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ABSTRACT

In this thesis we focus on the relation between random matrix theory and orthogonal
polynomial theory in the complex plane. It is well known that even if the entries of a
random matrix are independent, the eigenvalues will be highly correlated. This corre-
lation, which is a pairwise logarithmic repulsion between the eigenvalues, leads one to
think that the eigenvalues of a random matrix behave like particles in a Coulomb gas,
since the logarithmic repulsion is the Coulomb interaction in two dimensions.

We consider the case when the particles are confined to an ellipse in the plane. At
inverse temperature § = 2, we introduce new families of exactly solvable two-dimensional
Coulomb gases for a fixed and finite number of particles N. We find, in the analysis of
local fluctuations in the weak non-Hermiticity limit — as N — oo — of the correlation
functions, old and new universality classes. This is achieved by showing that certain
subfamilies of Jacobi polynomials extend to orthogonality relations over a weighted ellipse
in the plane.
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1. INTRODUCTION

Random Matrix Theory (RMT) was originally conceived in mathematical Statistics
by J. Wishart and in Physics by E. Wigner and F. Dyson. In the 1950’s, Wigner in-
troduced ensembles of symmetric real random matrices as well as complex Hermitian
N x N matrices with statistically independent entries (including Gaussian ensembles) as
a theoretical model of statistical behaviour of energy levels. His idea, roughly speaking,
is to replace the Hamiltonian of the quantum system — such as a heavy nucleus, this
was indeed one of the first applications of RMT — which is an operator similar to an
infinite size matrix and complicated to diagonalize numerically, by a random matrix of
size N x N ( N >> 1), whose entries are taken randomly from a known distribution,
and that has the same symmetries as the original Hamiltonian. The problem is to get
information on the behaviour of its eigenvalues (levels). Many of his works on this theme
are collected in the work of Porter [5]. Dyson, in the early 1960s [6], classified the “very
classic families” (nowadays) of random matrices, i.e. Gaussian Orthogonal Ensemble
(GOE), Gaussian Symplectic Ensemble (GSE) and Gaussian Unitary Ensemble (GUE).
Dyson has shown that these three classic ensembles mimicing the symmetries of the
Hamiltonian of a system, the first two corresponding to the cases when the Hamiltonian
commutes with the time reversal operator (known to be anti-unitary). If there are no
anti-unitary symmetries the Hamiltonian is Hermitian and this corresponds to the GUE.

Since its introduction, RMT is motivated to a large extent by practical experimental
problems. Today, successful applications of real eigenvalue statistics can be found in
many fields, such as Quantum Chromodynamics (QCD), two-dimensional (2D) Quantum
Gravity, 2D String Theory (see [7] and references therein). Not only physics has been
enriched with the applicability of RMT, the Circular Unitary Ensemble (CUE) has been
extensively studied in [8], [7, chap. 1] in connection with Number Theory. We refer to
[9] for a review on RMT where both the theoretical aspects, and the application of the
theory has been discussed.

Despite the fact that operators having real eigenvalues are the main interest in physic,
in 1965 Ginibre has started the study of Gaussian random matrices without symme-
try constraint (whose entries are real, complex or quaternion random variables) as a
mathematical extension of Hermitian random matrix theory. Due the fact that their
eigenvalues may lie anywhere on the complex plane, no physical applications, in particu-
lar in quantum physic, were evident at that time. However, Ginibre has expressed —end
of first paragraph p. 440 [10]-

Apart from the intrinsic interest of the problem, one may hope that the methods and
results will provide further insight in the cases of physical interest or suggest as yet lacking
applications.

For an overview on complex non-Hermitian Ensembles, including the three Ginibre en-
sembles and their elliptic deformations we refer to [11, chap. 18 |. Nowadays, eigenvalue
statistics in the complex plane, have a wide range of interesting applications, perhaps the
most well known occurs in statistical mechanics and quantum mechanics, for instance,
as a two-dimensional Coulomb gas. Here, the Coulombic nature is manifested by the
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pairwise logarithmic repulsion between the particles in the gas. Futhermore, this two-
dimensional Coulomb gas turns out to be directly related to the Laughlin wave function
in the fractional quantum Hall effect — which will be discussed later.

Additional applications appear in QCD with chemical potential [12] (we refer to the
lecture notes [13] for a comprehensive review). In QCD, one is interested in eigenvalue
statistics of Dirac-type operators, an enthralling situation happens in the addition of a
chemical potential, while allows the number of the corresponding particles to fluctuate,
the global symmetry of the Dirac operator breaks down. It turns out to no longer be
an anti-Hermitian operator and becomes complex non-Hermitian, therefore the need of
complex eigenvalue statistics arises.

Another interesting application occurs in resonances in Chaotic Scattering, for in-
stance, in the presence of open channels [14]. Under suitable assumptions, this turns
out to be modeled by eigenvalues statistics of truncated unitary matrices, while the
eigenvalue of unitary matrices lie on the unit circle, once we consider the top left square
truncation of this unitary matrix, the symmetry once again breaks down and the eigen-
values may lie anywhere inside the unit disk. Further, complex eigenvalue statistics apply
to Quantum Information [15], Financial Mathematics [16] and Wireless Communications
[17], Neural Networks [18], and we refer to [11] for a guideline about current applications
of random matrix theory.

In order to make the motivation of this thesis more precise, let us start with an
example: The Complex Ginibre Ensemble.
It is defined on the space of complex N x N matrices with independent, identically
distributed complex Gaussian entries. In his celebrated paper Statistical Ensembles of
Complex, Quaternion, and Real Matrices Ginibre has found that the Joint Probability
Density Function (jpdf for short) of complex eigenvalues of such ensemble of matrices,
with Q(2) = |z]? and B = 2, is given by

1 N
Pg(zl, cee L zZy) = Z2Q) exp <—§ 2 Q(ZZ)> 1 H N|zj — zlP. (1.1)
i= <i<j<
Here, [T

i>i(zj — 2i) = A(z) is the Vandermonde determinant and the constant Z "Q)

called in physics partition function, it is the normalization constant that makes PﬂQ a
probability measure (dA stands for planar Lebesgue measure):

725Q) = /@N exp [—5 (%ZQ(zi)—ZlogM—zJ)] [[adc). (2

1<j

Even though the integral in (1.2) converges for any 5 > 0, its value is only known
for § = 2. In contrast, in the GUE, where the integral is taken on the real line, this
partition function (1.2) is known for any value of beta, thanks to a result provided by
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Selberg [19, 20] who evaluated a more general version of the integral (1.2) on the real
line.

The Slater determinant is known to be an expression that describes the wave function
of a multi-fermionic system. An example of this is the fractional quantum Hall effect
[21], where a charged particle interacts with an external magnetic field, and in the case
of a system with N non-interacting particles with Fermi statistics in the lowest Landau
level, the Slater determinant is an orthogonal basis of wave functions [22, 15.2.2]

oy o) = detloy (2], () = <=t (13

Here, ¢;(z) — known as the spin-orbital — is an orthogonal complete set of states in
the lowest Landau level and [ = 0,1,... can be interpreted as the angular momentum
eigenvalues. The state with lowest total angular momentum corresponds to the choice
[; =1 — 1, in which case the Slater determinant reduces up to a factor to the weighted
Vandermonde determinant

exp (-% > |z,~|2> A(z). (1.4)

i=1
A particular interesting case is that related to the ground state of the fractional quan-
tum Hall effect, proposed by Laughlin in [23], where the quantum wave function at odd

fractional filling for the values v = ﬁ, s=0,1,... takes the form

N
1 1 .
ws(Zj,...,ZN) = mexp <—§ E ’Zi|2> A(Z)z +1, (15)
=1

and the nomalization of the Laughlin’s wave functions

Zn(25+1) = (s, ) :/eXp (‘ZW) (A(z)A(z))QSHHdA(zi). (1.6)

=1

which, up to a constant factor, correspond to the choice § = 2(2s+1) in (1.2). Zn (1)
may be identified as the normalization of the “densest state” (filling fraction 1). This is
the only treatable case for arbitrary N (up two cases with 2 or 3 particles, for wich the
Selberg-type integral can be computed [21]) due to the orthogonal polynomials technique,
we will come back to this shortly.

The jpdf (1.1) coincides with the Boltzmann factor form e=#¢@ for a 2D log-gas system
at special value of the inverse temperature § = 2 and suitable background charges, with
total potential energy

Eglz) = Z Q(z) — Zlog |z — 2. (1.7)
i i)
The first term in (1.7), the external field or potential, represents a harmonic attrac-

tion towards the origin, and the second is a pairwise logarithmic repulsion between the
particles in the gas, which is the Coulomb interaction in 2D.



For § = 2, in the early 60s M. Gaudin and M. Mehta [24, 25] introduced the use of
orthogonal polynomials (OP) to the study of eigenvalue statistics, showing that the k-
point correlation function defined by Dyson 1962, which describes the probability density
to find — in principle real — k eigenvalues around each of the points zq, ..., z; while the
positions of the remaining eigenvalues are unobserved:

N

N!
= P2z, dA(z), 1.8
pN(Zb JZk) (N—k?)'/@N—k 2 (Zla 7ZN)i1;—[’—1 (Z) ( )
which can be written in a determinantal formula
pN<Zla"'7Zk> - 1§dz§t§k [KN<ZMZJ)] ) (19)
with its correlation kernel
N-1
Ky(z,w) = exp[—(Q(2) + Q(w))/2] > Pu(2)Pu(w). (1.10)
n=0

Here, P,(z) are orthonormal polynomials with respect to the complex normal distri-
bution exp[—Q(2)], Q(z) = |z|?, also referred to a weight function. In particular when
k = 1, one gets the level density, also known as spectral density

pn(2) = Kn(2,7) = exp[-Q(2)] 3 |Pu(2) P (L.11)

Note that the one-point correlation function corresponds to the density of eigenvalues
d(z) = >, 0(% — z;) overaged over the ensemble distribution (1.1), py(2) = (d(2)), so if
we set ng = { number of the eigenvalues on the region E'}, then the expected number
of eigenvalues in FE is given by

() = /E o (2)dA(2). (1.12)

In particular (n¢) = N, which is verified from the orthogonality relations of P,.

It is well known that for complex Ginibre-type Ensembles at 5 = 2 — where a more
general potential @) is allowed — the study of eigenvalues statistics leads to a determinantal
point process (1.9), while for real or quaternion Ginibre ensembles it leads to Pfaffian
processes. In the last case a very useful tool has been introduced in the literature [26,
chap. 15], the so-called skew-orthogonal polynomials. In this thesis we will not deal
with this topic, but rather focus on orthogonal polynomials and their connection with
random matrices (8 = 2).

The Coulomb gas approach [22] allows to borrow potential theory techniques and get
for the prediction of the leading asymptotic form of the spectral density
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|z| < N2
pn(2) = (N >>1). (1.13)
0 otherwise.

This means that the so-called global density p(z) obeys the following limit formula
known as the circular law [27, 28]

plz) = Jim pu(V2) = Tp(2) (1.14)

where 1p is the characteristic function on the unit disk in the complex plane, meaning
that on average most of the eigenvalues are uniformly distributed within the unit disk.
We refer to the two-dimensional eigenvalue support described by (1.14) as the the Droplet
(also called the Bulk of the spectrum) and we refer to its boundary as the Edge of the
spectrum.

The eigenvalue density (1.11) in the transitional region at p +vNz, p € 0D on the
edge of the spectrum, abruptly crosses over from p(z) = 1/7m at |z| < 1 to p(z) = 0 at
|z| > 1. The crossover is described by the local fluctuations of the density of eigenvalues
(1.11) which, in the N-large limit, is given in terms of the complementary error function
29

pe(z) = A}l_I}I(lm pn(p+ VN z) = %erfc(\/?Re(z)). (1.15)

When a more general potential NQ(z) is allowed — with suitable condition of “ad-
missibility” for @@ — it is known [30, 31], that under a proper scaling limit s(N, z), the
spectral density (1.11) satisfies

. 1
po(2) = lim. WPN(S(M z)) = 0q(2)Ls(2)dA(2), (1.16)
where S is a two-dimensional compact set on the complex plane (the droplet) and
du(z) = 0g(2)1s(z)dA(z) minimizes the energy functional

foli) = | [ mrmmgdn(laute) + [ Qenz). (117

For example, when the potential Q(z) is given by

Q=) = 7=+ — 5 _TTQ Re(z2), 0<rt <L (1.18)

the droplet S coincides with a standard ellipse of parameters a = 1+ 7 and b =
1 — 7, and instead of having the circular law, we have Girko’s elliptic law [32]. Here,
a fascinating phenomena occurs, called universality, as it has been observed that when
we modify the potential, the droplet has changed from a disk to an ellipse, but the
local statistics near to the edge of the ellipse, are again given by the complementary
error function (1.15) (see [33]). It was shown more recently in [34] that for a quite
general potential () the local fluctuations on the edge of the spectrum are given by the
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complementary error function in the N-large limit matrix size.

Not only this phenomenon occurs at the boundary of the droplet, also it have been shown
in [35] with a potential of the form (1.18) that local statistics, around any point p € E°,
and under an appropriate scaling r(p, IV, z) limit, the correlation kernel (1.10) satisfies
the following limit

¢(N)Ky(r(p, N, z),r(p, Nyw)) — G(z,w) = %exp (—% + z@) : (1.19)

The expression in the right hand side of (1.19) is the so-called Ginibre Kernel, it is

the same for the potential |z|?.
In order to understand this universality phenomenon, several extensions have been made
of the Ginibre Ensembles, we have mentioned before, elliptic deformations that also
apply to their chiral companions. Also more general potentials in the plane have been
considered, such as the normal matrix model [36] and it has been found that the complex
eigenvalue statistics (1.15) and (1.19) provided by the Ginibre ensembles appear to be
universal.

The correlation kernel (1.10) tells us that the statistics of complex eigenvalues are

governed by the associated planar orthogonal polynomials (and its asymptotics). For
example, eigenvalues statistics of the complex elliptic Ginibre ensemble [37] are linked to
holomorphic Hermite polynomials, orthogonal on the complex plane. Likewise, the chiral
companion of this ensemble [12] leads to a kernel of holomorphic Laguerre polynomials.
The asymptotic behavior of planar orthogonal polynomials with respect to exponentially
varing measure e""%(*)dA(z) have been the main ingredient, in [34], to proof universal-
ity of the complex eigenvalues statistics on the edge of the spectrum for a large class of
potentials.
In analogy with the ensembles GUE, Laguerre Unitary Ensemble (LUE), Jacobi En-
semble having associated Hermite, Laguerre and Jacobi polynomials, respectively, the
statistics of the real eigenvalues gives the well-known Sine, Airy, and Bessel kernels,
that are universal in the bulk, soft-edge, and hard-edge scaling limits. The investigation
of planar OP in a bounded region E of the complex plane would lead to a new type of
universal kernel and it could, perhaps help to understand existing results.

The theory of orthogonal polynomials and related kernel functions on the real line
has been developed by many mathematicians starting with the special OP of Legendre,
Jacobi, Gegenbauer, Chebyshev, Hermite and Laguerre. These polynomials, are con-
sidered nowadays, the very classic orthogonal polynomials. See Szegé for references
[38]. Hermite polynomials were studied extensively by Laplace in connection with prob-
ability theory. The Hermite differential equation may be identified as the stationary
one-dimensional Schrodinger equation for the quantum harmonic oscillator, the Hermite
polynomials being an appropiate basis that span the oscilation modes as ladder oper-
ators, with a Rodriguez-like rule obeying the Hermite recurrence relations. Another
classic example of the application of these orthogonal polynomials in quantum mechanic
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are the associated Legendre polynomials (which can be rewritten via the ordinary Le-
gendre polynomials) being the solution of the Schrédinger equation for a static Coulomb
potential that may be interpreted as the (attractive) potential for the nucleus of an atom,
that exerts on the charge that orbits it, forming an Hydrogen-like atom.

The study of more general orthogonal polynomials in weighted L?-spaces on the line
is associated with the names of Markov, Stieltjes, Szeg6, Chebyshev, Bernstein, among
others. The theory of orthogonal polynomials on the unit circle is almost completely
the creation of one person, Gabor Szegé. He, also, studied intensively the case of (holo-
morphic) orthogonal polynomials in L*(T',ds), where ds is arc length measure, I' is a
real-analytically smooth Jordan curve in the complex plane. The pioneers in the study
of the asymtotics behaviour of (holomorphic) orthogonal polynomials in L?*(E,dA) on
the simply connected bounded domain F with real-analytic boundary curve I', were
Carlemann and Suetin [39]. Suetin extended the result by Carleman to domains whose
boundary has a lower degree of smoothness, and the case when a weight function is
present. Holomorphic orthogonal polynomials in L?(T,ds), are called Szegd polyno-
mials. Holomorphic orthogonal polynomials in L?(E,dA), where dA is Lebesgue area
measure on bounded domain E, are called Bergman polynomials.

This thesis concerns itself with the question whether further classical orthogonal poly-
nomials on the real line also form a set of orthogonal polynomials on a two dimensional
domain in the complex plane. The planar OP would extend the class of exactly solvable
2D Coulomb gases and bring further insight to understand universality. The Gram-
Schmidt construction of orthogonal polynomials on any subset of the real line and in
the complex plane is completely analogous. The fact that the orthogonal polynomials
on the real line always satisfy a three-step recurrence relation is special. Conversely,
Favard’s theorem reads that, if a sequence of polynomials satisfy a suitable three-term
recurrence relation, then there is a distribution function such that these polynomials
became orthogonal. Recovering the integration measure by knowing the coefficients of
expansion from the three-terms recurrence relations is known as an inverse problem see
[40, chap. 5] and in many cases it is possible to carry this out on the real line.

In the complex plane we do not have these tools. Lempert [41] (1976a) showed that
we cannot expect any finite term recurrence for orthogonal polynomials on a bounded
domain in the complex plane in general. It was shown much more recently if a sequence
of (holomorphic) orthogonal polynomials in L?(E,dA) satisfy a finite term recurrence
relation on a bounded domain E with regular enough boundary implies that the domain
E is an ellipse and the size of the recursion is three [42, 43, 44|, with corresponding
Bergman polynomials: the Chevyshev polynomials of the second Kind [45]. This limits
our search to elliptic domains as our polynomials originating from the real line do have
a three-step recurrence. We note, however, that the aforementioned results mentioned
above only apply to unweighted domains. For the Chebyshev polynomials of first, third
and fourth kind, the weight function on the ellipse is no longer flat [46].



