t 37
7 (to) sin 3 + cos 3 YA (37)

according to eqs. and @ Indeed this uy belongs to the so-called Regime I of the spectral
parameter u,
Regime I : 7—g<u<0, (38)

for which the continuum limit of the model with periodic boundary conditions is described
by a non-compact CFT [4,22]. We remark that the range of u in that we use to define
Regime I is different from the range used in [22]. In that case, Regime I was defined as

7<u<g. (39)
The two ranges of u, i.e., and , are related by the duality transformation (to be
discussed in more detail below) v — v — u, under which z(y —u) = ﬁ from (35). When
periodic boundary conditions are imposed, both ranges and correspond to a non-
compact CFT in the continuum limit. In addition to the isotropic point in (36| which lies
in the range , there is an additional isotropic point,

N
=—+4+ - 40
which lies in the range and is related to ug by the duality transformation v — v — w.
We have that
o) = 3y (41)

We shall for now focus on the point u = uy and remark on u = wuj later. We set
= x(ug) = 235 (42)

It remains to determine the boundary interactions in Figure [§ According to Figures
6, if the R matrix is evaluated at u, then K must be evaluated at 7. At the left boundary
we therefore have, using (1)),

sin 3 +cos ¥ 0 0 0
sin 3 —cos 22
2 2
0 siny(cos Z+sin2)  cos~y(cos 2 —sin T) 0
.37 3y .37 3y
K- (@) _ sin ¥ —cos sin 5 —cos (43)
2 0 cosy(cos 3 —sin 7)  siny(cos F +sin 3) 0
sin %—cos 377 sin 377—003 377
in X ol
O 0 O sm' 5 +cos 5
s 3y 3y
sin 5 —cos 2L

in the basis of the D3 model. Rewriting this in the six-vertex basis , using the basis
change of section [3.1] we obtain

n2 — X
K—Gg)mn+(ﬂﬁ—ffl)q. (44)

in X ol
s1n2+cos2

Recalling and we finally arrive at

K~ (%) x 1+ zey . (45)

14



Figure 9: The transfer matrix T' defined in (47) with L = 6, corresponding to the integrable
transfer matrix in (5)) evaluated at % and with defects w; defined in .

QRS

Figure 10: The simpler transfer matrix 7 defined i 1n Wlth L = 6. This transfer matrix
is not integrable but describes the same model as the transfer matrix 77, shown in Figure
9} which is integrable.
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A similar calculation for the right boundary leads tdﬂ

Ug

Tr, <Kj (?) RLﬂ(uD)) o« 1+ zegr_ . (46)

The two results f allow us to complete Figure : the interactions within the
boundary triangles simply take (up to proportionality coefficients) the same form as that
of the tiles within the corresponding columns. The full transfer matrix defined by and
(33) is written as a product of transfer matrices ¢y, to, t3, t4:

T = tatststaty (47)
where
t (x+eq)(x+eg) - (x4 ean_4q), (48a)
ta = (1+wxe)(l+zes) - (1+xeap—1), (48b)
ts = (r+e)(r+es) - (r+eu2), (48c¢)
ty = (z+e)(x+es) - (x+ear_2). (48d)

This is depicted graphically for L = 6 in Figure [0 By cyclicity of the factors, it is equivalent
to consider N
T = taots X tatity = (tat3)” = (T1)?, (49)

where the simper transfer matrix 7}, corresponding to one row of even tiles (with generators
e;) and one row of odd tiles (with ey;_1), is shown graphically in Figure [10]

The analysis at the other isotropic point uj, can be carried out similarly. The result is
that the expressions for the R-matrix, and for the K-matrices, and for
the transfer matrices are only modified by replacing each factor of type (14 ze;) by (x +¢€;),
and vice versa. In particular, the final one-row transfer matrix 77 given by reads now,
at u = uy,

Ti=(x+e)(x+e3) - (x+er 1)1 +xex)(1+xeq) - (1+ zEar o). (50)

Comparing the graphical expansion of 7] (Figure with the lattice on which the Potts
model was originally defined (Figure [1)), it is seen that 77 is precisely the transfer matrix of
a Potts model with free boundary conditions and temperature parameter x. Section {| will
present a complete Bethe Ansatz solution of the transfer matrix in (32]) with the K-matrix
in for all values of u and w;. The transfer matrices in and are special cases to
which our exact solution of the general case can be specialised.

The exchange of the factors of types (1 + ze;) and (x + ¢;) is obviously equivalent to
applying the transformation D : x — %, up to an irrelevant overall factor. But D is nothing
but the familiar duality transformation of the Potts model (see [3,/17]). A horizontal (resp.
vertical) coupling between a pair of Potts spins situated diagonally across a tile is mapped,
under duality, to a vertical (resp. horizontal) coupling between the corresponding pair of
dual Potts spins, situated across the other diagonal of the same tile. It follows that when
D is applied to a lattice with free boundary conditions, the result is a lattice where all the
spins along the boundary are coupled to a single exterior (dual) spin by a layer of horizontal

3To arrive at the result in one must be careful with the form of the R-matrix used. As discussed
in [18], the R-matrix of the D3 model differs from that of the staggered six-vertex model by some minus

signs of certain matrix components (although the transfer matrices of both models are identical). The result
in is valid only for the D3 R-matrix.
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Figure 11: The AF Potts model with free boundary conditions, described by the graphical
expansion of the transfer matrix (50)).

K
%6

couplings. Such boundary conditions are called wired. One can imagine the single exterior
spin to be the contraction of one spin per row, all constrained to take the same value.
This argument shows that wired boundary conditions can be identified with fixed boundary
conditions, but where the “fixed” spin is being summed over all ) values.

We can now summarise the findings of this section. The transfer matrix (32 with the
boundary condition defined by the K-matrix , evaluated at the isotropic point 2, and

2
with the parameters w; defined in (33)), is equivalent to either of the following two situations:

e An AF Potts model at temperature parameter x,  with free boundary conditions
along both sides of the strip.

e An AF Potts model at temperature parameter 23, with wired boundary conditions

along both sides of the strip.

Similarly, the transfer matrix (32)), with the boundary condition defined by the K-

matrix (11]), and with the parameters w; defined in (33), evaluated at the isotropic point 1;—6,
is equivalent to either of the following two situations:

e An AF Potts model at temperature parameter z{, with free boundary conditions

along both sides of the strip.

e An AF Potts model at temperature parameter z, with wired boundary conditions
along both sides of the strip.

