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Abstract

The resolvent operator plays a central role in matrix models. For instance, with utilizing the loop equation,
all of the perturbative amplitudes including correlators, the free-energy and those of instanton corrections
can be obtained from the spectral curve of the resolvent operator. However, at the level of non-perturbative
completion, the resolvent operator is generally not sufficient to recover all the information from the loop
equations. Therefore it is necessary to find a sufficient set of operators which provide the missing non-
perturbative information.

In this paper, we study generalized Wronskians of the Baker—Akhiezer systems as a manifestation of
these new degrees of freedom. In particular, we derive their isomonodromy systems and then extend several
spectral dualities to these systems. In addition, we discuss how these Wronskian operators are naturally
aligned on the Kac table. Since they are consistent with the Seiberg—Shih relation, we propose that these
new degrees of freedom can be identified as FZZT-Cardy branes in Liouville theory. This means that FZZT-
Cardy branes are the bound states of elemental FZZT branes (i.e. the twisted fermions) rather than the
bound states of principal FZZT-brane (i.e. the resolvent operator).
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1. Introduction and summary

Matrix models are tractable toy models for studying non-perturbative aspects of string theory
[1-53]. Not only their perturbation theory is controllable to all orders [45,46] (including correla-
tors, free-energy and those of instanton corrections) but also non-perturbative completions (such
as their associated Stokes phenomena) have revealed intriguing and solvable features in these
models [50-53]. Such solvable aspects of matrix models have pushed forward our fundamen-
tal understanding of string theory beyond the perturbative perspectives. Although its beautiful
framework is already considered to be “well-established”, it is our belief that solvability of ma-
trix models is now opening the next stage of development toward a non-perturbative definition
of string theory.

In this paper, we will explore a new horizon toward the fundamental understanding of
such solvable aspects. The key question which we would like to address is what are the
non-perturbative degrees of freedom in string theory/matrix models? We now have quantita-
tive control over non-perturbative completions of matrix models (especially by the theory of
isomonodromy deformations [57]). So we would like to investigate how the non-perturbative
completions help us in identifying the fundamental degrees of freedom of matrix models and in
extracting the physical consequence of their existence.

Among various aspects of the solvability, we would like to consider the formulation of the
loop equations [2,4]. In this formulation, the resolvent operator has been the central player in
the past studies [2]. In particular, what we try to tackle is the folklore (or a commonsense) about
the resolvent operator: the resolvent operator is believed to contain all the information of matrix
models and is considered as the only fundamental degree of freedom. However, as it has been
noticed in several non-perturbative analyses [50-53], the resolvent operator is not sufficient to
fully describe the system non-perturbatively: There are missing degrees of freedom which are
necessary in order to complete all the information of the matrix models. This new type of degrees
of freedom is the main theme of this paper. In fact, as far as the authors know, the study on this
aspect is almost missing in the literature but it should push forward our understanding of matrix
models toward new regimes of non-perturbative study.

The rest of this introduction is organized as follows: We first discuss why the resolvent opera-
tor is not sufficient in Section 1.1. We then discuss what are the missing degrees of freedom and
how they are described in Section 1.2. In fact, the developments in non-critical string theory [58],
especially of Liouville theory [58-66], come out to provide an interesting clue. Our short answer
to the question is that they are Wronskians of the Baker—Akhiezer systems. This Wronskian con-
struction is motivated from the FZZT-Cardy branes [65] in Liouville theory. Accordingly, we will
encounter three variants of Wronskians. In Section 1.2, therefore, we briefly present the whole
picture of our proposal and the roles of these variants of Wronskians as a summary of this paper.
The organization of this paper is presented in Section 1.3.

Although this paper focuses only on the (double-scaled) two-matrix models which describe
(p, ¢) minimal string theory, the fundamental ideas can also be applied to any other kinds of
matrix models. There is no big difference at least if they are described by the various types of
topological recursions [45,46,67-71].
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1.1. Why is the resolvent not sufficient?

1.1.1. In perturbation theory

We first recall the folklore about the resolvent in perturbation theory, starting from the case of
one-matrix models (say, of X) for simplicity (see e.g. [72]). The loop equations are given by the
Schwinger—-Dyson equations about the correlators of the resolvent operator 3cp(x),

M
dee—N“WX) ]_[ dP(x))

M .
<1_[8x<13(x,~)>= = L b= (LD)
j=1 /dxethrV(X) x—X

The explicit form of the loop equations can be found in [45], for example. The loop equations are
usually studied in the large N (or topological genus) expansion, therefore one obtains recursive
relations among the perturbative correlators,

M 00 M ()
<]_[ Bxé(xj)> S 2N <]_[ 8x¢3(xj)> (N — o0). (12)
j=1 c h=0 j=1 c

One of the best ways to understand these loop equations is the Eynard—Orantin topological re-
cursion [45]. In particular, all the perturbative amplitudes (Eq. (1.2)) are obtained by solving the
topological recursion (i.e. loop equations), and the only input data is the spectral curve of the
resolvent operator:

©0)
C

7 F =0, 0w =(0dw)

From these amplitudes, it is also possible to obtain the perturbative free-energy to all orders [45].
In view of this, the perturbative free-energy can be viewed as a function of spectral curve .7

(1.3)

Foer ) =Y N7HF () (F) =P, h=0). (1.4)
h=0

This means that the set of loop equations (i.e. topological recursions) and the leading behavior
of the resolvent operator (i.e. spectral curves) are the only necessary information for reconstruct-
ing all the perturbative amplitudes. Therefore, the folklore is completely proved in perturbation
theory.

1.1.2. In non-perturbative completion

From a non-perturbative perspective, on the other hand, such a consideration is inadequate.
Shortly speaking, the resolvent operator is not sufficient at the level of non-perturbative comple-
tions. In order to see this, we first clarify what is “non-perturbative loop equations” and specify
how matrix-model amplitudes are reconstructed from the non-perturbative loop equations and
the resolvent operator. In contrast to the perturbative loop equations, the “non-perturbative” loop
equations may be represented as “string equations” [1] or “Virasoro constraints” [18,21], and so
on. Among them, we focus on “Baker—Akhiezer system” [12,13] (or the related “isomonodromy
system” [14,15]) as an alternative description of the non-perturbative loop equations.

For simplicity, we now focus on two-matrix models [3], especially the models after the double
scaling limit [1,10]. In fact, as the topological recursion shows us, the double scaling limit is not
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such an essential operation [45]. Essentially, it means that the discussion within the two-matrix
models mostly can be applied to other kinds of matrix models. This fact can be also observed
from the viewpoint of Baker—Akhiezer systems.

In (p, g) critical points of the two-matrix models, the corresponding Baker—Akhiezer system
is the following systems of linear partial differential equations [12,13]:

0
Yt 5) =P )Y 0), gil/f(t;é“)=Q(t;3)1/f(t;§), (1.5)

where 0 = gd;, and P(¢; 9) and Q(¢; 0) are the p-th and g-th order differential operators:

p q
P(:0)=27"107 + 3 w3, Q)= Bpg[207107 + Y w0997 .
n=2 n=2
(1.6)

The coefficients {un},’: , and {v,,}Z=2 are given by various derivatives of free-energy with re-

spect to KP flow parameters (see [18,19]). The integrability condition of these two differential
equations gives rise to the Douglas equation [12],

[P(:9), Q(t; )] = g1. (1.7)

which results in the string equation of the matrix models. The string equations are differential
equations about {u, (t)} 2;2 and {vy, (t)}zzz, and therefore the equations about free-energy. In this
formulation, the degree of freedom of the resolvent operator is inherited from the determinant

operator [11]:

b =(00) B (det(x - X)), =(e""00) (1.8)

nxn nxn

which is a solution to the linear differential equation system Eq. (1.5). Given this set-up, we
would like to discuss 1) how to understand “non-perturbative completions” from the Baker—
Akhiezer systems and the determinant operator, and 2) how much information about non-
perturbative completions can be extracted from the determinant operator. One of the best ways
to investigate these questions is to employ the theory of isomonodromic deformations [54] and
the inverse monodromy approach [55,56] (see e.g. [57] for details). The investigations of the
questions with utilizing these formalism are given in [52,53].

Non-perturbative completions and the Stokes data 1If one talks about non-perturbative “cor-
rections”, it means the non-perturbative corrections generated by instanton configurations. For
instance, the non-perturbative corrections to the perturbative free-energy Eq. (1.4) are generally
given by D-instantons [23,25,26,28-30], and can be expanded to all-order [46] as follows:

o0
(g 072) = 3 6l x g exp[zg%—th(ynl,.“,ng)] (g — +0)

asym
ny,ny,- ,ng>0 h=0
00 g 00
& FleA0aosy) =, 28" TS + ) bag” exp| Y " FO) | + 067,
) n=0 a=1 n=0

(1.9)

where {-%, n, ... .n,} are deformed spectral curves from the original spectral curve . with filling

fractions {n,/N} 3=1’ and {Ha }g: | are the fugacities of the D-instantons (D-instanton fugacities).
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These perturbative/non-perturbative corrections are obtained, for example, by evaluating asymp-
totic expansion of the string equation about g (or ¢) [1,17]. This form of fugacity-dependence is
also shown in [28-30] by the free-fermion formulation. The above all-order expansion of par-
tition function (i.e. of free-energy) is called non-perturbative partition function [46]. From the
viewpoint of non-perturbative corrections, the D-instanton fugacities are arbitrary parameters,
although the evaluation of matrix models only provides some particular values of fugacities [39].
In this sense, in terms of the asymptotic expansion Eq. (1.9), we are totally blind to the physical
distinction of the value of these fugacities. An important theme of non-perturbative completion
is to understand non-perturbative significance of the D-instanton fugacities with making a quan-
titative connection between the non-perturbative asymptotic expansions Eq. (1.9) and the exact
functions (i.e. non-perturbative completions) such as matrix-model integrals. This consideration
takes us to the regime beyond the non-perturbative corrections.

One way to complete the non-perturbative information associated with the non-perturbative
corrections Eq. (1.9) is to make the connection between all the asymptotic expansion of the
partition function in any direction of g,

g—>0xefeC (teR) = {6®})7  (£eR), (1.10)

as well as the expansion Eq. (1.9) around the positive zero, g — 40 € R. That is, we specify
all the connection rules of the asymptotic expansions. This is one of the themes to understand
the behaviors of transcendental functions such as Painlevé equations (see e.g. [57]). In this con-
sideration, the D-instanton fugacities {Oa} ag: | themselves are not a good parametrization since
the values of fugacities depend on the scheme of asymptotic expansion and also depend on the
spectral curve that we start with.

According to the theory of isomonodromy deformations, as its advantage is emphasized in
[57], the integration constants of the string equation are parametrized by the Stokes data of the
p linearly independent solutions {w(j (t:¢) }le of the Baker—Akhiezer system Eq. (1.5). Given
the integration constants (or the Stokes data), one can evaluate the connection formula of the
partition function expanded along any direction of g — 0 x ¢’é € C (¢ € R). What is more, the set
of all the possible Stokes data forms an algebraic variety of Stoke multipliers, each point of which
possesses a clear geometric meaning (by the Riemann—Hilbert graph/spectral networks) on the
spectral curve [57]. In this sense, the Stokes data of the Baker—Akhiezer system Eq. (1.5) defines
the algebraic variety of Stokes multipliers which parametrizes non-perturbative completions of
the asymptotic expansion Eq. (1.9). This algebraic variety is referred to as the total solution
space of the string equation or the space of general non-perturbative completions in the string
equation. Therefore, the study of Stokes phenomena associated with the Baker—Akhiezer systems
is one of the nice ways to understand the significance of the D-instanton fugacities Eq. (1.9) and
non-perturbative completions of matrix models/string theory [50-53].

Non-perturbative completions and the determinant (or resolvent) operator The question is then
how much information can be extracted from the determinant (i.e. the resolvent) operator. A naive
consideration tells us that the determinant operator carries only a part of the information, because
the determinant operator ¥ (¢; ¢) is only one of the solutions,

vt )=y Vo), (1.11)
among the p linearly independent solutions {1/f(j )(t; ;)}le of the Baker—Akhiezer system
Eq. (1.5). In other words, the Stokes data of other independent solutions, say ¥ ) (r; ¢) (j # 1)
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can be freely adjusted in general, even if the Stokes data of the determinant operator v (¢; ¢)
is determined by the matrix models [50]." Consequently, there exist ambiguities in determining
non-perturbative completions based only on the non-perturbative loop equation (i.e. the Baker—
Akhiezer system) and the determinant (or resolvent) operator. In order to judge the folklore,
however, we should further discuss what is the non-perturbative completions describing the ma-
trix models |50-53].

1.1.3. In non-perturbative completions of matrix models
The matrix models are defined by an integral over the set of N x N normal matrices %”)((N)
associated with a complex contour %:

Z(N;6,) = f dX e NuV) (N~g™h. (1.13)
"

Since (5)((1\/) is the set of normal matrices, any elements X € ‘5}((]\1) can be diagonalized by a
unitary matrix U € U(N), such as

Yx=U _ vtee™,  Fueum). (1.14)

XN

If we only consider gauge invariant (i.e. U (N)-independent) observables in the matrix models,
the integration Eq. (1.13) over matrix ensembles (f)((N) then reduces to the integrals over the N
eigenvalues {x; }j.vzl. All of them lie in the same contour x; € 6x CC (j =1,2,---, N). On the
other hand, the asymptotic behavior (]x| — oc0) of the matrix potential V (x) specifies particular
sectors (angular regions) within which the matrix integral over any eigenvalues {x; }9’:1 is finite.

In this way, we can define a set of convergent contours {ya}{?:1 which connect various sectors,

/dxe*NV(x><oo (a=1,2,---,b). (1.15)

Ya

1 In fact, there are also exceptional cases, where the determinant/resolvent operator completely constraints the Stokes
data of other solutions. One example is given by the topological models such as (p, 1) minimal topological string theory,
as shown in [53]. The topological (p, 1) series is identified with the higher-derivative extension of Airy system. It is
well-known that, in the Airy system, the Biry function can be expressed by the Airy function,

a2 (©)
de?

. ;o 2y _m; . _2r; . .

Bi(¢)=eb6 Ai(e 3 '¢{)+e G Aile 3 '0), ¢ f(5)=0 (f(()=A1({),B1({)), (1.12)
even though these two functions are linearly independent solutions of the Airy equation. This is due to an accidental
Zz-symmetry of the Airy equation. This accidental symmetry completely reduces the total solution space of the string
equations to the single unique solution. This kind of conditions on the solution space is referred to as environmental
conditions. Of course, this is a specialty of the topological series. In (p, ¢) minimal string theory, such an accidental
symmetry appears iff the theory is the topological (p, 1) series [53]. In this sense, topological models (such as Gaussian
matrix-integrals) are too simple and not suitable as the playground of non-perturbative completions.
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The most general contour 6y can be expressed as a formal sum of these convergent contours
{)/L,}Zz1 with arbitrary weights {Ca},?:l of complex numbers,

h
C=) CaVa- (1.16)
a=1

That is, x; € 6 means that

/dx]-(-~-):ilca/de<~~-), j=1,2,---,N. (1.17)
=y,

Cx

This is known as the general definition of matrix models, which shares the same string equation.
The point is that the coefficients {%}2:1 (i.e. the choice of the contour %) are related to the
integration constants of the string equation [25,39]. Therefore, the contour (i.e. the weight coef-
ficients {ca}gzl) provides a parametrization of “the non-perturbative completions describing the
matrix models”.

From this point of view, it can be seen that the space of contours in matrix models is generally
much smaller than the total solution space of the string equation [52]. The dimensions are even
smaller than that of the total solution space of the string equation:

g>b. (1.18)

Therefore, not all the non-perturbative completions are realized within the matrix models. By
taking into account this fact, we continue the discussion about the folklore given in Section 1.1.2.

The completion space of one-matrix models v.s. of two-matrix models The space of non-
perturbative completions describing matrix models is investigated in [50-53] within the isomon-
odromy formulation. The strategy there is to capture the matrix-model space from the asymptotic
behavior of the determinant/resolvent operator in matrix models: it is observed that k non-
perturbative branch cuts of the resolvent operator Eq. (1.8) should be formulated radially and
symmetrically in the double-scaled k-cut matrix models. This consideration results in the multi-
cut boundary condition on the Stokes data [50].

In particular, in the one-matrix models, this multi-cut boundary condition of the determi-
nant/resolvent operator correctly reduces the total solution space of the string equation to the
space of the contours in the one-matrix models [52] (described in Fig. 1a). Therefore (in fact,
as a speciality of one-matrix models) the resolvent operator represents the sufficient degree of
freedom in the loop equations to specify the non-perturbative completions describing the one-
matrix models. In this sense, the folklore about the resolvent operator is valid in the one-matrix
models. In addition, it is also found in [51] that this multi-cut boundary condition turns out
to be an analogy of the so-called ODE/IM correspondence of [73]. Hence, the space of non-
perturbative completions describing matrix models is generally a sub-manifold (of the solution
space of the string equation) which is accompanied with quantum integrability associated with
T-systems [51].

The situation is however different in the case of two-matrix models. The resolvent operator
does not capture the full view of the contour space of two-matrix models [53]. This is already ap-
parent in the p—q dual counterparts of the one-matrix models (which are realized in two-matrix
models). We refer this model as the dual one-matrix models, since this model is simple and also
important. In [53], a trial to specify the space of non-perturbative completions for the two-matrix
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Constrainted by Wronskians Solution Space of String Eqn
of FZZT-Cardy branes ? 4
Solution Space of String Eqn Resolvent (multi-cut BC)

Resolvent (multi-cut BC)

- )
Matrix Contour Space MEE T TR SPEEs
&~ ) \ )
(a) one-matrix models (b) two-matrix models

Fig. 1. Solution space of the string equations and of matrix models: (a) is of one-matrix models; (b) is of two-matrix
models. The total solution space of the string equation is shown by the largest box. The next largest box is given by
the multi-cut boundary condition (and with some environmental constraints) of the determinant/resolvent operator. The
contour space of matrix models is shown as a box labeled by “Matrix Contour Space”. The shaded region is the solution
space which cannot be captured by the resolvent operator (and also by environmental constraints) itself. Such a region is
governed by the other independent degrees of freedom, such as Wronskian operators discussed in this paper. The smallest
box labeled by “NP string” is the completion space of non-perturbative string theory given by duality constraints.

models is investigated. In particular, not only the multi-cut boundary condition of the resolvent
operator, but also the existence of the perturbative (p, q) minimal string theory as a meta-stable
vacuum of the non-perturbative completions is imposed. In the perturbative analysis, one might
be tempted to consider that meta-stable vacua are just solutions of the saddle point equation.
However, in non-perturbative completions, the contribution of the meta-stable vacuum to the
path-integral is another issue. By the existence of such a contribution, we claim that such a meta-
stable vacuum exists as a relevant vacuum in the non-perturbative completions. This should be
imposed because we focus on the non-perturbative completions of perturbative (p, g) minimal
string theory, and also this situation is already realized in our double-scaled two-matrix models.
This means that such a perturbative (p, ¢) minimal string theory is included inside the string
theory landscape of the non-perturbative completion [53]. With these conditions, one can reduce
the total solution space to some tractable subspace which is close to the contour space of the
two-matrix models. However, the resulting subspace still possesses apparently irrelevant solu-
tions which cannot be associated with the contours of two-matrix-model integrals (described in
Fig. 1b). Even though it can be qualitatively excluded in the simplest models such as the dual
one-matrix models, the origin of associated quantitative conditions is still unclear and therefore
cannot provide the sufficient non-perturbative information [53].

Two possible scenarios: environmental and/or new degrees of freedom There are basically two
possibilities to solve this problem. One possibility is that we still miss some other environmen-
tal constraints associated with matrix models. In [53], the existence of the perturbative (p, q)
minimal string theory as a meta-stable vacuum of the non-perturbative completions is imposed.
Therefore, it might be still possible to find such “a new environmental condition” of matrix
models to specify the contour space of the two-matrix models. If this is the case, the folklore
is true itself, and the resolvent operator then may come back to retain its unique role in the
non-perturbative completions of matrix models.

The other possibility is that, even if such environmental constraints exist, it would not be
enough to specify the system. In this case, the missing information should be supplied by other
degrees of freedom which are independent from the resolvent operator. As discussed before, the
resolvent operator only constitutes a part of the Stokes data in these systems. Therefore, if there
exist other physical operators in matrix models, the remaining non-perturbative information is
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naturally provided by such physical operators. Interestingly, it is also observed in [50] that there
naturally exists an analog of the multi-cut boundary condition even for the other solutions of the
Baker—Akhiezer systems, {w(/ )(t:0) }i.): |» called complementary boundary conditions [50,51].

Therefore, it is natural to suspect that these solutions {1//” )(t: C)} 5.): , of the Baker—Akhiezer
systems also play an equally significant role as an independent object. This paper focuses on this
second possibility.

In either or both scenarios, such considerations should lead us to the complete and quantita-
tive identification of the contour space of the two-matrix models from the total solution space
of the string equation. The physical significance of the contour space in two-matrix models is
suggested in [53] which is duality constraints on string theory. It was found in [53] that most
of non-perturbative completions associated with the contour space of the one-matrix models do
not have their counterpart in the contour space of the dual one-matrix models. That is, the dual
counterpart of a matrix contour does not exist in the dual one-matrix models. The dimension of
the completion space of the dual one-matrix models is generally much smaller than that of one-
matrix models. This means that string duality is generally broken at the level of non-perturbative
completion of string theory. Therefore, this discovered phenomenon can be used to further re-
strict the space of non-perturbative completion of string theory, which results in non-perturbative
string theory [53]. In the discussion given in [53], a qualitative argument is used to specify the
contour space of the dual one-matrix models. Although it is apparent in the dual one-matrix mod-
els, it is quite non-trivial and far from our intuition for the general two-matrix models. Therefore,
it is important to find out the quantitative form of constraint equations (either or both by envi-
ronmental conditions and/or by the new physical degrees of freedom) which reduces the total
solution space of the string equation to the contour space of the two-matrix models. This point
would be elucidated by future investigations based on the results of this paper. This is one of the
major motivations of the investigation presented in this paper.

1.2. What are the other degrees of freedom?

What is then the physical meaning of the new degrees of freedom? Our starting point for
this study is along the proposal of [51]: such degrees of freedom would be FZZT-Cardy branes
known in Liouville theory. In particular, we consider that the FZZT-Cardy branes are multi-body
states of these p independent solutions { v (t; {)}7:1. These multi-body states are given by
Wronskians of the Baker—Akhiezer systems. Since the missing non-perturbative information is
originally shared by the p independent solutions {w(j )(t:¢) }5.721 , such information is now inher-
ited by the Wronskian functions, which correspond to the FZZT-Cardy branes. Accordingly, our
basic proposal on the non-perturbative understanding of matrix models is that we should replace
the resolvent operator by the set of Wronskians living in the Kac table

Determinant/Resolvent operators Wronskian functions
(det(x = X)) = (ene=0) — Wsa 0} ioep (1.19)
1<s<g—1

as the independent degrees of freedom for non-perturbative description of matrix models.

There are also several other discussions on the FZZT-Cardy branes in the literature [74—78]. In
particular, we comment on the differences from these constructions/proposals of the FZZT-Cardy
branes [76-78]:
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wtaD[pprean| || ot wire=n) — e
wla—2) W (2a-2) W p—1.9-2)
Wél"") = EW};’I’S) : : : WS — Wg‘)[W“'S)]
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Fig. 2. Three variants of Wronskian functions w.s) (t; ¢) and the Kac table.

e In [76], the FZZT-Cardy brane amplitudes are constructed by the multi-point functions of
resolvent operators. They adjusted the amplitudes based on the Seiberg—Shih relation [65]
(reviewed in Section 2.1.2) as a guide for the FZZT-Cardy brane. Their construction is essen-
tially different from ours. One of the critical differences is about the non-perturbative degrees
of freedom: while their computations are based on principal FZZT-branes, our Wronskian
functions are constituted of elemental FZZT-branes.

e In [77,78], the FZZT-Cardy brane amplitudes are constructed using the spin-model inter-
pretation of random surface. In particular, they proposed a specific form of new resolvent
operators which describe the FZZT-Cardy branes. Since our construction is based on the p
independent solutions {w(/ )(t; {)}521 of the Baker—Akhiezer systems, such a concrete re-
alization of new (corresponding) resolvent operators is missing. Therefore, it is interesting
to further study a possible relation between these two approaches, and to find a systematic
derivation and a precise dictionary.

1.2.1. Three variants of Wronskian functions and the Kac table

As motivated from the FZZT-Cardy branes, three variants of Wronskian functions are con-
sidered in this paper. Since it comes from the Liouville theory, these Wronskian functions are
naturally aligned in the Kac table:

Wf;”(r; o) N (r,s) FZZT-Cardy brane

(1§r§p—l, 1§s§q—l), (120

and are shown in Fig. 2. The three variants of Wronskian functions are summarized as follows:

1) The rank-r Wronskians of y: Wi (1: ¢) = W [y1(t; ¢) (in Sections 2 and 4)

Wg )(t; ) is the representative notation of rank-» Wronskians of i:

AT TR /- (A ((2F ) P (1.21)
where

U@ oy W@y o U@ 0)
Wit il ) = E .5 E
° VEOE iy w@an o apie
Y ) yPR @
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= Z Sgn(U) ad(l)-lw(jl)(t; é—) X oee X aG(r)—l,(/f(j,)(t; é_)
eSS,

(1.22)

By construction, these Wronskian functions are consistent with the Liouville theory ampli-
tudes (i.e. the Seiberg—Shih relation [65], reviewed in Section 2.1.2) to all order in perturba-
tive expansion.

The Laplace—Fourier transformation of the rank-s Wronskians of y:

Wg’s)(t; ¢) = ﬁﬁ/gf’s)(z; ¢) (in Section 5)

EWg ) (t; ¢) is the representative notation of the Laplace—Fourier transformation of rank-s
Wronskians of x:

LWg' o) o LW NGO L oy (123)
where
LWt s ;)Efdne W ). (124)
Y

The wave-functions x (¢; n) < {X(l)(t; r])};’:1 are the p—q dual counterpart of ¥ (¢;¢) <
{9 (; {)}5?:1. These Laplace—Fourier transformed Wronskian functions come out, be-
cause of our proposal on generalization of spectral p—g duality for all the Wronskian
functions, which is given in Section 5.1

The rank-r Schur-differential Wronskians of W(!-9);

WO (1 ¢) = O[W9](t; ¢) (in Sections 2 and 7)

Wg)[W(l’s)](t; ) is the representative notation of the Schur-differential Wronskians (de-
fined in Sections 2 and 7) of the Wronskian functions W-5):

(28 VAR (9

GO e 0] VAR
ST (15)
= 3 oS n@WE G0 xS @WEN G, 02)

”e(slsr\»s--ls)

where (s|sr|:§~|s) and {n(ga)};:l are defined in Section 2.4.1, and S, (d) is defined in Sec-
tion 2.3.5 (more generally the normal-ordered Schur-differential Wronskians are required,
see Section 7.1). This new type of Wronskians is proposed again by respecting the Seiberg—

Shih relation, discussed in Section 7.1.

In order to see how our proposal works, we analyze the differential equation systems (including
isomonodromy systems) of these Wronskian functions in Section 4 (Wronskian), in Section 5
(Laplace—Fourier transformed) and in Section 7 (Schur-differential Wronskians).

Importantly, several consistency checks are carried out in Section 6. By passing the consis-

tency checks, we obtain the Kac table labeling of these Wronskian functions.

1.3. Organization of this paper

The organization of this paper is as follows:



66 C.-T. Chan et al. / Nuclear Physics B 910 (2016) 55-177

e In Section 2, we discuss how the Wronskian comes out in the construction:

— Since our construction is based on the Seiberg—Shih relation, we first review it with the
spectrum of D-branes in Liouville theory in Section 2.1.

— In Section 2.2, we start to construct the first Wronskian functions from the Seiberg—Shih
relation. Since we need elemental FZZT brane operators which represent different de-
grees of freedom from the resolvent operator, we employ the free-fermion formulation of
[18-20,28-30], which is directly related to the Baker—Akhiezer systems in Section 2.2.2.

— Technical details on the Wronskians are discussed in Section 2.3. In addition, correlators
of Wronskian functions are also studied in Section 2.4, which will be a motivation of
Schur-differential Wronskian Eq. (1.25).

e In Section 3, we discuss the spectral curves of the (r, s) FZZT-Cardy branes:

— In Section 3.1, we discuss the interpretation of the p—¢g duality as the Legendre transfor-
mation on spectral curve. This can be used not only to obtain the spectral curve of general
(r, s) FZZT-Cardy branes in Section 3.2, but also to generalize the spectral p—¢q duality to
the general (r, s) FZZT-Cardy branes in Section 5.1.

— In order to carry out a consistency check of our Wronskians associated with the spectral
curves, the spectral curves of (7, s) FZZT-Cardy branes are evaluated from the Liouville-
theory viewpoint in Section 3.2.

— Associated with the spectral curves of FZZT-Cardy branes, several issues on ZZ-Cardy
branes are also discussed in Section 3.3.

e In Section 4, we discuss differential equations of the (r, 1) FZZT-Cardy branes:

— As an extension of Baker—Akhiezer systems, Schur-differential equations of the (r, 1)
FZZT-Cardy branes are discussed in Section 4.1 and the associated isomonodromy sys-
tems are derived in Section 4.2. The results of this analysis on isomonodromy systems are
summarized in Appendix B.

— Section 4.3 is devoted to a new duality relation among the isomonodromy systems of
(r, 1) FZZT-Cardy branes, called charge conjugation. The charge conjugation matrices are
discussed in Section 4.3.1; the charge conjugation transformation of Wronskian functions
is discussed in Section 4.3.2; the charge conjugation transformation is also interpreted as
Backlund transformation of the string equation in Section 4.3.3. We also come back to the
charge conjugation matrices in Section 5.3 with a generalization.

e In Section 5, we discuss differential equations of the (1, s) FZZT-Cardy branes:

— For the Wronskian description of the (1, s) FZZT-Cardy branes, the Legendre transforma-
tion of Section 3.1 is extended to spectral dualities of FZZT-Cardy branes in Section 5.1,
which is called generalized FZZT-Cardy branes. This gives rise to the Laplace—Fourier
transformed Wronskians, Eq. (1.24).

