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ABSTRACT: Based on the spectrum identified in our earlier work [1], we numerically solve
the bootstrap to determine four-point correlation functions of the geometrical connectiv-
ities in the )-state Potts model. Crucial in our approach is the existence of “interchiral
conformal blocks”, which arise from the degeneracy of fields with conformal weight A, 1,
with r» € N*) and are related to the underlying presence of the “interchiral algebra” intro-
duced in [2]. We also find evidence for the existence of “renormalized” recursions, replacing
those that follow from the degeneracy of the field ®f in Liouville theory, and obtain the
first few such recursions in closed form. This hints at the possibility of the full analytical
determination of correlation functions in this model.
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1 Introduction and summary

Recent years have witnessed the power of the modern bootstrap approach to conformal field
theories (CFT) starting with the seminal work of [5]. Since then many rigorous results on
critical phenomena in dimension d > 2 have been obtained; some significant examples
can be found in [6-8]. While this approach and its ramifications rely on the unitarity of



the CFT, an alternative method was also proposed for bootstrapping in the non-unitary
case [9, 10] which has subsequently been applied to interesting geometrical models such as
percolation and polymers [11, 12].

As exciting as these developments in d > 2 CFT may be, important questions in d = 2
CFT still remain to be answered. Prime among those is the issue of geometrical critical
phenomena, where the definition of correlation functions involves non-local aspects. One
typical example is the @-state Potts model which, in the ) — 1 limit, describes the per-
colation problem. In such models, one focuses on the so-called geometrical correlations
describing the connectivities in terms of the non-local, extended degrees of freedom, such
as the Fortuin-Kasteleyn (FK) clusters [13] in the case of the Potts model. The determi-
nation of such correlations is a difficult problem, because their very definition renders the
underlying CFT non-unitary.

In the past decade, the understanding of the geometrical three-point functions was
gradually achieved [14-16] in a development that revealed interesting connections to a so-
called imaginary (or time-like) variant of Liouville theory with central charge ¢ < 1. The
next natural, yet highly non-trivial step, is to extend this development to geometrical four-
point functions [17]. We stress here that we are exclusively interested in the bulk geometry,
which presents fundamental difficulties not present in the boundary case [18].

An interesting strategy towards the determination of the geometrical four-point func-
tions was proposed in a recent work [19] using the conformal bootstrap philosophy. The
idea can be stated simply: to obtain the amplitudes of the primary fields entering a given
correlation function, one solves the crossing equation numerically with a proposed spec-
trum for the conformal weights of the participating primaries. This has led to a simple
conjecture for the Potts spectrum in [19] with apparent agreement with Monte-Carlo sim-
ulations [19, 20].!

It was however shown in [1] that, unfortunately, the simple spectrum of [19] does not
correctly describe the geometrical correlations in the Potts model, although to the precision
of Monte-Carlo simulations it appears as a rather convincing approximation. Moreover, [1]
made a more involved proposal for the spectrum, based on the representation theory of
the affine Temperley-Lieb algebra, and verified its correctness through analytical checks in
a number of solvable cases, by analytically arguing that the extra states in the corrected
spectrum are actually necessary to avoid certain singularities which would otherwise be
present, and finally by carrying out high-precision numerical verifications using a transfer
matrix approach which is capable of targeting the amplitudes of the added parts of the
spectrum.

To summarize, the spectrum of [1] is now understood to provide the correct descrip-
tion of geometrical correlations in the Potts model. Meanwhile, the correlation functions
associated with the simpler spectrum of [19] were solved analytically in [4] and understood
later to provide a certain analytic continuation of correlation functions in type-D minimal
models, or a non-diagonal generalization of the Liouville theory.

'See [21, 22] for related studies on the torus. See also [23] for a recent study of the four-spin correlations
using the Coulomb Gas approach.
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Figure 1. Chart of the contents of this paper.

Although the spectrum used in [19] is thus not correct for describing the geometrical
correlation functions of interest, the other main idea of that work — namely, to study
numerically the bootstrap equations — is certainly valid and worth further exploitation.
The obvious suggestion is thus to revisit this idea, but in the context of the corrected Potts
spectrum obtained in [1]. This investigation is the focus of our work here.

To guide the readers through the bulk of this paper, we draw in figure 1 a chart
which highlights the logical relations between the parts of this work, while locating the
“landmarks” of our findings.

We consider geometrical four-point functions which involve one or two FK clusters,
i.e., the probabilities of the four points belonging to one or two distinct clusters. They are
denoted as

Paaaay Paabb: Pabab; Pabbm

which can be seen as variants of CF'T four-point functions of the spin operator ® e
(@1oP1o®P1oPLo)

In [1], the s-channel spectra of the probabilities were obtained using a combination of
algebraic and numerical methods. They are encoded by the affine Temperley-Lieb (ATL)
modules

W.

3,22



whose continuum limit gives rise to the conformal fields. The t- and wu-channel spectra
follow from geometric considerations. See egs. (2.19)-(2.21).

Further studies on the lattice model, carried out in [3], reveal interesting features re-
garding how these fields contribute to the geometrical four-point functions: there exist
universal ratios which relate either the amplitudes of the fields in different Potts probabili-
ties, or the Potts amplitudes themselves, with the amplitudes appearing in the non-diagonal
Liouville theory of [19]. We have already established in [3], that the CFT four-point func-
tions in the Liouville theory have a geometric interpretation in terms of clusters very similar
to that of the Potts model, however with different weights assigned to the topologically
non-trivial clusters. The amplitude ratios are universal in the sense that they depend only
on the ATL module to which a given field belongs, and on the parameter Q. We briefly
review these results in section 3.1 and 3.2 and redefine the universal amplitude ratios

Rﬁa Rcw R&

for further convenience. See egs. (3.7)—(3.12) for definitions and their explicit expressions
up to a certain level, as obtained from the lattice computations in [3].
The existence of the universal amplitude ratios strongly hints at the objects we call
the “interchiral conformal blocks”
F

5,72

which organize the fields in the spectra according to the ATL modules they belong to
(this “organization” corresponds, in the continuum limit, to the action of an interchiral
algebra [2], whence the name). Our crucial observation is the following: since the universal
amplitude ratios depend only on the ATL modules, it is the same interchiral conformal
blocks that enter various Potts probabilities as well as the non-diagonal Liouville theory
of [19]. Only the global amplitudes associated with entire ATL modules are modified by
the change in the cluster weights implied [3] by the passage from the true Potts correlators
to non-diagonal Liouville correlators. By contrast, the relations among the fields within the
same ATL module remain the same, i.e., the structure of the interchiral blocks FF; ,2 is rigid.
We discuss this in details in section 3.3. There, using the interchiral block expansion of
the four-point function in the non-diagonal Liouville theory and comparing with the Potts
probabilities, we see that the bootstrap problem originally considered in [19] has non-unique
solutions. Furthermore, using the amplitude ratios R, one can in fact extract some of the
Potts amplitudes A from the known amplitudes A” of the non-diagonal Liouville theory
as obtained in [4]:

A« AL

The results are given in eq. (3.19).
With the existence of the interchiral conformal blocks established, the determination
of the geometrical four-point functions reduces to solving for the global amplitudes

Aaaaa(Wj,ZQ), Aaabb(Wj,ZQ)a Aabab(wj,ZQ)a Aabba(wj,ZQ)

of the entire ATL modules. The bootstrap idea proposed in [19] then comes into play.
We proceed by fully exploiting this idea using the interchiral block expansions of all four



probabilities as related through crossing, and writing down the interchiral bootstrap equa-
tions (3.32). This is a linear system of the global amplitudes A(W) in (3.31) whose relations
are further constrained through the amplitude ratios R, Rgz. In addition, the Potts am-
plitudes A extracted from the Liouville amplitudes A further constrain the bootstrap
problem. The precise ingredients of the bootstrap we carry out are indicated in blue on
the chart (see figure 1).

To implement the bootstrap, we need to construct the interchiral blocks F; ;2. For this,
we first observe the degeneracy in the Potts spectra: the ATL module Wy 42 consists of
Kac modules in the CFT, i.e., they are degenerate representations of the Virasoro algebra.
This includes in particular the field @gl. Degeneracy of this field (as well as @{?2) are
known to appear in the diagonal and non-diagonal Liouville theories [4, 24-26] which lead
to recursions in the amplitudes when the Kac indices (r, s) are shifted by 2 units, eventually
providing the full analytic solutions to those theories. Here, in the Potts model, with the
sole degeneracy of @gl (but not <I>f32), by focusing on four-point functions of the spin
operator, we obtain instead recursions

RP. RN

of amplitudes where the Kac index r is shifted by 1 unit. The explicit expressions are given
in egs. (4.14) and (4.5) and the D, N here label the diagonal and non-diagonal fields in the
spectra. Such recursions exactly relate the amplitudes of the fields within the same ATL
module, and we use them to re-sum the ordinary Virasoro conformal blocks F into the
interchiral conformal blocks F. This construction is given in section 4.1 where the explicit
interchiral blocks are given after eq. (4.16) and illustrated with figure 2. We present the
detailed derivation of the recursions from the degeneracy in section 4.1.1.

The results of the numerical bootstrap are given in section 4.2 for A(W) ,2), with the
ATL index j < 4. We plot these amplitudes in the whole range of 0 < @ < 4 in fig-
ures 7-15. From these plots, we see clearly the analytic structures of the amplitudes, in
particular their poles in ) at certain rational values of the central charge. The following
section 4.3 is then devoted to analyzing these poles in details from a combination of per-
spectives: the requirement of smoothness as a function of @) for the geometrical four-point
functions, the amplitude ratios R which relate the amplitudes in the different geometries,
and the corresponding difference in their respective spectrum. Through this analysis, we
obtain certain exact amplitudes at special values of () which interpolate smoothly between
the numerical bootstrap results as displayed in figures 16-19. The bootstrap results are
subsequently compared with lattice computations and the approximate description given
by the non-diagonal Liouville theory of [19] in section 4.4.

One interesting observation from the bootstrap on the Potts amplitudes is the fol-
lowing: while the degeneracy of the field Q)fz in the (non-diagonal) Liouville theory, and
therefore the resulting recursion for shifting the Kac s-index, are absent in the case of
the Potts model, there exists a “renormalized” version of the Liouville recursion, with the
renormalization factors given by ratios of polynomials in ). On the one hand, this is ob-
tained from the extraction of the Potts amplitudes A from the Liouville amplitudes AZ.
On the other hand, we also obtain the remaining renormalized Liouville recursion up to



level j = 4 from the accurate numerical bootstrap results. They are given in egs. (4.110)
and (4.111). It is natural to speculate that by fully understanding these renormalized Li-
ouville recursions, combined with our interchiral block constructions, it would be possible
to solve the Potts geometrical four-point functions analytically, which we will leave for
future work.

We have in the above provided a complete guide and summary of the results con-
tained in this paper. For the readers’ convenience, we also give background reviews and
supplementary materials. In section 2, we give a review of the critical Potts model and
the conformal bootstrap with emphasis on the application of the bootstrap approach to
the Potts geometrical four-point functions. While the numerical aspects are important in
the determination of the Potts amplitudes we present in section 4.2, we leave the technical
details to appendix B. In addition, we recall in appendix A the original amplitude ratios
obtained in [3] and in appendix C the relevant analytic results of the non-diagonal Liouville
theory, as they are used in various places in the paper.

2 The conformal bootstrap approach to the Potts model

We recall in this section the ingredients necessary to set up the conformal bootstrap for
the geometrical correlation functions in the Potts model.

2.1 The Potts model

The Q-state Potts model [27] is defined on a lattice where at each site resides a spin variable
taking @ possible values o; = 1,...,Q and the nearest neighbors have interaction energy
—Kdy, 5, The partition function is given by

zZ =3 T] %, (2.1)

{o} {ij}

where {ij} indicate the edges on the lattice and the sum is over all spin configurations {c}.

It is easy to recognize that the familiar Ising model corresponds to the case of Q) = 2.
While the original definition (2.1) is restricted to integer values of @), a more general

definition is given by the Fortuin-Kasteleyn (FK) clusters [13] where, by setting v = e —1,

the partition function (2.1) becomes
Z = oPlQrP). (2.2)
D

In this formulation, the partition function in given by configurations of bonds formed
between neighboring lattice sites when they share the same spin value, with a probability
v/(1 4 v). The sum in (2.2) is over all diagrams D, where |D| is the number of bonds and
k(D) denotes the number of connected components — the so-called FK clusters — within
a diagram. We henceforth focus on the two-dimensional square lattice. At the critical
value [28],

ve =/Q, (2.3)



for 0 < @ < 4, the system goes through a second-order phase transition and is described
by a conformal field theory (CFT) [27, 28]. Notice that in the FK-cluster description, the
number of states @) from the original definition enters the partition funciton (2.2) as a
parameter and therefore the model is analytically continued to real values of Q).

Another equivalent formulation of the Potts model is through loops [29]. Taking the
midpoint of each edge to form another lattice, the loops are formed by connecting the
nearest-neighboring sites such that they bounce on the FK clusters and internal cycles.
As a result, two distinct Potts clusters are separated by an even number of loops.? The
partition function in this case becomes

D]
— nlv1/2 v {(D)
Z=Q gD (n) n . (2.4)

The ¢(D) is the number of loops in a certain configuration and the loop fugacity is

n=VG=aq+q, (2.5)

where ¢ is a quantum-group related parameter. At criticality (2.3), the partition func-
tion (2.4) only depends on the number of loops. In particular, all contractible and non-
contractible loops get weight n.

On the lattice, one naturally considers the correlation functions

G017027---7GN = <Oa1 (Ui1)oa2 (UiQ) T OaN (UiN)> ) (2'6)
where the spin operator (the order parameter) is defined by
Ou(0i) = Qg0 — 1. (2.7)

More generic correlations are defined as a probability:

1 . )
Pp = EZU‘D‘QR(D)IP(Z%’LQ""alN)? (28)

usually labelled by N ordered symbols in P. The indicator function Zp is defined such
that two sites i;, i, belong to the same FK cluster if and only if the corresponding ordered
symbols in P are the same. These probabilities, which are well-defined for arbitrary real
value of @), are the geometrical correlations that we will study. In particular, we focus on
the four-point geometrical correlations involving one or two clusters: Puaaq, Paabh, Papba and
Ppap- On the lattice, they can be formally related to the lattice spin correlation functions
by studying the combinatorics [17]:

Gaaaa = (Q = 1)(Q° = 3Q + 3) Pagaa + (Q — 1)*(Paat + Pabba + Pabap) ,  (2.92)
Gaabh = (2Q — 3)Pagaa + (Q — 1)*Pagty + Pabba + Pavab (2.9b)
Gavba = (2Q — 3)Pagaa + Paatv + (Q — 1)* Papha + Pabas (2.9¢)
Gabab = (2Q — 3) Paaaa + Paaby + Paba + (Q — 1)* Papap - (2.9d)

Notice that the left-hand side is only well-defined for integer values of Q.

