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We consider the roots of uniformly chosen complex and real reciprocal polynomials of
degree N whose Mahler measure is bounded by a constant. After a change of variables
this reduces to a generalization of Ginibre’s complex and real ensembles of random
matrices where the weight function (on the eigenvalues of the matrices) is replaced
by the exponentiated equilibrium potential of the interval [—2,2] on the real axis in
the complex plane. In the complex (real) case the random roots form a determinantal
(Pfaffian) point process, and in both cases the empirical measure on roots converges
weakly to the arcsine distribution supported on [—2,2]. Outside this region the kernels
converge without scaling, implying among other things that there is a positive expected
number of outliers away from [—2,2]. These kernels, as well as the scaling limits for the
kernels in the bulk (—2,2) and at the endpoints {—2,2} are presented. These kernels
appear to be new, and we compare their behavior with related kernels which arise from
the (non-reciprocal) Mahler measure ensemble of random polynomials as well as the
classical Sine and Bessel kernels.
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1. Introduction

We study two ensembles of random polynomials/matrices related to Ginibre’s real
and complex ensembles of random matrices, but with weight functions which are
not derived from ‘classical’ polynomial potentials, but rather from the equilibrium
logarithmic potential of the interval [—2,2] on the real axis in the complex plane.
This complements our study of similar ensembles formed from the equilibrium log-
arithmic potential of the unit disk [13,14].

We introduce the complex ensemble first since it is simpler to define. Consider a

joint density function of N complex random variables identified with z € CN given
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by Py : CY — [0,00), where

N
Pn(z) = Zl{ 11 ¢(zn)}|A(z)|2 and  A(z) = [] Gz —2m). (11

N n=1 m<n
Here ¢ : C — [0,00) is the weight function, and Zy is a constant necessary to
make Py a probability density. When ¢(z) = e*‘z‘z, Py gives the joint density
of eigenvalues of a matrix chosen randomly from Ginibre’s ensemble of N x N
complex matrices with i.i.d. complex standard normal entries [7]. When ¢(z) =
max{1,|z|} % for s = N+1, then Py defines the joint density of the roots of random
complex polynomials of degree N chosen uniformly from the set of such polynomials
with Mahler measure at most 1 (Mahler measure is a measure of complexity of

polynomials; see Section 1.1 below).

The ensembles (1.1) can be put in the context of two-dimensional electrostatics
by envisioning the random variables z1,...,zn as a system of repelling particles
confined to the plane, and placed in the presence of an attractive potential V :
C — [0,00) which keeps the particles from fleeing to infinity. When such a system
is placed in contact with a heat reservoir at a particular temperature, the location
of the particles is random, and the joint density of particles is given by Py for
d(z) = e~V(*)_ The connection between eigenvalues of random matrices and particle
systems in 2D electrostatics is originally attributed to Dyson [4], and is central in
the treatise [6]. From this perspective, it makes sense to investigate Py for different
naturally-arising confining potentials.

Real ensembles are different in that the roots/eigenvalues of the real polynomi-
als/matrices are either real or come in complex conjugate pairs. Hence, the joint
density for such ensembles is not defined on C, but rather on

U RE x CM,
L+2M=N

where the union is over all pairs of non-negative integers such that L +2M = N.
For each such pair, we specify a partial joint density Pr s : RY x CM — [0, 00)
given by

Prai(x,2) = lev{ga:(m}{ ﬁ1¢<zm>¢<zm>}|A<x vava),  (12)

where x V z V 7 is the vector formed by joining to x all the z,, and their complex
conjugates, and Zy is the normalization constant given by

_ 1 L M
IN = (sz\:/[) I /RL /CM Pr oy (x,z)dpg (x)dug (z).

(Here p& and p are Lebesgue measure on R and CM respectively). Note that
we may assume that ¢(z) = ¢(Z), since otherwise we could replace ¢(z) with
?(2)¢(Z), without changing the partial joint densities.
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In this work we focus on the case ¢(z) = e~V(*) where the confining poten-
tial V'(z) is the scaled logarithmic equilibrium potential of the interval [—2,2], see
Section 1.2. That is,

V(z)

Va2 —1
zslog%7 s> N, (1.3)

where we take the principal branch of the square root. We view s > N as a pa-
rameter of the system and we will call the point process on C whose joint density
is given by (1.1) and (1.3) the complex reciprocal Mahler ensemble. Similarly, the
joint densities given by (1.2) and (1.3) define a process on roots of real polynomials,
and we will call this process the real reciprocal Mahler process. The reason we call
these point processes Mahler ensembles is they can be interpreted as choosing poly-
nomials uniformly at random from starbodies of Mahler measure when viewed as
distance functions (in the sense of the geometry of numbers) on coefficient vectors
of reciprocal polynomials.

1.1. Mahler Measure
The Mahler measure of a polynomial f(z) € C|z] is given by

N N
M (a H(z - an)> = |a| H max {1, |ay|}.
n=1 n=1

This is an example of a height or measure of complexity of polynomials, and arises in
number theory when restricted to polynomials with integer (or otherwise algebraic)
coefficients. There are many examples of heights (for instance norms of coefficient
vectors), but Mahler measure has the attractive feature that it is multiplicative:
M(fg) = M(f)M(g).

There are many open (and hard) questions revolving around the range of Mahler
measure restricted to polynomials with integer coefficients. Perhaps the most fa-
mous is Lehmer’s question which asks whether 1 is a limit point in the set of Mahler
measures of integer polynomials [9]. Since cyclotomic polynomials all have Mahler
measure equal to 1, it is clear that 1 is in this set; it is unknown whether there
is a ‘next smallest’ Mahler measure, though to date the current champion in this
regard provided by Lehmer himself is

210—1—29—27—26—25—24—z3+z+1,

whose Mahler measure is approximately 1.18.

A reciprocal polynomial is a polynomial whose coefficient vector is palindromic;
that is, f(z) is a degree N reciprocal polynomial if 2V f(1/2) = f(z). Clearly if «
is a root of f, then so too is 1/«, from which the name ‘reciprocal’ arises. Recipro-
cal polynomials arise in the number theoretic investigation of Lehmer’s conjecture
since, as was shown by Smyth in the early 1970s, the Mahler measure of a non-
reciprocal integer polynomial is necessarily greater than approximately 1.3 [15].
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Thus, many questions regarding the range of Mahler measure reduce to its range
when restricted to reciprocal integer polynomials.

Another question regarding the range of Mahler measure concerns estimating
the number of integer polynomials (or the number of reciprocal integer polynomials)
of fixed degree N and Mahler measure bounded by 7' > 0 as T' — oo. Such questions
were considered in [3] and [12], and the main term in this estimate depends on the
volume of the set of real degree N polynomials (or real reciprocal polynomials)
whose Mahler measure is at most 1. This set is akin to a unit ball, though it is
not convex. It is from here that our interest in the zeros of random polynomials
chosen uniformly from these sorts of ‘unit balls’ arose. The (non-reciprocal) case
was studied in [13] and [14], and here we take up the reciprocal case.

In order to be precise we need to specify exactly what we mean by choosing a
reciprocal polynomial uniformly from those with Mahler measure at most 1. For
A € [0,00) we define the A-homogeneous Mahler measure by

N N

M, (a H(z—an)> = \a|AHmax{l,|an|}. (1.4)
n=1 n=1

To treat polynomials with complex and real coefficients simultaneously, we shall

write K to mean C or R depending on the considered case. Identifying the coefficient

vectors of degree N polynomials with KV*! we also view M) as a function on

KN*1 and define

B\(K) = {ae KN*!: My(a) < 1}.

These are the degree N unit-starbodies for Mahler measure. We can then define the
reciprocal unit starbody as the intersection of the subspace of reciprocal polynomials
with the By (K). However, as the set of reciprocal polynomials has Lebesgue measure
zero in KN*! this is not an optimal definition for the purposes of selecting a
polynomial uniformly from this set. In order to overcome this difficulty we need
some natural parametrization of the set of reciprocal polynomials.

If N is odd, and f is reciprocal, then —f(—1) = f(—1). That is, —1 is always a
root of an odd reciprocal polynomial, and f(z)/(z+ 1) is an even degree reciprocal
polynomial. Thus, when considering the roots of random reciprocal polynomials, it
suffices to study even degree reciprocal polynomials. By declaring that My (z~1!) =
1 and demanding that M), be multiplicative, we can extend Mahler measure to
the algebra of Laurent polynomials C[z, 21|, and we define a reciprocal Laurent
polynomial to be one satisfying f(27!) = f(z). Notice that reciprocal Laurent
polynomials form a sub-algebra of Laurent polynomials. We can map the set of
degree 2N reciprocal polynomials on a set of reciprocal Laurent polynomials via
the map f(z) — 2~V f(2), and the A\-homogeneous Mahler measure is invariant
under this map. We will call the image of this map the set of degree 2N reciprocal
Laurent polynomials (the leading monomial is 2V, but there are 2N zeros).

