ZEROS OF GENERALIZED HYPERGEOMETRIC POLYNOMIALS VIA
FINITE FREE CONVOLUTION. APPLICATIONS TO MULTIPLE
ORTHOGONALITY

ANDREI MARTINEZ-FINKELSHTEIN, RAFAEL MORALES, AND DANIEL PERALES

ABsTRACT. We address the problem of the weak asymptotic behavior of zeros of families of
generalized hypergeometric polynomials as their degree tends to infinity. The main tool is the
representation of such polynomials as a finite free convolution of simpler elements; this represen-
tation is preserved in the asymptotic regime, so we can formally write the limit zero distribution
of these polynomials as a free convolution of explicitly computable measures. We derive a simple
expression for the S-transform of the limit distribution, which turns out to be a rational function,
and a representation of the Kampé de Fériet polynomials in terms of finite free convolutions.
We apply these tools, as well as those from [38], to the study of some well-known families of
multiple orthogonal polynomials (Jacobi-Pifieiro and multiple Laguerre of the first and second
kinds), obtaining results on their zeros, such as interlacing, monotonicity, and asymptotics.
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1. INTRODUCTION

The definition of the generalized hypergeometric function ;F; with ¢ numerator and j denomi-
nator parameters is well known. If one of the numerator parameters is equal to a negative integer,
say —n, with n € N, then the series terminates and is a polynomial of degree < n. If all its
zeros are real, we usually want to know their properties, such as positivity /negativity, interlacing,
and monotonicity with respect to the parameters. In the case of a sequence of such polynomials,
enumerated by their degree n, we also want to investigate their asymptotic behavior as n — oc.

For small values of ¢ and j, the answer to these questions can usually be obtained by exploiting
their connection to some classical families of polynomials, in many cases orthogonal, or using their
other properties, such as the differential equation or integral representation. But when ¢,5 > 2,
the problem becomes more difficult due to the limited number of tools that allow us to investigate
their behavior.

The finite free convolutions (that in this paper come in two flavors, multiplicative X, and
additive H,,), are binary operations on polynomials, studied already by Szegd, Schur, Walsh, and
others, although under different names. They behave especially well when applied to real-rooted
polynomials, preserving zero interlacing and monotonicity. Recently, such convolutions have been
rediscovered as expected characteristic polynomials of a multiplication (or addition) of random
matrices [36], and were also interpreted as finite analogs of the free probability [35] (thus, named
generically as finite free convolution of polynomials).

The connection between these polynomial convolutions and free probability is revealed in the
asymptotic regime, when we consider the zero-counting measure (also known in this context as
the empirical root distribution) of a sequence of polynomials whose degree tends to infinity. Then
the finite free convolution of polynomials turns into a free convolution of limiting distributions of
their zeros [4, 5].

In a recent paper [38], the authors illustrated the power of finite free convolution of polynomials
to prove the real-rootedness, interlacing, or monotonicity of zeros with respect to the parameters.
The key tool was the representation of generalized hypergeometric polynomials as finite free con-
volutions of simpler “building blocks”, much easier to study. We also briefly explained the potential
of this approach in the study of asymptotic behavior.

This work is, in a certain sense, a natural continuation of [38|. Here, the main focus is precisely
on the weak asymptotic behavior of zeros of families of generalized hypergeometric polynomials
as their degree tends to infinity. Using the representation of a generalized hypergeometric poly-
nomial as a finite free convolution of some simpler elements, we can formally write the limit zero
distribution of these polynomials as a free convolution of simpler measures. In order to convert
this observation into an effective computational tool, we derive in Section 3.3 an expression for
the so-called S-transform of the limit zero-counting measures of the original polynomials. Unlike
the case of the Cauchy transform of such a measure, which is normally an algebraic function, the
S-transform turns out to be a rational function, easily expressible in terms of the main parameters
of the problem.

In the second part of the article, we apply these tools, as well as those from [38], to the study
of some well-known families of multiple orthogonal polynomials. While writing the paper, we
became aware that the recent contribution [55] mentions some connections of multiple orthogonal
polynomials and finite free convolution using the results from [38].
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Multiple, also known as Hermite-Padé, orthogonal polynomials (MOPs), are polynomials
of one variable that satisfy the orthogonality conditions with respect to several measures. They
are a very useful extension of orthogonal polynomials and have recently received renewed interest
because tools have become available to investigate their asymptotic behavior, and they do appear
in a number of fascinating applications, see [40)].

In this paper, we consider only the case of absolutely continuous orthogonality measures on the
real line. Thus, let r be a positive integer and w1, we, ..., w, be non-negative integrable functions
(“weights”) on R for which all the moments are finite. Let n = (n1,n2,...,n,) € N” be a multi-
index of size |n| = ny +na + -+ + n,. There are two types of multiple orthogonal polynomials.
Type I multiple orthogonal polynomials are given as a vector (Ap1,An2,...,Any) of
polynomials, where A,, ; has degree < n; — 1, for which the function

def d
Qn(w) ==Y A j(@)w;(x) (1)
j=1
is orthogonal to all polynomials of degree < |n| — 2:
[ @u@ e =3 [aFans(au@rdo =0, 0<k<[n| -2 2)
j=1

One usually adds the normalization

/x'"llQn(x) dr = 1. (3)

The Type II multiple orthogonal polynomial P, is the monic polynomial of degree |n|
that satisfies the orthogonality conditions

/Pn(x)kaj(x) dr =0, 0<k<n;—1, (4)

for 1 < j <r. Both conditions (2)—(3) and condition (4) yield a corresponding linear system of |n|
equations in the |n| unknowns, either coefficients of polynomials (A, 1,...,An,) or coefficients
of the monic polynomial P,,. The matrices of these linear systems are each other’s transpose and
contain moments of the r weights (w1, ...,w,). A solution of these linear systems may not exist
or may not be unique. One needs extra assumptions on the weights (ws, ..., w,) for a solution
to exist and to be unique. If a unique solution exists for a multi-index n then the multi-index is
said to be normal. If all multi-indices are normal, then the system (wi,...,w,) is said to be a
perfect system.

The weights (w1, ..., w,) form an AT-system on an interval A C R for a multi-index n € N"
if for any polynomials Ay, ;, j = 1,...,r, in (1), satisfying the mentioned degree constraints and
not all equal to 0, the function @, has at most [n| — 1 zeros on A, see, e.g. [21, Chapter 23|. It is
known that if (wq,...,w,) is an AT-system for every multi-index n € N, the system is perfect.
An example of such systems are the Nikishin systems, fact proved in [13, 14|. Since this is not
central to our discussion, for the definition of such systems we refer the reader to [34, 32, 31|.

For every AT-system and for any n € N, the Type I function for @, defined by (1) and satisfying
(2), has exactly |n| — 1 sign changes in A, while the Type II multiple orthogonal polynomial P,
satisfying (4), has |n| simple zeros on A. These zeros exhibit an interlacing property, meaning
that there is always a zero of P, between two consecutive zeros of Pp e, , for each 0 < k <7 —1,
where e, € N" is the multi-index that has all entries equal to 0 except the entry of index k which
is equal to 1.
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Various families of special MOPs have been found, extending the classical orthogonal polyno-
mials, but also related to completely new special functions [1], [21, Ch. 23|.
One of the well-known AT-systems is given by the weights

wj(x):xaj(l—x)ﬁ, j=1,2,...,m (5)

on the interval A = [0, 1]. Here aq,..., 0, > —1 and «; — a; ¢ Z for i # j. The corresponding
polynomials are known as the Jacobi-Pineiro polynomials, and are studied in Sections 4.1 and
5.1.

Two different AT-systems correspond to multiple Laguerre weights on [0, +00), see, e.g. [21,
§23.4]. First, we can take

T

wi(r) =x%e™", j=1,2,...,r, (6)
where again ai,...,a, > —1 and o; — a; ¢ Z for i # j. The corresponding polynomials are
known as multiple Laguerre polynomials of the first kind, and their behavior is discussed
in Sections 4.2 and 5.2.

Another option is to define the weights

wi(r) =a% 9", j=1,2,...,r, (7)

where o > —1, with all ¢; > 0, and such that ¢; # ¢; for @ # j. The corresponding polynomials
are known as multiple Laguerre polynomials of the second kind, and their properties are
discussed in Sections 4.3 and 5.3. For Type I, they are a special case of the Kampé de Fériet
polynomials, so, in Section 3.1, we prove the more general fact that they can be represented as a
finite free additive convolution of hypergeometric polynomials.

The asymptotic behavior of MOPs is a highly non-trivial subject. Although the study of the
Hermite-Padé polynomials goes back to the original works of Hermite, see [19, 20|, as well as
[45], the first important asymptotic result appeared in the work of Kalyagin [22]. In the 1980s,
the ground-breaking works of Aptekarev, Gonchar, Rakhmanov, and Stahl, made clear that the
asymptotics of the Type I form (1) (but not of the individual entries A, ;) and of the Type
IT polynomials P, can be described in terms of a vector equilibrium problem for logarithmic
potentials, [3, 15, 16]. However, solving such a problem is usually a formidable task.

Another approach is via the higher-order nearest-neighbor recurrence relations by MOPs, es-
tablished in the work of Van Assche [51] (see also [21, Ch. 23|) that allow to derive an algebraic
equation on a weighted distribution of zeros. An important ingredient of this method is the ex-
pression (or, at least, the behavior) of the recurrence coefficients. A systematic study of a large
number of classical and semi-classical families of orthogonality weights for MOP, and in particular,
of their recurrence coefficients, was carried out in a number of contributions by Van Assche and
his collaborators in recent years; see, e.g. [2]. A limitation of this approach is that it allows one to
address only the quasi-diagonal case (step line) for the multi-indices n.

Finally, another recent and formidable tool for asymptotic analysis is the non-linear steepest
descent method of Deift and Zhou, applied to the Riemann-Hilbert characterization of MOPs [52].
This technique renders extremely precise asymptotic information (see, e.g. [6, 9, 40, 39|, to mention
a few), but at a very high cost of being technically challenging.

In this paper, we address the problem of the asymptotic zero distribution of the three families
of MOP mentioned above, when the degree |n| — oo, also allowing a linear dependence of the
parameters o’s and 8’s on n. As recent investigations show, these polynomials are hypergeometric,
so we can use the free convolution approach at a relatively low cost. We stress that one of the
appeals of this technique is its simplicity. Alternatives such as the general methods described
above, or using the differential equation or the integral representation [56] of these MOPs are
usually much more involved.
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Since a representation of a real-rooted polynomial in terms of free convolution can involve
polynomials with complex zeros, the results on the asymptotic regime from [4, 5] cannot be directly
applied. Taking advantage of the fact the proofs in those references are essentially algebraic, based
on the behavior of moments and cumulants, we adapt these arguments to analyze the finite free
convolutions in the asymptotic regime for measures compactly supported on the complex plane
and not necessarily on the real line; see Section 3.2 and Appendix A.

As a by-product of the representation of the hypergeometric polynomials in terms of finite free
convolutions, we also derive some zero monotonicity and interlacing properties for the mentioned
families of MOP. They appear to be new in the majority of cases; they are especially interesting
for the polynomials Ay, ; in (1), where not much is known.

2. PRELIMINARIES

2.1. Notation.

In what follows, PP, stands for all algebraic polynomials of degree < n, and P def Up>0Py. Also,
for K C C, we denote by P, (K) the subset of polynomials of degree < n with all zeros in K. In
particular, P,,(R) denotes the family of real-rooted polynomials of degree < n, and P,,(R>0) is the

subset of P,,(R) of polynomials having only roots in R>g def [0,4+00), e.g real and non-negative.

The rising factorial (also, Pochhammer’s symbol') for a # 0 and j € Z>q & NU {0} is

@ 2L aa+1). (atj—1)= "Gt 0

while the falling factorial is defined as

@ L aa-1)...(a—j+)=(a—j+1)7, (@°L1

If @ = (ai,...,a;) € R"is a vector (tuple), we understand by

s=1
For n € N, we will use the notation
Zn 2L 10,12, n—1}, (Z,) 2L f0,-1,-2,...,—n+1}. (8)
Finally, we will write
p=q

to indicate that polynomials p and ¢ coincide up to a non-zero multiplicative constant. We will
also use the standard notation of the theory of orthogonal polynomials,

P (2) <= 2" p(1/7)

for the reversed polynomial of p. Clearly, for polynomials p with real coefficients, p*(z) =
2" p(1/z), in which case p* is usually called the reciprocal of p.

