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We extend the free convolution of Brown measures of R-diagonal elements introduced by Kosters
and Tikhomirov [28] to fractional powers. We then show how this fractional free convolution arises
naturally when studying the roots of random polynomials with independent coefficients under
repeated differentiation. When the proportion of derivatives to the degree approaches one, we establish
central limit theorem-type behavior and discuss stable distributions.

1 Introduction

The definition of the free convolution x H v of two compactly supported probability measures u, v on
the real line is due to Voiculescu [49]. One can define u B v to be the asymptotic limit of the empirical
spectral measure of A,+B, asn — oo, where A, and B, are independent nxn random Hermitian matrices,
invariant under unitary conjugation, whose individual empirical spectral measures converge to u and
v, respectively. Alternatively, one can define the free convolution using the R-transform (see (2.1), below,
for the definition). Any compactly supported probability measure u on the real line is uniquely defined
by its R-transform R, (z) for sufficiently small values of the complex argument z. Heuristically, the R-
transform can be viewed as the free probability analogue of the cumulant generating function from
classical probability theory.

In fact, the free convolution xHyv is the unique compactly supported probability measure on the real
line whose R-transform R, m, satisfies

Ruﬂav(z) = R/A (Z) + Rv (Z)
for all sufficiently small values of z. It follows that for an integer k > 1, x®B* the free convolution of u

with itself k times, can be characterized by the identity

R, (2) = kR, (2) (1.1)
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for all sufficiently small z. In fact, using (1.1), one can define the fractional free convolution u®* for any
real k > 1. This was first shown for k sufficiently large by Bercovici and Voiculescu [7] and then for all
real k > 1 by Nica and Speicher [33].

Amazingly, as the following theorem shows, the free convolution can also be characterized in terms
of random polynomials and the roots of their derivatives [2, 24, 46]. We define the empirical root
distribution of a polynomial P of degree d and roots x1,...,%4 (counted with multiplicity) to be the
probability measure

1d
- e,
P

where §y is the point mass at x.

Theorem 1.0.1 (Hoskins-Kabluchko, Steinerberger, Arizmendi-Garza-Vargas—Perales). Let u be a
compactly supported probability measure on the real line, and let P, be the random polynomial

Pp(x) =[x =Xy,

i=1

where Xi,Xp,... are independent and identically distributed (iid) random variables with
distribution u. For any fixed t € (0, 1), the empirical root distribution of the [tn]th derivative of
P,((1 — t)x) converges weakly almost surely to pB/1-9 asn — oo.

In other words, for a random polynomial with iid real roots, the fractional free convolution pB/1-0
describes the roots of its derivatives. The factor of 1 —tin P,((1 —t)x) simply scales the roots by (1 —1t)~1.
We refer the reader to section 3 of [2] for a short proof of a more general version of Theorem 1.0.1.

One of the goals of this paper is to investigate similar results for a class of random polynomials with
complex roots. In particular, we extend the notion of the free convolution of Brown measures (defined
n (2.7)) that was introduced in [28] to fractional powers and show how these fractional convolution
powers can be used to describe a similar relationship as in Theorem 1.0.1 for random polynomials
with independent coefficients. For a rotationally invariant measure u in the complex plane, our result
requires acting on u by a bijection Sq, where (Squ)(Dy) == (D) forr > 0and Dy ;= {z € C: |z < 1}.
An example of how Sq is used to connect the Brown measure with the roots of random polynomials is
given in Theorem 1.0.2, below. In fact, this theorem is a special case of our main result, Theorem 4.2.3.
We discuss this example more in Section 5.1.2.

Theorem 1.0.2. Let

n
Pu(z) ==Y &2* (1.2)
k=0
be a random polynomial such that &j,&,... are iid standard complex Gaussian random

variables. Then the empirical root measure of P, is known to converge in probability to the
uniform probability measure, u, on the unit circle. For any fixed t € (0,1), the empirical
root distribution of the [tn]th derivative of P,((1 — t)?x) converges weakly in probability to
Sq((Sq~! @YYy as n — oo, where the operation -®1/(1-0 is a fractional power of a convolution
@ on rotationally invariant probability measures, defined in Section 4.1.

Here it is worth noting Sq ™" s« = u; however, we chose to include Sq~* in the statement of Theorem 1.0.2
to match the more general result, Theorem 4.2.3. It may be helpful to interpret the rescaling of
(1 — t)=? for the roots of the [tn]th derivative of the polynomial as (1 — t)~*(1 — )=, where one
factor of (1 — t)~! is to account for the natural collapse of the roots under differentiation given
by the Gauss-Lucas theorem and the other (1 — t)~! factor is to match the diffusion under the
convolution.
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Fig. 1. Numerical simulations illustrating Theorem 1.0.2 and Proposition 1.0.3. The figure on the left shows the
radial CDF for the eigenvalues of the sum of two independent, Haar distributed unitary random matrices. The
figure on the right is constructed using the random polynomial P, given in (1.2) when n = 1000. The figure depicts
the {adial CDF of the empirical root measure of the n/2th derivative of Py, after applying the push-forward map
Sq ™.

The definition of @ can be technical for those unfamiliar with free probability theory, so we illustrate
the connection in Theorem 1.0.2 to sums of random matrices, with an example first proved in [4]. The
analogous notion of the empirical root measure for an n x n random matrix M is the empirical spectral
measure uy given by

1 n
UM = H Z‘SM(M%
k=1

where A1 (M), ..., A(M) € C are the eigenvalues of M (counted with algebraic multiplicity).

Proposition 1.0.3 (Basak-Dembo). Fix an integer k > 1, and let U, ..., U® be independent n x n
Haar distributed unitary random matrices. Then the empirical spectral measure of U + - +
P converges almost surely as n — oo to u®*, where  is the uniform probability measure on
the unit circle.

The convolution power in Theorem 1.0.2 does not need to be an integer, the statement is valid for
any power larger than 1, whereas Proposition 1.0.3 requires integer values. Non-integer powers can
be constructed by considering limits of truncations of random matrices (see Sections 2.2 and 4). To
illustrate this point, we consider limits of the well studied truncations of Haar distributed unitary
random matrices, first computed in [40, 54]

Proposition 1.0.4 (Zyczkowski-Sommers, Dénes-Réffy). Fix a A € (0,1) and let m := m, be such
that © — A asn — oo. Let Uy be ann x n Haar distributed unitary random matrix, and let P! be
an n x n self-adjoint projection, onto an m-dimensional subspace. Then the empirical spectral
measure of LP"U, P converges almost surely as n — oo to w®* where as in Theorem 1.0.2, &
is the uniform probability measure on the unit circle.

Numerical simulations of Theorem 1.0.2 and Proposition 1.0.3 are given in Figure 1. See Section 5.1.2
for further details on u®.

The paper is organized as follows. In Sections 2 and 3, we will give some necessary background,
known results, and notation concerning free probability theory and random polynomials, respectively.
In Section 4.1, we extend the notion of the free convolution of Brown measures (see Section 2.1) of
R-diagonal elements (see Section 2.4), which was introduced in [28] to fractional powers. Then in
Section 4.2, we will describe how this fractional free convolution is related to roots of derivatives of
random polynomials with independent coefficients. In Section 5, we give several consequences of this
theory and state some examples, giving particular attention to the distributions that are stable under @
and their relationship to the roots of derivatives of random polynomials. Finally, in Section 6, we study

20z AInF 2z uo Jasn elsny ABojouyos | pue 99usias Jo dyNIsu| Aq G0L0Y92/68101L/E L/FZ0Z/AIRIME/UIWI/W0D dNOdILUSPED.//:SANY WOI) PAPEOJUMOQ



10192 | A.Campbell et al.

the dynamics of repeated differentiation using partial differential equations (PDEs), and we relate the
PDE limits to our main results. The appendix contains some auxiliary results.

2 Free probability theory background

The large n limit of the empirical spectral measure of n x n random matrices can often be computed
using free probability. In this section, we will introduce the necessary background; we refer the reader
to the texts, surveys, and research articles cited in this section for additional details.

2.1 Free probability theory background and notation

We work on the non-commutative probability space (.#, t), where .# is a von Neumann algebra with
normal faithful tracial state r. When working with unbounded elements we consider the von Neumann
algebra that they are affiliated with; see Remarks 2.1.2 and 2.4.4 below. An element u € .# is called Haar
unitary if u*u = uu* = 1 and t(u") = O for all n € N, where N = {1, 2, 3,.. .} is the set of natural numbers.
Here, and in the future, we use 1 to denote the identity operator in .#. When h is a self-adjoint element
in ./, the spectral measure, uy, is the unique compactly supported probability measure on R such that

t(h“):/tnduh(t), neN.
R

We now introduce the free probability transform that we will use to characterize measures. The
moment generating function M, of a probability measure, 41, on the real line is given by

zt
M, (2) <=/Rmdl/«(t)

for z € C\ supp(n). Note that if u is compactly supported, then for sufficiently small z, we have the
power series expansion for M, (z):

M,.(2) =szt(hk)=22k/tk dp(t).
k=1 k=1 VR

We then define the R-transform (We note that in the free probability literature, there are two different
commonly-used R-transforms, which differ by a factor of z.) R, of u to be the function that satisfies

R (@(1+ M, (2) = M, (@), (2.1)

for z in a neighborhood of the origin with z # 0. In what follows, we will identify the various transforms
of measures with the corresponding transform of the operator for which the measure was generated,
for example Ry, :=R,,,.

If [, tdu(t) # 0, we can define the S-transform, ., of u as in [34, 50], by the identity

S, @) = %R}[”(z) (2.2)

for z in neighborhood of 0. Here (-)-? denotes inversion with respect to composition.

