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Abstract

The Stokes multipliers in the matrix models are invariants in the string-theory
moduli space and related to the D-instanton chemical potentials. They not only
represent non-perturbative information but also play an important role to connect
various perturbative string theories in the moduli space. They are a key concept
to the non-perturbative completion of string theory and also expected to imply
some remnant of strong coupling dynamics from M theory. In this paper, we
investigate the non-perturbative completion problem consisted of two constraints
on Stokes multipliers. As the first constraint, Stokes phenomena which realize the
multi-cut geometry are studied in the Zj symmetric critical points of the multi-cut
two-matrix models. Sequence of solutions to the constraints are obtained in general
k-cut critical points. A discrete set of solutions and a continuum set of solutions are
explicitly shown, and they can be classified by several constrained configurations of
Young diagram. As the second constraint, we discuss non-perturbative stability of
backgrounds in terms of the Riemann-Hilbert problem. In particular, our procedure
in the 2-cut (1,2) case (pure-supergravity case) completely fixes the D-instanton
chemical potentials and results in the Hastings-McLeod solution to the Painlevé 11
equation. It is also stressed that the Riemann-Hilbert approach realizes an off-shell
background independent formulation of non-critical string theory.
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1 Introduction and summary

Non-critical string theory [I] has provided interesting theoretical laboratories which un-
cover various intriguing features about string theory. This string theory is known as solv-
able system not only in the perturbative world-sheet formulation, Liouville theory [2HI0],
but also in the non-perturbative matrix-model formulation [ITH31]. Recently, among
various kinds of matrix models, the multi-cut matrix models [32] have turned out to be
a fruitful system. The first discovery was on the two-cut matrix models [33-38], which
were found to describe type 0 superstring theory [39H41]. Furthermore, the multi-cut two-
matrix models were generally found to have a correspondence with the so-called fractional
superstring theory [42] and also with non-critical M theory as its strong-coupling dual
theory [43], which realizes the philosophy proposed in the Hotava-Keeler non-critical M
theory [44].

Quantitative analyses of critical points and perturbative amplitudes in the multi-cut
two-matrix models have been carried out in [43,[45]. The main observables used there
are macroscopic loop amplitudes (or resolvent) [12H17,28]29/[46-50] which provide the
information of spectral curves, the classical spacetime of this string theory [31,51152].
The concrete expression for spectral curve is important because they provide relevant
information for reproducing all order perturbative amplitudes in the multi-cut two-matrix
models by the method of topological recursions [53].

The main theme in this paper is, on the other hand, about non-perturbative aspects
of the multi-cut two-matriz models. Non-perturbative aspects in matrix models have
also been studied extensively [23]26,27,30,31,50-52,54H77]. The main concern is about
non-perturbative contributions of the matrix-model free energy F(C; gs,) on the large N
spectral curve C

C gstr as Z 9523 2~Fn Fnon—perturb.(c;gstr)a Gstr — 0 (]-]-)

Here F,(C) is the genus-n perturbative free energy on the spectral curve C, and the
information of the matrix-model potentials (so-called KP flows {t,}.cz) is implicitly
included in the spectral curve:

C=C({titnez),  {tutnez € MU < P, (1.2)

string

which is known as the non-normalizable string-theory moduli space Msﬁﬁig norm.) [78]B
The first quantitative implication was given in the early 90’s and is about the strength of
string non-perturbative corrections which are O(e~1/9:") order quantities [79], i.e. open-

string (D-brane) degree of freedom [80]:

fnon perturb C gstr Z 9[ eXp[ 1nst(c; gstr)] . (13)

"We carefully put “asym” below the equation in order to emphasize that they are equal only in the

asymptotic sense.

2The normalizable string-theory moduli space Mé?ﬁ;‘g ) is known as the space of filling fraction [74]

which parametrizes the on-shell string backgrounds. The off-shell backgrounds are defined in Section [



Here I is a set of indices which labels multi-instanton sectors, I = {iy, s, -},

Si(rfs)t(c; Gotr) = Z Si(;it(c; Gstr) + O(gstr), Si(r;[s)t(c; gstr) ~ O(atr)s (1.4)
i€I={iy ig,}

and each primitive instanton Si(git(C i gstr) (0 =1,2,-++  Ningt), is shown to have the precise
correspondence with a singular point of the spectral curve C [41155H59,[61],168] and the
leading disk amplitudes are identified with the ZZ-brane amplitudes in Liouville theory
[79I10]. It is worth mentioning that these instanton corrections with further higher order
Jstr COTTECtions S}rfgt(c : gstr) are important in order to make the free energy F(C; gsr) to
be modular invariant under modular transformations of the spectral curve C and also
to be background independent in the normalizable string-theory moduli space Méﬁﬁfg)
(i.e. the filling fractions) [74]. The constant 6; is called D-instanton chemical potential
(or fugacity). These constants are understood as integration constants of corresponding

string equations [27], that is,

89 non—norm.
L0, mezZ,  {tilnez e M. ), (1.5)

% - string

for the flows in the non-normalizable moduli space Mé?roiignorm') It was shown [31]
that the only N (i.e. the number of primitive instantons) chemical potentials 6; (i =
1,2, Ning) are independent among all the chemical potentials 6;.

Although various aspects of matrix models have been understood well so far, there
still remains an important issue, which is about the D-instanton chemical potentials:
What is the physical requirement to determine the D-instanton chemical potentials? Al-
though the actual matrix models should employ some particular universal values [60],
they seem to be totally free parameters at least within continuum formulations based
on string (or loop) equations. This point has been studied in the bosonic minimal /2D
string theories [60L[64,[65,[67], in the type 0 (1,2) superstring theory [62], in the collective
string field theory [63] and in the free-fermion formulation [50,66]. In this paper, we
address this issue by solving non-perturbative completion problem within a continuous
formulation for the critical points of the multi-cut two-matrix models. In practice, we
pick up physically acceptable D-instanton chemical potentials which realize physically
reasonable behaviors in the non-perturbative region gy, — o0o. Our solutions are based
on two physical requirements: One is multi-cut boundary condition (in Section []) and the
other is non-perturbative stability of perturbative backgrounds (in Section [H).

The first requirement, the multi-cut boundary condition, is a non-perturbative con-
straint on the Baker-Akhiezer function system in these multi-cut critical points:

O W) =PHO D, (16)

0
U(t;¢) = Qt;C) ¥(t;Q), T

gstra_c
where the equation system here is expressed as an ordinary differential equation in ¢ and
its isomonodromy deformation system in tB Note that the Lax operators in Eq. (L6
in the k-cut critical points are k x k matrix-valued operators [68]. The idea of the first
constraint is motivated by the non-perturbative relationship between the Baker- Akhiezer

3 The parameter ¢ is one of the parameters in the non-normalizable moduli space Mé?ﬁﬁg_mrm'), which

is usually a coupling of the most relevant operator or the world-sheet cosmological constant.



functions and cuts in the resolvent curves. This kind of relationship is discussed in terms
of Airy function [5I]. Specifically, the asymptotic expansion of the Airy function around
the cut (¢ — —o0) is expressed a

' Jstr T 1/2 3/2 .2 £)3/2
Nli0) o, () [ et

where the relation to the resolvent (or macroscopic loop) operator R(¢) [19] is roughly
expressed as

N N T T g IRV A

with the expectation value (- - -) taken with respect to the Hermitian one-matrix model of

a matrix M. From this expression, one observes that the cut in the negative azes (¢ < —t)
(C+1)*/2

appears as a line where a competition between the exponents e 350 (i.e. along
the Stokes lines) happens. Therefore, we interpret this as a non-perturbative definition
of the resolvent cuts. This consideration turns out to be important in the fractional-
superstring critical points of the multi-cut two-matrix models [43], since most of the
cuts in these critical points are created by this procedure and cannot be read from the
algebraic equations of the resolvent spectral curve. What is more, as we will see in
Section [l this procedure do not necessarily create the necessary and sufficient £ cuts on
the resolvent curve, even though the k-cut Baker-Akhiezer function Eq. (L6 is obtained
from the assumption that the critical points have k£ cuts around ( — oo. Therefore, we
need to impose a physical constraint so that the resolvent curves in the k-cut critical
points should have k cuts around { — oo. This constraint is expressed in terms of Stokes
multipliers for the possible Stokes phenomena in this system.

The second requirement, the non-perturbative stability of perturbative backgrounds,
is imposed in the other formulation which is closely related to the Baker-Akhierzer func-
tion system: the so-called the Riemann-Hilbert (or inverse monodromy) approach [81H83]
[22]. A brief flowchart of this approach is shown in Fig.[Il Details are given in Section [,
but in order to show how the Riemann-Hilbert approach works in resolving the issue, we
here show the leading expression of the free energy (more precisely the two-point function
of cosmological constant t) in the two-cut (1,2) case:

P F(t; gsir 2 @) W (s
%:[m)} , ZM/K 5 € EN=gDEN L (1.9)

The parameter s, 21 is a Stokes multiplier of the Baker-Akhierzer function system of the
corresponding integrable system and the contour IC,, is an anti-Stokes line corresponding
to the Stokes multiplier s, 2. As one can suspect from the expression, the Riemann-
Hilbert approach is directly related to the study of Stokes phenomena at ( — oo in the
ordinary differential equation of the Baker-Akhierzer system.

In this expression, the function g\ (¢; ¢) is an arbitrary function but should be properly
chosen so that the integrals other than the “leading” expression shown in Eq. (L9) are
negligible [83]. From the matrix-model viewpoints (discussed in Section [H), this function
can be interpreted as an off-shell string background geometry of string theory. Therefore,

4The asymptotic expansion of Airy function is reviewed in Appendix [Al
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Figure 1: The Riemann Hilbert approach and the D-instanton chemical potentials (or fugacities)

if one chooses g\ (t;() as a macroscopic loop amplitude realized in the large N limit
of the matrix models, then the leading integral (L.9) becomes a similar expression to
the mean field expression for a single eigenvalue of the matrix integral which appears
in various studies in literature [27, 30,31,59,60,62]E Therefore, the Stokes multipliers
Sno1 in Eq. (L9) are directly identified as the D-instanton chemical potentials in the
semi-classical saddle-point analysis. That is, the first constraint is directly related to
the constraint on the D-instanton chemical potentials. Furthermore, since the Riemann-
Hilbert integral, Eq. (L9]), provides the complete integration representation based on
the reference string background ¢V (t;¢), we can discuss non-perturbative stability of
the background g\ (t; (), especially for the background which is obtained as large N
limit of the matrix models. This consideration for the stability is also expressed as a
constraint on the Stokes multipliers and therefore the D-instanton chemical potentials.
Originally, the mean field analyses include ambiguity of choice of contour and weight
of these contours [27] and this fact becomes a cause of the ambiguity about the D-
instanton chemical potentials in continuum loop-equation systems. In the Riemann-
Hilbert approach, however, these degrees of freedom are identified as anti-Stokes lines /C,,
and Stokes multipliers s, 2 1, and they are tightly related to each other. As a consequence,
the physical section of the D-instanton chemical potentials is obtained in the name of non-
perturbative completion. This viewpoint is important in non-critical string theory because
non-critical strings are sometimes defined as the large N (i.e. perturbative) expansion
of unstable matrix-model critical points (e.g. (2,3) bosonic minimal string theory) and
therefore the matrix-model description does not necessary guarantee non-perturbative
completion of string theory.

As we will see in the coming sections, the above procedures completely determine the
D-instanton chemical potentials in the two-cut (1,2) critical points and results in the
Hastings-McLeod solution [84] to the Painlevé II equation (in Section [5.1)). Actually it
is known that this is the unique solution which realizes the two phases of the two-cut
(1,2) critical point of the two-cut matrix modelﬁ and therefore the Hastings-McLeod
solution is suitable for this critical point. An advantage of our work is the discovery of

5Tt is interesting that the Riemann-Hilbert expression gives a similar expression to the D-instanton
operators obtained in the free-fermion formulation [30,31].

6Tt was shown by Hastings-McLeod [84] that their solution is a unique solution to the Painlevé II
equation, Eq. (Z43)), which realizes the following asymptotic behaviors of f(t) on the two sides of infinity
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the actual physical requirements to obtain the correct solutions to the non-perturbative
completion which are also applicable to the critical points with an arbitrary number of
cuts. Furthermore, we carry out the non-perturbative completion procedures generally in
higher number-cut (which even reaches to co-cut) critical points and obtain the concrete
form of solutions (in Section[A.3]). Interestingly, we found that the solutions are labeled by
constrained Young diagrams. This result implies that there is a quite rich world beyond
this non-perturbative horizon, and that the multi-cut matrix models provide fruitful fields
for a quantitative study of these issues.

Organization of this paper is as follows: In Section 2, after summarizing the asymp-
totic expansion of the ODE system in the multi-cut critical points, the general facts about
Stokes phenomenon in ordinary differential equations are reviewed. As a warming up,
the case of the two-cut (1,2) critical point is also shown. In Section 3, Stokes phenomena
in the multi-cut critical points are studied. In particular, the practical way of reading the
Stokes multipliers in the general cases is developed. In Section 4, the multi-cut boundary
condition is proposed. In Section 4.3, the discrete and continuum solutions are obtained
with imposing several ansatz. In Section 5, the non-perturbative stability condition is
studied in terms of the Riemann-Hilbert problem. Section 6 is devoted to conclusion and
discussion.

Context of Appendices is: Appendix A is about the Stokes phenomenon of Airy
function (a review of [51]). Appendix B is about calculation of Lax operators. Appendix
C is about calculation of the multi-cut boundary-condition recursive equations. Appendix
D is about calculation of the 3 and 4-cut (1, 1) critical points.

2 Stokes phenomena in the ODE systems

Before we devote ourselves into the multi-cut systems, we here first review some gen-
eral facts about Stokes phenomenon in ordinary differential equation systems, then we
summarize the well-studied two-cut (1,2) case. This two-cut system has been exten-
sively studied not only in physical context [33H38,[41,[52,68] but also in mathematical
context [82H84],[8689], since it is related to the Hastings-McLeod solution [84] of the
Painlevé II system. For more comprehensive and rigorous reviews and references on
the isomonodromy deformations, Stokes phenomenon and inverse monodromy problems,
see [85]. We also note that the idea of ismonodromy deformation was introduced in
non-critical string theory by [22].

2.1 The ODE system and asymptotic expansions

It was first proposed in [68] that the multi-cut matrix models are controlled by multi-
component KP hierarchy [90] and therefore by the following Baker-Akhiezer function

t — +oo:

%f(t) PO A =0 fE—o00)~ 0, ft— —00) ~ vV, (1.10)

which is the same behavior as the two-cut (1,2) critical point of the two-cut matrix model discussed
in [41].



system:
CU(t;¢) = P(t;0) ¥(t; (), (2.1)
gma%w; 0) = Qt:0) W(t; ). (2.2)

Here the operator P(t;0) and Q(t;0) are p-th and ¢-th order differential operators in
0 = g5, 0y, respectively, which satisfy the Douglas equation [20]:

[P(;0),Q(t;0)] = gstrls- (2.3)

Critical points in the multi-cut two-matrix models are characterized by these Lax oper-
ators and explicitly obtained in [45] with their critical potentials. There are two kinds
of interesting critical points: the Z;-symmetric critical points and fractional-superstring
critical points.

1. The Zj-symmetric critical points are characterized by the following k£ x k Lax
operators [45]:

p—1 G—1
P(t0) =T+ > UAP(4)o",  Qt;0)=T""0"+) UHI(t)o", (24)
n=0 n=0

with the shift matrix I,

: (2.5)

and the k x k matrix-valued real coefficients U7+ (t) and A (t) which satisfy

0 =* *

0 = * 0

v = | UERm = | 20)
0 = *

* 0 * 0

as a result of the Z; symmetry of the critical points. Macroscopic loop amplitudes
(i.e. off-critical resolvent amplitudes with ¢ # 0) in this kind of critical points are
also obtained in [45] with the Daul-Kazakov-Kostov prescription [29] and written
with the Jacobi polynomials or the third and fourth Chebyshev polynomials. In
particular, the amplitudes in the the k-cut (1,1) critical points are given as the
eigenvalues of the Lax operators Eq. (24]) in the weak coupling limit g, — 0l

P(t;0) = ding)_, (Piseults 2)) = diag)_, (/7 (2)),
Q(t;9) = diagh_, (Qeu(t;2)) = diagl, (w0 V(). (27)

In this paper, the equality ~ means that they are equal up to some similarity transformation.
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with

i) =t (=) =0, )=t (=)= (28)

and 0 = ¢l + b (k —[) and the dimensionless variable z = gyt~ 0.

2. The fractional-superstring critical points [42] are characterized by the following two
kinds of Lax operators [45]: The first kind is given as

p—1 G—1
P(t;0)=T0"+> UFD@® ",  Qt;0) =T+ U)o,  (2.9)
n=0 n=0

These Lax operators are derived from the w'/?-rotated critical potentials. The
second kind is given as

p—1 G—1
P(t;0) =Tt gp £ YU () o, Qo) =T 91+ " UHA(t) o,
n=0 n=0
(2.10)
with the matrix T'(reah
0 1
0 1
[ (real) _ ST (2.11)
0 1
-1 0

These Lax operators are derived from the real critical potentials. In both cases,
all the k x k matrix-valued coefficients UT(LF’“P)(t) and U,SF’“Q)(t) (and UT(LR’“P)(t) and

UT(LR’“Q)(t)) are real functions. The macroscopic loop amplitudes in each case are
obtained and written by the deformed Chebyshev functions [43].

