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Abstract

We consider biorthogonal polynomials that arise in the study of a generalization of two-matrix Hermitian
models with two polynomial potentials Vi (z), Va(y) of any degree, with arbitrary complex coefficients.
Finite consecutive subsequences of biorthogonal polynomials (“windows”), of lengths equal to the de-
grees of the potentials V1 and V3, satisfy systems of ODE’s with polynomial coefficients as well as PDE’s
(deformation equations) with respect to the coefficients of the potentials and recursion relations connect-
ing consecutive windows. A compatible sequence of fundamental systems of solutions is constructed for
these equations. The (Stokes) sectorial asymptotics of these fundamental systems are derived through
saddle-point integration and the Riemann-Hilbert problem characterizing the differential equations is

deduced.

! Work supported in part by the Natural Sciences and Engineering Research Council of Canada (NSERC) and the Fonds
FCAR du Québec.

2bertola@crm.umontreal.ca

3 eynard@spht.saclay.cea.fr

4harnad@crm.umontreal.ca



1 Introduction

In [2, 3] the differential systems satisfied by sequences of biorthogonal polynomials associated to 2-

matrix models were studied, together with the deformations induced by changes in the coefficients of the

potentials determining the orthogonality measure. For ensembles consisting of pairs of N x N hermitian
matrices My and Mz, the U(N) invariant probability measure is taken to be of the form:

1 1 1

EdH(Ml’ M) = P exp Etr (=Vi(My) — Va(Ms) + M1 M3)dMdM, . (1.0.1)

where dM1dMs is the standard Lebesgue measure for pairs of Hermitian matrices and the potentials V;

and V5 are chosen to be polynomials of degrees dy 4+ 1, dy + 1 respectively, with real coefficients. The

overall positive small parameter A in the exponential is taken of order N~! when considering the large

N limit, but in the present context it will just play the role of Planck’s constant in the string equation.

Using the Harish-Chandra-Itzykson-Zuber formula, one can reduce the computation of the corre-

sponding partition function to an integral over only the eigenvalues of the two matrices

N
™ / / du(M;, M) o / [ deidy:A(x) A(y)e™ 7 Zom Vi) +Valvi)=zivs (1.0.2)
i=1

and then express all spectral statistics in terms of the associated biorthogonal polynomials, in the same
spirit as orthogonal polynomials are used in the spectral statistics of one-matrix models [24]. In this

context, what 1s meant by biorthogonal polynomials is a pair of sequences of monic polynomials
m(z) =2+, oY) =y" 4+, neN (1.0.3)
which are mutually dual with respect to the associated coupled measure on the product space

/Jdm dy m(2)om (y)e” #(Vi(@)+Valy)—ay) — hplmn - (1.0.4)
R

In this work, we use essentially the same definition of orthogonality, but extend it to the case of
polynomials V; and V; with arbitrary (possibly complex) coefficients, with the contours of integration
no longer restricted to the real axis, but taken as curves in the complex plane starting and ending at
00, chosen so that the integrals are convergent. The orthogonality relations determine the two families
uniquely, if they exist [13, 3].

It was shown in [2, 3] that the finite consecutive subsequences of lengths dy + 1 and d; + 1 respectively,
within the sequences of dual quasi-polynomials:

\/Lh_nﬁn(:c)e_%vl(x) y Pal(y) = \/%

beginning (or ending) at the points n = N, satisfy compatible overdetermined systems of first order

Pn () = on(y)e” 7V20) (1.0.5)

differential equations with polynomial coefficients of degrees d; and ds, respectively, as well as recursion



relations for consecutive values of N. In fact, certain quadruples of Differential-Deformation—Difference
equations (DDD for short) were derived for these “windows”, as well as for their Fourier Laplace trans-
forms, in which the deformation parameters were taken to be the coefficients of the potentials V; and V5.
It was shown in [2, 3] that these systems are Frobenius compatible and hence admit joint fundamental
systems of solutions.

In the present work we explicitly construct such fundamental systems in terms of certain integral
transforms applied to the biorthogonal polynomials. The main purpose is to derive the Riemann-Hilbert
problem characterizing the sectorial asymptotic behavior at z = oo or y = oc.

The ultimate purpose of this analysis is to deduce in a rigorous way the double-scaling limits N —
oo, AN = O(1) of the partition function and spectral statistics, for which the corresponding large N
asymptotics of the biorthogonal polynomials are required. (See [12, 22] and references therein for further
background on 2-matrix models, and [9, 14, 15, 16, 13] for other more recent developments.) The study
of the large NV limit of matrix integrals is of considerable interest in physics, since many physical systems
having a large number of strongly correlated degrees of freedom (quantum chaos, mesoscopic conductors,

..) share the statistical properties of the spectra of random matrices. Also, the large N expansion of a
random matrix integral (if it exists) is expected to be the generating functional of discretized surfaces, and
therefore random matrices provide a powerful tool for studying statistical physics on a random surface.
(The 2-matrix model was first introduced in this context, as the Ising model on a random surface [22].)

It has been understood for some time that the 1-matrix model is not general enough, since it cannot
represent all models of statistical physics (e.g., it contains only the (p, 2) conformal minimal models). In
order to recover the missing conformal models ((p, ¢) with p and ¢ integers), it is necessary to introduce at
least a two-matrix model [9]. The I-matrix models are actually included in the 2-matrix models, since if
one takes dy = 1, and integrates over the Gaussian matrix My, one sees that the 1-matrix model follows,
and hence may be seen as a particular case.

It should also be mentioned that most of the results about the 2-matrix model (in particular those
derived in the present work) can easily be extended to multi-matrix models without major modifications
(see the appendix of [2]). Indeed, the multi-matrix model is not expected to be very different from the
2-matrix case [9]. (In particular, it contains the same conformal models.)

The present paper is organized as follows: in Section 2, we present the required formalism for biorthog-
onal polynomials, beginning with the systems of differential and recursion relations they satisfy, and
recalling the main definitions and results of [2]. We then derive the fundamental systems of solutions
to the overdetermined systems for the “windows” of biorthogonal polynomials in two ways: one, by ex-
ploiting the recursion matrices @, P for the biorthogonal polynomials, which satisfy the string equation,
and another by giving explicit integral formulas for solutions and showing their independence when taken

over a suitably defined homology basis of inequivalent integration paths.



In Section 3 we use saddle-point integration methods to deduce the asymptotic form of these fun-
damental systems of solutions within the various Stokes sectors, and from these, to deduce the Stokes
matrices and jump discontinuities at co. The full formulation of the matrix Riemann-Hilbert problem

characterizing these solutions is given in Theorem 3.1.

Acknowledgements: The authors would like to thank A. Kapaev for helpful comments concerning non-
singular integral representations of the fundamental systems of solutions to eq. (2.1.38), which resulted

in the addition of appendix A and the discussion at the end of Sec. 2.3.

2 Differential systems for biorthogonal polynomials and funda-
mental solutions

2.1 Biorthogonal polynomials, recursion relations and differential systems

The definitions and notation to be used generally follow [2], with some minor modifications, and will be

recalled here. Let us fix two polynomials which will be referred to as the “potentials”,

di+1 da+1

u v
=up + Z R ELEDY jjy‘] : (2.1.1)
J=1

In terms of these potentials we define a bimoment functional, i.e., a bilinear pairing between polynomials

7(z) and o(y) by means of the following formula

(m,0) = /F . /F . dady e #Vi@+HVs0)=0) 2 ()5 (y) . (2.1.2)

The contours of integration I'*)| T'¥) in the complex # and y planes remain to be specified. They will
generally be chosen to begin and end at oo, approaching it asymptotically in any direction that assures
convergence. More generally, linear combinations of such integrals along various inequivalent contours
may also be chosen. In fact there are precisely dy (homologically) independent choices for the individual
contours in the z plane and ds in the y-plane, due to the choice of the integrands [5]. The necessary and
sufficient condition for the convergence of these integrals is that the contours approach oo in such a way
that

?R(Vl(m))xjo +o0, %(Y@(y))y;)o +o0. (2.1.3)

For k=0,...2d; + 1 (mod 2d; +2) and I = 0,...2d3 + 1 (mod 2d3 + 2), let us define the sectors

@ _ ) - ,, (2k — O)m (2k+ )m )
Sy = {;LE(V, arg(z) € <19x+7_ (dl—i—l)’ﬁy_{—i?(dl—l—l) , (2.1.4)

Uy 1= —arg(ug, +1)/(d1 + 1
W _ [ - @2+ D _
S, _{ €C, arg(y) € [ Uy + d2+1) Iy + 2ds 1 1) , (2.1.5)
Uy = —arg(va,41)/(d2 + 1) .



Definition 2.1 (See Fig. 1) The wedge contours in the z-plane (resp. y-plane) FZ(-I) (resp. F;y)) for
i=20,...dy (resp. j =0,...ds), and the anti-wedge contours fl(x) (resp. fgy)) fori =10,...dy (resp.
J=0,...dy) are defined as follows:

. FZ(-I) (resp. F;y)) comes from oo within the sector SéfEQ (resp. S;g)_Q) and returns to infinity in the
sector Séf) (resp. Ség))‘

. fl(x) (resp. f;y)) comes from oo within the sector Séfll (resp. S;g)_l) and returns to infinity in the

sector Séﬁ_l (resp. Ségll)

They have the property that RVi(z) = oo on the wedge contours ') and RVi(z) = —oo on the anti-
(z

i

i

wedge contours T as |z] = oo (and similarly for Va(y)).

Figure 1: An example of wedge (solid) and
anti-wedge (line-dot-line) contours in the z-
plane for a case with d; = 7 and real positive
leading coefficient in V3. The white sectors are
the even numbered ones and the gray sectors
the odd-numbered ones. (Only the first few
are labelled).

Note that since there are no singularities in the finite region of the z- or y-planes for the integrands we
are considering, we can deform the contours ng) and Féy) arbitrarily in the finite part of the z and y
planes. We could therefore also take such contours as straight rays coming from the (2k — 2)-th sector
combined with another ray going to infinity within the 2k-th sector. Moreover, by the Cauchy theorem,

we have the homological relation

do
Z Fz(x) =0, Z F;y) =0, homologically . (2.1.6)
3 j=0

There are therefore are only ds homologically independent contours F[iy) and d; of type Fl(f). (Similar

remarks apply to the anti-wedge contours which will be needed later in this article.)



In general, for any complex d; x dy matrix with elements {57} =1, 4, define the homology class of
J=1,...dy

contours »#I" to be

ol = Y 5T X ) (2.1.7)
i

For brevity, we will denote the corresponding integral operator as follows.
di ds
HILLY = . (2.1.8)
i=1j=1 FEI)XF?) >
For a given ¢, we denote the corresponding bilinear pairing as:

(ﬂ',o‘)% = /de dy ﬂ(m)e_%(Vl(x)‘l'n(y)_xy)a(y) , (2.1.9)

and define two sequences of monic polynomials 7, (), o, (y) of degree n such that they are biorthogonal

with respect to this pairing

(ﬁnaom)% = hnénm s (2110)
() =2"+ ..., on(y) =y + ..., (2.1.11)

The matrix 7 must be chosen such that the N x N finite submatrices of the matrix of bimoments
{Bij = (2",9') }ij=o0, ,N—1 (2.1.12)

are nonsingular for all NV; i.e., the nondegeneracy condition that ensures the existence of the biorthogonal

polynomials is given by

Ay () :=det [(2',¢7) ] Ny70  VNEN. (2.1.13)

7,7=0,...,

Since these Ay (s)’s form a denumerable sequence of homogeneous polynomials in the coefficients s/
this will hold on the complement of a denumerable set of hypersurfaces, and in this sense the permissible
choices of s’s are “generic”, whatever the choice of potentials Vi and V5.

We introduce the corresponding normalized quasipolynomials and combine them into semi-infinite

column vectors (“wave-vectors”) ¥(z), ®(y) as follows.
[e.e] (o]

1

P () = mﬁn( Je= V1) g () = \/_h_nan(y)e—%vz(y) ’
g(m) = [0 (), ey Yn(2), o ]F C%(y) = [00(Y)y ey Dn(y), -] - (2.1.14)
In matrix notation the biorthogonality reads
/dxdye% U(x)d'(y) =1, (2.1.15)
PN (e} (0]



where 1 denotes the semi-infinite unit matrix.