Remark 2.1.1. The primary utility of the S-transform is that it linearizes multiplication: if a and
b are self-adjoint and freely independent (see (2.4) below) such that u, and u; are supported
on R*, then .7, (2) = % (2).%,(z). In what follows it is useful to note that the S-transform of the
delta mass 8:(x) is .%5,(z) = ¢! and that the S-transform of 4.+ can be analytically continued
to the open interval (=1 + uq(0), 0) and maps this interval monotonically into R* (see, e.g. [19],
Theorem 4.4). The S-transform can alternatively be defined as

Lreyeng),

yﬂ(z): Z m

where the equivalence of these definitions is shown in [34], Remarks 16.18 and 18.16.
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When considering a family of (not necessarily self-adjoint) elements ai,...,as € ., we
consider their joint x-distribution, given by linear functionals from non-commutative polynomials,
Q(X4,X3,...,Xs,X?), in indeterminants X, X%, ..., Xs, X! to C:

7(Q(as, a3 ..., as,ab)).

When s = 1, we call this the x-distribution of a;.
As in the single variable case, the joint x-distribution is encoded in the multivariable R-transform,
R :=Rq,, a(21,...,2s), Which we define to be the power series that satisfies the natural generalization

M=R@zi(1+M),...,zo(1+ M),

where
00 k
M =My, 0 (Z1,. -, 20) = D D (@ 4,z 2,
n=11ip,..,ih=
is the multivariate moment generating function and zs, .. ., z; are non-commuting indeterminants. The

coefficients of the R-transform are called the free cumulants, and the nth free cumulant is denoted by
kn(@iys - -+, 03

e} k
R(Z1,-.~,Zk)=z Z K (Qiyy -y @i )2y - Ziy (2.3)
=

n=11,..,lh=
The free cumulants are multi-linear functions. We refer the reader to [34], section 16, where the free
cumulants are instead first defined through a moment-cumulant relation, and then Theorem 16.15
and Corollary 16.16 show that this is an equivalent definition. In particular, the free cumulants can be
recovered from the joint moments and vice versa.

We now use the R-transform to define free independence of non-commutative random variables.
Once again, we will give an analytic definition and refer the reader to section 16 of [34] for a
combinatorial definition in terms of the free cumulants, in particular Theorem 16.6 and Remark 16.7,
where the equivalence of the two definitions is shown.

We say that a collection ay, ..., ax of elements in .# are x-freely independent if

Raya;...apa; (21,22 - . -, Z0k-1,Z0k) = Ray,a;(21,22) + -+ - + Ray a3 (Zok-1, Z2%), (2.4)

as formal power series. In particular, the mixed cumulants vanish.

Remark 2.1.2. When considering an unbounded element a, one must instead treat a as an
element affiliated to W*(a), the von Neumann algebra generated by the spectral projections of
lal. We then say unbounded elements are freely independent if all elements of their respective
affiliated algebras are free. We refer the reader to [20], section 3, for details.

2.2 The fractional free convolution for self-adjoint operators

Nica and Speicher [33] give the fractional convolution powers from (1.1) an additional free probability
interpretation, for which we must first introduce additional background. Let p € M be a self-adjoint
projection (meaning that p? = p) with ©(p) = A for some » e (0,1], and then consider the new
non-commutative probability space (My, 7p) given by (The brackets [] are a formal symbol, which we
introduce in order to distinguish (M,) from M.)

My = {[pap] : a € M}
with

p([pap)) = 1~z (pap)

20z AInF 2z uo Jasn elsny ABojouyos | pue 99usias Jo dyNIsu| Aq G0L0Y92/68101L/E L/FZ0Z/AIRIME/UIWI/W0D dNOdILUSPED.//:SANY WOI) PAPEOJUMOQ



10194 | A.Campbell et al.

for any a € M. We then consider the map =, : M — M, by m,(a) := [pap], which we will call the free
compression of a. When A is fixed, we will omit it from the notation. Note that in M,, we have that
7(@*) =n(@)* 7 () + 7 () =nx(a+Db), and m(a)7(b) = n(apb) = 7w (papbp).

Remark 2.2.1. In Corollary 1.14 from [33], it is shown that if a is a self-adjoint element in M with
law u, that is freely independent of p, with =(p) = 1/k, for k € N, then kx(a) has the law Bk
In Definition 4.1.1, we will give similar convolution semigroup for a class of measures on the
complex plane, which from [33] can also be related to the sum of freely independent elements
or the free compression of a single element.

2.3 The Brown measure

If a € ./ is not self-adjoint, then its distribution is not determined by its moments. Nevertheless, there
is a distinguished measure associated to a, called its Brown measure, which we now introduce. We let
A denote the Fuglede-Kadison determinant on (.#, t) (see [14]), and let L denote log A. It follows that,
forae . #,

L(a) = L(a*a)/2 = L(a*) = / logtdq(t) € [—00,00).
R

The function A + 5=L(a — A1) is sub-harmonic on C, and by the Riesz representation theorem can be
identified with a regular probability measure, which is called the Brown measure for a (see [9]) and is
denoted as uq. The measure u, is defined as

1
o = —V2L(a— A1)
2

where V2 denotes the Laplacian, interpreted in the distributional sense. Note that the notation u, agrees
with the previously introduced notation for self-adjoint elements of .#. The Brown measure has a
number of important properties [19]:

* w4 is the unique compactly supported measure that fulfills

L(a—kl):/log|z—k|dﬂa(z)
C

e for Lebesgue almost all complex numbers A.
e The support of u, is contained in the spectrum of a, and for any natural number n

(@ = / 2" g (2).
c

e For any arbitrary a,b € 4, pqp = pba-

e The Brown measure for a Haar unitary element is the Haar measure on the unit circle.

e The Brown measure of a is determined by its x-distribution, but it is not continuous with respect to
convergence of x-moments (see, e.g. [32] section 11).

2.4 R-diagonal elements

In general, the Brown measure is difficult to compute, but there is a class of elements, which we now
introduce, for which the Brown measure can be computed. Let a be an element of .#. Then a is said
to be R-diagonal if a has polar decomposition a = uh, where u is a Haar unitary free from the radial
part h = |a|. See section 15 of [34] and sections 2.3 and 2.4 of [8] for further details about R-diagonal
elements. Alternatively, an element a is R-diagonal if all cumulants except the even cumulants which
alternate between a and a* vanish. We will call such cumulants the diagonal terms of the R-transform.
In the tracial setting (meaning the t(ab) = t(ba) for all a,b € .#), the vanishing of the non-diagonal
cumulants implies that the R-transform of (a, a*) is of the form

(o)
Roa+(Z1,20) = D an(2122)" + an(2521)",

n=1
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where

oy = kon(a,a*,...,a,a") =kp(a*,a,...,a",a;

see [34], Example 16.9.

Remark 2.4.1. Classes of bi-unitarily invariant random matrices converge in x-distribution to R-
diagonal elements. Although convergence in x-distribution is not strong enough to guarantee
convergence of the empirical spectral measure, it was shown in [18] that the empirical spectral
measure does converge to the Brown measure of an R-diagonal element.

The following theorem, from [19] (see also [51]) shows that the Brown measure of R-diagonal elements
can be explicitly computed.

Theorem 2.4.2 (Haagerup-Larsen, Zhong). Let a be an R-diagonal element, and define

00 ~1/2 0o 1/2
A o= (/O X’zdum(x)) . A= (/O deMa\(X)) ) (2.5)

with the convention that A1 = 0 if [5°x 2duq(x) = oo. Then the Brown measure of a is radially
symmetric and its radial cumulative distribution function (CDF) is given by

0 lfT S [O,)q)
Fo() = pa@) = {14+ 7502 ifre i, i), (2.6)
1 ifr > A

where Dy, is the closure of the open disk D, = {z e C : |z| < 1}.

Remark 2.4.3. Note that the Brown measure is always supported on a (possibly degenerate) ring,
centered at the origin. Furthermore, by Remark 2.1.1, u, has density when a is not a Haar
unitary and 0 is in its support if .%+,(2) is unbounded, with its singularity occurring at z =
ra({0Oh) — 1.

Remark 2.4.4. If a is unbounded, it is said to be R-diagonal if there exists a von Neumann algebra
A, with a faithful, normal, tracial state, and #-free elements u and h affiliated with .4/, such
that u is Haar unitary, h is positive, and a has the same x-distribution as uh. Once again, we
refer the reader to [20], section 3. The Brown measure of an unbounded operator might not be
compactly supported, but formula (2.6) still holds.

Products and sums of freely independent R-diagonal elements are also R-diagonal [19], making the
Brown measure of sums of freely independent R-diagonal elements a natural object to consider. From
(2.6), we see there is a bijection between the set of Brown measures of R-diagonal elements and measures
on R* such that

/ log* |t|dv, < oo,
Rt

given by the correspondence: p, < vy = pe. Furthermore, there is a bijection between symmetric
probability measures on R and measures on R*, given by the mapping x — x?. We denote by 7, the
inverse image of v, under this map. By composing these two bijections we get a bijection, #, mapping
a class of symmetric probability measures on R to the Brown measures of R-diagonal elements. In [28],
building on the work of [19], Kosters and Tikhomirov show that if a and b are %-freely independent
R-diagonal elements, then the Brown measure of a + b is given by

Hatb = Ha @ p 1= HH  (wa) BH ™ (wp)), 2.7)
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where H is the additive free convolution discussed at the beginning of Section 1. Note that H(v, BW,) =
H(@a) @ H(p). The convolution @ is used in [28] to compute the limiting spectrum of a certain class of
polynomials of random matrices with iid entries. The authors also characterize the Brown measures
that are stable under the @ operation; see Proposition 2.4.5, below:.

