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1 Introduction

Histories of free probability theory

In 1980s, free probability theory was initiated by Voiculescu to understand the
construction of free group factors. In operator algebra theory, we know that the group
algebra CG for a discrete group G can be extended to the group von Neumann algebra
L(G) by taking the closure of the group algebras, acting on ¢*(G), with respect to the
weak topology. To understand the structure of group von Neumann algebra L(G) is
one of important investigations in operator algebras. Let Fy be the free group with d
generators and 7y, a state on F; defined by

TF, (Z agg) = (1.1)

9€F,

where e is the unit element in Fy;. We call L(F,;) the free group factor. Voiculescu
pointed out that there is an important relation (which is called free independence,
see Definition 2.4) between free group factors L(F,,) and L(F,) in (L(Fpin), 7w, )-
Voiculescu’s motivation for introducing the free independence was to attack the (still
open) problem of whether L(F,,) is isomorphic to L(F,,) or not when m # n. After
Voiculescu’s idea, free probability theory contributed much to study the free group
factors (e.g. see [54]).

While free probability theory had been evolving to investigate the free group
factors, it also found connections with other topics (e.g. classical probability the-
ory, combinatorics, representation theory of symmetric groups and random matrices).
Recently, there are a few of relationships between deep learning and free probability
theory (see e.g. [41]). A particularly important way of developing free probability
theory is to find an analogue of classical probability theory. For example, there are
correspondences between central limit theorem and free central limit theorem, cu-
mulants and free cumulants, and convolution and free convolution, and so on. In
particular, the free central limit (for short, FCL) theorem is one of most important
an analogue of classical probability theory:

Proposition 1.1. (FCL theorem) Let (A, ¢) be a *-probability space (see Section
2.2). Assume that Xi,---, X, € A are free independent selfadjoint operators in
(A, ¢) and p(X;) = 0 and p(X?) = 1. Then the laws of

Xi+---+ X,
NG

in distribution converge to the following probability distribution:

—\/ —ZL'2 1[ 22]( ) (13)

(1.2)

as n — oo. The above distribution is called the (standard) semicircle law.

Voiculescu noticed a relation between free probability theory and random ma-
trix theory since it is known that the semicircle law (the limit distribution of FCL
theorem) appears as the limit of eigenvalue distributions of Wigner matrices as the
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size of the random matrices goes to infinity. This observation lead to the following
remarkable theorem in 1991: two large size unitarily invariant random matrices have
some relation (called asymptotic freeness). Moreover, the relation implies that the
eigenvalue distribution of sum of two large size random matrices coincides with the
free convolution of eigenvalue distributions of two large size random matrices (see
[65]).

Moreover, the FCL theorem is very important in a view of a complete analogy of
the classical central limit theorem. Motivated by this, many mathematicians in free
probability theory had studied the correspondence of limit theorems in classical and
free senses (see e.g. [14, 15, 16, 27]). The limit distributions of a most general limit
theorem are characterized by infinite divisibility. A probability measure p on R is
said to be infinitely divisible if for any n € N there exists a probability measure p,
such that p = 1", where * is the classical convolution which means distributions of
sum of independent random variables. For example, the normal distribution is ID.
The ID distributions are one of most important distributions in probability theory,
mathematical statistics and finance and so on. Moreover, it is important since it
appears as a limit distribution of limit theorems for random walks (i.e. the sum of
independent n random variables at time n). A stochastic process with independent,
stationary increments is called a Lévy process and it is distributed as an ID distri-
bution at each time. This stochastic process is important to understand behavior of
random phenomena. For example, Brownian motion is a Lévy processes.

In free probability theory, we can also define infinitely divisible distributions and
Lévy processes by using free independence and free convolution which is the distribu-
tion of sum of freely independent random variables (see [63, 49, 18]). Freely infinitely
divisible (for short, FID) distribution is also important since it appears as a limit
distribution of limit theorems for ”free random walks” (i.e. the sum of freely inde-
pendent n random variables at time n). Therefore the semicircle law is FID (but this
fact can be directly checked by definition). Moreover, free infinite divisibility tells us
some distributional information: they have at most one atom and no singular contin-
uous part; the absolutely continuous part has a density function which is real analytic
when it is positive (see [18, 7]). The formula of absolutely continuous part was given
by [43]. In [29], if X1, -+, X, are freely independent selfadjoint random variables dis-
tributed as symmetric FID distributions and (a;;) is a n x n Hermitian matrix, then
Ezjzl @;; X;X; has an FID distribution. The special cases X7 and i(X;Xs — X2X))
were previously started in [4]. As an application of FID, we know a lot of information
(the number of atoms, singular continuous part and absolutely continuous part) on
the distributions of Y7, | a;; X X;, X7 and i(X1 Xy — X5X1).