Now observe that if f(z) € C[z] is a degree N polynomial, then f(z 4+ 1/z) is
a degree 2N reciprocal Laurent polynomial and conversely, any reciprocal Laurent
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polynomial is an algebraic polynomial in z 4+ 1/z. Hence, we define the reciprocal
Mahler measure of f(z) to be the Mahler measure of f(z + 1/z). Specifically, let
M}*¢ : Clz] — [0,00) be defined by M3*°(f(z)) := Mx(f(z + 1/z)). As before, if
we identify the set of degree N polynomials with KN¥*! and define the reciprocal
starbodies to be

B(K) = {ae KNt M*(a) < 1}.

The real/complex reciprocal Mahler ensemble is the point process on C induced by
choosing a polynomial uniformly from B}*°(K) for K = R or C. It was observed by
the first author that the joint density function of such a process is given by (1.1)
and (1.3) in the complex case [11] and by (1.2) and (1.3) in the real case [12] with
s = (N + 1)/A. Without going into the details we just mention that the factors
|A(z)|? and |A(x VzV Z)| in (1.1) and (1.2), respectively, come from the Jacobian
of the change of variables from the coefficients of polynomials to their roots and
#(z) = eV with V(2) as in (1.3) appears because

n=1
B N an ++/a2 —4 o, — /a2 —4
—aH; z — 9 zZ— 9 )
n=1

where we take the principal branch of the square root, which necessarily yields that

N 2 _ 4
M) = Japt T 22t (15)
n=1

1.2. Mahler Measures and Logarithmic Potentials

Mahler measure and the reciprocal Mahler measure can put into the more general
framework of multiplicative distance functions formed with respect to a given com-
pact set K C C. Indeed, given a compact set K, it is known that the infimum of
the logarithmic energies

Iv) == — // log |z — w|dv(z)dv(w)

taken over all probability Borel measures supported on K is either infinite (K
cannot support a measure with finite logarithmic energy; such sets are called polar)
or is finite and is achieved by a unique minimizer, say vk, which is called the
equilibrium distribution on K. The logarithmic capacity of K is set to be zero in
the former case and e~ "< in the latter. It is further known that the function

Vi (z) .= Ivk] + /log |z — w|dvk (w)

is positive and harmonic in C\ K and is zero on K except perhaps on a polar subset.
Assume for convenience that K has capacity 1, i.e., I[vg] = 0. Then we can define
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the multiplicative distance function with respect to K on algebraic polynomials by

M(f; K) = exp{/loglf(Z)ldVK(Z)} = |a|7f[16_v"(“"),

where f(z) = a]_[gzl(z — ). When C\ K is simply connected, Vi (2) is in fact
continuous in C and is given by log |®k (z)| which is continued by 0 to K, where
® g is a conformal map of the complement of K to the complement of the closed
unit disk such that ® g (co) = co. Then

M(f;K) = lal T 1@x(an)l.

angK

One can easily check now that the Mahler measure My, see (1.4), and the reciprocal
Mahler measure M{°°, see (1.5), are equal to M (+; D) and M (+;[—2,2]), respectively.

1.3. Determinantal and Pfaffian Point Processes

Everything in this section is standard, but we include it for completeness. The
interested reader might consult [10,8] and [2] to get a more detailed explanation of
the complex and real cases, respectively.

Given a Borel set B C C and a random vector z chosen according to (1.1),
we define the random variable Np to be the number of points in z that belong
to B. The nth intensity or correlation function of the ensemble (1.1) is a function
R, : C" — [0, 00) such that for disjoint Borel sets By, ..., By,

E[Np,---Npg,] :/B e R, (z) dug(z). (1.6)

Correlation functions are the basic objects from which probabilities of interest are
computed. Ensembles with joint densities of the form (1.1) are determinantal, that
is, there exists a kernel Ky : C x C — [0, 00) such that for all n,

Ry, (z) = det [Kn (25, 21)]} s - (1.7)

Theorem 1.1. The kernel Kn(z,w) for the ensemble (1.1) is given by

N-1

K (z,w) = ¢(2)p(w) Y mu(2)m(w)

n=0

where m, are orthonormal polynomials with respect to (w.r.t.) the weight ¢, i.e.,

J 70 (2)Tm (2)6(2)?dpc (2) = Gpm-

The situation is a bit more complicated for real ensembles with partial joint
densities given by (1.2) since the expected number of real roots is positive. In this
case, we define the (¢, m)-intensity or correlation function to be Ry, : R® x C™ —
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[0,00) such that for disjoint Borel subsets Aq,..., Ay of the real line and disjoint
Borel subsets By, ..., B,, of the open upper half plane,

E[Ny,-+-Na,Np,---Np, | = / / Ry (%, 2)dpuh (x)dud (z).
A1 X A B1x B,

(1.8)
Ensembles with partial joint densities given as in (1.2) are Pfaffian: there exists a
2 x 2 matrix kernel Ky : C x C — C such that

K (i )iy Kl z)line,
Ry m(x,2z) = Pf . (1.9)
- [K}I-V(Zk’xj)}kj 1 [KN(Z’WZ?L)]]@ =1

The formula for the kernel depends on the species (real or complex) of the argument.

This kernel takes the form
kN (z,w) kne(z,w)
Kn(z,w) = ) (1.10)
ekn(z,w) enne(z,w) + 3 sgn(z — w)

where sgn(-) of a non-real number or zero is set to be zero, Ky is an orto-kernel
CxC—C, and

%/f(t) sgn(t — z) dpr(t) if 2 € R,

isgn (im(z))f(z) if z€ C\R,

where when written on the left, as in ekn(z,w), € acts on ky as a function of z,

ef(z) = (1.11)

and when written on the right it acts on xy as a function of w.

Theorem 1.2. Let N = 2J be even. Then the orto-kernel kn(z,w) for ensemble
(1.2) is given by

e (2r) = 20(2)6(0) 3 (ray (I may () — mas @) (), (112)
7=0

where polynomials m,, deg(m,) = n, are skew-orthonormal, that is, (won|mom) =

(Tont1|moms1) = 0 and (mop|Tam+1) = —{(Fom+1|T2n) = Opm, w.r.t. the skew-
symmetric inner product

(flg) = / [(f0)(2)e(99)(2) — e(f)(2)(99)(2)] d(pr + ) (2)- (1.13)

Note that the skew-orthogonal polynomials are not uniquely defined since one
may replace mo,,41 With Ty, +1+cme,, without disturbing skew-orthogonality. More-
over, if polynomials 7y, and me,4+1 are skew-orthonormal, then so are cmy, and
Tan+1/c. However, neither of these changes alters the expression (1.12) for the
orto-kernel k.

When N is odd, there is a formula for the orto-kernel similar to that given in
Theorem 1.2. We anticipate that the scaling limits of the odd N case will be the
same as those for the even N case (reported below), but due to the extra complexity
(with little additional gain) we concentrate only on the even N case here.
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2. Main Results
Henceforth, we always assume that s and N < |s — 1| are such that the limits

c:= lim (s— N)€[l,00] and A:= lim Ns'€]0,1] (2.1)
N—o0

N—oc0

exist. Furthermore, we set ¢(z) := |®(2)|7%, ®(2) = (2 + V22 — 4)/2. Notice that
¢(2) is well defined in the whole complex plane.

2.1. Orthogonal and Skew-Orthogonal Polynomials

Denote by Ky s(z,w) and £y s(z,w) the kernels introduced in (1.7) and (1.10),
respectively, for ¢ as above. It follows from Theorem 1.1 and [13, Proposition 2]
that

N-1

Kn s(z,w) = ¢(2)p(w) Z

n=0

s2—(n+1)2

9ra Un(2)U (w), (2.2)

where Uy, (z) is the n-th monic Chebyshév polynomial of the second kind for [-2, 2],

ie.,

L et(z) —d ()
22 —4

Similarly, we know from Theorem 1.2 that the orto-kernel ky s(z, w) is express-

Un(z) := 0" (2)@'(2) (1 — @ 2TV (2)) (2.3)

ible via skew-orthogonal polynomials.

Theorem 2.1. Polynomials skew-orthonormal w.r.t. skew-inner product (1.13)
with ¢ as above are given by

dn+ 3 3/2 z
) = ol (3)
( )2 (2.4)
27’L+ 1 1/2 z 1 3/2 2
ranaa() = (1- D o (2) - Logr (3),

where 07(7?) (z) is the classical ultraspherical polynomial of degree m, i.e., it is or-
thogonal to all polynomials of smaller degree w.r.t. the weight (1 — z2)*~Y/2 on
"T'(m+a)

[—1,1] having F2(a

T Tty 4 the leading coefficient.

2.2. Exterior Asymptotics
We start with the asymptotic behavior of the kernels in C \ [-2,2].

Theorem 2.2. Assuming (2.1), it holds that

lim [2(2)(w)|* Kns(z,w) 142

1+
o

locally uniformly for z,w & [—2,2].
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Fig. 1. The unscaled limiting spatial density of complex roots near [—2, 2] for the complex ensemble
on the left and the real ensemble on the right. Notice the cleft along the real axis for the real
ensemble. This is due to the fact that roots repel. When the roots come in complex conjugate
pairs, this repulsion introduces a paucity of complex zeros near the real axis.