1 Another standard notation for the raising factorial is (a);. We prefer to use the notation defined here.
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2.2. Hypergeometric polynomials.
For a = (ay,...,a;) € R  and b = (b1,...,b;) € R, a generalized hypergeometric series

[23, 46] is an expression
ap, @ (a0)* (a)" 2
oty (0 Fir) = 3o el el
b N OL
In the particular case when ag is a negative integer, the series is terminating:

ij(”,; “;x) _y et (9)

k=0 (b)
is a (generalized) hypergeometric polynomial of degree < n, as long as
bi,...bj & (—Zn+1). (10)

Additionally, the polynomial in (9) is of degree exactly n if and only if

ai & (—Zy). (11)

In what follows, we always assume that conditions (10)—(11) hold. From a direct computation, we
get the following equation for the derivative of a hypergeometric polynomial,

d -n, a -n+1, a+1
% <i+1Fj< b ,IL’>> >~ i+1Fj< bl ;.I>. (12)

We will also make use of hypergeometric series of two variables (or Kampé de Fériet series, see,
e.g. [47, Section 1.3|): with a € R?, b € R", c € R®, a € RY, ﬁ € R", and v € R¥,

anik : : [
oy =0 =0 ( IB(,Y)J’L.j.

along with the Kampé de Fériet polynomials: for n € Z>,

] def z”:"z +j. (b)i(c)ﬁzn Y (13)

=0 j=0 (5)5(7)] al ‘7'

Fp-i-lrs -n, a:b; c
gk a:f;y

2.3. Finite free convolutions.

Definition 2.1 ([36]). Given two polynomials, p and g, of degree at most n, the n-th multiplicative
finite free convolution of p and ¢, denoted as pX,, ¢, is a polynomial of degree at most n, which
can be defined in terms of the coefficients of polynomials written in the form

x) = Zw”_j(—l)jej(p) and ¢(z) = Zm”_j(—l)jej(q). (14)
j=0 =0

Namely,

with
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In particular, if p, q are of degree n and monic, then also p X,, ¢ has the same property.
The multiplicative finite free convolution is a bi-linear operator from P, XxIP,, to P,,: if p, ¢, € P,,,
and o € R, then
(ap+ @ Wnr=alplyr)+qXy,r
From Definition 2.1 it easily follows that multiplicative convolution with the polynomial (x —«)"
is equivalent to a dilation of the roots by a:

Dil,(p) L gy (2) =plx) X, (z —a)", a#0. (16)
In consequence,
(Dilyp) ®,, ¢ = p X, (Dilpg) = Dil, [p X, q], «a #0, (17)
and
Dil,Dilg(p) = Dilag(p), o, #0. (18)

The following result was proved in |38, Theorem 3.1]:
Theorem A. Ifn € Z>g, and

—n,ai —n,az
p(x) = i1+1Fj1 < b ;CC) ) Q(x) = i2+1Fj2 ( b §x> )
1 2

where the parameters ay, asz, by, bs are tuples (of sizes i1, 12, Ji, jo, respectively), then their n-th free
multiplicative convolution is given by

—n,ai, as
[p X, CI} (x) = i1+i2+1Fj1+j2 L)
by, bo

Definition 2.2 ([36]). Given two polynomials, p and ¢, of degree at most n, the n-th additive
finite free convolution of p and ¢, denoted as pH,, q, is a polynomial of degree at most n, defined
in terms of the coefficients of polynomials written in the form

plz) =Y 2" I(=1)ej(p) and qlx) =) 2" (~1)e;(q). (19)
j=0 j=0

Namely,

n

[P B () Z5 " 2" (1) ey (p B, ),
k=0
with

er(p B, q) 2L (n)

Bl

Z ¢i(p) €;(a) (20)

(and thus, eo(p By q) = eo(p)eo(q))-

The additive finite free convolution is a bi-linear operator from P,, x P, to P,: if p,q,r € P,
and o € R, then
(ap+q) By r=a(pB,r)+qH,r
Moreover,

p(z) By (z —a)" =plx —a), peP,. (21)
and pH, ¢ = 0 if and only if deg(p) + deg(q) < n, or if degp = n then ¢ = 0. This also shows that
the inverse of any p € P, under the additive (finite free) convolution H,, is unique.

In analogy to (17), we have

(Dilap) By, (Dilag) ~ Dily (pBy q), a #0. (22)
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The following result appears, although in a slightly different form, in |38, Theorem 3.4]:
Theorem B. Let p and q be hypergeometric polynomials of the following form:
—-n, aj —n, a2
pe) = by (T D), 0w = (T i)

where l1,lo € {0,1} the parameters a1, az, by, ba are tuples (of sizes iy, i, j;, j2, respectively). Then,
with the notation d = d/dzx,

-b;—n+1
O Gt

From here, an immediate consequence is the following auxiliary result:

-1 11+J1+11+1a I (—1 22+]2+l2+lb ny
(-1) g2t _a2_n+17( ) "]

Lemma 2.3. Assume that a polynomial p of degree n can be represented as a product of hyperge-
ometric functions,

mmzhﬂ( <4wﬂﬂﬁ%)M%(

where l1,lo € {0,1}. Then, for the reciprocal polynomial p*,

7b17n+1.
—a;—n+1’

—by—n+1 (—1)iz+itatly
—az2 — N+ 1’ ’

-n,1

ya = an( ") e,

—n, ai —n, az
i1+1Fj1 < b ) (1)l1x> B, i2+1Fj2 < b ) (1)1255)] .
1 2
Proof. From the hypothesis viewed as a differential function we get

—by—n+1 L —by—n+1
p(a) _ ile1 < 1 . (_1)11+j1+l1+10> iszQ < 2 .

—a; —n+1’ —az—n+1’
By Theorem B,

(_1)i2+12+12+10> .

-n, a -n, a
p(0) 2" ~ 11 Fj < b L, (_1)11;3) H, 12+1sz< b, 2, (_1)l2m>. (23)
On the other hand, for a polynomial
q(z) = Zx” T(=1)e;(q)
§=0
it holds that
0(0) "] = S (1" (2L ufg)a® = (-1t Y (-1 (21)

Applying the multiplicative convolution by

2F0<n.’ 1;x> = zn:(—l)’“ <Z> (n— k)l a" "

k=0
on both sides of (24) and using the definition (15), we get the identity

B ) B @ =

Applying it to (23) it yields

—n, 1 -n, a -n, a
p* ~ QF()( . ;l‘) X, i1+1Fj1< b, 1;(_1)111-) H, i2+1F1jg< by 2; (_1)121')] R

which concludes the proof. O
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2.4. Real roots, interlacing, and free finite convolution.

A very important fact is that in many circumstances the finite free convolution of two poly-
nomials with real roots also has all its roots real. Here, we use the notation introduced at the
beginning of Section 2.

Proposition 2.4 (Szegé [48|, Walsh [54], see also [38|). Let p,q € P,,. Then
(i) p,g € Po(R) = pH,q € Pyp(R).
(i) p e Pp(R), ¢ € P,(R>0) = pK, ¢ PR).
(ZZZ) p,q < Pn(REO) = P &n qE P(Rzo)
(iv) p,q € Pr(R<o) = pX,q € P(Rxp)
(v) p € Pr(R<o), g € Po(R>0) = pX, g € P(R<o).

If we replace above the sets R>¢ and R<q by strict inclusions, R~ and R, respectively, the
statements of Proposition 2.4 remain valid.

Definition 2.5 (Interlacing). Let

A
A
>
3
S

p@) =eo(p) [T (== 2() €Pu(R), Ni(p)
j=1

and

Q(x) = Co(q) H (JI - )‘](Q)) S Pm(R)7 )\1((]) <-..- < )\m(Q)

We say that ¢ interlaces p (or, equivalently, that zeros of ¢ interlace zeros of p, see, e.g., [10]),
and denote it p < ¢, if

m=mn and Ai(p) < Ai(q) < Aa(p) < Aaq) < -+ < Aa(p) < Aalg), (25)
or if
m=n—1 and A(p) < Ai(q) < Aa(p) < Aa(q) <+ < Ana(p) < Ana(g) < Anlp). (26)
Furthermore, we use the notation p < ¢ when all inequalities in (25) or (26) are strict.

From the real-root preservation and the linearity of the free finite convolution one easily obtains
the following interlacing-preservation property:

Proposition 2.6 (Preservation of interlacing). If p,p € P,,(R) be of degree exactly n such that
p <X p, then for a polynomial q of degree n,

gePy(R) = pHig<pHng
and
¢ €Py(R>0) = pNug=<xpNng
The same statements hold if we replace all X by <.

For a proof of this result, see, for instance, [27, Theorems 1.7 and 1.§].

Remark 2.7. Noticing that p < ¢ if and only if ¢(—z) < p(—z) and that p(z) K, ¢(—x) =
[p X, ¢J(—x), we can easily extend Proposition 2.6 to include polynomials with negative real
roots. Namely, if p,p € P (R) and p < p, then for a polynomial g of degree n,

qun(RSO) = ﬁgnQ'%p&n q-



10 A. MARTINEZ-FINKELSHTEIN, R. MORALES, AND D. PERALES

2.5. Integral transforms and free convolution of measures.
We follow the standard notation from the literature on free probability (see, e.g. [4, 36, 41, 43])
and define several transforms for a Borel measure p.

The Cauchy transform of p,
def [ dp(y)

G, () 2 [ (27)
is well defined and analytic on C\ supp(u), even in the case of a signed measure. If y is compactly
supported, then G,, has a Laurent expansion

m
k
Gu(2) = > —rr (28)
k=0
convergent in a neighborhood of infinity, where

mj:/zjdu(z), j=0,1,2,...

are the moments of the measure p. Unless specified otherwise, we assume in what follows that p
is a compactly supported positive probability measure, so that

The K-transform of the compactly supported probability measure p is the functional inverse

of its Cauchy transform, that is,

K (w) £ G Y (w),

analytic in a punctured neighborhood of the origin, while its R-transform
oo
def 1
Ru(w) é /Cu(w) — E = 2}/1n+1w",
—

is analytic in a neighborhood of the origin®. The coefficients k,, are called the free cumulants of
. Notice that R, = 0 if and only if
Gu(z) =1/z

in a neighborhood of infinity; this is the case of y = dp, the Dirac delta or unit mass point at the
origin, but not only: any unit Lebesgue measure on a circle or a disk centered at the origin has
this property.

Closely related to the Cauchy transform is the generating function of the moments (for
short, the M-transform) of a compactly-supported probability measure y,

M, (z) &L %gu <i> —1= / Zfd“z(z), (30)

for which the expansion

oo
Mu(z) =) my 2 (31)
k=1
converges in a neighborhood of the origin. We finally define the S-transform of ; as
def w41
SM(U)) = TMyl(w)7 (32)

where M;l is the functional inverse of M,, (when it exists). Notice that once again M, = 0 if
and only if G,(z) = 1/%; furthermore, if ;1 is compactly supported and m; # 0 then S, is analytic

2 Clearly, the analyticity of R, at the origin for a compactly supported measure is equivalent to condition (29).
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in a neighborhood of origin and non-vanishing at w = 0, with §,(0) = 1/m;. We can guarantee
that mj # 0if p is a positive probability measure supported on the positive (or negative) semiaxis.
All these transforms determine each other via the identities

(zMu(2) + 2) Ry (2Mu(2) + 2) = Myu(2), g, (;;/Z;) = 28,(2), (33)

which follow directly from the definitions above. Combining (32) and (33) we obtain also a direct
relation between the R-transform and the S-transforms (see for instance [43, Definition 18.15 and
Remark 18.16]):
1
Su(w) = —R; ! (w), (34)
w
where R ! is the functional inverse of R, (when it exists).
We will later use the well-known fact, see for instance |17, Proposition 3.13|, that for a measure
w such that p({0}) = 0 it holds that

Su(2) Sy (2 = 1) = 1, (35)

where p* is the reversed measure of i (equivalently, the push-forward measure under the map-
ping ¢t — 1/t), so that its density is du*(t) = t2du(t=1)). The identity (35) is valid in a punctured
neighborhood of origin, in the domain of analyticity of both functions on the left-hand side.

Remark 2.8. When p is not compactly supported, expressions (27) and (30) make sense and define
analytic functions in the open set C \ supp(u) and in its image by z — 1/z, respectively. Formula
(32) is also well-posed, at least where M, is locally invertible. In this case, we cannot expect the
series in (28) and (31) to converge.

On the other hand, the formulas in (28) and (31) can be considered as formal power series
associated with a “moment” sequence mg, mq, ..., of complex numbers. In that case, if we denote
the sequence by p, we can use these formulas as a definition of G, and M, as well as define R,
and S, through (33). In other words, all the transforms can be defined for any complex sequence
but only as formal power series (also called moment series), with no analyticity or convergence
assumed a priori.

As we will see in Section 3.2, the advantage of this approach is that many asymptotic results
can be established even for formal moment sequences, without assuming any underlying measure.

Using these definitions, we can introduce two important operations on compactly supported
probability measures p and v (or, as we have just discussed, on their moment sequences):

(i) the free additive convolution p H v via the identity

RMEBV(U)) = Ru(w) + Rl/(w)7 (36)
(ii) the free multiplicative convolution p X v via the identity
S0 (1) = 8, ()8, (w). (37)

Clearly, identities (36)—(37) do not define the resulting measures pH v and p X v uniquely, unless
they are determined by the analytic expression of their R— and S—transforms, respectively. This
is the case of probability measures compactly supported on R.

3. GENERAL RESULTS

3.1. Kampé de Fériet polynomials and finite free convolution. Recall the definition of the
Kampé de Fériet polynomials in (13). The following factorization holds:
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Theorem 3.1. For iy, ji, € N and multi-indices a, € R*, by, € RI*, k = 1,2,3, and a non-zero
constant c,

i1+1ig3i3 | — M, A1 L A543
J1:J2593 b : b2’ b3

coo| = (o) B () B, 7o),
where

def —n, ay def —n,—by—n+1 x
p(CC) = 11+1Fj1< b, ;_-77)7 Q($) = 12+1F]2( . §>a

ay—n+1 c
def —-n, as
r(z) = i3+1Fj3< b §—33>-
3

The proportionality constant can be computed explicitly in terms of all the parameters.

Proof. Using the notation in (14), we can write the coefficients of p, ¢, and r (up to a multiplicative
constant) as

oo (M) e () (@)
= (v = ()
en(r) = n (az)” ¥
(0= (1) e
By (20), B
1)i(a)"™" (a2))
(pBnq) —J
o= 2, () <b1>’“ 1 (bs)]
and by (15),
n—Fk i n—1 J
Y ) L A G (8 L (O )
k(P B q) B ) = ( )(bg)""‘fi;k() O o]
Thus,
e i o B G N
e lc’z()i’—i-zj:k’ ()" (=KD (m)"7 1 (b
2 nl (@) () (ag)f ot
= (1)’ el ) ©
Z;j;k:i P — i)l (b1)" (b2) (b3)F I
-y (—=n) (a1) (@2)’ (@3)* 2% _ i iviyy [ —moan t azias

C,.T:| )

where in the second line, we did the change of variables i = n — i’ and k = n — k’ and changed the
order of summation. (]

G () (b (by)t AR b1 : ba; bs

3.2. Finite free convolutions in the asymptotic regime.

We have already seen that free finite convolution is useful when studying the zeros of polyno-
mials. An additional crucial advantage is that finite free convolutions tend to free convolution in
the asymptotic regime when the degree n — oo.