4 Finding an exact solution

The preceding sections have shown that the K-matrix has a very clean and convenient
interpretation in both the Hamiltonian and transfer matrix formulations—see egs. (29)),
and . However an exact solution of the model with these boundary conditions has, until
now, been lacking. In [21] the authors presented Bethe Ansatz equations that successfully
accounted for only a part of the spectrum of the model with boundary conditions . We
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present here a slight modification to the Bethe Ansatz solution of [21] which accounts for
all of the states in the spectrum.

We start with a brief review of the partial solution presented in [21]. Let A(X) denote
an eigenvalue of the transfer matrix (32)) with the K-matrices (11)). The parameter u used
in [21] is what we call \, defined in (12)). Using this notation, we write

AN) = o(Mr(N), (51)
where
~ sinh(\) sinh(A — 2n)
o) = sinh(\ + 1) sinh(\ — 37n)’ (52a)
k(A) = Z1(A) + Za(N) + Zs(\) + Z4(N) . (52b)

The functions Z(\) are defined as

QA+nQN+n+ir
QN —n)Q\ —n+ir
QA = 3n)Q(A +n + im)
QA —nQ\ —n+in)

Zi(A) = a(\)

L
i H 16 sinh?(\ — 2iwy, — 2n) sinh?(\ + 2iwy, — 2n)(53a)
k=1

Z0) = b (53b)
L
X H 16 sinh(A — 2iwy, — 2n) sinh(\ + 2wy, — 2n) sinh (A — 2iwy) sinh(A + 2iwy) (53¢)
k=1
o QA +n)Q\ = 3n + 1)
) = A QO — g+ im)

(53d)

L
X H 16 sinh(A — 2iwy, — 2n) sinh(\ + 2wy, — 2n) sinh(\ — 2wy ) sinh(A + 2iwy) (53e)
k=1
QA =3nQ\—3n+ir

Zs(N) = a(=A+2n) QA —nQ\—n+im)

L
) ] 16sinh?(x — 2iewy) sinh® (A + 2iwy,) (53f)
k=1

where we have

cosh?(\ — 2n)

a(A) T T— (54a)
b = COShC(jgh(;()(ih(_An_) 1) (54b)

and .
Q) = ]1;[1 sinh (;()\ _ uj)> sinh (;(/\ + uj)> | (55)

The u; are the Bethe roots that can be found in the usual way by requiring that the residues of
the poles of A(u) all cancel, leading to the following Bethe Ansatz equations

(sinh(uj +17) ) 2k sinh(u; 4+ n) cosh(u; —n)

sinh(u; —n) - sinh(u; — n) cosh(u; +n) (56)

ﬁ sinh(g (uj — up) + n) sinh(3 (u; + ) +1)
Py sinh(2 (u; — ug) — n) sinh(3 (u; + ug) — )

As already discussed in [21], this Bethe Ansatz solution is not complete. In fact it is found that
all eigenvalues with even degeneracy are not accounted for, but all of the eigenvalues with odd
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degeneracy are. Furthermore, these states with odd degeneracies correspond to an even number m
of Bethe roots u; that come in pairs {u;, u; +in}, with j =1,..., 3. The Bethe Ansatz equations
for roots of this form simplify to

vf3

(sinh(uj + 77)>2L _ sinh( u] + 77 i — up, + 2n) sinh(u; + uy + 2n) (57)

sinh(u; — n) sinh(u oy i — ug, — 2n) sinh(u; + uk, — 2n)
We shall present in section a new solution that accounts for the missing states, but whose
Bethe Ansatz equations also reduce to for states that come in pairs {u;,u; + im}.

4.1 The complete solution

To identify the complete solution we have employed the McCoy method [30], which is a procedure
for obtaining the Bethe roots corresponding to a particular eigenvalue. Although we do not possess
advance knowledge of the general form of the eigenvalues, we shall see that this method will
nevertheless provide fruitful in the case at hand.

The first step of the McCoy method is to calculate numerically the eigenvectors of the transfer
matrix ¢(A) at a particular value Ay of the spectral parameter. As the integrable transfer matrix
satisfies [t(A1),t(A2)] = 0, its eigenvectors are independent of A\. One can therefore now find a
polynomial expression in the variable = e* for any eigenvalue A(\), by acting with the transfer
matrix ¢(A) on the corresponding eigenvector. Next one returns to the general expression of the
eigenvalue in terms of the Q-function . Using the polynomial A(x) found in the first step,
one can solve f to obtain a polynomial expression Q(z). Finally, one finds the roots z; of
the Q(x), which gives the Bethe roots u;, via x; = e

In terms of the exponentiated variables the Q-function reads

9 =115
for some coefficients aj, that depend on the Bethe roots u;. Eq. clearly satisfies Q(\) = Q(—\),
corresponding to Q(z) = Q(z~ 1), or ay = a_.

We have first checked that the McCoy method applied to one of the states with odd degeneracy—
those that can be obtained by the previous incomplete solution—indeed produces a Q-polynomial
whose coefficients satisfy ap = a_;. However, for any of the states not obtained by the partial

solution —, we find instead a, = (—1)¥a_;. Eq. does not have this symmetry and
must be modified to

m

x—i—x —xk—xlzl) = Z apx” (58)

k=—m

)Jk\k—‘

A) = ﬁ sinh G(A _ uj)> cosh G(A + uj)> . (59)

We find that changing the form of Q(\) by replacing with , while keeping 7,
leads to a complete Bethe Ansatz solution that accounts for all of the eigenvalues. The new Bethe
Ansatz equations, obtained by requiring that the residues of the poles of A(X) all cancel, are now

given by replacing with

sinh(u; + ) 2L B sinh (3 (u; — ug) + 1) cosh(
(sinh(uj - 77)) B 1_[] sinh (3 (u; — ug) — 1) cosh(

(uj +ur) + 1)
(uj +ug) —n)

(60)

DO D]

There are a few important remarks to be made on this complete solution. Firstly, note that
the subset of solutions with paired Bethe roots of the form {u;,u; + im} still satisfy , since
reduces to in this case. Our redefinition of Q(\) thus leaves unaffected the states that
were already accounted for by the original partial solution in [21].

19



Secondly, observe that the new set of Bethe Ansatz equations do not obey the symmetry
u; — —u; but instead u; — m — u;. This appears to be related to the fact that, as we shall see
in section the model with these boundary conditions maps to the XXX model with periodic
boundary conditions in the v — 0 limit; the “admissible solutions” [31-35] to the Bethe Ansatz
equations of the periodic XXX model allow for vanishing Bethe roots u; [34], whereas the open
XXX model does not [35].