— With utilizing the generalized spectral p—g duality, Schur-differential equations and
isomonodromy systems of the (1, s) FZZT-Cardy branes are analyzed in Section 5.2. The
results of this analysis are summarized in Appendix B.

— The concept of general charge conjugation is given by the dual-space pairing of isomon-
odromy systems in Section 5.3. Accordingly, the concept of dual charge conjugation is
introduced. The dual charge conjugation matrices are summarized in Appendix B (under
the subsection of “Duality matrices”).
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Table 1
Branes in Liouville theory.
Branes Liouville field theory (p, g) minimal CFT bc-ghost
- 0
FZZT-Cardy |€)kzzr (¢ €C) [63] {!(F,S))Cardy}?;,.g,: (791 |ehl;
ZZ-Cardy {[en,m),7 ) wen [64] 1<s<g—1
~ — —qr>0
dual FZZT-Cardy WEZ\Z/T (neC) [63] {\(s, r»cardy}fl”;sg;] [79] |gh)I
dual ZZ-Cardy {106, )22}, men 164] I<r<p-1

e In Section 6, we discuss consistency of dualities and construction of the Kac table:

— In Section 6.1, the consistency of charge conjugation and dual charge conjugation is dis-
cussed. The equivalence is shown by the existence of a gauge transformation among the
isomonodromy systems. The resulting gauge transformation matrices are summarized in
Appendix B (under the subsection of “Duality matrices”).

— In Section 6.2, the role of the reflection relation on the Wronskian functions is discussed.
We discuss consistency relations associated with the reflection relation, and how it guar-
antees the consistent construction of the Kac table.

e In Section 7, we discuss construction of the general (r,s) FZZT-Cardy branes: The mo-
tivation of Schur-differential Wronskians Eq. (1.25) is discussed in Section 7.1 and the
proposed form is given in Section 7.2. The consistency check is shown for the example
of the (p, g) = (3, 4)-system in Section 7.3.

e Section 8 is devoted to conclusion and discussion.

e We have four appendices:

Appendix A gives a brief summary of basic notations in two-matrix models.

Appendix B lists the results of our analysis on isomonodromy systems of various FZZT-

Cardy branes.

Appendix C explains the calculations of the constraint equations over partitions/Young

diagrams.

Appendix D is a note on boundary entropy of FZZT-Cardy branes.

2. From the Seiberg—Shih relation to Wronskians

In this section, we present some basic background of our construction, starting with Liouville
field theory. We first review the spectrum of D-branes and the Seiberg—Shih relation in (p, q)
minimal string theory. We then discuss an interpretation of the Seiberg—Shih relation as multi-
brane configurations, which naturally leads us to the Wronskian construction of the FZZT-Cardy
branes [51]. The rest of this section is devoted to development of the basic techniques about
Wronskian functions, which will be used throughout this paper.

2.1. A review of the Seiberg—Shih relation

2.1.1. The spectrum of D-branes

D-branes in minimal string theory are classified into two categories: FZZT-Cardy branes and
77-Cardy branes; and, in addition, there exist the dual counterparts of these two types of branes
[65]. These are summarized in Table 1.
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e (p,q) minimal string theory is constructed by the tensor-product of Liouville field theory,

(p, ¢) minimal CFT and the conformal bc ghost. Therefore, the D-brane boundary states are
also given by their tensor-product [65]:

FZZT-Cardy brane: | )), =18 )zzr ® (2 9)) cyray @ D)y (2.1)
and ZZ-Cardy branes are [65]:
ZZ-Cardy brane: |(r, s))(m’n) =|(m.n)),, ®|(r, s))Camly ® |gh), . 2.2)

Their dual counterparts will be introduced later.
These branes are aligned along the Kac table, which is uniquely determined by the following
pair of indices (r, 5):

l<r<p-1, 1<s<g-1, qr—ps>0. 23)
These indices originate from the Cardy states of (p, ¢) minimal CFT which are associated
with the representations of the Virasoro algebra [79]. It is also useful to consider a periodic
extension:

|(r’ S)>Cardy = |(V +p, S))CaIdy = |(V, s+ Q)>Cardy ' 2.4)
The restriction gr — ps > 0 is then understood as a choice of the representative under the
reflection relation:

|(r’ S)>Cardy = ‘(P -ngqg- S))Cardy : 2.5

Therefore, the (r, s) labeling in FZZT-Cardy branes | (r, s)) ¢ and ZZ-Cardy branes ’ (r, s)>
also satisfy the same reflection relation.

In addition, (p, g) minimal string theory possesses p—g duality which is generated by ex-
changing p and ¢ of the (p, ¢) index [20]:

(p.q9) < (q,p). (2.6)

(p, g) minimal CFT is self-dual under this duality transformation, but it is convenient to
transpose the Kac table:

(m,n)

—_~—

ey 16Dy (=16 9)caay)- @7

Therefore, nothing will change except for the Kac table labeling.
On the other hand, Liouville field theory is invariant under a strong/weak self-duality about
the Liouville coupling b [61,62]:
1
b o - (b: 3). 2.8)
b q
In particular, FZZT-Cardy (and ZZ-Cardy) branes are mapped to their dual branes, which
are called dual FZZT-Cardy (and dual ZZ-Cardy) branes [65]:

—_~— —~ —_~

dual FZZT-Cardy brane: [(s,7))y = IMypzzr ® 15, r))Cardy ® |gh)l, 2.9)
dual ZZ-Cardy brane: |(s, r))(n’m) =[(n.,m))zz ® (5. 7)) cardy ® |gh); . (2.10)

In this sense, the full D-brane spectrum of (p, ¢) minimal string theory includes both FZZT-
Cardy (and ZZ-Cardy) branes and their dual FZZT-Cardy (and dual ZZ-Cardy) branes.
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Table 2
Other names of the branes.

Branes Other names
(1, 1)-FZZT-Cardy: | (1, 1)) ¢ principal FZZT-brane/FZZT-brane
(r.5)-FZZT-Cardy: |(r. 5)), (r, $)-FZZT brane/(r, s)-Cardy brane

principal (m, n) ZZ-brane/(m, n) ZZ-brane
(r, 5)—(m, n) ZZ brane

(1, 1)~(m,n) ZZ-Cardy: |(1, 1))
(r, s)—(m, n) ZZ-Cardy: |(r, s))

(m,n)

(m,n)

e In particular, within two-matrix models, the p—¢q duality is introduced in [20] and understood
as an exchange of the matrices X and Y (see [53]). It is one of the spectral dualities of [80].
Therefore, this duality is also called spectral p—g duality. Originally, the (1, 1)-FZZT brane
is introduced to describe the resolvent operator of matrix models [63], and spectral p—q
duality suggests the following identification:

|(1,1))§ < trin(x — X), I(1,1)), < tin(y—Y) 2.11)

In this sense, one can understand that the (1, 1)-FZZT brane (and also the (1, 1)-dual FZZT
brane) plays a central role in matrix models.

Since there are several names available for these branes, these are also summarized in Table 2.
FZZT-Cardy branes are originally called (r, s)-FZZT branes [65]. In particular, the (1, 1)-FZZT
brane is given a distinct name, called principal FZZT brane (or just FZZT brane). General
(r, s)-FZZT branes are also called (r, s)-Cardy branes in order to emphasize the (r,s) label-
ing of Cardy states in minimal CFT. The names of ZZ-Cardy branes are also the same. These are
listed in Table 2.

In addition, in this paper, the (r, s) labeling of FZZT-Cardy branes (and of ZZ-Cardy branes)
is often specified by “(r, s)-type”. Therefore, we also use the following names:

(r,s)-FZZT-Cardy branes = (r, s)-type FZZT-Cardy branes,
(r,s)—(m,n)-ZZ-Cardy branes = (r, s)-type (m,n) ZZ-Cardy branes. (2.12)

2.1.2. Seiberg—Shih relation
We first focus on the FZZT-Cardy brane. Among these types of FZZT-Cardy branes, Seiberg
and Shih pointed out that the following relation holds up to BRST exact contributions [65]:
r—1) (s—1)

|(r,s)>§ - Z Z |(1’ 1))§k.1(;“)’ (2.13)

k=—(r—1) I=—(s—1)
step 2 step 2

where & ;(¢) are the functions of ¢ which are obtained through the coordinate t,

ko1
¢ =/meosh(pt), Ly =+/meosh(p[r + m'(; + 5)]). (2.14)

Therefore, {x ; indicates analytic continuations in the ¢ -coordinate. From this relation, the bound-
ary states of (r,s)-FZZT-Cardy branes are given by a superposition of the boundary states
|(1, 1)>£ (of the (1, 1)-FZZT-Cardy brane, i.e. FZZT-brane) with simultaneously making ana-
Iytical continuations of ¢.

Similarly, any types of dual FZZT-Cardy branes can be expressed (up to BRST exact contri-
butions) [65] as
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o (s—1) (r—1)

}(s,r))n: Z Z |(1’1))771,k(77)’ (2.15)

I=—(s—1) k=—(r—1)
step 2 step 2

where 1; () are the functions of n which are obtained by solving through the coordinate 7,

l
n =+/jicosh(qT), Nk =\/ﬁcosh(q[t+m'(g + ;)]) (2.16)

The dual cosmological constant /i and the usual cosmological constant p are related [61,63,65]
as

~ b2
nw=pn . 2.17)

As is mentioned in the introduction, there was a folklore about the resolvent operator, and it
was believed that the resolvent is a necessary and sufficient operator to analyze matrix models.
Because of this folklore as well as the Seiberg—Shih relation, it naturally suggests that the princi-
pal FZZT brane is the only independent degree of freedom; and the other FZZT-Cardy branes are
dependent and are described by the principal one [65]. Nevertheless, there are many arguments
both for and against this statement [74—78].

On the other hand, our consideration about this issue is as follows [51]: As mentioned in the
introduction, the boundary states obtained by analytic continuation of the FZZT-brane boundary
state |(1, 1)) ¢ are no longer attributed to the original FZZT-brane non-perturbatively. Therefore,
the FZZT-Cardy branes constructed by the Seiberg—Shih relation should be considered as inde-
pendent degrees of freedom from the principal FZZT-brane.

Of course, Liouville theory can describe minimal string theory only perturbatively, and there-
fore any non-perturbative definition of FZZT-Cardy branes is not well-established. However, the
Kac table of the FZZT-Cardy branes (observed in perturbation theory) should survive even in
non-perturbative completions. This is our main criterion for identification of the FZZT-Cardy
branes and is discussed in Section 6 and Section 7.

2.2. From the Seiberg—Shih relation to Wronskians

2.2.1. Seiberg—Shih relation as multi-brane states
In order to understand the physical meaning of the Seiberg—Shih relation, we first recall the
D-brane combinatorics [30,81]. If a boundary state is given by a sum of two boundary states,

|B) =|B1) + |B2), (2.18)

then the corresponding D-brane operators (or determinant operators in matrix models) ®p, Op,
and O p, satisfy the following product formula:

Op=0p0p,. (2.19)

Although this fact has been already seen in the literature, it is worth recalling the proof with
utilizing single trace operators in matrix models. We first note that, given a determinant opera-
tor ©, the large N expansion of the correlators (of ®) in terms of its corresponding single trace

operator ¢3 (i.e. ® = qu’) follows the same pattern of the D-brane combinatorics:
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) =effef 1) J=eo[ - 1 (3] ] e[ 2o o )]

n=1 n=1h=
~\(0) 1 0) 1/ ~\D 1 ~3 (0)
e[ N(3), 5 (@) + 8 ((2), + 5 {#)) ] 20)
c 2! c 3! c
where (---). is the connected amplitude as usual. From this expansion formula, the relation of
boundary states, Eq. (2.18), can be translated into the relation of the corresponding single trace
operators ¢p, ¢, and ¢p, as

bp=¢p +¢5, &  |B)=|Bi)+|B). 2.21)

Therefore, the relation among the corresponding determinant operators ®p, ®p, and Op, is
shown as

Op = quB = e‘i’Bl"’";Bz = 6‘7331 e";BZ =0p,Op,. (2.22)

This is the relation, Eq. (2.19).

Then, we come back to our case: From this consideration, we can interpret that the Seiberg—
Shih relation implies that the FZZT-Cardy branes can be expressed by a multi-body state of
more primitive degrees of freedom. In order to show this, we write the determinant operators

corresponding to the boundary states ‘( 1, 1))0( 0 and |(1, 1)>m ) in the following way:
Vasym (6,0(0)) = ePom@iO) e Gogym (600 @) & [ D) ) (2.23)

Rasym (0 GD) = P8 e G ) e (1, D) (2.24)

The determinant operator of (r, s)-FZZT-Cardy brane and of its dual are then given by the multi-
point operators of these D-brane operators:

mx(m”

(r—1) (s—1)
(r,$)-FZZT-Cardy brane: O} @)= [] [ Vaswm(@i(©) 229
k=—(r—1) I=—(s—1)
step 2 step 2
(s—1) (r—1)
(s, r)-dual FZZT-Cardy brane: Ocmym= 1 TI Resym(ns(m) 226)

I=—(s—1) k=—(r—1)
step 2 step 2

Note that we put “asym” in I/A/asym (¢) and &asym(g), in order to emphasize that these operators
are always defined by asymptotic expansions around { — oo, which means “within perturbation
theory.” What we are going to investigate now is how to provide their non-perturbative realization
which does not depend on the specific choice of spectral curves.

2.2.2. Twisted fermions as elemental FZZT branes

In Section 2.2.1, we have performed the analytic continuations of the asymptotic expansion
1zaqym(é ) around ¢ — oo. This operation reminds us of the introduction of twisted free fermions
in minimal string theory [18-20,28-30]. The p-th twisted fermions |V )({)} , are introduced
as

TP @) = Pagym(e V) (jez/pZ). (2.27)
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In the same way the dual g-th twisted fermions are introduced as
=Dy (1eZ/qZ). (2.28)

These fermion operators are the determinant (i.e. D-brane) operators associated with the p inde-
pendent solutions (or ¢ independent solutions for the dual side) of the Baker—Akhiezer system:

X ® (n) = )Qasym (e

) . P . .
ey Do) =P v ), gaw%; 0)=Qt; )YV ), (2.29)
~ aJ ~
nxO@;m =Pa;d)x V), g%x(’)(t; =0 dxPn), (2.30)
where

peo=(000)  (Gezpr).  xPwm=(3"m) (ez/qz). @3
with the associated Lax operators:

—1)4
P(t;9) = QQT@; 3), 01;0)=(—1)16,,P"(t; 9). (2.32)
Br.q
Basics of these Baker—Akhiezer systems and of these Lax operators are summarized in Ap-
pendix A (see also [53] for reference therein). Here “¢” of ( .- ) , denotes the background (i.e. KP
flows) of minimal string theory (see [28—30]), and corresponds to “n” of ( .- )nxn in finite N
matrix models (see Appendix A).

In terms of the twisted free fermions, the statement about mutual independence is stated as
follows: The twisted fermions are analytically continued under asymptotic expansion around
¢ — o0 as shown in Eq. (2.27) and Eq. (2.28). On the other hand, analytic continuations of the
exact solutions Eq. (2.31) (without using any asymptotic expansions) cannot be connected to
each other, due to the Stokes phenomena,

YDt e o) £yt o). (2.33)

In this sense, these twisted fermions carry their independent degree of freedom. In the follow-
ing, these twisted fermions are called elemental FZZT-branes, since these are a sort of basic
elements for the FZZT-Cardy branes and each elemental brane possesses each individual degree
of freedom.

We should note that, according to the Seiberg—Shih relation, not all the FZZT-Cardy branes
can be simply represented by the twisted fermions. It is because some of the analytic contin-

uations (Eq. (2.14) and Eq. (2.16)) depend on the spectral curves. Among these branes, only
(r, 1)-type FZZT-Cardy branes @g;;y@ (and (s, 1)-type dual FZZT-Cardy branes @)g;gy(n»
are defined without knowing the details of spectral curves. It is because the relevant analytic con-
tinuations ({¢x.0}, and {n0},) are just rotating the coordinate ¢ (and ) around the asymptotic

infinity:
k0 = /mcosh(p[r + ﬂTfk]) — emiky,
k===~ =D+2---, =D =2, =1
nLo= \/ﬁcosh(q[r + 77711]) — emily .
l:_(s_l),_(s—l)—i—z’,(s_])_z’(s_l)

(2.34)

If k (or /) is an even integer (i.e. r or s € 2Z + 1), we consider the asymptotic expansion around
the positive real axis (¢ — 400 € R); if k (or /) is an odd integer (i.e. r or s € 27Z), we consider
the expansion around the negative real axis ({ — —oo € R).
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In order to adjust the twisted free-fermion formalism to this suggested form, we introduce the
twisted fermions with half-integer index,

pU @ =y e (jez/nz), 2.35)

XD = x O e ) (l € Z/qZ)- (2.36)

Note that this does not introduce any new fermion degrees of freedom. Therefore, the following
two sets of wave functions equivalently form the complete set of solutions to the linear differen-
tial equations:

OO < (U Po)Y_ 0 ZOm)l, e 2Pl (2.37)

and therefore we obtain the free-fermion realization of the (r, 1)-type FZZT-Cardy branes and of
the (s, 1)-type dual FZZT-Cardy branes:

r=1) (r=1)
1 » ' P+%
Oty @ =[] Wagme™™ 0= ] ¥ 2@, (2.38)
k=—(r—1) k=—(r—1)
step 2 step 2
(s—1) (s—1) ,
~(s,1 A i A(1+L
Oy =[] Raym™m= ] 2" 2. (2.39)
I=—(s—1) I=—(s—1)
step 2 step 2

2.2.3. Multi-point correlators as Wronskians

Next, we rephrase the free-fermion realization Eq. (2.38) and Eq. (2.39) by using “matrix-
model” amplitudes or wave functions, that is, by using Wronskians. In practice, we show the
following relations:

an—ll/,(jl)(t; o) 8”_11//(j2)(t; Z) - an—ll/,(jn)(t; o)
<H I;(ja>(§)> _ E E E
st L@y wPeo - By
w(h)(,; ) 1p(]z)(t; ) 1/,(/,1)(,; )
= det_ [~y o)) = WH R s o), (2.40)

where j, # jp (a # b). The dual side also satisfies the same relation:

Fx Wy T x @Dy o W)
" N M . .
5 () — . . T, .
[1# (n)> =
<a=1 .| ax e D@ - axWn)
X(ll)(t,r}) X(IZ)(I,T]) X(l”)(t,n)
= det_ [0y @ ()| = WhE s, (2.41)
1<a,b<n

where I, # [ (a # b). A more general definition will be mentioned later.”

2 Note that the signature associated with the ordering of the product symbol, [, is fixed by defining

M
[[la=Fixfax-xfu 242)
a=1
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We here consider the following more general M-point formula (M = Zf: 1)

14 nj ) ) W[l”l ,212 e ’Pnp][w](t. U[’ {;(l)}"J )
<]—[[H W”(@é”)D == =10 e=ll (2.43)
j=1La=1 ; l—[ A(n]) (1) n] )
where A(")(g) is the Van der Monde determinant,
A(nj)({;-(])};] 1) = 1_[ (é-é/) _ ;.};J)) (244)
I<a<bzn;
We have also used the following abbreviation:
[1"1’2"2’... ’p”p]:[l’... ,1,2,-00,2, - , Dy ’p]’ (2.45)
—_— ) ——— ———
ni np np
2
GO ey = 560 oD@ gD P ), (2.46)
ni np np

Note that the coordinates {{aj)} 7, (j=1,2,---, p) of wave-functions {w(”(;(’))} (j=
1,2,---, p) are generally dlfferent from each other

The Van der Monde determinants in the denominator of Eq. (2.43) come from the definition
of correlators in the free-fermion formalism [28-30], that is, the normal ordering of the fermions.
More concretely, by regarding the determinant operators {1/f(/ ) (;)} , as fermion operators, and
by temporarily presenting the normal orderings of the free-fermion correlators, the matrix model
correlators and free-fermion correlators are related as follows [28-30]:

. . (FF)
<H 1/?<f“>(<:a>> = <: I1 x&<fu>(;a>:> : (2.47)
t

a=1 a=1 t

Accordingly, the Van der Monde determinants appear in removing the normal ordering [28-30]:
(FF)

p [y (FF) <1_[, 1|:1_[ D :|>
<:]_[ []_[ tﬁ”)(gfj))]:> = t (2.48)
' 1_[ ("/) (J) ”J )

j=1La=1

Here, in order to emphasize the normal ordering, we intentionally express @(j)(géj )) as

:&(j )(g“éj )):. Therefore, the formula Eq. (2.43), which we are going to show, becomes the fol-
lowing:

P nj ] (FF)
<1_[|:1_[ @(])(é-‘g/))i|> — W [1"1,2"2 ... . p l’][w](t; U;’:]{é‘a/)} ) (249)

j=1La=1

t
Up to this formula, we have not used any asymptotic expansion.

By taking the asymptotic expansions of these fermions (i.e. Eq. (2.27)), the expression
Eq. (2.49) is (perturbatively) equivalent to the following correlators:

M (FF)
<1‘[:&“><¢a>:> =Wh s {gadi)). (2.50)

a=1 t
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Therefore, we now focus on this formula Eq. (2.50). Since this correlator is given by the standard
determinant operators det(x — X), the exact formula is already known [82], which is expressed
by difference Wronskians of the orthogonal polynomials of the matrix models:

o (x1) o (x2) s an(xp)
apt1(x1) app1(x2) - apg1(em)
<ﬁ det(x, — X)> = Apym—1(x1) an+MA—<1AE[)§2) ce oppm—1(xym)
a=l1 nxn x)

_ 15222M[a"+“71(xb)] 2.51)
B AM) (x) ’ ’

where o, (x) = (det(x - X ))nxn. By taking the double scaling limit,” one obtains the following
formula:

Mo W e (g™ )

() _ Ve P Wala=1

<1‘[w (ca)> = AT : (2.52)
t

a=1

Therefore, we have shown the validity of Eq. (2.50) and that Eq. (2.49) holds under the asymp-
totic expansion.

The final task is to argue that the formula, Eq. (2.49), is even valid at the level of non-
perturbative completion. This can be seen by focusing on the global connection rules (i.e. Stokes
phenomenon) of the correlator around ¢, — oo (foreacha =1,2,---, M). The formula is then
shown by assuming the cluster property of the correlator: If one focuses on each fermion oper-
ator 1/7(1“)(§a) and considers the behavior around ¢, — 00, the strength of correlation (between
the singled-out fermion and the other fermions) diminishes (i.e. the cluster property). Therefore,
the Stokes phenomenon of the correlator around ¢, — oo should be governed by that of the

singled-out wave-function, ¥ U (¢; ¢,) = <1ﬁ(j”)(§a)) .* This can happen only when Eq. (2.49)
t
holds non-perturbatively.

As aresult, we conclude that the one-point functions of (dual) FZZT-Cardy branes (@g;()]y(g“)

and @(Csérljy(n)) are given by the generalized Wronskians of the Baker—Akhiezer system of the
matrix models:

T 1,72, s Jr . —-1H)-2 —1
<®(c;3y(€))t =Wy My o) </a S Gl ) > (@ )> : (2.53)

~(s RN —DH=20b-1
<@(cér15y(’7)>[ = Wh s ) (lb Gt . ( )> : (2.54)

Since elemental FZZT branes carry independent degrees of freedom, the independence of ele-
mental FZZT branes is now inherited by these FZZT-Cardy branes.

3 Here note the scaling law of the shift operator Z: Z = e = ealL/za (a, = 0).

4 Of course, correlators in two-dimensional field theory are given by a logarithm, ~ In(¢ — ¢p), and these fermions
will correlate at an infinite distance. However, the existence of the other fermions cannot affect the global behavior of the
singled-out fermion.
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2.3. More about the Wronskians

In Section 4, we discuss differential-equation systems of the FZZT-Cardy branes. This section
is thus devoted to the preparation of some technical material about the Wronskians. Note that the
notion of generalized Wronskians itself dates back to Schmidt [83] and some recent works are
found in [84-86].

2.3.1. Abbreviation and notation

We make a comment on some abbreviations of notations for the Wronskians. In many cases,
the context of indices [ji, jo, -, jr] in the Wronskians is not so important, since Wronskians
with different indices still satisfy the same differential equation. The number of branes which
constitute the Wronskian (i.e. “r”) is rather important information. Therefore, we employ the
following abbreviation:

In particular, these Wronskians represented by Wg )[W](t; ¢) are referred to as rank-r Wron-
skians. Depending on the situations, the following abbreviations are also used:

WP - WP - WY

W " (2.56)
wollam - W@n - WY

In Section 2.3.2, we will introduce an index A of Wk(r) (which represents a partition or Young
diagram). This generalization of the Wronskians is called generalized Wronskians but we often
simply call them “Wronskians”. In some occasions, we also use the following abbreviation:

wo e —» wlwo - wP s (2.57)

The last abbreviation is used in Appendix C.

2.3.2. Generalized Wronskians and Young diagrams
We also consider the following more general Wronskians (with general derivatives):

8771+)\r1!/-(j1)([; ) ar*1+)»r¢(jz)(t; g) - 3r71+kr¢(jr)(t; o)
(r) . . :
W t; — . . .
» WIED altr2y U (r; ¢) Altrey ey oo althay Ul ¢)
aklw(jl)(t; ) 3M¢(/’z)(;; ) oM 1/,(1})(;; )
= det [3r—““r*a+lw<fb>(t; ;)]. (2.58)
1<a,b<r
Here A = (Ay, Ay —1, - -+, X2, A1) is a partition and satisfies
A= hpo1 2 -2 A > A1 20. (2.59)

If components of a partition A satisfy the above ordering, then A is said to be standard partition.
Any partition can be represented by a Young diagram, as follows:

[T1TT1T]
42,1,00="  ©3Lh=F" . 000=2. (2.60)
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The number r of the partition A = (A, A,—1, -+, A2, A1) is called the maximum length and de-
noted by €max (A). The length of the Young diagram £(A) is defined as usual:

A ZAr—1Z 2 hg+H1 FO0=2 gy ="+ =21 =0. (2.61)

Obviously, the length cannot be larger than the maximum length, €< () > £(A). In particular, if
the maximum length £, (A) is obvious (or not necessary to be specified), and if £pax(X) > £(1),
then zeros in the partition are not explicitly shown:

4,2,1,0,00 — &2,D). (2.62)
2.3.3. Spaces of Young diagrams and linear extension of the index

It is then convenient to consider (infinite-dimensional) linear spaces of Young diagrams
over C. While the set of the partitions of the maximum length r is denoted as

PT¢<, = {A: partitions [¢(A) <r}

={r=r hmt, o A2, AD A = A1 = - = A2 > 4 > 0], (2.63)
the linear space of Young diagrams of the maximum length r is defined as
YVir= P Cn. (2.64)
AePTo<,

Accordingly, we also linearly extend the Young-diagram labeling A of W)Er) to elements of the
linear space:

=aW+BW"  (n.veVie:a, peC). (2.65)
In particular, if A is given by a partition in the space (i.e. A € PTy<, C Vi<,), then A is referred

to as a pure basis.

2.3.4. Standard v.s. non-standard Young diagrams
One can also exchange rows of Wronskians. For example, if one exchanges the a-th row with
the (a + 1)-th row, there appears a minus sign, (—1) x:

8+ 0=y (D) (11 £
aa—1+()\a+1+1)¢,(j|)(t; o)

gatra+i w.(jl)(t; )

941 H2ay G (1 1) =(=Dx

W ¢) =
(2.66)
This new Wronskian can be represented with a new (but not standard) partition/Young diagram
A as
W = (=) x W, (2.67)
The new partition is given as follows:
Mat A

, ——— ——
A=C- L Aagtr hay ) — XM=, =L g1 +1,--). (2.68)
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For example, if one exchanges A, with A3 in A = (5,4, 1, 1, 0), one obtains

A R N A— (2.69)

7\\I EEEEP

] 1

In this way, it is also convenient to consider a “non-standard” partition/Young diagram (i.e. which
does not satisfy Eq. (2.59)). In particular, if a (non-standard) partition A satisfies the following
condition, then the Wronskian W)\(r) vanishes:

hapi 1=  (1<iasr—-1) = w=-w"=o. (2.70)
For example:
W(r) 20’ W(r) =O, W(r) =O, (271)

where each partition is given as A = (3, 1, 2), (0,0, 1), (0, —1,0). These Wronskians vanish
since two adjacent rows have the same order of differential and the determinant vanishes.

As anatural extension, we should also consider some non-standard partitions/Young diagrams
which possess negative values. Such a partition/Young diagram generally exists when

An>—(m—1) (n=1,2,3,-~-,r). (2.72)

If A includes a negative component, the partition is said to be a negative partition.