This thesis is mainly based on two published papers [1, 2] and includes some unpub-
lished results. The content of this thesis is organized as follows: Section 2 is standard
material related to special functions and explicit representation of classical OP on the
real line, it contains an additional Lemma 2.6 on combinations of hypergeometric func-
tions and powers type integral in which we present our own proof. Section 3.1 contains
standard material on planar OP and the part 3.2 is new where we provide an extension
of the multiple Hermite polynomials to a planar orthogonality. Section 4 and 5 contain
our main results on weighted Bergman spaces of an ellipse, in particular in theorem
4.5, we show that the classical Gegenbauer or ultraspherical polynomials C,(ZHQ)(Z), for
a > —1, provide a family of planar orthogonal polynomials on the interior of an ellipse
parametrised by Q(z) := Alz|*> — BRe(2%) < 1, with A > B > 0 and weight function
(1 — Q(z))~. Additionally, based on a particular quadratic transformation of the ellipse

that fixes the focal points, we find a subfamily of Jacobi polynomials P, ok to be
orthogonal on a weighted ellipse in theorems 5.6 and 5.8. These findings establish as a
corollary an alternative proof to the all four Chebyshev polynomials from [46] that we
show in Section 5.3.

Finally in Section 6, at inverse temperature = 2, we introduce and solve two (new)
2D, static one-component Coulomb gases. In Section 6.1 we describe the local scale
regime to be consider in Section 6.2 and 6.3. In these last two sections we present our
main results regarding to the asymptotic analysis in the weak non-Hermiticity limit of
the correlation kernel induced by the Gegenbauer polynomials, the weak non-Hermiticity
parameter s (to be specified later) allows to interpolate our findings between old and new
universality classes. In Section 6.4 we present the analysis for the non-symmetric case.
We conclude this thesis with the Section 7, containing summary and outlook.



2. ORTHOGONAL POLYNOMIALS

2.1. Special Functions. The gamma and beta functions has several representations,
but the two most important, found by Euler, represent these as integrals of the form

['(2) :/ " e "dr, Re(z) > 0. (2.1)
0
1
B(z,w) = / 211 — ) 'dr, Re(z) > 0,Re(w) > 0. (2.2)
0
They are related through
L(2)I'(w)
B = 2.
R (23)
The functional relation
['(z+1)=zI'(2), (2.4)

extends the gamma function to a meromorphic function with poles at z = 0,—1,...
and also extends B(z,w) to a meromorphic function of z and w. The gamma function

satisfies
T

['(22) = 27T (2)T(z + 1/2 [(z)(1—2) = : 2.
(22) ETG+1/2/VF TE=2) = s (2.5
known as duplication and reflection formulas.
The Pochhammer symbol, also known as shifted factorial, is
(2)n=2(24+1)---(24+n—-1) n>0,(z) =1 (2.6)
The functional relation (2.4), gives
I'(z+n)
= ——" 2.7
B =105 (27)
and clearly
r
% =(2)p~ 2", asz— 0. (2.8)

Some useful identities are

k
_@a(=D" (2.9)
(—z—n+1)
Note that (2.7) extend the Pochhammer symbol to any complex number n, providing
that z 4+ n is not a pole of the gamma function.
The Gauf’ hypergeometric function (Ghf) is

(Dm(z +m)n = (Dmin;  (2)nk =

> k

@, 3,7, 2) Z f; i (2.10)
k=0
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in which o, # and ~ are the function parameters and z is the variable of the Ghf. By
the ratio test the Ghf is analytic in the unit disc, provided that v is neither a negative
integer nor zero.

The following theorem is an important integral representation of the Ghf due to Euler.

Theorem 2.1 (Euler). Let a, 8,7 € C, such that Rey > Re f > 0, then

1 1
F(a,8,7,2) = —/ 271 — )P (1 — zx) " da. (2.11)
B(ﬁa Y= ﬁ) 0

in the x plane cut along the real azis from 1 to co. Here it is understood that arg(x) =
arg(l —z) =0 and (1 — zz)™ has its principal value.

If one of the parameters in the numerator of the Ghf is a negative integer, say —n,
then the series (2.10) becomes a finite sum, 0 < k < n. This follows directly from (2.9)
setting n = k and z = —n we get (—n); = (—1)¥(n — k + 1), and we obtain

F(—n,B,7,2) = Z(—1)’“<Z) %zk. (2.12)

Proposition 2.2. The hypergeometric polynomial defined in (2.12) satisfies the following
reflection formula

F(—n,b,b—c—n+1,1—z). (2.13)
Proof.

F(—n,b,c,z) =

we note that

(b)uk . B(b+k+€,c—b)

()es B(b,c—b) (2.15)
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using the integral representation of the beta function (2.3) allows us to rewrite the
sum over ¢ as

S el S (e [ e s

=0 (e =0
Bb+k,c—b+n—Fk)
= . 2.16
B(b,c —b) (2.16)
Inserting this last result in (2.14) and using (2.9) to change the —k sign, the expected
result is obtained. U
Corollary 2.3 (Chu-Vandermonde).
),
F(onbe1) = = (2.17)

(C)n

The following proposition and corollary can be found in standard books on integration
formulas [47]. We have decided to provide the poof for these integrals for completeness
of this text and also because we have observed a result, lemma 2.6, presented at the end
of this section that will be extremely useful in our calculations.

We will use the following two integrals; the first (2.18) is the so called Mellin-Barnes
transform and the second (2.19) is known as the first Barnes’ lemma [48]. Barnes’

contour integrals appear naturally in the context of loop calculations in quantum field
theory [3, 4, 49].

1 1 c+io0

L = o) /c dz 2°T(—2)T(z + ). (2.18)
The right poles of gamma functions of the type I'(p—z) at z = p,p+1, ... must lie to the
right of the path of integration , whereas the left poles of gamma functions I'(q + 2) at
z=—q,—q—1,... lie to the left of it. If Rea > 0, the path of integration can be chosen
as a straight line in the strip — Rea < Re z < 0, otherwise we deform the contour with
the above specifications. For x < 1 the Mellin-Barnes integration contour can be closed
to the right, and the series of residues at z = 0,1, ... reproduces the Taylor expansion
of the left-hand side of (2.18), for x < 1. When x > 1, the contour may be closed to the
left and the series of residues at z = —a, —a — 1, ... give us the expansion for x > 1.

—100

BT+ )T(B+2) (=)l -2) = T(a+B+7+9)

/c+ioo [a+7) F(a+5)F(ﬁ+7)F(5+5)‘

(2.19)

Proposition 2.4. Let o, 3,7, p € C such that Rep > 0,Rey > 0,Re(y+p—a— ) >0,
then

L(Y)T(p)T(y+p—a—p)
T(y+p—a)T(y+p—05)

/1 Attt N1 =) Fa, By, t) = (2.20)
0
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Proof. We use the Euler integral representation (2.11) of the Gaufy’ hypergeometric func-
tion followed by a change of variable x+ — 1 — x and then we use the Mellin-Barnes
transform (2.18) to obtain

/1 dtt"" (1 —t)"" F(a, 8,7,1)

0

_ 1 e ot [ s 8-
= F(a)B(ﬂ,fy—ﬂ)/o dtt? 1 —t)? 1/0 drx Y1 —z) !

X/cc+mdz( i )ZF(—Z)F(Z—I—Q), (2.21)

—100 -t

noting that

T (H) reare =i [ () e - e+ i+ a).
[ 5) [ (i)

—100 -t — 50 1-—1¢
(2.22)
Due to the asymptotic behavior of the gamma function,
IT(0 4 i7)| ~rjsoo VEe 2717720 g r e R (2.23)

it follows that the integral in the right hand side of (2.21) is absolutely convergent, so
we have

1
/ dt 0 (1 — ) Fa, By, 1)
0

- F(a)B(;, ~—B) /::O dzT(=2)[(z +)B(z +7,p— a — 2)B(B,y — B+ 2)
F(ﬁ) ctioco
['(a)B(B,y — B)T(y+p— ) /C_ioo dzT(a+2)L(y =B+ 2)T(—2)T(p—a—2).
(2.24)
and the proposition follow by the first Barnes’ lemma. 0

Corollary 2.5. Let n be a non negative integer, B,v,p € C such that Rep > 0 and
Re(8 —v) >n—1, then

L(y)T(p)T(B—~v+ 1)I(y —p+n)
P(y+n)T(B—v+p+ )T (y—p)

/1 Y1 = )T F(=n, B;y;t) dt = (2.25)
0
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Proof. First we apply the result obtained in proposition 2.2 and then we can apply the
change of variable t — 1 — t to obtain

1
| et E e i d
0

= —(7(;)5)" /01 ML =) F(—n, B8 —y —n+ Lit)dt
_ =48 =7) WL+ 5 =2(p) (2.26)
(Ml +p=7-al(B=y+p+1) '

In the second step we have used (2.20). Using (2.9) to change the —n sign, we arrive in
the right hand side of (2.25). O

The following lemma is a consequence of the previous corollary. This lemma will be
useful in Section 4.1, also this lemma provides an elementary poof for the orthogonality
relations of the Jacobi polynomials on the real line and gives the exact value of its norms
in a simple way.

Lemma 2.6. Let n be a non negative integer, B,v,p € C such that Rep > 0 and
Re(f—7v) >n—1. Assume v — p = —k € Z<o, then

1 EO T NP LB+ (Atn) g )
/ 11— )P B (=, B ;1) dt = () ) (2.27)
0 0 k < n.

Proof. Let us introduce a regularising parameter € > 0. We have then
}‘rp—l-e—l(]_ - x)ﬂ_’y_nF(_nv 6777 l’)} < CFxp_l<1 - x)ﬁ_v_n y T E [07 1] )

for some constant C. Since z*~'(1 — )~ ¢ L'([0,1]), by Lebesgue’s dominated
convergence theorem, we have

1
/ (1 —1)7 F(=n, B ;1) dt
0
1
= lim trre (1 — )T F(—n, B;y;t) dt

. T+ B =+ DIy —p—c+n)
0 Py +n)I(B—y+p+e+1I(y—p—¢) (2.28)

T+ (B =1+ U~k —e)
=0 I'(y+n)I'(B+k+e+ 1) (—k—¢)
i (=T () C(p+e)T(B—v+ )1 +k+e)
e—0 al(y+n)D(B+k+ec+1)
x ['(n — k — ¢) sin(me) .
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In the second step we have used the integral (2.25) and in the next step Euler’s
reflection formula (2.5). Finally, the limit

. : -1 k=n
l_l_r% ['(n—k —¢)sin(me) = { 0 k<n (2.29)

establishes the lemma.
O

2.2. Orthogonal polynomials on the real line. In this section we introduce basic
properties of the general orthogonal polynomials (OP) over the real line R, for a short
and very instructive note we cite [50] and [38, 51, 52, 53] for a complete treatise. We
will consider (R, i) as measurable space equipped with a positive (finite)-Borel measure
i with infinite support, for which

my, = /x"d,u(a:) < o0, foralln >0 . (2.30)
A unique sequence of polynomials

Pu(T) = 2" + ..o Y >0, (2.31)

can be constructed using the Gram-Schmidt process, that form an orthonormal system
in L?(du), that is

(Pos ) = / Do) P (2)da(2) = T (2.32)

Remark 2.7. The p,’s are called the orthogonal polynomials, v, is the leading coeffi-
cient, h,, is the norm, and

pa() pul) . (2.33)

are called the monic orthogonal polynomial and the orthonormal polynomial, respec-
tively.

The moments m,, determine the polynomials p,,. In terms of them one can write up
explicit determinant formulae:
Let n > 0, the Hankel matrix (also known as Gram matrix) is given by

mO ml PR mn
my MM 0 Mpy

H,=| . S Tl (2.34)
mpy My mon

For any vector v = (ag, ..., a,) € R"™ \ {0} we have the relation,

v Hyv = / (anx™ + - - - 4 ag)* dp(x) > 0. (2.35)
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This implies that the Henkel Matrix is positive definite, consequently, the correspond-
ing Hankel determinants,

A, =det H, >0, n >0, (2.36)
are all strictly positive.

Theorem 2.8. The Orthonormal polynomials {p,} are given by

mo mq e my,
1 ma mo o My
Pa(T) = ———| ST (2.37)
ne=n—1
mMp—1 Mpy1 - Mon—1
1 x e x"

Proof. By expanding the determinant along the last row, we have

mo ml .. mn
1 my mg = Mp4
(Pn, ") = ——=—| : © .. 1 =0 fork=0,1,...,n—1 (2.38)
e Mp—1 Mpy1 - Mop—1
mg Mgy - Mtk
and
A
n, T) = —. 2.39
(P, 2") =4 [ A (2.39)
Since
AV
Pa(®) =/ LN (2.40)
and due to the linearity of the inner product, the theorem is complete. U

The representation of the OP in terms of the Hankel matrices is very useful for the
theoretical point of view (as we will see in the section 3.2), but not very useful for the
actual computation of the OP since it involves the evaluations of determinants. However,
for OP on the real line there are a much more efficient way to compute them, the so-called
three term recurrence relation.

Theorem 2.9. The orthonormal polynomials {p,} on the real line satisfy a three term
recurrence relation

pn () = anp1Pni1 () + bppn () + anpn_1(x), (2.41)
with initial condition pg = 1 and p_, = 0.
Proof. Since xp,(z) is a polynomial of degree n 4 1, so we can expand this polynomial

in terms of the first n + 2 orthonormal polynomials
n+1

TP, (x) = Z conpe(), (2.42)
=0
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where the Fourier coefficients ¢, are given by

Con = / [2pa(@)] pele)dplz)
_ / p(2) [ope(2)] du(z) (2.43)

= 0, forl+1<n.

Because xpy is a polynomial of degree ¢ + 1, by orthogonality the Fourier coefficient ¢y,
vanishes for /+1 < n. Therefore, the Fourier serie (2.42) only contains three terms, that
iswhen { =n—1,¢=nand { =n+ 1. And the three term recurrence relation follows
by taking a,+1 = ¢pt1, and b, = ¢, ,,. Note that ¢, , = cpn_1 = ay. ]

An immediate consequence of the theorem 2.9 is the Christoffel-Darboux identity:
Corollary 2.10 (Christoffel-Darboux kernel).

ipk(x)pk(y) G ”‘1(2 :]y) n-1(@)Pny) (2.44)
k=0

2.3. Jacobi polynomials. The most important OP on the real line are the very classical
orthogonal polynomials. They are charaterized by a second order differential equation.
The Jacobi polynomials, usually denoted by P®#(x), are orthogonal with respect to the
weight function w(z) = (1 —x)%(1+z)?, on [—1,1]. They are the solution of the second
order differential equation,

(1=2?)y' +(B—a—(a+B+1a)y =-nn+a+f+1)y. (2.45)

Using Frobenius’ method (or performing the change of variable z — 1 — 2z, to transform
the differential equation in the Gauf” hypergeometric equation) one can obtain an explicit
representation of these polynomials,

1 n 1-—
P8 () :@F (—n,n+a+5+1,1+a,Tx> . (2.46)
n!
An immediate consequence of this representation is
1 n
ped(1) = L (2.47)
n!
Note, if we apply the reflection formula (2.13), we obtain
1 2(=1)" 1
pod(y) = ¢ +5)'< ) F(—n,n+a+6+1,1+@, ;”’7) (2.48)
n!
from which follows
Prf(—x) = (=1)"Pp*(x) . (2.49)

Jacobi polynomials will play an important role throughout this text, the norm of these
polynomials is given in the following theorem
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Theorem 2.11. Let o, 8 > —1. The Jacobi polynomials satisfy the following orthogo-
nality condition

1
207 (1 + a4+ n)T(1 + B+ n)
Pa’ﬁ Pa’ﬁ 1—2)%(1 6d = n,m:
/_1 n (@) P (@) (1 = 2)* (1 + o) dw nl+a+8+2n)T(1+a+B+n) "
(2.50)
Proof. Without restriction we can assume m > n
1
/ PR () PoA(2)(1 — 2)°(1 + o) da
-1
1
= 20‘+ﬁ+1/ PP (1 — 22) P22 (1 — 22)2°(1 — x)°dx
! (2.51)

:2a+5+1(1+04)n(1+04)m zn:(—l)" n\(l+a+pB+n)
n! ml k (1+ a)g
1
></ 21— ) F(—=m,m +a+ B+ 1,1+ a,7)dx.
0

in the first step we have changed variable x — 1 — 2z, in the second step we have
used the explicit representation (2.46) of P (x) together with (2.12). Note that —k =
14+ a—(1+a+k), by Lemma 2.6 the last integral vanish when & < m and contributes
to the sum only when k£ = m, that is when m = n.

O
Some special cases are
1
Tn(l’) - P(—I/Z,—1/2)<1) P£1/2,1/2) (x>7 (252)
14+n
Un(z) = P(IT%R(LUM/?) (), (2.53)
14 2n B
Vn(l‘) = p(1/2:—1/2)(1)P£1/27 1/2)(.1'), (2.54)
1
A pp—— T (2.55)

PTE—l/Q,l/Z)(l)

known as Chebyshev polynomials of the first kind, second kind, third kind and fourth
kind, respectively. When a = — a + %, the polynomials

iy Cla+1))n Sar1/2.041/2)
are known as symmetric Jacobi, Ultraspherical polynomials and also as Gegenbauer
polynomials. Gegenbauer polynomials may be expressed by Jacobi polynomials with «
or = 41/2, [38, Thm. 4.1]
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a (1+O‘)n o -
it () = G Potl2m12(92 1), (2.57)
1 n
O = (e Pt 1), (2.58)

As a consequence of these important relations, known as quadratic transformations,
together with (2.46), Gegenbauer polynomials may be expressed in terms of the Gauf}’
hypergeometric function

Ce(z) = %F(—n,n—i—a,l/lﬁ), (2.59)
Co a(z) = %21}F(—n,n+a+l,3/2,x2), (2.60)

The corresponding three-term recurrence relation for Gegenbauer polynomials is

1 o 2 1
n—+ c(+a) n+ 2o+

ZO7S1+(X) (Z) = m n+1 (Z) +

T T o) —=1.2.3.... . (261
2(n+a+1) n—1 (Z), n <y ( )

2.4. Hermite and Laguerre polynomials. The Hermite polynomials, denoted by

H,(z), are orthogonal with respect to the normal distribution exp[—z?] over the real
line. The orthogonality relations are

/ Hy(2)Hp(2)e™ dz = /72" 016, . (2.62)
R

The Hermite polynomials also can be defined in terms of its generating function [51,
chap. 6]

00 Hn
Z (I‘) tn — 62xt712’ (263)

n=0

which follows using the fact that the normal distribution it is essentially its own Fourier
transform.

Laguerre polynomials L%(x), are orthogonal with respect to the Gamma distribution
x%e~ ", a > —1. Their orthogonality relations are

I'n+a+1)
n!