In this paper, for the sake of simplicity, we concentrate on the p = 1 cases of the
Zy-symmetric critical points. With this choice of critical points, the Lax operator P(t; )
becomes

P(t;0) =T0 + H(t), (2.12)

and the Baker-Akhiezer function for the eigenvalue problem of the operator P(t;d),
Eq. (1)), is rewritten as

0

Gt g V(15C) = P (1) W(t: () = I=H¢—H ()] w(t; ), (2.13)

and therefore Eq. (2.2)) is also rewritten as a k X k& matrix polynomial operator in (:

oV (t; ()

e B — Q0 W) = QU WO, Q) = 3

(1)

Cn+1'

(2.14)

n=-—1



Here we define r as
r=G4+1>0, (2.15)

which is referred to as the Poincaré index in literature. The advantage of this formulation
is that the pair of Lax operators (P(t;0),Q(t;0)) becomes a pair of the polynomial
operators (P(t; (), Q(t;()), and the system can be expressed as an k x k first order
ordinary differential equation (ODE) system. These systems are called the Zakharov-
Shabat eigenvalue problem [91] or AKNS hierarchy [92] in literature. Note that the
Douglas equation becomes

[P(tv a)a Q(tv a)} = gstrIk = [gstraC - Q(ta C)a a - P(tv C)} = Oa (216)

in terms of these Lax operators.
This ODE system Eq. (2.14) has the k£ independent order k column vector solutions
VO(t:¢), (j=1,2,--- k), and we here use the following matrix solution notation:

w(t:0) = (WO, 90 0). (2.17)

As in the usual ODE, we consider formal expansion around ( — oo. However the
point ( — oo is an irregular singularity and the formal series expansion around this
irregular point in general does not converge absolutely. Up to proper redefinition of the
k independent solutions, the formal series expansion of the solutions around { — oo is
given as

[e.e]

‘Pm(t>
m¢m

Voot €) = Y (8.¢) 70 = [I+Z ] s expintng - | @)

m=—r,7#0
The coefficient matrices are obtained from the recursive equations,

n—+r

0= —nY,(t Z( 1) O )—Qn_m(t)Ym(t)>, (n=—r—r+1,--). (219

For convenience, we extend the indices of the coefficients:
Yo(t) =1, Y,.(t)=0 (n<0), Om(t) = Qn(t) =0 (m< —r), (2.20)

and imposing the following constraints on Y,,(t) and ¢, (t):

[T, pu(t)] =0, Z[Yn(t)]ml =0, (I=0,1,---,k—1). (2.21)

i=1

This recursive relation then can be solved uniquely and all the expansion coefficient are
written with the coefficient matrix-valued function H(t) in Eq. (2.12).

On the other hand, it is also convenient to use a diagonal basis, \Tfasym(t; (), which is
defined by

oo

Tanyn(:0) =V (150) 79 = [ +Z }Xexp[%lﬂ“m:_#ﬁmém

= UM Wuym(t; Q) U, (2.22)



where the matrix U is given as

1 .
U., = _W(J—l)(l—l)’
gl \/E

2mi/k

TU=UQ, (2.23)

with Q = diag(1,w,w? -+ ,w*!) and w = €>™/*. Since this is a similarity transforma-
tion, the coefficients also satisfy the same recursive relation (ZI9). In this basis, the
function @(¢; () is a diagonalized matrix and we write its eigenvalues as

P(t:¢) = diag (¥ (t:€), -+, [t Q). (2.24)
The vector components of the formal series, \Al}asym = (@gﬁém, e ,\Al}glzg/m), is given as
T (i . v ). G (¢ -
vo) (40 =YW () er” B0 (=12, k), (2.25)

with V(t:¢) = (YO, . 7®).

Although the above formal solutions are formal series around the irregular singularity,
they are related to the exact analytic solutions to the ODE system, W(¢; (), in the sense
of asymptotic expansion:

V() = Pasym () C, (2.26)
in some specific angular domain [93]:
¢ — 00 € D(a;b) = {¢ € C; a < arg(¢) < b}. (2.27)

An example of the angular domain is shown in Fig. Pta. Here C is a proper coefficient
matrix, and the meaning of asymptotic expansion is following:

Definition 1 [asymptotic expansion] For a holomorphic function f((), an asymptotic
expansion of f(¢) in a domain D(a;b) is defined as a formal series Y f,(™" such that

there exists a constant ng’b € R which satisfies

N N
B%;a),b

0= 30 Gl <

for each integer N = —r, —r + 1, --- and sufficiently large R € R. This is written as

¢ € D(a;b) N {¢ € C;

¢| > R} (2.28)

~ = ¢ — 00 € D(a;b). (2.29)
The maximal angular domains are called Stokes sectors.

2.2 General facts on Stokes phenomena in the ODE system

In this subsection, in order to understand the asymptotic expansion Egs. ([222]) and
(220), we review some general theorem about the asympototic expansions and Stokes
phenomena in the general k£ x k& ODE systems,

gstragc{i}(t; C) = é—r Cr_l + é—r-l—l (t) Cr_2 + - é—l(t)] {Ivl(tv C)
= Q(t;0) W(t; (). (2.30)



Note that proof of the theorems appearing in this subsection can be found in [85] and
references therein. For sake of simplicity, we assume

Q—r:dlag(AlaA2a>Ak)a AZ_A]%Oa AZ#Oa (Za]:1a2>>k)
(2.31)

Therefore, the exponents Eq. (2:24)) are expressed as

B = Fme— Y 225 e (2.32)

r
n=—rn#0

and ") = A, (1=1,2,--- k) also satisfies (2.31]).

The meaning of the asymptotic expansion Eq. (2.22)) is that basically we ignore rela-
tively small exponents. One takes some (small enough) anglular domain D(a;e*a) then
compares the relative magnitudes around ( — oo, for example,

PV ED| < |fPE)| << [P ED| ¢ 00 € D(a; €a). (2.33)
Then one can obtain the following equality under the asymptotic expansion:

PP | gV (50 2210 ¢ — oo € D(a;e“a). (2.34)
asym
That is, the smaller exponents become practically invisible in view of the asymptotic
expansion. Therefore, it is important to consider the angles of ( where the the exponents,
exp (ap(j)((’)) (1=1,2,--- k), change the relative magnitudes around { — oo. This leads
to the concept of Stokes lines:

Definition 2 [Stokes lines| With the assumption (2.31), Stokes lines SL;,; in this ODE
system are defined for each pair of (j,1) as

2r—1

SLii = {¢ e CiRe[(¢2) — )¢ =0} = [ LY, (2.35)
n=0

which consists of 2r semi-infinite lines, SL;T;) (n=0,1,---,2r—1). The set of lines, SL,
denotes a set of whole Stokes lines, SL = Uj,l SL; ;.

An example of Stokes lines SL;,; is shown in Fig. 2tb. In particular, if the angular
domain D(a;b) of the asymptotic expansion includes a Stokes line, one cannot neglect
the exponents as it happens in Eq. (Z34]). This leads to the following definition of Stokes
sectors:

Definition 3 [Stokes sectors| A Stokes sector D in the ODE system is an angular
domain, D = D(a;b), with angles (a,b) such that for each pair of (j,1) there exist a

) which satis fies,

unique Stokes line SLUj"
SL;ZJJ) C D = D(a;b), 2.36)

that s, except for this line Sngj’l) there is no other line SL;ZJ’I) (# SL;T;j’l)) which runs
inside the domain, D.
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Figure 2: a) An angular domain of D(a;b). b) Stokes lines and Stokes sectors. This is the 3-cut (1,1)
critical points. An example of Stokes sectors is also shown. In this critical point, there are three kinds
of the Stokes lines SL; ;, (¢, 7) = (1,2),(2,3),(3,1). Stokes sectors includes one and only one Stokes line
of each kind.

An example of the Stokes sectors (the 3-cut (1, 1) critical point) is shown in Fig. 2.
Actually the definition of the Stokes sectors results in the following theorem:

Theorem 1 [93] For a given Stokes sector D, any solutions to the ODE system U (t; )
has the following asymptotic expansion:

U(tC) =~ Wagym(t:0)C, ¢ — oo € D, (2.37)

asym

with a matriz C'. Furthermore, the coefficient matriz C' (i.e. asymptotic expansion) is
unique in the Stokes sector D.

This uniqueness enables us to define the following unique solution in a Stokes sector D:

Definition 4 [Canonical solution| If the solution to the ODE system, \ch(m(t; (), has
the asymptotic expansion with C = I in a Stokes sector D,

Vean(t;¢) =~ Waum(t:¢), ¢ —o00€D, (2.38)

asym
this solution is called the canonical solution in the Stokes sector D.

This theorem on the other hand means that the asymptotic expansion is not unique
if one chooses some angular domain D’ narrower than Stokes sectors. In particular, as is
shown in Fig. 3, the intersection of two different Stokes sectors D; and Dy is generally
narrower than Stokes sectors, and therefore there appears difference between the canonical
solutions W, (¢; () of each sector D;(i = 1,2):

Us(t;Q) = Ui(¢)S, DN Dy #0. (2.39)

This k x k matrix S which expresses the difference between W (¢; ¢) and Wo(¢; ¢) is called
a Stokes matriz in the intersection D; N D,. This indicates that solutions in the ODE

11



U(t:C) = Wasym (t:€)
[~ (¢ o0e D)

\ B \ o
\112(t7 C) - \Ijl(ta C) S a;-im \Ijasym(t; C)
(g S o0€ DN D2>

0 N\il(t; Q)= Wy (5 €)

<C—>oo€D1)

Figure 3: Explanation of Stokes phenomenon in ODE systems. For given two Stokes sectors, their
canonical solutions are generally different by a Stokes matrix, S in the intersection D; N Dy. This
behavior of analytic functions is called Stokes phenomenon.

system generally have different asymptotic expansion in different Stokes sectors. This
analytic behavior of the solutions is referred to as the Stokes phenomenon in the ODE
system.

A direct calculation shows that the Stokes matrices do not depend on (, and further-
more, they do not depend on the deformation parameter t either (as in (Z13)):

as  ds
=@ " (2.40)

This means that the Stokes matrices are understood as integration constants for the
evolution system in the ¢ space. Therefore, these integrable deformations in the original
multi-component KP hierarchy are also called isomonodromy deformation system [81].
This also leads us to the concept of inverse monodromy approach [81,82], which is also
briefly reviewed in Section

Components of Stokes matrices satisfy the following theorem (See [85], for example):

Theorem 2 [Stokes multipliers| For given two Stokes sectors Dy and Dy (D1 N Dy #
0), components of their Stokes matrices, i.e. Stokes multipliers, S = (s;;), satisfy the
following triangular condition:

sy =0 if  Re[(@® =Y 40 ¢ —=o0oeDinD,#0, (2.41)
wzth Sjj = 1

Here note that A — B < 0 includes the cases, in which the ordering of (A, B) cannot
be defined. Therefore, equivalently, this means that the Stokes multiplier s;; can take
non-zero values only when the exponents satisfy

Re[(cp@r — gp(_jZ)Cr} < 0 for all angular range of ( — oo € D; N Dy # . (2.42)

In this paper, we often refer to these facts about Stokes phenomena in ODE systems.
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2.3 Stokes phenomena in the two-cut case

In this subsection, we consider the above general consideration in the two-cut (1, 2) critical
point.

2.3.1 The ODE system and asymptotic expansions in the two-cut case

The string equation in this system is known as the Painlevé II equation [34,35],

2 ..
%f—fuztf:o, (2.43)

which is equivalent to the following ODE system in ¢ (Eq. (2.45])) with its isomonodromy
deformations in ¢ (Eq. (246))H

gstragc(i}(t; C) - |:03C2 - (O-lf)g + <_%f2 + ,U)O-?) - gstr%U2f (Ivl(ta C)’ (245)
O ~ ~
Gors U(150) = [o¢ = 1 F(8)] D(t: Q). (2:46)

Since this 2 x 2 first-order ODE system has two independent column vector solutions
VM (t;¢) and WA (¢; (), we use the matrix notation for the solutions:

U(t;C) = (E’(l’(t; ¢), ¥ (t; C))- (2.47)

At the point ¢ — oo, the ODE has an irregular singularity (of the Poincaré order 3)
and the formal expansion of the solutions (2.22)) is given as

Fuaym(G:0) = [T+ 502 () + O1/CH)] exp = (306* + et +0(1/0) |

=V (t:¢) P19, (2.48)

This can be obtained with the recursion relation 219 (see also in Appendix [B.2)). Note
that the exponent ¢(t; () is a diagonal matrix which satisfies ¢(¢; () o< o3, and then each

vector solution \Ifgs)ym(t; ¢) (i = 1,2) has different exponents:

VO (5¢) = YO(#:¢) e 0, (2.49)
with
Y(t:0) = (YO0, YD40), Q) = diag(e™M (t:¢), 0P (t (). (2.50)

8In the later discussion (from Section [§), we also define the different basis: W(t:¢) = UTW(t; (U,
with

UosUT = oy, U U = —o3, UoyUT = 0. (2.44)

This basis naturally appears in the matrix-model calculations and is more suitable to read the Hermiticity
of the multi-cut matrix models [45].

13



2.3.2 Stokes sectors and Stokes matrices

In this case, there is only one kind of the Stokes lines SL; » which is given by (2.35) as

¢ = [Cle® : 9:%+% (n=0,1,---,5). (2.51)

Therefore, Stokes sectors D,, are given as
. T s
DHZQNZSD(), (n:O,l, ,5), DOZ{CGC, —5 <arg(()<6} (252)

This is shown in Fig. @l The canonical solution on the Stokes sector D, is denoted by
U, (t;¢). The Stokes matrices S, are now defined as

Sn = Ej;l(t; C) ‘Iln-l-l(t; C)v (n = 07 17 T 75)7 (253)

and therefore components of the Stokes matrices are read as

Dy, N Doy i1 So,, = (31 ?) : Ge@uw;cw > }eap@)(t;o" ¢ — oo),
Dyt Daes : Sones = ((1] s2rlz+1) ; (}ewn(t;c)‘ <[P0 ¢ OO)_ (2.54)

<2

(a) (b)

Figure 4: a) Stokes lines in the two-cut (1,2) case. b) Stokes sectors of Dy, Do and Dy. c¢) Stokes
sectors of D1, D3 and Ds.

ﬁ% I

—~
(@)
N

2.3.3 Three basic constraints on the Stokes multipliers
The Stokes multipliers satisfy three constraints from the symmetry of the original ODE

system.

Z, symmetry constraint This symmetry originates from the Z; symmetry of the
matrix model. That is, this is the reflection symmetry M — —M of the one-matrix
models:

Z = /dMe_NtrV(M), V(=M) =V (M). (2.55)
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In terms of the ODE system, this symmetry is expressed by the reflection of ( — —(:

gstr%;c_C) = [-Q(t; Q)] U(t; —¢) = [1Q(t; Q)] W(t; —C),
e TEZE) [t )] B0t ) = [or P ] (1 ~C). (2.56)

Therefore, each canonical solution is mapped to other canonical solution as:
01 Wa(t; =)oy = Voys(t;0),  (n=0,2,-+-,5), (2.57)
and the Stokes matrices are mapped as
Spiz = 015,01, Spi+3 = Sn, (n=0,1,---,5). (2.58)

This means that there are only three independent Stokes multipliers,

50 = 83 = «, 51 =84 = f3, S9 = S5 = 1. (2.59)

Hermiticity constraint This originates from Hermiticity of the matrix models. In
the two-cut cases, they are studied in [38,68]. This symmetry is expressed a;

Q(1¢) = Q¢ Pt =Pt:C). (2.60)
Therefore, each canonical solution is mapped to other canonical solution as:
V(¢ = Urp(t:C),  (n=0,1,--,5), (2.61)
and the Stokes matrices are mapped as
Sr=81, s +s,=0 (n=01,---,5). (2.62)
This reduces three independent Stokes multipliers a;, 8 and 7 to be two real parameters:

o +a=0, g+~ =0. (2.63)

Monodromy free constraint The last constraint is the requirement that the solu-
tions to the ODE system are single-valued functions. Note that one can also introduce
this degree of freedom in the context of matrix models. This corresponds to introducing
background RR flux and/or D0-branes in 0A string background, that is, the system be-
comes the complex matrix models [41,04]. This constraint for the single-valued solutions
is expressed as

U,,(tC) = W, (t;€2™¢) = W,ui6(8 €), (2.64)
therefore

S(] Sl Sg 53 54 55 = ]2, (265)

9Note that we use the following convention of complex conjugation in this paper: [f({)]* = f*(¢*) =

Do [rac*, with a function f(¢) =5, fu¢™.
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which results in
S0+ 81 4 89 + 805185 = a(l — |B]2) + 8 — B* =0, (2.66)

with the other constraints. Consequently, the Stokes multipliers have one real degree of
freedom, say a. On the other hand, the Lax operators in this case also have one real
degree of freedom, f(¢). In this sense, the system is completely fixed with one integration
constant.

Here it is also worth mentioning that among the Stokes multipliers satisfying the
algebraic relation (2.60), it is the following choice

a=0, fB=d=%I, (2.67)

which realize the actual perturbative behavior (in ¢ — +00) of the matrix models argued
in [41]. This choice of the Stokes multipliers is known as the Hastings-McLeod solution
in the Painlevé II equation [84] This means that there is a unique (or at least discrete)
choice of the physical Stokes multipliers (therefore D-instantion chemical potentials). As
mentioned in Introduction, this naturally rises the following question: what is the physical
requirements which specify the above multipliers? This is also related to the issue cited
by [60,62]: What is the boundary condition in continuum formulations which can fix
the D-instanton chemical potentials in the matriz models? Our procedure (discussed in
Section M and Section [) gives an answer to the question. In Section [£.2.1] and then
Section 5.1 we will see that our physical requirements correctly choose this particular
parametrization Eq. (2.67) of the Stokes multipliers.

3 Stokes phenomena in the multi-cut cases

In this section, we develop general framework for Stokes phenomena in the general multi-
cut critical points, and show explicitly how the actual systems can be controlled. Key
information is provided by profile of dominant exponents introduced in Section

3.1 Stokes lines and Stokes sectors
First we focus on the Stokes lines,
SLis:  Re[(¥Y) =) (] =0, (3.1)

and the resulting Stokes sectors (2.36). In this paper, we are interested in the Zj-
symmetric critical points, and as one can see in Appendix [B] the leading coefficient of
the exponents, go(_jz, is given as

pY) = w0, (3.2)
Consequently, the conditions on the Stokes lines (in terms of angle, ¢ = |(|e?) are
expressed as
. , + 10— 2 | —
Re[(¢Y) — o)) e™] = —2sin(rf — w%) sin(ﬂr(jk )). (3.3)

10See [85] for reviews of this solution.
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First of all, if there is a pair of (7,[) such that

r(j—1) € kZ, (3.4)
then the condition (237)) does not satisfy. This means that the highest exponents degen-
erate (gp(jr )C” 0. In this case, we consider the next leading Stokes lines,

! r—
R‘e[( r—i—l Sp(—)r+1>c 1} = 07 (35)

or more generally we consider the following Stokes lines:

Definition 5 [(General) Stokes lines| The general Stokes lines SL; in this ODE system
are defined for each pair of (j,1) as

2r—1
s%l_{ge@fm[ D(#:0) — pO(t: ¢ } Ljﬂﬂm, (3.6)
which consists of 2r semi-infinite lines, SL?jl(") (n=0,1,---,2r —1). The set of lines,

SLY, denotes a set of whole (general) Stokes lines, SLY = J;, SL

The physical interpretation of these general Stokes lines is discussed in Section The
situations (B.4]) are also interesting critical points in the multi-cut matrix models, however
here for sake of simplicity, we concentrate on the following cases,

(k,r): a coprime, (3.7)
because Eq. ([8:4]) becomes trivial in this case:
r(j—1) € kZ & Jj—lekZ. (3.8)
Therefore Eq. (8.3) gives the angle 9](.77) for the Stokes lines SL;; ad!]

kn+r(]+l—2)

e—em
rk ™

n ez, (3.10)

in the Zg-symmetric cases. From this formula, one can read several basic information
about the Stokes lines. An example of Stokes lines (3-cut (1, 1) case) is shown in Fig. 2+b.
For later convenience, we introduce the following concept:

Definition 6 [Segments] Angular domains in between two Stokes lines which do not
include any Stokes lines are called segments.