2.3.5. Schur-derivatives on Wronskians
We here temporarily introduce the derivative operator 9 ;) which acts only on the correspond-
ing wave function in {I//(j)(t; {)}le:

vy =60y 0w ) (1=<j1<p). 2.73)

With these derivatives, any general Wronskian Wx(r) (t; ¢) can be rewritten by the Schur polyno-
mials S; (0) as
-

WG =0T de [ol P [T a0

1<a,b<r
b=1

=S50 W5 (1:0), (2.74)
where the Schur polynomials S (9) are given as

—14hg

deti<a.p<r [3(%1]

Usually, Schur polynomials are functions of Miwa variables, which are (again temporarily) de-
fined as

1 r
=22 06)" s (1=1.23). 2.76)

a=1

$.(0) = (2.75)

The physical meaning of this expression (with Schur polynomials) is understood as follows:
FZZT-Cardy branes are multi-body states of elemental FZZT branes. Therefore, differential op-
erators acting on the states should be symmetric derivative operators on the multi-body Fock
space, which are derivatives represented by Miwa variables or Schur polynomials.
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The derivative S, (d) are referred to as Schur-derivatives. Following the similar considera-
tion to the Wronskians in Section 2.3.3, the Young-diagram labeling of Schur-derivatives is also
extended linearly:

Saptpr@) =aSu () +B85@)  (1,v€Vi<r; @, f€C). 2.77)
2.4. Multi-point correlators of Wronskians

In Section 2.2.3, we have shown the formula Eq. (2.43), which represents how the correlators
of the elemental FZZT-branes, (Hb ﬁ(fb)(§)> , can be expressed by the one-point wave func-
t

tions {y ) (r; £)}1¥_ .. Here, we consider how the multi-point correlators of FZZT-Cardy branes,
j=1

<]—[b ®(cr§§<iy)(§b)> , can be expressed by the one-point wave functions {WJ’ (; £)} ’ :11.
) -

2.4.1. Wronskian correlators and Schur-differential Wronskians
As the most general situation, we consider a Wronskian Wg /2. ’]’](t; ¢) and write its cor-

responding “D-brane operator” Wit iz ] (¢) by “adding a hat on the head” as

wlitsjz- ey = lL[ I/A,(ja)(g)’ ng’jzv'” ’jr](t; 0) = <Vf/[j1,jz,--~ >jr](§-)>

a=1

(2.78)

t

The correlators of these Wronskian operators are then expressed by the following “Wronskian-
like” function:

FIRREN A /R A

—— —_————

3 senlm) WO e x - x WO )

@, ) g PORLERY! T\ SM

T (r1+'~+rM)

M —_—— c
a=1 t

[T @-awme

1<a<b<M

.(1 .(1 (M (M
VRN U TS vl

W g, o)
[T @—ame

1<a<b<M

(2.79)

The “Wronskian-like” function % is referred to as Schur-differential Wronskian for a reason
mentioned later. Some notes are following:

1) The integers myp (1 <a < b < M) are the overlap numbers which count the overlapping
indices among W) and W»), With giving the indices of each Wronskian as

A Ar@ @
W(r“)(é') — W[Jl( s Jra ](C), (2.80)
the overlap number is defined as

may =#{{7," Y2 0" L] (2:81)
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2) The combinatorics w € (:l‘ ﬁzlﬁ% ) is a combination of dividing distinct (r1 + --- + ry)
elements into M groups, where each group constitutes r, elements (a = 1,2, ---, M). The
set of all combinatorics is given as

r1 + e + ™
=Gy X X6 \Gpteotry - 2.82
(”1|7’2|"'|VM) E w\Sntr (282

M
The total sum of {rz}*_ | is now denoted as ro = Y _ rq.
a=1

i. Foreachelemento € &, 1y,4...4ry = Gy, One inserts (M — 1) divisions “|” as follows:
(c.0@), o) =
= (o oGD|oCr+ D, oy )|
oo =i+ D0 o= 1,0 ). (2:83)
ii. By applying a proper element © = (t1|12] - |ty) € &, X -+ X &;,, C &, One rear-

ranges the numbers inside each partition,
(W(l), 10 (2), - aTG(rtot)) =
= (Tla(l)» EE 71'1(7(7”1)‘1'20("1 + 1), o (r +72)‘

cJtmo o =i D, T G = D, o () ), (284)

such that
a—1 a—1
‘raa(Zrb +n) < TaU(Zrb —{—m)
b=1 b=1
(0<n<m§ra;a:1,2,~-~,M), (2.85)

where &, is the symmetric group which acts on the r, distinct integers {O’(Va +n—

Ta
1)] | inside the a-th partition:
n=

a—1 a—1
Ta ~ Ya
S, o1 {o(Zrb+n—1)}n:1 — [G(Zrb—i—n—l)}n:l. (2.86)
b=1 b=1
iii. By this manipulation, we define the equivalence class,

o]~ 0) (OlvUZEGth) =4 o] = po2 (31066” X ~'~X6rM),

(2.87)
and obtain Eq. (2.82).
iv. The above to € G, , gives the standard representative of 7w € (:11 ;2‘+|; ” ):
7(=10)€ (r‘ e +r’”). (2.88)
rilral---lrm

In particular, from the M-division of the representative w = to (i.e. Eq. (2.84)), we

define the following M different partitions {ng‘ ) }:/[:1:
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7y =09 AP (a=1.2,---, M), (2.89)
such that
a—1
A;“)Eraa(Zrb—i—n)—n (n=1,2,~-,ra). (2.90)
b=1

In particular, they satisfy the condition of standard partitions:

0< Aga) < )»ga) <...< AS::). (2.91)
v. The signature sgn(w) of 7 € (:l‘ |4r_z|+\rr[;\44 ) is defined by the signature of the representative.
That is,
sgn(m) = sgn(to), (2.92)
of Eq. (2.84).
3) This formula is equivalently expressed as
U g1 i
’ ’ rl i ’ rM
[ri,ra,e,rml
Uiy iy 1L s g M Y, (W1t &1, Em)
Wg] ! ! M [W](t;{é‘a}azl)z 2 .

[] @-ame
1<a<b<M
(2.93)
Therefore, the formula Eq. (2.79) is obtained by decomposing each Wronskian into the
multi-body states of the elemental FZZT branes and by re-expressing it in the above
Wronskian-like form.

From the above note (3), a further generalization of this “Wronskian-like” function is also
possible: We allow them to possess the labeling of partition/Young diagram A:

1R B R ) FIRREN M i
W@ G = Y senlm) WO ) x--x WU G,
r{4etr A A
”e(rll\tz\j\r%)
(2.94)
where
1) The partition A is that of the maximum length r:
M
trx D =100 (o= Y ra)- (2.95)
a=1
2) The M different partitions {71)5“)}51:1 are defined by
=09 AP (=12, M), (2.96)

such that
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a—1

A’(qa)z)\ a1 +Taa(Zrb+n)—n (n=1,2,---,ra). (2.97)

taa(z rp +n) b=l
b=1

In particular, they satisfy the condition of standard partitions:
0= <A <. <@, (2.98)

3) This generalized function comes from the following rank-ry,; Wronskian:

m

M M
L0, on Lo

Jryg ]

o ) W[r] ), rM][W](t; hy e ,CM).

Jrl)\ 1y

(1) 1 M M
RN TR v

A S AR PO b
= [T Ga—a)me
l<a<b<M
(2.99)
That is, this is essentially from r-point functions of elemental FZZT branes.
Note that, since each Wronskian W(r") (t; ¢4) is expressed by the Schur-derivatives:
(ra) (4. e = oo x S (ra) (4. 2.100
X W (15 8a) X = XS @ @) W (t58a) X -+, (2.100)
A

this “Wronskian-like” function %[r‘ r2 "1 i understood as a generalization of the generalized

Wronskians W)Er) by replacing the ordinary derivative “9"” with the Schur-derivative “S; (9)”.
In this sense, we refer to this new type of Wronskians as Schur-differential Wronskians.

2.4.2. Abbreviation and notation

As in Section 2.3.1, we abbreviate the index [ji, j2,- -, js] of Eq. (2.79) and Eq. (2.94). To
achieve this without generating any confusion, we express the Schur-differential Wronskians as
follows:

pre i wle fa )= 2 s W) @ @ WIS ).
(rl+“'+rM)
rilrp Iy

(2.101)

We here use “®” (i.e. W{r‘)(t; {1)® Wp(tm(t; ¢2)) so that we can distinguish the following:

W HeWwo # WIGoeW o)

Lt gz sdr] [y Ly, 0] Lnsdase el W12, ]
oW s £ WoeawOen
& W eowlen # WPGow wo). (2.102)

This notation will be used later in Section 7.

2.4.3. Correlators of FZZT-Cardy branes

Based on the discussions above, we can now write down arbitrary correlators of (r, 1) FZZT-
Cardy branes. The important information is the overlap number Eq. (2.81), which is essentially
obtained by two-point functions. The two-point function of (r, 1) FZZT-Cardy branes is given as
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_ PIWI@s ¢, )
C (=t — (1l g ]mmnrl

<®(cr§lr’i§ © 1)@83;55@») (2.103)

That is, the overlap number is erlarrgy = min[rq, r2]. The multi-point functions are then given as

<ﬁ @8"’5)(;a>> S bl 4 G TR ) M 2104
y [ l—[ [(_1)ra+1€a _ (_1)rb+1§b]mm[rmrb]

l<a<b<M

a=1

This result can be compared with the calculations of Liouville theory. For example, [66] gives
the same pole structure, {g“a }2/1:1, but the overlap number does not quite coincide. This discrep-
ancy has not been solved yet. However, noting that the discrepancy comes from a convention
of normal ordering for the free-fermion, it may be adjusted by changing it. For the criterion of
the “improved” normal ordering, one may require whole non-perturbative-duality consistency
of FZZT-Cardy branes, as is considered in [53]. Duality relations among different FZZT-Cardy

branes are discussed in Section 6.
3. Spectral curves of FZZT-Cardy branes

In this section, we discuss several issues related to the spectral curves of (r, s) FZZT-Cardy
branes. For a given determinant operator ®p (), its single trace operator is denoted by qASB(;“)
(.e. Op(¢) = e?8©)). The spectral curve of the D-brane ®p(¢) is then given by the following
algebraic equation:

N ©)
Sy P 0=0. 0@ =(0ds®) . 3.1

In order to apply this consideration to our cases of the (r, s) FZZT-Cardy brane @&f‘)jy(g) (and

the (s, r) dual FZZT-Cardy brane @gggy(n)), we express their single trace operators as égéi()iy@)

A

(or ¢>ga’r2y(n)). Their spectral curves are then represented as

o O
Fayt Flan@ Q=0 0@©)= (b, ©) . (3.2)
. » . ©)

T o (n, P) =0, P(n)=<8n¢§§a’f§y(n)> . (3.3)

We start our discussions with the relation between the (r, s) FZZT-Cardy brane and its dual (s, r)
FZZT-Cardy brane, especially from the viewpoint of spectral curves. The concrete form of the
spectral curves is then evaluated. In addition, we also comment on ZZ-Cardy branes associated
with the spectral curves.

3.1. Spectral p—q duality as Legendre transformation

We here consider spectral p—g duality between the FZZT-Cardy branes and their duals as
Legendre transformation on the spectral curve. What we focus on is the disk amplitudes of

FZZT-Cardy brane, <Pg;f()1y(f; ¢), and of its dual, (Z'gé:gy(t; n):

(V]
t

. ~ . . 2 (r,s)
oo =(En,@) (06 ©) =), (3.4)
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e =(Bmm) (B m =), (3.5)
The Seiberg—Shih relation for the disk amplitudes is then given as
=1 (=D
Gy =" 2 Y ey @@, (3.6)

k=—(r—1) I=—(s—1)
step 2 step 2
(s—1) r—1)
~(s, ~(1,1
Feady =D > Py (ux (M), 3.7)
I=—(s—1) k=—(r—1)
step 2 step 2

0
t

where ¢ ; is given by Eq. (2.14) and 5y ; is given by Eq. (2.16). We first consider the case of the
principal FZZT-branes, and then extend it to the cases of the general (r, s) FZZT-Cardy branes.

3.1.1. Legendre transformation for the (1, 1) FZZT-Cardy branes
The essence of the p—q duality between <p&rld)y(§) and @'&rld)y(n) is the following mutual

relation among their integral representations on the spectral curve:

¢ n
1,1 ~(1,1
(p((:ard)y({) =Bpq / ydax, <ﬂéard)y(77) =Bq.p / xXdy (ﬂp,q = (_1)p+q,3q,p)y
(3.8)
where both integrals are given by the common coordinate (&X', ))) of the spectral curve,

Faay (X Bpg) o Fiig (V. By pX) =0. (3.9

Since their difference is just exchanging (X', ))) of the spectral curve, these are the pair of dual
branes which belongs to the same spectral curve. What is more, this relation holds on the whole
algebraic curve (i.e. not only on a particular branch) Eq. (3.9). We consider this to be the essence
of the p—q duality from the viewpoint of spectral curves.

Note that if one changes the normalization of ¢ as { — c¢ then the spectral curve is replaced

as Fc(ilr(lj)y (X, Bp,qV)=0— Fégr(lj)y (cX, Bp.g c~'Y) = 0. By this operation, the overall normal-

ization of G&’rld)y does not change.

As aresult, <p8a’r1d)y(§) and &&’rld)y(n) are related to each other as follows:

¢ &n ]
oty &) = Bp.g / VdX =fy, f dXY) — B / Xdy
= Bp.gl1 — Peamay (™). (3.10)

This is understood as the Legendre transformation,’

5 This also gives the reverse relation:
~(1,1 1,1 i
Ty ) = 59p(By. pE 1 — 9l (€77 D)) 311
¢

This is because the relation B4, p = (=pta Bp.q comes from the transpose of the KP Lax operators Eq. (2.32) in
p—q duality, which is given by a shift of t, T — t 4 7i, so that

{—)e”il’gzﬂcosh(p[r+ni]), nee”iqn:\/ﬁcosh(q[r—i-ni]). 3.12)
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@andy (€)= 5up(Bp.g &1 = Py (™)), (3.13)
n

meaning that the new function <pga’Ild)y(§) which is defined by Eq. (3.13) from wCardy(n) of the
550D
(pCdrdy(n)
0

spectral curve ( c dy(n, P)=0< P(n= ) is guaranteed to satisfy

1 8oy, (M)
% : the equation for ¢

Eq. (3.13) = (ﬁq) YR (3.14)
IPCardy (§) , . D
T =Bpqgn :the equation for 9, PCardy )
That is,
0 00 e (©)
0=Fay (5 Furt) « i@ 0. (@)= ag—gy) (3.15)

Note that in Eq. (3.10) there appears “(—1)” in front of (pgarld)y(t). This can be interpreted as

charge conjugation of the free fermions (see also Sections 4.3.1 and 5.1).

3.1.2. Legendre transformation for the (r,s) FZZT-Cardy branes
We next apply these relations to the cases of (r, 1) and (1, s) FZZT-Cardy branes. The Legen-
dre transformation is given by

1 ~(s,1 i
Peamay () = sup(ﬁp gAsCn— w&rd)y(e”’qn)),

1 .
Plandy () = sup(ﬁp g Ar £ = Glgray (€7 n)), (3.16)
where
(s—1) .
As E(_I)S—l Z @ =(_1)S_1S1n(7TSp/q) (317)
oy ¢ sin(zp/q)
step 2
(r=1 .
Z :(_1)}‘71 Z M_(_l)rfl SIH(nrQ/p) (3 18)
r = - . .
=y 7 sin(mq/p)
step 2

and one eventually obtains the following general formula:
Py () = Sup[ﬂp g AsAr x £ — wévar’(iy(e”"qn)]. (3.19)

Again as a result of the p—q duality, this relation should hold on the whole algebraic curves of
these FZZT-Cardy branes. For this reason, this relation guarantees the following relations along
the spectral curves of F"*) (P, Q) = 0 and of Fé;’rrd)y(n, P)=

Cardy
(r,s)
() Q (r,s) goCard ()
0= R, (5 et A o RER G 0 (20 =—52),

(3.20)
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That is, these spectral curves are mutually related as

(v r) (r s)
1 Cardy (77) 1 Cardy ({ )
< n=
,Bq,pAsAr an ﬂp,quA ag

¢ = (3.21)

From this point of view, one can obtain the spectral curve of é;jj)y(g Q) = 0 by the Legendre

transformation of Fé;ril)y(n’ P) = 0. Later this Legendre transformation is non-perturbatively

extended to a spectral duality of their integrable systems in Section 5.
3.2. Spectral curves of (r, s) FZZT-Cardy branes

We here discuss details of the spectral curves of (r, s) FZZT-Cardy branes.
3.2.1. Spectral curves of (1, 1) FZZT-Cardy branes: a review

Let us first recall the discussion on the spectral curve of the principal FZZT brane. It can be
obtained by the elemental FZZT-branes (i.e. the p-th twisted fermions),

YO0 =0 000 =(ad00)”  (en/pz). (3:22)
as follows:
p
Fabc 0=T](e-0"@®)=0. (3.23)
j=1

It is because {Q(j )(g')};):l exhausts all the branches obtained by analytic continuation of the

resolvent operator QV(¢) of the (1, 1) FZZT-Cardy brane (see also [43]). In particular, if one
chooses the conformal background [24] and also chooses the string vacuum® which is described
by Liouville theory, the spectral curve becomes ([5,65]),

e 0= 5 ) -7 ) o

where T),(x) is the p-th Chebyshev polynomial of the first kind.
It is also convenient to introduce the resolvents of the half-integer twisted fermions:

. ", . s (0)
pO@ =0 o0 =(ad0@)”  (jes+am), (3.25)
which are related to the spectral curve as follows:
P P
Faac o=T](e-0"@)=T](e+e > -n)=0. (3.26)
j=1 j=1

6 See [52] and also Appendix B for the discussions of string vacua.
k . . k .
7 Note that Q(H'?)({) = e*ﬂle(])(efﬂlkg-) P ¢(1+§)(é—) — (p(l)(efﬂlkg-).
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3.2.2. Spectral curves of (r, 1) FZZT-Cardy branes
We next analyze the case of (r, 1) FZZT-Cardy branes. The spectral curves are defined as
follows:

Faa@o= [ 1o- <—1>f“Q”"’”""”")((—“m;)} =

I<ji<ja<-<jr<p

,
with QU2 vjr)(;) = Z Q(ja)(é-)’ (3.27)
a=1
where
D) _ B © e O S s
Ol =" @ 0w =(0: 450 @) = 3 0. (3.28)
k=—(r—1)
step 2

The result of the spectral curves in the conformal background (and Chebyshev/Liouville vacuum
as is before) is given as follows:

Preparation For a given index (ji, jo,-- -, jr) satisfying

I<ji<p<---<jr<p, (3.29)
we introduce the following radius/angle variables (s}, j,,... j.» Vj, jo,-,j») @S

r
Viijnen jo. 27i
Sji oy jr X exp[Zm’M] = Ze p 4Ua= 1) (3.30)
p
a=1

These variables satisfy

St Zcosh( q(pr ’“)) R, (3.31)

and
Vit jajaee e = VLGa—ji+ D, Ga—ji+ D Gr—ji+1) T a1 — 1. (3.32)

According to this radius/angle variable, we categorize the index into three classes:

I. The cases of s}, j,,...,j, = 0. The number of the solutions (i.e. the roots of Eq. (3.27)) is
denoted by Ny and is given by the following summation of binomial coefficients:

Mp.r p
M=) =ty ("""‘“i""‘“"), (3.33)
n=1 I<aj<-<ap<mp, kg1 ka2 -kay,

where {k, }am:p ’1’ are the prime factors of the greatest common divisor (ged) of (p, r):

ged(p,r) = ki”k;z . ~kl;1n;f’r" (ka: a prime number). (3.34)

II. The cases of vj, j, ... j, € Z/2. The number of the solutions is given by p Ny, where Ny is
the number which counts the following “marked” index,
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satisfying the condition. These marked indices are symbolically denoted by Ja(H) (l<ac<
Nm), and we represent the corresponding variables as

(II) =s,m, (I ) = v, (a =12, ,Nu)' (3.36)

III. The cases of s, j,.....j, > 0 and v}, j, ... j ¢ Z. The number of the solutions is given by
2p N1, where 2Ny is the number which counts the “marked” index, satisfying the condi-
tion. Note that these solutions always appear in complex conjugate pairs:

C.C.

This conjugation gives “2” of 2/N1. These marked indices are symbolically denoted by J,; {m

(1 <a < Ny) and its conjugation J(HD (1 <a < Nyp) so that they satisfy {J(HD}NIII N

{Ja (HI)}NIII @. We then use the following notation:

N am _ — . 10 ..
SJ(III) = SJ(m), v, = VJ‘EIII) = vh(lm) (a =1,2, s NIII)- (3.38)

By definition, these three integers satisfy

<f> =N+ P(NH + 2NIH)- (3.39)

General formula The spectral curve Fé;rgy(g“, Q) =0 of (r, 1) FZZT-Cardy brane is given as
follows:

r ) 1y
(5525 -1 (229)) |

a=1

N (I r+1 I _ 1+l
wy™y (=D 0/s;, (=D"'¢
<I1 [(T ( Bp g ltd/? ) - T‘I( J )) %

b=1
o) (=D /s (=g
><<Tp b (W)_Tq(T)) . (3.40)

0=F, ¢, Q) x QN [

where T,,(v) (x) is the deformed Chebyshev function [49] defined by
T,") (cosh) = cosh(nf + 2iv). (3.41)

This formula can be shown by noticing that the solutions of this algebraic equation are given by

Q(]l,jz,“',jr)(g-) =Sj1, 50, X ﬂp,qﬂq/zp COSh(qT + Zﬂi—jl’J; Jr )

arp p 5 (& 3.42

=S oy X Bpgt??P T (—). (3.42)
J1:J2 p.q r/q «/E

where ¢ = ,/u cosh pt. Note that similar algebraic equations are also found as spectral curves in

(p, g) minimal fractional superstring theory [47] whose algebraic equations are derived in [49]

with solving loop equations of the multi-cut two-matrix models.
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Charge conjugation From the general formula, one can observe that there is a duality between
the spectral curves of (r, 1)-type and (p — r, 1)-type FZZT-Cardy branes:

0=Fa (¢, Q) = Figy (e, —Qc). (¢, Qc) = ((-1P¢, (=DPQ).  (343)

This essentially follows from the dual relation of the phase summation Eq. (3.30):

r . p—r
|:Zezzlf1(]al):| — (_1) X |:Zezzlq(lbl):|’ (344)
a=1 b=1
where (ji, j2,---, jr) and (I1,[2,---,l,_,) are any possible divisions of indices satisfying

v oo iU, ol b = {12, pl (3.45)

This duality of the spectral curve is referred to as charge conjugation which is again discussed
also as a duality among Wronskians in Section 4.3.1 and Section 5.1.

Example 1: The case of » = 2. The three parameters of Eq. (3.39) are given by

p(p—1) p—1
PP—_ (— 2x0> €27+ 1), 3.46
5 +p(——+ (pe2Z+1) (3.46)
Ny v 2N
Nu
pip—1) p p—2
L —+2><0) € 27). 3.47
2 2 p( 2 T (p <22) (347)
M v 2N
Np Nyt

Therefore, one obtains

0Odd p case:
(p—1)/2
@2.1) —0/sa =<
Feady (6, Q) T,(—=2 \—T1,(—=)|=0, (3.48)
Cardy L[l |: P(ﬁp,quq/h) q<ﬁ>i|
Even p case:
(p—2)/2
FED (¢, 0) o 0P Pl_[/ TP<L/S72) ~1,(=) | =0 (3.49)
a1 ﬂp,q wuarep \/ﬁ
Here we define s, (1 <a < Np) as
Tqa -1
sa=s,, =200s(%) (1=a=Nu="5—)). (3.50)

Example 2: The case of r = 3. The three parameters of Eq. (3.39) are given by

pip—Dp-2) p—1 (p=D(p-5)
T_Yﬂ’( > * 6 ) (p#3Z, pe2Z+1),
' Nu 2N
(3.51)
plp—D(p—2) p—2 (p=2(p-4
W‘&“( > T 5 ) (p¢3Z, pe2z), (3.52)
Ni ——

Nu 2Nm
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pp=D(P=2 _p p—3, (p—3)?
T_¢+p(—2 + ,) (pe3Z. pe2Z+1), (353)
W Nn 2Nu
p(p=D(P=2) _ p p—4 pr—6p+12
VT Bl +p( —+ = ) (pedz pez). G54
M Nn 2Nm
Here we show two non-trivial examples:
p=6cases: (Ny=2,Np=1,Nm=1)
2
FGD 2 O/s1 ¢ 0 ¢
Fearay (€. Q) Q [ (,3 o q/Zp) Tq(ﬁ)} [T”(,sp,quq/zp)_Tq(ﬁ)}
=0, (3.55)
pP= 7 cases: (NI = 0, NH = 3, NIII = 1)
3
Q/Sa ¢
F((::I(lj) (¢, 0) x |:1_[(T T\ — >j| x f(,0)=0, (3.56)
y ol (,3 ,Lq/2p) (ﬂ)
with
N Q/V2 S (=) Q/\/_
f(g’Q)_[TP (ﬂ M‘Iﬂ[’) T"(ﬁ) Ty (ﬁpquqﬂp "
0/V2 > 13 /2 ¢ ( ¢ >2 343
=(1,(—=2—)) - T, T(—)+(7,(—=)) - =—.
< p(ﬂp’q//ﬂﬂl’) 82 P(ﬁp,q,ﬂ/zp) q(ﬁ) q(ﬁ) §31257)
Here s, and v are given by
2
sa =5\ 0 poars = 1+ 2008 (%) (p=6orp=1), (3.58)
and v = vﬁg’l‘ with®
) 1 4miq briq
P 'ﬁ” ' (r=17). (3.60)

3.2.3. Spectral curves of (1,s) FZZT-Cardy branes
The spectral curves of (1, s) FZZT-Cardy branes are obtained by applying Eq. (3.20). Since
the spectral curves of (s, 1) dual FZZT-Cardy branes are similarly given as

0=

(s, 1) N
FCilrdy(n’P)O(P I|:H< q(
a=1

8 Note that, since ¢q ¢ 7Z,

( 1)Y+1P/‘<H)
By, Mp/Zf/

(_l)s-l-ln
N

)1

()

Tq
51,34~

\/3 +2005(2an x2)+ 2C0S(2T

x 3) +2cos(

Z”Tq x 1) =2, (3.59)
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NIII ~(III)) ( 1)s+1P/~( D (_1)s+177
XH|:( ( By pRiP/% )_T”< N ))X

~<111)) (— 1)3+1p/~(HI) (_1)S+1n
(0 () (S ) | es

the spectral curves of (1, s) FZZT-Cardy branes are given as

s s, o
0= FC(Iilrd))/ (¢, Q) x C(arli)y< ﬂq p )

Bp.gAs
ﬁn X ~(11)
N (—D)*t1Q/A, (=Dt A /5, )
M T,(——— =) -1, (————""
¢ D:[l( ”( Bp.qg nW9/2P ) ‘1( N ) X

ﬁIII 1 ~(1IT)
(_I)S-H Q/A_& (III)) ( I)H‘ {A / >
T,(——————— ) — T
" 11:[1 |:< p( Bp.g mar?r ) ! ( N ) )

(—1)**+1 0/ A, (=5, (_1)x+1CAS/§a}(7HI)

(3.62)

where
(;1) =Ni+gq (ﬁn + ZNIII), (3.63)

and

~ N
~ V1o s 2mi i . .
Sit, g s X eme%] =S P (1<ji<<ji<p). (.64

Note that the order of algebraic equation in Q is given by
(Order in 0) = p(Nu +28m). (3.65)

3.2.4. Spectral curves of (r,s) FZZT-Cardy branes
We propose the spectral curves of (r, s) FZZT-Cardy branes to be given as

0= F(r s) €, Q) x é-ﬁ](NI]"FZNII])QN](IV][+21VI]I) %

Cardy
< i@ LT E 0 5@ 0 £ 0),

with
N Nir r+s D r+s N(H)
(=) Q/Agsq (=) ¢ A /5, )
(HH) _
€ 0= ( r, (84S
}_[1;—[1 ( Bp.q 11/» ) q( N )
Ni N r+s ~(111)
lH-r A ;(HI) —1 + As
f(HHI)@ 0)= Hl—[|:( (( ) 5;/2: )—Tq(b )(( ) jﬁ /3, ))x
a=1b=1

8 (( 1)r+s 0/ As s(ll)) T(_T]SH))((_])r+S§AS/§2III)
T Bp.g n4/%P q NG ,
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N N W s (—1)5H (1 yrtsp 4 D
frgn,llw,Q)El—[l—[[(T;V; (DT UAN g (DA )>X

(i (SO SV )
P B, o udl2p q ,
p.q M JiE
Nut N : (1
amy (=1 Q[ Agsg
f(HI,IH) (é-’ Q) = <T(va )( )
r,s J:[] l!:[] 14 ﬂp,q /M/2P
(AT,
q ﬁ
x T(UZI"))((_l)rHQ/AssL(zm))
? By 14120
(AT,
q N
x T<v£“”>((—1)S+’Q/Ass§m))
b Bp.q ua/2p
) T(—v;“‘>>(M)) y
q 7
T(_Vz(lnl)) (_1)r+s Q/AXSLEIH)
“\r ( Bp.q Mq/Zp )
1
- T<%5”'>>(M>) | 66
q NG

The point of this proposed formula is that this respects the p—q duality transformation
(i.e. Eq. (3.20)), and charge conjugations (i.e. Eq. (3.43)):

=(s.r) Y ¥ (r.s)
D OZFCSar:iy(m’ﬂ%PASArC) o FC;rsdy(é', 0),
p.qAsAr

2 0=F&n (6 0) o F& (ée.—0e) (6o 0¢) = ((-D7&. (=17 0)),

3 0=Fi,(n P) < Ry (ne.=pe) - ((ne, o) = (=1, (=17 P) ).
(3.67)

The last charge conjugation is equivalent to the following dual charge conjugation:
0= FE (6. 0) x FGt ) (=ep. 00) (60, 00) = (<176, (=1)70)).  (3.68)

Note that, in a naive consideration, one might think that it is natural to consider more higher-order
algebraic equations rather than the above formula. However, such a construction results in some
algebraic equation which does not respect the spectral p—g duality and charge conjugation.

In fact, in this formula, we have selected some branches combined in the formula. This in-
dicates non-perturbative decoupling of the spectral curves (i.e. at the level of isomonodromy
systems). In Section 7, we will see that the non-perturbative decoupling phenomenon is actually
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favored in our construction based on Wronskians. In particular, in the case of the (3, 4)-system,
we will see evidence that this decoupling phenomenon occurs and results in the general formula
Eq. (3.66) (in Section 7.3).

According to the formula Eq. (3.66), the orders of the algebraic equations are given by

(Orderin Q) =229, (Orderin ¢) =047, (3.69)

where the integer 99’ is given by

mp
(PJI) — p 1 q n—1 ka ka kan
(| O-ze 2 )] em

1§lll<"'<unfmp,r kalkaz‘“kan

with the integer m, , associated with the greatest common divisor of (p, r) (see also Eq. (3.33)):

ged(p,r) =k{'ky2 -+ kzln;f’;’ (kq: prime number). (3.71)
3.3. Notes on (r, s)-type ZZ-Cardy brane corrections

In this subsection, we discuss ZZ-Cardy branes associated with the FZZT-Cardy branes.

