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Preface

This work develops a general framework for the asymptotic analysis of systems of polynomials orthogonal
with respect to measures supported on finite sets of nodes. Starting from a purely discrete interpolation
problem for rational matrices whose solution encodes the polynomials, we show how the poles can be
removed in favor of discontinuities along certain contours, turning the problem into an equivalent Riemann-
Hilbert problem that we analyze with the help of an appropriate equilibrium measure related to weighted
logarithmic potential theory. For a large class of general weights and general distributions of nodes (not
necessarily uniform), we calculate leading-order asymptotic formulae for the polynomials, with error bound
inversely proportional to the number of nodes. We obtain a number of asymptotic formulae that are valid
in different overlapping regions whose union is the entire complex plane. We prove exponential convergence
of zeros to the nodes of orthogonalization in saturated regions where the equilibrium measure achieves a
certain upper constraint. Two of the asymptotic formulae for the polynomials display features distinctive of
discrete weights: one formula (uniformly valid near the endpoints of the interval of accumulation of nodes
where the upper constraint is active) is written in terms of the Euler gamma function and another formula
(uniformly valid near generic band edges where the upper constraint becomes active) is written in terms
of both Airy functions Ai(z) and Bi(z) (by contrast Ai(z) appears alone at band edges where the lower
constraint becomes active, as with continuous weights). We illustrate our methods with the Krawtchouk
polynomials and two families of polynomials belonging to the Hahn class. We calculate the equilibrium
measure for the Hahn weight.

We then use our results to examine several relevant application problems. We investigate universality of
a number of statistics derived from discrete orthogonal polynomial ensembles (discrete analogues of random
matrix ensembles) using asymptotics for the discrete orthogonal polynomials. In particular, we establish
the universal nature of the discrete sine and Airy kernels as models for the correlation functions in certain
regimes, and we prove convergence of distributions governing extreme particles near band edges to the
Tracy-Widom law. We apply these results to the problem of computing asymptotics of statistics for random
rhombus tilings of a large hexagon. This problem is described in terms of discrete orthogonal polynomial
ensembles corresponding to Hahn-type polynomials. Therefore, combining the universality theory with our
specific calculations of the equilibrium measure for the Hahn weights yields new error estimates and edge
fluctuation phenomena for this statistical model. We also apply our theory to obtain new results for the
continuum limit of the Toda lattice, including strong asymptotics after shock formation.

J. Baik was supported in part by the National Science Foundation under grant DMS-0208577. T.
Kriecherbauer was supported in part by the Deutsche Forschungsgemeinschaft under grant SFB/TR, 12.
K. T.-R. McLaughlin was supported in part by the National Science Foundation under grants DMS-9970328
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Normal Superieur, Paris, for their kind hospitality. P. D. Miller was supported in part by the National
Science Foundation under grant DMS-0103909 and by a grant from the Alfred P. Sloan Foundation.
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Chapter One

Introduction

1.1 MOTIVATING APPLICATIONS

The main aim of this monograph is to deduce asymptotic properties of polynomials that are orthogonal with
respect to pure point measures supported on finite sets and use them to establish various statistical properties
of discrete orthogonal polynomial ensembles, a special case of which yields new results for a random rhombus
tiling of a large hexagon. Throughout this monograph, the polynomials that are orthogonal with respect to
pure point measures will be referred to simply as discrete orthogonal polynomials. We begin by introducing
several applications in which asymptotics of discrete orthogonal polynomials play an important role.

1.1.1 Discrete orthogonal polynomial ensembles

In order to illustrate some concrete applications of discrete orthogonal polynomials and also to provide some
motivation for the scalings we study in this book, we give here a brief introduction to discrete orthogonal
polynomial ensembles. More details can be found in Chapter 3.

General theory

In the theory of random matrices [Meh91, Dei99], the main object of study is the joint probability distribution
of the eigenvalues. In unitary-invariant matrix ensembles, the eigenvalues are distributed as a Coulomb gas
in the plane confined on the real line at the inverse temperature 8 = 2 subject to an external field. In
recent years, various problems in probability theory have turned out to be representable in terms of the
same Coulomb gas system with the condition that the particles are further confined to a discrete set. Such
a system is called a discrete orthogonal polynomial ensemble. More precisely, consider the joint probability
distribution of finding k particles at positions z1,...,x; in a discrete set X to be given by the following
expression (we are using the symbol P(event) to denote the probability of an event):

p®F)(x1, ..., x1) :=P(there are particles at each of the nodes z1,...,zx)
k
1 (1.1)
A T @—=)* [Jw),
1<i<j<k j=1

where Zj, is a normalization constant (or partition function) chosen so that

Z p(k)(xla"'axk):]"

1< <Tg
r;€X

Note that the particles are all indistinguishable from each other.

Discrete orthogonal polynomial ensembles arise in a number of specific contexts (see, for example, [BorO01,
Joh00, Joh01, Joh02]), with particular choices of the weight function w(-) related (in cases we are aware of)
to classical discrete orthogonal polynomials. For instance:

e The Meixner weight

M — N
w(m):(x—i_ )qz, forx=0,1,2,...,
x
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arises in the directed last-passage site percolation model in the two-dimensional finite lattice Zy; X Zy
with independent geometric random variables as passage times for each site [Joh00]. The rightmost
node occupied by a particle in the ensemble, Ty := max;z;, is a random variable having the same
distribution as the last passage time to travel from the site (0,0) to the site (M — 1, N —1).

e The Charlier weight
forx=0,1,2,...,
arises in the longest random word problem [JohO1].

e The Krawtchouk weight

N -1
w(l‘)=< . )pqu_l_r, forz=0,1,...,N — 1,

arises in the random domino tiling of the Aztec diamond [Joh01, Joh02].

e The Hahn weight

N-1+8-
w(x):cl'a)( N_l“f@f”), for z =0,1,2,...,N — 1,

arises in the random rhombus tiling of a hexagon [Joh01, Joh02]. See also §3.4 for more details.

The first two cases (Meixner and Charlier) are examples of the Schur measure [BorO01, Oko01] on the set
of partitions. On the other hand, in special limiting cases the Meixner and Charlier ensembles both become
the Plancherel measure, which describes the longest increasing subsequence of a random permutation’
[BaiDJ99, BorOO00, Joh01]. Clearly it would be of some theoretical interest to determine properties of the
ensembles that are more or less independent of the particular choice of weight function, at least within some
class. Such properties are said to support the conjecture of universality within the class of weight functions
under consideration.

As is well known in random matrix theory [Meh91, TraW98], many quantities such as correlation functions
and gap probabilities are expressible in terms of the polynomials that are orthogonal with respect to the
weight w. In a similar way, the asymptotic study of discrete orthogonal polynomial ensembles is translated
to the asymptotic study of discrete orthogonal polynomials. In many applications, the parameters of the
weight are varying, and at the same time the location of the particle of interest also varies. For example,
in the Hahn case, the interesting case turns out to be when N — oo and the location of a particle is
scaled as © = aN + € or & = aN + £N'/3 for some constant a > 0. Equivalently, upon scaling by
1/N, the discrete set X/N asymptotically fills out an interval, while z/N scales as /N = a + {/N or
/N = a+ EN~2/3. Under this scaling limit (Plancherel-Rotach asymptotics), the asymptotics of Meixner,
Charlier, and Krawtchouk polynomials were obtained using integral representations [IsmS98, Joh00, Joh02].
However, even though the Hahn polynomials are also classical polynomials, their integral representation does
not seem to be so straightforward to analyze asymptotically using the classical steepest-descent method,
and the asymptotics have not yet been obtained. The subject of this book is a general class of weights that
contains Krawtchouk and Hahn weights (and a lot more) as special cases. For these general weights, we will
compute the asymptotics of the associated discrete orthogonal polynomials for all values of the variable z
in the complex plane. By specializing to suitable scaling regimes, the desired asymptotics of the associated
discrete orthogonal polynomial ensembles are obtained.

Random tilings

The discrete orthogonal polynomial ensemble with the Hahn weight represents a probability distribution
for certain events in a random rhombus tiling of a hexagon, and new results on the asymptotics of random
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Figure 1.1 The abc-hexagon with vertices Pi,. .., Ps, and the lattice L.

tilings will be presented in Chapter 3 using this connection. Here, we briefly introduce the subject of random
rhombus tilings of a hexagon.

Let a, b, and ¢ be positive integers and consider the hexagon illustrated in Figure 1.1 having the following
vertices (written as points in the complex plane):

P = 0, P, = be /6, Py = Py+ae™/f,
Py, = Py+ic, P; = Py+be5™/0 Py = c.

All interior angles of this hexagon are equal and measure 27/3 radian, and the lengths of the sides are,
starting with the side (Pp, P») and proceeding in counterclockwise order, b, a,c,b,a,c. We call this the
abc-hexzagon. Denote by L the part of the set of lattice points

{kein/G +je—iﬂ/6} _ §n+ L
k,jEZ 2 2 ez

that lies within the hexagon, including the sides (P, P1), (P1, P»), (P2, P3), and (Ps, P4) but excluding the
sides (Py, P5) and (Ps, Ps). The lattice £ can also be seen in Figure 1.1.

Consider covering the abc-hexagon with rhombus tiles having sides of unit length. The rhombus tiles
come in three different types (orientations), which we refer to as type I, type II, and type III as shown in
Figure 1.2. Tiles of types I and II are sometimes collectively called horizontal rhombi, while tiles of type III

IStrictly speaking, this is not a discrete orthogonal polynomial ensemble in the sense we have described because as a
consequence of the limiting process involved in the definition, the number of particles k is not fixed in advance but is itself a
random variable.
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&>

Type I Type II Type III

Figure 1.2 The three types of rhombus tiles; the position of each tile is indicated with a dot.

are sometimes called vertical rhombi. The position of each rhombus tile in the hexagon is a specific lattice
point in £ defined as indicated in Figure 1.2.
MacMahon’s formula [Mac60] gives the total number of all possible rhombus tilings of the abc-hexagon as
the expression
i=17=1k=1 it ‘7 + k 2
Consider the set of all thombus tilings equipped with uniform probability. Hence we choose a tiling of the
abc-hexagon at random. It is of some current interest to determine the behavior of various corresponding

statistics of this ensemble in the limit as a, b, ¢ — oco.
In the scaling limit of n — oo, where

a=2An, b=%n, c=0C€n, (1.2)

with fixed 2,9B,& > 0, the regions near the six corners are frozen or polar zones (i.e., regions in which
only one type of tile is present), while toward the center of the hexagon is a temperate zone (i.e., a region
containing all three types of tiles). The random tiling shown in Figure 1.3 dramatically illustrates the two
types of regions, and the asymptotically sharp nature of the boundary between them, the Arctic circle.
Indeed, it was shown by Cohn, Larsen, and Propp [CohLP98]| that in such a limit, upon scaling by 1/n, the
expected shape of the boundary separating the polar zones from the temperate zone is given by the inscribed
ellipse. The next interesting problem would be to compute the limiting fluctuation of the boundary. While
this problem had remained unsolved until our work, an analogous problem had been solved in the context of
rectangle tilings of Aztec diamonds; it is proved in [JohO1] that the fluctuation of the boundary between the
polar zones and the temperate zone in the Aztec diamond tiling model is governed (in a proper scaling limit)
by the Tracy-Widom law in random matrix theory [TraW94]. Indeed, Johansson [Joh01, Joh02] expressed
the induced probability for certain configurations of rectangles in an Aztec diamond and of rhombi in the
abc-hexagon in terms of particular discrete orthogonal polynomial ensembles. The weights corresponding
to the Aztec diamond are Krawtchouk weights, and those corresponding to the abc-hexagon are Hahn or
associated Hahn weights. By applying the classical steepest-descent method to the integral representation of
the Krawtchouk polynomials, Johansson obtained the Tracy-Widom distribution for the Aztec diamond. One
of the results implied by our analysis of general discrete orthogonal polynomial ensembles (see Theorem 3.14)
is that the same Tracy-Widom law holds for rhombus tilings of the abc-hexagon. More details of the
connection between the statistics of rhombus tilings and the Hahn discrete orthogonal polynomial ensembles
are discussed along with our asymptotic results in §3.4 and, specifically, §3.4.2.

1.1.2 The continuum limit of the Toda lattice

In Flaschka’s variables, the Toda lattice equations are the following coupled nonlinear ordinary differential
equations:

d
% = 207 — 2b2_, (1.3)
and
db
—E = (apg1 — an)bi - (1.4)

dt



INTRODUCTION 5

7
u’l 7
z
y
1”'
Iil <
’I II! : o
<
1I I’I
: ¢ s
I ’
S ’|
LS ’III

4 :
=
|,!
Lok,
;I' S III
¢ 8
o\
wA,
u’l’ :
&
2

Figure 1.3 A rhombus tiling of a large abc-heragon with a = b = ¢ = 64. The tiles are shaded as in Figure 1.2.
Image provided by J. Propp.

Here k is an integer index. The finite Toda lattices arise by “cutting the chain”, with the imposition of
boundary conditions at, say, K = 0 and £k = N — 1. For one type of boundary condition, we may assume
that with ax = an,, and by, = by g, (1.4) holds for £ =0,...,N —2 and (1.3) holds for k =1,...,N — 2,
while
daN,o
dt

Thus we obtain a first-order system of nonlinear differential equations for unknowns an o(t),...,an,n—1(t)
and bN,o(t), S bN7N_2(t).

One way to view the Toda lattice equations (1.3) and (1.4) is as a numerical scheme for integrating the
hyperbolic system

=2b%,, and < —— = -2b% y_,. (1.5)

0A 0B 0B 0A
Here T = ¢/N is a rescaled time, 1/N is a small lattice spacing, and ¢ = k/N. Of course, as (1.6) is a

nonlinear hyperbolic system of partial differential equations, initially smooth solutions of (1.6) can develop
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shocks (derivative singularities) in finite time. When this occurs, the Toda lattice equations should no longer
be viewed as a viable numerical method for studying weak solutions of (1.6), as rapid oscillations develop in
the numerical solution that are (it turns out) inconsistent even in an averaged sense with viscosity solutions
of the hyperbolic system. See Figures 1.4 and 1.5.

30
250 [N =200,t=0 3
e -
=
oL [N =200, 1=0 3
0 0 100 150 200 ' 0 100 150 200
k k
30 :
25F [N =200, t = 15 E
20F ]
& 15 E
10E E
N=200,t=15 0.50 ]
0.0
0 0 100 150 200 0 EY) 100 150 200
k k
o © E
= % E
A ]
N=200,i=D % e 3
. . “S—
EY) 100 150 200 0 EY) 100 150 200
k k

Figure 1.4 A solution of the Toda lattice equations with smooth initial data on the interval ¢ = k/N € [0,1] sampled
over N = 200 points.

The proof of convergence of the Toda numerical scheme for (1.6), for times T less than the shock time,
is one of the results of the analysis carried out by Deift and McLaughlin [DeiM98]. Their analysis of the
Toda lattice equations with smooth initial data goes beyond the shock time and characterizes precisely the
average properties of the rapid oscillations that subsequently occur. Indeed, it turns out that, while rapidly
varying (on the fast time scale t and on the grid scale k), these oscillations can nonetheless be characterized
by slowly varying quantities that satisfy an enlarged set of hyperbolic nonlinear partial differential equations
(the Whitham equations) generalizing the hyperbolic system (1.6). The continuum limit of the Toda lattice
has also been considered from a geometric point of view [BloGPU03] and from the point of view of orthogonal
polynomials [AptV01].

The method used in [DeiM98] exploits the fact that the Toda lattice equations (1.3) and (1.4) comprise
a completely integrable system. Specifically, this fact implies closed-form formulae for an x(t) and by k(%)
in terms of initial data via ratios of Hankel-type determinants. Deift and McLaughlin analyzed these
determinantal formulae in the continuum limit N — oo for initial data sampling fixed smooth functions
A(c) and B(c) > 0 given on the interval ¢ € [0,1]. Using the Lax-Levermore method, they showed that
the large-IN asymptotics are characterized by the solution of a constrained variational problem for a certain
extremal measure on an interval, which they solved by converting it into a scalar Riemann-Hilbert problem.
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Figure 1.5 A solution of the Toda lattice equations with smooth initial data on the interval ¢ = k/N € [0,1] sampled
over N = 400 points.

The number of subintervals where the extremal measure is unconstrained (this number depends generally on
c and T') turns out to be related to the size of the system of Whitham equations needed to describe the slowly
varying features of the microscopic oscillations. In particular, when there is only one such subinterval, the
limit N — oo is strong, and the hyperbolic system (1.6) governs the limit. Shock formation corresponds to
the splitting of one unconstrained subinterval into two. Once this occurs, the analysis in [DeiM98] establishes
the continuum limit only in a weak (averaged) sense. One of the applications that we will describe in this
monograph is the strengthening of the asymptotics obtained in [DeiM98] after the shock time; we will obtain
strong (locally uniform) asymptotics for the an x(t) and by x(t) even in the oscillatory region appearing after
a shock has occurred, for example, in the irregular regions of the final plots in Figures 1.4 and 1.5.

Dynamical stability of solutions of the Toda lattice equations may be studied by means of the linearized
Toda equations. Substituting ax x(t) — an(t) + ank(t) and by x(t) — by (t)(1 + by x(t)) into (1.3) and
(1.4) and keeping only the linear terms gives

dan i

= Ab% bk — 0% 1bn -1 (1.7)
and
db ) R
(;\t[’k = aN,k+1 — ANk - (18)

Linear stability analysis is interesting in the large-N limit both before and after shock formation. Unfor-
tunately, the detailed analysis in [DeiM98] does not directly provide information about a complete basis
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for solutions of the linearized equations (1.7) and (1.8) corresponding to given smooth functions A(c) and
B(c). One of the consequences of the analysis described in this book is an asymptotic description of the
solutions of the linearized Toda equations in the continuum limit both before and after shock time. In some
applications the linearized problem can have meaning as a linear system in its own right with prescribed
time-dependent potentials an x(¢) and by x(t); it is mathematically convenient then to imagine that the
potentials originate from a Toda solution, in which case there is a complete basis for time-dependent modes
(i.e., a time-dependent spectral transform) for the linear problem. This approach is described for other com-
pletely integrable systems in [MilA98] and [MilC01], with corresponding physical applications described in
references therein. See §3.5 for details of the results implied by application of the analysis in this monograph
to the continuum limit of the Toda lattice.

1.2 DISCRETE ORTHOGONAL POLYNOMIALS

The common thread in all of these applications is the role played by systems of discrete orthogonal
polynomials. Let N € N and consider N distinct real nodes tnyo < zny1 < -+ < Tn,n—1 to be given;
together the nodes make up the support of the pure point measures we consider. We use the notation

Xy = {xNﬂ}TIy;Ol, where xy ; < 2y, whenever j < k,

for the support set. We focus in this book on finite discrete sets of nodes; the analysis for infinite discrete
node sets (as in the case of Meixner and Charlier weights) is not totally different, but details will be
described elsewhere. Along with nodes we are given positive weights wy 0, WN 1, .., WN,N—1, Which are the
magnitudes of the point masses located at the corresponding nodes. We will occasionally use the alternate
notation w(x), x € Xy, for a weight on the set of nodes X y; thus

w(xN,n):wN,n7 ’I’L:071,2,...,N_1- (19)

One should not infer from this notation that w(z) has any meaning for any x, complex or real, other than
for x € Xn; even if w has a convenient functional form, we will evaluate w(z) only when « € Xx. The
discrete orthogonal polynomials associated with this data are polynomials {p N’k(z)}ngol, where py i(2) is
of degree exactly k with a positive leading coefficient and where

N—1
> pnk(@EN PN TN ) WN = Ok - (1.10)
n=0
Writing py x(2) = cgl\;?kzk + ...+ cES?k, we introduce distinguishing notation for the positive leading coeffi-

cient,

()
YNk = CNks
and we denote by 7 x(z) the associated monic polynomial,
1
’/TNyk(Z) = —pN,k(Z) )
YN,k
The discrete orthogonal polynomials exist and are uniquely determined by the orthogonality conditions
because the inner product associated with (1.10) is positive-definite on span (1,z,2%,...,2¥71) but is
degenerate on larger spaces of polynomials. The polynomials py x(z) may be built from the monomials
by a Gram-Schmidt process. A general reference for properties of orthogonal polynomials specific to the
discrete case is the book by Nikiforov, Suslov, and Uvarov [NikSU91].
One well-known elementary property of the discrete orthogonal polynomials is an exclusion principle for
the zeros that forbids more than one zero from lying between adjacent nodes.

Proposition 1.1. Each discrete orthogonal polynomial pn i(z) has k simple real zeros. All these zeros lie
in the range tn o < z < Tn,N—1, and no more than one zero lies in the closed interval [x N n, TN n+1] between
any two consecutive nodes.
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Proof. From the Gram-Schmidt process it follows that the coefficients of py x(z) are all real. Suppose that
pn,k(z) vanishes to the nth order for some nonreal zyp. Then it follows that py x(z) also vanishes to the
same order at 2z and thus that py x(2)/[(z — 20)™ (2 — 2§)"] is a polynomial of lower degree, k —2n > 0. By
orthogonality, we must have on the one hand,

= PN (TN )

N,k(TN,
S prlan ) - DYEEND) g,
n—0 ‘IN,n_ZO‘

On the other hand, the left-hand side is strictly positive because k < N, so pn x(z) cannot vanish at all of
the nodes. So we have a contradiction and the roots must be real.

The necessarily real roots are simple for a similar reason. If zg is a real root of py r(z) of order greater
than 1, the quotient py (2)/(z — 20)? is a polynomial of degree k — 2 > 0, which must be orthogonal to

P k(2) itself,

-~ PN (TN n)

N k(TN
z PN k(TN ) - 5 wN e =0,
0 (-TN,n - ZO)

but the left-hand side is manifestly positive, which gives the desired contradiction.

If a simple real zero zy of pn i(2) satisfies either zp < xn or zo > =y n—_1, then we repeat the above
argument considering the polynomial py x(z)/(z — z0) of degree & — 1 > 0, to which py x(z) must be
orthogonal but for which the inner product is strictly of one sign.

Finally, if more than one zero of py x(z) lies between the consecutive nodes zn ,, and zn 11, then we can
certainly select two of them, say z¢ and z1, and construct the polynomial py x(2)/[(z — 2z0)(z — 21)] of degree
k—2 > 0. Again, this polynomial must be orthogonal to px (%), but the corresponding inner product is of
one definite sign, leading to a contradiction. [l

Another well-known and important feature of all systems of orthogonal polynomials, which is present
whether the weights are discrete or continuous, is the existence of a three-term recurrence relation. See
[Sze91] for details. There are constants an,0,an,1;---,an,N—2 and positive constants by o, bn 1, ..., 0N N—2
such that

2PN k(2) = bN kPN k+1(2) + an kDN E(2) + DN k—1PNk—1(2) (1.11)
holds for k =1,..., N — 2, while for £k = 0 one has

zpN.o(2) = by .opn1(2) +anopn.o(2) (1.12)
and for k=N — 1,
N-1
zpN,N-1(2) = TN, N-1 H (z —ann) + an,N-1PN,N-1(2) + by, N—2PN N—2(2) . (1.13)
n=0
Necessarily, one has by, = Yn .k /YN, k+1. Therefore the vectors v; := (pno(zn ;) oy N-1(zN ;)T form
an orthonormal basis of eigenvectors (with corresponding eigenvalues z = z ;) of the symmetric tridiagonal
N x N Jacobi matrix constructed from the sequences {ano,...,an n—1} and {bn,o,...,bn N_2}.

Our goal is to establish the asymptotic behavior of the polynomials px (z) or their monic counterparts
7N k(z) in the limit of large degree, assuming certain asymptotic properties of the nodes and the weights. In
particular, the number of nodes must necessarily increase to admit polynomials of arbitrarily large degree,
and the weights we consider involve an exponential factor with the exponent proportional to the number
of nodes (such weights are sometimes called varying weights). We will obtain pointwise asymptotics with
a precise error bound uniformly valid in the whole complex plane. Our assumptions about the nodes and
weights include as special cases all relevant classical discrete orthogonal polynomials but are significantly
more general; in particular, we will consider nodes that are not necessarily equally spaced.
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1.3 ASSUMPTIONS

1.3.1 Basic assumptions

We will establish rigorous asymptotics for the discrete orthogonal polynomials subject to the following
fundamental assumptions.

The nodes

We suppose the existence of a node density function p°(x) that is real-analytic in a complex neighborhood
of a closed interval [a, b] and satisfies

/abpo(x)dx 1

and
p°(x) > 0 strictly, for all z € [a,b]. (1.14)
The nodes are then defined precisely in terms of the density function p®(z) by the quantization rule
TN 2n+1
0
dr = 1.15
| e = 2t (115)

for N e Nandn =0,1,2,..., N—1. Thus the nodes lie in a bounded open interval (a, b) and are distributed
with density p%(z).

The weights

Without loss of generality, we write the weights in the form

N-1 N-1
WN .y = (—1)N_1_"6_NVN(“”N=") H (xNn— ﬂUN,m)_l = ¢ NVn(@n.n) H |zNn — mel\_l . (1.16)
m=0 m=0

No generality has been sacrificed with this representation because the family of functions {Vy ()} is a priori
specified only at the nodes; in other words, given positive weights {wn ,}, one may solve (1.16) uniquely
for the N quantities {Vn(zn,,)}. However, we now assume that for each sufficiently large N, Vi (z) may
be taken to be a real-analytic function defined in a complex neighborhood G of the closed interval [a, b] and
that

Vn(z) =V(z) + 77—_5\3;) , (1.17)
where V(z) is a fixed real-analytic potential function defined in G and

lim sup sup |n(z)| < co. (1.18)
N—oo z€G

Note that in general the correction 7(z) may depend on N, although V(z) may not. In some cases (e.g.,
Krawtchouk polynomials; see §2.4.1) it is possible to take Vy(z) = V(z) for all N, in which case n(x) = 0.
However, the freedom of assuming 7(z) # 0 is useful in handling other cases (e.g., the Hahn and associated
Hahn polynomials; see §2.4.2). While (1.16) may be written for any system of positive weights, the condition
that (1.17) should hold restricts attention to systems of weights that have analytic continuum limits in a
certain precise sense.

< Remark: The familiar examples of classical discrete orthogonal polynomials correspond to nodes that
are equally spaced, say, on (a,b) = (0,1) (in which case we have p"(x) = 1). In this special case, the product
factor on the right-hand side of (1.16) becomes simply

N—-1 NN—l
| T e e
fart nl(N —n—1)!

m#n
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Using Stirling’s formula to take the continuum limit of this factor (i.e., considering N — oo with n/N — z)
shows that in these cases the leading term in formula (1.16) is a continuous weight on (0,1):

Wy ~ (@) = C (%)N (1.19)

1—x)l-=
as N — oo and n/N — z € (0,1), where C is independent of x. However, the process of taking the
continuum limit of the weight first to arrive at a formula like (1.19) and then obtaining asymptotics of the
polynomials of degree proportional to N as N — oo is not equivalent to the scaling limit process we will
consider here. Our results will display new phenomena because we simultaneously take the continuum limit
as the degree of the polynomial grows. >

Our choice of the form (1.16) for the weights is motivated by several specific examples of classical discrete
orthogonal polynomials. The form (1.16) is sufficiently general for us to carry out useful calculations related
to proofs of universality conjectures arising in certain types of random tiling problems, random growth
models, and last-passage percolation problems. Also, the form (1.16) is appropriate for study of the Toda
lattice in the continuum limit by inverse spectral theory.

The degree

We assume that the degree k of the polynomial of interest is tied to the number N of nodes by a relation of
the form

k=cN +«k,

where ¢ € (0,1) is a fixed parameter and x remains bounded as N — co.

1.3.2 Simplifying assumptions of genericity

In order to keep our exposition as simple as possible, we make further assumptions that exclude certain
nongeneric triples (p°(z),V(z),c). These assumptions depend on the functions p°(z) and V(z), and on
the parameter ¢, in an implicit manner that is easier to describe once some auxiliary quantities have been
introduced. They will be given in §2.1.2.

In regard to these particular assumptions, we want to stress two points. First, the excluded triples are
nongeneric in the sense that any perturbation of, say, the parameter ¢ will immediately return us to the class
of triples for which all of our results are valid. The discussion at the beginning of §5.1.2 provides some insight
into the generic nature of our assumptions. Second, the discrete orthogonal polynomials corresponding to
nongeneric triples can be analyzed by the same basic method that we use here, with many of the same
results. To do this, the proofs we present will require modifications to include additional local analysis near
certain isolated points in the complex z-plane. Some such modifications have already been described in
detail in the context of asymptotics for polynomials orthogonal with respect to continuous weights in §5 of
[DeiKMVZ99b]. The remaining modifications have to do with nongeneric behavior near the endpoints of
the interval [a,b], and while the corresponding local analysis has not been done before, it can be expected
to be of a similar character.

1.4 GOALS AND METHODOLOGY

Given an interval [a,b], appropriate fixed functions p°(z) and V(z), appropriate sequences 1(x) = ny(z)
and kK = Ky, and a constant ¢ € (0,1), we wish to find accurate asymptotic formulae, valid in the limit
N — oo with rigorous error bounds, for the polynomial 7x 1 (z). These formulae should be uniformly valid in
overlapping regions of the complex z-plane. We will also require asymptotic formulae for related quantities,
like the zeros of mn i (z), the three-term recurrence coefficients, and the reproducing kernels Ky (z,y).
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1.4.1 The basic interpolation problem

Given a natural number N, a set Xy of nodes, and a set of corresponding weights {wy }, consider the
possibility of finding the matrix P(z; N, k) solving the following problem, where k is an integer.

Interpolation Problem 1.2. Find a 2 x 2 matriz P(z; N, k) with the following properties:

1. Analyticity: P(z; N, k) is an analytic function of z for z € C\ Xy.

P(z N, k) <Z(;k z0k> ~1+0 (%) . (1.20)

3. Singularities: At each node rn, € Xn, the first column of P(z; N, k) is analytic and the second
column of P(z; N, k) has a simple pole, where the residue satisfies the condition

Res P(z;N,k)= lim P(z;N,k) (0 wN”) = <0 “’N’”P“(xN’”;N’k)) , (1.21)

2. Normalization: As z — oo,

Z=IN,n Z—IN n 0 0 U)N)npgl(.’bN’n,N, k)

form=0,... N —1.

This problem is a discrete version of the Riemann-Hilbert problem appropriate for orthogonal
polynomials with continuous weights that was first used by Fokas, Its, and Kitaev in [FokIK91] (see also
[DeiKMVZ99a, DeiKMVZ99b]). The discrete version was first studied by Borodin [Bor00] (see also [Bor03]
and [BorB03]). The solution of this problem encodes all quantities of relevance to a study of the discrete
orthogonal polynomials, as we will now see.

Proposition 1.3. Interpolation Problem 1.2 has a unique solution when 0 < k < N — 1. The solution is

N-1

WN TN, E(TN,7)
7N k(%) Z T —Znn
P(z N, k) = N1 "0 " v | (1.22)
w n y v 9 v :L. )n
WWh—1PNk-1(2) D 7N}; jiNk -
n=0 N,n
for0 <k < N —1, while
N-1 w
N,n
P(zN,0) = |1 nz:% T |- (1.23)
0 1

Proof. Consider the first row of P(z; N, k). According to (1.21), the function Pji(z; N, k) is an entire
function of z. Because k > 0, it follows from the normalization condition (1.20) that in fact Pi1(z; N, k) is
a monic polynomial of degree exactly k. Similarly, from the characterization (1.21) of the simple poles of
Pi5(z; N, k), we see that Pia(z; N, k) is necessarily of the form

n b n; IV, K
Pia(z; N k) = e1(2) + Z wn,nPri(zN, ) ’

zZ—X
n=0 N,n

where e1(z) is an entire function. The normalization condition (1.20) for k¥ > 0 immediately requires, via
Liouville’s Theorem, that e1(z) = 0, and then when |z| > max,, |z |, we have by geometric series expansion
that

] N-1
1
Pio(z; N, k) Z (Z Pii(znn N, k)2 ,wN, n) Smtl

n=0
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According to the normalization condition (1.20), Pi2(z; N, k) = o(27%) as z — oo; therefore it follows that
the monic polynomial Py;(z; N, k) of degree exactly k must satisfy

N-1

Z Pii(znn; N, k)x%an’n =0, form=20,1,2,...,k—1.

n=0
As long as kK < N — 1, these conditions uniquely identify Pi1(z;N,k) with the monic discrete
orthogonal polynomial 7y ;(z). The existence and uniqueness of 7 x(z) for such k is guaranteed given
distinct orthogonalization nodes and positive weights (which implies that the inner product is a positive-
definite quadratic form).

The second row of P(z; N, k) is studied similarly. The matrix element P (z; N, k) is seen from (1.21) to
be an entire function of z, which according to the normalization condition (1.20) must be a polynomial of
degree at most k— 1 (for the special case of k = 0 these conditions immediately imply that Ps;(z; N,0) = 0).
The characterization (1.21) implies that Paa(z; N, k) can be expressed in the form

N-1
nP: n; N, k
PN = eafe) + Y D lNni TR,

n=0
where ez (2) is an entire function. If & = 0, then Paa(z; N, 0) = ea(z), and then according to the normalization
condition (1.20) we must take e2(z) = 1. On the other hand, if £ > 0, then (1.20) implies that Pas(z; N, k)
decays for large z, and therefore we must take es(z) = 0 in this case. Expanding the denominator in a
geometric series for |z| > max, |zy |, we find

oo [N-1
1
ot = 3 (5 Pt et o) s
m=0 \n=0

Imposing the normalization condition (1.20) amounts to insisting that Pss(z; N, k) = 27F + O(z7%71) as

z — o0; therefore

N-1
> Po(anai Nkl wnn =0,  form=0,1,2,....k—2, (1.24)
n=0
and
N-1
Z Pgl(xN’n; N, k)x’f\f);wN,n =1. (125)
n=0
With the use of (1.24), the condition (1.25) can be replaced by
N-1

Z Pyi(znn; N E)mn p—1(znn)wnn, =1
n=0

or, equivalently,

N—1
Z [ Pyi(xNn; N k)| N g—1(ZNn)wN, =1. (1.26)
n—o LTNk-1
The conditions (1.24) and (1.26) therefore uniquely identify the quotient Pai(z; N, k)/yn k-1 with the
orthogonal polynomial py r—1(%).
The interpolation problem is thus solved uniquely by the matrix explicitly given by (1.22) for £ > 0 and

by (1.23) for k = 0. O

< Remark: In fact, Interpolation Problem 1.2 can also be solved for £ = N, with a unique solution of
the form (1.22), if we define
N-1
TN .N(2) = H (z—2Nn),
n=0
which of course is not in the finite family of orthogonal polynomials as it is not normalizable. >
The constants in the three-term recurrence relations (see equations (1.11)—(1.13)) are also encoded in the
matrix P(z; N, k) solving Interpolation Problem 1.2.
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Corollary 1.4. Let k be fired with 1 <k < N — 2 and let sk, YNk, TNk, and un, denote certain terms
in the large-z expansion of the matriz elements of P(z; N, k),

1
Pro(z; N, k) = SNk INk 6 (2
# P2z N E) z 22 <z3>’

1 TN,k 1
Z—kPn(Z;Nak) =1+ — +0 <z_2) ;

1 UN ,k 1
FPalEN g = 10 (5)
as z — 0o. Then

1
YNk = s IN,k—1 = 4/UN,k,

VI (1.27)
ank = V“N,k+3—’, bve = /SN k+1UNk+1-
Nk

Also, an g = TNk — TN k+1-

Proof. By expansion of the explicit solution given by (1.22) in Proposition 1.3 in the limit of large z, we
deduce the identity

N-1

1
SNk = Z WN,k(xN,n)va,an,n = — (1.28)
n=0 TNk

(because z¥ = 7 1(2) + O(2*~1), and using the definition of the normalization constants vy ), the identity

N-1 (k)
CN k+1
YNk = Z WN,k(xN,n)x’;,Tin,n = —27+ (1.29)
n=0 YN, ETYN k+1
(because zF ! = 7y 11 (2) — cg\lf?k+17§}k+1ﬂN,k(z) + O(zF~1)), the identity
L(6=1)
TNk = R (1.30)
YN,k
and the identity
UN,k = %2v,k_1 . (1.31)

Similarly, by expansion of the three-term recurrence relation in the limit of large 2z, we deduce the identity

k-1 k _
YN R+ cEV,k V2P = by w2 (bN,kC§V3k+1 +an N g)2" + O

as z — 0o0. Therefore
(k—1) (k)

c c
bN,k _ YN,k and ang = N,k “N,k+1 -
YN, k+1 YN,k YN, k+1
Comparing with (1.28)—(1.31) completes the proof. O

1.4.2 Exponentially deformed weights and the Toda lattice

Let the nodes X be fixed. Suppose now that the weights {wn ,} are allowed to depend smoothly on a
parameter ¢ so as to remain positive for all ¢. By the solution of Interpolation Problem 1.2, this deformation
of the weights induces a corresponding deformation in the orthogonal polynomials and all related quantities
(e.g., three-term recurrence coefficients an k, by and norming constants vy ). In particular, the dynamics
induced on the recurrence coefficients can be written as a system of nonlinear differential equations for the
an.k and by k. The collection of all possible differential equations obtainable in this way is the Toda lattice
hierarchy.
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The Toda lattice hierarchy is spanned by the flows
wNn(t) = wNaexp(22y,,t), n=0,...,N—1, (1.32)

for p = 1,2,3,.... Here we show how to derive the differential equations satisfied by the recurrence co-
efficients in the simplest case of p = 1. From the solution P(z; N, k,t) of Interpolation Problem 1.2 with
weights of the form (1.32), define the Jost matriz

et 0
M(z; N, k,t) := P(z; N, k,t) < 0 e_zt) .

A simple calculation then shows that

Res M(z; N, k,t) = lim M(z; N, k,t) 0 wn.n , (1.33)
Z=TN,n Z—TN,n 0 0
for n = 0,...,N — 1. In other words, the relations that constrain the residues at the simple poles of

M(z; N, k,t) are independent of ¢ as well as k. Note that this does not imply that M(z; N, k, t) is independent
of ¢t and k; indeed, as z — oo, M(z; N, k, t) exhibits exponential behavior in both ¢ and & according to the
normalization condition satisfied by P(z; N, k,t). On the other hand, (1.33) does imply that the matrices

L(z; N, k,t) := M(2; N,k +1,6)M(z; N, k, t)~*
and

dM
B(z; N, k,t) := E(z;N,k:,t)M(z; N, k,t)~*

are entire analytic functions of z for each k and ¢. Moreover, both of these matrix-valued functions are, by
Liouville’s Theorem, polynomials in z because they have polynomial asymptotics as z — co. Writing

(TN,k(t) SNv’f(t)) = lim z {P(ZQN’k’t) <Z5k 20k> H} ’

uNJg(t) ’UNyk(t) 2—00

a direct calculation using the normalization condition satisfied by the matrix P(z; N, k,t) shows that

L(z: N,k t) = (Z + 7N E+1(t) — N k(t) SN,k(t)> Lo

UN k1 (%) 0
and
. o 4 *25N,k(t) -1
B(z; N, k,t) = <2UN,k(t) _) ) +0(z7")

as z — 0o. By Liouville’s Theorem, we therefore have, exactly,

24+ rNpp1(t) —rNe(t) —sn(t)
L(z; N, k,t) = ’ ’ :
(Z ) ( UN,k+1(t) 0
and
_ B z —2sn k(1)
B(z; N, k,t) = <2UN,k(t) _ .
The simultaneous linear equations
M(z; N,k +1,t) = L(2; N, k, t)M(2; N, k, 1) ,
dM 1.34
W(Z,N,]{i,t):B(Z,N,k‘,t)M(Z,N,k,t), ( )
satisfied by M(z; N, k,t), are said to make up a Laz pair for the Toda lattice. By computing the “shifted
derivative” dM(z; N, k + 1,t)/dt two different ways using the Lax pair and equating the results, one finds
that
dL

(25N k) + L(zi Nk, )B (2 Nk, 1) = B(z Nok o+ 1,6)L(=5 N, b, )| M(z N, b, 1) = 0. (1.35)
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Now it also follows from the conditions of Interpolation Problem 1.2 that det(P(z; N,k,t)) = 1, so the
matrix M(z; N, k, t) is a fundamental solution matrix for the Lax pair. Therefore we deduce from (1.35) the
compatibility condition

dL

E(Z; N,k,t)+L(z; N, k, t)B(z; N, k, t) — B(z; N,k + 1,t)L(2; N, k,t) = 0. (1.36)
This condition is the zero-curvature representation of the Toda lattice equations. Although the matrix
elements for L(z; N, k,t) and B(z; N, k,t) depend on z, it is easy to check that the combination on the
left-hand side of (1.36) is independent of z and is a matrix with three nonzero elements. The result of these
observations is that (1.36) is equivalent to the following three differential equations:

d
E(TN,IC — TN k+1) = 2SN k+1UN k+1 — 25N kUN & 5
dsN k
dt7 =2(rNg — TNk+1)SN k5 (1.37)
dun k+1
T’t+ = —2(rNk — N h+1)UN k+1 -

According to Corollary 1.4, the quantities appearing in these equations are related to the three-term
recurrence coefficients
ANk = TN,k — TN, k+1 and b?\/,k = SN k+1UN,k+1 s

so from (1.37) we obtain a closed set of equations governing the dynamics of the recurrence coefficients:

daN,k de,k

dt dt

These are the Toda lattice equations. We have derived these equations assuming that k =1,..., N — 2, but
a similar analysis for k£ = 0 yields

= Qb%,k — Qb?\f,k—l and = (aN,k+1 - aN,k)bN,k . (138)

daN’O de,O
di = 2b?\/,0 and di = (aN,l — aN’o)bN’o y
and for k = N — 1 yields
dan,nN-1
T e

In other words, (1.38) holds for £k =0,..., N — 1 if we define by _1 = by ,nv—1 =0.
Now we consider the squared eigenfunctions associated with the Lax pair (1.34). Let C be a constant
matrix with trace zero and define the matrix of squared eigenfunctions as

W(z; N, k,t) := M(z; N, k,t)CM(z; N, k,t)"*.
It follows that W (z; N, k, t) has trace zero as well and therefore may be written as
Inve(zst)  gnk(z5t)
W(z; N,k t) =/ : . 1.39
(2 ) <hN,k(Z; t) —fnr(z:t) (1.39)

From the Lax pair, it follows that W (z; N, k, t) also obeys a system of linear simultaneous equations even
though its elements consist of quadratic forms in the elements of M(z; N, k, t):
W(z; N,k +1,t) = L(z; N, k, )W (23 Nk, t)L(z; N b, ) 71
dW (1.40)

W(z;N,k,t) = [B(z; N, k,t), W(z; N, k, )],

where [A,B] := AB — BA denotes the matrix commutator. Substituting the form (1.39) into the difference
equation in (1.40) (first multiplying on the right by L(z; N, k,t)) yields four equations:
(z—an k) fNng+1 T UNE+1GN k+1 = (2 —an k) fNE — SN RN K,
—SNkfNE+1 = (2 —anNk)INE + SN EFNE
(z = ank)hN k1 — UN K1 N B+1 = UN K+ 1INk S
—SN DN k+1 = UN k+19N K -
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Here we have used an i = T~k — "nk+1- The last of these equations may be solved by introducing a
sequence ¢y j and writing

9Nk = SNkPN k and ANk == —UN KON k-1 - (1.41)

This choice also makes two of the remaining three equations identical, so only two equations remain:
(2 = an k) (N1 — Fk) + O p®N k1 — DX g 10N k-1 =0,
Nk + v+ (z—ank)dng =0.

Here we have used b?\,,k = SN k+1UN k+1. Similarly, using (1.39) and (1.41) in the differential equation in
(1.40) yields only two distinct scalar equations (up to shifts in &), namely,

(1.42)

d d
f;\;’k = =203 1 (ONk — ONk-1) and % =2(z—ank)ONk +4fNk-
Using the second equation in (1.42) to eliminate z — an i yields the linear system
d d
% = —2b% j_1(ON .k — ONk—1) and % =2fNk—2fN k+1-

By taking finite differences of these equations with respect to k£ and introducing new variables

Nk = fNk+1 — fNE and bk = —§(¢N,k+1 —ONE),
the equations become
déy - . dbny . .
— = 4b% kb ok — 4% p_1bn k-1 and T = ANk AN

We recognize these as the linearized Toda lattice equations. Although the linearized Toda lattice equations
are themselves independent of z, we note that the functions ay i (z;¢t) and Z;N,k(z;t) that satisfy them do
indeed depend nontrivially on z through the solution of Interpolation Problem 1.2, and so by variation of z
we obtain an infinite family of solutions of the linearized problem. Of course, only 2N — 1 of them can be
linearly independent, but there is sufficient freedom in the choice of the parameter z to construct a complete
basis of solutions of the linearized problem for each N.

1.4.3 Triangularity of residue matrices and dual polynomials

The matrices that encode the residues in Interpolation Problem 1.2 are upper-triangular. An essential aspect
of our methodology will be to modify the matrix P(z; NV, k) in order to selectively reverse the triangularity
of the residue matrices near certain individual nodes zy . Let A C Zy, where

Zy ={0,1,2,...,N — 1},

and denote the number of elements in A by #A. We will reverse the triangularity for nodes z y ,, for which
n € A. Consider the matrix Q(z; N, k) related to the solution P(z; N, k) of Interpolation Problem 1.2 as

follows:
—og H (z — xN,n)fl 0
z;N, k) :=P(z; N, k Z—TNn =P(z; N, k) | €~ . (1.43
Q(z: N, k) = P( )[H< ,>] (2N, K) . it (1.43)

neA Z—IN n)
(1 0
03 = 0 —1 .

It is easy to check that the matrix Q(z; N, k) so defined is an analytic function of z for z € C\ Xy that
satisfies the normalization condition

pHAk 0 1
Q(z;N,k)( 0 zk#A) ]I+O(;> as z — 00.

neA

Here o3 is a Pauli matrix:
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Furthermore, at each node zy ,, the matrix Q(z; N, k) has a simple pole. If n belongs to the complementary
set

V= ZN \ A s
then the first column is analytic at x5 and the pole is in the second column such that the residue satisfies
the condition
) 0 WN,n H (xN,n - xN,m>2
Res Q(Z;Nv k) = lim Q(Z;Nv k) meA ) (144)
Z=IN n Z—IN,n
il ’ 0 0

forn € V. If n € A, then the second column is analytic at xn , and the pole is in the first column such
that the residue satisfies the condition

0 0
H (xN,n - JUN,m)_2 0 s (145)

M meA
m#n

for n € A. Thus the triangularity of the residue matrices has been reversed for nodes in A C Xy.

The relation between the solution P(z; N, k) of Interpolation Problem 1.2 and the matrix Q(z; N, k)
obtained therefrom by selective reversal of residue triangularity gives rise in a special case to a remarkable
duality between pairs of weights {wn ,,} defined on the same set of nodes and their corresponding families
of discrete orthogonal polynomials that comes up in applications. Given nodes Xy and weights {wn ,}, the
dual polynomials arise by taking A = Zx in the change of variables (1.43) and then defining

P(z; N, k) := 01Q(z; N, k)oy , where k:== N — k.

Here o1 is another Pauli matrix:
(0 1
g1 i — 1 0 .

Thus we are reversing the triangularity at all of the nodes and swapping rows and columns of the resulting
matrix. It is easy to check that P(z; N, k) satisfies

_ -k
ﬁ(z;N,k)(z 0)2]1—}—0(1) as z — 00

Res Q(z;N,k)= lim Q(z;N,k)

Z=IN,n Z—IN.n wN

0 Pl z

and is a matrix with simple poles in the second column at all nodes such that

Res P(z; N, k)= lim P(z; N, k) (O mN‘”)

Z=TN Z—TN 0 0
holds for n € Zy, where the dual weights {wy ,} are defined by the identity
N-1
WN,nWN,n H (xN,n - xN,m)Q =1. (146)
m=0
m#n

Comparing with Interpolation Problem 1.2, we see that Py;(z; N, k) is the monic orthogonal polynomial
fN%(z) of degree k associated with the dual weights {@wx ;} (and the same set of nodes Xy ). In this sense,
families of discrete orthogonal polynomials always come in dual pairs. An explicit relation between the dual
polynomials comes from the representation of P(z; N, k) given by Proposition 1.3:

ﬁN,E(Z) = Fll (Z, N, E)

N—-1
= Py(z;Nk) [ (2 = 2nn)
n=0

(1.47)
N-1 N—-1
= Z wN,m7]2v7k_1WN,k—1(xN,7rz) H (Z - xN,n) .
m=0 n=0

n#m
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Since the left-hand side is a monic polynomial of degree k = N — k and the right-hand side is apparently a
polynomial of degree N — 1, equation (1.47) furnishes k relations involving the weights and the normalization
constants yn k-

In particular, if we evaluate (1.47) for z = xx; for some | € Zy, then only one term from the sum on the
right-hand side survives, and we find

N—1
Tya@ng) = Wrwna [[ @ne = 2vm)  mne-1(@na) (1.48)
=0
el
an identity relating values of each discrete orthogonal polynomial and a corresponding dual polynomial at
any given node. The identity (1.48) has also been derived by Borodin [Bor02].
Furthermore, by using (1.47) twice, along with the fact that Ty (2) = mx(2) (i.e., duality is an involution),
we can obtain some additional identities involving the discrete orthogonal polynomials and their duals. By
involution, (1.47) implies that

N-—1 N-—1 e T
_ — Iy,
Nk (2) = Ta i Ve D va(@nm) [[ ———"—

x —x '
m=0 n=0 Nym Ny

n#m
The sum on the right-hand side is the Lagrange interpolating polynomial of degree N — 1 (at most) that
agrees with 7w ,(2) at all N nodes. Of course this identifies the sum with 7wy x(z) itself, and we therefore
deduce the relation

_ 1

TN E-1 YN,k
between the leading coefficients of the discrete orthogonal polynomials and their duals.

< Remark: We want to point out that the notion of duality described here is different from that explained

in [NikSU91]. The latter generally involves relationships between families of discrete orthogonal polynomials
with two different sets of nodes of orthogonalization. For example, the Hahn polynomials are orthogonal
on a lattice of equally spaced points, and the polynomials dual to the Hahn polynomials by the scheme of
[NikSU91] are orthogonal on a quadratic lattice for which zn, — N -1 is proportional to n. However,
the polynomials dual to the Hahn polynomials under the scheme described above are the associated Hahn
polynomials, which are orthogonal on the same equally spaced nodes as the Hahn polynomials themselves.
The notion of duality described above coincides with that described in [Bor02] and is also equivalent to the
“hole-particle transformation” considered by Johansson [Joh02]. >

1.4.4 Overview of the key steps

The characterization of the discrete orthogonal polynomials in terms of Interpolation Problem 1.2 is the
starting point for our asymptotic analysis. Our rigorous analysis of P(z; N, k) consists of three steps:

1. We introduce a change of variables, transforming P(z; N, k) into X(z), another matrix function of z.
The transformation mediating between P(z; N, k) and X(z) is explicit and exact. The matrix X(z) is
shown to satisfy a matrix Riemann-Hilbert problem that is equivalent to Interpolation Problem 1.2.

2. We construct an explicit model X(z) for X(z) on the basis of formal asymptotics. We call X(z) a
global parametriz for X(z).

3. We compare X(z) to the global parametrix X(z) by considering the error E(z) := X(2)X(2)~!, which
should be close to the identity matrix if the formally obtained global parametrix X(z) is indeed a
good approximation of X(z). We rigorously analyze E(z) by viewing its definition in terms of X(z)
as another change of variables since X (z) is known explicitly from step 2. This means that we may
pose an equivalent Riemann-Hilbert problem for E(z). We prove that this Riemann-Hilbert problem
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may be solved by a convergent Neumann series if NV is sufficiently large. The series for E(z) is also
an asymptotic series whose first term is the identity matrix, such that E(z) — I is of order 1/N in a
suitable precise sense. This gives an asymptotic formula for the unknown matrix X(z) = E(2)X(z).
Inverting the explicit change of variables from step 1 linking X(z) with P(z; N, k), we finally arrive at
an asymptotic formula for P(z; N, k).

The first step in this process is the most crucial since the explicit transformation from P(z; N, k) to X(z)
has to result in a problem that has been properly prepared for asymptotic analysis. The transformation is
best presented as a composition of several subsequent transformations:

1(a).

A transformation (1.43) is introduced from P(z; N, k) to a new unknown matrix Q(z; N, k), having
the effect of moving poles at some of the nodes in Xy from the second column of P(z; N, k) to the
first column of Q(z; N, k). This transformation turns out to be necessary in our approach to take into
account subintervals of [a, b] that are saturated with zeros of 7y 1 (z) in the sense that there is a zero
between each pair of neighboring nodes (recall Proposition 1.1). The saturated regions are not known
in advance but are detected by the equilibrium measure (see step 1(c) below).

. The matrix Q(z; N, k) is transformed into R(z), a matrix that has, instead of polar singularities,

a jump discontinuity across a contour in the complex z-plane along which R(z) takes continuous
boundary values. To see how a pole may be removed at the cost of a jump across a contour, consider a
point z¢ at which a matrix function M(z) is meromorphic, having a simple pole in the second column
such that, for some given constant wg,

Res M(z) = lim M(z) (0 wO) . (1.49)
zZ=xo z—xo 0 0

If f(2) is a scalar function analytic in the region 0 < |z — x| < € for some € > 0 having a simple pole

at xg with residue wg (obviously there are many such functions and consequently significant freedom

in making a choice), then we may try to define a new matrix function N(z) by choosing some positive

6 < e sufficiently small and setting

M(z), for |z — xo| > 4,

It follows that the singularity of N(z) at z = z is removable. Therefore N(z) may be considered to be
analytic in the region |z — xg| < § and also at each point of the region |z — x| > ¢ where additionally
M(z) is known to be analytic. In place of the residue condition (1.49), we now have a known jump
discontinuity across the circle |z — z¢| = ¢ along which N(z) takes continuous boundary values from
the inside (denoted N4 (z)) and the outside (denoted N_(z)):

N, (z) = N_(2) (é fl(z)> . for|z—mo| =46 (1.51)

Obviously, the disc |z — o] < § can be replaced by another domain D containing xg. This technique
of removing poles was first introduced in [DeiKKZ96].