The connection between the convolutions of polynomials and free probability (reason for the
name of “finite free” convolutions) was first noticed by Marcus, Spielman, and Srivastava in [36]
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when they used Voiculescu’s R- and S-transform to improve the bounds on the largest root of a
convolution of two real-rooted polynomials. This connection was explored further in [35], where
Marcus defined a finite analog of the R- and S-transform that are related to Voiculescu’s transforms
in the limit. Using finite free cumulants, Arizmendi and Perales [5] showed that in the asymptotic
regime, a finite free additive convolution becomes a free additive convolution. This was later
extended to the multiplicative convolution by Arizmendi, Garza-Vargas and Perales [4].

Since the proofs of these facts in [5, 4] are essentially algebraic, it turns out that they are
applicable in a broader context of moment sequences instead of measures; see Remark 2.8. More
precisely, we need to consider the normalized zero-counting measures for a sequence of polynomials,
real-rooted or not, under the only assumptions that their moments converge.

Given a polynomial p of degree n and roots \;(p), j = 1,...,n (not necessarily all distinct or
real), its (normalized) zero counting measure (or empirical root distribution of p) is

n
def 1
X(®) == 0y (38)
j=1
where §, is the Dirac delta (unit mass) placed at the point z. The corresponding moments of x(p)
(which we also call the moments of p, stretching the terminology a bit) are

def 1
() S N ) = [taxe), k=012
j=1

As mentioned above, the connection between finite and standard free probability is revealed in
the asymptotic regime, when we let the degree n — co. We say that the sequence of polynomials
p = (pn),oq such that each p, is real-rooted and of degree exactly n converges in moments if
all finite limits

my = lim mg(pn), k=0,1,2,... (39)
n—oo

exist. If the supports of x(p,) are contained in a compact set of the complex plane, then the
sequence x(p,) is weakly compact and mg,mi,... are the moment of any of its accumulation
points. In this case, (39) is equivalent to existence of a probability measure v(p), compactly
supported on C, with all its moments finite such that

h*>m mk(pn> ka(l/(p)), k:071727

If we know additionally that x(p,) are on R, with their supports contained in the same compact,
and if the moment problem for v(p) is determined, then (39) is equivalent to the weak-* convergence
of the sequence x(pn) to v(p).

For real-rooted polynomials, the following proposition is a direct consequence of |5, Corollary
5.5] and [4, Theorem 1.4]:

Proposition 3.2. Let p := (pn),-y and q := (qn),—, be two sequences of real-rooted polynomials
as above, and let v(p) and v(q) be two compactly supported probability Borel measures on R such
that p (respectively, q) converges in moments to v(p) (respectively, v(q)). Then

(i) the sequence (pn By, qn),ey converges in moments to v(p) B v(q);
(ii) if, additionally, for all sufficiently large n, pp, ¢n C Pp(Rso) (or if pn, ¢n C Pn(R<p)) then
the sequence (pn My, ¢n)ney converges in moments to v(p) K v(q).

In other words, in the case of real-rooted polynomials, as n — oo, we can replace the finite
free convolution of polynomials by the standard free convolution of measures supported on R. The
motivation to consider only real-rooted polynomials is given by their application in free probability.
However, the proof of Proposition 3.2 is basically algebraic, based on the notion of convergence in
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moments, and can be easily extended to more general cases, such as polynomials with uniformly
bounded, but not necessarily real, roots.
Namely, we have the following result:

Theorem 3.3. Let p := (pn)pey and q := (gn),oq be two sequences of polynomials, such that

n=1
degp, = degq, =n, n € Z>g, and all zeros of both p and q are uniformly bounded.
If, additionally, all finite limits

lim myg(p,) = ap € C and lim mg(g,) = Bk € C, k=0,1,2,...,
n—00 n—00

exist, then

(i) all moments of the sequence of polynomials (py, By, qn)ney have a finite limit,
fykd:eflim mg(pn B ¢n) € C k=0,1,2,...,
n—oo

and the R-transform associated to the sequence (Vy)peq satisfies
R (2) = Ra(z) + Rp(2).
(ii) All moments of the sequence (pn By, gn),oy have a limit
Hk::JLn;Omk(pnﬁnqn)eC k=0,1,2,...,

and the S-transform associated to the sequence (0x)pe, satisfies

So(2) = Sa(2)Ss(2).
Remark 3.4. For the notion of the S- and R-transforms associated to a sequence, see Remark 2.8.

This theorem can be established following the arguments leading to Proposition 3.2. As noted,
the proofs of the results in |5, 4] rely on the fact that the combinatorial structure behind the
finite convolutions of polynomials tends (as n — o0) to the combinatorial formulas that relate
the coefficients of the series in the M-, R-, and S-transforms of the limit sequence. This fact
is established regardless of whether this sequence is in fact a moment sequence of a probability
measure. When this is the case, the notions of the R- and other transforms for a sequence and for
the underlying measure match, see, for instance, [43, Lectures 16 and 18].

The reader interested in further details can check Appendix A.

3.3. S-transform for a hypergeometric polynomial. In this section, we show that although
the Cauchy transform of any limit of zero-counting measures of hypergeometric polynomials
are, generally speaking, algebraic functions whose explicit expressions are not available, their
S-transforms are straightforward rational functions.

Let us first discuss the case of o} polynomials.

Proposition 3.5. Let

—n, o
pn(z) = 2F1< n;$>;

B
be a sequence of hypergeometric polynomials such that the finite limits
m® =4, lim" - B
n n n n

exist. If additionally
A¢[-1,0), B#-1, and A#B, (40)
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then any weak-* limit p of the normalized zero-counting measures x(py) is a positive probability
measure compactly supported on C, for which in a neighborhood of the origin,

z+A+1
S =\
W)= BT
Proof. Denote by p, = x(pn) the probability zero-counting measure of py,.

We use well-known identities expressing o F polynomials in standard normalization in terms of
Jacobi polynomials,
e

B" 2F1( 3

Jacobi polynomials also exhibit several transformation formulas in the cases when they can have
multiple zeros (at £1) or have a degree reduction, such as

g 'n+B8+1)(n—k—-1! [z—-1 kot ket
P’gkm)(z):réwrﬁ—k;( n! )< 2) RS, ke,

and several more. For a more detailed discussion, see [49, §4.22] or [25]. From these identities it
follows that the assumption A ¢ [—1,0) is sufficient to guarantee that the zeros of p, are uniformly
bounded, while with B # —1, its zero-counting measures , do not collapse to &g.

Thus, standard arguments on weak compactness of the sequence p, show that under these
assumptions, there exist A C N and a unit measure p # g such that

(41)

) = nl PPTLT A1 < 20) = (—1)tal PP (20 1) (42)

fn =, €A

As a consequence, G, () — Gu, 1 € A, in a neighborhood of infinity.
Polynomials p,, satisfy the ODE

Z(l - Z)p;;(z) + (ﬁn - (an -—n+ 1)2) p;q,(z) + nanpn(z) =0.
Rewriting it in terms of h, = p}, /p, and noticing that h, /n — G = G, we get an equation for G,
2(1-2)G*(z) + (B - (A—1)2) G(2) + A=0. (43)

Observe again that for B # —1, G(z) # 1/z.
With the notation w = S,,(z), the second identity in (33) takes the form

G(ZH) — w. (44)

ZW

Thus, making the change of variable z — (z + 1)/(wz) in (43) and using the identity above, we
arrive at
z(w(z+B+1)—(2+A+1)) =0,

or
zt+A+1

4+ B+
which proves (41). O

Remark 3.6. It is interesting to observe that expression (41) is meaningful even if we drop the
assumptions (40). It is worth discussing then the possible consequences of relaxing these restric-
tions.

As we have seen in the proof, if B = —1, then G,(2) = 1/z, which happens, for instance, if
1= 0. If the zeros of p,,’s are real, it means that they asymptotically collapse to the origin.

The consequence of dropping the assumption A # B is also clear: if A = B, we have G,(z) =
1/(z — 1), which happens, for example, if u = d;.
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If =1 < A <0, the explicit formula (9) shows that selecting the sequence «,, appropriately, we
can make the degree of p,, be of O(—An). This would mean that non-trivial part of the measures
iy, “escapes”’ to infinity. Any possible weak-* limit could have a bounded support, but it will be
of a total mass |A|. Notice that it would mean that for this pu, my = —A < 1, which is compatible
with the algebraic equation (43).

Finally, if A = —1, the S-transform in (41) is still rational, but now it vanishes at z = 0. In this
case, one of the branch points of the Cauchy transform G, solution of (43), is at infinity. This
shows that if the limit measure u exists, it is a probability measure with unbounded support.

Now we formulate the general result of this section:

Theorem 3.7. For s,t € Z>q, let a, € R, b, € R be such that finite limits

b
m 2% = A= (Ay,...A) €R®, lim—"=B=(By,...,B) c R (45)
n n n o n
exist. Assume additionally that
Aj ¢ [—1,0), By # —1, Aj #+ By, je {1,...,8}, ke {1,...,t}. (46)
Then any weak-* limit . of the normalized zero-counting measures x(pn) of the sequence
-n,a _
pn(x) = s+1Ft< b " ; nt sl’) (47)
n

1s a positive probability measure compactly supported on C, for which in a neighborhood of the
origin,

[l (z+Ai+1)
[Tz +Bj+1)

qn(x) = 1F (;:,‘f),

lim@ = B.

n n
Polynomials ¢, are, in fact, Laguerre polynomials,

Su(z) = (48)

Proof. Consider the sequence

such that

n!
_ L(/anl) .
G

We are interested in the sequence p, = x(gn) of probability zero-counting measures for rescaled

polynomials
~ -n
o= a5 (o).

It is well known that for each fixed (3, the sequence of monic Laguerre polynomials {E%ﬁ )} ,n €N,

qn(T) =

satisfies the three-term recurrence relation
L (@) = (2= @0+ 8+ 1) LP(@) +n(n + 8L, (@).
In particular, the monic polynomials
n "L (ng)
satisfy

_ 2 —1 _
n_"_ngﬁrll)(nx) = <:U - n;— ﬁ) n~"LE (na) + ntb-1 (n_”HLgf_ll)(n:c)) .

n
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Writing these relations as an eigenvalue problem for a Jacobi matrix and applying Gershgorin’s
theorem, it is easy to prove that under the assumption that the finite limit B of 3, /n exists, the
zeros of @, are uniformly bounded. Moreover, the well-known identity

n—=k)!
— (n!)(x)kL;’“_)k(x), k€ Z,

see e.g. [46, Section 18.5] or [38, Section 2.3|, indicates that u,’s do not converge to dy, unless
B # —1. This is indeed the case; see the discussion in [37] or [26].
Polynomials g, are solution of Kummer’s differential

205(2) + (Bn — 2)¢n(2) + ngn(2) = 0,
see, e.g. [24, Chapter 7|. Hence, g, satisfy
2, (2) + (B — 1n2)q,(2) + n°Gu(2) = 0. (49)
As before, by weak compactness there exist A C N and a unit measure g such that
fn =, €A

As a consequence, G, (4,) — Gu, n € A, in a neighborhood of infinity. Rewriting (49) in terms of
hn = @,/@n and using that h,/n — G = G, we get an equation for G,

2G*(2)+ (B—2)G(2)+1=0

(notice again that for B # —1, G(z) # 1/z). Now we proceed as in the proof of Proposition 3.5:
making the change of variable z — (z + 1)/(wz) in this quadratic equation on G and using (44),
we get for w = S, (2) the equation

z(w(z+B+1)—1) =0,

and we conclude that

1
S = — 50
1(2) s+ B+1 (50)
Same arguments, or using identity (35) and the fact that
—n,q - -n
(see, e.g., [38, Lemma 2.1]) allows us to derive that for the rescaled polynomials
~ —n,
an(z) = 2F0< ' n7:1:/n>
under assumption
lim <% = A ¢ [~1,0),
non
for any accumulation point p of the normalized zero-counting measures x(g,) it holds that
Su(z) =2+ A+ 1. (51)

We “assemble” the general case (47), using Proposition 3.5 and the building blocks above,

appealing to the identity (16) and Theorem A.
Indeed, the polynomial in (47) can be written as
-n,a
S+1Ft< bn n)x)] .

—n,an

pn(z) = 5+1Ft< b ,ntsm) ~ Dil,i—s
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Denote a,, = (a&n), e ,aé”)), b, = (bg"), ey b,@). If s =t, by Theorem A,

—n, a§"> —n, a§”) —n, ag")

pn(z) = 2F1 my T My oy ) 0| WMy oF (n) %], (52)
B b B

and in this case, (48) follows from (41) and Theorem 3.3.
Assume that s < t. Then
pn(m) = Qn,l(x) X, Qn,Q(x)a
where ¢y, 1(x) is the polynomial in the right hand side of (52), while

. —n
dn,2 («T) = Dilys— | 1Fi—s (n) (n)> &
b, b

= Dilyor [ 1| oy 57 || B 8, Dilyr | 1By i
bs+1 bt

= 1 ?nq;ymﬁ Xy, - ™, 1P _(7:;,”96 .
bs+1 bt

It remains to use (41), (50), and Theorems A and 3.3 to obtain (48).
The case s > t is analyzed in the same way, using (51). O

Remark 3.8. From the proof above it is clear that (48) follows directly from (50)—(51) and Theo-
rem A. However, we found the analysis of the case of o F} polynomials illuminating and having an
independent interest.