The Brown measure of an R-diagonal element is called a-@ stable if for any m e N

w®" =Dy pt,

where, for ¢ € (0, 00), D, is the scaling operator that maps a probability measure to the measure induced
by the mapping x — cx. We also note thatin [6, 52, 53], a related convolution, denoted Hgp, which acts
on measures on R*, was studied.

Proposition 2.4.5 (Kosters-Tikhomirov). The Brown measure of a is a-& stable if and only if

i
S (2) = 0% (2.8)

for some 6 > 0.

Here, and throughout this paper, we use the principal branch of the complex function z¢ with branch
cut along the negative real axis. We discuss this proposition further and give an alternative proof in
Section 5.5.

3 Random polynomial theory background

In this section, we review some results concerning zeros of random polynomials and their derivatives.
We focus on works which are closely related with the results in this paper.

Let P, be a (random) polynomial with complex coefficients of degree n in a single complex variable.
A natural question is to describe the distribution of the roots of P®, the kth derivative of Py, in terms
of the distribution of roots of P,. In general, the roots of P, and Pﬁk) are related by the Gauss-Lucas
theorem, which guarantees the zeros of Pilb liein the convex hull of the roots of P,. However, the example
P,(z) = 2" — 1 shows that the roots of P, and P need not have similar distributions, even when k = 1.
However, for many models of random polynomials, the roots of P, and Pﬁk) are similar when n tends to
infinity and k is fixed (or grows slowly with n) [10, 11, 21-23, 25, 31, 35, 37-39, 41, 47]. In this section, we
describe some known results for the case when k is proportional to the degree n.

3.1 Random polynomials with independent coefficients

Theorem 1.0.1 deals with polynomials with independent roots. A different and more widely studied
model involves polynomials with independent coefficients. The limiting root measure for these polyno-
mials was described in [27]. Let

Pp(z) = D &Prnzt (3.1)

k=0

be a random polynomial with general coefficients, where Py, are deterministic complex coefficients
and &, are non-degenerate iid complex-valued random variables. It will be convenient to assume that

P& =0)=0 and Elog(1 + |&]) < oo. (3.2)

The coefficients Py, are assumed to satisfy the following assumption.

Assumption 3.1.1. There exists a function P : [0, o0) — [0, co) so that

1) P(t) > Oforte[0,1) and P(t) =0 for t > 1;
2) Pis continuous on [0, 1) and left continuous at 1; and
3) My 00 SUPy_i.—y, |[Penl " — P(5)| = 0.
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Let P, be the random polynomial from (3.1). Heuristically, Assumption 3.1.1 implies that the
coefficients Py, are roughly e"l°8?®/™ for some continuous function P. In order to study the roots, we
define the random measure

Mn ‘= — Z 8z,

zeC:Pp(2)=0

where §, is a Dirac point mass at z and we agree the roots are counted with multiplicities. Recall that
foranyr > 0,D, = {z € C: |z| < 1} is the open disk of radius r centered at the origin. In [27], Kabluchko
and Zaporozhets establish several results describing the asymptotic behavior of the zeros of random
analytic functions. In the special case when the random analytic function is Py, their results reduce to
the following.

Theorem 3.1.2 (Kabluchko-Zaporozhets [27]). Let P, be the random polynomial given in (3.1),
where Py, are deterministic coefficients satisfying Assumption 3.1.1 for some function P(t) and
&, &1, ... areiid non-degenerate complex-valued random variables that satisfy Elog(1 + |£]) <
oo. LetI: R — R U {+o00} be the Legendre-Fenchel transform of u(t) = —logP(t), where we use
the convention that log0 = —cc. That is,

I(s) := sup(st — u(t)) = sup(st + logP(t)).
t=0 t>0

Then u, converges in probability to the deterministic, rotationally invariant measure, u, which is
characterized by

w(Dy) :=TIdlogn), r>0.

Here, as a convention, I is the left derivative of I. Since I is convex, the left derivative exists everywhere.

In [27], Kabluchko and Zaporozhets also characterize a set of rotationally invariant measures on C
that arise when one studies the asymptotic behavior of zeros of random analytic functions. We will need
a related class of rotationally invariant probability measures on C. To this end, we denote by RP(C) the
set of rotationally invariant probability measures on C and define the set

1
RPy(C) = [u e RP(C) / w@)rtdr < oo] .
0

We note that the upper bound of 1 in the integral is not particularly important, and could be replaced
by any positive constant for an equivalent definition. In particular, a measure u € RP,(C) cannot have
an atom at the origin. Here, the subscript “p” refers to polynomials since RP,(C) represents the set of
probability measures that can arise as the limit of empirical root measures of random polynomials with

independent coefficients as explained in Remark 3.1.3 below.

Remark 3.1.3. Every measure u € RP,(C) can arise as the limiting empirical root measure of
a random polynomial with independent coefficients. This follows from the arguments given
by Kabluchko and Zaporozhets in [27], Theorem 2.9. Although Theorem 2.9 from [27] is stated
for random analytic functions, the proof can be specialized to random polynomials when u
is a probability measure; we now outline the argument. Let u € RP,(C), and define I(s) =
f_soo w(Der)dr. Additionally define the Legendre-Fenchel transform of I:

u(t) := sup(st —I(s)).
seR

Then the random polynomials P,(z) = ZE:O skPk,nz]e with Py = g nuck/m) satisfy Assumption 3.1.1
with P = e™". This follows exactly as in [27] with the observation that for any finite measure u,
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such that I(s) < oo for all s € R, one has

lim sup I(%) = u(C),

t—o0

and hence for a probability measure u, u(t) = 4oo for t > 1. Thus, P(t) = 0 for any t > 1.

Let P, be the random polynomial from (3.1). We are interested in the N,th derivative PN of P, which
will be of degree D, := n — N,,. In order to study its zeros, we slightly abuse notation and define the
random measure

MD, ‘= E Z 62,

n
2eC:PN (2)=0

where §, is a Dirac point mass at z, and we again agree the roots are counted with multiplicities.
Building on the work of Kabluchko and Zaporozhets [27], Feng and Yao [13] establish the following
result for the zeros of P{™.

Theorem 3.1.4 (Feng-Yao [13]). Let P, be the random polynomial given in (3.1), where Py, are
deterministic coefficients satisfying Assumption 3.1.1 for some function P(t) and &, &, ... are
iid non-degenerate complex-valued random variables that satisfy (3.2):

1) If limpoo Ny/n = 0, let I : R — R U {400} be the Legendre-Fenchel transform of u(x) = —logP(x),
then up, converges in probability to a rotationally invariant measure p in the complex plane given
by u(@y) :=I'(dogr) for all r > 0. In particular, up, has the same limit as un.

2) If limy oo Np/n =t € (0,1), let ur(x) = —logpx +1t) — (x + t) logx + t) + xlogx — (1 — t)log(1l — t)
fO<x<l-tand —ocoifx > 1—t Letl; : R - RU {+o0} be the Legendre-Fenchel transform of
u, then up, converges in probability to a rotationally invariant measure y; in the complex plane
given by u'(Dy) := 1 1;dogn) for all v > 0.

Here, as a convention, I’ and I} are the left derivatives of I and I, respectively. The main idea behind
Theorem 3.1.4 is that if the coefficients of P, satisfy Assumption 3.1.1, then the coefficients of the N,th
derivative of P, satisfy essentially the same assumption with a (possibly) different exponential profile.

In [13], Feng and Yao also consider certain special cases, such as the Kac and elliptic models, where
they compute the limiting behavior of the zeros when lim,_, . N, /n = 1. We will discuss these cases and
some generalizations in Sections 5.4 and 5.6. In particular, Proposition 5.6.1 gives a partial answer to
questions posed by Feng and Yao on the limiting root distributions when lim,_, ., N,/n = 1, illustrating
the importance of the tail of the original root measure to the potential limits.

3.2 PDEs describing the behavior of roots under repeated differentiation
Another approach to studying the distribution of zeros of P, (or its large n limit) and its [tn]th derivative
for some O < t < 11is to relate them by a PDE; in this case, we will often think of t as time, with t =0
corresponding to the empirical distribution of roots of P, (or its large n limit).

Suppose P, is a polynomial of degree n having all its roots on the real line with density f(0, x). In [45],
Steinerberger introduced the following PDE for the density f(t, x) of the zeros of P{"":

fr+ % (arctan (HTJC)) =0, (3.3)

where the equation holds on the support supp f and Hf is the Hilbert transform of f.

A similar result has been introduced when the roots of P, are rotationally invariant in the complex
plane. Indeed, given the initial radial density ¥ (x,0) of the zeros at t = 0, the PDE from [36] describes
the radial density y¥(x,t) at time 0 < t < 1. The equation is

WY _ 3 yED x>0, 0<t<1 (34)
at x \ I [Ty, ndy - ‘
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Here, we use the convention that x > 0 either denotes x € [0, C] (for some finite positive constant C)
or x € [0, 00), depending on whether the density is compactly supported or not. In the former case, by
rescaling, we will often assume without loss of generality that C = 1.

In [24], Hoskins and Kabluchko relate the radial (part of the) distribution function

W (X) = W(x,t) ::/O ¥ (y, tydy
at time t to the initial distribution
Wo(x) ;= W(x,0) :/o ¥ (y,0)dy.

They show that W;(x) satisfies the equation

U i+
X - X+t

(3.5)

forO<x<1l—-tandO<t<1.

In [15], Galligo derives a system of two coupled equations to model the motion of real and complex
roots for real polynomials under repeated differentiation.

We explore (3.4) and some related PDEs more in Section 6.