We denote the Fourier-Laplace transforms of the wave-vectors along the wedge contours by

WO = [ dreF W), =0 (2.1.16)
s3] T 0
@) (z) ::/( )dye%q)t(y) . =0,...,ds (2.1.17)
) ij [e’s]

viewed as row vectors, with components denoted ﬁ:)(y) and Qﬁlj)(m) respectively. Because of eq. (2.1.6)
only dy (or d3) are linearly independent

dy

Z%W(y) :igﬂ(x) =0. (2.1.18)

=0
The recursion relations for the biorthogonal polynomials are expressed by the following matrix equa-

tions for the wave-vectors [2]:

:L‘O\IIO(:L‘)ZQO\IIO(CL‘) , haxollé(:n):—Po\Ié(a:) , (2.1.19)
ye) =P, hd, ey =-Q ), (2.1.20)

where the matrices () and P have finite band sizes ds + 1 and dj + 1 respectively, with () having only

one nonzero diagonal above the principal one and P only one below

a0 40 0 0
ai(1) ao(l) (1) 0
Q= (2.1.21)
ag,(d2) @g1(da) o0 ao(dz) v(da)
L . . . .
[ Bo(0) Bi(1) -+ Ba,(dy) i

2) o Pa(dit)
9 .- . (2.1.22)

These semi-infinite matrices satisfy the string equation
[P,Q]=hl. (2.1.23)

(See [2, 12, 14] for simple proofs of these assertions.) For the dual sequences of Fourier-Laplace transforms,

a simple integration by parts in eqgs. (2.1.19), (2.1.20) gives

2@V (z)= 0D (2)Q,  hd, @Y (z)=3D(2)P, j=0,....ds (2.1.24)
yIE () =3B ()P, ho, ¥HF)(y) = ¥F)(y)Q' , k=0,...,d; . (2.1.25)



Notice that integration by parts is allowed due to the exponential decay of the integrand along the chosen
contours.

We recall from [2] the definition of dual sequences of windows.

Definition 2.2 Call a window of size d; + 1 or dz + 1 any subset of di + 1 or dy + 1 consecutive
elements of type 1, Qn, ¢n OT ﬂn, with the notations

%:: [wN—dga'-'af(/)N]t s de% %22 [¢N—d17'-'7¢N]t s del (2126)
N t N t b5 ¢

= [1/;1\7—17 .. '71/;N-|—d1—1] 3 N Z 07 P = [¢N—17 . '7¢N+d2—1] y N Z 1 (2127)
YD = () tl] N2y, @9 =) 80 N> dy (2.1.28)
BG) . 1) () N>1 ok gk ) N>1 (2199
O =) el 1 N>, @B =l el T >1.(2.1.29)

Note the difference in positioning and size of the windows in the various cases, and the fact that the

barred quantities are defined as row vectors while the unbarred ones are column vectors. The notation

N N4l
we are using here differs slightly from that used in [2], in which, e.g., ® here would be denoted @ in [2].

N N
Definition 2.3 FEach of the two pairs of windows (¥, ®) and (&, ¥) of dimensions da+ 1 and dy + 1
N N
respectively, will be called dual windows (and these are defined for N > dy and N > d; respectively).

We now recall the notion of folding, as defined in [2]. We give here only the main statements without
proofs and refer the reader to ref. [2] for further details. Let us introduce the sequence of companion—like

matrices f\lr(m) and ng(m) of size dy + 1

0 10 0
0 0 .0 .
R . N>ds, 2.1.30
) o 0 0 1 = (2.130)
— o4y (V) —on(N) (z=ao(N))
LSV AN A
r z—ao(N)
ey, 1000
—(VH) g L
ale) = Y(N) L N>, (2.1.31)
~ 0 0 1
—aa,(N4da)

N
and also the analogous sequence of matrices b(y) and b(y) of size dy + 1

N
0 1 0 0
0 0 0 .
_ . N>d, 9.1.32
B(@/) 0 0 0 1 >dy ( )
—Ba(N) . =B1(N) (y=Bo(N))
¥(N) ¥(N) ¥(N)



y—Bo(N) 1 0 0

Y(N-1)
= Bi(N+1) 0 0
N .
bly) = 7(N=) , N> 1. (2.1.33)
: 0 0 1
—Bay(Ndr)
Sy 0000

The first equations in (2.1.19), (2.1.20) and (2.1.24), (2.1.25) imply the following

N
Lemma 2.1 The sequences of matrices a, b and ng, b implement the shift Nw— N+ 1 and N— N —1
2 b

in the windows of quasi-polynomials and Fourier—Laplace transforms in the sense that

B(z)= ' (2) X 2.1.34
a¥a) = v (@), 0= @A, (2134
g N\fl—l b 2.1.35
Bj{;(y)—&(y) ;o Y=Y (@b . (2.1.35)
and in general
N N+ Ngs—
U= a -au, =& @ .4, (2.1.36)
N+ N+j-1 NN
N N N+j-1 N
= b -b®, ¥Y=¥ b --—b, (2.1.37)
N+ N+4j-1 NN

N N
where ¥ ,® here denotes a window in any of the Fourier-Laplace transforms defined in eqs. (2.1.16),
(2.1.17).
(In this lemma, and in what follows, if no superscript distinguishing the integration path in the Fourier-

N N
Laplace transform in eqs. (2.1.16), (2.1.17) is present in ¥, ®, this means that the result being discussed

holds for all cases.)
Equations (2.1.34), (2.1.35) will henceforth be referred to as the “ladder relations”. We refer to the
process of expressing any ¥ () or gn(m) by means of linear combinations of elements in a specific window

with polynomial coefficients, as folding onto the specified window. We also recall that matrices J&\lr(y) and

N
ng(y), b(y) and b(y) are invertible (see [2]). The opposite shifts are therefore implemented by the inverse
N

matrices and the folding may take place in either direction with respect to polynomial degrees.

Lemma 2.2 (From [2], with the adapted notation.) The windows of quasi-polynomials ¥(z), ®(y) and
N N

N N
Fourier-Laplace transforms ®(x), ¥(y) satisfy the following differential systems

0 N

~haoW(z) = Di(@)U(e), N>dat1, (2.1.38)
o N N N
P ®(r) = @)Dy (), N2dit1, (2.1.39)

oo



o N N N
ha—yi(y) = ¥(y)Dy(y) , N2>di+1
where
IJ)V N LN 4oy l
1(33) .—ﬂ_l 1\31 + fo +; ,Bj N+£;—1N+E;_2.”]E\lr c gd2+1[1’] .
dq
N N_N N N-1N-2 N-j
Ql(r) =a 1__1+é0+z a a --- a ﬂ € gldz-l-l[]a
=1
N . . . . .
B = diag[B; (N+j—ds), B;(N+j—da+1),..., 8;(N+j)] , j =
N
B_y:=diag[y(N=dy—1),...,v(N = 1)]
N
g =diag (B; (N — 1), 8;(N),...8;(N+d2—1)) , j=0,...,d1 .
N
g—l = diag (V(N_ 1)77(N)7"-77(N+d2_1)) :
N N
Dsy(y) =a-1 b ~ +ao+ZaJ b b b € glanly.
N-— =1 N+j—1N+j-2
N 4N N—-1N- N—j N
Dy(y) = b 1a-1+a0+2 b b ba; € glanll,
N ) . . . .
aj:=diagla;(N+j—di),a;(N+j—di+1),...,0;(N+j)] , j=
N
a_ 1—d1ag[7(N di—1 )7"-77(N_1)]
N .
;j =diag (aj(N = 1),;(N),...a;(N+di1—1)) , j=0,...,d5.

2z ,IQ

_1 = diag (y(N — 1), 7(N),...,v(N+d1—1)) .

0,..

0,..

-dla

-d27

(2.1.40)

(2.1.41)

(2.1.42)

(2.1.43)

(2.1.44)
(2.1.45)

(2.1.46)

(2.1.47)

Moreover the systems (2.1.38)-(2.1.41) are compatible with the ladder relations (2.1.34), (2.1.35) since

D, () = a() Di(2)a~ () ~ ha'(x)a " (2)
D, (2) = A(2) D, (e) A" (2) - h () A () -
D () = Blo) Do)y~ ) — R 0™ ()
D, (1) = by) Do) b~ ) — 1D () b (w)

(2.1.54)

(2.1.55)

(2.1.56)

(2.1.57)

Remark 2.1 We stress that the windows taken from any wave-vector solution to egs. (2.1.19), (2.1.20)
and egs. (2.1.24), (2.1.25) will automatically satisfy the systems specified in Lemma 2.2 (differential and

difference equations).



In the following, we will only consider the fundamental systems of solutions to the sequence of equa-
tions (2.1.38), (2.1.39), (2.1.54), (2.1.55), since the corresponding dual sequence of equations for the
quantities ®(y), i(y) may be treated analogously by just making the appropriate interchange of no-
tations x g} y, ¥ & @, dy & ds, etc., and the interchange of integration contours in the z and y

planes.

In [2] it was shown that there exists a natural nondegenerate Christoffel-Darbouzr pairing between
N

any pair of solutions %(m) and i(m) to eqs. (2.1.34) and (2.1.39) such that
N o N N~
(g, }I\{) N =®(z) A\JI\{(‘J}) , (2.1.58)

N
is constant both in z and N, where the invertible matrix A defining the pairing is

0 0 0 0 |—(N=1)

N agN) - as(N) ai(N) 0

A=| 0 ag(N+1) .- as(N+1) 0 (2.1.59)
0 0 aq,(N+2) : 0
0 0 0 agN+dy—1) | 0

N N
This follows from the fact that the matrices D; and D, are conjugate to each other by means of the

N
matrix A (Theorem 4.1 in [2])

z

N N N
ADi(z) = D,(z) A , (2.1.60)
N
together with the shift relation (2.1.54). The (d2+ 1) x (d2 4+ 1) matrix A is the only nonzero block in the

N-1 N-1
commutator [ I ,Q], where TI denotes the projector onto the first N basis elements (a “canonical”
0 0

N
projector). In the following it is convenient to use the same notation A both for the finite matrix and

the semi-infinite one.
N

Tt was also proved in [2] (Proposition 3.3) that one can choose the windows % and @ as joint solutions
of the PDE’s following from the infinitesimal changes of the coefficients {u;} and {vk} of the potentials
(deformation equations). For this choice, the pairing also becomes independent of these deformation

parameters.

2.2 Fundamental solutions of the D; and D, systems

N
In this section we explicitly construct solutions of the pairs of dual ODE’s defined by the matrices Dy (z)

N
and D, (z). In fact these solutions will simultaneously satisfy the deformation equations and the ladder

recursion relations in N. It will be left to the reader to formulate the corresponding statements for the

N N
other pairs (D2(y), D5(y)), which are essentially the same, mutatis mutandis.

10



As mentioned in Remark 2.1, taking windows within any wave-vector solution to eqs. (2.1.19), (2.1.24)
one obtains solutions to the difference-differential equations in Lemma 2.2. Therefore we could try to
construct ds + 1 such wave-vector solutions in order to obtain a fundamental system for eqs. (2.1.39).
On the other hand it will be shown in Proposition 2.1 below that the relations (2.1.24) have precisely ds
linearly independent wave-vector solutions (given by the dy Fourier-Laplace transforms (2.1.17)) while
relations (2.1.19) have only one solution (given by the quasipolynomials). Therefore we will look for
solutions to slightly modified recursion relations differing from (2.1.19), (2.1.25) by changing the initial

terms®.

The solutions to these modified recursion relations {1/1n( Vin>o or {1/) (%) }n>o will still satisfy
the unmodified recursions relations, but only for n large enough. This will provide us with the required
solutions of the difference-differential equations of Lemma 2.2.

We start by proving that the Fourier-Laplace transforms and the quasipolynomials are the only
wave-vector solutions to egs. (2.1.19), (2.1.24).
Notational remark. Throughout the remainder of this section, \IJ( 2) and <I>( 2) will be used generally

to denote arbitrary wave-vectors consisting of arbitrary solutlons and not JllSt the previously defined

quasipolynomials and their Fourier—-Laplace transforms.