Note that if one considers the fractional-superstring cases the formula is expressed as

knt (r—2)(j+1-2)

() _
6=06" = — ,

nez (3.9)

with 90(_]2 = w~("=2U-1) and the coprime condition is imposed on the pair (k,r — 2).
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In our present cases with a coprime (k,r) and with k£ > 3, there are 2rk distinct segments
0D, (n=0,1,---,2rk — 1) given as

5D, = D(nd — 66; nob), (n —0,1,---,2rk —1; 00 = %) (3.11)

which can fill the complex plane C,

2rk—1
|J oD.=C.  D,NdDw=0  (m#m). (3.12)
n=0

According to the definition of Stokes sectors, Eq. (2.30]), we define the following most
basic Stokes sectors, D,,:

Definition 7 [Fine Stokes sectors/matrices] The following angular domains D,
D,, = "D, Do = D(—66; ké6), (n=0,1,---,2rk — 1), (3.13)

are Stokes sectors of a coprime (k,r) system with k > 3, which are referred to as fine
Stokes sectors. The canonical solution of the fine Stokes sector D,, is denoted as W, (t; ()
and the corresponding Stokes matrices S,, are given as

\in+1(t; C) = \fln(t g) Sna (314)
which is referred to as (fine) Stokes matrices.

Here we also define the other two kinds of Stokes sectors/matrices: First we define Stokes
sectors/matrices which respect to the Z; symmetry of the multi-cut matrix models:

Definition 8 [Symmetric Stokes sectors/matrices] The following subset of the fine
Stokes sectors,

Doy, (n=0,1,--- k—1), (3.15)
are referred to as symmetric Stokes sectors and the corresponding Stokes matrices

Sésym)

Séi};zm) = \112_7’171(157 C) \fil%(n—l—l)(t; C) = S2rn : S2rn+1 te S2r(n+1)—1- (316)
are referred to as symmetric Stokes matrices.
Next we define the following economical Stokes sectors/matrices:

Definition 9 [Coarse Stokes sectors/matrices] The following subset of the fine Stokes
sectors,

Dpe, (n=0,1,---,2r — 1), (3.17)

are referred to as coarse Stokes sectors, and the corresponding Stokes matrices 57(53 are
written as

S = Ul (4O Ui (t5Q) = S Sukst Sy (3.18)
are referred to as coarse Stokes matrices.

Coarse Stokes sectors are most often used in literature. However, in the following discus-
sions, one will see that the fine Stokes matrices are more convenient for our calculations.

12Note that this definition is not enough for the k = 3,r = 2 case. In these cases, we employ a modified
version of the Stokes sectors, for example, D,,..
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3.2 Profile of dominant exponents

The non-zero components of Stokes matrices (Stokes multipliers) are determined by the
triangular condition of Theorem 2l However, this definition is inconvenient for practical
evaluations. Therefore we here develop a way to read the information of these non-zero
Stokes multipliers by evaluating the profile of dominant exponents. The definition of this
concept is following:

Since there is no Stokes line in the segments defined in Eq. (B:I1), one can define the
following ordered set J; of indices 7 ;:

Jo=1{ gl dz| - |k | €N, (3.19)
which describes the profile of dominant exponents in the segment D,
Re[pV¢"] < Re[p?¢"] <+ < Re[p"Y¢"], (e 4D (3.20)

This sequence of numbers, J = {J;}#%  is referred to as profile of dominant exponents.

Here we express the profile 7 as follows:

.j2rk—1,1 .j2rk—1,2 e .j2rk—1,k
J = E - - (3.21)
J11 J1,2 T J1,k
Jo,1 Jo,2 T Jo,k

Note that the ordering of indices in the vertical direction is different from the usual
matrix, and that elements are periodic in the index [, J; = Jj;9.4 An example (3-cut
(1,1) critical point) and the relation to the ¢ plane are shown in Fig. Gl

(2,3) 31112
(12) @y S REIE
NV g 1[2]3
(3;) z\l v ;\7 XZ—?) (1,2) 21113
NGO ORS 2[3]1
(2,3) € 2<3<1 (23) 7 |3]21
1>6>¢ A & INIEIRNE
A/ 33 N7 1132
(1,2) %7 1 A ¢ (3,1) 1123
L e N 21113

1 A 2
(3,1) % oo (1,2) 2131
(2,3) 321 |

—~
53
~—
—~

on
~—

Figure 5: The two expressions for the profile of dominant exponents in the 3-cut (1,1) critical point.
Re[go(_‘];’l)] < Re[go(_”2’2)] < Re[cp(_”Q’S)] is expressed as j;1 < ji2 < ji,3- a) The profile in the ¢ plane. b)
The profile J in the table. In the same way, the dominance is expressed as [j;.1|71.2]J1,3]

Next we address how to fill the non-zero elements in the profiles. The basic equation
for reading this information is the definition of Stokes lines (3.10),

o iy
o — ntr(ity )m
’ rk
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Since (r, k) is a coprime pair of integers, the Stokes lines appear at the following angles:

l
o) = =100, L€ (3.23)

Z‘?j T

Therefore, we re-interpret this in the following way: the pair (i,7) will change their
dominance at angle 6§ = [06 when there exists an integer n which satisfies

r(i+j—2)+kn=1, n,l € 7. (3.24)
To study this relation, we introduce the Euclid reminder (my,n;) of
rmy + kng = L. (3.25)
This relation uniquely determines pair of (m;, n;) up to the following shift:
(mi,mi)  — (my+ks,ng —rs), s € Z. (3.26)

Note that the redundancy (B3.26]) is understood as redundancy of the indices j, j — j+ sk
in Eq. (8:24). Therefore without loss of generality, one can choose one representative as
0<my <k, and

my; =1Imy  mod k. (3.27)
Consequently, we obtain the following rule:

Proposition 1 [Sum rule of indices| For a given J;, a pair of indices (i, j) in the profile
J; change their relative dominance at angle 6 = 1060 when they satisfy the following sum
rule:

itj—2=m, (3.28)
with the Euclidean reminder (n;,my;) of Eq. (323).

From this proposition, one can read all the pairs of indices which change the relative
dominance at the angle 6 = [46:

(i,7) = (a,my +2—a) modk, (k—b+1,m+2+b—1) modk,

with a=1,2,---,LmlHJ;b:l,?,---,LwJ, (3.29)
2 2
the number of which is
% (k : odd)
#(i,j) pairs = k (k: even, m; : odd) . (3.30)
%

2
5—1 (k: even, my : even)
By taking into account these results, one can show the following proposition:

Proposition 2 [Trajectory of the indices| If the profile of dominance J; in a segment
0Dy is given by the following sequence:

Jo="1aa| gz |dw]=lala| - |a], (3.31)
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then the next profile J.1 =

k is odd

le2Z:

le2Z +1:

k is even

le2Z:

le2Z +1:

[ Jisra | Jisr2 | -+ | Jisrn | is given as follows:

(1 <2m < k)
(1<2m—-1<k)

Ji+1,2m = Ji2m—1 = U2m—1,
Ji+1,2m—1 = Ji,2m = U2m,
Jisk = Jik = Qg

(1 <2m < k)
(1<2m+1<k) ,

Ji+1.2m = Ji,2m+1 = A2m+1,
Ji+1,2m+1 = Ji,2m = Q2m,
Ji+11 = Ji1 = 1

(1 <2m < k)
(1<2m+1<k)

Ji+1,2m = Ji.2m+1 = 2m+1,
Ji+1.2m+1 = Ji,.2m = Q2m,
Ji+11 = Ji1 = a1
Ji+1,k = Jik = Qg

Jit1,2m = Ji2m—1 = Gam—1, (1 <2m <k)

(1<om_1<k » 332

{

Ji+1,2m—1 = Ji,2m = Q2m,

In terms of table, they are expressed as

k is odd
A2\ A1 | G4y 03 | A6\l k-1 k-2 | Ak,
ai | as | ag | aq | as Ap—2 | Ap—1 Q. ! < Jl, (l c 2Z)
J = : : : : : : : : )
b, | 3,0z | ol s | Jbis | br Jbes
bi'| by bs | bs[ bs bi—2 | be—1"|" bk — Jy, (' €2Z+1)
k is even
ai,| 43,42 | a5y A4 k-1 k-2 | Ak,
ay' | ag’las | asas ar—o a1 | ax' | « Jp, (1 €27)
TJ=1 ][] : Fo (3.33)
bolobr | Banlebs | Doul - obis | br b
bi["be | b3""by | b57|™ bi—2 | be—1"|" bk — Jy, (' €2Z+1)
with Jy = [ goa | gua |-+ [ Jvw ] = [ bo|b2| - | be ].

This proposition means that trajectories of the indices, for instance a and b, are given as

21



follows:

k is odd k is even
a b a b
a b a b
J=1a b |, J=1a b (3.34)
a b a b
a b a b

Furthermore, the non-zero elements in the profile are recursively fixed by using the sum
rule (B.28). The direct comparison of exponents {gp(_],),}le results in the following initial
numbers for the recursions:

Proposition 3 The most dominant exponent in the segments Dy and 6Dy is given as
Jok = Jjik = L. (3.35)
with the assumption of coprime (k,r) and k > 3.
First we fix the numbers in Jy, which are now denoted as
Jo=[ Au| - [As|As| A ] = Ac| - | As ] As|1]. (3.36)
From Proposition 2] one can see all the profile 7:

Ay | (A7 | A | (A5 ] 1) | 4s
(A7 | Ay) | (A5 | Ag) | ( 1)
J= | As |(As [AL) | (As [A) | 1 | « Jo. (3.37)

(A5 ] As) | (As | As) | (1 | A2)

Here we put parentheses, (x|*), around two indices to indicate the pair of dominance
changing of (3:29). The point is that we use two recursive relations with respect to the
pair of (Al+1‘Al),

Aoy = Agy1 0 Ao + Aoy =mp +2 =2
Apmy1 = Aomya 1 Aot + Aopa = m_y +2 =2 —my, (3.38)

to determine the components. The result is given as

Lemma 1 [Components of Jy] The components of the profile Jy = [ Ay ‘ ‘ As ‘ As ‘ Ay }
18 give as
n
Ay =1—(—1)" bJ X mi, (3.39)

especially the 2r shift of the index n gives A, 1o, = A, + (=1)""' mod k.

22



The last equation is useful to fill the profile. In particular, one can fill the numbers from
1 to k by using

A1+2rs =1 + S, (340)

with reflection relations A,, = A, 1or and A,, = A;_,, of Eq. (339). The vertical sequence
in J is also read from this result:

Corollary 1 [Vertical components] The sequence of {jix}7% is given as
‘ l
Jik = AQL%J-H =1+ {iJ X myq, (3.41)

especially the 2r shift of the index | gives jiyorx = Jik +1 mod k.
Therefore, repeating the same procedure, one obtains the following general formula:

Theorem 3 [General components| The general components of the profile J are given
as

(3.42)

These are modulo k, and form=1,2,---  k andl =0,1,--- ,2rk — 1.

Finally, we show two examples of the profiles Jj , for the case of (k,r) = (3,2) and (5, 2):

2 1 (415)[(A[3) T + Jig
“l2)[als]3
411235
1[4 ]B]2)]5
[ 3[(1]2) ] « Ju 1{3B[4H]6G]2)
(1[3)] 2 BG4 2
1](2]3) 3G9
2073 G314
2 (311 51 @[3)]@]1)
Bl2)]1 2[5 @]3)]1

Jr2= |73 (12) |’ Jo2 = |5 415 ] (1]3) (343)

(1]3)] 2 4253
1](2]3) 411235
2073 1o E]2)]5
2 (311 1B 6G]2)
B2 1 | «J BIDTGIH]2
) ] 31624
G314
5213 ]@4]1)

| (2]5)|(4]3)|1 | < Jo

One can observe that there is a 2k periodicity, jnior; = Jjn,i, Or more precisely, a reflection
by step &, jni = Jntkk—it1-
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3.3 Components of Stokes matrices and the profiles

From the profile we have considered above, one can see the non-zero multipliers by refer-
ring to Theorem Pl For example, if one wants to calculate the symmetric Stokes matrix

SE™ in the (r,k) = (2,5) case, one first sees the dominance profile in the domain
DO N D47
1[3]4]5]|2] «Js
DoﬂD43[3‘1‘5‘4‘2 7 (3.44)

and reads the ordering of magnitude:

(2)>(5),(4),3),(1),  ©G)>G),1), @)>3) 1) (3.45)

This results in the necessary and sufficient symmetric Stokes multipliers:

L0 s S
o 1 0 0 0
N [ N s £ (346)
0 sy 0 1 0
0 s32 001

In the same way, if one wants to calculate the fine Stokes matrix Sy, one first sees the
dominance profile in the domain Dy N Dy,

113145127 «Js
31542
DonDyD | 315|124 ]|, (3.47)
51312|1|4
591213141 | <
and reads the ordering of magnitude:
4)>@3), (2)>0). (3.48)

This results in the necessary and sufficient Stokes multipliers:

1 0 0 0 O
0o 1 0 0 0
S() =10 0 1 50,3,4 0 (349)
0o 0 0 1 0
0 50,5,2 0 0 1

With this original way of reading the multipliers, it is quite difficult to see the general
structure. From the above result, however, one may notice that there is a relation between
indices of non-zero Stokes multipliers sy, ; in the Stokes matrix Sy and the dominance
changing pairs (j,7) in the profile Jy:

5034, 5052 o (2[5), (43) € Jo=[(2]5)|4|3)]1]. (3.50)

In view of this, one can generally show the following statement:
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Theorem 4 The non-zero Stokes multipliers in the fine Stokes matriz S; can be read
from the profile J; as

s =0 (i#£7)  if  (5,§) # Gimrjim) with k+Il4+me2Z+1. (3.51)

That is, if there is a dominance changing pair (i|j) in the profile J;, then the Stokes
multiplier s, j; can take non-zero value

The other Stokes matrices, say S¥™ and S\, are written as a product of the fine
Stokes matrices S, (as in (B.16) and (B.18])). For instance,

(sym) (sym) _(sym)
I sp12° 0 Sp14 Soas 1 s910+ 51145342 0 S114 S315
0 1 0 0 0 0 1 0 0 0
(sym) __ (sym) (sym)  _(sym) | _
So =10 sSp32 1 Sp34 Sos5 | = |0 S132+ 80348342 1 Sosza S235 |
0 s 0 1 0 0 53,4,2 0 1 0
0 S(sym) 0 0 1 0 50,5,2 0 0 1
0,5,2
(coa) (coa) (coa) (coa)
I So12 So13 Soia So1s
0 1 0 0 0
(coa) (coa) (coa) (coa)
SO — 0 8?7372) ]. 807374 8?7375) -
coa coa
0 3?7472) 0 1 S0.4.5
coa
0 Sppo 0 0 1
1 S912+ 51145342 S413 S1,14 5315 T S1,1,454,45
0 1 0 0 0
=10 si132+50345342 1  So34 S235+ 50345445 (3.52)
0 837472 0 1 54,475
0 50,5,2 0 0 1

As one can see from these special examples, the Stokes multipliers are always related add

(xxx)

SO,i,j = Sxyi,j + e (353)

This phenomenon can be generally shown by using the following expression for the fine
Stokes matrix S;:

SS=L+MN=1,+ Z Sl,i,jEi,j7 (354)
,J
with the matrix unit £; ;, then the multiplication rule is given as

Nixxx

SZ(XXX) =S1S111 Sting = I + Z Npyi + Z Ay Nigiy + -+
1=0 0<41 <i2 <nxxx

2%
One can then see that the number of independent Stokes multipliers in each Stokes

matrix Sésym) and S((]wa) is supplied by the fine Stokes matrices. Consequently, the same
statement also holds for these cases:

13Note that the orderings of indices (i|j) and s, ;; are different: i <> j.
“More generally the cases of (k,7) = (k,2) are shown in Eq. (C1).
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Corollary 2 The non-zero Stokes multipliers in other kinds of Stokes matrices are also
read from the profile J as follows:

sésr};n,]z?j =0 (Z 7é ]) Zf (Zaj) 7é (jl,m>jl,m—1)
with k+1l+me2Z+1, 2rn<[<2r(n+1),
s =0 (i £3) i (.9) # Gims i)
with k+1l+me2Z+1, kn<l<k(n+1). (3.56)

Here sgiif;)j is the multiplier of S$™ and s,(g;j)J is the multiplier of S

3.4 Three basic constraints on the Stokes matrices

Finally we show the three basic constraints as the extension of the two-cut cases (See
Section 23] for the two-cut cases).