The functions ¥; considered in (3.5) are radial CDFs of sub-probability measures, however a simple
normalization results in a similar identity for radial CDFs of probability measures. The function ¥; also
need not have a true inverse for (3.5) to provide meaningful information on polynomial roots under
differentiation. Instead, (3.5) can be interpreted as an identity on the generalized left-continuous inverse
of the CDF, or quantile function of the distribution. In Appendix A, we review some basic results on
quantile functions which will be used in the proofs of our main results in Sections 4 and 5.4.

3.3 Connections to free probability theory

The PDE in (3.3) also appeared in [44] to describe the fractional free convolution. In the case of
a polynomial with real roots, Steinerberger [46] proposed an interpretation of the density of zeros
of repeated derivatives in terms of free probability theory. This interpretation has been further
explored in [2, 24], culminating in generalized versions of Theorem 1.0.1. In particular, the work [2]
establishes a connection between the real case and finite free probability theory, a subject developed in
[29, 30].

In a similar spirit, Kabluchko [26] showed that the zeros of real-rooted trigonometric polynomials
under repeated differentiation in the asymptotic limit can be described in terms of a free multiplicative
convolution involving the free unitary Poisson distribution.

While the above works provide connections between differentiation and free probability, and hence
random matrices, in the large degree limit, these connections can also be seen at finite degree. The
following result of Gorin and Marcus [17] provides such a connection.

Theorem 3.3.1 ([17] Theorem 1.1). Let P, be a degree n monic polynomial with real roots and let D,
be a n x n diagonal matrix whose entries are the roots of P,. Let U, be a n x n Haar distributed
random unitary matrix and Ay, the top left k x k corner of UDU*. If Q, is the characteristic
polynomial of Ay, then

5O () — 1 a1\
%0 = o () O

Taking the k x k corner of UDU* can be seen as the finite n version of the free compression described
in Section 2.2, which is, in turn, related to free addition. The full result of [17] is much more general
than what is stated here. They consider several random matrix models and operations with natural
free probabilistic limits and how they relate to polynomial operations. Similar themes were developed
by Gorin and Kleptsyn [16].

In this paper, we further explore connections between zeros of random polynomials and free
probability theory in the case when the polynomials have roots in the complex plane.
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4 The fractional free convolution for R-diagonal elements

In this section, we use the relationship given in [33] between the distribution of a and = (a) to extend the
@ operation to fractional powers. We then give an alternative expression for the Brown measure of the
sum of k identically distributed, freely independent R-diagonal elements. Our expression is more direct,
as it does not require using the bijection H, given in (2.7), and computing the free convolution powers
of symmetric probability measures.

4.1 Fractional free convolution powers of the Brown measure

Definition 4.1.1 (R-diagonal fractional free convolution). Let a be an R-diagonal element with
Brown measure ju,. For k > 1 a real number, we define u®* to be the radially symmetric
probability measure with radial CDF given by

1+ ifre0,1)

T0n = 4.1
ud (D) P (4.1)
for r > 0, where for z € C, in a neighborhood of [-1, 0], we define
_1+z/k
F(2) = rdt2) e (2/R), (4.2)

)Lék) := /R, and 1, is given by (2.5).

The following proposition gives elementary properties of the probability measure u®*. Then we will
give a proposition that shows the fractional free convolution agrees with the previous definition of @
for integer values of k.

Proposition 4.1.2. Let k > 1 be a real number, and let p1, be the Brown measure of an R-diagonal
element a. Let R € [0, oo] be the smallest radius of the closed disk that u, is supported on. Then

1) n®*({0}) = max{0, 1 — k(1 — pa({O))};
2) on C\{0}, «&* has density, which is supported and positive on the closed disk of radius v/kR, centered
at the origin.

Proposition 4.1.3. Let k > 1 be an integer and as,...,a; be freely independent copies of an R-
diagonal element a. Then the Brown measure of a; + -+ + a; is u®* (as defined in Definition
4.1.1). Furthermore, Y forms a convolution semigroup:

. @l .
(ufj ) =ud (4.3)
forall realj, 1 > 1.

Proof of Proposition 4.1.2. Let v be the spectral measure of aa* and .% be as in (4.2). Throughout the
proof, we will use that ., is a decreasing function on (-1 + v({0}), 0) with range (Agz, )qz).

To prove 1, we first note that if u,({0}) = 0 then .%, and hence .% is finite on (-1,0) and thus
u®R({0}) ~=~ 0.1If ua(0) # 0 then .%, is singular at —1 + u,({0}), and thus by (4.2), .% is singular at
k(=1 + 1 ({0})), giving an atom at zero with weight 1 — k(1 — o ({0})) if this quantity is positive and no
atom otherwise.

To prove 2, we use that the prefactor, gg—i/;) and hence the entire term in (4.2) is strictly monotonic
on [~1,0]. Thus, when combined with (2.6), we find that u®* has positive density (by Corollary 4.5
of [19], the density of the Brown measure is positive on its support). Then showing that the inner
radius of u® is 0 is equivalent to showing that the S-transform is singular at —1 ~ 4+ ~ u®k({(0}).
If u;‘*({O}) > 0, from 1 we see that this happens. On the other hand, if u;‘*({O}) ~=~ 0, then from
(4.2), we have that for all k > 1, the prefactor is singular at —1. To compute the outer radius, we
note that #(0) = $.%4(0) = %, and conclude that u* is supported on the disk of radius vkR,
as desired. |
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Before we prove Proposition 4.1.3, we will show that the x-distributions of k-1 (a) and a1 +- - - +a are
the same, and hence both elements have the same Brown measure. Proposition 4.1.3 will then follow by
computing the Brown measure of = (a). As mentioned in Section 2.2, [33] provides a natural connection
between m,-1(a) and Zle a;. In fact, in [33], it is shown that this relationship holds for not just for a
single a but for the joint distribution of the family (a4, ..., a). The following lemma follows from their
results (see also [33] sections 14 and 15), we include it for completeness.

Lemma 4.1.4. Let a,d4,...,a, be as in Proposition 4.1.3. The *-distributions of km,-1(a) and a; +
-+ + a, are equal. Furthermore, they are both R-diagonal elements.

Proof. We begin by relating the free cumulants of (7; (a), 7, (2)*) to those of (a, a*). We then specialize to
A = 1/k. We will now omit the subscript A from =;.

By Theorem 14.10 of [34] the free cumulants of (w(a), w(a)*) are a rescaling of the free cumulants
(a,a*) by AL

7 ey, . w@) = Ak (at, . aat) (4.4)

with ¢; € {1, %}. Here we have introduced the superscript .#, to make it clear that all relevant quantities
are computed with respect to 7,. In particular, because a is R-diagonal, the non-diagonal cumulants
vanish, meaning 7 (»%a) is also R-diagonal, and its diagonal cumulants are

G o), r( ) L w0, r (v tat) = A"k, at . . 4, at).

On the other hand, if a1, ..., ar are x-freely independent, non-commutative random variables with the
same #-distribution as a, then x® :=a; + - - - + a is also R-diagonal with

k
(0, x0% L x® x0 = @, a7, 0,00 = Ri(a, 0%, a,a),
i=1

where we have used that, by freeness, the mixed cumulants vanish.
Setting A = k=1, we see that x® and kx(a) have the same *-distribution, as desired. [ ]

To compute the Brown measure of a; + --- + a; in Proposition 4.1.3, it now suffices to compute the
S-transform of mp-1 (@) -1 (@)*; we will use the following lemma to compute this S-transform. We remark
that similar computations were done in [1] to study the Brown measure of products of truncations of
x-freely independent Haar unitary elements.

Lemma 4.1.5. Let p € .# be a projection with t(p) = 1 € (0,1], a € .#, an R-diagonal element,
(We thank Martin Auer and an anonymous referee for pointing out an error in our previous
assumptions to this lemma.) and x € .# be self-adjoint, such that p is free from a and x. Then
we have for z in a neighborhood of the origin that

1) @) =

2) %apa*p(z) = (%)2 o0+(2)
3) ,5/7,,()() (2) = A;E;:j) %Xp()tz)

Proof. To prove 1, we begin by computing the moment generating function for p:

oo

d AZ
My(2) = ZI(pk)z’e = ZAzk =15
k=1

k=1

We then compute its inverse and get its S-transform:

M) = z 1 -Zi— Z

Tz and thus.#(z) =
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To prove 2, we use that 7 is tracial so the S-transform of papa*p equals the S-transform of p?apa*
and hence papa*. Then, because a is R-diagonal, p and a are free, and hence p is free from apa*, the
S-transform of papa* factorizes as

Fraparp(2) = L5 (2) S apa- (2) = Fp(2)* Faar (2).

The desired result follows by applying 1.
To prove 3, we use that the moments of 7 (x) equal the corresponding moments of pxp, rescaled by
X, SO

AMyx)(2) = Mpxp (2).

Then the S-transform is

z+1

_ rMz+1)
Fri(@) = = =M (@) = e+D

z+1_
7 Moy 00 = S5 T 0

as desired. [ |

We now apply the above lemma to compute the S-transform of z(a)x(a)* = = (a)7(a*) = = (papa*p) =
w(apa*).

Proof of Proposition 4.1.3. We begin by applying 3 from Lemma 4.1.5 to papa*p and then 2 to the result:

rMz+1) Mz+1) (1+22)? 142z

yﬂ(papa‘p)(z) = m%apa*p()»z) = 1 mejﬂaa* (Az) = "1+2) 0= (AZ).
Then using that %2 ;x> = A Fa@m@ giVes
AL+ Az)
y‘ﬁzn(a)rr(a)* (2) = 1 +7Z Faar (AZ). (4.5)

Setting A = 1/k shows that the Brown measure of kx(a) and hence, by Lemma 4.1.4, a1 +--- + ax is u;?k,
as (4.5) is the S-transform given in (4.2).