It follows from (2.5) that the limit of Ky s(z,w) is equal to zero when ¢ = oo,
while

im 2,2) = l L c L |(I)I<Z)|2
N Erala2) =2 [D(z)[> [ * |®(2)]* — J |®(2)> = 1

when ¢ < co. Hence, the expected number of zeros of random polynomials in each
open subset of C \ [~2,2] is positive and finite in this case, see (1.7).

Theorem 2.3. Let N be even. Assuming (2.1), it holds that

o |P(2)®(w)|* kN s(z,w) A1+ N) ¢ 1 D' (2)d' (w)
]Vl*)OO (@(z)@(w))N s—N 2« [1 + D(2)P(w) — 1} O(2)P(w) —1 %
D(w) — P(z) (2.6)

*J0) - L/ (w) - 1
locally uniformly for z,w & [—2,2].

Theorem 2.3 indicates that Ky s(z,w) has a non-zero exterior limit only when
¢ < oo.

Theorem 2.4. Under the conditions of Theorem 2.3, assume in addition that ¢ <
o0o. Then it holds that

€K7N,s€(xa y) = F(xa y)7
Jim & ((9(2)l/@(2)™ knse(zy) = —(0:F)(z,y), (2.7)
(|2(w)]/ D)™ ern (@, w) = —(0,F)(x, w),
locally uniformly for x,y € R\ [~2,2] and z,w & [—2,2], where

1 @ ®®) 1 1 u—w dudv
F(IE,’y) = c+ 1 p 1 5 5 -+
T Jsgn(z)oo Jsgn(y)oo uv — |U'U| uv — L yu? —1vv? -1

1 (<) (@) ® @) W) 2(@) 1 du
+ — sgn(x / —sgn(y / LT
ﬁ F(%) sgn(y)oo sgn(z)oo |U| V u?—1
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for z,y € R\ [-2,2], where Vu? — 1 is understood to be holomorphic in C\ [-1,1].

Even though F(z,y) is defined for real arguments only, its partial derivatives
naturally extend to complex ones. Notice also that £(92,F)(z, w) is equal to the
right-hand side of (2.6).

2.3. Scaling Limits in the Real Bulk
To find the scaling limits of Ky s(z,w) and kn s(z, w) on (—2,2), it is convenient to
compute these limits for ¢(z) separately. Notice that ¢(y) = 1 whenever y € (-2, 2).

Proposition 2.5. Given x € (=2,2), set w™1(x) := V4 — 2. Assuming (2.1), it
holds that

: a _ o—lim(a)]/A
J\/lgnoo(é (m + Nw(:v)) ¢ ’
locally uniformly for x € (—=2,2) and a € C when A > 0 and locally uniformly for
x € (—2,2) and a € C\ R when A =0 (the limit is zero in this case).

In light of Proposition 2.5, let us write
Ky o(0) = 6(2)6(w) K o(2,w). (2:8)
Then the following theorem holds.

Theorem 2.6. Assuming (2.1), it holds that

i 1 K a b —l 1 — N eos ((b—a
z\}gnoomKN’s (x+Nw(x)7x+Nw(x)>_ /0 (1= (0% cos (¥ )(2;)(;

locally uniformly for x € (—=2,2) and a,b € C.

In the real case, analogously to (2.8), let us set

kns(z,w) = ¢(2)p(w)Rn,s(z,w) and Ky s€(z,y) = ¢(2)knq€(2,y), (2.10)
where y € (—2,2) (¢(y) = 1 in this case). Then the following theorem holds.

Theorem 2.7. Let N be even. Assuming (2.1), it holds that

im #F@ x a x b :l ' — 2) sin —a
NS N2 () N’S( " Nofa) +zwac)) w/o AR gii

locally uniformly for x € (—2,2) and a,b € C. Furthermore, it holds that

i L s a4 b _ 1 — (X)) cos ((b—a
Ry Nos(a) (x * Nuw(@)'™" * Nw(l’)) o /0 (1= (A7) cos (( ();)1(;

locally uniformly for x € (—=2,2), a € C, and b € R. Finally, we have that

, a b 1 [P1—()? .
ngnooemMSE <x—|— Nw(m)’m+ Nw(x)) = ;/o — sin ((b—a)t)dt (2.13)
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0.2

0.1
5 A\ L L V2 - b-a
R4 N5 5. A Yo

Fig. 2. The scaled kernels (2.9) and (2.12) as a function (b—a) € R for A € [0, 1]. The darkest curve
is for A = 0 and is equal to the classical sine kernel. Note that for the real ensemble, when A > 0
this kernel does not tell us about the local density of real roots, but rather tells us about density
of complex roots near the real axis. In this situation, as A\ increases, the attraction of zeros to
[—2, 2] decreases and the zeros are more likely to drift into the complex plane. This phenomenon
is captured by the decrease in amplitude of the kernel.

locally uniformly for x € (—2,2) and a,b € R.
Notice that knowing limit (2.12) is sufficient for our purposes as exn(z,w) =
—kne(w, z) by (1.12) as the orto-kernel is antisymmetric. Observe also that
lim ,%Nse(:zqu a4 , T+ b >lsin(ba)
N—oo Nw(z) Nuw(z) Nuw(z)
uniformly for a,b € R when A = 0 by (2.12) (kns€(z,z) is exactly the function
needed to compute the expected number of real zeros, see (2.18) further below).

1 b—a

2.4. Scaling Limits at the Real Edge

Since ¢(—z) = ¢(2), Kns(—2z,—w) = Kns(z,w), and kns(—2z,—w) =
—kN,s(2, w), we report the scaling limits at 2 only.

Proposition 2.8. Assuming (2.1), it holds that

li a2 —|im(a)|/A
N O\P ) T
uniformly on compact subsets of C when X\ > 0, and uniformly on compact subsets
of C\ R when A =0 (the limit is zero).

In the case of random polynomials with complex coefficients the following the-
orem holds.

Theorem 2.9. Let Ky (z,w) be as (2.8). Assuming (2.1), it holds that

) 1 -~ a? b? 1 ! o .
lim TKN’S 2 — m, 2 — ﬁ = 27{_&5 o (1 — ()\t) ) Sln(at) S (bt)dt
(2.14)
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uniformly for a,b on compact subsets of C.

Recall that the Bessel functions of the first kind are defined by

2\ (=™ z\2n
Jl/ =\35 o ;
(2) (2) ;r(nﬂ)r(nw“) (2)
where we take the principal branch of the v’s power of z/2. Since Ji/3(2) =
2sin(z)/v/27z, the right-hand side of (2.14) specializes to
1 Ji2(a)bJ] 5 (b) = Jij2(b)al] 5 (a)
2v/ab 2(a? — b?)

when A = 0 and a,b € R, which is a classical Bessel kernel up to the factor 1/2\/@.

Theorem 2.10. Let iy s(z,w) and kin€(z,y) be as in (2.10) and N be even.
Assuming (2.1), it holds that

1 a? b? 1t )

uniformly for a,b € C, where J1 1(u,v) := J1(u)vdo(v) — J1(v)udo(u). Furthermore,
we have that

lim — AN 2—6‘—2 2—ﬁ _ 1 1(1—(»5)2)@1] (at,bt)dt  (2.16)
N e N2 TNsE N2 YT NZ) T 44 ), 1,235 '
uniformly for a € C and b € R, where J1 2(u,v) := Ji(u)vJi(v) + Jo(v)udo(u).
Finally, it holds that

, a? b? 1 [11— ()2
ngnoo EKN,5€ (2 - W,Q - N2) = 5/0 fvﬂlz(at,bt)dt (2.17)

uniformly for a,b € R, where Ja 2(u,v) := uJy(u)Jo(v) — vJ1(v)Jo(u).

Equations (2.16) and (2.17) do not cover the cases b € iR and a,b € iR, respec-
tively. Such limits exist and we do derive formulas for them, see (3.36) and (3.37)
in Lemma 3.20. Unfortunately, these formulas are much more cumbersome, which
is the reason they are not presented here.

2.5. Ezxpected Number of Real Zeros

The zeros of polynomials with real coefficients are either real or come in conjugate
symmetric pairs. Hence, one of the interesting questions about such polynomials is
the expected number of real zeros. Given a closed set A C R, denote by N4 the
number of real roots belonging to A of a random degree N polynomial chosen from
the real reciprocal Mahler ensemble. Then

0 KN s€(x, T
E[N4] Z/APf[ el )] duR(x):/AnNﬁse(x,x)duR(x) (2.18)

€kn,s(T, ) 0
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0.015 00003

Fig. 3. The scaled spatial density of complex roots near 2 for the complex ensemble on the left
and the real ensemble on the right. Here we see a desire for roots to accumulate near 2 (the origin)
with a sharper decrease in the density as we move along the positive z-axis (away from the bulk)
than along the negative z-axis (into the bulk). The difference between the ensembles is starkest
in the y direction, and we can see the competition between the attraction to 2 caused by the
potential and the repulsion from the z-axis caused by the repulsion between complex conjugate
pairs of roots. These images are produced from (2.14) and (2.16).

by (1.8), (1.9), (1.10), and the anti-symmetry of Ky s(z, w) and exn s€(z, w). More-
over, the following theorem holds.