Finally, recall from that the Hamiltonian H corresponding to the transfer matrix ¢(\) is,
in this case, given by the second derivative of the transfer matrix. From we observe then that
the energy eigenvalues are given by

E o A”(0) = ¢'(0)N(0), (61)
leading to
m )
ED% _ Z 28in”(2) (62)

« cosh 2u; — cos 2y ’

J:
which is exactly the same form as the eigenvalues of the Hamiltonian with the boundary conditions
considered in our paper [18].

Summarising, the eigenvalues of the Hamiltonian defined in are given by , where the
u; satisfy the Bethe Ansatz equations .

4.2 Correspondence with the XXX model

It is enlightening to study the present model in the limit v — 0. We will show that in this limit
the Hamiltonian becomes equivalent to that of a periodic XXX chain.

To prove this statement we first consider the Hamiltonian written in terms of Pauli ma-
trices:

= =
H = —= (xz+yy+z Z)_i (xz +yy +zz)
= 5 02i—192i4+1 T 02;102;41 T 0210241 B 090242 T 09;09,410 T 02,0242
i—1 i=1

2L
1. .
- 3 SanZ(Uf(Uf—laf—z +o0i 107 ) —0is(0i 107 + 0! 10)))
i=3

1 2L—2
2 z __z z z
+ 5 Sy E (070741 +07110749)
i=1
1
. e z z z z T __T Yy x x Yy Yy
- 5 sinycosy(of + 05 — 05,1 — 051) + 5 cosy(oios + oioy + 0511051 + 05, _105,)
1
2 z_z z z . s z z
— gcos Y(0fi05 + 051, _1051,) —isinycosy(o] — 05L), (63)

where we have used the identity . We notice that there are four types of terms in : the
first line is an XXX interaction between next-to-nearest neighbours, the second line is a three-
site interaction, the third line is a nearest-neighbour interaction, and the last two lines are the
boundary terms. All of these interactions, except for the three-site interaction, are represented
graphically for a chain of length 2L = 6 in the diagram on the left-hand-side of Figure In the
limit v — 0, the only non-vanishing terms are the next-to-nearest neighbour XXX interaction (the
first line of ) and a contribution from the boundary terms (the last two lines of ), so that
the Hamiltonian becomes

L—1
1
_ T T y Ly z _Z xT €T Yy Yy z z
H=- 5 E (0%3:0%i 19 + 05,05 5 + 05,0510+ 0% 10911 + 05105, 1 +05;_105;.1)
i=1
1 64
+ 5 (%0 + ofoy — oio}) (o
1
X X Yy Yy zZ z
+ 5(02L7102L + 05 105 — 031,-105) -
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Figure 12: The graphical interpretation of the terms in the Hamiltonian for a chain of
length 2L = 6 are shown in the left part of the figure. The nearest-neighbour interaction is
represented by dotted black lines, the XXX next-to-nearest neighbour interaction by solid
blue lines, and the boundary interactions by the dotted red lines between sites 1 and 2
and between sites 5 and 6. The three-site interaction is not represented here. The right
part of the figure shows the interactions in the limit v — 0, where one observes that the
Hamiltonian becomes equivalent to a periodic XXX Hamiltonian.

This Hamiltonian is represented graphically in the diagram on the right-hand side of Figure
The term on the first line of corresponds to two decoupled open XXX chains, while the
second and third terms introduce an interaction between the two chains whose effect is to produce
a periodic chain. We observe that the signs of the 6¥0® 4+ Y0¥ terms on the second and third lines
of are opposite to the signs of the corresponding terms in the first line. However, it is easily
verified that one can always change the sign of an even number of o%¢® 4+ og¥%g¥ terms without
changing the spectrum of the XXX Hamiltonian. Doing so for the two boundary terms precisely
results in the XXX Hamiltonian. We have therefore shown that the spectrum of , in the limit
v — 0, is identical to that of the periodic XXX chain, as is illustrated in Figure

We may discuss this equivalence as well on the level of the Bethe Ansatz solution presented in
section We first rewrite the periodic XXX Hamiltonian in the customary form

2L

H= —2;(Gfaf+1+a?af+l+afaf+l). (65)
1=

The corresponding eigenvalues are

3

(66)
k=1
where the Bethe roots \j satisfy the Bethe Ansatz equations (BAE)

NN (A= A+ 2
(=) ~I(G=s) @

kj

with m denoting the number of Bethe roots in any given solution. We now compare this to the
Bethe Ansatz solution of the D3 chain (see section 4.1)). Upon rescaling the Bethe roots, u; — yu;,
the eigenvalues of the D% chain become, in the limit v — 0,

Ty
E = , (68)
Z ui +1

k=1

which we see is identical to for up = Ag.

We next consider the D3 BAE in the limit v — 0. Let us first consider the simplest case of
roots that come in pairs {u;,u; + im}, which we recall satisfy the simplified BAE . Recalling
that n = iv, eq. (b7)) can be rewritten as

uj + 1 2L_ uj +1
uj —1 uj —1

e j — Uk + 21) (u; + up + 2i)
kl;lj < — up — 2)(uy + up — 2@)> (69)
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when v — 0. Consider a solution to the XXX BAE with Bethe roots A; that are symmetric
about 0, i.e., roots that come in pairs {\;, —\;}. For roots of this form, is indeed identical to
for up = Ag.

We may also examine the original partial solution, with BAE , in view of establishing how
it breaks down for states that do not come in pairs {uj, u; + im}. The simplest example of roots
that are not of this form are a set with an odd number of roots, including one vanishing root which
we take as u; = 0, while all of the other roots come in pairs {u;, u; +im} as before. The BAE ([56))
for roots of this form become

sinh(uj + n) 2k _sinh(uj +n) [ v sinh(u; — w4 2n) sinh(uj + ug + 21)
<sinh(uj - 77)> - sinh(u; —n) H sinh(u; — uy — 2n) sinh(u; + u, — 2n)

) (70)
y (sinh(%uj + 77))

sinh(3u; — n)

which in the limit v — 0 simplify to
wj + i 2L_ wj + 1\ [(uj+ 2 2ﬁ (u; — wg + 24) (u; + uy + 20) (1)
wj—i)  \wj—i) \uj— 2 iz \ (g — = 20) (u; + wy, — 2i) '

We would like to compare these BAE with the BAE @ for the periodic XXX model. In analogy

with the previous case, we should consider solutions to with one root A\; = 0 and all other
roots coming in pairs {\;, —\;}. For roots of this form, @ becomes

<)\j +i>2L B </\j +i> <)\j + 2i> ﬁ (()\j — Mg+ Qi)()\j + Ap + 2Z)> (72)
No—i) O\ —i)\)\—2i i NG = A = 205 + Ak — 20) '

Comparing with one observes that when \; = u; the two sets of equations differ as a
result of the square on the second factor on the right-hand side of .