2For more details of the loop formulations, see section 2.1 of [3].



In the continuum limit at criticality, the Potts model can be parameterized as [30]

VQ = 2cos <W> , x€[l,00], (2.10)

z+1
where the parameter x is related to the central charge of the CFT by

c:1—x(xﬁ+1), (2.11)

and the quantum group related parameter q = e711. One can adopt a Kac parameterization
for the conformal dimensions of the primary fields as:

@+ r—as?-1
ors = dx(x +1)

(2.12)

with h_, _s = h, s, although in this case the x is not restricted to be an integer as in the
minimal models and furthermore, the Kac indices (r,s) can be fractions. In particular,
the order parameter — i.e., the spin operator — is known to be given by the Kac indices
(rys) = (%,0) [31, 32]. For convenience, we will also use another parameterization {3 for

the central charge:

2 x 1 2

=— -—<p*<1 2.13

¥ z+1 2~ Pr=1, (2.13)
which is closely related to ¢ < 1 Liouville theory [33].

Throughout the paper, we will refer to diagonal and non-diagonal primaries with the

Kac indices (r, s) whose left and right conformal dimensions are given by

(2.14)

7 (hrs,hrs),  diagonal,
(hr,s; hr.—s), non-diagonal.

We shall often label such a primary by the superscript D for diagonal, or N for non-
diagonal. Its total conformal dimension is

h+h (2.15)
and the conformal spin is
- 0, di 1,
h—h= ragona (2.16)
rs, non-diagonal.

The four lattice sites in the continuum limit become (i1, i, i3,4) — (21, 22, 23, 24) and
the s,t, u-channels are defined as

s-channel : z1 — 29, t-channel : z; — 24, wu-channel: z; — z3. (2.17)

From the relations with the lattice spin correlations (2.9), it is natural to consider the
four-point geometrical correlations P,uaq, Paabbs Pabba and Pypep as four-point functions of



the spin operator ®1 , of the type:?
27
(@1 o(21,21) @1 (22, 22) @1 (23, Z3) D1 (24, Z4)) (2.18)

and they are therefore given by the conformal blocks of the spectra in the fusion channels.
Accounting for the geometry, the spectra of each channel in the geometrical correlations
are related through crossing:

probability s-channel t-channel u-channel
Poaaa S S S1
Paabb Sz S3 S3 (2.19)
Pabab S3 Ss Sz
Pavba S3 ) S3

In particular, under s <> ¢ which we will focus on below, the spectra of Pyuqq and Pypap are
symmetric while P, and Py, get interchanged.

The spectra (2.19) were determined in [1] by focusing on the s-channel, using a combi-
nation of algebraic and numerical methods. They are given in terms of the affine Temperley-
Lieb (ATL) modules W, ,2:

spectrum ATL modules Parities
Sy Wo,—1 Uﬁjﬁziﬂpm j € 2N*| jp/M even (2.20)
S Wo,-1 UWq g2 UW; caimp/ut j € 2N*| jp/M even
S3 W, c2imp/m j € 2N*) jp/M integer

where p, M are coprime integers with in particular p = 0 allowed. The ATL modules each
contains a tower of primary fields and their descendants with the following Kac indices:

N
W; e2imp/n (r,s) = (Z + ]\pJ’]> , non-diagonal (2.21a)
Wit (r,s) = (N7, nP, diagonal (2.21Db)

where we recall that N, D stand for non-diagonal and diagonal respectively, with the con-
formal dimensions given by (2.14). In particular, the Virasoro modules in W07q2 are given
by Kac modules, where the null descendant of the primaries with (r,s) € N* at level rs is
removed.

Notice that jp/M indicates the conformal spin rs of the leading primary in a module

W; e2inp/m and in the following we will often need to refer to the modules with even and

3The spin operator ®, /2,0, as determined by the representation theory of the symmetric group Sq, has a
non-zero N-point function as long as each point belongs to the same FK cluster as at least one other point.
The four-point function thus provides non-zero contributions to precisely the probabilities Paqaa, Paabb,
Pappa and Papap, with an overall multiplicity that can be computed from the representation theory [34-36].
Whenever we wish to single out one of these contributions, we must therefore specify the corresponding
labels.



odd spins separately. We will thus use the notation

W;;M/M, jp/M even, (2.22a)
Wj_’ezmp/M, Jjp/M odd, (2.22b)

for the rest of the paper.

2.2 The conformal bootstrap approach

Consider a generic four-point function of identical operators:
<(I)(21,51)(I)(22,52)@(23,53)@(24,24». (2.23)

After mapping the four points (z1, 22, 23,24) to (z,0,00,1) through a global conformal
transformation, the s, ¢, u channels (2.17) become

s-channel : z — 0, t¢-channel: z — 1, w-channel: z — oo, (2.24)

and the four-point function (2.23) can be written in terms of the conformal block expan-
sions:
Gzz)= Y A9nNFI ()F(z), withc=stu (2.25)
(h,h)eS(©
The constant coefficient A(€)(h, h) here — which we will henceforth refer to as the amplitude
for field (h, h) — arises from the structure constant in the fusion

®x ® % (h,h) (2.26)
as4
A (n,h) = C(®,®, (h, h))C((h,h),®, ®), (2.27)

where we have chosen the normalization of the two-point functions of identical primaries to
be 1 besides position-dependent factor. Note that our discussions below are independent
of this normalization which we take merely for convenience and notation simplicity. The
structure constant is symmetric under permutation of the three fields and in the following
we will also use the notation

(i) (r.9) (ri.5) (228)

)D,N

where the indices (r,s) = (r,s represent diagonal or non-diagonal fields, as specified

by the superscript. Notice that the fusion with the identity operator @871) gives:

®£1 X (h’ B) — (h’a h)7 (229)
suggesting the structure constants
C(l,l)D(r,s)(r,s) =1, (230)

since this reduces to the normalized two-point function of (r,s).

4As explained in footnote 3, the correlation function decomposes into probabilities Paiaaa; Paabh; Pabba
and Pgpap, depending on the chosen geometry. The amplitudes similarly depend on the geometry, but in the
general reasoning presented here we shall keep that dependence implicit and only specify it when needed.

~10 -



The essence of the conformal bootstrap approach lies in the crossing equation for
the four-point functions, which states the equivalence of the conformal-block expansions in
different fusion channels [37]. In the case of the four-point function (2.23), this is to say that
the conformal-block expansions (2.25) in different channels ¢ = s, ¢, u give the same four-
point functions, as a result of the associativity of the fusion algebra (2.26). Such equivalence
puts strong constraints on the spectra S(° and the amplitudes A()(h, k), and in certain
cases can uniquely define the theory of interest. Combining with positivity constraints from
unitarity® and powerful numerical implementations, the conformal bootstrap approach has
recently led to many rigorous results in d > 2 unitary theories [6, 7].

In the non-unitary case, one cannot resort to such positivity constraints. However,
with a proposed spectrum and a clever algorithm, it is possible to solve a target theory
numerically using the crossing equation alone. This is the idea recently proposed in [19],
in the context of non-unitary geometric models such as the Potts model. It is this type of
bootstrap approach that we are applying here to study the Potts geometrical correlations
using the spectra (2.20).

Consider in our case the conformal block expansion of geometrical correlations (2.18).
The crossing-symmetric probabilities P(z,Z) = Puaaa, Pabap have the same spectrum in the
s- and t-channel and are given by:

P(z2) = Y AhWFD ()F (z) = Ah, ) FD (2) 70 (), (2.31)
(h,h)eS (h,h)ES

(]

where S = §©) = S®. For P44 one has S = Sy and A(h, h) = Agaaa(h, h) while for Py,
S = 83 and A(h, h) = Agpap(h, k). Rewritten as

> AWF@FDE) - AR ) =0, (2.32)
(h,h)eS

this is a linear system for the amplitudes A(h, h). Using the method proposed in [19], one
can numerically solve this linear system by sampling the points z;. Doing this multiple
times provides statistics on the amplitudes which were used in [19] as a measurement of
crossing symmetry.

Here we are going to take this approach one step further since we have the spectra (2.20)
for all four probabilities. While the crossing-symmetric probabilities, Pyuqq and Pupap, can
be expanded using (2.31), the other two probabilities, Pupp, and P, get interchanged
under s <> t and thus have the following conformal block expansions:

Pats = Y Aaars(,F OFI(2) = Y Awpah, N () FD(2),  (2.33)

(h,h)ES2 (h,h)ESs
Pava= Y Awah. )FE)DF @) = Y Awn(h NF(2)F (). (2.34)
(h,h)ESs (h,h)ESy

5In unitary CFTs, the amplitudes (2.27) are positive, as the squares of the structure constants or the
matrix constructed from pairwise products of the structure constants are positive-definite.
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As discussed in [1], the fields (7, s) with even and odd spins have the following amplitude
relations:

Aabab = Aabba: rs even, (2353)
Aabab = 7Aabbaa rs Odd7 (235b)

and therefore the symmetric and anti-symmetric combinations, Pupap + Papbe and Papep —
P,ypa, only involve fields with even and odd conformal spin, respectively.

Eq. (2.32) for Pugaa, Papap and eqs. (2.33)—(2.34) for Puapp, Puppe together define our
problem of solving the Potts geometrical correlations.

2.2.1 Conformal blocks

One main ingredient in the conformal bootstrap approach to the four-point functions is the
computation of conformal blocks. For practical implementations, we use the Zamolodchikov
recursive formula [38] to compute the Virasoro conformal blocks of the primary fields
appearing in (2.20). In particular, in the case of the four-spin correlations (2.18) with
external dimensions h1 0 the s-channel conformal block for an internal field with dimension
h is given by: ’

- _e=1l_ _1_ _e=1l_ 1
Fi9(2) = (169)" 55 (2(1— 2)) " 7% 203(q)" © B2 Hy(q), (2.36)
and in the t-channel we have:
F) = FP 1 - 2). (2.37)
In the above expressions, the elliptic nome ¢ and the Jacobi theta function 03(q) are
given by:
T . K(l B Z) - n2
q(Z) =€ ’ T=1 W: 63(q) = Z q , (238)

n=—oo

where K (z) is the complete elliptical integral of the first kind. The Hp(q) is given by the
recursive relation

> (16g)™"
m =1+ YR g () (239)
m,n=1 m,n

where the Ry, ,, in the case of four-spin conformal blocks are given explicitly by [19]:

N 0, n odd, (2.40)
- =2l Amn N [ =1—m lv=1-n )\5;/17); +17 n even, ‘

with A/ s = —g‘—ﬁ/ + ";—E' and the products exclude (m',n’) = (0,0).

Notice that in the spectrum (2.20), there are primary fields with degenerate indices, i.e.,
r,s € N*, appearing in the modules W, 1. This poses problems for the computation of the
conformal blocks for these primaries which have poles for r, s € N* as is obvious in (2.39).
Of course, the appearance of such pole terms in the Zamolodchikov recursive formula is
associated with the fact that in minimal models the degenerate representations have the null
descendants decoupling from the spectrum, while in the case of the Potts model, we do not
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expect such decoupling to occur. This means that the theory is generically logarithmic [39).
The fields with r,s € N* in W, are expected to have logarithmic partners, and the
presence of Jordan cells for Lo, Lo should lead to finite confomal blocks regularizing the
naive divergences in Zamolodchikov’s formula, with, in particular, a In(zz) dependency.’
This will be studied in detail in a forthcoming paper. For the time being, we content
ourselves with a “naive” regularization procedure for numerical implementations. As can
be seen from (2.36) and (2.39), the residue of the pole at h = hy,,, is given by

Ry FL) (2.41)

hm,—n?

where .7-"}(1‘2 _, is the conformal block of the descendant with conformal dimension h =

hm,—n = hmn + mn. We therefore subtract this pole term from the (left and right) block
of F, () and include the term

hm,n

) @F) @) (2.42)

in the four-point function with a free coefficient.” This takes into account certain contri-
butions of the descendants in the four-point functions. However, it is worth stressing that
this serves as an approximation in the numerical bootstrap, since in general the coefficient
involved should have logarithmic dependence in z and the modification here could change
the higher-level structure of the blocks. While this may introduce instabilities into the
numerics, we will discuss below extra constraints to impose on the numerical bootstrap in
order to stabilize the solution.

Note that in the module W ;2 of (2.20), the fields also have degenerate indices (r,1).
However, for the case of four-spin conformal blocks, the residue is zero for these fields
due to (2.40), which exactly removes the null descendants and generate the Kac modules
appearing in Wo,qg. The conformal blocks in this case are thus exact.

3 From minimal models to the Potts model

In [19], the authors conjectured a simple spectrum for some of the geometrical correlations
in the Potts model which, using the bootstrap approach, was checked to satisfy the crossing
equation (2.32). While it provides a numerical description of the Potts probabilities that
appeared to be in accord with Monte-Carlo simulations [20], the proposed spectrum was
finally shown in [1] to be only a subset of the true Potts spectrum (2.20). Later it was
understood [4] that the spectrum of [19] was in fact valid for a generalization of type-D
minimal models, when the B2 in (2.13) was taken to irrational values.

In [3], we studied the CFT four-point functions given by the spectrum of [19] from
the lattice point of view and revealed its connection with the Potts probabilities: the
four-point functions of the operators of interest involve the same types of diagrammatic
expansion in terms of clusters/loops as the Potts probabilities we consider here, however
with different weights assigned to the topologically non-trivial loops. We referred to the

5We thank S. Ribault for various discussions on the topic of conformal blocks.
"This is similar to the regularization procedure in [19], however we do not assume a specific z-dependence.
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geometrical correlations thus obtained as the “pseudo-probabilities” (see eq. (3.3) below for
a precise definition). In the work [3] we have also studied the Potts probabilities in a lattice
regularization — i.e., on semi-infinite cylinders of finite circumference L — and observed,
to arbitrarily high numerical precision, several striking facts regarding the contribution of
the fields to the Potts probabilities and to the pseudo-probabilities. Crucially, these facts
were observed to be independent of L, and can hence be presumed to carry over to the
continuum limit as well. In this section, we briefly summarize these results and explain
how they can be used to extract information about the Potts model from minimal models
(i.e., the generalization to generic central charges) and also as input for the bootstrap of
the Potts model itself.