The problem at hand is more complicated because the number of poles grows in the limit of interest; in
this limit the poles accumulate on a fixed set, and thus it is not feasible to surround each with its own
circle of fixed size. In [KamMMO03] a generalization of the technique described above was developed
precisely to allow for the simultaneous removal of a large number of poles in a way that is asymptotically
advantageous as the number of poles increases. This generalization employs a single function f(z) with
simple poles at 5, for n =0,..., N — 1, having corresponding residues wy ,, and makes the change
of variables (1.50) in a common domain D containing all of the points TN,05---,TN,N—1. The essential
asymptotic analysis is then related to the nature of the jump condition that generalizes (1.51) for z on
the boundary of D. This jump condition can have different asymptotic properties in the limit N — oo
according to the placement of the boundary of D in the complex plane.
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Further difficulties arise here because it turns out that the correct location for the boundary of D
needed to facilitate the asymptotic analysis in the limit N — oo coincides in part with the interval
[a, b] that contains the poles, and in the context of the method in [KamMMO3] this leads to singularities
both in the boundary values of the matrix unknown and also in the jump matrix relating the boundary
values. These singularites are an obstruction to further analysis. Therefore the transformation we will
introduce from Q(z; N, k) to R(z) uses a further variation of the pole removal technique developed
in [Mil02] in which two different residue-interpolating functions f1(z) and f2(z) are used in respective
disjoint domains D; and Ds such that all of the poles zy , are common boundary points of both
domains. This version of the pole removal technique ultimately enables subsequent detailed analysis
in the neighborhood of the interval [a, b] in which Q(z; N, k) has poles.

. R(z) is transformed into S(z) by a change of variables that is written explicitly in terms of the

equilibrium measure. The equilibrium measure is the solution of a variational problem of logarithmic
potential theory that is posed in terms of the functions p%(z) and V(x) given on the interval [a, b]
and the constant ¢ € (0,1). The fundamental properties of the equilibrium measure are well known in
general, and for particular cases of p(x), V(z), and ¢, it is not difficult to calculate the equilibrium
measure explicitly. The purpose of introducing the equilibrium measure is that the variational problem
it satisfies entails some constraints that impose strict inequalities on variational derivatives. These
variational derivatives ultimately appear in the problem with a factor of N in certain exponents, and
the inequalities lead to desirable exponential decay as N — oo.

The technique of preparing a matrix Riemann-Hilbert problem for subsequent asymptotic analysis with
the introduction of an appropriate equilibrium measure first appeared in the paper [DeiVZ97] and was
subsequently applied to the computation of asymptotics for orthogonal polynomials with continuous
weights in [DeiKMVZ99a, DeiKMVZ99b]. The key quantity in all of these papers is the complex
logarithmic potential of the equilibrium measure, the g-function. In order to apply these methods
in the discrete weights context, we need to modify the relationship between the g-function and the
equilibrium measure (see (4.5) and (4.7) below) to reflect the local reversal of triangularity described
in 1(a) above. This amounts to a further generalization of the technique introduced in [DeiVZ97].

. The final transformation explicitly relates S(z) to a matrix X(z). The matrix S(z) is apparently

difficult to analyze in the neighborhood of subintervals of [a,b] where constraints in the variational
problem are not active and consequently exponential decay is not obvious. A model for this kind of
situation is a matrix M(z) that takes continuous boundary values on an interval I of the real axis
from above (denoted M (z)) and below (denoted M_(z)) that satisfy a jump relation of the form

eiNO(z) 1
M+(Z) =M_ (Z) 0 efiNG(z) ’

where 6(z) is a real-analytic function that is strictly increasing for z € I. This is therefore a rapidly
oscillatory jump relation that has no obvious limit as N — co. However, noting the algebraic factor-

ization
eNO(z) 1 B 1 0\ /0 1 10
0 672'N0(z) - efiNQ(z) 1 -1 0 eiNQ(z) 1

and using the analyticity of 6(z), we may choose some sufficiently small € > 0 and define a new
unknown by setting

1 0
M(z) _eiNO(2) 1) , for R(z) e I and 0 < 3(z) < €,
N(z) := 1 0
(2) M(z) o iNO() 1) , for R(z) €I and —e < 3(2) <0,

M(z), otherwise .
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The matrix N(z) has jump discontinuities along the three parallel contours I, I +ie, and I —ie. If on
any of these we indicate the boundary value taken by N(z) from above as N (z) and from below as
N_(z), then the oscillatory jump condition for M(z) in I is replaced by the three different formulae:

N, (z) =N_(2) (emle(z) (1)> . zeltie, (1.52)
N, (2) =N_(2) (e_i oo (1’> . zel—ic, (1.53)
N, (2) =N_(2) (01 (1)) . zel. (1.54)

The Cauchy-Riemann equations satisfied by the function 6(z) in I imply that £(i0(z)) is negative
for $(z) = e and positive for $(z) = —e. Thus the jump conditions (1.52)-(1.54) all have obvious
asymptotics as N — oo.

The replacement of an oscillatory jump matrix by an exponentially decaying one on the basis of
algebraic factorization is the essence of the steepest-descent method for Riemann-Hilbert problems
first proposed in [DeiZ93]. Our transformation from S(z) to X(z) will be based on this key idea but
will involve more complicated factorizations of both upper- and lower-triangular matrices.

These three steps of our analysis of the matrix P(z; N, k) solving Interpolation Problem 1.2 will be carried
out in Chapters 4 and 5.

1.5 OUTLINE OF THE REST OF THE BOOK

Our main results are presented in Chapter 2 (for the discrete orthogonal polynomials themselves) and
Chapter 3 (for corresponding applications). The subsequent chapters concern the proof of the main results:
Chapters 4, 5, and 6 contain the proof of results stated in Chapter 2, and the results stated in Chapter 3
are proven in Chapter 7.

The detailed asymptotic behavior in the limit N — oo of the discrete orthogonal polynomials in
overlapping sets that cover the entire complex plane will be discussed in Chapter 2. After some impor-
tant definitions and notation are established in §2.1 and §2.2, the results themselves will be given in in
§2.3. In §2.4 we show how the general theory applies in some classical cases, specifically the Krawtchouk
polynomials and two types of polynomials in the Hahn family. The equilibrium measures for the Hahn
polynomials are also described in Theorem 2.17.

Further results of our analysis in the context of statistical ensembles associated with families of discrete
orthogonal polynomials are discussed in Chapter 3. First, we introduce the notion of a discrete orthogonal
polynomial ensemble in §3.1 and describe the ensembles associated with dual polynomials in §3.2. In §3.4,
we discuss rhombus tilings of a hexagon as a specific application of discrete orthogonal polynomial ensembles
and their duals. Our general results on the universality of various statistics in the limit N — oo are explained
in §3.3. The specific results implied by the general ones in the context of the hexagon tiling problem are
described in §3.4.2. We also obtain new results on the continuum limit of the Toda lattice, which we explain
in §3.5.

As mentioned above, Chapters 4 and 5 contain the complete asymptotic analysis of the matrix P(z; N, k)
in the limit N — oo. This analysis is then used in Chapter 6 to establish the results presented in §2.3 and
used again in Chapter 7 to establish the results presented in §3.3.

In Chapter 4 we describe all details of a sequence of algebraic transformations of the interpolation problem
for the discrete orthogonal polynomials to arrive at a simpler Riemann-Hilbert problem to which a formal
asymptotic analysis can be applied. For this purpose, we exploit a transformation from a Riemann-Hilbert
problem with pole conditions (see Interpolation Problem 1.2) to a Riemann-Hilbert problem on a contour,
a doubly constrained equilibrium measure, and hole-particle duality. This chapter is the technical core of
the analysis of Riemann-Hilbert problems with pole conditions. Chapter 5 concerns the construction of a
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global parametrix and rigorous error estimates. By combining the calculations in Chapters 4 and 5, we prove
the theorems stated in §2.3 in Chapter 6. Using the asymptotic analysis of the Riemann-Hilbert problem
discussed in Chapters 4 and 5, we prove in Chapter 7 the theorems stated in §3.3.

Appendix A summarizes construction of the solution of a limiting Riemann-Hilbert problem by means of
hyperelliptic function theory. Appendix B gives a proof of the determination of the equilibrium measure
of the Hahn weight presented in §2.4. Finally, Appendix C contains a list of some important symbols used
frequently throughout the book.

For the asymptotic results given here that correspond to theorems already stated in our announcement
[BaiKMMO03], we generally obtain significantly sharper error estimates. Since we published that paper, we
have learned how to circumvent certain technical difficulties related to the continuum limit of the discrete
orthogonality measures and the possibility of transition points where triangularity of residue matrices changes
abruptly. In our opinion, these technical innovations do more than make the error estimates sharper; they
also make the proofs more elegant.

1.6 RESEARCH BACKGROUND

The work described in this mongraph is connected with three different themes of current research.

First, in the context of approximation theory, there has been recent activity [DeiKMVZ99a, DeiKMVZ99b]
in the study of polynomials orthogonal on the real axis with respect to general
continuous varying weights and the corresponding large-degree pointwise asymptotics. The significance
of the work [DeiKMVZ99a, DeiKMVZ99b] is that the method is not at all particular to any special classical
formulae for weights; they are completely general. Thus a natural question is whether it is possible to
further generalize the method in [DeiKMVZ99a, DeiKMVZ99b] to handle the discrete weights. However, it
has turned out that discrete weights are of such a fundamentally different character than their continuous
counterparts that this would require the development of new tools for asymptotic analysis. The setting
for the work [DeiKMVZ99a, DeiKMVZ99b] is the characterization of the orthogonal polynomials in terms
of the solution of a certain matrix-valued Riemann-Hilbert problem [FokIK91] with jump conditions on
contours. For discrete weights, the corresponding Riemann-Hilbert problem is defined by constraints on
residues of poles. Under the conditions that we consider in this work, each point mass added to the weight
amounts to a pole in the matrix solution of the Riemann-Hilbert problem, so analyzing the asymptotics of
an accumulation of poles becomes the main difficulty.

Second, there has been some recent progress [KamMMO03, Mil02] in the integrable systems literature
concerning the problem of computing asymptotics for solutions of integrable nonlinear partial differential
equations (e.g., the nonlinear Schrédinger equation) in the limit where the spectral data associated with
the solution via the inverse scattering transform is made up of a large number of discrete eigenvalues.
Significantly, inverse scattering theory also exploits much of the theory of matrix Riemann-Hilbert problems,
and it turns out that the discrete eigenvalues appear as poles in the corresponding matrix-valued unknown.
So, the methods recently developed in the context of inverse scattering actually suggest a general scheme
by means of which an accumulation of poles in the matrix unknown can be analyzed.

Finally, a number of problems in probability theory have recently been identified that are in some sense
solved in terms of discrete orthogonal polynomials, and certain statistical questions can be translated into
corresponding questions about the asymptotic behavior of the polynomials. The particular problems we have
in mind are related to statistics of random tilings of various shapes, to last-passage percolation models, and
also to certain natural measures on sets of partitions. The joint probability distributions in these problems are
examples of discrete orthogonal polynomial ensembles [Joh00, Joh01]. Roughly speaking, the analogy is that
the relationship between universal asymptotic properties of discrete orthogonal polynomials and universal
statistics for discrete orthogonal polynomial ensembles is the same as the relationship between universal
asymptotic properties of polynomials orthogonal with respect to continuous weights and universal eigenvalue
statistics of certain random matrix ensembles. The techniques required for computing asymptotics of discrete
orthogonal polynomials with general weights have become available at just the time when questions that
can be answered with these tools are appearing in the applied literature.



Chapter Two

Asymptotics of General Discrete Orthogonal Polynomials

in the Complex Plane

In this chapter we state our results for the asymptotics of the discrete orthogonal polynomials subject
to the conditions described in the introduction, in the limit N — oco. The asymptotic formulae we will
present characterize the polynomials in terms of an equilibrium measure (described below in §2.1) and also
the function theory of a hyperelliptic Riemann surface associated with the equilibrium measure (described
below in §2.2). The results themselves will follow in §2.3.

2.1 THE EQUILIBRIUM ENERGY PROBLEM

2.1.1 The equilibrium measure

It has been recognized for some time (see [Rak96, DraS97], as well as the review article [KuiR98]), that the
asymptotic behavior of discrete orthogonal polynomials in the limit N — oo with k/N — ¢ € (0,1), and in
particular the distribution of zeros in (a, b), is related to a constrained equilibrium problem for logarithmic
potentials in an external field ¢(x) given by the formula

b

pla) = V(@) + [ logle ~ sl ') dy. (2.1)

for € (a,b). Under our assumptions about the weights, we can also view (z) as being defined via a
continuum limit:
o log(wnn)

pla) == Jim =
where wy ,, is expressed in terms of = ,,, which in turn is identified with z. Eliminating ¢(z) between (2.1)
and (2.2) results in a more general version of the limiting statement (1.19). The external field ¢(x) we need
here is analogous to the continuum limit of that usually encountered in the logarithmic potential theory of
orthogonal polynomials [Sze91].

Here the field ¢(x) is a real-analytic function in the open interval (a,b) because V() and p°(z) are (by
assumption) real-analytic functions in a neighborhood of [a,b]. Unlike V(x) and p°(x), however, the field
©(x) does not extend analytically beyond the endpoints of (a,b) because of the condition (1.14).

Given ¢ € (0,1) and ¢(z) as above, consider the quadratic functional

Bl = [ [os = du@)duts) + [ (@) duta) (23)

of Borel measures p on [a, b]. The subscript denotes the dependence of the energy functional on the parameter
c. Let p ;. be the measure that minimizes E.[u] over the class of measures satisfying the upper and lower
constraints

(2.2)

0< /EB du(z) < l/EB p°(x) dx, (2.4)

C

for all Borel sets B C [a, b], and the normalization condition

b
/ du(z) =1. (2.5)
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The superscript on the minimizer indicates the value of the parameter ¢ for which the energy functional
(2.3) is minimized. The existence of a unique minimizer under the conditions enumerated in §1.3.1 follows
from the Gauss-Frostman Theorem; see [SafT97] and [DraS97] for details. We will refer to the minimizer as
the equilibrium measure.

That a variational problem plays a central role in asymptotic behavior is a familiar theme in the theory
of orthogonal polynomials. The key new feature contributed by discreteness is the appearance of the upper
constraint on the equilibrium measure (i.e., the upper bound in (2.4)). Since the equilibrium measure gives
the distribution of zeros of 7wy 1 (z) in [a, b, the upper constraint can be traced to the exclusion principle for
zeros described in Proposition 1.1.

The theory of the “doubly constrained” variational problem we are considering is well established. In
particular, the analytic properties we assume for V(z) and p°(z) turn out to be unnecessary for the mere
existence of the equilibrium measure. However, the analyticity of V(x) and p°(z) provides additional
regularity that we wish to exploit. In particular, we have the following result from the paper [Kui00].

Proposition 2.1 (Kuijlaars). Let V(z) and p°(z) be functions analytic in a complex neighborhood of
[a,b] with p°(z) > 0 in [a,b]. Then the equilibrium measure uc,, is continuously differentiable with re-
spect to © € (a,b). Moreover, the derivative duS, /dx is piecewise-analytic, with a finite number of
points of nonanalyticity that may not occur at any x where both (strict) inequalities dut, /dz(xz) > 0
and dut.; /dz(z) < p°(x)/c hold.

At a formal level, finding p minimizing E.[u] subject to the normalization constraint (2.5) may be viewed
as seeking a critical point of the modified functional

b
Fulu] = Eolu] - €, / dp(x),

where f. is a Lagrange multiplier. When p = pf; and ¢, is an appropriate associated real constant,
variations of F.[u] vanish in subsets of [a, b] where neither the upper nor the lower constraints are active. The
Lagrange multiplier ¢. (the subscript indicates the dependence on the parameter ¢) is known in logarithmic
potential theory as the Robin constant.

2.1.2 Simplifying assumptions on the equilibrium measure

For simplicity of exposition we want to exclude certain nongeneric phenomena that may occur even
under conditions of analyticity of V(z) and p%(z). Let F C [a,b] denote the closed set of z-values where
dps,;,/dz(z) = 0, and let F C [a, b] denote the closed set of z-values where du’,; /dz(z) = p°(z)/c. We will
make the following assumptions:

1. Each connected component of F and F has a nonempty interior. Therefore F and F are both finite
unions of closed intervals with each interval containing more than one point. Note that this does not
exclude the possibility of either F or F being empty.

2. For each open subinterval U of (a,b) \ (£ U F) and each limit point zo € F of U, we have

1 dus,
Puin () = K, with 0 < K < oo, (2.6)

lim ——
r—2z0,x€U /|Jj — ZO| dz

and for each limit point zg € F of U, we have

1 1 dus. .
li — | =p%g) — “inin =K ith 0 < K . 2.7
azﬂzloI,I;EU |£C — ZO| Cp (l') dx (ZU) ’ Wi < <0 ( )

Therefore the density of the equilibrium measure meets each constraint exactly like a square root.

3. A constraint is active at each endpoint: {a,b} C FUF.
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It is difficult to translate these conditions on 1€ into sufficient conditions on ¢, V(z), and p°(x). However,
there is a sense in which the conditions above are satisfied generically. By genericity, we mean that given
V(z) and p®(z), the set of values of ¢ for which the conditions fail is discrete. For the analogous problem
in the continuous-weights case, the conditions 1 and 2 above are proved to be generic in [KuiM00] and we
expect the same of the discrete weights. For further arguments supporting the claim of the generic nature
of these two conditions, see the discussion at the beginning of §5.1.2. However, the condition 3 above has no
counterpart in continuous-weights cases. Nevertheless, for the classical discrete weights of the Krawtchouk
and Hahn classes this condition indeed holds for all but a finite number of ¢ € (0,1).

< Remark: Relaxing the condition that a constraint should be active at each endpoint requires specific
local analysis near these two points. We expect that a constraint being active at each endpoint is a generic
phenomenon in the sense that the opposite situation occurs only for isolated values of ¢. We know this
statement to be true in all relevant classical cases. For the Krawtchouk polynomials only the values ¢ = p
and ¢ = ¢ = 1 — p correspond to an equilibrium measure that is not constrained at both endpoints (see
[DraS00] and §2.4.1). The situation is similar for the Hahn polynomials, where only the values ¢ = ¢4 and
¢ = cp defined by (2.73) are exceptional (see §2.4.2). While the values of ¢ for which no constraint is active
at an endpoint of (a,b) are exceptional, the behavior of the equilibrium measure near that endpoint at the
exceptional values of ¢ is again, in a sense, generic. In particular, we have the following result.

Proposition 2.2. Suppose that p°(z) and V (x) are analytic functions for z € (a,b) having, along with V'(x),
continuous extensions to [a,b]. Suppose also that one of the endpoints a or b is not contained in F U F.
Then if p°(z) and duS,;,/dx are Hélder-continuous at this endpoint with exponent v > 0, as x € (a,b) tends
toward the endpoint,

—x(x) —0.

Thus if neither constraint is active at an endpoint of (a,b), then at that endpoint the equilibrium measure
takes on the average value of the upper and lower constraints.

Proof. Since for some neighborhood U of the endpoint no constraint is active in (a,b) N U, an Euler-
Lagrange variational derivative of E.[u] satisfies an equilibrium condition (see (2.14)) at each point of
(a,b) N U. Differentiating this condition with respect to z yields

b d o
P. V./a % +V'(x)=0, where f(x) := p°(z) —20%(1«)’

which holds for all z in the interior of the subinterval. Removing the singularity from the principal value
integral gives the identity

—a b — f(z
f(x)log <?)C——x> + 7f(ya); — ch( ) dy+V'(z) =0, (2.8)

where the integral is nonsingular by virtue of the Hélder condition and is uniformly bounded. If K > 0 is
the Holder constant for f, then we have
b
<
a

/b fy) = (=) ay fly) = f(=)
a r—y

b

<K [ oty

r—y

dy

K v v
=~ (- ) + (b -2
K(b—a)”
- vy
When we let  tend toward the endpoint of interest in (2.8), all terms but the first one on the left-hand side
remain bounded. Hence it is necessary that the first term involving the logarithm be bounded as well; by

the Holder condition satisfied by f(z) at the endpoint, it follows that f(x) tends to zero as x tends toward
the endpoint. O
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This fact provides the key to modifications of the analysis we will present in Chapter 5 that are necessary
to handle the exceptional values of ¢ € (0, 1). These modifications will be described elsewhere. >

2.1.3 Voids, bands, and saturated regions

Under the conditions enumerated in §1.3.1 and §2.1.2, the equilibrium measure p¢; partitions (a,b) into
three kinds of subintervals, with a finite number of each and each having a nonempty interior. The three
types are defined as follows.

Definition 2.3 (Voids). A void I' is an open subinterval of [a,b] of mazimal length in which u; (z) =0,
and thus the equilibrium measure realizes the lower constraint.

Definition 2.4 (Bands). A band I is an open subinterval of [a,b] of mazximal length where uS, (x) is a
measure with a real-analytic density satisfying 0 < dul,; /dx < p°(z)/c.

Definition 2.5 (Saturated regions). A saturated region T' is an open subinterval of [a,b] of mazimal length
in which duc,; /dx = p°(z)/c, and thus the equilibrium measure realizes the upper constraint.

Voids and saturated regions will also be called gaps when it is not necessary to distinguish between these
two types of intervals. The closure of the union of all subintervals of the three types defined above is the
interval [a, b]. From condition 1 in §2.1.2 above, bands cannot be adjacent to each other, and from condition
3 in §2.1.2, a band may not be adjacent to an endpoint of [a,b]. Thus subject to our assumptions, a band
always has on each side either a void or a saturated region, and the equilibrium measure thus determines a
set of numbers in (a,b),

a<ag<fo<ar < <---<ag<fBa<b,
that are the endpoints of the bands. Thus the bands are open intervals of the form
I; .= (a4, 55), for j =0,...,G.
The corresponding gaps are the intervals (a, «g), (Bg,b), which we refer to as the exterior gaps, and
L= (Bj-1,a;), forj=1,...,G,

which we refer to as the interior gaps.

2.1.4 Quantities derived from the equilibrium measure
The variational derivative of E.[u] evaluated on the equilibrium measure p = p<,;. is given by
0E,

op
and we may define an analytic logarithmic potential of the equilibrium measure by the formula

b
(2) = 2 / log |z — y] di,un(v) + (). (2.9)

b
L.(2):= c/ log(z — ) dul,, (), for z € C\ (—o0,b]. (2.10)

From any gap I' we may introduce a function fg (z) analytic in z for R(z) € T and |S(z)| sufficiently small
that satisfies
b
I.(z) = c/ log |2 — x| dpC,, (z), forzel. (2.11)

And from any band I we may introduce a function fi(z) analytic in z for R(z) € I and |3(z)| sufficiently
small that satisfies

b
() = c/ log|z — a|duc, (z), forzel. (2.12)
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Recall the Lagrange multiplier ¢.. If I' is a void, then admissible variations of u¢ . are positive, and a
simple variational calculation shows that for z € I' we have the strict inequality

0E,

7 (@) > L. (2.13)
Thus for each void I' we may introduce a positive function having an analytic extension from the interior:
0F,
r(z) == W( ) —Le

In a band I, variations of the equilibrium measure in I are free (i.e., may be of either sign). Thus for
x € I, we have the equilibrium condition

0E,
—(x) = 4,. 2.14
(@) (2.14)
For each band I, we may introduce two positive functions having analytic extensions from the interior:
dps ;. — 1 Apinin
Vr(z) = W(ﬂf) and Vr(x) == Epo(l") - W(i’?)- (2.15)

If T' is a saturated region, then variations of the equilibrium measure in I' are strictly negative, and for
x € I', we have the strict variational inequality

0E.

op
It follows that for each saturated region I' we may introduce a positive function having an analytic extension
from the interior:

(z) < L. (2.16)

O0E,
Er(x) ==L, — W(w) )

In addition to the functions fg(x) and &p(z) that extend analytically from each gap I', and the functions

fi (z), ¥r(x), and ¥;(x) that extend analytically from each band I, we may define for each band endpoint
a function analytic in a neighborhood of this point. If z = « is a left band edge separating a void I' (for
real z < «) from a band I (for real z > «), then according to the generic assumption (2.6) in §2.1.2, the
function defined by

z 2/3
() = (27rNc/ Yr(x) da:) , ™ F(z) > 0 for 2z > a, (2.17)

extends to a neighborhood of z = « as an invertible conformal mapping. If z = g is a right band edge
separating a void I" (for real z > () from a band I (for real z < (), then (2.6) implies that the function
defined by

2 2/3
i (z) = (—27TNC/ﬁ Y1 (z) dx) ) v F(z) >0 for z < 3, (2.18)

extends to a neighborhood of z = [ as an invertible conformal mapping. If z = « is a left band edge
separating a saturated region I' (for real z < «) from a band I (for real z > «), then according to the
generic assumption (2.7) in §2.1.2, the function defined by

, 2/3
TFA’L(Z) = (27rNc/ P (z) da:) , TFA’L(z) >0 for z > a, (2.19)

extends to a neighborhood of z = a as an invertible conformal mapping. If z = 3 is a right band edge
separating a saturated region I' (for real z > ) from a band I (for real z < 3), then (2.7) implies that the
function defined by

z 2/3
B (z) = <_27TNC/5 () dm) ) TFA’R(Z) >0 for z < 3, (2.20)
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extends to a neighborhood of z = § as an invertible conformal mapping.
For later use, it will be useful to define a real constant ér corresponding to each gap. For each void I' =T’
surrounded by bands I;_; and I;, we define a constant by

b -
dps,;
Or; :== —27rc/aj %(m) dx . (2.21)

Similarly, for each saturated region I' = I'; surrounded by bands I;_; and I; (necessarily an interior gap),
we define a constant by

b 0 c
. 4 (‘T) dﬂmin
9rj = 27TC/aj |: - — 7(.’[])} dr . (222)
There is no difficulty using the same symbol 6r on the left-hand side of these two definitions because a
given gap I' = T'; is either a void or a saturated region but cannot be both. For the gaps I' = (a, ag) and
I' = (B, b), which exist according to the genericity assumptions stated in §2.1.2, it will also be useful to

define associated constants fr. Whether each of these gaps is a void or a saturated region, we define

G(G)ao) = —27c and o(ﬁc,b) =0. (2.23)

2.1.5 Dual equilibrium measures

According to (1.46), if Vi (z) is associated with the weights {wx,} and if V y(z) is associated with the
dual weights {Wx,}, then we have the simple identity V y(z) = —Vi (). This leads to the useful fact that
knowing the equilibrium measure for one family of discrete orthogonal polynomials is equivalent to knowing
the equilibrium measure for the dual discrete orthogonal polynomials. We have the following specific result.

Proposition 2.6. Let E.[u; V, p°] be the energy functional (2.3) with external field o(z) given by (2.1) in
terms of analytic functions V (z) and p°(z), and let £.[V, p°] denote the corresponding Lagrange multiplier.
Let P(c,V,p°) denote the problem of finding the measure p on (a,b) minimizing E.[u;V, p°], subject to
conditions (2.4) and (2.5). If for all ¢ € (0,1), uS,, is the solution of the problem P(c,V,p°), then the

measure il with density

U | 0 Apinin
o)1= 11 (1) - M 0 (2.21)
is the solution of the problem P(1 —c,—V, pY). Also,
. 0 E lu: 0
M = _% and — l1_ [V, p°] = L[V, p°]. (2.25)
# i H Honin

Proof. Clearly, the measure with density given on (a,b) by (2.24) satisfies both conditions (2.4) and (2.5).
A direct calculation then shows that Ej_.[ji; —V, p°], when considered as a functional of y by the relation

D)= 2 () - o) |

is linearly related to the functional E.[u;V, p°]:

b
/ V(z)p’(z) dx .

Since ¢ and 1 — ¢ are both positive, we obtain (2.24). The proof of (2.25) is similar. O

B c
Brclfi; =V, 0 = Bl V. ") = T—
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2.2 ELEMENTS OF HYPERELLIPTIC FUNCTION THEORY

Let the analytic function R(z) be defined for z € C\ U;I; to satisfy
a
R(2)* = H(z —aj)(z— B5) and R(z) ~ 29! as 2 — o0, (2.26)
§=0
and for z in the same domain, define

where R (z) denotes the boundary value taken by R(z) from the upper half—plane and where the constants
fm, m=0,...,G— 1, are chosen (uniquely—see Appendix A) so that

/ h'(z)dz=0, forj=1,...,G. (2.28)
Then we define a function for z € C \ (=00, B¢ by the integral
h(z) := klog(z) + /OO [S — h’(s)} ds, (2.29)
where the path of integration lies in C \ (—o0, B¢]. Fuzrthelrmolre7 we define a constant v by
v :=n(Bc) — 2h(Bc) - (2.30)

The combination N{.+ 7 plays an important role in what follows. Since v remains bounded as N — oo, we
may interpret v as a higher-order correction to the scaled Robin constant N..

Suppose that G > 0. It may be verified that for z in any interior gap I';, the difference of boundary values
taken by h(z) depends on j but is independent of z. Thus there are constants ¢;, j =1,...,G, such that

hy(z) —h_(z):= lifgl h(z + ie) — h(z — ie) = ic; for z € I';. (2.31)
€
Moreover, it can be checked directly that the constants c; are real and linear in &, so that we may write
Cj = Cj0 T Wik
for some other real constants c;0 and w; that are independent of k. We define a vector r with components

Ty = Nerj —C50, (232)

for j=1,...,G, and a vector  with components wj, for j =1,...,G.
The function iRy (z) may be analytically continued from any band I to the complex plane with the
real intervals (—oo, ag] and [Bg, 00) and the closures of the interior gaps I'y,...,I'¢ deleted. We call this

analytic continuation y(z), and for z in this domain of definition, we introduce a vector function m(z) having
components m,,(z) := zP~! /y(z), forp = 1,2, ..., G. Next, a constant G x G matrix A = (at),a® ... al®))

is defined by insisting that the linear equations
@

A m_(z)dz = riel) forj=1,...,G, (2.33)
Bi-1
are satisfied, where m_(z) denotes the boundary value taken on the real axis from the lower half-plane and
eU) is column j of the G x G identity matrix. This determines vectors b\7) by the definition

b0 = —2A )" / m(z)dz, (2.34)

and we obtain a second G x G constant Riemann matriz from these column vectors by setting B :=
(bW b . b)), A Riemann constant vector k may now be defined by the formula

G
L1 ,
§ (9) _E (9)
i eV —1—2 bV G odd,

k:={ Jeodd = (2.35)

1 .
i Z el + 3 me , G even.
j=1

J even
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The matrix B is real, symmetric, and negative-definite, so we may use it to define a Riemann theta function
for w € C by the Fourier series

T . . . L 7
= Z tne™ V', with Fourier coefficients ¢, := exp gn Bn | . (2.36)
nezs
Next, for z € C\ R, define the Abel-Jacobi mapping by setting
w(z) = Am(s)ds, (2.37)

g
where the path of integration lies in the half-plane J(s) = $(z) but is otherwise arbitrary. As special cases
we set

wi(00) = lim w(z) and w_(o0) := lim wi(z). (2.38)
F(z)>0 F(z)<0
Let A\(z) be defined in the same domain as y(z) by
el
Mz)t = H 29 and Az) — 1 as z — oo with (z) > 0. (2.39)
Jj=0 z= b
In terms of A(z) we define two functions in the same domain by setting
1 1 1 1
=—|A — d == |Az) - —=| - 2.4
=g ey w5 e ) (2.40)
The polynomial equation
G €]
H(w—aj)—H(m—ﬁj)zO (2.41)
§=0 §=0
of degree G has exactly one root x = z; in each interior gap I';, for j = 1,...,G. Denoting the boundary

values of w(z) taken on the real axis from the upper and lower half-planes by w_ (2) and w_(z), respectively,
we define two vectors by setting

G G
= Zw,(xj) +k and qQy = Zw+(xj) +k. (2.42)

In terms of these ingredients we may now define two functions that turn out to extend analytically to the
domain C\ (—o0, Bg]. If G > 0, set

O(W4(00) — qu) O(w(2) — qu — ir + 1K)

u(z)eh® —— ;o S(2) >0,
— O(W(00) — qu — ir + k) O(w(z) — qu)
W(z):= e + @(w_(%oo) ~a) O(w(2) — qu —|— ir — 1kQ) S(2) < 0 (2.43)
O(w_(00) = qu +ir — ir€2) O(w(z) —qv) 7 ’
and
iv(2)e—") O(w_(c0) — qu) O(w(z) — qu +ir — k) S(»
BT L o o T e 7 e R AN
iu(z)e ") O(w+(00) — qu) Ow(z) — qu —ir +ikQ) 3(z) <0.
O(w, (00) — qy — ir + iKkS2) O(w(z) —qy) ’
And if G =0, set
u(z)e?) S(z ,
W(z) = {(U(L)eh(z)’ %EZ; z 8 (2.45)
and
iww(z)e "3 $(z) >0,
Z(z) := {iu((z))e_h(z), %Ez; i 0 (2.46)

Finally, for any gap I' we may define two corresponding functions HZ () in terms of W (z) and Z(z):
HE() = W mnr-imvsmn@@on2 1 26 e -insen(a:)on) /2 | (2.47)
V2 V2
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2.3 RESULTS ON ASYMPTOTICS OF DISCRETE ORTHOGONAL POLYNOMIALS

Subject to the basic assumptions described in §1.3.1 and the simplifying assumptions described in §2.1.2,
we have the following results, the proofs of which will be given in Chapter 6.

Theorem 2.7 (Outer asymptotics of mn x(2)). Let K be a closed set with K N[a,b] = 0. Then there exists
a constant Cg > 0 such that

mnk(z) = eNE W (2) +en(2)]
where the estimate
Ck

sup len(2)| < —
sup fex(2)] < 7

holds for sufficiently large N, and W (z) defined by (2.43) or (2.45) is a function that is nonvanishing
and uniformly bounded in K independently of N. Furthermore, the product eNLC(z)W(z) is analytic for
z € C\ [a,b].

Theorem 2.8 (Asymptotics of leading coefficients and recurrence coefficients). If there is only a single band
of unconstrained support of the equilibrium measure us,; in [a,b], with endpoints ag < By, then

4 N 1
k= Bo— 0 o (1+€§V)> ’
—
VX k1 = %ewm (1 +€§3)) ,

50 — O 3
by k-1 = 1 (1 +€§V)> ,
and

+ o
aN .k = LO 0 +E§3),
2
where there is a constant C' > 0 such that the estimates \55\7[”)| < C/N, m=1,2,3,4, all hold for sufficiently
large N. More generally, if for some G > 0 there are G + 1 disjoint bands with endpoints ag < By < a1 <
01 < - <ag < Bqg, then

s 4Nt O(w_(00) — qu + ir — ikQ2)O (W4 (00) — qy) )
O(W1(00) —qy 1 ir — irS2)O(W_(00) — ) (1+0)

Neetr [ G O(w, () — qu — ir 4+ ikQ)O(W_(0) — qy) @)
INE=1= 7 jgo(ﬁj — o) @(wj(oo) — gy —ir + iK2)O (W (00) — qu <1 e ) ,
1 < O(w_ () — qu)
bvk-1= 7 ;(@‘ )| B(w, (00) — av)

O(wy(00) — qy — ir + ikQ)O (W (00) — qp + ir — ikD) (1 N 5(3))
O(w_(00) — qy —ir + ikQ)O(W_(c0) — qy + ir — ikS2) N
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and
S ial®) . VO(w, (00) + q, — ir + i) B ial®) . VO(w(c0) + qy)
MET 0w (00) + qy — ir + i69) O(w+ (o) + qu)
n ial@ . VO (w4 (00) — qy +ir — ik) B ial® . VO(w(c0) —qy)
6w+ (00) —qu T it — in®Y) 8w (o) — )
G
20—

=0 (4)

+ 5 G +ens
> B —ay)
=0

where a'%) - VO denotes the directional derivative of ©(-) in the direction of a'®) in CE and where there is
a constant C > 0 such that the estimates |5§\7,n)| < C/N, m=1,2,3,4, all hold for sufficiently large N.

For an interval J C [a,b] and any ¢ > 0, define the compact set

K§ = U {z € C such that |z — w| < §}. (2.48)
weJ

Theorem 2.9 (Asymptotics of 7y r(z) in voids). Let J C [a,b] be a closed interval and let T' be a void.
If T = (a,0), then assume that J C [a,a9). If T = (Bg,b), then assume that J C (Bg,b]. Finally, if
I' =T, = (8j-1,;) for some j =1,...,G, then assume that J C T'. There is a positive § and a constant
C§ > 0 such that for z € K§ defined by (2.48), we have

mai(2) = NG [AY (2) +en(2)]

where the estimate

(2.49)

holds for sufficiently large N and
AV (2) 1= N LTy () |

with W (z) given by (2.43) or (2.45), is a function that is real-analytic and uniformly bounded in K
independently of N. If T is adjacent to either endpoint, z = a or z = b, then AY(z) does not vanish
in KY. Otherwise, AY (z) has at most one (real) zero in K§.

The possible lone zero of Aly (2) in the void T is analogous to a spurious zero in approximation theory. The
motion of a spurious zero through an interior gap I' as parameters (like the degree k) are varied corresponds
to the spontaneous emission of a zero from one band and its subsequent capture by an adjacent band
separated by a void. At most one zero can be in transit in I" for each choice of parameters.

< Remark: Note that if the void I" contains no spurious zero for N sufficiently large, then Theorem 2.9
implies the existence of the limit, as N — 0o, of mx k+1(2)/7n k(2) uniformly for z € K§. In particular, this
limit exists everywhere outside the support of the equilibrium measure if G = 0. The existence of such ratio
asymptotics in voids was postulated (and a necessary formula for the limit, should it exist, was obtained
in terms of the equilibrium measure) by Aptekarev and Van Assche under slightly more general conditions
than we have considered. See [AptV01]. >

For z in the domain of analyticity of p°(z), we set

0°(z) :=2n /b p°(s) ds. (2.50)
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Theorem 2.10 (Asymptotics of mn x(2) in saturated regions). Let J C I' C [a,b] be a closed interval and
let T be a saturated region. There is a positive § and there are constants C§ >0, D% >0, and E§ > 0 such
that for z € K¢ defined by (2.48) we have

i (2) = VT (AR () 4 ex () cos 9;“) +ov)] (251)

where the estimates

s
sup |en(2)] < =L and sup |dn(z)| < DgefNEg (2.52)
z€K$ N zEK]

hold for sufficiently large N, and
AB(2) 1= 26N (Le(®)=LL(2) o= iNsgn(3(2))0° () /2y ()

with W (z) given by (2.43) or (2.45), is a function that is real-analytic and uniformly bounded in K
independently of N. If T' is adjacent to either endpoint, z = a or z = b, then Alé(z) does not vanish
in K9. Otherwise, AR(z) has at most one (real) zero in K§.

When a saturated region meets an endpoint of [a, b] (i.e., when it is an exterior gap), we say that there is
a hard edge at that endpoint. This terminology is borrowed from random matrix theory, where it refers to
an ensemble of matrices all of which share a certain common bound on their spectra. For example, random
Wishart matrices of the form W = X7 X for some real matrix X necessarily have nonnegative spectra, and
for certain types of matrices X the asymptotic density of eigenvalues z of W can have a jump discontinuity
at z = 0, being identically zero for z < 0 and strictly positive for z > 0 however small. Thus z = 0 is
a hard edge for the spectrum in Wishart random matrix ensembles. We will see in Chapter 3 that the
density of the scaled equilibrium measure p;, /c plays the same role in certain discrete random processes
that the asymptotic density of eigenvalues plays in random matrix theory. Since the upper constraint always
corresponds to a strictly positive density, and since the support of the equilibrium measure is a subset of
[a, b], an active upper constraint at either z = a or z = b implies a jump discontinuity in the density of the
equilibrium measure at the corresponding endpoint, which explains our terminology.

Theorem 2.11 (Asymptotics of 7 ,(z) near hard edges). Suppose either that I' = (a, ) is a saturated
region and J = [a,t] for some t € T, or that T' = (B¢, b) is a saturated region and J = [t,b] for some t € T
(in both cases T' is an exterior gap). Set

/ s)ds, ifaelJ

/ s)ds, ifbeJ.

There is a positive & and there are constants C§ > 0, Dfsj > 0, and Ef} > 0 such that for z € Kf} defined by
(2.48) we have

v(e) = O (AR + () T ) (2.5

where En(2) and ($Sn(2) extend from ¢ > 0 as functions analytic in K§ such that the estimates
= 05 5 —NEj
sup |En(2)] < == and sup [0n(2)] < DGe™ "7
Z2EKY N 2€KY
hold for sufficiently large N and where
AB(2) i= 2N Le(@)=Le () = iNmsgn (SO () |

with W (2) given by (2.43) or (2.45), is a function that is real-analytic, nonvanishing, and uniformly bounded

in K9 indpendently of N. Finally, note that eNfz(z)C’g extends from ¢ > 0 as an analytic function in K
and that 0N (z) represents exactly the same function as in Theorem 2.10.
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< Remark: The fact that the asymptotic formulae presented in Theorem 2.11 are in terms of the Euler
gamma function is directly related to the discrete nature of the weights. In a sense, the poles of the function
['(1/2 + ¢) are “shadows” of the poles of the matrix P(z; N, k) solving Interpolation Problem 1.2. >

Theorem 2.12 (Exponential confinement of zeros in saturated regions). Let J C [a,b] be a closed interval
and let T' be a saturated region. If T' = (a,ap), then assume that J C [a,aq). If T' = (Ba,b), then assume
that J C (Ba,b]. Finally, if T =T'j = (8j-1, ;) for some j = 1,...,G, then assume that J C T'. There
are positive constants D, E;, and No such that for every node xn,, € Xy NJ there exists a zero zg of the
monic discrete orthogonal polynomial wx k() with

< DjeNEs

|20 — N ) whenever N > Ny . (2.54)

Moreover:

1. IfT = (a, ), so that minJ > a, then for each node xn ., € JN Xy there is a zero zo of mn k(2) such
that

TN < 20 < TNn+ Dje NEs whenever N > Ny, (2.55)

and for each zero zy € J of wn k(%) there is a node xn , € Xn such that (2.55) holds.

2. IfT'=(Bg,b), so that maxJ < b, then for each node xn , € JN Xy there is a zero zo of wn 1 (2) such
that

TN — Dje NEs < 0 < TNn whenever N > Ny, (2.56)

and for each zero zg € J of mn (2) there is a node xn,, € XN such that (2.56) holds.

3. IfT =T = (Bj-1,q;) for some j =1,...,G, then exactly one of the following two mutually exclusive
possibilities holds:

(a) There is a node xn,m € T N XN such that mn k(xNm) = 0. For each node xn,, € J N Xn with
TN > TNm, there is a zero zo of wn k(z) such that (2.55) holds, and for each zero zg € J
of mn i (2) with zo > TN m, there is a node xn,, € Xy such that (2.55) holds. For each node
TNn € JNXN with Ty, < TNm, there is a zero zg of TN k(z) such that (2.56) holds, and for
each zero zg € J of mn 1(2) with zo < TN m, there is a node xn ., € XN such that (2.56) holds.

(b) There is a consecutive pair of nodes tn,m € TN Xy and xnmy1 €T N Xy such that

e For each node xn, € JN Xy with TN, > TNm+1, there is a zero zy of mn k(z) such

that (2.55) holds, and for each zero zo € J of wni(z) with zo > TN,m+1, there is a node
TNn € XN such that (2.55) holds.

e For each node xn, € JN XN with TN, < TNm, there is a zero zo of wn k(z) such that
(2.56) holds, and for each zero zg € J of mn k(z) with zo < TN m, there is a node xn ., € XN
such that (2.56) holds.

o There is at most one zero zo of Tn k(2) in the closed interval [N m, TN m+1], and if it exists,
then 2o € (TN m, TN.m+1)-

Note that in case 3(b), if there is a zero z¢ of my x(2) with nm < 20 < TNm+1, there need not be
any node zn, € Xy such that (2.54) holds. This particular zero, and only this one, is not necessarily
exponentially close to any node.

We refer to the node zx », in 3(a) and the interval [ n m, N m+1] in 3(b), both of which serve to separate
the two directions of perturbation of the zeros of mn 1 (z) from the nodes, as defects, and to the zero possibly
carried by the defect in 3(b), as a spurious zero. The remaining zeros correspond in a one-to-one fashion
with the nodes; we refer to them as Hurwitz zeros by analogy with the approximation theory literature. See
Figure 2.1.

< Remark: It should perhaps be stressed that in principle there is nothing that prevents a zero of 7wy 1 (2)
from coinciding ezactly with one of the nodes xn ,, € Xn. Indeed, this is the case in 3(a) above. However,
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Figure 2.1 First line: the pattern of zeros of wnk(z) (small circles) and nodes (vertical segments) in a saturated
region adjacent to the left endpoint z = a. Second line: same as above, but for a saturated region adjacent
to the right endpoint z = b. Third line: a pattern of zeros and nodes in a saturated region between two
bands; there is a single defect (circled) corresponding to a zero of wnk(z) occurring exactly at a node.
Fourth line: a pattern as above in which the defect (circled) is an interval (¥ N,m,TN,m+1] that does not
carry a spurious zero. Fifth line: same as above, but a case in which the defect (circled) carries a spurious
zero (small shaded circle).

Theorem 2.12 shows that in a saturated region adjacent to an endpoint z = a or z = b (i.e., a saturated
region that is also an exterior gap) all zeros become asymptotically distinct from (yet paradoxically converge
rapidly to) nodes as N — oo. In a saturated region lying between two bands (i.e., a saturated region that
is also an interior gap) it is asymptotically possible for only a single zero to coincide exactly with a node. >

The precise location of a defect within a saturated region depends on all the parameters of the problem,
and in some circumstances it may make sense for a parameter, say, appearing in the function V(x) defined
in (1.17), to be continuously varied. An example of such a parameter is the parameter T' parametrizing the
Toda flow. This is interesting because it can imply corresponding dynamics of the defects and any spurious
zeros they may carry. If continuous deformation of a parameter leads to deformation of the phase vector
r — k€2, then the defect will move continuously through the saturated region I' as well.

How does a defect move? If there is no spurious zero, then a defect [ n m, TN, m+1] can move to the right
to become a defect [N m+1, TN m+2], as the zero of 7wy k(2) just to the right of the node =y 41 moves
continuously to the left through the node. Then the same process occurs near the node zn m+2, and so on.
Thus a defect without a spurious zero moves to the right by a process in which Hurwitz zeros move to the
left an exponentially small amount, passing through the corresponding nodes, one after the other. During
the continuous motion of a defect without a spurious zero, the situation described in 3(a) above occurs only
at isolated values of the deformation parameter on which the phase vector r — k€ continuously depends.
See the left diagram in Figure 2.2.

If the defect [N m, TN m+1] contains a spurious zero, then the motion of the defect to the right occurs by a
change-of-identity process in which the spurious zero moves to the right through the defect toward x n m+1,
and when it is exponentially close to znx m+1, it becomes a Hurwitz zero and the previously Hurwitz zero
just to the right of zy 41 becomes a spurious zero belonging to the new defect [xN7m+1,xN7m+2]. Thus
a defect carrying a spurious zero moves to the right by a process in which zeros move to the right by an
amount proportional to 1/N, one after the other. During the continuous motion of a defect containing a
spurious zero, the situation described in 3(a) above never occurs at all. See the right diagram in Figure 2.2.

In fact, a defect carrying a spurious zero that reaches an endpoint of I' under deformation will generally
be reflected back into I' as a defect without a spurious zero. Thus as parameters are deformed, a defect may
oscillate back and forth within a saturated region and act like a conveyor belt, carrying a spurious zero from
one band to the next and returning empty to pick up the next zero. This phenomenon will be illustrated
concretely with the Toda flow in §3.5.3.
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Figure 2.2 Left: the motion of a defect (circled) that does not carry a spurious zero. Right: the motion of a defect
(circled) carrying a spurious zero, which exchanges its identity with a Hurwitz zero in each step.

Theorem 2.13 (Asymptotics of 7y x(z) in bands). Let J be a closed interval and let I = (a;, 5;) be a band.
Assume that J C I. There is a positive § and a constant Cy > 0 such that for z € K defined by (2.48), we
have

Ty i(z) = N [Al(z) cos (@I(Z) + Naeps,, ([z,b]) — Ne / T (s) ds> + 51(2)} ,

where x is any point (or endpoint) of I and £1(z) satisfies the estimate

C
sup |er(2)] < =2 (2.57)
zEKf; N
Here A(z) and ®1(z) are real-analytic functions of z that are uniformly bounded independently of N in K§.
Moreover, Ar(z) is strictly positive for real z. For real z, the identity

1 )
Wi(2) = As(z)e™

holds, where W (z) is defined by (2.43) or (2.45) and Wi (z) indicates the boundary value taken from the
upper half-plane. This relation serves as a definition of the analytic functions Aj(z) and ®r(2).

Theorem 2.14 (Asymptotic description of the zeros of my x(2) in bands). Let J be a closed interval and
let I = (aj,0;) be a band. Assume that J C I. Then the zeros of mn k() in J correspond in a one-to-one
fashion with those of the model function

Ci(2) i= cos <<I>I(Z) + Nt i, 0) = Nre [ n(s) ds> 7

where ®r(z) is as in the statement of Theorem 2.18 above and x is any point (or endpoint) of I. Moreover,
there exists a constant Dy > 0 such that if N is sufficiently large, each pair of corresponding zeros zg of
N k(2) and Zo of Cr(z) in J satisfies the estimate

Before we state the next results, we point out that the function fi(z) defined for each band I = (o, 8)
(see (2.12)) may be considered to be analytic in a complex neighborhood of the closed interval [«, 5]. In
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particular, fg (z) is analytic in a neighborhood of each endpoint of the band. The analytic continuation to
a neighborhood U, of z = a is accomplished by the identity

— 1 3/2

Li(z):L (z )+W( TFVL(z)) ) for z € U, with $(z) #0,
if the adjacent gap I is a void, and by the identity

_ _ 1 3/2

Li(z) = Lf(z) ~ 5N ( 7'11A L(z)) , for z € U, with $(2) £ 0,

if the adjacent gap I' is a saturated region. Similarly, the analytic continuation to a neighborhood Ug of
z = ( is accomplished by the identity

- _ 3/2
Li(z) = L:(z) + % ( e R(z)) , for z € Ug with 3(z) #0,

if the adjacent gap I is a void, and by the identity

1 —=I

_ 3/2
L.(z)=L,(2)— TFA R(z)) ) for z € Ug with $(z) #0,

2N (
if the adjacent gap I' is a saturated region.

Theorem 2.15 (Asymptotics of my ;(z) near band/void edges). Let z = « be the left endpoint of a band I
and suppose that a void T lies immediately to the left of z = a. There exist constants r > 0 and C > 0 such
that when |z —a| <,

TN k(2) = eNfi(Z) lNl/G (AIY’L(z) —I-EA(Z)) Ai (— (2>2/3 TFV’L(Z)>

+ NS (BXL( ) +en(z < G) >] . (2.58)
C
N

where the estimates

wd  sup |en(:)] <
|z—a|<r

sup [ea(z)] <

|z—al<r

both hold for all N sufficiently large and where the leading coefficient functions defined by

zlQ

1/4

1/6
ATE(z) = @ Vame"O R () N7V (<))

V.L 3\ o e g e (_ v\
B (z) == — 1 2me Hi(z)-N (—TF (z))

are real-analytic functions for |z — a| < r that remain uniformly bounded in this disc as N — oo. Further-

more, we may also write
2/3
NYS AV () Ai < <Z> (2 )) +4(2)

C
6(2)] < N1/6

NI, (2)

mNk(z) =e (2.59)

where the estimate

sup
|z—a|<rN—2/3
holds for all sufficiently large N.
Let z = 3 be the right endpoint of a band I and suppose that a void I' lies immediately to the right of
z = (. There exist constants r > 0 and C > 0 such that when |z — ] < r,

TNk(2) = eNTe(2) [Nl/ﬁ (A?’R(z) + 6A(Z)) Ai < <z)2/3 TFV’R(z)>

+ N0 (BYR(2) +2n(2)) AT (— (Z)w N 'R<z>> ] . (260)
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where the estimates

C
and su eg(z)] < —
ERES

both hold for all N sufficiently large and where the leading coefficient functions defined by

V.R 3N a2 gt —1/6 (_ YR\
AL (z) = 1 2re H (z)-N (—TF (z)) )

zla

sup |ea(z)] <
lz—B|<r

V.,R 3) Vomem@H-1/2g= 1/6 v )
B (z) == — 1 2me Hp(z)-N (—TF (z))

are real-analytic functions for |z — B| < r that remain uniformly bounded in this disc as N — oo. Further-
more, we may also write
oNL(2)

N k(2) = , (2.61)

4

2/3
NYSAYR(5)Ai < <§) {v%)) +0(z2)

where the estimate
sup |0(2)] < 1575
|[z—pB|<rN—2/3 N1/6
holds for all sufficiently large N.

Note that these asymptotic formulae are similar in nature to the corresponding asymptotic formulae found
in [DeiKMVZ99b]| for polynomials orthogonal with respect to analytic weights on the whole real line. On
the other hand, there is no analogue of a saturated region for continuous weights. The asymptotic behavior
near the edge between a band I and a saturated region I' involves the Airy function Bi(-), as well as Ai(-),
and is the subject of the next theorem.

Theorem 2.16 (Asymptotics of my 1 (2) near band/saturated region edges). Let z = « be the left endpoint
of a band I and suppose that a saturated region I' lies immediately to the left of z = «. There exist constants
r >0 and C > 0 such that when |z —a| <7,

T a(2) = eNEO[NVE (ARF(2) +2a(2)) Fh(2) + N7V0 (BRH(2) + 2n(2)) FE(2)] (2.62)
with

F%(2) := cos <N92(2)> Bi <— G)m T?’L(z)> — sin (No;)(z)) Ai <— (2)2/3 TFA’L(Z)> 7

where the estimates

2l

C
sup [ea(2)] < and sup [ep(2)| <
lz—a|<r |z—a|<r N

both hold for all N sufficiently large and where the leading coefficient functions defined by
1/6 1/4
ABE () (2) fare M) D/2 = () . N1/ (_TFA,L(Z)> |

3

B?’L(z) = (Z) \/ﬁe(”(z)fv)/QHff(z) . N1/6 (—TFA’L(Z)>

are real-analytic functions for |z — a| < r that remain uniformly bounded in this disc as N — oco. Further-
more, we may also write

TN p(z) = eNTe® {Nl/ﬁAﬁ’L(a)Fj(z) + 5@)} : (2.64)
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where the estimate

C
su 0(2)] <
|zfa\STIJ)V*2/3 9@ < N1/6

holds for all sufficiently large N.
Let z = (3 be the right endpoint of a band I and suppose that a saturated region I lies immediately to the
right of z = 8. There exist constants r > 0 and C' > 0 such that when |z — 3] <,

mna(z) = VB [Nl/ﬁ (A?ﬁ(z) + sA(z)) FR(z) + N~1/6 (BFA’R(Z) + EB(Z)) Fg(z)] 7 (2.65)

with

Fi(2) == cos (N02(2)> Bi < <Z)2/g TFA’R(z)> +sin (Ne;)(z)) Ai ( (Z)Z/B TFA’R(z)> ,
FE(2) = cos (%) Bi’ <— (%)2/3 TFA’R(Z)> + sin (Nﬁg(z)) AY <— (%)2/3 TFA’R(Z)> )

where the estimates

and sup |lep(z)] <

C
sup [ea(2)] < ~
|2—B|<r N

lz=Bl<r

both hold for all N sufficiently large and where the leading coefficient functions defined by

)1/4

—1/4

zlQ

~—

1/6
3
A?’R(z) = (Z) \/QWe(W(Z)*W)/ZHF*(Z) N/ (_TFA,R(Z

3\ ~1/6
BFA’R(z) = — (—) \/Qﬁe(n(z)—v)/2HF+(Z) . N1/6 (_TFA,R(Z))

are real-analytic functions for |z — | < r that remain uniformly bounded in this disc as N — oo. Further-
more, we may also write

mvk(2) = N [N AR (B) FR() + 6(2) (2.67)
where the estimate

C
0 <
\zfﬁlsﬁlﬂij)\'*WSl ()] < N1/6

holds for all sufficiently large N.