/ Ly (z)Ly (x) de = Snm.- (2.64)
R+
The Hermite and Laguerre polynomials are limits of Jacobi polynomials. There are

several ways to obtain these limits, one can use for example:
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1
\/a/ (1—2%)%dz — / e dr, asa — co. (2.65)
-1 R

a+1 1
2f+5+1 / (1—-2)*(1+ x)ﬁdx — e dr, asf — oo. (2.66)
-1

R+
The limit (2.65) tells us, up to a suitable scaling, Hermite polynomials are followed as
a limit of Gegenbauer polynomials, this limit reads

H,
lim a~"/20%(z/y/a) = ('”3) . (2.67)
a—00 n.
Using (2.8), the term a2 can be obtained by the asymptotic form 2"(a),/n! ~
2"a™ /n!, o — oo of the Gegenbauer norm.
Similarly, the limit (2.66) tells us, Laguerre polynomials can be obtained as a limit of
Jacobi polynomials,

Ble P*P(1 —2x/B) = L2(z) . (2.68)

This can be seen using for example the hypergeometric representation (2.46) of Jacobi
polynomials together with (2.12) and (2.8).

One can derive the properties of Laguerre and Hermite polynomials from those of
Jacobi polynomials. However, it is usually easier to deal with these polynomials directly.

2.5. Multiple orthogonal polynomials type II.

Definition 2.12 (see [54]). A polynomial P,(z) is called a multiple orthogonal polyno-
mial (MOP) of a vector index

n=(ny,...,n,) € N7,
with respect to a vector of positive Borel measures, supported on the real line
=1, -, fp), suppp; ER, i =1,...,p,
if it satisfies the following conditions:
o deg P, < |n| :=>_n,.
° /Pn(x)xkd,ui(:c) =0,k=0,....,n;—landi=1,...,p.
Remark 2.13. When p = 1 the MOP becomes the standard OP, i.e
e deg P, = n.
. /Pn(x)xkd,u(x) =0,k=0,...,n— 1L

Remark 2.14. The notion of MOP can be generalized if we consider the non-Hermitian
complex orthogonality with respect to a complex value vector function

f(2) = (f1(2), -, fo(2)),

on some contours I'; on the complex plane C.
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Definition 2.15. A polynomial P,(z) is called MOP if
e deg P, < |n|.

° / P,(z)2" fi(2)dz=0,k=0,...,n;—landi=1,...,p.
r;

Let o = (v, . .., ), the Multiple Hermite polynomials (on the real line) {Hg(x)} of
index n = (nq,--- ,n,), satisfy

/ He(z)2" wi(x)de =0, k=0,...,n; — 1, i=1,...,p, (2.69)
R

where

4]
w;(r) = exp <§x2 + oel-x) ; (2.70)
w; are the Hermite weights with ¢ < 0 and «a; # «a; for @ # j.

Theorem 2.16 (See [55], theorem 2.1). Let { H%(z)} be the multiple Hermite polynomials
defined by the equation (2.69). Then the generating functon is given by

2
00 . tqlll . tZP p 5 p p
> (x)m = exp 5332@- +5 Zt + Z ait; | . (2.71)

3. ORTHOGONAL POLYNOMIALS ON THE COMPLEX PLANE

Let 1 be a positive Borel measure on the complex plane, with an infinite number of
points in its support, for which

Mpm = /z"zmd,u(z) <oo, n,melN. (3.1)
By Gram-Schmidt process one can construct a unique sequence of polynomials
P(z) =72+ ..., >0, (3.2)
that form an orthonormal system in L?(dpu),
(osds = [ PolIpn () = G (33)
Like in the Section 2.2 one can show that the Gram Matrix
Moo Mo -+ Mno
G, = |7 (3.4)
Mon Mip -+ Mnpp

is positive definite, and the corresponding Gram determinants,
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A, =detG, >0,n >0, (3.5)
are all strictly positive.

Remark 3.1. If u is supported on the real line then
mij = /Iiﬂd#(f’?) = Qi (3.6)
thus, A, = |yl j—o is a Hankel determinant.

Remark 3.2. If i is supported on the unit circle then

my = [ #7dnte) = [ 2 dntz) = i (3.7)
80, An = |Bi—;[7'j=0 13 a Toeplitz determinant.

In these two very important cases the orthogonal polynomials have many special prop-
erties that are missing in the general theory.

An alternative representation to Gram-Schmidt that allows to construct orthogonal
polynomials, is the Heine formula, see [38]. For a given domain D C C in the complex
plane, a non-negative weight function w(z), and normalised area measure dA on D such
that all moments exist, we define the following expectation value:

(OVNw = 257! /DN O|AN(z)|2Hw(zi)dA(z,~) : (3.8)

where O depends on z;—;  y € C. Here, Ay(z) = Hj\;l(z] — z;) is the Vandermonde
determinant, and Zy is a normalisation constant that ensures ( 1)y, = 1. The expecta-
tion value can be thought of resulting from the joint density of complex eigenvalues of a
complex non-Hermitian random matrix ensemble, such as the elliptic Ginibre ensemble.
The Heine formula then states that the orthogonal polynomials of degree N in monic

normalisation, py(z) = 2 + ..., are given by
N
pn(z) = < H(z - z) > : (3.9)
=1 N,w

That is, they are given by the expectation value of a single characteristic polynomial.
Denoting the squared norms of the monic polynomials by hy, we have from (3.3)

/Dﬁn(z)mw(z) dA(2) = bpmh - (3.10)

It is well known (see e.g. [26]) that the normalisation constant in (3.8) can be expressed
in terms of these norms as

N—
Zv= [ IaxG: P TTwdA) - 5 T (3.11)
DN

=1 7=0
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The following theorem proved in [56], generalises Christoffel’s Theorem for polynomials
on R:

Theorem 3.3. Let {v;;i = 1,...,K} and {u;; 1 = 1,..., L} be two sets of complex
numbers which are pairwise distinct among each set. Without loss of generality we assume
K > L >0, where the empty set is permitted. Then, the following statement holds':

sy Lo J AT | ;
<H [H@i—zk)H(“ﬂ‘—zk)DM - A(0) By ashob il Bl @m) 1

k=1 Li=1 j=1
(3.12)
with matriz
KN+ (U, Tp) i= Zﬁ;Lilpi(vl)pi(um) for m=1,...,L
B(Ul,ﬂm) = .
PN+m—1(V) for m=L+1,....K
(3.13)

The monic polynomials p,(z) are orthogonal w.r.t w(z), with squared norms h, and
pn(2) = Pn(2)/V .

One may wonder if there are measures supported on the complex plane such that the
very classical polynomials satisfy an orthogonality relation with respect to a hermitian
inner product of the form (3.3). For Hermite and Laguerre polynomials, the measures
supported on the entire complex plane are know. The results are fairly recent see [57] for
Hermite polynomials and they give rise to orthonormal bases in Bagmann-like Hilbert
space. The orthogonality relations for Holomorphic Laguerre polynomials was shown in
[58] and they appear in the study of analytic continuation for functions defined on the
positive half-line. The case of Gegenbauer polynomials and some subfamilies of Jacobi
polynomials are new and will be presented in Section 4 and 5.

3.1. Holomorphic Hermite polynomials.

Lemma 3.4 (Hermite addition formula). Let v,w € C, we define (v,w) := 25:1 VW
Then, the Hermite polynomials satisfy the following addition formula

(w7 w) bt mg=n ml! My

in particular, when d =2, a >b> 0, v= (z/a,y/b) € R? and w = (a, ib) we have

z\  nl g~ a"F(ib)k x Y
m(3) = kz e () e (5) (3:15)
where z =x + iy and ¢ = va? — b,

!The empty products are understood in the following sense: Ag(z) = Aj(x) = 1 and H?;SVN_l h; =1.
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We will provide a proof for the Lemma 3.4 in Section 3.7 together with an extension
of this formula to the so-called multiple Hermite polynomials.

The following theorem extends the orthogonality relation for the Hermite polynomials
to the complex plane, it was first proven in [57] by van Eindhoven and Meyers. The proof
that we will present here is not the proof offered in [57]. However, as it was pointed out
by the referee of this article, [57, eq. (1.4)] the proof for the Theorem 3.5 also follows
from the relation (3.15), so, we will use this approach.

Theorem 3.5 (van Eindhoven-Meyers). Let A > B > 0 and Q(z) = A|z|*> — BRe2?,

then the Hermite polynomials satisfy the following orthogonality relations

/@ i, (%) Hm—@e_Q(z)dA(z) = nl (2%)n S (3.16)

wehere ¢ = 1/A2 5z and dA(z) in the normalized planar Lebesgue measure.

Proof. Let a = \/Al_B, b= \/A1+B and apply the relation (3.15) to obtain

[ ()

nm! =~ " F(ib)k ™ (—ib)¥ >
= E , —(z/a)
mentm (n —k)k! (m — k IK/! /H" b Hint <a> de/a

k=0 k'=0
yanrac >/

nIml2" G e @ EE ()R (— i)
= On—km—k' O b
cvtm (m — k") k" ’ ’
k=0 k'=0 T

n!lml2"
5nfk m—k
cntm (m — k)'k! ’
k=0

_ maan() S

a? + b?

In the second step we have used the orthogonality relation (2.4) and in the third step we
have performed the sum over k' and the theorem follows using the definition of a,b. [

A(n,m) qnHm—2k (b2 ) k

During this proof, Theorem 3.5, we have noticed that the Hermite polynomials satisfy
a non-Hermitian orthogonality relation on the complex plane, that is, without the need
to conjugate the second factor, see [59, eq. (2.4)] for a different proof,
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/CHn (%) H,, (E> e_Q(Z)dA(z) =n!2"0p m, (3.17)

c
and by the change of variable y — —y on the imaginary part the same result, with both
factors conjugated, is obtained.

Furthermore, we also have noticed that the previous theorem can be extended to an
orthogonality relation for Hermite polynomials in several variables on the complex plane.
For instance:

Let a; > by > 0, ay > by > 0, such that a? — b > a2 — b3 and let
Qi(z) = Ai|z|> — BiRe 2% i = 1,2, with

a? + b? a? —b?
= o B; = YT ,i=1,2. (3.18)

Theorem 3.6. With the above notation, the Hermite polynomials satisfy the following
orthogonality condition.

/ i, (Zl + ZZQ) H, (Zl + ZZQ)te(Zl)Q2(Z2)dA(21)dA(22)
C2

c c
2 b2 2 b2 n
n!Q”(“;+ ks g) o (3.19)
ai — b —az + b3

where ¢ = a? — b2 — a3 + b3.
We have not been able to find this result in the literature.

3.2. Planar multiple Hermite polynomials.

Definition 3.7. A polynomial P,(z) is called a planar MOP (PMOP) of a vector index
n=(ny,...,n,) € N?,
with respect to complex value vector (weight) function,
w(z) = (=), . wy(2),
on some domains G; in the complex plane C, if it satisfies the following conditions
o deg P, < |n| :=>_n;.
o / P (2)Z" wi(2)dA(z) =0, k=0,...,n; —land i=1,...,p.

Remark 3.8. When p = 1 and w(z) is a positive weight function, the PMOP becomes
the standard planar OP; i.e
e degP,=n

. /Pn(z)zkw(z)dA(z) 0, k=0,....n—1.



25

Following Bleher and Kuijlaars [60] we define the induced PMOP by the Elliptic Gini-
bre Ensembre with a “kind” of external field as follows,
Let A> B >0, Q(z) = Alz]* — BRe(2?), w; € C with w; #w; if i # j

P=g | [T - =@ [T @i (3.20)
where A,,(z) is the n X n Vandermonde determinant and

/A2 _ 32
dA(z) :== dedy.
m

Since
n

H(z —21)An(2) = Ani1(2, 2011 = 2), (3.21)
i=1
we can bring P, in a determinantal form

myp My1x -+ Mip
1 : : .. :
Pu(z)=—|* = (3.22)
Cn Mpo Mpa Mpn
1 z Z"

with

mjj = /zke(Q(Z)Im(wjz))dA(z).
In order to make P,(z) a monic polynomial we choose C,, as

mip M1 -+ Mip—1
C,=1: L : ) (3.23)

Mpo Mp1 - Mpp—1

Proposition 3.9. Consider C,, defined above, then

Co = (207 ] ") Afaw — Buw), (3.24)
i=1
where h(w) = ajw]* — BRe(w?) and
14,1 B
“Taia_p " e _pr

Proof. Let w € C, by performing the Gaussian integrals, is easy to see

/ ¢~ (@) () g (1) — hle) (3.25)
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we have then
my, = (20)°95, mjo
= (20)*0f ")
= (20)*qn(aar; — fwy)e D, (3.26)

with gx(z) some monic polynomial of degree k.

By taking out side ¢"*i) in each row of the determinant (3.23) and the factor 2i in
each column of (3.23) and using the fact that the remaining determinant is invariant
under column transformation, we arrive in (3.24).

U
Using (3.22) we see that P,(z) satisfy
/Pn(z)e(Q(Z)Im(“’jz))dA(z) =0, forj=1,...,n, (3.27)
and by letting P,(2) = 2" + pp,_12""' 4+ ... + po, (3.27) can be written as
n—1
mjn—i-Zpgmjg =0, forj=1,...,n. (3.28)
=0
and, clearly, this can be brought to a matrix form
Mp = —m. (3.29)

With p = (po, -, pn1)"s M = (mjk);_y o1 @0d M= (Mjn)j=1,
By Proposition 3.9, det M # 0. Thus equations (3.27) uniquely determine the monic
polynomial P,.

From now on we will refer to the complex numbers w;, appearing in the Definition
(3.20) of P,, as the complex eigenvalues of W € C"*" and we would like to study the
case where multiple w;’s are allowed. First we observe that

Po(z) = n!lcn / [1G— A6 et [meo] []e@aacz). (3.30)

1<i,j<n .
=1
Now, we proceed as in proposition 2.2 in [60].

Proposition 3.10. Suppose W has distinct eigenvalues w;, © = 1,...,p with respective
multiplicities n; so that ny +---+n, =n. Let n® =ni+--+n; and n® =0. Define

7d-—1e—(Q(z)—Im(wiz)) ’

gj(z) = 2% j=1,...,n,

where i = i; is such that n™Y < j <n® and d; = j — n"Y. Then the following holds:



27

(a) P, is given by

P2 = i [T16 =280 [ ot)40), (3:31)

where
(21’@)”(";1) | e Ay (o — Bw) [T, Z;_ll k!
K, = e (3.32)
[T crep @™ IT5- (3)
with
Bo@)= ]| (@ =z
1<i<j<p
(b) Let

m = /@ i (2)dA(2).

Then we have the determinantal formula

mip M1 -+ My
1 : : .. :

P,(z)=—| - : ’ . 3.33
( ) Kn Mpo Mp1 - Mpn ( )

1 z e 2T

(c) Fori=1,...,p,
/ P, (x)Fe- @R -mwiz)gA(z) =0,  j=0,...,n;—1, (3.34)
C

and these equations uniquely determine the monic polynomial P,.

Remark 3.11. Let

a’® + b? a? — b?
A—W,B—W,a>b>0 (335)
then
1 Rez > Im 2\ 2
dA(z) = Ed Re(z)dIm(z), Q(z)—Im(w;z) = 0 + 5 —Im(w;2z). (3.36)
T

The change of variables for the imaginary part Im(z) — bIm(z), together with (3.36),
allows us to take the limit b — 0 on (3.20) and we recover the GUE with an external
source, see [61] and references therein.

Let us see one explicit representation for P,. Let p = 2 in the Definition 3.7 and

woow ,
p= (zal, zOéQ) , w=a+b. (3.37)
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Proposition 3.12. The multiple Hermite polynomials H(ﬁn m)(z/c) satisfy the following
conditions

/H<nm )2 e @A) = 0, k=0,..n-1, (3.38)

\/CH(n,m) <C> Zk e_Q2 dA() = 07 k:O,...,m—L (339)

where the Hermite weight function is given by

exp (—Qi(2)); Qi(z) :==Q(2) — ;VA? — B2 Im(2w), (3.40)

and

2 b2 2_b2
A:%,B:%sz;g:az—lﬁa>b>0. (3.41)

Proof. Let p = 2 in the Theorem 2.16

o0

e )
Z Hg(x)nll 7721' = exp (5@ +12) + anty + agty + 0x(ty + 1) + (5t1t2> . (342
n,m=0 ’ ’

Now let z,a € C%, we define (a,b) := >, a;b;, and (a,1) := Y, a; and let

= (a,1) a (a,1) as | . 3.43
g (x/(a,a) ’\/(a,a) > (3.43)

By letting

T — M, ti— +/(a,a)t;, (3.44)

(a,a)

n (3.42) we obtain

G B (CL, I) ntm t? t72n
> H(ﬂm)( >(“’“)  lml

(a,a)

= exp (g(a a)(t? +12) + oy (a, 1)ty + as(a, Dty + 8(a, z)(t, + t2) + d(a, (I)tltz)

d 0o tnltml
B H Z Hg%mz')(x%)az itmi 12

n;! m;!

0 Cl7111-|-ml asd"!‘md
_ o m
- Z Z nl'mll 'nd!md! H(nl,ml)(xl) H(nd md)(md) t1t2
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Therefore
a 23) nlm! qritm L gratma
Hﬁ ( ) — 1 d He 1) - HO ).
e ( (a’ a)> <a7 CL) "-gm n1+.;zd:n nl!ml! o ‘nd!md! (nl’ml)( 1) (ndvmd)( d)

mi+--+mg=m

(3.45)
In particular, for d = 2, a = (a,ib), v = (z/a,y/b), we have (a,z) = = + iy =: z,
(a,a)2 = a2 — % =: ¢ and (a,1) = a + ib =: w then

an+mfkf€ (Zb) k+¢

3 z\ _ nlm! N T\ . (Y
B (0) = 7 20 Gt g ok () o (5) 649

0<t<m
For § = —2, the identity (3.46) tells us (3.38) and (3.39) holds true with the weight
function

exp (—Qi(2)); Qi(z) :=Q(2) — ;VA? — B2Im(z2w). (3.47)
U
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4. THE WEIGHTED BERGMAN SPACE AP OF THE ELLIPSE

The theory of Hilbert spaces of analytic functions in planar domains (and in higher-
dimensional complex space), was developed by Stefan Bergman [62], His work focused on
spaces of analytic functions A%(E, dA) that are square-integrable over the given domain
E with respect to Lebesgue area measure dA (or volume measure), it relying to a large
extent on a reproducing kernel that became known as the Bergman kernel function.
When attention was later directed to the spaces of analytic functions AP that are p-
integrables over a given domain with respect to the Lebesgue area measure, it was natural
to call them Bergman spaces.