We see that u& forms a semigroup by using (4.2) to compute the S-transforms of each side of (4.3):

1+z11+ @b/, (Lﬂ)_wy (z)

A+2z) ja+z/D "\ )~ Ta+2 ij

4.2 Connection between Brown measures and derivatives of random
polynomials
We now relate the fractional free convolution to the roots of the derivatives of random polynomials.
Given that the measures in RP, arise as the limiting root distribution for polynomials with random
coefficients, it makes sense to define RP, as the domain of the differentiation flow. Additionally, we let
D(1) = ﬁlllt(r), be a rescaling of ¥; in (3.5), in order to keep the total mass constant. It is easy to see
that ®; satisfies the following definition. Throughout we will use -V to denote the quantile function
of a radial CDF ®; see Appendix A.

Definition 4.2.1. Let u € RP, with radial CDF ®,. The differentiation flow starting from u is the
subset {u'}o<t<1 of RP, such that u' is the probability measure with radial CDF &, and quantile
functions satisfying

X1 -pd5 (1 —Hx+1)

(=1) _
o= X(1—t)+t

: (4.6)

for x € (0,1), where ™" is the quantile function of ®, and the existence of such measures
follows from Lemma A.0.2 and the fact that the functions defined by (4.6) are left-continuous
and non-decreasing.
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Sq .
Brown Measure —————— Polynomial Root Measure
J{Comprcssicn, ™ J{Repeated Differentiation, p—pu*

Compressed Brown Measure F Derivative Root Measure
q

Fig. 2. This diagram represents the relationship between the free compression of R-diagonal elements and
repeated differentiation of random polynomials. The map Sq on radially symmetric measures is defined before
Theorem 1.0.2. Note that when comparing repeated differentiation directly to free compressions, there is no need
to include any rescaling of the roots, unlike when comparing to the convolution &.

Remark 4.2.2. Equation (4.6) is a rescaled version of (3.5) to ensure the total mass of the associated
measureis 1. Hence, if x is the measure arising in part 1 of Theorem 3.1.4, then forany t € (0, 1)
ut is exactly the limiting measure in part 2 of Theorem 3.1.4.

We now connect the differentiation flow to the fractional free convolution of Brown measures,
which can be seen in Figure 2. For a rotationally invariant measure p in the complex plane, recall that
Squ(Dy) = u(D ) forr > 0, where D, ;= {z € C: |z| <1}, and Sq‘1 w(Dy) = n(Dy2) is the inverse map.

For a degree n random polynomial P,, we will be interested in the roots of the [tn]-th derivative of Py,
wheret € (0, 1). Itis often convenient to view t as time, with t = 0 corresponding to the initial distribution
of roots.

Theorem 4.2.3. Let
n

Pu(z) = ) &Pzt

k=0

be a random polynomial, with Py, satisfying Assumption 3.1.1 and &, being iid random variables
satisfying (3.2), such that u is the limiting empirical root distribution of P,. Additionally, assume
there exists an R-diagonal element a affiliated to some non-commutative probability space
(M, t) with Brown measure Sq’1 w. For any fixed t € (0, 1), let u: be the limiting empirical root
distribution of the [tn]th derivative of P,((1 — t)?x) as n — oo (whose existence is guaranteed
by Theorem 3.1.4), then

e =Sq[(Sqt w0,

Proof. Let a be an R-diagonal element with Brown measure Sq~" . We then let F,(r) be the radial CDF
of the Brown measure of a. From (2.6), we have that F,(r) = 1+ f;;f)(r*Q), forr € [Aq, A2]. Solving for Ff{”
gives

1
(—1) _
fa 0= o

forx € (0, 1).
Let A = 1 —t and F, be the radial CDF of the measure (Sq’1 w)®/* recalling the definition of .% in
(4.2) and setting k = A=, we have from (4.1) that

1

NAZETr

F ) =

for x € (0, 1).
Evaluating (4.2) atz=x — 1 and k = A~* gives

Fi(x—1) = %(A(X —1) + DFa(A(x = 1)).

which, in terms of Ff\’“ and Ff{l) (x), 1s

(1) (5 — X (1) ((x —
Fx) = /A(1+A(x71))F“ (x = DA+ 1). 4.7)

20z AInF 2z uo Jasn elsny ABojouyos | pue 99usias Jo dyNIsu| Aq G0L0Y92/68101L/E L/FZ0Z/AIRIME/UIWI/W0D dNOdILUSPED.//:SANY WOI) PAPEOJUMOQ



10204 | A.Campbell et al.

We let G, be the radial CDF of Sq(Sq’1 w)®* and G, the radial CDF of u. We see from (4.7) that

X

=1 _
RS e ve v

GEM(x=Da+1). (4.8)

After comparing (4.8) to (4.6) with t = 1 — A and initial condition ®, = G,, we see that

= 1
G ><x)=p<1>§,;(x>

forallx € (0, 1). As discussed in Remark 4.2.2, ®,_; is the limiting radial CDF of the [(1—2)n]-th derivative
of P,(x). Hence, G, is the limiting radial CDF of the [(1 — A)n]th derivative of P,(?x). [ |

We conclude this section by translating properties of the fractional free convolution of Brown
measures to the differentiation flow.

Proposition 4.2.4. Let i € RP,(C). Then

1) For any t € (0, 1), 0 is in the support of ut.
2) For any t € (0, 1), «* has density on C. In particular pu*({z : |z| = 1}) = 0 for any r > 0.

Proof. This follows in a completely analogous way to the proof of Proposition 4.1.2 with (4.6) replacing

(4.2). |

5 Consequences of the theory and examples

In this section, we consider some examples and consequences of Theorem 4.2.3. Section 5.1 consid-
ers specific examples with explicit distributions, while Sections 5.2 and 5.3 consider more general
comparisons between random polynomials and algebraic operators of R-diagonal elements. Finally,
as Theorem 4.2.3 relates differentiation to addition of R-diagonal elements Sections 5.4, 5.5, and 5.6
consider limit theorems for repeated differentiation as the number of derivatives approaches the degree
and stable laws.

5.1 Examples

In this section we consider specific examples to compare the sum of R-diagonal elements to repeated
differentiation of random polynomials in Theorem 4.2.3.

5.1.1 Circular law and random Taylor polynomials
We call an element ¢ € .# a standard circular element if its R-transform (recall (2.3)) is

Ree (21, 220) = 2125 + 2021,

We call

n k
P2y =3 B (5.1)

“~ Kk
where &, &1,... are iid random variables satisfying (3.2), the random Taylor polynomial. (The name
“random Taylor polynomial” for this model comes from [36].) In this section, we will show that

Sq(ptr, ) = 1'

when i =1-t.
The Brown measure of a standard circular element is the uniform measure on the unit disk. A
standard computation (see, e.g. [19] Example 5.1) shows that the S-transform of cc* is

1
14z

ycc* (2) =
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From (4.5), we have that
Al+iz) 1 A
1+z 1+4+rz 1+2

T ©mor (2) =

which recovers the result from [19] that the free compression of a standard circular element by =, is

just A2 times a standard circular element. Furthermore, setting A = k= verifies the well known fact

thatifcy, ..., are x-freely independent standard circular elements, then k=1/2 ZL ¢iis also a standard

circular element. To match this Brown measure with the roots of a random polynomial, we remove the
172 factor to obtain

1

yﬂ 7T (Z2) = ———,

2om 0 (2) W1+2)

which, from Theorem 2.4.2, gives that the radial CDF of () is

2
.
Fr0( = ¥

forr e [0,+/4].

The limiting root distribution the polynomials (5.1) has density 27}\Z| and radial CDF &(r) = r for
r € [0,1].Itis then a simple calculation to see from (4.6) that x' has radial CDF ®(r) = 1 forr € [0, 1—t],
and is just a rescaling of ®, by (1 —t)~1. Choosing t = 1 — A, we have that F,, (1) = ®1_,(r%), as expected

from Theorem 4.2.3.

5.1.2 Haar unitaries

We now discuss the example in Theorem 1.0.2 in more detail. We begin by giving examples from [19] of
sums of freely independent Haar unitary elements and of the product of a free projection and a Haar
unitary, whose Brown were computed by less direct methods than using (4.2). We then discuss the Kac
random polynomial.

In [19], Haagerup and Larsen consider

u® = w up 4w

where us, up, ..., U, are x-freely independent, Haar unitary elements and show that the S-transform of
u®y®= ig
z+k
S (Z2) = ———— 5.2
wtoyton (Z) Pzl (5.2)

and hence the Brown measure has radial CDF
2

v
F/Lmlg) = (k - 1) k2 _12 (53)
forr e [0, Vk].

On the other hand (5.2) is exactly the multiplicative factor in (4.2), so (5.2) is also the S-transform
of up(up)*, where u is a Haar unitary element and p is a *-freely independent projection with trace
T(p) =k

The Brown measure of up was also considered in [19]. After removing the atom of the Brown measure
at 0 it follows from their result that m; () has radial CDF

2, 0<r<vVa

Frwm =1 * =% . 5.4
7 (u) 1, Yz\/x ( )

Setting k = A7, this expression, as expected, is a dilation of (5.3) by k.