One can use this result to guess the correct BAE—i.e., to provide an alternative argument
for the BAE that were obtained in section by the McCoy method. One starts with the
observation that the square in the second factor in comes from the two sinh terms within the
product in . To get rid of this square one changes one of these sinh terms to a cosh, whose
leading-order term vanishes in the v — 0 limit. To ensure that the new equations still reduce to
for roots that come in pairs {u;, u; + i7}, one must remove the terms outside of the product
in , and one is left with the new BAE indeed.

5 Continuum limit

The results presented so far relate to the boundary conditions on a finite lattice. We will
now consider the description of the model in terms of boundary CFT (BCFT) when we take the
continuum limit. In particular, we will be interested in calculating the generating function of
scaling levels corresponding to the Hamiltonian . The continuum limit is studied by finite-size
scaling of the energy eigenvalues . We have [36]

Bi= o+ - A o (1) (73)

where L is the system size, ¢ the central charge, h; the conformal weight of the primary field
corresponding to the E;, fo the bulk energy density, and fs the surface energy. The Fermi velocity

vp was calculated in [4]

27 sin(m — 27)
Sl 74
r T — 2y (74)
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Figure 13: The graphical interpretation of the Temperley-Lieb loop representation.
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Figure 14: Graphical interpretation of the relation e? = \/Qe;.

The Hamiltonian and transfer matrix are written entirely in terms of Temperley-Lieb
(TL) algebra generators e;. We have so far considered only the vertex representation of the
TL algebra. In this section we consider as well other representations of e; that satisfy : the
loop representation (Section and the RSOS representation (section. In the loop and vertex
representations we find a continuous spectrum which is the identifying property of a non-compact
BCFT. In the RSOS restriction for v = 7, with k an integer, the states in the loop or vertex model
that form the continuum disappear, and the generating function of the remaining scaling levels is
given by a combination of string functions.

5.1 The loop model

One obtains the loop representation of the TL algebra by assigning a diagrammatic representation
to each generator e;. Figure[[3|shows these diagrams for the case N = 4. In the loop representation,
multiplication corresponds to stacking diagrams vertically. The first relation in implies that a
loop can be replaced by its corresponding weight /@ (Figure , while the second relation shows
that the curves can be deformed by topological equivalence (Figure . The representation spaces
upon which the e; act are called standard modules; they are shown in Figure We see that in the
case N = 4 these states are divided into three sectors: Wy, Wy and Ws. A through-line is defined
as a connection between the top and the bottom of the diagram, so Wj; is the sector with precisely
2j through-lines. Within the standard modules, the action of e; on two adjacent through-lines is
defined to be zero. For a system of size N there can be at most N through-lines, and hence the
maximum value of j is % in the general case.

We consider now the Hamiltonian (29) with the e; in the loop representation. A principal
result of this paper is that the BCFT describing the continuum limit in the loop representation
contains a continuum of critical exponents—a phenomenon that had until now only been observed
in the bulk spectrum, and which was absent in our earlier papers on the boundary model [17}/18].
In addition to this continuous part of the spectrum, there is also a discrete set of exponents, such
that the full partition function of the model is given by

Z — Zdisc. + Zcont.. (75)
A4
A4
€1€62€1 = = =€
N\
N\

Figure 15: Graphical interpretation of ejese; = ey.
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Figure 16: The representation spaces of the Temperley-Lieb algebra acting on N = 4
strands.

Here and in the following, the continuum-limit partition function is understood to mean the gen-
erating function of conformal weights

Z=Tr g 51, (76)

where the trace is taken over the Hilbert space (or some subspaces) of the BCFT. This Z is known
to coincide with the continuum limit of the lattice-model partition function on the annulus, with
q = e~ ™" being the modular parameter and 7 the aspect ratio. We also note that the spectrum
of the transfer matrix can be split into sectors with a fixed number 25 of through-lines, with j an
integer (whose quantum-group meaning is discussed below). This will allow us to split further
into Zg¢ and Z52™.

We will consider the continuous part of the spectrum in section [5.1.1] and the discrete part
in section @ We calculate the eigenvalues of using the Bethe Ansatz solution outlined in
section @ and use equation to extract ¢ and the various values of h;. There is a simple
correspondence between the number of Bethe roots m appearing in any given solution to the BAE
in equation and the sector W; that such a solution corresponds to in the loop model. We
have

m=L-—j. (77)

We can therefore study each Zg}sc. and Zg;?m' separately by fixing the number of Bethe roots in
the solutions to the Bethe Ansatz equations in . Let us start with the observation that the

central charge is given by [2]

6
:2——
c . (78)

where we recall that k is related to v and @ by
= — 79
= (79)

as well as (). This central charge coincides with the one of the su(2),_2/u(1), Zx_o parafermions
[38.39], although holds for k € R, while of course parafermions are a priori well defined only for
k > 2 integer. The relationship with “genuine” parafermions when k is an integer will be discussed
in more detail below. We shall see below that, for certain values of k, the leading exponent h is
negative, leading to an effective central charge cof = ¢ — 24h that is greater than c.

5.1.1 Continuous spectrum

We examine separately each of the sectors with 25 through-lines. In each sector we observe both
a discrete and a continuous set of critical exponents. The continuum is found to begin at the
following threshold value (the “bottom” of the spectrum)

(1+2)
h =
3, (30)
with [ given by
l=k—25—-2. (81)
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Figure 17: The scaling behaviour of the gaps generated from the Hamiltonian (29 with
v = 7%, in the sector 2j = 4. The gaps h; — hg are calculated numerically using . We
observe that they converge logarithmically to 0 as we expect from f, and that a large
(presumably infinite) number of such states appear in the limit L — co—the identifying
properties of a non-compact scaling limit. The extrapolations are made by finding the best

fit to where the o(1/L) term is taken to be of order O(1/(Llog L)).

Note that means that for certain values of k£ the exponent in can be negative. In particular,
when k is an odd integer we can have [ = —1, corresponding to 2j = k — 1.

The appearance of a continuum is apparent from the logarithmic convergence of exponents
extracted from the lattice model towards the value , as L — oo, and from the fact that a
large (supposedly infinite in the limit) number of lattice states converge to the same value of h,
so as to create a finite density at and above this value. More details about the identification of a
non-compact CF'T emerging as the scaling limit of a lattice model were discussed in . Figure
gives an example of some numerical results of states converging logarithmically for the case under
study. In particular, this means that the o(1/L) term in is in fact of order O(1/(LlogL)).
This form of the correction term was then used to produce the extrapolations shown in the figure.