We can analyze the “pathological” situations of Theorem 3.7 that arise if we relax the conditions
(46) using the arguments from Remark 3.6.

Theorem 3.9. Under the assumptions of Theorem 8.7, the Cauchy transform G,(u) of the limit
measure [ in a neighborhood of infinity is an algebraic function y/u, where y = y(u) satisfies the

equation
t s

y[[w+B) =uy—1 ][+ 4), (53)

i—1 i=1
whose Riemann surface is a mrrjwﬁed covering of C of genus 0.
Proof. By (32) and (48) we can find z = M, (u) by solving
z [l (z+A4;+1)
2+ 1T (z+ Bj+1)
Recalling the definition (30) of the M-transform in terms of the Cauchy transform G, of u, we

have that
1 1
= — — —_ 1
z ug“ <u) ,

and we can rewrite the equation above as
_ u G, (uil) — 1[I, (v G, (uil) + A4;)
u Gy (u™) szl(u_lgu (u=1) + Bj)’
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Replacing v +— 1/u and denoting y = uG,(u) we arrive at equation (53). Since it defines u as a
rational function of y, the Riemann surface of y = y(u) (and hence, of w = w(u)) has genus 0. [

For future reference, it will be convenient to formulate the following immediate consequence:

Corollary 3.10. Let ¢,d € R, ¢ # 0. Then, under the assumptions of Theorem 3.7, any weak-*
limit p of the normalized zero-counting measures x(py) of the sequence

—n,an,

pn(z) = s+1Ft< b it~ (cx + d)>

is a positive probability measure . compactly supported on C, whose S-transform w = S,,(z) satisfies
the equation
t s

w H [duw + c(u+ 1+ Bj)|] ="~ [dw + ] H (duw + c(u+ 1+ 4;)) . (54)
j=1 i=1

Proof. Let
—-n,an —s
pn(x): s+1Ft< b ;nt 33)

and let 1z be a weak-* limit of the normalized zero-counting measures x(gy). It is easy to see that
the Cauchy transforms of 11 and p are related by

Gu(z) = cGu(cz + d).
Hence, using (53), we find that G = G, satisfies the equation
t s
GH ((cu+d)G+cBj) =c* ((cu—l—d)G—c)H((cu—kd)G—i—cAi).
j=1 i=1
The change of variable u — (u + 1)/(wu), along with the identity (44), yield (54) with w =
Su(z). O

4. TYPE I MULTIPLE ORTHOGONAL POLYNOMIALS

Recall that Type I multiple orthogonal polynomials are defined by the orthogonality and normal-
ization conditions (1)—(3). The potential-theoretic techniques allow to describe the asymptotics of
the zeros of function @y, in (1). The recently obtained expressions for the actual type I polynomials
allow us to perform this analysis for polynomial coefficients of @,.

4.1. Type I Jacobi-Pineiro polynomials.
The AT-system of Jacobi-Pineiro weights was introduced in (5): for 8 > =1, n = (n1,...,n,) €
N, a = (a1, ..., a,) such that, without loss of generality,

ap >oap>-->a,>—1 and o; — o € Z for i # j, (55)

the Type I Jacobi-Pineiro polynomials of Type I, P(o;;ﬁ), deg PS?;;’B) <nj—1,i=1,...,r, are

n7
given by the orthogonality conditions on the function

QP () L2 37 P @), wi(a) 2 (1 - 0)”, (56)
j=1
namely,

1
/ Qo) ()t dr =0, 0<k<|n|—2 (57)
0
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together with the normalization

1
/ Q%a;ﬁ)(x)x‘"‘_l dr = 1.
0

Recently, it was shown that these are hypergeometric polynomials. In order to write the explicit
expression, we borrow notation from [8]: for @ € R”, let a(¥) € R"~! stand for the vector obtained
from a by deleting its i-th entry; also, in a slight abuse of notation, we also understand that adding
a scalar to a multi-index means adding this scalar to each one of its components. Then, see [8|,

(B y _ () —ni+ Loy + B+ |n|, s +1—al) —n®
P'n,i (l‘) =Cnji T+1FT< ai+1l,a;+1— a® A B (58)
where o
(o) def (—1)lnl-1 U(a; + B+ [n)) [They (ar + 8+ n)™ .
it (nl — 1)' F(ﬂ + |’I’L|)F(Oll + 1) Hlﬁkﬁr (Oék — Oéi)nk

#i
is just a normalizing constant that does not affect the zeros of the polynomial. For r = 2, this
formula was obtained first in [7].
Using this expression and Theorem A, we get the following representation for polynomials (57)
fori=1,...,r:

P,’(;’):/B) _ C»ESZ’ﬁ)p’L,l &ni_l Di2 ﬁni—l N lgnl-—l Dir, (59)
where
1o — s — s+ 1
2F1 nz+ ,Ch a] n]+ ’:L' R ]6{17 7T}\{i}7
pz,j(x) - (60)
<m+1,04i+5+|n| ) =1
o F1 ) =
a; + 1

4.1.1. Real zeros: monotonicity and interlacing.

Since the Jacobi-Pifieiro weights with a satisfying (55) form an AT-system, it is known that
(ef) in (56) has |n| — 1 zeros on (0,1) for every multi-index n, see,
iB) is
relatively well studied, the behavior of the zeros of the Type I Jacobi-Pineiro polynomials Pq(z?;;ﬁ ),

1 =1,...,r,is much less known.

the corresponding function )
e.g. [50, Theorem 2.3]. Although the potential-theoretic description of the asymptotics of lea

Let us denote the open intervals Aq,..., A,, with
R if2<k<ri
Ay = (07 1)7 A = <0 1 =r=r ?S Ve (61>
Ryg, if2 <k <risodd.
A simple calculation shows that for —1 < a < 0,
t «
/ i dt = (—1)*— T lx|%, x € Agp_1, k>2. (62)
A b= sin(ra)

Let
sk(x) det || ¥ %=1 x e Ap_q, 2<k<r.
If together with (55) we assume that

o] — 1< a = min a 63
1 r 1<k<r ks ( )
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then by (62), each si is equal, up to a constant factor, to its Cauchy transform on Ay:

sk(x) = constk/

A t—«x

’t’ak_ak—l

dt, z€ A1, 2<k<r,

which means that the weights w; in (56) form a Nikishin system. By [34], under the additional

constraint that if the sequence of multi-indices n = (nq,...,n,) is such that
(max nk> — < min nk>
1<k<r 1<k<r
is uniformly bounded, then the number of zeros of each P,iofﬁ ), i=1,...,r, outside A, is also

uniformly bounded, and the zeros accumulate on A, U {oo} as |n| — co.
If we drop the restriction (63), the weights w; still form a generalized Nikishin system, with
wit1(x) = 2™ sj(x)wj(x), j=1,...,r—1,
for some m; € Z. Such a situation is considered in [33]; the results therein are not immediately
applicable due to the assumptions the authors impose on the polynomial factors. However, we

B)

conjecture that the zeros of the Jacobi-Pineiro polynomials Pr(ff accumulate on A, U {oo} as

|n| — oo under very mild assumptions on the sequence n.

Using the approach that we have already described in [38], we can give some additional sufficient
conditions for real-rootedness of Jacobi-Pineiro polynomials, as well as deduce the interlacing and
monotonicity of zeros of polynomials with respect to the parameters.

Theorem 4.1. Let f > —1 and o = (o, ..., ) satisfy (55). Assume that for a multi-index
n € N" and for a specific index i € {1,2,...,r},

a; —1 < o; < min {aj—l—nj}—n,;—i—l. (64)
1<j<r

Then PP e P, _1(A,).
Addztzonally, for0<t <2

()Pa“ﬁ -<P( o) andP( ’B)-<P( eft) , if ris even,
(m)P ’ﬁ)—<P(a+t6) andP( ’B+t)-<P ’B,zfr is odd.

Observe that if condition (64) is satisfied for certain multi-indices o and n € N"| it is also
satisfied for o + ¢, with ¢ > 0.

Proof. Let us show first that

Diji € ]P)(R>0) and piJ(.T) S P(R<Q), ] S {1, ce T‘}\{l}
We can establish it using some results from [11], many of them re-proved in [38|. Indeed, since by
assumptions, «;, 5 > —1, n € N", and thus,

a¢+ﬂ+lnl>ai+ni—1,

we have by [11, Theorem 1, (i1)| that p;; € Pp,—1((0,1)).
Similarly, by (55) and (64), for every j € {1,...,7}\{i},

aj—1 <o <aj+n;—n; +1,

or equivalently,
-ni+2>a0; —a;j—n;+1, o —a;+1>0.
It remains to use [11, Theorem 1, (4)] to conclude that p; ; € Pp,,—1(R<o). By Proposition 2.4, for

¢ =i MW,—1 - Wy —1 pii—1 Bny—1 Dijie1 M1+ My, —1 Dy, (65)
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we have that

P(Rsg) for r odd,
qi € (66)
P(R<p) for r even.
Since the decomposition (59) of PT(:;;B ) can be written as
Pﬁ;ﬁ) = nggﬁ)mi X, —1 i, (67)

it remain to Proposition 2.4 again to establish the first assertion of the theorem (about the location
of the zeros).

A key observation to prove interlacing is that polynomials p; ;j in (60), with j # i, are indepen-
dent of the parameter 8 > —1, and invariant with respect to the scalar shift a — o + ¢, t > 0.
Thus, the same property is shared by the polynomial ¢; in (65).

On the other hand, by [38, Eq. (61)], for 0 < t1,t2 <2 and t; + t2 # 0.

2F1( ni +1,a; + B+ |n| + 1;x> - 2F1< ni + 1,05 + 8+ |n| + 2;:[;). (68)
a; + 1 a; + 1+ 12
For r odd, using (66) and Proposition 2.6, we get that
e 1’ . t
2 Fy mit Lot ftin|+ L) R g
a;+1 (69)
<P —ni+1,ai+5+|”|+t2.x 2 4
24771 oy + 1+t2 3 n;—1 qi,
while for r even, using now Remark 2.7, we obtain
—n;+1Lo;+8+|n|+1
7 2 (70)

—n;+ 1,04+ 8+ |n|+1
< 2F1< ' 014-—1-1 " §$> X1 Gi-
(2

In particular, setting in (69)-(70), ¢; = 0 and t2 = ¢, and noticing that a multiplicative constant
does not affect interlacing, we conclude that

R(ﬁ;ﬁ) < PT(;’:;H;B) for r even and pr(:’ft;ﬁ) =< PS?’B) for r odd,

while taking ¢; = ¢ and t2 = 0 in (69)-(70) yields

plesBt) o plf) o1 even  and Ps;’ﬁ) < Pffz;ﬂﬁ) for r odd.

n, n,

O

Remark 4.2. The statement about zero interlacing contained in Theorem 4.1 implies that for r
even, the zeros of the polynomial P,,(zoft;ﬁ ) are decreasing with respect to ¢ and increasing with
respect to §; this monotonicity is exaétly the opposite if r is odd.
As it follows from the proof of Theorem 4.1, conditions (64) can be weakened. For instance, if
instead of (64) we assume the existence of an index j # ¢ such that
aj —2<o; <oaj+nj—n;+2, Ikgéax{ak} —1<a; < lﬁinj{ak +ng} —n; + 1, (71)

(2% 1

then we arrive at a weaker conclusion that Pfﬁﬂ ) e Pn,—1(R).
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Notice that additionally to (i)-(ii) we could state that P( o) P;La:f’l B+1) , where e; € N" is
the multi-index that has all entries equal to 0 except the entry of mdex 1 which is equal to 1. This
observation is based on the simple fact that, by (12),

d (P(Oéﬁ)( )) ~ P(a-l-ezﬁ-i-l)( ).

dl’ n—e;,i

If we try to enforce the assumptions (64) to be valid for every index i, we obtain the following
simple consequence of Theorem 4.1:

Corollary 4.3. Let 8 > —1, a = (aq,...,q;) satisfy (55) and (63). Then for any multi-index
n € N” of the form

n=mn,....,n,n+1,....,n+1) (72)

(that is, such that fori < j, 0 < nj—n; < 1), conclusions of Theorem 4.1 hold for alli € {1,...,7}.

From our discussion above it is clear that the assumptions of Corollary 4.3 reduce the situation

to a step-line (as the one studied already in [44]) for a Nikishin system of weights. In this sense,

the reality of zeros is not surprising, although the interlacing properties seem to be new even in
this case.