3.1 A geometric picture of the correlation functions

In [19], the authors found a crossing-symmetric spectrum S, s = S, 11 97 at generic values
27

of 0 < Q < 4,2 for the s + t crossing-symmetric four-point function conjectured to describe
the Potts probabilities®

<V§OV%]\,TOV%D,OV%]\,[0> X Pagaa + Pabab » (31)

2
Q-2
which is approximately true for generic () and becomes exact for ) = 0,3,4. The fields
Vle and Vf\’fo have conformal dimensions (h 100 h 1 70>, i.e., same as the spin operator, and
hzive their 2origin in the diagonal and non-diagonal sectors, respectively, of the type-D
minimal models (here and below D and N stand for diagonal and non-diagonal). Initially
proposed as the spectrum for the Potts probabilities, it is now understood [4] that this
spectrum arises from a certain limit of minimal models when the B2 in (2.13) is taken to
irrational values, although numerically it gives a reasonable approximation of some of the
Potts probabilities [20]. The structure constants appearing in the four-point function were
later obtained analytically in [4] and the corresponding CFT at generic central charges
is in fact a non-diagonal generalization of Liouville theory [26].!° From now on, we will
refer to the analytically-known amplitudes (the square of the structure constants) in this
four-point function (3.1) as A", where L stands for Liouville. See appendix C for explicit
expressions of A" that are relevant in this paper.

Regarding this intriguing relation between the Potts model and minimal models, we
studied in [3] the cluster interpretation of the minimal-model four-point functions and its
irrational limit and thus provided a geometric picture of (3.1). We have seen there that
the four-point function in question is, in fact, given by the cluster expansion on the lattice
of the type

(VP VN VE V) & Pagaa + Papas » (3.2)
27 27 27 27

8In [19], the spectrum was found to be crossing symmetric for complex values of Q. Here we focus on real
0 < @ < 4 corresponding to the second-order phase transition in the lattice model for which the continuum
limit is known to be conformally invariant.

°The factor é was fixed later in [20] and the claim in [19] that (3.1) was exact was modified to an
approximation in [20]. We show here the approximate nature of the proportionality by the symbol X.

10The exact relation between this non-diagonal Liouville theory and the well-known diagonal Liouville

theory is however unclear. See [40] for a recent study on this.
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where we have defined the pseudo-probability

- 1
Pabab =

Wpotts(D) M (k(D)), (3.3)

ZPOttS DEDabab

with the sum over all diagrams of the type Dgypap, i.€., points 1,3 and 2,4 belonging to
two distinct FK clusters. The multiplicity M (k(D)) is defined as the weight of a diagram
D with respect to the Potts weight when the two marked clusters — i.e., those labelled a
and b — are separated by k (necessarily even) non-contractible loops.'! This difference in
weighing a certain diagram is ultimately due to the different weights assigned to the non-
contractible loops in the Potts model and minimal models.'? In contradistinction to (3.3),
the true Potts probability is

1

Pabab = WPotts(D)- (34)

ZPOttS DeDabab

Note that the two quantities (3.3) and (3.4) are expanded by the same set of diagrams
D € Dgpap, with the difference in the weight summarized into the multiplicity M (k(D)).
The explicit expression of M is given by [3]

2 2l 1
Mk =2]) = = . 3.5
( ) Ql m;l <l+m> q2m+q—2m’ ( )

and can be written in terms of ratios of polynomials in @

Mk =2) = QQ_Q (3.68)
2(3Q) — 10
k=8 = G Ty (3:6b)

Similar expressions hold for the geometries Dgppa, Daapp giving rise to the relations between

probabilities Pyppa, Paapy and pseudo-probabilities P,ppa, Paabb-

3.2 Universal amplitude ratios

Through numerical studies on the lattice, we have further investigated in [3] the relation
between the geometry of the lattice models and the contribution of the spectrum to the
geometrical correlation functions. We found facts about how the fields in (2.20) contribute
through their amplitudes to various Potts probabilities, and to their counterparts — the
pseudo-probabilities — where the geometric content is modified. These facts state the
existence of universal amplitude ratios of eigenvalues of the lattice transfer matrix and,

"' Non-contractible on the four-time punctured sphere at the marked points.

12Tn the case of the Potts probabilities, the non-contractible loops each gets the weight /Q as in (2.5)
while in the pseudo-probability (3.3), one sums over the algebra of the type-D Dynkin diagram for the
non-contractible loop weight. See [3] for more details.
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amagzingly, such ratios do not depend on the lattice size. It is therefore natural to assume
that the same ratios hold in the continuum limit in the corresponding CFT and is translated
into ratios of amplitudes of the fields.'® Here we restate these facts directly in the CFT
language and they are of the following two types:

1. When the same field contributes to both a Potts probability and to the corresponding
pseudo-probability, the ratio of the two corresponding amplitudes depends only on
the ATL module that the field belongs to, and on Q.

2. When the same field contributes to two different Potts probabilities, the ratio of the

corresponding amplitudes depends only on the ATL module that the field belongs to,
and on Q.

The facts of the first type give the ratios between the amplitudes A in the true Potts
probabilities (Pypap, Puppa and Puapy) and A in the pseudo-probabilities (Pabab, Poppa and
]Saabb). Note that the probability P, does not involve any non-contractible loops'* and
therefore there is no corresponding pseudo-probability. We now define the following ratios
for a certain ATL module related to the 8 given in appendix A:

i j (k)
_ Aabab ?922 even 5j7Z2M(k)
RB(Wj7Z2) = Aabab (Wj,ZQ) - ] B(k) (37)
k=2 even /7§72
Using the explicit expressions of Bj(kz)g given in appendix A, we have the following:
2
RgWa,—1) = 0—2 (3.8a)
4
RsWi,—1) = — (3.8b)

(Q—-1)(Q-2)(Q*-4Q +2)

Notice that for Wy _1, the denominator in the last expression of (3.7) actually vanishes at
@ =1 and @ = 4, indicating that the module decouples from P, at these values of Q.
This is partially taken care of by the factor of @ — 1 in the denominator of (3.8b), while
at Q = 4 the module disappears from Py as well, since M (k) =1 at @ = 4. One can
similarly define R, as

Wj,zz) ) (3.9)

which is related to the « in appendix A. We shall however not use its explicit expression
in this paper.

131t is crucial for this translation between lattice quantities and the continuum limit that the affine
Temperley-Lieb modules W, ,» — the centerpiece of our algebraic understanding of the lattice model —
have well-defined continuum limits, and in particular their labels j and z*
both contexts [1].

1This is because any loop surrounding the four points can be contracted at “infinity” on the sphere.

See [3] for more details.

can be cleanly interpreted in



In addition, we also have the ratios relating amplitudes in different Potts probabilities
from the second type of facts:

~ + 0\ O7]‘,22 _ Aabab + N\ Aabba +
Ra(Wj’z2) -2 Adaaa (Wj’ZQ) B Agaaa (Wj’Z2)7 (3.10)
and A
aabb
RaW/2) = a2 = T (W, 2); (3.11)

where we have used the definitions of & and & in (A.1) and that Aabab(szz) = Aabba(WfZQ)

due to (2.35a) and (2.22a). Note that Rs and R, are not defined for W, 2, Le., jﬁp odd,
since Aaaaa(Wj_Zg) = 0. Using the expressions of o and & in appendix A, we have the
following expressions for R, and Rg:

Ra(Wo_1) = —1, (3.12a)
Ra(Wh1) = 1_1Q (3.12b)
Ra(Wa1) = ¥ (3.12¢)

Ra(Wi—1) = ¥ (3.12d)

Ra(Wy_1) = @- 1)4(Q =4 : (3.12¢)
Ra(Wu1) = L@ 7Q42+( 612‘2?33_6213?; TiQ -2 (3.12f)
RaWi1) = — (@ -4Q+ 2)4@2 —30-2) (3.12g)

As discussed in [3], the ratios (3.8) and (3.12) were obtained as a numerical lattice
observation whose first-principle derivation is still unknown. These thus comprise all the
ratios of the two types for ATL modules up to j = 4.' In the following, we will first
use the ratios (3.8) to analytically extract certain Potts amplitudes from the well-known
Liouville amplitudes A”. We will then use this together with the ratios (3.12) to bootstrap
the Potts probabilities.

3.3 Probabilities and pseudo-probabilities

The key observation now from the results we summarized above is that, while the geometric
feature is changed from the Potts probability (3.4) to the pseudo-probability (3.3) through
the multiplicity M (k), only the global amplitudes A(W;,2) associated with entire ATL
modules are modified. The relations between the amplitudes of fields belonging to the

same ATL module remain the same and this relation permeates into the continuum — as

!5 As mentioned in appendix D of [3], it is numerically impossible to obtain the complete set, of ratios for
j = 6 using the current lattice-computation approach, although we have provided in that reference some
partial results.
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manifested in the existence of the universal amplitude ratios. This allows us to define the

“interchiral conformal blocks” IF; 2, which group the Virasoro conformal blocks according
to the ATL modules they belong to. From (3.7), (3.10) and (3.11) we see that it is the same
interchiral conformal blocks F; ,» that enter various probabilities and pseudo-probabilities.
The existence of these blocks is ultimately due to the degeneracy of the field (IDQ 1 in Wo,qz
and can be constructed explicitly as an infinite sum of products of left and right conformal
blocks, which we shall discuss in details in section 4.1. As suggested in [2], the underlying
algebra can be considered as an extension of the product of left and right Virasoro algebras
via fusion with CI)2D,17 leading to the object dubbed the interchiral algebra in that reference.
This algebra, in turn, can be obtained as the continuum limit of the affine Temperley-Lieb
algebra.

Consider now the combination

Paaaa + pabab- (313)

The corresponding CFT correlation function (3.2) is well-known to be given by the non-

diagonal Liouville theory of [19]. Note that its spectrum S, 1 ,, belongs to the ATL
2’

modules W; _1. We can then expand it in terms of the interchiral conformal blocks as

Paaaa + pabab = Z AL ] —1 ],—1- (314)

7=0 even

Meanwhile, from the lattice study in [3], we have seen that the modules Wy 1 and W ,2
from the Potts spectrum (2.20) all appear, where the amplitudes for W; ,» are modified
from their corresponding values in the Potts model through the ratios Rg(W; ,2) defined

J7
n (3.7). The combination (3.13) can thus be written as

Poaaa + Pabab = Aaaaa(WO 71)F0 -1+ Z Aabab W )}FLfl
2 odd

+ Z aaaa i, _1) + Aabab(wj—t__l))Fj,—l

E even

+ Z aaaa 7, 22) + Aabab(W]—'t_ZQ))Fj,ZQ =+ Z Aabab(wj_’ﬁ)Fj,zQ

g\g even %‘} odd
= Aaaaa(WO 71)F0 -1+ Z RBAabab(W )FL*l
2 odd
+ Z Aaaaa )(1 + RBR )Fj,—l

5 even

+ Z Aaaaa )(1 + RﬁR )F] s2 Tt Z RBAabab(W )F] 72+
g\f; even JP odd

(3.15)
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In the case of the true Potts probabilities, one has instead the combination:

Paaaa + Pabab — Aaaaa(WO —1)F0 -1+ Z Aabab W )Fj,—l
] odd

+ Y (Adaaa WV _1) + Aabas Wi _1))Fj -1

+ Z (Aaaaa (W] ZQ) + Aabab(W;_Z2))Fj,z2 + Z Aabab(Wj_’Zz)Fj7z2

jﬁp even g‘—? odd
= Aaaaa(WO,—l)FO,—l + Z Aabab(Wj_?_l)Fj,—l
£ odd
+ Z Aaaaa )(1+R) 7,—1

§ even

+ Z Aaaaa )(1+R) j,z2+ Z Aabab(Wj_’Z2)Fj,z2'

p ip
T even i odd

(3.16)
Note that F in (3.15) and (3.16) represent s- or t-channel blocks since in both cases we
have combinations that are crossing-symmetric under s < .

One remark on the bootstrap problem follows immediately. By comparing egs. (3.15)—
(3.16), it is obvious that the crossing-symmetric spectrum proposed in [19], which gives a
complete description of eq. (3.15), is also a solution to the conformal block expansion of the
true Potts probabilities (3.16) using the full spectrum (2.20), with of course the amplitudes
for the whole ATL modules given by Agpes instead of Agpep as in (3.15). This means that
within the full spectrum (2.20) of the Potts model, the states which do not appear in the
spectrum of [19] have Aggaa + Aagpas = 0, i.e.,

1+ RB(W

3,22

JRa(W, )
Rs(W; 2)

(3.17a)

0,
0, (3.17b)

for £ # %, as we have checked explicitly in [3] for all the ATL modules up to j = 4. This
suggests that the solution to the original bootstrap problem considered in [19], i.e., the
bootstrap of the probabilities P,g0q + Pupab, iS not unique: the spectrum and amplitudes
in [19] is one solution, while the true Potts spectrum with its amplitudes provides another
one, and possibly there exists (infinitely many?) further solutions. Geometrically this
can be understood as the freedom of assigning weights to cluster/loop configurations, a
mechanism which we have seen explicitly at play above, where it involves two different
ways of assigning weights to the non-contractible loops. This complexity of the solution to
the bootstrap problem is perhaps rooted in the irrationality of the theory in general, and
the simple spectrum given by [19] — being itself a generalization of minimal models —
stands out as special, or “minimal” in a(nother) sense, as it sees a large number of fields
decouple from the spectrum, cf. (3.17).

Now focus on egs. (3.15)-(3.16). It is fascinating to see that we can, in fact, extract
the true Potts amplitudes from the known Liouville amplitudes A” for the modules that
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contribute to both combinations:

Aaaaa(WO,—l) = AL(WO,—l), (318&)
RﬂAabab(Wj ,1) AL(W] 71) % Odd, (318b)
Aaaaa(W] _1)(1 + RQR ) AL(Wf_l) % even. (3180)

Using egs. (3.8) and (3.12), we have the following expressions of the Potts amplitudes in
terms of the Liouville amplitudes:

Aaaaa(WO,—l) - AL<WO,—1); (319&)
Agbab(Wa,—1) = %AL(WZ—H, (3.19b)
Q-2)(Q*-4Q +2)

Aaaaa(W4,—1) = ( AL(W47_1). (3.19C)

Q(Q —-3)?