Proposition 2.1 The semi-infinite systems

z¥(2) = QU(z) N
hoy Oqé(:p) =-P O\g(g;) ' (2.2.1)
2 8(2) = 8(2)Q N

ho, ®(z) = ®(x)P (2.2.2)

have 1 and ds linearly independent solutions, respectively, for the wave-vectors Weo () and . (z). (A
similar statement holds for &, ¥, as solutions to egs. (2.1.20) and (2.1.25) with dy — d; ).

Proof. The compatibility is guaranteed by the string equation (2.1.23). Recalling [2] that

<P—V{(Q))ZO = <Q—V2’(P))SO =0, (2.2.3)
we have

0= [(P- V@) 8] = —hif(a) - W (anto (.24

0

0= [g (@- Vz/(P))] = ¢, (x) — V4 (hdy)o, (x) - (2.2.5)

5This is not new in the context of orthogonal polynomials, where there exist, besides the orthogonal polynomials,
solutions of the second kind. (See e.g. [8, 25]).

11



Thus we have only one solution of the first equation (up to normalization) and ds independent solutions
for the second. Using the z recursion relations for the 1 sequence, we can build the rest of the sequence by
starting from the first term g (z), since the matrix @ has only one nonzero diagonal above the principal
one. On the other hand, using the 9, recursion relations we can build the rest of the Qn sequence starting
from any given solutions % of (2.2.5) because the matrix P has only one diagonal below the main one.
Q. E.D.

The solutions of Propostion 2.1 are, up to multiplicative constants, exactly the solutions given by

the quasipolynomials for the wave-vector ¥ and the different possible @’s corresponding to the different
(o]

o0
solutions of eq. (2.2.5), which are just the ds different Fourier-Laplace transforms of the quasipolynomials

&n(y). Indeed, the solutions QO(I) of eq. (2.2.5) can be expressed by

8,(2) [ dyertervion, (2.2.6)
r

()

where I is any of the contours I';’”’ or a linear combination of them.

As indicated in the introduction to this section, in order to find a fundamental system of solutions to
the Difference-Differential equations in Lemma 2.2, we consider systems for the wave-vectors modified by
the addition of terms that only change the equations involving the first few entries of the wave-vectors.

The recursion relations will therefore remain unchanged for n sufficiently large.

Proposition 2.2 The semi-infinite systems:

:coqé(:e) = Qg(m) — Wa(—hoy, ) F(x) o
{hmw@z—Pwm+Fw) ! (22.7)
m%(m):%(m)@—}—U(m) o
ho, ®(x) = ®(z)P + U(x)Wi(z) (22.8)
where
i < QW g WPV
F(z) :=[f(z),0,0,-- ", U(z) = [u(z),0,0,--], (2.2.10)

both have ds+1 linearly independent solutions for the extended unknown wave-vectors <f(a:), \II(.L‘)) and

(1) 2)). w

Remark 2.2 The terms in the RHS of egs. (2.2.7), (2.2.8) which are not present in eqs. (2.2.1), (2.2.2)
are semi-infinite vectors with at most ds nonzero entries for (2.2.7) or dy for (2.2.8). Indeed the matrices

W1 and Wy (which are polynomials in QQ and P of degrees dy — 1 and dy — 1 respectively) have finite band
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sizes, and hence when acting on the vectors U(z) and F(z), which have only a first nonzero entry, produce
a finite number of nonzero entries. As a result, windows taken from any solution of the modified wave-
vector systems (2.2.7), (2.2.8) will provide solutions of the Difference-Differential systems of Lemma 2.2,
but only beyond a minimal N value (dy or dy respectively).

Proof. The compatibility of these systems is not obvious. We have:
h¥ = [0y, 2] ¥ = hd, <Q o —W’g(—hax)F) —x <—P v +F) (2.2.11)

=Q (-P 0 +F) — 0;Wy(—h0;)F + P <Q 0 —IVz(—hax)F) +zF (2.2.12)

Va(P) — V5 (-hds)
P+ ho,

=[P, QI +QF — (hd, + P) F(z)+aF (2.2.13)

- hoqlo+<Q—V2’(P))F—|— <:c—V2’(—h8x))F. (2.2.14)

Since only the first entry of F is nonzero and @ — V3 (P) is strictly upper-triangular [2], the second term
vanishes. The last term gives the following ODE for the first entry of F(x)

Vy(=hos)f(z) = zf(=). (2.2.15)

The solutions of eq. (2.2.15) are easily written as Fourier-Laplace integrals, and give a compatible system
(see eq. (2.3.16), where we also fix the most convenient normalization for them). We denote them by f(®)
with @ = 0,...,ds, with f(©) =0 the trivial solution, corresponding to the unmodified system (2.2.1).

Fixing any such solution f(z), we can now solve for ¥. First of all, one can prove by induction that

Q== \11+Q(1;:Ik W (—hd,)F. (2.2.16)

Next we compute as for the previous proposition

0= [(P -V (Q)) O‘Ié] = [—h@x UAF —Vi(2) W —W%(—h@,)p (2.2.17)
= () — Vi (2)bo(x) + [L — W1 (2) Wa(—hd )y f (). (2.2.18)

Thus, o(z) must solve this first order system of ODE’s. Since there are dy 4+ 1 choices for the function
f = f® we correspondingly obtain ds + 1 independent solutions \Il(a)(m) to the system.
Now consider the second system (2.2.8). The compatibility gives

h® = [h0., 2] ® = hd, <%Q+U) — (%P—}—Uﬂﬁ(m)) (2.2.19)
= <% +UWi( )) Q + hd,U — <%Q+U) P —UWi(z)z (2.2.20)
= 8[P.Q] - UP+UW(Q—J;)+@U (2.2.21)
= h%—U(P - V{(Q)) + <hax - Vf(m))U(m) (2.2.22)
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Since the first entry of U is nonzero and P — V{/(Q) is strictly lower-triangular, the second term vanishes.

The last term gives the following ODE for the first entry of U(z):

' (z) = V] (z)u(z) = u(z)= cew V1(#) o u(z)=0. (2.2.23)
We next consider the solutions ®. By a computation similar to the previous one, we have
Vi(P) — Vy(hD)
0= [Q <Q — VQ(P))] = |z®-U — VJ(hd;) & +UW;(z) = (2.2.24)
s o o oo P—ho, 0
= <m — Vz’(ftax))%(r) — u(x) {1 — W’l(aj)W2(fi%x) 0 (2.2.25)

This is a dy-th order inhomogeneous ODE for the function ¢ (2). Choosing u(z) = 0 as solution to
(2.2.25) we have dy independent solutions corresponding to the “unmodified” system (2.2.2). The choice

u(z) = ce® Vi (x) (2.2.26)

leads to one more independent solution of the inhomogeneous equation. Q. E. D.

)

We denote the solutions to system (2.2.8) in general as Q( ,a=0,...ds, where « = 0 corresponds
to the inhomogeneous solutions and o = 1,...d» corresponglo to the independent solutions to the homo-
geneous case (U(z) = 0). We will give explicit integral representations for the ds + 1 solutions in the
next section. With the solutions ¥(®, &) a,8 = 0,...,ds, we can construct the (d2+ 1) x (da + 1)

modified kernels ~ ~

N-—
K3 (@.2!) = E o@D (@) = (@) T wP(&) . (2:2.27)

n 0 o

and also obtain the following modified Christoffel-Darboux formulae (cf. [2]).

Proposition 2.3 (Christoffel-Darboux Kernels)

(@ — 2') K7 (2, 2) (2.2.28)
N-1

= (@a)(g;)cg+5QOU(;p)>Nﬁlg<ﬁ>(m')_@Q)(x) m <Qg(ﬁ)(x’)—W’z(—h(?;)F(ﬁ)(a:’)> (2.2.29)

=—2@)(z )[n Q] #)(z ')—I—(Yaou(x)t/;éﬁ)(:v’)—kg(“)(m) Nglwg(_ha;)ﬂﬁ)(x') : (2.2.30)

o

N—1
Recall that the commutator of the finite band matrix @) with the projector II gives a finite-rank semi-
0

N
infinite matrix that corresponds to the Christoffel-Darboux kernel matrix A. As a corollary, we obtain

the pairing between the solutions of the systems (2.1.39) by setting 2 = 2’
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Corollary 2.1

N N —
(2.9) =89 Ky = 9 " 0] (o) =
N N N o0 0 [e%e)
_ n(B) () @) (o M an Y
= dpou(2)y ’ (z) + ' (2) 1;[ Wa(—hoy ) F\ (z) . (2.2.31)

As shown in [2], this is a constant (in ) if N > dy. But if N > dy the projector in the second term is
irrelevant because the vector Wg(—fiax)F(ﬁ)(m) has only its first d5 + 1 entries nonvanishing, and hence

we have, for N > d,

(39,97 =dautal? 0+ 2 HETIE poey - a2
If & # 0 then
&) (2)P = hd, () , (2.2.33)
and hence we have, for N > dy, a #0,
“
2oy = gow R o
vg(hagéi I-:g(;x—hax) 8\ (@) f4) () L (2.2.34)

In this expression éo and f are kernel solutions of the pair of adjoint differential equations

(V5 (hds) — 2)6{ () = 0, (Vi(—hd,) — 2)fP) (z) =0, (2.2.35)

20

and the last expression in eq. (2.2.34) is just the bilinear concomitant of the pair (which is a constant in

our case). For g =0 we have

N 14y 1 1/ C
&) () A w® =4, (0) = §ocenV1(@) —wViE) = § o —— . 2.2.36
@'Y (z) (z) ou(z)Yy ' () oce _hoe 0 i ( )

For completeness we recall that the matrices P, ) satisfy the following deformation equations

hauKQ - — I:Qa UK:| 3 ha’UJQ - |:Q7 VJ:| s (2237)
hdy, P = —[P, UK] ., ho,,P= [P,V‘]] , (2.2.38)

where . ) . .
UM = {[QK]>0 +5 [QK]O} , V7= -5 {[PJ]<0 +3 [PJ]O} . (2.2.39)

(Note that in [2] the matrix that here is denoted by P was denoted —P.) Here the subscripts < 0 (resp.
> 0) mean the part of the matrix below (resp., above) the principal diagonal and the subscript 0 denotes
the diagonal.
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Proposition 2.4 The equations in Proposition 2.2 are compatible with the deformation equations

hidu,e W(x) = UF W () (2.2.40)
1, F(z) = U F(z) R

1 P7 —(=hd,)’

hoy,, ¥(z) = -V w(z — " F(x
) (_h%()j 7 prhe, ) (2.2.41)
ho,,F(x) = <+ + vgo) F(x)
x© 1 QK _ K
hoy, @(z) = — @(2)U" + =ZU(2) ——
OO( ) ;%( ) % (2) 0—z (2.2.42)
hOy, Ul(z) = ( =+ Ué(o) Ul(z)

% (2.2.43)

hdy, ®(z) = @()V’
{ ho,,U(x) = U(2)V” .

Proof. We only sketch the proof, which is quite straightforward but rather long.

Compatibility of the deformation equations amongst themselves follows from the zero curvature equa-

tions
(A0 + UK ROy, + UK = [h0,,—~ V7 150, ,— V7] = [h0y +UX, 0, ,— V'] = 0 (2.2.44)

(which are established in the general theory [26, 2]), together with the fact that both vectors U(z) and
F(z) have, by assumption, nonzero entries only in the first position.