With the proper choice of the closed set K in Theorem 2.7, we see that the whole complex z-plane has
been covered with overlapping closed sets, in each of which there is an associated asymptotic formula for
7N k(z) with rigorous error bounds.

2.4 EQUILIBRIUM MEASURES FOR SOME CLASSICAL DISCRETE
ORTHOGONAL POLYNOMIALS

Since the asymptotic behavior of the discrete orthogonal polynomials is determined by the equilibrium
measure u . corresponding to the functions p°(x), V(z), the interval [a,b], and the constant c, it will be
useful to demonstrate that the results stated in §2.3 can be made effective by a concrete calculation of the
equilibrium measure. We consider below two classical cases. The equilibrium measure for the Krawtchouk
polynomials was obtained by Dragnev and Saff in [DraS00]. The equilibrium measure for the Hahn polyno-
mials has not appeared in the literature before (to our knowledge), and we present it below as well.
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2.4.1 The Krawtchouk polynomials

The Krawtchouk polynomials [AbrS65] are orthogonal on a finite set of equally spaced nodes in the interval

(0,1):

2n+1
2N

The analytic probability density on (0,1) is then given simply by p®(x) = 1. The corresponding weights are

given by

TNp = forn=0,1,2,...,N —1.

Kraw

wy (P, q) =

N-1
N \/p—q N-1 pnqulfn

g"T'(N) \ n ’
where p and g are positive parameters. The first factor that depends only on N, p, and ¢ is not present in
the classical formula [AbrS65] for the weights; we include it for convenience since the lattice spacing for our
nodes is 1/N rather than being fixed. In any case, since

N-1 (_I)N—l—n

H (mN,n - iUN,m) = Wﬂ'(]\f —1- TL)',
m=0

m#n

the weights may also be written in the form

N-1
Kraw . _
w%fiw(p, q) = e NV Evni) H TN — TNm|
m=0
m#n
where
Kraw .. A : P q
V™ (1) =z, with  :=log - .
p

Note that in this case the function VE™¥(x;1) is coincidentally independent of N, so that VK™ (1) = [z
and 7% (z;1) = 0. These weights are therefore of the required form (see (1.16)) for our analysis. Since
for the dual family of discrete orthogonal polynomials we should simply take the opposite sign of the
function Vi (z), we see that the polynomials dual to the Krawtchouk polynomials with parameter [ are again
Krawtchouk polynomials with parameter —I. A number of different involutions of the primitive parameters
p and ¢ correspond to changing the sign of . For example, one could have p <> 1/p and ¢ < 1/g, or simply
p < q. The latter involution is consistent with the typical assumption that 0 <p <1 and p+¢q=1.

For the typical case when 0 < p <1 and p + g = 1, the above self-duality of the Krawtchouk polynomials
implies that it is in fact sufficient to consider 0 < p < 1/2. This fact was used in the paper [DraS00], where
the equilibrium measure was explicitly constructed for all p in this range and for all ¢ € (0, 1). To summarize
the results, it has been shown that there is a single band I C [0, 1], with endpoints o = a(p, ¢) < B(p, c) = 0,
for which there are explicit formulae. The behavior of the equilibrium measure in (0,1) \ I depends on the
relationship between ¢ and p in the following way:

o If 0 < ¢ < p: The intervals (0, ) and (3, 1) are both voids.
e If p < ¢ < ¢ The interval (0, ) is a saturated region, and the interval (3, 1) is a void.
e If ¢ < ¢ < 1: The intervals (0, ) and (3,1) are both saturated regions.

This information supports our argument that the situation of having a constraint active at both endpoints
of the interval is generic with respect to small perturbations of ¢. The borderline cases of ¢ = p and ¢ = ¢
are also interesting. In the paper [DraS00] it is shown that

a—0asc—p and 8—1lasc—q,

and for ¢ = p the density dul;,/dz of the equilibrium measure is equal to the average of the constraints at
x = 0, while for ¢ = ¢ it is equal to the average of the constraints at x = 1. These are thus both special
cases of the general result stated in Proposition 2.2.
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There exists an integral representation for the Krawtchouk polynomials, and an exhaustive asymptotic
analysis of the polynomials has been carried out using this formula and the classical method of steepest
descent; see [IsmS98]. Our formulae for the leading-order terms agree with those in [IsmS98] in the interior
of all bands, voids, and saturated regions (the steepest-descent analysis is carried out with z held fixed away
from all band edges and from the endpoints of the interval of accumulation of the nodes). The relative error
obtained in [IsmS98] is typically of the order O(N ~1/2), although it is stated that under some circumstances
this can be improved to O(N ~!) in some voids and saturated regions. The relative error estimates associated
with the asymptotic formulae presented in §2.3 thus generally sharpen those in [IsmS98] in regions where
the O(N~1/2) relative error bound is obtained. It should be noted that while integral representations like
that analyzed in [IsmS98] are not available for more general (nonclassical) discrete orthogonal polynomials,
the methods to be developed in Chapters 4 and 5 that lead to the general theorems stated in §2.3 apply in
the absence of any such representation.

An interesting fact is that the Krawtchouk weights are invariant under the Toda flow for each N. Indeed,
from (1.32) for p = 1 (the Toda flow index p, not the Krawtchouk parameter p), we should consider the
exponentially deformed Krawtchouk weights:

WY (p, g, t) = WY (p, q)e* Nt
An elementary observation in the case p + ¢ = 1 is that

WS (po, 1 — po)e®™™ ! = wiaY (p(t), 1 —p(t)) ,
where

Po t
= and T=—. 2.68
po + (1 —po)e " N (2.68)
Thus as ¢ varies from —oo to 400, p(t) increases monotonically under the Toda flow from p(—o0) = 0
to p(+o00) = 1. This interesting observation can be found in [AptV01] and [KuiM01]. Remarkably, this
construction also arises naturally in the context of geometric quantization of the Riemann sphere (the

quantum theory of spin); see [BloGPUO03].

p(t)

2.4.2 The Hahn and associated Hahn polynomials

Now we consider a semi-infinite lattice of equally spaced nodes
_2n+1

TNn = N )

and consider a corresponding three-parameter family of weights [AbrS65],

NN-L - T®(c+n)(d+n)
I'(N) Tn+1)I'(b+n)(c)T(d)’

where b, ¢, and d are real parameters. The prefactor depending only on N is included as a convenient
normalization factor that takes into account the fact that the lattice spacing in (2.69) is 1/N.

Although the measure corresponding to the weight function (2.70) is supported on an infinite set, there
are always only a finite number of orthogonal polynomials. For example, if one takes the parameters b,
¢, and d to be positive, then Stirling’s formula shows that the weight decays for large n only if a certain
inequality is satisfied among b, ¢, and d and that it decays only algebraically, like n~P with the power p
depending on b, ¢, and d. Therefore, for positive parameters, the weight function (2.70) has only a finite
number of finite moments, and consequently only a finite number of powers of n may be orthogonalized.

We consider here a different way of arriving at a finite family of orthogonal polynomials starting from
(2.70). If one takes a limit in the parameter space, letting the parameter ¢ in (2.70) tend toward the negative
integer 1 — N, then one finds

forn=0,1,2,..., (2.69)

wN (b, c,d) == (2.70)

NN-1/N -1 (—1) r'®)Ir(d+n)
wN.n(b,1 = N,d) := limN wn (b, e,d) =< T(N) n Lb+n)(d)’
ool 0, ifn> N.

ifn€Zy,
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The limiting weights are thus supported on Zy rather than on an infinite lattice, and according to (2.69) the
N nodes zn, < --+ < xn,N—1 are equally spaced with spacing 1/N and zn,0 = 1/(2N). Therefore the node
density function is p°(z) = 1. Note that the weights wy (b, 1 — N,d) are not positive for all n € Zy unless
further conditions are placed on the remaining real parameters b and d. Insisting that wy ,(b,1 —N,d) >0
for all n € Zy identifies two disjoint regions in the (b, d)-plane.

One of these regions is delineated by the inequalities d > 0 and b < 2 — N. In this case, we refer to
wWN,n(b,1 — N,d) as the Hahn weight, and we call the corresponding polynomials the Hahn polynomials.
Let P and @ be positive parameters. Setting d = P and b = 2 — N — @ in the limiting formula for
wn (b, 1 — N,d), we arrive at a simple formula for the Hahn weights:

n+P-1\(N+Q—-2-n
NN-1 ( n >< N-1-n )
I(N) N+Q-2 ’
("a%0)
Note that by taking P = @ = 1, the Hahn weights become independent of n, so in this special case the
Hahn polynomials are up to a factor the (discrete) Tchebychev polynomials (in the terminology of [AbrS65]
and [Sze91]), also known as the Gram polynomials (in the terminology of [DahBAT74]).

The other region of the (b, d)-plane for which the weights wy (b, 1 — N, d) are positive for all n € Zy is
delineated by the inequalities b > 0 and d < 2— N. In this case, we refer to wy (b, 1 — N, d) as the associated
Hahn weight, and we call the corresponding polynomials the associated Hahn polynomials. Again, let P and
@ be positive parameters. Setting d =2 — N — @ and b = P in the limiting formula for wy ,(b,1 — N, d),
the associated Hahn weights are

wWNn(b,1 —N,d) = w%‘;}j“(R Q) =

nely. (2.71)

_ NNV I(N)I(N 4+ Q — 1)I'(P)
T T(N) Tn+1DI(P+n)I(N-n)I(N+Q—1-n)’

wn (b, 1= N, d) = wi(P,Q) neEZLy.

(2.72)
Note that

W (P QR (P.Q) [ (enm — 2nn)? =1,
m#n

for all n € Zy and all P > 0 and @ > 0. This means that the associated Hahn polynomials are dual to the
Hahn polynomials (compare the general definition (1.46) of dual weights in §1.4.3).
Writing the Hahn weights (2.71) in the form (1.16), we have

1 NPT(N+Q—-1)
VA (N P,Q) = < 1 :
N enai B Q) = log (F(Nme FP_1/2T(N(1—ann) +Q—1/2)
The interesting case is when P and @) are large. We therefore set P = NA+ 1 and Q = NB + 1 for A and

B fixed positive parameters, and from Stirling’s formula, we then have

Hahn (..
VAR (4 NA 4 1, NB+1) = Vi (g: 4, B) 4 T2 507) (;’ 4B)

where
VvHahn (2o A B) := Alog(A) + (B+1)log(B +1) — (A +z)log(A+x) — (B+1—2)log(B+1 — z)

and

1 A 1
Hahn/,.. — N —
7 (x’A’B)'_QIOg(B+1>+O(N)'

The convergence is uniform for  in compact subsets of C\ ((—oco, —A) U (B + 1, +00)).

< Remark: The fact that the leading term in n'h%(z; A, B) is independent of = can be traced back to
the particular choice of the order-1 terms in P and @ that we have made. Other choices consistent with
the same leading-order scaling (say, simply taking P = NA and Q = NB) introduce genuine analytic
dependence into the leading term of the correction ntahn(x; A, B). >
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For the associated Hahn weight (2.72), the case of P = NA+ 1 and Q = NB + 1 is also of interest. By
duality,

Viso(z; AN + 1, BN + 1) = =Vi*"(2; AN + 1, BN + 1),

and therefore we also have VA%°¢(x; A, B) = —VHahn (5 A B) at the level of the leading term as N — oc.
According to Proposition 2.6, if the equilibrium measure corresponding to the function V&b (z: A. B) and
the node density function p°(2) is known for all values of the parameter ¢, then that corresponding to the
function VA4%5°¢(z; A, B) (and the same node density function) is also known for all values of the parameter
¢, essentially by means of the involution ¢ < 1 — c.

We have computed the equilibrium measure corresponding to the potential VH3h (2; A) B) and p%(z) = 1,
for z € (0,1). To describe it, we first define two positive constants c4 and c¢p by

—(A+B)+/(A+ B2 144
2 )
—(A+B)+/(A+ B)? 4B
5 .

We can check directly that 0 < ca,cp < 1for A, B >0, and cq < ¢g if 0 < A < B. Now let us assume that
A < B (see the remark below). Then c4 < ¢p, and we consider the three distinct possibilities: ¢ € (0,ca),
¢ € (ca,cp), and ¢ € (cp, 1). It turns out that in each of these cases, there is one band interval, denoted by
(o, B) C (0,1), on both sides of which are either saturated regions or voids.

(2.73)

Ccp =

e For ¢ € (0,c4), the interval («, 3) is the band, and the intervals (0, ) and (8, 1) are voids. We refer
to this configuration as void-band-void.

e For ¢ € (ca,cp), the interval (a, ) is the band, (0, ) is a saturated region, and (3, 1) is a void. We
refer to this configuration as saturated-band-void.

e For ¢ € (¢p, 1), the interval («, 3) is the band, and the intervals (0, @) and (8, 1) are both saturated
regions. We refer to this configuration as saturated-band-saturated.

As in the Krawtchouk case, the critical values of ¢ = ¢4 and ¢ = c¢p are somewhat special because either
a=0or 3=1.

< Remark: For the case when A > B, we have ¢ < c4, and the midregime for ¢ becomes the interval
(c,ca). For ¢ € (cp,ca), the interval (o, 3) is the band, (0,«) is a void, and (8,1) is a saturated region;
we refer to this configuration as void-band-saturated. However, there is a symmetry in this problem: if one
swaps A — B and x < (1 — ), then the field ¢(x) is changed only by a constant that can be absorbed into
the Lagrange multiplier /.. Therefore it is sufficient to consider A < B.

For all values of ¢, the band endpoints o and § are the two (real) solutions of the following quadratic

equation in X:
AA+B) +(A+B)(B-A+2et (B-A+2 (P +(A+ B4 2 0
(A+ B +2c)? (A+ B+ 2c)? -

It is straightforward to check that a, 8 € [0,1] for all 0 < ¢ < 1 and A, B > 0, and the formulae for o and
are

X2 -2

(2.74)

 (B-A+2)2+(A+B)(B—-A+2)c+ A(A+B) —2vVD (2.75)
“= (A+ B+ 2c)? '

and

(B—A+2)c?+(A+B)(B—A+2)c+ A(A+ B) +2VD

fi= (A+ B+ 2c)? ’

(2.76)

where the discriminant is given by

Di=c(1—c)(A+c)B+c)(A+B+c)(A+B+c+1).
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Now we describe the density of the equilibrium measure duS . /dx, assuming (without loss of generality
according to the remark above) that A < B. It is useful to introduce the following notation. Let the
positive function T'(x) be defined by

08—

T(z) := , fora <z < g,
T —a

and define four positive constants by

1+B—« 11—«
k = P —— k =
! Vi+B-p5" ™ 1-4°

A+ a
k = s k =
3 A‘i’ﬂ 4

@

I e

Theorem 2.17. For the functions V(z) = VU () and p°(x) = 1 on o € [0,1], the solution of the
variational problem in §2.1 is given by the following formulae when the parameters satisfy A < B. Let the
constants ca and cp be giwen by (2.73) and let o and B be defined by (2.75) and (2.76). If0 < ¢ < ca
(void-band-void), then for a <z < f3,
Ahinin
Cdr
and dul;, /de =040 <z <« or 8 <z <1. The corresponding Lagrange multiplier is given by

le:=(B—a) {[log(ﬂ —a) —1] K\(,l}%v - 210g(2)K\(/2}_2,V + 2K\(/3}%V} +e(0),

(z) == i [arctan (koT'(z)) + arctan (ksT(x)) — arctan (k1T (x)) — arctan (k4T (z)) (2.77)

where
k‘l kQ k’g k4
KDy = - -
VBV " 14k 14k 1+k3+1+k4’
2 k1 ko ks k4
K\(n%v =

1fkf_17k§_1fk§+1fki’
K@ . log(1+k1) log(l+ks) log(1l+ ks) n log(1 + k4)
VBV 1k 1— k3 1— k3 1—k3

and ¢(-) is the external field given in terms of V(-) = VHahn (o A B) and p°(-) =1 by (2.1). Ifca <c < cp
(saturated-band-void), then for a <z <,

d/”'?nin
dx

and dpt . /dx =1/c if 0 <z < « and dul;./de =0 if 3 < ax < 1. The corresponding Lagrange multiplier
is given by

te 1= (B—a) { log(8 - a) — 1] Ky, — 21082)KG), + 2Ky | +9(8)+2(8-a) log(8-a) +2a—2510g(5)

where

(z) := % [arctan (koT'(x)) + arctan (k3T (z)) — arctan (k;T'(x)) + arctan (k4T'(x)) | , (2.78)

K(l) _ k1 _ ko . k3 - k4
SBV" 14 ky 14ky 14k 14k
K@ . k1 ko ks ky

SBVIT k2 1—-k2 1-k2 1-k2
KO log(1+k1) log(l+ks) log(l+ks) log(l+ ks)
SBVTT 1 k2 1— k3 1— k3 1— k3
Finally, if cg < ¢ < 1 (saturated-band-saturated), then for a < x < f3,

%(x) = L [arctan (ksT(x)) + arctan (k4T (x)) — arctan (k;T(z)) — arctan (kgT(x))} ,  (2.79)

dx c 7
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and dut; /de =1/c if 0 <z <« and § < x < 1. The corresponding Lagrange multiplier is given by

1 2 3
tei= (8—a) {[log(8 — @) — 1] K{s — 2108(2) K P + 2K3s } +2(8) +2 — 2810g(8) — 2(1 — B) log(1 - 8)

where

K k1 n ke ks K
SBS T 14k 14k 14+ks L4k’
k k k k
K@ . 1 2 3 4
SBS TR T o 1ok 1k
KO log(1 + k1) n log(1+ ko) log(1+ks) log(l+ks)
SBS -

12 1- 12 112 1 &2

The shapes of the equilibrium measures for the Hahn weights are illustrated in Figure 2.3, which shows
the way the measures change as c is varied for fixed A < B. The proof of Theorem 2.17 is simply to check

3 3
ﬁ_ ﬁ_ 2F 1/c E
U-E U-E
= < 4t ]
0 . . . .
00 02 04 06 038 10
x
3
s B ot 3
~ ~
£ £ 1/c
& S
c=5/7
0 .
00 02 04 06 038 10
x
3
& T 2 ]
~ 3
o8 oE 1/0
3 S~
c=6/7

Figure 2.3 The density of the equilibrium measure for the Hahn polynomials for parameter values A =3 and B =7
and various values of c.

directly that the following essential conditions are indeed verified:

1. The variational inequality (2.13) holds in all voids, the variational inequality (2.16) holds in all satu-
rated regions, and the equilibrium condition (2.14) holds for a < z < .

2. The measure satisfies the normalization constraint (2.5).
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3. For a < x < f3, the measure has a density lying strictly between the upper and lower constraints (2.4).

Rather than checking each of these conditions, we will deduce the formulae directly in Appendix B. In
general, equilibrium measures may be computed either via integral formulae [KuiV99] relating them to the
asymptotics of the corresponding recursion coeflicients (which are known for the Hahn polynomials) or by
directly solving the variational problem. In Appendix B we adopt the latter approach and follow similar
reasoning as in [DeiKM98] to solve the variational problem for the Hahn weight and hence derive the relevant
formulae recorded in Theorem 2.17.

< Remark: The Hahn polynomials have not been studied in the literature to the same extent as the
Krawtchouk polynomials. There exists an integral representation of the Hahn polynomials, but it is
apparently more difficult to analyze carefully than, for example, the corresponding integral formula for
the Krawtchouk polynomials upon which the analysis in [IsmS98] rests. We believe that the formulae for
the Hahn equilibrium measure presented in Theorem 2.17 and the corresponding Plancherel-Rotach-type
asymptotics formulated in §2.3 are new in the literature. >



Chapter Three

Applications

3.1 DISCRETE ORTHOGONAL POLYNOMIAL ENSEMBLES AND
THEIR PARTICLE STATISTICS

Recall from §1.1.1 that the discrete orthogonal polynomial ensemble is the statistical ensemble associated
with the density (1.1):

pNF) (&1, ... xy) :=P(there are particles at each of the nodes x1,...,zx)
k
1 (3.1)
T Znn H (w5 —2)* - Hw(%‘%
Fi<ici<k j=1
where x1,...,x, € Xy, and Xy is a discrete set of cardinality NV as described in §1.2.

Some common properties of discrete orthogonal polynomial ensembles can be read off immediately from
formula (3.1). For example, the presence of the Vandermonde factor means that the probability of finding
two particles at the same site in X is zero. Thus a discrete orthogonal polynomial ensemble always describes
an exclusion process. This phenomenon is the discrete analogue of the familiar level repulsion phenomenon
in random matrix theory. Moreover, because of the discreteness of the underlying space, the particles are
separated at least by the distance between consecutive nodes. This strong exclusion due to the discreteness
of the space imposes the condition that the particle density has an upper bound, the limiting density of
the nodes. This is a new feature in the discrete orthogonal polynomial ensembles that is not present in
the orthogonal polynomial ensembles associated with continuous weights (i.e., in random matrix theory).
Also, since the weights are associated with nodes, the interpretation is that configurations where particles
are concentrated in sets of nodes where the weight is larger are more likely.

Our goal will be to establish asymptotic formulae for various statistics associated with the ensemble (3.1)
for a general class of weights in the continuum limit N — oo subject to the basic assumptions enumerated
in §1.3.1 and the generic simplifying assumptions described in §2.1.2.

Of basic interest is the m-point correlation function, defined for m < k by

RWNHK) (1, ... ) :=P(there are particles at each of the nodes 1, ..., zn)

S L IC A (3.2)

Tm41 < <Tpk
x eXn

< Remark: In random matrix theory [Meh91, TraW98] the correlation functions RY9 are usually
introduced with a prefactor of k!/(k — m)! which mediates between a density function for which parti-
cles (eigenvalues) are considered to be distinguishable (unordered) and statistics for which order is irrele-
vant. Since we introduced pN-*)(z1,...,z;) from the start with the interpretation that the particles are
indistinguishable, this factor is not present in (3.2). >

In particular, the one-point function RgN’k)(as) denotes the density of states, which is the probability that
there is a particle at . One can also verify the following interpretations: for any set B C Xy,

Z RgN’k)(z) = E(number of particles in B)
zeB
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and

Z R;N’k)(x7 y) = E(number of pairs of particles in B),

<y
z,yeB

where E denotes the expected value.
The fundamental calculation in random matrix theory in the case of § = 2 ensembles, due to Gaudin and
Mehta (see, for example, [Meh91] or [TraW98]), shows that the correlation functions may, equivalently, be

represented in the form
RNF (g1, ) = det (K g (x4, 5))

where the reproducing kernel (Christoffel-Darboux kernel) is defined for nodes = and y by

Kni(z,y) = Vw ZpNn z)pNn(Y) - (3.4)

With the Christoffel-Darboux formula [Sze91], which holds for all orthogonal polynomials (even in the
discrete case) the sum on the right-hand side of (3.4) telescopes. Thus for distinct nodes x # y,

(3.3)

1<i,j<m »

\/771\/1@ 1 Pn, k( )pN,kq(y)*PN,kA(I)PN,k(y)

Ky k(2 y) - vy
7rN,k( ) : 'YN,kfle,kfl(y) - 'YN,kfle,kfl(l') 'WN,k(y)
= Va@)u(y) —
P11 .’L‘;N,I{Pgl y;N,I{Z —P21 CL‘;N,kPll y;N,I{Z
Y A G ;_y (a:N. ) Pu i N R

where the last line follows from Proposition 1.3. Similarly, for any node x,
Ky k(z,2) = w(z) (Py;(x; N, k) Pa1(z; N, k) — Py, (x; N, k) Py (z; N, k)) .

Note that the resulting formulae are expressed in terms of the first column of the solution P(z; N, k) of
Interpolation Problem 1.2 for a single value of k and that, furthermore,

Pll(x; N7 k)P21(y7 Na k) - P21(x; Na k)Pll(ya N7 k) = (P(xa N7 k)ilp(y’ N7 k))21 )

Plll('rvNak)P21('r7Nak) - Pél(mvNak)Pll('rvNak) = - (P(l’,N, k)_lpl('r;Nak))Ql .
Therefore the correlation functions are written explicitly in terms of the discrete orthogonal polynomials
associated with the nodes Xy and the weights wy, , = w(xn,,), and consequently these formulae can be
analyzed rigorously in an appropriate continuum limit by using the methods we will present in detail in
Chapters 4 and 5.

Consider a set B C X and an integer m with 0 < m < min(#B, k). Another interesting statistic of a

discrete orthogonal polynomial ensemble is then

AWNR) (B) := P(there are precisely m particles in the set B), (3.5)

which vanishes automatically if m > #B by exclusion. This statistic is also well known to be expressible by

the exact formula
A(Nyk)(B):i _4d "
m dt

ml det (1 — tKN,k‘B) ; (36)

t=1
where Ky 1 is the operator (in this case a finite matrix since B is contained in the finite set X ) acting in
(?(Xn) given by the kernel Ky x(z,y) and where Ky x|, denotes the restriction of Ky x to £2(B).

This is by no means an exhaustive list of statistics that can be directly expressed in terms of the orthogonal
polynomials associated with the (discrete) weight w(-). For example, one may consider the fluctuations and
in particular the variance of the number of particles in an interval B C X . The continuum-limit asymptotics
for this statistic were computed in [Joh02] for the Krawtchouk ensemble (see Proposition 2.5 in that paper),
with the result that the fluctuations are Gaussian; it would be of some interest to determine whether this is
a special property of the Krawtchouk ensemble or a universal property of a large class of ensembles. Also,
there are convenient formulae for statistics associated with the spacings between particles; the reader can
find such formulae in §5.6 of the book [Dei99].
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3.2 DUAL ENSEMBLES AND HOLE STATISTICS

Since the nodes Xy are finite in number, the distribution of the positions z1, ..., xj of the particles naturally
induces a distribution of the positions y1, . .., yz of the holes (i.e., the nodes not occupied by particles). Here
k=N-—kand {z1,...,2:}U{y1,..., ¥z} = Xn. It is interesting to determine the explicit formula of the hole
distribution. We will show that when the particle locations x; are distributed according to the probability
density function p™¥)(zy,...,2;) as in (3.1), the density function of the hole locations y; is always of the
same form with only a different choice of weight function.

Let us define the joint hole distribution function as

ﬁ(N’E) (y1,- -+ ,yg) := P(there are holes at each of the nodes y1,...,yz) - (3.7)

Given two complementary sets of nodes {z1,...,zx} U{y1,...,yz} = Xn, from the definition (3.7) we find

PNy, yp) = p NP (@, )

1 k
= Znn I (ei—a)? Jwi).

1<i<j<k j=

—

As we may write

k N-1
1
Hw(:cj) = CN H ) where CN = H WN,j ,
j=1 j=1 w(y]) j=0
we obtain
k
Cn 1
p(N’k)(yh S UR) = 7 H (2 %)2 ‘ H w(y;)
Nok o cici<h =1 Wi
k. N-1
Cn
=— JI @-=)*]] (y; — Tnn)?
Nk 1<i<j<k j=1 n=0
YjF7TN,n
il
o | ww) s (= aNe)?
YjFTNn

A little algebra shows that (compare (9.42) in [Bai99] or Lemma 2.2 in [Joh01])

k. N-1 kE Kk kE k
IT tw—al-I] TI lwi—owml= JI lei—al- [T 111w —wl- TTT] s — =l
1<i<j<k j=1 n=0 1<i<j<k j=1i=1 j=1i=1
YjFTN,n iF£j
E k
= H |2 — 2] - H |yj—yi|2'HH\l/j—$i|
1<i<j<k 1<i<j<k j=1i=1
=Dy [ Iy —wil,
1<i<j<k
where Dy is the Vandermonde determinant of the nodes
Dy = H TN, — TN,

0<i<j<N-—1

and the identity

kR
Dy=I[ lw—=- I lwi—wl-T11] 1= - vl

1<i<j<k 1<i<j<k i=1j=1
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is used in the last line. Therefore the density of the holes is given by

7 k
PP (g, ) = = II @i-v)® T]ww),

Nk <ici<h j=1
where the normalization constant is
N-1
— Nk 1 1
Iyt = 5 = ZN k — -
T OnDy E) N 0§i<1j1:N—1 N — 2wl
and the weight function is
N-1
1 1
w(y;) = ——  ———
T w(yy) LIO (yj — TN m)?
YjFTN,n

Note that this new weight function is precisely the dual weight defined by (1.46) in §1.4.3. Hence when the
particles are distributed according to a discrete orthogonal polynomial ensemble, the holes are distributed
according to the discrete orthogonal polynomial ensemble corresponding to the dual weights. We will say
that the ensembles governed by the density functions p®™-%)(z1, ... zx) and BN (y1,..., yz) are dual to
each other. Since dual ensembles correspond to weights of similar form, but with the involutions ¢ <» 1—c and
V(z) < =V (z), their statistics are analyzed in exactly the same way. Therefore the universal properties of
the particle distribution that we will establish below automatically imply corresponding universal properties
of the hole distribution.

3.3 RESULTS ON ASYMPTOTIC UNIVERSALITY FOR GENERAL WEIGHTS

The following theorems all describe the asymptotic behavior as N — oo of various statistical quantities con-
nected with the discrete orthogonal polynomial ensemble corresponding to nodes Xy C [a, b] characterized
by the function p°(-) and weights characterized by the function V(). These quantities, and the parameter
¢ (asymptotic value of k/N, where k is the number of particles in the ensemble) are presumed to satisfy the
same basic assumptions set forth in §1.3.1 and the simplifying assumptions set forth in §2.1.2. The theorems
stated in this section will be proved in Chapter 7.

Let &n and 7y be elements of a discrete subset Dy of R such that max Dy — min Dy remains bounded
and the distance between neighboring points of Dy converges to a constant as N — oo. The expression

sin(m({n — nn))
SEN,N) = — 77—
(Cvo) = e =)
is called the discrete sine kernel (“discrete” reminds us that £ and ny lie in a discrete set Dy ). We extend
the definition of the discrete sine kernel to the diagonal by setting

S(§N,§N) = 1.

Theorem 3.1 (Universality of the discrete sine kernel in bands). Suppose that x1,...,x; and xi11,...,Tm
are disjoint sets of nodes in a fized closed interval F in the interior of any band I and denote by 0y the
distance between the two sets,

Oy = min |z; — .
1<i<l
I+1<j<m
Then
1
RgnN’k)(xlv - ,xm) = R§N7k)(x17 oo 7xl)R(N—7]lf)(xl+17 ce 7xm) +0 ’
, m N5N

Fiz x in the interior of any band I, let

5(z) = [c%(m)} o (3.9)
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and for some integer n > 1 consider 51(\}), e ](\7) all to lie in a fized bounded set D C R such that
N
:cj::x+£](§)%, j=1...,n,

all satisfy r; € Xy and ©; — = as N — oo. Then there is a constant Cp, > 0 such that for all N
sufficiently large,
OD,n

N

<

dps . n ) .
RNM (@, an) — [ Fmin )| det(S(€D, €9))1<is<n
S),T.r.l,?;;)eD n (‘rla ) L ) po(x) dx (:E) € ( ( N SN ))1S W<

Thus particles separated by distances large compared to 1/N are asymptotically statistically independent,
and the asymptotically nontrivial correlations among particles separated by distances comparable to 1/N are
determined by the discrete sine kernel and the value of the one-point function.

Let the operator S(x) act on £2(Z) with the kernel (see, for example, [BorOO00]):

() = c d/'l’l?nil’l T c dlj’l(":nin ) - c dufnin z) -]
S0 = 5 da “S(p%) ar ) e (”)
c um]n
sin @) dr () -m(i ]))

where i, j € Z.

Theorem 3.2 (Asymptotics of local occupation probabilities in bands). Let By C Xy be a set of M nodes
of the form

By = {x]\’,jv TN, j+k1s TN, j+kay--- 7xN,j+kM—1} )
where #Bx = M 1is held fivred as N — oo and where
0<ki<ko<---<kpy_1

are fized integers. Set B := {0,k1,ka,...,kn—1} C Z. Suppose also that as N — oo, xy,; = min By — =z,
with x lying in a band (and hence the same holds for N jyk,_, = max By ). Then, as N — o,

1 d\"
AR (By) = ooy <_E>

det (1 - tS(z)|,) + O (%) . (3.9)

t=1

Theorem 3.3 (Uniform exponential bounds for the correlation functions in voids). Let F' be a fized closed
interval in o void I' that is bounded away from all bands. Then there is a constant Cpym > 0 such that for
all N sufficiently large,

N,k
max ’Rgn )(331,...7:rm)‘§0pm
T1,..,Tm €EXNNF

where the constant K is defined by

Kp := min
z€F

SE.
op

Note that Kr > 0 because F' is closed and disjoint from the support of the equilibrium measure pe ;. .

(2) —EC] : (3.10)

To explain our next result, we introduce the following notation. For any x € (a,b), any H > 0, and any
N >0, let

EN
HvVN

Eint([A, B);2,H,N):=E (number of particles at nodes z of the form z = x + , with A < €&n < B) .
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Theorem 3.4 (Normal particle number distribution near interior local minima of 6 E./du in voids). There
s a finite set Q such that for each point x & Q lying in the interior of a void I' where

0E,
5—(z)—€c:W—|—H2-(z—x)2+0((z—x)3) (3.11)
I
holds with @ = s, for some H > 0 as z — x, there is a subsequence of integers N tending to infinity for
which we have

6762
Eni([C, D] C [A Bl;z, H,N) /c “ L0 (L) (3.12)
T I |
A

That is, the expected number of particles in a certain interval of size 1//N near x is given by a normal
distribution.

<4 Remark: Whether in the interior of a given void I" there may exist a local minimum of §E./du — £, at
x depends on the parameter ¢ and the nature of the functions V(z) and p°(x) characterizing the equilibrium
measure. >

The higher (multipoint) correlation functions for particles in a neighborhood of size 1/v/N of the interior
local minimum at x are smaller in magnitude by a factor proportional to 1/ VN than the one-point function.
This implies that although the one-point function is Gaussian, the statistics of distinct particles near = are
far from independent.

< Remark: Another interesting possibility would be a local minimum of §E./du — £. occurring at either
endpoint a or b or the interval of accumulation of nodes if this endpoint lies in a void. But a direct calculation
gives, for z in a void T,

% {5Ec(x)€c] PV,/@"M%/:MW@,

o T—y T—y
Here po = pf;,- The second integral is nonsingular because x lies outside the support of the equilibrium
measure. As z tends to an endpoint of [a,b] in a void I' (necessarily an exterior gap), the latter two terms
remain finite and the first term tends to —oco as | @ and to +o00 as « 1 b (under our assumptions about
V(x) and p°(x)). Thus neither endpoint can correspond to a local minimum. >

The analogue of Theorem 3.3 for saturated regions is the following.

Theorem 3.5 (Uniform exponential bounds for the correlation functions in saturated regions). Let F' be a
fized closed interval in a saturated region I' that is bounded away from all bands. Then there is a constant
Crm > 0 such that for all N sufficiently large,

(Nk) e trl
’ . —1| < ,
e B o [ @ 8) = 1| < O =
where the constant Lp is defined by
0E.
Lp:= — max [ 5 (2) — 80] . (3.13)

Note that Lrp > 0 because F' is a closed subinterval of an interval in which the the variational inequality
(2.16) holds.

To explain our next result, we introduce notation for the total number of nodes near z. For = € (a,b),
any H >0, and any N > 0, let

Mint([A, Bl;x, H,N) := # {nodes z of the form z = x + g—N, with A <&y < B} ,

HVN

which is asymptotically proportional to v/N for fixed H and fixed A < B. Then the analogue of Theorem 3.4
for saturated regions is the following.
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Theorem 3.6 (Normal particle number deviations near interior local maxima of §E./dp in saturated
regions). There is a finite set Q such that for each point x & Q lying in the interior of a saturated region T
where

0E,

op
holds with p = ps,, for some H > 0 as z — x, there is a subsequence of integers N tending to infinity for
which we have

(2) = te==W - H* (= 2)* + 0 ((z - 2)°)

o / =€ de
int([C, D] C [A, Bl;2, H,N) — B ((C, D] C [A, Blyw, H,N) _ Jg +0<L)
Mint([AaB];vav N) - Eint([AaB];maHa N) /B 6_52 dg \/N .
A

That is, the deviation of the expected number of particles from the number of available nodes in a certain
interval of size 1/v/ N near x is given by a normal distribution.

<4 Remark: It is not possible for a local maximum to occur at an endpoint of [a,b] lying in a saturated
region, since for x in a saturated region I,

b b 0 B ,
4 [0y ) cpy, [ [P )y,
dx | du . Ty i vy

where p = p& ;. and the second term is nonsingular because the upper constraint is satisfied by the equilib-
rium measure in saturated regions. The latter two terms remain finite as x tends to an endpoint of [a, b],
but the first term tends to +00 as « | a and to —oo as ¢ T b. This shows that a local maximum may not
occur at either endpoint in saturated regions. >

The expression

Ai(En)AT (ny) — Al (Ex)Ai(ny)
EN — NN

AN, N ) = (3.14)

is called the Airy kernel.

Theorem 3.7 (Universality of the Airy kernel near band edges adjacent to voids). For each fixzed M > 0,
each left band edge o separating the band from a void, and each positive integer m, there is a constant
G™ (M) > 0 such that for sufficiently large N,

L\2/3 mn m
(V) | (meBY) ( @) ) ) _ GrM)
Ily__?;f(eXN Ry, (T1,. 0 Tm) N1/3p0(a) det (A( N 'SN ) 1<ij<m| = N(m+1)/3”°
a—MN~-12<z;<a+MN—2/3 Vj
where
1 dus,
BL — i min 1
o = lm o= (@) >0 (3:.15)
and f%) = — (]\Mché)z/3 (x; — o). Similarly, for each fited M > 0, each right band edge 3 separating the

band from a void, and each positive integer m, there is a constant G%”(M) > 0 such that for sufficiently
large N,

2/37™
rcBf) G (M)
b ~ (weB} (0. €0) G5 (M)
w1,..-I,1’913i1XEXN Rm (xh N .’mm) Nl/BpO(ﬂ) det A(é-N 7§N ) 1<i,j<m| N(m+l)/3 7
B—MN—2/3<z;<B+MN~-1/2 Vj
where
1 dus .
BE := lim Fmin (1) > o (3.16)

218 /0B —x dx

. 2/3
and 51(3,) = (chBg) (z; — 0).
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Theorem 3.8 (Universality of the Airy kernel near band edges adjacent to saturated regions). For each
fized M > 0, each left band edge o separating the band from a saturated region, and each positive integer m,
there is a constant HJ'(M) > 0 such that for sufficiently large N,

1)/
Nk (meBg)™" @ e[ < Ha' QD)
L, max o RYP (@1, am) — 1+ N1/30 ZAgN’ NS e
a—MN-12<g;<a+MN~—2/3 Vj
where ¢ ;=1 —¢,
_ 1 cf1 dug;
BL .—1 Z12p9(yp) — ZFmin >0, 3.17
Fimtin L [10(0) - L) (3.17)

and f%) = —(NweBE)2/3(z; — «). Similarly, for each fived M > 0, each right band edge 3 separating the
band from a saturated region, and each positive integer m, there is a constant Hg@(M) > 0 such that for
sufficiently large N,

_\2/3
mcB (M)
(I, _ ( 5)
o, max Ry (1, m) — 14 NG ZA £N,£N < N2/3 ,
B—MN—2/3<z;<B+MN—1/2 Vj

where again ¢ =1 —c,

_ 1 ¢l aus

Bf =1 O(z) — ——min 0 3.18

BT B VB—zé L () dx (x)] - (3.18)

and 5(1) (N’/TCBR)z/?’(.’E - f).

A statistic more interesting than the correlation functions near a band edge is the limiting distribution
of the location of the leftmost or rightmost particle or hole. It is well known that the distribution of the
largest eigenvalue of a random matrix from the Gaussian unitary ensemble converges, after proper centering
and scaling, to a certain one-parameter family of Fredholm determinants constructed from the Airy kernel.
The dependence of the determinant on the parameter can also be expressed in terms of a particular solution
to the Painlevé II equation [TraW94]. This universal distribution function is known as the Tracy-Widom
distribution. We claim that the distribution of the location of the leftmost or rightmost particle or hole
has the same limit for general discrete orthogonal polynomial ensembles of the type corresponding to the
assumptions about the nodes, weights, and equilibrium measures described in §1.3.1 and §2.1.2.

Let zmin € Xy and zyax € Xy be the nodes occupied by the leftmost and rightmost particles, respectively.
Also denote by Aljs o) the (trace class) integral operator acting on L*[s, c0) with the Airy kernel (3.14).
Recall the generic assumption that the equilibrium measure of the k-particle ensemble has either a void or a
saturated region adjacent to each endpoint of the interval [a,b] in which the nodes accumulate (the exterior
gaps). Then we have the following result.

Theorem 3.9 (Tracy-Widom distribution for the leftmost and rightmost particles). If the left endpoint a
is adjacent to a void (exterior gap) (a, ), then for each fixed s € R,

lim P ((xmin —a)- (rNeBL)/3 > —s) = det(1 — Aljs.00)) (3.19)

N —o0

where BL is defined by (3.15). If the right endpoint b is adjacent to a void (exterior gap) (3,b), then for
each fized s € R,

lim P ((xmax — 8)- (xNeBE)Y3 < s) = det(1 — Als.00)) (3.20)
where BE is defined by (3.16).

We also obtain a similar result for the leftmost and the rightmost holes. Let yyin and ymax be the nodes
occupied by the leftmost and rightmost holes respectively.
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Theorem 3.10 (Tracy-Widom distribution for the leftmost and rightmost holes). If the left endpoint a is
adjacent to a saturated region (a,c), then for each fived s € R,

lim P ((ymin —a) - (rNeBE)?/3 > fs) = det(1 — Al[s,00)) 5

N —o00

where BE is defined by (3.17) and ¢ = 1 — c. If the right endpoint b is adjacent to a saturated region (3,b),
then for each fixed s € R,

: _BR
Jim P ((ymax — B) - (rNeB)2/3 < s) = det(1 — Aljs.0))

where Bg is defined by (3.18) andc=1—c.

3.4 RANDOM RHOMBUS TILINGS OF A HEXAGON

3.4.1 Relation to the Hahn and associated Hahn ensembles

We state the result in [Joh00] providing expressions for probability density functions related to rhombus
tilings of the abc-hexagon in terms of discrete orthogonal polynomial ensembles, as mentioned in §1.1.1.

Consider tiling the abc-hexagon as shown in Figure 1.1 with rhombi (see Figure 1.2) having sides of unit
length. See Figure 1.3 for an example. Assume without loss of generality that a > b (by the symmetry of
the hexagon, the case when a < b is completely analogous). Consider the mth vertical line of the lattice
L counted from the left. We denote by L,, the intersection of this line and the lattice £. The number of
points in L, is

N:N(a,b,c,m)::c+Cl ¢ + ,
2 2
where
U = |m — al and by = |m —b|.

In a given tiling, the N points in £,, correspond to the positions (in the sense defined earlier; see Figure 1.2)
of a number of rhombi of types I, II, and III. We call the positions of horizontal rhombi (types I and II) the
particles, and the positions of vertical rhombi (type III) the holes. See Figure 3.1 for an example of L£,,,
when m = 3, illustrating the corresponding particles and holes.

Let @, be the lowest point in the sublattice £,,. On the sublattice L,,, there are always exactly ¢
particles, and L,, := N — ¢ holes. Now let 1 < --- < x, where z; € {0,1,2,..., N — 1}, denote the
(ordered) distances of the particles in £, from @, and let & < --- <§p, , where §; € {0,1,2,...,N — 1},
denote the distances of the holes in £,, from @Q,,. In particular, we then have {z1,...,2.}U{&1,..., &L, } =
{0,1,2,...,N — 1}. The uniform probability distribution on the ensemble of tilings induces probability
distributions for finding particles and holes at particular locations in the one-dimensional finite lattice
L. Let pm(xl,...7xc) denote the probability of finding the particle configuration zi,...,2, and let
P(&,...,&L,,) denote the probability of finding the hole configuration &1, ...,¢L,, .

Proposition 3.11 (Theorem 4.1 in [Joh00]). Let a,b,c > 1 be given integers with a > b. Then

N 1 T

Pm(xl,...,xc)zz— H (;pj—xk)QHw(xj)7
m<j<k<c j=1

where Z, is the normalization constant (partition function) and the weight function is the associated Hahn

weight (see (2.72))

C
~ .__ .. Assoc _
D) = o (@ + Lbm +1) = zl(am + ) (N —z— 1IN —2 —1+b,,)!"
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Figure 3.1 A rhombus tiling of the abc-hexagon, and the lattice L., when m = 3; holes are represented by white dots,
and particles are represented by black dots.

for a certain constant C. Also,

L
Pm(£1,-~-,€Lm)=ZL II -],
M 1<j<k<Ln j=1

where Z,, is the normalization constant and the weight function is the Hahn weight (see (2.71))

€+ am)(N —€—1+b,y,)!
€N —€— 1) ’

w(€) = wy e (am + 1,0, +1)=C

for a certain constant C.

Together with the scaling (1.2), we set
m=Tn,

for some fixed 7 > 0. The mean density of particles in L,, is then

d 2¢
ci=— = 3.21
CTNT R ALB A |t B’ (3:21)

and the mean density of holes in £,, is

N—c  A+B—|r A — |7 —B|

= . 3.22
N 204+ A+ B — |7 —A| — |7 — B| (3:22)

C =



APPLICATIONS 59

3.4.2 Statistical asymptotics

The general asymptotic results stated in §3.3 combined with the specific calculations of the equilibrium
measure for the Hahn weight in §2.4.2 imply several facts in the random tiling of the abc-hexagon. First,
Theorems 3.1, 3.3, and 3.5 predict the asymptotic behavior of the one-point correlation function, implying
that as n — oo, the one-dimensional lattice L,,, when rescaled to a finite size independent of n, consists of
three disjoint intervals: one band surrounded by two gaps (either saturated regions or voids, depending on
the parameters a, 0, v, and 7). The saturated regions and voids correspond to the polar zones, while the
central band is a section of the temperate zone. Hence in particular, the endpoints of the band (see equations
(2.74)—(2.76), where A := a,,/N and B := b,, /N are functions of 2, B, €, and 7 only), when considered as
functions of 7 for fixed %A, B, and €, determine the typical shape of the boundary between the polar and
temperate zones of the rescaled abc-hexagon. It may be checked that this curve, as calculated directly from
the quadratic equation (2.74), coincides with the inscribed ellipse first shown to be the expected shape of
the boundary by Cohn, Larsen, and Propp [CohLP98].

Moreover, we find that the one-point functions for particles and holes converge uniformly to the
equilibrium measures, respectively, for the associated Hahn weight corresponding to the value of ¢ given
in (3.21) and for the Hahn weight corresponding to the value of ¢ given in (3.22), and we obtain a precise
error bound. This result thus improves upon those obtained in [CohLP98] and [Joh00]. We expect that
with additional analysis of the same formulae it should be possible to show that the error is locally uniform
with respect to 7, in which case the same bounds should hold for more general regions U € R2. We state
our result in this direction as follows.

Theorem 3.12 (Strong asymptotics of the one-point function in the abc-hexagon). Consider holes in the
line L., of length N, where m = ™ and 7 is fized as n — co. The corresponding one-point function for

holes, R%N’CN)(O, satisfies

N,cN dufnin 5
R§ )(f) — C—d:c (x), where x = N

asn — oo, with a=2Un, b = Bn, ¢ = Cn, and A, B, and € are held fized. Here the equilibrium measure
is that corresponding to the Hahn weight with parameters A = an/N and B = by, /N (see (2.77)-(2.79) in
§2.4.2). The convergence is uniform for £ =0,1,2,...,N — 1. Note that the limit function cdul;, /dx(x) is
identically equal to 1 in the polar zones near the vertices Po and Ps and is identically equal to 0 in the polar
zones near the vertices Py, Ps, Py, and Ps. The rate of convergence is uniformly exponentially fast (the error
is of the order O(e=X™) for some K > 0) for & in any polar zone such that x = &/N is uniformly bounded
away from the temperate zone as n — oo. For & in the temperate zone such that x = /N is uniformly

bounded away from all polar zones as n — oo, the rate of convergence is such that the error is uniformly of
the order O(1/n).

In the temperate zone, in addition to the ome-point function, we can control all the multipoint
correlation functions under proper scaling (see Theorem 3.1). One consequence of this is the following
theorem concerning the scaling limit for the locations of the holes (see Theorem 3.2) in the line £,,.

Theorem 3.13 (Local occupation probabilities in the temperate zone of the abc-hexagon). Consider a
vertical line L, of length N in the abc-hexagon with a = An, b = Bn, ¢ = Cn, and m = ™ for fized
positive A, B, €, and 7. Let x > 0 be fized such that Nx € Zn and such that the location & = Nz units
above Qp, in Ly, lies in the temperate zone bounded away from the expected boundary between the polar and
temperate zones by a distance proportional to n. Let B = {Nz, Nz + j1, Nx + jo,..., Nz + jp}, where
B ={0,j1,42,-..,Jm} C Zn is a fized set of integers. Then

det(1 — tS(z)[s),

1 d\?
lim P(there are precisely p holes in the set B) = — <—>
b t=1

where S(x) acts on (?(Z) with the kernel
Si (SL’) _ Sin(”Q(jr)(i._ ]))
(i = J)
where q(x) = cdpl,,/dx(x) is the limiting one-point function (i.e., the density of states) at x.

) fOTi,jEZ,
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Finally, we obtain the limiting distribution of the fluctuation of the boundary separating the polar and
temperate zones. From Theorem 3.9, we have the following result, which was conjectured in [Joh00]. Recall
that the Fredholm determinant det(1 — Al; «)) (see (3.23) below) has an alternative expression in terms
of a particular solution of the Painlevé II equation in the independent variable z, which is referred to in
random matrix theory as the Tracy-Widom law.

Theorem 3.14 (Tracy-Widom distribution for extreme particles and holes in the abc-hexagon). Consider
a vertical line Ly, of length N in the abc-hezagon with a = An, b = Bn, ¢ = €n, and m = 7n for fixed
positive ™A, B, €, and 7. Suppose further that T is sufficiently small or sufficiently large that the polar zone
at the top of L., is a void for holes (equivalently, is saturated with particles). Denote by £, the height above
the point Q. of the topmost hole in L, and recall that for B defined by (2.76) in §2.4.2 with A = a,,,/N and
B =b,,/N, the limiting expected height above Q,, of the boundary between the temperate and polar zones is
Np. Then, for some constant t > 0,

s = 5’5> = det(1 — Aljyo0)) - (3.23)

for each x € R, where Alj, ) is the Airy operator acting on L*[x,00) with the Airy kernel (3.14).

The above result applies to the boundary between the polar zones near the vertices Py and Ps and the
temperate zone. The analogous results hold for the boundary near Py and Ps with the use of the other
endpoint a (see (2.75) in §2.4.2) in place of B8, a change of sign in the inequality, the interpretation of £.
as the location of the bottommost hole in L.,,, and a proper adjustment of the constant t. Similarly, for the
boundary near Py and Ps where the polar zones are voids for particles (or packed with holes), the analogous
results hold with the interpretation of £« as the height above Q., of the bottommost or topmost particle.

< Remark: Similar results for domino tilings of the Aztec diamond are obtained in [JohO1]. In [OkoR03],
a g-version or grand canonical ensemble version of the uniform probability measure on the set of rhombus
tilings of the abc-hexagon is considered; thus the size of the hexagon also becomes a random variable. These
authors computed the correlation functions of holes in the temperate region that do not necessarily lie along
the same line, in a proper limit that corresponds to the limit N — oo. The result of this calculation is a
kernel built from the incomplete beta function, referred to as the “discrete incomplete beta kernel.” This
kernel reduces to the discrete sine kernel when the holes all lie along the same line. We expect that the
same kernel should appear in the Hahn ensemble if one computes the asymptotic correlation function for
holes lying in a two-dimensional region. The Airy limit of the boundary of the polar zones for this model
was obtained by Ferrari and Spohn [FerS03]. >

3.5 THE CONTINUUM LIMIT OF THE TODA LATTICE

3.5.1 Solution procedure

The fundamental assumption in force in studying the continuum limit of the finite Toda lattice is that there
are smooth functions A(c) and B(c) defined for ¢ € [0,1], with B(0) = B(1) = 0, such that for each N, the
initial data for the Toda lattice is

k
GJNJC(O)A(m) s fOI'k:O,...,N—l, (324)
and
2k+1
bN,k(o)_B<2N_2>, for k=0,...,N—2. (3.25)
For convenience, we assume that the combination a(c) := A(c) — 2B(c) is strictly concave up, while the

combination ((c) := A(c) + 2B(c) is strictly concave down, as illustrated in Figure 3.2. For each N, these
initial data determine, by the three-term recurrence relations (see (1.11)—(1.13)), a sequence of polynomials
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Figure 3.2 The functions o(c) and B(c) and the definition of the turning points c+(x).

guaranteed to be orthogonal with respect to a discrete measure that is the spectral measure of the cor-
responding Jacobi matrix. The nodes Xy of orthogonality for these polynomials are the eigenvalues of
this Jacobi matrix, and the weights are the squares of the first components of the corresponding ¢2(X )
normalized eigenvectors. See [DeiM98] or [Dei99] for more details about these correspondences.

In [DeiM98] the eigenvalue problem for the Jacobi matrix corresponding to sampled data of the form
(3.24) and (3.25) is carefully analyzed in the limit N — oo by a WKB approach in which the functions
¢+ () indicated in Figure 3.2 play the role of turning points. This analysis shows that the nodes X x become
asymptotically distributed as N — oo in the interval [a, b] (at whose endpoints the turning points coalesce)
according to the density function p°(x) defined by

0(z) = 1 e+ @) de 496
s /c(a:) V2B(0)? = (x — A())?’ (3.26)

and that the weights have Nth-root asymptotics corresponding to the external field ¢(z) whose derivative
is given by

#(0) = 2un(a / V@ = A2 - 2B)2

Note that (3.26) is indeed the density of a probability measure on [a, b] since if 2 is the region between the
curves ¢ = «a(c) and x = §(c) in Figure 3.2, then

/ab //\/23 — A(c))2:/01 de=1

The Toda flow in the spectral domain leaves the nodes Xy fixed and modifies the weights wy , by an
exponential factor according to (1.32) for p = 1. This in turn implies that the potential function V(z)
evolves on the rescaled time scale T' = t/N according to

V(e;T)=V(x) —2Tx.
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It then follows from (2.1) that the external field appearing in the equilibrium energy problem becomes
T-dependent as ¢(z;T) = ¢(x) — 2Tz. Given p°(z) and ¢(x;T), the inverse problem for the continuum
limit of the Toda lattice is to determine the asymptotic behavior as N — oo of the recurrence coefficients
an k(t) and by k(t), where t = NT and T is approaching a fixed value.