Theorem 2.11. Let Ni, be the number of real roots on [—2,2] of a random degree
N = 2J polynomial chosen from the real reciprocal Mahler ensemble. Then
(N+1)(2N+1)

E[Ni] = N |1 -
[Nin] 62

(2.19)

Furthermore, let Noy be the number of real roots on R\ (—=2,2) of the said polyno-
meal. Then

E[Nou] ~ —log (1 - Ns~1), (2.20)
where f(N,s) ~ g(N, s) if there exists C > 1 such that C~1 < f(N,s)/g(s,N) < C.

3. Proofs
3.1. Proof of Theorem 2.1

We start by representing polynomials from (2.4) as series in Chebyshév polynomials.

Lemma 3.1. Let ma, and man41 be given by (2.4). Then it holds that

n n—i+ ) n+i+s
Ton(s) = “22 i —Zif))i(mizi;)) (@),
2i+22\In—i—HT(n+i+32)
7T2n+1(2):_7222+2 ( ( 52 )>F(n—z+1) F(n+z+3)U2i+1(Z)’

(3.1)
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where Uy, is the degree n monic Chebyshév polynomials of the second kind for [—2,2],
see (2.3).

Proof. Observe that C,E,l)(g) = Ui(z). Hence, it follows from [16, Eq. (4.10.27)]

that

@ (Y- L Ny Fn—i—1+a)T(n+dé+i+a),

The first relation in (3.1) can be obtained now by setting o = 2 and § = 0 in the
above formula. The second one also follows from the above representation combined
with the identity

1 <1(2n+1)2> Fn—i—3)T(n+i+3) 2 I'(n—i+3)T(n+i+32)
Com 2 Tn—i+1)T(n+i+3) ws2T(n—i+1)T(n+i+3)
1 ) (2i+22\T(n—i—HT(n+i+32)
__27r< a ) In—i+1)T(n+i+3) U

S

52

Next, we compute the skew-moments of the Chebyshév polynomials of the sec-
ond kind.

Lemma 3.2. Let (- | - ) be the skew-inner product (1.13). Then it holds that

0, m+n is even,

n 1652 . .
(Up—1|Un-1) = m 0% =) (= )’ m is odd, n is even,

—<Un,1 | Um,1>, m is even, n is odd.

Proof. If f and g satisfy f(Z) = f(z) and g(Z) = g(z), then it holds that
(flg) =re <4i g f(z)g(z)cf?z(z)duc(z))
+ [ s@0o@awot) senly - duz @)z (o).

In what follows, we denote the first summand above by (f|g)c, and the second

one by (f | g)-
An elementary change of variables and (2.3) yield

1—(-pm" 1 1
Um—1|Un_ =4 -
(Un-1|Un-1)c, (25—|—m+n 2s—m—n>+

m—-n

R G Vi ( 1 - 1 > (3.2)

m+n 2s—m+n 2s+m-—n

Expression (3.2) is zero when m and n have the same parity. Notice also that
if f and g are either both even or both odd, it holds that {f|g)r = —{(f|g)r = 0.
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Hence, <Um_1 |Un_1> = 0 when m and n have the same parity. Moreover, since

<Um_1 |Un_1> = 7<Un_1 | Um_1>, we only need to consider the case where m is
odd and n is even. In this situation, we get

(U |Un)e =2 [ N / " U ()0(0)Un -1 (1)00) (snly — o) + 1) dpz (@) dps ()

= 4/000 /Oy Un-1(z)d(z)Up—1(y)d(y)dpr(x)dur (y).

Moreover, since ¢(z) =1 on (0,2) and ¢(z) = ®~*(x) for x > 2, it holds that

y Tin(y)/m, y €10,2],
| Uner@tennae) - m(;szmQ) O ) L
(3.3)

where T,,(2) = ®™(z) + " ™(2), m > 1, is the degree m monic Chebyshév poly-

nomial of the first kind for [—2,2]. Therefore, <Um,1 | Un,1> is equal to the sum

R
of
[ TV ) = s (34
and of
0 282(1)—5@) (I)—zs—m(y) @728+m(y) B
4/2 Un-1(9) <m(s2 —m?2) P —— ) duz(y) =

n 1652 + 4 1 B 1
m(s2—n2)(s2—m?) s+m\2s+m—-n 2s+m+n
4 1 1
_ — . (3.5
s—m<23—m—n 2s—m+n) (3:5)

By grouping corresponding 2s terms in (3.2) and (3.5), simplifying the resulting
expression, and then adding (3.4), we get

16mn 16n n 1652

(n? —m?2)(s2 —m?) + m(n2 —m2)  m(n2 —m2)(s2 —m?2)’

The claim now follows by adding the first term on the right-hand side of (3.5) to
the above expression. O

The next lemma is a technical result that we need to continue with the proof of
Theorem 2.1.
Lemma 3.3. Put
Fn—i+3)T(n+i+3)
I'n—i+1) T(n+i+2)

Tn—i-HT(n+i+2)
Fn—i+1) T(n+i+3)°
(3.6)

Topi =

and F2n+1,i =
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Given a € C, it holds that

i T2, ~al(n+a+)l(a—n—3) 3.7)
— (20)2 - (2i+1)2 22 T(n+a+32)I(a—n) '
and that
z”: (20 +2)°Tont1;  (2a+DaT(n+a+1)(a—n—3) (3.8)
(20 +2)2— (2a+1)2 4 T(n4+a+35la—n+1) )
Moreover,
n T n
> Toni= 5 and D (20 +2)°Topi1,; = —2. (3.9)
i=0 i=0
Proof. We use the Pochhammer symbol, defined by
T(x+¢

and the elementary transformation, (1 — x), = (=1)T (z) /T (z — £) to write the
right hand side of (3.7) as

lf(n—ka—l—l)F(a—n—%)

2a T(a—n)I'(n+a+3)
:zF(n+a+1) T (a) F(a—i—%) F(a—i-%—(n—i—l))
2 T(l4+a) T(@—n)T(n+l+a+i) T(a+1i)

It is obvious that the above expression is a rational function in a and we can write
it as

1 A+ a)md—a)m
1 I :
2 (E + a)(n,-{—l) (§ - a) (n+1)
The rest of the proof of (3.7) is partial fractions decomposition of this rational

function. Its poles are simple and are located at half integers with the residue of
the pole at a = m + 1/2 being given by

Pl (71 AP e

GTa)en g it
(m+ D Em+3)em (D)™
(m+ 1) (g1 m!(n —m)!
F(m+n+3)T(n—m+3) T(m+1) (=™
L'(m+3) T(-m+3i) T(m+n+2)ml(n—m)
o T(m4+n+3)T(n—m+3) T(m+1) (=)™
C2m+4+1 T(m+1i) T(-m+3) T(m+n+2)mi(n—m)
L T(mins r(-ms )
2m+1 T (m+n+2)T(n—m+1)’

(3.10)

a:m+%

o oy
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where we used the formula I'(2)['(1 — z) = 7/ sin(7z) to write

1 1 T
r +- T =z- =— = (—-1)"n.
(m+3)7(5-) = gy ~ 0
Since (3.10) is even in a, the residue of the pole at a = —m — 1/2 must differ from
that of a = m + 1/2 by a minus sign. We have identified all the poles and their
residues, and hence there exists a polynomial f such that
ﬁ (1 + a)(n)(l - a)(n)
2 (3+a) (n+1) (3 - a)(n+1)
n 3 1
1 I'(m+n+3)F'(n—-m+35 1 1
— f(a) + Z ( 2) ( 2) |: _
2m+ 1l T(m+n+2)I(n—m+1) [a—(

m+3)  a+(m+3)

- " T(mtnt )T (n—m+1l) 4
_f(a)erZ::o F(m+n+22)1“(n—m+12) [(2a)2—(2m+1)2}

It remains to show that f(a) is identically 0. But this is trivial, since, multiplying
both sides by a? and taking the limit as a — oo, we expect the left-hand side to go
to a non-zero constant. Equality can only be preserved under this procedure when
fa) =0.

The proof of (3.8) is essentially identical, and we only record the most salient

maneuvers.
(2a + D)mr In+a+1)l'(a—n-— %) __ T (1+a)(n)(*a)(n) (3.11)
4 Ta-n+Pn+a+3) 25 +a) (s —Dme) '
This is a rational function with poles at a = —%,—%,...,—% —n and a =

%, %, . 7% + n. Since this rational function is invariant under the substitution

a — —1 — a, the residues at —(2m +1)/2 and (2m — 1)/2 are equal up to sign, the
former being given by

P (n+1 - 2581) T (o 2
2 T(n+m+2)T(n—m+2)

The proof of (3.8) follows by using these facts to write (3.11) in partial fractions
form and simplifying.
Finally, the first sum in (3.9) is equal to

T aF(n+a+1)F(a—n—%) o
2a=  T(n+a+3)l(a—n) 2

and the second one can be computed analogously. O

Now, we are ready to prove Theorem 2.1.