Zy, symmetry condition This condition generally results in

Spior =718, T, (3.57)
for the fine Stokes matrices S,, (n = 0,1,---,2rk), which is obtained from the Z; sym-
metry (see [45]) of the ODE system as follows: First we replace ¢ as ¢ — w™!(,

oV (t; .
Y o une) o cep
(¢ -1
ovtiw— <) (’82) S =w Ot w ) U (t;w () in ¢ €wD. (3.58)

Since the symmetry of the ODE is expressed add
W_lg(t§ w‘lé) =0 Q(t;¢) L, with Q_lEm'HQ =wkj i1, (3.59)
the ODE is expressed as

[ (t;w )0
This defines a map from ¥, (t; ) to ¥, 0.(t; ():

— Q) [(Lw IR I CewD. (3.60)

— Va0 (t;¢) = [Q\If(t;w_lC)Q_l} in ( € Dyyop =wD,. (3.61)

The above translation for the canonical solutions is given as
\I]n+2r(t; C) = Q\Dn(tv w_lg)Q_l = {Iv]n-i-%(t; C) = F_lilvln(t; w_lg)ra (362)
with U71QU = I'"!. Therefore, the translation of the Stokes matrices is given as

Sprar = Uity (6O Wpyorir (€)= D710 (E; O, (£ C)T
=T7's,I, (3.63)

5Note Eq. ([Z.6).
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and this proves the above relation. This means that only the first 2r Stokes matrices
Sp(n=0,1,--+,2r — 1) are independent. In this sense, we use the first 2r dominance
profiles to read the components of these Stokes matrices

J2r—1

g = J s S, (n=0,1,---,2r—1). (3.64)
1

Jo

Here we show several examples of r = 2:

3 G247 7131461 @]5) 7 s
o | GITRIDE |1l cwm | BIOGO[C@D]5 |: b
T2 = 1IR3 A |40 T2 T3 e d 60 |4
A1 b GRIFENEDIEE
43935 @] @]6)T:
s _ | EA G [T [51[R[D]6 |+,
02 =SB0 [ @[3 6D |4
BT D 29651 ]k
0] @5 o] 36 6n]e]n]: s
o | 10005 [ GBI ®[6) @[] 7 |k
w2 =T 100 [ B [5) |G 10 @ 671 |4
OO B0 85 e w61k
C 5 | (L]12)| (4] 6) [(10]13)] 3|7 | ©|1)]2]8) 1
sym) | (A1) B) | (4 [12)](10]6) [ B |13)| (9| 7) [(2|1)]8 [:J
B2 T T [ (4[5 [(10112)] 316 [ O[] D6 |4
A0 5 61l o6) [ 1361 ]
(3.65)

and the general k-cut cases jk(szy ™) are shown as Eq. (C3) and in Appendix [C]

Hermiticity condition This condition generally results in

Sn=AT S5 1, TTHA, (3.66)

for the fine Stokes matrices S,,, (n = 0,1,---,2rk), which is obtained from the Hermitic-
ity condition of the ODE system as follows. First we consider the complex conjugation,

¢ ¢
0w (t: ()

g 8§7 =9(t;¢Q)¥(t;¢)  in (€D
ng“ Q' (#CY U () i CCeD. (3.67)

Since then the Hermiticity condition [45] is expressed as
Q" (t;¢") = Q(t:¢7), (3.68)
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the ODE is expressed as

8‘1’*@ Q) _
a¢

This defines a map from W,,(¢; ) to Wor_1)pt1-n(t; ):

Q(t; ¢) W™ (#; €)- (3.69)

Un(t;¢)  in Ce€Dn
— \Ij(2r—1)k+1—n(t; C) = \D:(tv C) in C € D(2r—1)k+1—n = D:L (370)

The above transformation for the canonical solutions is given as

‘I’:(t§ C) = ‘I’(2r—1)k+1—n(t§ C) Al ‘I’; =U? E’(2r—1)k+1—n(t§ C) U
= AT W (o, 1ypr1-n(t; ) TTIA. (3.71)

Note that U* = U™, U? = AT and A;; = &;p—i+1. Therefore, the translation of the
Stokes matrices is

S = [0 GO Vun(BO]" = AT [V (5 )P rpp-alt: QT A

= AD' [\II ; —1)k— n(t7 C)\Il@r—l)k-i-l—n(t; C):|_ F_IA
=Al'S;!  T7IA. (3.72)

(2r—-1)k

This proves the above formula Eq. (3.60]).

Monodromy free condition If the formal expansion satisfies g = 0 (discussed in
Appendix [Bl), then the canonical solutions are the single valued functions:

therefore the Stokes matrices satisfy

SO . Sl . S2rk—1 _ S coa) S(Coa . S(Coa

k(2r—1)

= ggvm sy gpn) | = I (3.74)

Note that, with the Z;-symmetry constraints, 2rk Stokes matrices are reduced to fun-
damental 2r Stokes matrices, {S,}2, and also that the monodromy free condition is

written as

(Ss™r1* = 1. (3.75)

4 The multi-cut boundary condition and solutions

So far we have considered the Stokes phenomena in the ODE systems which appear in
the multi-cut matrix models. In Section B.4], we discussed three basic constraints required
by the symmetries. As is mentioned in Introduction, however, not all the solutions to
these constraints can realize the critical points in the multi-cut matrix models. In this
section, we propose the first physical constraints which we refer to as multi-cut boundary
conditions. The second physical condition is proposed in Section [Gl
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4.1 Non-perturbative definition of cuts in spectral curves

In this subsection, we first recall the set up of the multi-cut two-matrix models and the
relationship between the Baker-Akhiezer function system (i.e. the ODE system) and cuts
in the spectral curves. The definition of the multi-cut two-matrix models is given by the
following matrix integral:

7 — dX dY e—Ntr[V1(X)+V2(Y)—XY} (41)
¥ xcl 7

with the matrix contour C](\];) of the following N x N k-cut normal matrix,

k-1
C](\I;) = {X = U diag(z1, 79, ,an) U, U € U(N), ;€ U ek R}. (4.2)
n=0

The system of two-matrix models has the corresponding orthonormal polynomial system
[95]:

o) = (2" ). Bl = (v ), (13

S
S

with
Snm = / dz dy e N O o (2) B, (y). (4.4)
C(k) x (k)

Here the contour C™*) is given as

k—1

c® = {x e | et ]R}, (4.5)

n=0

an example of which is shown in Figlal

[&

i

(a) (b)

Figure 6: Examples of contours C®). (a) is 6-cut contour C(®) and (b) is the 5-cut contour C® which
is equal to the 10-cut contour C'9). For reference, the position of cuts (zig-zag lines) around ¢ — oo is
also denoted.
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In the double scaling limit, the orthonormal polynomials «,(x) (or their dual poly-
nomials 3,(y)) turn out to be a continuum Baker-Akhiezer function, W, (¢; C):

an(r) = a7 Woun (G5 1), (4.6)
with the following scaling relations of a — 0:
z=w 2P -0, % = exp(—ta“gil) — 1,
N7 =gy a"t = 0, Op = —a? g0y = —a'/?0 — 0, (4.7)
which satisfies the differential equations ([A.8]) and (4.9]):
CWortn(t; €) = P(t; 0) Yorn(t; C), (4.8)
e g Vo (1:€) = Q(1:9) War (1) (19)

This means that the orthonormal polynomial system is one of the solutions to the dif-
ferential equations (4.8)) and (@9]), and eventually the ODE systems (213) and (2.14).
Consequently, its asymptotic expansion in the Stokes sector, ( € D,,, is given by the
canonical solutions W, (t; () with some proper vector X ™ as

Woren (£ €) U, () X™, (= o00€ D, (4.10)

as?m
By taking into account the Stokes phenomena (3.14]), these vectors of various Stokes
sectors are related as follows:

XM =g, xnt o xkrk) = ), (4.11)

Note that the scaled orthonormal polynomials W, (¢; () are entire functions in ( € C
because the original orthonormal polynomials are also entire functions.

On the other hand, another important approach to solving the multi-cut matrix mod-
els is the semi-classical approach with the resolvent operator R(z) of the matrix models,

R(z) = <%trx_1X> _ /C(k) i ;(_Z)Z, (4.12)

where p(z) is the density function of eigenvalues of the matrix X and it produces the
cuts along the matrix-model contour C%*) on the ¢ space. This resolvent operator is also
related to the orthonormal polynomial solution W, (¢;¢) in the following way [19]

Woren(t; ¢) ~ (det(z — X)) ~ exp [N /1‘ d:E'R(:B')], (4.13)

with the scaling relation, z = w™2a?/2¢, of Eq. ([@7). This relation is quite precise, and
therefore one can consider the following equivalent expression
0

R(ZL’) ~ gslcirrg() gstra_c In \Dorth(t; C) (414)

Y6For the precise relations, see Appendix A in [45], for example.
17 Although Wo.n(t;¢) is a vector valued function, the behaviors of exponents are the same among
the vector components. Therefore, it is understood by taking one particular element of the function

\Ijorth(t; C)
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4.2 The multi-cut boundary conditions

In the previous subsection, we introduced two types of definitions for the resolvent op-
erator R(z). One is from the condensation of eigenvalues in the semi-classical limit
(412) and the other is from the orthonormal polynomials (A.14]). The difference between
these two actually provides another type of physical constraints on the Stokes multipliers,
since the position of cuts in the orthonormal polynomials (AI4]) is quite non-trivial. The
position of cuts in the semi-classical approach (£I2) is clear and given by the original
matrix-model contour C*) (as shown in Fig. ). It is because the eigenvalues of the
matrix models can have condensation only along the matrix-model contourid

k k-1
Cuts = U Cut? < w2 xC, = U W H2R, (4.15)
7j=1 n=0

On the other hand, the position of cuts in the orthonormal polynomials (414]) can be
read in the following way:

First of all, the resolvent operators R(x) are related to the exponents ¢\ (¢; () in the
asymptotic expansions (Z22). In particular, when W, (¢; () is expressed by a superpo-
sition of several exponents e?”®0) ... @20 iy some angular domain D:

L
Woran (£:¢) ~ Y 0;e# ) (- 007D, (4.16)
=1

the definition (£I4]) extracts only the most dominant exponents, say
R(x) ~ gor D) (£.C) + O((gs1x)°). (4.17)

with Re[pUm) (t; () — W (t;¢)] > 0 for j (# ju) = j1,- - ,jr and 6; # 0. Therefore, when
(¢ crosses the Stokes lines (2.30), the resolvent operator (4.I7) realizes discontinuities in
the ¢ plane (at least around ( — o0). This is understood as a tail of cuts. However,
for instance, if one generally chooses the Stokes multipliers and the vector X in the
orthonormal polynomials ({I0) and (£I1]), the cuts (AI7) appear almost along all the
Stokes lines SL in (2.35]) and do not generally realize the cuts in the original definition of
the resolvent operator (4.12)). Therefore, we impose some conditions on the multipliers
so that the resolvent (AIT) realizes the multi-cut geometry (4I5) expected from the
definition of the multi-cut matrix models (41]). This constraint on the Stokes multipliers
is referred to as multi-cut boundary condition.

Quantitatively, the multi-cut constraints are imposed as follows: The total number of
cuts around ( — oo is k and the angles of the k cuts are given as

Cuty < WTVPR,,  (j=1,2,--- k). (4.18)
Therefore, we obtain:

Definition 10 [Multi-cut boundary condition| The following requirement is called the
multi-cut boundary condition:

1. There is an ordered set of k distinct indices, (aq,ag, - ,a).

18See also [45)] for the reason why we have the w'/? rotation.
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2. There are the discontinuities along CutW(j =1,2,--- k):
orn(t;€"C) ~ cjp1 % @) (¢), Uorn(t;ie " C) ~ ¢ x i) (#:0),

asym asym asym asym
along ¢ — 0o € Cuty C w/?R; e — 0y, (4.19)
with some constant ¢; (j =1,2,--- k).

3. The orthonormal polynomial Uortn(t; €) in the angular domain between Cutv=Y and
Cut") has the following leading behavior:

2m(j —3/2) 2m(j — 1/2))‘

Vorn(t:C) = ¢ x WL(1C), (=o€ D(=—— =

asym
asym

(4.20)

In the case of the real-potential critical points (Z10), the position of cuts is given by C*).

An example of the boundary condition in the ¢ plane is shown in Fig. [0

<

~J ew(z

AAAAAA
vvvvvv

Figure 7: The multi-cut boundary condition in the 3-cut (1,1) critical point. Although the general
solutions to the Baker-Akhiezer function system generally have 12 cuts, there are three cuts in the
orthonormal polynomial.

Below we make several comments:

e From the orthonormal polynomial approach (4.I7), the position of cuts has the
mathematical meaning as Stokes lines. Since our definition of Stokes line (2.35])
only cares the position at ( — oo, in order to extract the information of the
position of cuts in the ¢ plane (especially in the weak coupling semi-classical limit),
we have to use the following definition of Stokes lines:

Re[pV(t;¢) — V(0] =0, (4.21)

instead of (2.35). Although these lines are generally curved, we understand it as
an (analytic) deformation of matrix contour. This consideration is important if
one considers some matrix models with complex potentials See for example the
semi-classical solution in fractional-superstring critical points [43]. We will come
back to this consideration in Section

19Tn this sense, perturbations of potentials with complex coefficients in matrix models are interpreted
as deformations of the matrix-model contour.
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e In the p > 1 cases, the exponents ¢U)(¢; ¢) have non-trivial cuts in the ¢ plane, say
©)(t; ¢) ~ ¢@*V/P This p-th root cut should be smeared by a proper supplement
of exponents [51]. This is also reviewed in Appendix [Al Since we concentrate on
the p = 1 cases in this paper, we do not encounter this phenomenon and this point
in the general k-cut cases remains to be studied for future investigations.

Before devoting into general cases, we first consider the multi-cut boundary condition in
the two-cut case, as a warming up for the general systems.

4.2.1 The multi-cut boundary condition in the two-cut case

Here we show how to solve the multi-cut boundary conditions in the two-cut (1,2) case.
The orthonormal polynomial W, (¢;¢) in a Stokes sector D, is generally given as a

superposition of independent solutions, oY )(t; ):
Uorn(t;€) = U, (5;O)X ™ = 2D (8:¢) + 250D (1,¢), ¢ o0€D,. (4.22)

However this assumption results in the 6-cut geometry of resolvent as shown in Fig. [Bla,
even though this system is called “two-cut”. Therefore, one has to choose proper Stokes
multipliers in order to satisfy the multi-cut boundary condition and therefore to obtain
the geometry which only includes two cuts as shown in Fig. 8-b.

Re(¢) <0 ~ e (50

- WWWA

0Ds 3 0D, §Ds:[2[1"
I 7 M ar e =
6D4 6D1 5D3 : 2 1 ANAAAAA
/ \ 5D2 . il‘v VVVVWV
6D; § 6D, 0Dy 2| Fa—>
~ e?M (50) Re(¢) > 0 0Do:[ 1|2 [

(a) (b) (c

Figure 8: The positions of cuts in the two-cut (1,2) ODE system. a) A general configuration of cuts
for the general Stokes multipliers. There are 6 cuts. b) A configuration of cuts for the (1,2) critical
point in the two-cut matrix models. The boxes indicate the regions Re(¢) > 0 and Re(¢) < 0, in which

~—

the asymptotic expansion is given by ~ e? Q) (i =1,2). ¢) The profile of dominance depicted with the
position of cuts and the weak coupling infinity ¢ — +oo € R.

The multi-cut boundary condition is then given as follows: Since we wish to erase the

cuts of orthonormal polynomial (4.I0)) along the Stokes lines of
us om
0==+-, +£— 4.23
3’7 3 (4.23)

we impose the following boundary condition:

0 0 2)
X0 = ( (0)) ; xW = ( (1)) ; X® = :):%2) ;
Lo Lo Lo
(3) (4) (5)
B _ (T @ _ (T G _ [ *1
X _<(1)), X _<(1)>, X _<x(5)>, (4.24)
2
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where all the :1:2(") appearing here are non-zero. This can be also expressed in the dom-

inance profile as in Fig. Bc. That is, if the Stokes sector D,, includes the following
profile,

[ | [ me | m | ghrg | | e | s ] € Do, (4.25)

then the boundary condition can be read as

U orn (£ C) = ZNN Q), 2 #o. (4.26)

By imposing this boundary condition
X =g xtth — x0t6) — x0) (4.27)

with the Stokes matrix (2Z.54)) of Z, symmetry condition (2.59)), one obtains
( 0 ) B ( 0 ) ( 0 ) (2P + Bl o7\ [ 2l
)=o) L) =M™ ) Gb) =)
5 5 0
Igs) _ :c§4) :c§4) xg ) xg ) _ fyxg) (4.28)
0 0 ) 0 FRCNRSCNE o NON K :

which results in
=1 =1 1+ﬁ7=0
:):§2) = xf” = x§4) = :E§5 = 7932 7é 0, 95;5) = 9350) = 95;1) = 93(2 = 7931 7& 0. (4.29)

Therefore, the solutions consistent with the Hermiticity condition (2.63]) and monodromy
free condition (2.60) are given as

o € 1R, B =—y=4l. (4.30)

Consequently, the solution to the multi-cut boundary condition in the two-cut case has a
real continuum parameter. However, another additional constraint for non-perturbative
stability of semi-classical background completely fixes the Stokes multipliers. This is
based on the Riemann-Hilbert approach and is discussed in Section

4.2.2 The multi-cut boundary-condition recursions (r = 2)

From here, we solve the multi-cut boundary condition for an arbitrary number of cuts,
k. In order to solve the constraints, we use the symmetric Stokes sectors (See Def. [§]),

Wi (£ C) oo oy () XD, (5 o00€ Doy, (1=0,1,2,--- k—1), (4.31)

and its Stokes matrices, S;ym =TI S((]Sym) I'!. For sake of simplicity, however, we here
focus on the r = 2 cases, and therefore £k = 5,7,9,--- Some of the results can be
generalized to the general r cases.