As is discussed by Seiberg and Shih [65] (also [33,64]), ZZ-branes are associated with a
non-trivial cycle integral of the resolvent (i.e. the differential Q(¢)d¢) on the spectral curve.
On the matrix-model side, such cycle integrals are identified with instanton actions of the single
eigenvalue dynamics which is evaluated by the semi-classical saddle point approximation of the
matrix models [32-35].

This identification is nicely described by the free-fermion formulation [28-30] and is analyzed
in [42,43] (see also for the two-matrix-model analysis [36]). The following discussion is then
based on the analysis given in [42,43]. According to the general prescription [28-30], we identify
(r, s)-type (m, n) ZZ-branes as follows: ZZ-branes are stationary points of the D-instanton action
in free-fermion formalism on the spectral curve, where the D-instanton action ¢, »y(£) on the
(r, s) FZZT-Cardy branes is given by

¢

Gl (&) = / d¢'(0uc) = 0sc))  (1=ab=ol?)
o

with FC(rargd)y(é" Q)= l_[ (Q — Qq (()) =0, (3.72)
a=1

where (a, b) represents a pair of branches of the spectral curve. The disk amplitude of the

(r, s)-type (m,n) ZZ-brane .A(er )(m n 18 given by

(r,s) *
M = 0)’ (3.73)
e

where we choose (a, b; ¢*) properly to associate it with the indices (m, n). For the principal
ZZ-branes (i.e. of (1, 1)-type), all the (m, n) labeling of Liouville theory is shown to be given by
the indices (a, b; ¢*) exhaustively [42.43].

For the general cases, the precise identification has not yet been carried out; however this
would be related to an interesting phenomenon at the level of non-perturbative completions.

A(ZrZS)(m n) (r K’ (; ) (EI (a5 b, é‘*) Satisfying
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Naively, one can expect that all the ZZ-branes are given by Eq. (3.73) and no other types
of instantons (which are not in the ZZ-brane spectrum of Liouville theory) would arise as the
saddle points of the D-instanton action. This consideration is natural since these ZZ-Cardy branes
are related to the instanton effects of different isomonodromy systems which are commonly
describing the same string equation.” The instanton spectrum of the spectral curve should then be
intrinsically determined by the string equation, which is essentially given by that of the principal
FZZT-branes.'"

However, from the inverse isomonodromy approach (i.e. the Riemann—Hilbert problem, see
[57]), one can also expect that the above consideration may be too naive. There are a few com-
ments in order:

e Interestingly, the spectral curves of FZZT-Cardy branes are similar to those of fractional-
supersymmetric minimal string theory [49], where the spectral curve of the FZZT-(Cardy)
branes are similarly factorized into various kinds of irreducible spectral curves. Therefore,
there exist “ZZ-branes” which connect different irreducible branches of the spectral curves.'!

e These “connecting ZZ-branes”, at the first sight, seem not to be in the traditional ZZ-brane
spectrum. Regarding this point, therefore, there are two possibilities:

1) The connecting ZZ-branes are again expressed by a superposition of principal ZZ-brane
amplitudes. This means that the ZZ-Cardy branes and instanton saddle points are com-
pletely prescribed by Eq. (3.73).

2) The connecting ZZ-branes are not expressed by a superposition of principal ZZ-brane
amplitudes. This means that these connecting ZZ-branes should be forbidden by the fact
that both systems are described by the same string equation.

Let us examine the second possibility in detail.

e If the second possibility is true, it means that there appear non-standard ZZ-branes in the
correction of the bulk free-energy Eq. (1.9),

o]

00 g
F(9) 2 Y g P F ) + ) ba g exp Y 8" FO (A |+
n=0

a=1 n=0

5} oo
+ Y gaghexp[ )" EO ()] 002, (3.74)
b=1 n=0

exceptional ZZ branes

for the general non-perturbative completion based on the spectral curve of FZZT-Cardy
branes. These “unexpected” brane contributions are referred to as exceptional ZZ branes.

9 These isomonodromy systems are derived in Section 4 and Section 5.

10" Note that instanton effects appear within the perturbation theory. Therefore, ZZ-branes are intrinsically perturbative
objects. In this sense, there is no difference from the principal ZZ-branes. This is the most critical difference from the
FZZT-Cardy branes.

1 Note that the D-instanton/ZZ-brane spectrum of the isomonodromy systems is completely parallel to that of the
free-fermion (i.e. Eq. (3.73)). It can be easily seen by applying Riemann—Hilbert analysis to the isomonodromy systems
[52,53,57]. Therefore, all the D-instantons which are given by Eq. (3.73) shall appear as non-perturbative effects of
minimal string theory.
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Since this free-energy is purely describing bulk physics without any FZZT-kinds of branes
in the bulk, such exceptional branes should not exist in the correction.
This may happen because this system is described by using FZZT-Cardy branes (not by the
standard principal FZZT-branes) whose isomonodromy systems are of large size in general
(shown later in Section 4 and Section 5).
Although these isomonodromy systems describe the same string equation, such a fact al-
ready gives a constraint on the coefficient matrices of the isomonodromy systems. If one
performs the Riemann—Hilbert analysis, the general spectrum of ZZ-branes follows from the
spectral curves of FZZT-Cardy branes (which would be different from the spectrum of Liou-
ville theory). Therefore, we mean that we should carefully choose the instanton corrections
(i.e. giving the physical constraint on the general isomonodromy systems) such that these
two spectra coincide.
Therefore, if one requires that these different (r, s) FZZT-Cardy branes describe the same
bulk physics, we should impose an exclusion principle to forbid such instanton corrections,
which is understood as another duality constraint discussed in [53].

e Another interesting fact is that the single minimal string theory is now described by different
spectral curves:

Fom@0)=0 = F@ <« F&@0)=0, (3.75)

although these spectral curves are generally very different. However, all the spectral curves
include the same irreducible curve which is essentially given by that of the principal FZZT-
brane (i.e. Fg;yy@, 0) =0).

Therefore, one of the easy solutions to this problem is that the irreducible curve of the prin-
cipal FZZT-brane would be non-perturbatively decoupled from the other irreducible curves
of the total spectral curve. It is interesting to evaluate this issue quantitatively, but is already
far from our scope of this paper. Hence, we leave it for future investigation.

4. Wronskians for the (r, 1) FZZT-Cardy branes

In this section, based on the Wronskian description Eq. (2.54), we start to discuss differential-
equation systems which describe the FZZT-Cardy branes. There are two different schemes
of differential-equation systems: One is given by linear differential equations with Schur-
derivatives; and the other is given by linear differential equations with rational coefficients,
i.e. the isomonodromy systems.

This section focuses only on the case of (r, 1)-type FZZT-Cardy brane. The other types of
FZZT-Cardy branes require additional consideration and are discussed in Section 5 and Section 7.

Note that, in this section, we mostly adopt the abbreviations mentioned in Section 2.3.1, be-
cause the following general rank-r Wronskian functions

W[@jl»ij"‘yjr](t; é-) (1 S jl < e < jr S p)’ (41)

Cardy
we just employ the following collective expression of the Wronskians:

as well as (r, 1) FZZT-Cardy branes <®(r’ b (§)> satisfy the same differential equation. Therefore,

(0Ga,©) = whwo  (r=12-.p-1). @2)
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4.1. Schur-differential equations for (r, 1) FZZT-Cardy branes

The first scheme for describing the FZZT-Cardy branes is understood as an extension of the
Baker—Akhiezer system Eq. (2.29) and Eq. (2.30). The explicit form of the Baker—Akhiezer
systems is as follows:

Principal FZZT brane ¢ (¢; ¢):

p
U = PG VGO =201+ w07 [y o)
, =2 4.3)
giw(t; OD=0:NY ;) =Ppg [2"*18" +y° vn(t)a"*”]wt; ¢)
n=2
Principal dual FZZT brane y (¢; ¢):

q
e =P ) xem = [297109+ 35,009 |xe:m)
n=2 (4.4)
g—x(t m = 0050) x(t:1) = By.p [ 27707 + LY T "|xsny

n=2

where

Bg.p=(=DIYB, 4.5)

and

n—2 .
ﬁn(t)EZ(—l)n_j<p_j+]>u}(1j)j(t) (n:2’3,... ,p)
2 (a—n+J\ G '
Un(t)EZ(—l)n—J( j )v,(,’_)j(t) (n=2.3.---.q)
j=0

Compared to the Baker—Akhiezer systems, on the other hand, the new type of equations are
constituted of the Schur-derivatives S (d) (not of the usual derivatives 9”). In this sense, we
refer to such a new type of differential equations as Schur-differential equations.

(4.6)

4.1.1. Schur-differential equations
The Schur-differential equation system for the rank-r Wronskians Wg )(t; ) is given by the
following pair of partial differential equations:

P -eqn. : ;W(”(z 0) =20 )t; a) w0,

4.7
O eqn.: g LW 1) = Py 3 271 0) WS 150, @7
a=1
for a partition A = (Ar, -+-, A1) which can be generally negative (as Eq. (2.72)). The first equation

is referred to as 5” -equatton and the second equation is as Q )-equation.

1) The coefficient operators {9 (t;9)}, _, and {2} (r) o (t;0)) _, are partial differential oper-
ators which are given by
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p+QAgt+a—1)
P =280 sip @ Y UPTTO S ypnn ),
a-th comp. n=2 a-th comp.
qg+g+a—1)
2" (1;9)=2171S,.... kg @)+ 3 v,,“ﬁ“—“(t)s(...,Anﬂfq,,,,...)(a).
a-th comp. n=2 a-th comp.

(4.8)

2) Because of Eq. (2.72), for any (generally negative) partition > = (A, - - - , A1), the following
numbers are non-negative integers:

rta—1>0  (@=1,2,---,r). (4.9)

3) The coefficients { U, (¢ )(t)} and {V(e) (t)} are given by the coefficients of the Baker—
Akhiezer systems, {un (1) } and {vn () }n 0@

min[¢,n—2] i ' min[£,n—2] ) -
vPm= Y (j)afun_j(r), viOmn= Y (j)afun_j(z). (4.10)

J=0 J=0

Note that one can also replace the (@)(\r)-equation of Eq. (4.7) by other types of ﬂir)-equation:
W) =20 WS o) (a=1,2.0 0= 1). 4.11)

However, one can see that such an alternative choice of @y)-equation is equivalent to the origi-

nal L@)Er)-equation of Eq. (4.7). Also note that the @ir)-equation provides non-trivial equations
even in the cases of partitions A with negative components. For example, A = (—1, 0) gives

P grean: - 0=¢ Wﬂ)(“ 0 =20 ), GHWE @50, (4.12)

which does not depend on ¢ explicitly. This kind of ,@ir)—equation is important in the next
section. On the other hand, the ,@y)-equation does not give such a non-trivial equation when the
partition possesses a negative component, because there happens cancellation of equations and
the Qﬁr)-equation trivially vanishes.

Before moving to the next discussion, we also show the Schur-differential equations of the
(s, 1)-type dual FZZT-Cardy branes, which are denoted as

PVeqn.: n W (11 1) = PY)(1; 3) W m)

~ 9 , (4.13)

I eqn.: g 85 — W) =By, ,,Zo@y)a(t ) WS (t:m)

a=1
with

- q+(Ag+a—1)

PN =278 g @+ Y VRO S gene ()
a-th comp. n=2 a-th comp.

q+()\a+a—l) ’

‘Qiil(t’ 8) = 21)718( s )\a+q ,)(8) + Z U’(l)»yﬁ”a*l) (t) S( ,)La-i-q—n,---)(a)

a-th comp. n=2 a-th comp.
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min[¢,n—2] ) min[¢,n—2] )
and UO@1) = Z <) 3t (1), VO = Z () 3, (1),
=0 J =0 J
J J
(4.14)

where the coefficients {ﬁn ®) } r’: _, and {17,, (t)}Z:2 are given in Eq. (4.6).

4.1.2. Derivatives on the Schur-differential equations

In view of the similarity to the Baker—Akhiezer system, one might be tempted to consider an
analogy of the Douglas equation in these Schur-differential equation systems. In order to define
such a concept, one may need to consider an action of Schur-derivatives on the Schur-differential
equation systems. However, it is not easy to find a standard definition of such a operation:

S,(0) x [f(t)sk(a)] = ... 9 (4.15)
The only exception happens for the action of S—(9), which is just the simple derivative:
0 x [f(t) Sx(a)] =9f (1) $,.(3) + f (1) SO (d). (4.16)
This operation gives the following equations:
0" x 2 -eqn. : WO =20, WD), (4.17)
0" x 2{"-eqn. : g% O D) =g ergglxk’a(r; HWS (o). (418
a=1

These can be followed by the relation,
U@ =u® +au0 @), (4.19)

which can be obtained by (ZJJT]) = (f) + (fl)
Therefore, we still have not found out the Schur-differential counterpart of the Douglas equa-
tion of the Baker—Akhiezer systems, which shall be reserved for future investigation.

4.2. Isomonodromy systems for (r, 1) FZZT-Cardy branes

4.2.1. Schur-differential equations as constraint equations

One of the important aspects of the Schur-differential equations is to play a role of constraint
equations for the Young-diagram space. This leads to the second scheme of differential-equation
systems, i.e. the isomonodromy systems.

For a general (standard) partition A = (A, --- , A1) € PTy<, C Vi<, the @)Ef)-equation W=
(A — p,XAr—1, -+, A1)) can be generally expressed as'?
)\r_}\r—l
(r) 1y (r) (Ap—p+r—1) (r)
cwy) =20 twiD 4 Y T o w! L+
n=2 r-th comp.

12" This is then easily manipulated in Mathematica. This is the way how we derive isomonodromy systems in the fol-
lowing.
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r=1 Ar—a—hr—q—1
ST S -1y Oy—p+r—1) )

+ [ ( 1) X U).r,‘H,l—)\r_a-i-l‘la—i-aW()»r,l*l,'",)\r—afls Ar—a=—Na shr—a—1,) |’
a=1

ng=1 (r-a)-th comp.
(4.20)
where Ag = 0. Note that, due to Eq. (2.72), these equations exist when and only when
Ar—p+r—1>0 & A>p—r+1. 4.21)

These &2-operators are then understood as recursive equations to solve W)Er> by other Wronskians
Wl([) with a smaller size of Young diagram (|A| —2 > |u|).

1) In particular, Eq. (4.21) indicates that the Wronskians W/\(r) (t; ¢) associated with the follow-
ing partitions/Young diagrams A € PT,x(,—) 13,
PTrx(p—r) = {A : partitions [¢(A) <r, A, < p —r} CPTi<,, (4.23)

are the linearly independent Wronskians.
The general Wronskians Wl(r) (A € PT¢<,) are then expressed as a Wronskian associated
with a vector of the following (finite-dimensional) vector space Y, x(p—r) over C,

. p
yrx(p—r) = Z Cxr CVe<rs dim¢ yrx(p—r) = <r> (4.24)
)\.EPTrx(p_r)

The set PT,(,—) then forms a basis system of the linear space ), x(p—), which is referred
to as the canonical basis of the space.
2) The t-dependence of the system is then governed by the differential equation,

oW =W, 60 (e pn), (4.25)

which describes a motion of vectors in the linear space of Young diagrams YV, x (p—r)-

3) The ¢-dependence of the system is then governed by the o@y)-equations, which describes a
motion of vectors in the linear space of Young diagrams Y, x (p—r)-

By this manipulation, we can derive the linear differential equations with rational coefficients for
the (r, 1) FZZT-Cardy branes, which are (¥) x (¥) isomonodromy systems.

r

An example: (p,q) = (3,2) and the (2, 1) FZZT-Cardy brane As an example, we demonstrate
the case of (@)(Czérlgy(—n» = Wg)[x](t; n). This is the simplest and educational. Several equa-
t
tions are shown as follows:
P-equation

0=4WD + oWy (4.26)

13 For example, the set of PT3, is following:

PT3x2 = {@, 0. H B ﬁ . @j @3 @ } 422)

Therefore, they are Young diagrams which can be included by a 3 x 2-size rectangle, @
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0=4W 2 +OW + @30 + W) —n) WS (4.27)
0= 4%% — @) — WS (4.28)
2-equation
T —W(Z) 2(W(2) Wé”) WD (4.29)
a .
Bih 5 W =2+ 200 WS + 20,0 W) (430

_1 0 ~ ~ ~ T
2By s — o T = 2(W(2) - W)+ 2u2(t)Wé2) +IOWD —OWS @31

H VHEY TH

where

ur (t) = us(t), 02 (1) = v2 (1), U3(1) = —v3(1) +uy (1) (4.32)
Here, for example, one can see

O x (Eq. (4.26)) = (Eq. (4.27)) + (Eq. (4.28)). (4.33)

By using the &-equations, the Wronskians with a large-size Young diagram can be recursively
solved by those of smaller-size Young diagram. As a result, the following Young diagrams are
independent degrees of freedom in this case:

PTay; = {@, o, H}, (4.34)

and it is enough to consider the following finite-dimensional linear space,
) 3
Wx1=Co+Co+CH, dimc Vax1 = (2) =3. (4.35)
This system is then described by 3 x 3 isomonodromy systems.

4.2.2. Isomonodromy systems for (r, 1) FZZT-Cardy branes
As we have seen above, the isomonodromy system for the (r, 1) FZZT-Cardy branes in (p, q)
minimal string theory can be obtained by introducing the following rank- (’; ) vector function,

w3 (:0)
WO = | W0 E(WA“)(;;;)) : (4.36)

AEPT x(p—r)

and by considering the action of 9; and ;.
For later convenience, we also specify a “canonical” ordering for the bases of the vector space,
A € PTyx(p—r), as follows:

A < I
A< < — -
or Y hmap =" <D pmalp =1 (M=lul)
a=0 a=0

(4.37)
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where || is the size of the Young diagram A. For example, the elements of the basis system
PT3.»> are ordered as follows:

®<D<DH<H<EP<@<EH<@]<HH<@. (4.38)
The isomonodromy system is then given as the following linear differential equation for the
vector function W) (¢; ¢):

V) (¢ - V) (¢ -
PLLAELLY m(t’ o pa oWy, g ) 8;” D = QD W15 0),
(4.39)

with (’rj ) X (’; ) matrix-valued rational functions B"D(¢; ¢) and Q"-V(#; ¢) in ¢.1* Examples of
isomonodromy systems are shown in Appendix B.

The isomonodromic Douglas equation is given by the integrability condition of this iso-
momonodromy system:

[0, — BV, g, —Q"P] =o0. (4.40)

It is important to note that the string equation obtained from this (isomonodromic) Douglas
equation is the same string equation as the original Douglas equation of the Baker—Akhiezer
system:

[Pt;9), Q1;0)]=¢1 < [g8 —B"D g —Q"V]=0 (r=1,2---,p—1).
(4.41)
From the viewpoint of physics, it is because the bulk physics itself does not change, whether
it is from the principal FZZT-brane or from (r, 1) FZZT-Cardy branes. From the viewpoints of
(generalized) Painlevé equations, we obtained different kinds of isomonodromy systems which
describe the same (generalized) Painlevé equation.

If one just focuses on the string/Painlevé equations, it is not much different from the principal
one. However, since the isomonodromy systems are different, the spectral curves are different.
If one interprets the spectral curves as the spacetime of this minimal string theory [30], the
spacetime generated by the general FZZT-Cardy brane is much broader than that of the principal
FZZT-brane. It even describes a semi-classical multiverse behavior as connecting ZZ-branes (see
Section 3.3).

The point is that these FZZT-Cardy branes are just branes which constitute the single mini-
mal string theory. Therefore, these non-perturbative completions viewed from each FZZT-Cardy
brane should coincide with each other. This is the anticipated new duality constraint of FZZT-
Cardy branes discussed in [53]. Further analysis on this direction is reserved for future investi-
gation.

4.3. Charge conjugation of (r, 1) FZZT-Cardy branes

As one may observe in Appendix B, the sizes of isomonodromy systems for both the (r, 1)
FZZT-Cardy brane and the (p — r, 1) FZZT-Cardy brane are the same, and both are given by

0-0-(2)(2)

14 Note that the size of the isomonodromy system (i.e. (f ) X (]r’ )) is also consistent because the number of independent
general rank-r Wronskian functions (Eq. (4.1)) is also given by (f)
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Similarly, there is also a duality relation among spectral curves of these two FZZT-Cardy branes
(i.e. Eq. (3.43)). Therefore, one may expect that these two isomonodromy systems are also related
by a duality. In this section, we discuss this duality from the viewpoint of the Wronskians. Later,
more general discussions are given in Section 5.3.1. This duality of isomonodromy systems is
understood as charge conjugation by the following means:

4.3.1. Charge conjugation matrices of isomonodromy systems

We first discuss the charge conjugation among isomonodromy systems for the (r, 1) FZZT-
Cardy branes, directly. In fact, as one may find in the examples of Appendix B, the following
relation holds':

BP=rD (s ) = —¢rD (B(r,l)(t; {))Tc(r,l)—l’

Q“F*J>o;;>=-—¢“i>(grﬁ”(nc>)T¢“J)’ﬁ (4.43)

where ¢-D is a (1: ) X (f ) matrix which is defined by the following linear map acting on the

space of Young diagrams, €1 Vrx(p—r) = )J(I,_,)X,'(’:

1 - 1 cc
cCrOwy=we by = (=D xace (4.44)
Here, |1| is the size of the Young diagram A, and A°C is referred to as complementary conjugate

Young diagram which is given by combining the following two operations:

PIG R complement <& Aj =(p—r)—Ar—at1 (a =1,2,--- ,r), (4.45)

Aoy conjugate <& AZ = maxp {b|k,_b+1 Za} (a =1,2,---,p— r).
(4.46)

For example, the case of p =9 and r =4 is given as

]
x:ﬁﬂj O MI‘ - 2= =g . (4.47)

One can also take A first, since the result is the same, A€ = ()\L)v = (AV)L. By using the
canonical ordering of Young diagrams Eq. (4.37), one can see that

glp—rl) (_1)V(P—V)Qt(r,1)T’ gp—rDerl) _ (_l)r(p—r). (4.48)

Note that the form of the matrix €1 depends also on (p,q) (even though it is not ex-
plicitly shown). This matrix ¢*>1 is referred to as charge conjugation matrix. The meaning of
charge conjugation matrices is discussed and is also extended to more general cases later in
Section 5.3.1.

15" The form of the transformation itself is a conjecture in general, but it is reasonable since the transformation Eq. (4.43)
naturally preserves the isomonodromic Douglas equation, Eq. (4.40). In this sense, this is a spectral duality of the isomon-
odromy systems.

16 The linear map €~V is linearly extended as €V (ar + bp) = a €D + be" D) for a,b e C; A, p €
Yrx(p—ry- Then, if the X is a pure basis (see Section 2.3.3), we apply the rule of Eq. (4.44).
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4.3.2. Charge conjugation transformation of the Wronskians

We next discuss the charge conjugation transformation C. Note that the charge conjugation
transformation C and the charge conjugation matrix ¢>) both stem from the same concept of
“charge conjugation”; but they represent different aspects of it. We define the charge conjugation
transformation of the Wronskians Wg ey ) as

iy Iulaye Ly

Wy oy = wit e ) (4.49)
where ji < o <--- < jrandly <lp <--- <l,_, with

Ui oo e} Ullintay - sl b = {1,2, -, ), (4.50)

and therefore, by definition, it satisfies CoC = 1.

One way to understand this transformation is by utilizing the twisted free fermions. From this
point of view, this transformation can be interpreted as particle/hole exchange, charge conjuga-
tion and brane/ghost-brane exchange of p-th twisted fermions.

1. Let us represent the bosonization of the fermions as {(i(j) ({)}f:l (i.e. gﬁ(j) ()= :e‘ig('/)(i);),
If one chooses the conformal background (i.e. [24]), one of the loop equations (i.e. W4oo-
constraints) is given as follows:

14
> V@) =0, 4.51)
j=1

without loss of generality (as a result of loop equations) [ | 8-20,43].17

This is equivalent to the standard property of the Wronskian: The rank-p Wronskian of the
p-th order differential equations should be constant in ¢ (and also in ¢). In our conformal
background, it is given by the unity:

WP (t:0)=1. (4.52)
This property provides the concept of particle/hole for this free fermion.

2. As aresult, for the indices {j,}/,_, and {lb}f;lr given by Eq. (4.50), the following two expo-
nents differ by a sign:

r p—r
D@ ==1x 3 W), (4.53)

a=1 b=1
and therefore, the charge conjugate pair of the Wronskian operators are related by the charge
conjugation of free-fermions:

Wit il () =:e9©) C, Wl (7) ==, (4.54)

In other words, this is the relation of brane/ghost-brane [87].
3. As an example, the charge conjugate of the standard determinant operator is given by the
inverse of the determinant operator:

W 1 (;) <> det(-x ) i o ( ) m.
X <> t(x —

7 This means that there is no contribution of the non-universal KP flows in the background [18-20,28-30].
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Similarly, the charge conjugate of the (p — 1, 1)-type FZZT-Cardy branes is the I_%J-th
elemental FZZT-brane &(L%J) ),

oLy @ <> W (=9180), (4.56)

which is not the principal FZZT brane I/A/(l) ) (: ®(C]ér1d)y (;)). Therefore, the charge conju-
gation is not the map which connects different FZZT-Cardy branes:

CLOEN, (O] # Od @) 4.57)

5. Under the abbreviation of indices (discussed in Section 2.3.1), one can express the transfor-
mation as

CIWS (t: 1= WL ™" (13 0). (4.58)

This should be understood as a map of differential equations.

4.3.3. Charge conjugation as a Biicklund transformation
In addition, we can also consider the charge conjugation as a transformation of coefficients
{un (1) };': _, and {v,(1)} r’; _, in the Baker—Akhiezer systems:

n—2 .
Jj=0

n-2 g — N (4.59)
() — ’Jn(z)=2(—1)n—1(61 ’;ﬂ)v,ﬁ’_)j(t) (n=2.3,---.q)
j=0

Brg — —Bep=(DPHrig,,
Since {ua(1)}’_, and {i,(r)}"_, both satisfy the same string equation (up to the sign-change

of B,4), this transformation is understood as a Béicklund transformation of the string equations.
This also comes from the concept of charge conjugation.

1. The point is that the rank-1 Wronskians Wg) (t;¢) (=¥ (1; ¢)) and the rank-(p — 1) Wron-

skians Wg’ -b (t; ¢) are related by the charge conjugation transformation:
-1
cwg' @ o1=wd 0 (4.60)

Therefore, the rank-(p — 1) Wronskians Wg 71)(t; ¢) also similarly satisfy another Baker—
Akhiezer system:

-1
owd ™V 0)
cle

with — (Pe(t;0), Qc(t;0)) = (PT(1;0), — Q" (1: 9)). (4.61)
This is also another standard result of the Wronskian: The rank-(p — 1) Wronskians of

the p-th order linear differential equations satisfy the linear differential equation with
“transposed-coefficients” (i.e. P1(z; d)).

¢WSV @) =Pe:yWE @30, = Qe WL (150,
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2. By definition, the Douglas equation of the charge conjugate Baker—Akhiezer system is equiv-
alent to the original Douglas equation:

[Pc. 0] =[P". - Q"] = ([P, Q])ngl. (4.62)

In this sense, this charge conjugation is understood as a spectral duality of the integrable
systems [80].
3. By the concept of charge conjugation, one can also consider the rank-(p — 1) Wronskian,

Yet; )= WP V@ (=1)Po), (4.63)

as the fundamental degree of freedom, with regarding ¥ (¢; {) as the bound state of them
(e.yY(t;¢0)= Wg_l) [Vel(t; (—1)P¢)). From this point of view, the system is described by
the Baker—Akhiezer system with replacing coefficients by Eq. (4.59). In this sense, Eq. (4.59)
is understood as the charge conjugation of the system.
3. The dual cases are also similarly given as follows:
W)

nWI V@) = Pe; 0) W (e, =0ct: ) WE @,

an
with — (Pe(t;0), Qc(t;0)) = (PT(1:0), — 0 (1 9)), (4.64)
and therefore,
xe(sm =WV (=0t (= WV (-17n). (4.65)

This aspect of charge conjugation provides two different prescriptions to define (r, 1)-type
FZZT-Cardy branes (i.e. based on ¥ or y¥¢; and also based on x or yx¢). In fact, these two
prescriptions are consistent with each other, which is discussed in Section 6.1.

5. Wronskians for the (1, s) FZZT-Cardy branes

In this section, we discuss the next step: how the (1, s)-type FZZT-Cardy branes should be
described. So far, we have discussed that FZZT-Cardy branes are multi-body states of elemental
FZZT-branes, which are described by the Wronskians of Baker—Akhiezer systems. This idea can
be straightforwardly applied to the cases of (r, 1)-type. However, as is discussed in Section 2.2.2,
the general cases further require a new idea for the construction.

As the key idea, we first propose a generalization of the spectral p—q duality to overcome the
issue. In particular, this allows us to construct (1, s)-type FZZT-Cardy branes and then, as will
be discussed in the next section, the edge entries of the Kac table are obtained combining the
generalized spectral p—q duality with the reflection relation. In the next section, we also discuss
a generalization of the Wronskians for the further general cases (i.e. the interior entries of the
Kac table) as a possible candidate for the complete solution.

5.1. General spectral p—q duality: PQ=LoC
As is discussed in Section 2.2.2, the success of our Wronskian construction for (r, 1)-type

FZZT-Cardy branes is because the analytic continuations of these branes themselves (Egs. (2.14)
and (2.16)) do not depend on the structure of the spectral curve. Therefore, our task is to find
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out a way to construct the general (r, s)-type FZZT-Cardy branes, which does not depend on the
spectral curves.