Lemma 3.4. Under the conditions of Theorem 2.1, (2.4) holds.
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Proof. Let 7, be given by (2.4). It follows immediately from Lemmas 3.1 and 3.2
that <’7Tgn |7r2m> = <772n+1 |7r2m+1> = 0. Thus, to show that 7,’s are indeed skew-
orthogonal, it sufficises to prove that

<7T2n|U2j+1> = <U2j|’/T2n+1> =0, j € {0,..‘,7L—1}. (312)

Using (3.6), we deduce from Lemmas 3.1 and 3.2 applied with n = 2j 4+ 2 and
m = 2¢ + 1 that

dn+3 (25+2)s 49y ;
U . =
<7T2n| 2]+1> o s2 2j+2 2 Z 2]+2 21—1—1)

Hence, the desired claim is a consequence of (3.7) applied with a = j + 1 as
m = 0. Furthermore, it follows again from Lemmas 3.1 and 3.2 applied
with n = 2i 4+ 2 and m = 25 + 1 that

n

8 1 (2 + 2)2Tan 14
Uy n = T —_3- ‘ — .
(U2 [ m2nt1) w2j+1;(22+2)2—(2]+1)2

Equation (3.8) applied with a = j yields that the above skew-inner product is 0. It
remains to verify that <7r2n |772n+1> = 1. It follows from (3.12) that

1 (2n+2)2\ T(2n + 3)
(Mo | Mani1) = — (1 TR ) Fn 1)

242020+ 3) 2”: 4T,
© w2 T(2n+2) & (2n+2)% - (20 + 1)

(mon | Uzny1)

Upon applying (3.7) with a = n + 1, the desired result follows. O

3.2. Proof of Theorem 2.2
Set u := ®(2)®@(w). Then |®(2)P(w)|*Kn (2, w)/(D'(2)P'(w)) is equal to
N-1

Z s —(n+ 1)2un (1 N O(p_z(n+1)))

2ms
n=0

uniformly for |®(z)|,|®(w)| > p > 1 by (2.2) and (2.3). It can be readily verified
that

N-1 N

Zszf(nJrl)2 N Z527N27(2N71)(17m)7(27m)(17m) m
—u = u
= 2ms(s —N) — 2ns(s — N)
i "
1+ Ns P &L aNs st (& I 1 al 42
27 mZ:lu ~ 27(s—N) mZ:lu " 27s(s — N) mZ:lu ’

which converges to

1+x 1 +)\ c !
2 u—1 7 (u—1)2




The reciprocal Mahler ensembles of random polynomials 19

uniformly for |®(z)|, |®(w)| > p > 1. This proves (2.5) since A = 1 when ¢~ > 0
and clearly

N—-1 2
. s — (n+1)? N —2(n+1
1 IR S NP P (n+1)
NS = 2ms(s = N) Ol )=0

uniformly for |®(z)], |®(w)| > p.

3.3. Proof of Theorem 2.3
It is known, see [16, Theorem 8.21.7] or [1, Theorem 2.11], that

o (g) - (”;(la);l ( +o <n Jlr 1)) (@'(2)) 0" (2) (3.13)

locally uniformly in C \ [~2,2], where (®(z))” is the principal branch. Set, for
brevity,

2 YT may(2)majia (w)
s = N &/(2)@! (w) (®(2)®(w))
Further, put u = ®(z)®(w). Then it follows from (2.4) and (3.13) that

Sz, w) = ﬁi(lﬂ?( 1 )> 4+352 = (2 +1)° 5y

2j+1 s s(s—N)

Sn(z,w) =

J—l

—mmq’g S WD (1o (L))

s2(s— N
§=0

Upon replacing j with J — j, the first sum above can be rewritten as

J . . )

2N — 4 N —2 1s—N+25—-1 1 .
Z j+3s+ j+1s +2j <1+O(_)>u2ﬂ.
= s s s—N N-27+1

It is easy to see that the coefficient next to =2/ is positive and bounded by Cj
for some absolute constant C. Hence, these sums form a normal family in |u| > 1
and to find their limit as N — oo is enough to take the limits of the individual
coeflicients. Clearly, the second sum can be treated similarly. Therefore,

Sy () = AN VEE) Sw) <1+1u +1> VI )

N-=oo 2 P (w) u? — 1 cu?

Te u2

where the limit holds locally uniformly in |u| > 1. Notice that & = ®2/(®? — 1).
Hence, when ¢ = oo, we get that

A1+ A) 1 D(w) — P(2) .

lim (Sn(z,w) = Sn(w,2)) = =5 VO2(2) — 1/B2(w) — 1 ©(2)®(w)

N—o00
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On the other hand, when ¢ < oo, it holds that A = 1 and therefore the above limit
is equal to

1 1 O(w) — d(z) c !
T VB (2) = L@ (w) — 1 B(2)D(w) — 1 <1+ <I>(z)<1>(w)—1>'

The last two formulas and the definition of Sy (z,w) clearly yield (2.6).

3.4. Proof of Theorem 2./
Lemma 3.5. It holds that
e(¢mans1)(z) = — [ mans1 (w)(u)du,
e(9man)(@) = = [eo, man(u)d(u)du — §T0(s),
where £ = £1 and

— 7 sz = 5 (n4 3 T(S+n+1I(E -n—13)
S)—[m¢()2n( )d _2( +4) F(%+”+%)F(%_n) .

Proof. The second equality in the definition of T',,(s) follows from (3.1), (3.3), and
(3.7) applied with a = 5/2. Moreover, [* ¢(x)mn+1(2)dz = 0 since the integrand
is an odd function. The claim then is a simple consequence of (1.11). O

Lemma 3.6. Let ¢ be given by (2.1). Assuming ¢ < oo, it holds that

<

im & N(z ~ i(s)moii1(2 —LF(%) )
it L L) = 2Ty e

N—o0 i
locally uniformly for z &€ [—2,2], where N = 2J. When ¢ = oo, the limit above is
convergent if it is additionally normalized by v/s — N.

Il
=

Proof. By changing the index of summation to J—1—j and using (2.4) and (3.13),
we see that we need to compute the limit of

V) LN\ VN =% TG+ TG -J+i+8) o
_0<1+O<J—j>) E F(2+J—j—§)F(§—J+j+1)q) (2)

(@'(2))/2 1\ (V=2)%2 TGE+T-)TG-J+i+3) 5,
PN ;(“O(Jj» s TG4 - DrG-TrenT

Straightforward estimates show that the above sums form normal families and there-
fore the limiting function can be obtained by simply evaluating the limits of the
coefficients. That is, the above expression converges to

(9'(2))%% = T(F +7)
2Wr TG +1+))

oo

c+3 +]

(1)723’71(2)
—|— 1+47)

eA1(2) -

<.
Il
o
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locally uniformly for z ¢ [—2,2]. Since &' = ®2/(®2 —1) = > 72, =% we get that

where the last equality can be shown by induction. Using the identity ® = ®2/(®2—
1) once more, we arrive at the first claim of the lemma. The second claim can be
shown analogously. O

Lemma 3.7. Under the conditions of Theorem 2.4, (2.7) holds.

Proof. For z,y € R, it holds by (1.12) and Lemma 3.5 that

¢y
ern s€(T,y) = / / kN,s(u, v)dudv

+ (51 /:oo —&y /:OO>

where &, = sgn(u), v € R\ {0}. The first limit in (2.7) now follows from (2.6),
Lemma 3.6, the change of variables ®(u) — u and ®(v) — v, and upon observing

that (|<I>(u)|/<I>(u))N =1for u € R\ [-2,2] as ®(u) is real for such u and N is
even. The other two limits can be obtained similarly. O

J—-1

i ()25 41(u)p(u)du,

=0

3.5. Proof of Proposition 2.5
Given a function f defined in C\ [—2, 2], we denote its traces on (—2,2) by

fe(x):= lim f(x +ie), x€(-2,2).

e—0t

Set £ 4 ==+ a/(Nw(x)). For £im(a) > 0, we have that

22 2 (2 _g)L/2 a 2+a/(Nw(z))
(TN0 —4) ( 4L+ No(@) (e, 412 1 (a2 e
2 gz, AT O(NTY)
=@ -4)L+ T No(@) (3.14)
1/2

locally uniformly for € (—2,2) and a € C. Hence, since (4—22)"/? = Fi(z%—4)./*,
we have that

P(rn,a) = Px(a) + (H]\S,J((];[)) = d4 () (1 F MJ\EN)> (3.15)
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for +im(a) > 0 locally uniformly for + € (—2,2) and a € C. Since 20-1(z) =
2 —+22—4 and (2% — 4)1+/2 + (22 —4)"? =0 on (—2,2), it holds that

O (rn.a) = D () <1 + MN(N_l)> (3.16)

for £im(a) > 0 from which the claim of the proposition easily follows.