Among the relations between classical and free probability theories, the most re-
markable one is the Bercovici-Pata bijection. This bijection plays a role to understand
limit theorems in classical and free probability theories (see [15]). For example, the
bijection connects the central limit theorem and the free central limit theorem. Fur-
thermore, the Bercovici-Pata bijection helps to construct free Lévy processes, freely
selfdecomposable distributions (see [22, 6]) and free subordinators (see [4]) which are
important to study free stochastic analysis. In particular, a free Lévy process is of
interest in free probability theory. This is a noncommutative stochastic process with
freely independent, stationary increments and it is distributed as an FID distribution
at each time. Moreover, there are random matrix models which realize free Lévy pro-



cesses. Roughly speaking, free Lévy processes give a behavior of eigenvalues of large
unitary invariant Hermitian matrix-valued processes (see [12]). Therefore, Bercovici-
Pata bijection plays a role to understand about ID and FID distributions and Lévy
processes and free Lévy processes (i.e. unitary invariant large size random matrices).

Outline of the paper

This paper summarizes results on infinitely divisible distributions in classical and
free senses based on [39, 40, 50, 61].

In Section 2, we prepare the basic concepts of free probability theory. Recall the
definitions of probability spaces, random variables, independence, (additive/multiplicative)
convolution, infinite divisibility and so on. Similarly, we can define these concepts in
free probability theory.

In Section 3 - 4, we study a few of properties and examples of freely (additive)
infinitely divisible distributions. In particular, the purpose of Section 3 is to give a
new class of probability measures, containing many (additive) freely infinitely divisible
distributions. The class is called generalized power distributions with free Poisson
term (for short, GPFP) and it includes free Poisson distributions, free generalized
inverse gaussian laws, shifted semicircle laws and beta laws. Moreover, we study
powers of random variables which are distributed as freely infinitely divisible GPFP
distributions. Motivations come from Bondesson’s result: the special class (HCM
class) of probability measures are preserved by powers of random variables (see [23]).
This section is based on [50].

In Section 4, we study unimodality for distributions of classical (resp. free) Brow-
nian motions with initial distributions, that is, stochastic processes {X + B;}i>¢ and
{Y + S, }i>0, where { B, }1>0 is the standard Brownian motion, {S;};>¢ is the standard
free Brownian motion, X is independent of B; and Y is freely independent of S;. The
distributions of X + B; and Y + S; are written by classical (resp. free) convolution
with normal (resp. Wigner’s semicircle) distribution and probability measure of X
(resp. of V).

In Section 5, we discuss (multiplicative) freely infinitely divisible distributions on
the unit circle. Free unitary Brownian motions can be approximated by some unitary
matrix valued Brownian motions (see [20]) and the marginal distribution of free uni-
tary Brownian motions is multiplicative FID. In particular, we study the unimodality
for distributions of free unitary Brownian motions with inital distribution, that is,
the stochastic processes {U;V }i>0, where {U;}>0 is free unitary Brownian motions
and V is a unitary random variable which is freely independent of U;. These results
are similar to those in Section 4.

In Section 6, we discuss freely max-infinitely divisible distributions, in particular,
free extreme values. They are introduced by [11] as distributions of maximum of
freely independent random variables with respect to some operator order. These
distributions are expected to be related with maximum of eigenvalue distributions of
asymptotically freely independent random matrices. In [32], there are more detailed
relations between free extreme values and extreme random matrices. Moreover, we
explain max-convolution, max-infinitely divisible distributions and extreme values in
Boolean case (for details, see [62]). Now, there is no suitable model which realizes
Boolean max-notions. However, recently, the author could find a few of relations



between additive convolution and max-convolution. The author expects that the
relations tell us a suitable model (e.g. random matrix model or operator model)
to realize Boolean max-notions. Finally, we give relations between limit theorems
for three convolutions (max-classical, max-free and max-Boolean) in the spirit of
Bercocivi and Pata’s equivalence limit theorems (see [15]).