Historically Bergman’s space theory on the unit disk has attracted the attention of
many mathematicians, H. Hedenmalm, P. Duren, H.S. Shapiro, A. L. Shields, among
others. One of the main reasons is that the Bergman spaces AP of the unit disc contain
the Hardy spaces HP. A function f analytic in the unit disk D is said to belong to the
Hardy space H?, if the integrals fOQﬁ | f(re?)|Pdf remain bounded as r — 1. However, the
Bergman spaces are in many respects much more complicated than their Hardy space
cousins. For instance, the invariant subspaces need not be singly generated as they are
for the Hardy space [63]. It has been pointed out in the literature (see [64, 65] and
references therein) that one particular reason for studying the invariant subspaces of
A%(D) is that the general invariant subspace conjecture in Hilbert space reduces to a
special question about invariant subspaces of A%(D).

In [64] Hedenmalm et al. have studied intensively the weighted Bergman space of the
unit disk D, where the weight function has the form (1 — |z|?)*. Because the measure
is rotationally invariant, the associated Bergman polynomials are monomials z". These
polynomials play an important role in theory, since in general the Bergman Kernel func-
tion is given by the infinite sum over the orthonormalized Bergman polynomials, in this
case

I'(n+2+a) 1
Kuo(z,w) = — ()" = ———. 4.1
(z,w) ; nlI'(2 + «) (z70) (1 — zw)at? (41)
For more general domains (up to annulus and lemniscates) the explicit form of this
kernel is not known, and the Bergman polynomials are not known either. This can be
seen as a second motivation to study Bergman polynomials, also called planar polyno-
mials.

In what follows, we will introduce the weighted Bergman space of the ellipse. To begin,
let a > b > 0, the equation of the ellipse centered at the origin is
2 2
xr Y
R > (z,y) : S+l (4.2)
Due to the standard identification C = R?, we have an equivalent representation

Co>z=x+iy: A|z]* — BRe(z?) =1, (4.3)
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with
a’+ v a? —v?
= B=_-_" 4.4
2a2h2 2a2h? (44)
Therefore, the function
Q(z) = Alz|* — BRe(2?), z€C, (4.5)
provides an explicit parametrisation of the interior of an ellipse E:
E={ze€C:Q(z) <1}. (4.6)

For 0 < p < o0 and —1 < «a < 00, we will denote by A? := AP(E) C LP(FE,dA,) the
(weighted) Bergman space of the ellipse E, i.e. the subspace of analytic functions in
LP(E,dA,) with finite p-norm. Here,
a4,(z) = LD (1 - ga)edage), (47)
mab
and dA is the planar Lebesque measure, H(E) stand for the space of analytic function
in E:

ar={renm): [ 7P <o) (43)

For 1 < p < 0o the associated LP-norm is definded by

Il = ([ \f(z)\pdAa<z>)1/p, (19)

and for 0 < p < 1 the corresponding metric is given by

if.g) = [E 1£(2) — g(2) P dAa(2) (4.10)

Note, when a = b then the ellipse become a disk of radius @ and the measure (4.7)
reduces back to [64].

In this section we show that the Bergman space A? is a Banach space when 1 < p < oo,
and a complete metric space when 0 < p < 1. The proof is quite standard and follows
the lines of Corollary 1.12 and Proposition 1.13 in [66].

Proposition 4.1. Let 0 < p < 00 and —1 < a < o0, and K be a compact subset of F,
with positive minimum distance to OFE. Then, there is a positive constant C such that

sup |f ()" < Clfllpa -
forall f € AP.
Proof. Let t € E and 0 < r < dist(t, 0F) =: d be arbitrary. We define the smaller ellipse
E, = {2€C:Q.(2):=(Rez)*/(a—7r/2)*+ (Im=2)*/(b—1/2)* <1}, (4.11)
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and suppose that there is a point 2y € B(t,r/2) \ E,:

{lzo —w| 1w € OE} CH{|z —w| : z € B(t,r/2);w € OE} . (4.12)
Taking the infimum on both sides of (4.12), we obtain
dist(B(t,r/2),0F) < dist(zo, OF) . (4.13)

But (4.13) implies that d — r/2 < r/2, therefore B(t,r/2) C E,. In consequence we
obtain
sup  h(z) < sup h(z) < h(z,) =:c(r), z.€0E,. (4.14)
2€B(t,r/2) 2€E,

It is easy to see that 0 < ¢(r) < 1, and it can be computed explicitly by introducing a
Lagrange multiplier, for example.

Thus, given f € AP, B(t,e) C E with positive minimum distance to the boundary
OFE, ie. 0 < r < dist(B(t,e),0F), we can find another positive constant C' > 0 such
that

fer < 4 F(w)? dA(w)

mr? B(z,1/2)

C PdA,
< /B INCIZEND

< c [E ()P dAg(w)
= C[fII} for z € B(t,e) . (4.15)

In the first step we have used the subharmonicity of |f|P. In the second step the upper
bound is trivial for negative —1 < o < 0, due to 0 < h(z), whereas for positive a > 0
we have used the estimate from (4.14). O

One immediate consequence of Proposition 4.1 is that any Cauchy sequence { f,} € AP
is locally bounded, and so by Montel’s Theorem it constitutes a normal family. Thus,
some subsequence converges locally uniformly in £, to a function in A?, and we have

Corollary 4.2. For every 0 < p < 0o, —1 < a < 00, the weighted Bergman space AP is
closed in LP(E,dA,).

Before to proceed with the proof of corollary (4.2) we will recall some definitions and
standard theorems in measure theory [67] and complex analysis [68].

Let (X, u) be a measure space, we say that a property holds (mod p) (or p-almost
everywhere) if it holds on a set X \ N, where u(N) = 0. Convergence f, — f (mod p)
means that there is a set N C X such that u(N) =0 and

(Vz e X\N) : f,—f.
(4.16)

Clearly uniform convergence implies convergence modulo measure, (N = ().
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A sequence of finite measurable function {f,} is called convergent in measure to a
measurable function f if

Jim p({|fo = fl 2 0}) = 0,
(4.17)

for any o > 0.

To denote convergence in measure, we write f, - f.
Remark convergence f, — f in the norm of LP implies convergence in measure
fo & f. This follows from the fact that, for any o > 0, we have

/ﬁn—fwm zL/ fo = flPdp
X {lfn—f|20}

> o"uflfo— fl 20}
(4.18)
Theorem 4.3 (Riesz). Assume that a sequence {f,} of finite measurable functions con-

verge in measure to a function f. Then, one can indicate a subsequence {f,,} of this
sequence such that limg_,oo fn, = f (mod pu).

Theorem 4.4 (Montel). A family F in H(FE) is normal if and only if F is locally
bounded.

ZF C C(FE,C) is normal means that each sequence in .# has a subsequence which
converges to a function f in C(E,C). H(FE) is closed in C(E, C).

Based on the above Theorems, let us continue with the proof of Corollary 4.2.

Proof. Let {f,} be a Cauchy sequence in A? and f € LP(E,dA,) such that [|f, —
fIPdA, — 0 as n — 0.

And suppose that B(t,r) C E and let 0 < p < dist(B(t,r),0F). By the preceding
proposition 4.1 there is a positive constant ¢ such that

|fn(2) = fm(2)]F < Can_fm”g,aa (4.19)

for all m,n and |z —t| < r. Thus {f,} is a uniformly Cauchy sequence on any closed
disk K in E. Now since {f,} is a Cauchy sequence, given ¢ > 0 there is a N € IN such
that

Fal2) = ful)| < &7 forn,m > N, ¥z € K,
(4.20)

taking m = N, we have

1fa(2)] < |fn(2)] +€YP forn > N.
(4.21)
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Then, the inequality (a + b)? < k(a? + 0P) where a and b are arbitrary nonnegative
numbers, and £ is a constant depending on p, yields.

[fn(2)" < k(lfn(2)[" +¢) forn = N,

(4.22)
and choosing M = max{c||f1[[} ..., ¢l fn-1ll} o, ¢kl fn |} o + ke} we have
1fu(2)]P < M foralln,Vz € K,
(4.23)

i.e {fn} is locally bounded.

And so, by Montel’s theorem there is an analytic function g on E such that f,(z) —
g(z) uniformly on compact subsets of E.

Since [ |f, — fIPdA, — 0, this implies f, £ f. And by Riesz’ theorem there is a
subsequence {f,, } such that f,, — f (mod p), but {f,} is Cauchy sequence, that

means f, — f (mod p). Using uniqueness of the limit in measure, i.e if f, & f and
fu S g, then f =g (mod u) implies that f € AP. 0

4.1. Holomorphic Gegenbauer polynomials. For p > 1 it follows from Corollary
4.2 that the Bergman space is a Banach space, and in particular for p = 2 a Hilbert
space with the inner product defined as

Uym:iéﬂﬁﬁﬁm%@% fge A, (4.24)

One might immediately ask, whether it is possible to provide an orthogonal basis for
this space. The result is quite simple and surprising and presented in the following
Theorem 4.5. It constitutes one of our main results.

For any non-negative integer n and real parameter o > —1 let us define the polynomials

1 z
() = = (2) ) n=0.1,., 4.25
) = = (0 =01 (425

where C’lea)(x) are the standard Gegenbauer polynomials on the real line having real
coefficients, now taken with a complex argument. We recall that the ellipse F in (4.6)
defining the inner product (4.24) is parametrised by the real numbers a > b > 0. The

constant
c=Vva:-0>>0 (4.26)

provides the location of the right focus of the ellipse F/, and we define by

1+« a’® + b?
h, = h,(ab)=—" U+ . 4.2
(@) = e () >0 (1.27)

Theorem 4.5. The set of polynomials {pﬁf”}neN defined in (4.25) forms a orthonormal
basis for A2 for any a > —1.
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We will prove the orthogonality of the sequence of Gegenbauer polynomials in the
following lemma, whereas the completeness of this sequence is deferred to the very end
of this section.

Lemma 4.6. Let E be the elliptic domain (4.6), dA,(2) the density (4.7) over E and

a > —1. Then, the sequence of Gegenbauer polynomials {C,(le)(z)}neN satisfies the
following orthogonality relation

(1+a) (2 A+a) [ Z _ lta g (@20
/Ecm ()ct (C) dAal) = O (L) b, (429

where a > b >0 and c = Va? — b2.

Proof. 1t is sufficient to show that for all m € N

=\ 7
/ECSM (%) (g) dA.(2) =0, forj=0,1,...m—1. (4.29)

Due to the fact that the ellipse is a central symmetric domain and the integration
measure (4.7) is invariant under the reflection z — —z, as well as the reflection properties
(2.49) of Gegenbauer polynomials C’T(LHO‘)(—Z) = (—1)”ngl+a) (z), without restriction we
assume that either m = 2n and j = 2[ are both even, or m = 2n + 1 and j = 2l + 1
are both odd, and [ < n. In the following we will only present the even-even case. The
odd-odd case follows from the same line of arguments and it can be found in [2, App. A]

We rewrite the integral (4.29) in terms of elliptic coordinates

Re(z) = arcos(f) , Im(z) = brsin(f) , with r €[0,1), 6 € [0,27] . (4.30)
The pullback of the measure dA,(z) in E to [0,1) x [0, 27] reads

1+«
T

dA.(z) = (1 —r®)*rdrdd, (4.31)

and we obtain for the complex arguments

Z(ry 0) _ g(ReiG + R—le—’w) ’ Wlth R e a + b p— a + b (432)

c c a—>b"

This leads to the following expression

[ ) (E) ane -
1—|—a/ drr/%dGC’(Ha < 2(r, 0)) ( (:9)>QZ (1—r2)  (4.33)
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The even Gegenbauer polynomials can be written in terms of Gaufl’ hypergeometric
function (2.59) in the following way

cli+e) (z(r, 9)) _ (_1)n(1+a>"F( ol ; 2(7;29)2>

_ (= Z 2 L(1+a+n+p)l(p) 120 2(k—p) 2i0(k—p)
2F(14—a)n!p:0 I'(2p)

_ (=1)" Z 2p\ (1 + a+n+p)L'(p) 120 R20—k) (2i0(p—F)
2I'(1 + a)nl £~ < k ['(2p)

(4.34)

Here, we introduced two representations to be both used below, using the binomial
theorem for (4.32) in two equivalent ways. In order to prepare the integration in (4.33),
we spell out the complex conjugated variable to the power 2I:

<d“@>m — (gyuukiﬂ+31é%”
Qe () - (e

(4.35)

From the radial integral in (4.33) we obtain, including all prefactors,

l+a (! r2 . lta
- /0 d?"?"2p+1ﬁ<1 —7”2) = WB(l —f-a,l +p+l) (436)
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For the remaining angular integration we thus have

2
o (2\ [ Z
/E Oéif)(;) (;) dAa(2) =
(1+ a)( = DPT1+a+n+pI(1+1+p)
22l+17r 2122(]{;/ ) pIE!(2p — K)IT(2+a+ 1+ p)
p=0 k=0

2
XRQ(p—k—k’) / d6 eQiO(p—k’—i—k’)
0

(14 a)(—1)" & DPT(1+a+n+p)(1+1+p)
Sy S ()

21 1 ll !
22417 et p)k!I2p — k)T (2+a+1+p)

2
XR2(p—k)/ 40 e20(r=F)
0

(1+ a)( = YL(1+a+n+p)(l+1+p)
+ 22z+17T ZZZ(k/ )n P)IK!(2p —K)T24+a+1+Dp)

k'=1 p=0 k=0

XRQk p+k)/ d6 e 2i0(k—p— k/).
0

(4.37)

In the first step we have already simplified the binomial factors and Gamma-functions
from (4.34). Notice that in the first two terms, obtained from integrating over the first
two contributions on the right-hand side of (4.35), we have used the second identity in
(4.34), whereas for the last sum from (4.35) we have used the first form of identity in
(4.34). We now evaluate each of the multiple sums in (4.37) individually. In the last
triple sum we have k = p + k/ due to the angular integration, because of k& < 2p, this
force k' < p we obtain for it

l n

(1+a)(=1)" Z ( 21 ) Z ( (—1)PT(1+a+n+pl(l+1+p) R

221 K +1) — (n—p)iK +p)(p—K)T(2+a++p)

(4.38)
Clearly, this is a polynomials in R of degree 4[. Let

& (1T ad+n+p) D1+ +p)
ak(n, 1) §:< P)!(k+p)p—k)TQ2+a+1+p)

_Uk”*_{pcpwjra+a+n+k+pwu+l+k+m
— k)! Ck+p)T2+a+l+k+p)

(4.39)
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From the second term in (4.37), the double sum, the angular integration contribute
only when p = k, i.e. we obtain the term ay with R rise to the power 0. For the first
triple sum, we have again k = p+ k' thus k£’ < p, so after collecting all the terms we have

[t () (F) was
- o (i (3 o s (oo 2 (5 Z)a’“R_M)

k=1 k=1
-1 21
(—1)n2% Z k ar xRN 4 A + Z 1 ap_ R~ . (4.40)
k=0 k=1+1
So, if we can show that all coefficients ax(n,l) vanish for £ = 0,1,...,] when [ < n,

we are done. This can be seen as follows. From the definition (4.39) we have,

ap =

(—1)F X, (n—E\T(L+a+n+k+p)(1+1+k+p)
(n—k)! Z(_l)( P ) 2k+pF'2+a+1+k+p)

_ (—1)" )/01 dxx”rk(l_x)a"_:j(_l)p(n;k)I’(1+a+n+k+p)xp

(n—k)I'l+a« I'(1+2k+p)

3

—1)*(1 !
— ( (n) (k)—i'_(;/i;rk / de 2™ (1 —2)*F(—n+k, 1+ a+n+k; 1+ 2k; 2).
- . . 0

(4.41)

By Lemma 2.6, with v = 2k + 1 and p = [+ k + 1, the last integral vanishes for | < n,
and for [ = n, we have

(-D)"Tl4+a+n+EI'(l1+a+n—k)
I'l+a)l'2n+a+2)

Note that a,,_(n,n) = ax_,(n,n) and ap(n,n) = a,_,(n,n), taking into consideration
this symmetry, from (4.40) we get the result for the integral at n =1 as

ag(n,n) = (4.42)

—\ 2! _on 2n
(1+a) z E dA -5 (277‘)‘2 (1 + a)k(l + a)Qn—k R4(n—k)
/ECQ” (c) (c) a(?) l (2+a)2nkz:% E!(2n — k)! '
The leading coefficient of C(z) can be obtained from (2.59)
N 1+ a)y2% _
O5 (o)) = L e o + O/ (1.43

Because the lower powers give zero, combined with (4.43) we have
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z 1+ a)6omat o (14 @)i(1+ ®)on i g
ci+a) (2Y gt (ZY qa ) = | , RA—F).
/E n (C> 2 c (2) 14+a+2n kzzo El(2n — k)!

The remaining sum can be related to a single Gegenbauer polynomial as follows.
Because this sum is invariant under k — 2n — k, we can write it as

2n
1 (1—|—Oé)k 1+Oé)2n,k A(r— Al
_ R (n—k) R 4(n—k)
> Han =k * )
k=0
2n
_ (1 + )i+ a)ank 2
= R(2n — k)] cosh[(2n — 2k) In(R?)]
k=0
2, 12
_ Ate) (07D
= (5, (a2 — b2> . (4.44)
In the last step we have used the (analytically continued) relation [69, 18.5.11]
(14 @) (14 @)
(1+a) N l _
C " (cosh) = ; Him = 1] cos((m — 20)0) , (4.45)
together with
1 a? + b?
2\ _ L p2 —2y _
cosh[ln(R*)] = 2(R +R™7) el (4.46)
This completes the proof for even indices. The proof for the odd polynomials follows
exactly in the same way and as was mentioned above it can be found in [2]. U

Remark 4.7. We can establish contact with the usual orthogonality relation for the
Gegenbauer polynomials on the real interval [—1,1]. The change of variables for the
imaginary part y = ggj maps the ellipse to a disc of radius a. Together with dA,(z) =
(14+a)(1—(x/a)® - (y/b)*)*dady/(abr), this allows us to take the limit b — 0 on (4.28)

lim [ O+ (3> Cfi+a) <§) dAu(2) =
C

=0 J g C

:/“C(Ha) (L) s (£) L ‘“/“"z L7 " (1+a)djde
e a/ " a a? Va2 a? — x? a’m

1 o 1 2(1
:/ Cot N (@) O (2) (1= 2?) 2 F (@—m%l) Utoly,

H—ao(Ha)
14a+n "

N

(1) -
(4.47)

The value of Gegenbauer polynomials at = = 1 follows from (2.47)
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C«(H—a)( ) _ F(2 + 20 + n)
" I'242a)l'(n+1)’
and for GauB8’ hypergeometric function [47, 9.122] at unity
1 3 (1
F — —a; =1 = M , (449)
2 2 2I'(a 4 3/2)
this yield to the standard orthogonality relation

(4.48)

! | 21720040)7T(2 4 20 + n)
(@+1) () 0O+ () (1 — 220 3 dy — G - (4

We can now finish the proof of Theorem 4.5 by showing the completeness of the system
of orthogonal polynomials.