3.6. Proof of Theorem 2.6

Lemma 3.8. Let d be a non-negative integer, {f} be a sequence of positive num-
bers such that lim, oo fan~ % =1, and o be a real constant. Then

N—-1 1
. fn n nta / d _nt
] (1 —) — [ tdemtar
Neo = Nt TN 0 ¢

uniformly for n on compact subsets of C, where we take the principal a-root. The
claim remains valid if n is replaced by n + en, where ey — 0 as N — oo.

Proof. Set f}:=(n+d)---(n+1), where f =1 if d = 0. Then it holds that

_ N+4d d
NZI . (HQ)”M:(HQ)‘WL ()" -+ f)
n=0 Nd+1 N N dnd n .

The desired limit then is equal to

dd n_1 dd 1 1
— <e> = </ e"tdt> :/ tlemtdt
dn n dn 0 0

uniformly for  on compact subsets of C. This proves the lemma with f,, = f}.
Now, write f, = f¥(1 + J,), where, clearly, §, — 0 as n — oo. Further, let

{Mx} be a sequence such that My — oo and My /N — 0 as N — oo. Finally, set

0 == min{d, : My <n < N} and ¢ := max,, §,. Then for |n| < C, we have that

N-1 £ N My—1 N-1
S (1+ %) <ONTE YT (L4 O/N 4SRN S (L /N
n=0 n=0 n=0

<SCH(1+C/NYMNY —1) + 53 CH((1+C/N)N —1) = 0(1)
as N — oo since (1 + C/N)M~y —1 — 0, 6% — 0, and (1 + C/N)N < €% in this

case. This finishes the proof of the lemma. O

Lemma 3.9. Let d and {f,} be as in Lemma 5.8. Further, let {enx} be a sequence
such that |ey| < C/N for all N € N. Then

N—-1
lim N~ N " £ (4 en)" =0
n=0

N—o00

uniformly for n on compact subsets of T\ {1} and C' on compact subsets of [0, 0).
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Proof. Let f be as in Lemma 3.8. Then

— d (n+en)*—1
N—(d+1) * — N-Gd+D) = N _q N) —
> filnen)" gt (e =)= 22 )

where we used the fact that n+exy —1 # 0 for all N large enough. Since || = 1 and
len] < C/N, Leibniz rule for the derivatives of the product and a trivial estimate
imply that

a4 N (n+en)" —1 d
— — 1) || <C*N
‘dnd <((U+EN) ) n+en—1 > SO

where C* depends on C and |1 — n|. This proves the claim of the lemma with
fn = fr. The proof of the general case repeats word for word the proof of the
general case in Lemma 3.8. a

Lemma 3.10. Assuming (2.1), limit (2.9) holds.

Proof. First we shall consider the case im(a)im(b) # 0. Clearly, it follows from
(3.14) that

lim (%, —4)"Y%(2%, —4)71/2 = +0*(z), +im(a)im(b) > 0, (3.17)

N—oco ’ ’
where, as before, zy, = = + a/(Nw(z)). Hence, we see from (2.2) and (2.3) that

we need to compute the limit of

N-1o_ (. 9 : -
2 gﬂ(i;l) ((‘Nva*a)@(mzv,b)) (M (ana)® H(eny))
n=0

n+1

—(@ M on.a)Bleng)" T = (Plen.a) T @ny) ). (3.18)

Set 7 :=i(a — b). It follows from (3.15) and (3.16) that (3.18) can be rewritten as

N-1 §2 _ Z1y )\ Pt _1y\
N (n+1)2 <1+T+O(N )) +<1_T+O(N ))

- 2ms2N N N
— (@2 (z) + O(N"))" — (% (2) + O(Nfl))”“) (3.19)

for +im(a)im(b) > 0, where O(N ') holds locally uniformly on (—2,2) x C2. Thus,
Lemma 3.8 applied with f,, =1 and f,, = (n + 1)? yields that

lim Nz_:lw <1+T+O(N_l)>n+1+<1_7—&—(’)(]\f_1)>nﬂ

N—yoo £ 2ws?N N N

1 1 267-t+€—7't _l 1 B ) (s
= 7/0 (1_ (AL) )#dt— 7r/0 (1 (\t) )cos( Tt)dt. (3.20)
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As @3 (z) # 1 and |94 ()| = 1, Lemma 3.9 applied with f, =1 and f,, = (n+ 1)?
lets us conclude that
. sf=(n+1) 9 1yl
. 2 gy (@O =0

The desired claim now follows from the last two limits, (3.17), and (3.19). When
either im(a) = 0 or im(b) = 0, (2.6) can be deduced similarly. O

3.7. Proof of Theorem 2.7

Lemma 3.11. Let ji,j2 € Z, and p(-) be a monic polynomial of degree d. Then
(3/2) (TN,u (1/2) (TNw\
NI NI Nd+1w2 Zp 21)Co55 ( 2 ) Cay%5a ( 2 ) -
copl
_ :Fi/ ) ((I){tl*jzﬁq(x)eq:-rt _ @J%l*szrl(x)eiTt) dt
T Jo
for £im(u) > 0, where 7 :=i(u —v), Ty = ¢+ u/(Nw(z)), and N = 2J.

Proof. Using the asymptotic formulas for i) (z) in a neighborhood of a point
€ (—1,1), see [16, Theorem 8.21.8] or [1, Theorem 2.11], we get that

CT(La) (xN,u) _ (Tl+ 1)(171 <©n+a(zNﬂE) +6:ta7ri(1)7n*04(xN,u) +O< 1 >

2 ') 3, —4)e/? n+1
(3.21)
for +im(u) > 0 and locally uniformly for z € (—2,2) and u € C. Observe that
—1, im(u) im(v) > 0,
lim (2%, —4)7% 4%, —4)7V4 = W2 (x) (w)im(v) (3.22)
Nooo: 1V ' Fi, im(u) im(v) < 0,
when +im(u) > 0. Thus, to compute the desired limit it is enough to compute the
limit of

(@23“1*'3/2(;10]\],“) — sgn(im(u))iq)_Qj_jl_S/Q(xN,u)) X

% ((132j+j2+1/2(xN,v) + Sgn(im(v))i(I)_Zj_jz_l/2(xN,v)> . (3.23)

Assume that im(w)im(v) > 0. Then it follows from (3.15), (3.16), and
Lemma 3.9 that the the limit of (3.23) as N — oo is equal to the one of

. J—1 L
2 P2i+i1+3/2 u P2i+i2+1/2 "

+ N d (@xw) ST () (3.24)
= +1 2Tt/ 2(gy ) BT (2y )

Jj=0
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for £im(u) > 0. Using (3.15) and (3.16) once more we can rewrite (3.24) as

J=1 . 1 T+O(N"H o 21t 1iw o+ 2zt
4+ 3 p(J) T - ¢ .
T 4 Jd+1 <I)j2—j1—1(xN,U) ¢j1_j2+1($N,u) .

for £im(u) > 0, where p(-) is a monic polynomial of degree d and O(N*I) holds
locally uniformly in (—2,2) x C2. Since @, (z)®_(z) =1 for x € (—2,2), the claim
of the lemma follows from (3.22) and Lemma 3.8.

The case im(u)im(v) < 0 is absolutely analogous. When im(u) = 0 (resp.
im(v) = 0) we can replace ®(xn ) (resp. (N, )) with &4 (2N ) (vesp. Py (TN )
and carry the computations as before (notice that replacing 4+ with F and F with
=+ on the right-hand side of the limit in the statement of the lemma does not change
the said limit). O

Lemma 3.12. Under the conditions of Theorem 2.7, limit (2.11) holds.

Proof. It follows from Lemma 3.11 applied with p(2j) = 2j 4+ 3/2 and p(2j) =
(2j +3/2)(2j + 1)? that the limit of

J-1 . .
1 45 +3 (27 +1)%\ 3/2) (TN A(1/2) (TN
N2w?(z) ; 8 (1 82 2 ( 2 ) )4 ( 2 ) ’

as N — oo is equal to

T ) (7 — ey — L / CH(1 = W2 sin (b — a))t

4 Jo 2m
It further follows from [5, Eq. (18.9.8)] that

(1/2) (1/2)
3/2) (2) _ <4j L5 1 ) 02j+1(z/2) - Czj+3 (2/2)

241 \ g 45+5 4— 22

Therefore, Lemma 3.11 now yields that the limit of

J-1 .

1 47+ 3 (3/2) (TN,a\ ~(3/2) (TN

N2w2(x)zo 852 Caj ( 2 )CQj‘H( 2 )
=

is equal to zero. The desired claim (2.11) now follows from Theorem 2.1 and the
above limits with roles of a and b interchanged. m|

Lemma 3.13. It holds that

in +3 T
(mn) (@) = ——=—C4/2 (5)
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and

2n + 2)2
6(¢7T2n+1)(33) = _4712+ 3 Kl - (n;)) 02(:‘/3% (g)

- (1= B o (5] + st

for x € (—2,2), where

1) (4 1) (1 . (-)"'T(n+3)  (2n+1)@2n+ 2)> .