2 Preliminaries

2.1 Noncommutative probability spaces

We investigate basic concepts of free probability theory. Firstly we give some settings
of noncommutative probability theory.

In classical probability theory, we call a triplet (€2, F,P) a probability space if
is a set, F is a o-algebra and P is a probability measure. For a probability space
(Q, F,P), we consider the space L>(2, F,P) of essentially bounded F-measurable
functions, equipped with the following linear functional:

E(X) = /QX(w)dIP’(w), X € L®(Q, F,P). (2.1)

The set A is called a *-algebra if it is an algebra over C and is endowed an
antilinear operation A 3 X +— X* € A such that (X*)* = X and (XY)* = Y*X* for

all X,Y € A. By setting X*(w) := X (w) for all X € L>®(Q, F,P), the space becomes
a *-algebras. Moreover, E is a state on L>(§2, F,P), where the linear functional ¢ is
called a state on a *-algebra A if it satisfies that ¢(14) = 1 and ¢(X*X) > 0 for all
X € A, where 14 is the unit of A.

For A € F, we have
E(1.) = P(4), (2:2)

where 14 € L>®(Q), F,P) is the characteristic function of A € F. For f € L>*(Q, F,P)

satisfying f(w) = f(w)? = f(w), P-a.s., we get f~1({1}) € Fand f = 1;-1(q1y), P-ass.,

and therefore

E(f) =P(f~'({1})). (2.3)
We give settings of noncommutative probability theory as follows.

Definition 2.1. (1) We call a pair (A, ) a *probability space if A is a unital *-
algebra and ¢ is a state on A. In particular (A, ¢) is said to be tracial if ¢ is a
trace, that is, p(XY) = p(YX) for all XY € A.

(2) A *-algebra A is called a C*-algebra if it has a complete norm || -|| on A, || XY <
IXIY] and | X*X]| = [|X]||* for all XY € A. The pair (A,yp) is called a
C*-probability space if A is a unital C*-algebra and ¢ is a state on A.

(3) The elements in A are called (non-commutative) random variables. In particular,

e X is called real if it is selfadjoint, that is, X = X™*.



(4)

(5)

o X is called unitary if X*X = XX* = 14.

The spectrum of X is defined by o(X) := {A € C: Al14 — X is not invertible},
where a is said to be invertible if there exists b € A such that ab = ba = 1 4.

For X € A, a space C[X] is defined as the algebra of complex polynomials in X.
A distribution of X € A is given by a linear functional px on C[X], defined by
px(P) = ¢(P(X)),  PeC[X]

In this case, we say that X is distributed as px and we write it like X ~ pux.
In particular, if (A, ¢) is a C*-probability space and X is a real (resp. unitary)
random variable, then pu, extends to a compactly supported probability measure
on the real line R (resp. the unit circle T), that is, there exists a unique probability
measure (i, on 0(X) C R (resp. C T) such that

o(F(X)) = / f@)dpx(z), e C(o(X)),

where the random variable f(X) € A is obtained by functional calculus (see [51]
for details).

We give a few of examples of *-probability spaces.

Example 2.2. (1) Let (2, F,P) be a classical probability space. According to the

introduction of this section, the pair (L>°(Q2,P), E) is a tracial *-probability space.
However, we only deal with genuine random variables that are bounded in this
setting. To deal with the most important random variables from usual probability
those having a Gaussian random variables, we replace L (2, P) with the space

LY (QP):= (] L’(Q.P). (2.4)

For example, the space contains Gaussian random variables and elements in
L*>(€Q,P). This is also an abelian unital *-algebra, and therefore the pair (L~ (2, P), E)
is also a tracial *-probability space.

Let M, (C) be the set of all n x n matrices. This is a unital *-algebra, where the
adjoint A* of A = (aij)lgi,jgn c Mn(C) is defined by A* = (@)1Si7j§n € MH(C)
The map 7, : M,(C) — C is the normalized trace on M, (C), that is, for A =
(@ij)1<i4<n € Mn(C),

Tn(A) = %Zaii- (2.5)

Then the pair (M, (C), 7,) is a finite dimensional tracial *-probability space.