The Brown measure of u is the uniform probability measure on the unit circle in C. Hence, even after
applying Sq, the natural random polynomial to compare to is the Kac polynomial

Pu(z) = > &2, (5.5
k=1
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where &, &1, ..., are iild random variables satisfying (3.2). The empirical root measure of Kac polynomials
converges, see for example Theorem 3.1.2, in probability to the uniform probability measure on the unit
circle.
Lett=1—21 € (0,1). Feng and Yao [13] established that the empirical root measure of P{™/ converges
(see Theorem 3.1.4) in probability to the measure with radial CDF
T O<r<1-t

o) = § I . (5.6)
1, r>1-—t

Then &; is the push-forward of F,(, under Sq, as given in Figure 2.

5.2 Products of R-diagonal elements and random polynomials

In this section, we give an operation on random polynomials, namely coefficient-wise multiplication,
which also describes products of free R-diagonal elements. Products of free R-diagonal elements are
simpler than sums, so we are also able to consider elements that are free but not necessarily identically
distributed.

Proposition 5.2.1. Let

Py(2) i= D &Prnz’,

k=0
and

Qi@ =D &Qun",

k=0

be random polynomials where P, and Qi are deterministic coefficients satisfying Assumption
3.1.1 for some functions P(z) and Q(z), respectively, and &, &;,... are iid non-degenerate
complex-valued random variables that satisfy Elog(1 + |£]) < oo. Let up and uq be the limits
(as given by Theorem 3.1.2) of the empirical root measures of P, and Q,, respectively. Define
the random polynomial

0@ 1= D PenQuniz".
k=0

Then Py ,Qy, satisfy Assumption 3.1.1 with function S(z) := P(2)Q(z), and the radial quantile
function, @é‘”, of the (again as given by Theorem 3.1.2) limiting empirical root measure, us,
is given by

ol V) = ol M eh T x), (5.7)

where { and @, are the radial quantile functions of up and uq, respectively. Moreover, if x and
y are *-free R-diagonal elements such that py = Sq’1 up and py = Sq’1 uq, then pyy = Sq’1 us.

Proof. It is immediate to see S satisfies points 1 and 2 of Assumption 3.1.1. For 3, note

k k
Pl -p(5) ()]

< lim sup |:‘|Pk,an,n|1/n —P(E) Qe

n_wonggn
k o (R~ (k
P (E) e -r(5)a(5)]

where the last equality follows from the continuity, and hence boundedness, of P and Q. It
remains to show the quantile function ®{ " factors as the radial quantile functions 5 and <I>g1>.

lim sup

N—00 4 _pop

=0,
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LetI:R — RU {400} be the Legendre-Fenchel transform of u(x) = —logS(x), then
&s(r) =I'logr), r>0. (5.8)

We will assume u, —logP, and —logQ are convex functions. Otherwise, we can take the Legendre-
Fenchel transformation twice to get new functions 1, —/15_557, and —/lg_g/Q that are convex. As the
Legendre-Fenchel transform is an involution on convex functions, this change has no affect on @s, ®p,
or ®q. To consider quantile functions, we note from general properties of Legendre-Fenchel transforms
that [I']“Y = v’ (see, e.g. [43], specifically Corollary 23.5.1). Taking (generalized) inverses in (5.8)

d

d
e logP(x) — I log Q(x))

V() = exp ([I71(0) = exp (W () = exp (—
= oo ().

To compute the Brown measure of xy we use the relationship Syyx = Fixr-Hyy- for any *-free R-
diagonal elements, this relationship follows by taking the S-transform of Proposition 3.6(ii) in [19]. Hence,
from (2.6), the radial quantile function of juy is Fi;” = F{ VF{™". This completes the proof of the final
statement by noting ®{ ¥ = [F{" "> and o, ¥ = [Fj V]2, |

5.3 Commutator of R-diagonal elements

In this section, we combine the last section with Proposition 4.1.3 and consider the (anti-)commutator
of two free R-diagonal elements x, y. At the end of the section, we specialize to the case that x and y are
both circular elements.

Proposition 5.3.1. Let x and y be free R-diagonal elements. Let 2, 2}, be as in Theorem 2.4.2, for x
and y, respectively, and let A, = +/2A%2} and
2+z

Feomm(2) = myx*x(z/z)%*y(z/m-

Then the Brown measure of xy & yx is given by

1+ KS”C(O;,}&[(T’Z) fOo<r<i
llxyiyx(]D)v) = . .
ifr>a

Proof. We prove the statement for the commutator, the anti-commutator is completely analogous. Our
main goal in this proof, is to rewrite xy — yx as the sum of two x-free, identically distributed R-diagonal
elements, we will do this through a series of reductions. We begin with a standard trick when working
with R-diagonal elements and introduce a new Haar unitary u, that is x-freely independent from x and
y. Then, because x and y are R-diagonal, we have that (ux, yu*) has the same x-distribution as (x,y), and
thus we can instead consider the Brown measure of

uxyu* — yu*ux = uxyu* — yx.

Furthermore, uxyu* and yx are x-freely independent (see, e.g. Exercise 5.24 [34]), so we can introduce two
more R-diagonal elements a,b such that (g, b) has the same x-distribution as (x,y), and then compute
the Brown measure of ab —yx Then, because yx and —yx have the same x-distributions, we can consider
the Brown measure of ab+ yx. The Brown measure of yx, and thus ab, as ab and yx have the same Brown
measure, was given in Proposition 5.2.1. Then since the x-distribution of yx and ab are the same, we can
apply Proposition 4.1.3 with k = 2 to complete the proof. |

Before specializing to commutators of circular elements, we give a polynomial interpretation of the
commutator of general R-diagonal elements. Let P, Qy, X, and y be exactly as in Proposition 5.2.1. Define
the random polynomial

/2]

G+ n/2)!
Cn(@) = 2:SJHYI/ZJPJ'+LH/2J,"Q}'+LH/2J,YI7) /2
j=o

In/2)'4
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One can check using Theorem 4.2.3, Proposition 5.2.1, and the proof of Proposition 5.3.1 that uyy+yx =
Sq71 MUc.

We now consider the Brown measure of the commutator of two *-free circular elements. We note
that this model was considered in [12], where it is shown that the empirical spectral distribution of any
quadratic polynomial in independent Ginibre random matrices converges to the Brown measure of the
corresponding polynomial in -free circular elements, but the Brown measure was not computed.

Since . (2) = Ay (2) = 135, we have that
2+z 4 1
Somm(@ = 0 T 2~ ArDCT D)

Proposition 5.3.1 then gives that the radial CDF of the Brown measure of xy — yx is

=34+ V1+47 1414417
2 B 2

MXy—yx(Dr) =1+
forr e (0,v2).

5.4 The limit of the differentiation flow

In this section we consider the limiting behavior of polynomial roots as the proportion of derivatives
to the degree approaches one. With Theorem 4.2.3 connecting repeated differentiation of random
polynomials to sums of free random variables, it is natural to consider distributions which are stable
under the differentiation flow defined by (4.6) and serve as central limits for the convolution. For
a € (0,2], let uy € RP,(C) be the measure with radial CDF &, such that d)éfal) x) = X It is

2_ 1"
then easy to check (recall (4.6)) that

(1-x)@

ol =01-v"r0) ),

for all x,t € (0,1). Hence, u!, is pq, up to a t-dependent rescaling of the support, and we refer to u, as
stable under the differentiation flow. Of course, scalar dilations of stable laws are also stable. So we
provide the following general definition of differentiation stable.

Definition 5.4.1. Let u be a rotationally invariant probability measure with invertible radial CDF
. pu is said to be a-differentiation stable for « € (0, 2] if there exists some 6 > 0 such that

X

VX)) =0 — T,
(1-x)a7t

(5.9)

forall x € [0, 1).

As the following proposition demonstrates this definition of a-differentiation stable is consistent with
the already existing notion of «-® stable and Theorem 4.2.3.

Proposition 5.4.2. A radially symmetric probability measure u is a-differentiation stable if and
only if Sq~* i is a-@ stable.

Proof. The proof is an immediate consequence of Theorem 2.4.2 and Proposition 2.4.5. |

For simplicity of presentation, we consider initial root distributions with power-law tail decay
and compact support/super-polynomial tail decay separately in Theorem 5.4.3 and Corollary 5.4.4,
respectively. The proofs however are nearly identical, with the power-law decay requiring only a short
extrainitial discussion on regularly varying functions. (See, for example, [42] for background on regularly
varying and slowly varying functions.)

Theorem 5.4.3 (Limit of repeated differentiation). Let u € RP,(C) with unbounded support and
radial CDF &, such that

m 1= %0 _ (5.10)
r=o0 L(1)r~ 7=
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for some « € (0,2) and some positive slowly varying function L. Let {®t}i[o,1) be the fam-
ily defined by (4.6). Then, there exists a positive slowly varying function g : [1,00) —
[1,00) such that the radially symmetric probability measures gt with radial CDF Di(x) =

2

[N (g((l —HHl -t =« x) converges weakly to the probability measure u, with radial quantile
; (1) gy — -
function @y ,"(x) = ﬁ ast— 1.
To understand the rescaling in Theorem 5.4.3, it is helpful to rewrite (1 — t)2*§ as (1 -t — t)*<§*1)A
The (1 — =@ -D term is to manage the tail decay of the measure, as described by (5.10). The (1 — t)
term corrects for the natural flow inward of polynomial roots under differentiation, as described by the
Gauss-Lucas theorem.

Before the proof of Theorem 5.4.3, we give a brief discussion of how it may be interpreted as some type
of central limit theorem. For simplicity assume g is the constant function g(x) = 1 First, let x1,Xo,...
be some sequence of freely independent identically distributed R-diagonal elements such that uy, =
Sq’1 w Ift=1- % for some natural number k, then from Theorem 4.2.3, we see that Sq’1 it is the
Brown measure of

Xy + -+ X

1

ko

Thus, taking the t — 1~ limit of &' is essentially the same as taking the k — oo limit of Xlzka .In this
way, Theorem 5.4.3 is essentially a generalized central limit theorem for R-diagonal elements translated,
through Theorem 4.2.3, to the language of repeated differentiation of random polynomials.