We now wish to interpret these results in the context of the Euclidean black hole CFT. Recall
that this CFT has central charge (see, e.g., [15] and references therein)

6
=24 2
CBH +k—2 (82)

and conformal weights
J(J—1) n (n + wk)?

hpn = — - TR (83)
where n and w are integers. There is a continuous series of conformal weights with
1. .
J=-+1is, withseRy (84)

2

and a discrete set with % < J < %, where 2J € N. According to we only observe the
central charge and conformal dimensions in the combination 57 — hg. In other words, we can
only directly observe the effective central charge cef = ¢ — 24hg. This fact allows us to write the
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critical exponents formally as those of a parafermionic CF'T—where “formally” means extending
the parameter k from integer to real values—with central charge cpp given by . Equating

cpr — 24Apr = cgu — 24hpH, (85)
where Apr is a critical exponent in the parafermion theory with available values

m (+2) m?
A== A(k —2) (86)

and cpr is given in , and combining equations —, we get:

(ntwk—1)(n+wk+1) 2 1(l+2) 52
4k +k—2_ 4k +k—2’ (87)

App =

where

l=n+wk-1. (88)

Notice that is consistent with our earlier observation that the loop model produces a
continuum of critical exponents beginning at —and combining eqs. and leads to
n = —1 and w = 1. It also follows that the effective central charge cog = ¢ — 24h is given by
Cf =C=2— % for k an even integer and cog = 2 for k an odd integer. The general case is plotted

in Figure and is given by
(frac (%) — %)2

k )

) refers to the fractional part of % The expression 1@) is consistent

Coft = 2 — 24 (89)

where the notation frac (%

with (0)(51).

ceff
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Figure 18: The effective central charge as a function of k. For k£ an odd integer we have

cef = 2, while for k£ an even integer we have cog = 2 — %.

To conclude this section, we have

1(1+2) CPF

Zg;.mt'(]oop) =q 4 q

o 52
/ dspi(s)gF—=2, withl=k—2j—-2, (90)
0

where p; is a density of states which we will not try to determine in this paper.
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5.1.2 Back to the Bethe Ansatz

It is worthwhile discussing in more detail the states on the lattice that converge logarithmically as
in Figure [17] and hence lead to the continuum in the field theory, particularly in the context of the
Bethe Ansatz solution from section The appearance of a continuous spectrum in the periodic
model, studied in [4], could be understood in terms of a particular class of solutions to the BAE

w L L m sinh(%(uj —ug) +1n)
(=) =g ' o

A subset of the solutions to these equations have the form

u? = aj—i—ig, (92a)
ub = ozj_—ig, (92b)

with af real. States in the continuum arise from solutions of the form with different numbers

of u?—roots and ujl-—roots. Denote the number of u?—roots as mt and the number of ujl-—roots as
m~. Then define

L

mT = 5 nt, (93a)
L

m- = 5" no. (93b)

In the bulk, the continuum states converge logarithmically to the “floor states” hg as
h=ho+ K(v,L)(n* —n")?, (94)

where K (v, L) — 0 as L — oo. Figure|19|shows an example of a configuration of Bethe roots with
n™ # n~, therefore corresponding to a continuum state.

° ° ® 5 ° ° °
1.0
0.5

S S R S S R R S WS

-1.0 -0.5 0.5 1.0
-0.5
-1.0
-1.5

° ° ° °

Figure 19: An example of a solution to the bulk BAE that leads to a continuum state. This
example corresponds to L = 12, with n™ = 0 and n~ = 2.

The D3 model boundary conditions studied in [18] led to a discrete spectrum in the continuum
limit. We can understand this in the following way. The BAE for the model with those boundary
conditions are [18]

(uj +ug) +n)
(uj +ur) —m)

<sinh(uj + 77)>2L _ ﬁ sinh(3 (u; — ug) 4+ n) sinh( (95)

1
2
sinh(u; —n) sinh( (u; — ux) — n) sinh(

[N

ki
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Figure 20: An example of a solution to the boundary BAE that do not lead to a
continuous spectrum, unlike the bulk case. This example corresponds to L = 12, with
nt=0and n~ = 2.

These equations permit solutions of the form ; one such solution is shown in Figure This
solution satisfies n™ # n~ but does not correspond to a continuum state, in contradistinction with
the bulk case. Namely, if we multiply any number of Bethe roots u; by a sign, egs. will
still be satisfied and the energy is unchanged. By using this symmetry under ui — —ug, we can
therefore transform any solution to with n™ # n~ into another one with n™ = n~, and hence
the K (v, L) term in will not play any role. More precisely, the symmetry u, — —uy allows us
to transform any u%-root into a ujl-—root, meaning that only n = n™ 4+ n~ is a meaningful quantity
for solutions to , whereas n™ and n~ have no physical meaning individually. Compare this
to the BAE , where the symmetry ui — —uyg is replaced by ur — —ug + iw. The symmetry
up — —uy + im does not affect n™ or n~, and therefore can be applied to the BAE (60)).

States with n™ # n~ therefore lead to a continuum of exponents in this case.

5.1.3 Discrete states

The full partition function is given by , but we have so far only considered the contribution
to the continuous part. In concrete terms, this means that there are states in the spectrum which
do not correspond to the continuum states 7, but rather to so-called discrete states that
do not have the logarithmic corrections exemplified in Figure These discrete states contribute
to the Z95¢ term in and, using , are found to be given by the parafermion exponents of
equation .

The generating function of scaling levels in the sector with 25 = [ defect lines is

Zgji-sc'(loop) _ Z Trl:“zm qLO*i , with [ =27, (96)
mEZ
—k+3<m<k—2
where
(l+1)2_ m?2 00 o0
1k 1(k—2) n2 | n(+1—m) n2 | n(+1t+m)

Tl"ﬁlquO_c/M _4d - Z(_l)nq7+% I (—1)”(]74_% (97)

77((1) n=0 n=1

Lo—c/24

for [ and m having the same parity, and we define Tr 7,4 = 0 for [ and m having opposite

parity. Then the term Z45¢ in is given by the sum over all of these Zldisc'. Furthermore, note
from that the bounds on m change discontinuously when k passes through an integer. Some
care must be taken when applying to extract the critical exponent h. When one expands
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for m > [, the first term is obtained from n = m — [. This corresponds to the conformal weight

2
h:l(l+2)_ m +1
4k 4(k—2) 2

(m—=1), (98)

which is equivalent to the exponent A} in , but with the replacements

I = k—-2-1, (99a)
m — k—2-—m. (99b)

5.1.4 XXZ subset

In our article 18], it was shown that a subset of the solutions to the BAE for the boundary
conditions considered there corresponds to solutions of the BAE for the XXZ spin chain with
particular boundary conditions. The open XXZ Hamiltonian with boundary fields H and H' is
given by