Let G be a group with unit e € G. Denote by CG the group algebra equipped
with the following *-operation:

(Z ozgg> = Za_gg_l, a, € C. (2.6)

geG geG



Moreover we define
e (Z &gg> = Q. (2.7)
geG
Then 7¢ is a trace on CG. The pair (CG, 7¢) is a tracial *-probability space.

(4) Let H be a Hilbert space and let B(H) the algebra of all bounded linear operators
on H. This is a unital C*-algebra, where the adjoint X* of an operator X € B(H)
is uniquely determined by

(X&) =& X™),  EneH. (2.8)

Suppose a vector & € H with |[&]] = (&, &)Y? = 1. We define the linear
functional ¢, : B(H) — C by setting

Peo(X) = (X&, &), X € B(H). (2.9)

This is a state on B(H). In particular, ¢g, is called a vector-state on B(H).
Therefore (B(H), p¢,) is a C*-probability space.

Moreover, we give one example of distributions of noncommutative random vari-
ables.

Example 2.3. (see e.g. [51]) Let (A, ¢) be a *-probability space. An element v € A
is said to be a Haar unitary if it is a unitary and o(u¥) = 0 for all £ € Z\ {0}. Then

WE

p(u+u’)t) =

0 (’;>¢<uj<u*>“> (2.10)

.
> |l

k o
= ( > / 277*79dh(z) (by the definition of a Haar unitary)
» J/ Jr
7=0
(2.11)
= /(z +7z)"dh(z) (2.12)
T
1 . )
=5 (e + e ) db (2.13)
™ —Tr
1

:—/ (2 cos 0)~do (2.14)
0
1 [? dt

— th—_—
™) o 4 —t2

By the Stone-Weierstrass theorem, we can conclude that o(f(u+u*)) = [ f(t)p(t)dt
for any f € C(o(u+ u*)). Therefore u + u* ~ p(t)dt, where

3

(by the change of variable 2cosf =t).  (2.15)

1

WT—ISQ ‘12 (t) (2.16)

p(t) =

is the arcsine density.



In classical probability theory, it is important for us to consider the notion of
independence. We know some types of independence in noncommutative probability
theory. In particular, we give the definition of free independence as an important role
in this paper.

Definition 2.4. Let (A, ¢) be a *-probability space and {A; };c; a family of unital *-
subalgebras of A. The family is said to be freely independent if for any k € N, i1 # iy,
Qg # i3, -+, ig_1 # i in I and for any X € A;, with o(X,) =0for s=1,--- ,k, we
have

P(X1-- X)) =0 (2.17)

holds. In particular, a family {X;}.c; of random variables in A is said to be freely
independent if the family of unital *-subalgebras generated by X; are freely indepen-
dent.

By assuming free independence of random variables, we can calculate the value of
the state of mixing random variables.

Example 2.5. Let X,Y € A be freely independent random variables. Then

(X = o(XN)Y = @(Y)1a)) = 0. (2.18)
Therefore we have o(XY') = p(X)e(Y).

Roughly speaking, we can say that free probability theory is an area based on the
noncommutative settings and free independence. In next section, we discuss about
the probabilistic tools in free probability theory.

2.2 Free additive convolution

Let X ~ g and Y ~ v be freely independent real random variables. Then the
distribution of X 4+ Y is denoted by pH v and the operation H is called free additive
convolution (for short, free convolution). It was proved in [18] that the distribution
p B v is well-defined for all probability measures u,v on R (historically, see also
[49, 63]). Note that the operation H is the free analogue of the classical convolution
*.