This inverse problem is solved in detail by Theorem 2.8, which characterizes the recurrence coefficients
in terms of the deformed equilibrium measure u;lil solving the equilibrium energy problem with input data
p°(z) and @(z;T). The asymptotic description of the {an x(t)} and {byx(t)} afforded by Theorem 2.8
involves slowly varying behavior on the macroscopic spatial scale ¢ and time scale T' through the band
endpoints a; = a;(c,T) and B; = B;(c,T), for j = 0,...,G. It is proved in [DeiM98] directly from the
equilibrium energy problem that these endpoints necessarily satisfy a hyperbolic nonlinear system of partial
differential equations in Riemann invariant (diagonal) form:

Oa; Ao
aJ+Coc,j(a0a~-~aaG750a"'a/8G) aj :07

oT dc

05 o5 (3.27)
a—jz +Cﬁ}j(ao,...,OéG,ﬁo,...,ﬁG)a—CJ =0.

These equations are called the Whitham equations or modulation equations. In the special case of G = 0,

the Whitham equations are simply

Odag | fo—ag Oag 9o Po—a OB
ot e 0 ™ gr T e =0 (3.28)

which is the formal continuum-limit system for the Toda lattice (1.6) written in the variables (Riemann
invariants) ag = A — 2B and By = A+ 2B. In this case, Theorem 2.8 proves the validity of the Toda lattice
equations as a numerical scheme for solving the partial differential equations (1.6). As pointed out before,
the existence of strong limits of an x(t) and by x(t) as N — oo with k/N — ¢ and t/N — T in the case that
the equilibrium measure configuration involves only one band («g, 8p) (in particular this holds for 7" small
enough) has been proved before; see [DeiM98] or [BloGPUO03].

3.5.2 Strong asymptotics beyond shock formation

When singularities form from smooth initial data in solutions of the hyperbolic system (1.6) or (3.28) near
some point (¢, T'), one notices a coincident birth of a new band in the solution of the equilibrium energy
problem. For such (¢,T') where the equilibrium measure has more than one band of unconstrained support,
there is no longer a strong limit for the recurrence coefficients due to the rapid oscillations (on the microscopic
spatial scale k and time scale t) contributed by the Riemann theta functions in the asymptotic formulae
predicted by Theorem 2.8. The vector r is proportional to ¢t under the Toda flow, and on the microscopic
level the formulae in Theorem 2.8 show that the recurrence coefficients oscillate rapidly in a multiphase
fashion with G real phases (the components of r — k) that are linear in ¢ and 2. The macroscopic
properties of the oscillations (weak limits) may be obtained by multiphase averaging of these oscillations,
and thus one arrives in a different way at the Whitham equations (3.27) governing the weak limit as proved
in [DeiM98]. However, the formulae in Theorem 2.8 provide more information, namely, strong asymptotics
in the oscillatory regions like those evident in Figures 1.4 and 1.5.

Not all smooth initial data for the hyperbolic system (1.6) or (3.28) leads to shock formation in finite
time. Indeed, a particular family of initial data leading to a global in time solution is that corresponding
to equally spaced eigenvalues of the Jacobi matrix with Krawtchouk weights. Recall from the discussion in
§2.4.1 that the family of Krawtchouk weights is invariant under the Toda flow, with only a change of the
parameter p = p(t) given explicitly by (2.68). Since the paper of Dragnev and Saff [DraS00] proves that for
all p and ¢ the equilibrium measure for the Krawtchouk weights has only one band of unconstrained support,
we have G = 0 for all T. The formulae in [DraS00] for the motion of the band endpoints (ag(c,T'), Bo(c, T'))
induced by the deformation (2.68) provide an explicit global solution of the hyperbolic system (3.28).

3.5.3 Defect motion in saturated regions

Another interesting aspect of the Toda flow (or for that matter, any continuous one-parameter deformation
of the weights wy ) is the effect it can have on defects in the pattern of zeros in saturated regions for
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the equilibrium measure as explained in Theorem 2.12 and the subsequent discussion. To demonstrate the
dynamics of defects with and without spurious zeros, it is enough to find a density function p°(z) and a
potential function V' (z) such that the solution of the equilibrium energy problem involves, for some ¢ € (0, 1),
a saturated region surrounded by two bands (i.e., one that is an interior gap). Thus to see defects, we need
to have G > 0, but it is irrelevant for the current discussion whether V(z) arose by the Toda flow from
initial data with G = 0. One chooses a large value of N and a degree k close to N¢, constructs numerically
the orthogonal polynomial 7y (z;t) for several values of ¢ corresponding to the Toda deformation of the
weights (1.32) for p = 1, and computes the zeros in the saturated region. For example, with a nonconstant
node density p°(x) on [a,b] = [0,1] proportional to 1 + 10z and weights corresponding to a potential
V(z) = cos(2mzx)/2, we set N = 40 and constructed the Toda-deformed weights and then the orthogonal
polynomial of degree k = 25 for several values of the rapid time scale ¢ in the range 1 < t < 6. Snapshots
of a subset of the saturated region showing the zeros therein as circles superimposed on the number line,
with tick marks indicating the nodes, are shown in Figures 3.3 and 3.4. In these figures, each of the circles
representing a zero contains a slash whose slope indicates whether it lies just to the right of the nearest
node (slope of —1) or just to the left (slope of 1). A zero moving continuously from one node to the next
will therefore appear as a rotating circle with the slash rotating smoothly from one diagonal slope to its
opposite, passing through the vertical in between. On the other hand, a zero passing continuously through
a node will appear as a circle with a slash whose slope suddenly changes sign.

Figure 3.3 illustrates the motion of a defect carrying a spurious zero. As discussed earlier in §2.3, the
defect moves because the spurious zero approaches a node from the left and then “exchanges identity” with
the zero just on the other side of the node, with that zero becoming spurious and free to move away from
the node to which it had previously been exponentially confined. This can be seen in the figure as, more or
less one at a time, the circle representing each zero rolls from one node to the next.

A short time after the defect leaves the saturated region for the band to the right it reappears, now
traveling from right to left through the saturated region, this time not carrying a spurious zero. This is
illustrated in Figure 3.4. The defect propagates to the left as the Hurwitz zeros move through the nodes
to the right one at a time. The slope of the slash changes suddenly when the corresponding zero crosses
a node, and not much else interesting happens in between the snapshots. Thus, unlike the more-or-less
continuous motion of a defect illustrated by the snapshots in Figure 3.3, the motion of a defect not carrying
a spurious zero appears to take place in discrete jumps. Also note that the zeros are moving in the direction
opposite the motion of the defect. These numerics illustrate concretely the detailed phenomena predicted
by Theorem 2.12.

3.5.4 Asymptotics of the linearized problem

In §1.4.2 we introduced explicit formulae in terms of the matrix elements of P(z; N, k,t) for solutions of
the linearized Toda lattice equations when the weights wy ,, are deformed according to the Toda flow (see
(1.32) with p = 1). The available freedom in these formulae is the choice of the traceless matrix C, which
may be written in the Pauli basis of s((2) as

C = 101 + c209 + 3073

0 —i
2=\ 0

and the other Pauli matrices have been defined previously) and the arbitrary complex parameter z € C\ X y.
This is more than enough freedom to span the 2N — 1 dimensional solution space of the linearized Toda
lattice equations.

If ¢; and ¢y are not both zero, then the solutions apparently involve exponential factors in ¢ that arise
because the matrix e*'?s relating P(z; N, k, t) and M(z; N, k, t) does not commute with o1 or oy. However,
in the large- N limit there is also exponential behavior in the matrix elements of P(z; N, k, t) as described, for
example, in Theorem 2.7. It is necessarily the case that, at least while the solution of the hyperbolic system

(here o9 is the Pauli matrix
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(1.6) is classical, this exponential behavior cancels any present because of the factor e*! if the parameters
c1, co2, c3, and z are chosen so that the solution is also uniformly bounded in k. This follows from the Lax
Equivalence Theorem applied to the Toda lattice equations viewed as a numerical scheme for (1.6), taking
account of the strong convergence of this scheme before shock time for general initial data A(c) and B(c).
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Figure 3.3 The motion of a defect carrying a spurious zero under the Toda flow. The gray curve is the graph of
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Figure 3.4 The motion of a defect with no spurious zero under the Toda flow.

N N N N G N G}
L A S S S S S

0.45 0.5 0.55 0.6
bbb b & 5 & &
999
t=44

0.45 0.5 0.55 0.6
bbb b & & & &
999
t=4.6

0.45 0.5 0.55 0.6
b b & & & & &
999
t=438

0.45 0.5 0.55 0.6
b b &5 & & & &
\ A A A A . D
t=5.0

0.45 0.5 0.55 0.6

0.5

-0.5

0.5

-0.5

0.5

-0.5

0.5

-0.5

b b b & & & & &
A A I SN AN S S

0.45 0.5 0.55 0.6
b5 & & & & & &
9
t=54

0.45 0.5 0.55 0.6
b & & & & & & )
LS A S SN SR SR S

0.45 0.5 0.55 0.6
& & & & & & &)
P
t=538

0.45 0.5 0.55 0.6
& & & & & & )
\ I A D D . B

0.45 0.5 0.55 0.6

2tan "' (sinh ™' (C7a0,25(2))) /7 for an appropriate constant C.

CHAPTER 3

The gray curve is the graph of



Chapter Four

An Equivalent Riemann-Hilbert Problem

In this chapter we introduce a sequence of exact transformations relating the matrix P(z; N, k) to a matrix
X(z) satisfying an equivalent Riemann-Hilbert problem. The Riemann-Hilbert problem characterizing the
matrix X(z) will be amenable to asymptotic analysis in the joint limit of large degree k and large parameter
N. This asymptotic analysis will be carried out in Chapter 5.

4.1 CHOICE OF A: THE TRANSFORMATION FROM P(z; N, k) TO Q(z; N, k)

It turns out that Interpolation Problem 1.2 will be amenable to analysis without any modification of the tri-
angularity of some of the residue matrices only if the equilibrium measure never realizes its upper constraint.
This is because the variational inequality (2.16) associated with this constraint leads to exponential growth
as N — oo in each situation that we wish to exploit the inequality (2.13) to obtain exponential decay. This
difficulty was recognized, for example, in [BorO05], where for a specific weight it was circumvented using
representations of the corresponding polynomials in terms of hypergeometric functions. We need to handle
the problem of the upper constraint in full generality, and we will do so by using an explicit transformation
of the form (1.43) to reverse the triangularity of the residue matrices near only those poles where the upper
constraint is active and leaving the triangularity of the remaining residues unchanged. The result of the
change of variables (1.43) is a matrix Q(z; N, k) that depends on the choice of a subset A C Zy. Our im-
mediate goal is to describe how the set A must be chosen to prepare for the subsequent asymptotic analysis
to be described in Chapter 5 in the limit N — oo.

The continuity of dul;, /dx (which follows from our basic assumptions outlined in §1.3.1; see also §2.1)
along with the assumption (1.14) implies that voids and saturated regions cannot be adjacent to each other
but must always be separated by bands. A band that lies between a void and a saturated region (rather
than between two voids or between two saturated regions) will be called a transition band. In each transition
band, we select arbitrarily a fixed point ;. There are a finite number, say M, of transition bands, and we
label the points we select, one from each, in increasing order: y1,...,yn.

With each yi we associate a sequence {yr N }3_o that converges to y; as N — oo. Each element of the
sequence is defined by the quantization rule:

N/ayk,N p°(z) dx = {N /ayk p°(x) dx-‘ , (4.1)

where [u] denotes the least integer greater than or equal to u. We call the points yi n transition points
and use the notation Yy for the set {yx v}, and Yo, for the set {yx}),. Since p°(z) is analytic and
nonzero in (a,b), we have yp v = yx + O(1/N) as N — oo. Also, comparing with the condition (1.15) that
defines the nodes Xy, we see that each of the transition points yi ny asymptotically lies halfway between
two adjacent nodes. Note that if only one constraint is active in [a, b], then there are no transition bands at
all and therefore no transition points; so Yy = ) in this case. For all sufficiently large fixed IV, the transition
points y, n are ordered in the same way as the points y. For each IV, we take the transition points in Yy
to be the common endpoints of two complementary systems ¥y and EOA of open subintervals of (a, b):

Definition 4.1 (The systems of subintervals Xy and £8). The set ¥y is the union of those among the
open subintervals (yi N, Yr+1,n8) fork=1,.... M, (a,y1,n), and (yar,n,b) (or (a,b) if there are no transition
points) that contain no saturated regions. The set EOA is the union of those among the open subintervals
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(Y, N, Yk+1,N) for k =1,..., M, (a,y1,n), and (yam,n,b) (or (a,b) if there are no transition points) that
contain no voids.

See Figure 4.1. The sets ©§ and X4 depend on N in a very mild way, but they depend more crucially
on the fixed parameter ¢ and on the analytic functions V(x) and p°(z).

Y xy

wh (ZC)

wlz(m) ZO
L1 1 1 1 1 1 111 Ill 111 Im L1111 Im‘l 1111
a b
xr

Figure 4.1 A diagram showing the relation of a hypothetical equilibrium measure pl;, to the interval systems Sy
and T8 . The nodes Xy are indicated at the top and bottom of the figure with tick marks; their density
is proportional to the upper constraint (gray curve). The endpoints of subintervals of 2y and T8 are
the transition points Yn that converge as N — oo to the fized points x = yi whose positions within each
transition band are indicated with gray vertical lines. The analytic unconstrained components 1r(x) of the
density dp,/dz(x) are also indicated.

With this notation, we now describe how we will choose the set A involved in the change of variables (1.43)
from P(z; N, k) to Q(z; N, k). The set A will be taken to contain precisely those indices n corresponding to
nodes zn,, contained in EOA:

A := {n € Zy such that zy, € 5} . (4.2)

In particular, this choice has the effect of reversing the triangularity of the residue matrices at those nodes
N, where the upper constraint is active. Note that #A is roughly proportional to N; we will define a
rational constant dy by writing

_#a

dN: N

Note that dy has a limiting value d as N — oo; for technical reasons (see (4.5) below) we will assume
without loss of generality (because we have considerable freedom in choosing the points in Y,) that d # c.
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4.2 REMOVAL OF POLES IN FAVOR OF DISCONTINUITIES ALONG CONTOURS:
THE TRANSFORMATION FROM Q(z; N, k) TO R(z)

The transformation in this section is based on an idea that was first used in [KamMMO03]. There, an analytic
function was employed to simultaneously interpolate the residues of many poles at the pole locations. A
generalization of this procedure involving two distinct analytic interpolants was introduced in [Mil02]. The
approach we take in this section will also use two interpolants.

Note that by definition of the nodes zn ; € Xn (see §1.3.1) and using (2.50), we have the interpolation
identity

je N0 (@Nn)/2 — _;oiNO°(@nn)/2 — (~1)N=1=" for NeNandn € Zy. (4.3)

Let € > 0 be a fixed parameter (independent of N) and consider the contour ¥ illustrated in Figure 4.2.
The figure is drawn to correspond to the hypothetical equilibrium measure illustrated in Figure 4.1. The

A v A A%
02 QY i QY

0A Qv 04 Qv

Figure 4.2 The oriented contour ¥ and regions QY and Q3. The vertical segments of ¥ lie, from left to right, along
R(z) = a, N(z) = y1,8, R(2) = y2,n, R(2) = y3,~n, and R(z) = b. The horizontal segments of X lie, from
bottom to top, along I(z) = —¢, F(z) =0, and I(z) = e.

contour ¥ consists of the subintervals ¥§ and ¥§' and additional horizontal segments with |J(2)| = € and
vertical line segments with R(z) = a, R(z) = b, and R(z) € Y. We take the parameter € to be sufficiently
small so that the contour ¥ lies entirely in the region of analyticity of V(x) and p°(x). Further restrictions
will be placed on € later on.

From the solution of Interpolation Problem 1.2 transformed into the matrix Q(z; N, k) via (1.43) using
the choice of A given in (4.2), we define a new matrix R(z) as follows. Set

H (z—xNn)

1 :FiGIiNGO(z)/Qe—NVN(z) nEA

R(z) := Q(z; N, k) m ,  forzeQY, (4.4)
nev
0 1
1 0
H (z—2Nn) N
R(z) :== Q(z; N, k) :F/L-eiFiNGO(Z)/QeNVN(Z) nev 1k for z € QF
H (z—2Nn)
neA

and R(z) := Q(z; N, k), for all other z € C\ X.

The significance of this explicit change of variables is that all poles have completely disappeared from
the problem. Using the residue conditions (1.44) and (1.45) in conjunction with the interpolation identity
(4.3), it is easy to check that R(z) is an analytic function for z € C \ ¥ that takes continuous, and in fact
analytic, boundary values on Y. In fact, R(z) can easily be seen to be the solution of a Riemann-Hilbert
problem relative to the contour ¥. This problem is sufficiently similar to that introduced in [FokIK91] for the
continuous-weights case that it may, in principle, be analyzed by methods like those used in [DeiKMVZ99a,
DeiKMVZ99b]. We now proceed to describe the steps required for the corresponding analysis in the discrete
case.
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4.3 USE OF THE EQUILIBRIUM MEASURE: THE TRANSFORMATION
FROM R(z) TO S(z)

4.3.1 The complex potential g(z) and the matrix S(z)

The parameter ¢ and the analytic functions V(z) and p°(z) all influence the large-N behavior of the or-
thogonal polynomials. Thus we recall the equilibrium measure pf;, obtained in terms of these quantities in
§2.1, and for x € Xy U X4 C [a,b] we define the piecewise real-analytic density function as follows:

dp’ .
€ Wmin gy zexy
_Jec—dy dx
PE)i=N" ¢ fdpt, . 1 oA (4:5)
c—dn (W(x)—gﬂ (x))v T E g -

We extend the domain of p to the whole interval [a, b], say, by defining the function at its jump discontinuities
to be the average of its left and right limits. Noting the denominators in (4.5), we recall that we have assumed
without any loss of generality that limy_,oc dy 7# c. Since uf,, is a probability measure and since we may
equivalently express dy in the form

dy = [ Pa)da,
=8
we see that

b
/ p(z)dx=1. (4.6)

We also introduce the associated complex logarithmic potential

b
g(z) := / log(z — x)p(z) dx . (4.7)

The logarithm in (4.7) is the principal branch; thus this function is analytic for z € C\ (—o0,b]. As a
consequence of (4.6), we have g(z) ~ log(z) as z — co. The function g(z) takes boundary values on (—oo, b]
that are Holder-continuous with any exponent a < 1.

Recall the constant v defined in (2.30). This constant is bounded in the limit N — oco. Consider the
transformation

S(z) == e(Néchv)ffs/2R(Z)e(#Afk)g(Z)03e*(Nchrv)ffs/? ) (4.8)

Now the identity (4.6) implies that the exponential e(#2~%)9(2) i analytic for z € C \ [a,b] (in fact, since
we are assuming a constraint to be active at both ends of the interval, the support of p(x) is a closed
subinterval of (a,b), and we may replace [a, b] by supp(p(z)) in this statement). Thus, like R(z), the matrix
S(z) is also analytic for z € C\ %, and the boundary values taken on ¥ are continuous. However, since
R(z)z#2=k7s _ T as z — oo, we see that S(z) satisfies the normalization condition

S(z)=11+0(1> as z — 00.

z

4.3.2 The jump of S(z) on the real axis

The point of introducing the equilibrium measure in this way is that the matrix S(z) satisfies jump conditions
across the voids, bands, and saturated regions of [a,b] that are analytically tractable as a consequence of
the variational inequalities that u; imposes on JE./dp in the gaps. To describe these jump conditions,
we first introduce, for z € [a, b], the functions

b b
0(z2) :=2n(dn —c)/ p(s)ds and ¢(z):= —27m'/ p(s)ds. (4.9)
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Recalling the upper and lower constraints on the equilibrium measure, we see that the definition (4.5) implies
that the function (z) is real and nondecreasing for z € ¥y and real and nonincreasing for z € X&', Next,
for z € Y, we define the function

N 1] (=)
Ty (2) :=2cos ( 2(2)) nlif(z p— exp <N [/z:ov log |z — z|p’(z) dx — /z:A log |z — z|p°(x) da:]) ;

0

nev
(4.10)

and for z € X5, we define the function

Ng° 11 =)
Ta(z) := 2 cos < 2(2)) "IS[V(Z mp— exp (—N [L)X log |z — z|p’(z) dx — /EA log |z — x| p° () dx]) .

0
neA
(4.11)
Note that both Tw(z) and Ta(z) are positive real-analytic functions throughout their respective intervals of
definition (the cosine function cancels the poles contributed by the denominator in each case).
Now, denoting the boundary value taken by S(z) on ¥ from the left by S (z) and that taken from the
right by S_(z), we can easily derive the relation

(N0 i6(2) T ()R ()49 () gy N[éc—éEc(z)D

S+(z)=8S_(z o (4.12)
0 o—iN6(2) g—id(2)
holding for z in any subinterval of ¥§. Similarly, if z is in any subinterval of X', then
e—iN@(z)e—iqﬁ(z) 0
S.4(2) =8-(2) | i, ()11 1004 (13- () g ( N [55Ec (2) gD (NG gio(e) | - (413)
1

Here g4 (z) + g—(2) is the sum of the upper and lower boundary values taken by the complex potential g(z)
on the real axis, and the variational derivative is evaluated on the equilibrium measure p¢;, .

As z varies within a gap I, the definition (4.5) implies that the functions 6(z) and ¢(z) remain constant.
In particular, to each gap I' we may assign a constant

or = ¢(2), for z eI. (4.14)

The constant values of 8(z) in the gaps have essentially already been defined. Recalling the definitions (2.21)—
(2.23), depending on whether T" is (respectively) a void between two bands, a saturated region between two
bands, or one of the intervals (a, ag) or (B¢, b), we see from (4.1) that

0(z) = Or <mod %) :

for z in any gap I'. Note that the constants 61 are by definition independent of the transition points Y.
Note also that

eFiNOrtior — when I' = (a, ) or T' = (8¢, b),

because #A and k are both integers.

Now, for z in a void T, the strict variational inequality (2.13) holds. Subject to the claim that T (z)
remains bounded as N — oo (this claim is established in Proposition 4.3 below), we therefore see that the
jump matrix relating the boundary values in (4.12) is exponentially close to the constant matrix e*N0roseiéros
as N — oo. Similarly, for z in a saturated region T, the strict variational inequality (2.16) holds, which
shows that the jump matrix relating the boundary values in (4.13) is exponentially close to the constant
matrix e~ *V0rose=iros in the limit N — oo.
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A band interval I can be contained in Xy, in X8, or (if it is a transition band) partly in Xy and partly
in ¥5'. Throughout I, the equilibrium condition (2.14) holds identically. Thus, for z € I N Xy, we have a
factorization of the jump condition:

S, (2)=S_(2) <61N9(2€i"5(z) —iTv(Zf:;ZZ):Z*(ZHg(Z))) CS (L (I)La(s),  (4.15)
where, for z € Xy,
Li(z):= (Z-TV(Z)I/ZGZ;Z)(Zqu:;izi(z)e:I:iNO(z) TV(Z(;:HN)
and
3(2) = (_ien(z)_7_29+(z)+g(z)) —ie’Y—n(Z)+nO(g+(2)+y(z))> ' (416)

As noted earlier, the function Ty (z) is a strictly positive analytic function throughout I N Yy, and we take
Tv(2)*1/? to be positive also. Similarly, for z € I N X5, (4.13) becomes

efiNG(z)efzd)(z) 0 .
S+(2) =8-(2) (Z‘TA(Z)SW(Z)7H(9+(Z)+g(2)) eiNe(z>ei¢<z>>:S—<Z>U—(2)J(Z) Uilz),  (417)

where, for z € X4,

) TA(Z):I:I/Z 7Z'TA(Z)71/2e'yfn(z)+2ngi(z)eﬂ:iNG(z)
Uy(z):= ( 0 TA(Z):Fl/Q

and J(z) is defined as in (4.16). Note that since Ta(2) is strictly positive for z € I C ¥4, we are choosing
the square roots Ta(2)*'/2 to be positive also.

4.3.3 Important properties of the functions Ty (z) and Ta(z)

Here we establish for later use several properties of Ty (z) and Ta(z). We first introduce the related function
Y (z) defined by
H (z—2xNm)

S) .= €A ooz — 2)0°(2) da — oz — )50 () da .
Y(2) T[G—onn) p<NVzglg( )p (x)d /EOAlg( )p()dD’ (4.18)

neV

for all 2 in the domain of analyticity of p°(z) with J(z) # 0.
We begin by explicitly relating Tv (2), Ta(z), and Y (2).

Proposition 4.2 (Analytic Properties of Tv(2), Ta(z), and Y (2)). There exists an open complex neighbor-
hood G of the closed interval [a,b] such that the following statements are true.

1. Ty(z) admits analytic continuation to the domain

Dy := (C\ (25 U (—o00,a] U [b,4+00))) NG
2. Ta(z) admits analytic continuation to the domain

Dp = (C\ (Y U(—00,a] U b, +00))) NG.
3. Y(2) admits analytic continuation to the domain G \ [a,b].

4. The function Ty(2) is real and positive for z € Xy C D, the function Ta(z) is real and positive
for z € 5 C Da, and the continuations of Ty (z) and Ta(z) map the open domains Dy and Da,
respectively, into the cut plane C\ (—o0,0].
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5. The square roots Ty (2)'/? and Ta(2)'/? exist as analytic functions defined in the open domains Dy
and Da, respectively, that are real and positive for z € XY C Dy and z € ZOA C Da, respectively.

6. We have the identities

To(2) 2 Ta ()2 = To(2)Y (2) ' = Ta(2)Y(2) = 1+ e NG | for 2 € G with 3(2) >0,
(4.19)
and

To(2)2TA ()2 = To(2)Y (2) L = Ta(2)Y(2) = 1+ NG | for 2 € G with 3(2) < 0. (4.20)

These formulae also hold on the real axis in the sense of boundary values taken from the upper and
lower half-planes.

Proof. We take the domain G to be contained in the domain of analyticity of p°(z). Let z € X§. We then
have

[ togle = alp@)de ~ [ togz ~ ol (@) de
5y =g
: : 0 . 0 i0°(2) .
= lim log(z £ ie — z)p” (z) dox — log(z £ ie — z)p” (z) dx | F ——= £+ 2miM ,
€l0 E(Jv E(JA 2

where

M:/ p°(x) dx .
z<zeXH

The integral M is a constant since z € ¥§, and by virtue of the quantization condition (4.1) it is an
integer. This proves that Ty (z) may be analytically continued from any subinterval of 3y to all of the open
domain Dy and that the continuation does not depend on the particular subinterval of 3 from which the
continuation is performed. The analytic continuation of TA(z) to the open domain Da is obtained in a
similar way. The function Y (z) clearly admits analytic continution to z > b, and for z < a, we have

. Y(z+ie) . B
le%lm = exp <27T7,N [/EOV po(x)dx—/zgpo(m)dx]> =1,

where the last equality follows from the quantization condition (4.1) that determines the endpoints of the
subintervals of X3 and EOA. This proves statements 1, 2, and 3.

This line of argument immediately establishes some of the identities claimed in statement 6, namely, that
Ty (2)Y(2)™t = Ta(2)Y(2) = 1 + e~ N0°(2) polds for F(2) > 0 and that T (2)Y(2)7! = Ta(2)Y(2) =
1+ eN9°(2) holds for (z) < 0. Combining these, one easily obtains the identities

Ty (2)Ta(z) = (1 + ae_“\wo(z))2 , for 3(z2) > 0, (4.21)
and
To(2)Ta(z) = (1+NEN2 - for §(z) < 0. (4.22)

Let G4+ and G_ denote the intersections of the neighborhood G with the upper and lower open half-planes,
respectively. By choosing G to be sufficiently small but independent of N, we may ensure (because the
analytic function p°(z) is strictly positive for z € [a,b]) that for all N > 0 the function w = 1 + eFiNO’(2)
maps the open set Gy into the open disc |w — 1| < 1. It follows that the image of G+ under the map
(1+ emN‘)O(z))Q is an open set disjoint from the negative real axis. In particular, from (4.21) we see that
the analytic functions Tv(z) and Ta (%) have no zeros in the open set G4, and similarly from (4.22) we see
that neither function has any zeros in the open set G_. Now, the strict positivity of Ty (z) for z € 5§ is
a simple consequence of the definition (4.10), and that of Ta(z) for z € ¥3' is a simple consequence of the
definition (4.11). So while T'(z) has no zeros in G away from the real axis or in Xy, (4.21) and (4.22) show
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that the boundary values taken by Ty (z) on any subinterval of ¥4 from above or below have many double
zeros. Similarly, the boundary values taken by Ta(z) on any subinterval of ¥§ have many double zeros.
However, it is clear from the preceding statements and from (4.21) that if C' is a contour homotopic to a
subinterval of ¥ that lies (with the exception of its endpoints) in the open upper half-plane, and if C is
close enough to the real axis, then Ty(z) maps C into the cut plane C\ (—o00,0]. If instead C lies in the
lower half-plane, then (4.22) shows that it is again mapped by T (z) into the cut plane C\ (—o0, 0] if it lies
close enough to the real axis. Similar arguments show that contours in Da homotopic to subintervals of X
and close enough to the real axis are mapped by Ta(z) into the cut plane C\ (—o0,0]. This is sufficient to
establish statement 4.

Statement 5 follows from statement 4 with an appropriate choice of the square root. The remaining
identities in statement 6 are then obtained by taking the square root of (4.21) and (4.22) and choosing the
sign to be consistent with taking the limit 2 — y n, in which the left-hand side is positive. O

In a suitable precise sense, the functions 7% (z), Ta(z), and Y (z) may all be regarded as being
approximately equal to 1 when NV is large. This is the content of the following proposition.

Proposition 4.3 (Asymptotic Properties of Tv(2), Ta(z), and Y (2)). There exists an open complex neigh-
borhood G of the closed interval [a,b] such that the following statements are true.

1. (Asymptotics away from the boundary.) For any fized compact subset K C D, there exists a constant
CY >0 for which the estimate
CV
sup [T (2) — 1] < <K (4.23)
zeK N
holds for all sufficiently large N. Similarly, for any fized compact subset K C Da, there ezists a
constant C& > 0 for which the estimate
CA
sup |Ta(z) — 1| < =& (4.24)
zeK N
holds for all sufficiently large N. Finally, for any fized compact subset K C G\ [a,b], there is a
constant Cx > 0 for which the estimate

sup V() — 1] < 2K

up il (4.25)

holds for all sufficiently large N.
2. (Asymptotics near z = a and z = b.) If K C G is a compact neighborhood of z = a and X§* is bounded

away from K, then there is a constant CE’G > 0, and for each § > 0 there is a constant C’;’g such

that for sufficiently large N,

/—2 —Ca Ca CV,a
sup To(2) - v it | < Cu
z€K,|arg(z—a)|<m F(Ca + 1/2) N 4.96
V,a ( * )
I'(1/2—¢a) Ckis
sup Y(z) - 5 SN
2€K,5<| arg(z2—a)|<m V2mebs (—(q) e

where
(o = N/ p°(s) ds.

If instead it is X\ that is bounded away from K, then there is a constant CIA(’Q > 0, and for each § >0
there is a constant Cﬁ”? > 0 such that for sufficiently large N,

IR
up AlZ) — > )
z€K,|arg(z—a)|<m F(Ca + 1/2) N
N (4.27)
sup Y(Z)—l B F(1/2_ Ca) CK,J
zeK,6<|arg(z—a)|<7 \% 27T€C“(_Ca)_ca - N
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Similarly, if K C G is a compact neighborhood of z = b and ¥§* is bounded away from K, then there
s a constant C’Z’b > 0, and for each § > 0 there is a constant C’X’g > 0 such that for sufficiently large

N,
sup Ty(z) — Ve oG < Cx’ ;
2€K, | arg(b—z)| < (G +1/2) N (428)
r(/2—¢) | _ Cks
zeK,zngrlgb—zngﬁ V2mel (=)~ N
where

b
G =N [ ) ds

If instead it is XY that is bounded away from K, then there is a constant C’IA(’b > 0, and for each 6 >0
there is a constant CIA(’(I; > 0 such that for sufficiently large N,

2me~ (et op’
sup Ta(z) — bl < ,
z€K,| arg(b—z)|<m F(Cb + 1/2) N
N (4.29)
sup o Tajz- Cb) Crks
2€K,5<| arg(b—z)| < V2meSr (—(p) ¢ N

Proof. For z,xz € G, let

D(z,z) := ! /z p°(s)ds.

zZ—X

This function is analytic in both variables, and since D(z, ) is strictly positive for both z and z in [a, b], we
may choose G to be a sufficiently small neighborhood of [a, b] to ensure that R(D(z,x)) is strictly positive
for all z and « in G. In particular, D(z,z) is nonzero. It follows that log(D(z,x)) is well defined as an
analytic function for z and = in G. Next we define an analytic function for x € G by the integral

mﬁ@::tlzp%sﬁk.

Since pY(s) is strictly positive in [a, b], there is a unique analytic inverse function, which we denote by z(m),
that is defined for m € m(G), where m(G) is an open complex neighborhood of [0, 1]. It follows that

62
pe log(D(z,z(m))) is uniformly bounded for z € G and m € m(G). (4.30)
Using this fact, we see that there are constants CV > 0 and C2 > 0 such that for sufficiently large N,
sup / log(D(z, )) ds Z log(D(z,z(snn))) 1 < o (4.31)
3 - Nn))) | S 5 .
2€G |Jm(TY) gt N N2
and
~ log(D(2,2(s))) ds — 31 Ll < 2 (4.32)
:ug R og S Og ZJ?SNn NSV .
€ m(3§) neA
where
 2n+1
SN,n = oN .

Indeed, these estimates follow from (4.30) because the sums are Riemann sum estimates of the corresponding
integrals with the midpoints sy, of the subintervals (n/N, (n+1)/N) chosen as sample points. The midpoint
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rule is second-order accurate if the second derivative of the integrand is uniformly bounded. The constants
CV and C? depend on the bound implied by (4.30), which depends in turn on G.
For z € ¥y, we define

H (m(z) — SN,n)
Ty (2) := 2cos(mN WNm(z))nf[A( = )
m(z) — snom

nev

- exp (N [/ log|m(z) — s|ds — / log |m(z) — s| ds]) ,
m(EOV) m,(EOA)

which is extended by analytic continuation to z € Dy. The estimates (4.31) and (4.32) imply that uniformly
for all z € Dy,

Ty(z) = Ty (2) (1 +0 (%)) as N — co. (4.33)

Indeed, some straightforward calculations show that

log (;:Eg) = <T; log(D(z,znn)) — N/m

- (Z log(D(z,ox.0)) — N [ log(D(z,a(s)) ds> ,
neA m(§)

=)

1og<D<z,x<s>>>ds>

from which (4.33) follows. Similarly, for z € ¥4, we define

TT (m(=) — sn0)
Ta(2) := 2cos(mN — WNm(z))nf[v( o )
m(z) — SN

neA

- exp (N [/ log |m(z) — s|ds — / log |m(z) — s| ds}) )
m(%§) m(Zg)

which is extended to z € Da by analytic continuation, and we have
- 1
Ta(z) = Ta(2) (1 +0 (N)) as N — oo (4.34)

holding uniformly for 2 € Da. The uniform asymptotic relations (4.33) and (4.34) effectively reduce the
asymptotic analysis of the functions T (z) and Ta(z) to that of the functions T (z) and Ta(z). This is
advantageous because the discrete points sy, are equally spaced, while the nodes x,, are not necessarily
so.

Thus it remains to study Ty (z) and Ta(z). We will consider Ty (z) since the analysis of Ta(z) is similar.
Assume that K is a compact subset of the open set Dvy. Let

O = —

inf |z —w| >0
2 2eknxY wersdu{a,b}

be half the minimum distance of K N XY from the boundary of %Y. Also, define the open covering U by
U := U (Z—(SK,Z—F(SK)

zEKNSY

and let F' = U be the closure. Finally, set

€K = inf  |S(2)] > 0.
zeEK,R(z)¢F
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This is strictly positive because K is compact and can touch the real axis only in the interior of subintervals
of ¥y. Thus each z € K satisfies either |3(z)| > ex > 0 (because R(z) ¢ F) or
inf |lw—R(z)] >k >0
wezgU{a,b}
(because R(z) € F).
We may extend Ty (z) into the complex plane from L§ by the following formula:

Tv(Z) _ (1 + e27risgn(%(z))Nm(z))

1
- exp <N [/m(zov) log(m(z) — s)ds — Z log(m(z) — an)N]>

nev

- exp (N [Z log(m(z) — sN,n)i - log(m(z) — s) ds]) . (4.35)
neA N m(Sg)

Suppose that for some e > 0, we have |J(z)| > €, a condition that also bounds I(m(z)) away from zero.
Therefore log(m(z) — s) has a second derivative with respect to s that is uniformly bounded for all s € [a, b].
The bound on the second derivative will depend on € and the function p°(s) used to define the function m(z).
In any case, an argument involving midpoint-rule Riemann sums shows that the second and third lines of
(4.35) are each uniformly of the form 1+O(1/N) as N — oo for |¥(z)| > €. Furthermore, a Cauchy-Riemann
argument shows that the first line of (4.35) is exponentially close to 1 as N — oo for z € G with |J(z)| > e.
Thus we have shown that there is a constant C. > 0 such that for sufficiently large N,

swp  [To(s)— 1)< S2.
2€G,|3(2)|>>0 N

Next suppose that R(z) € XY, bounded away from £§' U {a,b} by a distance § > 0. Let J denote the
maximal component interval of ¥§ that contains R(z) and suppose that the corresponding index subset of
V consists of the contiguous list of integers A, A+ 1,...,B — 1, B. Then from the representation (4.35),
one sees once again by a midpoint-rule Riemann sum argument that the factor on the third line of (4.35)
is of the form 1 + O(1/N) as N — oo with a constant on the O(1/N) term that depends on ¢. A similar
argument applies to the factor on the second line of (4.35), with the exception of the contribution of the
integral over J and the corresponding discrete sum. Thus, uniformly for $(z) as above, we have

Ty (z) = TZ(2) (1 +0 <%>) as N — oo, (4.36)
where
~ 9 N B+1-A gimsgn(S(2)) Nm(z) N Byl
TY(z) := c cos(rNm(z)) exp (N/ " log(m(z) — s)ds (4.37)
A
Y

ﬁ (Nm(z) - %)

n=A
When we evaluate the integral exactly and rewrite the product in terms of the Euler gamma function, we
have

)F (Nm(z) - B- %)

r (Nm(z) A+ %)

. e(Nm(z)—A) log(Nm(z)—A)e(B+1—N7n(z)) log(B4+1—Nm(z))

Td(2) = 2(—1)BFle-(BHi-4 cos(tNm(z))

and with the use of the reflection identity I'(1/2 4+ 2)I'(1/2 — z) = wsec(nz), we get
(B+1—A)e(Nm(z)—A) log(Nm(z)—A)e(B-l-l—Nm(z)) log(B+1—Nm(z))

F(Nm(z)—A—I—%)F(B—i—l—Nm(z)—k%)

- Qre—
Te(z) = =
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Now the condition that R(z) be bounded away from the endpoints of J by at least § > 0 fixed implies that
Nm(z)—A+1/2and B+1— Nm(z)+ 1/2 are both quantities in the right half-plane that scale like N; an
application of Stirling’s formula then gives, uniformly for such z,

~ 1
Té(z)zl—&—O(N) as N — 00.

Taking 6 = dx and € = ex then completes the proof of (4.23), that T (z) — 1 is uniformly of order 1/N as
N — oo for z € K, where K is bounded away from (—oo, a) U ZOA U (b, +00). Analogous arguments establish
the corresponding result (4.24) for Ta(z). Using (4.19) and (4.20) then proves (4.25). Thus statement 1 is
established.

If K is a compact set containing the left endpoint z = a and bounded away from EOA (so that the lower
constraint is active at the left endpoint), then one may follow nearly identical arguments to arrive at the
asymptotic relation (4.36) now holding uniformly for z € K, where J is the leftmost subinterval of 33 and
Té(z) is defined by (4.37). In this case we have A = 0, so we expand only the gamma function involving B.
This proves the first line of (4.26); the second line follows upon using (4.19) and (4.20). On the other hand,
if K contains z = b where the lower constraint is active, then again we have (4.36) holding uniformly for
z € K where now J is the rightmost subinterval of Y. Thus B = N — 1, and we expand only the gamma
function involving A to prove (4.28). The analogous statements (4.27) and (4.29) are proved similarly. Thus
statement 2 is established. O

4.4 STEEPEST DESCENT: THE TRANSFORMATION FROM S(z) TO X(z)

Now from any band interval I N 3y, the matrix L (2) admits an analytic continuation into the upper
half-plane and the matrix L_ (z) admits an analytic continuation into the lower half-plane. Since the function
0(z) is real and increasing in I N XY, its analytic continuation from I, which we denote by 6 (2), will have
a positive imaginary part near the real axis in the upper half-plane and a negative imaginary part near the
real axis in the lower half-plane, as a simple Cauchy-Riemann argument shows. Thus the factors e*iN0r (2)
present in Ly (z) continued into their respective half-planes become exponentially small as N — oo. Subject
to the claim that the analytic function Ty (z) — 1 remains uniformly small upon analytic continuation, we
see that the analytic continuations of L (z) and L_(z) into the upper and lower half-planes, respectively,
become small perturbations of the identity matrix.

Similarly, from a band interval I N X4, the analytic continuation of the matrix U_(z) into the upper
half-plane and that of Uy (z) into the lower half-plane will be small perturbations of the identity matrix
in the limit N — oo because the real function 6(z) is strictly decreasing. This implies that the analytic
continuation of §(z), which in this case we refer to as 2 (z), has an imaginary part that is positive in the
lower half-plane and negative in the upper half-plane.

Therefore, if the factors U4 (z) and L4 (2) can be deformed into the upper half-plane, and at the same time
if the factors U_(z) and L_(z) can be deformed into the lower half-plane, then the rapidly oscillatory jump
matrix for S(z) in the bands will be resolved into near-identity factors and a central slowly varying factor.
This idea is the essence of the steepest-descent method for matrix Riemann-Hilbert problems developed by
Deift and Zhou.

To carry out the deformation, it will be convenient to introduce some explicit formulae for the analytic
continuations 0Y (2) and 65 (z). If I C %§ is a band containing a point (or endpoint) x, then we have

0Y (2) == O(x) + 27rc/ Yr(s)ds. (4.38)
If I C ¥4 is a band containing a point (or endpoint) z, then we have
02 (z) == 0(x) — 27c / hy(s)ds. (4.39)

If I is a transition band, then it is divided into two halves, I N Xy and I N4, by the transition point Yk, N
therein. From I N X§ we obtain a continuation Y (z) of 6(z) using the formula (4.38) for x € I N XY, and
from I N ¥4 we obtain a continuation 02 (z) of §(z) using the formula (4.39) for x € I N X4
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Based on the factorizations (4.15) and (4.17), we now carry out the steepest-descent deformation,
introducing a final change of variables defining a new unknown X(z) in terms of S(z) with the aim of
obtaining a jump condition for X(z) in the bands involving only the matrix J(z). Let Ygp be the oriented
contour illustrated in Figure 4.3. For each band interval I C (a,b), we make the following definitions. If z

Figure 4.3 The oriented contour Xsp consists of the interval [a,b], corresponding horizontal segments (z) = =e,
and vertical segments aligned at the edges of all band intervals. The dashed vertical lines separating the
lighter- and darker-shaded regions are not part of Xsp.

lies in the open rectangle I N %Y +1i(0, €) (one of the darker-shaded rectangles lying in the upper half-plane
in Figure 4.3), we set

Tg(z)1/? 0 ) (4.40)

X(z) = 8(2) <_Z-TV(Z)—1/2en<z>—v—2ng(z>eiNe,V(z) Ty (z)~1/2
If 2 lies in the open rectangle I N3y — i(0,¢) (one of the darker-shaded rectangles in the lower half-plane),

we set
Tv(2)1/2 0 )

X(Z) = S(Z) (iTV(z)I/Zen(z)'y2ng(z)eiN01v(z) Tv(Z)il/z (441)

Next, if z lies in the open rectangle I N $§ + i(0,¢) (one of the lighter-shaded rectangles in the upper
half-plane), we set

X(2) == S(2) (TA( (4.42)

Z)_1/2 _,L-TA(Z)—1/2ey—n(z)+2fcg(z)e—iNGIA(z)

0 Ta(2)'/? '
And if z lies in the open rectangle TIN5 —i(0, €) (one of the lighter-shaded rectangles in the lower half-plane),
we set

TA(Z)71/2 iTA(Z)71/267777(Z)+2Kg(z)6iN01A(Z)
X(z):=S . 4.43
@ =s(e) (120 o (4.43)
Finally, for all remaining z € C\ Xgp, we set

X(z) := S(z). (4.44)

4.5 PROPERTIES OF X(z)

This change of variables is the last of a sequence of exact and explicit transformations relating P(z; N, k) to
Q(z; N, k), Q(z; N, k) to R(z), R(z) to S(z), and finally S(z) to X(z). For future reference it will be useful
to summarize this sequence of transformations by presenting the explicit formulae directly giving X(z) in
terms of P(z; N, k), the solution of Interpolation Problem 1.2. In general, the transformation may be written
as

X(z) = e(N€e+v)as/2p(z;N’k)D(Z)e(N(dN—6)—n)g(z)ose—(N€c+v)as/27 (4.45)
where the matrix D(z) takes different forms in different regions of the complex plane as follows. For z in
the unbounded component of C \ Xgp, we have

H (z — JSN,n)_l 0
. | nea
D(z) := 0 H (2 — 2 n) ) (4.46)

neA
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For z in the regions QY such that R(z) lies in a void of [a, b], we have

H (z—aNn) FieFiNO°(2)/2~NVn (2) H (z—aNnn) "
D(z) := | €4 nev : (4.47)

0 H(foN,n)

neA
For z in the regions Q4 such that R(z) lies in a saturated region of [a, b], we have

H (z—aNn)* 0
D(z) := a0l : 4.48
() FieF NN TT (2 —aww) [ (2 - 2nm) (449
nev neA
For z in the regions QY such that R(z) lies in a band I of [a,b] (i.e., in one of the darker-shaded regions in
the upper half-plane in Figure 4.3), we have

Dii(2) =Ty (z 1/21_[ Z—TNn)

neA
T (2) /2N (bem2(dn —e)g(z) —V (2) 467 (2)=i0"()/2) T1G—onn) ™,
nev
Dio(z2) :== — iTv(z)_l/Qe_"(z)e_N(V(Z)H‘gO(Z)/m H (z—znn) ", (4.49)
nev
Dis(2) 1= — iT(z)" V2NN 2= +0F D) T] (2 — ),
neA

Day(2) :=To(2) 2 [[ (z = 2v.m) -
neA
For z in the regions 2V such that R(z) lies in a band I of [a, b] (i.e., in one of the darker-shaded regions in
the lower half-plane in Figure 4.3), we have
Dyi(z) =Ty (2)"/? H Z—TNn)"
neA
T () V2N (e 2(dn —e)g(2) =V () =07 (2)+i0°(2),2) T1G—onn)

)

neVv
DlQ(Z) — iTv(Z)—1/26—77(2)e—N(V(Z)—iQO(Z)/Q) H (z — a’;N7n)_1 R (450)
nev
Do (2) 1= iTy (2) ™ Y/2en(2) N (le=2(dn —c)g(2)=i67 (2)) H (2 — TN,
neA

Das(2) =Ty (2) "2 [[ (2 — 2nm)-
neA
For z in the regions Q4 such that R(z) lies in a band I of [a,b] (i.e., in one of the lighter-shaded regions in
the upper half-plane in F igure 4.3), we have

Dy1(z) :=Ta(z 1/2H z—ann)

neA
Dig(z) == — Z'TA(2)71/26777(3)67N(ec72(dN76)9(2)4”&9?(2)) H (z—xNn)" L,
neA
Doy (2) = — iTA(Z)—1/2677(2)eN(V(z)fioﬂ(z)/2) H (z—2xNmn), (4.51)

nev

D22(2) = TA(Z)1/2 H (Z - l‘N,n)
neA
— Ta(2) M2 N2 =3V HOPE /) T (2 - )

nev
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Finally, for z in the regions Q2 such that ®(z) lies in a band I of [a,b] (i.e., in one of the lighter-shaded
regions in the lower half-plane in Figure 4.3), we have

Di1(z) = TA(Z)71/2 H (z — -%'N,n)i1 )

neA
Dis(z) = ,L-TA(z)—l/Qe—n(z)e—N(lc—Z(dN—c)g(z)—iGIA(z)) H (z—znn)t,
neA
Dan(2) = iTa(z) "2 NVOHEOD) T (2 — ), (4.52)
nev
Das(2) :=Ta(2)"? I (2 — 2n.n)
neA
— Ta(2) " /2e N 2Ax =09V =02 ()=0")/2) TT (2 = wv,)

nev
Unlike the contour ¥, the new contour Xgp does not contain the vertical segments Y £ (0, ¢) that form
the common boundary of the lighter- and darker-shaded rectangles and that are illustrated with dashed
lines in Figure 4.3. Since the matrix X(z) is defined by different formulae in the lighter- and darker-shaded
regions, one should suspect that X(z) cannot be defined on the common boundary so as to make X(z)
continuous there. In other words, it might seem that there should be a jump discontinuity of X(z) on these
vertical segments. On the contrary, we have the following result.

Proposition 4.4. The matriz X(z) defined from (4.40)—(4.44) extends to a function analytic in C\ Xgp. In
particular, X(z) is continuous and analytic on the vertical segments Y £4(0,€). Moreover, on each subset
of ¥gp that contains no self-intersection points, the matriz-valued ratio of boundary values taken by X(z) is
an analytic function of z.

Proof. Let XV-7(2) denote the matrix X(z) defined by (4.45), with D(z) given by (4.49), and let X2F(z)
denote the matrix X(z) defined by (4.45), with D(z) given by (4.51). We will show that XV-*(z) and
XA (z) are the same analytic function in the common region 0 < J(2) < € and R(z) € I, where I is a
transition band. By direct calculation, we obtain
e(N(dN—c)—H)g(z)U;;e—(NZc+’y)03/2Xv,+(Z)—le,-‘r(Z)e(N€C+'y)o'3/26—(N(dN—c)—n)g(z)a;; — A+(Z)

)

where
1+ e—iNGO(z)
A (2) = 1/2 1/2°
T (2)'/2Ta(2)
77;]\700(2)
N em(2) —N(le—2(dn—c)g(2) 402 (2)) | pr -1 1te
Afy(z) =1 e N ! Fx(2) To(2)'/2Ta (2)1/2
o (4.53)
AZ, (2) 1= i N e=2dn—)g(z)+i6F () | _ L+ e E Fl(z)™
21 Tv(Z)l/QTA(Z)l/Q \4 )
1 + efiNOO(z) 7 V(2)—02(z —1 O(z
AL (2) = Tv(Z)l/QTA(Z)l/ze N(67 (2)—-67(2)) +Tv(z)1/2TA(z)1/2 _ —iNO%(2) [Fg(z) + FK(Z)]
and where
Ta(2)"? [[ (z = 2n.n)
Fé(z) = nea eV (le=2(dn —c)g(2)+i0) (2)=V (2)+i0°(2)/2) 7
Ty (z)'/? H (z—2xNm)
. nev (454)
Ty (z)Y H (z—2xNm)
FZ(Z) — nev e—N(Zc—2(dN—c)g(z)-ﬁ—i@IA(z)—V(z)—i@O(z)/Q) )

Ta(2)'? I (z = 2nm)

neA
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Now taking the base points z in the formulae (4.38) and (4.39) to both coincide with the transition point
Yk~ in the transition band I, then recalling (2.15) and using the quantization condition (4.1), and finally
comparing with the definition (2.50) of 6°(z), we obtain the identity

N (07 (2)=07(2)) = =iN0"(2) for [3(z)| <€ R(z) € I,and N € Z. (4.55)

Taking this identity into account, along with the identity (4.19) from Proposition 4.2 valid for &(z) > 0, we
therefore see that the matrix elements (4.53) simplify:

Y

(2)

Afy(z) = e~ 1(2) o= N(le=2(dn —c)g(2)+ib7 (2)) (Fiz) —1],
(2) = ieM1(2) N (Le=2(dn—c)g(2)+i07 (2)) 11— FE(z)Y
(2)

—q OZ
=1+e NGB [2 - FE(2) - FL(2)] .

Thus to show that XV:+(z) = X2 (2), it suffices to show that Fi¢ (2) = 1 and F{(z) = 1.

Let us calculate the boundary value taken by the function Fé‘ (2) on the real interval I N Ly from the
upper half-plane. For such z, we have three facts at our disposal, namely, the identity 6} (2) = 6(z), the
identity (4.19) from Proposition 4.2, and the formula (4.10). Applying these, and in particular first using
the latter to eliminate the ratio of products in the definition (4.54) of FJ (z), we obtain simply

where g4 (z) indicates a boundary value taken from the upper half-plane. Using (4.5), (4.7), and (4.9), we
see that for real z € [a, b],

Fd(2) = exp (N [/ZA log |z — z|p°(z) dz —/EV log |z — z[p°(x) dz + €. — 2(dn — €)g4 (2) +i0(2) — V(2)

0

b
2(dy — ¢)g4(z) —i6(z) = —20/ log |z — | dus,;, (z) + 2/ log |z — x|p°(x) dx .
a IS

0

Therefore, recalling (2.1) and (2.9), we have simply
dE.
Fd(z) = exp (N [Ec — E(z)}) )

where the variational derivative is evaluated on the equilibrium measure p¢;,. It follows that Fg(z) = 1
as a consequence of (2.14) since z is in a band I. By analytic continuation this identity holds in the whole
region 0 < ¥(z) < e with R(z) € I.

We may also compute a boundary value of the function F' K (2), letting z tend toward the real interval
INY4 from the upper half-plane. In this case, instead of (4.10), we use the identity (4.11) to eliminate the
ratio of products, and we may write 02 (2) = 6(z). The rest of the argument is exactly the same, and we
thus deduce that the identity FX(2) = 1 holds for z € I N 24" in the sense of a boundary value taken from
the upper half-plane. But by analytic continuation it also holds in the whole region of interest: 0 < ¥(z) < €
and R(z) € I. This completes the proof that X(z) has no jump discontinuity along the vertical segments
between the lighter- and darker-shaded regions illustrated in the upper half-plane in Figure 4.3.