Compatibility with egs. (2.2.7), (2.2.8) requires some more computation. We first prove the com-
patibility between eq. (2.2.8) and the two eqgs. (2.2.42), (2.2.43). Compatibility between the equations

involving multiplication by # and application of 8, ,:

hzd,, ®(z) = ®(z)QV’ + U(z)V’ (2.2.45)
hdy,z ®(z) = ®(2)V/Q + &(2)[Q, V'] + U(z)V/ = RHS of (2.2.45) . (2.2.46)

Compatibility between the equation involving multiplication by x and application of 0y, :

2h0y, ®(z) = — ®(2)QUX — U(z)UX + iU(a:)ux (2.2.47)
e K Q—=z o
10y, ®(2) = Ky, @(2)Q — @ (2)[Q, UX] + 10, U(z) (2.2.48)
e RO+ Lrw 0 s Ky (2 R 2.2.4
= - 2@+ U@ L0 e U+ (S +UE ) U) (2249
— (@)U 4 LU (@K — o)+ 2 e (2D LR v (2250
=~ 2(QUF + U@ - %)+ LU L=+ (S + U ) Ule) (22:50)
@ RHS of (2.2.47), (2.2.51)
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where in the step (%), we have used the fact that (since only the first entry of U(z) is nonzero)
1
EU(m)QK +UKU(z) = —U(2)UX | (2.2.52)
Compatibility between the 9, and 8y, equations is a bit more involved:

h?0,0,, ®(z) = hd, ®(2)V’ = &(2) PV’ + U(2)W; (2)V’ (2.2.53)

h?8,,0, ®(z) = hd,, (g(m)P + U(:U)Wl(:n)) =
= ®(2)V/ P+ &(2)[P, V] + U(2)VI W, (z) + U(2)[Wi(z), V'] = RHS of (2.2.53) (2.2.54)

Finally we have the 0., 8,, compatibility:

(20,0, ®(z) = hdy <_ ®(2)UX + %U(r)%)

1 K _ K 1 K _ K
- <%(:c)P + U ()W, (m)) UR 4+ EhaxU(m)% + EU(m)hax%
K 1 / QK - mK
== (2P + UEWi@)) U+ 00, - @) L=
1 lower tri. QK _ K
U@ (Vf(:v) - V(@ +W(@) - P) e
1 QK _ l‘K 1 QK _ CL‘K
tU@PT gV "5 ——
D _(@@)P + U)W (2) ) UK — L0()W: () (@ — 25 + () e p
T\ ! K ! K Q—=z
1 K _ K 1 K _ K
+2(hd, - Vf(r))U(m)% + U (@) (h; + h@@%
1 K 1 QK — zK
= —®(z)P —U(x)Wi () (EQK + UK) + U)W (e) + EU(:E)TP
1 K _ K K-1 K-1
+2= (o, Vf(r))U(m)% () 2 o
= —®(z)P —Ulx) iQK+UK Wi (z) + IKU( YW ( )+iU( )QK_‘”KP
= ; xr xr I” 1\ If x 1\r If i Q —
1 , QK _ K QK—I _ CL‘K_l %
+ 5 (10 = V@)U (@) * 5= — + WU () =5 —— = U (&)W (2), U]
(s05) A 1 QK —a¥
K _ K K-1_ K-1
+%(ﬁ8x Vi(2))U () QQ - i + U (2) 5 _i — U(x)[Wi(z), UK] . (2.2.55)

In step (#%) we have used the fact that the commutator of P with a function of @ is equivalent to the
(formal) derivative idq, while in step (x % %) we have used eq. (2.2.52). Computing the derivatives in the

opposite order we obtain

7?0, ,0, %(m) = hd,, (g(m)P + U(;:;)Wl(x))

o
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= (- ®(2)UK + iU(m)u) P+ <‘”K + UK) U(z)W, ()
U K Q—= K o !

— U(x)[Wr (), U] (2.2.56)

:L‘K_l _ QK—I
-Q
Subtracting eq. (2.2.55) from eq. (2.2.56), we are left with

+hU (z)

o« 9« 1 ! QK B ‘/EK
0= RHS of (2.2.55) - RHS of (22.56) = (. ~ Vl(ac))U(ac)ﬁ

= (hd, — V{(2))U(z) =0, (2.2.57)
where the implication follows from the fact that only the first entry of U(z) is nonzero. This is precisely
the same compatibility condition that we found in Prop. 2.2. The other compatibility checks are also
rather long but routine and are left to the reader to fill in. Q. E. D.

2.3 Explicit Integral representations for the dual wave-vectors

Proposition 2.5 The ds + 1 semi-infinite wave-vectors ®(*) and functions u(o‘)(m), a=0,...dy defined

by =
1y e~ 7 (Vi(s)=sy) .
3O (2) = ex"1(®) /ds dy ————a'(y) , u(z) = Vhoex"1® (2.3.1)
0o 2T r— S
®H) () :/( )dye%qf(y) , uM@) =0, k=1,...,ds (2.3.2)
[} Fky

are independent solutions of the modified system (2.2.8).

Proof. There is nothing to prove for &) since for k > 0 these are just the Fourier-Laplace transforms,

which satisfy the corresponding unmodified system (2.2.1), which is the same as the modified system

with u(z) = 0. Let us therefore consider Q(O). We first check the x recurrence relations.
[e0]

P —%(Vl(s)—sy) —%(Vl(s)—sy)
o 3+ ')

r— S8 r— S

P2

;L‘Q(O)(a:) — e "i(@) /dsdy l

e~ w(Va(s)+sy)

_ [\/Ee%vm,o,...} _ ew"i(®) /dsdy —————h3,3'(y)

2N -
@ U(O)(CL‘) + Q(O)(I)Q ,

where in (%) we have used eq. (2.1.20) and defined the semi-infinite vector
U (2) = {x/hoe%vl(x), 0,...]. (2.3.3)
It is easy to prove by induction in k, starting from the first part of eq. (2.2.8), that

l‘k

8 e
8|

©)(2)Q* . (2.3.4)
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We now consider the 0, differential recursion. After shifting the derivative in z to one in s inside the

integral, and integrating by parts, using eq. (2.3.4), we get

Vi(z) - Vi(Q)
r—Q

This proves that the given integral expression is indeed the additional solution to eq. (2.2.8). Q. E. D.

ho, ) (z) = U (2) + 0 ()P. (2.3.5)

Remark 2.3 We would also have solutions for any other choice of admissible contours (or linear com-

binations of them) in eq. (2.3.2). This arbitrariness will be used later.

Remark 2.4 The functions @LO)(:B) are piecewise analytic functions in each connected component of
Cy \Ujl:1 F;I), but can be analytically continued from each such connected component to entire functions

by deforming the contours of integration.

With regard to the deformation equations studied in Propostion 2.4, we have:

Lemma 2.3 The wave-vectors \II(O)(;E) (i.e. the quasipolynomials) and Q(k)(;r), k=1,...,ds (i.e. the

Fourier-Laplace transform of the quasipolynomials ¢, (y)) satisfy the following deformation equations

hauK£<0>(m) = UKg(O)(a:), (2.3.6)
hamoxg@(:c) = —VJO\E(O)(x), (2.3.7)
B0y, %) (2) = — oW ()UK, (2.3.8)
hd,, @ (@) = a®(@)v7, (2:3.9)

Proof. This follows straightforwardly from the two equations (2.2.37), (2.2.38) together with the fact
that taking a Fourier-Laplace transform commutes with differentiation with respect to the deformation

parameters Q. E. D.

We also remark that the given integral expressions satisfy the modified deformation equations given

by the following proposition.

Proposition 2.6 The dual wave-vectors defined in Proposition 2.5 satisfy the following deformation

equations
1 K — QK
O(z) = — O (LUK & —py@(p—— =% 9.
h@uK% (z) = % (z)U™ + KU (z) P (2.3.10)
hd,, ®(z) = 2 (2)v7’ (2.3.11)

where the semi-infinite vector U(O)(CL‘) is defined in eq. (2.3.3).
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Proof. As for the {v;} deformation equations for &) the proof follows from Lemma 2.3 and from the
fact that the integral transform defining this wave-vector does not depend on the v;’s. On the other

hand, the ug deformations give (again using Lemma 2.3):

hoy, @O (z) = — & (2)UK + L @O (z) (K - Q%) , (2.3.12)

oo K o

from which the proof follows using eq. (2.3.4). Q. E. D.

Remark 2.5 Note that from the definition of the vector U(z), one can verify directly that it satisfies the
deformation equations (2.2.42), (2.2.43) by using the equations for the normalization constant hg:

ho :/ dzdye™ #(Vi(@)+Valy)—zy) (2.3.13)
P2

h K h J 9 «

5 0ux In(ho) = UGy, 50y, In(ho) = Vi, - (2.3.14)

Remark 2.6 In particular, the sequences of functions defined in Proposition 2.5 satisfy identical defor-
mation equations for N large enough (N > di) and hence the relevant windows satisfy the full DDD
equations specified in [2] for the barred (dual) quantities.

We conclude with a discussion regarding the construction of an integral representation for the wave-

vectors ¥. For the unmodified system (2.2.1) the solution is explicitly given by the quasipolynomials

o0

\II(O)(:E). The other solutions of the wave-equations (2.2.7) are in 1 — 1 correspondence with the ds

solutions of eq. (2.2.15) via eq. (2.2.18). We could try to define an integral representation of the form

dy 1 e #(Va(t)—2t)
k) () = Y (Ve (y)-ye) cr 9 s
O\Ilo (z) /fgcy)Qiﬂ'fi e /J{c%z dt ra— ¥(z), (2.3.15)

corresponding to the following solution of eq. (2.2.15)

vho 1 _
- dyen (V2(¥)=zy) E=1,....ds. 2.3.16
2ixh f@yeh 2 ( )

fP () :

However formula (2.3.15) is not well-defined, since the inner integral defines only a piecewise analytic

(¥) T(y)

function with jump discontinuities along the I';”’’s, and each of the anti-wedge contours I',”’ crosses

()

at least one of the contours L One could alternatively take the analytic continuation of the inner

double integral from one connected component of C, \UZil F,iy) to an entire function, which amounts to
deforming the contours in I to avoid any jump discontinuities. But then the outer integral is in general
divergent, due to the behaviour of the integrand as y — oo.

Thus, as it stands, eq. (2.3.15) may only be viewed as a formal expression which at best defines a
divergent integral. However, treating it naively (as though it were uniformly convergent with respect to

the parameters {uy, vk}, as well as z) we would find that it indeed satisfies eqs. (2.2.7) (2.2.40) and
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(2.2.41). Nonetheless we know that there are solutions ¥ ) of eq. (2.2.7) (2.2.40) corresponding to the

f#)(z) defined in (2.3.16), determined recursively from the solutions of eq. (2.2.18). Such solutions are
uniquely defined by the choice of a particular solution to eq. (2.2.15), up to the addition of a solution of
the homogeneous equation (that is, the quasipolynomials) forming s

There does exist a way to arrive at convergent integral representcfmtions, however, by forming suitable
linear combinations of Fourier-Laplace transforms of a piecewise analytic function defined along appropri-
ate contours. This was done for the case of cubic potentials by Kapaev in [21]. In Appendix A, it will be
indicated how the procedure used there may be extended to polynomial potentials of higher degree. For
present purposes, however, we may view the solutions as just defined by the recursion relations (2.2.7),
together with eq. (2.2.18). Tt follows from compatibility that these satisfy the deformation equations as
well.

As a further remark, we note that the solutions ) (modC \II(O)) associated to the f*)s defined by
eq. (2.3.16), may be associated to any linear combioliation of theooanti—wedge contours, used as contours

of integration in (2.3.16). This freedom will be used in the next section.

2.4 Diagonalization of the Christoffel-Darboux pairing

We know from Proposition 2.6 that the windows constructed from the integral representations in Propo-
sition 2.5 provide solutions to the DDD equations for the barred system (for N > di). On the other
hand, we are guaranteed by Theorem 4.1 and Corollary 4.1 of [2] that the Christoffel-Darboux pairing
between such solutions and any solution of the unbarred DDD system does not depend on z, N, or the
deformation parameters determining the two potentials. It is of interest therefore to compute this pairing
for the explicit solutions at hand.

The solutions of the unbarred DDD equations are obtained by taking suitable windows in the wave-

vector solutions of eq. (2.2.7), consisting of the quasipolynomials \II(O)(I‘) and the solutions \Il(k)(m)

associated to the f(¥) (eq. 2.3.16). Tt should be clear that the diagonalization of the pairing depends
on a careful choice of the contours of integration in eqs. (2.3.2), (2.3.16). Here we prove that the choice
of contours that diagonalizes the pairing (2.1.58) is linked to the notion of dual steepest descent-ascent

contours, whose definition is given here and will be needed again in the following section.