Writing this out explicitly, the Potts probabilities are given by the A” and the interchiral
blocks as

(Q—2)(Q*—4Q+2)
Q(R—3)?

(Q-1)(Q-4)(Q-2)(Q*-4Q+2)
4Q(Q-3)?

Paaaa = AL(W07_1)F0’_1—|- AL(W4’_1>IF4’_1+. . (3203)

Q 2

AL(W47_1)F4,—1+. .
(3.20Db)

Papapy = ~———AYWo _1)Fo 1+

where we have used (3.12e) in writing the second term of (3.20b), and the left-out terms
(...) are to be determined by the bootstrap computations.
Let us now turn to another combination of probabilities

Paaaa + Paabb- (321)

In the s-channel, as studied in [3], we have

Paaaa + paabb = (Aaaaa(WO,—l) + Aaabb(WO,—l))IFE)S)fl

+ Z aaaa J, Zz) + Aaabb(W ) Z2 + Z Aaabb WO q2a) E) ;23

Jip

M even

= (Aaaaa(WO,—l) + R'yAaabb(WO,—l))Fl()S)—l

+ Z aaaa i z2) +R Aaabb(wj ZQ) ] 22 + Z Aaabb WO qQa) ( 323 )

M even

(3.22)
where the last term involves diagonal Verma modules with the conformal dimensions
(Pet 21 00hes20) s € EZ. (3.23)
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It was argued in [3], by comparison with the CFT results [41], that the s-channel here
involves purely diagonal fields so the first two terms disappear from (3.22) with the am-
plitude ratios R, R, as we have checked explicitly in [3]. In the limit of irrational B2, the
sum in the last term becomes an integral over a compact set,

/0 "0, (3.24)

where we have introduced the variable § = 2%, and (3.23) becomes

(h,«,o, hr,(]), r e R, (3.25)

i.e., a continuous diagonal spectrum. Geometrically speaking this indicates that the non-
contractable loop weights are integrated over the fugacities

n,=z+z"', withz=¢" (3.26)
In contrast with this, we have in the Potts model:

Paaaa + Paabb = (Aaaaa<W0,—1) + Aaabb(WO,—l))Féf),l

+ Z (Aaaaa(WjJQ) + Aaabb(Wj,ﬂ))ngz + Aaabb(woqu)F((i;z

P
M even

. (3.27)
= Aaaaa(WO,fl)(l + Ra(WO,*l))FOf—l

+ Z Aaaaa(wj,ﬂ)(l + Ra(Wj,zz’))FSZ)2 + Aaabb(WO,qQ)F(()i)ﬁ .

I8 even
First notice that for the first two terms, we do not expect in general a cancellation and thus,
the s-channel spectrum here in the true Potts probabilities involves non-diagonal modules
W; ,2. Furthermore, the last term, as argued in [1] already, comes from the requirement
that in the Potts model, all loops — contractible or non-contractible — carry the weight

v/ Q. Therefore one fixes [1]:
7* = q*2, (3.28)

and obtains the module Wy 2. As mentioned before, this includes the Kac modules of
diagonal primaries with conformal dimensions

(hr1,hr1), T€NT, (3.29)
a discrete spectrum. By comparing (3.22) with (3.27), we see that the diagonal spectrum
in the s-channel of the geometry Dyqm, where the two FK clusters are separated by a

large number of non-contractible loops, encodes important geometric information on the
non-contractible loop weight in the lattice model.
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3.4 The interchiral bootstrap equations

We will consider the bootstrap problem of the following probabilities as related by crossing:

P, =P (3.30a)
Py =P, (3.30b)
P =P (3.30¢)
pe — pW® 3.30d
abba aabb*® ( . )

Egs. (3.30) are simply a shorthand rewriting of egs. (2.32), (2.33) and (2.34) which should
be interpreted as follows: the subscripts indicate the spectrum for the interchiral block
expansions and thus the corresponding amplitudes, while the superscripts indicate which
channel of the blocks to use. The basic idea is now to write the Potts probabilities in terms
of the interchiral block expansions with the amplitudes A(W) associated with the whole
ATL modules. Egs. (3.30) are then a coupled linear system for these amplitudes and will
be used for the “interchiral conformal bootstrap”.
The amplitudes involved here are:

Aaaaa(WO —1) Aaaaa W+ 2)

)

( )
abab w Aabab W )

V50, Wjz2) (3.31)
abba( ]z2) Aabba( )
AgarbWo,-1), Aaabb(w-{_ 2)y AaasWo q2),

and we can then write eq. (3.30) as the interchiral bootstrap equations:

s s t t
AaaaaFé,ll + Z AaaaaIF;Zg = AaaaaF[()Ll + Z AaaaaFg-;Z ) (3-323)
W) 2} W) 5}
Z AababF] 72 + Z 14(11)(112[F Z Aabaij 72 + Z Aabab]Fg ;2 )
W 2} W 2} W) o} W 2}
(3.32b)
AaabbF( )_1 + AaabbF(() 92 + Z AaabbF Z Aabba 3, Z2 + Z Aabba 7, Z2 )
W) 2} W) 2} W, 2}
(3.32¢)
Z AabbaFJ 72 + Z AabbaF( Z)2 - AaabbF( )_1 + AaabbF 2 1 Z AaabbF( ;2 )
Y W, 2} W) 2}
(3.32d)

where we have omitted the arguments for the amplitudes for notation simplicity. Notice
that we can further impose the constraints R, and Rz from (3.12). Recall also that WfZQ
have the same amplitudes Agpgp and Agppa, while )/Vj_z2 have opposite amplitudes due
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to (2.35). This gives us:

AgaaaRa = Agabb, for WO,fla szz (333&)
AdaaaRa = Agpap,  for W, (3.33Db)
Aabab = Aabbaa for W;FZQ (3330)
Aabab = _Aabbaa for W;ZQ- (333(1)

In addition, we have obtained analytically (3.19) which, with proper normalizations, can
be imposed as extra constraints into the bootstrap.

4 The interchiral conformal bootstrap

With the setup given by egs. (3.32) and (3.33), we are now ready to bootstrap the ampli-
tudes (3.31). In this section, we start by constructing the interchiral conformal blocks [F;
explicitly and show how they arise from the degeneracy of the field <I>2DJ. We then present
and study the bootstrap results on the amplitudes. The numerical details of the bootstrap

will be discussed in appendix B.

4.1 Recursions and the interchiral conformal blocks

In the conformal bootstrap approach to the diagonal Liouville theory [24, 25], the degener-
acy of the diagonal fields ®, ; = @{?2 and @gl are used to obtain the recursions when the
structure constants, and thus the amplitudes, are related through shifting the Kac indices
by 2 units: s =1 or r 4+ 1, which eventually leads to a full solution of the theory. The key
idea is to consider the four-point functions involving these degenerate fields which, in the
conformal block expansions, truncate to only two terms. One can then write the relations
of the structure constants using the fusing matrix — the linear transformation between the
conformal blocks in the two channels as constructed from the solutions of BPZ equations.
This technique was further generalized to the non-diagonal case in [4, 26] which gives the
analytic amplitudes A" of the non-diagonal Liouville theory in [19].

In the case of the Potts model, the degeneracy of @fQ is absent and therefore this
technique does not apply directly. However, we see in the spectrum (2.20) that the field
(1)5),1 € W07q2 is degenerate and one expects the recursions in the (diagonal and non-
diagonal) Liouville theory for shifting the first Kac index, r+1, to hold in this case. In fact,
for the Potts geometrical correlations Puuaa, Pababs Paabbs Pabba Which can be considered (up
to the remarks in footnote 3) as four-point functions of the spin operator (2.18):

@%,0@%,0@%,0@%,0% (4.1)

the degeneracy of @291 indicates a recursion of the amplitudes with r shifted by 1 which we
will give explicitly below, deferring the derivation to section 4.1.1. Such recursion exactly
relates the amplitudes of the primaries belonging to the same ATL module and organizes
the corresponding Virasoro conformal blocks into the interchiral conformal blocks.
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Recall from the spectrum (2.20) that the non-diagonal primary fields in the modules

W; ezinp/m have the conformal dimensions
)

(Pgseghpsey), cE€L: (4.2)

M

The module W; caixp/m therefore contains fields related by e — e + 1, with the leading

amplitude A (h 2 s h 2 7_j>. We will therefore take the overall amplitude associated with
the interchiral blocks to be:

A(hoﬂ‘, h()7_j), for p = 0,
’Einp/IVI) =

AW,
2A (h%’j, h%’_]) , otherwise,

: (4.3)

where the factor of 2 in the second line accounts for the identification of the amplitudes:
A(hr,sa hr,fs) = A(hr,fs, hr,s) = A(hfr,Sa hr,s)a (44)

since the two non-diagonal fields (r,s) and (r, —s) have the same total conformal dimen-
sion (2.15) and spin (2.16) (up to a sign). The amplitudes of the other fields within the
module are related by the recursion

A(hett,j, het1,—5)
A(he,j, h€7,j)

N _
Re;=

P () (=) (5] () () T ()
TG () () E ()T () ()
(4.5)
which has the properties
R]_V:L_] R, (4.6a)
RNelu = R, (4.6b)

where (4.6a) is explicit while (4.6b) is expected due to (4.4) and can be easily checked
using that j € Z. Notice that in the special case of e = 0, the expression (4.5) includes the

divergent factor 1F(( —J)

IR In this case one can use the property (4.6b) to obtain instead:

; i ANpP(lmi o 1 \p (Ll 1
Ry PGIT(1—5— &) T (5 + o) T (52 + o)
) . . —q ]
I ) () (7 )
which is divergence-free.
Note that due to the definition (4.3) and the identification (4.4), we have also

(4.7)

1
RV,

_Mvj

A(W"ein(l—p/M) ),

AW, c2impnt) = 24 (h%,j, h%,—j) =24 (h—ﬁj’ h—%’—ﬂ') = J

J

(4.8)
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i.e., the recursion (4.5) also relates the global amplitudes for the modules

Wj,EQiﬂ'p/J\l <~ Wj762i7r(17p/]W) s (4.9)

which corresponds to'6
7zt (4.10)

This reduces the independent non-diagonal amplitudes to A(Wj7621’7rp/lw) with

P 1
0 =< . 4.11
- M T2 ( )
The module Woﬂz involves diagonal primaries with conformal dimensions
(h1+e’1, h1+671), e € N. (412)

Again the corresponding Kac modules are related by e — e+ 1 with the leading (hy 1, h1,1)
and therefore we take
AWq 2) = A(h1,1,h11). (4.13)

The amplitudes of diagonal fields have the recursion:'”

A(he+1,87 he+1,s)
A(he,37 he,s)

F(s—%)f‘(l%—s—%)F(%—F%)ZF(%—FQ%Y (4.14)
(oo 5T (s ) T (5 - i) T (% - 4f8)

which has the explicit property

D _
Re,s -

1 D
RO, . Rgs (4.15)
as expected since hy.s = h_, _.
The interchiral conformal blocks involved in the bootstrap equations (3.32) are the
following:

©  FO F,, (4.16)

j7_17 ~],Z2:82i71'p/]\47 qu
where here and below the channels are denoted with ¢ = s,t. Writing explicitly, we define:

1 _
AR D I € I LR

. | | 1 ,<z>),
eeN +5.J et+5,—J et5,—J et+5,J
(4.17)
= R,,1 Re [f,Efe’ D)F) . @)

ceN +%7j ets,—J

16Recall that z is related with the phase acquired by the non-contractible lines as they wind around the
axis of the cylinder [42]. Switching z and z~' amounts to switching clockwise and counterclockwise.

'"In the spectrum (2.20) we have only s = 1, but here we give the most general recursion as the result
of the degenerate <I>2D, 1. Note that compared to (4.5) we have changed the notation j — s since the module
W07q2 corresponds to j = 0 but the conformal weights can be written with s = 1 using (2.12). See eq. (5.21)
in [1].
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where

Alh 1 h 1 . 1, for e = 0,
R (415)
A (h; " h;_j) [z BY, ;o fore #0,
and we have used (4.4) to write the block of <h767%7j, he+%,j) as
Fo (z)f,Ef> (2 (4.19)
E+ et 5,
to restrict the summation to e > 0.
For F¢ Z)2 o2imp/M with £ 7é 5 we have
= Z R R (z)f(c) @O +F . F, (2)
362”"19/]” €+1\1,] 2 g he+£ — he+£ —j he+£j ’
EEN M M> M> M>
(4.20)
(c) (c) >
= R Re | F, F
5 Rerg e [ h%,j(z) o, 0
with
_A(he+£j,he+%’_j) 1, for e = 0,
Repz ;= =3 (4.21)
A(hp hp_j) 10Rl+p., for e # 0.

Notice that we have used (4.4) to group the blocks in the module W .2ix(1—p/a) with e <0
with the blocks in the module W;  2irp/m with € > 0 to construct ]F],eQurp/]vI, and vice versa.
See figure 2 for an illustration of this for the case of F4; and Fy ;. Also keep in mind that
due to (4.8), the blocks F; c2imp/mr and F; aina—p/ar) can be further grouped into

F e2imp/M + RN e2im(1—p/M) - (4.22)

— 47 F;,
In the special case of p = 0, we have

= Ly (0 ﬂ%@wﬁmﬁw&
250 (4.23)
= Y RejRe [F (FO ()]
>0
with
. 1, for e = 0, (4.24)
€.] QAI‘\((hOeJJ#j) —211¢ R;N], for e # 0, ‘

where the difference in the definition of Rexo; and Ro; takes into account the special
choice of (4.3) for p = 0.
Finally, the block F ;2 is given by:

RO, = 3 RoaFO (A, 2, (425)
ecN*
where
A(h, . 1, for e =1,
Ry = Alherher) (4.26)
A(h,1, ha1) [1= 11R1 1, fore#1.