The first proposal which partly solves this problem is to generalize the spectral p—g duality
of the Baker—Akhiezer systems to the general (7, s)-type of FZZT-Cardy branes. A clue for the
extension can be found in Section 3.1, where the p—g duality of spectral curves is regarded as
the Legendre transformation:

(pgari;y(g) = Sup(,Bp,q ASZ,, X¢n— (Z'ésérrd)y(e”iqn»
n
6D

~(s.r)

(pcardy(n) = Sl;p(/sq,p ASA~r x&n— go((:i’;()]y(enip;))

This can be used to connect the (1, s)-type FZZT-Cardy brane with the previously studied
(s, 1)-type dual FZZT-Cardy brane. An important point here is that the Legendre transforma-
tion itself does not depend on the spectral curve. Therefore, we enhance this relation to the
non-perturbative relation which connects the FZZT-Cardy-brane operators ®(Cr£’l‘;)iy(§) with their

dual operators (:j(cxé:gy(n). Our proposal is then given as follows:

r,s —ﬁp‘q/\x;r ~(s,r p Axxr ~(s,r
ot 01 [ an 50 Bz ] = 0P B o
Y

~ ﬂqﬁ/“trxr ( Axxr) .
By = [dee™ T e o alol, ] = L8 feafol, o

v
(5.2)
This is a combination of two spectral dualities, the charge conjugation and the Laplace—Fourier
transformation. Therefore, this new transformation is also a spectral duality. We refer to this
transformation as general spectral p—q duality (or simply, spectral p—q duality). Here each op-
eration is given as follows:

1) The operation A is an antipodal operator for the index of the Wronskian, which can act on
W@ (t; ¢) or WO (1; ¢) respectively as'®

p p i _P

{ A[W[jl’jz""’jr](l; é.)] = W[jl—j,jz—f,...,]r 2](1‘; 0),

A[W[jl»jzw“ »js](t; 77)] = W[jl*%yh*%s"' ,j.ﬁ%](t; n). (-3)

By definition, it satisfies Ao A= 1.

2) The operation C is the charge conjugation operator on the Wronskian, discussed in Sec-
tion 4.3.2. Therefore Co C = 1.

3) The operation E;A) is the Laplace—Fourier transformation. For a given function f(n) in n
(or g(¢) in ¢), it is respectively given as

010 = [ dnet s (or £t = | d;e?“’g@). (5.4)
14 Y

The contour y is chosen so that the integral £ converges. Note that we use the same notation
for £ on f(¢) and also for £ on g(n). We also note the following:

18" Of course, one should note that A[WUl*h““ sl 17)] #* wlitjz. Js)(t; €™ y).
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9 A B Yo e _
6(cagp) o f@1=0 & G(=Fe—s5r) L LD =0. (53

Therefore, as far as one focuses on “differential equations”, £ o £ gives just a coordinate
transformation of ¢: ¢ — ¢’ = —(A/B)¢.
It is also natural to consider the pair of contours (y1, y2) which satisfies

LW o LEVFO)= £(©). (5.6)

then one can identify /.Z(A) o /.1( 4) = 1. These contours (y1, y2) are said to be inverse to each
other and denoted as y» =y .19 We will also come back to this point in Section 6.2.2.

By using the proposed formula, we can describe the (1, s) FZZT-Cardy brane by using (s, 1)
dual FZZT-Cardy brane as follows:

ol = [ane coaBE ] B o W
14

st |

Oardy (1) = [ dc T Co ARG @] el @) o wEwo)
Y

(5.8)

In this section, based on Eq. (5.8), we evaluate differential equations of these (1, s) (and also
(1, r) dual) FZZT-Cardy branes.

5.1.1. Consistency with the Seiberg—Shih relation
There are several reasons to consider the above form of the generalized spectral p—g duality.

e The string equations obtained from integrable systems of the FZZT-Cardy brane Eq. (5.2)

are the same as those of principal FZZT brane. This guarantees that the pure-closed-string
amplitudes are kept the same, and the solitonic object given by Eq. (5.2) still belongs to the
same closed string (i.e. (p, ¢) minimal string) theory.
Simultaneously, the spectral curves obtained from integrable systems of the FZZT-Cardy
brane Eq. (5.2) are those of the FZZT-Cardy brane evaluated in Liouville theory (i.e. in Sec-
tion 3.2). This guarantees that the open-string amplitudes associated with the FZZT-Cardy
brane are also correctly prescribed.

e These two points are guaranteed by the fact that the generalized spectral p—q duality is
given by a combination of spectral dualities (A, C and £).”° The concept of spectral duality

is introduced in [80]. Since there are a few spectral dualities associated with the spectral

19 It is worth comparing it with the Fourier transformation:

oo

Faoy=£50ren= [ deeF ro Foy =L 1= ——
=Ly = , = 77)]—2

n‘”

\)

(5.7)

—00

Therefore, the contours (yq, y») are given by (y1, y2) = (y, ﬁy), where y is the contour defined by y : R >

t > y(t) € C with y(r) =t € R. In this sense, yfl

—1

= 2V This notation is consistent with the following operation:

- 1
@)~'=gy
20 Precisely speaking, since A just exchanges solutions with other solutions within the same differential equation, it is
considered to be a trivial spectral duality. In other words, this operation does not change the differential equation at all.
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curves, it is natural to consider the proposed formula Eq. (5.2) as the correct prescription for
describing FZZT-Cardy branes.

e One of the important consistency checks is about the Kac table. If the construction of FZZT-
Cardy branes itself is consistent, it should allow us to derive the Kac table associated with
the Virasoro algebra of the worldsheet CFT. In addition, various manipulations based on
Eq. (5.2) should not cause any inconsistency in the construction of the Kac table. The con-
struction of the Kac table and consistency checks are given in Section 6.

e The formula Eq. (5.2) also should pass some direct check of the equality. In particular, as is
discussed in Section 4.3.3 and also in Section 6.2.1, the corner entries of the Kac table,

c |-
(Lg=1) (p—1,g—1) xc |- - X
: . (IL,p—1) (g—1,p—1)

p—q duality ’ (5 9)

X XC
a.n (g=1.1)

C
a.n (p=1,D

are described by the Baker—Akhiezer systems. As in Section 6.2.1, the direct check can be
performed and results in Eq. (5.2). The first primitive discussion on ¥ and y is also found
in [80].

The direct check for the general FZZT-Cardy branes should be also possible but is reserved
for future investigation.

5.1.2. Abbreviations and notations
As is discussed in Section 2.3.1, we often only specify the rank of the Wronskians

(i.e. W, Z) or W(S)(t; n)) without specifying the actual indices (ji, j2,-- -, jr). In the same
sense, we also skip the antipodal operation A4 in the following discussions:
AWO@GO1=W w0, AW @l = W@, (5.10)

since it does not affect the differential equation.
For the same reason, the contour y in the Laplace—Fourier transformation ﬁ;,A) is also skipped,

Eg,A) — L Although it is also interesting to discuss the precise roles of the contour y in these
correspondences, we leave it for future investigations.”'

Similar to the usual Wronskian functions Wir)[w](t; ¢) which we defined in Section 2.3.2,
we also define the following descendants of the Wronskian functions:

LW 0 = L [w L m]©) (5.11)

LW m = L WO [y oo

In this definition, we practically dropped Asgr dependence in this definition (see also Eq. (5.8))
because it is related to a change of coordinate ¢ (or 1), which is just a convention of ¢ (or of n).
Simultaneously, we have chosen the convention of ¢ (or 1) so that the coefficient 8, 4 (or B, p)
is flipped in the Laplace—Fourier transformation: £#r4) «> £®4.r) > This choice of coefficients
makes Eq. (5.16) and Eq. (5.17) simple.

21 Por example, see [88] for investigations along this direction.
22 Therefore, although the coefficients of Eq. (5.11) look different from Eq. (5.1) at the first sight, we should note that
it is not a typo.
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Accordingly, the Wronskian representation of ®(Claﬁy (¢) and ®(Csa;3y(n) is denoted as

(1,s5) (1,) ey — rr@—s) .
{@Cardy@) < WYX 0 = LW X ©) 5.1

Oty < W@ = LW,y

Here it is worth emphasizing that this is only one of the representations to describe the FZZT-
Cardy branes G) ard (¢) and ® larrd) (n). Therefore, W)El’s)[ x1(t; ¢) represents a specific realiza-
tion defined by Eq. ( 5.12). The consistency among different descriptions is discussed in Section 6.

Keeping this issue in mind, we again abbreviate the new Wronskian functions as follows:

ey (5.13)

WA - W — o w
7 (1 o7 (1 1 ’
WGy - WG — o W

and also
EW(S) . £W(S) . EW(S)
LW Wl e) - LW - Lwy”
as far as it is clear. Therefore, if we encounter
W el ). (5.15)

we cannot skip “[xc]”.
5.2. Schur-differential and isomonodromy systems

In this subsection, we study Schur-differential equations and isomonodromy systems of the
(1, s)-type FZZT-Cardy branes (or (1, r)-type dual FZZT-Cardy branes), especially associated
with the representation Eq. (5.12).

5.2.1. Schur-differential equations ~
The Schur-differential equations for the new Wronskian functions W) (¢; ¢) and wEr) (12 1)
are obtained from Eq. (4.7) and Eq. (4.13), by taking Laplace—Fourier transformation, as

W@ 0) = LW 1:¢)

s LW (1 ¢) ;
LT ean.: g, ) LT 650
s (5.16)
fe@iq_s)-eqn.: —CCWA(qu)(t;K):Zo@;qa V1t 0) LWE ™ (11 ¢)
a=1

WD ) = LW (1)

dLW," ™" (11 )
GOEW @

L7V eq .

=Bp.q Wipp_—rl (t:0) LWS ™" (23 )
p—r 5.17)
L2 eqn.: —n LWy = 28 ) Lwd " (i

a=1
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Note that we replaced ¢ as { — (—1)PT9¢ so that the coefficients 8 p.q and B, , are exchanged
by using B, 4 = (—1)PT9B, ,. We also note

g%ﬁ(*‘)[f](é) =AL[f1©). e LY[f]©@) = AT L83, £](©). (5.18)

As i Zq—s) . (p—r)

s is commented around Eq. (4.12), some of the £%7," ""-equation (and also £Z7," -

equation) remains non-trivial even when A is a negative partition/Young diagram X (i.e. when

¢ Wil’s)(t; {)=0o0rad, V'ivfk(l‘r)(t; n) = 0). These equations contribute to the constraint equations
of Young diagrams.

5.2.2. The space of Young diagrams and isomonodromy systems

In order to derive the isomonodromy systems of (1,s)-type FZZT-Cardy branes (or of
(1, r)-type dual FZZT-Cardy branes), we should specify the independent basis of Young dia-
grams from the Schur-differential equations.

We have derived all the isomonodromy systems for several examples. As a result, explicit
forms of isomonodromy systems are shown in Appendix B. In this section, we summarize several
points which we should mention. It is then instructive to see concrete equations in a simplest
example.

An example: (p,q) = (2,3) and the (1, 1) FZZT-Cardy brane As an example, we demonstrate
the case of <®(Cla’rld)y(§)> = Wg’l)[x](t; ¢) = £W(2)[X](I; ). This is the dual counterpart of the
t

(2, 1) dual FZZT-Cardy brane (i.e. VT/(Z)[ x1(¢; n)) which is concretely shown in Section 4.2.1.
Several equations are shown as follows:

LI -equation

0=4w) +Howy " (5.19)

8635 %Wfal’” =4W R+ n oW + @0 + o)Wy (5.20)
0=4(W§j%+wélj”) +HOWED +H oW (5.21)

Xg(z)-equation

—ewih = 2<W£j]) - Wé‘")) + 2w (5.22)
—CWS'I) =2W£jlj)+252(t)W£’l)+2ﬁ/2(t)Wg’1) (5.23)

—;Wél‘l) = 2(W<B‘j‘j> - Wéléf)) + ZEz(t)Wél’l) +a WY —ows
(5.24)

where

U (t) = u (1), () = v2(1), U3(1) = —v3(1) + us (1) (5.25)

Note that we put Eq. (5.21) as [J x Eq. (5.19).
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From these equations, we consider the equations which do not include 9d;, not only from
L Y- equation but also from .¥ - -equation, and then can observe that all the higher order Young
diagrams can be expressed by the following two partitions/diagrams:

PT0) =g, 0}, (5.26)
Therefore, we specify the linear space Y(ID[x] associated with the (1, 1)-type FZZT-Cardy
brane of Eq. (5.12):

Yihyi=CcoocO,  dimcyPx1=2. (5.27)

This system is then described by 2 x 2 isomonodromy systems. We here put “[x]” in the defini-
tion of the space so that one understands it comes from the representative WD (15 0).

It is also important to compare it with the spectral curve of F&I(lj)y (t; ¢) =0, which is discussed
in Section 3.2.4:

(Orderin Q) =0} = (f)% [G) —~ o] =2. (5.28)

This coincides with the dimension of the isomonodromy system, Eq. (5.27).

The linear space of independent Young diagrams 1In a similar way to the above example, one
can specify the linear space of independent Young diagrams, which is denoted by

Y for W@ (or IO for WOI@m). (529

As a new feature, which was obscure for the (r, 1)-types, we point out that there is no particular
preference for the choice of independent basis.

For example, the case of (p, g) = (2,5) and (1, 3)-type FZZT-Cardy brane is explicitly shown
in Appendix B.3.2. In this case, one can choose the following two different bases for the linear

space Y3 [ ]:
PT{"Y = {@ 0, (o, Bj] V.S, PTS’”E{@’D’E’BI}' (5.30)

These bases are in fact related by the following identity which is also obtained as a Schur-
differential equation:

Wi o= w60 4[5 reo eV o. (531)

Therefore, the different choices of the basis (i.e. PT£1’3) or PTS ’3)) result in the same linear
space:

Y= P ci= P cCa (5.32)

rePT? AP

By taking this into account, we first specify a choice of the basis PT(I'S)(C y<1~S>), and define

the corresponding isomonodromy system:
oW (15 ¢) ; oW (15 ¢)
g———— =B oW,  g——

dt ¢
1
Wy ¢)
- 1,

with  WI9@ o= | WiV | = (WAU’S)(;; ;)) . (5.33)

="y W),

2ePTU®)
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Since the form of the isomonodromy system itself depends on the choice of bases PT(1:), we
should always take into account the existence of equivalent isomonodromy systems that are con-
nected by a gauge transformation S(z; ¢),>

Gauge transformation: w (L) (t;0) = SN 0) w (L) (t; 0), (5.34)
which causes the associated gauge transformation of the isomonodromy system:

{ B 6) — S o) BYY @ 0)80:60) — g S5 670 S@:¢)
QU (1) — S0 QU@ 0)S(1:0) — g S )9St ¢)
This is the principle of equivalence which we utilize in the consistency check of dualities in
Section 6.

(5.35)

Matching of dimensionality and spectral curves As an important result of our analysis, we
should mention the matching of dimensionality of the isomonodromy systems and the spectral
curves:

dimg Y1) =27 (5.36)

where DY) S,q) is given in Egs. (3.70) and (3.71), and also matching of spectral curves:

lim det[ Q i - QU (1)) o Flyin (6. @) =0 (k — dimc y<1’f>), (5.37)
g8—
on the conformal background (with an appropriate choice of normalization).

5.2.3. An example: (p,q) = (3,4) and (1, 2)-type FZZT-Cardy brane

Here we show the case of (1, 2)-type FZZT-Cardy brane in the (3, 4) system. The Kac table
is given as
(1,3)[(2,3)
1,2)](2,2) (5.38)
1, D)2, 1)

The coefficients satisfy o, (f) = Fito(t), U3(t) = 3it3(t) + ity (t) and v4(t) = Zit5 () + ity (1) +

%(ﬁz(t))z. The Schur-differential equations and the procedure to solve these Schur-differential
equations are shown in detail in Appendix C.1.

As is shown in Appendix C.1, the linear space of independent Young diagrams is three-
dimensional:

Y12 - Cog e COe CO?, (5.39)

where [ 12 =T+ H The vector wave-function W (-2 (t; ¢) of the isomonodromy system is
then given by

LW X1t 0)

w2 o) = | LW e o |- (5.40)

LWRlx1:¢)

23 As aresult of gravitational scaling invariance, the gauge transformation should also respect the scaling behavior. For

example, W)E] ) has dimension |\| and u, (¢) has n, and ¢ has p, and so on.
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Accordingly, the B and Q-operators are evaluated as

s 0O @0
@ 1
B2 0) =0 1| (5.41)
2 ¢
O°\3 -%
QD (¢ ¢) = By 3
@ O ?
2 2 2wy
o _uz—;Ltz__+ _§+u_2__ _% (uz—;{uz) +§2
(u3+2u3)’ 542 (Quz— >2>/ Qus—u))®
X [D —Br 2 18“2 % “218”2 _ “318Z2 —r+ % ],
2 _% _ uzg‘ R ,g_zé_ (214394‘142)2 u2+2u/2/ I (2u3 ”2) )
(5.42)
where
1 ’ ’ " 2 / " “4) (5) ”
Fi=g ( i) (18u3 —6u + uz) +4 (3u3 (uy — ) — 3uS) + 1§ ) - 6u2u3> . (543)
1 2
Fr= ﬁ(uz (2us — up) +2(2us —up)") . (5.44)
1
F=3 (10u3u2 2ub)? + 6uuly — usuy — 43 +12u$) — 4u§4)) , (5.45)
1
Fy =5 (2uy = ) (2 (2us — ) +2(2us - u)"). (5.46)
Fs = (2u3 — u}) (uz (2u3 — uh) +2(2u3 — ué)”) , (5.47)
1
Fo == (23 — ) (w2 (2us = ) +2(23 —up)") . (5.48)
1
Fr=g <2u3u’2 — 4(ub)? + 6usuy — Supuly + 43 + 12§ — 8u§4)) , (5.49)
1
Fg= BT (21/3 - “/2/) (uz (2143 — u'z) + 2(2u3 — ué)”) . (5.50)

Simplification with utilizing string equations These coefficients can be actually simplified by
using the string equations of this (bulk) system,

0= us (5 — 2uy) + (uh)? — 2uzuy — 4u$” +2ul?, (5.51)

9-8 — 24ubul + 2uduly — 24usudy — 12ubuy — 12y (uf — u$) — 24u$? + 161,
ﬁ% = I/lzuz uzl/lz M3M3 M2u3 un u3 M2 I/l3 un
(5.52)
and also an integration of Eq. (5.51) and of Eq. (5.52), which in our conformal background is
respectively given by
0=1uy (2u3 — u’z) + 2(2143 — u’z)”,
9(t —2B3,410)

2ud
G =l (s = 5) + 6(up)” + =2 — 12u3 240 + 160’ (5.53)
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Here we have chosen the integration constants of these string equations so that + = 0 becomes

the conformal background with the cosmological constant p > 0
(5.54)

ur(t) = =313 + 0(g), u3(t) =04+ 0(g)  (t— 0, g— 0).

With these equations, one can show
Fy=Fy=Fs=Fs=Fs=0, (5.55)
and also
Fi=- & ,
2B3.4
1 2 1 1 2 1 (t —283,410)
F3=-2F 2u 2 — —uoul) + — (b)) — —ud  — 2 5.56
. 1= 15 (2 ) - gug+ ()" - o 2B 4 (5:56)
The Q-operator then becomes simpler
Q1A (1;¢) = s 3%
1] O 02
> u2+2u2 Y gﬂ34 _r+ %2 B % i <u%;§u’2’>,
( +2 //)/ 2+2 " ((2 _ /)2)/ (2 _ /)2
X|:D — - T it e —{ + =g
2 _ ﬁ P M?’—ZC _ (2u§9;u'2’)2 u2+2u/2/ i ((Quz ZZ) 2y
(5.57)

In this form, it is clear that this isomonodromy system is symmetric under replacing the coeffi-
(5.58)

cients:
(u2(1), —u3(t) + uj (1)), Baz — P43,

(u2(0),u3()) —
which is associated with the charge conjugation on the dual side (i.e. of (4, 3)-system). This is in

fact consistent with the self-duality of this case
(5.59)

CLW@ 1= WA ).
We then evaluate the spectral curve of this isomonodromy system in

Check of spectral curves
the conformal background Eq. (5.54)
3[32 M4/3 ,33
D 1)) = 03 — 2143 4.3 -
Q"2 (1;¢)) =0 o+ =2 (2t —ane 42
( ’ 2/3)3
_ Prar [73( o )—T4(\/L2_M)] =0.  (5.60)

lim det(QIg —
g—0
4 B3,an*3

Here we flipped the coefficient as B4,3 = — B3 4 in the final line
On the other hand, the spectral curve according to Liouville theory (calculated in Sec-

(5.61)

tion 3.2.4) is given by
(1,2) ) (B3,a1*3)3 -0 |\ -\
e i vr)
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Therefore, one shows the equivalence (up to the coordinate transformation of ¢, { — —¢):
lir%det<Q13 — QU2 ;)) x FUD(—¢, —0) =0. (5.62)
g8—

The order of the spectral curve also coincides with the size of the isomonodromy system:

. 3\1[ /4
onterin 00 =003" = (1) 3] (5) -2 =3 (569

5.3. General charge conjugations

In this subsection, we discuss a more general concept of charge conjugation which connects
different isomonodromy systems with each other.

As we have seen in Section 4.3.1, we have observed that there is a similarity transformation
among isomonodromy 5-(or Q-)operators of different isomonodromy systems as Eq. (4.43). In
particular, the charge conjugation matrix ¢-! (defined by Eq. (4.44)) is given by a specific
choice of basis for both V. (p—ry and Vp—r)xr-

On the other hand, as is discussed in Section 5.2.2, the linear space of Young diagrams for the
(1, s)-type FZZT-Cardy branes Y(1-*) does not possess such an a priori basis which is suitable for
charge conjugation. Therefore, we should recast the concept of charge conjugation from more
general viewpoints. This leads us to a dual-space pair of the isomonodromy systems.

5.3.1. General charge conjugation and the dual-space pairing
We here consider two different k x k isomonodromy systems (W and T) which are denoted
by

3[1} : - 3&1 ; =
W) g%zm(n{)\ﬂ(t;{), g%ZQ\P(“@)‘I‘(“U
- j (5.64)
oY (¢; > Y (1; Y
v TGO g oo, O 9r; )5 0)

ot 8¢
These two systems are called charge conjugate to each other, if there exists a dual-space pairing

<T’ lIj)’D,c’

SN N T o
(T,W)QCE[T(I;CO] Dt )V (t: ) (det@(l;{);ﬁO, c;éO), (5.65)

which satisfies
(T, v (T, U
Yo M ¥, (5.66)
at ¢
The k x k matrix D (¢; ¢) is referred to as the charge conjugation matrix of this charge conjuga-
tion.
In fact, by evaluating Eq. (5.66), one finds that

By;0) =207 [-BL @ 0|00 0) — gD 0710215 ¢)
Qu(t:0) =D ) [~ Qh i) [P ) —g D@ 9D )

Therefore, the dual-space pairing of the previous charge conjugation (discussed in Section 4.3.1)
is given by the charge conjugation matrix ¢ (i.e. ®(r; ¢) = ¢ D) as

(5.67)

(WO, W) o = [F0 0w 0] €D [W0@ 0] (dereD 20). .68
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5.3.2. Dual charge conjugation
By utilizing the general concept of charge conjugation, one can show that there also exists a
similar concept of charge conjugation which vertically connects the Wronskian functions:

DIW e )] = W 5] 0). (5-69)

We refer to this conjugation operation D as dual charge conjugation transformation. As a crite-
rion of such a conjugate relation, we have shown that these two systems are related by the dual
charge conjugation matrix @E)l(’]s) which defines the dual-space pairing of these isomonodromy
systems:

> T >
= [V o] D@0 [WI0e 0],
(5.70)

(Wa=9)[y, VT/(I’S)[X])@E

1,s)
x1 ¢

which satisfies Eq. (5.66). The concrete solutions to the dual charge conjugation matrices are
shown in Appendix B.

1) For the later convenience, the [x]-dependence is shown in the matrix ’DE)I(’]S). It is because
we will also consider charge conjugation of x — x¢ in the next section.

2) A distinct point which is special for the dual charge conjugation is that these matrices gen-
erally depend on ¢ as well as ¢.

3) By definition, the matrix i)[()](ls ) satisfies

Lgs s T
ZDEX]q é)(l‘,§) = [@E;f)(t,g‘):l . (5.71)
4) As a precise definition of Eq. (5.69), we now employ the following commutation relation:

DoPQ=PQoC. (5.72)

In Section 6.2.2, we also argue that these two charge conjugations are in fact the same oper-
ation in the Kac table.

6. Consistency of dualities and the Kac table

So far we have discussed two prescriptions to obtain a non-perturbative definition of (r, s)
FZZT-Cardy branes: One is by Wronskians (in Section 2 and Section 4) and the other is by
generalization of spectral p—g duality (in Section 5). In particular, they allow us to construct the
differential equation systems of the (r, 1) and (1, s)-type FZZT-Cardy branes.

Among these descriptions, there appear several different representations which describe the
same FZZT-Cardy branes. In this section, we will show that all of these different representations
are, in fact, equivalent. What is more, such several descriptions reveal the shape of Kac table,
which suggests the further leap toward the general (r, s) FZZT-Cardy branes, which is a further
generalization of Wronskians.
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6.1. Consistency of charge conjugations

6.1.1. Two prescriptions for the charge conjugations

In section 4.3 (and also in Section 5.3), we have discussed two prescriptions for the charge
conjugation. The first prescription is given by a map which connects these two Wronskian func-
tions:

Do wWPWIED — W o), ©.1)
The second prescription is given by exchanging the role of the following two FZZT-Cardy branes:
) vEO — Yo =wg W0, 62)

That is, we replace the wave functions {y ) (¢; ¢)} le which constitute the Wronskian functions

Wg )[1//](t; ¢) by the charge-conjugate wave functions {w((jj ) (t; {)}f: I

) WP~ WP lvel: o). (6.3)
This transformation is understood as the Bécklund transformation (of Section 4.3.3) which maps
the coefficients {un (1‘)}5=1 and {vn(z‘)}z=1 to the dual ones {i?n(t)}}f:] and {5n(t)}z=1, with

replacing B8, 4 by —B,,p (i.e. Eq. (4.59)). In this sense, the Wronskian functions Wg)[l/fc](t; Z)
are also obtained by

W el &) = W1 O : 6.4)
replace coefficients as Eq. (4.59)
We first make sure that these two prescriptions are equivalent:
WG e Wlel o)
(or WS el & WG D) 6.5)

6.1.2. Consistency of charge conjugation

The criterion of equivalence is given by the existence of a gauge transformation (e.g. Eq. (5.34)
and Eq. (5.35)). In fact, for every system which we have evaluated, there exists the following ma-
trix M) (¢) of gauge transformation:

WP yel(t; c¢) =M 1) x WOTy (s ¢) (6.6)
with detM®)(r) £ 0 and 3¢ (£ 0) € C. That is, one can show
BOW N ©) = MO0~ B yelt: c0) MO () - gMO 1)~ a M ()

6.7)
QY115 £) = MO ()~ [e QP [yl ¢ ) MO (1)
As a result, we observe
WY el ey =W (eec), (6.8)
up to an overall normalization constant. The results for the gauge transformation matrices are

shown in Appendix B.
By taking the Bicklund transformation of Eq. (6.6), one obtains the charge conjugate coun-
terpart:
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WP c8) =ME (1) x WOlyel(r: ¢), (6.9)
with
MY (1) =M@ (1) . (6.10)
replace coefficients as Eq. (4.59)
Then these matrices satisfy the following relations:
-1 -1 T
MP ™ (1) = (M(’)(t)) . MP0) <¢<P—“>) [M(’)(t)] (@“”). 6.11)

6.1.3. Consistency of dual charge conjugation
Similar to the above cases of charge conjugations, one can also find a gauge transformation
which connects the pair of dual charge conjugates:

Weaw o e W el o). (6.12)

In fact, for every system which we have evaluated, there exists the following matrix N®) () of
gauge transformation:

W el ¢ 0) =N 1) x W[5 0), (6.13)
with detN®) () £ 0 and 3¢ (£ 0) € C. That is, one can show
BID[1(t: £) = NO@ [ BI)[xe1t; ¢ 0) [N 0) = gNO 1)~ 4N @)

QU115 6) = NO M)~ [e QU111 ¢ ) [N ()
(6.14)

As a result, we observe
W5 e e = Wi el o) (Feec). (6.15)

The results for the gauge transformation matrices are shown in Appendix B.
Similar to the case of charge conjugations, these matrices satisfy the following relations:

-1 ] s B S T s
NP0 =(N0) . NPO«D w0 NG ] DN e 0. 6.16)

where

NS (1) =N© (1) (6.17)

replace coefficients as Eq. (4.59)

6.2. Reflection relation and edge entries of the Kac table

In this section, we construct the edge entries of Kac table, by utilizing the reflection relation,
Eq. (2.5). We then analyze consistency associated with this construction.

We have proposed two prescriptions to construct (r, 1) and (1, s) FZZT-Cardy branes: One
is by the Wronskians (in Section 4); the other is by the combination of Laplace—Fourier
transformation and charge conjugation (Section 5). We once again present a uniform nota-
tion {W(”)(t; {)}rs for the Wronskian functions associated with (r,s) FZZT-Cardy branes

(r,5) .
®Craidy(§)‘
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w a1 I/Vél‘s) = l:ﬁ;éqfs) wta=1] .- | wPp=2a-1)|| py(p—1.9-1)
4

- / W (P—1.9-2)

/>

w2 Wi 7

wah [Ty @D -1 w1 | ”,(;1) Wwr-11)
Fig. 3. Reflection relation (r.r.) and the edge entries of the Kac table.
Doy — ) . —
D W@ O)=W vl ¢) (I=r=p-1 (6.18)
1,s ~ (g—
) W Eo=LW ey (I=s<g-1) (6.19)

Note that the assignment of Wronskian functions is overlapped by these two prescriptions at
the Wronskian function of W1 (¢; ). These two overlapped prescriptions are shown to be
equivalent in Section 6.2.1. These Wronskians are now aligned along the L-shape table inside
the Kac table (as in the left-hand side of Fig. 3).

As is shown in Fig. 3, we then define the edge entries of the Kac table by applying the reflec-
tion relation Eq. (2.5) to the Wronskians:

Wi =W o), (6.20)

This extension of the index (7, s) should pass the consistency checks, which are discussed in
Section 6.2.1 and in Section 6.2.2.

6.2.1. Corner entries of the Kac table
The above two different prescriptions overlap each other, at the four corners of the Kac table.
Two of the four corners are distinct points under the reflection relation.

1) The (1,1) FZZT-Cardy brane (i.e. ) The principal FZZT-brane now shares the two pre-
scriptions:

wolw o veo=wlwleo e WY e o, (6.21)

We have also considered an example of this situation, the case of the (2, 3)-system, in Sec-
tion 5.2.2.