Proof. Let f € A% with (f,p,)a =0 for all n = 0,1,2,.... Then

0= tim(rpula = [ o flax) O8I -2y (4.51)
b—0 _1

Hence f(ax) =0 for all x € (—1,1), see [38] for the completeness of the Jacobi polyno-
mials on the real line. Since f is regular in £, it follows that f = 0, i.e. {p%} defined
above form an orthonormal basis for A2. U

As remarks, we will establish a series of immediate consequences of Theorem 4.5.

Remark 4.8. In the case @ = 0 we recover the orthogonality relation for Chebyshev

polynomials of the second kind, due to U,(x) = Cfll)(x), which goes back to [45]. We
will come back to this statement in Section 5.

Remark 4.9. In the limit ¢ — 0, when the ellipse E becomes a disc, we obtain for
integer values of o the weight function that results from the complex eigenvalues of
the ensemble of truncated unitary random matrices studied in [14], with monomials as
orthogonal polynomials. This can be seen as follows: We have from eq. (4.34) that the
monic Gegenbauer polynomials occurring in (4.28) read:

(o) nlc”

P (z) CUF(z/c) . (4.52)

T 2(1ta), "
Multiplying (4.28) with the corresponding factors, we can take the limit b — a, implying
¢ — 0 in this orthogonality relation, to obtain

2\ d? I(1
/ 2mZ"(1+ «) <1 — @) z = (1 + o) a*" G (4.53)
22 1y2<a? a a 1+ a),(1+a+n)

where z = z+1iy. After rescaling 2 — az, and dividing (4.53) by (1+«), we arrive at the
weight function and monic polynomials for the complex eigenvalues in the ensemble of
truncated unitary random matrices [14] on the unit disc. It is defined starting from the
circular unitary ensemble of Haar distributed unitary random matrices of size N x N,
and truncating these to the upper left block of size M x M with N > M, by removing
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N — M rows and columns. The weight function reads w(z) = (1 — |2|*)V "™~ that
is we have to identify « = N — M — 1 > 0. In this case there is no singularity on the
boundary of the circle, and we may extend our integration from inside the disc to include
the boundary, cf. (4.24). In this ensemble this is important as for large M and small
truncation N — M a substantial fraction of eigenvalues of the truncated unitary matrix
may remain on the unit circle. We refer to [14] for a further discussion of the limiting
behaviour.

In analogy to the relation between the Ginibre ensemble and its elliptic version, our
Gegenbauer polynomials can thus be viewed as the orthogonal polynomials of an elliptic
deformation of the truncated unitary ensemble [14], with an appropriate random matrix
realisation yet to be constructed.

Remark 4.10. We can make contact with the holomorphic Hermite polynomials (Thm.
3.5 ) in the plane. Setting z — z/4/1 + a and taking « to infinity in (4.28), we have
from (2.67)

lim (1 + o)~ 31+ ((1 + a)*%x) = H,(x)/n! , (4.54)
a—r00
leading to
a®+b*\"
/ H,(z)c) Hy(z)c) e @D dA(z) = mnl ab (2 5 b2) Onm (4.55)
(® ar =

with @(z) defined in (4.5). This reproduces the known orthogonality relation for Hermite
polynomials in the complex plane, obtained by van Eijndhoven and Meyers [57, Eq.(0.5)]

for a = /25 and b= /2, with 0 < A < 1, see also [21].

Remark 4.11. Gegenbauer polynomials may be written in terms of symmetric Jacobi
polynomials (2.56), the orthogonality relations given by lemma 4.6 imply

Onm(1+ ) (o + %)n (a+latrd) [a® + b2
) Pn LTy
IL+a+n 21+ ) a? — b2
(4.56)

/ BT (2 By (] c)dAg(w) =
E

where ¢ > b > 0 and ¢ = Va2 — b2.

Remark 4.12. Gegenbauer polynomials satisfy a non-Hermitian orthogonality condi-
tion. With the above notation, let us define the bilinear form B,(f,g) by

Balf.g) = /E F(2)9(2)dAa(2),  frg € TX(E.dA). (4.57)

Lemma 4.13. The sequence of Gegenbauer polynomials {C§L1+a)(z/c)}neN satisfy the
following non-Hermitian orthogonality relations

1
B, [Cli+e) cli+e)] — %(ng) (1) G- (4.58)
« n
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Proof. Unsing the same notations as in lemma 4.6, we recall that even Gegenbauer
polynomials can be written in the following two equivalent forms

o ()it (0T e

(= _ Z i 1y (n) (zp) P(1+a+n+ p)F(j) PR ———

2I'(1 + ) = p) \ k I'(2p)
(4.59)
D RNA () (2P\ P at n 4 D)D) oy i i
2I'(1 + a)n! pz:% kz:%( D (p) (k) ['(2p) R ’
(4.60)

and that under the change of variable (4.30) z(r, ) it can be expanded using Newton’s
binomial, but this time without taking complex conjugation

2

(DY () (e s e y?
(2 : 2 —2k _—2i0k 21 : 21 2k _2i0k
= (3) ;(/{H)R ¢ +<l)+;(k+l>R “

(4.61)

If we combine (4.59) with the first term in the right hand side of (4.61) and (4.60)
with the last term in (4.61) we will obtain the same angular contribution as in (4.40),
but now with R rised to the power 0. Replacing R = 1 in (4.46) we complete the proof.

O

4.2. Legendre polynomials. From Lemma 4.6 at « = —1/2 we obtain as a special
case the orthogonality of the Legendre polynomials P, (z) = ctV 2)(ZL‘)I

Corollary 4.14. The Legendre polynomials P, are orthogonal with respect to the weight
function dA, defined in (4.7) at o« = —1/2:

2 z 1 a’ 4+ b?
P (2P (2) dA_i(2) = P . 4.62
[E m<c> ”<c) A4 () = 5, "(a2—62>5”’m (462)

We have not been able to find this result in the literature either.
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5. THE WEIGHTED BERGMAN SPACE Az 41
=2

The quadratic transformations (2.57) and (2.58), which relates the Gegenbauer poly-

nomials with a subfamily of non-symmetric Jacobi polynomials, suggest that the under-

lying map together with Theorem 4.5 will lead to new orthogonality relations for the

non-symmetric Jacobi polynomials at (ow+1/2,+£1/2). Let us start, first, with the effect

of such quadratic transformation on the ellipse E (4.6).

Proposition 5.1. Let a > b > 0, and for

2 | 12

. a +b ~

a= , b=—, c=+Va?-1?
c c

consider the ellipse E j, with parameters a, b. Then, the pullback of the measure dA,(2)
in E to B is

AL (2) = (12:;) < |‘Ci (Z|))adA(w) (5.1)
where,
J(w) = %|E+w| —E%Re(é—i-w). (5.2)

Proof. We introduce first an auxiliary ellipse £¢% = E;; \ {Re(w) + ¢ < 0} and the
domain E}, = {z € E: Re(z) > 0}. We procede in showing that the function

. cut +
Q: Ea,i) — B,

w—+c

- (5.3)

wr——c

maps conformally the domain E¢% onto E},. We recall the function Q(z) = Alz[* —
B Re(z?%) parametrizes the ellipse E with the parameters A, B given in (4.4), these two
quantities satisfy

2B Bc? (a® + b*)?
2 2 _ _
Thus, we can write for z = p(w), w = u + v
A B
1> Alz]2 — BRe(2?) = %|w +e| - %Re(w +o)
A B
- % (u+ )2 + 02 %(u—kc), (5.5)
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which is the defining equation for the new domain. The claim that it is again given
by an ellipse, with new parameters @ and b, can be seen as follows. From (5.5) we have

A B
O<% (u+c)2+v2<1+%(u+c)
2 2042 _ g2 2 42 4042 _ g2
& C—(A2—B2)u2+uc C(—)—B + 2 1}2<1—u+Bc2
4 2 4 4
2 2
& c—u2—|— ¢ v <1,

(a2 + b2)2 4a2b2
(5.6)

which is obtained after squaring the inequality, using (5.4) and multiplying with

4a?b*/(a® + b*)%. Clearly ¢ is analytic in E; 5, therefore the mapping function ¢ has
the required properties. It remains to show (5.1), to this end, we use the fact that the
measure dA, and the domain F are invariant under reflection, so without restriction,
it is enough to consider twice the measure dA, with support in E’;b. We note that
22— =2

=a — b = ¢ follows, and

1 —Q(p(w)) = 1—%|w+c|+?Re(w+c).
= 1-J(w), (5.7)

In the last equation we have used cA/2 = a/b? and ¢B/2 = ¢/b*. The contribution of
the Jacobian |¢'(w)|? gives the extra factor in the denominator of (5.1).

The restriction on the square root cut, which would lead to a slit domain, can be
removed. To showcase this, we multiply the equation defining E,

w?  v?

— + b—2 <1
& ((u+c) +0%) < (b + c(u+ ), (5.8)
by a?b?, to arrive at the second line. While it is clear that the left hand side is always non
negative, we can take the square root here without crossing zero, due to the following
fact. It holds that b* + c(u + ¢) = cu + a? inside the square on the right hand side is

always positive for u € (—a, +a). O

As an important consequence of Proposition 5.1, the function

J(z) = ]c+z\——Re(c+z) a>b>0 (5.9)
provides an explicit parametrlsatlon of the interior of an ellipse E:

E={ze€C:J(z)<1}. (5.10)
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For0 < p <ooand —1 < a < oo, we define A , := AZ_A(E,dB%_%) C LP(E,dB, 1),
r2 r 2
the two parameters (o, —1/2) weighted Bergman space of the ellipse F, where

(4 a) (1= J(2)”
dBo.4(2) = 27h lc + 2|

a,—35

dA(2). (5.11)

For 1 < p < 0o the standard LP-norm is definded by

et = ( [ 1100 dBa,_;<z>)1/p, (5.12)

and for 0 < p < 1 the corresponding metric is given by

= [ -gras, ). (5.13)

Moreover, for 0 < p < oo and —1 < a < oo, we define Ap = A (E B, )

LP(E,dBm 1), the two parameters (a,1/2) weighted Bergman space of ‘the elhpse E,

where

(14+a)(2+a)
2mab

For 1 < p < oo the standard LP-norm is definded by

s = ([ 150 dBa,;<z>)l/p, (5.15)

and for 0 < p < 1 the corresponding metric is given by

= [ - gras, ). (5.16)

dBa,%(Z) = (1—J(2))*dA(2). (5.14)

First, for p > 1 we will show (but now with a short argument) that the Bergman space
AP shares the same properties as A2, i.e the Proposition 4.1 and Corollary 4.2 hold

1

a,—3

true for AZ .. This means that Bergman space AZ _, is a Banach space. Later, the
L)

(o]

T2
same proof can by carried out for AZ 1, with 0 <p <ooand a> —1.
12

Proposition 5.2. Let 1 <p < oo and —1 < a < 0o, and K be a compact subset of F,
with positive minimum distance to OF. Then, there is a positive constant C' such that

swplJCIP < IS,y
forall f e A? _,.
)

Proof. We procede as in Proposition 4.1, from (5.8) it follows that J(z) = 1 if and only
if z € OF. It is easy to see that there are no local extrema for J(z) inside the smaller
ellipse £, (4.11) , therefore 0 < max.ep, j(2) = j(2) < 1 for some z, € E,.
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Thus, given f € AZ 4, B(t,e) C E with positive minimum distance to the boundary
2
OF, with 0 < r < dist(B(t,e),0F), we can find a positive constant C' > 0 such that
4
f(2) < — |f (w)] dA(w)

mr? B(z,r/2)

< /B @l = T)rdaw)

< & [ 1w as, yw] | [+t oraal’
= Cllfllpa-1 for z € B(t,e) . (5.17)

In the second step we use the fact that B(z,r/2) C E,. which allows to introduce
the weight (1 — J)* as in proposition 4.1, following by Holder’s inequality with p,q >
1, 1/p+1/q = 1, the second integral in the right hand side of (5.17) is constant and can
be absorbed in C' O

Corollary 5.3. For every 1 < p < 0o, —1 < a < 00, the weighted Bergman space Ai 1
T2
is closed in LP(E, dBa,—%)‘

Proposition 5.4. Let 0 < p < 0o and —1 < a < o0, and K be a compact subset of F,
with positive minimum distance to OFE. Then, there is a positive constant C such that

sup| £(2)” < CIIfIP, .
K et

forall f €AY ,.

)2
Corollary 5.5. For every 0 < p < 0o, —1 < a < o0, the weighted Bergman space AZ 1

2
is closed in LP(E, dBa,%)'
11

5.1. Holomorphic Jacobi polynomials P,ECHQ’ 2 For p > 11t follows from Corollary

5.3 that the Bergman space is a Banach space, in particular for p = 2 a Hilbert space
with the inner product defined as

F9)aryi= [ 1&5EIB, 4() . fge Ay, (5.18)
E 2
For any non-negative integer n and real parameter o > —1 let us define the polynomials
(a+l,—1) 1 _(a+l,-1 (2)
In P () = —=P, ¥ Y (—-), 5.19
@) = : (519

11
where PL*T272) (x) are the standard Jacobi polynomials (2.46), now taken with a com-
plex argument. We recall that the ellipse F in (5.10) defining the inner product (5.18)
is parametrised by the real numbers a > b > 0. The constant

c:=va®> -0 >0 (5.20)
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provides the location of the right focus of the ellipse F/, and we define by

l+a  (1/2)n (ari-1) [(a*+b?
h, = hy(a,b)= J AR , 21
(a,5) l+a+2n(1+a), a? —b? (5:21)

11
Theorem 5.6. The sequence of polynomials {JT(L%LQ’ 2)(z)}n€N defined in (5.29) forms
a orthonormal basis for Ai .y for any a > —1.

’ 2

11

We show that Jacobi polynomials P,EOHF?’ 2)(,2) satisfy the orthogonality condition with
norm (5.21), the completeness of the sequence of Jacobi polynomials follows by the same
line of argument in Theorem 4.5.

Lemma 5.7. Let E be the elliptic domain (5.10), dBa,_%(z) the density (5.11) over

ol 1
E and o > —1. Then sequence of Jacobi polynomials {P,S T2 2)(z)}neN satisfy the
following orthogonality relations

D=

—2) —
2 B 1 —
(w/c)d O67_5(1,0) 1 on 1 N

otl 1 N 5, m(1 1/2), (atl-1) [a®+1?
/PT(L T 2)(w/C)P,Ef m(l+a) (1/2) pletaa) (a +
E

n a2 — b2
(5.22)
where a > b >0 and c = Va? — b2.

Proof. Using the quadratic transformation (2.57), we have for all even Gegenbauer poly-

nomials
1), (a+l -1 2
C’ézﬂ)(z/c):%}’,g t272) (2 (f) —1) , (5.23)
= c
2/n

By Proposition 5.1, with z = ¢(w), we have
(Codt, Cotl)a = / (/)0 (2/)dAu ()
E
= 2O ()
a,b

(a+1)7 (atd 1), o (atb-b)
= St A R e as, )
2)n @,b

N|=
[SIE

(5.24)
with

¢+ w| — B_QRe (¢+w). (5.25)

Now, we use the norm of even Gegenbauer polynomials, Lemma 4.6, is given by

14+« a?® + b?
a+l atly (I+a)
(C3 " Com o = mCZn <m> Onm (5.26)
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the quantity (a® + b?)/(a® — b*) = a/¢, and using again the quadratic transformation
(5.23), we have

«@ 1 n ati—1 i’ 62
etV (g/e) = MP}L e () (5.27)
(2)., a* — b
Multiplying (5.24) with (1/2)2/(a + 1)? and dropping the tilde on all quantities we
arrive at the statement in (5.22). O

11
5.2. Holomorphic Jacobi polynomials P,Ea+2’2). For p > 1 it follows from Corollary
5.5 the Bergman space is a Banach space, in particular for p = 2 a Hilbert space with
the inner product defined as

)y = [ FEIEB, (). fge Ay, (5.28)
E
For any non-negative integer n and real parameter o > —1 let us define the polynomials
(a+3.3) L Se+dd) <Z>
In P (2) = Py (—) 5.29
@) = o - (529

11

where P77 (z) are the standard Jacobi polynomials (2.46), now taken with a complex
argument. We recall that the ellipse E in (5.10) defining the inner product (5.28) is
parametrised by the real numbers a > b > 0. The constant

c:=vVa® -0 >0, (5.30)

provides the location of the right focus of the ellipse F/, and we define by

2+a  (3/2)n ethd) (@1
- = Py : 31
B hn(a,8) = 5 2+a), R (5.31)

11
Theorem 5.8. The sequence of polynomials {J,(la+2’2)(z)}neN defined in (5.29) forms a
orthonormal basis for AZ , for any a > —1.

The proof of this Theorem is analogous to the theorem 5.6, we will only establish the
result of orthogonality with a short comment after this

Lemma 5.9. Let E be the elliptic domain (5.10), dB,, 1(2) the density (5.14) over E

N=p )=

atil
and o > —1. Then sequence of Jacobi polynomials {P,E - ’2)(2)}n€N satisfy the following

orthogonality relations

11 atl L
| PP P e, , (w) -
E 2

5n,m(2 + a) (3/2)71 (a+3,3) a® + b’
S 24 a+2n(2+a),

n a2 =02 )’
(5.32)
where a > b >0 and c = Va? — b2.
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Proof. We use the quadratic transformation (2.58)

OtV () = O Vw2 persdoe ey (5.33)

1
<§)n+1
together with Proposition 5.1. Apart from the additional constant factors, we obtain
from (5.33) an additional factor

z12  |w+ ¢

5 (5.34)

C

which cancels the pole from the Jacobian |¢’(2)]?. O

5.3. Orthogonality of the Chebyshev polynomials. In this section we will prove the
orthogonality of the Chebyshev polynomials of first to fourth kind as a direct consequence
of Theorems 5.6 and 5.8. The following statement is due to [46], where the notation for
the polynomials of third and fourth kind is interchanged compared to ours, V,, <> W,,.

Corollary 5.10. The Chebyshev polynomials satisfy the following orthogonality relations
on the ellipse defined in (4.6), withr = a + b and ¢® = a® — b*:

2, (/0" = (cfr)" ) forn > 0,m > 0,
| Tl =y = (5.35)
27 In(r/c) forn=m=20,
/EUn(z/c)Um(E/c)dQ,z = ﬁ((r/o)%”—(c/r)2”+2)5n,m, (5.36)
d?z e _— _—
[ ViVt 5 (O e, (530)

/ Wo(2/)Win(Z/e) —— = ———((r/c)2™ = (¢/r)>™ ) m - (5.38)

\ — z| 1+2n
Note that for better comparison with [46]* our statements are with respect to the flat

measure d?z = d Re(z)d Im(z). Because the proof for Chebyshev polynomials U,,, V,, and
W,, is similar, we show only one case and leave the others for the reader.