Proof. Fix i € {1,...,r}. Taking into account (55), condition (63) implies that a; — 1 < a.
On the other hand, for any index j < i, by (72), n; < n; + 1, and

-1<o;—a; <0< n; —n; + 1.
Analogously, for any index j > i, by (72), n; < nj, and
O0<a;—a;<1<n;—mn;+1

These two sets of inequalities are equivalent to (64). On the other hand, they hold for every
ie{l,...,r}if and only if 0 < n; —n; <1 for i < j, and the assertion follows. O

4.1.2. Zero asymptotics of Jacobi-Pineiro polynomials of Type I.
We can describe the weak zero asymptotics of a sequence of Type I Jacobi-Pifieiro polynomials,

Pni = Pnﬂ‘ ) Ty
where a,, = <a§n),. aﬁ’”), n = (ni,...,n,) € N', under assumption
a(n) Bm) n
lim =A;>0, lim =B>0, and lim — =6; >0, i=1,...,r. (73)

In|—co | In|—oo |0 In|—oo 0|

Clearly, 61 + - -+ + 0, = 1. Formula (58) indicates that we need to consider the parameters

(i)d:ef{(Ai-i-B-i—l)/Hi, =i, b(i)d:ef{Ai/ai, i k=i,

5T (- Ay - 0)/0 i £, VAo kg Y

Restrictions ag-i) ¢ [—1,0) and b,(j) # —1 imply that additionally to (73) we need to assume that
AJ#AZ"FHZ’ AJ+92 ¢ (Al?Az+91]7 jG{l,,?"}\{Z} (75)

Notice that the assumption that ag.i) # b,(:) holds automatically.
By Theorem 3.7, for any weak-* accumulation point u of the normalized zero-counting measures
X(p‘n,i)v

(@)
z+a:’ +1
Su(z) = | | 73 (76)
: ] 1 z + b‘gl)
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and by Theorem 3.9, its Cauchy transform G,(u) in a neighborhood of infinity is an algebraic
function y/u, where y = y(u) satisfies the equation

T

y [T +6) =uly - ) ] + o).
j=1

i=1
Let us discuss the case when a and 8 do not depend on n, so that
iy def ) 1/0;, if j =1, i
o) &L / LT and el =, (77)
—9]'/91' lf] 7'5 1,

and constrains (75) boil down to

0; ¢ (0,0:],  je{l,....r}\{i}. (78)
If we assume that there exists an index i € {1,...,7} such that

0; <min{0; : j € {1,....,r}\{i}},

then for all sufficiently large values of |n|, the inequality in the right-hand side of (64) holds. Thus,
imposing additionally that |o; — ;| < 1 for all j’s, we conclude that any weak-* accumulation
point p of the normalized zero-counting measures x(pn ;) is a compactly supported probability
measure on R, if 7 is odd, and on R<g, otherwise, and such that

Sue) = SO T + 16000,
J#

while y = uG,,(u) is a solution of
1\ + 0,
r+1 —_ - _
Y u<y+9i>j1;[1<y 0%')'

In the asymptotically diagonal situation, when all 8; = 1/r, we have ag-i) = —1if j # 4, which is
one of the degenerate cases discussed in Remark 3.6. However, the expression for the S-transform
of the limit measure is still valid:

SM(Z) =

r—1
(z+1)

as well as for the Cauchy transform G, (u) = y/u, where y = y(u) solves

(z+1+1/r),

Yy =uly-1"(y+r). (79)

We conjecture that, in this case, the support of any limit measure u is unbounded. If the parameters
a satisfy (64), it follows from Theorem 4.1 that all zeros of the corresponding polynomial P( o)

are on A,. Furthermore, as follows from the method of proof of [33, Theorem 3.2|, even when (64)
is not satisfied, the zeros still accumulate on A, U {oo}.

Example 4.4. If r = 2 and 6; = 0 < 1/2, the Cauchy transform G, (u) of the limit measure p is
given by y/u, where y = y(u) solves the equation

v =y — 1) (y+;> <y—;+1> :u(y3—(1+u)y+u), u:;@—l) >0.  (80)
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We can take advantage that this is a depressed cubic and use the Cardano formula for its solution,
selecting the correct branch noticing that, by the definition of the Cauchy transform, y(u) > 0 for
u > 0. Namely, consider the functions
1/3
U
u) = ,
= (1)

analytic in C\ [(—o0, 0] U [1,400)], whose single-valued branch is fixed by requiring f(z) > 0 for
x € (0,1). Then we can write

1/3 1/3
y(u)zi’/gf(u) ( 1+1“_“u+1) _< 1+1*””_“u—1> ,

4 (1+v)3
k=k(v) = 5 2
and with the branches of the roots taken always positive for u € (1,1 + ¢) for a sufficiently small
e > 0. Notice that x(v) is a strictly increasing function on [2, +00), with x(2) = 1.

In particular, for u = —x < 0, denote by y4 the boundary values of y on R.g. By the symmetry
principle, y— = 7+ on Rq.

By the Sokhotski-Plemelj Formula (or Stieltjes’ inversion theorem), the density of the limit
measure u can be recovered as

where

) = gy (- () = ye(2)) = — T (1 ().

We have that

1/3
1—u
+

where ¢* = ¢*(v) > 0 solves kc¢*/(1 + ¢*) = 1, that is,

., 1 6(1—0) 2
©= 27((1—29)(2—9)(1+9)> '

1/3
= 1- > 0 for x € (—c*,0),
——a 1+z

Analogously,

1/3
Ku
1 -1
+
oy — 3/ 2mi/3
fr(—=z) ,/1+xe , = <0.

Putting all together, we get that u is supported on [—c*, 0], 8 given in (81), with

1/3
={1- /11 ™3 for x € (—¢*,0).
= 1+

Finally,

1/3

1/3

, V3 v (Vite s e —a/e) " - (Viva - Vi a7 (82)
wi=z) Tor V2 22/3\/1 + x .

Symbolic integration allows us to check that u/(—z) is the density of a positive probability measure

on [—3,0], and that p/(—x) = E (140(1)) as  — 0+, and with a square root decay as z — ¢*—.

2mwx2/3
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FIGURE 1. Left: histogram of the zeros of the polynomial P,,gi;ﬁ ), with @ =
(1/2,3/7), p =1, and n = (300,600), along with the corresponding density (82).
Notice that for § = 1/3, measure u is supported on [—2.43,0]. The smallest zero
of P,E:xfﬂ ) in this case is approximately —2.2. Right: histogram of the cube roots of
the same zeros.

As an illustration, we plot the histogram of the zeros, all real and negative, of the polynomial
Pfﬁ‘fﬁ), with @ = (1/2,3/7), 8 = 1, and n = (300, 900), along with the corresponding density (82),
see Figure 1. For § = 1/3, the asymptotic distribution of zeros is supported on [—2.43,0].

The diagonal case can be considered taking # — (1/2)_, when (82) becomes

1/3 1/3
/ v (VIFz+1) " - (vige-1)
_r) = 2= 0.
i) = o 2P+ T
This is the density of a positive probability measure on R, such that p'(—z) = W(Q\gg (1+0(1))
as x — 0+.
4.2. Type I Multiple Laguerre polynomials of the first kind.
Let a = (o, ..., a,) be a multi-index satisfying conditions (55). Then for n = (n1,...,n,) €

N”, the type I multiple Laguerre polynomials of the first kind, Lglofi), deg ng‘i) <n;j—li=1,...,r,
are given by the orthogonality conditions on the function

QW (@) £ ST L) () e, (83)
7j=1
namely,
“+oo
| @@t a—o. o<k<nl-2, (84)
0

together with the normalization

oo
/ Q,(za)(:c)x'”‘_l dr =1.
0

In [8], it was shown that these are hypergeometric polynomials: using the notation introduced

before (58),
(@) _ (@) —ni+Laj+1—ad —n0
Pt = s F( i+ lai+l—ad F (85)
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where
-1

cglofi) = (=D (ny — D)0 (; + 1) H (o — ai)nij
1<i<r
J#i
For r = 2, this formula was previously derived in |7]).
Using this expression and Theorem A, we get the following representation for polynomials (85)
fori=1,...,m

Lﬁ:’f} = 05321%,1 Xy, —1 pi2 Bn,—1 - By -1 piys (86)
where
—n;+ 1,0 —a; —n;+1 ) )
2F1< ' O[‘iOé'—Jf-]_ ’ ;$>, 36{17"'7T}\{Z})
pij(x) = Y (87)

—n;+1 .
F; ; = 1.
1 1<Oé7;+17x>, J ?

Notice that for i # j the p; ; are exactly the same polynomials appearing in (60), thus we have
the relation

L) ~ (vi(x) K, 1 P,,(f;;ﬁ)) (88)
with
—n; +1 n; — 1)! o _
vil) = F( | ) R e s ) (89)

where LSLOC) is the Laguerre polynomial. In other words, the Type I multiple Laguerre polynomial

of the first kind can be obtained as a finite multiplicative convolution of the Type I Jacobi-Pineiro
polynomials with the same parameters and a standard Laguerre polynomial.

4.2.1. Real zeros: monotonicity and interlacing.

The discussion about real zeros carried out in Section 4.1.1 applies to Type I multiple Laguerre
polynomials, with the only modification that now in (61), Ay = (0,400). In particular, under
assumption (63), these polynomials form a Nikishin system, and thus, for close-to-diagonal multi-
indices m their zeros will be on A,.

In addition, we have the following

Theorem 4.5. Let o = (a1, ..., a,) satisfy (55). Assume that for a multi-index n € N" and for
a specific index i € {1,2,...,r}, condition (64) is satisfied. Then LEZ? ePn_1(A,).
Additionally, for 0 <t <2,

(Z) L(a+t) %L(a)

K M, ’

(i) L) < L&, if v is odd.

if r is even, and

Proof. The statement follows immediately from representation (88) and Theorem 4.1, and the fact
that all zeros of the Laguerre polynomial in (89) are positive. O

(e

) (atei)
n,i_\<La :

n—e;,i”

Additionally, as for the Jacobi-Pifieiro polynomials, from (12) it follows that L

Corollary 4.6. Let oo = (v, ..., a,) satisfy (55) and (63). Then for any multi-index n € N” on
the step-line, i.e., of the form (72), conclusions of Theorem 4.5 hold for all i € {1,...,r}.
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4.2.2. Zero asymptotics of Type I Multiple Laguerre polynomials of first kind.
As we did for the Type I Jacobi-Pineiro polynomials, we can describe the weak zero asymptotics
of a sequence of rescaled Type I Multiple Laguerre polynomials of first kind, namely,

Pni(T) = L(a")(nix), i=1,...,7

n,i
where a,, = (agn), . ,a&n)>, n = (ny,...,n,) € N', under assumption
o N
L =4;>0, and lim — =6; >0, i=1,...,r (90)
[n|—oo [n] [nl—oo ]

Clearly, 61 4+ - - -+ 6, = 1. Formula (85) indicates that with the parameters ag-i) and bgi) defined in
(74), satisfying the same restrictions (75), namely,

Theorem 3.7 implies that for any weak-* accumulation point p of the normalized zero-counting
measures X (Pn.i),

JA (z +al) + 1)
T, (z +' 4 1)

and by Theorem 3.9, the Cauchy transform G,(u) of the limit measure yx in a neighborhood of
infinity is an algebraic function y/u, where y = y(u) satisfies the equation

Su(z) = ; (91)

y[[w+o) =uy -1 [ @+a).
j=1 i=1,j#i
Let us discuss the case when a does not depend on n, so that identities (77) hold, and constrains
(75) once again boil down to (78). If we assume that there exists an index 7 € {1,...,7} such that

91'<min{(9j:je{lv"'vr}\{i}}’

imposing additionally that |o; — a;| < 1 for all j’s, then as in Section 4.1.2 we conclude that
any weak-* accumulation point y of the normalized zero-counting measures x(pn i) is a compactly
supported probability measure on R>q, if r is odd, and on R<g, otherwise, and such that

1
Su(z) = ——[[(z+1-0;/0:).
(z+1)r 14
J#
Example 4.7. Like in Example 4.4, if r = 2, and 6; = § < 1/2, the Cauchy transform G,(u) of the
limit measure p is given by y/u, where y = y(u) solves the equation

1
y3=u(y—1)<y—9+1>-
With the change y = 3w — u/3 we get
3 U 1 2u?
3
2 L2 u=o.
27w +<0 u>uw+<39+ 0 27>u 0

Proceeding as in Example 4.4, we can use Cardano’s formula and select the right branch of the
solution observing that w > 0 for v > 0. The Sokhotski-Plemelj formula shows then that the limit
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#*
w & #
* #* [} -

o #  Smalest zercs
2 o

25

a5

FIGURE 2. Values of the smallest zeros (marked with *) and of the corresponding
values of —c* (left end-point of the limit zero distribution, marked with ’o’) for

L\ 1, with e = (1/2,3/7), n1 = 250, and different values of na/n.

(n1,n2),

measure p lives on the interval [—c*, 0], with

. 91 —0)0—2+2/(1-3(1-0)0)> -
© - 0(1 — 20)2 '
See Figure 2 for a comparison of some actual values of the smallest zeros with the predicted value
of —c*.

4.3. Type I Multiple Laguerre of the second kind.
Let « > —1 and ¢ = (c1,...,¢;) € RL; be a multi-index such that ¢; # ¢j for @ # j. Then,
(e,

n,g

for n = (ny,...,n,) € N", the type I multiple Laguerre polynomials of the second kind, £

deg E,S?;c) <n;—1,i=1,...,r, are given by the orthogonality conditions on the function

nga’c) () det Z ngf;c) (x) %97,
j=1

namely,

“+o0o

/ Qi (z)2F dz = 0, 0<k<|n|-2, (92)
0
together with the normalization
+oo
/ Qi (2)z™=de = 1.
0

Notice that in this case, the weights w; in (7) no longer form a Nikishin system, although they are
an AT-system, see, e.g. [21, §23.4].
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We are aware of an explicit formula for these polynomials only in the case of r = 2: it was
shown in |7, Proposition 8.1| that the Type I Laguerre polynomials of the second kind are also
Kampé de Fériet polynomials®: for ¢ = (c1,¢2) and i € {0, 1},

(—ni+1L,a+1):- ;-
—Mn1—ng+2:-;a+1

def &

di, —Cidz‘x] , di=1-

£0.  (93)

n,

cedo) = FY |

C2—4

Hence, as an application of Theorem 3.1 we conclude that

Proposition 4.8. The Type I Laguerre polynomials of the second kind can be expressed as a
multiplicative convolution of a Jacobi polynomial with a Laguerre polynomial

) -n;+La+1 —n;+1
'Cszojic (x)_ 2F1<_Tzl_n2+2,—$—‘rdi &ni—l 1F1 az—l—l seidix ). (94)

Proof. By Theorem 3.1,

F2:0;0|: (_ni"‘l,a‘f‘l):’ e

1:0;1 —ni1—ng+2:-;a+1 ' d%y:| = (p Eani_l q) gni_l T

where

o) = 2 )t = an( T ),

—n1 —ng + 2
() —n; +1
r(y) = —
Y 141 atl’ Y

Thus, by (17),
2:0:0 (—mi+1l,a+1):-;- )
Floa [ Sy . My b2 a4l d;, —cid;z| ~ Dil_; {(p B, —1 ) M1 r}
= (pHn,—1 ) Wn,—1 Dil - (r) =~ [pBn,—1 ¢ (2) By, -1 7(—cidz).