One way to prove this relation is to show that these two prescriptions are connected by a
gauge transformation of isomonodromy systems, as in 5.2.2. In this case, however, we can see
the equivalence more easily by directly showing the equivalence of the Baker—Akhiezer systems.
In fact, as an equivalence of differential equations, one can see the following identification:

Bg.p) Pq.ptn
vt ) =L, [xc](t;§)=/dne O (A /) B
Y
xe(@:n) =W V1 (1)), (6.22)

where yc is defined in Eq. (4.64) and Eq. (4.65). This is exactly the direct check of the p—q
duality transformation Eq. (5.2) at the corner entry (r, s) = (1, 1).
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2) The (p — 1,1) FZZT-Cardy brane (i.e. Y¢) Another corner contains the charge conjugate of
the principal FZZT-brane:

WiV o v =W WG DR e LWS @ 0.
(6.23)

This is easily shown by taking the charge conjugation (in the form of the Bécklund transformation
Eq. (4.59)) of the relation Eq. (6.22) as
Bp.gén

wc(t;4“)=£(y/3p"’)[x](t;;“)=/dne'T x(t;m). (6.24)

14

6.2.2. Reflection relation and charge conjugation: PQoPQ =1

Another consistency check is to show that the generalized spectral p—g duality is an involution
on the Kac table: PO oPQ =1.

Before considering this consistency check, we first comment on the charge conjugation trans-
formation within the Kac table, especially accompanied with the reflection relation. The claim
is that, with taking into account the reflection relation, there is no difference between the charge
conjugation transformation C and the dual charge conjugation transformation D:

| c
W () ——> W) (1:()

ﬂ reflection relation (625)
D

W)t ()
That is,
CIW T (1 1= DIW (1 0], (6.26)

This can be natural since the charge conjugation transformation itself should uniquely exist in
the following sense:

C[eém] _ D[ea?»(;)] — @) (6.27)

By taking into account Eq. (5.72), one can further show that**

POQ=LoCoA=CoLoA, (6.28)

within the Kac table, as a result of consistency with the reflection relation. In addition, according
to Eq. (5.3), the antipodal operator A also satisfies the following relation:

AoPQ=PQo A, (6.29)

since this operation is uniformly understood by the r-coordinate, A: 7 — 7 + 7i.
With this relation, one can schematically show that the generalized spectral p—g duality sat-
isfies the following:

PQoPQ= (Eyl oC) o (C o Eyz) = [,yl o E}/z- (6.30)

Here we explicitly show the contours y; and y; in the Laplace—Fourier transformation. Therefore,
up to coordinate transformation of ¢, both f(¢) and £, o L£,,[ f1(¢) (or g(n) and £, o L, [g1(n)

MU PQ=PQo(CoC)=DoPQoC=CoPQoC=Co(LoC)oC=CoL.
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on the dual side) satisfy the same differential equation. In addition, as in Eq. (5.6), if one chooses
a proper pair of contours (y1, y») of the Laplace—Fourier transformation, then the transformation
Eq. (6.30) further becomes

PQoPQ=Ly,0Ly=1 (n=y). (6.31)

By this final form, we conclude that P Q is an involution.
7. Toward the interior entries of the Kac table

So far, we have constructed the Wronskian descriptions of the FZZT-Cardy branes, and have
proposed a consistent manipulation along the edge entries of the Kac table. These techniques are
in fact enough to construct all the entries of the Kac table for various primitive models which
we have elaborated in this paper. However, for the higher (or more general) (p, g)-systems,
it becomes necessary to find another additional prescription which allows us to generate the
FZZT-Cardy branes aligned in the interior entries of the Kac table.

Note that our construction is still not completely established, but it is worth summarizing our
proposal for the interior entries.

7.1. Horizontal connections and multi-point correlators

The first observation in this direction comes again from looking at the Seiberg—Shih relation
Eq. (2.13). The Seiberg—Shih relation can be also written in the following way:

r—1)
)= D 109 ) (7.1

k=—(r—1)
step 2

which implies that (7, s)-type FZZT-Cardy branes are again constructed by the multi-body system
of the “elemental” (1, s)-type FZZT-Cardy branes |(1, 5)) oo Where Lo =™ ik In this sense,
it is natural to expect that the (r, s)-type FZZT-Cardy branes are again described by “some kinds
of Wronskians” associated with correlators of these “elemental” (1, s)-type FZZT-Cardy branes.

For instance, as a non-trivial example, one can see that the (r, ¢ — 1)-type FZZT-Cardy branes
follow this idea: That is, Wg’q_l)(t; ¢) is given by a r-body state of Wg’q_l)(t; Z):

Wt V) =W el o) = <1"[ I&éf"><c>> : (72)
t

a=1

where ¥ (t;¢) = Wg ’q_l)(t; (=1)P¢). Therefore, the next task is to extend this consideration

to the general (7, s)-type FZZT-Cardy branes. The point is that the usual kinds of Wronskians
Eq. (2.58) are no longer applied to the general cases. This leads us to the next generalization of
the Wronskian functions.

7.2. Proposal: Schur-differential Wronskians

Our proposal is then to adopt the formula for the correlators of the Wronskian functions which
we have derived in Section 2.4. Therefore, it is related to the Schur-differential Wronskians of
Eq. (2.93) and Eq. (2.94). We propose that the general (r, s) FZZT-Cardy branes are given by
normal-ordered Schur-differential Wronskians *V/@(r) (t; ¢) as follows:
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Gy @ o W0, (1.3)
where
IR AT T R Ky FIRRA! AR
) (L) (1,5)
AOWEN @) = Y sen(m) W 0 G0 X W O
ne(v\vl |Y)
(and {7} _ is given by Eq. (2.96) and Eq. (2.97) ) (7.4)
[j1sg25 5 Js]
and ——— denotes the actual indices of the Wronskian functions:
Lt jasee s
1s) ~ i, jasee s Js]
Wi (s 6) = LW M s o). (1.5)

113 ”

The new ingredient here is the normal ordering “x
{ma,b}1<a<p<r in the coincide limit of {¢,}/ _, to ¢:

AW 8L G 6

, which is defined by the vanishing order

A OIWI(0) = lim . (7.6)
(ft) T Ga—tpymer
1<a<b=<r

If W(¢; ¢) is the normal Wronskian: W (¢;¢) = W (t; ¢), then the vanishing order {m, »}1<q<b<r
is the overlapping number of Eq. (2.81). Because of this normal ordering, the normal-ordered
Schur-differential Wronskians are identified with the correlators of Wronskians (as discussed in
Section 2.4). As a result, the following relation is automatically satisfied:

r p—1
WS el ;)-<]‘[ w(’"><;)> =<H[H @“’a*‘”(c)]>

a=1 b=1
= <]L[[W[fa+‘~'wfaﬂ’”[m(o]>
a=1
=/ WP D] 0), (1.7)

which is the relation Eq. (7.2) mentioned above. Therefore, we propose that this normal-ordered
Schur-differential Wronskian is the prescription which generates all the general (r, s) FZZT-
Cardy branes.

Another important point of this normal ordering is that the normal ordering creates a hierar-
chy among the normal-ordered Schur-differential Wronskians. It is because the normal-ordering
operation introduces some derivatives with respect to ¢ depending on the vanishing order of the
Wronskians. This results in some sets of normal-ordered Schur-differential Wronskians. Each set
of Wronskians satisfies each differential equation and is completely decoupled from the other sets
of Wronskians. Therefore, these sets of Wronskians result in several decoupled isomonodromy
systems. This non-perturbative decoupling phenomenon is also expected from the viewpoint of
spectral curves, as is discussed in Section 3.2.4.

As in Section 2.4.2, we use the abbreviation of indices:

OG0 = Y sl W GO e WD 60k (7.8)
ne(vlr\ \v)
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7.3. Consistency of (p,q) = (3,4) and (r,s) = (2,2)

In this section, we perform a non-trivial check of the correspondence Eq. (7.3) in the case of
(p,q) = (3,4). The Kac table is given as

(1,3)|(2,3)
(1,2)|2,2) (7.9)
(I, D2, 1)
and we consider the (2, 2)-type FZZT-Cardy brane. This brane has two different prescriptions:
One is given by the normal-ordered Schur-differential Wronskian Wg(z); the other is given by
W(2 2) W(l 2) EW(Z)

OGm @ APV e) & LW o). (7.10)

Therefore, these two prescriptions should give the same differential equation. For the coinci-
dence of the differential equation, it is enough to consider the normal-ordered Schur-differential
Wronskians with null vanishing order, that is the normal Schur-differential Wronskian:

S Z i A (G SN VAT (Yo% (7.11)

because the null-order sector already gives the expected results.
By the definition, the Schur-differential Wronskian is written as

PPN =wi o e Wéi:j)(t; O-wilmoe Wél—f)(t; )+
+W P e Wé”)(r; o)+ Wé”’(r; WP o) -

— WP W PO+ WO @We P o), (7.12)

H = H
and also, with use of the Schur-differential equations for Wk(l’z)(t; ), one can show that

Ox 72w 0= w20 @ Wéé%(t; H-WwhPGoe Wélj%(r; O+

+WSP@oewite o+ Wil oe Wé“)(t; &) -

H
Wé%(r; Hew e o+ Wé‘;%(r; Wy )
= (WP 0@ w0 - Wi G o eaws Ve o+
+o WP 0@ WS - Wy P 0 @ WP ()

1
= 2(W5? o ews w0 - W oewy e o)

= (7 WRW NG o), (7.13)
where
1 /07 oY,
@§<Y1®Y2)—IBT’3<¥®Y2—Y]®¥). (7.14)
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Then, the higher derivatives of the new Wronskian function are given as follows:
2 2
AP WO 0 = (2 wEIW o), (7.15)

()D P O[WO2) s o).

(7.16)

0 x 2w ¢) = » @ Wé”[w(1 N ¢) -

On the other hand,
1
—%%”[W“»”](r; O=3% [Wéz)[vv“*”](r; o)+

us (1)
12

-wgPan e (Wien + 50 20w ;))}

(1,2) (1,2) (1,2)
(P w0+ PG o) ews -

1
= -7, WTwI D ¢). (7.17)
87 'H
Here we use the Schur-differential equation:
w2 uz(t) (1,2 ¢ M/z(f) uz()\ . (1,2)
t; —W, t,0)=(= We o (t 7.18
WP 0+ S WP 0 = (3 + = - S )W) (7.18)
Therefore, one obtains
[253 —i—uz(t)D+§]Wg(2)[W(1’2)](t; £)=0. (7.19)
In fact, this is the same equation as that of Wg 2) (t;¢):
[2 B + ua (1) O — g] w2t ¢)=0. (7.20)

This means that at least B-operator is identical in these two prescriptions with a coordinate
transformation of ¢ : £ — —¢:

PE WD 0) o W2 o). (720

Although this is a good sign, further checks are necessary to support this proposal, which
should be devoted to another paper and is out of the range of this paper. Before closing this
section, necessary consistency checks are in order, which are left for future work:

1. Check of equivalence for Eq. (7.7)
wlvel: o) & 7wV o) (7.22)

by showing existence of a gauge transformation.
2. Check of equivalence along the right edge of the Kac table:

VLW e LWS @ 0. (7.23)
3. Check of charge conjugation:
VA Al (G S W 7 VA TA) [ 9 (7.24)

and also with the Biacklund transformation,
PPLEWID 60 & # T [LW S xel] @ 0). (7.25)
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4. Check of triviality
oW LW o) W [LWD ] 0 0
ac N ot N

5. Comparison of spectral curves between the isomonodromy systems of the new Wronskians
and the Liouville calculus of Section 3.2.4:

lim det[QIkmka — QI ;)] =0 & FIN @0 =0 (7.27)

(7.26)

8. Conclusion and discussion

In this paper, motivated by the Seiberg—Shih relation of FZZT-Cardy branes, we study three
variants of Wronskian functions associated with the Baker—Akhiezer systems of (p, ¢) mini-
mal sting theory. The quantitative description is based on the Schur-differential equations and
isomonodromy systems. In particular, we have derived the concrete forms of these differential
equation systems, and discussed their mutual relationships and constructed the associated Kac
table.

As a nice feature of our Wronskian functions, as far as along the edge entries, they are con-
sistently aligned in the Kac table,

Wil 1srsp-1, 1ss=q-1. ®.1)

Moreover, they also enjoy the charge conjugation relation C, the dual charge conjugation relation
D and the reflection relation as their consistency condition (Do C = 1):

WS N =wdY, pwE=wg, W —wl, (8.2)
and also the generalized spectral p—g duality transformation,
POIWS I =WE",  POIWS1=wlY, PQ=LoCoA (8.3)

These transformations are also compatible with the Biacklund transformation of the string equa-
tion. Along this direction, we have proposed that the general Wronskian functions associated
with the Kac table are given by the Schur-differential Wronskians:

Wo @t 0) =g W1 0, 8.4

and at least one of the non-trivial checks are successfully carried out.
There are two points in our construction which deserve further clarify/improve in the future
study:

e The first point is about the generalized spectral p—q duality Eq. (8.3). It is necessary to carry
out its direct check. At the level of annulus amplitudes of the FZZT-Cardy branes, there ap-
pear “non-universal terms” which purely depend on ¢ or 1. According to the free-fermion
formulation [28-30], these contributions are understood as normal ordering corrections. As
we have seen in Section 2.4.3, however, such normal-ordering contributions are not quite
precisely equal to those of Liouville theory calculus [66,75]. This part therefore affects the
annulus-order contributions of the generalized spectral p—g duality Eq. (8.3). Comprehen-
sive understanding of this issue would lead us to ask what is the non-perturbatively duality
consistent annulus amplitude in matrix models.
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e The second point is about the Schur-differential Wronskians. As is commented in Sec-
tion 7.3, the Schur-differential Wronskians have only passed one non-trivial check; there
remain several non-trivial checks to be carried out. Not only such non-trivial checks, but
also the mathematical analysis of the Schur-differential Wronskians would be interesting
by itself. We hope that our results would become a new starting point toward the complete
description of the matrix models and non-perturbative string theory.

Further directions are also in order:

e It is also interesting to extend our results to multi-cut matrix models, since the Seiberg—Shih
relation of (p, ¢) minimal superstring theory has different features [89].

e It should be also important to identify the explicit forms of matrix-model determinant oper-
ators which represent the FZZT-Cardy branes.

e It should be important to analyze the Stokes phenomena of the isomonodromy systems which
are obtained in this paper. This allows us to extract the full non-perturbative behavior of
FZZT-Cardy branes and new implications for non-perturbative string theory. In particular,

— Our new isomonodromy systems allow us to compare the non-perturbative behavior of
FZZT-Cardy branes with that of principal FZZT branes with utilizing the Deift-Zhou’s
Riemann—Hilbert graph/method [55,56] (i.e. the spectral networks, see e.g. [57]), as dis-
cussed in [53]. As is discussed in Section 3.3, focusing on the bulk physics, the total
77-Cardy brane contributions in the FZZT-Cardy system should coincide with the pure
ZZ-brane contributions of the principal FZZT system. This consideration should allow us
to extract the non-perturbative behavior of FZZT-Cardy branes.

— In a further elaboration, it is interesting if one can extract the multi-cut boundary condition
[50] of the FZZT-Cardy branes. It is also nice if one can re-interpret the complementary
boundary condition of [50] and/or find another duality constraint on string theory [53].

e Asisarguedin [30], the coordinate ¢ of the spectral curve is understood as the 2-dimensional
spacetime of Liouville theory, which is identified as

é- ~ e*b((pLiou‘H‘XFF)’ (85)

where @0y i the Liouville spacetime coordinate and Xgp is the Feign—Fuchs spacetime
coordinate (i.e. the coordinate of minimal models). In particular, as is also discussed in [37],
the weak-coupling limit ¢y oy — —o0 is naturally identified with the asymptotic infinity
¢ — 400 of the spectral curve. The Liouville potential is then generated by the closest
Z7Z-brane located around the asymptotic infinity. In this sense, the spectral curves in matrix
models have been understood as the semi-classical spacetime geometry of (p, g) minimal
string theory.
In particular, in our analysis, we obtained new spectral curves of FZZT-Cardy branes with
their isomonodromy systems (which allow us to control “the non-perturbative completions of
the spectral curves”). As an analog of the spectral curves found in fractional minimal string
theory/multi-cut matrix models [49], these new spectral curves are constituted by several
irreducible algebraic curves.
— Therefore, it is interesting to discuss the meaning of these new spacetimes, which are
enlarged with respect to the original spacetime generated by the principal FZZT brane.
— As another application of these new spectral curves (i.e. spacetimes), it is also interesting
to discuss the interpretation of the black-hole geometry [37]. An essential example of the
black-hole interpretation of the spectral curve is demonstrated by [37] in the (2, 1) mini-
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mal string theory which is the Airy system. In particular, according to the non-perturbative
connection rule of the Airy function, they argued that the quantum-gravity wave func-
tion inside the horizon of the black hole should be described by the superposition of two
quantum-gravity states: two semi-classical branches associated with the imaginary space-
time coordinates, rather than the naive analytic continuation of the classical geometry
outside the horizon. That is, the non-perturbative role of the black-hole horizon is the
quantum mechanical turning-point of quantum-gravity wave functions [37].

A new entry in our new spectral curves is the wormhole, which is associated with the con-
necting ZZ-branes discussed in Section 3.3. Enough non-perturbative analysis to discuss
such considerations in general (p, g) minimal string theory is already in [53]. Therefore,
by utilizing the results of [53], it is interesting to study the non-perturbative role of the
wormbole in the non-perturbative completions of string theory.
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Appendix A. Two-matrix models

In this appendix, in order to fix our conventions and notations, the basics of two-matrix models
[3] are summarized. For more details, the reader should look through [53].
e Partition function:
Z, = dXdye N tViO+Va(N-X¥] (A.1)
" x ¢y

The matrix contours ‘5)((") and %15”) are the sets of n x n normal matrices. The eigenvalues of
them pass along particular paths €y C C and ¢, C C. If n = N, then it is the matrix model
partition function,
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Z=2Zy. (A2)
Expectation values:
1
(O V), = f dxdy ¢~V MO M=XN o v, (A3)
n
¢y x 6"
Orthonormal polynomials [11]:
1 _
Y (x) =7 (det(x — X)) e NV, (A4)
_ 1! —NV2(y)
X () = 7= (det(y = Y)), ., e 2, (A5)

with respect to the inner product of / dxdy Ny Y (x) Xm (y) = 6p,m- The linear equa-

G xCy
tions of these wave-functions are
0
x Y (x) = An; Z) Y (x), N_lallfn(x)=l’>’(n; Z) Yn(x) (A.6)
0
Y xn(y) =C(n; Z) xn (), N_laxn(y) =Dn; Z) xu(y)- (A7)

Here Z = e~ and Z v, (x) = ¥,,_1 (x) and the so-called “discrete string equation” is given
as

B(n; 2) = V{(An; 2)) = CT(t; 2), (A8)
D(n; Z) = V3(Cn; 2)) — AT (t; 2). (A.9)
The double scaling limit [1] for (p, ¢g) critical points is given as

x=xc(1+a%0),  y=y(l+aiy),

P+q ptg—1

N_I:aTg’ i:l—a 2 ¢,
N
dy=—a%d, d=gd (a—0), (A.10)
and the linear system becomes
d
CY () =PE;9) ¥ (1:0), g@lﬂ(t;i):Q(t;a)l/f(t;C) (A.11)
~ 0 ~
nx(t;m) = P(;0) x(t;:n), g%x(t;n)=Q(t;8)x(t;n). (A.12)

With properly changing the normalization of ¢ and 7, one obtains

P q
P 0)=2"""0" + 3 w07, Q15 0) = Bg[207107 + Y a9,
n=2 n=2

(A.13)

q P
Py =210+ Y 500" D) =Byp 27710 + Y a0,
n=2 n=2

(=n78,4 0w 0) (= D98y PT:0)) (A14)
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Table 3
The cases of study.
p q
2 3 4 5
2 X (2,3) X 2,5)
3 3,2) X 3,4) (3,5)
4 X 4,3) X N/A
5 5,2) (5,3) N/A X
We also obtain
Bpg=(=1DPTB, . (A.15)

and

n—2 .
ﬁn(f)EZ(—I)n_j<p_j+]>u’(1j)j(t) (n:2’3’... ,p)
2 PR (A.16)
Mt)EZ(—l)n—j( j )v,(,’_)j(t) (n=2.3.---.q)

=0

Appendix B. Examples of the isomonodromy systems

Here we show the concrete form of the isomonodromy systems for the cases of p,q =
2,3,4,5 shown in Table 3. For simplicity, we sometimes use the following rescaled convention
for the coefficients:

un (1) v, (1) ¢

- _ - n Pr.q 2
qun(tl Zq—_IZUn(f), -1 =

Fﬁ’

=,

As in [53], we use the following notation for the KP Lax operators.

1. We keep the magnitude of the two integers (p, g) as
p<q (B.2)

and consider the following two dual systems:

(p, q)-system p:q_du)al (g, p)-system. (B.3)

2. The KP lax operators are chosen as follows:

— (p,q)-system: (P, Q) of Eq. (A.13) with use of ¢.

— (g, p)-system: (P, Q) of Eq. (A.14) with use of .

That is, the (g, p)-systems are treated as the dual (p, g)-systems. In this sense, the coeffi-
cients {v, (t)}z=2 of all the Lax operators are solved by {u, (t)}szz.

3. In the analysis throughout this paper, we consider the conformal background as a specific
choice of KP flows in the string equation. The conformal background is introduced in [24]
as a choice of KP flows which produces the results of Liouville theory, with the worldsheet
cosmological constant ;o > 0. The precise identification is found in Section 3.4 of [43].

As another concept, we also use the term, (string) vacuum as introduced in [52,53]. For
a fixed background (i.e. such as conformal background), we can choose the spectral curves
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within a non-perturbative completion. This spectral curve is understood as a string vacuum in
the string theory landscape (i.e. the space of meta-stable string vacua) [52,53]. Among these
string vacua, there are special vacua which satisfy the dispersionless Douglas equation [27],
which are called DKK vacua [90], named after Daul-Kazakov—Kostov. In the conformal
background, one of the DKK vacua is given by the Chebyshev polynomials (i.e. Eq. (3.24))
[90].

B.1. The case of (p,q) = (2, 3): Pure-gravity

I. Kac table:
1,2
El 1; (B.4)
II. The coefficients (as the solution of string equation):
_(t)—3_(t) _(t)—3_’(t) B _ 1 f=
v2(t) = Fua(0), v3(t) = Jua (1), 23= 3 4—25
3, 2
& va(1) = 3ua(t), v3(1) = Euz(t), B3 = 3 (B.5)
III. The Baker—Akhiezer systems:
P (02, -~ 9 2 3 3_ 3,
v =[tm0ly. gz v=Pas0*+ T d+ a0 |
ot 3 3_/4“ 5 o (B.6)
ix=[0 45000+ 3Bm0 ) g x=ha[ @+ 0]
[~ 2 0 3 3 /
cu=[2 4ty gy =48+ 300+ 500y
& - ; 3 9 ) (B.7)
nx=[40° 43000+ 3000 g7 x = g2 +no]x
IV. String equation:
" 2 ~// =2 3
B.1.1. 1) (r,s) = (1,1) FZZT-Cardy brane: W'D = LW @[ x]
- ~ ~ T
WD = (WS, cw?) (B.9)
1% O
BIL _ 2 ({ Ou 1) (B.10)
O\3—-% 0
1o O
u/
1% 2 —2¢ —uy
o = B3, x 2 o ) (B.11)
O \-2+%c+252 -2
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B.1.2. 2) (r,s) = (1,2) FZZT-Cardy brane: W2 = LW [x]
- ~ ~ T
w2 — (LW}ZI), £W£)> (B.12)
@ 0
B(l,2>=@( {0 ) 1) (B.13)
o\-{-%2 o
@ O
u/
1%} — —2¢4u
Q12 — gy, x z g, : (B.14)
o eyl 4
B.1.3. Dualities of (p,q) = (2,3) .
Reflection: WD [xelt: —2) =ND @) x WED[x1(t: ¢)
g 0
NOp=2 1 0, (B.15)
O \0 1

Dual charge conjugation:

5 T -
[Wi2nxes -0 ] 20 @ o [W001ae 0]

g O

0 1
o w0 =" ( ) (B.16)
o\-1 0

B.2. The case of (p, q) = (3, 2): Dual pure-gravity

1. Kac table:
@21 (B.17)
II. The coefficients (as the solution of string equation): Eq. (B.5).
III. The Baker—Akhiezer systems: Eq. (B.7).
IV. String equation: Eq. (B.8).
B.2.1. 1) (r,s) = (1,1) FZZT-Cardy brane: WD = W[ 4]
T
(1 D @ )
W = (Wg W, WD:) (B.18)
6] O ]
1%} 0 1 0
B = 0 0 1 (B.19)
o \7—3iy —3ir O
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%) O [
%) uy 0 1
QM =g, xo | 2+7 -2 0 (B.20)
AT
B.2.2. 2) (r,s) = (2,1) FZZT-Cardy brane: W19 = W®[x]
T
(2 w2 w2 7@
W = <Wz W ’WH ) (B.21)
o o H
1%/ 0 1 0
B®D = —%ﬁz 0 1 (B.22)
H \=ii+3us 00
@ O H
o % 0 -l
2.1 — ~/ _ _
B\ -3 F+i &
B.2.3. Duality matrices .
Reflection: WO xelt: =) =MD ) x WD [x1(: 7)
%) O [
%] 1 0 O
MYO=p] o 1 0 (B.24)
a 355(1) 0 1
- T -
Charge conjugation: [W(2)[X](t; ﬁ)] @E)l(’]l)(l) [W(l)[X](l§ fl)]
g O [
g0 0 1
Gi'ow=0]0 -1 0 (B.25)
A\t o o
B.3. The case of (p,q) = (2,5): Yang-Lee edge
I. Kac table:
(1,4)
1,3)
1.2 (B.26)
(L, 1)
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II. The coefficients (with conformal background):
va (1) = 20us (1), v3(t) = 30u5 (1),
5 (lOu’z’(t) + 3u%(t) - u)
> )
III. The Baker—Akhiezer systems:
cy=[20"+u]v,
a
$50 V=Fas X [1685 + 201203 + 30u) 3>+
5(10ufy + 3u3 — 15
+ ( 2 2 M)8+— (uzu/2+u(3)>]1ﬂ,

2 2 2
7 x= [1635 + 20u20% + 30u) 3>+

5(10u? + 3u? —
n ( U u; “)

15
va() = v5(0) = = (2uy) + 15 )

15
0+ (uzu’z + ug))]x,

2
9 2
85 X=Ps52% [23 + uz]x.
an
IV. String equations (with conformal background):

25 50 (1= 400 = 3120?) =2 (500070 + 107 0).