We characterize the free additive convolution by analytic tools as follows. Let u
be a probability measure on R. The Cauchy transform of p is defined by

Gu2)i= [ dulw),  x € C\supp(a). (2.19)
RZ—X
In particular, if X ~ p then we sometimes write Gx as the Cauchy transform of
p. The function G, is analytic on the complex upper half plane C*. Bercovici and
Voiculescu ([18, Proposition 5.4]) proved that for any « > 0 there exist \, M, > 0
such that G, is univalent in the truncated cone

Do = {2z € C* : A\|Re(2)| < Im(2),Im(z2) > M}, (2.20)



and the image G,(I'y ar) contains the triangular domain
A s :={2€C :vRe(z)| < —Im(z),Im(z) > -6}, (2.21)

where C™ is the complex below half plane. Therefore the right inverse function G;l
exists on A, 5. We define the Voiculescu transform of p by

oulz) =G, (1) -z, E €A, (2.22)
z z
It was proved in [18] that for any probability measures 1 and v on R, there exists
a unique probability measure A on R such that p)(2) = ¢.(2) + ¢, (2) for all z in
the intersection of the domains of the three transforms. Then we have A\ = p Hv.
Conversely, we have ¢,m, = ¢, + ¢, in the intersection of domains defined three
Voiculescu transforms. The R-transform of p is defined by

1
R, (2) == zp, (;) , z €N, (2.23)

In particular, if X ~ p then we sometimes write Ry as the R-transform of u. By the
definition, we have that R,m,(2) = R,(z) + R,(z) for all z in the intersection of the
domains of the three transforms. The transform is the free analogue of log fi.

Next, we give the definition of freely infinitely divisible distributions. A probability
measure p on R is said to be freely infinitely divisible if for each n € N there exists
a probability measure p, on R such that u = p&". Bercovici and Voiculescu ([18,
Theorem 5.10]) proved that p is freely infinitely divisible if and only if the Voiculescu
transform ¢, has an analytic continuation to a map from C* taking values in C~ UR,
and therefore it has the Pick-Nevanlinna representation:

1
ou(2) =7 +/ TP o(x),  zeCH (2.24)

for some v € R and a nonnegative finite measure o on R. The pair (v, o) is uniquely
determined and called the free generating pair. In this case, we can rewrite the R-
transform R, as

1
RM(Z> =nz+ az2 +/ <1 . —1- tZl[_Ll](t)) dl/(t), z € (C_, (225)
R —

where n € R, a > 0 (called the semicircular component) and v is a nonnegative
measure on R satisfying v({0}) = 0 and [, (1 A t*)dv(t) < oo (see [6, Proposition
5.2]). The measure v is called the free Lévy measure of ;1. The representation (2.25) is
called the free Lévy-Khintchine representation and it is the free analogue of classical
Lévy-Khintchine representation of the Fourier transform f. The triplet (n,a,v) is
uniquely determined by p and called the free characteristic triplet. Moreover the
relation between the free generating pair (v,0) and the free characteristic triplet
(n,a,v) is given by

a=o({0)),  dult) =y ey (o),

0=+ [t (1000 - 5 ) v

(2.26)




Example 2.6. (1) The semicircle distribution S(m, o?) is a probability measure with
the PDF:

1
2w o2

\/402 - (I - m)Ql(m—QU,m—I—QJ) (I), m € R, o> 0. (227)

It is known (for example, see [51]) that Ry »2)(2) = mz+0°z? for z € C. Therefore
S(m, 0?) is freely infinitely divisible and has the free characteristic triplet (m,o?,0).
This distribution appears as the limit of eigenvalue distributions of Wigner matrices
as the size of the random matrices goes to infinity.

(2) The free Poisson distribution (or Marchenko-Pastur distribution) fp(p, ) is a
probability measure given by

VOB 1)2—2) (z— 65— 1)?)

2rx

max{l —p, 0}(50 —+ 1(9(\/15,1)279(\/5+1)2)(37)d37

(2.28)
for p,# > 0. In particular, we write fp(p) := fp(p, 1). We have that Rg,0)(2) = {75;
for z € C~. Therefore fp(p, 0) is freely infinitely divisible. This distribution appears
as the limit of eigenvalue distributions of Wishart matrices as the size of the random

matrices goes to infinity.

2.3 Free multiplicative convolution

Throughout the paper we identify the unit circle T with R/27Z (often denoted as
[—7, 7)) and use the notation pu(df) as well as p(d€), where & = ¢, for probability
measures p on T. Moreover, we identify the density functions of a Haar absolutely
continuous distributions on T with functions on R with period 27. Denote by p,
the Poisson kernel with the density

dpmz, 1—r 2

= . — 2.2
de (9) 2’7T|1 _ rez(g_w)’27 9 € [ 7T, 7T), ( 9)

where r € [0,1) and ¢ € R.