In figure 2, we give explicit examples of the construction of various interchiral blocks.
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L4 d ° ° °
(=3:4) (=5.9) (=3 (=3:9) (=Lj5) (=23  (=3,))
W4’i Riay = R?AR?AR?A
R, Ry, R,
[ ] [ ] ° ° [ ] [ ] [ ]
(=24 (=44 (=19 (=34 (39 (3.4 (1.9 (2.9
Fa_; IFy,;
R¥.4 R§,4 R%’A
------------------ [} [ ] [ ] ® O——— @+————— @+————— @
(.9 (39 9 39 (-1.4) (=34 =39 (29
Rus 4 = RY ,RY RY
347014 4 W4,_1
WO,CI2

D _ pD pD D pD
Rﬁ,l - R1.1R2,1R3‘1R4.1

D D D D
Riy R34 RY, R4
[ ) [ ) [ ]

(1,1) (2,1 3.1 (4,1) (5,1)

Figure 2. Examples of the construction of interchiral conformal blocks F; ,» and Fg 42. The dots
indicate the fields (r,s) = (e + %,j)N ,(e +1,1)P whose amplitudes satisfy the recursion RP-V
in eqs. (4.14) and (4.5) under e — e + 1 as illustrated by the arrows. The leading primary in
each ATL module whose amplitude is taken as A(W) in (4.3) and (4.13) is labeled red. We give
explicit examples of the coefficients R for sub-leading fields entering the blocks indicated with blue.
The fields in modules sziwp/M and ije2i1r(1—p/M) are regrouped into the blocks Fj7e2i7rp/M and

F. .—2i=p/m as illustrated in the magenta boxes.

Jse

4.1.1 Recursions from degeneracy

In this subsection, we derive the recursions (4.5) and (4.14) using the degeneracy of <I>£1.
The key is to study the four-point functions involving the degenerate field @gl, as done in
the conformal bootstrap approach to the diagonal and non-diagonal Liouville theory in [4,
24-26]. We first briefly summarize the general formalism and then explore its consequences
on the geometrical correlation of the type (4.1).

Consider a generic four-point function with the degenerate field <1>2DJz

<(I)£1(I)T2,52 (I)T3,83 (1)1”47S4> ’ (4'27)
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CI)?"2782 o

73,53

(I)T2782 q)TS,SS
¢7‘2:t1,82
¢7"4i1,54
D
@271 q)r4>54
D
¢271 ¢)'I"4,S4

Figure 3. The s- and ¢-channel of the four-point function (®5;®y., s, ®r, s, Pr s, )-

where ®,, ,, represent either diagonal or non-diagonal fields. Due to the degeneracy of ‘135,1’
the fusion involves only two terms

cbgl X (I)r?s - (I)rDJrl,s + (I)rl‘)fl,sv (4283‘)
P x o), = N, + o) (4.28b)

and the s- and t-channels of the four-point function (4.27) are illustrated in figure 3. The
conformal block expansions of (4.27) in the s- and ¢-channel therefore truncate to two
terms:

= 7(s) ()
(s) F (t) F.
<@£1(I)T2,82(1)T3783(I)7‘4y84> = {]:-&- ]:—} a®) [f+] = []:_,_ .7:_} al®) [f+1 , (4.29)
where + represents (r; = 1, s;) and we have omitted the dependence on the external fields.
Note that depending on the external fields, the s- and t-channels can independently involve
either diagonal or non-diagonal fields. We will in the following study four-point functions
of various types and use the labels:

DD, NN, DN, ND (4.30)

where the first letter indicates the type of field in the s-channel, and the second letter
similarly specifies the type for the ¢-channel. (According to the fusion (4.28), these are just
the labels for the fields ®,, s, and ®,, s,.) The amplitude matrix a(®) in (4.29) is given by

ay’” 0 .
0 4@ diagonal,
a
ald == ( )Z for c = s,t. (4.31)
O C
o+ , non-diagonal,
a(_c) 0

The amplitudes aﬁ? come from the structure constants:

CLEE) _ {C(2,1)D(7‘2,82)(7‘2:‘:1,52)C(’I"Qil,SQ)(Tg,Sg)(T4,S4)7 for c = S, (432)

0(2,1)D(T’4,S4)(T‘4ﬁ:1,84)C(T4:|:1,S4)(7"3,S3)(7‘2782)7 for c = t,

— 98 —



where (7, s) represent either diagonal or non-diagonal fields obeying the fusion (4.28). The
s- and t-channel conformal blocks are related through the fusing matrix:

T~ 16 T 11 1@
Fe| | B B | | P (4.33)
T FL P || F] '
and similarly
T+ 18 5 5 17E 10
T _ | e B | (4.34)
| F ] F L F || F] '
where Fi is given by
D (1= 2N, )T (&N,
Fy = <1 £ ) S(B v 42 . withs,t=+ (4.35)
H—i—,— r (5 + E)‘Ts,ss - B)\T%SQ + E)‘T4,S4)
and F is obtained by replacing A with ), defined as:'®
ri | siP
)\r' Si — T an 5 4.
1991 2[3 —l_ 2 ( 36&)
_ Aris;»  diagonal,
TiSi (4.36D)
A_r;.si, non-diagonal.
Plugging (4.33) and (4.34) into (4.29), we obtain
T _ _
Fogp Foe | (o) | F4 = | L a®), (4.37)
F_ L F _ F . F _

which gives the relations among agf) and ag). Keep in mind that the explicit relations

depend on the properties (4.30) and therefore the explicit form of a(®) as in (4.31).
In the conformal bootstrap approach to solve the diagonal [24, 25] and non-diagonal [4,
26] Liouville theory, the ratio
o

p =
e

(4.38)

has been exploited in various four-point functions of the type (4.27) to obtain the recursion

for shifting the amplitudes with r» & 1 as we mentioned in the previous section. Here, we

g) and aﬂj).

will focus on the other consequence of (4.37), that is, the relation between a
From (4.37), this relation can be extracted for different types of the four-point function as

labeled with (4.30). Defining the ratios

(1)
Yot = % with s, t = +, (4.39)

as

8 This corresponds to the Liouville momentum P, used in [4].
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we will need the following explicit expressions from (4.37):

XPY =F P 4 pPNF Fy
AP =F F _+ p]\lfDF——FJr—,
X2V =F  F 4+ pPPF Py, (4.40)
PP =F_F_+ leDFF,
XPP=F _F _+pPPF _F, |

where _ _
PPN _§_+1};_+’ AP 1{’:—+§+— PP — _§—+§——_ (4.41)
++ L+ ++ L —— L —

The superscript should be interpreted as in (4.30): for example, x” iv corresponds to the
amplitude ratio of the non-diagonal t-channel field (r4+1, s4)" with the diagonal s-channel
field (7"2 — 1, SQ)D

We are now ready to derive the recursions (4.5) and (4.14) for non-diagonal and diag-
onal fields in the four-point function (4.1).

For non-diagonal fields, consider the following four-point function of the type (4.1):

(@Y 2P 2l 2P ), (4.42)

where the fusion gives the non-diagonal fields in the Potts spectrum (2.20):

o e @é’,o — (hejy he—j) (4.43)

and the amplitudes arise from the structure constants:

A(h&j, h&_j) = C(%,O)N(%,O)D(e,j)NC(e,j)N(%,O)D(%70)N' (4.44)
The desired recursion (4.5) is then written as
N _ Alhet1y het1,—5) C(%vO)N(%vO)D(EHJ)N (413N (5,0)7(5.0)" (4.45)
eJ ; . - )
Alhegahes) Cy0) (10 ea Cea (10) (0)"
Now consider the four-point function
GPN = (oF 1<1> qﬂg KADE (4.46)

whose crossing equation and the relevant fusion channels are illustrated in figure 4. The
corresponding amplitudes in the two channels come from the structure constants and give
the following ratio:

on LD ertN O v (10)P (30"

X—+17= :
Canp(5.0)7(<30)°C(=10)"(1.0) e

(4.47)
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P N
3.0 3.0
p— N
CI)6+1J
D N
5 P,

Figure 4. The s- and t-channels of the four-point function <<I>21?1<I>130<I>11V0<I>§j>. Notice that
S0 50

since (%,

C(_; 0)2(3.0)" (e.)™ in the s-channel and C

fields with e — e + 1.

O) and (,%’0) both represent the same spin field, we obtain the structure constants

(er15)% (3.0)7 (2.0)" in the t-channel which relates two

Keep in mind the identification

= 4.4
G307 (30) e = G107 (3:0) e (4.48)
ince (3,0) and (—3 i
since (3,0) and 5,0) represent the same spin field.
We then turn to the four-point function:
Gyl = (7, ) o) @7)) (4.49)
as illustrated in figure 5. Notice that in this case we have
t
0 = Cloy0,1)p0,12C 1P e ¥ eg)s = 1, (4.50)

where (1,1)P represents the identity field and the structure constants in (4.50) are given
by (2.30), due to the normalization of the two-point function.!® Therefore, one has

1
C2,1)P (e )N (e+1,)N Cle+1,)N (,)N (2,1)P

Finally, consider the four-point function
GPP = <<1>51<1>§70q>§0<1>51) (4.52)

as illustrated in figure 6. Similar to the previous case, one has

2

a(_t) = 0(2’1)D(271)D(1’1)DC(l’l)D(%,O)D(1 O)D =1, (4.53)

9We have, for convenience, chosen (2.30) which means the constant in the two-point functions are
normalized to 1. With a different normalization, the derivation here still holds, since all the normalization
factors cancel in the final expression (4.55) below. Therefore, the recursions we obtain here are independent
of the normalization.
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N (I)N,

e e,
N N
A o
N
q)e—}-l,j D
— o1y
D D
P34 P35y
D D
P34 P34

Figure 5. The s- and t-channels of the four-point function <<I>£1<I>é\fj @é\fj@gﬁ. Notice the appear-
ance of the identity field ‘1)?,1 in the ¢-channel and the corresponding amplitude a(_t) =1, due to the

normalization of the two-point functions.

oP oD
3.0 3.0
— D
— P11
D D
P31 P31

Figure 6. The s- and t-channels of the four-point function (®2; ¢§0®?0¢§1>.
AL 0% L 072,

and therefore

1
xPPs = . . — — : (4.54)
@DP(3:0) (=307 " (-3.0)7(3:0) " @DP
It is now easy to see that the recursion (4.45) can be expressed as
DN ND . DN

X=F 1 X+=2X=5F1
DD ’
X==3

R); = (4.55)
where we have used the permutation symmetry of the three-point structure constants.
After plugging in the explicit expressions of (4.40)—(4.41), eq. (4.55) becomes (4.5).
In the diagonal case, the derivation of (4.14) is completely analogous. We then consider
the following four-point function of the type (4.1):
P of of &P 4.56
(LoPLo®30® 0l (4.56)
where the diagonal fields arise from the fusion

54

29

0 X @Lo = (heys, hes) (4.57)
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with the amplitudes

Alhesses) = C(1.0)2 (30 e Clearn(10)° (50) (45%)
The recursion (4.14) is then given by
b Alheris hests) (307 (20)2 (4190 Clerts)P(5,0)°(2.0)°
RD, = o letls) - (50) (3 20) GO (4.59)

Alhesles)  Cr0)(10) e e (10)" (10)"

Going through the same procedure as in the non-diagonal case, but replacing (4.46),
(4.49) with

GPP = (25,07 (@7 (®7), (4.60a)
GPP = (oD @D D o), (4.60b)

one arrives at the expression for the recursion (4.59) given by

DD DD _,,DD
RP — XoraXy—2X—1 (4.61)

DD
X==3

Plugging in (4.40)—(4.41), we obtain (4.14).

Note that to obtain (4.55) and (4.61), it is important that we are studying a four-point
function of the spin operator where the amplitudes are given by three-point structure
constants as in (4.44) and (4.58), since in this case the four-point function of figure 4
involving (1)2% gives rise to both C(%,O)(%,O)(e,j) and C(%,O)(%,O)(e—&-l,j) in their s- and t-
channels.

4.2 Results

In this section, we give the bootstrap results on the amplitudes (3.31) associated with the
ATL modules up to j = 4 and leave the numerical details to appendix B. As discussed
in section 3.4, this involves solving numerically the truncated interchiral bootstrap equa-
tions (3.32) combined with the constraints of the amplitude ratios (3.33) and the analytic
results (3.19). For this last constraint, we have in fact imposed the ratios of

Aabab(WQ,fl) Aaaaa(w&fl)
Aaaaa (Wﬂ,fl) ’ Aaaaa (WO,f 1 )

(4.62)

as obtained from (3.19) without fixing the overall normalization. It is worth pointing out
that (4.62) can in fact be (partially) bootstrapped as a consistency check. See figure 29
and the related discussions in appendix B.1. Notice that in the Potts spectrum (2.20),
the leading primary in the module Wy 42 has the conformal dimension (h1,1, hi1) = (0,0),
corresponding to the identity field. This is in fact the field with the lowest conformal
dimension, and since it only appears in the probability P,., it is natural to use the
normalization

Aaabb(WO,qQ) =1 (463)
for the bootstrap equations (3.32).
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Aaaaa(WO,—l )
1.4¢

1.3¢
1.2¢

1.1r

e

Figure 7. The amplitude Agqaqa(Wo,—1). Red dots are the numerical bootstrap result and the
black curve is the analytic expression (3.19a). They agree perfectly (the black curve being only
visible behind the red points close to @ = 4).

From the discussions in [1], it is expected that some amplitudes should display sin-
gularities at rational values of B2, the effect of which is to cancel the overall singularities
and thus lead to smooth geometrical correlations. We will study this in more details in the
next section, while here we simply point out the locations of the singularities.

4.2.1 Agaaa

Up to j = 4, the following amplitudes appear in the interchiral block expansion of P,gq4:

Aaaaa(WO,—l)y Aaaaa(WQ,l)a (4 64)

Aaaaa (W4,71 ) ) Aaaaa (W4,1 ) .

All the other amplitudes of the primaries can be obtained using the recursions which
have been incorporated into the interchiral blocks for the numerical bootstrap. With the
normalization (4.63), we obtained the amplitude Aggaa(Wo,—1) given in figure 7, where
we also plot the analytic amplitude (3.19a). The explicit expression of the latter is given
in (C.4) of appendix C, as obtained originally in [4] and reproduced in [20], where it was also
found to agree with Monte-Carlo simulations. It was pointed out in [20] that this specific
normalization for the amplitude A (h 1o h %,0) (i.e., our Aggaa(Wo,—1) here) underlies the
three-point structure constants describing the probability P,,, of three points belonging
to the same FK cluster [14]. Here we can clearly see that the agreement with bootstrap
result is perfect.

In figure 8, we show on the left the amplitude Agqqq(W2,1) and on the right
Agaaa(Wa,—1) as given in (3.19¢). In both cases, the amplitudes have simple poles at
(Q = 2 and no other poles in the range 0 < Q < 4.