2OHere k = 3 is special because k < 2r = 4. This case is also separately calculated in Appendix
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We first read the boundary condition in terms of the dominance profile. We first see
the 5-cut cases:

The 5-cut case

512 113 214
412 513 14
AN 3 4
DO . 1v vv4 5 D4 . 2v vv5vvv y DS . 3v vvi/vv 5
411 5|2 113
i 311 ] i 412 | 513 ]
[ 315 ] [ 4117
215 311
5 1
.D 12 4!A vAvézAvAv 3 _D 16 5'A' AV%"A . (4.32)
2[4 35
| 114 | 2|5 ]
Therefore, the general k-cut cases are given as
The general k-cut cases
k:4l{30+1 Dgrni k:4]€0+3 Dgrni
=] Rl vt I S S B o B S el v W
n+k+3 + 2] + <] n+ |53 4 B2 4 [E2]
e VHM’ d |t 2R n+ 2]
L a 7i+"”+3 ] |t B+ )] n+ 5P
n—+ % n-+ 2 T n 4+ % n+ 2 -
n+ 53 n + 2 n+ 53 n+ 2
n _|_ 2 % _|_ k+3 AAA o n _|_ 2 % _|_ # AAAAAA«
n+ 1 %—i_ k+3 VVVVVVV . n+ 1 %—i_ %V'V'V'V
n+ 53 nii n+ 53 n+1
L n+% n+1 1 L .. n+% n+1
(4.33)
Equivalently, the components of X“") (r =2 and k > 5) is given as
n . k+3
£L4+z7£0 (221727"'7L 1_ J)v
k+1
an .
ZE'EH_%_H:O ('L: 1727"' ) L 4 J) (434)
It is convenient to introduce another vector Y *" = (yn,j)le = ImX@) and in the
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vector form, they are given as

xglfi 7& 0 Yn, 7é 0
il 70 iy 70
xUn) — ; ’ yWén) —
(4n) Y kgs =
T , =0
n+%
) o 0 Un g ige) = 0
nt k3|28

(4.35)

Therefore, in terms of the vector Y*® the boundary condition can be expressed in the

uniform way. Also note that

XUn) _ k) yn) _ y k)

Y

(4.36)

and therefore the periodicity of index n follows: ¥,,4x; = yn ;. Here we also mention the

boundary condition for general r (= 2,3,---) in terms of the dominance profile:

Ay |n+1
As; |n+1
n+1 g,%)_l
n+1 é:f)—?, g;)—l
n+1 Agf)—5 Agf)—l gi)—s
n+1 én) g;)—l
Doyrtn-1y D | n+1 §,"’ SZ)_l
n A |
n gi)—s A:(an)
s
n é") :())n)
A
A:())") n
A n |

Y

(4.37)

where AE") = Asr(n—1)+i of Eq. (8.39), and A = p and Agﬁl = n+ 1 (See Cor. ).

Basically if the Stokes sector D,, includes the following indices

A (=35 2r — 1),
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in the profiles, then we impose

xi’;gn 0 (i=35--) and p#0 (i=0,1,---). (4.39)

The ending points of these series depend on how D,, includes these profiles. This general
classification is a little tedious, and therefore kept remained for the future study. In
addition to this, the set of indices (a1, ag, - - - , ax) in Def. [0 for the Z; symmetric (p, §) =
(1,1) critical points is given as

(ay,a9, -+ ,ar) = (1,2, k). (4.40)

Note that this ordering is generally different in other critical points.
Let us come back to the r = 2 cases. With the multi-cut boundary condition (4.33]),
the constraints on the Stokes multipliers are expressed with Eq. (£I1]) as

X(4n) _ Siiym) X(4(n+1)) PN Y(4n) — (S(sym | )Y(4(n+1 (441)

and, in terms of components, we obtain the following recursive relations for y,, ;:

Yn,i = Yn+1,i—1 + Z so,z,] yn-i—l,] 1, Yn+kj = Yn,j- (442)

This is the central equations for the multi-cut boundary condition. After imposing the
boundary condition, all the components {y,;} and then the vectors Y™ are expressed
only by {yn1}. For instance, the k =5,7,9 and 11 cases are expressed as

Yn,
Yn,1 UYn+1,1
Yn41,1 Yn+2,1
k=5: YW= _Sészyln;) Yn1 |, k=7: Y= —S(()S?;) Yn,1 )
0 0
S(()s?g) Yn+1,1 — 0 =
802 Ynt1,1 + 5073 Ynt2,l
Yn,1
Yn+1,1
Yn42,1
Yn+3,1 + SSSZ? Yn+2,1
k=9: Yy = —s(()sgr;) Yn.1 ,
0
0
SSSH??) yn+2 1
(sym)

(sym) (sym)
S0,83 Yn+31 T 50,9,3 Yn+2,1 T S092" Ynt1,1
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Yn,1
Yn+1,1
Yn+2,1
Yn+3,1

Ynta,1 + sés,éféf) Yn+2,1 + séf?fli‘) Yn+3,1
k=11: Y®= — 5535 Yo , (4.43)
0
0

0
(sym) (sym)
50,10,3 Yn+2,1 T 50.10,4 Yn+3,1

(sym) (sym) (sym) (sym)
50,10,3 Yn+3,1 T 50.10,4 Yn+4,1 T S0.11,2 Yn+1,1 T 50.11,3 Yn+2,1

where we divided the components of the vectors into four categories:

(1) 1§¢§[¥J, (I1) L%J“S‘%’
(1) %nggf“ﬂ, (IV) L3k+3J+1§i§k. (4.44)

The general cases are also similarly expressed and denoted as

Yni = yn,i({ym,l}mel)a Y(n)({ym,l}mel) = (yn,i({ym,l}mez)>k X (4-45)

=

which are shown in Appendix [Cl As is shown in Appendix [C| however, the following
components,

Yn,1, yn,% (446)

have two different expressions with {y,1}. This fact results in two recursive equations
for {y,1}. Several examples are shown below:

k=5

F5(Uni1] = Ynt21 + 5132 YUns11 + 5342YUn1 =0,

G5Yn1] = 5052 Ynt+21 + 5212 Yn+1,1 — Yna1 = 0,

k

7 Ynal = Yntsg + 53,43 Yni21 + S1.42Ynt11 + S352Un1 =0,
GrlYni] = 52,73 Ynt+31 + 50,72 Yn+2,1 + 5212 Yn41,1 — Yn1 = 0,
k=9

FolUn1] = Ynta1 + 51,43 Un+31 + 5353 Ynt21 + 51,52 Ynt11 + 53,62 Yn1 = 0,

Golyni] = 50,83 Ynta1 + 52,93 Yn+3.1 + 50,92 Yn+2.1 + 5212 Ynt1,1 — Yn1 = 0,

11

Fi1Un1] = Ynts1 + 5354 Yntag + 5153 Yn+31 + 53,63 Yn+2.1 + 51,62 Ynt1,1 + 5372 Yn1 = 0,

G11[Un1) = 52,104 Yn+5.1 + 50,10,3 Ynt+4,1 + 52,11,3 Yn+3.1 + 50,112 Yn+21 + 5212 Yn41,1 — Yn,1 = 0.
(4.47)

N

k
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Generally one can show the following recursion equations for y,, 1:

R Rl
]:k[yml] = yn+%71 + E 317%4.2_]'714_]' X Ynt2j-1,1 T+ E 53,%4_3_%14_]' X Yny2j—21 =0,
=1 =1
LA L&
GklYni] = —Yn1 + E S0k+1-4,145 X Ynt2j1 + E Sok+2—j1+j X Yntoj—10 = 0. (4.48)
=1 =1

Note that the indices are understood as modulo £, say sa;; = S24%,;. These two equa-
tions provide a non-trivial constraints on {y,1}. A brief proof for these equations is also
shown in Appendix [l Note that all the Stokes multipliers in this expression are fine
Stokes multipliers.

Therefore, solving the multi-cut boundary condition means finding out the solutions
{yn1} to the recursive relations {{.48) with properly choosing the Stokes multipliers which
satisfy the basic three constraints discussed in Section[3.4 This is the non-perturbative
completion problem in this non-critical string theory.

4.3 Ansatz and solutions in the general k-cut cases

Before solving the boundary conditions, we here summarize the equations we solve: After
imposing the Z; symmetry condition (B.57),

Zy, symmetry: Séi}l'm) =1 S((]Sym) r (4.49)

the system becomes
Multi-cut BC recursion: yUn) = (Sésym)F_l) y (4n+D) (4.50)
Monodromy free condition: (Sésym) F_l)k = I, (4.51)
Hermiticity condition: Sy =AT Séi_l)k_n A, (4.52)

First of all, we focus on the monodromy free condition (L5I). Let us assume that

glom) sym) -1

one can diagonalize the matrix ['!, then the eigenvalues of the matrix S(()

N (j=1,2,--- k), satisty
A)F=1,  SE™ T = diag;();). (4.53)

Here = indicates equality up to a similarity transformation. This means that the eigen-
values of this matrix are the k-th roots of unity. However, conversely if one cannot
diagonalize the matrix Sésym)f‘ ~1 then the matrix is generally given as the Jordan nor-
mal form,

ST 2 AT, A = diag;(\), (4.54)
with a proper triangular matrix 7. Therefore, the matrix Sy¥™T'~! cannot satisfy the
monodromy free condition (£51]). Hence, the monodromy free condition is rephrased as

Monodromy free condition (EL.51I)
& ST s diagonalizable with eigenvalues \; of A =1. (4.55)
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For later convenience, we introduce the characteristic equation of the matrix S((]Sym)f‘ I

H(z) = det (x[k — gl r—l) —0. (4.56)

According to the basic theorem of linear algebra, if the minimal polynomial of a matrix
A,

Hminimal(A) = 07 (457)

has no degenerate root, then the matrix A is diagonalizable. In particular, if all the
eigenvalues of A are different, then the matrix A is diagonalizable and the minimal
polynomial is the characteristic equation.

If one tries to solve the multi-cut boundary conditions with some direct analysis in
several cases, one observes that this system has several solutions. Here we derive special
solutions which can be generalized to the cases with an arbitrary number of cuts. In
order to simplify the system, we impose a few ansatz for this system.

First we assume the following ansatz for the vector Y *:

Ansatz 1: Yy UeHD) — o 5y n) & Yni =Y" X Yo (4.58)

This immediately results in 4* = 1 because the boundary condition recursion (50) with
this ansatz becomes an eigenvalue equation for the matrix S{¥™ 1

( Sésym)r—l) yUn) — -1y tn) o H(y™ Y =0, (4.59)

and the monodromy free condition (L5H) concludes that y~' is a k-th root of unity. As
a result, the recursion equations (£.48)) for y, 1 turn out to be the following two algebraic
equations in y:

-Fk(y) _ fk[yn,1 — Yy X y0,1] — 0, gk(y) gk[yn,l — Yy X ym]

Y" X Yo Y™ X Yo,1

=0,  (4.60)

and actually they are related to each other by complex conjugation:

(7)) = -y G (y), (4.61)

with taking into account the Hermiticity condition ([#52) and y* = 1. Therefore, the
boundary conditions are given as the following algebraic equation system:

Fuly) =H(y ) =0, y=w", nez (4.62)

Secondly, we assume that all the solutions to the boundary-condition algebraic equa-
tion Fi(y) = 0 are k-th roots of unity. That is,

Ansatz 21 Fily)=H(y ™) =0, y=w", (j:1,2,.-.,@). (4.63)

This ansatz fixes a half of not-yet-determined Stokes multipliers, with keeping the consis-
tency with the boundary conditions and the Hermiticity conditions. By using the relation
between roots and coefficients in (£48]), one obtains

- 1)l 1p, LEJ
sty = (—1) o, ({—wTD TR, (4.64)
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Here 0, ({z;}) is the symmetric polynomials among {z;}Y, of degree ni]

on({z:}iL,) = > Ty Ty * Ty, (4.65)

1< <ig <+ <in <N
and the integer L;; ; is defined as
0<Lyi; <k, Ly;=(=1)""—j) modk. (4.66)

The above formula is applied for the indices (7, j) which satisfy

-1 z
k=dhotl: Lig+|——|€2Z+1  k=dho+3: L+ |5| €22 (467)

In terms of the dominance profile, it is easy to see that they are a half of the Stokes
multipliers. We show the right hand side of 7, k(s2y m).

7

S
-+
(S}

F-D| @ [ EY | R [ e [E)|EE] [ @]
@ [-D| (F 5N [ [ (29 @ [ ) [58 |2
S [h=D] 6 [SO[CE[ R [ @ [SO[CF[D |1
CETEN T @ [k-D(CR (5] @ [ W [EE[E0] 1 |0

(4.68)

The numbers in the bold type correspond to the Stokes multipliers satisfying the con-
straints (A.67). It is worth mentioning the plot of the number L;; ; on this profile:

LR O s )

w

s )( ke

~—
—~
ko

2 2 :3
(5 )4 (3 J( 2 (1 ) |2
(I (=0 0D [0 R
5 0 a 0 3 ) 2 o 1 ) o

Therefore, the numbers, L;; ; = 1,2,---, Lg] (= %), are arranged in the increasing (or

decreasing) order. It is also convenient to introduce the following notation for the fine
Stokes multipliers:

(jli) € jk(zy ) satisfying Eq. (467 : SLij = { _Lé;;d El 0 2; , (4.70)
Ly, -
and then for the complementary cases:
sym . . g - l - 1, 3
(jli) € T™ not satisfying Bq. @67) : sy =14 & ( ) (4.71)
’ _HLl,i,j (l — O, 2)

Therefore, under our assumption, we need to fix a half of Stokes multipliers which can
be written by 6,. Below we provide two kinds of solutions to the multi-cut boundary
condition.

21Here o0, stands for the symmetric polynomials. Do not be confused with the Pauli matrices.
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4.3.1 Discrete solutions and configurations of avalanches

As we have seen in Eqs. ([.68), our ansatz fixes a half of the Stokes multipliers with the

k

formula ([4.64). That is, we have assumed that there are | 7] eigenvectors of the matrix

S P=1 which satisfy the boundary condition (@35). The concrete expression for the
eigenvectors is given by (L4H) as

yj = Y(O) ({me — wmnqul})a S(()Sym)F_lyj = w_"jyj. (472)
k
The [£] vectors {Y;} JLiJl turn out to be distinct if the following set of integers:
N = (ny,ng,- - ,nth), (4.73)

are distinct up to modulo k.

Actually there is a similar way to fix another half of the Stokes multipliers, which is
similar to the multi-cut boundary condition (4.35). Therefore, we consider another type
of “boundary condition”:

Yni =0 (z:1,2,-.-,L$J),
b 20 =12 [ (4.74)

which is referred to as complementary boundary condition. Of course, this condition has
nothing to do with the boundary condition (435]), however it is useful to obtain the
following solutions to the non-perturbative completion. As is discussed in Appendix [C.3],
with this boundary condition, one can obtain similar algebraic equations to Eqs. (4.60):

Filyn k53 = Y™ X g 149] ~ Gilyn k53 = Y™ X Yo u40]

=0, g =
VX Yy s k() Y X o b

Fily) = =0

(4.75)
which are also related to each other by complex conjugation:
[Fey)]” = -y~ )Gu(), (4.76)

with the Hermiticity condition (Z52) and y* = 1. Therefore, by imposing another ansatz
for the solution:

Ansatz 3:  Fi(y)=H(y ") =0, y=w",  (j=12---, {—J), (4.77)
one obtains the following expression for the other half of the Stokes multipliers:
_ -1 (—=1)!=17; L5
stig = (=1 or,,, ({~w }i20); (4.78)

with the indices (j|i) € J; satisfying

-1 z
k=dho+1: Lig+|——| €22 k=tho+3: L+ |5|e2z+1 (479)
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This formula also guarantees existence of another ng eigenvectors which is expressed

with (C.29) as

Vi = YO (s = ™My isa}), ST =0 MY (4.80)

~ |k
The [£] vectors {Y;} ]LiJl turn out to be distinct if the following set of integers:

N = (ﬁl,ﬁg,"' ,ﬁth), (481)

~ |k
are distinct up to modulo k. By construction, these vectors {yj}}.i{ are independent

k
vectors from the other vectors {J;} JLiJl Therefore, these expressions for the Stokes mul-

tipliers are characterized by the following k — 1 integers
(N§ N) = (n17n27 T 7nL§J;ﬁl7ﬁ27 T ,ﬁth) (4-82)
which satisfy the following condition:
O<n1<n2<---<nLgJ§k‘; O<ﬁ1<ﬁ2<---<ﬁLgJ§k‘, (4.83)

up to some re-ordering of the integers.
From the above construction, we fixed k — 1 eigenvalues of the matrix S$™T'~1. The
last eigenvalue can be read with taking into account the following fact:

det(sgsym>r—1) —1, (4.84)

therefore the remaining eigenvector is given as the following value:

1%]
w—no’ Nng = — Z(nj + ﬁ]), (485)

j=1
and then the characteristic equation (4.50) is expressed as

. 5]
H(z) = (x _ oA <nj+ﬁj>> [[(x—w™)(z—w™)=0. (4.86)
i=1

sym) T

Consequently, in order for the matrix S(() ~! to be diagonalizable, the following con-

dition is sufficient:

,_
[N

]
() = (n;+7;) =ng £ mn;, 7 mod k (z:1,2,.-.,m), (4.87)

1

J
since the last eigenvalue is distinct from the others. Actually, as is shown in Appendix
[C4l this condition is also the necessary and sufficient condition. Essence of the proof is
follows: The non-trivial situation is when the condition (87 is not satisfied. However,

if we assume the situation and also assume that there exists an eigenvector of the last
eigenvalue, then such an eigenvector is shown to be given by a linear combination of the
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vectors ); and/or ?j. Therefore, the eigenvectors are not sufficient to diagonalize the

matrix S((]Sym)F_l, and this case is not a solution. This proves the statement. Below, we
consider the meaning of this condition.