Now let XV+~(2) denote the matrix X(z) defined by (4.45), with D(z) given by (4.50), and let X%~ (2)
denote the matrix X(z) defined by (4.45), with D(z) given by (4.52). We will now show that XV~ (2) and
XA~ (z) are the same analytic function in the common region —e < ¥(z) < 0 and R(z) € I, where I is a
transition band. As before, by direct calculation we have

e(N(dN_C)_H)g(Z)U-?e_(NZC"F'Y)U?)/QXVy—(Z)—l:X_A,—(Z)e(NZC-i-’y)Ug,/Qe—(N(dN—c)—n)g(z)a-3 —A(2),
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where
3 1 +€iN90(z)
All(z) = 1/2 1/2
Ty (2)/2Ta(2)Y
iNG°(z)
— () e o) = N(te=2(dx—c)g(z)—i6P () | 1t € ()]
App(z) :=ie” " e N ! Ty (2)1/2Ta(2)1/2 Fx(z2) )
) 1 _|_eiN90(z)
A= — jen(2) N (te=2(dn—c)g(2) =0} (2)) | = ()1 _
21 (Z) € e V(Z) Tv(Z)1/2TA(Z)1/2
- 1+ NG iN(02(2)—67 (2 1/2 12 iN6(z) [p— -
Ay (2) = Tv(z)l/QTA(Z)l/Qe rE=00GE) 4 TG (2) 2 Ta(2)? — e [Fg () + Fx (2)]
and where

2)1/2 H (z—2Nn)

Fv_ (Z) — ncA eN(ZC72(dN7(2)g(z)7i6‘1v (2)—V(2)—i6°(2)/2) ,

2)1/2 H (z—2xNn)

neVv

z)1/2 H (z—2xNm)

FX(z):= nev e~ N(le=2(dn —c)g(2)—ib7 (2) =V (2)+i6°(2)/2)

2)1/2 H (z—znn)

neA

Taking from Proposition 4.2 the identity (4.20), valid for 3(z) < 0, and using the identity (4.55), we see
that these formulae simplify:

Ap(z) =

AL (2) = ie7"Pe N(ZC—Z(dN—C)g(z)—iOIA(z))[ _F ()],
A5 (2) = ieM(2) N (le—2(dn —c)g(2)—ib] (2)) [Fv (z)*l B 1] ’
Apy(2) = 14 eN"@ [2 - F(2) - Fx(2)] -

Therefore the problem again reduces to showing that Fg (z) =1 and F (2) = 1.

Taking the boundary value of the function Fg (z) from the lower half-plane on the real interval INX{, we
may substitute for the ratio of products from (4.10) and use the identity (4.20) from Proposition 4.2 along
with Y (2) = 0(z). Since (4.5), (4.7), and (4.9) imply that that for all real z € [a, ],

b
2(dy — O)g-(2) + i8() = <2 [ loglz — ol diyy(e) + 2 | og s~ lp(a)da,
a EOA

where g_(z) indicates a boundary value taken from the lower half-plane, the definitions (2.1) and (2.9),
along with the equilibrium condition (2.14), show that Fg (z) = 1 in the sense of a boundary value taken
from the lower half-plane on I N ¥§. But by analytic continuation, this identity also holds throughout the
region —e < §(z) < 0 and R(z) € T

To show that F\ (z) =1 in the region —e < I(z) < 0 and R(z) € I, we repeat the above arguments but
take the boundary value from the lower-half plane in the interval I N ¥4, where the identity (4.11) may be
used to eliminate the ratio of products and where the identity 65 (z) = 6(2) holds. This completes the proof
that X(z) has no jump discontinuity along the vertical segments between the lighter- and darker-shaded
regions illustrated in the lower half-plane in Figure 4.3. O

< Remark: Part of the significance of Proposition 4.4 is that all essential dependence on the set Y, the
choice of which was somewhat arbitrary, has disappeared. In particular, when we approximate X(z) in the
limit of large IV, we will be able to obtain error estimates that are of the same magnitude regardless of the
number of transition points, or indeed regardless of whether there are any transition points at all. This is an



84 CHAPTER 4

improvement over the bounds stated in our announcement [BaiKMMO03], which identified different estimates
in two cases (there called Case I and Case II) depending on whether any transition points are present. >

Having defined the matrix X(z) explicitly in terms of the solution P(z; N, k) of Interpolation Problem 1.2
by the formula (4.45), with D(z) given by (4.46)—(4.52) allows us to replace that problem with an equivalent
problem for the new unknown X(z). This is advantageous because the problem whose solution is X(z)
is more amenable to analysis. In order to correctly pose the problem, we must introduce some additional
notation for particular segments of Ygp, as illustrated in Figure 4.4. The labelling of the figure relates to

Figure 4.4 Components of the oriented contour ¥sp. See the text for the key.

this new notation as follows.
e Bands I of (a,b) in Xgp are labelled A.
e Gaps T of (a,b) in Xgp are labelled B.

e Vertical segments of Ygp that are connected to band endpoints will be denoted by 3§, (labelled C)
or ¥5, (labelled D) depending on whether the endpoint lies in 3§ or X8'; the additional subscript
indicates whether the segment lies in the upper (+) or lower (—) half-plane.

e Horizontal segments lying above (below) bands will be denoted by 3,4 (3;_), and both are labelled
E.

e Horizontal segments lying above (below) voids will be denoted by LY, (XY_), and both are labelled
F.

e Horizontal segments lying above (below) saturated regions will be denoted by ¥£, (££_), and both
are labelled G.

We also denote each vertical segment passing through an endpoint a or b by the same symbol as the
component of Xgp to which it is joined at |S(z)| = e.
The problem equivalent to Interpolation Problem 1.2 is the subject of the following proposition.

Proposition 4.5. The matriz X(z) defined by (4.45) and (4.46)—(4.52) is the unique solution of the following
Riemann-Hilbert problem.

Riemann-Hilbert Problem 4.6. Find a 2 X 2 matriz X(z) with the following properties:
1. Analyticity: X(z) is an analytic function of z for z € C\ Xgp.

2. Normalization: As z — oo,

1
X(z)=1I+0 (;) . (4.56)
3. Jump Conditions: X(z) takes uniformly continuous boundary values on Xgp from each connected
component of C\ Xgp. For each non-self-intersection point z € Xgp, we denote by X (z) (X_(z))
the limit of X(w) as w — z from the left (right). If we let g4+ (z) + g—(z), for real z, denote the sum
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of boundary values taken by g(z) from the upper and lower half-planes, the boundary values taken on
Ysp by X(z) satisfy the following conditions. For z in a void I' C XY

e iNOr o—idr T (5)e7 (D) HA(g4(2) 49— (2) g~ NEr(2)
X, (2) = X_(2) ( 0 V() oiNOr gidr :

For z in a saturated region I C X

o—iNOr g—igr 0
X, (2) = X_(2) <iTA(z)en(z)—7—n(g+(2)+g(z))e—Nfr(z) eiN9r6i¢p>

For z in any band I,

0 e (g4 (29— ()
X+ (2) =X (2) | _; on(2)-v-nlgs (2)+9- () 0 :

For z in any vertical segment %5, meeting the real awis at an endpoint zo of a band I,
TV (Z)il/Q 0

Xi(2) =X_(2) LTy (2) " M/2en(2) 1~ 289(2) HINOG0) e <:|:27riNc/ wr(s) ds) T (2)F1/2

For z in any vertical segment X5, meeting the real avis at an endpoint zo of a band I,

Ta(2)FY2 —iTa(2) "2~ 1(2)+269(2) (FINO(20) oy :t27riNc/ El(z)ds>
0 TA(Z)il/Z

X, (2) = X_(2)

For z in any segment XY, parallel to a void T C X§ or with R(z) = a or R(z) = b,

1 iV (2)er—n(2)+2rg(2) o FiNOr (FiNO°(2) o~ Nér(2)
X.() =X () (§ M 1

For z in any segment Y&, parallel to a saturated region T' C $§ or with R(z) = a or R(z) = b,

1 0
X+(Z) =X_ (Z) (iy(z)167](2)’y2ng(z)6:tiN0p6:FiN00(z)eNgr(z) 1) .

To express as concisely as possible the relationship between the boundary values taken by X(z) on
segments Y4+ parallel to a band I, it is convenient to choose some fized y € I and then define yn for

each N € N by the rule
YN Y
N/ x)dr = { / po(x)dx—‘ ,

which may be compared with (4.1). Thus if I is a transition band, we may take yn to be the transition
point yp N € Yn contained therein. Otherwise we may think of yn as a “virtual transition point.”

With the sequence {yn}—o so determined, we have that for z in any segment X1+ parallel to any
band I,

2)~1/2 vi z 1
X (2) = X_(2) (Tf}iﬁiz) Tvg;>(_)1/2) 7

where

Ulig(z) = FiTa(z)” 1/2 gv=n(2)+2r9(2)  FiNO( yN)eXp (iQWZNC/ Uy ( ) ,
y

v (2) i= FiTy(z) "1/2en()=77209(2) o FINOWN) oxpy ( £27iN e wl(s) d8> .
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Proof. The domain of analyticity of X(z) is clear from the nature of the definition (4.45) with (4.46)—(4.52),
and from Proposition 4.4. The normalization condition follows from the corresponding normalization of
P(z; N, k) and from (4.6). The continuity of the boundary values is obvious everywhere except on the real
axis, but here the poles in P(z; N, k) are cancelled by corresponding zeros in the boundary values of Ty (z)'/?
and Ta(z)'/2. Finally, the jump conditions are a direct consequence of the continuity of P(z; N, k) and the
known discontinuities of D(z).

This shows that X(z) defined by (4.45) with (4.46)—(4.52) indeed satisfies all of the conditions of
Riemann-Hilbert Problem 4.6. The uniqueness of the solution follows from Liouville’s Theorem because
the matrix ratio of any two solutions is necessarily an entire function of z that tends to the identity matrix
as z — 00. O



Chapter Five

Asymptotic Analysis

In this chapter we provide all the tools for a complete asymptotic analysis of discrete orthogonal polynomials
with a large class of (generally nonclassical) weights, in the joint limit of large degree and a large number
of nodes. These results will then be used in Chapter 6 to establish precise convergence theorems about
the discrete orthogonal polynomials, and in Chapter 7 to prove a number of universality results concerning
statistics of related discrete orthogonal polynomial ensembles.

5.1 CONSTRUCTION OF A GLOBAL PARAMETRIX FOR X(z)

5.1.1 Outer asymptotics

Our immediate goal is to use the deformations we have carried out to construct a model for the matrix X(z)
that we expect to be asymptotically accurate pointwise in z as N — oo. The proof of validity will be given
in §5.2.

The basic observation at this point, which we will justify more precisely in §5.2, is that the jump matrix
relating X 4 (z) and X_(z) in Riemann-Hilbert Problem 4.6 is closely approximated by the identity matrix in
the limit N — oo for z € Xgp\ [a, b]. Moreover, the jump matrix in any gap I C [a, b] is closely approximated
in the same limit by a constant matrix e ~*V0rose=i¢ros  Neglecting the errors on an ad hoc basis leads to
a model Riemann-Hilbert problem.

Riemann-Hilbert Problem 5.1. Let {I'; = (8j-1,¢;), for j =1,...,G} denote the set of interior gaps
in (a,b) and let the bands be denoted by {I; = (oj,3;), for j =0,...,G}. Let Lmodel denote the interval
[0, Ba], oriented from left to right. Find a 2 x 2 matriz X(z) with the following properties:

1. Analyticity: X(z) is an analytic function of z for z € C\ Lmodel-

2. Normalization: As z — oo,

X(z):]H—O(l) .

z

3. Jump Conditions: X(z) takes continuous boundary values on Xmodel €zcept at the endpoints of the
bands, where inverse fourth-root singularities are admitted. For z € Smodel, let X4 (2) (X_(2)) denote
the boundary value taken by X(z) on the left (right) of Xmodel according to its orientation. For z in
the gap I';j, the boundary values satisfy

T o i, 65.)

X+(Z) = X, (Z) ( 0 e—iNGFj e—i¢rj

where the constant Or; is defined by (2.21) or (2.22) depending on whether I'; is a void or a saturated
region, and ¢r; is defined by (4.14). For z in any band I;, the boundary values satisfy

. . 0 —ier (@) +r(9+(2)+9-(2))
X4 (2) = X () | _jener—1-slos(2)+9-(2) 0 :

Here the expression g4(z) + g—(z) refers to the sum of the boundary values taken for z € I; C R from
the upper and lower half-planes.
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I() Il IQ ]3 I4
Iy I's Is L'y

Figure 5.1 The contour Ymodel corresponding to the hypothetical equilibrium measure illustrated in Figure 4.1 shown
against the gray background of Xsp. Note that by contrast with ¥sp, the gap intervals I'; are now oriented
from left to right. Thus the boundary value X4 (z) (X—-(2)) refers to a limit from the upper (lower) half-
plane.

The contour ¥p,04e1 corresponding to the hypothetical situation first illustrated in Figure 4.1 is shown in
Figure 5.1. Problems of this sort are solved in terms of Riemann theta functions of genus G, where G + 1
is the number of bands Iy, ..., Ig (see, for example, [DeiKMVZ99b]). Our subsequent analysis and error
estimates will not rely heavily on the specific formulae for the solution, although as is clear from §2.3 these
details do emerge in the leading-order asymptotics justified by our analysis. For completeness, the solution
of Riemann-Hilbert Problem 5.1 is explained in Appendix A.

The essential facts we will require later are the following.

Proposition 5.2. Riemann-Hilbert Problem 5.1 has a unique solution X(z) that is uniformly bounded
with bound independent of N in any neighborhood that does not contain any of the endpoints of the bands
Iy, ..., Ig. Although the numbers ¢r, depend on the choice of transition points in the set Y, the combination

X(2)er9(:)7s s independent of any particular choice of transition points. Also, det(X(z)) = 1.

Proof. A solution is developed in detail in Appendix A, and uniqueness can be established by an argument
based on Liouville’s Theorem. A similar argument proves that det(X(z)) = 1. The uniform boundedness of
X(z) away from the band endpoints and the invariance of the combination X(z)e®9(*)7 are consequences

of the solution formulae given in Appendix A; a discussion of these features can be found there. |

The boundary values taken by the solution of Riemann-Hilbert Problem 5.1 have the following useful
properties.

Proposition 5.3. For z in any interior gap (void or saturated region) I'; = (Bj-1, ;) C Lmodel, we have
the identity

' ® ' BN 0
kg4 (2)os _ rg+(2)o3 )
X, (2)e (&) () )
where the star denotes componentwise complex conjugation. Similarly, for real z < ag, we have

X rg+(2)os — (¥ kg (2)os ) e 2miNe 0
(2)6 - (Z)e 0 627riNc ’

and for real z > B¢, we have
X(z)e"g(z)"S = (X(z)e“g(z)ag) )

Moreover, the product p(z) = X11(2)X12(2) extends to C\ ([ao,B0] U ... U [ag, Bg]) as a real-analytic
function satisfying p(z) < 0 for all real z < ag and p(z) > 0 for all real z > Pg. For all j =1,...,G,
there is a real number z; € [Bj_1, ;] such that p(z) > 0 for Bj—1 < z < z; and p(z) < 0 for z; < z < «;.
If in fact z; € (Bj—1,¢; ), then z; is a simple zero of p(z). The zeros z; depend on the parameter k in a
quasiperiodic fashion, with G frequencies that depend on the parameters ¢ € (0,1) and N, the function n(z),
and the equilibrium measure. Generically, z; € (B;—1,;), and the situation in which z; = Bj_1 or z; = o,
for some j, should be regarded as exceptional. In the generic case, the boundary values X11+(z) and X12+(z)
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are analytic at z = z;, and thus either X11+(z) has a simple zero only at z = z; and X12+ (2) is bounded
away from zero in I';, or X12+(z) has a simple zero only at z = z; and X11+(z) is bounded away from zero
m Fj.

For z in any band I;, the identity

X+(Z)eﬁg+(z)03 = (X+(Z)eng+(z)03)* ( 0 _»L'e’Y—n(z))

—ien(®) = 0 (5.2)

holds. Furthermore, for z € I; the elements of X+ (2) are strictly nonzero.

Proof. The matrix M(z) := X(z)e"9(*)7s and the corresponding matrix N(z) := M(z*)* are both analytic
for z € C\ (—o0, Bg|, where B¢ is the rightmost band endpoint. As z — oo, we have M(z)e *lo8(2)os —
T + O(1/z) and also N(z)e *1°8(*)93 = T 4+ O(1/2). Furthermore, it is easily checked that at each point
z € (—00, Bg|, we have M_(2) "M (z) = N_(2) !N (z). This means that both matrices satisfy the same
Riemann-Hilbert problem. Uniqueness of solutions for this problem follows as usual from Liouville’s The-
orem. Thus M(z) = N(z) = M(z*)*. The claimed relations follow from the jump relations for X(z) since
for each real z, M_(z) = My (2)*.

Suppose that at some point z in a band I; we have My14(2) = 0. Then it follows from (5.2) that
M2 (2) = 0 also. But this implies that det(M(z)) = 0, which contradicts the fact that (see Proposition 5.2)
det(M(z)) = 1. In a similar way, one sees that any other matrix element of M4 (z) having a zero in I; leads
to a contradiction.

The fact that the product p(z) = X 11(z)X 12(%) extends to the complement of the bands I; as an analytic
function follows from the jump condition (5.1) and the analyticity of X(z) for z € C\ model. The sign of
p(z) is discussed in detail in Appendix A. O

By using the explicit formulae given in Appendix A, one can obtain the identities Wi(z) = Xu(z)e"””g(z)
and Z(z) = X12(2)e~"9(*) where W (z) and Z(z) are the functions defined in (2.43) and (2.44) (or for G = 0,
(2.45) and (2.46)), respectively.

5.1.2 Inner asymptotics near band edges

In any neighborhood of a point in the interior of either ¥y or ¥5' that marks the boundary between a
band and a gap, the pointwise asymptotics used to arrive at the jump conditions for the matrix X(z)
starting from those for the matrix X(z) are not uniformly valid. It is therefore necessary to construct a
local approximation to X(z) near such points using different techniques. We refer to these boundary points
separating bands from gaps as band edges. We want to stress that band edges are to be distinguished from
transition points making up the set Yy defined in §4.1. Our method will be to define in a disc of fixed size
near each band edge a matrix that exactly satisfies the jump conditions of X(z) and that matches well onto
the outer asymptotics given by X(z) at the boundary of the disc.

The distinguishing characteristic of a band edge z = zq is that in the adjacent gap T' the function p(z)
is identically zero since the equilibrium measure p¢; realizes the lower constraint for z € I'if I' C £§, or
the upper constraint for z € T'if T C EOA, and meanwhile in the adjacent band p(z) is a nonzero analytic
function that vanishes at the band edge. The nature of the vanishing of p(z) at the band edge must be
understood before a local approximation can be constructed. Consider §E./du — €., where the variational
derivative is evaluated on the equilibrium measure. In the band, this quantity is identically zero according
to the equilibrium condition (2.14). On the other hand, if p°(-) and V(-) are analytic functions, then the
function ¥(z) defined for z € (a,b) by

U(z):=V(z) —|—/ log |z — z|p°(x) dz — / log |z — z|p°(z) dx
b oy
extends analytically into the upper half-plane (it is analytic in a neighborhood of 2y as long as z¢ is in the
interior of either ¥y or ¥§'). Since

b
U(z) 4+ 2(dn —c)/ log|z — z|p(x) de = —(2), for z € (a,b),
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where the variational derivative is evaluated on the equilibrium measure, we have

b b z
OE\I](Z)‘FQ(dN*C)/ log(zfx)p(x)d:cfécfQWi(dNfc)/ p(x)dx+27ri(dec)/ p(x)dz, (5.3)

zZ0 Z0
for z near zo with §(z) > 0. Ounly the last integral involves contour integration off the real axis, and the
integrand denotes the analytic function p(-) of the band. At the same time, the quantity 0E./du— £, extends
into the upper half-plane from the gap I' as

E, b b
66 — 4. =U(z)+2(dy — c)/ log(z — z)p(z) dx — €. — 2mi(dy — c)/ p(x) dzx
[ a e
zel
since p(-) = 0 for z € T'. We therefore deduce that
E. ) i
0. _ e = —27i(dn — ¢) [/ p(x) da:} , (5.4)
op p,
zel 0 +

where on the right-hand side the integrand is the continuation of the analytic function p(-) defined in the
adjacent band and the subscript denotes the boundary value taken on the gap I' from the upper half-plane.
Using virtually the same arguments but continuing all quantities into the lower half-plane, we find that

OF = 27i(dy — ¢) [/0 p(z) dm] : (5:5)

o e _

zel
Combining (5.4) and (5.5) reveals the identity

[/Z:p(w)deJr [/Z:p(x)dm} =0, (5.6)

which holds for all z in the gap when the integrand p(-) is analytically extended about zy from the band.
Differentiating this identity with respect to z, we discover that p(z)? extends from the band to a complex
annulus surrounding 2o as a single-valued analytic function that vanishes as z — zo within the band (at
least). Moreover, it follows from (5.3) that p(z)? is analytic at 2o as well and so is necessarily of the form
p(2)? = (2 — 20)Pef(?) where p = 1,2,3,... and f(z) is analytic at zo.

Clearly, only odd values of the positive integer p are consistent with (5.6). However, even more is true. If
the band edge point satisfies zgp € X\, then the combination (¢ — dy)p(x) can be seen by (4.5) to be strictly
positive for z in the band adjacent to zg, and furthermore the adjacent gap is a void; thus from (2.13) we see
that the common left-hand side of (5.4) and (5.5) is strictly positive for z € T'. Similarly, if the band edge
point satisfies zg € ¥, then the combination (¢ — dy)p(z) is strictly negative for  in the band adjacent to
20, and the adjacent gap is a saturated region so that (2.16) makes the common left-hand side of (5.4) and
(5.5) strictly negative for z € I'. In both cases, we can easily see that the equations (5.4) and (5.5) will be
consistent with the assumption that p(z)% = (z — 2z0)Pe/(*) for analytic f(z) and p=1,3,5,7,... only if we
discard the values p =3,7,11,....

Therefore, using only the assumption that p°(-) and V(-) are analytic functions, we have shown that at
each band edge 2o in the interior of ¥y or ¥4 the positive analytic function p(-) vanishes like (2 — zo)P/?,
where p is of the form p = 1 + 4m for m = 0,1,2,3,.... This is the general character of the vanishing of
p(+) at band edges when V(-) and p°(-) are analytic functions, and it is quite similar to the characterization
of the local behavior of the equilibrium measure (without upper constraint) near band edges as explained
in [DeiKMO98].

As mentioned in §2.1.2 (see in particular (2.6) and (2.7)), for simplicity we will consider only the generic
situation when p = 1 at all band edges. There are four cases. Let h < 1 be an arbitrary fixed positive
parameter.

Left band edge with zp = a € ©§ (lower constraint)

Let T denote the void to the left of «; then eV?(®) = ¢iNOr  Let I denote the band to the right of a.
Consider DFV L %o be an open disc centered at z = « of radius he. Note that for e sufficiently small, this
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radius will be less than half the distance to the nearest distinct band edge and Dly L will be disjoint from
the endpoints {a,b}. We divide DX’L \ (DFV’L N Xgp) into open quadrants:

DXiL:DFV’Lﬂ{Z z#a,0<arg(zfa)<g},

D[Y,’I%ZDIYJ/Q{Z z;«éa,g<arg(z_a)<ﬁ}’

DIV‘,ﬁI:Dr?vLﬂ{Z z #a, —7r<arg(z—a)<_g},
T

DS,’IQ/:DX’LQ{Z Z#aa_§<arg(z—a)<0}.

Now we introduce a local change of variables in DIY L We set

)((Z)e('y777(z)+2fﬁg(z))03/267iN9r03/27 for z € DIYiLa

ZV’L(Z) — X(Z)TV(2)0'3/2e('y_7I(Z)+2K,g(2))‘73/26—iN9r‘lT3/2’ for z € Dl’v‘,ilfv (57)
T X(Z)Tv(Z)ag/Qe('y—n(z)—i-QK,g(z))z73/2eiN¢9r¢73/2’ for z € DIY,7ILIII’
X (z)e(r—n(2)+2r9(2))o3/2iN0Oros /2 for z € DIY’IQ,.

According to (2.6), the equation ¢ = TFV L(2) defined by (2.17) gives an invertible conformal mapping,
taking for e sufficiently small, the fixed disc DIY Lo a neighborhood of { = 0 in the {-plane that scales like
N?2/3. The transformation TFV’L(Z) maps RHDX’L to R, taking z = a to ( = 0, and is orientation-preserving
since dTFV’L/dz(a) is real and positive. The segments arg(z —a) = £7/2 in DIY’L are mapped to arcs in the
¢-plane that are tangent to the imaginary axis at ¢ = 0 and converge to the rays arg(¢) = +7/2 as N — oo
uniformly for ¢ in compact sets. The exact jump conditions satisfied by the boundary values of Zly L(z) on
Ysp N DIY L may be written in terms of the new coordinate ¢ as follows:

je—(-0**
ZYl(2) = 20 (2) <é Le . ) ,  forzeDnDY",
20 (2) = 2720 (2) (_OZ _OZ) : for € INDY'E,
V,L V,L 1 0 \% V,L
Zr [ (2) =2y 2" (2) _geic®? 1) for z € ¥g, N Dp~,
ZV,L _ rpV,L 1 0 v V,L
i (2) =Zp2" (2) it 1) for z € Zg_ N D™,

Here the subscripts + and —, respectively, refer to boundary values taken on Ygp N Dly L from the left and
right relative to the orientation of Xgp. . .
At the same time, we can define a comparison matriz Zg L(2) from X(z) by the relation

Zy " (2) = X(2)e )T 2Ro())os/2 o miNsen(S(2)0ros /2 - for 2 € DYFN\ (DY 0 Bsp). (5.8)
Note the difference (a factor of T (2)?%/? in quadrants IT and IIT) between the transformation (5.8) and
the transformation (5.7). This matrix extends to an analytic function in DIY L Wwith the exception of
zelnN D1Y’L, where it satisfies

Z1Y+L(Z) = ZIYLL(Z) (_OZ _OZ) , forzeInN DIY’L.

Again, the subscripts indicate boundary values consistent with the orientation of Ysp, with + indicating
approach from the left and — indicating approach from the right. Because the matrix elements of Z(z) blow
up no worse than (z — a)~ /4, it is easy to see that ZIY’L(z) can be represented in the form

27 = HEH ) s (). (59)
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where HY ¥ (2) is analytic in DY ", The relations (5.9) and (5.8) together with (2.17) serve as a definition
of H1Y L(2) in terms of the solution X(z) of Riemann-Hilbert Problem 5.1.

Since the image of the boundary of Dly L in the (-plane expands as N — oo with € held fixed, and
since on the boundary ZIV‘ L(z) and ZIY’L(Z) should be comparable, we propose to concretely determine an
approximation of ZIY’L(Z) for z € DIY L by solving the following Riemann-Hilbert problem.

Riemann-Hilbert Problem 5.4. Let C be a contour connecting the origin to infinity lying entirely within
a sector symmetric about the positive imaginary azis of opening angle strictly less than /3. Let C_ denote
the complex conjugate of C. Find a 2 x 2 matriz ZV-*(¢) with the following properties:

1. Analyticity: ZVE(¢) is an analytic function of ¢ for ¢ € C\ (RUC, UC_).

2. Normalization: As { — oo,

2700 (1 1) co=1ro(3) (510)

uniformly with respect to direction.

3. Jump Conditions: ZV’L(() takes continuous boundary values from each sector of its analyticity.
The boundary values satisfy

. (_\3/2
27 (¢) =2V ((1) e (10 ) ., for(eRand (<0,
2h0=240 (% ). srcemancso
N . 1 0
29(¢) = Z5H(0) <_iei<3/2 1) . jercecy,

, . 10
ZEL(C) =2Y"(¢) (ieigs/z 1) , for ¢ € C_.

To determine the boundary values, the contours on the real (-axis are oriented away from the origin
and the contours Cy and C_ are oriented toward the origin. As usual, + indicates approach from the
left and — indicates approach from the right.

Note that the asymptotic behavior of ZV-E(¢) is chosen to match the explicit terms in Z; L(2) with
the exception of the holomorphic prefactor Hg’L(z), the effect of which will be included after solving for
Z¥L(¢). The solution of Riemann-Hilbert Problem 5.4 was first described in [DeiZ95], and we provide it in
the notation of our problem for completeness.

Proposition 5.5 (Deift and Zhou). The unique solution of Riemann-Hilbert Problem 5.4 is given by the
following explicit formulae. Let
3\ 2/3

For ( between the positive real azis and the contour C,

1 1
i 3\ ¢ iw3/2 i 5mi 3\ ¢ iw3/2 i
%3 V2T (Z) 2T AT (eTw> %% V2T (—) e~ AY (e_Tw>

1
i 3\ ¢ 2iw3/2 mi mi 3\ ¢ iw3/2 i
6727\/27T (—) 25 Ad (eTw) e6 \2r (—) e A (eiTw)

ZVr(¢) =

=
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For ¢ between the positive real axis and the contour C_,

1

1
i 3 6 iw3/2 mi i 3 6 9u3/2 mi
e V2T (Z) e~ AY (e_Tw) e % V2T <Z) T AT (eTw>
1 1
i 3\ ¢ iw3/2 i i 3\ 6 2:w3/2 i
ezT\/27r (Z) e A <677w> e~ 62T (Z) e A (eTw)
For ¢ between the contour C'y and the negative real axis,

1 1
3\ ¢ —w)3/2 5mi 3\ ¢ —w)3/2 mi
X —V2r (Z) ez( 7 Ai' (—w) e V2r (Z) 672( ? Ai (e*?w)
ZVE () = L . . (5.11)
3 6 2(7“])3/2 . i 3 6 _2(7,,4))3/2 . _mi
—V2r (Z) e~ 5 Ai(-w) e V2m (Z e 5 Ai (e 3 w)

Finally, for ¢ between the contour C_ and the negative real axis,

V() =

3 7é 2(—w)3/2 ’ 5mi
X —V27 (Z) e 3 Ai'(—w) e ¢ V2r
254(0) =

1 1
6 _w)3/2 i 6 _w)3/2 i
—V2r <Z> e TF A (—w) e~ 62 (g) e A (eTw

N—

Proof. The jump conditions are easily verified with the help of the identity

Ai(z) 4+ e 5 Ai(e™ 5 2) + e FAi(e”F2) = 0.
The asymptotics are verified with the use of the steepest-descent asymptotic formulae
1
- 2y7

1

AT (2) = 5= e 0,

both of which hold as z — oo with —7 < arg(z) < 7. In fact, these calculations show that the O(¢~1) error
term in the normalization condition (5.10) is of a more precise form, namely,

~ 1 1 — Cs/4 14+0 —3/2 oO(¢1
27740 5= (1 ) o= (U ) (5.13)

In this sense the decay rate to the identity matrix of 1/¢ is sharp in only one of the matrix elements, with the
remaining matrix elements exhibiting more rapid decay. Uniqueness of the solution follows from Liouville’s
Theorem. |

Ai(2) 21122231 L 0(273/2))

(5.12)

The contours C'y. in Riemann-Hilbert Problem 5.4 are chosen so that in TFV ’L(DIY ’L) they agree with the

images under TFV L of the segments L5, N DIY L' Thus the sectorial condition on Cy can be satisfied by

taking the contour parameter e controlling the radius of Dly L o be sufficiently small. We now define a local
parametriz for X(z) by the formula

e(n(z)—’)/—2.A»f,g(z))¢73/2612N91~173/27 for z € Dly,IL7
Tv(Z)—(73/26(7](2)—’y—QKg(z))(rg/QeiNéra;;/Q’ for z € Dl"villl?

< V,L o
XF (Z) = /Ivv(Z)—o—3/26(77(z)7')/72mg(z))03/267iN0r03/27 for z € Dlyﬁllv

AAA,.\
N
— — — —

e(n(z)f'nyHg(z))o'g/QefiN9r0'3/2’ for z € _DI_V‘”I%/
(5.14)
Note that in this formula, the transformation TFV () and the matrix HIY L(2) will be different in

neighborhoods Dly L corresponding to different left band edges in %y, being defined locally by (2.17),
(5.8), and (5.9).
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Right band edge with zy = 3 € ©y (lower constraint)

With I' denoting the void to the right of the band edge 3 and I denoting the adjacent band on the left of 3,
we let DFV’R be a disc centered at z = [ with radius he. The four open quadrants of DFV’R \ (DFV’R NXsp)
are defined as

DX}R:DS’Rﬂ{z z# 0, 0<arg(z — f) < g} ,
z z#ﬂ,g<arg(zfﬂ)<7r} )

™

Dy = Dy
DX’III?/I:DIY’RQ{Z z# B, —m < arg(z — ) <f—} ,
&

I =

2

z z#ﬂ,7g<arg(z—ﬁ)<0}.

V.R _ AV.R
DI‘,IV = Dr

We introduce the local change of dependent variable

X ()T (2)7/2e(—1(2)+20g(2))3 /2 —iNOroa/2 for z € DY,

ZV,R(Z) — X(z)e('yfn(z)+2’{g(z))03/267iN01"0'3/2 R for z € DX’I?’
r T X(2)er () +2m0()s/24iNOros /2 for z € DYiE,
)((Z):Z—VV(2)173/26('y—77(2)—4—21{9(2))(73/261'N01~z73/27 for z € DIV‘,,I?/

(recall that e?N0r = ¢N0(8)) and the local conformal change of independent variable ¢ = TFV T (2) defined
by (2.18). The mapping is orientation-reversing, taking z < 8 to ¢ > 0 and z > 8 to {( < 0. By taking ¢
sufficiently small, the radius he of DIY Wil be small enough that the images under 7'Fv B of the segments
arg(z — 3) = £7/2 in DIY  lie within a symmetric sector of the imaginary (-axis of opening angle strictly

less than 7/3. The exact jump conditions satisfied by Z1Y’R(z) in D1Y’R may be written in terms of ( as

je=(=0)**
7y () = ZY B () ((1) e ) ) . forzeTnDY",
ZXJFR(Z) = Zly;R(Z) (_Ol _Ol) , for z € 1IN DIY’R,
Lo (5.15)
V,R V,R V,R
Zp [ (2) =Zp 2 (2) (_ieigs/z 1) , for z € X5 N DY,
V,R V,R 1 0 v V,R
Zr ' (2) =Zp (2) iemic® 1) for z € ¥y, N Dy,

The subscripts + and — indicate, respectively, boundary values taken from the left and right of Ygp with
respect to its orientation. The comparison matrix

ZleR(Z) — X(z)e(’y—n(Z)+2Rg(2))as/2e—ingn(%‘(Z))9r03/2 , for z € DIY’R \ (Dlva NYsp),

satisfies the same jump condition for z € I' N DIY B as ZIY’R(z) but is otherwise analytic in DIY f and can
be written in the form

. 1 )
VR VB VR \\os/4

27 () = HE(e) - o (-rf e (1 T
where Hg’R(z) is a holomorphic factor for z € D1Y’R. To come up with a matrix satisfying the jump
conditions of ZIY’R(Z) that is a good match to ZX’R(Z) on the boundary of DFV’R, we consider the solution
ZV-L(¢) of Riemann-Hilbert Problem 5.4 with the contours Cy chosen such that Cy Ny (DY) =

V,R /\nV

7 (Xg%) and we set

ZVE(¢) == ZVE(C) -ios. (5.16)
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Proposition 5.6. The matriz ZV-E(¢) defined by (5.16) is an analytic function of ¢ for ( € C\ (R U C4 U
C_) that satisfies the normalization condition

Z¥R(Q) % (_ ) (=140 (%)

as ¢ — oo uniformly with respect to direction. Moreover, ZV’R(Q takes continuous boundary values from

each sector of its analyticity that with ( = TFV R(2) satisfy the ezact same set of relations (5.15) as ZIY’R(Z).

We may construct a local parametrix for X(z) in DFv H as follows:
HY P (2)ZV R () 1 (2)) T (2) 73/ 2e(102) == 209(2))05/2iNOr os /2 for z € DY ;"
KT (2) o Hng(Z)?V,R(TFVvR(Z))6(n(z)fwaKg(z))os/26i1f0raz/2’ for z € D;ﬁ‘f’
r HIY’R(Z)ZV’R(TFV’R(2))e(”(z)_“Y_2"ig(z))"3/26_”\[9”‘”’/27 for z € D;’Iﬁ
HLY’R(Z)ZV’R(TFV’R(z))Tv(z)_"3/26(77(2)_7_2“9(2))03/2e_iN9FU3/2 , for z € DLY)’I]\%,.
(5.17)

Again, the transformation TFV H(.) and the matrix HIY’R(Z) will be different in neighborhoods DIY H corre-
sponding to different right band edges in Xy .

Left band edge with zy = a € ¥§* (upper constraint)

Letting ' denote the saturated region to the left of a;, I denote the band to the right, and Dlé L denote a
disc centered at z = o with radius he, we partition the disc into quadrants:

Dﬁ’IL:D?’Lﬂ{z z;«éa,0<arg(z—a)<g},

m
Dﬁﬁ:D?’Lﬂ z z;«éa,§<arg(z—a)<7r},
2

z z%a,7g<arg(z—a)<0}.

D?’I?IZD?’LQ{Z z#a, —m < arg(z —a) < *E} )
AL AL
DFIV Dy {

Next we set

X(z)e(V n(2)+269(2))os /2 —iNOros/2 for z € Dﬁ,la

AL X(2)Ta(z) "2/ 2e(0~ n(Z)+2n9(Z))as/2 e~ iNbros/2 for Zeplé’ﬁ

Zy7(z) = X(2)Ta(2)" 73/2(=1(2)+2r9(2))03/2iNOr o5 /2 for z € DIQ’I%D

X (z)e(—n(2)+2r9(2))03/2iN0ros /2 for z € Dr IV,
where we recall that e/Vr = ¢iN?(®) " and consider the conformal mapping ¢ = ( ) defined by (2.19).
We choose the parameter € controlling the radius of DA L to be sufficiently small that the images T; (Z N

D? L) lie within a symmetric sector of the imaginary (-axis of opening angle strictly less than 7r/ 3. The
exact jump conditions satisfied by the matrix Z?’L(z) may be written in terms of ¢ in a simple way:

1 0
230 =222 (Lo ). orzernppt

Zléf( > forzelIn DFA’L,

(5.18)

o

e (

AL AL 1 —ieic™? A AL

Zp(2) =17 ] , for z € X5 N Dy~
7 (

ZAL(, 1 —jei¢? f A A DAL
F+( ) or z € 2,g_ N DR

0 1
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The subscripts + and —, respectively, refer to boundary values taken on the oriented contour Xgp from the
left and right. The comparison matrix defined by the formula

Z?’L(Z) — X(z)e('y—'r](z)+2ng(z))03/26—1'ng11(%(2))9p03/2

satisfies the same jump condition for z € I N Dlé L as Z?’L(z) but is otherwise analytic in Dlé L and thus
may be written in the form

2R (2) = HP(2) - (= () ( —)

The quotient matrix H?’L(Z) is holomorphic in D? L Finding a matrix with the same jump conditions as
721 (2) and matching onto Z&(2) at the boundary of DAY leads us to recall the matrix ZVF(¢) solving
Riemann-Hilbert Problem 5.4 with the contours Cx taken to be such that for each N, Cyx N5 (D) =

TFA’L(EOAi) and to set
ZA85(¢) =2V (¢) ioy (5.19)

Proposition 5.7. The matriz ZA7L(C) defined by (5.19) is an analytic function of ¢ for ( € C\ (R U C4 U
C_) that satisfies the normalization condition

0 (4 ) caressol)

as ¢ — oo uniformly with respect to direction. Moreover, ZA’L(C) takes continuous boundary values from

each sector of its analyticity that with { = TFA L( ) satisfy the exact same set of relations (5.18) as Z?’L(z).

We construct a local parametrix for X(z) with the formula

H? L(Z)ZA,L(TFA,L(Z)>e(n(z)7772ng(z))03/261’N0p03/2 , for z € D?,IL,
() o JHEEGZSHEE )T (e 22Dz ool for s € DEE
r = H?’L(Z)ZA’L(TFA’L(Z))T (Z)Us/2e(ﬁ —v—2kg(2))o3/2 —iN0r03/2’ for z € Dlé,i%p :
H?,L(Z)ZAA L(TFA L(Z))e(n(z) y— 2[{9(,2))0"3/2 7’LN91"U'§/2 for z € DIA‘,I{‘/

As before, the transformation TA L(.) and the matrix H?’L(Z) will be different in different neighborhoods
DF’ corresponding to different left band edges in EOA.

Right band edge with 2o = 3 € X5 (upper constraint)
With T' denoting the saturated region to the right of 8 and I denoting the band to the left, we work in a

disc D? B centered at z = [ with radius he and partition the disc into quadrants:

z 2#670<arg(z—5)<§},

2|24, 5 <arg(z—5) <7},

DR{ = DR
{

D?Iﬁ =P {a]e £ 8, —n <argz— ) < -2},
{

2
DFA,i}\%/:DrA’Rm z Z?'éﬁ,——<arg(z—6)<0}.

We then set
X(Z) ( ) 0'3/26(7 n(z)+2kg(z))os/2 7iN6'p03/2’ for z € ‘Dlé,IR7
ZA,R(Z) _ X(z)e(’y n(z) +2f~cg(z))03/2 —1N0p0'3/2 for z € Dl'A‘,’I?7
r : X(Z)e ~y—n(z) +2,ch(z))0'3/2 2N9F03/2 for z € D?A‘III%I’
X(2)Ta(2)~ 03/20(7— Tl(z)+2ng(z))03/2 ¢iNOros/2 for » € DF IVa
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where we recall that e!Vor = ¢N9(8) and consider the conformal mapping ¢ = TFA’R(z) defined by (2.20).
This is an orientation-reversing transformation of the neighborhood Dlé Boof 2 = B in the z-plane to a
neighborhood of the origin in the (-plane. By making e small enough, the radius of Dlé B will be so small
that the images TF (Z D? ’R) lie within a symmetric sector of the imaginary (-axis of opening angle
strictly less than 7/3. The matrix Z?’R(z) then satisfies exactly the following jump conditions:

1 0

AR AR AR
ZF+ (Z) = ZF— (Z) (iG(C)S/z 1) s forzeI'n DF
Z?J’FR(Z) = Z?;R(z) (Oi _Oz) , forzeIN D?’R

1 e (5.21)

Z?er(z) = Z?;R(z) <O 7261 ) , for z € X5 N DA R
ZAR(\ _ 7AR 1 —ie—i*? AR

I+ (Z) - ZF— (Z) 0 1 y for z S Z ﬂ D

The subscripts + and —, respectively, indicate boundary values taken on ¥gp from the left and right. The
comparison matrix

Z?’R(Z) — X(Z)e('y—7](z)+2ng(z))03/26—'L’ngn(§\r(z))9ra3/2

DAR

satisfies the same jump condition for z € I N as Z?‘R(z) and is otherwise analytic in Dlé ’R; it may be

written in the form

Z?,R(z) _ H?’R(z) . %(—TFA’R(Z))%M (_11 :i) ’

The quotient H?’R(z) is holomorphic in D? R A matrix that satisfies the same jump conditions as
ZA’R( ) and matches well onto ZA’R( ) may be obtained by considering the matrix ZYV-L(¢) satisfying
Riemann-Hilbert Problem 5.4, with the contours C+ chosen so that C N 74 R(DA Ry = TFA’R(Z(%), and
setting

Z57() = 2V"(() - o103 (5.22)

Proposition 5.8. The matriz Z2E(() defined by (5.22) is an analytic function of ¢ for ¢ € C\ (R U C4 U
C_) that satisfies the normalization condition

2270 5= (1 1) omri=140(3)

as ¢ — oo uniformly with respect to direction. Moreover, ZA’R(C) takes continuous boundary values from
each sector of its analyticity that with ( = TFA’R(Z) satisfy exactly the same set of relations (5.21) as Z?’R(z).

We use Z2E(¢) to construct a local parametrix for X(z) in D2 by the scheme
H?’R(z)ZA R( ( )) ( )0'3/26(77(2)—7—2&5](2))0’3/267:]\]01‘0'3/27 for z € DFI ,
X?’R(z) Hli’j:(z)ZA R(T ( ))e("(z) v—2rg(2 ))”3/26iyera3/2 , for z € DF H " (5.23)
HY P (2) 28 B (757 (2))e(2)—1=2r9(2))73 /2 ¢ —iNbros /2 for z € DF IH,
HR R (2) 2 R (e (2)) T (2)7/ 26005 -2ea(e)on 2-iN0ros/2 | for 2 € DAY,
Once again, the transformation 7= (-) and the matrix HR""(2) will be different in different neighborhoods

D? R corresponding to different right band edges in X8

Common properties of the four local approximations

The important properties of the local approximations are summarized in the following proposition.
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Proposition 5.9. Although originally defined in the four open quadrants within each disc, each function
XY ()X (2)7, XY R ()X (2) 7!, X8 (2)X(2)7Y, and X2 (2)X(2)! has a continuous and hence ana-
lytic extension to the full interior of the corresponding disc. For each sufficiently small € > 0, there is a
constant M¢ > 0 such that on the boundary of each disc centered at a band edge z = zg we have

O K,k Y — Me
sup [ XF"(2)X(2) 7! 1| < —

: (5.24)
|z—z0|=he N

for sufficiently large N. Here X;*(z) refers to any of the four different types of local parametrices.

Proof. The analyticity of X}*(2)X(z)~" throughout Dj* follows directly from the construction in each
case, in that there is no approximation of the jump matrix.

To prove (5.24), first note that since each band edge point zy is bounded away from all transition points
yi, N € Yy and from the endpoints {a, b}, Proposition 4.3 guarantees that for |z — zo| < he,

X;’*(Z) _ H;,*(Z)Z*,*(T{:,*(Z))e(n(z)f'yf2ng(z))03/2eingn(S(z))9r03/2 (H + G(Z)) ’

where for some constant J. > 0,

sup  [|G(2)] < -
|z—zo|<he N

Since according to Proposition 5.2, X (z) is uniformly bounded for |z — zy| = he and has determinant 1, it
follows that a related constant J. > 0 exists such that a similar estimate holds:

) . J.
sup [ X(2)G(2)X(2) 7| < N
|z—z0|=he
for all sufficiently large N. Next, we recall the formula for the holomorphic prefactors Hy " (2):
HE(2) = X(Z)e('y—n(z)+2fig(z))03/2€—iNSgn(S(Z))9FU3/QC*v*[_Tgv*(z)]—‘%/‘l , (5.25)

where the constant matrices C** are given by

1 /1 -1 1 (=i 3
cVil .= — cV:B.— _—_ (" °
V3 (1 ! ) | va\i i)
1 [(—i —3 1 /-1 1
(O — .. (O A —— .
=07 VE\-1 -1
Thus we have

X[ (2)X(2) ! = Hp ()2 (7 (2)C [ ()] H ()7 (T4 X ()G ()X (2) )
Using (5.25) again, we can write this as
X (2)X(2) 7 = W (2)
=T ()] L (1 (2)) O [ (2)] A [ (2)) 7
W) (T4 X ()G ()X () )
where
W (2) 1= X(2)e(1771(2)+2r9(2)0s /2, —iNsgn(3(2))0ras /2 s

is a matrix that is, according to Proposition 5.2, uniformly bounded when |z — z9| = he. But, from (5.13),
we get that for |2 — 29| = he, which corresponds to 712" (2) of size N?/3,

[ ()] 742 (" (2) O [ (2)] 7 A [ ()7
(

= [—75%(2)]08/4 o 7;7*(2)_3/2) O(T;,*(Z)_l) % (2)]08/4
=@ o (G o) e

=1+ 0(r7" ()7,
which is, as desired, of order 1/N when |z — z9| = he. This establishes (5.24). O
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5.1.3 Definition of the global parametrix X(z)

The global parametrix X(z) is an explicit approximation of X(z), the uniform validity of which we will
establish in §5.2. It is defined for z € C\ (Zgp U {disc boundaries}) as follows. About each left band
edge o € (a,b) where the lower constraint becomes active in a void I, we have placed a disc Dly L For

ze DYP N (C\ Sgp), we set
X(z) == XY (2). (5.26)

About each right band edge 8 € (a, b) where the lower constraint becomes active in a void I", we have placed
a disc DY, For z € DY N (C\ Ssp), we set

X (z) == XX F(z). (5.27)

About each left band edge « € (a, b) where the upper constraint becomes active in a saturated region I', we
have placed a disc D2, For z € DR"Y N (C\ Sgp), we set

X(2) == X2E(2). (5.28)

About each right band edge 8 € (a,b) where the upper constraint becomes active in a saturated region T,
we have placed a disc DS, For z € DR N (C\ Ssp), we set

X(z) == X2 F(z). (5.29)
Finally, for all z € C\ Xgp lying outside the closure of all discs, we set
X(z) = X(2). (5.30)

5.2 ERROR ESTIMATION

To compare the (unknown) solution X(z) of Riemann-Hilbert Problem 4.6 to the explicit global parametrix
X (z), we consider the error matrix E(z) defined by

E(z) := X(2)X(2) L. (5.31)

A direct calculation shows that this matrix has a continuous (and thus analytic) extension to each band
I and also to the interior of each disc Di". In other words, E(z) is analytic for z € C\ X, where Xg
is the contour pictured in Figure 5.2. We want to deduce, for sufficiently small positive €, an estimate for

> O—0 O——b

Q
\J
T
\J
O
\/
)

) C

\/
)

Figure 5.2 The contour g lies in the region a < R(z) < b and |S(z)| < €. The circles of radius he (h < 1) are all
oriented in the clockwise direction.

E(z) —I that is valid in a neighborhood of an arbitrary point of [a, b]. In order to do this, it is useful to first
introduce an intermediate matrix F(z) which will differ from E(z) only near all gaps I" and near the endpoints
a and b.

For each void interval I that lies between two consecutive bands (I' is necessarily an interior gap), let
x and y be the points where I' meets the boundaries of the discs Dly R and Dly L and let LF denote the
open chord (i.e., the part of a disc bounded by a circular arc of the boundary and the straight-line segment
joining the endpoints of the arc) determined by the points x, (z +y)/2 — ihe, and y. If the lower constraint
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is satisfied at z = a and T is the corresponding void interval that meets the boundary of the disc DIY Lat
a point x, then we let LY denote the open triangle with vertices a, x, and a — ihe. If the lower constraint
is satisfied at z = b and T is the corresponding void interval that meets the boundary of the disc DFv Tt
a point x, then we let LF denote the open triangle with vertices b, x, and b — ithe. The various regions LF
lie in the range a < R(z) < b and are illustrated with darker shading in Figure 5.3. We make the change of
variables

. _j vY—n(2)+2kg(z) piNOr ,—N&r(2)\ .
O e Y B YO S T ™)

For each saturated region I' that lies between two consecutive bands (making I' an interior gap), let = and
y be the points where I' meets the boundaries of the discs DFA B and DFA L and let Llé denote the open
chord determined by the points x, (x + y)/2 — ihe, and y. If the upper constraint is satisfied at z = a and
I is the corresponding saturated region that meets the boundary of the disc Dlé Lat a point z, then we let
Llé denote the open triangle with vertices a, z, and a — ihe. If the upper constraint is satisfied at z = b
and I' is the corresponding saturated region that meets the boundary of the disc Dlé Toat a point z, then
we let Llé denote the open triangle with vertices b, x, and b — ihe. The various regions Llé lie in the range
a < R(z) < b and are illustrated with lighter shading in Figure 5.3. We make the change of variables

: 1 0\ ¢/ \—
F(Z) = E(Z)X(Z) (Z'TA(Z)en(z)'kaag(z)eiNGFGNfr(z) 1) X(Z) ! ) for z € L% (533)
Next, we define two open half-discs: D, = {z|R(2) < a,|z —a| < he} and Dy = {z|R(z) > b, |z —b| < he}. In
each of these half-discs centered at an endpoint where the lower constraint is active (indicated with darker
shading in Figure 5.3), we set
[1G=2nn)

| i nEA  N(e—V(2) =it () fh—# D) |
(2 —2nm) X(2)7t, (5.34)
nev
0 1

and in each half-disc centered at an endpoint where the upper constraint is active (indicated with lighter
shading in Figure 5.3), we set

1 0
i H (z —xNn) _ )
F(2) = B(2)X(2) | _; n()-y eV NV (@) —Le—it®(2)/2) AWy 1 | X)) (5:35)
(z—2xNn)
neA

It is important to observe that the matrix relating F(z) and E(z) in (5.34) and (5.35) is always an analytic
function of z in the half-disc under consideration. Indeed, the poles are all located in [a, b], e9(*) is analytic
for z € C\ [a,b], and k — #A € Z. For all remaining z € C\ X g, we set F(z) = E(z).

Lemma 5.10. The matriz F(z) admits a continuous and hence analytic extension to the upper boundaries
of all regions LY and L&, as well as to the segments R(2) = a and R(z) = b with |3(2)| < he.

Proof. This proof is rather straightforward once one makes the following observations. First, in the quarter-
discs D, N {z|S(z) > 0} and Dy N {z|S(2z) > 0} centered at endpoints where the lower constraint holds, we
have the identity

H (z—xNnn)
e () nEL N (le=V (2)=i0°(2)/2) L (k=#2)g(2) _ _iy(z)ev—n(ZH?Kg(Z)e—iNGFe—iNGO(Z)e—Nfr(Z) )
(z —xNn)
neVv
(5.36)
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Here I refers to the void that is adjacent to the endpoint. If the upper constraint is active, we have in the
same region the identity

H (z—xNn)
—ien(RIEY N(V(2)—Lemit®(2)/2) ((#A-R)I(2) = _jy ()~ Len(2) =1 2mg(2) giNOr o —iNO°(2) o~ NEr(2) |
(z —2Nmn)
neA
(5.37)
On the other hand, in the quarter-discs D, N {z|J(z) < 0} and Dy N {z|S(z) < 0} centered at endpoints
where the lower constraint holds, we have

H (z—znn)
—jerTAIES N(EemV(2)=i0(2)/2) (k= #D)a(2) = _jy () () F260(2) ¢iNOr o= NER(z) (5 38)
(z —2Nn)
nev
If the upper constraint is active, then in the same region,

H (z —xNn)
(2)=ynEV._  N(V(2)—Le—it°(2)/2) o (#A~K)g(2)

(z—2Nn)
neA

—ie" —iY (2) " Len(®) T 209(2) o miNOr o =Ner(2) (5 39)

The claimed continuity of F(z) follows from these identities upon using the definition E(z) = X(2)X(z)~!

(since X(z) = X(2) in for all relevant z in the current context), the jump conditions satisfied by X(z) and
X(z), and the relations (4.20) connecting Ta(z), Tv(z), and Y (z) for 3(z) < 0. O

The contour ¥ where F(2) fails to be analytic is shown in Figure 5.3. In order to estimate E(z) 'F(z)—1,

=0 Oz O OO OO O—<=)

Figure 5.3 The contour X r. Dashed lines indicate contour segments of X g to which F(z) has a continuous and
hence analytic extension. As with X g, the disc boundaries are oriented in the clockwise direction. The
circular boundaries of the half-discs D, and Dy are also oriented in the clockwise direction. The lower
boundaries of all regions LY and L& are oriented from right to left.

and subsequently to estimate F(z) — I, we will now need to recall the behavior of the functions T (z) and
Ta(z) in the asymptotic limit N — co.