The amplitude Agqqq(Wa,1) is shown in figure 9. It has simple poles at:

Q = 4cos? (3;) =0.585786. .., (4.65a)

Q = 4cos? (g) = 3.414213 ..., (4.65b)
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Agaaa(Wa,1) ) Adaaa(Wa,-1)
—6
03k 4.x10

0.2f 2.x10°°

0.1f . , . .
/,/ : s : = Q
1 2 //1//’7& Q 2.%10°6

—0.1F r
! ~4.x10°
_02,
-03f -6.x107
(a) (b)
Figure 8. The bootstrapped Aggaq(W21) on the left and the analytic Aggaq(Wa,—1) on the right.
Avaaa(Wa1)
0.00005¢
. 1 2 3 4 Q
~0.00005},
—0.00010F
—0.00015%
Adaaa(Wa 1) Agaaa(Wa,1)
0.00002F X107
05 10 1.5 509 5.x10-8} "
e
2.5 3.0 35 4.0 Q
~0.00004f
. -5.x107%

Figure 9. The bootstrap result of the amplitude Aggaq(Wa,1) and its detailed pole structure in
the regions 0 < @ <2 and 2 < @ < 4.

of which we also plot the details in the zoomed-in regions of 0 < Q <2 and 2 < Q < 4 in
the bottom part of the figure.
4.2.2  Aubap

In Ppap, up to j = 4, we have the following amplitudes

Aabab(W2,1), Aabab(Wa,-1),
AababWa,1), Aabab(Wa,—-1), (4.66)
Aabab(Wai), Aabab(Wa,—i)-
The second amplitude Agpqp(Wa,—1) was obtained analytically in (3.19b), and for the mod-
ules Wh 1, W1, Wi —1 the corresponding amplitudes are related to the Agqqq through Ra

in (3.12). This was in fact used as input in the bootstrap for the final results we present
here. However for completeness we plot all these amplitudes below.
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Figure 10. The bootstrapped Agpqs(W2,1) on the left and the analytic Agpa(Wa,—1) on the right.
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Figure 11. The bootstrapped Agpes(Wa1) on the left and the analytic Agpas(Wa,—1) on the right.

The amplitudes Agpap(Wa,1) and Agpep(Wa, 1) are shown in figure 10. They are smooth
with no singularities in the whole range 0 < Q < 4.

The numerical Agpep(Wa,1) and the analytic Agpep(Wa,—1) are plotted in figure 11,
where the latter are obtained using (3.19¢) and (3.12e). Notice that the amplitude
Agpab(Wa1) is smooth for 0 < @ < 4, due to the cancellation of the zeros of Rg(Wa,1)
in (3.12g) with the poles in Aggaq(Wa,1), which further confirms that the singularities
at (4.65a) and (4.65b) in Aggaa(Wa,1) appear as simple poles.

The modules Wy ; and Wy _; only appear in Pypqp (and Py, with the same amplitude
but the opposite sign) and hence were obtained purely through the numerical bootstrap.
Recall that they are in fact related by (4.8). The amplitudes display poles at

3
Q = 4cos? (g) = 0.585786... (4.67a)

Q = 4cos? (g) = 3.414213... . (4.67b)

These poles were in fact already observed in [1] for A (hiA’ h%,_4> (i.e., Aapap(Wa ) in the
present notation) which we will analyze in more details in the next section. The results
are plotted in figures 12 and 13 together with their detailed pole structures in the bottom
parts of those figures.
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Figure 12. The bootstrap result of the amplitude Agpqp(Wa,i) and its detailed pole structures in
the regions 0 < Q < 2 and 2 < @ < 4.
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Figure 13. The bootstrap result of the amplitude Agpas(Wa, —i) and its detailed pole structures in
the regions 0 < Q < 2 and 2 < @ < 4.
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Figure 14. The bootstrapped Agqpp(W2,1) on the left and the analytic Agqp(Wa,—1) on the right.

4.2.3 Agavb

In the probability P, we have the following amplitudes

AaayWog2); Agars(Wo,~1),
Aaabb(WQ,l)a (468)
AgabbWa,—1); AaabbWa1).

While the first amplitude provides the normalization (4.63), we plot last three in figures 14
and 15. (Note here that Agqp(Wo,—1) is trivially related to Aggaa(Wo,—1) in figure 7 by a
minus sign as in (3.12a).) The analytic structures of these amplitudes can be seen from that
of Aggaa and Ry from (3.12b), (3.12d) and (3.12f). In particular, Ro,(Wha 1) and Ra(Wi 1)
indicate new poles in Agapp(Wa,1) at Q@ =1 and in Agaps(Wa,1) at

2
Q = 4cos? (5”) = 0.381966. . . , (4.692)

Q= 4cos? () =2.61803... . 4.69b
5

4.3 Singularities and exact amplitudes

As pointed out in [1], the proposal of [19] cannot be the accurate description of the Potts
geometrical correlations due to the appearance of divergences in () in their correlation
functions, whereas the Potts probabilities are expected to be smooth functions in (). The
spectrum of (2.20), on the other hand, has the effect of canceling such unwanted singu-
larities, as already studied in [1] through an example. We now proceed further along this
line to analyze in full detail the bootstrapped amplitudes that we have presented in the
previous section. We will see that combining with the analytic amplitudes that we gave
in section 3.3 and with the recursions that we established in section 4.1, this gives us ex-
act amplitudes at special values of @ corresponding to rational 32 given by (2.13). Such
rational values of B2 are currently not directly accessible to the numerical bootstrap.?’ In

20The Zamolodchikov recursive formula for computing conformal blocks is singular at rational p2 and
therefore we do not bootstrap directly at the corresponding values of Q.
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Figure 15. The bootstrap result of the amplitude Aqqep,(Wa 1) and its detailed pole structures in
the regions 0 < Q <2 and 2 < @ < 4.

the meantime, we will see the intricate interplay between the spectra involved in various
Potts probabilities and the analytic structures in the amplitudes. This provides a CFT
interpretation of some of the amplitude ratios in (3.12), which were originally obtained as
an observation in the lattice-model computations.

Agbab(Wa,i). In [1], it was argued that the leading field (h 1 ah 1 7_4) is necessary in
addition to the field (h; 9 hs 72) of the spectrum of [19] in order for P4, to be a smooth
27 27

function of (). As our first case, we now make this analysis more precise and explain the
poles in the amplitudes Agpap(Wa,;i) at (4.67).
At Q = 4 cos? ( : ) one finds a coincidence of conformal dimensions:

h

D‘ |

h —hs, hy,=hia (4.70)

14 14
i a4

The contribution of <h3 9y I3 _2> in Pypap therefore has a divergent term

_ R
Agpab(W2,—1)R 3 ,Re [}'}@ ,(2)Fhy 72(2)} = Agpap(Wo, 71)735 2#
27 5, 2 h3 2_h1,2

Re {]-'h_m(z)]-'héﬂ(i) +
(4.71)
where we have used (4.3), (4.17), (4.18) and (2.41). The divergence is necessarily can-

celed by
A Wai)Re | Fay ()7, (2)]. (4.72)
which requires

Ri2

Aabab<W4,i) = —Aabab(WQ’_l)Rg 27 1 + O(l) (4.73)
27 h%,Q — h172
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Figure 16. The residues of the amplitude Apqp(Wa ;) at Q = 4 cos? (3{) (left) and Q = 4 cos? (%)
(right) given by the exact expressions (4.74) and (4.77) are indicated with black dots. The slightly
smaller blue dots are the bootstrap results in the nearby region.

Extracting the residue, we obtain at @ = 4 cos? (%):

Res [Aabab(w4,i)] |Q:4cos2 %T = 7AL(W -

)

where we have used the explicit expression (3.19b) of R 8 9 and the expression of A¥(Wp__1)
is given in (C.4) in appendix C.

Similarly, at @ = 4 cos? (), one finds

hig=hop, hig=hsy hsy=hao (4.75)

1 1
1’ 1

A completely parallel calculation to the above leads to the exact result

R
Agpay(Wa i) = _Aabab(wgv—l)R%,Zhg 22 +0(1) (4.76)
29

9 — hapo
and explicitly:

193280570 (~3) T ()T (%)21“ (B)r(

501377302265856 /21" (—13) T (-%)2 ()T (

=%

)
)r(3)

(4.77)
In figure 16, we plot (4.74) and (4.77) together with the bootstrap results in the

respective regions of ). As can be seen, the exact results interpolate smoothly between

Res [Aabab(w&i)} |Q:4 cos2 T = AL(WO,—l)

s I

the numerical bootstrap results.

While the above analysis focuses on a single probability P,p.p, in the following we
consider the comparison of analytic structures of the amplitudes in different probabilities
which are explicitly related by (3.12). We will focus on how such differences are related to
the corresponding differences of the spectra in (2.20). This will give an analytic explanation
of some of the ratios R, as well as exact results on the amplitudes.

Ro(W2,1) and Wo’qz. Consider now the amplitudes Agqpp(Wa 1) in figure 14a. Com-
pared to Aggaa(WWV2,1), it has an extra pole at () = 1, as can be seen explicitly from the ratio

40 —



Ra(Wa 1) in (3.12b). One naturally suspects that such difference in the analytic structure is
directly related to the difference in the spectra of the two probabilities involved, the module
W07q2 in this case. Indeed, at () = 1, one finds a collision of the conformal dimensions

hig =hi1 = hip. (4.78)

This means that the left and right conformal blocks for the identity field include the

following divergent term:!
_F Ri2
Fria(2) = Fria(2) + ﬁfhl,,g(?a’% (4.79a)
1,1 1,2
N (s Riz _
‘F]_'Ll 1(’2) - Fh1’2(2> + = ‘Fhl,—Q(Z)' (479b)
’ 1,1 — hi2

Note that the F still have divergences due to the coincidence of (h171,131,1) with other
fields, with however different z, z-dependence. With the normalization Aaabb(WQqQ) =1
from (4.63), the identity field enters the s-channel of P,q, as

_ R _
fh1,1 (Z)f}_u,l (z) = %thl,—2(z)‘/—:hl,—2 (Z)"i_i’

(4.80)
First, notice that the double pole in the first term is canceled exactly within the block
of Wo’qz. Due to the coincident dimensions

h31 = hs1 = hi, (4.81)
the block Fy g2 from (4.25) includes the term

R371]:h3,1(2)]:h3,1 (2) = R3,1]:h1,_2(z)]:h1,_2 (2)7 (4'82)

R2
where R3 1 has a double pole at () = 1 whose residue cancels the residue of m
exactly, as can be easily checked.
Now, in order to cancel the simple pole in the second term of (4.80), it is necessary

for the amplitude of (h12,h1,—2) at @ =1 to be of the form

Agabb(h12, 1, —2) = ——— + O(1), (4.83)
hii—hip

where we recall the identification (4.4) to account for the factor of 2. Notice that the

blocks in the second term of (4.80) are precisely the regular part of the blocks for the field

(h12,h1,—2) after removing the pole, as described in (2.41)—(2.42).?> We then deduce

Ri2

Aaa = -
bb(WZ,l) (hLl — h172)Ré\7]2

+0(1), (4.84)

21WWe have in this section omitted the superscript of the conformal blocks indicating the channels. The
arguments here apply to either one of the s- and ¢-channels whose blocks are related by (2.37).

22Even though our treatment of conformal blocks for fields with degenerate indices is not exact due to
the logarithmic structure, we believe the regular part is accurate.
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where Ré\’g is given by the recursion (4.7). Now, using (3.12b), we obtain the exact ampli-
tude Agaaa(Wa,1) at Q = 1:

Aaaaa(WZl)‘Q:l = (485)

In figure 17a, we plot the value of (4.85) together with the bootstrapped amplitude
Agaaa(Wa1) in the region around @ = 1.

We have seen above that from the CFT point of view, the amplitude ratio Ro(Wha,1) is
necessary to introduce the pole at () = 1 in the amplitude Agqps(Wa,1), in order to cancel
the simple pole generated by the conformal blocks of W07q2 appearing in the s-channel of
P,avp- This picture is quite generic as we shall now see in another example.

Ra(W2,1) and Wy _1. From figures 8a and 10a, one can see that the amplitudes
Agaaa(Wa,1) has a pole at ) = 2 which is canceled by Ra(Wa 1) of (3.12¢) in Agpar(W2,1).
This difference could easily be understood from the participation of the module Wy _; in
Pooaa. At Q = 2, one finds

hig=hio=hio=hss (4.86)

leading to the following contribution to P,gqq:

_ Ri, _ R3, _
}-h; (Z)f}_ll (Z) = : Q‘Fh1,72(z);’h1,72(z)+ : th2,72 (Z)fhz,fz(z)
1,0 1o
2 (h%p_hlﬂ) (h%,O_hZ?)
2R172 2R2,2

Re [y »(2)Fn (2)] Re [Fis s (2)Fns, (2)]+. .

(4.87)
with an overall amplitude Agqqq(Wo,—1). The two double poles are again canceled exactly
within the block [Fp _; by the terms

[ . _i_i
Iy o=l By g—ha

Rs thé O(Z)}—hé (Z) + Rz O‘th O(Z)}—hz 0(5) (4.88)
27 2 2 27 2 2
due to the coincident dimensions
h%’O = h%p = h1,—2, h;o = h%,o = ho 9, (4.89)

as can be easily checked.To cancel the simple poles one needs the amplitudes for (h; 2, h1,—2)
and (h272, hgﬁz) to be

Ri2
- Aaaaa 1) ) _Aaaaa 1) 4.90
W, 1)}%70 Y- MW, 1)h%’0 . (4.90)

This on one hand requires the recursion

A(hg2,ha —2) Ra2
RN, = 2 SR S 4.91
L2 A(hy 2, by _2) Rio’ (491)
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Figure 17. The amplitudes Agaaa(Wa,1) at @ = 1 (left) and Agpes(W2,1) at Q@ = 2 (right).
The red and blue dots are the bootstrap results and the slightly bigger black dots are the exact
expressions (4.85) and (4.93) obtained from the requirement of singularity cancellations.

which can indeed be shown to be true. On the other hand, one finds that at @ = 2:
Ri2
(B0 = Ma) B

Using (3.12c), this gives the exact value of Agpep(Wa,1) at Q = 2:

Aaaaa (WQ,l) = _Aaaaa(WO,—l)

o). (4.92)

_7 5
T T

where the expression of AX(Wj _1) is given in (C.4). In figure 17b, we show this exact

(4.93)

amplitude at () = 2 together with the bootstrapped amplitudes in the region around @ = 2.

We have seen in the above how singularities in the amplitudes cancel the divergences
in the conformal blocks at special values of (). In the last part of this section, we shall see
another type of divergences which arises from the R in the construction of the interchiral
conformal blocks in section 4.1 (which ultimately comes from the recursions) and how it
leads to singularities in the amplitudes, and also provides exact results.