First of all, the following transformation does not break the condition (£.87) and maps
a solution to a different solution:

(n17n27 U 7nL§J;n17n27 U 7nL%J)

— (n1+1,n2+1,---,nL§J+1;ﬁl—l—1,ﬁ2+1,---,ﬁLgJﬂLl), (4.88)
since this also maps ng as
nog — no + 1, (4.89)

and therefore forms the Z; group. Therefore, we choose the following representative of
this Z;, transformation:

151
ng = — Z(n] +n;) =0 mod k, (4.90)

J=1

for the solutions. Under this condition, the condition (A87) (with (£90)) is rephrased as
the following equivalent expression of the conditions:

(N5 N) : anJrnJ =0 1<ng <npg<---<my

E

L2 {1§n1<n2<~-~<nL
s

‘7:

We also introduce the following transformation which is called dual:
(nl, L P anL%J;ﬁlaﬁQa e >ﬁL§J)
— (k‘—nl,k‘—ng,---,]{J—H%J;/{?—ﬁl,k‘—ﬁg,-“,k‘—ﬁL%J), (492)

which also maps a solution to a solution with fixing the condition (£91]). Also the
following is called reflection:

(nlan2a"' 7nL§J;ﬁl>ﬁ2a'” 7ﬁL%J) — (ﬁlaﬁ%'” aﬁL%J;nlan‘Q?”' anL J) (493)

[SIEy

Below we show several examples. Since N and N basically share the same sets of indices,
we only show the N side with the following notation:

N\N| = (nl, Nog, -« ’n\_gj)N1+n2+"'+nL%J . (494)
Therefore, a solution is given as a pair of these indices,
(Ninejs N' ), (4.95)
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which satisfies |[N|4|N’| =0 mod k. For instance, the following indices are the solutions
in the 5 and 7-cut cases:

k=5

Lid), (2,3)0; (2,4)15 (3,4)2 (1,2)3  (1,3)4,
k=17

(1,2,4)0, (3,5,6)0;

(1,2,5)1, (1,3,4)1, (4,5,6)1; (1,2,3)6, (2,5,6)5, (3,4,6);

(1,2,6)2, (1,3,5)2, (2,3,4)2; (1,5,6)5, (2,4,6)5, (3,4,5)s5;

(1,3,6)3, (1,4,5)3, (2,3,5)s; (1,4,6)s, (2,3,6)s, (2,4,5)4. (4.96)

It is convenient to introduce a Young-diagram notation for expressing these indices.
We here show it by examples (solutions in the 11-cut case). The indices N is denoted as

=N RO ©

N = (nl,n2,n3,n4,n5) = (1,2,4,6,9) = (497)

Therefore, the i-th row from the bottom has n; boxes in the diagram. We also draw

ng x k total boxes for later convenience. In particular, the upper-left Young diagram

(written with [X]) is referred to as sky and the lower-right Young diagram (written with
[ ]) is as snow. In this terminology, the dual transformation (4£.92]) exchanges the sky and
snow in a Young digram:

9 10
6 9
4 7
2 5
1 — 2 (4.98)
The pair ( 7lA\“T) is denoted as
(N;N) = (ny, ng, ng, g, ns; Ty, Mg, i, i, i) = (1,2, 4,6,9;3,5,7,8,10)
9 10
6 8
4 7
2 5
& 1 3. (4.99)

The rules to draw the Young diagrams are as follows:

1. The number of the boxes [ ] (amount of snow) is always multiplied by k, and the
following configurations are allowed solutions in the 7-cut case:

6 ) 6
4 3 5
9 1, 4 . (4.100)

W= O
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2. nyandn; (i =1,2,---, ng) cannot take 0 and k, therefore the following configu-
rations are not allowed:

6 6 6 7

4 3 5 )
forbidden: 2 0, 4 4.
(4.101)

3. The solutions cannot have vertical cliffs, therefore the following configurations are
not allowed:

6 3 6 6

4 3 4 5
forbidden: 3 2, 4 3.
(4.102)

One of the ways to exhaust the solutions is first to take the most steepest configurations:

TGO N0 ©
= OTOY 00 ©

, (4.103)

and then to consider possible ways for snow to slide on the surface with satisfying the
condition (4.91]), for example,

wowo 5
RN R =)

(4.104)

Therefore, the discrete solutions to the non-perturbative completion are labeled by con-
figurations of avalanches in terms of Young diagram. Note that one can also move some
snow on the one side to the other side.

4.3.2 Continuum solutions

Next we consider another solutions replacing the third ansatz (L77). A simple way to

solve the monodromy free condition is to require that the matrix SS™ I'"! has k different

eigenvectors. Therefore, we assume that the characteristic equations are given as

Ansatz 4:  H(x) = det (:c[k — glom) F_1> =aF 1. (4.105)
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Since the characteristic equation is written with the Stokes multipliers, one can obtain
several constraint equations. Here are several examples:

The 5-cut case:
5
H(r)=—1+2"+x(—5132+ 50525235 — 531,5) +
2
+ 27 (80345052 — S1.1.4 T S2125235 — 1325315 — S342) +
3
+2° (—So52 — S11.45132 + S03.452.1.2 — S2.35 — S3.1,55342) +
4
+ 2% (—S03,4 — 82,12 — 51,1,453.4,2) ,
The 7-cut case:
H()——1+ T a(—sir+ — 5343) +
= x T\—S81,76 T 50,3,652,7,3 — 53,4,3

50.3,650,7.2 — S142 + 52465273 — S3.1,6 — S1,7.6534.3) +

—511,5 — 51,4,251,7,6 + 50,3,652,1,2 + 50,7,252,4.6 + 50.4,552,7.3 — 53,1,653,4,3 — S35.2) +

( 5036 T S04,55072 + 52125246 — 52,73 — 51425316 — 51155343 — S1,7,65352) +
( 8072 — S11,55142 + S04,552.1.2 — S2.4.6 — 531,6535.2) +

—5045 — 52,12 — 51,1,553,5,2) - (4.106)

These equations become simpler if one uses the notation given in Eqs. (L70) and (TT).
One can read the general formula:

1£] n n
H(z) =" =1+ Z z" [Z 9r§J+1—i9I§J—n+i - Z 9"9"_’} +
i i=0
+ Z k" [Z 9:9: i Z 9[%]+1—i5L§J—n+i] ) (4.107)
i=1

where we have introduced 6y = 1. Therefore, the constraints are expressed as

0—9’[ JH’L‘J 01 — 0,

0= 011 0, +00s) 07 — 02— 6260 — O,

0‘9f J‘)T 51— 2+9I§J—19I§J—1 +9* [5]- 29I )~ 05— 66y — 618 = s,

0=0L J‘)T £ 5 T O 0s) o H O 29f IRRTE 39 — 03 = 0561 — 0a0 — 0265 — 0y,
(4.108)

Here we used Mathematica and checked these formulae up to £ = 23. Since we assume
the second ansatz, the half of the Stokes multipliers are given as (A.63]), that is,

Siiy = 0u,,, for (jli)e k(s2y ™ and  Eq. (467
k
with 6y, = o ({—w"}52)), (4.100)

therefore this solution is also labeled by £ distinct integers:

(nl,ng,---,nth): 1§n1<n2<---<nL§J§k. (4.110)
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With noting the following relation?

Ok)0n =05 & O t=0

n

(4.111)

o
the forth ansatz ({.I03]) results in the following solution:
SLij = ng,i,j for (j]) € Jk(’szym) and Eq. (£79)

. n e * k
with 0, =S, ({omtmez) + HLgJ—nHULng (n=1,2,---, bJ) (4.112)

Here the polynomials Sn({:cm}mez) are defined by the following recursion relation:

Sn({xm}mEZ) = - sz Sn—i({xm}meZ)7 So ({l’m}mgz) =1. (4.113)

The concrete expression is given as

—0y + af) + 9’[§J_laf%y

94 = (—04 + o’% — 30’%0’2 + 20103 + O'il) + 5>[EJ—30’>[EJ’
2 2

05 = (—o5 + 0401 — 30%03 + 0903 + 40%02 - 30103 - air’) + @VT%J_‘IU’[%J. (4.114)

(
(
O3 = (=03 + 20102 — o) + 01,07,
(
(

It is worth mentioning the relation to the Schur polynomials P, ({xm}mez):

Sn({xm}mEZ) = Pn({ym}mEZ)> In = Pn({_ym}mel)a (4'115)

where the Schur polynomials Pn({xm}mez) are defined as

i 2"P, ({xm}mez) = exp [i z”xn] ) (4.116)

n=0

Note that these solutions includes | £ | real parameters. Sometimes, eigenvalues of the ma-

trix S{¥™ T'=1 of the discrete solutions are distinct. In this case, such a discrete solution
is a special case of the continuum solution. However generally these solutions do not in-
clude the discrete solutions in Section [4.3.1] since the discrete solutions generally include
degeneracy of eigenvalues which cannot be resolved by these continuum parameters.

5 Non-perturbative stability of backgrounds

In this section, we briefly review the Riemann-Hilbert approach and the Deift-Zhou
method [81H83], and also discuss its physical interpretations in non-critical string the-
ory. In particular, we argue that this procedure implies an additional physical requirement

#2Below we use the following short notation: o, = oy, ({—w"};).
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about non-perturbative stability of classical backgrounds. We will see that this constraint
results in the proper Stokes multipliers expected in the two-cut (1, 2) critical point. Clas-
sical background here means the spectral curves which appear as semi-classical (large N)
solutions of matrix models.

The role of the Riemann-Hilbert approach is to obtain the ¢t dependence of physical
amplitudes (for example, asymptotic expansion in ¢) by using an integration expression
which can be derived from the ODE system in (. For references of the Riemann-Hilbert
approach, the authors recommend to read the review article [85].

Roughly speaking, in the Riemann-Hilbert approach, we first discard the analytic
continuity of the canonical solutions (2.38]) and keep the form of asymptotic expansion
(228) in the complex plane C. In practice, we introduce some Stokes sectors (here we
consider fine Stokes sectors) D,, and canonical solutions on them, \Tln(t; ¢). As it has been
reviewed in Section 2], these canonical solutions have the same asymptotic expansion in
each Stokes sector (Z.38)) and the difference of these canonical solutions is expressed by
Stokes matrices (2.39). Therefore, we introduce a semi-infinite straight line from the
origin, /C,,,

Kn={C=ueX;uecR,} with 7x,e 0,27) st K,CD,ND,y, (5.1)

and define the following new partially analytic function Ugy(t;¢) in ¢ € C\ |J, I'y:

\DRH(t§ C) = {Ivjn(t; C) C € D(Xn; Xn—1)> (n =1,2,--- )7 (52)

which has the following uniform asymptotic expansion in ¢ € C\ |J,, Kn:

\IIRH(t; C) asrim {Ivjasym(t; C) = ?(tv C) e@(t;()’ C — 00 € C \ U ICn (53)

The lines I is referred to as discontinuity lines, and examples are shown in Fig. [9 Note
that the function Wgy(¢; () has enough information to recover all the canonical solutions
simply by analytically continuing the argument (.

An essence of the Deift-Zhou method for the Riemann-Hilbert problem [83] is in-
troduction of the following k x k function ¢(t;¢) which we shall call (off-shell) string
background:

g(t;¢) = diag(¢M(£:¢), -+ . g™ (;0)),

T

with gUuHQEEEZtQC<+Q>m(4-§:Egyg . (5.4)
n=0

n=1

If one focuses on the aspect of algebraic curves, the function g(t; () is referred to as (off-
shell) background spectral curve. We then obtain the following seting of the Riemann-
Hilbert problem:

Lemma 2 [Setting of the Riemann-Hilbert problem| There exists the set of parameters
ty (i=1,2,--- k;n=1,2,--- 1) which satisfies

Z(t:¢) = Upu(t Qe ) - I, ((—» o0 eC\[JKn). (5.5)
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Figure 9: These are examples in the 3-cut (1, 1) critical point. a) The coarse Stokes sectors (shadowed
domains) and the discontinuity lines K (dashed lines). Basically, any lines in the intersections Ds, N
Ds(5,41) are allowed. b) The discontinuity lines K (dashed lines) with respect to the fine Stokes sectors.
They are related to the lines in (a) by continuous deformations which do not cross any divergence in the
Riemann-Hilbert integral (5.10).

The k x k matriz function Z(t;C) then satisfies the following discontinuity relation:
Zy(t;¢)=Z_(t;¢) G(t; (), Gn(t;¢) = 989G, e=9E0) along (e, (5.6)

where n = 1,2,-+- and we define ZL(t;() = lim,_0 Z(t;( + ae) with a vector ¢ which
directs the left hand side of the line IC,,.

In general, the parameters 9 (i =1,2,--- k;n = 1,2,--- r) are the integrable de-
formations of the k-component KP hierarchy [90]. These are then given by the Lax
equations:

g U(:0) = [PU.C+ PLLOC 4+ PO |0(0) = PO B(t:). (57)
This information is understood as given information of the system and non-normalizable
string moduli space which should not be minimized by the string dynamics [7§]. Note
that the Stokes matrices are invariants of these integrable deformation:

oSy,

WZO’ (i=1,-,kkn=12,--,m;m=12,--), (5.8)

and therefore the multipliers are integration constants (initial conditions) of these defor-
mations. In this sense, they are also understood as non-normalizable string moduli space
of the dynamics in the strong-coupling region of string theory.

Since the Stokes multipliers are integration constants of the system, we can uniquely
obtain all the information by identifying the deformation parameters 9 (1=1,2,--- ,k;n
1,2,---,r) and the Stokes multipliers. The fact is given in the form of the following the-
orem:
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Theorem 5 [The Riemann-Hilbert problem (see [83])] For a given analytic function
G(t;¢) on the discontinuity line ¢ € K =, Kn,

G(t; C) = Gn(tv C) = 6g(t;<)5n6_g(t;o C € ICn (n = 1a 27 e )7 (59)

there exists a unique holomorphic function Z(t; () which satisfies Eqs. [5.3) and (5.4),
and then Z(t; () is given as

Z(t;C):]k+/;CQCZ—7i\ip()\)(f(_)\)C_ 1)

d\ p()\)EZ () ) (4
T § : i PA) 705 g (6:0) =919 (5:2) 1
k ,8 o /ICn 211 A —( A—C ’ (5.10)

with p(¢) = Z_(¢) on ( e K=, K,.

By using the Riemann-Hilbert solution (5.10), one can obtain the canonical solutions to
the ODE system (defined in (5.3))) as a function of ¢:

Upir(:€) = Z(£:¢) 2 ~ Won(t:0) =Y (1:0) ?™9, (= oc0eC\K. (511)

asym

Note that the “density function p(¢)” is given by Z(¢; ¢) itself, and then the function p(()
satisfies the following integral equation:

pO) = ti+ [ SAEMERZD) e 5.12)

Therefore, one can recursively solve it and the solution is given as the following infinite
sum of integrals:

Z(t;O:Iﬁggl/ 2m] ﬁ[A —/\] 1+J G(jll)—_clk’ (5.13)

J=

with the assumption that

/ d—>\,(G(>\) —I,), (5.14)

K 2Tl

is sufficiently small. Note that we use the following multiplication rule of matrices:
[[}, Aj = AyA,_1--- A In terms of componets, this is expressed as

d)\ 9" (M) =g (Bh)

2(:¢) =1 iy |
(aC) k+zs,,] 7]/]Cn277'7/ >\_C +

n,%,J

1
d\; 5 €9 (tA2) =gV (EX2) 490 (1:01) =D (t:21)
+ Z Sna il L ”/ 27rz/,c 27rz — M =€) (M =) T

n1,n2,%,7,l
(5.15)

This expression is meaningful if the integral can be small enough to have convergence. In
this case, one can evaluate the leading contribution by truncating higher terms (the so-
called Born approximation). It is worth mentioning that this integral is quite similar to
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the D-instanton operator formalism in the free-fermion formulation [30J31] by interpreting
g (t; ¢) as the free boson operator gp(()i)(g) in the system.

An important point here is that, in the Riemann-Hilbert approach, the string back-
ground ¢(t; () is arbitrary except for the parameters ¢ (1=1,2,--- Jk;n=1,2,---.,71),
and then generally is different from the semi-classical resolvent amplitudes @(t;¢) of
Eq. (2.32) which is obtained as a solution to the equation of motion (or loop equations)
in the large N limit of the matrix models. As one can see in Theorem [l the role of
the string background g(¢; ¢) is a reference background in the Riemann-Hilbert problem.
Therefore, from the string-theory viewpoints, the string backgrounds ¢(t; () are generally
understood as off-shell backgrounds of string theory and in this sense the Riemann-Hilbert
approach realizes an off-shell background independent formulation of string theory.

In order to understand g¢(¢;() as off-shell backgrounds of string theory, it is worth
mentioning the interpretation of the position of cuts. Taking into account the consider-
ation given around Eq. (£2I]), we can define the cuts on the off-shell background as a
combination of general Stokes lines:

Re(g"(t:¢) = g (t:0)) =0, (5.16)

which is obtained by an analytic deformation of the matrix contour w'/?C*) (so that it
realizes Eq. (£I3) in the leading of ( — o0). Note that this consideration is possible
after imposing proper Stokes phenomena which solve the multi-cut boundary condition,
as it is carried out in Section Ml

This viewpoint also provides the following consideration: If one chooses g(¢; () as a
semi-classical resolvent function ¢(t;¢), then the evaluation of Eqs. (511]) and (5.10) in
Gstr — 07

Wni(t, €) = Z(t; ) e = | I+ -] e, (5.17)

is calculation of quantum corrections from the background spectral curve g(t;¢) which
is given by the semi-classical resolvent. Therefore, if the resolvent background is a stable
vacuum of this system, the non-perturbative corrections should be exponentially small.
This is the additional constraint for the Stokes multipliers and is referred to as small-
instanton condition.

5.1 The small-instanton condition for the 2-cut critical point

Here we consider the small-instanton condition in the 2-cut (1,2) critical point. Mathe-
matically, the Riemann-Hilbert problem in this case has been evaluated in [82}[83]86H89]
in the larger classes of Stokes multipliers (See the review [85]). In particular, according to
the Deift-Zhou procedure [83], one first deforms the discontinuity lines K to anti-Stokes
lines. The concept of anti-Stokes lines depends on saddle points of the string background

9(t; Q):

saddle points ¢, = ¢: Ig0t:¢) - g9t =0, (rj =12, k).

a¢
(5.18)
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Definition 11 [Anti-Stokes lines| Anti-Stokes lines ASLZ(Z-) are defined for each pair of
(i,7) as

ASL{ = {g e C; Im[ @9) ¢, g)] — Im [g(i’j)(t; gi{f;’)} } (5.19)

where CZ-(Z) is a saddle point of the function gt (t; ) = g (t;¢) — gV (t; C).

In the procedure of the Deift-Zhou method, one can choose the string background ¢(t; ¢),
however, we know that the 2-cut (1,2) critical point has two phases with respect to the
sign of ¢ cosmological constant [41]. Therefore, we choose the string background according
to the actual phase appearing in the two-cut matrix model £

1 3/2
(¢ +2t - two-cut phase (¢ > 0)
g(t;C):ag[%quLthL-n] _ 03[ ( ) ] WO-cut phase (5.20)

03 [5(’3 + t(} : one-cut phase (t < 0)

Since we know that these curves are realized in the critical point as its stable vacua, these
perturbative vacua should satisfy the small-instanton condition. Below we separately
consider each case. We skip the calculation which is the same as [85].