L—1
1
Hxxz = — | S (0F0k + oty — cosn00707y) + Hot + Hop | | (100)
=1

and its eigenvalues can be written in terms of Bethe roots py as |37]

E i 2sin®ro 1 (N —1) + boundary t (101)
=— —(N —1)cos oundary terms.
— cosh2u, —cosvyg 2 o Y

The CFT properties reside in the terms of E proportional to %, so the second term and the
boundary terms in (101)) can be neglected. The m’ Bethe roots u; in (101) are given by the
solutions to the BAE of the boundary XXZ chain

(sinh(,uj + Z~720)>2L sinh(pj + iA) sinh(p; +iA") ﬁ sinh(p; — pk + iv0) sinh(p; + pg + 7o)
sinh(u; — %) sinh(p; — iA) sinh(p; — @A) oy sinh(p; — pg — iv0) sinh(p; + pg — ivo)

(102)

where the parameters A, A’ are defined in terms of H, H' as

, H—A—¢h
21N
- (H - A)eto -1 (103)

and similarly for A’.
We now turn to the BAE , corresponding to the BAE in when the solutions come in
pairs {uj,u; + iw}. In order to compare the D3 BAE in with the XXZ boundary BAE in
(102) we set g = m — 2y (where n = i), and we consider solutions of the form u; = a;; —i%. The
BAE then become
sinh(a; + i) 2L sinh(a; — %) _ ﬁ sinh(a; — ag, + i) sinh(o; + oy + i70)
sinh(a; —i%) sinh(a; +i%) sinh(aj — oy — 4y0) sinh(oj + o — iy0)

(104)
k]

Setting A = -1 and A’ = 37” we have that the solutions «; to |D are also solutions to 1D
i.e., we have \; = ;. We write the energy in terms of ; and g to find

m

2sin® g
Ep = — . 105
D3 Z cosh 2a;; — cos (105)

This coincides with the energy of the XXZ chain,

m

—2sin? 7
E = 106
XXz Z cosh2\; — cosvp | (106)
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when a; = A;. Since the solutions to the D3 BAE admit twice as many roots as the XXZ chain,
the final result is in fact
Ep; =2Exxz. (107)

The effective central charge of the open XXZ chain for generic A, A’ is [37]

A+ AN —278(1 — 1)\
Yo+ AN+ wS( W)) ’ (108)

6
Ceff:1—1_,m<1— -

where S is the total magnetisation of the chain in a given sector. We have 7o = 7 — 27, v = 7,
A=- and \' = 37”, yielding

Ceg=1— %(1 —k +45)%. (109)

When considering the D3 chain, however, we must multiply the effective central charge (109) by
two to get finally for the D2 chain

cen(D2) = 2 — %(1 k4452, (110)
We must however take considerable care when applying . Since the D3 chain contains
many more states than the XXZ chain, there is no guarantee that the state scaling with ceg in
is the ground state of the D3 system. Consider for example the cases k = 5 and k = 7. For
k = 5 the ground state of the system occurs in the S = 1 sector and we recover the numerical
result ceg = 2, which in this case does indeed correspond to . For k = 7, however, the ground
state of the D2 system does not correspond to a solution to the XXZ equations in . In this
case, then, the lowest-energy state that scales with will be an excited state of the D3 chain.
Note that as we increase k, the lowest energy state that scales like appears in higher and
higher magnetisation sectors S.

5.1.5 Loop, Potts and vertex-model spectra

The spectrum of the loop model is a central object from which the spectra of the vertex and
Potts models can be inferred using well known correspondence rules discussed in [2]. In a nutshell,
the key point is that the vertex model and associated staggered XXZ spin chains enjoy Ugsl(2)
symmetry, with q = €?7. Accordingly, the spectrum of the vertex model can be split into sectors of
total (integer) quantum spin j = 0,..., L. The loop model with a fixed number of through-lines
gives the spectrum of the vertex model for a fixed value of j. Taking the traces in the vertex
instead of loop Hilbert space gives

Zyj(vertex) = (25 + 1) Z2;(loop) , (111)

both for the discrete and continuous parts of the spectrum, where 25 + 1 is simply the dimension
of the spin-j Uysl(2) representation.

The correspondence with the Potts model is very similar, but requires giving non-contractible
loops wrapping around the annulus a weight 1/@Q. This is obtained by introducing a “modified”
trace, leading to the expression [37]

o0

Z(Potts) = Y [2j + 1], {z§;SC~(1oop) v Z;;?nt-(loop)} , (112)
=0

where g-deformed numbers are defined as

qUH g%l
q—q!

In all these expressions, the objects Z are defined as traces over the relevant “Hilbert spaces”

(which in the case of @ non-integer is of course only a formal object).

27+ 1] = (113)
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5.2 RSOS model

When k (recall v = 7) is an integer, it is possible to consistently truncate the Hilbert space of the
vertex model or spin chain by restricting the action of the Temperley-Lieb generators to a certain
type of Uysl(2) representation. The resulting model can be interpreted as a “restricted solid-on-
solid model”, and the restriction of the Temperley-Lieb action can be expressed by a change of
basis from “spins” to “heights”. We will restrict in what follows to the case k integer. In the
corresponding RSOS representation, the e; act on states of neighbouring heights h; = 1,2,...,k
which are subject to the constraint |h;+1 — h;| = 1. An example of an RSOS state is shown in
Figure The explicit form of the e; is given by [40]

€; |h1, .. .,hi_l,hi,h“_l, .. .,hN+1> =

N
6(hi—1,hiy1) 27}hlwn7hi—17h§7hi+17~--7hN+1> , (114)

Shi—l

h!

with the heights |h1,...,hi—1,hi, hit1, ..., hn+1) being situated along a zig-zag cross-section of
the lattice (see Figure and the Sp,; being defined as

Sy = —EL (115)

Figure 21: The state |h1h2h3h4h5h6h7>.

It was discovered in our earlier papers [3] that the model obtained by choosing this RSOS
version of the TL algebra in the AF Potts Hamiltonian gives rise, in the continuum limit, to the
Zy—o parafermionic (diagonal) theory [38,39]E| A particularly important set of objects in this
context are the su(2)/u(1) string functions ¢, defined as

(+142n1 k)2 (m42ng(k—2))2
Tmmm L UM (116
g n1,n2€Z/2

ni1—no€Z
n1>|nz2|,—n1>[nsa|

It was shown in [2,|1§] that the generating function of scaling levels of the AF Potts model with
free boundary conditions is given by the string function c?. It was furthermore shown in [17] that
there exist other boundary conditions in the same model for which the generating functions are
given by the other string functions with m # 0.