Ciaq

—cid;

Notice that g(x) = 1F0<_"f+1;:1;/di) ~ (x —d;)" !, so that by (21),

and formula (94) follows. O

4.3.1. Zero asymptotics of Type I Multiple Laguerre polynomials of the second kind.
Unfortunately, the decomposition in Proposition 4.8 does not allow us to conclude that the
zeros of Egloff)
S-transform (and, eventually, an equation on the Cauchy transform) of any accumulation point of
the normalized zero-counting measures of these polynomials.
Let m = (n1,7n2) € N? and oy, > —1 be such that

are real. However, using the arguments of Section 3.2, we can find at least the

im ™ =A>0, and lim % =6,>0, i=1,2 (95)

In|—o0 12| n|—c0 01|

Moreover, assume that c¢,, = (cgn), cgn)) € R2>07 with cgn) #+ cgn), depends on the multi-index n

in such a way that the limit

lime, = ¢ = (c1,c2) €RZ, 1 # ca, (96)
n

3 For convenience, we changed the order of second and third vectors of parameters with respect to the notation
used therein.
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exists. Let us also define

so that d\™ — d;, i = 1,2, with d; defined in (93).

Remark 4.9. It is easy to see that a simple re-scaling =z — x/N, N = N(n), in (92) allows us to
tackle the zero asymptotics also in the case of parameters ¢ satisfying

. c
hfrbnﬁ" =c=(c1,c2) € R2>0= c1 # co.

Notice that under this assumption, the limits din) — d;, 1 = 1,2, still hold.
Theorem 4.10. Under the assumptions (95)—(96), the Cauchy transform y = G,(u) of any lim-

(an,cn)
n,i

dl(dl — 1)92u y3 + (Azdl(dz — 1) + 01(1 — 2dl)u) y2 + (—Aidi + Hz(dl + u) — 1) y—6;,=0. (97)
Notice that for the case A; =0, (97) simplifies to
di(di — Duy® + (1 — 2d;)uy? + (u+di —1/6;) y—1=0.

iting zero distribution p of polynomials L (njz/(cid;)) satisfies the cubic equation

Proof. By (94),
iCr —n;+1,a+1 —n; +1
Eizofz ,C )(nzw/(czdz)) ~ 2F1< _nzl g 42 ;—T + dz> &ni_l 1F1< O[:_ 1 ;nﬁ) (98)

(for the sake of brevity, we have omitted writing the super-index m in ¢; and d;; recall that under
assumption (95) they all have finite and non-zero limits).
By Theorem 3.7, the S-transform for a limiting zero-counting measure of the 1 1 polynomials

on the right-hand side of (98) is
1

z+ A; / 0; +1 '
It means that if we denote by g the limiting zero distribution of the oF} polynomials on the
right-hand side of (98), then the S-transforms of pi and the limiting zero distribution p of the

polynomials E,(ff ?’c")(nix /(cid;)) are related by
Su(z) = m
By Corollary 3.10, w = Sj(z) satisfies (with ¢ = —1, A = A;/0; and B = —1/0;)
W [diz0 — (z4+1-1/8;)] = (diw — 1) (dizw — (2 + 1 + A;/6;)) .
Taking w = (2 + A/0; + 1)w above and simplifying, we get that w = S,(2) is a solution of
di(d; — 1)(A; + 0;(z + 1))ew® + (—Aid; + 0;(—di(2z + 1) + 2+ 1) — 1) w + 6; = 0. (99)
We can get an equation on z = M, (u) by replacing zw — (z 4+ 1)u in (99):
di(d; — 1)(A; + 0;(z + 1)) (2 + 1)%u® + (—Aid; + 0;(—di(22 + 1) + 2+ 1) — 1) (z + Lu + 6;z = 0.

Recalling the definition (30) of the M-transform in terms of the Cauchy transform G, of u, we

have that
1 1
= — — — 1
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and replacing u — 1/u, we can rewrite the equation above to obtain a cubic equation on y = G, (u):
di(d; — 1)(A; + Guy) y° + (—Aidi +0;(—d;(2uy — 1) + uy) — 1) y+0;(uy—1)=0,
which is equivalent to (97). O

5. TyPE II MULTIPLE ORTHOGONAL POLYNOMIALS

Recall that Type IT multiple orthogonal polynomial P,, are monic polynomial of degree |n| that
satisfy the orthogonality conditions (4), namely,

/Pn(x):nkwj(x)dx:(), 0<k<n;j—1, 1<j5<r

These polynomials are better studied than their Type I counterparts. In particular, it is known
that their asymptotic zero distribution can be described via a solution of a vector equilibrium
problem. Now we can perform this analysis using our free probability tools.

5.1. Type II Jacobi-Pineiro polynomials.
We consider again the AT-system of Jacobi-Pineiro weights on [0, 1] that satisfy the conditions

al,...,op >—1 and o; —a; € 7Zfori #j. (100)

The Type II (monic) Jacobi-Pineiro polynomials, PT(LO‘;’B ), deg P,(La;ﬁ ) = |n|, are given by the or-

thogonality conditions
1
/ P (z)xoth(1 = 2)fde =0, 0<k<nj—1, j=1,...r (101)
0

Once again, these are hypergeometric polynomials (see |21, §23.3.2]):

T

_1\Inl (’n!—kozj%—ﬁ—i-l)”if  BplaB) <—\n\—ﬁ,a+n+1.>

Taking f € Z>o on (102) and using Theorem A from Section 2.3, we obtain the following
representation:

(1= 2)° P (@) ~ p1(2) Rynpp -+~ Bynpas pr(2), (103)
where
a; + 1) —In|—-B,05 +n; +1
pj(l'):(J(")QFl | B‘J J v

n;)! a; +1

(104)
= (1790)|"|+B_"? oI —nj,|n|—|—ﬁ—|—ozj—|—1;$ , 7=1,...,r
o7 +1

These identities allow us to follow the methodology described above to find the asymptotic zero
distribution of these polynomials. To deal with the case of noninteger 3, we appeal to an alternative
expression for the reciprocals of the Type II Jacobi-Pineiro polynomials, consequence of Lemma
2.3:

Proposition 5.1. For the Type II Jacobi- Pineiro polynomials,

*

a; * —[n —[n
P @) = @) By | 153y T\l ) B (F< S inle ) B q) . (105)
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where

plx) = 2Fo<_’7?”1;—x>, g(x) = T+1Fr<_|n|’ _n’_a;—x) (106)

—|n|-n -«

Proof. By (102), and using the hypergeometric representation of (1 — z)?, we have that

. — — +nm+1,.. ., +n,.+1
P(a"ﬁ) ~ . F B F ”I’L’ 670‘1 5 5 . ‘
(1) ~ 1Fy R RASv O T

Notice that P,(La;ﬂ ) (0) # 0, so its reciprocals has the same degree. Applying Lemma 2.3, we get

that
a:8)\* —In|,1

—|n| —In|, —|n| — «
F s — H F, P — .
1 1<—6—‘n‘+17 X |n\ 7’+1 T'+1 6+17—’n’—n—a7 X

Using that (z — 1)I* = (z 4 |n|)I™ Nip (z + |n|~1)I"l is an identity under the finite free multi-

X

. *
plicative convolution (see (16)), we can rewrite (P,Q“ﬁ )) as the multiplicative convolution of two
polynomials,

—|n|,1 —|n|,1 _
p(z) = 2F0< H ;x) X (:):—I—]n])‘“lz 2F0< H ; —|m| 1x)

and

B(z) = (x +|n| )™ &y,

—In| —In|, —In| -«
F ;—x | B F P —
1 1<_B_‘n‘+17 z |'n\ r+14r+1 B—‘-l,—’n’—n—a’ x
n|

- —In[, —In| - a
= F ; H F, ;
1 1<_ﬁ_|n|+17‘n‘x> ‘n‘ r+1 T+1</B+1,—|n|—n—a”n|x

1F1 (5_11”17 |"|$) X Q(x)] ;

|

F B Jn|z ) B
1 1<—B—Inl+1| ') i

where ¢ was defined in (106).
It remains to observe that by the definition (15), the operation * acts distributively on the
multiplicative convolution &, U

*

5.1.1. Real zeros: monotonicity and interlacing.

Theorem 5.2. Let a multi-index n € N”, € Z>o and o« = (a1, ..., o) satisfy (100). For each
ie{l,...,r} and 0 <t <2 such that

Gi—a;tte T, jFi (107)
the following interlacing holds:
PO (x) g PP 5 pletten?), (108)

Recall that e; € N” is the multi-index whose only non-zero entry (equal to 1) is in the position



34 A. MARTINEZ-FINKELSHTEIN, R. MORALES, AND D. PERALES

Proof. Take i € {1,...,r} and define the following polynomial,

Q) = on (M TN (109)
and using the decomposition (104) of P,(la’ﬁ ) define the following polynomial,
qi(7) = p1 Win)18 -+ Rinj48 Pie1 Rpnj48 Pit1 Rpnj15 -+ - Rinj8 Dr (110)

By hypothesis, we have, a;j, 8 > —1 and n € N, thus
aj +p+|n| > aoj+n; —1, jed{l,...,r}

then we have by [11, Theorem 1, (i1)] that Q%f’ﬁ,pj € P 15((0,1)). Applying Proposition 2.4 to
polynomials ¢; defined in (110), we get that q; € P}, 15((0,1)).

Using the the interpretation of Jacobi Polynomials as 9F}, we can extract from [12, Theorem
2.2 that for 0 < ¢ <2,

Quity < Qo < Quitt?
Using Proposition 2.6, we get that
(1= 2)m o m Qe Ry 45 < (1— )M Q P Ry 5 g,
<(1- l,)\nHﬂ-mQ%z-i-tﬁ &‘nH‘B .
For 0 < t < 2 satisfying (107), we conclude that

n+te;
([
Remark 5.3. From [12, Theorem 2.2|, the polynomial defined in (109) satisfies
QNP < QP < QP for 0< s <2.
Using similar ideas from the proof of Theorem 5.2, we can obtain
P (z) < PP S PP and s =0,1,2. (111)

The restriction of s to entire numbers is necessary in order to use (103). The interlacing stated in
Theorem 5.2 and in (111) was partially proved in [18, Theorem 2.2|, where it was shown that

n—+e;

5.1.2. Zero asymptotics of Type II Jacobi-Pifnieiro polynomials.
We can describe the weak zero asymptotics of a sequence of Type II Jacobi-Pineiro polynomials,

Do = P1(Za;5) (z),

where o, = (agn), .. ,om(nn)>, n = (ni,...,n,) € N', under assumption (100), that is,
(n) (n) A
% _4>0, lim S —B>0 and lim S —g,>0. i=1... .
[njoo |1 [nj~oo [N =0 |7
(112)
Let us suppose initially that for all n,
B™ e Zy. (113)
Representation (102) indicates that we need to consider the parameters

0; 2L (4;4+0,)/(1+B), and b; 2L A,/ 1+B), j=1,....r (114)
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Restrictions a; ¢ [—1,0) and b; # —1 and the assumption that a; # b; for ¢ # j hold automatically.
Let p be a weak-* accumulation point p of the normalized zero-counting measures x(pn ), and
denote
1
n=-—— (B .
p=1p Bootn
By Theorem 3.7, the S-transform of g is

0,
S(2) = H

J12+b§l)+1 j=1

z—l—a

H (1+B)z+0;+A;+B+1

115
(1+B)z+A;+B+1 '’ (115)

while, by Theorem 3.9,

v=uGs0 = 1 (5 +60) = 15 (B+uG,w)

is a solution of

T T
A; Aj+0;
=u(y—1 =),
yH( 1+B> uly )H(y+ 1+B>
7j=1 j=1
Let us discuss the case when o and  do not depend on m, so that A= B =0 and g = p. In
this case,
,

éMz):m [T G+06,+1),

Jj=1

T

Yyt = u(y — 1) H (y-l—ﬂj) .

j=1
In the asymptotically diagonal situation, when all §; = 1/r, this equation boils down to

Yyt =uly—1) (y+1/r)"

(compare it to (79); these equations can be reduced to each other with the change y — —y/r; an
equivalent equation appeared in [42]). By the Sokhotski-Plemelj Formula, the density p' of x on
(0,1) can be recovered as

pW(x) =

Example 5.4. If r = 2, and 6 = § < 1/2, the Cauchy transform G,(u) of the limit measure p is
given by y/u, where y = y(u) solves the equation

y3:u(y—1)<y+9)<y+1—9>:u(y3—(1+y)y+u), v=0(0—1) € (~1/4,0). (116)

This is the same cubic equation (80) we obtained in Example 4.4, up to the modification 6 — 1/6,
and the corresponding change of the value of v. Thus, we can use our previous calculations,
selecting the branch such that y(u) > 0 for u < 0. Namely, if now

flu) = (02(51—_112;)1/3

1
2mix

(v-(@) = y4(2) = ——Im (3 (2)) . € (0,1).