Proof. The Chebyshev Polynomials of the third kind V,, are related to Jacobi polynomials
as in (2.54):
1+2n

Va(z/c) = m-—l/z)(l)Pé”z"””(z/c> : (5.39)

2In contrast to the orthogonality of the Chebyshev polynomials on the contour given by the boundary
of the ellipse OF stated in [46] too, the weight function we find here differs from the classical weight on
the real line, continued to the ellipse.
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Setting a = 0 in (5.22) we obtain

/E VlwfeVu(wfe) o = 2 pi (2 <g>2‘1) O

e+ w| (14 2n)(1/2),
2mb

o1y 2nc§l) (%) Onm (5.40)

Here, we have included the pre-factors in (5.39). Using (4.45) for an even index, we have

O3 (cos(iln(r/c))) = > cos((2n — 2k)iln(r/c))

S OANG)
= (o (o) 5.4

Recalling » = a + b and ¢® = a® — b?, we have

1/r ¢ a 1/r ¢ b
()2 B S 42
2 <c+ r) c and 2 (c r) c’ (5-42)

which upon replacing C’Z(ib)(a/c) in (5.40) leads to the statement (5.37).
We turn to the orthogonality for the Chebyshev polynomials of the first kind 7},. The
relation [69, 18.7.18]

Tony1(7) = W, (22 — 1) (5.43)

allows us to find the corresponding weight function and orthogonality of the odd poly-
nomials, starting from (5.38):

/E WL IW(Fe) L s [ Zwa e/ — 1) W) - 1) —

_ 2 _ 2
|2" — ¢ B, C c |22 — 2|

_ d?z
= dc | Tony1(2/¢)Toms1(Z/c) 2
E

_02| ’

(5.44)

Here, we use the inverse transformation in Proposition 5.1. Thus the polynomials {7}, }

are orthogonal w.r.t. |22+C2|d2z. The following well known relation [46] holds for the

Joukowsky map z/c = 3 (w/c+ c/w):

T(z/c) = %((w/c)” +(c/w)") for n>0, (5.45)
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which maps the ellipse £ to the annulus A := {w € C : ¢ < |w| < r}. Thus we obtain
forn>0,m>0

/E T (2/¢) T (Z/c) |Z2d%02|

Tn(z(w)/C)Tm(Z(w)/@iU_ig

I
—

= %/T %/0 " déo ((S/c)”eme _ (c/s)”e_i"‘)) ((S/C)me_ime B (C/S)meimé')

= (/) = (e/r)*")bnm

b (1) a
LN <_) B 5.46
an 2n—1 c ) ( )
by changing to polar coordinates w = se?. Performing the elementary integrations we
need to assume that n > 0 and m > 0. Then, the first part of (5.35) follows while in
the last step we have used (4.45) in order to compare it to the previous orthogonality
relations. Following the same computation for n = m = 0, we have with Ty(x) = 1,

1 2
/Emd z = 27 IH(T/C) s (547)
which ends the proof of Corollary 5.10.

O

5.4. Bergman polynomials and finite-term recurrence. All the orthogonal polyno-
mials on an ellipse we encountered in the previous section satisfy a three-step recursion
relation, as they result from classical polynomials on the real line. It was shown by
Khavinson and Stylianopoulos in [44], if the planar orthogonal polynomials on a domain
E with regular enough boundary satisfy a finite recurrence relation, then the size of
the recursion is three and the domain is an ellipse. This result was demonstrated for
the unweighted case, also known as Carleman’s polynomials, as summarised in Theorem
5.12 below. Using the Gegenbauer polynomials from Lemma 4.6 that are orthogonal on
a weighted ellipse, we will construct an example of a family of orthogonal polynomials
with respect to a non-flat weight function, that has no finite-term recursion on such
ellipse. Therefore the elliptic domain is not special and weight functions which leads to
finite-term recursion are exceptional. In this sense, it remains an open question to char-
acterise the positive Borel measures supported on an ellipse, such that the associated
planar orthogonal polynomials do satisfy a three-terms recurrence relation.

Let E be a bounded domain in the complex plane, let du(z) = w(z)dA(z) be a
measure on F, where dA is the planar Lebesgue measure, and w a non-negative weight
function on E. By p,(z) = 72" + ..., 7, > 0, we denoted the associated orthonormal
Bergman polynomials. The multiplication operator acting on polynomials can always be
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represented by expanding z p,(z) as a series of the Bergman polynomials being a basis:
n+1

zpn(z) = ch,npl(z) ,n=0,1,2... (5.48)
1=0

The Fourier coefficients ¢;,, are then given by

Cln = /Ean(Z)Ww(Z) dA(z) . (5.49)

These coefficients ¢;,, constitute the entries of an infinite upper Hessenberg matrix

Co,0 Co1 Co2 Co3

Cio €11 Ci2 C13

M=] 0 1 22 c23
0 0 C32 C33

This matrix provides a representation of the Bergman Shift operator, which is linear and
defined by (7}, f)(z) = zf(z) with respect to the basis {p, }nen-

Definition 5.11 (see [44]). We say that the upper Hessenberg matrix is banded or,
equivalently, that the orthogonal polynomials p,, satisfy a finite (d+ 1)-term recurrence
if there exists a positive integer d such that

n=0,for0<l<n+4+1-d. (5.50)
In [44] Khavinson and Stylianopoulos proved the following

Theorem 5.12. If the Bergman polynomials orthogonal with respect to the flat measure,
on a bounded simply-connected domain D with reqular enough boundary, satisfy a (d+1)-
term recurrence relation with 2 < d, then D is an ellipse and d = 2.

All polynomials in the previous sections satisfy three term recurrence relations, as they
come form the real line, then a natural question is if the above Theorem 5.12 extends to
the weighted case, or at least if the weighted ellipse is special. The answer is negative
and is given in the following proposition

Proposition 5.13. Letv € C, a > b > 0, E be the ellipse with parameters a,b, dA, the
density over E defined in (4.7) and

diie(2) =: |v — 2]2dA.(2). (5.51)
Define the polynomial Pél)(z) by

P](Vl)(Z) _ /<LN+1(Z,T_))]?N+1('U) - /<L]7\/+1(’U,?_J)p]7\f+1(2) 7 (552)
(U - Z) \/K“NJrl(U? v)’%N+2(Ua U)
where kn(z,w) is the polynomial kernel constituted by the orthonormal Gegenbauer
polynomials p,(z) = CoTY(2/c)// I

Then, the sequence of polynomials {Pn(l)(z)}
nelN
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(1) form a orthonormal system in L*(E,djy).

(2) the sequence of polynomials {Pél)} do not satisfy any finite term recurrence rela-
tions in the sense of (5.50).

Proof. We use Theorem 3.3 for K = 2 and L = 1. Following the Heine formula (3.9),

the polynomials {Pél)}neN orthogonal w.r.t. |v— z|?dA,(2) can be expressed in terms of
the polynomials p,, orthogonal with respect to dA,(z) (the Gegenbauer polynomials in
this case). They are reading in monic normalisation

v (M =zl —=p)
<H<2_ZZ) >N,dua - <H1111 |U_Zi|2>

KN11(2,0)pn1 (V) — KNy (v, 0)pn 4 (2)
(v—2)knt1(v,0)

PY(z) =

N,dAq

1
= M (5.53)

Their respective squared norms 71%) are not difficult to compute, using the orthonormality
of the underlying polynomials p,, (3.10):

W = [ PPEPPE) o - Pdau)

hnt1 AW 2 N
kn+1(v,0) <KN+1(U7U)| N (U)]F + Enga (v, 0)
_ hxgiknge(v,0) -

Kn+1(v,0)

This leads to the orthonormal polynomials (5.52) and complete the first part of the
proposition.
For the second part, we will to show that the Fourier coefficients ¢; ,, of

n+1

PO(z) = Y . PY(2) (5.55)

=0

are (in general) non-zero for [ < n — 2.
Here, we may use that the orthonormalised Gegenbauer polynomials (4.18) in the
complex plane also satisfy a three-term recurrence relation (2.61), reading

2pO(2) = anp®(2) + bapl®(2) (5.56)
with
c(n+1) Pns1 b, = c(n+2a+1) [hy (5.57)

T ot a+r )V hy 2n+a+1)\V h,

Here, we use the definition from (4.27) for the squared norms h,, of the Gegenbauer
polynomials. Notice that in contrast to the recursion for orthonormal Gegenbauer poly-
nomials on the real line, the recurrence (5.56) is not symmetric, a,, # b,. This is due to
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the difference in norm for [—1,1] and E. From now on we will use the following notation
for kiy1(v,0) := Kiy1. A simple calculation implies that the coefficients

Cln = /ZPT(LI)(Z)P)I(I)(Z) v — z|2d Ay (2) (5.58)
E

are given by

min{l,n—1}

]_ « (e —
Clin = Zakpk pk 1 () — Z bk+1pl(c )(U>pl(<:+)1(v)

VEnt+1Rn42KI+1RK142 0

X P (0P (v) — (az+1p§“><@>@<n ~ 1) = baap{ (D)0 — 1 = 2))riaplh (v)

+ f{'n+1/{n+2an+25n+1,l - ’in—&-lbn—i—lpg; )( )pl(+)1( )@(l - TL) + /{n—i—l’inan—‘rlén 1 l] )

(5.59)
where we have used the recursion (5.56) and introduced the step function
1 forx >0,
O(x) := (5.60)
0 forz<0.

If we only restrict ourselves to those indices | < n — 2 which spoil the three-step recur-
rence, the remaining terms are simplified considerably and we obtain
(a)
panH (U)

_ b @ (1)@ by @ ()@ ><a>
= = | (v + 0T 7 () + brapl” AT 0)) 22

_ <al+1pl(a) () + bHQpl(j‘_)z(@)) /QH] : (5.61)

Let us first check that we recover the three-term recurrence in the real limit b — 0,
where we have to show that indeed ¢;,, = 0 in this limit for [ < n —2. When b = 0
and the corresponding normalisation constants are understood as h,, = h,(a,0), the
recursion coefficients (5.57) become symmetric, a,, = by, as it is known for Gegenbauer
polynomials on [—1, 1] [69], cf. Remark 4.7. We thus obtain for the bracket in (5.61) at
b=0

P 0) vk, ) + bipf @) (0) + bisapl® R () = D4 (0,0))
I+1

e (zbmpm CESWILIENE
- (bl () + bipiiiw)))
=0

—0. (5.62)
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Here, we have used the notation p(_al) = 0, and after relabelling the sums they cancel.
To see that the expression (5.61) is non vanishing in general for b > 0, we consider
the leading coefficient of (5.61) as a polynomial in v, which is of degree 2] + 2. We thus

have to focus on

(rapih () = beaapl® @RAD) ) 7 (0) (5.63)
Because the polynomials of degree [ and [ 4+ 1 do not have common zeros, it is sufficient
to consider the leading coefficients inside the bracket, which read

c(l+3+20) | b 1 2HT(2+1+a) \°
2042+ a) \| hyyr hyyr \T(1 4 «)(1 4 1)lcH+1

el +3420) Vi 1 22T+ a+ DI B +a+1)

5.64
2(l +3+ CY) hl+2 \/h_l F(l + Oé)2l'(l + 2)!02l+2 ' ( )
upon using (5.57). Inserting (4.27) and recalling (4.48)
(2 + 20+ 1)
cMt) = = — 5.65
v L2+ 2a)l! (5.65)
it can be shown that (5.64) vanishes only if the following equality holds:
(1+a) 2 N N
(@) e @l @)
1 2 (l+a) (1+a) =0, (5.66)
(i m) G WaL" M
where 2, 2
a® +

The expression on the left hand side of (5.66), usually denoted by A, (z), is know as
Turdn determinant. By [70, Theorem 1] A, (z) = 0 if and only if = £1. Thus ¢;,, =0
for 0 <1 <n—2in the limit b — 0, that is when x — 1, which brings us back to the
real line with a three-step recursion. For z > 1 all Fourier coefficients are non-vanishing,
¢ # 0 for 0 <1 <mn—2,in our example of polynomials (5.52) and thus there exists no
finite-term recurrence relation.

O

5.5. Conjecture on general Jacobi polynomials P*?. Let a > b > 0, 7 = a + b,
c? = a®—b%, by E we will denote the ellipse with parameters a, b. Jacobi polynomials are
given by the generating function (5.68), see [69, 18.12.3], valid for |t| < 1, in particular
for |t| < ¢/r

B) (2 )4m
(14 8)n l+a+p " (@)t (5.68)

1—t a+B8+2 a+p+3 2t(x + 1) c
LL——, t|]<-<1
<1+t)a+,3+2 < 2 ’ 9 75 ’ (1+t)2 ’ | | r

i (14 a+ B)n 1+a+ﬁ+2np(a’
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Then, after substitution a« - a4+ 1/2, t — ¢/w and x — z/c, we have

o0

(B/2+a+B)n3/2+a+B+2n j@+lp (2) "
; (1+B)n 3/2+a+p Fn <C> " (5.69)
- _l-du atBE5/2 a4 BET/2 - 2Aete)
= (1+c/w)a+ﬂ+5/2F( 5 ; 5 B+1 w(1+c/w)2) lw| > r.

So, we can choose R > 0 big enough such that the Laurent series (5.69) converges
uniformly for |w| > R > r and for all z € E. According to the previous introduced
notation, we defined

dA.(z) for f=a+3,
dB,s(z) = (5.70)
dBaji%(z) for g = +1.

Let
N (3/2+a+B)n3/2+a+B+2n _(arlp 2\ "
aplz,w) = P - —. 5.71
Jas(z,0) ; 1+ B)n 3/2+a+ <c> wn (5:71)
Our orthogonality relations (4.56), (5.22) and (5.32) give
[ Jualeow) FoalerdBua()
E
- (3/2+a+6)n3/2+a+ﬁ+2np(a+%,@) a?+ b\ (5.72)
(14 ) 3/2+a+p " a2 — b2 ) (ws)n '
B 1—c*/ws I a+B+5/2 a+5+7/25+1 2(a® 4+ b* + %)
(14 2 jws)ethrs/2 2 ’ 2 ’ "ws(1 + 2 /ws)?

Taking into account the second line in (5.72)

We conjecture: for a certain probability density dB, g over the ellipse E, being (5.70)
its particular cases, the Jabobi polynomials with o, > —1 satisfy the orthogonality
relations

1 1
(Pﬁwrz , Prﬁn+2>a”8 =

3/2 n 2 atl grdy [a? + b2
(3/24 B) +a+p plot3a+3) a2+ ) bue (5.73)
2+a+p)n2+a++2n a?—b
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6. STATIC 2D COULOMB GASES ON AN ELLIPSE

This chapter introduces two particular two-dimensional, static one-component Coulomb
gases that we will solve. We will first deal with the case induced by the weight function
for Gegenbauer polynomials in the complex plane and at the very end of this section we
will treat the case induced by the weight function for non-symmetric Jacobi polynomials.

We recall, with a > b > 0 the ellipse F C C is parametrized by

) ) a? + b? a’ —v?
Q(z) = Al|z|* — BRe(z?), A= YRR B = TR (6.1)

From now on, we specialize the ellipse to one parameter 0 < 7 < 1 by choosing

1+7 1—7 2T 272
= b= = Lp— PR 6.2
0= Q) =l - T RezY) (62)

2T 272 9
E:{Zl—T2 1_T2Re(z)<1}, 0<7<1. (6.3)

We consider a two-dimensional, static one-component Coulomb gas with a Hamiltonian

2" —

N N
H = ZV(zj) - Zlog |z — 2 - (6.4)
Jj=1 J<i
For the particles interacting logarithmically in the plane we impose a hard wall con-
strain, where we completely confine the system {z;}&, to the ellipse by setting V = oo
outside of E. The one-particle potential in the Hamiltonian (6.4) is given by

V(z) = —% log (1 - Q(2)) - 1u(z) + 00 Lewp(z), a>—1. (6.5)

Note that, this potential mimics a charged mirror at the boundary of the ellipse which
is either attractive (o < 0) or repulsive (o > 0). In this section, and unless we state the
contrary, o > —1 will be arbitrary but fixed, a = O(1).

The resulting Boltzman density function for the particles to be at equilibrium at an
inverse temperature 1/(kgT’) = 8 = 2 is known to be

N N
1 1
P(z1, 29, ,2n) = Z_Ne—ﬁH - Hw(zj) H |z, — z]? . (6.6)
J= i<l
Here, the one-particle weight function is
w(z) = (1-Q(2)" - 1p(z) = eV, (6.7)

The partition function that normalises the distribution (6.6) is defined as

N N
ZN = H/ d22j w(Zj) H |z; — Zl’2> dQZj = dRe(Zj)dIm<Zj) : (6.8)
j=17F i<l

The point process in (6.6) is determinantal,
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p(Zh 22y, Zk) = det [KN(ZJJ Zl)]j7l:1,27... kO (69)

with correlation kernel given by the sum over the orthonormalised Gegenbauer poly-
nomials C2™(2) over the ellipse F,

n+a+1 ., at1) /=
Kn(zj,2) = 71'\/17\/ Z () Oyt ()0t (z).  (6.10)

Note that under the choice of the ellipse given by one parameter 7, the position of the
foci is now at z = 41, which simplifies the argument of the polynomials that constitute
the kernel and that we have incorporated the area of the wighted ellipse wab/(1 + «) in
the norm of these polynomials. Futhermore, note that the point process (6.9) may be
written as

k
27(1 + «)
p(z1, 22,0+, 21) = 1§dj,ezt§k; [k (25, 21)] 11 Py

here K is the polynomial kernel

(1-Q(=z))", (6.11)

1 - n+a+1l o at1) (=
An () = —— Z CE g OO E) (6.12)

Sometimes this equivalent representation is more convenient for understanding scale
processes and not counting it twice.

Let us point out several limits of the point process (6.9) (or equivalently of the dis-
tribution (6.6)) that relates our point process to known ones in RMT. For that aim is
enough to consider correlation kernel (6.10)

First, we consider the rotationally invariant limit. Here, we have to rescale the posi-
tions as

Zj = Zj/\/ 2T R (613)
and then take the limit 7 — 0. The Jacobian cancels the term 27 in (6.10). In this limit
only the leading coefficients of the polynomials contribute to the sum, it can be seen by

introducing the term (27)"/(27)". The ellipse £ in (6.3) becomes the unit disc and the
weight function becomes

wtruncated(z) = (1 - ’Z|2)a , o> —1 , (614)

which is radially symmetric. For an integer « the limiting point process from (6.9) then
agrees with the point process of the complex eigenvalues of the ensemble of truncated
unitary random matrices introduced in [14]. It is obtained from a unitary matrix U €
U(N) distributed according to the Haar measure, truncated to the upper left block of U
of size M x M, with N > M and the resulting parameter

a=N—-M-1. (6.15)
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The complex eigenvalue correlation functions of such a truncated unitary matrix were
computed in [14], using monomials 2" as orthogonal polynomials with respect to the
weight (6.14).