We shall consider the model obtained by inserting the representation for the e; into the
Hamiltonian , while fixing the leftmost RSOS height to 1 and the rightmost height to I + 1.
We will write this boundary condition as

1,...,1+ 1, or more concisely: 1/l + 1. (117)

By directly diagonalising this Hamiltonian, we once again observe the parafermion central charge
and the parafermion exponents , upon using the finite-size scaling result for the
energy eigenvalues. Furthermore, we find that the full generating function is given by particular

4How this can arise starting from the black hole sigma model remains, however, a mystery.
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combinations of the string functions. For k£ an odd integer the boundary condition (117)) produces
the generating function

Z1141(RSOS) = "0 +2 > "=, (118)
n even

while for k£ an even integer we obtain

—4
Zi 41 (RSOS) = "0 +2 > T 4 2 (119)

Table [T] presents explicit examples of this correspondence for k = 4,5,6,7. We can gain some
insight into these results by comparing with the two well-studied cases k = 4 (Ising model) and
k = 5 (three-state Potts model). For k = 4, the combination of string functions ¢"5° + ¢"5?
can be written in the suggestive form x1,1 + x1,2, where X, denotes the usual minimal model
generating function. This expression agrees with the continuum limit for an open Ising chain
with free boundary conditions on both boundaries. Similarly, for kK = 5 the combination of string
functions c}iﬁo + 20{232 can be written as x1,1 + Xx4,1 + 2x4,3. Once again, this agrees with the
continuum limit of the three-state Potts model with free-free boundary conditions [41].

The boundary conditions identified in our previous papers [17,[18] can be labelled by the
pair (I,m) and correspond, in the language of Zx_5 boundary parafermionic CFT, to “untwisted
branes”. In contrast, the ones we find here come with a single label [, and must be interpreted as
“twisted branes”. In the notations of |[42] (see also [43]), the partition functions with a fixed value
of [ correspond to partition functions in the CFT with boundary condition [0, +] on one side of
the annulus, and [[, (—1)] on the other side. For the three-state Potts model, [0, +] and [1, —] are
known to Correspond to “free” and “new” boundary conditions, as introduced in [41].

By definition - = 0 when m and ! do not have the same parity. Using this and the identity

¢ " =q", egs. . can be seen to reduce to
k—2
Z1 1 (RSOS) = >~ . (120)
m=—k+3

Further recall the well-studied connection (see, e.g., [17]) between the generating function of scaling
levels in the loop model and in the RSOS model. For the AF Potts model with free boundary
conditions, we have

[e.o]

& = (Kiponk — Kopnityh-i—2) = Ki = Kog1-2 + Kipor — Kag12 4.+ (121)
n=0

where K is the generating function of the model with free boundary conditions in the loop repre-
sentation, defined as

gU+1)?/4k

Cn(g)?

Kl = ij:l/QqLO_C/24

1+ 22 n n (n+1+1)/2 ’ (122)
and where the correspondence with the loop model is [ = 2j. For the states that correspond to the
continuum in the loop model to disappear in the RSOS model, we need them to appear in different
sectors of [, so that these states cancel in . From we see that a continuum state in the
sector with 25 through-lines in must also appear in the sector with 2k — 25 — 2 through-lines.
This is consistent with the discussion of the critical exponents in section From the right-hand
side of , we can see that the exponent A in is invariant under 2j — 2k — 2j — 2, and
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we indeed observe that these cancellations do in fact appear as degeneracies in the loop model
spectrum. The string functions, defined in (116]), can in fact be written as

oo

m o__ _ Lo—57 _ _ Lo—55
a = Z TrFH—an:,m q TrF2k—l—2+2nk,m q ’ (123)
n=0

where Tr Fioanpm W3S defined in |.) We must be able to relate the generatlng function of discrete

scaling levels in . ) to the combination of string functions in observed in the RSOS model,
by summing the Z,, in the same way that we sum the K; in - Indeed, from ([123]) we have

k—2 00
> =3 |Zloop) — 255115 (00p) | (124)
m=—k-+3 n=0

which is precisely the relation one would expect to hold from considering the correspondence
between the loop and RSOS models, using the Uysl(2) symmetry [2] with q = e

Boundary condition | £ | Generating function
1,....1 4 o 00+c
1,....1 5 am 00_|_20
1,...,1 6| 50+ 20752 + g
1.1 7| g0 4 257 + 2075
1,...,3 4 50 + an5?
1,....,3 5 Sl 4 265
1,....3 6| 50 + 2052 + gt
1,...,3 7|0 2052 + 20{54
1,...,9 6| 304203 4 g
1,...,9 7| ars0 + 2052 + 2005

Table 1: The continuum limit of the RSOS model.

6 A boundary RG flow

Let us now consider the following Hamiltonian

2L—1 2L—2
H = aler +ear—1) +2cosy Z em — Z (Emem+1 + em+1€m) (125)
m=1 m=1

where « is a free boundary parameter. Setting o = 0 we get back the Hamiltonian , the
main object of study in the present paper, while for a = —COIS,Y we obtain the Hamiltonian 1)
which was studied in our paper [18]. These two Hamiltonians admit a Bethe Ansatz solution
but are described by different boundary conformal field theories in the continuum limit. As we
have seen, the most striking difference between the two field theories is that, in the loop or vertex
representations, the latter is compact, while the former is non-compact. It is thus interesting to
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consider the continuum limit when « varies continuously between the two exactly solvable points,
a:Oanda:—colsw.

We first discuss how this works in the loop model; the results are the same for the vertex
model and the Potts model, up to some discrete degeneracies. For concreteness, we will focus on
the case v = 7 in the sector with 2j = 2 through-lines. When o = 0, the continuum will begin at
h = 0 according to f. Using , we therefore expect that the first excited state of the
Hamiltonian will produce a gap h1 — hg that converges logarithmically to O as in Figure When
a = —COS,Y, the generating function of scaling levels is instead given by (122) |18|, and hence the
first gap h1 — hg should converge to 1 with no logarithmic corrections. If we perturb « slightly
away from the non-compact point, & = 0, to a = —e for € small and positive, it turns out that the
first gap converges to h; — hg = 1. This is suggestive of a Renormalisation Group (RG) flow away
from the non-compact BCFT at a = 0 towards the compact BCFT at a = —%

Our numerical results show this RG flow explicitly, for both the loop model (Flgure and
the RSOS model (Figure D In both figures we plot the first gap, h1 — hg against L, where hp
and hg are the numerical approximations to the conformal dimensions appearing on the right-hand
side of for the first excited state and the ground state, respectively, of the Hamiltonian.