_
Anls) = — = Tm 1) o/7 T(n+2) 52

Proof. Observe first that
e(¢mani1)(@) = = fg m2nt1(w)p(u)du + [§° moni1 (w)d(u)du,
{ e(pman)(@) = — [y m2n(u)p(u)du.
Indeed, by the very definition (1.11), we have that

/Ox F(t)dt — ;/Ooo f(t)dt + ;/OOO f(t)de

Hence, for even functions f it holds that (ef)(z) = — fo t)dt and for odd functions

f it holds that
| o t+/0 F(t)dt

from which the claim easily follows. Using [5, Eq. (18.9.19)] and [5, Table 18.6.1],
one can also get that

/Ow e (%> du =204,/ (3)

/ C(s/z) u _5lot2 ({) C(CD)™IT(n+ 3

2n+1 2n+2 9 ﬁ I‘(n—|—2) .
Since ¢(u) = 1 for u € (—2,2), the expression for e(¢may,)(x) now follows from
Theorem 2.1. It further follows from [5, Eq. (18.9.7)] that

= g5 (12 SR () - (-2 42 ().
(3.26)

Hence, we only need to compute the constant term. Clearly,

(1 B (2n+2)2> (—)"*HT(n+3) <1 B (2n+1)2) (-)"T(n+3)
52 v T(n+2) 52 o T(n+1)
dn+3 (=) T(n+3) (1 _ (2n+ 1)(2n+2))

2 VT T(n+2) ‘

52
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Thus, it remains to compute [ 2541 (u)¢(u)du. It follows from (3.1) and (3.3)
that

- I T—i—HTm+i+3) 1 (Tn+3))
/o mnﬂ(u)mwdu__;;F(n—i+1) T i3 _%(W) 7

where the second equality follows from (3.8) after taking the limit as a — —1/2
and observing that

Fla-—n—3)  T(n—a) sin(r(n—a-—1))

Pla—n+1)  Tn—a+3)sin(r(n+a+ ) O

Lemma 3.14. Assuming (2.1), it holds that

lim N~ 1ZA $)Ton (ZN,a) =0

N—o00

locally uniformly for x € (—2,2) and a € C, where zn,, = = + a/(Nw(x)).

Proof. It follows from Theorem 2.1 and (3.21) that we are computing the limit of

"z‘:l 1AL ()| (4n + 3)v2n + 1 ((1)2"+3/2(x]va):Fi<1>_2"_3/2(xN7a) +0< 1 ))

Z 8N (CD)n (a3, , — 4)3/% n+1

The claim of the lemma follows from the asymptotic behavior of the Gamma func-
tion, (2.1), (3.15), (3.16), Lemma 3.9, and a simple estimate for the sum involving
O((n+1)71). |

Lemma 3.15. Given (2.1), limits (2.12) and (2.13) hold.

Proof. Set, as usual, zn, = = + a/(Nw(x)). Put K,,; == 1 — (2"“) . Then
RN .s€(TN.a,TNp) is equal to

T () Do (55) - et (73]
i 0C’(3/2) (x];a> [ 02(;422) (T) *KMC?(;/Q) <%)]

+QZA $)moi (TN .q)

by Theorem 2.1, (1.11), Lemma 3.13, and (3.26). Denote the three sums above by
Sn1, Sn,2, and Sy 3. Then it follows from Lemma 3.11 that

o Sng __iw(@) [ 2 Fi(b—a)t | i(b—a)t

Jim Nolr) ~ T /0 (1= (At)?) (Px(z) — Px(2)) (e +e )dt
1 1

“or o (1

— (At)?) cos ((b — a)t)dt,
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where one needs to observe that ®4 (z)®+(z) =1 and ®4(z) — O (z) = £i/w(x).
Similarly, one can check that Sy 2 has the same limit and therefore (2.12) follows
from Lemma 3.14.

Since ek s€(z,y) is anti-symmetric (in particular, zero on the diagonal) and
(ef)/(x) = —f (=) for x real, we have that ey se(z,y) = [ kn s€(u,y)du for z,y €
(—2,2). Hence, it holds that

b
1
€l€N,s€(l‘N,a,$N,b):/a WHN,sﬁ(xN,u,IN,b)dU

and therefore (2.13) easily follows from (2.12). O

3.8. Proof of Proposition 2.8

Let yn.q := 2 — (a/N)?. Since we take the principal branch of the square root, it
holds that

2ia

Va4 = v/ B0 @2NP) = Fae (1+O(N?)  (3.27)

s

for £im(a) > 0 locally uniformly in C. Hence,

Dlyna) =17 % +O(N2) and @ l(yy,) =1+ % +O(N7?) (328

for £im(a) > 0 uniformly on compact subsets of C, from which the desired claim
easily follows.

3.9. Proof of Theorem 2.9
Assume first that im(a)im(b) # 0. It follows from (3.27) that

N
Hm N2y, —4) 723, —4) 12 = —

= 3.29
N—o0 ’ 4ab ( )

for +im(a)im(b) > 0, where yn,, = 2 — (a/N)?. Hence, we need to compute the
limit of (3.18) with zn,, and zx, replaced by yn . and yn . To this end, we get
from (3.28) that

(@(yn,a)®yn)" T + (2 (yna) @ Lyns) "

= (1 TEAY T (4 ey

and

n+1 n+1

+ (P(yn,a) 2 L (yn b))

(@ (yn,a)®(yn,p))
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7 = i(a Fb), » = i(a+b) when +im(a)im(b) > 0, where o(1) holds locally
uniformly on C2. Hence, we get by (3.20) that the desired limit is equal to

1
1 / (1= (A)?) [cos ( —irt) — cos ( —irat)] dt
™ Jo
2 ! o . e
= i—/ (1 — (At)?) sin(at) sin (bt)dt, (3.30)
™ Jo
for +im(a)im(b) > 0. Combining (3.29) and (3.30), we get (2.14). When either

im(a) = 0 or im(b) = 0, (2.14) can be deduced similarly.

3.10. Proof of Theorem 2.10

To prove Theorem 2.10, it will be convenient to set J, (z) := (2/2)"J,(z), which is
always an entire function. It follows from [5, Eq. (10.9.4)] that

T 1 ! izt 2\v—1/2
J(2) = ﬁF(Hé)/le (1— 2y, (3.31)

Lemma 3.16. Let 2(a1 + a2) € N, j1,j2 € N be fized, and p(-) be a monic polyno-
mial of degree d. Then

I ! owod (1 © g BN
Nb Nat2a1 2571 N “onlTaNz) =
- 1 F(Ozl —+ 1) F(OéQ —+ 1)
© 2021 + 1) T'(2a0 + 1

1
) / p2enten) o qp) J, (bt)dt  (3.32)
0

uniformly for a,b on compact subsets of C, where N = 2J and

J—1
aq,02, . ar1+3 as+1
Koz w) = S p(2)C8it 2 (2) 0502 ) (w).
j=0

Proof. It follows from [5, Eq. (18.10.4) and Table 18.6.1] that

(a+1), 1 F(a+1) T(n+2a+1) [! n
G e = ATy Dr2a+1) T(n+1) /_1 (Z”m) dpta(v),
(3.33)

for any determination of the square root, where djua(v) := (1 — v?)* 2dv. If z =
1—a?/(2N?) and w = 1 — b*/(2N?), then

(Z+U\/Z27_1)2(w+um)2:1+iav+bu+(9(N—1)’

J

where O(N 1) is uniform with respect to a,b on compact subsets of C and ¢,u €
[-1,1], and we do not keep track of the determination of the square roots as it is
not important in (3.33), (observe also that the substitutions a — —a and b +— —b
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do not change either side of (3.32)). Thus, the limit of the left-hand side of (3.32)
is the same as the limit of

(w+bu+(’)(N )) .

1 J 1 f
r(a1+ T(as+ 3 / / Jd+2<a1+a2>+1 dptas (v)dpiay (u),

(3.34)

1 T(ai+1) T(az+1)
where C := 2r(20;11+1) F(2(Zz22+1)

and
p(27) D25+ j1 + 201 + 1) T(2) + jo + 2a0 + 1)

15 = St 02 4 gy 1 1) T(2j +j2+ 1)

Since lim;_, o f;5~(@+2(@1ta2)+1) = 1 it follows from Lemma 3.8 that the limit of
(3.34) is equal to

pd+2(an+az) gilavtbu)t g4 q dpra, ().
I‘(a1+ L2 + 3 /// ey

The claim of the lemma now follows from (3.31). O

Lemma 3.17. Under the conditions of Theorem 2.10, (2.15) holds.