™
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is taken analytic in C \ [0,+00), whose single-valued branch is fixed by requiring f(x) > 0 for
x < 0, then the desired solution of (116) is

1/3 1/3
y(w) = f(u) <1+ 1+1”_“u) +<1 1+1“_“u) ,

4 (14+v)2 41+ (0-1)9)3
p=r) =5 2702(1— 02 —
and with the branches of the roots taken always positive for u € (—¢,0) for a sufficiently small
e > 0. Notice that x(v) is a strictly increasing function on (—1/4,0)), with k(—1/4) = 1.
For u = & > 0, denote by y+ the boundary values of y on (0,1). As before, the Sokhotski-Plemelj
Formula gives us the density of the limit measure p as

! (y-(z) —ys(z) = L (y+(x)) .

2mix T
1/3
/ KX
= 1
>+ w—z ( 1—z

where

W (@) =
We have that

(=

1/3
) > 0 for z € (0,1),

and, taking into account that 1 —v1+u = —% (1 + O(u )) as u — 0,
1/3 1/3
1—J14 -2 = J1+ 5 ) e B for z e (0,1).
1—-u e 1-2z
L =

Since

we get that on (0, 1),

1/3 1/3
= _ V¥ —wif3 1 kx 1 ko 1 —mi/3
@) = {foa = ¢ <\/ 1—z * L ‘

Putting all together, we conclude that u is supported on [0, 1], with

) — \f391_ (\/1 /€—1$+\/1—JI) <\/1 m—lx—\/l—x)l/3 (117)
2w V2 2B '

Symbolic integration allows us to check that p'(z) is the density of a positive probability measure
on [0, 1], and that

V3Y/0(1 - 0))
2 1:2/3

See Figure 3 for a histogram of the zeros for § = 1/3.
In the diagonal case, when 6 = 1/2 (and k = 1), this formula coincides with the expression

V3 (1+m)1/3+ (1 —\/ﬂ)l/g
A/(x):: A 23T —x )

1-0(1-0)

(1+0(1)) asx — 0+, and p/(z) = g

w(z) = (I140(1)) as x — 1—.

(118)
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FIGURE 3. Histogram of the zeros of the polynomial P,‘f“ﬁ), with a = (1/2,3/7),
B =1, and n = (300,600), along with the corresponding density.

found in [42], see also [28, §8.4]. On the other hand, as § — 0+ or # — 1—, u converges to the
equilibrium measure (arcsine distribution) on [0, 1].

Example 5.5. Still in the case of r = 2 and asymptotically diagonal multi-indices (6; = 63 = 1/2),
similar ideas allow us to tackle the case of varying parameters a,, and 8™ satisfying (112). We
avoid performing cumbersome calculations here. Instead, we point out that if the case of B =0
and A; = Ay = A > 0, the support of the limit measure p is [a*, 1], with

oo AA+T)
(4+8) (4+3)

On the other hand, if A} = A9 =0 and B > 0, the measure is supported on [0, b*], with

. 21(B+1)?
b _.?EE;;zﬁgfe(o,u. (120)

See Figure 4 for the result of some numerical experiments.

€ [0,1). (119)

All considerations above have been carried out under the assumption (113) that all 5’s are
integers. Consider the representation (105) from Proposition 5.1. We observe that for both poly-
nomials in its right-hand side depending on S, their limit zero distribution depends only on the
value of the limit 3/|n|, and not on the concrete values of 5. Hence, the same is true for the ex-
pression of the S-transforms of the limit measures for p and for the polynomial within the brackets
on the right-hand side of (105). Finally, using (35), we can conclude that the asymptotic zero

distribution of Py depends only on the limits (112) but not on the actual values of 5. In other
words, expression (117) is valid under the general assumptions (112).

5.2. Type II Multiple Laguerre polynomials of the first kind.
For n € N", the Type II Multiple Laguerre polynomials of the first kind, LS, corresponding to
the weights (6), are polynomial of degree |n| — 1, satisfying

o
/ L&(z)z% e *zkdr = 0, k=0,1,....,n; =1, j=1,...,r
0
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o8 T T 0.9

o7k g 08

08 B 0.7

o5 T 0.6

04 T 0.5

o03r T 0.4

ozh g 031

01 r B 0.2

0 . . 0.1
5 5

FIGURE 4. Left: plot of the smallest zeros of the polynomial P,(la;’g ), with n =
(300,300), B = 0, and o = (600A4,6004), for A = 1,...,15, along with the pre-
dicted leftmost end-point of the support, given by (119). Right: plot of the largest
zeros of the polynomial P,({’?B), with a = (0,3/2), n = (300,300), and 5 = 6008,
for B = 1,...,15, along with the predicted rightmost end-point of the support,
given by (120).

where parameters oy, ..., > —1 are such that oy — oj ¢ Z whenever i # j. These are hyperge-
ometric polynomials (see [21, §23.4.2|):
T
_ ny a+n+1
(—D)IMe " Lo (x) = Jl:[l (aj +1)" TFr< ot ;—x>- (121)

Notice that in this identity, neither the left-hand nor the right-hand side is a polynomial. However,
the polynomials L{¥ do not vanish at the origin, and we can write their reciprocal as a finite
convolution:

Proposition 5.6. For the reciprocal p* of the Type II Multiple Laguerre polynomials of the first
kind p(x) = L,

* |”’|’1, |”’|7 ’”” «
I n Y *
D o Fy r) Rip e Fy x+1 (122)
. —In|—-n -«

Proof. Since

we can rewrite (121) as

. a+n—+1
p(l‘)ﬁ 0F0<‘;SL‘> rFr< a+1 §_=T>'

Applying the Lemma 2.3 we get that

—|n|,1 —\n —|n|, —-n| —«a
p*ﬁ QF() | | L &m‘ 1F0 ‘ ’;—x Eﬂm‘ 7»+1Fr | | | | L .
) . —In|l—-n—-«
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On the other hand,
1F0<_|n| ; —1’) ~ (z+1)",
and from (21) we get (122). O

5.2.1. Real zeros: monotonicity and interlacing.

The Type II Multiple Laguerre polynomials of the first kind L$ can be obtained from the
)

Jacobi-Pineiro polynomials P,(La;ﬁ

L)~ lm B (/).

by the limit process,

which can be easily established by taking the limit directly in the orthogonality relations (101).
In consequence, interlacing properties of the zeros of LS follow from Theorem 5.2:

Theorem 5.7. Let a multi-index n € N, and o« = («aq,...,q,) satisfy (100). For each i €
{1,...,7} and 0 < t < 2 satisfying (107), the following interlacing holds,

L(a) (x)<L1(1a)<L£La+tei)’

n-+e;

where e; € N” is the multi-index whose only non-zero entry (equal to 1) is in the position i.

5.2.2. Zero asymptotics of Type II Multiple Laguerre polynomials of the first kind.
We can use Proposition 5.6 to describe the asymptotic zero distribution of the rescaled polyno-

mials Lgla")(]n] x), under assumptions (90), that is,

al™ n
L —=A4;,>0, and lim — =6; >0, i=1,...,m (123)
In|—oo 1] nf—o0 |12

where o, = <a§"), o ,()q(nn)), n=(ny,...,n,) € N".

Theorem 5.8. Under the assumptions (123), function y = uG,(u), where G, is the Cauchy

transform of any limiting zero distribution u of polynomials Lﬁf")(|n| x), satisfies the algebraic

equation
T

UH(y+Ai+9i_u):(U_y)H(y“‘Ai_u)- (124)
i=1 =1

In the particular case of o independent on n, so that all A; = 0, it simplifies to

uw[[w+6i—uw)=—(@y—uw™" (125)
=1
Proof. 1f
pn(z) = L™ (),
then
(L2 (Il 2)) " = piu(a/n)
By (122),

" —In|,1 —|n|, —|n| - «
p(z/|n]) ~ 2F0< H ,a:/|n\> Xin| 7“+1F7'< _‘  =Ind n;:U—l—l). (126)
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By Corollary 3.10, the S-transform w = Sz(2) of a weak-* limit z of the normalized zero-counting
measures of the .11 F, polynomial on the right-hand side satisfies the equation

r

D[z +2—Ai—0;) = (@+ 1) [[ (20 + 2 — Ai). (127)
i=1 i=1
Taking into account (51) and the representation (126), we see that the S-transform w = S+ (2)

*
of the normalized zero-counting measure of reversed scaled polynomials (L%a")(|n| ;17)) is

Sr () = (2 + 1)Sx(2).
Thus, making the change of variables w = w/(z + 1) in (127), we get an equation for w = S, (2):
wﬁ(zw+(z+1)(z—Ai—0i)) = (w+z+1)ﬁ(zw+(z+1)(z—A,-)). (128)
i=1 i=1
In particular, the equation for the shifted S-transform w = S,«(—z — 1) is
wﬁ(—(z—l—l)w—i—z(z—i—l—i—Ai—l—Gi)) = (w—z)ﬁ(—(z—l—l)w—&—z(z—i—l—i—Ai)).
i=1 i=1

By (35), the S-transform w = S,,(2) of the normalized zero-counting measure of the scaled poly-

nomials L%a")(|n| x) satisfies the equation

[[(E+1+A4i+6)2w—(z+1) =1 —2w) [[ (e + 1+ A) 2w — (2 + 1)) .
i=1 =1
By (32), the equation for u = M;l(z) is
ﬁ((z—i—l—i—Ai—i—@i)u—l) = (1—(z—i—l)u)ﬁ((z—i—l%—Aﬁu—l).
i=1 =1

Recalling the definition (30) of the M-transform in terms of the Cauchy transform G, of p, we

have that
1 1
= — — — 1‘

with u +— 1/u, we arrive at the algebraic equation (124) for y = uG,(u). O
Ezample 5.9. For r =1 (so that #; = 1) and « independent on n, we get the equation
y? —uy +u=0,

gu(u)—;<1— u;4)7

which corresponds to the Marchenko-Pastur distribution, supported on [0, 4].
For r = 2 and a independent of n, denoting 6; = 6, the equation (125) reduces to

y3—2uy2—|—(u—|—1)uy+u(9(1—¢9)—u) =0.

The support of p in this case is the interval [0, c¢*], where ¢ = ¢* is the positive solution of the
equation

which yields that

(1—20)%% —2(2-9(1 —0)0)c —27(6 — 1)%*6? = 0,
that is
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3.9
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3.7

‘o 36
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3.4r

33t »*

3.2

FIGURE 5. Graph of the predicted end-point ¢*, given in (129), as function of 6,

along with the largest zero of the polynomial lea)(E)OO x), with a = (0,1/3) and
n = (5000,500 (1 — 6)), for 6 = k/10, k = 0,1,..., 10.

. 270%(1 — 6)?
<=0 = i g a2 —sea —aye < 284 (129)

see Figure 5.

5.3. Type II Multiple Laguerre of the second kind.

Let « > —1 and ¢ = (c1,...,¢) € R, be such that ¢; # ¢; for i # j. For n € N”, the Type
IT Multiple Laguerre polynomials of the second kind, £3,°, corresponding to the weights (7), are
polynomial of degree |n| — 1, satisfying

o0
/Oﬁfl’c(x):cmraecﬂdx:o, E=0,1,....,n; =1, j=1,...,r

Explicitly, see [21, §23.4.2],
() ni nr ’I’L| +a r N |k|'
a,c . —
£ = 30 S (ML () B
k1=0 k=0 j=1 N/ € Gy
Alternatively, we can express them in terms of the finite free convlution of simpler polynomials:

Theorem 5.10. Forn € N', o > —1 and cy,...,c, > 0 such that ¢; # c; for i # j. The Laguerre
polynomials of second kind of Type II have the following equivalent representations:

L3 (@) = ¢ By (1 By P2 By - By 1) (131)
_ ) ~|n| - n
= (a+n|)™ 1F1<oz+ 17:1:) Xy ]1:11 (z=1/¢)" |, (132)

where
In| n
(nJ) —|’I’l| |n|—n,; (|n|)7 —”I’I,’
= F f— — Ji‘ F . .
R 1<nj—rnr+1’ ”x> T gy
Zi J
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and

n Inl —|n
(@@= F< " 1”’”>'

|n|! a+1
Proof. For (131), notice that in the notation (14),

E( \k
Ul ()" g <k <my,

er(pj) = kich (133)
0 for n; < k <|nl.
Therefore, by (20),
)kj
ex(P1 Bl p2 B -+ By pr) = (W)E Z H %
kbt ke =k j=1 k?' (134)

- 3 H<Z;>;

ki+-+ky-=k j=1
For the polynomial ¢, we have
k
(a)y |TL| (]n|—i—0¢)*
(Inf)™

By the formula (15), for the coefficients of the finite free multiplicative convolution, we obtain
after some simplifications

er(4 R (P2 Bl p2 By -~ By pr) = (Il +0)" > H (nj)

k1+-+ke=k j=1

It remains to compare these expressions with (130) to get (131).
For (132), we use the decomposition for ¢(®),

|n|
a+ |n| —|n —In|,1
q(")——i( ’ “) 1P1( | |1$> Dy, 2P0< |,| x)

and substitute it in (131):

£ (@) = (a+ n))™ 1F1( _T‘l >@nl
(135)

1 —Inl|, 1
[n 2Fo< | '| ;CC) Xip| (p1 B p2 B -+ By pr)] :

Observe that

Using it with (134) and (15), we get that

) nl 1 n 1
ek (Inll 2Fo< o >x|n (p1 Bjny p2 By - Bﬂ'“”) " H< J> G Y

ki+-+kr=k j=1
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By (133), the non-vanishing coefficients of the sum in the right side correspond to the indices such
that 0 < k; < n;. Additionally,

r

oM7) )= 2 T(2) 5

=15 ki+-tkr=k j=1 ki
Thus,
1 —|n|,1 1 —n;
il 2F0< . ;96) Nin| (1 Bin) 02 B -+ By pr) = H 5 1F0( ' ];Cj37>7
) =15
and it remains to use it in (135) to obtain (132). O

Theorem 5.11. Let a multi-indexn € N', o > —1 and ¢ = (c1,...,¢,) € R be such that ¢; # c;
fori#£j. For 0 <t <2, the following interlacing holds:

£ (z) < £ (). (137)
Proof. By [38, Eq. (55)], we have the following interlacing for 0 < ¢t < 2,

—In| —In|
F < 1F ; 138
1 l(a—i—l 1 +1+t ) (138)

Since ¢; > 0 foreachi=1,...,7,

T

[[(z=1/¢))" € Pu(Rso). (139)
j=1
Hence, by Proposition 2.6, the multiplicative finite free convolution of the polynomials in (138) by
(139) preserves the interlacing, so that

_’TL’ . i n; —]n] ) ! s
1F1<a+1’fc &njl;[l(x—l/q) TR L ®|nj];[1(x—1/cg~) I (140)

which, by (132), is equivalent to £l (x) < clette) (x). O

5.3.1. Zero asymptotics of Type II Multiple Laguerre polynomials of the second kind.
Let n = (n1,...,n,) € N and a, > —1 be such that

lim 2" = A>0, and lim 2 =6,>0, =12 (141)
in|—oo 1| in|—oo 1|
Moreover, as in in Section 4.3.1, assume that ¢, = (cgn),. cﬁn) € RL,, with c(n) #* an) for

1 # j, depends on the multi-index n in such a way that the limit

lime, =c=(c1,...,¢) € RY (142)
n

exists, with all ¢; # ¢; for i # j. Recall (see Remark 4.9) that we can also easily handle the case
when ¢, depend linearly on |n|.