Canceling divergences from R. As we have seen in figure 15, the ratio Ro(Wa,1)
in (3.12f) introduces poles in Agap(Wa1) at Q% —3Q + 1 = 0, viz., those given in (4.69).

This is naturally due to the module W()’qz. At Q = 4 cos? (%”), one finds the coincidence

of dimensions between the leading field in W, ; with the diagonal field (h3 1, hs31) in Woﬂz:
hoa =hoa =hs1 = hs1. (4.94)

Meanwhile recall that the contribution of (hs 1, hs 1) is given by
R31Fhy 1 (2)Fhs, (2), (4.95)

and that R3; as defined in (4.26) has a simple pole. To cancel this divergence in the
s-channel of P, (or the t-channel of P, ), we need

AuarbWa1) = —Rs1 + O0(1), (4.96)

43 —



or using (3.12f):

Aaaaa(W4,1) = - (497)

This gives the exact amplitude at Q = 4 cos? (25“ )

9\/mwr (_15) _ (_;) - <%)2 g (2)3 (4.98)
oo ()" (3)7r () (9)

Similarly at Q = 4 cos? (£), one has instead

Aaaaa(W4,1) |Q:4 cosZ( 27r) =

5

hoa =hoa = ha1 =hy;. (4.99)
and therefore
AwabbWa1) = —Ra1 + O(1). (4.100)
This means that R
Aaaaa W, - _¢, 4.101
Wia) Ra(Wia 1) ( )

which is explicitly given by

6V () (DT (E) T (E) (¥
10vI0r (=)0 (=) T (3) T (4) T (%)
One can carry out the same analysis on the poles of Agqaa(Wa,1) and Agpar(Wa1) at

Q% — 4Q + 2 = 0 which disappear in Agap(Wa1) due to the ratio Rz(Wjy,1) from (3.12g).
This can be understood from the module Wy _1 with the divergences in R;O and R% 0

) . (4.102)

Aaaaa(W4 1)’@ 40052(§) =

(

We do not repeat the details here but give the exact results from the cancellation of these
divergences:

Aabab(Wa1)| o=y cos2(32) = —A*Wo,-1)

)
823543(v2-2)T (=) T (-2) T (})

3
Aabab(W‘l,l)‘ =dcos2(Z) = AL(WO’il) 7
Q=1cos?(%) 6871947673600 V/2I' (—12)°T (- %)

where again the AX(Wp _1) is given in (C.4).
In figures 18 and 19, we plot the analytic expressions (4.102), (4.98), (4.103a)
and (4.103b) together with the bootstrap results.

4.4 Comparisons

The amplitudes that we have obtained from the bootstrap in section 4.2 can be compared
with a few existing partial results. Note that while such comparisons provide some sanity
checks on the bootstrapped amplitudes, there has not been a complete determination of
the amplitudes in the Potts probabilities up to this level before our work. In the following
we will discuss the comparison of the bootstrap results with numerical transfer-matrix
computations in the lattice model [1], and with the non-diagonal Liouville theory of [19]
which provides an approximate description.
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Figure 18. The amplitudes Ayuoq(Ws,1) in the regions around Q = 4cos? (2?”) (left) and
Q = 4cos? (g) (right). The red dots are the bootstrap results and the black dots are the ex-

act expressions (4.98) and (4.102).
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Figure 19. The amplitudes Agpes(Wy1) in the regions around @ = 4 cos? (%”) (left) and

Q = 4cos? (%) (right). The blue dots are the bootstrap results and the black dots are the ex-

act expressions (4.103a) and (4.103b).

4.4.1 Lattice

The approach of computing the amplitudes on the lattice is described in details in [1]
where a few examples were also given.?? Here we apply this lattice approach to obtain the
amplitudes associated with the primary fields in the four probabilities within the range
0 < @ < 4. On one hand, this provides a check on the Potts solution to the bootstrap
we obtained above, namely the amplitudes A(W) associated with entire ATL modules,
which we show in this section. On the other hand, the lattice results for the sub-leading
primaries in a ATL module also serve as basic checks on the interchiral conformal blocks
as established in section 4.1, by means of a comparison of the lattice results with the
recursions (4.5) and (4.14). We leave this latter issue to appendix B.1.

#33pecifically we are using the scalar product method exposed in section 4.3.2 of [1], for which ample
technical details were given in appendix A.2 of that paper. We were generally able to obtain finite-size
results for cylinders of circumferences L = 5,6, ..., Lmax, with a maximal size Lyax = 11 for the amplitudes
corresponding to the lowest-lying eigenvalues in the transfer matrix spectrum, and Lmax = 10 for higher-
lying cases. Extrapolations to the scaling limit L — oo were done separately for even and odd sizes, using
the tricks given in section 4.3.3 of [1]. Indicative error bars were estimated from the difference between the
extrapolations through even and odd sizes.
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We now consider the lattice comparisons for the bootstrapped amplitudes
Aaaaa(W2,1)7 Aaaaa(W4,1)7 Aabab(w4,i)a Aabab(Wél,—i)' (4104)

Note that due to the normalization in the lattice computation (see below), we do not have
the lowest amplitude in each probability for the lattice results. On the other hand, since
the bootstrap has imposed the amplitude ratios (3.12), which were obtained originally from
lattice computations [3], it suffices to consider the comparisons of the amplitudes (4.104)
and ignore the ones related to them through (3.12).

In the lattice computation, one needs to choose a normalization for each probability
which we have chosen to be the amplitude of the field with the lowest dimension. In
particular, as described in [1, 3], for the probabilities Py and Pppe, we focus on the
symmetric and antisymmetric combinations

PS = Pabab + Pabbay PA = Pabab - Pabba ) (4105)

which consist respectively of modules with even and odd spins, due to (3.33c) and (3.33d).
This way, we obtain the following results on the lattice:

Aaaaa(WQ,l) Aaaaa(W4,1) Aabab(W4,i) Aabab(W4,—i)
Aaaaa(WO,—l), 14(10,(1(1()/\}0,—1)7 Aabab(WQ,—l)’ Aabab(WQ,—l)

(4.106)

and plot them in figures 20, 21, 22 and 23 together with the corresponding bootstrap re-
sults. In each of these, the bootstrap and the lattice results agree on the analytic structures
(the location of poles and zeros), the order of magnitudes (which vary considerably with
the amplitude being considered) and the generic behavior as a function of @ (sign, mono-
tonicity, local extrema). The difference in the actual values is likely largely due to the
finite-size effect of the lattice computations. In particular, for each parity of the lattice size
L we have only three points at our disposal, which is a rather precarious situation for per-
forming reliable extrapolations.?* Overall, given these constraints, we find the agreement
on the general features of the curves highly satisfactory, while the detailed comparison of
the actual values ranges from excellent (for the lowest-lying amplitudes) to acceptable (for
the higher-lying ones).

4.4.2 Non-diagonal Liouville theory
As claimed by the authors of [20], the spectrum S, 4197 applied to the four-point func-
3

tion (3.1) provides an approximate description that becomes accurate at @ = 0,3,4. This
means that the difference between the spectrum (2.20) and S, 197, vanishes at these values
of @ for the combination in (3.1), as can be easily checked using our results. This involves
the modules Wh 1, Wy 1, Wa,; and Wy ;.

For Wy 1, using (3.12¢), one has

Asaaa(Wa,1) + Agpap(Wa,1) = 0 (4.107)

2
Q-2

24Concretely, we extrapolated to the limit L — oo using a second-order polynomial in 1/L, which might

not always be sufficient due to the amount of curvature observed in the data.

— 46 —



Auaau (WZ,I)
Amum (W(). -1 )

0.3}
0.2F x

0.1} x *

-0.11 *

02+

Figure 20. The amplitude Agqqq(W2,1) normalized with the leading amplitude Agqeq(Wo,—1) in
P,uaa- Comparison of the lattice results (indicated with x) and bootstrap results (indicated with e).

Adaaa(Wa,1)
Adaaa(Wo,-1)
6.x1077
0.00015 * 5.x1077 x
-7
0.00010 4x10
3.x1077
0.00005
2.x1077
%
x
( . -7 X
.05 1.0 15 209 110 <, «
x X . . X x ox x x X
. x 0 e e 0 H Q
~0.00005F 2.5 3.0 35 x 4.0
x
-1.x1077

Figure 21. The amplitude Agqqq(Wa,1) normalized with the leading amplitude Aggeq(Wo,—1) in
Paaaa- Comparison of the lattice results (indicated with x) and bootstrap results (indicated with
e) in the regions 0 < Q < 2 and 2 < @ < 4.

Aavab(Wa,i) Aavab(Wa,i)
Agatr(Wa,—1) Agbar(Wa,-1)
0.001} N
% : x
«x ¥ : = Q 0.00002}
05, % 10 Y TS 2.0 :
x
~0.001}F
0.00001f
~0.002}
x
~0.003} : s i P = Q
L5 o X T30 35 x 40
. x X x
. x
~0.004F X
~0.00001}  x
~0.005}
x

Figure 22. The amplitude Agper(Wa,;) normalized with the leading amplitude Agpep(Wa,—1) in
Papap — Papba- Comparison of the lattice results (indicated with x) and bootstrap results (indicated
with e) in the regions 0 < Q < 2 and 2 < Q < 4.
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Figure 23. The amplitude Agpar(Ws,—;) normalized with the leading amplitude Agpap(Wa,—1) in
Popab — Papba- Comparison of the lattice results (indicated with x) and bootstrap results (indicated
with e) in the regions 0 < Q < 2 and 2 < Q < 4.

for all values of @, which explains why [19] gives a reasonable numerical approximation,
since this is the next-to-leading contribution in the combination P,uqq + Papap after the
module Wy _1. On the other hand, as we have studied in [3], the expression (3.1) is
accurate up to diagrams involving two non-contractible loops, which is reflected in the
amplitude identities for modules with j = 2, i.e., egs. (3.19b) above and (4.107) here.

For Wy 1, using (3.12g), one obtains

Q*(Q—3)(Q—4)
2(Q@-2)

and indeed, the module disappears in this combination exactly at @ = 0,3,4. For generic

Aaaaa(w4,1) + Aabab(w4,1) = _Aaaaa(W4,1) (4108)

2
Q-2

values of (), this does not vanish but the values are numerically small — except obviously
for the regions near the poles at Q = 2, 4cos? (%ﬁ) and 4cos? (§) — as we show in
figure 24. The situation is similar for W, ; and Wy _;: since they do not appear in P,uqq,
the combination (3.1) involves simply the amplitudes

2 2
mAabab(W&i)v m

which — as is clearly seen from figures 12 and 13 — vanish at () = 0, 3,4 and remain small

Aabab(Wa,—i) (4.109)

for generic values of Q. In this case, they also give rise to poles at @ = 2, 4 cos? (%’) and

4 cos? (§) which appear in the correlation functions (3.1).

4.5 “Renormalized” Liouville recursions

As we have mentioned in section 4.1, the field &P, in (non-diagonal) Liouville theory is
o AEWjt1,-1)
AL(W;,L,l)
were obtained in [4, 26] and we recall them in appendix C. In the case of the Potts model,

degenerate, and this feature leads to the recursions . The explicit expressions

the degeneracy of this field is absent and therefore the usual Liouville recursions for shifting

the j-index do not hold any more. We see however in (3.19), that this is replaced by a
renormalized version in which the Liouville recursion is dressed by a factor consisting of
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Figure 24. The amplitude of Wy ; in the combination Puqqq + ﬁPabab (the right-hand side
of (3.1)) which is approximated by the four-point function of [19] (the left-hand side of (3.1))
whose spectrum does not include these fields. The values are generically small and vanishes at
Q =0, 3,4 where the approximation becomes exact.

ratios of polynomials in Q:

AwaaaWi—1) _ (Q —2)(Q* —4Q +2) AWy 1) (4.110a)
Aaaaa(WO,fl) Q(Q - 3)2 14[/(1/\}0,71)7 ‘
AwpayWi—1)  (Q—1)(Q —4)(Q* — 4Q +2) AL(W4 1)

Aabay(Wa,-1) 2Q(Q — 3)? ALOWy, 1) (4.1100)

Interestingly, using the bootstrap results, we have managed to conjecture another renor-
malized Liouville recursion:
Aaaaa(w4,1) o (Q - 2)2 AL(W4 1)

AgaaaWa1)  (Q — 1)2(Q? — 4Q + 2) AL(W2:1)' (4.111)

It is certainly remarkable that the precision of the numerical bootstrap results is sufficient
for such a relation to be established. Notice that despite of the fields in modules W; i

arid Ws 1 being absent in the spectrum of (non-diagonal) Liouville theory, the recursion
A*(Wa 1)
AL (W, 1)
probabilities considered here, it is renormalized by a @-dependent factor similar to (4.110)

exists as a result of the degeneracy of @{?2 there. In the case of the Potts-model

which we have established analytically. In figure 25 and 26, we plot the bootstrap results
of (4.111) and the analytic expression on the right-hand side and they agree perfectly.

5 Conclusions

Our results fully confirms the correctness of the spectrum for the Potts-model four-point
functions proposed in [1], and, for all practical purposes, solve the bootstrap problem
and determine accurately the leading amplitudes, hence carrying to its term the program
initiated in [19]. To be fair, our treatment of conformal blocks arising from fields in the
modules W;1 with degenerate conformal weights is a bit unsatisfactory, as we did not
take into account the likely presence of logarithmic terms (In(zZ)). We do not expect this,
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Figure 25. The renormalized Liouville recursion of ’:“Lm from the bootstrap result (red dots)

matches perfectly with the analytic expression on the right-hand side of (4.111) (black curve).
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Figure 26. The agreement of the bootstrap result of ’:"Lm with the right-hand side of (4.111)
in the regions 0 < Q < 2 and 2 < @ < 4.

however, to affect the numerically determined amplitudes significantly, as witnessed by the
excellent agreement with data from lattice calculations. Nonetheless, we hope to revisit
this question in our next paper.

In the course of this work, we have also unearthed a lot of structure that remains to
be understood. The degeneracy of fields with weight h, 1, for » € N*, arising in W07q2 led
naturally to the existence of interchiral conformal blocks, a structure deeply related with
the underlying affine Temperley-Lieb algebra. This begs further study of the continuum
limit of this algebra, which is more than the product of left and right Virasoro algebras,
and was postulated in [2] to be described by an interchiral algebra. The results of this paper
should make possible the construction of this algebra beyond the case ¢ = —2 discussed
in [2]: we also plan to come back to this question soon.