Figure [23| contains the results for the loop model. The black curve corresponds to o = 0 and,
as expected from the discussion in section [5.1} the gap converges logarithmically to zero. The
red curve corresponds to o = — o5 and, as expected from ([122f), this gap converges nicely to 1.
Finally, the blue curve corresponds to a slight perturbation away from o = 0. We observe that,
for low sizes, the numerical approximation to hy — hg is very close to the result for o = 0, but that
in the limit % — 0 the curve converges towards 1. This strongly suggests that a = 0 is a repulsive
fixed point and that « = — COISW is an attractive fixed point. In other words, provides a lattice
realisation of an RG flow away from a non-compact BCFT towards a compact one.

The same analysis for the RSOS model is presented in Figure . In this case, the generating
function obtained from the boundary condition with @ = 0 is glven by - -, or
equivalently by (|1 , whereas the generating functlon for the case a = is given by Cz [18].
This results in the following RG flow

" cosy

k—2

Yoot (126)

m=—k+3

where it is convenient to express the effect of the flow on the generating functions of levels. The
observed RG flow is summarised in Figure The points o = 0 and o = ——— are again found

cos y
to be fixed points under the boundary RG, with = 0 a repulsive fixed point and o = —Colsv

attractive fixed point.

an

[ o P
7 A4 \ 4

ES
Y

o= _colsw a=70
Compact spectrum Non-Compact spectrum

Figure 22: RG flow from the Hamiltonian to the Hamiltonian of [18], which correspond
to a compact and a non-compact continuum limit respectively.

It is enlightening to study this flow in the context of the known boundary RG flows in the
Ising and the three-state Potts model. Consider the RSOS model with k = 4, which in the bulk
corresponds to the Zy parafermions, i.e., the Ising CFT. The flow in (126) is, in this case,

A+c2— . (127)

As discussed in section the left-hand side of (127 is the generating function obtained by
imposing free boundary conditions on both sides in the Ising chain. These boundary conditions

flow under RG to fixed boundary conditions on both sides, where the generating function is given
by the right-hand side of (127]).

34



Similarly, for k¥ = 5 (corresponding now to Z3 parafermions, i.e., the ordinary critical three-

state Potts model) the flow from a =0 to a = — Olsv corresponds to

Q42c2 = ). (128)

This is in fact the same flow from free to fixed boundary conditions in the three-state Potts chain
that was observed in [41]. Note that this discussion requires some clarification regarding the term
“free boundary conditions”. The free boundary conditions referred to in the context of the Potts
(or Zs3 parafermionic) chain of [41] do not correspond to free boundary conditions in the generic
antiferromagnetic Potts model in Hamiltonian when @ is set equal to 3E|

Some of the boundary RG flows observed here in the RSOS models for general £ have been
previously classified [42] in the context of boundary RG flows in parafermion theories. In particular,

when we specialise to the case [ = 0, the flow from aa =0 to a = —COISV corresponds to

k—2

Y oarod. (129)

m=—k+3

The first relevant operator appearing in has conformal dimension given by with m = 2
and [ = 0, resulting in
pok=3 130)
k-2 (

This flow is known to correspond to the flow from free to fixed boundary conditions in the Zj_o
parafermionic theories [42]. Note that in the Ising case, k = 4, we get h = %, corresponding to
the energy operator. For [ # 0, the partition functions must be interpreted in terms of a BCFT
with the insertion of a boundary-condition changing operator at the origin. Accordingly, the
flow from to c? has a more complicated, and not particularly illuminating, interpretation.
Standard calculations [20] show that, corresponding to the flow , we have the ratio of boundary
degeneracies

I _ k-2, (131)
9gIR

as expected for the flow from free to fixed boundary conditions in Z;_o parafermionic theories,

where Zree = \/f — 2 [44].

fixed

7 Conclusion

The analysis of conformal boundary conditions is an essential part of the solution of a CFT
[45]. We hope that, now that lattice boundary conditions for the antiferromagnetic Potts model
and the staggered XXZ spin chain giving rise to discrete and continuous si(2,R)/u(1) characters
have been identified, a more precise study of the relationship between the lattice formulation and
the corresponding continuum limit can be carried out. This should involve, among other issues,
understanding the emergence of a non-compact direction from the compact lattice variables. We
emphasize that, while none of our results seem to really match those obtained in [15], it has recently
been suggested in [12}13] that the continuum limit of our lattice model is not the Euclidian but
the Lorentzian version of the sigma model. Hopefully, an analysis of the conformal boundary
conditions in the latter model could help settle this question.

From a maybe more basic integrable point of view, we have found several intriguing aspects.
One of them is that the ordinary AF Potts model with free boundary conditions appears to be,

°In general, the correspondence between boundary conditions is quite complex indeed. Starting with
the AF Potts model with wired boundary conditions, we have seen relations with RSOS models with fixed
boundary conditions (and a special boundary interaction), and, in turn, Z;_o parafermions with “twisted”
boundary conditions!
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Figure 23: The convergence of the first gap in the loop model in the sector with 25 = 2
through lines, with v = §. The black line corresponds to o = 0 in ((125]), the red line

corresponds to o = —Colsv ~ —1.41, and the blue line corresponds to a = —0.46. We
1

expect the first gap for a = —os7 O converge to 1 and the first gap for @« = 0 to converge
logarithmically to 0, in agreement with the numerical results. Finally, we observe that when

we perturb « slightly away from 0 the model flows under RG to a = —Colsv.

in fact, integrableﬁ This is a bit unexpected, and might prompt a new discussion of the results
in [2], even though we do not expect any of the qualitative results presented there to change. An
interesting question we leave for further study is what the corresponding Hamiltonian might be.
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5We showed in section that when the geometrical construction outlined in section is applied to

the integrable transfer matrix in , and when the spectral parameter u is set to % where uy is defined in
, and where the parameters w; are defined as in , one obtains a transfer matrix describing the free
AF Potts model; see equation and the surrounding discussion.
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Figure 24: The blue line corresponds to the case a = 0. As expected, we see that the first
gap over the ground state converges to h = % since in this case the full generating function
is given by the sum of the two string functions ¢"3° + %52 The orange line corresponds
to a = —$; in this case, we see that the first gap converges to h = 2 since the generating
function in this case is given only by the string function ¢"3°. The yellow line corresponds
to a perturbation of o away from zero, (in the figure we take @ = —0.364). We sece that
in this case the gap also converges to 2, but it converges much more slowly than the case
a = —COISW: this is compatible with an RG flow away from the non-compact theory with
a = 0, towards the compact theory with a = —COISV.
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