In the second limit, we want to make contact with the eigenvalues of Hermitian RMT
and the corresponding Dyson gas of particles confined to (a subset of) the real line, while
still interacting logarithmically, that is with Coulomb interaction in two dimensions. This
is easy to see by writing the ellipse in terms of real coordinates z = x + 1y, we have

T 24 2T
1+7 1—171

E:{z:az+iy

y2§1}, 0<7<l. (6.16)

Here, we have to rescale the imaginary part Im(z;) = y; of the positions as

1—17
A T Y 6.17
Yj 1+TZ/J> ( )

Taking the limit 7 — 1, the Jacobian cancels the pole 1/4/1 — 7 in (6.10). The ellipse
E become the unit disc. In this limit the argument of the correlation kernel (6.10) is
projected to the real parts Re(z;) =z, € [-1,1] (j =1,2,--- ,N).

Because the initial measure is in two dimensions, in (6.6) we still have to integrate
out the imaginary parts Im(z;) = y;, leading to an additional contribution to the weight
function, see Remark 4.7 for details. We arrive at the following limiting weight function

wJacobi(x) = (1 - xQ)OH—% 5 (618)

It agrees with a special case of the weight where the eigenvalues result from the Jacobi
ensemble of Hermitian random matrices [71, 72]. The eigenvalue correlation functions are
computed with the help of the Jacobi polynomials, in our case with symmetric indices,
when the Jacobi polynomials reduce to the Gegenbauer polynomials.

Finally a map to the elliptic Ginibre ensemble exists, this is achieved by making the
scaling transformation

z; = 2 [V2Ta (6.19)
under this transformations the new parameters of the ellipse E are a = \/«a(1 + 7) and

b = \/a(l — 7). Then taking the limit &« — oo, E becoming the entire complex, thus
removing the hard wall constraint in (6.5) for the potential V' and we find the limiting
weight function (6.7) which is a Gaussian,

B 1 T
172 1— 72

The limit of Gegenbauer polynomials with rescaled argument, as required by (6.19),

Wainire(2) = exp(—G(z)), with G(2) Re(z%). (6.20)

|2* =

lim a~"2C()(z//a) = %Hn(z) , (6.21)

n
a—0o0

for the denominator of the correlation kernel (6.10) we also need the corresponding limit
without rescaling the arguments. It follows from the generating function for Gegenbauer
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polynomials [69, 18.12.4]

i CW ()™ = (1 — 2ra + 12~ . (6.22)

n=0

After rescaling » — r/« and taking o — oo,

o 1 > (2z)"
= () n o __ 2re __ n
all_)ﬂolo anCn ()r" = e = g A (6.23)
n=0 n=0
we obtain the relation
1
lim o "C\™(z) = —(22)" . (6.24)

a—00 ol

Putting these together and rescaling as in (6.19), we obtain

. 1 z Z
Ginibre _ . 1 2
BT enz) = i g K (%m)

= exp|[—G(z1)/2 — G(z2)/2]

1 = ™" 1 21 29
2 (6 () o () o
So, in the limit & — oo, the resulting point process with kernel (6.10) agrees with that
of the complex eigenvalues of the elliptic Ginibre ensemble of complex random matrices
[73], including the rotationally invariant Ginibre ensemble at 7 = 0. The elliptic Ginibre
ensemble was analysed as a Coulomb gas in [21], deriving and using the orthogonality
property of the Hermite polynomials with respect to the weight (6.20). All complex

eigenvalue correlation functions of the elliptic Ginibre ensemble were derived later in
[74].

6.1. Local correlations at week non-Hermiticity. In this section we introduce
the local scale limit that allows us to present our new results (next section) and will
mainly be concerned with local correlation functions in the limit regime in non-Hermitian
RMT introduced by Fyodorov, Khoruzhenko and Sommers in [75] known as weak non-
Hermiticity limit. Although our methods in this section will not be rigorous, as we have
already pointed out in the previous part, our ensemble at finite N is mapped to already
known in RMT, this serves as a test floor to compare our results for large N.

The analysis of the correlation function (6.10) in the weakly non-Hermitian situation
will lead to a new two-parameter family of limiting point processes. The weak non-
Hermiticity parameter s, which we will specify below, projects our statistics on the real
line and we obtain the well-known Sine and Bessel kernel. Furthermore, this will help
us to indirectly find the leading asymptotic term for the correlation kernel (6.10) at the
origin, the so-called limiting kernel at strong non-Hermiticity, that we conjecture to be
universal after a suitable scaling limit.
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The weak non-Hermiticity limit, both in the bulk and at the edge of the spectrum, is
defined by taking the limit 7 — 1 such that
1 s
T L+ 2N?2’
with N — oo, and the weak non-Hermiticity parameter s is kept fixed®. For later use
we collect the following expressions
1 T 2N? T 2N?
T_l 27 1—7  s27 147 A4AN2+4 %
T aNe
Weak non-Hermiticity means a double scaling limit N — co and 7 — 1, the Hermitian
limit, taken such that the global density collapses to the real line, the interval [—1, 1] in
our case, whereas local correlation functions still extend into the complex plane.
In our ensemble, with edge we mean the vicinity of the endpoints +1, and with bulk
we mean the vicinity of interior points of the open interval (—1, 1), away from the edges.
Given that the Gegenbauer polynomials can be expressed in terms of the Jacobi poly-
nomials, (2.56), (2.57) and (2.58) , it turns out that in both the bulk and edge limits
the following asymptotic form of the general Jacobi polynomials P(®)(z) will be useful,
(69, 18.11.5]:

0<s< oo, (6.26)

(6.27)

pla) (1 - 2_i2) ~ 7 (‘/77) - o (\/Z) . n— oo, (6.28)

with fixed real a and 7, and Z = X +4Y (X and Y are real) kept fixed. Note that the
asymptotic form (6.28) zooming into the vicinity of +1 is independent of ~.

We consider the bulk scaling limit in the vicinity of the origin, by rescaling the complex
variables inside the kernel (6.10) as

A

ZA
=iy, =2, j=1,2 6.29
TS N (6.29)
where 2; = Z; +iy; (Z; and y; are real) are kept fixed when N — oo.

Because the Gegenbauer polynomials have parity 07(~LQ+1)(—I) = (—1)”C’,(La+1) (x) , with-
out loss of generality, we consider the weak non-Hermiticity limit at the edge of the
spectrum around the focus at +1, choosing the scaling

Zj

2N2’
together with the weak non-Hermiticity limit (6.26). Here, the complex numbers Z; =
X; +1Y; are fixed (X, and Y are real).

In the kernel (6.10) the sum will turn into an integral. Because we split the sum into
its even and odd parts, let us present the details of this step. For f, some continuous

z=1 j=1,2, (6.30)

3Note that in [74] this parameter is typically found to be proportional to ~ (1 — 7)N.
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and integrable function depending on n we have

—
—
2

|
—
[

A |52
(nta+1)fs = > @+at+Dfut Y (20+a+2)faun

=0

N2 [t 4 1
S [l (55 =) e

in the limit N — oo, where ¢ = |n/2]. We also introduced the integration variable

=

3
I
o
~
|
=)

200 20+1
— or
N N

€0,1], (6.32)

and use that
2 & 1 PR N1 N -2
N Zz:; — ; C, or ,C = T or T . (633)

6.2. Weak non-Hermiticity in the bulk. With a short calculation for the scaling
limit (given by (6.26) and (6.29)) of the pre-factors of the kernel in the first line of
(6.10), that originates from the weight function, we obtain

Q/Q ~D Oé/2
2 2 »
lim (1 s y]?) = (1 —4y—3) , (6.34)

N—oo 1477 1-—71 52
for j = 1,2. Here, only the imaginary part of the scaling variable 2; = &; 4 1y; appears.

From this limit we can read off the domain of the scaling variables Z; (j = 1,2) in the
bulk limit:

Dy = {Z

2
%2@2 and—oo<50<oo}, (6.35)

with 2 = & + iy (¢ and g are real).

For the asymptotic form of the Gegenbauer polynomials inside the sum of (6.10), we
can apply the asymptotic form of the Jacobi polynomials (6.28). We begin with the even
Gegenbauer polynomials. Using (2.49) and (2.57), we have

N a+1)e je+i, -1)
C;g +1) (l‘) _ (<T2)3£PZ + (21.2 — 1)

F(a+1)r(€+%)
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From (6.28) we thus obtain

. .
lim — (—1)‘C{otY (%

N—oo N¢

) _ VT ghplh et (1 - 2’%—2>

2aF<Oé —+ 1) N—oo

_ o Vret (C—i)%J L (¢3)

2T(a+1)\ 2 ) "2
c® .
= m COS(CZ). (637)

Here, ¢ = 2¢/N is fixed in the limit N — oo, and in the last step we have used [47,

8.464.2]
J_%(z) = \/gcos(z). (6.38)

The very same steps can be taken for the asymptotic form of the odd Gegenbauer poly-
nomials. Using (2.49) and (2.58), we start from the map

(@ + 1)
(1/2) 444

_ Fl+a+2)I(1/2) (_1)%&(%7 a+%)(1 — 222). (6.39)

F(a+1)F(€+g>

atl 1
Oyt (@) P (207 — 1)

Once again (6.28) leads to

. 1 o 2 e .21 (L atly 32
lim 577 (1) Gty (N) BTN CESIE S A (1 —2y
1
a 2\ 2
—ﬁc “) (c2)
29 (e + 1) \ 2 2
Ca
= ——— sin(c2). A4
T (a7 1) sin(c2) (6.40)

Here, ¢ = (20 +1)/N is fixed in the limit N — oo, and in the last step we have used [47,

8.464.1]
J%(z) = \/gsin(z). (6.41)

For the Gegenbauer polynomials from the normalisation in the denominator inside the
sum of (6.10), the argument is 1/7. Using (6.26), we see that we can directly use (6.28)
together with the standard map (2.56), valid for both even and odd polynomials alike.
By analytic continuation of the asymptotic (6.28) to imaginary argument, Z — iZ, we
obtain for the normalising Gegenbauer polynomial of the scaling variable (6.26)

1 2\ T(a+3) /2=
li clett) (1 = 2 (= I . 6.42
niibo N2atL TN ) TT2a+2) \es a+4(05), (642)
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with ¢ = n/N fixed. Here, 1,(2) is the modified Bessel function of the first kind.
Putting all the above together we obtain the following result for the bulk scaling limit
of the kernel (6.10) around the origin:

s s . 1 21 2
Kot ) = i 5ot (3.3)

B (1 4@%)3 (1 4y§) 1 s2D (20 + 2)
N 82 s s 1 3
S S s 23a+§P (Oé + 5) F(OK 4 1)2

/1 y o3 (cos(c21) cos(czz) + sin(czy) sin(c2,))
X c
0

Ia—s—% (CS)

2 4A2 3 4A2 g 1 2 a+ B
= — (1 - %) (1 - %) / alcM cos(c(21 — Z9)).
sm2l'(a+ 1) s 5 0 Ia+%(05)
(6.43)

(ST

In the second step we have used an addition theorem for the trigonometric functions and
the duplication formula for the Gamma function (2.5).
The corresponding microscopic level density only depends on the imaginary part, see

(6.43), and reads
In what follows we will take three limits of the bulk kernel (6.43), in order to compare

to other known results in RMT. We begin with the Hermitian limit as a consistency
check.

(1) The Hermitian limit s — 0:

In this limit the local bulk kernel is mapped back to the real axis. This can be seen
from the support (6.35) of length s in the g-direction. After rescaling by s/2 (in the
y-direction), the support of the imaginary part of z; is restricted to | Im(z;)| < 1, while
the argument of the correlation kernel is projected on the real line in the limit s — 0.

For the denominator of the integrand we have the small argument asymptotic relation
of the modified Bessel-function, see e.g. in [47, 8.445]

(es/2)+

Fat3)
Before taking the limit s — 0 we have to recall that the point process with kernel (6.43)
is equivalent to one of the form (6.11) and that the underlying measure is the planar

Lebesgue measure, that is, in the scaling limit the extra factor I(av + 2)/y/7T(a + 1)
does not contribute to the statistics and is trivially canceled with the integral

I, 1(cs) ~ s — 0. (6.45)

[ =y (6.46)

1
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So, in the limit s — 0, we obtain

1 1
ll_I}(l)g KBu1k<JAJ1 + iggg,fz —+ Zggg) = ;/0 dCCOS(C(;%l — jﬁg))

_ Lsin(i — ) (6.47)
™ 1 — T2

It results into the well-known universal sine-kernel. It is known to hold for the Jacobi

ensemble in the bulk of the spectrum [71], as well as for other ensembles within the same

symmetry class.
(2) The strong non-Hermiticity limit s — oo:

This limit is expected to reproduce the limiting kernel at strong non-Hermiticity, when
rescaling z; = ; +1iy; = 2;/s for j = 1,2 (¥, and g; are real). The same mechanism was
applied in the elliptic Ginibre ensemble in [74]. The corresponding domain (6.35) gets
mapped to

DBulk, strong — {Z

with 2 = Z + 97 (Z and § are real). It is an infinite strip of unit width parallel to the
T-axis. We obtain the following expression for the limit of the integral in (6.43):

—(03/2)0‘ ’ cos(c(21 — 29))

1
ZZ@? and—oo<§:<oo}, (6.48)

1
Jo = lims/ dc
0

S—00 IaJr%(CS)
Y N (7 )
=l e )
00 ats _
— /0 dt%cos(t(él—ég)). (6.49)

Here, we have changed the integration variable to t = c¢s. The final answer for the
limiting kernel at strong non-Hermiticity on the domain (6.48) thus reads

Kstrong bulk (21, Z2) = sli_glo SzKBulk(3217522)
1
2 o [ 2T
= — (1 -43%)> 1—4y22/ dt—————cos(t(z; — 22)).
ey ) 1) [T a2 et - 2)

(6.50)

Although we have derived the kernel (6.50) indirectly via the weak non-Hermiticity limit
at the origin, we conjecture it to be universal, after an appropriate shift of the weight
away from the origin plus rescalings. Because the appropriate Mehler or Poisson formula
for the kernel (6.10) is lacking, when extending the sum to infinity, we have been unable
to directly take the strong non-Hermiticity limit. Notice that a different Poisson kernel
exists for the general Jacobi polynomials, cf. [76], but is relies on the fact that the sum
is a geometric-type sum.
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(3) From the strong non-Hermiticity to the Ginibre Kernel in the limit a@ — oc:

Let us explain how to recover the Ginibre kernel in the limit @ — oo. A series
expansion [69, 10.25.2]

TR (124
]Mé@»‘(ﬁ) Z;a11£+a+§) (6.51)

is known for the modified Bessel function. Introducing a new variable { = ¢/\/a and
using the asymptotic relation

r 3
(Oé—+2):3 ~at a— oo, (6.52)
r (f + o+ 5)

for a fixed non-negative integer ¢, we obtain

L (at\"Tr e
2

from (6.51). Here £ is fixed. We put this asymptotic form into (6.49) and find
a+
t 2 _
T = \/_/ \/_ / t) cos(vVat(z, — 2))
3 gy . _
~ Val [a+ 5 dt e /4 cos (t(ur — @)
0
3 N2
= raTl (a + 5) e~ (w1 —u2)" (6.54)
where u; = /aZ; (j = 1,2). Then it follows that
KGinibre (w1, u2) = algglo Kstrong, bu (u1/vVa,uz/v/a) /a
2
= —oxp [—|ui]> = |uo|® + 2wy — i Im(uf —u3)] . (6.55)

This kernel is equivalent to the Ginibre kernel Kginipre(u1,us), presented in the intro-
duction (1.19). Note that two kernels are equivalent if they agree up to multiplication by
f(uy)/f(ug) as they yield the same correlation functions in (6.9), with f(u;) = e~1mut
here.

6.3. Weak non-Hermiticity at the edge. In this subsection we consider the weak
non-Hermiticity limit at the edge of the spectrum. We magnify the region around the
focus at +1, choosing the following scaling limit
Zj
2N?2’

J=12, (6.56)

ijl—
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together with the weak non-Hermiticity limit (6.26). Here the complex numbers Z; =
X, + 1Y} are fixed (X; and Y are real). In this limit the pre-factors of the kernel (6.10)
from the weight turn into

Oc/2 2 2 O‘/z
2r 2T, N Y;

in the limit N — oo as (6.26) and (6.56). Once again we keep the parameter « fixed in
this limit. Eq. (6.57) implies that the limiting domain of the scaled particle positions

(X;,Y;) becomes the parabolic domain
\? s
X > (;) - } , (6.58)

which is a magnified part around the right focus of the ellipse, that is the right endpoint
of [—1,1].

The pre-factor of the sum in the second line of (6.10) is easily evaluated by using

(6.27), to give
pe
6.59
\/1—7'2 \/1—71+7‘ (6.59)

Due to the relation (2.56) of the Gegenbauer polynomlals to the symmetric Jacobi poly-
nomials, and their asymptotic form (6.28) in the vicinity of unity, we find the following
asymptotic relation,

« (0% Z
Cet(z) = Cloth (1 - Z—J)

DEdge = {(X7 Y)

r (a + §) —a—j
2a+1 2 \Y Zj i '
N Teat2) ( 2 Tty (C v ZJ) ' (6.60)

Because the limit of the squared norms does not depend on the point we magnify, we
may use again the asymptotic (6.42) from the previous subsection.

Inserting (6.57), (6.59), (6.60) and (6.42) together in (6.10), and replacing the sum by
an integral, yields the following asymptotic formula for the limiting kernel at the edge

1
Krage(Z1,Z2) = 135204]\74[(1\/(21,22)
1 s\a—3 [ 52 Yi 2\ ¥ 52 Y, 2\
- — (= X, - (= Zrx,— (22
470 (a+ 1) (2) (4+ ! (s) VI <s)

3
a+2

x (\/2122) QI/O dc [C—Ja+% (WZ) Jois (C\/Z) (6.61)

a+% (CS)

with a fixed @ > —1. This limiting kernel is a deformation of the Bessel-kernel into
the complex plane, holding inside the domain (6.58) where the two pre-factors from
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the weight have non-negative arguments. From symmetry the same limiting kernel is
obtained at the left edge of the ellipse. Not only the pre-factors from the weight but also
the pre-factor in the integrand inversely proportional to the modified 7-Bessel function
differs from the pre-factor of the deformed Bessel-kernel of the chiral ensemble [12], given
by an exponential. There, « —i—% = v, and for integer values it corresponds to the number
of zero-modes therein. This difference remains valid for any fixed values @ > —1, and
shows the influence of the boundary. It pertains also for large arguments, as we will see
below. We expect that the limiting edge-kernel (6.61) is also universal.