(41} % = Suua(t) — Sub(t)? — 10wz ()ul(t) — Sua(t)® — 2uy@ (t)),

B.3.1. 2) (r,s) = (1,2) FZZT-Cardy brane: W2 = LW [x]

WD = (LWS, WY, ch/é”, zWég)T

%) O H H

%] 0 1 0 0
¢ _ 3up
O —{ - 0 20
B(l,z) ([; ;) = 3L¢2 ¢ i 0 s
H —% 3T 7
I Tu 9uZ—5u+20u” Tu! 3¢ u

Hj a4 ng + % 82 2 72 0

QU (1;¢) = Bs o x
o O H H

, u(23) —3uzu,2 ,

J%) —8142{ + 0 —ZuZ 8¢ +4duy
3)
~ ~ 3uoul, +u( ~
X |:|] 263 “8upy (N¢2 — Byt + Fy ~udye+ TERT2 122 uye — 2

102 _Fr 4B 3 T 2 2

H 78u2{ —Hyl + F3 207 = 2up¢“ — Hy¢ + Fg — 8¢ +8uz{+2uz
4_Bup .3 g2 F.LF L2 g 3_5pu, B / 5“2“’2*”(2"

Bj 2wt - SR HA-Fe+ B b+ 2o+ Fs o 1003 - Be+ Byt + —22—2—

133

(B.27)

(B.28)

(B.29)

(B.30)

(B.31)

3)

(B.32)
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where the coefficients are given as

—5uy (T — 2ufy) + 160(uh)? + 11u3 Lt

C.-T. Chan et al. / Nuclear Physics B 910 (2016) 55—

177

F = , B.33
1 6 s ( )
7o —5u3 (u — ufy) — Spuly + 16u§3)u’2 +2@Wy)? +3ui  3tuy (B.34)
16 8625 '
ol (=5 420l + 3u?) + Susuf
O e Tt R L (B.35)
16 2/32,5
~ t ~ oy (Sp—2uy —3u3) g
Fy=—2Wb)? +uoull +ud — ——, Fs= -2 - . (B.36)
2 2T 2B 16 25
~ uy (=5 + 2ul 4 3u? t ~ t
Fo=— 2 (=5u+ 2uy +3u3) L B =2 - ——, (B.37)
8 225 25
i = 11ud — Sp + 10u) il = Huguy — 2u 7, = —2u3 + 5p — 4ul
- 8 ’ o 2 ’ o 2 ’
(B.38)
2 "
~ —u5+5u+2u ~
i = %, Hszz(u§+ug). (B.39)
Note that F are simplified by the string equations.
B.3.2. 3) (r,s) = (1,3) FZZT-Cardy brane: W3 = LW P [x]
T
17(1,3) _ 2 A2 pi(2) 7 (2)
W3 (gwfa LW LW, [ZWH]) (B.40)
o O ) H
1%} 0 1 0 0
¢
O 2+ uy 0 2 0
BN 0) = 2 . (BAD
J —Uy -3 —u 0
2 10uy—u3—5
A e T e
Q" (15 ¢) = Bs 2
o O m H
o —3¢uh + Suity — Juf) 0 2ty 8¢ — 4uy
X |:D =203 = Turt® — Hyg + Fy —2¢ub — “2,74’(2” —12¢% 4 2us¢ + Hs —2u)y s
| 3ube2 + Hol + F3 203 4 2us0% + Hal + Fs Ll —8¢2 — 2un¢ + 3u}
Hj 264 46Uz — 2= Fit +F 2ub8 + Yupubt + Fs 1003 — % 4 py 5u’24+§
(B.42)
where the coefficients are given as
Sur (3 + 2ul) +30(us)? + 11u3 t
Fy = 22 Bu+ 2u) + 300y 2 (B.43)

16 2825’
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Su3 (n—ub) +Suul — 6u§3)u’2 —2)? =3us  tus(t)
= , (B.44)
16 42,5
ul (Sp —2u!! — 3u?) + 12u2uf’
py o Oz = Sy) 12y’ | g (B.45)
16 2825
Fy— 3((u/2)2 + 2upu’y + 2143) t Fs— uh (—5p +2uly + 314%) g
4 2B25’ 16 2B25’
(B.46)
un (—5u + 2ul + 3u? t 3(uh)? t
Fo = 2 (530 F 205 + 3u3) L (B.47)
8 2825 4 265
13 + 10u — 54 13uuly + 4u$” 5p— 4l — Tuj
H, = , Hy=—""7F———, 3= ——————=,
8 4
(B.43)
2 "
—2uy—5
Hy = W, Hs =2 (13 +u5). (B.49)
Note that F are simplified by the string equations.
B.3.3. Duality matrices .
Reflection: WV [xcl(; —0) = NP (0) x WD [x](t5¢)
s o H H
I} 1 0 0 0
@) O 1 0 O
N& (1) = s (B.50)
|- 0 1 0
Sul,
Hj -=* 0 0 1
- T -
Dual charge conjugation: [W(1’3)[X](t; —;)] @E)l(’]z)(t, Z) [W(l’z)[)(](t; C)]
@ 0 H H
o [ -2 g4 oo
uz —
QE;’]Z)U’{) _O {+ 3 0 1 0 (B.51)
O 0 0
EP -1 0 0
B.4. The case of (p,q) = (5,2): Dual Yang—Lee edge
I. Kac table:
(L D][2.DH][3E. D4 D] (B.52)

II. The coefficients: Eq. (B.27)
III. The Baker—Akhiezer systems:
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=07+,
3 _ s Sy, 5@,
—Y=PFrsx |00+ =03+ 29
ga; ¥=B2s [ + > + 1 +
5 (2004 + 12it3 — 15
| 30 1=, 15 (25212/2 +:z;3>)]¢,
32 16 B.53
5 15, (B.53)
= |45, 2423 242
nx=|0"+ > 0” + ) 0°+
50ay+ 1203 —p) 15/, _g
+ 7 3+R(2“2”/2+“2 )]x,
3 _ a
ga—ﬁ x=PBs2 X [32 + uz]X~
IV. String equations: Eq. (B.29)
BA4.1. 1) (r,s) = (1, 1) FZZT-Cardy brane: W'D = W[ x]
T
=) _ (@ G0 w0 w0 )
WD = (W9, W, WP W Wi ) (B.54)
%) O 1] T11 [O1Td
@ 1
O 1
B = 1 : (B.55)
[1T1] 1
1T \n—ws —w4 —wW3 —wWp
QD = g5 5%
@ 0 o IO IO
(%} uy 0 0 0
o it} i 0 1 0
X[[I] i} 21 ii 0 1 }
=11 = =t _ ) AR =/ —
77+ iy ?(6)142142 60u24g§u 4ty _322 _3% 0
—30(12’2)2—13;):22:2/2’+12’2”’ i 90!22?%4—12/2// —6012%-}-352;/,—2812/2’ iy 3t

where the coefficients {wn}fl:2 are given by

Siis 154
wy=-—F/—, w3= )
2 4 32

B.A4.2. 2) (r,s) = (2,1) FZZT-Cardy brane: WD = W®[x]

ﬁ/(ll):(ﬁ}@) WP WP W w@ yA y@

_ 5 20—// -2 _
W4 = — iy + 1205 — ), ws=

we W@

W@

0., Wiy W Wiy W2, Wy W WO W) @39
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e 0 m { oo g §F° W HEH

o] 1
| 1 1
1 1 1
H 1
gen L —ws —ws o —wn 1
7 Lo ’
B:D ws — 1 —w3 —w 1
am I
Ba:\ ws — 1 wyq —wy 1
BEH ws — 1 wy w3
(B.59)
2,1
Q%D = s 5 x
e o0 ™ H oo H HHHEH
o 2iis 0 1 -1 0 0 0 0 0 0
0O 2ill 2y 0 0 1 0 0 0 0 0
37/ -
mE 7 S - R A 0 0 0 | 0 0
H —i) it} 0 2y 0 0 -1 0 0
—9it/.
[Djj R o o 1 o0 ]
X
35 - )
B:‘ 7107 0 i¥) 2 0 -i 0 0 0 0
o m M _ —9i) i
15 0 0 B3 ”,2 7 -5 0 0 1
BE‘ O A 0 2it) o -2 o -1
_oitl _
HP | o £ o g-n om0 52 % o0
1 _ 1 n - 1 1 =3 _
HH | o L R I A T Y A L e
(B.60)

where the coefficients {wn}fl:2 are given by Eq. (B.57), and the coefficients { f,,(l)}Z: | are given
by

1 1
0= = (~60i + 5 —4ay).  f0 = — (90 + i),
32 16
1 1
=5 (—60a3 +5u—28i5). £ = 1= (0@ — 7).
1
1= (30Gi)* + 3025 — ") (B.61)

B.A4.3. 3) (r,s) = (3, 1) FZZT-Cardy brane: WG — W(3)[X]

~ W(3) TASURR7AC) ) (B.62)

"5 e

W(ll):(ﬁ}g)’ﬁ/ﬁ) W, W(3) W(3>
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> o = 8§ P HBFHEH

1% 1
O 1 1
J —wW3 —wy 1
E 1 1
B:‘ w4 —wy 1 1
G.D
B = a 1 ,
BEJ wyq w3 1
aj n— ws —wy 1
@ - ws w3 1
@ N —ws —wy
(B.63)
QB = Bs 5%

> o om B P H BEFHFH
o 3iiy 0 1 -1 0 0 o 0 0 0
-3} ii
O o i 0 0 0 -1 0 0 0 0
0O f(1> —9ity iiy 0 0 1 —1 0 0
7 3
H A 0 L 0 0 -1 0 0 0
Fav-7 o wy SR B 0 o 0 0 0
* [E -5 i 0o i 0 0 0 -1 0 ]
Y o m-i /Y —ph 2R 0 =2, 0 0 1
@j o - 0 N
@3 S o - @ 2R o
@ 0 0 o Ym0 a-£" @y -V 2, -2
(B.64)

where the coefficients {w,,} _, are given by Eq. (B.57), and the coefficients { M }n are given
by Eq. (B.61).

B.A4.4. 4) (r,s) = (4,1) FZZT-Cardy brane: W*D = W®[x]

W(4’1)=<W(4) W(4) W(4) ~(4) (4) (B.65)
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1% DEEE

]
O —w? 1
B&D — H w3 1 , (B.66)
a —Wy 1
E =1+ ws
@ 0 H @ E
@ L 0 -1 0 0
0 o £ 10 0 -1 0
[CN - 28it}y +60i3—5 1 —3i _ B.67
Q Bs,2 H s A = —iin, 0 -1 | B.OD
_  —90ipith,—ity 4it]+60i3—5 _ _
B| e mems g,
30(it, 2+30— =i _ i7" —30iir il _ _ _
E (u5) 16u2uz iy i+ iy 16142142 _u,z, u,2 iy

where the coefficients {wn}fl=2 are given by Eq. (B.57).

B.4.5. Duality matrices
Reflection: WO xcl1(t: —n) = MO (1) x WO [x1(z; )

@ 0 M OO O10
@ 1 0 0 0 0
0 0 1 0 0 0
|v|<1>(z)=H w 0 ! 0 0 , (B.68)
H ~ 0 S 9 1 0
E (20 (?—p 12050)  SBHO  Siw !
32 4 2
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e 0 m g oo § g¢ 0 HE
2 1 0 0 0 o 0 0 0 0 0
O 0 1 0 0 o 0 0 0 0 0
m| -%& 0 0 1 0 o 0 0 0 0
HI *% 0 1 0 o0 0 0 0 0 0
Pl % o 0 0 0 1 0 0 0 0
2 =
M )(t)=ﬁ W % 0 o 10 0 0 0 o0 [
Al 22 s W -% o0 0o 0o 1 0 o0
ﬁj A0 0 %2 o 0o 1 0 0 0
R o 0 2 % 0 0 0 10
Bl 2w ga % % % 3 0
(B.69)
where the coefficients {hf,l)}f;:1 are given by
L _ S (123 — 1+ 12i5) LS (28023 + p — 121}
! 32 T2 32 ’
-3 ~\ = —/2
L _ 2 (=123 + (0 — 12i}) itr — 4(ith)?) B10)
P 64 ' '
: S 17 (5—s) . T (s,1) 17 () .
Charge conjugation: WETI 1@y | €L @) [ Wl n)
g 0O M OO OO
g0 0 O 0 1
olJ]o o 0 -1 0
Q:E)l(,]l)(t) _ Hlo 0 1 0 0 ’ B71)
dlo -1 0o 0 o0
E 1 0 O 0 0
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H- HF
0 0
0
0
0

H

i
0
0
0
0
0

-1
@0
a0

HHHHHBTPHE 2 .

-1 0 (B.72)

1 0 0

S O © ©O O o © © 8N
S O ©O ©O o o o o [
S O O O o o o

H
0
0 -l
1
0
0
0
0
0

o o o o o o

o
|
—_
o
o
o
o

0 0

OOOOOOHOOOEE
OOOOOOOOO'—@

0 0

B.5. The case of (p,q) = (3,4): Ising model

I. Kac table:
(1,3)|(2,3)

1,2)|(2,2) (B.73)
1, D21

II. The coefficients (with conformal background):

_ 8ua(1) va(t) = 4uly (1) + Su3 (1)
- 3 I 3 - 3 ’

4ull(t) + 12y (1) + ua (t)?
5 )

v2(2)

III. The Baker—Akhiezer systems:
Cyr= 407 +u20 +us |,

9 . _ 4
g@lﬁ—ﬂmX[% +

Suz 5  AQuz+ub)  duly+12uf +uj
B, ; Jv.
3 + 3 + 9 v
2
8;{2 9 4 4(3u/23— 2u3) 94 16u} — 19214’3 + ”2] ’

9
g%)(:ﬂzm X [433 +u28+u’2—u3]x.

nx= [834+

IV. String equations (with conformal background):

0=us (uy — 2ufs) + (uh)? — 2uzuly — 4u§3) + 2u§4), (B.76)

g > 3 @ )
95 = Mty + 2y — Mty — 1 2uiy — 12 (u3/ —u ) —2a4u® +16u$.
(B.77)
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B.5.1. 1) (r,s) = (1, 1) FZZT-Cardy brane: WD = w D[]

w — (W(l) w, W“)) ,

%) OJ 1]
(%] 1
BUJ):D 1 1
[ E—I/_t3 )
(%] O
_ _ _ - i it
N L A
L) _ ;2 - =2 =1
Q( )—/33,4XD MT2§+fl(2) _%_%
= 23—ty = 2 ity 2
N AL YR
where
2) 2 /// —// 4 1--
= —ul — —ul + iyt — —UsU3,
2 l_, 1_, 2 - -
= —ul — —ul + =y —UurU3,
2 T g2 3T g T 3
2 _ 2—//// 1—/// 4_ —// 1 1_ —/
— — —us + —uru —ioith + — (i1 — —usu
30 =gl —3ls T gty — il (2) U3l

B.5.2. 2) (r,s) = (2, 1) FZZT-Cardy brane: WD = WO [y]

T
w® — <W(2) W(Z) W(2)) i

H

g 0
I} 1
2,1 _
B(,)_D —Uuj 1 )
H\—¢+us
(%] O
i3 iy ﬁ/z/ - U3
& 33T t+3
Q(z’l) = _3 4 X 2Lt (2) ﬁz ity
Paax g 2§+f 242

2u 2 iy 5 2
where the coefficients { f,fz)}zz | are given by Eq. (B.83).
B.5.3. 3) (r,s) = (1,2) FZZT-Cardy brane: W2 = LW@[x]

T
77(1,2 v w2 A2
WD = (W, W, LW 2)

[

iiy

3
c+ %
2 = =11
L R R )
9+3 9

1 =2
- 3”’;.

(B.78)

(B.79)

(B.80)

(B.81)

(B.82)

(B.83)

(B.84)

(B.85)

(B.86)

(B.87)
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p O @
%) 1
B0 =1 1 (B.88)
2 ¢
0°\3 -%
@ O 02
2 ” -1 ’ 2 N
(1,2) ? _uzt’zuu'gg% —t+F -7 _%_%
Q ' (t’ é‘) = ﬁ4’3 us (u§+2u’2’)/ u%+2u/2/ ((2u3—u’2)2)/ (2u3—u/2)2 ’
U %0 T s s I8¢ <t o
’ 1 w2 u2 u!! s —u 2y/
mg _g - %2 - % u?zg - (2u39; 2 ZT: 2+ @ 318;2) )
(B.89)
. 2 2 -2
with Fy = 5 (2u3 — ) = buouf + 1 (up)” — g + 5040,
B.5.4. Duality matrices -
Reflection 1: WOel(t; =) =MD (1) x WDy ](r; ¢)
g 0O m
g1 0 0
MP©y=ol o0 1 o (B.90)
H u 0 1
Reflection 2: WAD[xe1t: 0) =N (1) x WD [x]1(t; ¢)
g O O?
g (1 0 0
NYO=po o 1 o | (B.91)
>\0o o0 1
N T -
Charge conjugation: [W(z)[x](t; {)] e () [W(])[X](t; ;“)]
g 0O m
(o 0 1
¢oy=nlo -1 o [ (B.92)
H\1 o0 o0
B.6. The case of (p, q) = (4, 3): Dual Ising model
I. Kac table:
(1,2)[(2,2)|(3,2)
IRIPRES (B.93)

II. The coefficients: Eq. (B.74)
III. The Baker—Akhiezer systems: Eq. (B.75)
IV. String equations: Eq. (B.77)
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B.6.1. 1) (r,s) = (1, 1) FZZT-Cardy brane: WD = W[ x]

T
Wb — (W<1) w0, W W ) , (B.94)
%] O 1 11J
o) 1
1
gt U (B.95)
. 1
_ 2@B-3u+4il)  2Q2i3—3idl) 4 -
oo \ 77— =2 93 2 . 2 —3ia
(%) O 1] 111
o —it3 + it} it 0 1
_ 2i2 430, —it i u
ohh =g XD 1T 3 5 ’
= P43 iy =3’ —4iiyity - 2u27u’2/ i3 —it iy ’
o 79  N— 79 3 -3
_ 2—2 3—/ 21" 2 —2ii
111 77 + f(3) f1(3) n+ o gg = 2 3 -2
(B.96)
where
2 1 2 4
o Gy — 35 = Gty = Siits,
3) 1 ~/111 1 —/17 4 _ — /1 2_ 4 =/\2 2 =3
=l — gl — — - = — —(u —U5. B.97
2 =gy Ry T gl — giity = G (I)"+ o7 ®.57)

B.6.2. 2) (r,s) = (2,1) FZZT-Cardy brane: WD = W®[x]

weh _ <W(2) we WP wO w9 (2)> (B.98)

oo My e M)

B2 — 32 ! . (B.99)

EE EH | E aw
4
+
\’;\‘
[
|
=
+
O\D‘O
|
Wl
S\
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2,1 2
Q&Y =By 3x
o 0 am H = B
o ity — 2ii3 -2 0 0 -1 0
O i+ 7211%%/2/ 2([4’23—[43) _%2 iy 0 _
% |:EI:I h(lz) i+ 2a§+3g/372a’2’ n§;2a3 0 iiy 0 :|’
H 4ﬁ2ﬂ/2+;ﬁg’—ﬁ’2” i+ 72@7;&’3%’2’ 0 2,;3;,;’2 _L;Tz 0
) o kB-daRy o 2W343Ey-2ay 23— P
| g 0 e el owem g
_ iyt —3i i _ o2+ _ _
e O ST S
(B.100)
. 2 2 .
where the coefficients h(l ) and hg ) are given by
el et =/ =/ =/
B _ —2uy (2u3 + uz) — 3u’y + 2u)
1 9 ’
@ —2it5 + (6ity + 4ith) itn + 12(ith)* + 9y’ — 3ity’
hy” = 77 . (B.101)

B.6.3. 3) (r,s) = (3, 1) FZZT-Cardy brane: WD = W®[x]

T
v3D _ (w® wd wd 7o)
WoD = (W9, WS W ) (B.102)

@ DEE

%) 1
4_
O —=U) 1
G _ 3
B - 2(2it3—3it}) ) (B.103)
Hl -——F—+ 1
H _ 2(a3 -3y +4iy)
n 9
@ O H a
o 2yl L 0 1
_ _ | 2i343ih -2 ity—ii3 1 -
QB Z g yx | 1T~ 3 —3U2 o
i - 3 Qi3 il - —2ar-3uk4al - _
ﬁ _Tzn+f2() 22932 i+ 2932143—14/2
(B.104)

where the coefficients f1(3) and f2(3) are given by Eq. (B.97).
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B.6.4. Duality matrices _
Reflection: W9 [xcl(t: 7)) = MO (1) x WO [ ](2; )

(%) O I O
%) 1 0 0 0
) O 0 1 0 0 5105
1) = .
® H i 0 1 0 ( )
d\-dm+da, 3@ 0 1
1] O m H H H
%) 1 0 0 0 0 0
0 0 1 0 0O 0 0
o O — 0 0 1 0 0
M = _ B.106
O=n 4 0 10 0 0 (B.106)
2Qii3—itl)
H | == 0 0 0 1 0
=2 - _
A
Charge conjugation: [W(“_‘Y)[x](t; n) QZ(S ])(t)[ WO x1(t; n)]
g O M O
g0 0 0 1
eV = et I (B.107)
“Hlo 1 0 o | '
@ 10 0 0
g o m{H H
g {0 0 0 0 0 1
oflo o o o0 -1 0
D) = mofo o0 o0 1 0 0 (B.108)
510 o 1 0 0 o0
Flo -1 0 0 0 O
FH\t 0o 0o 0o o0 o0
B.7. The case of (p,q) = (3,5)
I. Kac table:
(1,4)|(2,4)
1,3)((2,3)
1.2[2.2) (B-109)
1, D[22, 1)




C.-T. Chan et al. / Nuclear Physics B 910 (2016) 55-177 147

II. The coefficients (with conformal background):

20u32(t)’ va() = ?ué 0+ 20u3 (1)

3

’

(1) =
20, 40, 5 40, 10
v4(l)—?M3(l)+guz(t)+§uz(t), vs(l)—gu3(l)+3u2(t)u3(t)~

(B.110)

III. The Baker—Akhiezer systems:

Y = [483+u28+u3]1//,

20u> 20(u’y +u3) 524

9
S50 =B X [160° + =20% + :
5(12uy 4+ 8ul +u3) . 10(4uf + upu3)
3+ ]w,
9 9
20 20(u3 — 24
nx = [1635 + 12 33— (u33 4y 9%+
3
5(—12u5+ 2003 +3) 10 (12 (g — w3) — 4 + 405 ) L
9 9 ’

d
g%X =Pa3 % [433+M28+u/2—u3]x.
IV. String equations (with conformal background):
0 = 60us (1/2’ — 2u’3) + 5u), (4 (31/3 + ”/2/) + u%) + 20u2u§3) + 16u§5),

9
28 80u’yu’) + 60 (u/2 — ug) uly + 5Lt%u/3 +
)

B35
+10uz (w3 +2u8) = 605)? + 40uzu” + 1618
(B.111)
9;0 = 450 + 60u3 (e — u3) + 20u2uy + Ju3 + 16us” -
< ? =20 (2u’2 - 3u3) u’y + Su3 (8u’2’ + u%) + 20uzu’y + 16u§4) - (B.112)
B.7.1. 1) (r,s) = (1, 1) FZZT-Cardy brane: WD = w (D[]
N T
WO = (Wi wl wip) (B.113)
%) O 1]
@ 1
B = . (B.114)
] E —u3z —up
%) O 11
- _ _ _ = =/ = _ Qiin—it
o (2f+ s+ Sy -F -3+ -
1Ly _ z _ = =1 3 - 3 =2 =/ 2"
QM =psxp | 22-2520+ Y 24P 242
ity —ii3 = 3 = i3 5 3 iz 3
R St A SR Y PR A
(B.115)
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B.7.2. 2) (r,s) = (2, 1) FZZT-Cardy brane: WD = WO[y]
T
= @ W@ W
WO =(ws wd w)

H

1%} o H
(%) 1
BeY = | gz, Ll (B.116)
H\—¢+us
%] O H
- _ 3 =2 ~/ 2—// _ Diia—ii
of Bi-g0  Ga%-% 0 o
(2,1)2 2 - - _ 3 — 3 =2 =/ =
Rl FEEE TR A S 5545 |

=1 =2 _ 3 - = _
H _”29”2§_f5() gz_

(B.117)
where { f,,(3) },51=1 are given by
1 2 1 2 1 1 1 2
3 _ t-m —// - -/ - - 3) _ —/11 —// - -/ - =
= —Uy — —Uz + —UUy — —UDU3, =——u, +-u —UpUn — —UQU3,
I T g2 T g Tt T gzt o 92 T g3 T gt T g
(B.118)
1._ 4_ _ o 2_
= G5+ giadls + Gzt §u§, (B.119)
1 1 1 1 1 5 2 1
3 _ t=mm - - -/ - -/ —/\2 - -y -2 -3
=—Unr — —Ux + —Uplln — —UrlU> + — ()" + —U3Ur — —U5 + =5, B.120
fa 92 93 322923 9(2) 9323392 ( )
9= ng” + fﬁzﬁg +it3ithy + — ity — Siizity + i3s3 (B.121)
> 79 9 9 3 9
B.7.3. 4) (r,s) = (1,3) FZZT-Cardy brane: W3 = LW @[x]
R - - - - -~ - T
WO = (WS, WS, WD, LW, LW, LW D) (B.122)
£ D ) D:‘9 H ) va B:D £
BV o) =
o | | H H HX
@ 0 1 0 0 0 0
O 0 0 1 1 0 0
m Sy NG 0 0 2 0
A 0 0 0 0 1 o |
F g A L
’ ” a3 ’ ” ’
Bjj %{ + 4u2u2—15u3;66uzu3+13u2) —6u3+71;lu2+u% % _ ,%3 %_1_ 4M3]—25L12 Sll% 0

(B.123)
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QU (1; ) = Bs3x
4 O EN H = 0

& Zuz ; +fli 41/2’71;14_%—14% 74{ + %T‘ 0 7% 0
m 22— 7(ux Tz —uj) C+fo _Z(Uzu%;rb%’) M _4(u§+3;;—u'1’) _8 4 Bozhn Suz— 4u _4,%
|:|:\:| —f2t+ fa -2 = fart + fio u2¢ + fi6 ~M20 4 fir M 4{-%—M :|,
H P+ 15 —W# —Fo+ g2 —u2¢ + fis 4%,3' _4§+M
Bj —82— s+ f —ful+ fo =202 = fgl+ i —¢*— fol + fi2 —M w
B:D :4—1+f10{2—f14Z+f1 B —fut+ fi —fs¢+ fr —f6s + f3 =32+ %50+ fi 220 fio
(B.124)
where
_ tu2 1 , , 2 (3)
R v ﬁ{—w (4051 + 80uz (3us — ug) — 708(u5)* + 1123 + 192087 ) +
o+t (405p + 20uz (6u + Sug) — 63 + 2407 )
—8 (6u§3)u’3 + 2 (B3uf + ul) — 6ulu ”) 109202 — 72(ub) + 468u§],
(B.125)
1
fo= e 1296{ 3un (451 — 40usuty + 8(up) + 1203 ) + 4u (uf — 9ut) +
16 (—48ujuf — 3(2u3 — 3u3) (3uf — 2u8”) +27wh)? +2005)?) — Sus].
(B.126)
1
3)
1= 5 1296[ 3uy (45;1, + 52usul — 8(u)? — 44u2 + 16u )
+ 83 (3us — 8ug) + 16 (—39uluf +2705)* + 1005)?) - 2ut},
(B.127)
fim t N 8u’2(7u’2’ — 9u’3) + u3(84u’3 — 6814’2’) + u%(?au’z - 7u3) - 4u2(6u’3’ — Suf))
4835 108 ’
(B.128)
t 12 (Buz — 2u —ul) 4+ u5 (7Tul, — 3u +4u
fs = + ( 3 2)( U3 2) 2( 2 3) ’ (B.129)
4835 108
oo ‘ . 2(2u’2(u’2/ — 314’3) + u3(6u/3 — 3u/2’)) + u%(u’2 - 2143) + u2(4u§3) - 61/3/)
°~ 4835 54 '
(B.130)
o (0w~ ) — ) Ry — Tu) + a3
fr= 4Bs T 108 ’
(B.131)

1
fs= <4u2u2 o+ 120ur — 4wy — uduz — 6usuly + 3ubul + 2uzul — u/zu/z’) ,
(B.132)
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3 (450 + 32usuy + 8(uy)? = 36u3 +32u8 ) + du (90 + 195) + 1003

b= 108 ’ (B.133)
3 (45 + S2usul — 8(uh)? — 44ud + 16uS”) -+ (60} + 8u) + 613
Sfio= 108 ,  (B.134)
1
fii= 1o (—u3 — 4uuz — 2403 + 36usu}) (B.135)
1
fro =15 <—u§ + 24uyuy — 44uluy + 48u — T2usuly — 48u§3)) , (B.136)
—3 (450 + 80w, — 8(5)? — 6813 +32u$ ) — 122 (2u} + Tuf) — 7u3
fiz= 108 ,(B .
=405+ up (80uh — 300u}) + 48(uh)? — A4dusul — 2113 + 384u — 192u)
fla= 133 ,
(B.138)
2 —3usuz + 2urul, — 4ull + 4
fis= 5 <u2u3 + upul + 4u’y — 2u§3)) . fie= 92 3 2
(B.139)
1 3uruz — Suoul, — 4u’’
fn=g5 (—u2u3 — 3uouy — 12u3 +4'4§3)> . fis= 92 23, (B.140)
1
flo= 5 (—2u2u3 + 3u2u/2 + 81/3/ — 4u§3)> ,
“21usus + 15u0u, — 24u’! + 16u$
fro= 20 ' 3 2 (B.141)
36
urlt,  uru3 —Tu? + 24u’, — 28u] 1
= 182_ 2 n= 2 363 2, f23=ﬁu%+u/3—u/2/,
(B.142)
2 / "
u5 +24uy — 12u 1 1 1
foa=-2 32 2, f25=—1—8“%—”/3+”/2/a f26=_§”%+”/3_§”/2,’
(B.143)
— 2, _ 4 / _ u/2 . 914/2 — 8u3
f27—u3—§u2, fzs——§u3+uz, f29—u3—?, fro=—"F5—.
(B.144)
B.74. 5) (r,s) = (1,2) FZZT-Cardy brane: W2 = LW [x]
N ~ ~ ~ ~ ~ ~ T
WD = (cWS, WS, LW, Lwé”, ﬁwé%, LWE%) , (B.145)
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2 O N H H Hj
5] 0 1 0 0 0 0
O 0 0 1 1 0 0
5(u3—2u/) Su
T — 5= -2 0 0 10
B @0) = , :
¢4 10 ) 0 0 20
H I S 6
2ul) —u, 3uly—2u
2 "3 ¢ 2 3 up up
EP 3 it % -% -% 0 1
/ 1_g (3) ’ n_2 ’ /
up —uzu3+2u2u2+10u3—8u2 4113—8uz—u2 ¢ upy—uz uz—iy
Hj @t 2 8 iT3 2t7s 0 0

(B.146)

QA (15 ¢) = ps 3%
2 O [ H H2 ﬁj

@ —wt + fis 12+ 0 4g 4 M) 4 0
0 o 10— 3u;§+f~.9 2(uuty— 2u1+2u§”) 7u%7129u§+8u’2' —!429—4112 §¢ 4 Buzi 414, a0
[ED —ft+ Sl _2eg g o deteo) # ag+ 4 }
H —fas+ - ot fo —%o+ i 220y fis oHbib) gy
Hj —%202— for+ fo —fut + fs 2= e+ fu 27— fot+ f 75“2(“3;"5)74"; REL
a:' *%+.f30§2*ﬁ4{+f1 —B—fac+ s —fst+fr —fst + fi 3{2*“ T2e+ fis wal+ fio
(B.147)
where
frm oo s (6 (450 — 94h)? + 240V ) + 60us (s + ) + 1303 +
48835 648 2 3 3 2 2

o+ 3uty (13510 + 205 (s + 3u5) + 7usd + 88ul”) +
3 (—12065)° — 8y + 8ufuf + 3 (20 — 4uf) ) — 75603 + 2643},
(B.148)

~ 1

L 2 3) 5
T 4Bss * @{_3@ (5(9M +2(up)” +4u3”) + 26uzu; — 38u3)

—3u3 (13u}y + 9uf) —

—36 (—41/314’2’ + (uz — 2ub) (3u” _ u?)) +3h)? + (“/2/)2) _ 51/2‘},
(B.149)

~ 1 1
P = s T 448 (20 — 5u) — 48 (=Subud 4367 +26)?) +

+ 8uy (—3u3u’2 + ZM% — 214;3)) — 1/2‘], (B.150)
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~ t

fa= o
4B3,5
N 4(u3(5u’2’ — 9ul) + b (3ul + sug)) +u3 (31ub — 23u3) + uz (36us” — 60uY)
108 ’
(B.151)
~ t
5 =
/ 4B3,5
4<u3 (2u’2/ — 3u/3) +u)y (5u/2’ — 6u’3)) + u% (7u/2 — 11u3) — 12u2(u/3’ — u?))
- :
54
(B.152)
~ t
Jfo=77—
4B3,5
. 4<u’2(1 luly — 15uf) + w3 (9uy — 7u/2’)) + u%(7u’2 —9u3) + 4u2(u§3) —3uf)
108 ’
(B.153)
= 4(2u3 — u’2)(3u’3 - 2u’2/) + u%(3u’2 — 4u3) + u2(8u§3) — 1214/3’) B154
T 108 ’ (B39
~ t
fo= o
4B35
. (20 (4 — 3u5) + s (9w — 10u5) ) + 3 (6 — Tus) + ez (3uS” — 1201)
108 ’
(B.155)
3 (450 4+ 2003wl + 16065)% — 44ud +32u8 ) — 12uz (2u} — 9u3) + Su3
fo= T08 ;
(B.156)
_ 6 <3u3u’2 - 214% + 2u§3)) + Buou’y + u%
Fio= - , (B.157)
. —3 (450 + S2usuy — 8(uy)? — 44ud + 16uS” ) — duz (O + Suf) — 4}
(B.158)
_ —36(—31431/2 + 2(14’2)2 + u%) + 4urul) + ug
fi2= 108 , (B.159)
. =3 (450 + 6dusuy — 4uy)? — 523 + 328 ) = 24u (uy + 3u3) — 8
13 = 108 ,
(B.160)
. -3 (45u + 92uzuly + 16(uh)* — 92u3 + 64u§3)) +20u (12u} — 19u5) — 4u3
fia=