Proof of Theorem 5.4.3. From (5.10), we have that ﬁ is s%--varying. Thus, see Resnick [42] Proposition
0.8, the function y ~— & (1 - %) is £%-varying in y. Thus, there exists a positive slowly varying
function g : [1,00) — (0,00) such that <I>(<{1> (1 - %) ~ g(y)y as y — oo. Defining the function
fth=g (ﬁ)_l, it is then straightforward to check that

lim fGo(1 i 7'0f? =1, and lim fo (5.11)

1 f(I—Dx+0)

for every x € (0, 1).
Fix x € (0, 1). We have

lim &0 = lim (1 - 9" D o{ 7 (x)
=1 # _p2-lg-D _
= lim G fOA - D7 o (A - x4
2-1
= lim X i fO -t 2
=T A=+t f(1-tx+D(1 - (1 -x+1)a
- *
T a-xet

where the third equality follows from (5.11). Hence, ¥ converges to d)é)fal) pointwise on (0, 1). It then
follows from Lemma A.0.3 that & converges to ®,, pointwise on (0,00) as t — 1~. This completes the
proof. ]

The following is stated as a corollary of Theorem 5.4.3 with & = 2,1.e. measures with compact support
or super-polynomial tail decay. In these cases (5.10) is ill-defined; however, looking at the proof it is still
true thaty — <I>é’1> (1 - %) is 0-varying in y. Hence, the proof of Corollary 5.4.4 is identical to the proof
of Theorem 5.4.3 beginning from the second line. For simplicity we state it only for measures with
compact support. It is worth noting the limit is Sq applied to the uniform distribution on the unit disk
in the complex plane, i.e. the Circular Law, one of the most important measures in non-Hermitian free
probability theory.
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Corollary 5.4.4. Let u be a probability measure in RP,(C) with radial cumulative distributed
function ® such that inf{x > 0: ®y(x) = 1} = 1. Then

tlirﬁ D (1=t =, (5.12)

for any fixed r € (0, 1), where @, is the radial CDF of u'.

5.5 Stable laws

In [28], the Brown measures that are stable under the & operation are characterized. One way
to establish this characterization is via the bijection H, so it suffices to determine the symmetric
probability measures that are stable under 8, and then determine their S-transforms. This was done in
[3], building upon the work of [5], where it is shown that the S-transform of any symmetric free stable
distribution is of the form

Fo(2) = 060z "1 = i(—z) o]

for 0 < @ < 2, and some constant > 0. Additionally, they prove that for v, a symmetric probability
measure on R:

14z
Tz

F2(2)

v

Z(2),

where v is the probability measure on R* induced by the map x — x2, as given before (2.7). So we see
that if v is a symmetric free stable distribution then the S-transform of v is

S =0-—2 (5.13)

for some (possibly different) constant # > 0. This is exactly the expression in (2.8). We now give an
alternative, more direct, proof of Proposition 2.4.5 that the Brown measure of a is - stable when the
S-transform of juqq- is of the form (5.13), without relying on the characterization of stable laws on R.

Proof of Proposition 2.4.5. We will show that the S-transforms in (2.8), which we remind the reader is
just (5.13) with v replaced by aa*, are exactly the class of functions that are invariant under applying =
and rescaling as in (4.5).

2- . . .
If Ho0: (2) = (?fz " then a simple rescaling of the argument gives

A1 + Az
S0+ (2) = %%m (22).

Additionally, these are exactly the class of functions that are invariant after rescaling by A and then
multiplying by c%ﬁz), for some constant c. But from (4.5), we have that the right-hand side is equal
to the S-transform of A%*~?x;, (a)m, (a). In other words, the Brown measure is invariant under the map
a — AYe g, (@), which, by Proposition 4.1.3, has the same law as

ap+ -+ ae
kl/ot

when A = k1. [ |

The case o = 2 corresponds to the circular element, considered in Section 5.1.1. More generally, in [28],
it is shown that if | = % — 1is an integer, then the Brown measure of xoxl’1 . -xl’l, where the x;s are
x-freely independent circular elements, is a-® stable.

In the remainder of this section, we use Proposition 5.2.1 to directly relate the measures u, appearing
in Theorem 5.4.3 to random polynomials with independent coefficients. In principle, random polyno-
mials with independent coefficients whose empirical root measures converge to u, could be reverse
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engineered from the radial quantile function and Theorem 3.1.2. We will instead use Proposition 5.2.1
and already known results on «-@ stable laws to construct simple coefficients for these polynomials
that transform quite nicely under differentiation.

For I = 2 — 1, an integer, we let xo,x1,...,x be free circular elements. We have already seen in
Section 5.1.1 that the random polynomial

n nk .
Cr(@ = 3 préez,

k=0

have limiting root measure Sq uy,. One can verify through the S-transform and and radial quantile
function that the random polynomial

n

R
D@ =Y = (Z)s}ezk

k=0

has limiting root measure Sq ot Applying Proposition 5.2.1, we see that the random polynomial

n k! -1 1
Sn<z>=z(n—k) (2) &z, (5.14)

k=0

has limiting root measure Sq j, -1 ey and hence is differentiation stable. Of course, (5.14) makes sense

for any [ > 0. The stability of S, can also be seen directly by a straightforward computation

) n k! -1 nI - n k—1! -1 1 (k=1 (-1) n—li -
so-2(5) (e -2(ams) 0-5) ()

s, ((1 - %)M z).

5.6 Limits of elliptic polynomials and some questions of Feng and Yao

Theorem 5.4.3 considers root behavior as the ratio of derivatives to the degree, t, tends to 1 after the
degree is sent to infinity. The limiting root measure when t tends to 1 simultaneously with the degree
tending to infinity may not always converge to one of the measures in Theorem 5.4.3. See the discussion
after Theorem 5 in [13]. In this section we consider some examples of this simultaneous limit and
remark on some questions posed in [13]. Specifically, we consider coefficients

P = (Z)w (5.15)

for w > 0. Kabluchko and Zaporozhets [27] refer these as elliptic polynomials. In [13], Theorem 6, Feng
and Yao computed the limiting root distribution for elliptic polynomials with w = 1, as the proportion
of derivatives tends to one with the degree. The limit, after rescaling, in their work is the measure p1)2
from Theorem 5.4.3. Feng and Yao [13] additionally consider the limiting root distribution for derivatives
of random Kac polynomials (introduced in Section (5.1.2)), which can be viewed as w = 0 elliptic
polynomials, as the proportion of derivatives tend to one as the degree tends to infinity. The limit, again
after rescaling, matches that of Corollary 5.4.4. Without rescaling, the limiting empirical root measure
of both models would be a point mass at 0. Feng and Yao pose the following questions for a general
random polynomial as defined in (3.1):

1) If N, = n— D, where D, = o(n) and D, — oo with n, then when is § the limiting root distribution of
pNAD

2) If the limiting root distribution of P{"") is 5y, does there exist a rescaling of the roots giving a

non-degenerate limit? If so, what is the scaling?

Theorem 5.4.3 suggests that the answer to both questions should depend largely on the tail of the
limiting root measure. However, to fully answer both questions, some additional regularity on the
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coefficients would need to be considered (again, see the discussion following Theorem 5 in [13]). In
the following proposition, we partially answer these questions.

Proposition 5.6.1. For @ € (0, 2], let P, be the general random polynomial defined in (3.1) such
that &, &, ... satisfy (3.2) and
2_q
n o
Pey = (k) . (5.16)

2
Let N, = n — D,, where D, is such that D,, = o(n) and D, — oo as n — oo, and let R, = (Dln)zj.
Let P, be the random polynomial defined by Pn(z) = P, (z/Ry). Then the empirical root measure
of P converges in probability as n — oo to the probability measure u, defined in Theorem
5.4.3.
Moreover, if

MD, = Di Z 82,

" zeC:PI (2)=0
then weakly, in probability,

0,0<a<1
imo, = s a=1 (517

8o, T<a<?2
where §y is a point mass at the origin, 0 is the zero measure, and p; is defined in Theorem 5.4.3.

Letting t = ¥, and noting o=@1- t)~! we see that the scaling in Proposition 5.6.1 matches that of
Theorem 5.4.3. We expect this phenomenon holds in more generality, i.e. under sufficient regularity
conditions on the coefficients of P, the scaling should depend only on the tail of the limiting root
measure and the limiting empirical measure for the rescaled roots should be p,.

Proof of Proposition 5.6.1. To simplify notation, let § = 2 — 1. Proposition 5.6.1 is a straightforward
L . - . .
generalization of Theorem 6 in [13]. We sketch the necessary changes. The (Dln) term in the rescaling

is used to control the coefficients Py, Ny < k < n of P, while the additional (Dl) term is used to control

how the coefficients evolve under differentiation. We can then conclude that if F"m are the coefficients
of B,,, then

1 ~ ~ (k
lim sup |—logP., —logPs|{ — )| =0, 5.18
tm e [ e —ea?s (5) 639
where
logPs(x) = —xlogx — (1 —x)log(l—x)+ (1 - B)x+p -1 (5.19)
for 0 < x < 1 and logPs(x) = —oo for x > 1. The conclusion then follows from (5.18), (5.19), Theorem

3.1.4, and the observation in [27] that the limiting empirical root measure is given by the push-forward
of the Lebesgue measure under the map x — exp (—dix log Py (x)). [ ]

6 PDEs describing the limiting behavior of the roots

In this section, we focus on PDEs describing the dynamics of the limiting radial probability density
functions and radial CDFs under repeated differentiation.