Definition 2.4 The steepest descent contours (SDC’s) and the dual steepest ascent contours (SAC’s) for
integrals of the form

I(z) == /dye—%W?(y)—fy)H(y) . I(@) = /~dye%(v2(y)_xy)H(y) , (2.4.1)
r r
respectively, passing through any saddle point yi(z), k = 0...ds — 1 with H(y) at most of exponential

type, are the contours vyx and 7, respectively, uniquely defined by

7=y €C S3(Valy) —2y) = 3 (Valyr(2) — zye(2)) ,R(Va(y)) 52, 400 (2.4.2)
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Y =Sy € C S(Valy) — zy) = S (Va(ys(z)) — zye(z)) ,R(Valy)) — —o0 » . (2.4.3)

y — 00
Yy € Yk

Here yi () denotes one of the dy branches of the solution to the algebraic equation
Viy) =z, (2.4.4)

which behaves like

yk () x:w(vd2+1)_%w sy , wi=ed | (2.4.5)

where £ denotes the principal da-th root of x. (Note that the homology class of the SDC’s and SAC’s
becomes a constant for |z| sufficiently large along a generic ray (see Fig. 2). It will be proved in Section

3.2 that the homology class is also locally constant with respect to the angle of the ray.

Figure 2: Example of the asymptotic (as [z] = oo) SDC’s v (solid) and SAC’s 4 (line-dot-line) in the
y-plane for a potential of degree d2 + 1 = 12 with positive leading coefficient (v4,41 > 0) and for the
non-Stokes line arg(z) = 0. The numbers at the vertices of the endecagon label the d2 = 11 critical points
and the pair of dual SDC and SAC passing through each them.
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For the following, we also define the sectors

(2k — O)m 2k + )7
= —1 9 T for ds odd
Sk {xEtC,arg(m)E( y+2(d2+1), y+2(d2+1) , fordso

km kE+1)m
Sk = {:L‘ eC, arg(x) € <—19y + @+ 1) —Uy + ﬁ) } , for dp even

k=0,...,2ds+ 1, (2.4.6)

(where 9, was defined in eq. (2.1.5)), and denote by Ry, k = 0,...2d> + 1 the rays separating them,
counting counterclockwise, starting from Sy. These will be shown in the following section to be inter-
pretable as Stokes’ rays, defining a part of the Stokes’ sectors in our Riemann—Hilbert problem. It will
be shown in Sect. 3.1 that if z approaches co along a ray distinct from the Ry’s, then the homology class
of the SDC’s and SAC’s in Def. 2.4 is well defined. We then have

Proposition 2.7 Fizr any (non-Stokes) ray {arg(z) = o = const.} # Ry and the corresponding limiting
(for large |x|) homology class of the dual steepest descent-ascent contours vyx and ¥, k = 1,...ds of
Def. 2.4. With this choice of the contours of integration, use the SDC’s to redefine the Fourier-Laplace
transform (2.8.2), and the SAC’s to redefine the f*)s of eq. (2.3.16), and the associated wave-vectors
) modCO\I;(O)‘ Then

o

b . () () N g
C =2 (JL‘) A]\g (I) = 0 1d2 = 1d2+1 s N > d, ’ (247)

up to the addition of a suitable multiple of \II(O)(:E) to the solutions \Il(k)(m)‘

Proof.
For 8 = 0 the statement follows from eq. (2.2.36) (where the constant ¢ equals v/hg). Fora = 0 # 3
we use the fact that the solutions \II(k)(;L‘) associated to f*) are defined only up to the addition of a

multiple of \II(O)(:E). Indeed, we know from the general theory that the pairing of the two solutions is
o0
constant, and we may use this freedom to normalize the constant to zero by adding a suitable multiple

of the homogeneous solution of eq. (2.2.7) \II(O)(:L‘) (i.e., the quasipolynomials), which is “orthogonal” to

the solutions Q(O‘)(I), a # 0, as follows again from eq. (2.2.36).

(o]
Finally for k = a # 0 # 8 = j, C* equals the bilinear concomitant of the corresponding functions
(eq. 2.2.34). Let us consider z belonging to a fixed ray, and choose a basis of steepest descent contours
v, and steepest ascent contours 7 (whose homology does not change as © — co on the fixed ray for |z|

big enough). We use formula (2.2.34) with

: h 1 7. 1 1 A
£ () = QVM% JagekVaw=en) | o) (g = \/_h_o/dye—gwg(y)—xy) _ (2.4.8)
Vi Yk



The respective asymptotic behaviors for large |z|, computed by the saddle—point method, are

) () 0 YO L(Vatys@)-avs(e)) [ —2TR L py -1 9.4.9

PO = gmn AT .
1 1 2mh

B () ~ ——e~ m(Va2lur(@))=ayx(z)) [ __ 277 (14 o(\~! , 2.4.10

£y (I) /—hoe ‘/él(yk(x))< ( )) ( )

where yi (z) are as in Def. 2.4. The bilinear concomitant is a constant, so it must vanish for j # k since
the exponential parts of the asymptotic forms in eqs. (2.4.9), (2.4.10) cannot give a nonzero constant
when multiplied together.

For j = k, the bilinear concomitant is given by the integral

hdy + ho, ez
_— / dy dyf e+ (Va)=Vaw)—aty—y') V2 ) = V2 (y')
2imh J5, xv y—y
~ L E(Valu(e))—wun(e)) [ 2TR
2irh V7 (e (@)
10y —271']7,
— L (Valur(@)—wys (@), [ _Z2Th 1y =1. 2.4.11
xe V—Q//(yk(ﬂ?))< +O( )) 2 (yk(m)) ( )

This concludes the proof. Q. E. D.
(v)

Had we chosen the contours as f,iy) and I';”’ rather than the steepest descent contours, we would
have had a constant matrix for C*?. Notice that the pairing of these integrals is also independent of
the deformation parameters determining Vi, Va, as well as of the choice of the integer IV defining the
window. As shown in [2], this can always be accomplished through a suitable choice of basis. But here

we have explicitly shown how this occurs for the particular normalizations chosen in the integrals.

3 Asymptotic behavior at infinity and Riemann—Hilbert prob-
lem

3.1 Stokes sectors and sectorial asymptotics

Given the duality between the ODE’s involving D,V and QlN implied by eq. (2.1.60), it is clear that the
Stokes matrices around the irregular singularity at # = oo for systems of the form (2.1.38) and (2.1.39)
are related. Using the explicit integral representations of the fundamental solutions, we can determine
the asymptotic behavior from these integral representations by saddle point methods. The solutions for
the ﬁl system are simpler to analyze and do not involve the problems of divergent integrals discussed in
the section 2.3 (and the Appendix). But in principle one could consider the asymptotic behavior of the

solutions to the system (2.1.38) directly, by taking suitable windows in the wave-vector solutions of eq.

(2.2.7).
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Remark 3.1 We have seen in Sect. 2.4 that one can choose the wave-vector solutions to egqs. (2.2.7),
(2.2.8) so that the Christoffel-Darbour pairing between the dual windows of fundamental solutions implies
the identity

=

N
(@) AW(2) = Lipr,  N>dy. (3.1.1)

N
Therefore, if we formulate a Riemann—Hilbert problem for ®(z), we can immediately derive the corre-

sponding one for ®(z). Since the asymptotic forms are mutual inverses, the Stokes (and jump) matrices
N

N
for the one must be the inverses of those for the other. (In our conventions, the Stokes matrices for ®(z)
act on the left, while for ¥ (z) they act on the right.) The formulation for the dual wave-functions is

N

considerably easier, so this is what we analyze here in detail.

N
From the general theory of ODE’s, since the matrix D, (z) is of degree d;, one would expect dy + 1
Stokes sectors. However, this is true only if the leading term of the matrix has a nondegenerate spectrum.

In the case at hand, however, we have

(3.1.2)

Since the spectrum of the leading term has a dy-fold degeneracy, we have more complicated asymptotic
behavior and the occurrence of more Stokes sectors.

A few more preparatory remarks are required. From the discussion in sections 2.2 and 2.3 we obtain
that the fundamental system for the differential-difference equations specified in Lemma 2.2 is provided

by

N
B(z) = ., N>d+1, (3.1.3)

where {$<k)(m)}k:07,,,d2 are windows constructed from the wave-vectors defined in Proposition 2.5. Given
these integral representations of the solutions, the asymptotic behavior and the Riemann—Hilbert problem
can be determined by means of the steepest descent method.

While {g(k)(m)}k:h“dz are entire functions, the integral defining the window %0)(;1;) defines in fact
a pilecewise analytic vector function. Its domains of analyticity are the dy 4+ 1 connected components
in which the z-plane is partitioned by the contours F;x), Jj=1,...d;. We denote by D; the connected
domain to the right of the contours T4 for j=1,...,d1 and by Dy the domain to the left of all contours.

J
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Figure 3: Example of the two possible choices for the domains of definition of @LO) (in the z-plane) in the
case dy =7

(See figure 3 for the case d; = 7.) The fundamental piecewise-analytic solution @ (2) defined in eq.

(3.1.3) then satisfies the jump equations

1 2imsctl mach? . Qimahde

N 0 1 0 0 N

o ()= 0 0 1 0 @ (), zel®, p=1,...,d, (3.14)
0 0 0 '
0 0 0 1

where the subscripts 4, _ denote the limiting values from the right or the left, respectively, with respect
to the orientation of the contour. Since we can arbitrarily deform the contours in the finite part of the
z-plane, we can, by retracting the dy contours to the origin arrange that the d; + 1 regions all become
wedge-shaped sectors. Using this freedom in the choice of the contours F;x), denote by L, p=0,...,d;
the oriented rays starting from the origin and going to infinity in the sectors Séz) defined in (2.1.4). From
this point on we choose the contours ng) as follows

T =L~ Ljoy, j=1,...,di. (3.1.5)
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In this way all the regions, including Dy, become wedge-shaped sectors (see Fig. 3). The corresponding

(equivalent) jump discontinuities are

1 2imd,y 2imt,s - 2imT,q,
N N 0 1 0 0 N
2,(2)| =Gu@ (a):=|0 0 Lo 0 e (@
&Ly 0 0 o -
0 0 0 1
Juj = sl — f I =0, dy, =1, dyy 20 = Bt = (3.1.6)

In order to formulate the complete RH problem, we need to supplement this discontinuity data with
the sectorial asymptotics around the irregular singularity at z = co and the Stokes matrices. In doing so
one should be careful that the lines L, for which the discontinuities are defined do not coincide with any

(=)

of the Stokes’ lines. We can always arrange this by perturbing the rays L, within the same sector Szz .

It should be clear that each of the piecewise analytic functions %(m) can alternatively be analytically
continued to entire functions, since the contours F;x) can be deformed arbitrarily in the finite part of the
z-plane. Therefore the “discontinuities” in the definition of the Hilbert integral are just apparent and
have an intrinsic meaning only when studying the asymptotic behavior at infinity. Indeed in the final
formulation of our Riemann-Hilbert problem we prefer to let the lines L, also play the roles of Stokes’

lines.

Proposition 3.1 (Sectorial Asymptotics) In each of the sectors around x = oo with boundaries given

by the Stokes’ lines L,, p=10,...,d1 and Ry, k =0,...2dy + 1 (defined right after (2.4.6)) the system

il B(2) = B(2) D, () (3.1.7)

dz

possesses a solution whose leading asymptotic form at x = oo coincides within this sector with the following
formal asymptotic expansion:

iNform(I) ~ e%T(x)I’VIGY(JJ%) (318)

where Y = Yy + O(m_l/d2) 1s a matriz—valued function analytic at infinity, Yy is a diagonal invertible

matriz (specified in the proof) and

da ,
d?t. do+1—3 .
T(z) := 20 e d Q%tl-i 4V (2)E 3.1.9
(z) ;dz_j+1x 1 () ( )
1] 0 N 0
0] w w2 . wi
2 4 2d,
we=| 0w & ew (3.1.10)
6 Wiz 2d2 L. yde?