432 ’
(B.161)
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- 2 ~ 2
fis = 5 ( 2 (u3 — 2ub) +4uf — 2ué3)) , fie = =35 (uz (u3 —uh) +2(uf — ué”)) ,
(B.162)
- 2 ~ 2
f17 = —§ (u2 (31/[3 — 21/1/2) —1—61/3/ — 414%3)) 5 flS = 6( 2 (Lt3 - ZM/Z) - zug)’
(B.163)
- u (3u — u’) + 8ul — 4uY ~ 8(14(3) — 3u”) —u (u - 6u/)
fio= 2 3 2 3 2 _ 2 3 2\U3 2 B.164
19 = 5 , fo= 36 , (B.164)
) (u'z — 3u3) o, 10u’y 7u% - 2u’y Y 7u%
far = 36 , f=uj 5 T f3= 3 uy + T
(B.165)
f24 _ 2414’3 — 121/2/ — u% J;25 _ 9ug — 6u/2’ + u% f26 _ —18u§ + 20u’2’ + u%
36 ’ 9 ’ 18 ’
(B.166)
~ uly ~ 2u), ~ 41u, ~ Tuz  4u)
= - =, = - —, = — 3 s = — = —=
frr=us3 3 frs=us3 3 129 3 u3 f30 D 3
(B.167)
B.7.5. Duality matrices .
Reflection: W@ [yl —¢) =MD (1) x WOy ¢)
o O
%] 1 0 O
MP©y=glo 1 o | (B.168)
A\a 0o 1
Reflection: WP [xcl(t; ) =N (1) x WD [x1(15 )
@ o m H H @j
%] 1 0 0 0 O 0
O 0 1 0 0 O 0
_sw
NO() = s oov oo (B.169)
A S0 1 0 0 0
S(uz—ub)
an %9 0 0 1 0
"_g,.2
- T .
Charge conjugation: [W(Z)[w](t; ;)] ) [W“)[w](t; ;)]
g O [
g0 O 1
G'O=ofo -1 o | (B.170)
B\t o o

- T -
Dual charge conjugation: [W(m)[x](t; —;)] @E)l(’]z)(t, Z) [W(l’z)[x](t; g“)]
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o O m H H @j
2_2 " _ 3u!
o | TR iR % -B o0
_ 2u
oo s+ -1 0 0 -1
P )= L 0 10 0 0] (BI7D)
H -7 0 -1 1 0 0
H 0 —1 0 0 0
H- 1 0 0 0 0
B.8. The case of (p,q) = (5,3)
I. Kac table:
(1,2)](2,2)|(3,2)|(4,2)
14,12 D[G.D]@E.1 ®B-172)
II. The coefficients: Eq. (B.110)
III. The Baker—Akhiezer systems: Eq. (B.111)
IV. String equations: Eq. (B.112)
B.8.1. 1) (r,s) = (1, 1) FZZT-Cardy brane: W'D = W[ x]
T
T _ (D wh GO G )
Wb = (Wg RTALR OO Wm) , (B.173)
(%) O I OO Oo1d
16} 1
O 1
BLD — . 1 , (B.174)
1] 1
OO \n—ws —wq4 —w3 —w2
QD = s 3x
%] O [ 1T 111
(%} L_t/z—u3 uy 0 0
O A 2i, — it it 0 1
x[\:lj i@ 7512%73912§+212’2’ 2@3—&’2 2 0 }
_ 572 == -
oo | A et S g %
= 72 = 105" ~ &=/
_2,§_2ﬁ+f6(4) f5(4) 77l+f3(4) 5u2+9u93 10t} 2u335u2
(B.175)

where



and

5

w5 = —

4
fl()
4
f3()—
4
fS()_

4
£ =
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- - - _2 - -
wzz%, w3=_5(u3—2u’2) _ 55 — 3ty + Su

)

3z 9

102t — iiaitly + it} — i5)

5 : (B.176)
10d; (i3 — ith) + iy — S @ 10a (i3 — 2ah) — 2ay + iy
9 ’ ho= 9 ’
i) — 10ii) o _ —10(i))? + 103ty + 10i2ity — 10z + s — as?
’ 4 - k]

9 9

103 + 10 (30 — 4a) itz + 60iisity — 3 (30(5)* + )
27

3

20 (i — i) i + 10 (] — a§” (0)) 2 + 3 (1035 + 108} (25 - 3a3) + s’ — ¥ )
27 '

(B.177)

B.8.2. 2) (r,s) = (2, 1) FZZT-Cardy brane: WD = W®[x]

W —

B

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ T
<Wg),W§),W§—i\, W(Z)’W(Z) ’W(Z) w® WO w w3 ) , (B.178)

H 5 "B TH THT THA

e 0 @ [ oo { B HEE

(%) 1

O 1 1

11 1 1

H 1

1T —wy —w3 —w» 1

H2 1 1 ’
B:D ws — 17 —w3 —wy 1

H 1

EEP ws — 1) wq —wy 1
EEH ws —17 wy w3

(B.179)
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Q3D = Bs5 5
o o @m™ H oo | HY H B HH
@ 3 — 2its iy 0 0 1 -1 0 0 0 0
0O h(73) @ _ 21# itr 0 0 0 -1 0 0
. i+hy hy -i 0 - iiy 0 0 0 0
H —ii—h® Y 0 iy 0o -2 0 -1 0
[ N s i+h® n) 0 LM i 0 0 1 ]
e Y T T R
EFD 254 0 0 R 1 B 15 A e} 0 iy 0
B} 0 Y q+hd - 0 h 0 ol 0
TP o Bl o R @ o Y mm %
HEB 0 0 a4 h(s) 0 —h_(f) _h(23> i+ hf’ - h<63) h;” 4(:715217’2)
(B.180)

where the coefficients {u)n}f1=2 are given by Eq. (B.176) and the coefficients {hf) } ,llozl are given
as follows:

=2 (20 (3 — @) a3 — 10 (@5 — @) ez

— 3 (10 + 10} (2 — 33) + 5 — i),

h = (10 + 10 (3t} — 4it) ity + 60ii3ith — 3 (30(12’2)2 + ﬁg”)) ,
h§3) =3 (10(u )* — 10i3ith, — 10i2i} + 10iaih — ity + ﬁg”) ,
1 1
hy = 5 (108 (a3 = 25) =25 + ), s = o (108 (3 — @) + 75 = @3')
h(3) — l (—// 10— —~/ h(3) __ 1 5—2 3—/ 2—//
6 :§ uz — u2u2), 7 25 —duy — Suz+2U, ),
1 5 10
Q) = 5( Sid 43y —y), b =iy - @ by = Sy — s (B
B.8.3. 3) (r,s) = (3, 1) FZZT-Cardy brane: W3 = W®[x]
WO = (WS, W, W, Wé” é% E” W é% E% W%) (B.182)
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[
1 1
—wy
w3
n—ws
0 —1
i 0
0 ii
i3 =ity 20y
3
3) ii3—3it)
hlu B
3)
i 0
- hé}) hg’
0 s
0 0
_ % - h(13) hf)

(%] O
1% 1
O
1] —w3 —w?
| ow
BGD — a
B s
G _ 4z
QP = Bs 3%
g O ]
o —4(&;3—2:2’2) _ zl% 0
O ) Eh @
T ﬁ+hf) hﬁ)’ Aty —ii3)
H - hf) h§3’ 0
B:J —h 0 JAc]
I:E —h§3) —ﬁ—h?) 0
BE} 0 —h i+ h
E:‘ _z%ﬁ_hga) 0 —ﬁ—h§3>
@ 0 N h?) h?’
@ 0 0 0

—wy
w3

—wy

itz
0

3

0

"
—i _hés)

h(33)

h ;3)

P AC)]
+hs

= 3)
—i—h

i3 =2t}

3

3)
hy

157

3P HBEHH

(B.183)

= =
2u3 — 3ith

(B.184)

where the coefficients {w,, }222 are given by Eq. (B.176) and the coefficients {h§,3)},11021 are given

by Eq. (B.181).

B.8.4. 4) (r,s) = (4, 1) FZZT-Cardy brane: W*D = W®[x]

WO = ()

ﬁ}(l)’

ﬁ}(l)’

H

Wé

)

~§1))T

(B.185)
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@

O
B4Y = H

E
Qb = 55,3[

where the coefficients {w,,}zz2 are given by Eq. (B.176) and the coefficients { fn(

by Eq. (B.177).
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%) DHEE

B.8.5. Duality matrices

Reflection:

M(l)(t) —

6] O
1 0
0 1
sz
= 0
_Sug Sit

—w?2 1
w3 s
— Wy 1
-1+ ws
o O H
Sith—2it3 2i
2 _p
3 3 0
5i3+9ity—10i; 3ith—2ii3 20y
9 3 3
_ @ —Sis+3iy—il ity —2ii3
—n—f3 3
@) _ @)  —Si3—3iy+2i
s —ii— £ TMpTou TG
2itp = “ 4 = “4)
- fe Ja —n=1f

WO [xe )t =) = MO (@) x WO (t: )

7)
ity — 2it)

=/ -/
Uy —uj

4)}6
n

I O Y

3 3
S@3+2i%)  S(ith—ii3)

9 3

b o o

0 0 0

0 0 0
10 0

o 1 o |
M0 1

(B.186)

<[]

1753

ity — it
(B.187)

—1 are given

(B.188)
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Charge conjugation:
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ity
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2503
9

@
hl
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S O ©O ©O O o ©o © N

4
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Sz —ith)
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25iiy (a3 —it})
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m H 0O H- H B 5
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
1 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 1 0 0 0 0 0
i eI 0 0 0 1 0 0
0 Rl 0 0 1 0 0 0
) 0 M) 5 0 0o 0 1 0
_ 5(&%;2&'5) 259&3 _ s# 5(&33—&’2) 5% % 0 1
25 (i3 + 2idyity + i3 (ith — i
(3 + 2z + 33 (& — #3) (B.189)
27
= (5— T e [
[Wenaa ] o [Wonae |
[ OO COI1d
0 1
—1 0
0 0 , (B.190)
0 0
0 0
Hoo 52 5 B B
0 0 0 0 0 0 1
0 0 0 0 0 -1 0
0 0 0 0 1 0 0
0 0 0 1 0 0 0
0 0 —1 0 0 0 0
0 -1 0 0 0 O 0 (B.191)
1 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
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Appendix C. Derivation of isomonodromy systems

In this appendix, we show the explicit solutions of ,,2”,@(]) " and ,,iﬂgi(kp 7r)—equations which
we obtained in the evaluation of isomonodromy systems. We show the detailed steps of the
(1, 2)-type FZZT-Cardy brane of the (3, 4)-system. For the other cases, we only show the solu-

tions of the .,Z,@( P~ _and f%p_r)-equations. Since the evaluation itself is quite complicated,
the results in this appendix should be useful in future developments of the isomonodromy sys-
tems of the Wronskians.

C.l. (p,q)=@3,4) and (r,s)=(1,2)
In this system, we show that all the Young diagrams are solved by the following three dia-
grams:
{o.0.02]. C.1)
. ~(2) ~(2) . . . .
We first write down 22, - and £, -equations which do not include d;. Here the size of

the largest Young diagram in the differential equation is called the order of Schur-differential
equations.

1) |»| = 3-rd order equations

2 8u
LD o-eqn.: —8[ [T+ —ZD - —(2u3 —3uy)@ (C2)
290 -ean.: o =4[TT] - 453 +uz[ ] — Qus — 3ub)@ (C3)

With these equations, one can solve [ | | |and Bj in terms of Eq. (C.1).
2) |A| = 4-th order equations
O x X%i)l’o)—eqn.:

8 4
=8(rr+HH) + uz (MO+H) -3 2u3 —3up) ] — 5 (25 = 3u3)2
(C.4)
fég?o)-eqn.:
—¢ O =4(C00 ] — HH) + a0 + H) — Qus — 4uy) [ — Qub —3u)2
(C.5)

With these equations, one can solve two size-4 Young diagrams B:D and B}; but [T 1]
remains as an unsolved Young diagram (this diagram can be solved by the 7-th order equations).

3) |A| = 5-th order equations

0% x f@/g)l‘o)—eqn.:

= (T + 20 + ) + 22 m+251

4
7 (s = Tus) (CTT + H) - ?(1/3 - 21/2’)@ - 3(2ugj uy)@ (C.6)
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1)
f@(o 1)-€qn.:
8uy 4 , 2 "
0=811+ =2 Bj -5 suypH - 5 (wauts — 6 + 8u3) (C.7)
fo@(z’o)—eqn.:

—¢ (1) =4[ T LT +ua(CL + ) — Qus = Sup) (1] -
—3(uy —2ul)[] — Guy —4uy)o  (C.8)
2D, eqn.:
<=q,n-eqn.. q

—;H BE Bﬂj +u253—(2u3—5u/2)5—

— (uy —uy)[]+ (uy —u)@ (C.9)
With these equations, one can solve size-5 Young diagrams, [ [ [ ], U L1 and lLU ,
and the remaining size-2 diagram [ |as well.
4) |1| = 6-th order equations
03 x f@‘gz_)l’o)-eqn.:
0:8(m+3| [T 1] |+3LU L)y [ \)

+ 22 (o + 3 0 + 2 ) -

4
— 5 (us = 9uy) (CTT0 +ZB:|)—4(214’3—514 D]+E ——(6u”—11 o

4
- §(2u’3” —3uy"& (C.10)
O x .Z%S?l)—eqn.:

=g(HLL + HjJJH%(B]j +HH) - g(zug —Tuh)HH -

sup] - 2 69“3’ 8 20w — 6y 8w

4 /
(C.11)
52)
L2 5 0)eqn.:
—¢ (T =4(CTT T+ HH) + e (CTT0 + HH) =203 = 3up [T
—2Quly — Sul) [T — 26l — 5ul) [ — (@ull — 5u}")@ (C.12)
52)
gg(z D~ eqn.:

< = T - [+ ) - -3 -

— (s —uy)[ 1] —3u;— ZMQ)H + Wh —uy)")o. (C.13)

With these equations, one can solve size-6 Young diagrams, U [ 1] |, LT and |;
but [ [ [ [ [ | remains as an unsolved Young diagram (this diagram can be solved by the 9-th
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order equations). Also note that [13 x X%?lﬂo)-equation is redundant and equivalent to the
string equation Eq. (5.51).

5) General cases and solutions In general, one can see the following:

e With use of 2n-th order equations, one can solve size-2n Young diagrams except for A =
(2n,0,0,---).

e With use of (2n + 1)-th order equations, one can solve size-(2n + 1) Young diagrams and
the Young diagram A = (2n —2,0,0,---).

The solutions to these equations are also shown up to |A| = 5-th order as follows:
@)

uguz | Uy uy _uy
2 _ T3~ 6 T 3%
(=9 |-—- +0| -
6 ¢ ¢
1By
il : C.14
+ 3 : (C.14)
“2“2_“_3/_%"%4_@ U _ 1y
HZQ A R 6 o | o3 =%
6 ¢ ¢
1 ﬁ_u_S
0P -+ 52—, C.15
O gt (C.15)
=]+ o]
B 32
Y Fi T Y c.16)
44 6 121 '
2
3)
[(T111=2 l(m/ 27”+2)+QQQM_MQ+4%_2%)
= — Ur — u u -
36 3 2T 1442

6 (1 —2u3)ul + (u3 + 6ul) (2uz — 3ub) + 2u3u3 + 2un (u%’ — 2u;3)) +4 (M;S) — 3u§4)> j| N
72t

o1
+ D|:—§ + (8uz — 19u))

u (3u’2’ — 2u’3) + 10u3u), — 2(b/2)2 — 414% + 12u§3) — 4u§4)

72¢
(2uly — ub) (uz (2uz — ub) +4uf — 214;3)) .
722

N CSuy w (4u3 - 3u’2) - uf)
24 36¢
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+

(C.17)

(2u3 - “/2) (uz (2u3 - ”/2) +4u§ — 2u§3))
72¢2 ’

, PP
(uz (2u3 — ”2) +4uz —2u, )

munfl @[% (6 +9us —u3) - e

-2 (6u3 (u/3 —ul) +ub 3uy — 9u’3) - 614%4) + 21455)) + u% (3ub — 4uz) — 2uy (u%’ - 2u;3)) i|

72¢

4O ¢ uy  —10uzu) + 2(u’2)2 + 2uou’y — 3uzul) —|—4u§ — 12u§3) + 4ué4) N
8 24 72¢

(21/3 — “/2/) <u2 (2u3 — u’2) + 4u’y — 2u§3))
72¢2 +

Ne: |:_E _u (31/2 - 4u3) + u?)

8 36¢

(2u3 - u’z) (uz (2u3 - u'z) +4uy — 2u§3)) :|
_ , (C.18)

7262

2
u2 (ug (2u3 - “/2) + 4u’§ — 2u§3))

=g| 2 _
SERE

6 (uh — 2usz)uly + (u% +6u}) (2u3z — 3ub) + 214%143 +2up (ué’ - 214;3)) +4 (ués) - 3u§4)) j|

72¢

¢ Sub—dus  oun (3ul —2ul) + 10usul — 2(uh)? — 4u? + 120 — 4P
+0Ol 2 4222 _ 2 3 2 2 3 3 2
8 24 72¢

(21/3 — “/2/) <u2 (2u3 — 1/2) + 4u’y — 2u§3))
B 72¢2 +

)

Lo (4uz —3uh) — u?) N (2u3 — ub) (uz (2u3 — ub) +4uf — 2u(23))
24 36¢ 72¢2
(C19)

TITO= @[—Z—;c o (o (70— us) + 1604 — 230V -

(2u3 - 51/2) (uz (2u3 — “/2) + 41/3/ - 2u(23)> i|
+ +

48¢

2uz — 5ul) (2uly — u?l 1
+D[—( ’ i)é 3 2)+E<4Ou/3—74u/2/+5u%)i|+



164 C.-T. Chan et al. / Nuclear Physics B 910 (2016) 55-177

1 5 2 1.2
4-52[—§+-Q”3é7”9-—5””6__§i”9 _5”3], (C.20)

u 1
- @[‘és“ 5 (2 (s = 7) — 6+ 8uY)

e o) =),

72¢

N D[_ (2us — ) (20 - )}

36 36¢

36¢ 12 (€21

+[ﬂ[_—4mmu;+5wpz+4u§+(mm—ﬁuﬁ}

uy 1
Bilj = @[&; +5 (uz (Tuby — 4uz) + ug))

N (2u3 — 5u}) (Mz (2uz — ub) + 4u§ — 2u§3)):| .

144¢

+0 (—24u’3 + 30u} + u%) (2143 — 514’2) (214/3 - u’z/) N
144 72¢

(C.22)

+D2£+3%—2M+54mﬂ4+ﬂ%ﬂ+4@
8 12 72¢

C.2. (p,q)=(2,5 and (r,s)=(1,3)

Every Young diagram is expressed by a superposition of the following four basis vectors:

{25,[],[]i],E}3}. (C.23)

Here the procedure to solve the Schur-differential equations is briefly summarized:

e From the |1| = 3-rd order equations to the 5-th order equations, one can determine:

[, oo 2 HH oo 2 H) (€24)

e With use of the 6-th order equations, one can determine H as well as the size-6 Young dia-
grams. With use of the 7-th order equations, one can determine the size-7 Young diagrams.
There appears a redundant equation in the 7-th order equations.

e In the 8- and 9-th order equations, there is an equation which is equivalent to the bulk string
equation. In the 10- and 11-th order equations, there are two equations which are equivalent
to the bulk string equation. With use of these equations of each order can determine Young
diagrams of each size, and so forth.

The solutions to the Schur-differential equations are also shown up to |A| = 6-th order as follows:
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:@:% +u2] en) (C.25)
[TT=2 :—ué(t)] +0 [—% - uz], (C.26)
B S e = e e S

o5 - - 2 o] - 2]
(C28)
— @:_5”“ ki 23“2/2/ * 15“%] 0l [?%] +[T] [7(_25: ”2)], (C.29)

— @:—%{ B upuly —11—63314;3)] N D[%i N 5(u— Ziz;/z’ + 5u%)] N

+ D][—%(t)] + B:‘[% - uzf)], (C.30)

B:]:D _ @[— 3§4M/2 B 6u2u’24— 2u;3)] e [_21/2] . Hj [_% - uz]’ 1)

114 17u2u’+u(3) 2 3y —5u + 14ul) + Tu?
= M M) 2 g,

16 16 8 32
, ¢ ]
_fm C.32
+ 0w+ 5] 2ty €32
3 Tup ,  Su—4ul —Tu3
=g|— - — ==
[T =2]-% - 12 >
L 1S+ 316(u))? + 2upul) + 773 — 324u§4>] N
128
33u! 137 11
-+D[1;§+(§5”W§—§W§»]+
3¢ up 5u—206ufy + 39u3 U
L m _22, C.33
e 32 Jri sl e

_Sux 5 (1 — 22uy + 13u3)
T =o o+ 64 e

5 (9puuz + 120u3)% = 94z + 5u3 + 12057 )

* 128 J+
o[ e[S A ), gy 2

§3 Tus 2
=gl2z—4 ==
H=el5+ T+
L Sut4up+ u%{ | TSz +4))? + 198uu; — 17u3 + 4u’

64 128

Suaul ﬁ)
32 2

+D[%2§+(
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+[|j[g+—§ —5M+46u/2/+u%]+51[%/2]’ (C35)

32
¢ Tuy ,  uly—4us
=gl 4 22
HH [s T T
N —25uus + 4(u2)2 + l4uou’ + 431/12 + 4u§4)] N

128

Sul, 15u5u), 2w —5u + 14u” + 9u?
+D[_2§ 32 2]+D][7+§§+ 322 2]

+ [%] (C.36)

C3. (p,q)=2,5 and (r,s)=(1,2)

Every Young diagram is expressed by a superposition of the following four basis vectors:

{@,D,H,Bj}. (C.37)

The solutions to the Schur-differential equations are also shown up to |A| = 6-th order as follows:

=e[-5- 1B
oo+ 0[]
=e[F)+ali+5)
o=l e TR [ TR ) e
s e |
:@'312( Sp+ 25 +153) | + 0 I:M/z]-FE[%-F%], (C.43)

B R N ST s LA N
27l 3(69uauly — 58u§3>)] - [5 (n — 42uy + Tu3) ] .
32

+H[—97%]+Bj[%+%], (C.45)

~ofe+ (55 2]+ a4 (P[5 - 5] e
5(m—

SRk
BEF‘ [ 1Ou2 — 3142 ] N H[lSSMZ], (C.AT)
T I N T
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+ B:\[% + 2—2] (C.48)
e A

3u! Uy
+ H[—"’] ++H- [% + T]’ (C.49)
IS (15/L—358u/2/+31u%)§+
8 2 64
(2138u} — 6518)uz + 804(uy)? — 117u3 — 1016us”
* 128 ]+

u’ 31upul
_ 2§-+( 42 2_12u(3)):|+

[
[3%_'_%2(4_5# 3542142 +31u2:|+B:||:L;_/2]’ (C.50)

[5((5;/, 2u8)uz +48(uh)? — 15u3 + 64u'? )

Bjjj] =g 128 ]+

” 2 /
[y, o)
D= - Crgi,

351 — 38ul)uas + 6(u})? — 93u3 — 4ul¥
+ ( 2) 2 2 2 +

128
ol (]
R S
[T ‘ZQ[STM;C% 32;2 N 15(3(uy)? +6ju§ —2u(24)):|+
+D[—%§—%]+H[—S4&c—%g], (€53)
e R
N H[Suz 1(;2/2/ —sug)] N B:\[lsgu;} C58)
w (14u) — 510) — 48(ul)* + 9u3 + 2us”
13u) 3ugu!, i 7l ]+
+D[ 162§+( 3222 - 12 )]
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+H[34i2+§§_ug;u%]+5:\[%]’ (C.55)
4
@ _ @[_g _ %é_z _ 13”%3g 2“/2/4_ I 3(142)2 + 12u26L; 6u2 +2u( )
POl e S e 55

)
C4. (p,q)=3,5 and (r,s) =(1,3)

Every Young diagram is expressed by a superposition of the following six basis vectors:

{@,D,D:\,H,HI,HE}. (C.57)

Here the procedure to solve the Schur-differential equations is briefly summarized:

e From the |A| = 3-rd order equations, one can solve the Young diagrams of each order by the
above basis vectors.

e In the 8- and 9-th order equations, there is an equation which is equivalent to the bulk string
equation. In the 10- and 11-th order equations, there are two equations which are equivalent
to the bulk string equation, and so forth.

The solutions to the Schur-differential equations are also shown up to |A| = 6-th order as follows:

ED]=@[_%+W]+D[_”_2]+HJ (C.58)
_ @[ 5(—12uj —1i—4iOu +u2)] D[S(u3 1—221/2)] N D:‘[_Sl% ’
(C.59)
B e F = e B RS |
(C.60)
(T111]= [% (;‘uz + 3u2u2 + 12143 —2usuy — 16u(3))]

12uy — 24u’y + ”2]
16

|:|:|[—— — < (Sub - 2u3)] + Bj[—%], (C.61)

m[ S
. w3 S(uz —2ub) us
+ly-plHHEE S (€62

1 " 3)
B}j = [ﬁ <3§u2+4u2u2 6uy — 6uzuy + 4u, )]
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—24ul, + 32u! + u?
+O[ 2+

144
O
[(ITTTT]= ®[2;8 (18{2 + 18(9uby, — 4u3) ¢ — duguly + 304(ub)? — 304usut

o+ 2610205 + 53 + 720 +296u5” — 368us’ ) |

13usudy + 36u] — Suzuz — 60u”
+0] 2 I+
[6014/3 —132u) + 714%] n HI:—3M/3 +ul — u%]
48 36

R
B:Dj] = [—75—2 (—(u’z)2 + uzuh + upu’y — usuy + 4u§3) — 4u(24)>] +
N H[S(z4ug —lijug - u%)] N Bj[sm 1—2314’2)] [ 5u2]

(C.65)

Y T(uz — uz) 1 2
HE':D = @[—E + T{ + 43—2<6u2u/3 —6(uh)” + 2lusuly — 14usu’

+ 503 — 183 — 24uY + 12uf" ) | +

+ 1]

Suy

+ [ I:——C + — (2u2u’2 — 361/3/ — Supusz + 40u;3)):|

1
144
%ZT;%]JF

_ 5 —u3 2=
+B[ 8”3+215u2 u2]+Bj[%+M2 122M3]+T[%]’(C66)

+D:|[

1
T = @[576 (=520 +40(u3)* — 40usut + 48uzuf — 5u3
—16u$¥ + 16u5”) | +

up - up(2uy+ us)] [—6u/3 + 6uly — u%]
+D[_ g T 24

+H[3u3 u2+u2]+
+Bj[ _u3]+533[—”—62]. (C.67)
C5. (p,q)=@3,5 and (r,s)=(1,2)

Every Young diagram is expressed by a superposition of the following six basis vectors:
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{@DD]HBZ\EI} (C.68)

The solutions to the Schur-differential equations are also shown up to |A| = 6-th order as follows:

B o e
S e e
Djjjzg:_S(—24u’3—1i-4j4u'2’+u%)]+D[w] _Su)
(C.71)
e e |
e e ol (3 - )] )
)
S —— @[_%; | (16 13u3)11-44(57u’3/ —~ 91u§3’)] N
- [7 (24u _15464u/2/ + 3u§)] . [5(u3 1—24u/2)] N

+ H[ 4 +”3] + Bj[bf—;] (C.74)
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72
2u3 — 3u

@ _ @[ 15(u2)2 — 10u3u2 — 6u2u3 + 7u2u + 2u(3) ] N

[ 12u3 + 8u ] +
144

o)),
= 2L

Appendix D. Notes on boundary entropies

+D[—Qc

In this appendix, we would like to evaluate

s—1 r—1

R D DS WY i S (0.1)

I=—(s—1) 4 k=—(r—1) 7
step 2 step 2

Since we sum over values of s centered symmetrically around s = 0, we observe that the
t-dependence in each term cancels:

(_])3,1 s—1 ) )
A, = Z (epr+znlp/q _I_efptfmlp/q)

% I=—(s—1)
step 2
D
= Y Il o) (D.2)
2 I=—(s—1) '
step 2

s—1 .
=(_1)S71 Z ein’lp/q :(_1)57181.11(7Tsp/q) .
=5 sin(rp/q)
step 2
In an entirely analogous manner one obtains A = (=)~ Vsin(zrrq/p)/sin(q/ p). Other
typical ways of expressing these real numbers is via traces of SU(2) characters in the spin
Jj = (s — 1)/2-representation:
si inP
SWOSPID) _ ¢, 275 = U,y (cosp/a), (D.3)
sin(zwp/q) =%
where U, _1(cos6) = sin(nf)/sin6 are the Chebyshev polynomials of the second kind. Note
also that the explicit form of the modular S-matrix of the (p, ¢) minimal model (see e.g. [91]),

2 . .
Ses)0m,m) =2, | p—q(—l)‘"'“r””rl sin(wrmg/p)sin(zwsnp/q) , (D.4)

implies the relation

_ Sesan

dry = AsA, )
Sa,na,n

(D.5)
For this reason, d, s is sometimes called the quantum dimension of the state (r, s); The definition
of Cardy states also gave rise to the interpretation of these numbers as ground state degeneracies,
and their logarithm as “boundary entropies” [92,93].
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