Given the initial radial density ¥ (x, 0) of the zeros at t = 0, the PDE in (3.4) describes the radial density
¥(x,t) at time 0 < t < 1. As shown in [36], there is a constant loss of mass for the solution:

d o0
E./o Yx, t)dx = —1.
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In other words, if ¥ (x, 0) is the radial part of a PDF, then v (x, t) has mass 1—t. One can renormalize so that
¥ (x,t) has total mass 1, but this new function will not satisfy (3.4). In this section, we informally derive
new PDEs for this PDF and its corresponding CDF. We will also derive a PDE for the Brown measure.
Although the derivations are informal, the purposes of this section is to show how our results and
examples from the previous sections are consistent with the PDE approach [36, 45] to studying repeated
differentiation of random polynomials.

6.1 Derivation of PDE for the PDF and CDF
We define the PDF as

Y(x,1)
1-t’

XD = >0, 0=<t<1,

where ¢ (x,t) is a solution to (3.4). Recall that we use the convention that x > 0 either denotes x €
[0, C] (for some finite positive constant C) or x € [0, 00), depending on whether the density is compactly
supported or not. The function ¢(x, t) will then satisfy the equation

do(x,H) 8 e,
A-D—— = (>1< foxw(y,t)dy)JFW(x' ), x>0 0<t<l (6.1)
Indeed, from (3.4), we derive
dox,H) 1 dpx,b) 1
at 1-t at (1-1)2 v n

) Y(x,1) 1
= | —= J— t
WX(ifo’W/f(y,t)dy)Jr Y

1

1—

13 p(x,t) 1
= Totox\ T oy nay ) T TP Y-
1tax(i]§w(y,t>dy)+1t¢’(x )

Thus, by rearranging, we obtain (6.1).
It is easy to check that if [;° ¢(x,0)dx = 1, then the solution to (6.1) satisfies [;° ¢(x,t)dx = 1 for all
0 <t < 1.In fact, from (6.1), we have

(%, 1)
at

* 0 px,t) /""
= N = dx + bd
/O 3X(ifo go(y,t)dy) . 0 v Dax

: p(e, t) /'°°
=-lim-——"—+ (%, t) dx
=01 Moy dy Jo

dx

9 00 00
(1—t)&/o <p(X,t)dX:/o (1-1t)

= —1+/ @(x, 1) dx,
0

where we used the regularity of the solution, and we assumed x +— ¢(x,0) is compactly supported,
which by the Gauss-Lucas theorem hints that the support of x — ¢(x, t) is contained in the support of
X ¢(x,0) forall 0 <t < 1. Thus,if y(t) = f0°° @(x,t) dx, we obtain the linear ODE:

A=ty =y-1,

which admits the solution

t

C
yO=13%1 1
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for a constant C depending on the initial value. In fact, if y(0) = 1, then C = 1, and we find the constant
solution y(t) = 1 forall 0 <t < 1, as desired.
Define the CDF of the solution ¢(x,t) of (6.1) as

D@, = /O oy, by,

Then, using (6.1), we obtain

AeX,D _ [* ey, D
1-H—p _/0(1 D= —dy

9
"o (_ewd i

=)o w\THewni )V * ,bd

/0 ay(;.foyw(z,t)dz) y+ | e bdy

x ERIOA)
ay
= — 2 | dy + P(x, 1)
/0 ay (y I <p(z,t)dz) Y
x 20D
_ 09X _
= om0 14+ ®d(x,1).
We conclude that ®(x, t) satisfies the following PDE:
IP(x, 1)  xIHED
1-p—p—= ¢(X’t)71+<l>(x,t), x>0, O0<t<l. (6.2)

Equation (6.2) is similar to the PDE derived in section 2.3 of [24], where the CDF is not normalized to have
total mass 1. Now that we have a PDE for the CDF, we can compare (6.2) to the examples in the previous
sections. For instance, it is easy to check that ®(x,t) = ®¢1(x) = T from Section 5.4 satisfies (6.2).

6.2 Rescaling the x coordinate

If ®(x,0)att = 0is supported on x € [0, 1], we expect that ®(x, t) is supportedonx € [0,1—t]for0 <t < 1.
If we define ®(x,t) = ®((1—1t)x, t), then &(x, t) is supportedonx € [0,1] forall 0 < t < 1 but will no longer
satisfy (6.2). One can easily derive the PDE that ®(x, t) does satisfy using (6.2). Indeed, by the chain rule,
we have

ad(x,1) _ 7X8<I>((1 —-bx,t) 4 aP((1 —-1tx,10)

at ox ot
D(x, 1) —(-1 AD((1 —t)x, t)‘
ax ax
In particular, this implies that
B DX, D) IP((L—1)x, 1)
1-1 ot =—X = +(1—t)7at .

Thus, from (6.2), we obtain the following PDE for d(x,1):

S 9% Xa§<x,t) _
A-p2&D 9D | X 14 Fwn, x>0, O<t<i. (6.3)
at ax )

One can now take the t — 1~ limit in (6.3). Indeed, if $(x) = lim._1- B(x, t) and lim,_1- 2280 — &'(x),
then one arrives at the following ODE for &(x):

x®'(x) = Xipl(x) —1+ o), x>0. (6.4)

It is straightforward to check that the example ®(x) = x from Theorem 5.4.4 solves (6.4).
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In a similar fashion, using (6.1), one can also derive a PDE for the rescaled PDF ¢(x,t) = (1 — He((1 —
t)x, t) and take the limitt — 1~.

6.3 CDF for the Brown measure

Using the connection between random polynomials and the Brown measure discussed in Section 4.2,
we can similarly derive PDEs for the radial parts of the PDF and CDF for the Brown measure. Let

F(x,t) = (X, 1), x>0 0=<t<l1

be the CDF of the radial part of the Brown measure, where ®(x,t) is the radial part of the CDF, defined
in Section 6.1 above. Using (6.2), we find

aF(x, t) 3P, 1)
1-t =1-t)——
( ) T: ( ) T
X23q>(x2,t)
=% _ _14¢x0).
D(x2,1) D

Thus, since

dF(x, t) D (X2, 1)
= 2X ,
aXx ax

we conclude with the following PDE for F(x, t):

aF(x,t)  x¥ED
1-n=— _ZF(XYt)—l-ﬁ-F(X,t), x>0, O<t<1.

Similarly, using (6.1), one can also derive a PDE for the PDF of the radial part of the Brown measure
given by f(x,t) = 2x(x?,1); we omit the details.

Funding

This work was supported by the National Science Foundation [Grant No. DMS-2143142 to S.O.]; and the
European Research Council [Grant No. 101020331].

Acknowledgments

The third author acknowledges the support of the University of Colorado Boulder, where a portion of
this work was completed. The authors thank Martin Auer, Vadim Gorin, Brian Hall, and Noah Williams
for comments, corrections, and references. The authors also wish to thank the anonymous referees for
useful feedback and corrections.

A Quantile functions

In this section, we review some basic facts used throughout the paper concerning quantile functions of
real-valued random variables.

Definition A.0.1. Let F be the CDF of a real valued random variable. The quantile function Q :
[0,1) — R of Fis the function defined by

Q(p) :=inf{x e R: F(x) > p}. (A1)

The following lemma contains some essential results on quantile functions:

20z AInF 2z uo Jasn elsny ABojouyos | pue 99usias Jo dyNIsu| Aq G0L0Y92/68101L/E L/FZ0Z/AIRIME/UIWI/W0D dNOdILUSPED.//:SANY WOI) PAPEOJUMOQ



10216 | A.Campbell et al.

Lemma A.0.2. Let F be a CDF with quantile function Q:

1) Foreveryx e Rand p € [0,1), F(x) > p if and only if Q(p) < x.
2) Q is left-continuous and non-decreasing.
3) If F is invertible, then Q = F~1.

Moreover, the quantile function uniquely determines F and any left-continuous non-decreasing
function on [0, 1) is the quantile function of a unique distribution.

Proof. See [48] Lemma 21.1 for a proof of the first three statements. For the final statements, let Q be a
left-continuous non-decreasing function on [0, 1). Define the function F: R — [0, 1] by

F(x) =max (sup{p € [0,1) : Q(p) < x},0), (A.2)

with the convention that sup ¥ = —o0. It is straightforward to check F is non-decreasing,
lim F(x) =0, and limFx) =1.
X—>—00 X—>00

Fix x € R, and assume for the sake of contradiction that F is not right-continuous at x. Then there exists
§ > O such that for any e > 0, F(x + ¢) — F(X) > §. Let ¢ > 0, then

F(x+¢e) > F(x) +6. (A.3)

From (A.2), (A.3), and the monotonicity of Q, we have that
QFX) +68) <x+e. (A4)
As ¢ > 0 was arbitrary, we have that
QEF®) +8) =x,

a contradiction of (A.2). Thus, F defined by (A.2) is right-continuous on R.
Let F; and F, both be the CDF of distinct distributions both with quantile function Q. Let x € R be
such that F1(x) > Fa(x). Let p € (F2(x), F1(x)), then from Lemma A.0.2 1,

Fix)2p & Q) =x & F2(x) 2 p,

a contradiction. Hence, F defined by (A.2) is unique. |
The following lemma describes convergence in distribution in terms of quantile functions.

Lemma A.0.3 (See van der Vaart [48] Lemma 21.2). Let X4, Xy, ..., and X be real valued random
variables with quantile functions Q1, Qo, ..., and Q. respectively. Then X, converges in distri-
bution to X if and only if Q,(p) converges to Q(p) for every continuity point p € [0, 1) of Qu.
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