N + 1 _ dy N 4+ _ da N — 1 4+ da
G = di —-N. 2 2 2 2 2 2 3.1.11
lag< ? d2 ) d2 ) ) d2 ( )
Q = diag(0,w,w?, ..., w1 wi2) | w .= e (3.1.12)
E := diag(1,0,...,0) (3.1.13)
_ 1 vy
tg = 2 t) = ———2 3.1.14
0 (Ud2+1) ’ 1 dy gyt ) ( )
1 i=1
t; = - yr:ego (VQ'(y)) %2 dy Jj=2,...,ds. (3.1.15)

Proof. In any given sector S bounded by the lines Ri_1 and Ry (eq. 2.4.6) we can choose a basis of
steepest descent contours i, k = 1,...,ds. The reason why the S;’s are Stokes sectors and the proper
construction of the steepest descent contours is delayed to the discussion of the Stokes’ matrices in Sect.
3.2. We Fourier-Laplace transform the quasipolynomials ¢, (y) along these contours in order to obtain
the functions gn(m) Notice that they are not necessarily the same as the previously introduced ﬂlk)(m)’s
since the steepest descent contours do not necessarily coincide with the contours Féy) defined previously.
However they are suitable linear combinations with integer coefficients of such Qik)(m)’s since the choice of
the steepest descent contours is just a different basis in the homology space of the y-plane. Now consider
the asymptotic expansions for

gilk)(m) = /dye_h_l(VE(y)_xy)an(y) . (3.1.16)

Y

Here we use the notation ¢ rather than ¢ to stress that these are Fourier-Laplace transforms along
contours of a homology class equivalent to SDC’s. The leading asymptotic term in the sector S is given
at the critical point of the exponent V5(y) — zy corresponding to the steepest descent contour 5. That

is, we must compute V2(y) — zy near a solution to:
Vi(y) —z=0 (3.1.17)

asymptotically as  — oo within the specified sector. Let us solve eq.(3.1.17) in a series expansion in the

local parameter at co given by one determination, A, of the ds-th root of x:

vd2+1yd2—|—vd2yd2_1—|—...:V2/(y) — =\ (3.1.18)
y(A) = A A (3.1.19)
=0

We then have the formulae (recalling A = (V5 (y)) %)

1

to = (Ud2+1)_d2 3

d 1 V' (y) 1wy
t] = )\ _— = — 2 - _ 2 ) )
LN y(’ )1,\ YY) YT T D v (3.1.20)
J— 1 -1 . .
tj = res S—q¥ (VdA = o= res (Vi(u) = dy. j=2...00.
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As before, denote by {yk(z)}r=0, d4,+1 the ds solutions of the equation Vi(y) = z, which are solved
in(3.1.20) by a series in the da-th root of . We then have in a neighborhood of z = oo

Va(y (%)) — 2yp () = _/x y(2')dz’ = —dy /A;(/\’)xdrldx =-> #A?H_j — ek, (3.1.21)
= 2+l —

where A; := w®X and ¢ is a constant depending only on the coefficients of V5 and the branch of the

solution yg(z). This formula is proved by taking the derivative (with respect to z) of both sides and

using the defining equation for yg(z). Notice that there is no logarithmic contribution since #4,41 = 0

as follows immediately from the residue formula (3.1.20). The different saddle points are computed by

replacing A with A\; := w® ). Substituting into the integral representation of the functions fff) (z), we get

1 "y
££lk)(éb) = \/h_/dye_ﬁ(h(y)_w)an(y) (3.1.22)
n Ik
Sk
~ e; e%f”yk@’)df’an(y@k))/Re—%"z”wk))”dt (3.1.23)
Ck
ehr = ' i 2mh
= " ye(a’)dz M)t 3.1.24
v e Arreny 2
Differentiating V3 (y(Ax)) = A% implicitly we obtain the relation
d )\kd2_1 . )
VI (y(Ar)) = 72’@1«) (3.1.25)
where y'(A) means differentiation with respect to A. Therefore we obtain
Inh | a1 - 222l
= hn )\k vd2+1d2
-1 27wh
B) () mo o= B (Valun () —aya(e))  Tn(Yk(2))
£ Ve \ V()
27h -1 2 2zl
~ d:; e (Valyr(e)) —own(e) \ = Fa5 2 (3.1.26)
1 1 [z zde’ 27Thyl(Ak) .
= mehf yr(z')d O'n(y()\k:)) W (3127)
c 7%2“_%)\ ni 1%7@@- AT (10 (AY) (3.1.28)
= T exp |+ AT + N 3.1.28
SRV P Lyt ’
where
Cpim et |20 (3.1.29)
Vi1 2 dy



Note that the full series (3.1.21) which should appear in the exponent of (3.1.28) has been truncated to

J < djy because the terms corresponding to j > ds + 1 contribute to negative powers in the exponential

and hence give a (1 + (’)()\_1)) term and, as remarked above, there is no term for j = ds + 1 since

td2_|_1 = 0

On the other hand the functions (;Sglo)(a:) have the following asymptotic expansion as x — co within
the D, sectors:

) A (Vi(s)—sy)
() 1= FV1(®) /dsdye o (y)

»xI (:b - 8)

~e Em_k 1/d3dys e~ hTVals)
_ e 1R (140 (571

¢ (y)

—n

(3.1.30)

N
Therefore the matrix of leading terms of ®(z) as defined in eq. (3.1.3) is given by

_ . Nty -
dz -N dz —N—dy
hN—1”d2+137d hNtd, 104,00 f
V- F PRI
. 1 1_da 1, d2
diag (1,C1,---Cyg,) e T(z) AV 7 NVt E
d d
AN Ag, N3t F
- e o J
da da
diag Va1 Va1

T e | (3.1.31)

The determinant of the Vandermonde-like matrix is very simple: by computing it along the first row
one realizes that only the first and last minors are not zero. Indeed for all other minors the corresponding

submatrix has the first and last column proportional. The first minor is a constant in x while the last 1s
of order =9, Therefore we can write

r N N Mtde  _N—d, |
hN_1 Vg %2 ® hNyd—1Vdpp %2 X 2
d d
/\1N—5—72 A -3+F
d d
A N-3—F AN HF
_1_4d2 _149%
L )‘dzN 2772 )‘dzN 3+ ]
_ o -
hN_lvd2_|_ d2 N0 . 0
d d
0 PYRAR - PR
_1_42 N_lpd2 _ . ¢
= 0 AV TEITE AT (14 0(27Y) (3.1.32)
_1_4d2 _144
L 0 g, A, N TEEE
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[ hN_lvd2_|_ di N 0 1
0 AN AN
1_dg 1, do
= 0 AN T ALVTIPE | 1+ 0@™Y) (3.1.33)
L 0 Ads 5% }‘dzN_%—i—d72 i
I 0 0
0 (_‘;N‘I'%_dT? WN_%‘l'dT?
—1o (WZ)N‘F%—% (WZ)N—%'F%Z
L 0 1 1
xdiag (hN g N AN E ..,AN—%+1—2) (1+0("Y) (3.1.34)

When inserting this into the asymptotic form, we see that, up to factoring the constant invertible (diag-

onal) matrix on the left
diag(1, CuwNt 3=, Cou®(NH1/2-42/2) L. ¢,y (3.1.35)

which is irrelevant for the asymptotics and depends on IV in a rather trivial manner, we obtain a solution

with the asymptotic form

N 1 df)t datl— ol .
D :orm(T) ~ — EV o —j W
@jom () = o0 | V() + 3 T
_dﬂ _ Nty
A 1_da _1l44 VdoH1 2 Ud2+1 2 -1
xdiag (hN Vagp e N ANHEF L AN-S 2)d1ag , (1+0(7Y)
Vhn-1 " /ANty

_ N1

FT@W diag | \/hy_z—N, 2z AV Udﬁl_N;? N (1+0(\)
= 1a, N-1Z s R
' vhy PNy,

_N41 _ NAdg

1 _ . Va2 Vd -
—WT(2)W™1 ) 2%d hn_1, —2 1+0(0\ 1)), 3.1.36
o (FWTW ) 2 lag(\/m H W)( YOO, (3130)

where W is the matrix defined in eq. (3.1.10). Note that W~1QW is just the permutation matrix (in
the subblock). Q. E. D.

3.2 Stokes Matrices for the Fourier—Laplace transforms

N
The fundamental solution of the system D, is formed from ds Fourier-Laplace transforms Q(k)(a?), k=

N
1,...ds, and one Hilbert-Fourier-Laplace transform Q(O)(CL‘). The asymptotic behavior of the dy FL

transforms is analyzed by means of the steepest descent method in each of the sectors 8, k = 0,...2dy+1

N
(2.4.6), while the behavior of the (piecewise) analytic function Q(O)(aj) is obtained (in each D,) from eq.
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(3.1.30). The computation is achieved by expressing the change of homology basis from the F(ly), ceny ngz)

contours to the steepest descent contours. In order to simplify the analysis of the Stokes matrices we
point out that there is no essential loss of generality in assuming Va(y) = yd2+1ﬁ. Indeed, we are
concerned with just the homology classes of the SDC’s, and as # — co the dy solutions of the equation
V5 (y) = = entering Def. 2.4 are distinct and asymptotic to the dy roots of z (up to a nonzero factor). The
particular choice of the leading coefficient is also essentially irrelevant. If we choose a different coefficient,
we must just appropriately rotate by ¥ = arg(vg,+1)/(dz + 1) counterclockwise in the pictures to follow,

but without any essential difference. Therefore, we proceed with v4, 41 set equal to unity.

With these simplifications, the Stokes phenomenon can be studied directly on the integrals

_l(ﬂ_ ) 1 z0+1 :
/dye - |:L=|E/dz exp [—A <d—+—1 —ew‘z)] , (3.2.1)

1 1
A= E|:p|d_:i+— , a:=arg(z), (3.2.2)

where

and, in order to avoid too many subscripts in the formulae to follow, we have here, and for the remainder
of this section, have set d = dy. Disregarding the positive factor |:L‘|31, which 1s inessential for these

considerations, the integrals in (3.2.2) can be written as

d+1 ) d
/dz exp [—A <;+1 - emz)] = /dse_Asd—z, (3.2.3)

where z = Z(s) is the D + 1-valued inverse to

s=8(z) := —e'%2, 2= Z(s). (3.2.4)

Tt defines a (d + 1)-fold covering of the s-plane branching around the points (z,s) whose projection on

the s-plane are the d critical values

d @+de 2im
i 7

s(j)zs(j)(a):—d+1e w' wi=ed |, j=0,....,d—1. (3.2.5)

cr cr

In realizing this d 4+ 1-fold covering, we take the branch cuts on the s-plane to be the rays S(s) =
%(3({«)) =const, extending to £(s) = +00. As A — +oo the integrals (3.2.2) have leading asymptotic
behavior that depends only on the critical values of the map s(z) and on the homology class of the
contour.

We now return to the computation of the Stokes’ lines. By the definition of the SDC’s =5 (Def.
2.4, with V3(y) now taken as just y?*'/(d + 1)), their image in the s-plane consists of contours which
come from R(s) = +oo on one side of the branch-cut (and on the appropriate sheet) and go back to
R(s) = +oo on the other side of the branch-cut, on the same sheet. (For the SAC’s, we choose cuts

extending to R(s) = —o0.) The cuts on the s-plane may overlap only for those values of o = arg(z) for
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which the imaginary parts of two different critical values sgi)(a) and sgj)(a) coincide. A straightforward
computation, with our simplifying assumptions on V5(y), yields the lines separating the sectors Sk to be

those defined in eqs. (2.4.6) (with dy replaced by d and 9 = 0).
We also need the following.

Definition 3.1 For a given sector S, of width A < =, centered around a ray arg(z) = «q, the dual

sector 8V is the sector centered around the ray arg(z) = —aqg + m, with width m — A.

(¥)»

For z — oo in each sector the SDC’s are constant integral linear combinations of the contours I';”’’s. When
x crosses the Stokes line between two adjacent sectors, the homology of the SDC’s changes discontinuously.
We denote the SDC’s relative to the sector S by 'y](»k), j=0...d—1, and denote the column vector with
these as entries :y'(k), and similarly, let T denote the column vector with entries {F;y)}jzlmd. Denoting

the matrix of change of basis by Cj, we have
%) = 4T, Cy € GL(d, Z) . (3.2.6)

Our first objective is to compute these matrices Ci. For each fixed generic o (i.e. away from the
Stokes’ lines), we can construct a diagram (essentially a Hurwitz diagram) which describes the sheet
structure of the inverse map z = Z(s). We draw d + 1 identical ordered d-gons each representing a
copy of the s-plane and whose (labeled) vertices represent the projections of the d critical values sg).
Two vertices with the same label of two different d-gons are joined by a segment if the two sheets are
glued together along a horizontal branch-cut originating at the corresponding critical value and going to
R(s) = 4+oo. Since all the branch-points of the inverse map are of order 2, there are at most two sheets
glued along each cut. Furthermore we give an orientation to the segments (represented by an arrow) with
the understanding that this gives an orientation to the corresponding SDC. The convention is that an
arrow going from sheet j to sheet k means that the SDC runs on sheet j coming from £(s) = +oo below
the cut and goes back above the same cut (or, what is “homologically” the same, the contour runs on
sheet k coming from 400 above the cut and returns to +oo below it).