Theorem 5.12. Under the assumptions above, function y = uG,(u), where G, is the Cauchy

transform of the limiting distribution of zeros of the rescaled polynomials E(a"’cn (In|z), satisfies

the equation
‘s

y—1zzef%“. (143)

j=1 U—Cj(y—FA)
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We can prove this assertion using any of the representations from Theorem 5.10. Although
(132) is more straightforward (a multiplicative convolution of a Marchenko-Pasture distribution
with a discrete measure, supported at the points 1/¢;’s), we opted for using (131) to illustrate
how to obtain asymptotics from an expression involving both multiplicative and additive finite
convolutions.

Proof. By the representation (131),
/J%Om’cn)(\n\x) = ¢l (z) Nip| | (P1 By p2 By - - By Pr)(’n’l’)} ;
while from (22) it follows that
Dﬂ‘?ll(pl B P2 B -+ - B pr) = (Dilﬁpl) Bin| (Dﬂﬁpg) Bin| -+ Bin| (Dilﬁpr).

Now,

. —|TL| n
Dil s py](2) = pyInlz) = 1F1<nj_\n+1;cg’ 'Inj |,

or, equivalently, by (16),

In|

1 —|n|
- — X F in =1,...,r
an) [n| 1 1<nj . |’I’L| +1a| |:E)7 J ’ T

Under assumptions (141)—(142), the normalized zero-counting measure of the first polynomial in
the right-hand side tends to dy/.;, whose S-transform is the constant ¢; # 0. Thus, applying
Theorem 3.7, we conclude that the weak-* limit v; of the normalized zero-counting measures of
the scaled polynomials p;(|n|z) is a positive probability measure, compactly supported on the real
line, for which

pi(ln|r) ~ [z

]
() = . 144
5, = 75 (144)
From (34) it follows that its R-transform is given by,
R (o) Ui
vi(2) = 1—¢jz

In the terminology of the free probability, v; is a free Poisson (or Marchenko-Pastur) distribution
of rate 6; and jump of size ¢; (see [43, Definition 12.12]).

Applying (36), we see that the normalized zero-counting measure of (p1 By, p2 By - By

pr)(In|z) converges to a measure v, whose R-transform is*

r

Ryp(z)zzejcj_zleiz. (145)

1—y¢z

Jj=1 Jj=1 ¢;

Using (34) again, we conclude that the S-transform w = S, (z) of v, satisfies the algebraic equation

z:z# (146)

j=1 ¢ Zw

4 Notice that we can identify —Ru, with the Cauchy transform of the discrete measure >°7_, 0;51/.;. Moreover,
in the diagonal case, when all §; = 1/r, (145) takes the form R, (z) = %25:1 Jﬁ, which can be interpreted as

compound free Poisson of rate 1 and discrete distribution with equal masses placed at c;’s, see [43, Definition 12.16].
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On the other hand, for the polynomial

— , 1
¢ (z) ~ 2F1( In| x)

om+17
we can use Proposition 3.5 to assure that for its limiting zero-counting measure v,
z+1
S = 147
(&) = AT (147)

Since the weak-* limit p of the normalized zero-counting measure of the scaled polynomials
ﬁgla"’c")(|n|x) is given by

w=vp Xy,
we have that its S-transform is
Su(2) = 8, (2)8.,(2) = Sty Se) (148)
Substituting it into (146), we get an algebraic equation for the S-transform w = S, (2):
r 0.
2= Z 1 z(ziA+1) : (149)
j=le¢; —  z41 W
With the definition (32) we can write it as
r 6,
Z:;;é—@+A+DRf@)
Finally, proceeding as in the proof of Theorem 3.9, we arrive at the equation (143). O

6. FURTHER EXAMPLES

Recent research has revealed other (although not so many) families of multiple orthogonal
polynomials that can be expressed in terms of generalized hypergeometric functions, to which the
methodology explained here can be applied.

For instance, in [30] Type II MOP with respect to a pair of weights (r = 2) on [0, 1],

wj(z) =W(z;0,b+j - Lie+j—1,d), j=12,
where
I'(c)T'(d)
I'(a)L'(b)I(4)
Note that W(x; a,b; ¢, d) is a positive function on the interval (0, 1), whenever a,b, ¢,d € R5o with

¢>b,d > b, and 6 > 0. It was shown that the corresponding polynomial P, (x) := P,(z;a,b;c,d),
such that

c—bd—b

W(zx;a,b;c,d) = :cal(l—x)512F1< 5 ,1—:1;), d=c+d—a—>.

1 B i = '
. . =0 ifn>2k+5+1
k d)d ’ 7
w N ,b ; ) 3 = ]
/0 T Pn(x) (m a,b+ j;c+j,d) x{#o, if n =2k + j,

is hypergeometric (see |30, Theorem 6]):
_ n n—1
P, (z) ~ 3Fy ( me+|3) ’bd+ L 2 J ;x) .
a’

This means that we could use the arguments above to establish some monotonicity and interlacing
properties of the zeros of P, (all real, simple, and on the interval (0,1)). As for the zero asymptotics,
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the authors in |30] observe that P,’s share it with the Type II Jacobi-Pifieiro polynomials on the
step line, i.e., is given by (118).

Another example of Type II MOP appears in [29], this time with respect to two weights on
[0, 4+00) from the family

I'(c)
['(a)I'(b)
expressed in terms of the confluent hypergeometric function of the second kind, U(«, 5; x), also

known as the Tricomi function: for Re(a) > 0 and |arg(z)| < 7,

1 (o)
Ula, B;x) = / t Mt 1)fe et gy,
I'(a) Jo
Then, for two weights from this family, we can define Type II MOP as follows: for a,b,c > 0 such

that ¢ > max{a,b} > 0 and d € {0,1}, let P, = p satisfy

w(x;a,b;c) = e 2 U(c—ba—b+1;2),

/ 2" P () w(z; a,b; ¢ + d) da

0

—0, ifn>2%k+1,
#0, ifn=2k,

and

/ " P (2w (z;a,b; e+ 1 — d) da

{:0, if n > 2k + 2,
0

#0, ifn=2k+1
We can identify P, with Type II MOP on the step-line by defining

Py (@) = Pon(x)  and Py, (T) = Py (z).
From [29, Theorem 3.1],
—n,c+ L%J

P,[ld} (x) ~ oFy
a,b

L

Hypergeometric polynomials arise also when considering multiple orthogonality, this time of
both Type I and Type II, with respect to an exponential integral. Namely, [53]| considered two
weights on [0, 00),

wi(z) =a%"", wa(x) =z"E,q1(x),

where

a > —1 and a + v > —1. This pair of weights was shown to form a Nikishin system on [0, c0).
If we consider the Type I MOP for (w;,ws) that corresponds to the multi-index n = (n1,ns),
that is, a vector of r = 2 polynomials (An,1, Anvg) with deg Ay, j < n; — 1, for which the function

(1),
def :
Qn(®) ==Y A j(x)w;(z)
j=1
is orthogonal to all polynomials of degree < |n| — 2,

+oo
/ ZL'an(ZL‘) dr =0, 0<k<|n|-2
0
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then it was proved in [53, §2.2] that, provided that for ny +1 > ng and v ¢ Z,

An72($)’:2FQ< —n2~|—1,!nl—|—a+y ,—IIZ‘> '

v+ 1l,a+v+1

On the other hand, for the corresponding Type II MOP P, of degree |n|, for the two weight
functions (w1, ws), satisfying

oo
/ Pn(x):nkwj(:r:)dajzo, k=0,....,n; -1, j=12,
0

it is established that

(150)

anm(x)22F2< —In|,no+a+v+1 >7

a+l,a+v+1 7 &

see [53, §3.2].

Finally, a general class of weights for which the moment-generating functions are hypergeometric
series has been considered in the recent publication [55]. In particular, it was shown that in this
setting, Type I MOPs have the general form

_’n’7n+a+1 .
p-‘rqu 54‘1 RO I

and thus, can be represented as the finite free multiplicative convolution of simpler building blocks.

In all these examples, the corresponding MOP are suitable for analyzing their zeros using this
paper’s methodology. For instance, the algebraic equation for the Cauchy transform of the limiting
zero distribution of the appropriately rescaled polynomials (150) (see [53, Lemma 6]) or (151) (see
[55, Theorem 2.17 and Corollary 3.15]) are just a straightforward application of Theorem 3.9 of
this paper.

(151)

APPENDIX A. OUTLINE OF THE PROOF OF THEOREM 3.3

Theorem 3.3 is a key result for some of our applications and it was implicitly proved in [5, 4].
The connection between the results proved in those papers and the theorem written here uses the
established theory of combinatorics in free probability that can be consulted in [43]. The purpose
of this section is to further clarify this connection.

First, recall from [5, Remark 3.5] that given a polynomial p € P,, one can define its degree n

finite free cumulants (ngn) (p))}—; as the values uniquely determined by the formulas:
(n)?
() = G5 > (o), m)EM (p).
weP(k)
where P(j) is family of set partitions of {1,...,k}, p is the Mobius function on the lattice P(k)
(with the reversed refinement order), |7| is the number of blocks in the partition 7, and k) (p) :==
[lver /-il(;)l (p). Finite free cumulants have the remarkable property that in the limit they tend to

free cumulants, see [5, Theorem 5.4, since the proof only relies in the combinatorial structure, the
result can be readily updated as follows:

Let (pn)n>0 be a sequence of polynomials such that p, € P, for n > 0. And let (7);>1, (m;);>1
two sequences of complex numbers that satisfy the formulas:

mp= Y rr  fork=12..., (152)
reNC(k)
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where N'C(k) is family of non-crossing set partitions of {1,...,k}, and rr := [y, 7|v|- Then, we
have the equivalence:

lim mj(p,) =m;, forj=1,2,... if and only if lim /@'(-n)(pn) =r; forj=1,2,...

n—00 n—oo J

Notice that the only difference with [5, Theorem 5.4| is that we do not require that (m;);>1 is
the sequence of moments of some measure. If this was the case, then (r;);>1 would be the sequence
of free cumulants of the given measure.

Moreover, from [5, Proposition 3.6] we know that finite free cumulants linearize the finite free
additive convolution:

B (B, q) =5 () + 5 (@) forj=1,...n.
Furthermore, [4, Theorem 1.2] asserts that finite free cumulants of the multiplicative convolution
satisfy the same relation as the free cumulants of a product in the limit:

08, g) = Y kR @) +O(/n)  forj=1,2,...,
TeENC(J)

where, Kr(m) denotes the Kreweras complement of a non-crossing partition and O(1/n) is a term
that tends to 0 when n — co. When turning to the limiting behaviour, the previous results imply
the following:
Let p = (Pn)n>0, 9 = (Pn)n>0 be a sequence of polynomials such that p,,¢q, € P, for n > 0.
And assume that for all j = 1,2,... it holds that
aj = nhﬁrgo m;(pn) € C, and B := lim m;(g,) € C.

n—oo

Then for all j =1,2,... one has that
v = lim m;(py, By qn) € C and,

n—oo
0; = nh_{go mj(pn Xy, qn) € C.

Furthermore, the sequences (y;);>1 and (6;);>1 can be computed as follows. For p = o, 8,7, 0 we
let (7;(1));>1 be the sequences such that:

pe= > relp), fork=12 ... (153)
TeNC (k)
Then
ri(y) = rj(a) +r;(5) for j =1,2,..., and (154)
ri@0) = Y re(@)rgm(B)  forj=1,2,...r (155)
TeNC(J)

It is a well-known fact that the previous relations between sequences are equivalent to the
formal power series relations between the R-transform, S-transform and Cauchy transform. More
specifically, Theorem 3.3 follows from the following facts:

e Equation (153) is true for every k > 1 if and only if the r;(u) are the coefficients of the
R-transform series R, associated to the sequence (y;);>1, see [43, Remark 16.18]

e The equation R+(2) = Ra(2) + Rs(2) at the level of formal power series is equivalent the
same equality at each coefficient, namely Equation (153).

o If (aj)j>1,(Bj)j>1,(0;)j>1 are sequences such that their associated S-transform satisfy
So(2) = Sa(z)Ss(%), this is equivalent to the coeflicients of their corresponding R-transforms
satisfying Equation (155) for all j > 1, see [43, Corollary 18.17].
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