The two-cut phase (t > 0) There are three saddle points of the function g2 (¢;¢) =
D(t;¢) — 9@ (t:Q):

¢=¢m: Y=o, Y = iVt (5.21)
and the values of the function at these saddle points are
2 N\3/2
SGED =500 g PmE) =0 (5:22)

Note the saddle-point value of the function ¢>)(t; () = —g1?(t; ¢) is opposite of them.
They are understood as instanton actions for the saddle points. The deformation of
discrete lines K to the DZ curves is given in Fig. [0

On the DZ curves, we then evaluate the integral (B.15]) at saddle points [85]. The
small-instanton condition becomes relevant when the saddle point <1(?2) =0 of g2 (t:¢)
contributes in the Riemann-Hilbert integral (5.15]). This happens in the integral on the
curve K3. The relevant part is given as

d)\ 9P (#:0)
Z(t;¢) =ak — . 5.23
(10 =k [ St (523)

23Note that we are here imposing a physical requirement, by taking into account the Deift-Zhou
method [83]. In the Deift-Zhou procedure, one considers an arbitrary Stokes multipliers, and the function
g(t; ¢) is a function which we choose so that there is no divergence in the RH calculation. In this way,
we can obtain the asymptotic form in ¢ for these arbitrary Stokes multipliers. In this section, on the
other hand, we impose a physical constraint in which the physical background ¢(t; ¢) obtained from the
matrix models is non-perturbatively stable. Therefore, this constraint picks up the special and physical
Stokes multipliers.
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Figure 10: The discontinuity lines and the DZ curves in the two-cut (1,2) critical point of the two-cut
phase. a) The discontinuity lines K. There are two kinds of lines: the one kind is the lines Koy, 41 on

which the integral (5.18]) only includes the contributions from the exponent 9" ? (9, The other kind is

the lines KCq,, on which the integral (B.I5]) only includes the contributions from the exponent 9?7 (©), b)
The DZ curves which are obtained from analytic deformation of the original lines K. A large D-instanton
effect appears around the origin on the line 3. Therefore, we require o = 0 so that this large instanton
vanishes. ¢) The resulting DZ lines with @ = 0. Two lines along the real axes ICOi come from the
Stokes matrices on the lines ICU and K p- Saddle point approximation on each line gives ZZ branes in the
Liouville theory, however contributions from these lines are the same and canceled by the Zs symmetry.

The parameter « is the Stokes multipliers of this system (2.59). Therefore, in order to
satisfy the small-instanton condition, the following condition is necessary and sufficient:

a=sy=s3=0, (5.24)

otherwise this perturbative vacuum (5.20) breaks down (or decays into some stable vac-
uum) by the large non-perturbative effects. Consequently, the solutions to the non-
perturbative completion are finally given as

a=0 B==£l=—v, (5.25)

which is known as the Hastings-McLeod solution in the Painlevé I equation [84]. As it
has been calculated in [84], the final result is given ad?]

f(t)=—-28V2t+---  with f==I, (5.26)

especially, the instanton effect which comes from a single ZZ-brane at the origin ( = 0
vanishes in this phase.

24Tn this calculation, we use the local Riemann-Hilbert problems. Since the evaluation of the Riemann-
Hilbert problem is not our purpose, we here skip the calculation. See the review [85]. An intuitive reason
for vanishing the D-instanton effects (or physical interpretation of the mathematical result) is cancellation
due to the Zy symmetry of the system. For example, if one introduces the formal monodromy (as
mentioned around (Z64), i.e. adding DO-brane charges in the background) then the instanton effect from
the origin ( = 0 appears.
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The one-cut phase (¢t < 0) There are two saddle points of the function g(»?(t;¢) =
gV (t: Q) — g (t:Q):

¢=¢m: BV =2V, (5.27)
and the values of the function at these saddle points are
(1,2) (£1) 4 3/2

g (t; C1,2 )= :Fg(_t) . (5.28)

The deformation of discrete lines IC to the DZ curves is given in Fig. Il Note that
existence of this phase also requires the same constraint a = 0. By taking into account
the solution to the non-perturbative completion (5.25]), the Riemann-Hilbert integral
(5.15) becomes the following simple contour integrals:

d) e () d)\ ™M ()
Z(t:¢) = Iy + BE L _BE e

GO =L+ 5 1’2/;%27”' e 7 2’1/@71%@ —¢

BT ™ I . ™ FEsa _4(_p)3/2
- [ 2 7 ] 3E0T L (5.29
T om 2V =t/ —t—( ! 2v—t—/—t—=( ‘ (5.29)

therefore the asymptotic expression of f(t) is given as
5 —4(—t)3/2 .

f(t) = ————=e"53 + - with = +1. (5.30)

V2m/—t

See Eq. (2.48)). It is worth mentioning that a similar expression was found in the 2-cut
(1,2) critical points [70] which comes from an explicit expression of fermion state within
the free-fermion formulation [24,130,[31.68], although the expression there is given by an
infinite sum of super-matrix integrals.

5.2 The small-instanton condition for the k-cut critical points

Here we consider the small-instanton constraint in the k-cut (1,1) critical points. Since
we here focus on the additional constraint, we only study the saddle point actions for
the semi-classical string background and evaluation of the Riemann-Hilbert integrals is
remained for future investigation. The classical backgrounds in these cases are calculated
in [45] and given in terms of parameter z as

w=U=D¢
9(t:Q) = diag (g (t:¢), -+, gV (). gVt Q) =/ y(2) da(2),
with  z(z) = tf/(z — c)l(z — b)k_l, y(z) = tf/(z — c)k_l(z — b)l, (5.31)

with 0 = cl+b(k—[). Theindex (= 0,1,2,---,k—1) labels generally different solutions.
The classical background g(¢; () is then expressed as

(2(2))* = (c+b) 2(x). (5.32)

N —

gVt =gV (tw V), gV (k) =
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Figure 11: The discontinuity lines and the DZ curves in the two-cut (1,2) critical point of the one-cut
phase. a) The discontinuity lines ' which is the same as two-cut phase. b) The DZ curves which are
obtained from analytic deformation of the original lines . A large D-instanton effect appears around the
saddle point ¢ = ++/t on the line Ky, and around the saddle point ¢ = —/t on the line 3. Therefore, we
require @ = 0 so that these large instantons vanishes. c¢) The resulting DZ lines with « = 0. By taking
into account the sign of the Stokes multipliers, one observes that the integral (5.15) along connected
lines 162 and 164 (and also I%l and 165 in the same way) can be considered as an integral on the single
contour. Saddle point approximation on each line gives ZZ branes in the Liouville theory of the one-cut
phase.

Here z(z) is the inverse of the function x(z) in Eq. (53I)). The saddle points for
g4 (t;¢) = g9 (t:¢) — g9 (t: ) are given as

d ., . . . . .

d—cg(”)(t; =0 & Wl =0 (), T ye) =0TV y(), (5.33)
and then this can be solved as

i (n) i (n) i (n) i, (n)

. hezXij —Xi, Y be 2Xi; 2Xij
= () = (Saa) 6
’ 2 cos(xm /2) ’ 2 cos(xm /2)
with XEZ) =27 (i_kj_);"k, (n=1,2,---). Substituting these values in Eq. (5.32]), we obtain

the saddle point action:

2.7 n 1 n -n n -n

g (t¢0) = S () = ) = b+ o) () - 207)
2 _ 2 (n)

=i tan(*2) iR (5.35)

This means that the saddle point action always contributes order O(g{,) and then iden-
tified as perturbative corrections (not as instantons). Therefore, there is no additional
(small-instanton) constraints on the solutions obtained in Section Ml

6 Conclusion and discussions

In this paper, we give concrete solutions to the non-perturbative completion in the k-cut
two-matrix models by a quantitative study of Stokes phenomena. The non-perturbative
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completion problem consists of the multi-cut boundary condition for the orthonormal
polynomial systems and the non-perturbative stability condition for the semi-classical
spectral curves in the large N limit. By carrying out these procedures, we demonstrated
two classes of solutions, which are referred to as discrete and continuum solutions. Inter-
estingly, the solutions possess kind of “charges” in terms of Young diagram representation.

We note that the continuum solutions to the non-perturbative completion still include
continuous free parameters, although the two-cut cases have been completely fixed. It
is conceivable that we might need to rely on further independent physical arguments to
reduce these degrees of freedom, here we would like to interpret these free parameters
as physical moduli parameters in the non-perturbative region of the string theory. Since
the strong-coupling dual theory of the multi-cut matrix models seems to be non-critical

M theory [43], these continuous parameters would correspond to the non-perturbative

(non-normalizable) moduli space of M theory, Ml(\zlotr;l;lfyrm) which is a distinct parameter

space from the string-theory moduli space, Mﬁ?ﬁﬁ;”‘“m') and Mggffg) Below we provide

a list of issues which deserve further exploration.

e In this paper, we have solved Stokes phenomena in Z,-symmetric critical points. It
is also interesting to consider similar program in the fractional-superstring critical
points [42]. In particular,we would like to see the emargence of the non-critical M
theory from the k& — oo limit [43].

e Our procedure is directly related to Riemann-Hilbert calculus. It is useful to ex-
amine higher order instanton sectors and generalize the results in [76].

e In this paper, we focus on the cases with p = 1 and small ¢. In order to extend this
procedure to the general ¢ cases, one should resolve several complexities as shown
in Eq. (£37). It is of great interest to obtain the Stokes multipliers in higher (p, )
critical points. In particular, evaluation in the bosonic cases would clarify the issue
raised in [60]. Also we have to take into account the smoothing of the cuts as shown
in [51] (also see Appendix [Al).

e [t is interesting to investigate whether the Riemann-Hilbert representation can be
written in language of matrix models?  This resembles the supermatrix models
[70] which appear by evaluating tau-function in terms of free fermions. Also it is
interesting to compare it with Kontsevich type matrix models [96] and also with
the non-perturbative topological string-theory block recently proposed in [97].

e The Riemann-Hilbert representation is a background independent formulation, which
allows us to introduce general off-shell background in string theory. Therefore, it is
interesting to study physics in off-shell backgrounds and general concept of back-
ground independence in matrix models/string theory.

e In the multi-cut matrix models, there are two kinds of perturbative string vacua [43]:
One is perturbatively isolated sectors (perturbative superselection sectors) which
are decoupled with other sectors in all-order perturbation theory. This phenomenon
is an origin of the extra-dimension in M theory. The other is perturbative vacua
in the string-theory moduli space. For survey for the second vacua, the Riemann-
Hilbert representation is even more powerful, since the off-shell moduli space is
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understand as the space of off-shell string-theory backgrounds. Furthermore, the
Zj, symmetric critical points in the multi-cut matrix models have several pertur-
bative vacua which satisfy loop equations. Therefore, it is interesting to study
non-perturbative string-theory landscape from the Riemann-Hilbert approach. In
particular, it might be possible to identify which observables are suitable for a
discription of a potential picture in the moduli space.

e We obtained several solutions to Stokes phenomena which are characterized by
several charges carried by Young diagrams. What is the physical meaning of our
solutions? Any relation to W-symmetry or WZNW?

e Our solutions are natural generalizations of the Hastings-McLeod solution in the
Painlevé II equation. The Hastings-McLeod solution is known to have several
special features, for instance analyticity of the solution (See also [85]). Therefore,
it is mathematically interesting to understand the standing point of our solutions
in general solutions of the string equations.

e As is well-known, the integrable deformations in the usual integrable system corre-
spond to the moduli space of worldsheet conformal field theory. On the other hand,
non-trivial deformations of our solutions can be interpreted as non-perturbative in-
tegrable deformations in physical solutions of string equations. Therefore, these
deformations are related to the moduli space of the dynamical degree of freedom
in the strong coupling region, i.e. degree of freedom in non-critical M theory. It
is interesting if there is a comprehensive understanding of these non-perturbative
integrable deformations.
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A Stokes phenomenon in the Airy function

The non-perturbative relations between the resolvent and the orthonormal polynomials
are first studied in [51] in the (2, 1) critical point of bosonic minimal string. Since this
study also uncovers another aspect of cuts in the resolvent curves for the cases of p > 2,
we here briefly review the results and summarize the key points.

In the bosonic (2,1) critical point, the orthonormal polynomials satisfy the following
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differential equation:

CWortn(t:C) = (0% + u(t)) Poren(t; €), (A1)
gstr%qlorth(t; C) = a \Ijorth (t7 C) (AQ)

By taking into account the definition 0 = g4,0;, one can show that the orthonormal
polynomial is given as Airy function:

0= (gm a—<.2 - C ) orth(t; C)v \Ilorth(t; C) = AI(C + t) (A?))
Here we have concluded u(t) = —t by imposing the integrability condition of

and ([A.2)), and also have chosen the damping solution (Airy function) as the physical
solution [51]:

Uortn(t;¢) — 0, ¢ — 0. (A.4)

As it is well-known, the asymptotic behavior of the orthonormal polynomial W, (¢; ()
(i.e. the Airy function) around the real axes, ( — +00, is given as

GstrT 1/2 3/2
\Ilorth(t; C) agm (m) e 395tr (C+1) + .. , (A5)

in ( — oo with the angle, |arg(¢)| < 7, and

GstrT 1/2 14)3/2 14)3/2
\Ilorth(t; C) as%m (W) |:e 3gstr (¢+1) + 71639 tr (C+t) 4+ 7 (A6)

in ( — ™ x oo with the angle, |arg(—()| < 27/3. Note that both two expressions
in the intersections, w/3 < |arg(¢)| < =, have common asymptotic expansions, and
therefore, the appearance/disappearance of different exponents in different asymptotic
regions is understood as the Stokes phenomenon. As a consequence, the resolvent in the
weak coupling limit gg, — 0 is smooth in ¢ with arg(¢) < 7, and the discontinuity only
appears along ¢ € (—oo, —t), that is,

lim | lim \Iforth(t ¢ +i€)| ~ e e (CH)S/Z, ¢ € (—o0, —t). (A7)

e—+0 | gstr—0

An important point in [51] is that the resolvent curve itself has a cut around ( — oo.

However the explicit cuts are smeared by the superposition of the exponents e 2 and
—(C+)*/2
e .

B Lax operators in the multi-cut matrix models

Here we summarize the Lax operators used in this paper.
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B.1 The Z; symmetric (1,1) critical points

This class of critical points are characterized by the following Lax operators:

P(t:0) =10 + H(t),
Q(t;9) = (T7°(t;0) P(t;9)), — (D7 (1;9)),
=TT 'HT ' — uI ™. (B.1)

Note that the Z; symmetry requires
H(t) = : (B.2)

and the Lax operator I'(¢; 0) is defined as
L(t9) =T+ 8,00,  (Ct9) =L, [0, Pt)]=0. (B3)
n=1

From these operators, one can calculate the operator Q(¢;() (see Eq. (ZI4])) which is
given as

Qt; () =T7*¢ T ({T"", H} + p). (B.4)
The coefficients of the asymptotic expansion (ZI8)) are then calculated as
F—l 2
o0 = S urcronye,
Y(Q) = Tt cadin (T[T O] + 001/, (B.5)

where adj ™" is the inverse operator of adj(A)[B] = AB — BA. In the k = 3 case, by using
the formula, adj™"(I'"")[X] = [['~, X]/3, one can show

Yi(t) = %(H(t) - r-lH(t)r). (B.6)

Here we have checked that ¢g(t) = 0 is true for first cases k = 3,4, 5 and this is consistent
with our solutions.

B.2 Fractional-superstring (p,§) = (1,2) critical points (r = 3)

In this case, we only study k = 2 case, but generally one can calculate as follows: The
Lax operators in these cases are

P(t;0)=To+H(t), Q(t9)= (T7'(t;0) P*(t;0)), —u(T7'(10)),
=T0*+H(t)0 — Sy(t) — pI'™* (B.7)
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Therefore, the operator Q(t; ) is given as
Q(t;() =T7'¢* ~ T H(t){ — OH(t) — Sa(t) — ul' ™", (B.8)
or
Q3(t)=T"" Qo(t)=-T""H(t), Q. i(t)=—0H(t)— Sy(t) —pul'".  (B.9)
Here Ss(t) satisfies
[T, 8:(t)] + ToH =0,  {T*V S,#)} + {T*2 H(t),H(t)} = 0. (B.10)

In the k£ = 2 case, S3(t) is given as

5o() = 5 () i 07(1),  H(1) = ion (1) (B.11)

The coefficients of the asymptotic expansion are given as

3

e(() = (g — puC)Lt+ O(1/¢),

V() = I — gadj—%r—l) [H(®)] +0(1/¢2) (B.12)

Here we have checked that ¢q(t) = 0 is true for first cases k = 3, 4,5 and this is consistent
with our solutions.

C Calculation for the boundary-condition recursions

In this appendix, we prove the general recursive equations for the boundary conditions
(4.48) from the original form (4.42]). First we divide the indices i of y,; into four cate-
gories:

(1) 1§i§L$J::A, (11) B::L$J+1§i§¥,
(111) %Hgigf“ﬂ::a (IV) ::L%I?’Jﬂqgk, (C.1)

with respect to the boundary condition (4.35]), which is expressed as
Yn,i # 0 i€ (D), and Yni =0 i € (III). (C.2)

To read the Stokes multipliers, we also show the profile of dominance 7, k(s2y ™ in the general

k-cut cases. Details are shown in Section B3l The left-hand sides of the profile jk(szy )
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are given as

k:4]€0+11

T =
B|(D|D+1)|] (A |B+1)]| (C |D+2)|(A-1|B+2)|(C—-1
(D|B)| (A |D+1)| (C |B+1)|(A-1|D+2)|(C—-1|B+2)
D|(A| B) (C |[D+1)|(A-1|B+1)[(C-1|D+2)|(A-2
(A|D)| (C B) |[(A—1|D+1)|(C—-1|B+1)|(A-2|D+2)

D|(B|B+1)| (C |D+1)| (A |B+2)|(C-1|D+2)|(A-1
(B|D)| (C [B+1)| (A |D+D)|(C—1|B+2)|(A-1|D+2)
B[ (C| D) A |[B+1)|[(C-1|D+1D|(A-1]|B+2)|(C-2
C|B) (A | D) [(C=1|B+1)|(A—-1|D+1)|(C—2|B+2)

and the right-hand sides of jk(SQy ™) are the same expression for both cases of k:
E-D (@ |5 TR [ 6 [HE)[P] 1Y | @ 9]
4 k=D [ [ @1k P15 211 [ 5 |:h
FNNCALEINCNL /I NN DI U
) @ k=D @k [ I5) 1 1d
(C4)

The numbers in the bold type are the number relevant to the boundary condition, (I)
and (III). From this dominance profile, one can see the following facts:

1. There are only four Stokes multipliers of the following type:

s e or (1), (C.5)
which are given as
TG e 9E.