The diagram can be uniquely associated to a matrix Qg of size d x (d 4+ 1), in which each row
corresponds to a SDC and each column to a sheet. The matrix element (Q);; is taken to equal:

—1 if the ¢-th SDC points to the j-th sheet,

1 if the i-th SDC originates on the j-th sheet,
0 otherwise.

Hence each row of the matrix has exactly one +1 and one —1 entry.

33



Figure 4: Example of the sheet structure for the case d = 11, @ = 0. The contours depicted in the figure
are the SDC’s in the z plane. The second image represents the contours after incrementing « by 7/6, i.e.,
after crossing two Stokes lines. The labeling of the contours (smaller numbers in the top figures) is by the

subscripts of the ~4’s and 4’s passing through the critical points zé,’f) = ¢! Tw*. This also corresponds
to the numbering of the vertices of the endecagons representing the critical values sgﬁ) = —%e%—_lo‘wk.

The different sheets of the s-plane are mapped onto the connected components in which the z-plane 1s
cut by the SDC’s. These are the images in the z-plane of the cuts in the s-plane. The labeling of each
sheet 1s given by the boldface numbers and corresponds to the labels inside the endecagons appearing in
the extended Hurwitz diagrams below the corresponding z-planes. The intermediate Hurwitz diagram
represents the gluing of the sheets after crossing the intermediate Stokes line, i.e., after incrementing «

by w/12.

In Fig. 4, we indicate, for the case d = 11, a = 0, the SDS contours and sheet structure represented
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by the extended Hurwitz diagram. The matrix corresponding to this diagram is:

1 23 456789 10 11
—1 0]

OO OO OO = O~ PO

OO O OO OO~ Pk OO

OO OO OO ok O oo

OO OO OO OO oo
|
O OO OO R OO O OO

Qo :

OO OO OO o OoOo

coorRro0o0O0O0 OO
|

corRrocoo0c0oo0O0O0 OO
OO~ W — O

—_

w

o

-~

=

O PR PR OO OO O

—_ O OO R OO0 OO~ O
DO O OO~ OO O~
— O, OO OO oo

—_
o

where the boldface numbers labeling the columns are the corresponding labels for the sheets, while the
numbers labeling the rows are the labels of the SDC’s. Since a = arg(z) ranges within a fixed sector S,
the diagram does not change topology and the corresponding matrix g remains unchanged.

We can now describe how a given diagram changes when o = arg(z) crosses the line between two
adjacent sectors S, and Sgy41 (counterclockwise). These lines correspond precisely to the values of « for
which two distinct critical values have the same imaginary parts (so that the cuts may overlap if they
are on the same sheet). We leave to the reader to check that these lines are precisely the boundaries of
the Stokes sectors Sy defined in eq. (2.4.6). As « increases by 7/(d + 1) from S to Sg41. the d-gons
rotate by 7/d. In this process the connections between the sheets change according to the following rule:
if the branch-point P; on sheet r crosses the cut originating from a different branch-point P, on the
same sheet (on the left of P; on sheet 7, and hence P; crosses the cut from below as it moves upwards),
then the P; (and its cut) jumps to the sheet s which is glued to sheet r along the cut originating at
Pp, (see Fig. 5). Diagrammatically, the tip (or the tail) of the corresponding arrow moves from one
d-gon to another one connected along the vertex h. In terms of the matrix Qg, the j-th row reflects
along the hyperplane orthogonal to the h-th row. The homology class of the SDC ng) will then change
because the branch-cut attached to P; which “emerges” from the branch cut attached to P, “extracts” a
contribution proportional to 'y(»k)

J

The corresponding SDC’s ’y](»k) and ’y}(lk) are related to the SDC’s 'y](»k+1) and 'y,(f+1) by the relations

. The proportionality factor is +1 depending on the relative orientations.

Y =4
(3.2.8)
k+1 k k
=95+ eny”

where the incidence number €,; = €;5 is 1 if the SDC’s 'y](»k), ’yék) have the opposite orientation and —1 if

they have the same orientation. Alternatively, the incidence number is just the (standard) inner product

of the corresponding rows h, j of the matrix Q.
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Figure 5: The crossing of two critical values and the corresponding cuts.

We denote by My the d x d matrix which expresses the changes in the SDC’s described by eq. (3.2.8)
through the relation
FEHD) = A5 (3.2.9)

These will be seen presently to be precisely the Stokes matrices for the passage between these sectors.

One can check that the matrices Q and Qx41 are related by
Qrpr = ML Qy (3.2.10)

Therefore we can reconstruct the matrices My once we have an initial diagram representing the sheet
structure.

Before constructing the initial diagram, we note that when « increases by 27/(d + 1) (i.e. when we
cross two Stokes lines), the steepest descent (unoriented) contours are like the original ones, but rotated
by the same amount clockwise. That is, the unoriented diagram (i.e. forgetting the orientation of the

SDC’s) is the same, up to cyclically permuting the labels of the (d + 1) sheets and the d cuts. Note also

that the critical points rotate by ﬁ and the critical values by 27” counterclockwise. Indeed we have
2 d+1 . ;_2m ;_2m
5<z;a+ d—i——ﬂ-l) = ;+1 — 'Yz = s(e" I 2z @) . (3.2.11)
(d-1)

As for the orientation of the SDC’s relative to the new labeling, the d-th SDC passing through zer
reverses its orientation relative to the (oriented) SDC’s obtained by just rotating the initial SDC’s (see
Figure 4). This implies that the matrices @i representing the diagrams in the various sectors and the

Stokes’ matrices M}, satisfy the recursion relations

Qr2 =p ' QxGay1 , Myyo=p-My-p~' (3.2.12)
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00 0 1 0 0 0 -1
10 00 10 00
Gupr=| 0 1 0 0learLd+1,2z), p=|01 0 0| e GLd,z)
00 0 : 0 0 00
00 10 0 0 10
It is therefore only necessary to compute Qq, Q1 and My, M.
Notice also that the wedge contours F;-y), j=20,...,d are in 1 — 1 correspondence with the sheets

of the map Z(s). Indeed, each connected component to the right of the wedge contours contains only

()

one sector S2k+

1 in the z-plane which corresponds to the sector ®(s) < 0 in the s-plane. Thus, the same

argument used to arrive at the recursion (3.2.12) proves that

Ck+2 = ka P s (3213)
11 eee—1-1
1 0 0 0
p=|01 0 01 eGLd,7),
0 0 0 0
0 0 1 0

where both the matrix G441 in eq. (3.2.12) and P in eq. (3.2.13) generate a representation of the cyclic

group Zg41 (although P is of size d x d). The matrix P is just the generator of Z441 on the “wedge”
(v) —

contours; i.e. with the additional constraint Z?:o r;

We now describe how to derive the initial diagram - for example, how Figure 4 is obtained. We start

by noting that the “wedge” contours F,iy) enclose the sector Sgi_1 of width 7/(d 4+ 1). Tt is to see that
the corresponding integrals are (more than) exponentially decreasing in the dual sector, since

< exp (|m|M)/ SIS dy , (3.2.14)
r

/ - %(yd+1/(d+1)—xy)dy
Fiy)

(v)
k

where M is the supremum of - R(zy) as y goes along Fliy). Now the contour F,gy) can be deformed so as

=
to approach the sector S;i)_l lasl closely as we wish. Then the constant M is finite and negative if z lies
within the dual sector Sliy)v.

We now consider the case of odd d, leaving the easy generalization to even d’s to the reader. (The
only difference is that for odd d, o = arg(z) = 0 is not a Stokes’ line. To study the case even d case, one
should choose a convenient initial value of & (e.g. @ = € € 1 or & = m/2(d + 1), which corresponds to an
anti—Stokes line).

Let us start with the (non-Stokes) value & = 0 and focus on any of the SDC’s attached to a critical
value lying in the right s-plane for this value of @ (remembering that d is assumed to be odd). Since

the real part of such a critical value is positive, the corresponding integrals decrease as exp(—d_%ij),

(A= %|m|ﬁd—_l) i.e., they are (more than) exponentially suppressed on the line z € R;. As we increase
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«, the d-gons rotate by d‘!'Tla counterclockwise. Tt should be clear (from the previous description of the
change of homology of the SDC’s) that the SDC’s attached to such critical values do not change homology
class while they remain in the right half of the s-plane. This is so because there are no branch points to
their right which can pass through the branch-cut through the given saddle point (which extends to the

right) as « is increased. Therefore the corresponding integrals are exponentially suppressed as long as a

ranges in a corresponding sector of width d%ﬁ =7r— di—lﬂ'. This is precisely the width of the dual sector
to a sector of width d%; i.e., the width of any of the Séz)_l_l’s. By careful inspection of the anti-Stokes

lines for these integrals®, which correspond to the value of a for which the corresponding critical value is

(¥)

real and positive, one concludes that they coincide with an appropriate I';’’ in the left half of the z-plane.
This argument proves that all “wedge” contours Fl(cy) lying in the left plane are homological to SDC’s.
(These are the SDC’s in the left z-plane in Figure 4.)

We then take the first critical value lying in the left half of the s-plane (in Figure 4, the SDC number
9). As we increase « so as to move this critical value to the right half of the s-plane, the corresponding
SDC can acquire a contribution only from the first SDC in the left half-plane (number 8 in our example).
As a consequence the corresponding integral is exponentially suppressed in a sector of width = — 2d_7|r_—1.
Considering its anti-Stokes line and its linear independence from the previously identified SDC’s, we
conclude that it must enclose two odd-numbered sectors Sax 41 and Sax 43 (in our example this is contour
9). Proceeding this way we can easily identify the homology classes of all SDC’s for a = 0.

The labeling of the sheets is largely arbitrary. (The choice we have made in the fig. 4 is just for
“aesthetic” reasons). The fixed basis of contours F(»y), t=1,...d and the bases 'y](»k), j=0,...d=1k=

0,...2d 4+ 1 are related by

F*) = ¢, T = My_q -+ - MoC,T (3.2.15)
0 = ¢yl . (3.2.16)

Therefore only the matrices My and the first change of basis matrix Cy are needed. The matrix Cy
can easily be constructed from the initial sheet structure. For our present purposes it is not actually
necessary to have its general form, since the objects of primary interest are the Stokes matrices, which

will be seen to be just the My’s. But to illustrate by example the form that Cy takes, within the basis

6 The anti-Stokes’ line for exponential integrals of the type of Def. 2.4 are the lines along which the integrals are most
rapidly decreasing as |z| — co.
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we have chosen, for the case d = 11, 1t is:

Co = (3.2.17)

DO DD DOD DO OO OO
OO OO OO OO O
OO OO OO OO =
OO OO OO O ==
OO OO OO = OO
OO DO OO~ OO OO
DO OO, OO OO oo
—_ OO =) OO OO o oo
—_—_—_ 0 OO OO o oo
—_—_ 0 OO OO OO o oo
—_ O O O OO O O O oo

It is not difficult to give an explicit description of the matrices Qg, @1 and My, M7 but, for the sake of
brevity, we will not give it here. It consists of a lengthy but straightforward calculation, which leads
to the matrices in Table 1 (listed for the cases d = 2,...,11), where one can clearly extrapolate to the

correct rule.

We now turn our attention to the Stokes matrices. Consider the subblock of the fundamental system

corresponding to solutions of the D; ODE given by the Fourier-Laplace transforms. If we denote by
N

Y (z) the dy x dg such block whose rows are the integrals of ¥(y) on the contours Fliy), and by Y (z) the

analogous matrix obtained by integrating over the SDC’s, we have
Yy (z) = CrY (2). (3.2.18)
The Stokes matrices are then given by
S =Y Vil =Crpi G = My, . (3.2.19)

These are just the matrices expressing the relative change of homology basis of the SDC’s corresponding
to two consecutive Stokes’ sectors.