It follows from Proposition 4.3 that in each region LY (respectively, L&), Ty (z) (respectively, Ta(z))
is uniformly bounded. Furthermore, in any half-disc D, or D, centered at an endpoint where the lower
constraint is active, the function Y(z) is uniformly bounded, and in any half-disc centered at an end-
point where the upper constraint is active, the function Y (z)~! is uniformly bounded. Using the identities
(5.36)—(5.39) and the variational inequalities (2.13) and (2.16) that control R(¢r(z)) in these regions (and
noting that in particular R(¢r(a)) > 0 and R(&r (b)) > 0 by assumption — see §2.1.2), we have the following
result.

Lemma 5.11. Let the contour parameter € > 0 be sufficiently small. Then there are constants Cq . > 0 and
Cs.c > 0 such that for all sufficiently large N,

sup [[B(=)R(z) | < CreemCeeN
2€C\(ZgUZF)

Here || - || denotes an arbitrary matriz norm.



102 CHAPTER 5

Being obtained from X(z) satisfying Riemann-Hilbert Problem 4.6 by explicit transformations involving
the global parametrix X(z) as well as the explicit relations (5.32)—(5.35), the (unknown) matrix F(z) is the
solution of a Riemann-Hilbert problem as well.

Riemann-Hilbert Problem 5.12. Find a 2 x 2 matriz F(z) with the following properties:
1. Analyticity: F(z) is an analytic function of z for z € C\ Xp.

2. Normalization: As z — oo,

F(z>:}1+o<3> .

z

3. Jump Conditions: F(z) takes uniformly continuous boundary values on Yp from each connected
component of C\ Xp. For each non-self-intersection point z € X, we denote by Fy(z) (F_(z))
the limit of F(w) as w — z from the left (right). The boundary values satisfy the jump condition
F,(2) = F_(2)vr(z), where for z on the lower boundary of a region LY below a void T' C XY,

; ¥=n(2)+2rg(2) piNOr o —Nér(2)\ .
1 iTy(z)e eV ore—Ner )X(z)_l.

ve(:) = X(2) 1

For z on the lower boundary of a region Llé below a saturated region T C L8,

vr(z) = X(2) (iTA(Z)en(z)—'y—Qng}(z)e—iNGFe—pr(z) (1)> X(2)7".
For z in any vertical segment X\, N X meeting the boundary of a disc centered at an endpoint zo of
a band I,
TV(Z)il/Q 0 .
(2) T (2)" V262 =12m9(2) EINO(z0) o, (igmj\fc /z ¥1(s) ds) To(2)F1/?2 X(2)7".
20

(5.40)
For z in any vertical segment E@i N Xr meeting the boundary of a disc centered at an endpoint zy of
a band I,

vr(z)=X

Ta(2)F1/2  —iTa(z) "1 /2e71(2)+269(2) (FiNO(z0) oy (:I:Qm'Nc/ U(2) ds)
0 TA(Z):tl/Q 0

vr(z)=X(2)

For z in any segment XX, N Xp parallel to a void I' C 8§ or with R(z) = a or R(z) = b,
. i v—n(2)+2rg(2) o FiNOr ,FiNO°(2) ,—Nér(2)\ _.
ve(z) = X(2) (}) i¥(2)e T ) X() ",
and for z in the semicircular boundary of a half-disc D, or Dy centered at an endpoint where the lower

constraint s active,
[1G-2vn)

1 ey nENEA N(e—V(2)=ib°(2)/2) o(k—#2)g()
(z —2Nn,n)

nev
0 1

vr(z) = X(2)

For z in any segment Y2, parallel to a saturated region T C $§ or with R(z) = a or R(z) = b,

1 0 - 1
VF(Z) = X(Z) <iy(z)—1en(z)—ﬂ/—2f-cg(z)e:|:iN9peIiNOO(z)e—Nﬁp(z) 1) X(Z) )
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and for z in the semicircular boundary of a half-disc D, or Dy centered at an endpoint where the upper
constraint is active,

1 0
. H (2 —zNm) o
vr(z) = X(z) jen(z)—1 1€V oN(V(2)—Le=i0°(2)/2) p(#A-k)g(2) 1 X(z)" .
H (z —zNn)
neA

With a sequence {yn}_, determined as in the formulation of Riemann-Hilbert Problem 4.6, we have
that for z in any segment X4+ parallel to any band I,

: A7V2 k() V.
ve(o) =x() (BT p0B,) %o (5.42)

where

v (2) = FiTa(z) "1/ 2e71(E)F269(2) FNO(WN) exy <:|:27riNc/ Pr(s) ds) ,
YN

z

03 (2) := Fily (z) 71/ 2en(H) 777 209(2) (FINO(N) oxepy (iQm’Nc

Y1(s) d8> :

YN

Finally, for z in the clockwise-oriented boundary of any disc DIY’L,

ve(z) = X0 M (2)X(2) 7"
for z in the clockwise-oriented boundary of any disc D1Y’R,

ve(z) = Xy (2)X(2) 7
for z in the clockwise-oriented boundary of any disc D?’L,

ve(z) = XpH(2)X(2) 7,
and for z in the clockwise-oriented boundary of any disc DFA’R,

vi(z) = X0 (2)X(2) L.

We have the following characterization of the jump matrix for F(z).

Lemma 5.13. Let the parameter € > 0 of the contour X be sufficiently small. Then there is a constant
C. > 0 such that

Ce
sup |[ve(z) =1I|| < —
sup ve(s) ~ 1) <

holds for sufficiently large N.

Proof. The estimates on the boundaries of the discs D" all follow from Proposition 5.9. For the remaining
parts of ¥, we note that by Proposition 5.2 X(z) and X(z)~! are both uniformly bounded for z € ¥ ; thus
it suffices to prove an estimate of the same order for X(z)_1VF(z)X(z) Now using Proposition 4.3, one sees
that the diagonal elements in (5.40)—(5.42) all differ from 1 by a quantity of order 1/N. All off-diagonal
matrix elements are exponentially small as N — oo for two different reasons. First, we recall the variational
inequalities (2.13) and (2.16) that hold on the real axis in the voids and saturated regions, respectively;
these control the off-diagonal elements of X (z)~'vg(2)X(z) involving a factor e Nér(®) for ¢ sufficiently
small that the inequality R(&r(z)) > 0 holds for z on relevant portions of Xy, as it does for z in the gap
' C [a,b]. Second, we recall the inequalities ¢7() > 0 and ¥, (x) > 0 that hold for z in each band I together
with the presumed square-root vanishing of ¢;(x) at band edges where the lower constraint becomes active
and of 1;(z) at band edges where the upper constraint becomes active; these facts control the off-diagonal
elements of X(z)"'vp(2)X(2) in the segments XY, N Xp, L& NXp, and Byy. O
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Lemma 5.14. Let the contour parameter € > 0 be sufficiently small. Then Riemann-Hilbert Problem 5.12
has a unique solution for sufficiently large N, and the solution has the Cauchy integral representation

F(z) =1+ / (z —s)'m(s)ds, (5.43)
XF
where m(+) is an arcwise-continuous matriz function in L*>(Xr). There is a constant Le > 0 such that
L.
Jmil> < ¢ (5.4

holds for all sufficiently large N. Also, det(F(z)) =1, for all z € C\ Zy.

Proof. This is essentially a consequence of the theory of matrix Riemann-Hilbert problems with L? boundary
values and uniformly near-identity jump matrices (see, for example, [Zho89]). The key idea is that it is
possible to convert the Riemann-Hilbert problem into a system of singular integral equations of the form
(1 = B)u =1, where B is a singular integral operator acting on matrix functions u(z) defined on ¥ p; then
the desired density m(z) is proportional to both u(z) and vg(z) — 1. The operator B can be written as
a composition of multiplication by ve(z) — I and a singular integral operator with Cauchy kernel. It is a
profound result of modern harmonic analysis [CoiMM82] that the Cauchy kernel singular integral operators
are bounded in L? on contours that may be decomposed as finite unions of graphs of Lipschitz functions
(an appropriate Lipschitz condition must also be satisfied at each self-intersection point). The norm of B
in L?(3r) is proportional to the product of ||vg(2) — [, which we know can be made arbitrarily small
according to Lemma 5.13, and the L? norm of a Cauchy integral over ¥z, which is finite if € is taken to
be sufficiently small (this makes all self-intersections of ¥ r nontangential). Thus for sufficiently large N,
we will have ||B|2 < 1, and the integral equation for u(z) can be solved in L?(X ) by a Neumann series:
u(z) =1+ BI+ B[ +---.

We therefore have the invertibility of the operator 1 — B for sufficiently large N, with [[(1 — B) Y2
bounded independently of N, and thus the existence of u € L2(Xf). Moreover, since the total length of ¥ r
is independent of N, we have |lul|2 = ||(1 — B)7!I||2 being bounded uniformly with respect to N as well.
This proves (5.44) since m(z) is proportional to the product of u(z) and vg(z) — L.

The fact that the boundary values taken by the solution F(z) supplied by the L? theory are in fact
uniformly continuous along the boundary of each connected component of C\ ¥ warrants some additional
explanation. Indeed, the L? theory guarantees a solution of the Riemann-Hilbert problem taking boundary
values only in the L? sense. However, since the jump matrix vg(2) is analytic on each arc of X, it follows
that both F(z) and F_(z) may be continued analytically through to the opposite side of each arc, and
then from Morera’s Theorem we deduce not only that is F(z) continuous up to the boundary but also that
both boundary values are analytic functions of z. That uniform continuity extends even to self-intersection
points of ¥z can be shown using the compatibility of the limiting values of vy (z) along all arcs meeting at
such a point; namely, the cyclic product of the limiting values is the identity matrix for all self-intersection
points. Thus the unique L? solution is in fact a classical solution of the Riemann-Hilbert problem. |

Thus we arrive at the main result of this section.

Proposition 5.15. Let the contour parameter € be sufficiently small. Then for each closed set K C C\ X,
not necessarily bounded, there is a constant Qg > 0 such that
QK,e

sup |[E(z) = I|| < ==
sup [B() - 1) < ¢

holds for all sufficiently large N. Recall that E(z) = X(2)X(z)~!.

Proof. From (5.43) and (5.44) we obtain the desired estimate for the matrix F(z). To complete the proof,
we recall Lemma 5.11. O



Chapter Six

Discrete Orthogonal Polynomials: Proofs of Theorems Stated in §2.3

In this chapter, we start with the exact formula for X(z) valid in the entire complex z-plane:
X(z) = E(2)X(2). (6.1)

Thus X(z) is written in terms of the explicit global parametrix and the matrix E(z), which while not
explicit is characterized by Proposition 5.15. We then work backward to the matrix P(z; N, k) and thereby
obtain exact formulae for the monic polynomials 7y ;(z) valid in the whole complex plane, as well as the
normalization constants vy, and recurrence coefficients an  and by j, in terms of the matrix elements of
X (z) and E(z), and their asymptotics for large z. Then, under various conditions on z we extract simple
asymptotic formulae by direct asymptotic expansion of the exact formulae. In particular, we will obtain
Plancherel-Rotach-type asymptotics of the monic polynomials mx x(z) for real z in the interval [a,b] of
accumulation of the discrete nodes of support of the weights.

6.1 ASYMPTOTIC ANALYSIS OF P(z; N, k) FOR z € C\ [a,}]

6.1.1 Asymptotic behavior of 7wy x(z) for z € C\ [a,)]: the proof of Theorem 2.7

Let K C C\ [a,b] be a fixed closed set, not necessarily bounded. The parameter € in the contour ¥p
may then be fixed at such a sufficiently small positive value that K N Xz = @) and K is contained in the
unbounded component of C \ X p. For z € K, from (4.45), (4.46), (5.30), and (6.1), we thus have

P(z; N, k) = e*(Nlﬁv)Js/2E(Z)X(z)e(Nlc+v)03/2e(k*#A)g(Z)aa H (z—xnn)".
neA

Since z € K is bounded away from [a, b], we use the midpoint rule to obtain

e(h=#A)9(2) H (2 — ) = eF=#AIE) oxp (N/ log(z — z)p°(z) dx) : <1 +0 (%)) ,
=g

neA

where the error term is uniform for z € K. Combining this result with (4.5) and (4.7) and recalling that
k = cN + Kk, we have

1
e(k=#2)g(2) H (2 —xnn) = ef9(2) o NLe(2) | (1 +0 (N)) ;

neA

where L.(z) is defined in (2.10). Note that the product e®9(x)eNLe(2) is analytic for z € C \ [a,b]. In
particular, this analysis leads to the following formula:

. . 1
Pll(Z;N,k') = [EU(Z)Xll(Z)EKg(Z) + Elz(z)Xgl(Z)eﬁg(z)} BNLC(Z) . (1 + O (ﬁ)) .

We use Proposition 5.15 to estimate E(z) — I, and Proposition 5.2 to characterize X11(2). The proof is
complete upon noting that W(z) = X11(2)e®*), using the formulae for X;1(z) obtained in Appendix A,
and recalling from Proposition 1.3 that Pi1(z; N, k) = 7wy k(2).
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6.1.2 Asymptotic behavior of the leading coefficients vy ; and of the recurrence
coefficients an . and by : the proof of Theorem 2.8

Taking the set K in the proof of Theorem 2.7 above to be unbounded allows us to consider z — co. For
arbitrary fixed IV, we have the expansion

elk=#8)9(z) H (z—aNn) = ef(9(2)—log(2)) ,k (1 4+ — Hk, Yo ( 1 >)
22

neA

as z — 00, where

b
Hpyn =N a:po(a:) dx — ZCL’N,n*NC/ T diigyi (2) -
EOA neA @

The matrices E(z) and X (z)er(9(x)~108())7s haye asymptotic expansions for large z of the form
1 1 1
E(z)=1+-EW+SE® 40 (—3> ,
z z z
: . 1oy 1., 1
X (z)ef9)"los)es — 14 B 4 —B®) L O ( =
z z 23

as z — 00. In terms of these coefficients we thus have for each fixed N the expansions

1 1
Hk,N+B§1)+E£1) —|—O<1> ’

—k
P; =1
2 Pu(z) * z 22

eNlety 1
2 Py (2) = (B +ESY) +0 (;) :
— Nt
kalz(Z) _ 67(3(1) JrE(l))
4
e N 0y L @), () 1 4 g0 p (1) )
+ (B +E +E B +E12 322 _Hk,NBlg _Hk,NElg)

22

of2)

Comparing with (1.27), we therefore have the following exact formulae in which Hy x does not appear:

e(NZC'i"Y)/Q
INEZ T v
By + E}
VN1 = e(Nlc+v)/2 B(l) +E£1)

mkl—J BY + EOYBY + BNy,

B+ B3 + BYBY + BV BY
B 1 gV

=B\ + B +

Now for sufficiently large z, we have E(z) = F(z), and therefore Lemma 5.14 and in particular the Cauchy
integral representation (5.43) of F(z) implies that the coefficients Ej(,? and Ej(z) are all of order 1/N as
N — oco. Furthermore, X (z)e#(9(*)-108(2)) i5 a matrix that for some fixed R > 0 is analytic and uniformly
bounded (independently of N) for |z| > R, which implies that the coefficients Bj(-,lc) and Bﬁ) remain bounded
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as N — oo. In fact, for sufficiently large N, B (2) and B(1 are bounded away from zero, and thus

e(Ntetv)/2 ( O 1
e
’ 1 N
B
1
YN g1 = et/ Y Béi) (1 + 0 (N)) ;
1 (1 1
B pBY (1 +0 <ﬁ>> ,

2)
B! 1
an = BiY + (1)+O(N)

Using the formulae obtained in Proposition A.4 established in Appendix A then completes the proof. It

by k-1

should be remarked that the quantities Bg) and B(l) are necessarily positive since ¢, and ~ are real.

6.2 ASYMPTOTIC BEHAVIOR OF 7y () FOR z NEAR A VOID OF |[a,b):
THE PROOF OF THEOREM 2.9

The variational inequality (2.13) holds strictly throughout the closed interval J C [a,b], and while it is
possible for either a or b to be an endpoint of J, neither endpoint of J may be a band edge. We choose the
contour parameter € to be sufficiently small that Proposition 5.15 controls E(z) — I and then take § to be
small enough that K f; NYXpr =0. Then, for all z € K g, regardless of whether (z) is positive or negative or
of whether R(z) € (a,b) or not, we have the exact formula

7TN,]€(Z) = |:E11(Z)X11(Z) + E12 (Z)Xgl(z)} €(k_#A)g(z) H (Z — -’L'N,n) . (62)
neA
This follows from (4.45)—(4.47), (5.30), (6.1), and Proposition 1.3. It is not hard to verify that the right-hand
side extends analytically to the whole compact set K g. Since each node xy , with n € A is bounded away
from K f}, we may approximate the product to within a relative error of order 1/N uniform in K f} to find

k() = [En(z)xu(z) + Elg(z)Xgl(z)] ¢r9(2) N Le(2) (1 +0 (%)) .

Here we have used (4.5) and (4.7) and k = Nc + &, and L.(z) is defined by (2.10). Finally, using
Proposition 5.15 to estimate E(z) —I and Proposition 5.2 to uniformly bound X11(z) and X (2) for z € K39,
we arrive at

v g(z) = eNEe(® {Xn(z)ew@ +0 (%)] . (6.3)

We recall the definition (2.11) of the analytic function fg (z) and note that W (z) = X11(z)e"().

N(Le(2)=Le(2)) i uniformly bounded in K3. Indeed, we

The estimate (2.49) follows from (6.3) because e
have
=T i0
Le(2) ~To(:) = — 08 - san(3(2)). (6.4)
Thus the right-hand side of (6.4) is simply a different imaginary constant in each half-plane. This also
establishes the uniform boundedness of AY (z) when we use Proposition 5.2 to bound X1;(z). The analyticity
of AY(2) in K7 is a consequence of the jump condition satisfied by X(z) in the void I'; using + (—) to denote

boundary values taken on the real axis from above (below), we have for real z € K,
AY (2) = N2 X0 (2 )6”““(2)
— eiN@p/QXll ( ) ipr mpr

:eiN9p/2X11 ( ) kg—(2)

= AY_(2)
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since by definition for z in a void T, i¢r = kg_(z) — kg (z). Finally, the reality of AY(z) when z is real
and the information concerning its possible zero follow from Proposition 5.3.

6.3 ASYMPTOTIC BEHAVIOR OF 7y x(z) FOR z NEAR
A SATURATED REGION OF |[a,b]

6.3.1 Asymptotics valid away from hard edges: the proof of Theorem 2.10

Because the closed interval J C I' is bounded away from all of the points a, ag, Oo, . . ., ag, Bg, b, we may fix
the parameter e > 0 sufficiently small that Proposition 5.15 controls E(z) — I and then select § > 0 small
enough that K§ N Xfr = (), where the compact set Kf} is defined by (2.48). For z € Kf}, we thus have the
following exact formula:

mvk(2) = [Bua(2) X1 (2) + Bua ()Xo (2)] e #29) TT (2 = )
neA

+ {EU(Z)XH(Z) + E12(Z)X22(Z)} Z‘Sgn(s(z))677(2)*WeN(V(Z)7Zcfisgn($(z))90(z)/2)e(#A*k)g(Z) H (z—Znn).
nev

This formula follows from (4.45), (4.48), (5.30), (6.1), and Proposition 1.3, and the right-hand side extends
analytically to the whole set K. Using the definition (4.11) of the function Ta(2) and its characterization
for nonreal z in Proposition 4.2, and recalling the definition (2.10), we can rewrite this formula as

s(2) = [exp (N log(z — 2)p° (x) dx) [] 2 — wra) | Vi) miNsanE00 (/2
5y nev

: ( [EU(Z)XM(Z)QW(Z) + ElZ(Z)le(Z)GKg(Z)} Ta(z)"'2cos (N02(2)>

+ [En(z)Xu(z)e*“g(z) + E12(Z)X22(Z)efng(z)} ngn(%(Z))en(z)VeNgr(Z)eingn(g(z))(ef90(Z)/2)> .
(6.5)

Since K is bounded away from any nodes zy,, for n € V, the product on the first line of (6.5) may be
approximated in terms of an exponential of an integral up to a relative error of order 1/N uniformly in
Kf}. From Proposition 4.3 it follows that Tha(z)~! — 1 is also of order 1/N uniformly in Kg. Finally, using
Proposition 5.15 to estimate E(z) — I and Proposition 5.2 to bound X(z) uniformly in K9, we see that

_ eNLC(z)—ing]ﬂ(%(z))@O(z)/2

) ((Xn(z)eﬁg(Z) +0 (%)) 2 cos (Nag(z)> +0 (exp (Nzier}fg %(gp(z))») . (6.6)

The exponential estimate holds because sgn(R(i6°(2))) = sgn(3J(2)) for all z € K. Also, since R(&r(2)) is
strictly positive for all z € K g (which is equivalent to the inequality (2.16) being strict in J and § being
sufficiently small), this term is exponentially small as N — co. We note that W (z) = X1 (z)e®9(2).

The estimates (2.52) follow from (6.6) because N (Le(2)=Le (2)=isgn(3(2))0°(2)/2) ig ymiformly bounded in
Kf}. Indeed, we have

ﬂ'N’k(Z)

The rest of the proof follows that of Theorem 2.9.
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6.3.2 Asymptotics uniformly valid near hard edges: the proof of Theorem 2.11

We will analyze the case where the saturated region is I' = (a, ) and J = [a, t], with ¢ € T, in detail. The
analysis in a saturated region near z = b is similar.

The upper constraint is active throughout J, and the variational inequality (2.16) holds strictly for all
z € J. We take the fixed parameter € to be sufficiently small that Proposition 5.15 controls E(z) — I and
then choose § > 0 small enough that K NYp = (), where K is defined by (2.48). The set K is the closure
of the union of two open sets: Kiout consisting of the points in the interior of Kf; with R(z) < a, and Kiin
consisting of the points in the interior of K with R(2) > a.

For z € K9, the exact formula (6.5) for mx x(2) is valid. Since K,
we may no longer neglect Ta(z)~! — 1. However, we may substitute from Proposition 4.3 an asymptotic
formula for Ta(z)~! that is uniformly valid in K jin. The remaining approximations we make for z € K f;,m
are exactly the same as in the proof of Theorem 2.10.

On the other hand, for z € Kiouw the exact formula (6.2) holds. Using (4.18), we may write this in the
form

mna(z) = [Ell(z)Xll(z) n Eu(z)Xm(z)} eh=#2)9()y (5)

. lexp (—N - log(z — x)p°(z) dx> H (z — an)} exp (N /EA log(z — x)p°(z) d:c) :

nev

is not bounded away from z = a,

The terms in the large square brackets may be estimated using the midpoint rule to approximate the integral
in the exponent; these terms are thus of the form 1 + O(1/N) uniformly for z € K f;,out' From Proposition 4.3
we may substitute an asymptotic formula for Y (z) that is uniformly valid in K iout' Using Proposition 5.15
to estimate E(z) — I uniformly for z € Kf;,out? and Proposition 5.2 to uniformly bound Xi;(z) and Xia(2)
in the same region, we obtain an asymptotic expression for my x(z) that is valid in K f;out. To write this
expression, we note that W (z) = X1;(z)e"9(?).

The two asymptotic formulae so-obtained are uniformly valid right up to the line $(z) = a that divides
K5 into two parts. Moreover, it is straightforward to check that the formulae agree for R(z) = a. In this
way, we obtain a uniform approximation for my ;(z) for z near a that is an analytic function, and the proof
is complete.

6.3.3 Asymptotics of the zeros of 7y ;(z) in saturated regions: the proof of Theorem 2.12

The zeros of the cosine function in (2.51) and (2.53) are exactly the nodes of orthogonalization making up
the set Xn. We may thus expect that there should be a zero of 7 x(2) very close to each node zn , in
a saturated region. To make this idea precise, we now study how the zeros of the leading term in (2.51)
are perturbed by the term Jy(2). Neither en(z) nor dn(z) in (2.51) is purely real for real z (although the
imaginary part of ex(z) is necessarily exponentially small for real z to balance with that of dx(2) since
7N .k(%) is a real polynomial). However, from (6.5) we get the exact formula

R(On(2)) = (BFA(z) sin (N@i@)) n (,N(Z)> en(2)=1=Ner(2)

where o (2) is uniformly of order 1/N for z € RN K9, with K¢ defined by (2.48) for § small enough, and

B2 () i= N (Le()=TL () miNsan(3()0°(2)/2 X () —H9(2) giNsen(S()or (6.7)

Note that (6.7) apparently defines B& (z) for () # 0, but it is easy to check that this definition extends
analytically to a real function for real z.

Now if the saturated region is the interval I' = (a, ag), then Proposition 5.3 guarantees that A8 (z) and
Blé(z) are bounded away from zero and have opposite signs. Since 6°(z) is a strictly decreasing function
of z for z € (a,b), it follows that there is a zero of my 1(2) exponentially close to but strictly greater than
each node =y in the interval J (and no other zeros in J). Similarly, if the saturated region is the interval
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I' = (Bg,b), then Proposition 5.3 guarantees that A2 (z) and B&(z) are bounded away from zero and have
the same sign. From this it follows that there is a zero of mx 1 (z) exponentially close to but strictly less than
each node =y, in the interval J, and no other zeros in J. Note that with the use of the asymptotic formulae
given in Theorem 2.11, it follows that these conclusions hold true even if the interval J under consideration
contains either z = a or z = b as an endpoint.

If the saturated region is I' = T'; = (8;_1, ;) for some j = 1,...,G, then Proposition 5.3 implies that
the product A2 (2)BEA(z) vanishes at exactly one point z = z; in I' = T';. If z; < minJ, then A2(z) and
B2 (2) are bounded away from zero and have opposite signs for z € J, and thus there is a zero of 7y ()
exponentially close to but strictly greater than each node x5, in J, and no other zeros in J. If z; > max J,
then A (z) and BA(z) have the same sign, and thus there is a zero of 7y x(2) exponentially close to but
strictly less than each node zy ,, in J, and no other zeros in J.

Continuing with the case I' = I'; = (8j_1,;), suppose that z; lies in the interior of J C I';. If it is
BE(z) that vanishes at z = z;, then it is clear that 7y x(2) has a zero exponentially close to each node z v,
in J, and no other zeros in J. Moreover, in this case there is a neighborhood of z; of length proportional
to 1/N outside of which R(dnx(z)) has the same sign as its leading term; thus with the possible exception
of a bounded number of nodes surrounding z = z;, the zeros exponentially localized near the nodes lying
to the left (right) of z = z; lie to the left (right) of the nearest node. In fact, Proposition 1.1 guarantees
that this situation persists inward from the left and right to a single interval between two consecutive nodes
[ZN,m, TN m+1] that contains no zeros of my 1 (z) at all, and such that there is a zero exponentially close to
but to the left of xx,, and another zero exponentially close to but to the right of 2 ,41. Thus in this
situation, the interval J contains precisely one less than the maximum possible number of zeros of 7y x(2)
since there are exactly two consecutive nodes that do not have a zero between them.

On the other hand, if it is A2 (z) that vanishes at z = z; in the interior of J, then in addition to the zeros of
the cosine function, there is a single zero of A2 (2)+R(en(2)), say z = 2, n, that is subjected to perturbation.
The zeros of the cosine lying to the left (right) of z = z;  are easily seen (using Proposition 5.3 to analyze
the relative signs of A2 (z) and BA(z)) to move under perturbation an exponentially small amount to the
left (right). The spurious zero z; n is also perturbed an exponentially small amount, and it is easy to see
that the closer z; y lies to a node in Xy, the more it is repelled by the perturbation. Even in the degenerate
case where z; y coincides exactly with a node, it is easy to see that the perturbation always serves to unfold
the double zero into two real zeros of mx ,(z), both exponentially close to the same node with one on either
side. Thus in this situation, the interval J always contains precisely the maximum possible number of zeros
of mn k(z) (one zero between each consecutive pair of nodes), all exponentially localized to nodes in Xy
with the possible exception of exactly one that necessarily corresponds to the zero z; v of AR (2)+R(en(2)).
This completes the proof.

6.4 ASYMPTOTIC BEHAVIOR OF 7y 1(z) FOR z NEAR A BAND

6.4.1 Asymptotic behavior of 7y 1(z): the proof of Theorem 2.13

The closed interval J is necessarily bounded away from the two nearest band edge points z = o; and z = ;.
Therefore, given e > 0 sufficiently small that Proposition 5.15 controls E(z) — I, we may choose § > 0 small
enough that the set K9 defined by (2.48) satisfies K§ NXp = 0.

Suppose first that the band I containing J is not a transition band but rather is completely contained
in XY. Then, from Proposition 1.3, (4.45), (4.49), (4.50), (5.30), and (6.1), we have the following exact
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formula for 7y x(2) in K9:

mn(2) = Ty (z) Y2 lexp (—N s log(z — x)p° (z) dm) H (z— me)} eNZi(Z)(—l)MIV

neA

(Bni(2)X11(2) + Bra(2) X (2) ) eno(2)em V(007 (/2 (6.8)

+ i sgn(S(z))e" Y (Eu(z)Xlg(z) + E12(Z)X22(Z)) er9(2) giNsen(3(2))07 (2)/2

where fi(z) is defined by (2.12) and
MY = N/ p°(x) dz,
y<z€XF

where y is the nearest transition point to the right of J C I. It follows from (4.1) that MY € Z. The
right-hand side of (6.8) extends analytically to the whole compact set K. The terms in square brackets
on the first line of (6.8) are seen to be 1+ O(1/N) uniformly for z € K4 by a midpoint-rule approximation
argument (since K¢ is in this case bounded away from any component of ¥§'). Similarly, Ty ()12 =
1+ O(1/N) uniformly for z € K4 by Proposition 4.3. Propositions 5.2 and 5.15 then imply that the terms
in parentheses on the second line of (6.8) are simply X;(z) + O(1/N) and that the terms in parentheses
on the third line of (6.8) are just Xi2(z) + O(1/N), with all errors uniform in K¢. Thus one obtains an
asymptotic formula for 7y x(z) valid uniformly in K.

Next, suppose that the band I containing J is not a transition band but is rather completely contained in
¥4 In this case, from Proposition 1.3, (4.45), (4.51), (4.52), (5.30), and (6.1), we have the following exact
formula for 7y 1 (2) in K:

N k(2) = Ta(z) Y2 lexp (—N - log(z — x)p° (z) dm) H (z — an)] eNZi(Z)(—l)MIA
0 nev

(Eu(2)X0() + Bra(2) X (2) ) eV sn QNI =07 )2

i5gn(3(2))e” 7 (Bua(2)X12(2) + Bra(2) X (2) ) €89(0) 7 NS0 -07 ())/2

(6.9)
where

M§ = N/ POx)dx € Z
y<zexy

and y is the nearest transition point to the right of J C I. Once again, the right-hand side may be considered
an analytic function in the set K. Since K¢ is bounded away from Xy in this case, the expression (6.9)
may be approximated in virtually the same way as (6.8) in order to obtain a uniformly valid asymptotic
formula for mn 1 (2).

Finally, suppose that the band I containing J is a transition band in which we must place a transition
point y € Y. Recall that J is bounded away from the endpoints a; and 3; of I = I;. Thus, without any
loss of generality, we may choose the transition point y € I N Yy such that either y < minJ or y > max J.
This means that either J C ¥y or J C ¥5', and we may analyze either (6.8) or (6.9), respectively, exactly
as we did above.

We now wish to write the two exact formulae (6.8) and (6.9) in such a form that it is clear that the limit
N — oo yields an asymptotic formula that is independent of whether J C X§ or J C ¥5'. In fact, a direct
calculation using (4.38) and (4.39) along with the quantization condition (4.1) shows that

()M TN 2 = () ME NI ORI < oxp (i”N ‘ [u&max, )= [ s dD ’
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where z is any point or endpoint of the band I. _
Therefore, in considering the limit N — oo, it remains to recall that Proposition 5.3 implies that X1 (z)
does not vanish at any point of I and that W (z) = X11(2)e*9(*). This completes the proof.

6.4.2 Asymptotic behavior of the zeros: the proof of Theorem 2.14

Theorem 2.14 is a consequence of the estimate (2.57) established in Theorem 2.13, the strict inequalities
0 < dus,;,/dx < p°(x)/c holding by definition for J C I because I is a band, and from the strict inequality
Ar(xz) > 0 for z € J C R stated in Theorem 2.13.

6.5 ASYMPTOTIC BEHAVIOR OF 7y 1(z) FOR z NEAR A BAND EDGE

6.5.1 Band/void edges: the proof of Theorem 2.15

First consider a left band endpoint z = a between a band I (on the right) and a void I' (on the left). We
take the contour parameter e sufficiently small that Proposition 5.15 controls E(z) —I and then choose r > 0
sufficiently small that the disc |z — | < r is contained in the disc DIY L For such z, we thus have the
following exact formula for my 1 (2):

WN,k(Z) = - \/%e(n(z)*ﬂﬂeNfi(z)

exp (—N » log(z — z)p°(z) dx) H (z — an)]

neA

@”6 (EnHTHE) + B HY () A (‘ @2/3 g ’L(2)>

+ G)l/e (Eu(z)Hrv,iLAZ) + Em(z)HFV”QLl(z)) Af/ ( G)z/s TFV’L(Z)> ] '

This follows from (4.45), (4.47), (4.49), (4.50), (5.14), (5.26), (6.1), and Proposition 1.3.
Recall from §5.1.2 that HX’L (z) is analytic throughout Dly "L From the definition of this function in terms
of TFV’L(Z) and X(z), it follows that the first column (second column) of HIY’L(Z) is uniformly bounded in

-Tv(z)_1/2

(6.10)

DIY’L by a quantity of order N—1/6 (of order Nl/ﬁ). Also, Proposition 5.3 implies that the matrix elements
of HIY’L(z) are real for real z. We may now use an argument based on the midpoint rule for Riemann sums
to approximate the terms in square brackets on the second line of (6.10), recall Proposition 4.3 to handle
Ta(z), and use Proposition 5.15 to estimate E(z) — L.

Finally, we may observe from §5.1.2 the relations

Hy i5(2) = —Hy () (=1 " (2)) 4,

HY R (2) = Hf (2) (-3 " (2)) 714,

where we have used the identities W (z) = X11(2)e"*) and Z(z) = X12(2)e~"9*) and the functions HZ(2)
are defined by (2.47). This completes the proof of the asymptotic formula (2.58) and the corresponding
error estimates.

Since TFV L(z) is uniformly bounded independently of N for z in shrinking neighborhoods of the band
edge z = a with radius of order N~2/3, we immediately obtain the asymptotic formula (2.59) and the
corresponding error estimate.

Next consider a right band endpoint z = 3 between a band I (on the left) and a void I' (on the right).
Again taking e small enough that Proposition 5.15 controls E(z) — I, we take the parameter r small enough
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that the disc |z — 8] < r is contained in the disc DFv ' In this case, we have the exact formula:

’/TN,k(Z) = — Z‘\/27T6(77(Z)77)/26NZ£(Z)

exp (—N » log(z — z)p"(z) dx) H (z — a:Nn)]

neA

G)l/fﬁ (B (o) B E(2) + Buo(2) HY35(2)) Ai (_ (2)2/3 TFV,R(Z)>

+ @_w (B HY () + Bu () HYH (2)) A (— (%)2/3 ™ ’R<z>> ] :

This follows from (4.45), (4.47), (4.49), (4.50), (5.17), (5.27), (6.1), and Proposition 1.3. Once again, we
see that the second line in (6.11) may be replaced by 1+ O(1/N) uniformly for |z — 3| < r. Since the first
column of H1Y (%) is uniformly of order N=1/¢ and the second column of HIY’R(Z) is uniformly of order
N1'/6 and since we have the exact representations (from §5.1.2)

V.R . V.R
Hy iy (2) = iH (2) (=7 " (2)V*,
V.R — VR, \y—
HF,11(Z) = —iHp (2)(=m (%)) 1/47
we immediately obtain the asymptotic formula (2.60) and the corresponding error estimates with the use of

Proposition 5.15. The asymptotic formula (2.61) and its error estimate then follow exactly as before since

7 " (2) remains uniformly bounded as N — oo if |z — 3| < rN~2/3. Note that in this case the matrix

'TV(Z)_1/2

(6.11)

V.R . .
elements of H."™ are imaginary for real z.

6.5.2 Band/saturated region edges: the proof of Theorem 2.16

First consider the neighborhood of a left band edge z = « separating a band I (for z > «) from a saturated
region I' (for z < «). We choose the contour parameter e sufficiently small that Proposition 5.15 controls
the matrix E(z) — I. Then we choose r > 0 small enough that the disc |z — | < r is contained within the
disc DAY, In this case, we have the following exact formula for 7y j(2):

WN’k(Z) EXYY 27Te(n(z)77)/2eNf£(z)

exp (—N - log(z — z)p° (z) da:) H (z — a:Nn)]

nev

. TA(z)flﬂ

(6.12)

(3) (BB + B AR FEG)

7

+ (%) 1/6 (Bu()HES () + Bra() HER (=) F(2)

where F%(z) and Fj(z) are the combinations of trigonometric functions and Airy functions and their
derivatives defined by (2.63). This formula follows from (4.45), (4.48), (4.51), (4.52), (5.20), (5.28), (6.1),
and Proposition 1.3. The terms on the second line of the right-hand side in (6.12) are 1 + O(1/N) as
N — oo uniformly for |z — «| < r, as can be seen from a midpoint-rule approximation of the integral and by
using Proposition 4.3. Proposition 5.15 is then used to control E(z) — I. Noting that the second column
of H2 () is uniformly of order N'/6 while the first column of HR "% (2) is uniformly of order N=1/6 and
moreover recalling from §5.1.2 the explicit formulae

L) = ity () ()

) —1/4
HR () = —ilE () (-5)
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which also rely on the identities W (z) = X11(2)e"9(®) and Z(z) = X12(2)e"9(*), we obtain the asymptotic
formula (2.62) along with the corresponding error estimates. The asymptotic formula (2.64) then follows
along/with its error estimate by noting that TFA L (2) remains uniformly bounded as N — o if |z — a| <
rIN=2/3,

Next consider the neighborhood of a right band edge z = 3 separating a band I (for z < () from a
saturated region I' (for z > ). Again take the contour parameter e sufficiently small that Proposition 5.15
provides a uniform estimate of E(z) — I on appropriate closed sets and then choose r > 0 small enough that
the disc |z — 8] < r is contained within the disc D?’R. Then we have for z, with |z — 8] < r, the exact
formula

T p(2) = V2re) =N /2eNL()

exp (—N - log(z — 2)p%(z) dx) H (z— an)]

neV

~TA(z)_1/2

(6.13)

<§) v (Ell(z)HA7R(z) +E (z)HA’R(z)) Fi(z)
4 r,12 12 r,22 A

)

+ ( % ) 1/ (Bu)HR(2) + Bua()HES (2)) FR(2)

where F4(z) and F&(z) are the expressions defined by (2.66). This formula follows from (4.45), (4.48),
(4.51), (4.52), (5.23), (5.29), (6.1), and Proposition 1.3. Once again, the terms on the second line of the
right-hand side of (6.13) can be approximated uniformly for |z — 8] < r as 1 + O(1/N) as N — oc.
Proposition 5.15 again guarantees that, uniformly for |z — 8| < r, we have E(z) — I = O(1/N), and then
noting that H?’R(Z)N 93/6 remains uniformly bounded as N — oo and more specifically that

1/4
AR - AR
HE () = Hy (o) (—07(=))
~1/4
AR AR
HE ) = —HE () (—27 )
we complete the proof of the asymptotic formula (2.65) and its corresponding error estimates. Since TFA ’R(z)

is uniformly bounded as N — oo with |z— | < rN~2/3, we then obtain immediately the asymptotic formula
(2.67) and its corresponding error estimate.



Chapter Seven

Universality: Proofs of Theorems Stated in §3.3

7.1 RELATION BETWEEN CORRELATION FUNCTIONS OF DUAL ENSEMBLES

Since the holes are also governed by a discrete orthogonal polynomial ensemble, the correlation functions
for holes are again represented as determinants involving the reproducing kernel, this time corresponding to
the dual weights. It turns out that there is a simple relation between the correlation functions for particles
and those for holes.

7.1.1 Probabilistic approach

Let RSLV k) be the m-point correlation function of the dual orthogonal polynomial ensemble for the holes.

Hence Efff’k) is defined as in (3.2), with the replacement of p(N-¥) by PR Let FN,/E denote the reproducing
kernel of the dual ensemble. Then (3.3) implies that

— N,fc -
Rgn )(ajl, @) = det (K y (24, 25))

1<ij<m’
for nodes z1,...,z,,. Now, given nodes x1, ..., T,
P(there are particles at each of the nodes x1,...,zy,)
= P(there are no holes at any of the nodes x1,...,z,)

=1- ZP(there is a hole at the node x;)

i=1
+ Z P(there are holes at both of the nodes x; and z;)

1<i<j<m
— Z P(there are holes at each of the nodes z;,x;, xx) + - - .
1<i<j<k<m
Thus from (3.2),
T (N.E —(N.k —(N,F
Rgrllv*k)(xl,...,xm) :1—ZR§ )(xz)—l— Z R; )(ICZ‘,IL'J‘)— Z Rg )<xivxja$k)+'-~ (71)
i=1 1<i<j<m 1<i<j<k<m

Therefore the determinantal formula (3.3) for the correlation functions implies the following.

Proposition 7.1. Let Ky j be the reproducing kernel (3.4) for the discrete orthogonal polynomial ensemble
and let K y . be the reproducing kernel of the corresponding dual orthogonal polynomial ensemble. Then with
k=N —F,
det(KN’k(xi’xj))lﬁi,jgnz = det(éij — FN,E(I“ Z‘j))lgi,jgm'
In particular, when m = 1, this result implies that for a node x € Xy,
Ky p(r,z)=1— FNJ;(LJC) ,
and then when m = 2, we further discover that for nodes x # y,

Knk(e,y)* = Ky g(,y)*. (7.2)
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7.1.2 Direct approach

It is possible to establish these same results, and also to refine (7.2) by determining the relative signs
of Knx(z,y) and EN’,;(x,y), by using Proposition 1.3 regarding the solution formula for Interpolation
Problem 1.2 and the dual relation
N—1
P(z;N,k) = 01P(z; N, k) H(zfo,n)f‘”Ul, k=N—k. (7.3)
n=0
Here P(z; N, k) is the solution of Interpolation Problem 1.2 with weights {wy ;} on the nodes Xy, and
P(z; N, k) is the solution of Interpolation Problem 1.2 with the dual weights {wy ;} defined by (1.46) and
with the exponent k in the normalization condition replaced by k. Note that (7.3) implies in particular that
if z and w are not nodes (z,w ¢ Xy), then
N-1
(F(z; N,Ek)™'P(w; N, 15))21 = (P(z; N,k)™'P(w; N, k))12 H (z—aznn)(w—2aNn)- (7.4)
n=0

Suppose first that n # m are distinct indices. Then

7'EN’WEN’TL (F(wam; N, l%)_lF(xN,n; N, E))

ITN,m — TN,n

?N,E(IN,WUIN,”) - 21

_ VI mTNn lim  (P(w; N,k)""P(z; N, k))
‘TNJTL — I'N,n W—TN,m
Z—XN,n

vV wN,mwN,n

ITN,m — LTN,n

21

N—-1
S T = an)(z = ong) - (Pl N TP N ) 4y |
Z—INn J=0
where in going from the second to the third line we use (7.4). The limiting operation is necessary
because while (ﬁ(w;N, kE)~'P(z; N, 15))21 is analytic in w and z near w = znm and z = Ty,
(P(w; N, k)~'P(z; N, k)),, has singularities at these points. Next, using the definition (1.46) of the dual
weights, we obtain

wﬁligglV [(w — TN m)(z —TNp) (P(w; N, k)flP(z; N, k))u]
(=)™ e,

VWN mWN n TN,m — LTN,n

Res P(w;N,k)™' Res P(z; N, k)
(_1)m+n W=TN,m 2Z=TN,n 12

VWN mWN n TN,m — TN,n ’
where we use the fact that det P(z; N, k) = 1, which implies that P(z; N, k) ~! has simple poles at the nodes
just like P(z; N, k) does. Now again because det P(z; N, k) = 1, we obtain from (1.21) that

Ky i (ZNm, 2N n) =

0 —WN,m
0 0

W=T N m W—TN,m

Res P(w;N,k)™' = lim ( )P(w;N,k)‘l.

Using this equation together with (1.21), we arrive at
(71)m+n _wN,mwN,n (P(xN,m; N7 k)ilP(xN,n; Na k))21
VWN mWN n ITN,m — LTN,n
P(zy ;N k) 'P(znn; N,
_ (_1)m+n+1 /7wN,mwN,n( ( N, ) ( N, ))21

IN,m — LTN,n
= (_1)m+n+lKN7k(xN7m>xN,n) .

Thus we have proved the following, a more specific version of (7.2).

Ky ip(@Nm, N n) =
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Proposition 7.2. For distinct nodes x = xn,m and y = N, in Xy,

Ky il,y) = ()" Ky (. y)
where k = N — k.

Now we consider the reproducing kernel and its dual on the diagonal. We begin with

— d — _ — _
KN,]}(mN,ma-TN,m) =WN,m ap(z;]\ﬂ k)_l P(-TN,m§N§k)
Z=IN,m 21
_ -1 d
= —WNm | PN m; N, k) . (z; N, k) .
z
Z=TN,m 21
But, using (7.3), we see that
_ ) d_ ) N—-1 d N—-1
P(z; N, k)*laP(z,N, k) =01 H (z—an;)% - {P(z;N, k)*laP(z;N, k)} ] (z—anN,;) %01
7=0 7=0
N—1 4 |
+ o1 H(Z—{L‘NJ‘)US % ‘ (Z—$N7j)_03 a1,
j=1 7=0
and the second term is a diagonal matrix. Consequently,
N—-1 d
KN,]}(xN,mz xN,m) = —WN,m z—li,rzrvl H (Z - xN,m)2 : (P(Z7 N, k')_laP(Z; N, k))
»m j=0 12

From Proposition 1.3, we then have

(P(z; N, k)_ldilzP(z; N, k‘))
12

N—1N—
_ Zl Zl Pii(xnn; N, k) Por(xn,j; N, k) — Pri(on j; N, k) Por (2N n; N, k)

WN nWN,j
n=0 j=0 (z —anan)(z — 2N,;)? ne
Pii(znn; N, k)Poi(zn 53 N, k) — Pri(zn,j; N, k) Por (N0 N, k)
:ZZ (z—ann)(z —an )2 WNnWN.j -
netj N,n N,j
Therefore
N-1
Ky p(@Nm ¥Nm) == BN mwnm || @nm —25,;)?
§=0
i#m

- Pii(@nn; N, k) Por(2n,m; N, k) — Pii(zn,m; N, k) Por (2N N, k)

N
. E wN,TLa

IN,m — TN,n

S
o

3
3

and with the use of (1.46), this becomes

Nz_:l Pii(xnn; N, k) Por(xn,m; N, k) — Pri(enm; N, k) Par (2,05 N, k)
IN,m — LTN,n

Ky i (@Nms TNm) = — WN -
n=0
n#m
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Now for z € C\ Xy, we have det P(z; N, k) = 1, and taking the limit z — 2 x ,, with the use of the explicit
formula for P(z; N, k) furnished by Proposition 1.3 yields the identity

d
— Pii(xnm; N, k)apm(zé N, k)

Z=TN,m Z=TN,m

N—1
. Z Pri(xnm; N, k)Por1(xn 05 N, k) — Pri(2nn; N, k) Por (28 m; N, k)w

TNm — TN,n

d
WN,m | Po1(znm; N, k)EPn(Z; N, k)

Nn=1.
n=0
n#m

So we have (again using det P(z; N, k) = 1)

d
y P(z; N, k)~*

z

P(zn,m; N, k) =1—-Knr(@Nm, TNm),

Z=ITN,m 21

FN}]}(xN,maxN,m) =1- WN,m

which completes the direct proof of the following.
Proposition 7.3. For any node x € Xy,
Kyp(z,x) =1—Kngi(z,),
where k = N — k.
Combining Propositions 7.2 and 7.3, we therefore may write, for any given set of nodes 1, ..., 2y,
(Enp(@i,75)) ;i =D (0 = KN (@i, %)) 1< j<n D

where D := diag(1,—1,1,—1,...,(—1)"*!). Taking determinants then yields another independent proof of
Proposition 7.1.

< Remark: The dual ensemble is useful for several reasons. Of course, the statistics of holes are often
of independent interest. But even if one is interested only in particle statistics, the dual ensemble is very
helpful in the analysis of statistics near saturated regions of the node space Xy where the upper constraint
is active for the particle weights. It follows from Proposition 2.6 that each saturated region for the particle
weights with k particles is a void for the (dual) hole weights with k = N — k holes. In this way, each
calculation valid for the hole ensemble near a void automatically translates via Propositions 7.2 and 7.3 into
a statement about particle statistics near saturated regions. >

7.2 EXACT FORMULAE FOR Ky x(z,y)

The following result will be used often below to obtain formulae for Ky x(x,y) and Ky x(z,z) in various
regions of [a, b].

Lemma 7.4. Let x be any node satisfying x € Xy NXY . Then

/w(z)e(N€c+w)/2e(kf#A)g+(r) H |z — ZN.n)

neA

X eféN[ézﬂc (z)ie"’]
— (@) +r+2rg+(2))/2,—iNO(x)/2 Tv(ac)l/2 . (7.5)
27N pO(z)

Here the variational derivative is evaluated on the equilibrium measure pC ;. , and g+ (x) denotes the boundary
value taken by g(z) as z — = with (z) > 0.



UNIVERSALITY: PROOFS OF THEOREMS STATED IN §3.3 119

Proof. Let x = zy; € Xy NYY. Hence j € V. Substituting for wy(-) from (1.9) and (1.16) and using the
fact that x = x5 ; € X, we have

w(x)eN€c+’ve2(k—#A)y+(x) H (r — 2N n)2

neA

[T @ng —ann)

= (=1)N-1-dg= NV (@) =n(@)+Neety+2(k=#A)g4 (x) REQ

I @ns —2nm) .

nev

=
But, using (4.10), we have
I[Ny —2nm)
ncA
I G@ns—2nm)
nev
n#j
H (z—2xNn)
= lim (z—ay,) 28—
P | O
neVv
= lim Z_—INO’ij(z) exp | —N / log |z — s]p°(s) ds — / log |z — s|p°(s) ds| | .
Z—aN,j NO°(z) v £A
2 cos — 0 0

The limit of the fraction can be found using I’'Hopital’s rule, and the remaining factors are continuous for
real z. Thus we arrive at

H (N —2Nn)  Ty(zn,;)exp (—N l/v log |zn,; — s]p°(s) ds — /A log |zn; — s]p°(s) ds])
b by

neA

0 0
- n N@° .

H (CCNJ me) QWNPO(JCNJ) sin ( ¢ (xNJ))

nev 2

n#j

From the definition of p® and (1.15),
2N —2j -1 NO®(zn,; ,
0°(zn.5) ZFTJ, So sin (#) = (=1)N—i—t,

Therefore, recalling the definition (4.7) and (4.5) of the complex phase function g(z), the definition (2.9)
of the variational derivative of the energy functional E.[-], and the definition of 6(z) (4.9), we obtain an
identity that is the square of (7.5). By directly comparing the arguments of both sides of (7.5), one verifies
that the square root has been taken consistently. [l

The following elementary lemma will be useful.
Lemma 7.5. Let f(x) and M (z,y) be differentiable functions with M (xz,x) = 0. Then

0 , 0

o7 F@F M@y, = F@PM@y)| (7.6)

Yy=x

We will now use these results to express Ky r(x,y) in terms of the piecewise-analytic global parametrix

X(z) and the error matrix E(z), for 2 and y in different parts of the interval [a,b] of accumulation of the
nodes. The first result in this direction is the following.
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Proposition 7.6. Let x and y be distinct nodes in a band I, both lying in the same component of ¥ and
lying outside all discs DIY’*. Then

1 VTeiNG(x)og/QB )" 'B e—iNG(y)og/Qw
Knp(@,y) = (@) Bly) (7.7)
2N/ p°(2)p°(y) Ty
and
1 dpc . .
Ky (z,x) SN () [277]\70% (z) — vTeN0@a3/2B ()71 B! (£)e T N0@)73/ 2 | (7.8)
where
p— _Z D 1
vi={,); wi= |
(note that viw =0), and
B(z) 1= E4 (2)X ¢ (z)elro+@Fr/2=n(@)/2)es (7.9)

Here the subscript + denotes the boundary value taken as z — x with $(z) > 0.

Proof. For distinct nodes z and y, we begin with
(P(z; N, k)" 'P(y; N, k),
T —y

Ky k(@,y) = Vw(r)w(y)

and define the quotient by ’'Hopital’s rule:

Ky p(z,z) = w(aL‘)a—aaj (P(x; N, k)""P(y; N, k).,

y=x
Now, for any real € %, we have from (1.43) and (4.4) that

H (x —xNn)

1 ie—iN6°@)/2,~NVx(x) NEA 7
P(2: N, k) = Ry () [[a—onvo || HLE@—2va)]
nev neA
0 1

where R4 (z) denotes the boundary value taken from the upper half-plane (from the left-hand side of the
contour ¥; see Figure 4.2). Thus

(P(a: N, K) ' P(y; N, ), = (R (@) "R (), [ (@ = ) (4 — wv.n)
neA

_ (S+(x)_1S+(y))21 eV let o (k=#2)(g+(2)+9+(v)) H (z —2Nnn) (Y — TNn),
neA
where the second equality follows from (4.8). When we further suppose that = and y lie within the same
component of ¥y, this formula may be rewritten as

(P(a; N, k) 'P(y; N, k) o, = (S1(2) 'S4 (y)),, eV e #M e @ror ) TT |2 — an nlly — 2nnl -

neA
(7.10)
Letting = and y lie in a band I C Xy, we have from (4.40), (5.30), and (5.31) that for 2 =z or z = g,
. 1 0 .
S+(Z) = E(Z)X+(Z) (ien(z)72ng+(z)eiN9(z) 1) Ty (Z) 3/2’ (711)

and thus
(S1(2) 7184 (1)), = T (z) ™Y/ 2e=ra (@) +7/2-n(2)/2) (iNO(@)/2
Ty (y)*1/2e*(HQ+(y)+7/2*77(y)/2)6iN9(y)/2

. vTeiNe(’”)U3/2B(:v)_1B(y)e_iNa(y)‘”/Qw
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since E(z) is analytic in the band so that E(z) = E(z). Now we substitute into (7.10):
(P23 N k) "'P(y; N, k), = f(@) f(y)vT e N7 2B () T B(y)e VW7 2w (7.12)
where
f(z):= TV(Z)—1/26—(ﬂg+(Z)—n(Z)/2)eNéc/2e(k—#A)y+(Z) H |2 — Nl
neA

Now (7.12) holds for any = and  in the same band of ¥y, and when we specialize to nodes z,y € Xy, we
obtain formulae for the reproducing kernel. Therefore
vTeiNe(x)03/2B(x)—lB(y)e—iNG(y)agﬂw

Kn k(z,y) = Vw(@)w(y) f(z)f(y) )

r—y

and using Lemma 7.5, we have
0
K = 2=
wle,2) = (@) f ()
Since z € Xy and y € Xy, we may use Lemma 7.4 along with the equilibrium condition (2.14) that holds
for  and y in a band I to deduce

w(z)f(x) = L and vw(y)fly) = ;, for z and y in Xy N1 C %f.