Proof. It follows from Theorems 1.2 and 2.1 that we need to evaluate the limit of

2] + 1)? (3/2) (1/2) b?
4N4 Z( ) (2 T )C 2N2 Cojri (1~ 582

15 (3/2) (3/2) b?
T 12NA Z <2] T ) % ~ oz ) Coiv oN2? |
which is equal to

1 B B 2 1 B B
L7310 02 Fu(at) Jo bty — 2 / £ 7 (at) 1 (bt)dt
16 J, 32 Jo

by (3.32). By swapping the the roles of a and b, we get that the limit of the left-hand
side of (2.15) is equal to

% [ (1= (02) (7t ofor) = Gt s o).

The desired result now follows from the identities J;(z) = (2/2)J1(z) and Jy(z) =
j()(Z) O

Lemma 3.18. It holds that
{ e(dmant1)(x) = = [; mopi1(w)p(u)du + Z,
e(pmon)(z) = — [5 mon(u)(u)du — 223,
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Proof. The first relation in the proof of Lemma 3.13 gives us
{ e(¢mant1)(2) = = [ mont1 (W)(u)du + [37 Tapi1(u)d(u)du,

e(pman)(@) = — [5 man(w)d(u)du — [ man (u)p(u)du.
The claim of the lemma now follows from (3.1), (3.3), and (3.9). O

Lemma 3.19. Under conditions of Theorem 2.10, it holds locally uniformly for

u € C that
4n +3 4 u? 1!
(47T2j+1 + 827T2j) <2 — ]\[2) = Z/O t(l — ()\t)z)Jo(Ut)dt

=
Jm e
7=0
Proof. Repeating the proof of Lemma 3.16, we can show the following. Let 2a € N,
m € N be fixed, and p(-) be a monic polynomial of degree d. Then

J-1 )
i ! Holerd) W@\ _1T(+1) [ s
AT d10- 11 2 - 2 1 — = — [e4 o
ngnoo Nd+2a+1 ];)p( j)021+m ( IN2 9 F(Qa T 1) ; t J, (Ut)dt
(3.35)
4n13772n+1(z> +

locally uniformly for v € C. Now, it follows from Theorem 2.1 that
;%mn(z) is equal to

FESZ 0@ (2) 4 (22— o+ 102) 0l () - 2 (2)].

Clearly, the claim of the lemma is a consequence of (3.35) as Jo(z) = Jo(2). |

Lemma 3.20. Under the conditions of Theorem 2.10, limits (2.16) and (2.17)
hold.

Proof. It follows from (1.11) and Lemma 3.18 that
v S (4543 4
EN,s€(2,Y) = —/ KN, (2, u)du + ¢(z) Z (J47T2j+1 + 827T2j) (2).
2 ;
7=0
for y € R. Hence, Proposition 2.8, (2.15), Lemma 3.19, and the change of variable

U2 — }{[—22 imply that

1
A AN ey s N ) =

0

i/lt(1—(xt)2) [1 /be_im(“)/’\Jl,l(at,ut)du—&-Jo(at)] dt  (3.36)
0 a

uniformly for @ € C and b* € R, where yn, = 2 — a®?/N% When b € R, the
expression in square parenthesis becomes

b b
2J1(at)/0 utJO(ut)duftJo(at)/o Ji(ut)du+Jp(at) = ng(at)Jl(bt)JrJo(at)Jo(bt)
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as Jj(z) = —J1(2) and (2J1(2))" = zJo(z), from which (2.16) is immediate. Simi-
larly, we get from Lemma 3.18 that exy se(x,y) is equal to

T x J—1
/2 /j kN,s(u, v)dvdu + (/Oy —/0 ) o(u) nz:% (471:— 37T2n+1 + 8427r2n) (u)du.

The same change of variables allows us to show that the limit of exn s€(Yn,a; YN b)
is equal to

e o | [ [ _Lmeislimol
9 t(l = (M) ) e A J1 1 (ut, vt)dvdu
2 Jo o Jo

_ (/b_/> e_imk(u)uJo(ut)du] dt. (3.37)
0 0

When a, b are real and therefore the integrals are evaluated along the real axis, we
get that

/a /b (oo £ </b . /a> wo(ut)du = aJy(at)Jo(bt) — bJ1(bt)Jo(cuf)7
o Jo o Jo

t

which proves (2.17). O
3.11. Proof of Theorem 2.11
Lemma 3.21. Equation (2.19) holds.

Proof. It follows from (2.18) and Theorem 1.2 that

BN =3 [ 2[(r200) (£)e(man1 (@) = (or1) (£)e(ma0) ()]

Since (ef)'(x) = —f(z) for x real, we can rewrite the above equality as
J—1 J—1 L2

E[Nu) = =2 e(m2n6)(@)e(man10)(@)|*, — 4> / 2(7T2n+1¢>)(ff)6(7fzn¢)($)dx~
n=0 n=0""

Since €(mo,@)(—2) = —€(m2n®)(2) and e(mont10)(—2) = e(manr10)(2) by
Lemma 3.13, it follows from Lemma 3.18 that the first sum above is equal to

J(2J +1)/s%. Set

I = =4 [ (m2pt19)(@)e(mong)(x)de =8 [ monyi(x) [ mon(u)dudz,
[ [, e ||

-2
where the second equality holds by Lemma 3.13 and since ¢(z) = 1 on [—2,2]
(notice that the integrand in the integral that defines I,, is an even function by
Lemma 3.13). Thus, it follows from Lemma 3.1 and (3.3) that

In:4n+3if(n—i+%)F(n+i+%)
™

2
Tn—it1) T(n+it2) /0 mon 1 (2) 21 (@)de

=0
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Using notation (3.6) and Lemma 3.1 once more, this time with (3.4), we obtain
that

n

in+3 4F2nz . 2 (2-]+2)2
I, =— 2742 1———— | Tont1,;.
272 Z (Z (27 +2)%2— (20 +1)2 >( i+2) ( 52 ety

K2

Further, we deduce from (3.7) applied with @ = j 4 1 that the inner sum is zero for
all j < n and for j = n it is equal to [7%/2T'(2n + 2)]/[(2n + 2)['(2n + 5/2)]. Hence,
I, = 2(1 — (2n +2)?/s?) and therefore
J—1

N(N +1) N(N +1) N(N +1)(N+2)
E[N,] = ——=~ [, =—"——"%>4+N—
[Nin] 252 + nz::o 252 + 352
from which the claim of the lemma follows. O

Lemma 3.22. FEquation (2.20) holds.

Proof. Asin Lemma 3.21, we have that

Z / (720 ) (2)e(an416) (&) — (R20116) (2)e(man) (@) da,

where we used Lemma 3.13 to deduce that the integrand is an even function. Since
Ton¢ is an even function, it follows from the definition of the e-operator in (1.11)
that

(mand) () = — / ()W), >0,

Therefore, integration by parts, the above identity, Lemma 3.18, and Lemma 3.5
yield that

J—1
E[Noy) = ————— N“ +Z / / (Tong10)(2)(T2nd) (u)dudz.

We get from (3.1), (2.3), (3.8), and (3.9) that P /2 g;::;((z)) dz is equal to
1 & (21+2 — (2i 4 2)?
—= 5 52041,
T s*(s +m) 25+m) (2i +2)
_ 2 N 52 — (25 +m)? zn: (20 + 2)°Tont1,
~ s2(s+m) ws2(s +m) — (21 +2)2 — (2s+m)?
B 2 _(3s+m)(2s—|—m)F(s+n+mTH)F(sfner—z)
~ s2(s+m) 452 D(s+n+2H)D(s —n+ 2H)

Recall that f;o Ton+1Q = 2/5 , see Lemma 3.18. Denoting by '}, the last sum-
2

mand in the equation above, we deduce from (3.3) that

s / (Tams16) (2) / (Ui (w)duda: =

@it 8(r2 = T3yh)-
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Then it follows from Lemma 3.1 and (3.9) that

N(N+1) 13 (9 A
—5a + — Z(4n +3) Z(Zz + 1)F2n7i(1—‘— F1+1)

n=0 =0

E[Nout} =

By the Gautschi’s inequality for the ratio of Gamma functions [5, Eq. (5.6.4)]
and straightforward estimates using the fact that n < J — 1 < s/2, it holds that
7" < 1/s%, where < means < with an absolute constant. Therefore, (3.9) and
simple upper bounds yield that

J—1 n—1
1
E[Now] = O(1) + — D (An+3)> (20 + 1)Ta, T57, (3.38)
n=0 1=0

where similar estimates allowed us to change the index of summation from n to n—1
in the inner sum. Using Gautschi’s inequality and straightforward estimates once
more, one can verify that T'>7 ~ (s(s —n —i))™%/? and that T, ; ~ (n(n —i))~4/?

when 0 < i <n — 1. Observe further that

i 1 " dz
Z Vi(s — 2n +0)3/2 N/o V(s —2n + x)3/2

=1
_ 2 T
T s—m\s—2n+x

Thus, the inner sum in (3.38) then can be estimated as

" 1 n
o s—2n\s’

n—i)+1 n 1

53/2f2\/s—2n+z)3/2 T s2s—om

After plugging the above expression into (3.38), (2.20) easily follows. ]
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