In order to complete the description of the Riemann—Hilbert problem, we need to also consider the
extra solution given by a Hilbert—Fourier-Laplace transform. In doing so, we extend the previously
computed Stokes matrices My to the full fundamental system of dy + 1 solutions by means of

— 1] o0 o
M, = [ AR ] . (3.2.20)

Summarizing the whole discussion, we have proved the following theorem.

N
Theorem 3.1 (Riemann—Hilbert Problem) There ezists a fundamental system of solutions, ®(x)

which is analytic where defined, with the properties:
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1. In each of the sectors around x = oo defined by removing the lines L,, p = 0,...d; and Ry,
N
k=0,...,2dy+ 1, ®(z) exists, is analytic and invertible, and it can be normalized on the left by a

N
constant matriz to have the same asymptotic behavior as ®orm (z) defined in Proposition 3.1.
2. Crossing the lines L, the corresponding Stokes matriz is given by G, as defined in eq. (3.1.6).

3. Crossing the lines Ry the corresponding Stokes matriz is given by M\k in eq. (3.2.20), constructed

according to the algorithm described in section 3.2.

L,
S
Sy 8 Ss
L, Sg Sa
S L 1
So
S
S10 2
Su S1
L
4 So L0
S12
S13 S23
S1a S22
Sa1
L, S15 L,
S16 S20
S17 Sig S19
L

Figure 6: Example of the structure of Stokes sectors and discontinuity lines L, (which can equivalently
be viewed as Stokes lines) in the z-plane for the case dy = 7 and d2 = 11 and both leading coefficients of
the potentials real and positive.

For an example of all Stokes’ sectors and lines see Fig. 6 and for examples of explicit Stokes’ matrices
My, My from which all the others are computed easily, see Table 1.

We conclude this section with the remark that in the formulation of Theorem 3.1 the lines L, were
viewed as Stokes’ lines. However, we could alternatively have formulated an equivalent Riemann—Hilbert
problem, in which the lines L, define discontinuities, according to eq. (3.1.6), by retaining a fixed choice
of the contours of integration along the boundaries of the wedge sectors, thereby giving rise to genuine

jump discontinuities across the boundaries.
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4 Summary and comments on large N asymptotics in multi-
matrix models

A complete formulation of the Riemann—Hilbert problem characterizing fundamental systems of solutions
to the differential - recursion equations satisfied by biorthogonal polynomials associated to 2-matrix
models with polynomial potentials is provided in Theorem 3.1. The approach derived here can also be
extended quite straightforwardly to the case of biorthogonal polynomials associated to a finite chain of
coupled matrices with polynomial potentials, following the lines indicated in the appendix of [2].

The Riemann-Hilbert data, consisting essentially of the Stokes matrices at co, are independent of
both the integer parameter N corresponding to the matrix size and the deformation parameters deter-
mining the potentials; that is, the fundamental solutions constructed are solutions simultaneously of a
differential-difference generalized isomonodromic deformation problem. This provides the first main step
towards a rigorous analysis of the N — oo, AN = O(1) limit of the partition function and the Fredholm
kernels determining the spectral statistics of coupled random matrices (essential, e.g., to the question of
universality in 2-matrix models). Such an analysis should follow similar lines to those previously success-
fully applied to ordinary orthogonal polynomials in the 1-matrix case [6, 17, 19, 20, 10, 11]. The main
difference in the 2-(or more) matrix case is that in the double—scaling limit the functional dependence
of the free energy on the eigenvalue distributions is not as explicit as in the I-matrix models [23, 18].
It 1s also clear that the hyperelliptic spectral curve that arises in the solution of the one-matrix model
must be replaced by a more general algebraic curve, which arises naturally in the spectral duality of the
spectral curves of [2] (cf. [14]).

In order determine the large N asymptotics with the help of the data defining the Riemann-Hilbert
problem, one should begin with an ansatz that can be checked a posterior: against the given case. In the
1-matrix case [10, 11], this was provided by means of hyperelliptic ©@-functions. The physical heuristics
and the basic tools for generating such ansatz were also given in [7, 14, 23, 18]. Much of of these heuristics

can be extended to the 2-matrix case [4], and this will be the subject of a subsequent work [1].

A Appendix: Convergent integral representations of ¥(z)

In this appendix, we indicate how to overcome the problem in the formal definition of eq. (2.3.15),
illustrated through an example. The idea follows that used in [21] for the case of cubic potentials’.

As discussed in section ¥(%)(z), a natural approach to finding solutions of eq. (2.2.7) would be to
take the inverse Fourier—Lapoface transform of the function

L — 3 (Vi(z)—at)
WO (y) = o#V20) / dar dt & () (A-1)

o] 2 y_t

"We wish to thank A. Kapaev for pointing out the problem of divergent integrals appearing in an earlier version of this
paper, and for helpful discussions. The approach outlined here, for potentials of arbitrary degrees, will be the subject of
further work, and the results detailed in a subsequent, joint publication
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~(y).

along the anti-wedge contours I',”’. Eq. (A-1) defines a piecewise analytic function in the domains

C,\ U W = U Dy, (A-2)

(¥)

with jumps across the I';”’ given by

GO (yy) — ¥ (y_) = Z“TE%] kA , yer®, (A-3)

However, either retaining this definition or modifying it through analytic continuation leads to a divergent

integral when the Fourier-Laplace transform is applied. In order to resolve this difficulty, the idea is to

consider a suitable contour approaching y = oo within the odd-numbered sectors S@Szk+1) and define a

locally analytic function in a neighborhood of this contour so as to render the Fourier-Laplace transform
convergent.

A general approach resolving this problem is not needed for the results presented in this paper since,
as pointed out, the Riemann-Hilbert problem for lJI\;(CL‘) is more simply obtained by means of duality

(Remark 3.1). Therefore, we just give an indication of how to proceed by means of an example.

A.1 An Example: d; =7,dy, =4

The example we consider consists of two potentials V;(z) and Va(y) of degrees 8 and 5 respectively, both
with positive real leading coefficients. We refer to Fig. 7 as the “the figure” throughout this section. The

S@Sk) sectors are the light-shaded ones while the Séj) are the darker-shaded ones. Fix an asymptotic ray
(5)

£; with arg(y) = ag(= 7) within an odd-numbered sector, in our example S&”’, and an € sector around

it. Let £ be the dual sector, i.e., the sector centered around 7 — ag(= 0) with width 7 —e. Any of the

() —My
)

functions (J)( ) whose wedge contours T'}"’ lie in the sector £ decay faster than any exponential e

on the given ray £;. These are the sectors S£1’3’13’15) in Fig. 7. Fix another ray £z within a different

(2k+1)

odd-numbered sector Sy in such a way that the dual sector to the e sector around £z (denoted by

R) contains all but one of the remaining sectors S£2j+1). In the choice shown in the figure fz lies in

Séy) and the sector R contains the sectors S£«7’9’11). Finally, fix a contour T which goes off to infinity
asymptotic to the two rays £;, fr (as in figure).

With these choices, redefine the duality pairing according to the following rule:
(1) In the z-plane use as basis only the contours T'™) which fall within one or the other of the sectors

J
L, R. In our example this leaves out contour Fgf), which has not been drawn in the figure.
(y)

(i1) In the y-plane use a basis in which the contours T intersect only one of the I';”’s. In our example this

would leave out either ng) or Féy) and we have chosen the latter.
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(Left,Right)(

Figure 7: The figure illustrating the definition of © y). The contour [ must approach oo

(v)

within the sectors SQZ_H

E(O) in the definition of @(Left) (@(Right)) must correspond to sectors Séﬁq which fall in the dual sector

’s (lighter shaded) and asymptotic to the two rays £z,¢r. The terms added to

o0

L (R) indicated by the dashed (dash-dotted) arc.

Note that we can accomplish an equivalent duality pairing using such bases by exploiting the homo-

logical equations
ds ds
S =31 =0 (A-1-1)
7=0 k=0

Indeed, using the homological equation (A-1-1), one can avoid one contour and redefine the s’s:

M= 3 T W = N e ), (A-1-2)
i#0,j20 i#3,j20
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where 3¢*7 in this example would be

S0 = — BT £ 3,0, 20 = 3 (A-1-3)
Now define the wave-vector
" (y) =¥ (y) —2in Y F? \If = ¥ (y) — 2ir Y~ ZP \I! (A-1-4)
e 00 i=0,1,2,7 oo iel,

()

for y belonging to the part of T inside contour I'y”. (Note the transposition of row vectors to column

vectors.) In eq. (A-1-4) in general I would be the set of indices j corresponding to the contours ng)

contained in sector £. Note that this function decays on the ray £, because £, is in the dual sector of

all the ¢/ entering eq. (A-1-4). Moreover the piecewise analytic function w0 decays exponentially in
(o] [ee]

(y)

each sector S,
As we cross the contour F(y) along T, by virtue of the jump condition (A-3), the function @~/ (y) is

analytically continued to the function

@™ (y) = WO (y) + 2imy P WU (y) 1= WO (y) + 2in Y 3P W (y) (A-1-5)

oo . e} . [ele}
JjE€L j=4,5,6

which, due to the choices made above, also decays along the asymptotic direction £ . The two functions

@LeftRight (1) define together a function @f(y) which is (locally) analytic in a neighborhood of the

contour T' and decays sufficiently fast in either direction to allow us to take an inverse Fourier-Laplace

transform using

O\Ilo(f)(:n) = /f dye™ % g@(y) : (A-1-6)

This wave-vector is a solution of egs. (2.2.8), (2.2.40) and (2.2.41) as we now show. The equations

yg(f)() PGF) {\/_e ]t (A-1-7)

- . t
hd, 0 (y) = Q@D (y) + Wi [\/ hoetV2®),0,... ] (A-1-8)
hdy, 00 (y) = UK ®<f)(y) (A-1-9)
- - J _ . t
ho,, @ (y) = v oM (y) - ! u [\/hoeﬁvﬂw, 0,.. ] , (A-1-10)
are satisfied as a consequence of the similar equations for g(o)(y) and g(k)(y), k=1,...d;. From these,

eqs. (2.2.8), (2.2.40) and (2.2.41) for \Il(f)(l‘) follow from standard manipulations of the inverse Fourier—
Laplace transform which are now made rigorous by the convergence of the integral. In particular this

solution of (2.2.8) is associated with the function

FO(z) = /~dye%<V2<y>—“/) . (A-1-11)
T



One should repeat the scheme outlined here for other contours T as well, until they span the same ho-
mology space spanned by the antiwedge contours {f;y)}, so as to obtain a basis of solutions to eq. (2.2.7).

Just to complete the given example we indicate how to choose the other contours and corresponding bases:

1. The contour asymptotic to the rays arg(y) = —= and arg(y) = /10 4+ €. The basis on which to
re-define the coefficients s¢ (which we now denote by ) is given by FZ(»I) X ng)’ t#6,j7#1and

the wave vectors are given by

®Left(y) — E(Ow(y) — % Z 343 g(i)yf(y) (A-1-12)
o0 o0 i=0,1,2,7
O (y) == WO (y) 4 2imy " B WI(y) (A-1-13)
o o j=3,4,5 *

2. The contour asymptotic to the rays arg(y) = 7/2 + € and arg(y) = 37/2 — €. The basis on which
to re-define the coefficients s is given by Fl(x) X ng)’ 1#£ 3,5 #4.

OLeft(y) — 2(0),73(3/) _ Qiﬂ.z 52 g(i))t(y) (A-1-14)
e o i=0,1,4
@Rt (y) = WO (y) 4 2im Y 2w (y) (A-1-15)
e oo j=5,670

3. The contour asymptotic to the rays arg(y) = m/2 + € and arg(y) = 177/10+ €. The basis on which
to re-define the coefficients s is given by FZ(»I) X I‘;y), i#£0,5#0.

®Left(y) — 2(0),7:(:!/) — % E 52 g(i),t(y) (A-1-16)
o0 o0 i=1,234
@M (y) 1= WOV (y) + 2im Y 22 W (y) (A-1-17)
o 0 j=5,6,7

We leave the details of the general case to subsequent work.
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