V2N pO(x) 2N p(y)
This proves (7.7). To complete the proof of (7.8), we carry out the differentiation in (7.13), noting that by
definition (see (4.5) and (4.9)),

(VTeiNG(z)ag/2B(l,)le(y)efiNO(y)U3/2W) ‘ . (7.13)

Y=z

Hrin
0’ (x) = 2mc o (x), reyy.
O
Proposition 7.7. Let x and y be distinct nodes in a void T lying outside all discs DFV’*. Then
- ( ) Tv(x)l/QTv(y)l/QeféN[éic (z)flc]e*%N[‘sﬁf (y)flc} aTeiNero'g/QB(x)le(y)efl‘Nero'g/Qb
T,y) = .
ey 27N /(D)0 () Ty
(7.14)
and
SE.
TV(CU)@fN[é_“(I)_ZC} T iNOros/2 —1p@/(.\,—iNOros/2
Kyy(z,z) = — 2N () -aletNros/2B (1)~ 1B/ (z)e ros/2p (7.15)
where

() ()

(note that a”b = 0), B(x) is defined by (7.9), and the variational derivative is evaluated on the equilibrium
measure e ;. -

Proof. Note that the two points z and y lying in the same void interval necessarily belong to the same
component of ¥y . The proof follows that of Proposition 7.6 with only a few modifications. First, in place
of (7.11) we have the simpler relation

Si(z) = By (2)X 4 (2).

Next, when we use Lemma 7.4, we must retain the exponentials involving the variational derivative since in
place of (2.14) we have the variational inequality (2.13) because xz and y are in a void I'. Finally, we recall
that the function e"N?(®) takes the constant value e*Nor throughout T [l

Recall the definition of the mappings TFV L and TFV H given in (2.17) and (2.18), respectively.
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Proposition 7.8. Let x and y be distinct nodes in a disc DX’L. Then

1 Cap @) AN (@) AT () ()

Ky i(v,y) = 7.16
(®39) N2/3/p0(2)p" (y) =y (710)
and
1 VL, T AV, 1 dATT v,L v, pdrp”
_ oV ) ) _ ) 1

KN,k(x’x) N2/3p0($) [ ql" (x) Al" (x) dl’ (x)rl‘ (.’L‘) qF (x) d.’L' (‘T) I (7 7)

where
Aj 3\%/? v.L —1/3 A4 3\*/° V,L
—Ai| - (- ™ (x) N A" | — [ - ™ ()
V,L ._ 4 V,L L 4
qr 7 (z) = r

N-U3AY <_ G)MTF%)) S Ai <_ (%)WSTF%))

(note that qIY’L(x)TrIY’L(x) =0), and

—03/6
AV (z) = E(z)HY " (z) No3/0 (Z) . (7.18)

Similarly, if x and y are distinct nodes in a disc D1Y’R, then

1 Cap (@A (@) AT ) )

KN,k(%y):_NQ/g S0G) Py (7.19)
and
V.R LR
Kala.2) = ~Srz7icms [—qX’R@)TA?*R(x)-ld“‘;; ()rF (@) — a7 ()" T (w)], (7.20)
where
_Ai | - 3 2/3TV,Rx —13a¢ [ _ 3 23 V.R
VR, N\ . A( (4) r ()> VR, NTTEA (4) (@)
ar () = (x) := 3\ 2/3
Ai ( <Z> TFV (x))

3\ 2/3 ) rp
N~U3AY ( <Z> TFV’R(x)>

(note again that qg’R(x)TrF’R(x) =0), and

—03/6
A (z) := E(a)HY B (z)No3/O (%) . (7.21)

Proof. Using the fact that = and y necessarily lie in the same component of Y3, we still have the relation
(7.10), where the subscript + indicates a boundary value taken from the upper half-plane. Now the matrix
S(z) is analytic for all z € DIY LN €., so to obtain a formula for S(z) we may choose arbitrarily whether
to consider z in quadrant I or quadrant II of DF oL (in each case the answer is necessarily the same). For

concreteness, we choose to evaluate S (z) by taking a limit from D; ’I% (above the void I'). In this region,

S(z) =X(z) = E(z)XIYL(z), so from (5.14) we see that for x and y in DIY”If,
(S(x)’ls(y))m = Ty (x) "1 /2eM@)=7=2r9(2))/2iNOR/2 Do (4)) =1/ 2 () =7 =269(y))/2iNOr /2

3

NV <1)1/3 (6@ AT (@) AT W)GW),
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3\ 7/° 65 V.L, VL 6 (3 7/°
G(z) := (Z) N=os/8ZV L (VR () N2/ (Z) .

Using the explicit formula for ZV’L(C) furnished by (5.11) in Proposition 5.5, we then obtain
-1/3
- V,L — V,L 3 _ VL ))3/2 v 3/2
(@AY @) AT W)GW)) = 2n (Z N2/ H @) 2 (= )22

cap (@) T AL (@) T A () (y)

where

Substituting into (7.10) gives
(P(a; N, k)" P(y; N, k), = N'Y3b(@)b(y)ay (o) Ax " (o) AT (y)ry F (),
where
( ) \/_6( ™ (2) 3/2/2T ( ) 1/2 o= (rg+(2)—1(2)) /2 giNOr /2 (NLc /2 (k—#A) g (2) H |Z*1'N,n|~
neA
Here, by (77'Fv L(2))3/2, we understand the boundary value taken on R from $(z) > 0, or equivalently
\S(TFV L(2)) > 0. The subscript + on g (z) denotes the same limit. Using Lemma 7.4, we sce that for any
node z in DX’L,

(T (@) 72 /2= iN (8(2)~0r) /2~ AN [ 2B (2) 1.
w(z)b(z) = _ 7
Np°(z)

where the variational derivative is evaluated for p = p¢;,. Now, if the node z lies in the void I', then
f(z) = Or modulo 27 /N, but from (5.4) and (2.17), we see that (—7y " (2))™3/2 = N[§E./6u(z) — £.]. On
the other hand, if the node z lies in the adjacent band, then from (2.14) we have 0E./du(z) — €. = 0, but
again (2.17) glves the identity (—my"(2))~%/? = iN(0(z) — 0r) modulo 27i. Thus, for all nodes z in DY ",
we have \/w(2)b(z) = 1/4/Np°(z). This proves (7.16). Using Lemma 7.5, we also obtain (7.17).

The proofs of (7.19) and (7.20) are analogous. It is perhaps noteworthy that the origin of the leading
minus sign in these formulae is the factor ios relating ZV-*(¢) and ZV-%(¢) (see (5.16)). O

< Remark: In each case we may verify after the fact that for a node z € Xy,
Ky p(z,x) = Zl&)rgx Ky i(z,w); (7.22)
z,wé(c, ZF#w

that is, in each region Ky r(z,y) may be viewed as an analytic function of two complex variables sampled
at the discrete nodes Xy x Xp. This is not obvious from the definition. Indeed, the definition (3.4) of
Ky k(z,y) can a priori be evaluated only when = and y are both nodes due to the factor \/w(z)w(y). If
the weights were given in the form wy , = w(zn ) for some analytic function w(x), there would be a direct
interpretation of the limit process (7.22). However, the weights under consideration (given by (1.16)) do not
have the exact form of an analytic function simply sampled at the nodes, because of the presence of a factor
involving an essentially discrete product over nodes. Indeed, the derivation of the exact formulae above for
Ky 1(x,y) both on and off the diagonal made explicit use of the fact that x and y are discrete nodes via
Lemma 7.4. >

The following result can also be extracted from the proofs of Propositions 7.7 and 7.8.

Proposition 7.9. Let x and y be nodes in the same component of Xy . If y lies in a disc DIY’L and x lies
outside the disc but in the adjacent void I, then

Tv(x)l/Qe*%N[%(w)—fc] aTeiNOFJS/QB(x)flAIV‘,L(y)rIV‘,L(y)
N5/6\2mp" (@) (y) x—y '

Similarly, if y lies in a disc DV’R and x lies outside the disc but in the adjacent void I, then

Tv( )1/2 N[ (2) L] aTeiN0r03/2B(x)—1A¥7R( )rly R(y)

N3/6/2mp0 ()0 (y) -y
Here the notation on the right-hand side is the same as in Propositions 7.7 and 7.8.

KN,k('T7y) =

Knk(z,y) =
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7.3 ASYMPTOTIC FORMULAE FOR Ky ;(z,y) AND UNIVERSALITY

Lemma 7.10. Fiz a closed interval F C [a,b] that contains none of the band endpoints ay,...,ac and
Bos - .., Bq. Without loss of generality, fix the contour parameter € > 0 sufficiently small that F' lies outside
all discs DI*J* and that Proposition 5.15 controls E(z) — 1. Then there is a constant Cr > 0 such that for
all N sufficiently large,

[B@) B -1l _

sup |[B'(2)| <Cr  and  sup

zEF z,yeF |$ - yl
where || - || denotes a matriz norm and B(x) is defined by (7.9) for arbitrary x € [a,b] (note that B(x)
depends on € via E(x)).

Proof. The matrix W (z) := X(2)e(®9(2)+7/2-n(2)/2)95 can be analytically continued through the interval
F from the upper half-plane by a jump relation of the form (see Riemann-Hilbert Problem 5.1) W (z) =
W_(z)v, where v is a constant matrix (with respect to z) whose elements are uniformly bounded as
N — oo (for z in a void or saturated region I'; we have v = e'Vri?s and for z in a band I we have
v = —ioy). Since W(z) is uniformly bounded for z € C \ Yy0d4e1 bounded away from the band endpoints
(from Proposition 5.2 and (1.18), as well as the assumption that x remains bounded as N — o), it follows
that the analytic continuation of W (z) from F' is uniformly bounded in a fixed complex neighborhood G
of F'as N — oo. Cauchy’s Theorem applied on a closed contour in G encircling F' then shows that W, (2)
and all its derivatives remain uniformly bounded in F' as N — oo.

The same is true of the matrix E(z). Indeed, if F' is a subinterval of a band I, then E(2) is already analytic
in a complex neighborhood G of F' and is uniformly bounded in G as N — oo according to Proposition 5.15.
The uniform boundedness of all derivatives of E (z) = E(z) for z € F then follows from Cauchy’s Theorem.
On the other hand, if F' is a subinterval of a void or saturated region, then the analytic continuation of
E,(z) to the neighborhood G is accomplished by the formula E, (z) = F(z), where F(z) is the solution
of Riemann-Hilbert Problem 5.12. Since F(z) is uniformly bounded in G, again Cauchy’s Theorem implies
that all derivatives of E (z) are uniformly bounded for z € F.

Combining these results using B(z) = E4(x)W_(x) establishes that B’(x) remains uniformly bounded
in FFas N — oo. The boundedness of the difference quotient follows from this result and the uniform
boundedness of B(x) itself since det(B(z)) = 1. O

Lemma 7.11. Fiz a value of the contour parameter € > 0 sufficiently small that Proposition 5.15 controls
E(z) — I on appropriate closed sets. Then for each disc DIY’L there is a constant CIY’L > 0, and for each

disc DIY’R there is a constant C’FV’R > 0 such that for all N sufficiently large,

dA YL AVL (-1 AYL () T
sup r (z)|| < CFV,L and sup |Ar " (2) r(y) | < CFV,L
zeDY “nR dx 2yeDY FAR |z — y|
and
dAY " AV E(@) LAY R (y) -1
wp A o evr sy JATT@TATTG) U o
DY FNR z,yeDY AR |z -yl

where || - || denotes a matriz norm, A1Y’L(a:) is defined by (7.18), and A1Y’R(x) is defined by (7.21).
Also, for the same constants and for sufficiently large N,

V,L V,L V,L V.,L
sup  [lap " (2)]| < Cp and sup ey ()] < Cp
zeDY FNR zeDY FNR
and
V,R V,R V,R V,R
sup [lgp " (2)[| < Cp and sup  rp (@) < O

zeDY AR zeDY FNR
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Finally, there is a constant K > 0 such that for sufficiently large N,

V,Le—NK(a—x)3/2 CV,LefNK(afa:)3/2

v,L T v,L r
sup  [lap 7 (@)] < and sup g (2)]] < ;
zeDY R N1/ zeDY "R N1/
<o <o
where « is the band edge point at the center of the disc D1Y7L, and
V.R__NK(z—3)%? oVR —NK(z—B)3/?
V.R Cr e V.R €
sup  |lap " (2)] < =L Ni/6 and sup  rp ()] < =L G ;
zeDY PR zeDY TR
>0 >0

where (3 is the band edge point at the center of the disc D1Y’R.

Proof. The statements concerning the matrices AIY’L(:L') and AIY’R(I) are elementary consequences of two
facts. First, from Proposition 5.15, we have that E(z) is analytic and remains uniformly bounded as N — oo
in each disc D" or DY'®. Next (see §5.1.2), the product HY " (2)N73/6 is analytic in each disc DY and
remains uniformly bounded there as N — oo, while the product HIY ’R(z)N 73/6 is analytic in each disc
DIY H and remains uniformly bounded there as N — oo. It follows from Cauchy’s Theorem applied on the
boundary of each disc that all derivatives of AIY (%) are uniformly bounded independent of N in Dly oL
and the same holds for AIY’R(Z) in DIY H The boundedness of the difference quotients then follows since
det(AY " (z)) =1 in DY'* and det(AY " (z)) = 1 in DYF.

The statements concerning the vectors qY'*(z), ry " (z), qf " (z), and rY " (z) are obtained from the
asymptotic formulae (5.12) and from the elementary estimates holding for all x > 0:

C —223/2/3
|Ai(x)| < W and  |AY(x)] < O(1+ )/ 1e=2"/3,
where C' > 0 is some appropriate constant. Then one uses the fact that in each case the argument of the

Airy functions is N2/? times an analytic function of 2 that has a nonvanishing derivative and is independent
of N. O

7.3.1 Asymptotic universality of statistics for particles in a band:

the proofs of Theorems 3.1 and 3.2

Consider a fixed closed interval F' in the interior of a band I. We can easily establish the following asymptotic
formulae uniformly valid in F'.

Lemma 7.12. Let F' be a fized closed interval in the interior of a band I. Then there is a constant Cp > 0
such that for all sufficiently large N,

¢ dpg, Cr
K ~ & Mmin () < ZF 2
seXanF Nk, ) O(z) dz (x)‘ Sy (7.23)
and
. (N
sin (| —-(6(z) — 0(y))
max | Ky p(z,y) — 1 2 Lo (7.24)
vyexang | REY N\/p%(2) 0% (y) T —y =N :
where 0(z) is defined in (4.9). Also, for some other constant Cr > 0 and N sufficiently large,
Cr
max_|(z —y)Kni(z,y)| < —. (7.25)

z,yeXNNF N
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Proof. First, note that without any loss of generality we may suppose that F' lies in X§. Indeed, if I is
a transition band, this can be arranged by judicious choice of the transition points Y,,. But even if I lies
between two saturated regions, a pair of artificial transition points may be introduced in I, one on each
side of F in order to “switch” F back into ¥§. Then, applying Lemma 7.10 to the exact formula (7.8)
established in Proposition 7.6 yields (7.23). Similarly, applying Lemma 7.10 to (7.7) and using the identity

VT N 0) =00/ 2g — 9 6in (g(Q(x) - e@)))

proves (7.24). Then (7.25) follows from (7.24). O

The estimate (7.25) shows that the reproducing kernel is concentrated near the diagonal, and a nonzero
limit for Ky k(z,y) as N — co may be expected only for nodes z and y in F' with « — y of size bounded
by 1/N. To find the limit, we will now localize by considering a finite number of nodes near a certain fixed
x € F (being fixed as N — oo, x is not necessarily a node). Since

number of nodes

RgN’k)(x) - Np%(z) = E(number of particles per node near ) -

_E (number of particles)

unit length

unit length

from (3.3) and (7.23) we see that the asymptotic mean spacing between particles near x € F is §(x)/N,
where §(x) is defined by (3.8). For £y and ny in some bounded set D, we thus consider nodes z and w
defined by
_ 6() _ o(z)

z:=z+EN N w.—x—i—nNN . (7.26)
Note that the admissible values of £ and ny are finite in number and are asymptotically equally spaced with
spacing (p%(z)d(z))~! (because z and w are both nodes in Xy). Since F' C I and thus neither constraint is
active, we have 0 < (p°(z)d(z))~! < 1.

Now, from Taylor’s Theorem and (7.26), we have

o)~ 0w) =0 (+ &6 ") 0 (420

—9(I+UN(5§V—I)+(§N—UN (T) 0( T))

T // I2
= (w22 ) e - ) 20+ i e -2

T 2 " o T 9
0 @)ew — 022 0 () — o S+ LD e 22

™ x)? "o x)?
2 v &V =) + 0" (1)(En — v )N 55\[2 QT()(SN - ﬂN)zégv—g ,

for some o and 7T near x € F. (To arrive at the last line we use 8'(z) = 2wedut,;, /dz(z).) Therefore

. (N
sin <§(i(i)w— 9(w))> _ (5?;) [Sm(z](v&i nNnN)) ~ cos(q) (9"(T)nN N 0”50) (x — 77N)> 5;:;\)72} ,

for some g € R.
Since the node density is analytic and positive, we have

1 1 40 ( 1 )
P(2)p°(w)  P"(@) N
because we are assuming that £y and 7y remain bounded as N — oco. Combining these results with
Lemma 7.12 proves the following.



UNIVERSALITY: PROOFS OF THEOREMS STATED IN §3.3 127

Lemma 7.13. Fix x in the interior of any band I and consider En and ny to lie in o fixed bounded discrete
set D such that z and w defined by (7.26) lie in the set of nodes X . Then there is a constant Cp(z) > 0
such that for all sufficiently large N,

Cp(x) '

c  dut.;
max |Knyx(z,w) — m(ﬂc)s(fNﬂ?N) < N

En.MNED pO(z) dx

Applying Lemma 7.12 and Lemma 7.13 to the determinantal formula (3.3), we immediately obtain corre-
sponding asymptotics for all multipoint correlation functions, which completes the proof of Theorem 3.1.

We now give the proof of Theorem 3.2. From Lemma 7.13 and the asymptotic equal spacing of £ and
N, it follows that if xx; and zx ; are two nodes in Xy such that zny; — = and zy; — = while ¢ — j
remains fixed as N — oo, and z is in the interior of a band I, then

1
KN’k(:CN’i,LCN’j) = S”(x) +0 (N) . (7.27)

Recall the formula (3.6) for A%V JC)( B) and its interpretation (3.5) as a probability. The operator K va} By
acts on ¢?(By) with the kernel given by
Knyj(z+ (v, —x), 2+ (x; —2)),

where the z; are the nodes in By. The first result is that, as N — oo,

det (1= K| 5, ) = det (1 - tS(z)];) + 0(%) (7.28)

holds uniformly for ¢ in compact sets in C. This behavior follows from the analytic dependence of
determinants of matrices of fixed finite dimension on the matrix elements and the use of Lemma 7.13
and (7.27). The statement (3.9) then follows from the analyticity of the left-hand side of (7.28) in ¢.

7.3.2 Correlation functions for particles in voids: the proofs of Theorems 3.3 and 3.4

Let F = [u,v] be a fixed closed interval in a void T such that u & {fo,...,Bc} and v & {ag,...,ag}. We
admit the possibility that « = a or v = b. Applying Lemma 7.10 to the exact formulae (7.14) and (7.15) in
Proposition 7.7 and taking into account the variational inequality (2.13), we arrive at the following.

Lemma 7.14. Let F be a fized closed interval in a void I that is bounded away from all bands. Then there
is a constant C'rp > 0 such that for all N sufficiently large,

SN[ (@)—te] N[ ) —¢]| < CF
Lygl)?;(ﬂF Kni(z,y)e e SN (7.29)

where the variational derivatives are evaluated on the equilibrium measure.

Applying this result to the formula (3.3) for the correlation functions, we complete the proof of
Theorem 3.3.

Now we prove Theorem 3.4. From (7.29) we see that the reproducing kernel Ky x(z,y) is uniformly
exponentially small for nodes in F'. In particular, and unlike in the bands, the kernel is not concentrated
near the diagonal. In fact, concentration of Ky r(x,y) for z and y in a set F' bounded away from the bands
requires the existence of a local minimum of §E./du — £, at some point « € F. Indeed, suppose first that
the local minimum occurs at some point in the interior of F' and is genuine, so that the expansion (3.11)
holds with W > 0 and H > 0 as z — z (by assumption, the variational derivative is an analytic function of
z in the void T'). The proper scaling is evidently then z —z = O(N~1/2). Thus we consider nodes z and w
near z of the form

z=x+ w=zx

LN
HVN’ HVN’
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for £n and ny lying in some bounded discrete set D such that z and w are in the set of nodes X . We then
have, from Proposition 7.7, that

Knalsw) = [qN(x) e (Lﬂ G2
’ N \/N )
where the error is uniform for £y and 7y in D and
Ty (x)

qN(;L') = — 27Tp0(x) . aTeiNHFU?,/QB(x)le/(x)efiN9p03/2b

is uniformly bounded as N — oo. Now the asymptotic spacing between points in the discrete set D is
H/(V/Np°(x)), which goes to zero as N — oo. Thus for any fixed interval [A, B] C R,

Bine([4, Bliw, HN) = 30 Ry <x+Hi]/VN>

ENED
A<ZEN<B
EN EN )
= K + Jz+
2, Ko (I HVN'" T HUN
ENED
A<EN<SB
eiNW Z |: 1 52
= gn(z) + O (—)] ce SN
N EnED \/N
A<ENSB
e NWp0(2) [ < 1 )] 2 H
— +O . *51\17
HVN >, |ov@) VN1 UNPO@)
EneD
A<En<B

S oo [0 )]

The statement (3.12) will be established if we can bound ¢y (x) away from zero as N — oo. Now, for x
in a void I and for N sufficiently large that E(z) — I is sufficiently small, ¢ (x) will be bounded away from
zero if the Wronskian

. . : d . . d .
W[X114€9+, Xop €9+ (z) := X12+(m)e“9+(1)d—X11+(:c)e"g+(I) - X11+(x)emg+(w)d_XQH(m)eww(w) ,
X X

where the subscript + indicates a boundary value taken from the upper half-plane, is bounded away
from zero. The Wronskian is not identically zero in any subinterval of T'" for the following reasons. If
W[X11+e“9+7X21+e“9+](x) were identically zero as a function of x, then there would necessarily be an in-
terval in which X1 () and X1, () are proportional by a constant multiplier. Analytically extending this
proportionality toward z = oo, we see from the normalization condition (X(z) — I as z — oco) that we
would have to have X;(z) = 0. The jump condition for X(z) in any band would then force Xs5(z) = 0 in
addition, contradicting the fact that det(X(z)) = 1.

Since X(z) takes analytic boundary values in the void T, it follows that W[X; e+, Xo1  e"9+](z) has
only isolated zeros in I for each value of N. From the exact solution formulae given in Appendix A, the num-
ber of zeros in I is finite and remains uniformly bounded as N — oo, and the zeros move quasiperiodically
as N varies. For a given z € T, either we have W[X 1€+, Xo1, e"9+](x) = 0 for all N € Z, or for each suf-
ficiently small € > 0 we may extract a subsequence of N values for which |[W[X1 e+, Xo1, e"9+](z)| > €.
The first situation may occur for only a finite number of z € I'. This completes the proof of Theorem 3.4.

7.3.3 Correlation functions for particles in saturated regions:
the proofs of Theorems 3.5 and 3.6

Let F be a fixed closed interval in a saturated region I' that is bounded away from the bands but which may
have either a or b as an endpoint if the upper constraint is active there. We may exploit the dual ensemble
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(for the holes) to analyze the particle statistics in F. According to Proposition 2.6, the equilibrium measures
for the particle ensemble with k particles and for the dual hole ensemble with k& = N — k holes are explicitly
related, and F' lies in a void for the hole ensemble. Consequently, the results of our analysis for  and y in
a void hold true for the dual kernel K ~.&(,y) and the corresponding hole correlation functions. To recover
results for the kernel Ky ;(x,y) and the corresponding particle correlation functions in F', we simply apply
Propositions 7.2 and 7.3. This proves Theorem 3.5.

Combining the above duality arguments with the proof of Theorem 3.4 proves Theorem 3.6.

7.3.4 Asymptotic universality of statistics for particles near band/gap edges:
the proofs of Theorems 3.7, 3.8, 3.9, and 3.10

Near the edge of a band, the equilibrium measure vanishes, and hence in the band the scaling x—y = O(1/N)
is not correct as the one-point function vanishes in the limit N — oo. Also, in the void or the saturated
region near the band edge, the positive constant (3.10) or (3.13) is no longer bounded away from zero.
Therefore we need to introduce a different scaling near a band edge to find the correct scaling limit.

Under the generic simplifying assumptions listed in §2.1.2, the density du¢ ;. /dz of the equilibrium measure
vanishes like a square root at each band edge adjacent to a void, and at a band edge adjacent to a saturated
region, the “dual equilibrium measure” p°(z)/c — dus,;, /dz(x) vanishes like a square root. In this case, it
turns out that the proper scaling is to consider nodes = satisfying

r—a=0(N"?/3) or x—f=0(N"2/3),
depending on whether we consider a left band edge zg = « or a right band edge zy = (. Below, we will
show that the limiting correlation function under the above scaling is given by the Airy kernel as in the edge
scaling limit of the Gaussian unitary ensemble in random matrix theory, and also in the context of ensembles

of more general Hermitian matrices of invariant measure (see, for example, [TraW94] and [BleI99]).
We begin with the following lemma, which is the analogue of Lemma 7.12.

Lemma 7.15. For each disc D1Y’L, there is a constant C’FV’L > 0 such that for all sufficiently large N,

t'(x) . 2 . : . 1
Ky k(z,z) = TNIBNG) [Al/ (Nz/Bt(ff)) —Ai (N2/3t($)) Ai"” (N2/3t(x))} +eW()
and
Koron] . Ai (N2/3t(x)) A <N2/3t(y)) AV <N2/3t(x)) Ai <N2/3t(y)) Do)
Nk T, Y) = — : EN xr,Y),

N/p°()p°(y) Ty
where t(z) := 7(3/4)2/3]\[72/37'1?’[/(1}) is a real-analytic function in DIY’L that is independent of N and is
strictly decreasing along the real axis, and

v,L v.,L
(1) ‘r’ @) Cr’
vexnnpye N @|< S and ewexnmpg e | N @] < T

Also, for some constant K > 0, we have the one-sided estimates
CIY;L672NK(0¢79:)3/2

(1)
max ey’ ()| <
v.L N( ) = N )
xGXNﬁDF
r<a

3/2 3/2
@ Clvae—NK(a—m) / e—NK(a—y) /
max _ ey (z,y)] < N ,
z,yeXNNDp~

z,y<co

where « is the band edge point at the center of the disc DIY’L. Similarly, for each disc DIY’R, there exists a
constant C’FV’R > 0 such that for all sufficiently large N,

tl(x)(m) [Ai' (39%/21(2)) "~ A1 (N*/4(a)) A1 (NQ/?’t(:L’))] +2{ (@)

KNJC(SC,SC) = W
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and
. . Ai (NQ/St(I)) A (N2/3t(y)) — AT <N2/3t(a:)) Ai <N2/3t(y)) Oy
N,k\Z,Y) = : +‘C:N x,Y),
N/ p*(2)p° (y) =y
where t(x) == —(3/4)23N~2/37Y"(1) is a real-analytic function in DY'™ that is independent of N and is
strictly increasing along the real axis, and
V,R V,R
(1) ‘ Cr- @) ‘ oY
max env (o)) < and max ex’ (x, <
vexynp¥ R | N () N2/3 eyexnmpy Rl Y (z,y) N2/3
Also, for some constant K > 0, we have the one-sided estimates
oYk —2NK(z—B)3/2
max 55\})(33)‘ <L < ;
reEXN ﬂDFv’R N
>3
OV Re—NK(z-B)*/? ~NK(y—p)*/?
max sg\?) (w,y)’ < © c ,
z,yeXyNDY R N

z,y>0
where (8 is the band edge point at the center of the disc DIY’R.
Proof. This proof follows from Proposition 7.8 and Lemma 7.11. g

Now we localize near the diagonal by considering {5 and 7y to lie in a fixed bounded set such that

N NN

T =2z + 715,(20)]\[2/3 and y=2z0+ 7}5/(20)]\[2/3
are nodes. Here 2o = a or 29 = 3 is the band edge, which is independent of N. Because t(z9) = 0, the
Airy kernel A({n,nn) defined by (3.14) will appear in the asymptotics with {; and ny considered bounded.
Although for each N the possible values of {5 and 7y are discrete, their spacing tends to zero like N~1/3,
and in this sense the Airy kernel, unlike the discrete sine kernel, may be thought of as a continuous function
of two independent variables.

Now in a disc DFv L centered at a left band edge zop = a, a direct calculation using (2.17) shows that

t'(a) = — (chg)Q/g, where BE is defined in (3.15). Similarly, in a disc DY centered at a right band edge

(7.30)

2/3
29 = [3, one may use (2.18) to see that ¢/(3) = (ﬂcB[If) , where Bf is defined in (3.16). With the help of
Lemma 7.15, we may prove the following result.

Lemma 7.16. For each fixed M > 0 and each left band edge «, there is a constant Co (M) > 0 such that
for sufficiently large N,

(WCBé)Q/B
N30 (a)

Co(M
A(vanN) < %a

max
z,yeXN

a—MN-12<g y<a+MN—2/3

KN,k(xvy) -

where BE is defined via a limit from the adjacent band from (3.15) and &n and ny are defined in terms of

x and y using (7.30) and t'(a) = — (WcBg)Q/S, Similarly, for each firted M > 0 and each right band edge (3,
there is a constant Cg(M) > 0 such that for sufficiently large N,

) Cu(M)

N2/3 7

K (ﬂ'CBg
oI VA 8) = N7 0 )
B—MN-2/3<x,y<B+MN—1/2

A(€N777N) <

where Bff is defined via a limit from the adjacent band from (3.16) and £x and ny are defined in terms of

2/3
x and y using (7.30) and t'(B) = (ﬂ'cBg) .
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Proof. We show how the the computation works for  and y near a left endpoint «. The calculation near 3
is similar. From Lemma 7.15, we have

1 t(z) — t(y) 2/3 2/3 @)
Kyp(z,y) =— . ~AN/tx,N/ty +en'(z,y).
(@.y) =17 o) v ( (z) ) +en'(z,y)
With a — MN~Y2 < 2,y < a + MN~2/3, we have
1 t(x) —t t'(« 1
Lt te) (LY,
Px)p(y) -y P(a) N
Since all partial derivatives of the Airy kernel A({n,ny) tend rapidly to zero as £ and ny tend to 400

(while under our assumptions about z and y, £y and ny are bounded below by a fixed constant, they may
grow in the positive direction like N'/%), we then obtain with o — MN~Y2 < 2,9y < o+ MN~2/3,

A(N*Bt(x), N*Pt(y)) = A(€n,nv) + O (ﬁ) '

Combining these estimates with the uniform estimate ey (x,y) = O(N~2/3) furnished by Lemma 7.15 gives
the desired result. O

Applying this result to the determinantal formula (3.3) for the correlation functions completes the proof
of Theorem 3.7.

Theorem 3.8 follows from Theorem 3.7 with the use of the relation (7.1) connecting the correlation
functions of the particle and hole (dual) ensembles. One also uses Proposition 2.6 to change the square-root
behavior of the equilibrium measure density near the upper constraint into square-root vanishing for the
equilibrium measure density corresponding to the dual ensemble.

Now we turn our attention to the proof of Theorem 3.9. Here we present in detail a proof of (3.19). The
proof of (3.20) is analogous and is left to the reader. The starting point is the fact that, according to (3.6),
for any real s,

P ((xmin —a)- (tNeBE?/3 > —s)

=P ZTmin = O — ;
(*NcBL)2/3

=P <there are no particles at any nodes xy ; satisfying zn ; < o —

s ) (7.31)
(mNcBL)2/3

= det(]I — KN,k Ls) s

where L := {y € Xy such that y < a — s/(rNeB%)?/3} is the (finite, for each N) set of nodes that lie
strictly to the left of a — s/(mNeBL)2/3. Since the right-hand side of (7.31) is the determinant of a finite
matrix that we would like to compare with a Fredholm determinant, we will first define an integral operator
AN|[S7OO) acting on L?[s, c0) with a kernel Ay (&,7) such that the Fredholm determinant det(1 — AN|[S7OO))
has precisely the same value for each N as the matrix determinant in (7.31). Moreover, it will be obvious
from the construction that the kernel Ay (£,7) will approximate the Airy kernel A(&,7) at least pointwise.

Let M (s) denote the index of the rightmost node zy rr(s) lying strictly to the left of o — s/(7NeBL)?/3
and let 5,1 < a be defined by

a 1
0 —
/zN'_l prw)de =55

We define a kernel Ay (€,7) on [s,00) x [s,00) by setting

- N1/3 13 n
__ - 0 -~ 0 S . .
AN(§777> i (7TCB£)2/3 \/p (CY (WNCB£)2/3>p (CY (TNCB£)2/3>KN’k(xN’“xN,J)

if
(WNCBi‘)Q/g(OL —zn) <E< (WNCB&)Q/'?’(O[ — TN-1)
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and
(WNCB£)2/3(04 —zN,j) <n< (7rNcB£)2/3(oz —ZTN,j-1),

for all pairs of integers ¢ and j satisfying 0 < i,j < M(s), and Ay(&,n) := 0 for all other £ € [s,00) and
n € [s,00).
By a direct computation, we have for each positive integer p,

/ s / det(‘iN (fma fn))lémmép déy ... dgp

M(s) M(s) TN,iqy TN ,ip
— Z Z det(Kn 1(TN.in s TN.iy ) 1<mn<p {N/ pO(xl)dxl ...N pO(xp)dxp}
i1=0  ip=0 TNy -1 TN ip—1

M(s) M(s)
= Z Z det(KN k(TN in > TN,in ) )1<mn<p -
i1=0  i,=0
This calculation uses the quantization rule (1.15) that defines the positions of the nodes in terms of the func-
tion p°(x). The infinite series formula for the Fredholm determinant then implies that det(1 — AN“S,O@)) =
det(]l — KN,k Ls)'
Therefore, to prove (3.19), we need to show that as N — oo,

AN 5,000 = Aljs,o0) in trace norm.

Since le|[5,oo) and A[s ) are both positive trace class operators, the following two conditions [Sim79]
imply convergence in trace norm:

(a) tr AN|[37OO) —tr A

[5,00)
(b) AN|[s,oo) — Al[s,50), in the weak-* topology.

For the purpose of establishing these two conditions, the following properties of the kernels A ~(&n) and
A(&,m) are essential ingredients.

Lemma 7.17. For each fixed & and 7,
lim Ay(&,n) = A(&m) -
N—o0
Also, there are positive constants C' and D such that the estimate
‘AN(&,,)’ < CeDUEP > +nl*/?)

holds for all § > s and 1 > s (the constants C' and D depend on s but not on N ). An estimate of the same
form holds with An(&,m) replaced by A(E,n).

Proof. The pointwise convergence follows from Lemma 7.16 since ¢ and 7 fixed corresponds to  — a and
y —a of order N~2/3, To obtain the claimed estimates, one uses Lemma 7.15 when & and 7 are of order N2/3
such that the corresponding values of x and y are in the disc DIY L surrounding the band edge a. When ¢
and 7 are such that the corresponding x and y values are both outside the disc, one uses Lemma 7.14 to
obtain an exponential estimate in terms of the variables ¢ and 7. Finally, when z is in the disc and y is
outside the disc (or vice versa), we may use the exact representation given by Proposition 7.9 and similar
calculations. O

We first prove (a). From our definition of AN|[S,OO),

N /[ An(e)ds

:/ AN(g,f)d§+/ An(€,€)de.
[s,N1/6)
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Applying Lemma 7.17, we see that the second integral is exponentially small as N — oo. On the other
hand, from the definition of Ay, the first integral satisfies

M(s) N1/6 M(s)+1
Z Knk(zn,ioni) < / An(§,€)dE < Z Ky k(TN TNi) -
i=M(N1/6)+1 s i=M(N1/6)

Using Lemma 7.16 and the fact that each of the above sums consists of O(N'/2) terms, we find

M(s) N1/6 M(s)+1
SoAReacrow < [ Aveodes Y Al el A o),
i=M(N1/6)+1 s i=M(N1/6)
where
(meBg)*?

(@) _ LN\2/3(, _ —
&y = (mNeBy)*?(a—xN,i) and AE = N1/p0(a)

Given the asymptotic equal spacing of A& between consecutive points 51(\? in the limit N — oo, we see that
both sums above are in fact Riemann sums:

M(s) o M(s)+1 4 o
dm oY A eac- im Y Al e)ac= [ Ao,
i=M(N1/6)+1 i=M(N1/6) s

which proves (a).
In order to check the condition (b), we need to show that, for any f,g € L?[s, o),

//f &) Ay(€.n) dédnﬂ/ / F(E) A€, m)g(n) de di

as N — oo, where the asterisk denotes complex conjugation. But, from Lemma 7.17,

FE) An(&Em)g(n) — F(&) A& n)g(n)

as N — oo for almost every € and n, and also | £(€)* An (€, n)g(n)| < CIf(&)le~ Pl g(n)|e~PI"*"*, a bound
that is independent of N. By Cauchy-Schwarz,

/ / CIF(©)le= P |g(mleP1*"* de dy < C| flallgll2 / 2P gy < oo,

so the desired result follows from the Lebesgue Dominated Convergence Theorem. Hence both conditions
(a) and (b) hold, and this completes the proof of (3.19).
The proof of Theorem 3.10 follows from that of Theorem 3.9 by duality.



Appendix A

The Explicit Solution of Riemann-Hilbert Problem 5.1

A.1 STEPS FOR MAKING THE JUMP MATRIX PIECEWISE-CONSTANT:
THE TRANSFORMATION FROM X(z) TO Y(z)

The first step in solving Riemann-Hilbert Problem 5.1 is to introduce a change of variables leading to a
piecewise-constant jump matrix. Suppose that h(z) is a function analytic for z € C\ (—o0, S¢| and consider
the change of variables

Y(z):= X(z)e(”g(z)_h(z))‘73 . (A1)

Then, since by definition —i¢r, = kg4 (2) — kg—(2) when z is in any gap I';, for z € (—o0,Bg) setting
ha(z) := lim.|o h(z £ i€), we have the jump condition

eiNer‘j 7h+ (Z)+h7 (z) 0
Yi(2)=Y_(2) 0 o= iNOr, +hy (2)=h(2) |
forzel'jforj=1,...,G, and
0 —jer—(2)+hy(2)+h-(2)
Yi(2)=Y_(2) ien(2)=y—hi ()=h_(2) 0 ;
for z in any band I; for j = 0,1,...,G. Finally, since for all real z < ag we have g4(z) — g_(2) = 27, we
have introduced a new discontinuity into Y (z) by the change of variables (A.1):
e27riﬁ7h+(z)+h,(z) 0
Yi(2) =Y_(2) 0 o—2minthi (2)—h_(2) | >

for z € (—o0, o).

In order to arrive at a problem with piecewise-constant jump matrices that is still normalized to the
identity matrix as z — oo, we thus insist that h(z) be the solution of the following scalar Riemann-Hilbert
problem.

Riemann-Hilbert Problem A.1. Find a scalar function h(z) with the following properties:
1. Analyticity: h(z) is an analytic function of z for z € C\ (—o0, Bg].

2. Normalization: As z — oo,
1
h(z) = klog(z) + O (;) . (A.2)

3. Jump Conditions: h(z) takes piecewise-continuous boundary values on (—oo,fa] with jump

discontinuities allowed only at the band endpoints. For real z, let hy(z) := lim¢jo h(z £ i€). For
z in the gap I'; = (Bi—1,5), j =1,...,G, the boundary values satisfy

hi(z) —h_(z) = ic;, (A.3)
where c1,...,cq are some real constants. For z in any band I; = (o, 3;), 7 =0,...,G, the boundary

values satisfy
B () + ho(2) = () — 7, (A4)
where v is a real constant (the same constant for all bands). Finally, for real z < «y,
hi(z) —h_(z) = 27ik. (A.5)
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The determination of the constants ci,...,cq and the constant v is part of the problem.

To solve Riemann-Hilbert Problem A.1 it is easiest to first solve for h'(z). Evidently, the function h'(z)
should be analytic for z € C\U;I;; in each band I; the boundary values should satisfy b/, (2)+h’ (2) = 1'(2).
As z — 00, we require the normalization condition h’(z) = k/z + O(z~2). In order to obtain a formula for
h'(z), recall the analytic function R(z) defined for z € C\ Uil by (2.26) and set

z
to introduce a new unknown function k(z). Evidently, k(z) must be analytic in C \ U;I, and its boundary
values kq (2) := lim¢|o k(z £ 7€) for z in a band necessarily satisfy

ki(z) —k_(2) =1 (2)Ri(2), for z in any band I;
since Ry (z) + R_(z) = 0 holds for z in the bands with R4 (z) := lim.|o R(z %+ i€). Taking into account the
required asymptotic behavior of k(z) for large z implied by (A.2), we solve for k(z) in terms of a Cauchy
integral:

1 '(x)R &
k(z):—,/ Mdﬂ,{vz%z%p.
2mi Ju. 1, T—2z
JtJ p=0
This is the general solution for k(z), and this establishes the formula (2.27) for h’(z). The constants
fos-- -, fa—1 seem at this point to be arbitrary; the next step is therefore to explain how they are determined.

Note that the inverse square-root singularities present in h'(z) at the band endpoints are integrable,
so h(z) will indeed have piecewise-continuous boundary values as required. To complete the solution of
Riemann-Hilbert Problem A.1, we must ensure that the identity A/ (z) + h’_(2) = 7/(2) holding in each
distinct band I; actually implies that h(z) + h_(z) = n(z) — v holds with the same integration constant
—~ in each band. We thus require that the conditions (2.28) all hold. Substituting into (2.28) from (2.27),
we obtain a square linear system of equations on the unknowns f1,..., fg:

_dz forli=1,...,G. (A.6)

de _ 1 ' (z) Ry (2) a
me r, R(z) /pl [27ri/ujlj T —z de + Kz R(2)’

The hnear system (A.6) is invertible. The determinant of the coefficient matrix is easily seen by multilinearity

to be
sm—1 ds} / dsg dsq
det = Dg(s1,...,8q ,
<{ r, R(s) 1<l,m<G> Ty I'c (o1 )R(SG) R(s1)

where Dg(s1, .. .,8¢) is the Vandermonde determinant det({s]" ' }1<;m<c). Since the gaps I';,...,T'¢ are
separated from each other by the bands (i.e., I'; = (6;-1, ;) and a; < §; for all j), the strict inequalities
s1 < 82 < +++ < 8¢ hold throughout the range of integration, which implies that Dg(s1,. .., S¢) is of one
sign. Similarly, the product R(s1)R(sz2)---R(s¢) is also of one sign. This proves that the determinant of
(A.6) is nonzero. Note that the constants fo,..., fa—1 solving (A.6) are all real because R (x) is purely
imaginary in the bands and R(z) is purely real in the gaps.

With the real constants fg,..., fe—1 determined in this way, and taking into account the normalization
condition (A.2) on h(z) as z — 0o, we see that h(z) must be given in terms of h'(z) by the integral formula
(2.29). Note that in (2.29), the point at infinity can be approached in any direction since x/z—h'(z) = O(z72)
as z — oo. In particular, if we consider z < ag and take paths of integration with arg(s — ag) = 7 to
compute h(z), then it is easy to see that the condition (A.5) is satisfied for z < «g. The formula (2.29)
clearly satisfies equations of the form (A.3) for j = 1,...,G; moreover, the constants ¢; defined by (2.31),
with h(z) given by (2.29), are all real. Furthermore, we obtain the formula (2.30) for the integration constant
. Clearly, v depends only on the function n(z) and the configuration of endpoints ag < By < @1 < 41 <

< ag < fa.

Given a configuration of endpoints, the solution h(z) of Riemann-Hilbert Problem A.1 depends
additionally on the data (k,n(:)). A key property of the function h(z), easily verified by superposition,
is the following.
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Proposition A.2. Fix a configuration of endpoints. Let ho(z) be the solution of Riemann-Hilbert
Problem A.1 corresponding to the data (0,n(-)), with the real constants in (A.3) denoted by cjo and with
the integration constant in (A.4) denoted by v(O). Let hy(2) be the solution of Riemann-Hilbert Problem A.1
corresponding to the data (1,0), with the real constants in (A.3) denoted by w; and with the integration
constant in (A.4) denoted by YV). Finally, let h(z) be the solution of Riemann-Hilbert Problem A.1 corre-
sponding to general data (k,n(-)), with constants c; and ~y. Then,

h(z) = ho(2) + kh1(2),
cj = Cj 0+ wjik, forg=1,....G,
= fy(o) —l—’y(l)li.

The quantities wj, which are interpreted as frequencies, are independent of k and n(-), depending only on the
value of the parameter ¢ € (0,1), the functions V(-) and p°(-), and the corresponding equilibrium measure.
The quantities cj o are similar but depend additionally on the function n(-).

The function Y (z) related to X(z) by (A.1) is analytic for z € C \ Eodel, and it takes boundary values
on Ymodel that are continuous except at the band edges where inverse fourth-root singularities may exist.
The boundary values Y1 (z) := lim. o Y(z £ i€) for z € Epodel satisfy the jump relations

iNOr; —i(cjotw;k) 0
e le
Y.i(2)=Y_(z) ( 0 o~ N, ei(cfv°+‘”1”)) )

for z € I'y, and

for z € I;. From (A.2) and the asymptotic relation g(z) = log(z) + O(1/z) as z — oo, which follows from
(4.6), we see that Y(z) =1+ O(z71) as 2 — oc.

To find Y(z) and thus to explain the solution of Riemann-Hilbert Problem 5.1, first consider the matrix
Y*(z) related to Y(z) by

Y(z), S(z) >0,
Yi(2) = 0 —i
() Y(z) ( . , S(z) <0.
-1 0
This matrix tends to the identity as z — oo only when I(z) > 0. However, the advantage is that now the
jump discontinuities will be characterized everywhere by piecewise-constant off-diagonal matrices. That is,
if we introduce the notation T'g for R\ E0de1 = (—00, ) U (Bg,o0), then Y¥(2) is continuous and thus
analytic for z in any of the bands I;. On the other hand, letting Ygt (2) := lim, o Y#(2 % ie) for real z, we
see that for z in the interval I';,

0 ,L'e*iNGrj eilciotw;ir)
Y4 (2) = Yo (2) <Z.euverj o—i(cs.0+w;K) 0 :

for j=1,2,...,G, and for z € Ty,

Yi(2) = Y () (Q é) .

7

Thus Y*¥(z) is analytic for z € C\ ¥/ where X/

model? mode

=TeU---UTg.

A.2 CONSTRUCTION OF Y¥(z) USING HYPERELLIPTIC FUNCTION THEORY

We will first develop the solution assuming that G > 0. Along with the contour X! .., we associate the

hyperelliptic Riemann surface S whose model is two copies of the complex plane cut and identified along
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X! odel- Such a surface comes equipped with a function z : § — C, P — z(P) that realizes the identification
of each sheet of S with the complex plane. Each point z € C, with the exception of the endpoints ay, . .., Ba,
has two preimages on S. Let y(z) be the function analytic for z € C\ X/ ;. that satisfies

G
y(z)? = — H(z —ag)(z — Br) and y(z) ~ iz as 2 — oo with $(z) > 0.
k=0
This function may be analytically continued to all of the Riemann surface S with the exception of the two
preimages of z = oo as a function y°(P), for P € S. We may distinguish the two sheets of S according to
whether y°(P) = y(z(P)) or y°(P) = —y(z(P)), as long as z(P) € C\ %! _ .- The polynomial relation that
realizes S as an algebraic curve is then

G
y¥(P)* = [[(:(P) = ay)(z(P) = B;),  Pe€S.
7=0

We next specify for S a basis of homology cycles: closed contours aj encircling I'y, on the sheet where
y*(P) = y(2(P)), for k=1,...,G, in the counterclockwise direction and conjugate contours by oriented in
the clockwise direction and chosen exactly so that by intersects only the closed cycle ag, precisely once from
the left of a;. The homology basis is illustrated in Figure A.1.

Figure A.1 The contour X, qe and the basis ai,...,aq,b1,...,bc of homology cycles on the associated two-sheeted
Riemann surface S. The sheet on which the cycles are shown with solid curves is that on which yS(P) =
y(2(P)) (on the other sheet y°(P) = —y(z(P))).

Also, let a vector of holomorphic differentials m¥(P) € C® be defined for P € S to have components
2(P)rt
y*(P)
A corresponding vector m(z) € C® may be defined for z € C\ ¥/ ., to have components my(z) =

2P~ /y(z), for p=1,...,G. We define a G x G constant matrix A of coefficients so that

mS (P) :==

o dz(P), forp=1,...,G.

% AmS(P):27Tie(j), fork=1,...,G,

where eU) are the standard unit vectors in C%. These equations determining the matrix A may be written
in the equivalent form (2.33), which makes the integration concrete and also makes it clear that the elements
of the matrix A real. We use the notation al¥), ..., a(%) to denote (in order) the columns of A. The vector
Am?®(P) is the vector of normalized holomorphic differentials on S, the normalization being relative to the
cycles ai,...,aq. With A so determined, we construct vectors b(9) € C& by defining

bl = 7{ Am®(P), (A.7)
bj

and we denote by B the matrix whose columns are in order b("),... b(%). The definition (A.7) may be
written in the equivalent form (2.34), which makes the integration concrete. The matrix B is real, symmetric,
and negative-definite, and thus B defines for w € C“ a Riemann theta function ©(w) by the Fourier series
(2.36).
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Given a base point Py € S, the Abel-Jacobi mapping w*(P) is defined by
P
wo(P) == Am?
Po
and since the path of integration on S is not specified, the mapping is made well defined by taking the range to
be the Jacobian variety Jac(S) = C& /A, where A is the integer lattice with basis vectors 27ieV), ... 27ie(®)
and b ... b(@ . The definition (2.37) of w(z) is a concrete version of the Abel-Jacobi mapping with base
point z = «ap. Since m(z) behaves like

Cx
m(z) = _iwa“}) +0 (i:g) as z — 00,
z z

we see that m(z) is integrable at infinity in the two half-planes. The asymptotic behavior of w(z) may be
easily computed:

1 1
w(o0) +ia @ = +0 (—2> as z — oo with &(z) >0,
z z
w(z) = 1 1
w_(00) — ia(G); +0 (z_2> as z — oo with §(z) <0,

where the special values w (c0) are defined by (2.38).
For z € R, we denote by my(z) and w(z) the boundary values taken by m(z) and w(z) on R from the
half-planes C+. The boundary values w (z) are continuous functions with the following expressions:

z

wi(z) = Am, (z)dx, for z € Iy, (A.8)
o
1 g :
wi(z):—§b(j)¥zme(k)+ ; Am, (z)dx, forzel'y,j=1,...,G,
k=1 i—1
wi(z) = Am(z)dx, for z € Iy,

@0

and
L 2
wi(z) = fgb(” F Zﬂ'ie(k) +/ Am(z)dx, forzel;,j=1,...,G.
k=1 i

If 2 lies in the right half of T, we interpret the integral in (A.8) as always lying on I'y and passing through the
point at infinity. Since m(z) is analytic for z € C\ X! 4. and when z € £/, we have m(z)+m_(z) =0,

mode mode
the boundary values of w(z) on the real axis are related as follows:

wi(z)=—-w_(z) — bW forzel'y,j=1,...,G, (A.9)
and
wi(z) =—-w_(z), for z € Ty, (A.10)
and
J
W+(Z)=W_(Z)—Z27Tie(k), forzel;, j=0,...,G. (A.11)
k=1

By the 27i periodicity of ©(w) in each coordinate direction of CY, we see from (A.11) that for any vector
q € C%, the function

f(z:q) = O(w(z) — q)
is analytic in C\ ¥/ _,.; and in fact takes continuous boundary values on 3! ... Moreover, using the facts

O(-w)=0(w) and O(w=xbl) = Bi/2etwiQ(w)
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holding for all w € C¢ and easily derived directly from the Fourier series (2.36), we find from (A.10) that
if for real z we define fi(z;q) :=limejo f(z £ i€; q), then

f+(z;q) = f-(z;—q), for z € Iy, (A.12)
and from (A.9) that for j =1,...,G,

filzq) = e Pul2mwi- Bt (2 —q)

Al
eBii /2 HwisRedi f (2 —q), -

when z € I';. Now with the vector r defined componentwise by (2.32) and with the frequency vector Q

having components w1, .. .,wg, consider the quotient functions
n flz;xaLirFikQ) O(w(z) FqFir £ ixf)
g5 (2q) == : =
f(z%q) O(w(z) Fa)

As long as the denominator does not vanish identically, it will have at most G zeros on C\ X/ ., (more
precisely, replacing w(z) by w*(P), the resulting function of P will have exactly G zeros on the Riemann
surface S, counting multiplicity, and these may occur on either of the two sheets). These quotient functions
g% (2;q), when q is such that the denominator is not identically zero, are meromorphic functions for z €
C\ X oqer- From (A.12) and (A.13), we then find that

gf(Z; q) = eiiNOFjeil:i(cj’o+wjm)gf(z; q), forely,j=1,...,G,

and for z € T,
95 (1) = 97 (2q).
The subscripts again denote boundary values taken as real z is approached from the upper and lower

half-planes, just as for f(z;q). The functions g*(z;q) also take finite values as z — oo separately in each
half-plane, and in particular we have the asymptotic formula

9 i v@(m(oo);quiriim)V@(W+(m)¢q)]+0<i)

Fooa) TEY [ Owio) FaFirEin®) | O(ws(o0) T q) =
as z — 0o with $(z) > 0, where V denotes the gradient vector in C%, and thus al®) .V is a derivative in
the direction of a(@).

Comparing the desired jump relations satisfied by Y#(z) in the gaps with the jump relations satisfied
by the functions g% (z;q), we are led to the strategy of constructing the matrix Y*(z) from the quotient
functions g* (z; q) by choosing q appropriately. The functions g*(z; q) have poles in C\X/__ ., corresponding
to the zeros of the denominators; however, they are also typically finite at the endpoints «y, ..., Bq. Since
we can admit mild singularities in Y#(z) at the endpoints, we may introduce additional functional factors
with such singularities that also have zeros that cancel any poles in g (z;q). Thus we may seek the matrix
elements of Y#(z) in the form of products of g% (z; q) with these functional factors and choosing the vectors
q appropriately.