Certainly the most fascinating result of our work is the existence of “renormalized”
Liouville recursions, hinting at a structure in the Potts model that would replace the
degeneracy of fields ®% familiar in Liouville theory. This “structure” manifests itself by
an infinite series of rational functions of @ (see, e.g., (4.110) and (4.111)), whose origin
remains largely mysterious to us. Understanding these functions would likely require a
deeper study of the algebraic structure of the models on the lattice, and result in the full
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analytic determination of the correlation functions in the Potts model and in particular,
the analytic expressions for the amplitudes. This question belongs as well to our list of
ongoing investigations.

In conclusion, it is worth mentioning that a fully similar approach would lead to
geometrical correlation functions in the O(n) model (involving “polymer lines” instead of
clusters).
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A  «a, B, v from [3]

In [3], we have stated several facts regarding how the eigenvalues of the lattice transfer
matrix (which in the continuum limit become the fields in the CFT) contribute to various
quantities with different geometric content. Here we recall the definitions and expressions
which are used in the main text for deriving further consequences on the Potts model.

One of the main results in [3] is that the ratios of the amplitudes of these eigenvalues
in different probabilities, different sub-diagrams contributing to the probabilities, and the
diagrams with modified loop weights, depend only on the corresponding ATL modules and
Q, which allows one to define the following quantities:

Aaabb — Aabab + Aabba
2 = 1. Wjz2), Q2= R (W;12),
(k) (a) (A1)
(k) — Aabab ) () — Aaabb )
o= B O2) = )

Here A®) refers to the amplitude of a module in sub-diagrams with a fixed number &
(necessarily even) of non-contractible loops between the marked FK clusters, and note
that a module W;,» has at most k = j. By definition, 5;.,22)2 = 1. A® refers to the
amplitude of a module when the non-contractible loop is given weight

na=q*+q 7, (A.2)

with a = 1 in the case of the Potts model. In section 3.2, we have used «; ,2, &jyzz,ﬂj(.?g to
define the ratios R,, Ra, Rg. One can similarly define the ratio

Aaa p_l a—1
RyWjs2) = 2P (Wye) = > (-1)"T 4k, (A.3)
Aaabb a=1 odd >

where p is from the minimal models labeled by M(p, q) before taking the irrational limit
(see [3] for more details).
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We have then [3]:

Qp,—1 = —1, (A.4a)
@21= 1779 _1 0’ (A.4b)
a1 =2-Q), (A.4c)

Q4,-1 = % (A.4d)

ay_1 = (@= 1)2@ ) : (A.4e)

QP —TQ +15Q% — 10Q% +4Q — 2
Q41 = — 207 — 30+ 1) ; (A.4f)
2 _ 2 _ _
iy = (@ IQE@ 302 (Adg)
In addition, we have
-2
0, -2y (A5)

The explicit expressions of ﬁfﬁ) , Bfii and 752)2 are also given [3], but since they are irrelevant

in this paper we do not repeat them here.

B More details on the numerical bootstrap

Our numerical bootstrap follows the general philosophy proposed in [19] but adapted to our
bootstrap program with the interchiral conformal block construction. Namely we solve the
interchiral bootstrap equations (3.32) as a linear system for the amplitudes (3.31) with the
coefficients given by the blocks F(5:1) evaluated at a set of points {z;} in the region where the
s- and t-channel conformal blocks converge fast.?> See appendix A.2 of [43] for a rewriting of
the recursive formula (2.36) convenient for numerical implementation. We then re-sum the
conformal blocks into the interchiral conformal blocks using the analytic recursions (4.5)
and (4.14) and truncate the blocks according to the total conformal dimension of the
primaries (see the caption of figure 27). Solving the bootstrap equations a few times with
different sets of points {{z;}m} gives a set of amplitudes A,,({z;}). As pointed out in [19],
since the amplitudes are supposed to be constants arising from the three-point structure
constants in the fusion channels, they should not depend on {z}, and therefore have a
small variation within the numerical errors. After imposing various constraints to fix the
solution to the Potts model, as described at the beginning of section 4.2, we use this criteria
of small variation as a check for the stability of the solution, up to the chosen truncation.
This variation is defined through the quantity
szl(Am—A)Z
M—1

5(A) = i , (B.1)

25The g-expansion in the Zamolodchikov recursive formula is convergent everywhere on the z-plane except

at z = 1,00 for the s-channel and at z = 0,00 for the t-channel. This speeds up the convergence within
{zil|zi] < 1} N {zi]|zi — 1] < 1} where we evaluate the blocks.
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where A is the average among the set of m = 1,..., M results. Meanwhile, §(A) also
provides an estimate of the number of significant figures reliable of the average A.

As we have discussed at the end of section 2.2.1, since for the moment we do not know
the exact regularization procedure for the pole terms in (2.39) for the modules W;; and
therefore leave a free amplitude for the block Fy,,, . (2)F4,, _,(Z), the latter amplitudes
are not expected to be constants and will have unstable results. In addition, same as for
the primary fields, we also impose the amplitude ratios (3.12) for these free amplitudes
associated with the null descendants, for the modules W5 1 and Wy 1 in particular. This is
a reasonable constraint as in obtaining these ratios on the lattice in [3], it was observed that
they hold for all fields in the same ATL module, regardless of primaries or descendants.
Of course, as stated above, this has to be taken as a numerical approximation since the
possible logarithm is not taken into consideration. As a result, the instability of these null
descendant amplitudes does not influence our final results on the amplitudes that we have
presented in section 4.2.

The spectrum (2.20) is truncated at a certain total conformal dimension h + h after
which the primary fields are organized into ATL modules and enter the interchiral conformal
block constructions. We have found that in order to obtain a stable bootstrap result on
the amplitudes with j < 4 for the whole range of 0 < @ < 4, it is good to truncate
out the modules with j > 6.6 This being said, it is however necessary to include the
conformal block of the diagonal field (r,s)” = (3, —2), i.e., the level-6 null descendant of
(r,s) = (3,2) whose block comes with a free amplitude, despite that its total dimension is
above the dimension of the lowest j = 6 field (r,s) = (0,6) — left out by the truncation —
within the region 0 < @) < 2. We illustrate the truncation of the spectrum in figure 27.

As mentioned at the beginning of section 4.2, in addition to the constraints (3.33),
we have also imposed the analytic ratios (4.62) for obtaining the final results we give in
section 4.2. Essentially, this is imposing the renormalized Liouville recursions we observed
in section 4.5 to fix the bootstrap solution to the Potts model. The input of Aggaa(Wa,—1) is
particular important for obtaining stable amplitudes for j = 4. This is likely due to a certain
instability introduced by the “naive” regularization we implement in the module W 1.

For the plots we give in section 4.2, we have typically 6(A4) ~ 1075,107¢ except for a
few less stable cases (near @Q = 0 for example) with §(A) ~ 1073,10~%. We present here
the detail of a typical bootstrap result:

amplitude A 5(A)
AgaaaWo 1) 1.07789 3.16955 x 10711
AgaaaWa,1) 0.137467 5.27509 x 1076 (B.2)
Agaaa(Wa1) 1.77935 x 107 1.0648 x 107
AabarWai) 6.7319 x 1077 4.8053 x 1076

at @ = 1.56 and the other amplitudes are obtained using the recursions (4.5), (4.14) and
the amplitude ratios (3.12). As stated in [19] and mentioned above, the §(A) here gives

26By including the j = 6 modules, the resulting amplitudes with j < 4 on average do not exhibit a
significant change, but they are less stable.
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Figure 27. The truncation of the Potts spectrum (2.20) in the interchiral bootstrap. On the left
we plot the total dimensions h + h for the primary fields in the spectrum. After organizing them
in terms of ATL modules, we plot on the right the total dimension of the leading fields in the ATL
modules whose amplitudes are taken as the overall amplitude A(W) in the interchiral conformal
block expansions of the geometrical correlations and need to be determined by the bootstrap. We
truncate at j = 6 and plotted the total dimension of (r,s) = (0,6) in cyan. However we include the
diagonal null descendant (r,s)P = (3, —2) whose dimension is plotted in magenta. Notice that its
total dimension is larger than the truncation for 0 < @ < 2.
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Figure 28. The relative errors in the comparisons of the bootstrap results with the analytic

expressions of Agqaa(Wo,—1) in figure 7 (left) and % in figure 25 (right). These give a

measure of the accuracy in the bootstrapped amplitudes.

an estimate of the accuracy in the bootstrap determination of the amplitudes A. This is
also reflected in the few comparisons with the analytic expressions we give in figures 7, 25
above. We plot the relative error of these comparisons in figure 28.

B.1 Basic checks

In the bootstrap, we have re-summed the Virasoro conformal blocks into the interchiral con-
formal blocks using the recursions obtained from the degeneracy of field @51, as discussed
in details in section 4.1. On the other hand, we have also imposed the relations (4.62)
which, as discussed in section 4.5, is essentially a renormalized version of the Liouville re-
cursions. It is actually a fun exercise to check these constraints with lattice computations
or “reduced bootstrap” where the constraints are loosened. We provide some results on
such basic checks in this subsection.
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Figure 29. The analytic results of 35232%13 and ﬁliii%i;

with x) and reduced bootstrap results (indicated with O).
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Figure 30. The recursions (4.5) compared with lattice results. The continuous curves are the

analytic expressions. The “+7” indicate the lattice results from the amplitudes in P,4,, and “[1”
indicate the lattice results from P,pep + Pabba-

Aabab(Wa2,-1) and Agaaa(Wa,—1)

Aabab(W2,—1)
Aaaaa(wo,—l) Aaaaa(wo,—l) : Aaaaa(WO,fl)
aaaa (W4,71)

and m obtained in section 3.3 (see also eq. (4.110)) compared with lattice-
computation and “reduced bootstrap” results. In particular, we bootstrapped %
using eqgs. (3.32a) and (3.32b) with constraints (3.33b), whose result is quite stable with

§(A) <1075 in general. We do not have the lattice results for this ratio, since it involves

In figure 29, we plot the analytic results of

the leading amplitudes in P,uqq and Pupep — Pappe Which are used as normalization for the

other amplitudes in the same probabilities. For the second ratio %

result is much less stable, with §(A) ~ 10~2 at most. This is obtained by bootstrapping

, the bootstrap

eq. (3.32a) alone. In the plot we show at a few values of Q with §(A) ~ 1072 and also
the lattice results. As can be seen, the bootstrap results match the analytical values more
accurately than the lattice results which have finite-size errors.

Recursions (4.5). In figure 30, we plot the analytic recursions (4.5) compared with the
lattice results and find reasonable agreement. In particular, the lattice data for the last
two plots are obtained from amplitudes of Wh 1 in both FPyueq and Papap + Papba- The
small discrepancies between these two different determinations appear to be a reasonable
measure of the accuracy of the lattice computations, and to within roughly this accuracy
the lattice computations are consistent with the analytic results.
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C A’ and the Liouville recursions from [4]

In section 3.3, we have obtained the analytic form of certain Potts amplitudes in terms
of the Liouville amplitudes A%, where the latter refers to the non-diagonal generalization
of the Liouville theory with the explicit expressions given in [4]. In addition, we have
discussed in section 4.5 how the recursions of the amplitudes in the Potts model with the
index j shifted turn out to be a renormalized version of the Liouville recursion and provided
the renormalization factors for all the modules up to j = 4. In this appendix, we give the
expression of AL and the corresponding Liouville recursions as originally obtained in [4]
for the reader’s convenience.

The non-diagonal Liouville amplitudes A" were solved in [4] for the four-point func-
tion (3.1) and the proportionality in this approximate description of Potts probabilities
was fixed to be % by comparing with Monte-Carlo simulation in [20]. Due to the exact
relation (3.2), the combination of (3.13) is therefore

Paaaa + pabab =2 <V1DOV1N0V1DOV1N0> ) (Cl)
20 22Y Y 3

whose conformal block expansion is given by the spectrum S, 1 2Z:27
2 b

(VR = S 40 (e ny) 7L P,
2

e+ 5,0
eeN etz

+ 3 A (b ohen) (B, @F, GRS A @)
2 2 etg,s 25

e€N,s>2 etgs
(C.2)
Comparing (C.2) with our construction of the interchiral blocks F; _; in (4.17) and the
definition of AL(W; _1) in (3.14), we can identify:

,00 B%,O) ) (C.3)

< (B3 18 (-5 78 (35) 7 (o) 18 (535) 78 (53

(C.4)

where I'g and Y are the double-Gamma and Upsilon functions. Eq. (C.4) is the expression

we have used for plotting the analytic curve in figure 7, where we have found perfect

agreement with the bootstrap results with the normalization (4.63). On the other hand,
for s > 2, i.e., j > 2, the identification is

AWy 1) = 448 (hy b ) (C.5)

5:07 754

2"The A" (hr,s, BT,S) here should be identified with D(, . in [20].
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The recursion of shifting the index s for (h,.s, hys) was given in [4] as:

(1-9)B*)I(1—r—(1+s)B%

(14 5)B)I(1 -7 —(1-5)B?)
2 4

) i+ )

2 1

()

which gives us the following Liouville recursions for j > 2:

. _
AFOW, _4) _ 2A (h%vZ’h%Q) (C.7a)
AL(Wo,—1) AL (h%,o, ﬁ%’o) ’

Al (hy s, hesi1) I(=r— sRA)(r — sp?)T

AL(hr,sfly hr,sfl) B F(—T’ + SBQ)F(T + SBQ)F

-7+
-7+

|

[\ellva

D=5+ 3BT (5 +

P(-5- 56970 (33

N|®

(C.6)

. _
ALWy 1) _ A (h%A’h%A). (C.7b)
AEWa 1) AL (h; o 1 2)

27 27

Notice that the factor of 2 in (C.7a) is due to the special definition of A* with j = 0
in (C.2). In general, the Liouville recursion is given by
I _
AL(W'_i_l’eQiﬂ'p/]W) A (h‘%,‘]—i—l? h%,]-{-l)

: _ ! L forj#£1, (C8)
AL(Wj_l,e%wp/M) AL (h p i1, he j—l)

M M *

which we have used in (4.111) for extracting another renormalized Liouville recursion from
the bootstrap. Note that despite the amplitudes in the numerator and denominator on the
right-hand side of (C.8) not being given by the analytic results of [4], the recursion exists
and coincides with that of [4], as a result of the degeneracy of the field CIJEZ there.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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