Again we define a microscopic density which depends this time on both the real and
imaginary parts, due to the loss of translation invariance, i.e.,

0(X,Y) = Kpgge(X +1iY, X +iY). (6.62)

Its dependence on an increasing non-Hermiticity s and an increasing charge a. The
spectrum lies in a constant competition between s, which tries to spread and squeeze it
into the boundary, and «, which creates a repulsion from exactly the same boundary.

Below we will take two limits of the kernel (6.61) to compare with known asymptotic
kernels in RMT, the Hermitian and strong non-Hermiticity limit. In addition we take
a third limit of large argument, that brings us back to the result in the bulk from the
previous subsection.

(4) The Hermitian limit s — 0:

In this limit, after rescaling by s in the Y-direction (6.58) , the support of the imaginary
part of Z; is restricted to |Im(Z;)| < /Re(Z;) with Re(Z;) > 0, while the argument of
the correlation kernel (6.61) is projected on the real line in the limit s — 0.

For the s dependent factor inside the integral in (6.61) we may use again the asymptotic
(6.45). We recall that the point process with kernel (6.61) is equivalent to one of the
form (6.11) and that the underline measure is the planar Lebesgue measure. In the limit
s — 0, for the (non) constant pre-factor in (6.61), including the contribution of (6.45),
we have

Do+ 2) 1 Ve 9 1
) dy = = _
NGACER /_ﬁ(m vy =35 (6.63)

this leads to the following result:
liH(l] s Kpage (X1 +isY1, Xo +isY>)
s—

= %/01 dec Jop1 (C\/Z> Joyl (C\/E)
- i/ol de Ty (VEX1) Jupy (VeXa)

2

Jory W) VT, (VED) ~ VR, (VED) sy (VD)
2(X; — Xy)
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with a fixed « > —1. This reproduces a well-known universal result in RMT, the so-
called Bessel-kernel. Note the last equality may be obtained from a Christoffel-Darboux
type of argument, see [77].
(5) The strong non-Hermiticity limit s — oo:
Let us next consider the opposite limit s — oo, to obtain the limiting kernel at strong
non-Hermiticity. For that purpose, we introduce new scaling variables
=24l vty (6.65)

where we keep X ; and fg fixed when taking the limit s — oo. In terms of these new

2
variables the determining equation for the domain (6.58) becomes ng > Ij Thus

in the limit the scaled particle positions (X]7 Y]) are confined to the half plane, that is
0< X < 00 and —oo < Y < 00. Now we use the asymptotic formula [38] for u — oo,

Jy (uz) ~ (i> o (o207, (6.66)

Tuz

for a fixed real index b and a fixed complex z, to obtain

(\/Z-)_a Jues (V7)) ~ (2) o (wcs)—l/QeXp[Z (1—1()( +ZY>)},(6.67)

for s — oo. Together with the large-s asymptotic for the modified Bessel functions, cf.
[47, 8.451.5],

Loy (cs) ~ (2mes) e, s — 00, (6.68)
valid for any fixed a, it then follows for the scaling (6.65) that
2
~ o~ . S
KStrong,edge(Zb Z2) = sli{go ZKEdge<Zla ZQ)
-~ \/2
<X1X2) 1 -
-~ [y —S (K + Xa) — it (Vi - 1)
47rF(a+1)/0 ¢ exp 2( 1+ Xo) Z2(1 2)|

(6.69)

with a fixed @ > —1. This limiting kernel is not new and agrees with the kernel found
for truncated unitary matrices [14, eq. (21)] in what the authors call weakly non-unitary
limit. But their terminology is different from ours, in [14] the large matrix size is M,
while from a« = N — M — 1, with L = N — M it is fixed.

In what follows and as a consistency check with our results we will use the fact that in
the large limit argument the correlations at the edge get mapped back to the correlations
in the bulk, see e.g. [78].
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(6) From the edge to the bulk limit:
Let us introduce scaled complex variables Z2; = Z; 4 1g; for the arguments of the edge
kernel (6.61) as
Z; = kh — 2V'h3j, (6.70)

where k > 0 and Z; remain fixed, and we will take the limit of A positive to become
large, h — oo. In these variables the defining equation for the domain (6.58) with
Z = X +1iY = kh — 2v/h% becomes

. _ 4hy?  s?
rkh —2Vhi > -7 (6.71)
leading to the domain
2
Dy = {z Szngﬂ and —oo<:%<oo}, (6.72)

where Z = & + 19.
For the scaling (6.70) we can see that

VZi~VkK —%, h — oo. (6.73)

Then, we can use (6.66) to find that

2 172 cz; om ™
J Zi | ~ h——2%——-a—— h . 6.74
atl (c\/ ]> (cw _/{h> cos (c K NG 5 2) , — 00 (6.74)

Putting the above asymptotic results for the scaling (6.70) together in (6.61), we obtain
Kguk(21,22) = hlgrolo 4hKgage(Z1, Z2)
2
stal(a + 1)Ko+

E ) o Chgles) CAET )
(6.75)

which is similar to the asymptotic kernel (6.43) computed at the origin, in agreement
with our conjecture.That is, a similar asymptotic form to the kernel (6.43) is valid in the
entire bulk.

(ST

6.4. 2D Coulomb gas induced by non-symmetric Jacobi polynomials. First we
consider the case induced by Jacobi polynomials with parameters (o + 1/2,1/2) and as
a remark will treat the case (o +1/2,—1/2). With the above notations, the one-particle
weight function w(z) like in (6.6) defining a 2D Coulomb gas now takes the form

wi(z) = (1 - =)™, (6.76)
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and

u(z) = =2 ( 1;_T\/(1+x)2+y2—1—x>, (6.77)

C1l-7

with 2z = = + dy. This weight function is different from (6.7), except in the case o = 0,
when the indices of the Jacobi polynomials again become symmetric.

Under the one parameter 0 < 7 < 1 ellipse assumption, the kernel again is given by
the sum over the orthonormalised polynomials Lemma 5.9 and take the form

2T 1
1—7T(a+1)2

2n+a+2)T(n+ a+2)>
= D+ ey (VT n/en)

(o) = 30— p(2)) (0~ p(z)"

N-1

X

(6.78)

In the following, we will evaluate the asymptotic forms of this kernel in the weak non-
Hermiticity limit at the edges, that is around the foci of the ellipse z = +1 and z = —1.
Like in limit (6) we have seen that the bulk limit can be recovered from the edge limit,
we will first derive the latter. However, due to the indices of the Jacobi polynomials now
being non-symmetric, we expect the limits at the endpoints £1 to be different, because
of the lack of parity symmetry, cf. (2.49).

(7) Edge limit at the focus z = 41, non-symmetric case (o + 1/2,1/2):

In order to magnify this region, we recall the weak non-Hermiticity limit (6.26)

1 s
S 1+ :
- +toNe (6.79)
and the rescaling (6.56) around the right focus +1:
Z; ,

We will take the double scaling limit N — oo and 7 — 1 such that the positive number
s and complex numbers Z; = X; + 1Y; are kept fixed. In this scaling limit the function
inside the weight (6.76) gets mapped to

Z 1 52 Y?
—pf1- 2 ) (S x- 1 6.81
“( 2N2) IN? <4 * 52)’ (6:81)

from which we can read off the domain of our scaling variables, being in the parabolic
domain (6.58). Here Z = X 4 iY is kept fixed. In analogy to (6.42) we have

3 1
(a+1) 1 +7 ~ N2a+1 F(O'/ + §> <i)_a_§ ] | 2
CQnJrl < 27 ) F<20é + 2) 8¢ a+§(cs)7 (68 )
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with the ratio ¢ = n/N being kept fixed. Using (6.28), we can find the asymptotic for
the polynomials

plotis) (1 _ i) o ot (\/_7> e . (C\/Z> , (6.83)

Putting these asymptotic formulas together with the identities (6.27) into (6.78), and
replacing the sum by an integral, we obtain exactly the same asymptotic formula (6.61)
for Krage(Z1, Z2) = limy 00 Kn(21,22)/(4N*). This fact indicates the universality of
this kernel.

The Hermitian and strongly non-Hermitian limit as well as the bulk limit then follow
as in Subsection 6.3.

(8) Edge limit at the focus z = —1, non-symmetric case (o +1/2,1/2) :

Next, we use the scaling in the weak non-Hermiticity limit (6.79) and magnify the

region around the left focus z = —1 in the same way as in (6.80):
7.
=1 J =1.2 .84
Z] + 2N27 J ) “y (6 )

with s > 0 and Z; = X, + 1Y fixed in the limit N — oo. It is straightforward to derive
the asymptotic form of the weight function

Z 2
1—pf-1+-2 ~1——<\/X2 Y2—X>. 6.85
u(-14 5z ) ~1- 5 (v (6.85)

Here Z = X + 1Y is kept fixed. For this factor to be non-negative it can be seen that the

points (X;,Y;) have to lie inside the parabolic domain (6.58). For the asymptotic form

of the Jacobi polynomials with non-symmetric indices we have
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in the limit N — oo, after using (2.49) and (6.28). These asymptotic formulas together
with (6.82) are put into the kernel (6.78) and yield

1
Kpage(Z1,2Z5) = A}lgloo WKN(ZM 22)

(vEE) [ / <cm> 2< 7)

S —%uzn—xn)w(1—%<|ZQ|—X2>)M2
x\/ﬁ i de ﬁsin <c\/z> sin (C\/ZTQ) (6.87)

In the last step the J-Bessel functions are expressed in terms of sine, using (6.41). For
a # 0 this edge kernel is clearly different from the one obtained for the Gegenbauer
polynomials in (6.61) in Subsection 6.3. While the local asymptotic form of the Jacobi
polynomials around this focal point yields J 1 (represented by means of the sine function),
the influence of the edge is obviously still present through the dependence of the other
factors on «.

In the Hermitian limit s — 0, the coordinates (Xj,Y;) are confined to the domain
satisfying X; > 0 and |Y;| < /X, as we saw already in the Point (4) in Subsection 6.3.
Using (6.45) and (6.63), we find the asymptotic formula

1 1
lim s Kiage(Z1, Z2) = 5/0 de ¢ Jy <c\/X1> Jy (c\/X2>. (6.88)

It agrees with the Bessel-kernel of the Jacobi ensemble (6.64) at o = 0. . .
In the strong non-Hermiticity limit s — oo we use the scaling variables X; and Yj
defined in (6.65), together with the asymptotic relation

[

2 2 -
1__2(|Zj|_Xj)N_Xja s — 00, (689)
S S

and (6.66). The resulting limit lim_,o(5%/4) Kgage(Z1, Z2) exactly reproduces the for-
mula (6.69).

The bulk limit & — oo, with the scaling variables Z; = 2; 4+ ig; defined as in (6.70) by
Zj = Kkh — 2\/5% (k > 0), can be evaluated by means of the relation

2 4,
1—§(|ZJ|—Xj)N1—@yj, h — oo, (6.90)

and (6.66). As a result we obtain exactly the same formula (6.75) for the asymptotic
kernel Kpuk (21, 22) = limyp,_yo0 4hKpage(Z1, Z3). From this, we again conjecture that the
bulk scaling limit has a similar form, when we zoom into any point z¢ € (—1,1). Thus
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all three limits of the kernel (6.87) lead back to the classes we have already found in
Section 6.2 and 6.3.

Remark 6.1. The case induced by non-symmetric Jacobi polynomials (« + 1/2,—1/2)
and orthogonality given in Lemma 5.9, can be treated along the same line as the previous
part, here we will only indicate some important steps
For this case of 2D Coulomb gas, the wight w(z) in (6.6) takes the form
(1 —p(2))”
w_(z) = =2 6.91
()= (6.9)
with p(z) defined in (6.77). Notice that also for @ = 0 the polynomials and weight are
different from those in Section 6.2 and 6.3.
The kernel function Ky (z1, z2) in (6.9) take the form

(1 — pu(20)*2(1 — u(2))*? [ 27 1
211 + 21 |V/2|1 4 25|1/2 1—7T(a+1)2

N—-1
2 nr 1)2
y 2n+a+ 1T (n+a+1) PTS

= T+ et (VT+ /)

KN(ZbZQ)

1 1
aty.—3)

(6.92)

As in the previous part we can first determine the weak non-Hermiticity limit at the
edges.

(9) Edge limit at the focus z = +1, non-symmetric case (o + 1/2,—1/2) :

In the vicinity of the focus +1, we can again utilize the scalings (6.79) and (6.80),
finding the same domain (6.58) as before. From (6.28), we find

(53 (| Z ) et (VZ)
P\ I > Joi1 (aﬁ) (6.93)

in the limit N — oco. It agrees with (6.86) because of its independence of the second
index of the Jacobi polynomials.

We put this together with (6.82) - which does not change to leading order under the
shift 2n 4+ 1 — 2n - and (6.81) into (6.92), and again find exactly the same asymptotic
formula (6.61) for Kgage(Z1, Z2) = limy_y00 Kn(21,22)/(4N*). After the analysis of the
previous subsection this universality is not unexpected. The corresponding limits to
Hermiticity, strong non-Hermiticity and the bulk thus follow alike.

(10) Edge limit at the focus z = —1, non-symmetric case (o + 1/2,—1/2) :
Finally we use the scalings (6.79) and (6.84) to study the asymptotic behaviour of the

kernel in the vicinity of z = —1. As in the previous subsection the coordinates (X, Y;)
are in the domain (6.58). For the asymptotic behaviour we now find

P7Sa+ —3) (_1 + 2—]{72) ~ (—1)”N*1/2 <g> " J_1/2 <C\/Z> , (6.94)

N[
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in the limit N — oo, due to (2.49) and (6.28). This formula (6.82) being also true for
shifted index 2n 4 1 — 2n, and (6.85) are put into the kernel (6.92). The result is

. 1
Kpage(Z1,2Z3) = A}lgloo WKN(»% 22)

= % <1 - 212 - Xl))m (1 e X2)>a/2

=\ > i3
() [ a7

a+% (CS) -

B gﬂgfz/lg—z;_m (1 - % (12| - Xﬁ)m (1 - % (12| — XQ))W2

! aty _
X|leg|_1/2/ dc ———— cos <c\/Z> cos (c@) . (6.95)
0 Ia-i—%(cs)
In the last step we used (6.38), expressing the J-Bessel functions through cosine. Once
again this edge kernel is different from that in (6.61) in Subsection 6.3, with the influence
of the edge clearly visible through the dependence on «.

In the Hermitian limit s — 0. As before, in the Point (4) in Subsection 6.3 (6.45)
leads to

1 1
lim s Keage(Z1, 2) = 5/ decJ <c\/X1) Js (c\/XQ), (6.96)
S— 0

which agrees with (6.64) continued to a = —1,

In the strong non-Hermiticity limit s — oo we use the scalings (6.65) and the asymp-
totic relations (6.89) and (6.66). It follows that lims e (5?/4) Krage(Z1, Z2) is identical
to the result in (6.69).

The bulk limit A — oo with the scaling (6.70) can be treated along the same line as in
the previous subsection, by using (6.90) and (6.66). We find exactly the same formula
(6.75) for Kpu (21, 22) = limp_yoo 4hKpage(Z1, Z2). We again conjecture that a similar
bulk asymptotic form holds for this model. Also for these polynomials all three limits
lead back to known results.
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7. SUMMARY AND OUTLOOK

In this thesis, our journey has begun by searching for orthogonality relations for the
classical Jacobi polynomials on an elliptic domain in the complex plane. This has been
motivated to a large extent by the fact, that complex eigenvalues in RMT behave like
particles in a 2D Coulomb Gas, and that if the underlying orthogonal polynomials are
known, these polynomials ensure the integrability of the model and provide an exactly
soluble 2D Coulomb gas, like in the elliptic Ginibre ensemble and the chiral Ginibre
ensemble. These ensembles have, as associated planar polynomials, the classical Hermite
and Laguerre polynomials, respectively. In this matter, our main findings are that the
Gegenbauer polynomials provide an orthonormal basis for a weighted Bergman space of
the ellipse. The same holds true for a subfamily of non-symetric Jacoby polynomials,
being orthonormal bases for its corresponding weighted Bergman space. Also, inspired by
the random matrix model GUE with an external source, we have provided an extension
for Hermite polynomials as planar multiple orthogonal polynomials, we believe that this
orthogonality relations can illuminate the path to find a random matrix model in the
plane, under the influence of an external field. A matrix model with an external source
in the plane has not been found yet due to the lack of the corresponding group integral.

Once the polynomials were found, this has allowed us to introduce new families of
exactly soluble 2D Coulomb gases. In the analysis of local fluctuations of the correlation
kernel, we have found that in the large argument limit they share the same correlation
functions. This phenomenon is known as universality. In this regard, we have found two
important correlation kernels, which we have called Strong-edge and Strong-bulk kernels.
The former is not new, however it had only appeared in the context where the confine-
ment domain is the unit disk. This leads us to conjecture that as long as the boundary
of the confinement domain is a smooth, simple and closed curve, the correlation kernel
Strong-edge will always appear in the eigenvalues statistics at the edge. That is, Strong-
edge plays the role as the complementary error function does in free boundary ensembles
in RMT. We would like to comment that we have not been able to find such statement
in the literature. We showed that the Strong-bulk correlation kernel was directly linked
—in some limit— to the Ginibre kernel, in this matter, we also believe that the Strong-bulk
kernel is universal. Here it is important to mention that our methods in the asymptotic
analysis of the correlation functions were not rigorous, this is a pending matter, the
rigorous mathematical analysis would support our conjectures.

Maybe at the end of this thesis we are left with more questions than answers, for
instance, is it possible to find the underlying matrix space and its density function in
such way that the families of 2D Coulomb gases that we have defined in this thesis are
the corresponding joint probability distributions for their eigenvalues.

Based on our conjecture for the norms of the Jacobi polynomials with general param-
eters o and [, it is possible to generate a rigorous method to recover the integration
measure in such way that these polynomials became a family of orthogonal polynomials
on the ellipse. Perhaps the reader is familiar with the proof of the Selberg Integral on



7

the line. There, the weight function is the Beta distribution, this function is symmetric
in its parameters and this symmetry plays an important role in the proof. Moreover, the
Beta distribution is the shift of the Jacobi weight, so we believe that the problem about
general Jacobi polynomials on the ellipse deserves to be considered, its solution could
lead to a general Selberg-type integral in the plane.
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