To introduce the correct functional factors, recall the function A(z) defined for z € C\ X/ _ ., by (2.39)
and the corresponding functions u(z) and v(z) defined in the same domain by (2.40). Noting that e™/4)\(2)

is a real-analytic function that is positive for z € R\ X/ .|, we obtain the identity

v(z) = —u(z")*.
Both functions u(z) and v(z) are analytic throughout their domains of definition. The boundary values
us(z) = limejou(z £ ie) and v+ (z) := lim¢jov(z £ ie) taken on X! .., have mild singularities at the

endpoints but are otherwise continuous and satisfy
uy(z) = —v_(z) and v (z) = u_(2), for z € X!

model *

Also, we clearly have u(z) — 1 and v(z) — 0 as z — oo with $(z) > 0; more precisely,

u(z)zl—i—O(ZiZ) and v(z) :iz Br — o) Zﬁk_ak +O( )

k=0
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as z — oo with §(z) > 0.
To locate the zeros of u(z) and v(z), note that

A(2)*=1], (A.14)

which proves that any zeros of u(z) must be real. But the right-hand side does not vanish for z € C\ X/ ;.

and therefore strictly speaking u(z) is nonzero in its domain of definition. However, the right-hand side of
(A.14) has exactly one simple zero z = x; in the interior of I';, for each j = 1,..., G, and no other zeros.
These are precisely the G roots of the polynomial equation (2.41). Therefore the boundary values w4 (2)
can have zeros. Parallel arguments apply to v(z). Since A;(z) := lim.jo A(z + i¢) > 0 for z € X/, we
deduce finally that

u_(xz;) =0 and vi(x;) =0, forj=1,...,G,

where z1,...,x¢ are the roots of (2.41) and 8,1 < z; < a;.

To build matrix elements of Y¥(z) out of products of g% (z;q) with u(z) or v(z), the vector q should be
chosen to align the poles of the functions ¢g¥(z;q) with the zeros of the boundary values of u(z) or v(z).
An important observation at this point is that the aggregates of points Dy := {z; £ 0} form nonspecial
divisors, meaning that if the expression (tg_12%"1 +tg 22972 +--- +t9)/y(z) is made to vanish at all of
the G points in either D4 or D_ by an appropriate choice of the coefficients ¢;, then it vanishes identically.
This implies that the function f(z;q) will have exactly the same zeros as u(z), with the same multiplicity,
if one takes q = q, with q, defined by (2.42) in terms of the Abel-Jacobi mapping evaluated on the
divisor D_ and the vector k of Riemann constants defined by (2.35). Similarly, the function f(z;q,) has
exactly the same zeros as v(z), with the same multiplicity, when q, is defined by (2.42) in terms of the
Abel-Jacobi mapping evaluated on the divisor D and the vector k. Note that as a consequence of (A.9)
and (2.35), qu +q, = 0 modulo 2miZ%. Also, q, —q’ = 0 modulo 27iZ%. We therefore can see that all four
functions u(z)g* (z; £q,) and v(2)g*(2;£q,) = v(2)g* (2; Fqu) are analytic for z € C\ ¥/ 4, and take
continuous boundary values on X!, with the exception of the band endpoints «, ..., 3g, where they all
have negative one-fourth power singularities. With the help of these functions, we may now assemble the
solution of Riemann-Hilbert Problem 5.1. First, we write down a formula for Y*#(2) by setting

u(z) gt (2 qu) iv(z) 9~ (2 —qy)

Yﬁ(z) — 91(003 qu) g:(oo; _qv) for G >0
R PN AN ) g (z—qu) |’ '
w(z)Jri u(z)—m——m=
97 (005 qy) g+ (00; —qu)

If G =0, then the Riemann theta functions are not necessary, and we have simply

vie = (o) W) a0

A.3 THE MATRIX X(z) AND ITS PROPERTIES
In both cases, G = 0 and G > 0, going back to the solution X(z) of Riemann-Hilbert Problem 5.1 requires

multiplying Y#(z) on the right by ioy for I(z) < 0 to recover Y (z), followed by multiplication on the right
by e(#(2)=r9(2))73 to obtain X(z). We have proved the following.

Proposition A.3. The unique solution of Riemann-Hilbert Problem 5.1 is given by the following explicit
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formulae:
+( s —(,.
9 (Zqu) phey o9 (B ) e
U(Z)ﬁeh( ) ’[,’U(Z ﬁe h( )
G4y 201 A g0 e 9% - §(2) > 0 and G > 0,
iU(Z) g (Zaq’u) eh(z) ulz g (Zv —Qu) €_h(z)
R — (.
X ) — gf(oo,qv) g+(oo, _qu)
(=) 9 (z3—aw) 4 g (zau)
—v(z) "¢ (2) iu(z) e~ (2)
g:gz.o’__ql)’) 9++(‘E§jq“)) e r9(2)os (z) <0 and G >0,
ZU(Z g y T Qu eh(z) —’U(Z) g y Qu efh(z)
= T
97 (00; —qu) 9= (005 qu)
h(z) —h(2)
P(z)eh( ) v(z)e e 9% §(2) >0 and G =0,
w(z)e™  u(z)e”

: )
X(#) = —v(2)e"® ju(z)e )

iu(z)eh(z) —v(z)e —h(z)

In verifying the solution, it is useful to observe in addition that gf_ (003 q) = g7 (00;q), for any q € CC.

) —rg(2)o3 , S(2)<0and G=0.

Proposition A.4. Let the coefficients B](,Ilv) and B](i) be defined in terms of the elements of the matrix
X (z)er9)—1os(2)s g5 follows:

X (z)erta)-tos(=nes 4 Lgm f Lo oL
z 22 3
as z — 00. Then
(50_040), fOT.G:O7
B _ o .
12 O(W(00) = qu +ir — ikQ)O(W_(00) — qu) 1 3
4

RNy

(Bj —aj), forG>0,

§=0
1
1(50—040), for G=0,
Béi) =\ O(wi(o0) —qy —ir+ ik2)O(W_(00) — qy) 1 ¢
O(W_(o0) — qu — ir + ir82)O(W4 (00) — qu) 4 ;(@’ — ), forG>0.
Also, if G =0, then
(
1, Bip 1
By + B 5(50 + o),
and if G > 0 then
€]
2 _ 2
BY 1 Z:o(ﬁj ")
WM 4 P12 _ —J=
11 B§§) 2 G
Z(ﬁj - )
§=0
+ ). VO (W, (00) + qp — ir + ikQD) B ial@ . vVO(w(c0) + qu)
<vv+<oo> T, =it i) O(w () + )
+ ) VO (W, (00) — qp + ir — ikQD) B ial®) . VO(w, (c0) — qy)
O(w(00) — qu + ir — ik§2) O(wi(oo) —qu)

Proof. These equations follow directly from the explicit formulae for X(z) and the fact that q, + q, = 0
modulo 27miZ%. Tt is also perhaps useful to point out that it is never necessary to use an explicit expression
for the leading coefficient of h(z) — xlog(z) as z — oo; although this coefficient appears in B, (2 ) and also in

Bﬁ), it cancels out of the particular combination Bﬂ) Bg) / Bg). O
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A.3.1 Completion of the proof of Proposition 5.2

The uniform boundedness of X(z) for z bounded away from any band endpoints «ay, ..., B follows from the
corresponding property of the functions u(z) and v(z) and from the manner in which the large parameter
N enters into the argument of the Riemann theta functions as a real phase r — k€2 that is independent of
z (recall that ©(w) is periodic with period 27 in each imaginary coordinate direction in C%). To see the
independence of the combination )'((z)e”“g(z)‘73 from the arbitrary locations of any transition points in Yy,
observe that the combination Y (z)e ()73 can involve the function g(z) only through the endpoints of the
bands, which clearly do not depend on any arbitrary choice of transition points in transition bands.

A.3.2 Completion of the proof of Proposition 5.3

Note that for real z, the product p(z) := X11(2)X12(2) can equivalently be written in terms of the elements
of the matrix Y#(2) as p(z) = Y1u1+(z)Ylu2+ (2). Now Y#(z) satisfies the symmetry

Yi(2) = YH(z)" (02_ OZ) . (A.15)
Indeed, the left- and right-hand sides of (A.15) both have the same asymptotic behavior as z — oo, regardless
of whether J(z) > 0 or $(z) < 0, and satisfy the same jump conditions for z € 'y, j = 0,...G. In other
words, both sides of (A.15) solve the same Riemann-Hilbert problem. A uniqueness argument based on
Liouville’s Theorem thus proves (A.15). Using (A.15) we may also write p(z) = szlH( )Ylﬁlf(z)* when z
is real.

Let us now consider the zeros of the function Y, (z). Recall that u(z) is nonzero for z € C\ X, _,.,, and for
z € X! 4o We have that uy(z) is bounded away from zero while u_(z) vanishes only at a single point z; in
each interior gap I'; = (8,-1,;), for j = 1,...,G. This shows that if G = 0, then (since there are no interior
gaps) p(z) is Strlctly nonzero for z € X! If G > 0, then the zeros of u_(z) on X/, are cancelled
(by construction) by corresponding zeros of the entire function ©(w(z) — q,) in the denominator of Ylﬁ1 (2).
Thus for G > 0, the zeros of u(z) are precisely the zeros of the numerator ©(w(z) — q,, — ir + ikQ2). Recall
that r and k€2 are real. By Jacobi inversion theory, it can thus be shown that ©(w(z) — q,, —ir +ixQ) has
exactly one zero on either the upper or lower edge of each cut I';, for j = 1,...,G (in a nongeneric situation
the zero may lie at one or the other endpoint of I';). As the parameter « is varied continuously with qu,, r,
and Q held fixed, the G zeros of ©(w(z) — q, — ir + k) oscillate about the cuts (moving one way along
the upper edge and the other way along the lower edge) in a quasiperiodic fashion. The actual behavior of
the zeros is more complicated since the parameter x can in fact be incremented only by integers (recall that
the polynomial degree k is ¢cN + k); thus if the frequency vector €2 is a rational multiple of a lattice vector in
277%, then the motion of the zeros will be periodic rather than quasiperiodic. In an extremely nongeneric
situation the zeros of ©(w(z) — q, — ir + ix€Q2) may be located at the endpoints of the interior gaps I'; for
all admissible k. Therefore, if Xui(z) is bounded away from zero for z € I';, j = 1,...,G, then Xll;(z)
necessarily has a simple zero in the interior of I';. This shows that the product p(z) vanishes at exactly one
point z = z; in the interval [§;_1,q;], for j =1,...,G and G > 0.

Now for real z we write

model” mode

Y1ﬁ1+(z)
uy(z)

p(=) = —iu (2)u_(2)"

u_(2)

It follows from (A.14) that for z real, —iuy(z)u—_(2)* is a real function that satisfies

Ylﬂl—(z)l ) '

—iuy(2)u_(2)" <0, for z < g,
—tuy(2)u_(z ) >0, for z > fBa,
—tuy (2)u_(z)" — as z Tajfor j=0,...,G,
—tuy(2)u_(z)" — 400, asz | B for j=0,...,G.
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At the same time, we have the existence of the following finite limits:
A, — lim Y1ﬂ1+(z) Y1ﬁ17(z)
T Slay | ug(2) u_(z) |
B. — lim Y1ﬁ1+(z) Y1ﬁ17(z)
I 2B | U4 (Z) U_ (Z)

We clearly have A; > 0 and B; > 0 for all j = 0,...,G; the limits are strictly positive unless one of the
zeros zj occurs at an endpoint. This proves that p(z) > 0 for z < z; in I'; and that p(z) < 0 for z > z; in
L, for j=1,...,G, while p(z) < 0 for z < ap and p(z) > 0 for z > fq.
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Construction of the Hahn Equilibrium Measure: the Proof of Theorem 2.17

B.1 GENERAL STRATEGY: THE ONE-BAND ANSATZ

The main idea is to begin with an ansatz that there is only one band, a subinterval of (0,1) of the form
(a, ), where « and 8 are to be determined. Then using the ansatz we derive formulae for a and (3, the
“candidate” equilibrium measure, and the corresponding Lagrange multiplier. Of course, one must then
check that the measure produced by this one-band ansatz is consistent with the variational problem.

The associated field (2.1) is

pla) = VI (24, B) + /O1 logla —y|p"(y) dy
—(A+2x)log(A+z) —(B+1—x)log(B+1—2x)+zlog(z) + (1 — z)log(l — z)
+ Alog(A) + (B +1)log(B+1) —
and hence
¢'(x) = —log(A + z) +1og(1l + B — ) + log(x) — log(1 — z).

In the presumed band, the candidate equilibrium measure (we will refer to its density as ¥ (x)) satisfies the
equilibrium condition (2.14). Differentiating this equation with respect to z, one finds that

2 g, Lo (B.1)

P. V.
o T—Y 2c

holds identically for = in the (as yet unknown) band o < z < . Introducing the Cauchy transform of ¢ (z),
1
F(z) = Mdy7 for z € C\ [0,1],
0o #Y

elementary properties of Cauchy integrals imply that if F; (x) denotes the boundary value taken on [0, 1]
from above, and F_(z) denotes the corresponding boundary value taken from below, then

Fy(2) - F-(z) = —2riv(a
1 w (B.2)
§(F+(x) =P. V. / -

Also, as z — 00, the condition that ¢ (z) should be the density of a probability measure implies that

1 1
F(z)=;+0<;> as z — 00.

According to the one-band ansatz, the remaining intervals (0,«) and (8, 1) are either voids or saturated
regions. So at this point, the one-band ansatz bifurcates into four distinct cases that must be investigated:
these are the four configurations of void-band-void, saturated-band-void, saturated-band-saturated, and
void-band-saturated. We will work out many of the details in the void-band-void case and then show how
the analysis changes in the other three configurations.
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B.2 THE VOID-BAND-VOID CONFIGURATION

In both voids (0, «) and (5, 1), we have the lower constraint in force: ¥(z) = 0. Hence from (B.1) and (B.2),
F necessarily solves the following scalar Riemann-Hilbert problem: F(z) is analytic in C\ [«, 8] and satisfies
the jump condition

1
F+(:E)+F,(ac):zgp’(x), fora<z<f,
and as z — oo,
1 1
= — —_— . B.
Fo=1+0(%) (8.3

The solution to this Riemann-Hilbert problem is given by the explicit formula

_RR) [T W) - .
Flz) = 27ric/a R (y)(y — 2) dy,  forzeC\[a,f], (B.4)

where the subscript + indicates a boundary value taken from the upper half-plane, R(2)? = (2 — a)(z — f3),
and the square root R(z) is defined to be analytic in C \ [«, 8] with the condition that R(z) ~ z as z — oo.
The asymptotic condition (B.3) on F' now implies, by explicit asymptotic expansion of the formula (B.4),
the following two conditions on the endpoints a and (:

IR L () B
2mi o R+ (y) ’
1 [Py
_ L [Tue (y) dy = c
2mi o R+ (y)

In a standard application of formulae involving Cauchy integrals, one can evaluate the above integrals and
find that the endpoint equations are equivalent to

cosh™* (A;—s) —cosh™! <¥> — cosh™* (2) 4 cosh™! (1 ; 8) =0 (B.5)
and
VA+s2 -2 —/s2—2+/1+B—5?2 -2 —\/1-52—d=2+A+B, (B.6)
where s and d are defined by
5= ﬂ;a, d:= B;Q

Now using the addition formula cosh™*(a) £ cosh™*(b) = cosh™*(ab+ /(a2 — 1)(b2 — 1)) twice, the equation
(B.5) becomes

(24 A+B)s—/(A+s)?—@Vs2—d?=B+1—/(B+1-3s2—-d>/(1—52—d2. (B.7)

Thus « and § are necessarily solutions of the system of equations (B.6) and (B.7). Now we take the square
of both sides of (B.6), add two times (B.7), and find

2 A+ B)?2+ A2 - B?
VAT @ e ErALD T |

2(2c+ A+ B)
To simplify upcoming formulae, we set
W=+/(A+s)?—d?, (B.8)
X =1/s2—d?, (B.9)
Y=+/(B+1-5)2—d2, (B.10)
Z=\/1—-s2—a. (B.11)
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With this notation, the equations (B.7) and (B.6) for s and d (and hence for o and 3) become
2+A+B)s-WX=B+1-YZ, (B.12)
Y-Z=2c+A+B-(W-X). (B.13)
By taking the square of both sides of (B.12) and adding two times (B.13), we find
(2c+ A+ B)? + A2 — B?
2(2c+ A+ B)

On the other hand, by the definition of W and X, (W — X)(W + X) = A2 4 2As, and thus (B.14) implies
that W 4+Y = (A? + 24s)/K. Hence

W-X-=

A? +2As

2W=K+ —— B.1

WK+ S (B.15)
2

29X — —K + % . (B.16)

Also, (B.13) implies that ¥ — Z = 2¢+ A + B — K, and from the definitions of Y and Z, we have
(Y — Z)(Y + Z) = B? + 2B(1 — s). Therefore we find

B2+ 2B(1 - s)
2Y =2 A+B-K+ —-——— = B.1
ctAt T XTATB K’ (B17)
B?+2B(1 -
27— —(2e+ A+ B-K) 4 2 F2BU=s) (B.18)

2c+A+B-K"
Substituting (B.15)—(B.18) into (B.12), we find a quadratic equation in s:

(2+A+B)5%{K2+<w> }B+1+i{(26+A+BK)2<B2+2B(1s)> },

K 2c+A+B—-K
(B.19)
where K is defined in (B.14). The solutions to this quadratic equation are
A(A+ B A+ B)(B—-A+2 B—A+2)c?
o L AAHB) (A4 BB A+ D+ (B-A+2)e 5.20)

(A+ B +2c¢)?
and
A(A+B)(1+B) + (A+ B)(A+ B +2)c+ (A+ B +2)c?
A2 — B2 :

Since 0 < a + 8 < 2, we need to check which of these two roots actually lies in [0, 1]. For sq, one sees that
if A < B, then so <0, and if A > B, then by looking at the terms not involving ¢,

A(A+ B)(1+ B) A’B+ AB? + AB + B>
A2 _ 2 —1= A2 _ 2
On the other hand, the numerator of s; can be written as

A(A+B)1—¢)+c{(A+ B)(B+2)— Ac} + (B +2)c2.

S = S9 =

Soy— 1> >0.

Since 0 < ¢ < 1, each term is positive, and thus s; > 0. Analogously, the numerator of 1 — s; can be written
as

(A+ B)B(1—c)+c{A(A+2)+B(A+2—¢)} + (A+2)c?,

and each term is positive as ¢ € (0,1), which implies that s; < 1. Thus s; € (0,1), and we have found the
root we need.
Substituting (B.20) into (B.16) and (B.18), we find

X =Xy, Z =2y,
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where
—c*—(A+B)e+ A
Xo:= ,
(A+ B+ 2¢)?
o —c?—(A+B)c+B
(A+ B+ 2¢)?
Note that
X0 >0, for0<c<eca,
Xo <0, for ¢ > cyu,
Zy >0, for0<ec<cp,
Zy <0, for ¢ > cp.

Thus the conditions X, Z > 0 yield conditions on ¢ which are
0 < ¢ <min(ca,cp).

Only for ¢ satisfying these inequalities can « and g be found from the equations 8 + a = 2s and aff =
52 —d? =Y. The quadratic equation for a and f3 is exactly (2.74), and the explicit solutions are given by
(2.75) and (2.76).

With the endpoints determined, the candidate density for the equilibrium measure in the interesting
region o < x < (3 can be obtained by evaluating F(2) and using

1
U(r) = — 5= (Fi () — F_(2)

First, we evaluate F'(z). For z € C\ [a, §], we have

_R(z) [P L)
Fle) = 27m'6/a Ry(y)(y — )dy
¢'(

_ R() )
4mc/ Ry -2~

where the closed contour T'y encloses the interval [, 3] once in the clockwise direction, and the inside
of Ty does not include any points y in the set {z} U (—00,0] U (1,00]. Noting that ¢’(z) is analytic in
C\ ([-A,0] U [1,1 + B]), we deform the contour of integration so that the integral over I'y becomes the
integral over the union of the intervals [—-A,0] and [1,1 + B]. Being careful with branches of the various
multivalued functions involved, we find that

_i /Z R(Z) B 0 diy_ 1+BL
Fe) = ger a7 ( L= R(y)(y—z>>'

Here, when z is in either of the intervals (—A,0) or (1,1 + B) where F(z) is supposed to be analytic, the
integral is interpreted as the principal value. This integral is equal to

F(z) =

, ds 1+B ds
—¢'(2) - + .
2c 2c ﬁ/erog 5+ﬂ s+z 1 w/s—oz s—p S*Z

Now we use the following formula (see for example, [AbrS65)),

/\/ﬁs—l—z - (Z—(j)z—b [ (F )——logs+z)

and evaluate the two integrals exactly. The result of this calculation is that for z € C\ [«

1 1+B-0 1+B—« 1-0 11—«
——1g<~, z—pf + z—« >__1g<\/—+ z—oz)
1 A+ A+« 1 I} a

__lg<\/z—ﬁ+ z—a>+510g< z—ﬁ+ z—oz)7
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where all the square root functions /w are defined to be analytic in w € C\ (—o0, 0], with the condition that
Vvw > 0 for w > 0, and the logarithm log(w) is defined to be analytic in w € C\ (—o0, 0], with the condition
that log(w) > 0 for w > 1. Now using log(a + ib) — log(a — ib) = 2i arctan(b/a), we obtain, for z € («, ),
the formula cited in Theorem 2.17 for the equilibrium measure (as mentioned above, the candidate ¥ (x) we
have just constructed turns out to be the actual density of the equilibrium measure).

The Lagrange multiplier ¢. can then be obtained from the variational condition (2.14), which we may
evaluate for any = € [, 3]. Therefore, since ¢ (z) is supported only in [a, (] in the void-band-void case
under consideration,

B8
te=—2¢ [ log(s - 9)v(s)ds + 0(3).

Here we have arbitrarily picked = 3. Now using the exact formula for t(z) and the identity

1 fF — k ko[l
ﬂ—a/a log(8 — s) arctan (k f_j) ds:m(l()g(ﬂ_a)_l)+1i—]€2 Elog(l—l—k)—logQ

we obtain the corresponding formula for the multiplier.

B.3 THE SATURATED-BAND-VOID CONFIGURATION
Since ¥ (z) = 1/c in the saturated region supposed to be the interval (0,«), from (B.1) and (B.2), the

Cauchy transform of the candidate density v (z), F(z), is necessarily the solution of the following scalar
Riemann-Hilbert problem: F(z) is analytic in C \ [0, 5] and satisfies the jump conditions
27
Fi(a) = F(2) = -2,

for 0 < z < «, and

for o < x < 3, and as z — o0,

The solution is

F(z) =

¢ (y)
2mc< R(y)(y — 2) y+/ R (y (—z)dy>’

where R(z) denotes the same square-root function as before. The equations for the endpoints a and [ now
include additional terms:

@ o'y)

/o R@) o R+<>dy‘°’
v ),

/o Rp) Y 2mi ), R+<y> y=ec.

Evaluating these integrals, we see that these equations are equivalent to (compare (B.12) and (B.13))

(A+B+2)s+WX=B+1-YZ, (B.21)
Y —Z=2+A+B—(W+X), (B.22)
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where W, X,Y, Z are exactly as defined in (B.8)—(B.11). Similar reasoning then yields

A2 + 2A4s
W=K+ —F—
+ K ,
A% +2A4s
2X=K - ——~—
K )

B2 +2B(1 - s)

2Y =2¢c+A+B-K+ —u«»——~

crat +2¢+A+BfK’

B? +2B(1 —s)

97=—(2c+A+B—K .
(2e+ A+ )t YT AT B K

Substituting these formulae into (B.21)-(B.22), we obtain ezactly the same equation as in the previous
case, namely, (B.19), and we also find that we must take the root s = s;. From this, we have

X = _X07 Z - ZO .
Thus X, Z > 0 implies the following conditions on c:
ca<c<cp.

Hence it is necessary in the saturated-band-void case that A < B (see (2.73)). Under these conditions, one
finds that the solutions o and 3 are again given by exactly the same formulae as in the previous case — only
the conditions on ¢, A, and B are different. The candidate equilibrium measure in the band (¢, §) and the
corresponding Lagrange multiplier may now be found as before by evaluating the integrals in the explicit
formula for F(z) and taking boundary values on («, 3).

B.4 THE VOID-BAND-SATURATED CONFIGURATION

The appropriate scalar Riemann-Hilbert problem for the Cauchy transform of the candidate density is the
following: F'(z) is analytic in C\ [, 1] and satisfies the jump conditions
27

Fi(a) = F-(z) = - =,

for < x <1, and

for a < x < 3, and as z — o0,

The solution is

R 7 ' b 2mi
2mic \ Jo Ri(y)(y —2) s B(y)(y—2)
By taking moments of F(z) for large z and analyzing the resulting equations, we find again the same
quadratic equation for s, but this time we get
X = X, Z =—2Z.
These equations imply the following conditions on c:
cg<c<cy,

and therefore this configuration is possible only if B < A. Again one then finds that « and 3 are given by
the same formulae as before, and by evaluating F'(z), one can calculate the candidate density for « < z < 3
and the Lagrange multiplier £..
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B.5 THE SATURATED-BAND-SATURATED CONFIGURATION

The scalar Riemann-Hilbert problem for the Cauchy transform of ¥ (x) is the following: F'(z) is analytic in
C\ [0, 1] and satisfies the jump conditions

Fy(@) = F-(0) = =22,

for0<z<aand f<x<1,and

for a < x < 3, and as z — oo,

The solution is

_RE) ([ 2mi A ¢ () B ! 2mi
Fe= 2m'c< | mon v L w0, mwe dy)'

By similar analysis, we arrive again at the same quadratic equation for s and find

X=-Xo, Z=-2.

These equations imply the following conditions on c:
max(ca,cp) <c <1,

and again the endpoints « and 3 have the same expressions as before. Evaluating the integrals in F(z) and
taking boundary values then gives the candidate density in («, ), and the Lagrange multiplier may then be
found by direct integration.
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List of Important Symbols

Symbol Meaning Page
p N (gL ay) Joint probability distribution of k particles 1
P(event) Probability of an event 1
ZN Normalization constant for p(N’k)(xl, cey TE) 1
a, b, and ¢ Dimensions of the abc-hexagon 3
P, P, P3, Py, Ps, and Fs Vertices of the abe-hexagon 3
L Hexagonal lattice within the abc-hexagon 3
A, B, and € Rescaled a, b, and ¢ 4
an k() and by k(t) Solution of the finite Toda lattice 5
A(c,T) and B(c, T) Solution of the continuum limit of the Toda lattice 5
iy x(t) and by x(t) Solution of the linearized Toda lattice 7
N Number of nodes 8
XN Set of nodes 8
TN Node 8
WN n Weight at the node zn 8
w(x) Weight function defined for x € Xy 8
PN ,k(2) Discrete orthonormal polynomial 8
cg\}n,z Coefficient of z™ in pn x(2) 8
YN,k Leading coeflicient of py x(2) 8
TNk (%) Monic discrete orthogonal polynomial 8
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Symbol Meaning Page
an,k Diagonal recurrence coefficients 9
bk Off-diagonal recurrence coefficients 9
M(z; N, k,t) Jost matrix for Toda flow 15
L(z; N,k,t) and B(z; N, k,t) Matrices in Lax pair for the Toda lattice 15
W (z; N, k,t) Squared eigenfunction matrix 16
0 (x) Node density function 10
[a, b] Interval containing nodes 10
Vv (x) Exponent of weights 10
V(x) Fixed component of V() (potential) 10
n(x) Correction to NV (x) 10
k Degree of polynomial, number of particles 11
c Asymptotic ratio of k/N 11
K Correction to Ne¢ 11
P(z; N, k) Solution of Interpolation Problem 1.2 12
A Subset of node indices where triangularity is reversed 17
Zy {0,1,2,...,N — 1} 17
#A Number of elements in A 17
Q(z; N, k) P(z; N, k) with residue triangularity modified 17
o3 Pauli matrix 17
Vv Complementary set to A in Zy 18
P(z; N, k) Dual of P(z; N, k) 18
k N — k, number of holes 18
o1 Pauli matrix 18
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Symbol Meaning Page
WN Dual weight at the node zx 18
TN (%) Dual of 7wy x(2) 18
AN i—1 Dual of yn i 19
o(z) External field 25
E.[u) Energy functional 25
Hoin Equilibrium measure 25
F.[u) Modified energy functional 26
Le Lagrange multiplier (Robin constant) 26
Set where lower constraint holds 26
F Set where upper constraint holds 26
Genus of S 28
Qg, ..., QG Left endpoints of bands 28
Bos -, 0a Right endpoints of bands 28
Iy,..., Ig Bands 28
ry,...,I'e Interior gaps (voids and saturated regions) 28
650 (x) Variational derivative of E, 28
L.(z) Complex logarithmic potential of u¢ ;. 28
ff(z) Continuation from I' of logarithmic potential of uf ;. 28
Il (2) Continuation from I of logarithmic potential of 1€, 28
&r(x) Analytic function defined in gap I’ 29
Yr(z) and ¥ (z) Analytic functions defined in band I 29
" (2) Conformal mapping near band/void edge « 29
TFV ’R(z) Conformal mapping near band/void edge 29
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Symbol Meaning Page
FA L(2) Conformal mapping near band/saturated region edge « 29
FA ’R(z) Conformal mapping near band/saturated region edge [ 30
Or,,...,0r, Constants defined in interior gaps I'y,...,I'g 30
O(a,a0) a0d O (5 1) Constants defined in exterior gaps (a, o) and (B¢, b) 30
V() Dual of Vy(z) 30
i Dual of 30
R(2) Branch of square root of (z — «g) -+ (2 — Bg) 31
h(z) Solution of Riemann-Hilbert Problem A.1 31
v Correction to N/, 31
€5.0 k-independent part of —i(hy(z) — h_(z)), for z € T; 31
"y Coefficient of k in —i(h4(2) — h_(2)), for z € T 31
r Phase vector with components N9pj —¢jo 31
Q Frequency vector with components w; 31
y(z) Branch of square root of (z — ag) - -+ (2 — B¢) 31
my(z)dz,...,mg(z)dz Branches of holomorphic differentials mf'(P), ..., mg(P) 31
A Matrix with columns a(?) ... a(@ 31
B Riemann matrix with columns b ... b(%) 31
k Vector of Riemann constants 31
O(w) Riemann theta function 32
w(z) Branch of Abel-Jacobi mapping 32
w (00) Limiting values of w(z) as z — oo 32
u(z) and v(z) Factors in solution of Riemann-Hilbert Problem 5.1 32
. and q, Vectors in the Jacobian giving zeros of u(z) and v(z) 32
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Symbol Meaning Page
W(z) Alternate notation for Xy (z)er9(*) 32
Z(z) Alternate notation for Xjs(z)e="9() 32
HE(2) Factors in first row of HIY’L(Z), HIY’R(Z), H?’L(z), and 32
H(2)
K f} Compact complex neighborhood of a closed interval J 34
0°(2) Phase variable related to p°(z) 34
w%fflw (p,q) Krawtchouk weights 42
VEraw (. ) Exponent of Krawtchouk weights 42
wWN,n (b, c,d) Weight degenerating to wi2h (P, Q) and wi*°°(P, Q) 43
wi (P, Q) Hahn weights 44
W (P, Q) Associated Hahn weights 44
Viahn (20 P Q) Exponent of wJ}\I,?S“(P, Q) 44
yHahn (2. A B) Fixed component of Vi#ht(z; NA+ 1, NB+1) 44
nHahn (z: P, Q) Correction to NVHahn (32 A B) 44
Vigssec(x; P, Q) Exponent of wﬁfffc (P,Q) 45
VAssoc(g: A B) Fixed component of V{%°¢(z; NA+ 1, NB + 1) 45
ca and cp Critical values of ¢ for the Hahn equilibrium measure 45
R%V o) (1, Tm) m-point correlation function of k-particle ensemble 49
E(X) Expected value of a random variable X 50
Ky iz, y) Reproducing (Christoffel-Darboux) kernel 50
AR (B) Local particle occupation probability 50
]_9(N’E) (y1,---,Yz) Joint probability distribution of & holes o1
71\,7,5 Normalization constant for ﬁ(N’E) (Wi, Yg) 92
S(&,n) Discrete sine kernel 52
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Symbol Meaning Page
Si;(x) Node index form of S(£,n) 53
Eint([A, B);x, H,N) Expected number of particles near x 53
Mint([A, B];z, H,N) Number of nodes near 54
A&, n) Airy kernel 55
Tmin aNd Tmax Nodes occupied by leftmost and rightmost particles 56
Alls,00) Operator acting with kernel A(¢,n) on L?[s, o0) 56
Ymin aNd Ymax Nodes occupied by leftmost and rightmost holes 56
Lo mth vertical sublattice of £ 57
N(a,b,c,m) Number of points in £,, 57
ay, and by, |m — a| and |m — b| 57
Qm Lowest lattice point in £, 57
L, Number of holes in £,,, 57
P (z1,...,2c) Probability of finding particles at z1,...,x. in L, 57
Pp(&,...,60,,) Probability of finding holes at &1,...,&z,, in Ly, 57
T Rescaled location of £,, in the abe-hexagon 58
09 Pauli matrix 63
Yoo =1{v1,---,yn} Limiting transition points 67
Y ={vin, -, ym.nN} Transition points 67
¥y and ¥& Complementary systems of subintervals of (a,b) 67
dn #A/N 68
€ Contour parameter 69
b Contour of discontinuity of R(z) 69
QY and Q4 Compact regions of C\ ¥ 69
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Symbol Meaning Page
R(2) Matrix unknown obtained from Q(z; N, k) 69
p(x) Deusity for g(z) 70
g(z) Complex logarithmic potential of p(z) 70
S(z) Matrix unknown obtained from R/(z) 70
0(2) Phase variable related to p(z) 70
o(2) Correction to N6(z) 70
Ty (2) Analytic function measuring discreteness in 3§ 71
Ta(z) Analytic function measuring discreteness in X4 71
or Constant value of ¢(z) in gap T 71
Li(z) Lower-triangular factors in jump for S(z) in bands 72
J(z) Off-diagonal factor in jump for S(z) in bands 72
Ui(2) Upper-triangular factors in jump for S(z) in bands 72
Y(z) Scalar function related to Tw(z) and Ta(z) 72
0Y (z) and 65 (z) Analytic continuation of 6(z) from I NXy and I N X8 78
X(z) Solution of Riemann-Hilbert Problem 4.6 79
¥sp Contour of discontinuity of X(z) 79
D(z) Matrix factor relating X(z) and P(z; N, k) 79
Yy, and S5 Vertical segments of ¥sp connected to band endpoints 84
Y+ Horizontal segments of Ysp parallel to a band I 84
Y+ Horizontal segments of Ysp parallel to a gap I’ 84
X(z) Solution of Riemann-Hilbert Problem 5.1 87
¥ model Contour of discontinuity of X(z) 88
U(z) O0E./ou(z) — (dn — ¢)(g+(2) + 9-(2)) 89
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Symbol Meaning Page
h Additional contour parameter (with €) 90
DIY oL Disc centered at band/void edge z = « 90
D;’IL, DIY”I%, DXi%I, and DF,’I%/ Quadrants of DIY’L 91
ZIY’L Matrix proportional to X(z) in DIY’L 91
ZIY’L Matrix proportional to X(z) in DIY’L 91
HIY’L(z) Holomorphic prefactor in Z;’L(z) 91
ZV-L(¢) Explicit model for ZIY’L(Z) 92
XIY’L( ) Local parametrix for X(z) in DIY’L 93
DIY’R Disc centered at band/void edge z = (8 94
DXiR, D;ﬁ, D;ﬁ, and Dlzilf, Quadrants of DIY’R 94
Z¥’R Matrix proportional to X(z) in DX’R 94
Z;’R Matrix proportional to X(z) in DIY’R 94
HIY’R(Z) Holomorphic prefactor in Zly’R(z) 94
ZV-E(() Explicit model for ZF’R(Z) 94
XIY’R(Z) Local parametrix for X(z) in DE’R 95
D? L Disc centered at band/saturated region edge z = « 95
Dﬁ’IL, Dﬁ’ljf, Dﬁ’lﬁ, and Dﬁi{, Quadrants of D?’L 95
Z?’L Matrix proportional to X(z) in DFA’L 95
Z?’L Matrix proportional to X(z) in D?’L 96
H?’L(z) Holomorphic prefactor in Z?L(z) 96
ZAL () Explicit model for Z?’L(z) 96
X?’L(z) Local parametrix for X(z) in D?’L 96
DA Disc centered at band/saturated region edge z = 8 96
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Symbol Meaning Page
DléjR, Dﬁ’llf‘, Dﬁ’lﬁ, and Dﬁ’ll\%, Quadrants of D?’R 96
Z?’R Matrix proportional to X(z) in D?’R 96
Z?"R Matrix proportional to X(z) in D?’R 97
H?’R(z) Holomorphic prefactor in Z?’R(z) 97
ZAE(() Explicit model for Z?’R(z) 97
X?’R(z) Local parametrix for X(z) in Dlé’R 97
X(z) Parametrix (global) for X(z) 99
E(2) Error matrix X(z)X(z)™? 99
YE Contour of discontinuity of E(z) 99
LY Region of deformation below a void I' 100
F(z) Solution of Riemann-Hilbert Problem 5.12 100
Llé Region of deformation below a saturated region I" 100
P Contour of discontinuity of F(z) 101
vr(z) Jump matrix for F(z) on Ly 102
E%V’E)( TyeeoyTm) m-point correlation function of k-hole ensemble 115
Ky i(z,y) Dual of Ky k(,y) 115
B(x) Matrix factor in exact formula for Ky x(z,y) 119
v and w Vector factors in exact formula for Ky i (x,y) 119
aand b Vector factors in exact formula for Ky x(z,y) 121
AIY L), qIY’L(x), and rIY’L(z) Factors in exact formula for Ky i (x,y) 121
AY T (x), qf F(z), and ry " (z)  Factors in exact formula for Ky x(,y) 121
Y(2) Matrix constructed from X(z) and h(z) 135
Y#(2) Matrix directly related to Y (z) 137
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Symbol Meaning Page
Lo (=00, a0) U (B, 00) 137
X! odel Contour of discontinuity of Y#(z) 137
S Hyperelliptic Riemann surface 137
z(P) Hyperelliptic sheet projection function 138
v (P) Analytic continuation of y(z(P)) to S 138
ai,...,ag and by,...,ba Homology basis on S 138
my(P),...,mg(P) Holomorphic differentials (unnormalized) on S 138
w?(P) Abel-Jacobi mapping on S 139
f(z;q) Shifted Riemann theta function 139
g (2;,q) Ratios of shifted Riemann theta functions 140
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Index

abce-hexagon, 3, 3, 4, 5, 57-60
random tiling of, 2
Abel-Jacobi mapping, 32, 139, 141
Abel mapping, see Abel-Jacobi mapping
Airy functions, vii, 39-41, 125
Arctic circle, see zone, boundary
Aztec diamond, 4, 60
random tiling of, 2

bands, 28, 28, 29, 30, 33, 34, 37-40, 42, 52-56, 59, 62, 63,
67, 71, 72, 78-80, 82, 84, 85, 87, 89, 90, 94-96, 99, 103,
110-114, 120, 121, 123-125, 127-130, 135-137

adjacency, 28

analytic continuation from, 29, 31, 78, 90

birth of, 62

complement of, 89

endpoints of, 28, 29, 33, 39-43, 55, 56, 59, 62, 79, 84, 85,
87-91, 93-103, 107, 110-114, 124, 125, 129, 130, 132,
135-138, 140, 141, 143, 146

equilibrium condition within, 29

interior of, 43

interpretation as temperate zones, 59

jump conditions in, 70

multiple, 62, 63, 99, 100

number of, 88

of the Hahn weight, 45, 145, 150
endpoints of, 45, 148, 149, 151

transition, 67, 67, 68, 72, 78, 81, 82, 85, 110, 111, 126,
143

band edges, see bands, endpoints of

Cauchy’s Theorem, 124, 125
Cauchy-Riemann equations, 22, 77, 78
Cauchy-Schwarz inequality, 133
Cauchy integral, 104, 106, 136, 145, 146
Cauchy transform, 145, 149-151
comparison matrix, 91, 94, 96, 97
conformal mapping, 29, 30, 91, 94, 95, 97
constraints, 21, 256-27, 42, 48, 67, 70, 126
average value of, 27, 42
lower, vii, 26, 28, 71, 78, 89, 90, 94, 99-103, 146
normalization, 25, 26, 47
upper, vii, 26, 28, 35, 55, 67, 68, 71, 89, 90, 95, 96, 99—
101, 103, 109, 118, 128, 131
continuum limit, 10, 11, 23, 25, 49, 50
of the Toda lattice, 4-8, 11, 22, 60—64
strong, vii, 7
weak, 7
conveyor belt, 37
correlation functions, vii, 2, 49, 49, 50, 53, 54, 56, 115, 129
determinantal formula for, 50, 115, 127, 131
for dual ensembles, 115, 131
for holes, 60, 115, 129
for particles, 127-129

multipoint, 54, 59, 127
one-point, 49, 53, 54, 59, 129

density of states, see correlation functions, one-point
discrete orthogonal polynomials, vii, 1, 2, 8, 8, 11, 12, 18,
19, 22, 23, 25, 41, 50
asymptotic analysis of, 87
asymptotic formulae for, 10, 11, 23, 25, 33-41
classical, 1, 9-11
associated Hahn, 10, 43-48
discrete Tchebychev, 44
Gram, 44
Hahn, 10, 43-48
Krawtchouk, 10, 42-43
coefficients of, 8, 19, 33, 106
dual families of, 18, 19, 30, 42
monic, 8, 9, 13, 18, 36, 105
nonclassical, 43
ratio asymptotics of, 34
recurrence relation for, 9, 14, 60
coefficients of, see recurrence coefficients
zeros of
asymptotic formulae for, 11
defects in patterns of, 36
exclusion principle for, 8, 26
Hurwitz, 36
spurious, 34, 36
discrete orthogonal polynomial ensemble, vii, 1, 1-2, 4, 22,
23, 49-57, 87
dual, 22, 52, 115-118, 128, 131
for holes, 129, 131
for particles, 129, 131
for the abe-hexagon, 57
divisors
nonspecial, 141
duality, 17-19, 22, 30, 45, 51-52, 115-118
alternate notion of, 19

energy functional, 25, 25, 26, 30
variational derivative of, 27, 28, 119
equilibrium energy problem, 25, 30, 62, 63
equilibrium measure, vii, 20-22, 25, 25—28, 30, 34, 41, 54,
55, 62, 63, 67, 70, 71, 82, 88-90, 118, 121, 127, 129,
137
assumptions about, 56
candidate, 145, 150
density of, 148-151
deformed, 62
density of, 26, 35, 131
dual, 30, 129
equilibrium condition for, 27, 29, 72, 83, 89, 121
existence of, 26
for holes, 129
for particles, 56, 129
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for the associated Hahn weight, 59
for the Hahn weight, vii, 22, 23, 41, 45-48, 59, 145-151
for the Krawtchouk weight, 41, 42, 62
Holder continuity of, 27
hypothetical, 68, 69, 88
logarithmic potential of, 21, 28
quantities derived from, 28-30
regularity of, 26
scaled, 35
support of, 35, 53, 54
unconstrained support of, 33
use of, 70
variational inequalities for, 29
variations of, 29

external field, 1, 25, 25, 30, 46, 61, 62
as a continuum limit, 25

Flaschka’s variables, 4

g-function, 21, 70, 71
gamma function, vii, 36, 77, 78
gaps, 28, 84
exterior, 28, 35, 37, 54, 56
interior, 28, 30, 37, 63, 88, 99, 100
gap probabilities, 2
genus, 88
Gram-Schmidt process, 8, 9
grand canonical ensemble, 60

Hankel determinants, 6
hard edge, see random matrix theory, hard edges in
hole-particle duality, see duality
hole-particle transformation, 19
holes, 51, 51
as positions of vertical rhombi, 57
correlations of, 60, 115, 129, 131
density of, 52, 58
discrete orthogonal polynomial ensemble for, 115, 129
equilibrium measure for, 129
saturated region for, 60
void for, 60, 118, 129
extreme, 56, 60
in the abc-hexagon, 57, 59
joint probability distribution of, 51, 52, 57
universal properties of, 52
location of, 51, 57, 59
one-point function for, 59
statistics of, 51, 118
hyperelliptic Riemann surface, 25, 137, 138, 140
holomorphic differentials on, 138, 138
homology cycles on, 138
Jacobian variety of, 139
square-root function of, 31

interpolating polynomial
Lagrange, 19

interpolation identity, 69

interpolation problem, vii, 12, 19, 22, 23, 67
and discrete orthogonal polynomials, 19
asymptotic analysis of, 22
conditions of, 16
dual, 18, 116
residue matrices for, 17
Riemann-Hilbert problem equivalent to, 84
solution of, 12-15, 17, 18, 36, 50, 69, 79, 84, 116

INDEX
inverse-spectral theory, 11

Jacobian variety, see hyperelliptic Riemann surface, Jaco-
bian variety of
Jacobi matrix, 9, 61, 62
Jost matrix, 15
jump, see jump discontinuity
jump conditions, 20-23, 70, 79, 84, 86, 87, 89, 91-97, 101,
102, 107, 124, 128, 135, 137, 140, 143, 146, 149-151
factorization of, 72
jump discontinuity, 20, 22, 35, 70, 81, 135, 137
absent, 82, 83
jump matrix, 21, 71, 87, 103, 104
exact, 98
near-identity, 104
oscillatory, 22, 78
piecewise-constant, 135
jump relations, see jump conditions

kernel
Airy, vii, 55, 56, 60, 129-132
approximate, 131, 132
Cauchy, 104
Christoffel-Darboux, see kernel, reproducing
discrete incomplete beta, 60
discrete sine, vii, 52, 52, 53, 59, 60, 130
reproducing, 11, 50, 50, 115, 121, 126, 127, 129
asymptotic formula for, 11
dual, 115, 129
on the diagonal, 117

Lagrange multiplier, 26, 26, 29, 30, 45, 145, 149-151
correction to, 31
for the Hahn weight, 46, 47
last-passage percolation, 2, 11, 23
Lax-Levermore method, 6
Lax Equivalence Theorem, 64
Lax pair, see Toda lattice, Lax pair for
Lebesgue Dominated Convergence Theorem, 133
linear stability analysis, 7
Liouville’s Theorem, 12, 15, 86, 88, 89, 93, 143
logarithmic potential theory, see potential theory, logarith-
mic

MacMahon’s formula, 4
measure
Borel, 25
discrete, 61
equilibrium, see equilibrium measure
extremal, 6
invariant, 129
Plancherel, 2
probability, 60, 70, 145
pure point, 1, 8
Schur, 2
spectral, 61
midpoint rule, 77, 112
minimizer, see equilibrium measure
modulation equations, see Whitham equations

nodes, vii, 1, 8, 8, 9, 10, 12-14, 17-19, 36, 50, 52, 53, 6769,
109, 115, 116, 121, 127
(Hurwitz) zeros corresponding to, 36, 37, 63, 110
adjacent, 8, 9, 20, 36, 49, 67, 110
assumptions about, 9, 56
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asymptotic properties of, 9
as eigenvalues, 61
as support of weights, 105
complementary sets of, 51
consecutive, see nodes, adjacent
continuous weight sampled at, 123
density of, 10, 49, 61
different sets of, 19
disjoint sets of, 52
distinct, 50, 115, 117, 120-122
dynamics under the Toda flow, 61
equally spaced, 10, 19, 42-44
interval of accumulation of, 43, 54, 56, 61, 105, 119
near a fixed point, 126, 127
neighboring, see nodes, adjacent
not occupied by particles, 51, 56, 115
number available, 55
number of, 9, 11, 51, 87
occupied by particles, 49, 53, 56, 115
quantization rule for, see quantization rule, for nodes
simple poles at, 116
spacing of, 42
unequally spaced, 9, 76
Vandermonde determinant of, 51
where the reproducing kernel is small, 127
where triangularity is reversed, 18, 20, 68
where upper constraint is inactive, 68, 108, 123
zeros located exactly at, 36
node density function, see nodes, density of
normalization condition, see constraints, normalization

one-band ansatz, 145
one-point function, see correlation functions, one-point

Painlevé II equation, 56, 60
parametrix
global, 19, 19, 23, 87, 99, 102, 105, 119
local, 93, 95-98
paritition function, 57
particles
as positions of horizontal rhombi, 57
concentration of, 49
confinement of, 1
correlations of, 53, 54, 115, 129, 131
density of, 49, 58
distinct, 54
equilibrium measure for, 56, 129
saturated region for, 60, 118
void for, 60
extreme, vii, 2, 56, 60
indistinguishability of, 1, 49
in the abc-hexagon, 57
joint probability distribution of, 1, 51, 52, 57
universal properties of, 52
location of, 2, 51, 57
minimum separation of, 49
mutual exclusion of, 49
nonexistent, 51
number of, 52
expected, 54, 55
random, 2
variance of, 50
one-point function for, 59
probability of finding, 49
separation of, 53

spacings between, 50, 126
statistics of, 118, 129
partitions, 2, 23
partition function, 1
Plancherel-Rotach asymptotics, 2, 48, 105
potential
logarithmic, 25
complex, see g-function
of the equilibrium measure, 28
potential function, 10, 61, 63
potential theory
logarithmic, vii, 21, 25, 26

quantization rule
for nodes, 10, 132
for transition points, 67, 73, 82, 111

random growth models, 11
random matrix theory, 49
and orthogonal polynomials, 2
asymptotic density of eigenvalues in, 35
correlation functions of, 49
discrete analogue of, vii
extreme eigenvalues in, 56
fundamental calculation of, 50
Gaussian unitary ensemble of, 56, 129
hard edges in, 35, 109

joint probability distribution of eigenvalues in, 1

level repulsion in, 49
Tracy-Widom distribution in, 4, 60
universal eigenvalue statistics in, 23
Wishart ensembles of, 35

random permutations, 2

random tilings, 24, 11

recurrence coefficients, 13-16, 62, 105, 106

asymptotic formulae for, 11, 33
continuum limit of, 62
multiphase oscillations of, 62
residue matrices
triangularity of, 17, 18, 21, 23, 67, 68
rhombi, 3, 4, 57
horizontal, 3
position of, 4, 57
relation to particles and holes, 57
three types of, 4
vertical, 4
rhombus, see rhombi
Riemann-Hilbert problem, vii, 23, 69
classical solution of, 104
conversion into integral equations, 104
discrete, see interpolation problem
equivalent, 67, 84, 86, 87, 99, 102, 103
for the error, 19
solution of by Neumann series, 19
for the error (deformed), 102, 104, 124
limiting, 23
local model, 92-94, 96, 97
matrix, 19, 21, 23
with L? boundary values, 104
model, 87, 88, 92, 124, 135, 137, 141
on a contour, 22
scalar, 6, 135-137, 146, 149-151
simpler, 22
uniqueness of solutions of, 89, 143

with pole conditions, see interpolation problem
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Riemann constant vector, 31, 141
Riemann invariants, 62
Riemann matrix, 31
Riemann sums, 77, 112, 133
Riemann theta function, 32, 62, 88, 138, 141, 143
Robin constant, see Lagrange multiplier
correction to, see Lagrange multiplier, correction to

saturated-band-saturated configuration, 45, 46, 145, 151
saturated-band-void configuration, 45, 46, 145, 149, 150
saturated regions, vii, 20, 28, 29, 30, 35-37, 3941, 43, 47,
54-57, 59, 63, 67, 71, 80, 84, 85, 87, 88, 95, 99, 100,
102, 103, 109, 113, 114, 118, 124, 126, 128, 129
analytic continuation from, 29
defect motion in, 62
hard edges of, 35, 109
interior of, 43
interpretation as polar zones, 59
jump conditions in, 70
location of defects in, 37
motion of defects in, 37
normal hole statistics in, 54
of the Hahn weight, 45, 145, 149
of the Krawtchouk weight, 42
variational inequality within, 29
shadows of poles, 36
shock, vii, 6-8, 62, 64
squared eigenfunctions, 16
steepest-descent method
classical, 2, 4
for Riemann-Hilbert problems, 22, 78
Stirling’s formula, 11, 44

Toda lattice, 4, 16, 43
as a compatibility condition, 16
continuum limit of, see continuum limit, of the Toda
lattice
hierarchy for, 14
Lax pair for, 15, 16
linearized, 7, 17
zero-curvature representation of, 16
Tracy-Widom distribution, vii, 4, 56, 56, 57, 60
Tracy-Widom law, see Tracy-Widom distribution
transition points, 23, 67, 67, 68, 71, 78, 82-85, 88, 89, 98,
111, 126, 143
artificial, see transition points, virtual
virtual, 85, 126

universality, vii, 2, 11, 22, 23, 50, 52, 87, 115, 124, 125, 129
of the Airy kernel, 55, 56
of the discrete sine kernel, 52
of the Tracy-Widom distribution, 56

Vandermonde determinant, 49, 51, 136
void-band-saturated configuration, 45, 145, 150
void-band-void configuration, 45, 46, 145, 149
voids, 28, 29, 30, 34, 39, 43, 47, 53-56, 59, 60, 67, 68, 71,
80, 84, 85, 87, 88, 90, 94, 99-103, 107, 108, 112, 118,
121-124, 127-129
analytic continuation from, 29
containing spurious zeros, 34
interior of, 43, 54
interpretation as polar zones, 59, 60
jump conditions in, 70
normal particle statistics in, 54
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not containing spurious zeros, 34
of the Hahn weight, 45, 145, 146
of the Krawtchouk weight, 42

variational inequality within, 29

weights, 1, 8, 12, 19, 50, 116
analytic, 40
and concentration of particles, 49
and eigenvectors of the Jacobi matrix, 61
and universality, 2
associated Hahn, 4, 44, 57
equilibrium measure for, see equilibrium measure, for
the associated Hahn weight
formula for, 44
potential function for, 45
assumptions about, 11, 25, 56
asymptotic properties of, 9, 10
Charlier, 2, 8
classical formulae for, 23
continuous, vii, 9, 11, 12, 21, 23, 27, 40, 49, 69
continuum limit of, 10, 11
deformation of, 14, 62
under the Toda flow, 15, 61, 63
discrete, vii, 9, 21, 23, 27, 36, 50
and poles, 23
dual, 18, 18, 30, 44, 52, 115, 116, 118
for holes, 51, 52, 118
for particles, 118
functional notation for, 8, 123
general, vii, 2, 9, 23, 49, 52, 87
general Hahn, 43, 43
limiting, 44
moments of, 43
Hahn, vii, 2, 4, 23, 27, 44, 44, 58
alternate form of, 44
equilibrium measure for, see equilibrium measure, for
the Hahn weight
formula for, 44
special case of, 44
Krawtchouk, 2, 4, 27, 42, 42, 62
alternate form of, 42
classical formula for, 42
equilibrium measure for, see equilibrium measure, for
the Krawtchouk weight
invariance under the Toda flow, 43, 62
Meixner, 1, 8
nodes as support of, 105
Nth-root asymptotics of, 25, 61
orthogonality with respect to, 2
parameters of, 2, 14, 43, 62
positivity of, 10, 13, 44
potential function for, 30, 52
specific, 67
varying, 9, 23
Whitham equations, 6, 7, 62, 62

zone
boundary, 4, 59, 60
frozen, see zone, polar
polar, 4, 4, 59, 60
temperate, 4, 4, 59
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