2. The difference between symmetric Stokes multipliers and fine Stokes multipliers
happens only as

(sym) _ (sym)
fola =Szt Sk sabag Sk =Skt o b sy (C7)
or equivalently,
— (sym) (sym)  _(sym) — sym) (sym) (sym)
212 =01z ~Sormsfoky  fga = Som, ok s Somay  (C8)

Taking into account these facts, we see how the coefficients {y,, ;} are expressed by {y, 1}
with using Eq. (4.42]).
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C.1 Expressions in terms of y,

. : k+3 L : : : :
Region I: (1 <i< {TJ = A) The first equation (7 = 1) in (I) is special and given
as

_ (sym) (sym)
Yn,1 = Yn+1k 50 1 k+3 X yn+1,% 5071,2 X Yn+1,1- (Cg)
bl 2

The first term is in the region (IV) and the second term is in the region (II). The other
equations are simply given as

. k+3
Yni = Yn+1,i—1 7£ 0, (Z =23, LTJ = A)7 (C.lO)
which is equivalent to
yn,i({ym,l}meZ) = Ynti—1,1, i (I). (C.11)

We often use these equations in the following discussions without mentioning it.

k+3 kE+1
Region II (B { z: J +1<i< ;_ ) In this case, the equations depend on k of
modulo 4. The first equation (i = B = [T . is given as
(sym) —
b { Yn+Al (k=3 mod 4). (C.12)
This is written only with y,, ;. The other equations, except for the last one (i = %), are
given as
(sym) (sym)
Yn+1,B+j—1 T 50 pj a—j X YntA—j—1,1 T 80 pij a—ji1 X Yn+A—j1
” (k=1 mod 4)
n,B+j — sym sym )
’ Yn+1,B+j-1 T 3(() ?343; A—jt1 X YntA—j1 + Sé }é-l-)]A —j42 X YntA—j+1,1
(k=3 mod 4)
kE+1
for j:1,2,---,(%—3>—1. (C.13)

Note that this expression is written with y, ; except for the first term, y,4+1,51;-1. The
first term is resolved by recursively using Eqs. (C.13)). We finally obtain the expression
with Yn,1-

Yn,B+j = Yn,B+j ({ym,1}mez)

j—e(k)
= Yntagjn T Z SOSEH—:-] a,A—j+ate(k) X Yn+A—j—1+2a+e(k),1H
a=0
(sym)
+ Z OB+] —a,A—j+a+1+€(k) X Yn+A— —j+2a+e(k),1 (014)

ZNote that the k = 5 case is special and we should only see Eq. (CI6) and skip sg 3,3 which is not
allowed.
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Here we introduced €(k) as

0 (k=4ko+1)
e(k) = { 1 (k= 4k +3) (C.15)
and the last equation (i = ££1) is given as
(sym) ) ym) C16
ynﬁ = Yn11, L= +s 07 k1 k+3 X Y, ki1 +s 0 259 X Ynt11 + 8 0 Bl X Yn+42,1- ( . )

2

This is not the equation to express y,, k1 by yn1. Such an equation is provided by the
first equation in the next region III.

Region TIT (% L1<i< f“?’

and is given as

J = C’) The first equation (i = *$2) is special

0=y, 3 = Yy b + S(Sy,:fg X Ynt1,1- (C.17)
This is the equation for expressing y, ki1 by Y1

Ui = Yy k51 ({Ym1 bmez) = =550, X Y. (C.18)

The other equations are simply give as

. k+3 3k +3
Yni = Ynt+1,i-1 =0 (i=——+ ’{

. J —0). (C.19)

3k +3

Region IV <D = L J +1<i< k;) The first equation (i = D = |27 ]) depends

on k of modulo 4 and is given as

v — SopA X Yns A1 (k=1 mod 4), (C.20)
’ Sésmef)x X YntA-1,1 + 3(() D f)x+1 X Yntas (k=3 mod4),

The others are given as

(sym) (sym)
Yn,D+j = Yn+D+j—1,1 T S D+, A—j X Ynt+A—j-1,1 + S D4j,A—j+1 X Ynt+A—j 1,

for  j=1,2,---,(k—D) (C.21)

Therefore, in the same way that we performed in the region II, we obtain the following
expression:

Yn,D+j = Yn,D+j ({ym,l}mEZ)
J J—14e(k)

S(sym) % + (sym x
0,D+j—a,A—j+a = Yn+A—j—1+2a,1 80,D+j—a,A—j+a+1 = Yn+A—j+2a,1-

a=0 a=0
(C.22)
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C.2 The recursion equations for y,

The recursion equation Fily,1] = 0 The recursion equation Fi[y, ] = 0 in (£4])
originates from Eq. (CI6]). First of all, by using Eq. (C.I8]), one obtains

_ (sym) (sym) (sym) (sym)
_30 +3 5 X Yn,1 = yn_,_l,% + (30 ktl o 30 k41 k+3 30 k+3 o X Ynt11 + 30 k+l g X Yn+42,1-
b b 9 2 9 b 2 b 9 2 b

(C.23)

Note that the difference between symmetric Stokes multipliers and fine Stokes multipliers
(shown in Eq. (C8)) only appears in Eq. (C23]) and the equation becomes

_33’%72 X Yp1 = yn-{-l,% + 81,%72 X Ynt1,1 + 837%73 X Ynt2,1- (C24)

By substituting (C.14]), one obtains the recursive equation:

el L5
]:k[yml] = yn+%71 + Z 317%4.2_]‘714.)' X Ynt2j-1,1 + Z 33,%4_3_3',14_]' X Ynt2j-2,1 = 0.
j=1 =1
(C.25)
The recursion equation Gi[y,1] = 0 The recursion equation Gi[y, 1] = 0 in (£4])
originates from Eq. (C.26). Here we also by using Eq. (C.I8) obtain:
Yo = g+ (5675 — 50T sPE ) X g
= Yn+1k + 5212 X Ynt1,1- (C.26)

Therefore, in the same way as below, by substituting Eq. (C.22) one obtains the recursive
equation:

L55) L2

Grlynal = —Yn1 + Z S0,k+1—j,1+5 X Yn+24,1 T Z 89.9-j1+j X Ynt2j—11 =0. (C.27)
j=1 j=1

C.3 The complementary boundary condition

Recursive equations in this Appendix [Clare based on the boundary condition (C.2) which
has been discussed in Section[l In this subsection, we consider a complementary “bound-
ary condition” which is expressed by

Uni=0 e (), and g, £0 € (II). (C.28)

This complementary boundary condition uncovers several interesting structures of the
recursive equation (4.42) for the Stokes multipliers in the Z; symmetric critical points.
By using this complementary condition, one can perform the same procedure shown in
Section and Here we consider expressions with y,, xs, ie.

O ({35 ) = (T (s bmez))_ (C.29)

j=

in the following ordering: I1I — 1 — II — IV.
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C.3.1 Expression in terms of y s
)

J = C’) The first equation (i = ££3) is given as

Region 11 ($+1 <i< PH?’

ym% = yn+17%- (C?)O)
We interpret that this is an equation to express y, ., 1 in terms of y, ris:
’2 72
yn,% = gn,% ({ym,%}mez) = yn—l,%‘ (031)
The other equations are simply give as

- . k+3 3k +3
Yni = yn,i({yn%%}mEZ) = yn.g.i_%,% (Z = T +1,-- L 4 J = C)
(C.32)

Therefore, we use these relations to rewrite all the y,,;i € (III) in terms of {y,, %}mel-

k+3

Region I: <1§i§ L 1

J = A) The first equation (i = 1) in (I) is given as

— — (sym) (sym)
0=Yn1 =Ynt1k + 3071’% X Yp ks + 3071,% X Yy, kg3 (C.33)

This is an equation for the recursive equation in {y,, r+s }mez. The other equations are
’2
simply given as

: kE+3
Yn,i = Yn+1,i-1 = 07 (Z = 27 37 T LTJ = A) (C34>
k+3 k+1
Region II <B = L%J +1 <4 < %) The first equation (i = B = [*])
depends on k of modulo 4 and is given as
(sym) , (sym) , =
Yop = 3(()57;35 X Ypypo—tkg3 k3 + S g o1 X Ynpop1-kid ks (k=1 mod 4), (C.35)
S0.B.C X Yy ks b3 (k=3 mod 4).
This is written only with y,, ;. The other equations, except for the last one (i = %), are
given as
Yn,B+j = Yn+1,B+j—1 T+ S(()S,gi)j,C—j X Ynyo—j—kis kts + Sés,JyBri)j,C—jH X Yny140—j—kgs k53,
k+1
for j:1,2,-~-,<%—3)—1, (C.36)

Therefore, by recursively using Eqs. (C36), we obtain the expression with {y, i3 }mez:
72

Yn,B+j = gn,B-i—j({ym,l}mEZ)

(sym)
0,B+j—a,C—j+a X yn—l—C—j—%—l&a,% +

S
a=0
Jj—e€

—

k)

(sym) . L
+ 50,B+j—a,C—j+a+l X YntC—jt2a41- 553 kL3 (C.37)

)
Il
o
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The last equation (i = £81) is given as

_ (sy (sym)
Yn, bl = Y1 Bl TS0 b p X Yy 01 ¥ S et ps X Y B2 (C.38)
202

v

This is an equation for the recursive equation in {y, r+s bmez.
72

3k +3

Region IV <D = L J +1<i< k:) The first equation (i = D = | 227 ]) depends
on k of modulo 4 and is given as

YntD—kt3 ki (k=1 mod 4),
yn D — ? (sym) . (039)
YntD-ki3 ki3 + 50D, X Ypto— ki3 kts (k=3 mod 4),
The others are given as
Yn+D+j-1,1 1+ Sg)s}bnfjc i1 X Ynpo—jpr1- ks kit
+s (()S}brr_?] C—j+2 X YntC—jpa—kts ki3, (k=1 mod 4)
yn,D-i—] = (Sym) 9
Ynt+D+j—1,1 T S D+5.C—j X Ynyo—j— ki3, k+3+
+3(()SYDHJlr)J C—j+1 X YntC—jp1— 53 k43, (k=3 mod 4)
for  j=1,2,---,(k—D) (C.40)

Therefore, we obtain the following expression:

Yn,D+j = gn,D-i—j({ym,l}mEZ)
-1

S m
=Y j_k+3 k+3 5 T X Yptco—j —e(k)—kt3 Bt3 Tt
n+D+j—=35=, 5= 0,D+j—a,C—j+a+1—e(k) n+C—jtat1—e(k)—2=, 2T
=0
j—1+e(k)

sym
+ Z 80,D4j—a,C—j+at2— e(k) X yn+0—j+a+2—e(k)—%,%- (C-41)

C.3.2 The recursion equations for Yn, ks

Here we extend the recursive equations in Section to this complementary boundary
condition. If we can find solutions to these recursive equations, then this means that
the original recursive equations (£.42]) are consistent with the complementary boundary
condition.

The recursion equation Fi[y, r:s] =0 Here we consider the first recursion equation
’2

j-:k[ym %] = 0 which is similar to the equation Fy[y, %] = 0 in (£48). This equation
originates from Eq. (C.33)), and is given as

j=
V%lJ

+ E : S1kt2—j, i 4j X Ynyojo ks = 0. (C.42)
Jj=1
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The recursion equation G, (Y, kts | =0 The second recursion equation Gr Y. %] =0
is similar to Gily,, b ] = 0 in (448). This equation originates from Eq. (C.38), and is
given as

L5
Gultn i) = U e + D a0 a0y X Yoy biat
j=1
L5
T Z So,558 _j k1 X Yppyoj g ats = 0. (C.43)

=1

It is worth mentioning that the change of positions of the Stokes multipliers (which
appear in these recursive equations, Fj and Gy) in the dominance profile. We show the
right hand side of jk(szy m),

-1

k-D| @[5 [0Tk[ @[S | @ |5)]:3
@ [h=DIEF 5[ 6 [k [EEIEH][ 2 [ ) [E5F |2
T E k-] 6 B[00 [ 2 [BEDH(5F[1 |1
TS T 6 -0 e [ o [CFEIEH] 1 J:0

(C.44)

The numbers in the bold type correspond to the Stokes multipliers appearing in the
recursive equations in the complementary boundary condition. As one can see from
Eq. (468), the Stokes multipliers here are complement to the Stokes multipliers appearing
in the usual boundary condition Eq. (4.67]).

C.4 General recursion equations and the third eigenvector

As one may notice in the calculations in the previous section, the procedures with the
boundary condition and with the complementary boundary condition are almost the
same. Therefore, the vector Y™ in the recursion equations (£42) are generally solved as

ng(ezl)eral ({ym,b ymﬁ% }MEZ) = Y(n) ({ym,l}mEZ) + }7(”) ({ym,% }mEZ) 3 (045)
with the constraints:
Filynal + Glyn k5] =0, Gilyna] + Fely, s3] = 0. (C.46)

This formula also enables us to obtain the general solutions to the eigenvalue problem
of the matrix Sésym)F_l. Here, however, we focus on the discrete solutions discussed in
Section .31l If one assumes the discrete solution with the indices

(nlanQa"' 7n|_§J;ﬁ17ﬁ2a"' 7ﬁ|_§J)? (047)
then generally eigenvectors with the eigenvalues w™" (or w™") are given by

Y:g(eorzeral({ym,l — wna7 ym,% — wnb}meZ)7 (C48)
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the dimension of the eigenspace is give as

3]
dim [Yg(é]geral({ym,l — w”(m—l)a’ ynh% N wn(m—l)b}mez ] Z o + 60 nj (C49)

J=1

l\)\??‘

Therefore, if the indices do not satisfy Eq. (4.87)), then the number of distinct eigenvalues
is k — 1, i.e. the matrix S(()Sym)l" ~! is not diagonalizable.

On the other hand, if the condition Eq. (487 is satisfied, then the last eigenvector is
given by Eq. (C.48)) with

~ [ ]
Fr(ma+Ge(mb=0,  n=w Zo=iltm), (C.50)

Interestingly, if n; = 7n; (j =1,2,---,|%]) then the vector is given as

_ m— E
Y:g(eorzeral({ym,l — 77m 17 ym,% — n 1(_1)L2J7]1/2}m€Z)

= t<177]7 e 777L%J707 e 707 (_1)L§J771/27 Ty (_1)L%Jn1/2+L%J707 e 70) (C51)

D Calculation in the 3-cut (1, 1) critical point (r = 2)

The specialty of the 3-cut (1, 1) critical point is that the symmetric Stokes sectors Dy,
(see Eq. (B10)) do not cover the whole plane C. Therefore, we consider doubling of the
sectors

Dgn, Séiym) = 52n52n+1, (n = 0, 1, ce ,5), (Dl)

and express the boundary condition ([.35]) as follows:

4n
Yan,1 £z+1 #0
yUm) = Yan2 | = rrxtn) = xﬁlz )
Yan,3 24 =0
Yan+2,1 $(4:1+ ?
Y(4n+2) = | Yansoo | = FnX(4n+2) _ I£L4—|7—L;-2) 7£ 0], (DQ)
4n+2
Yan+2,3 ;+3 ) — 0
with
X(2n) = Séizym)X(2n+2)> (n = Oa 17 e 75) (D3)
This is then written as
Y(4n) _ Sésym)y(4n+2)’ Y(4n+2) _ (Sésym)r—l)y(4n+4)’
(sym)
Yan,i = Yan 2z~+Z [S dj X Yan 2,']>
PN + 0,2,7 +2,7 (D4)

Yan+2,i = Yan+4,i—1 T+ Z [82”) X y4n+4,j—1}-
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These recursion relations are expressed as

Yan,3 = Yant2,3 = 0, Yan1 = Yant2,1 7 0,
Yan,2 = Yant2,2 7 0, Yint2,2 = Yanta,1 7 0, (D.5)

and the following two recursion equation for yuy,
Yan,1 = S2,1,2 X Yan+4,1, Yan+4,1 = —83,32 X Y4n,1- (D-G)

As one may notice, this equation itself is the same as Eq. ([4.48). The solution to this
boundary condition is easily solved as

Yan,1 = w™, 8332 = —uf, S2,1,2 = w (1=0,1,2), (D.7)
and the general solution is given as
S0z = —w '+ w'si1, (D-8)

with Eq. (D.17). This provides the first case of the continuum solution (L.I12]).

E Calculation in the 4-cut (1,1) critical point

Here we calculate the 4-cut (1,1) critical point as an example in which the coprime
condition of Eq. ([B.7) is violated:

(k,r)=(4,2). (E.1)
In this case, the leading exponents are degenerate:
PV ~ (0, P50 ~ (5 0), (E.2)
and consider the subleading Stokes lines:
Re[(SO(—lr)»H - ‘P(—32+1)CT_1} =0, Re [(S0£22+1 - SO(:12+1)CT_1] =0. (E.3)

The dominance profile in the ¢ plane is shown in Fig. [12]
Here we use the fine Stokes sectors D,, (calculated in the leading Stokes lines) which
are defined as

MT) n=0,1,23. (E.4)

D"ED< 4 4

All fine Stokes matrices can be expressed in terms of Sj as

S, =T"SI",  Sp= (E.5)

2 an O
S = D
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Figure 12: The dominance profile in the 4-cut (1,1) case in terms of (. The bold lines express the
leading Stokes lines with degeneracy o) ~ ¢® and ¢ ~ ). The dashed lines express the sub
leading Stokes lines for (1,3) and (2,4).

Then the multi-cut boundary condition is given as

Yn, 7é 0
=0
ym =prxm = | In2 . E.6
Yy =0 (E.6)
Yn.4a # 0
The recursive equations are expressed as
Yn1 = Yn+t1,4, 0=¢€Xypt14, Ynt1,1 + @ X yp1 =0, Y X Yng1,1 — Yna =0
(E.7)
and the solutions are given as
a=—uw, y=w, e=0, Y1 = W™ (1=0,1,2,3). (E.8)

By directly solving the monodromy free condition, the other Stokes multipliers are also
fixed and the solution is given as

1
o o

Sy = 5" 1 ‘1" . (1=0,1,2,3). (E.9)
wt W' 1
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