Free multiplicative convolution X is a binary operation on the set of probability
measures on T. It was introduced in [64] as the distribution of the multiplication
of free unitary random variables on a noncommutative probability space. We briefly
review on how to compute it, following [17].

For a probability measure ;o on T, we define the analytic functions

£z Yu(2)

Y, (2) = | ———u(d§) and n,(z) = —F"———,

()= [ Tt () =

The function 7, is called the n-transform of p. The probability measure ;1 can be
recovered from 1), via the inversion formula

zeD. (2.30)

p(4) =l [ (R,(E) + 1) b 2.31)

11

for every arc A of T whose endpoints are continuity points of y (see [48, Theorem 2]),
where h is the normalized Haar measure on T. There is a short probabilistic proof

9



of it: a direct computation shows that [, (2R (¢, (r€)) + 1) h(d¢) = (po,r ® p)(B) for
every Borel subset B, and since py, weakly converges to d; as r — 1, (po, ® p)(B)
converges to ((B) as long as u(0B) = 0.

It is easy to check that 7,(0) = 0 and 7,(0) = [ € du(§). If the first moment of y
is nonzero then there exists a function n;l(z) which is analytic in a neighborhood of
zero, such that

nu( (2)) = i (nu(2)) = =, (2.32)
for z in a neighborhood of zero. Then we define the X-transform of
-1
1, (2)
Yu(z) = “Z (2.33)

in the neighborhood of zero where n;l(z) is defined. For any probability measures
i, v on T with nonzero first moments, we can find a unique probability measure 7 on
T with a nonzero first moment such that

Y (2) =E,.(2)E.(2), (2.34)

for z in a neighborhood of zero where the three functions are defined. We call the
probability measure 7 the free multiplicative convolution of 1 and v, and it is denoted
by pu X v. The Y-transform is related to the S-transform via

5, =5 (1) =), (2.35)

For all probability measures p, v on T with nonzero first moments, there exists an
analytic map n : D — D such that 1(0) = 0 and 7,z (2) = 1,(n(2)) holds for all
z € D. The function 7 is called the subordination function of 1.z, with respect to n,.
If both p and v have the zero first moment, the definition of free independence
implies that X v = h.
A probability measure p on T is said to be X-infinitely divisible if for each n € N
there exists a probability measure p on T, such that

n times

——~—
= pin - B gy, (2.36)

In [17, Theorem 6.7], p is K-infinitely divisible on T if and only if there exists a
function wu(z) which is analytic in I such that Ru(z) > 0 for z € D and its %-
transform is expressed by

Y, (z) = explu(z)]. (2.37)

Suppose that p is K-infinitely divisible on T and its Y-transform is expressed by
(2.37). Then there exists a K-semigroup {p}:>o of probability measures on T such
that

¥, (2) = exp[tu(z)], t >0, (2.38)

in particular pg = d;.

10



3 Free infinite divisibility for some classes of prob-
ability measures

3.1 Introduction

This section is based on [50]. In this section, we give a new subclass of freely infinitely
divisible distributions.

In classical probability theory, many people studied infinitely divisible distribu-
tions as laws of Lévy processes (e.g. Brownian motions, Poisson processes, Cauchy
processes, etc). A probability measure p on R is said to be infinitely divisible if for
each n € N there exists a probability measure p,, on R such that y = p" where the
operation * is the classical convolution. We recall that a probability measure p on R is
infinitely divisible if and only if its characteristic function /i has the Lévy-Khintchine
representation:

1 .
fi(u) = exp <z’77u — §au2 + / (e — 1 —dutli_yq(t)) du(t)) : ueR, (3.1)
R

where 7 € R, a > 0 (is called the gaussian component) and v is the Lévy measure on
R, that is, #({0}) = 0 and [, (1At*)dv(t) < co. The triplet (1, a,v) is uniquely deter-
mined and is called the characteristic triplet. For example, the normal distribution
N(m,o?) (with a mean m € R and a variance o > 0) has the characteristic triplet
(m,02,0), (so that it is infinitely divisible). In general, it is very difficult to find
the characteristic triplet of probability measures. Many people studied subclasses of
probability measures as criteria for infinite divisibility. In particular, these subclasses
were studied to understand infinitely divisible distributions which are preserved by
powers, products and quotients of independent random variables. We say that the
distribution of X belongs to the ME (mixture of exponential distributions) class if X
is of the form EZ where two random variables FE, Z are independent, E follows an
exponential distribution and Z is positive. By the Goldie-Steutel theorem, the ME
class is a subclass of infinitely divisible distributions (see [31, 56]). The class is impor-
tant to understand infinitely divisible distributions which is preserved by powers and
products of independent random variables, namely, if the distribution of X belongs
to the ME class then so is the distribution of X" when r > 1, and if X, Y are inde-
pendent and these distributions belong to the ME class then so is the distribution of
XY. As one of the most important subclasses of infinitely divisible distributions, the
GGC (generalized gamma convolution) class was introduced by Thorin (see [59, 60]).
Bondesson (see [23]) proved that the HCM (hyperbolically completely monotone) class
which is a subclass of the GGC class is preserved by powers (if the distribution of X
belongs to the HCM class then so is the distribution of X" if |r| > 1), products and
quotients of independent random variables. Moreover Bondesson (see [24]) proved
that if the distributions of X, Y belong to the GGC class and X, Y are independent
then so is the distribution of XY. However, we are not sure about whether the class
is preserved by powers of random variables.

In free probability theory, we have the corresponding problems for freely infinitely
divisible distributions which was defined in Section 2.3. There are two classes which
are important subclasses of freely infinitely divisible distributions, namely, the FR
(free regular) class and the Ul (univalent inverse Cauchy transform) class. Firstly,

11



Pérez-Abreu and Sakuma ([52]) introduced the FR class in terms of the Bercovici-
Pata bijection. In [4], the FR class was developed as a characterization of nonnegative
free Lévy processes. Next, the Ul class was introduced by Arizmendi and Hasebe (see
[3]) as a subclass of freely infinitely divisible distributions. We will give a precise
definition of the Ul class in Section 3.3. We are not completely sure about whether
the classes FR and UI are closed with respect to powers, products and quotients of
free independent random variables. Hasebe ([35]) studied the powers and products
for the classes FR and UI by using complex analytic methods.

3.2 Outline of results

We study free infinite divisibility for the generalized power distributions with free
Poisson term (for short, GPFP distribution). A probability measure on R is said to be
a GPFP distribution if p is Lebesgue absolutely continuous and its PDF (probability
density function) is given by

\/(b - Sl:;)(x —a) Z %1(@) (), (3.2)

for some 0 < a < b, N € N, a = (ay,...,ay) € (0,00)" satisfying that the function
of (3.2) becomes a PDF and [ € RY = {(l4,...,Iy) € RY : [} < -+ < Iy}
We write the notation GPFP(a,b, N,a,l) as the distribution whose PDF is given
by (3.2). We prove that if a random variable X follows the GPFP distribution
then (i) the distribution of X" belongs to the UI class if » > 1 in the case when
left,t+1)Y ={(l,....In) eRN 1t < |y < -+ < Iy < t+ 1} for some t > 0; (ii)
the distribution of X" belongs to the UI class if |r| > 1 in the case when [ € [0, 1]%.

The weak closure of the GPFP class contains the free Poisson distributions which
have no atoms at 0, the free positive stable laws with index 1/2, the free Generalized
Inverse Gaussian (fGIG) distributions, the shifted semicircle laws and some beta
distributions. From the above results (i) and (ii), we obtain free infinite divisibility for
powers of random variables which follow the fGIG distributions, the shifted semicircle
laws and the beta distributions.

We give examples of GPFP distributions which are not FID. In more detail, we
prove that (iii) there is a distribution GPFP(a,b, N, 1) with [ ¢ [0,1]Y such that
X ~ GPFP(a,b,N,a,l), but the distribution of X~! is not FID; (iv) there is a
distribution GPFP(a,b, N, a, 1) with [ ¢ [¢,t + 1]Y for any ¢ > 0 such that it is not
FID.

3.3 Univalent Inverse Cauchy transform

Recall that freely infinitely divisible distributions are characterized by R-transform in
terms of the free Lévy-Khintchine representation (2.25) (or its Voiculescu transform
has the Pick-Nevanlinna representation). However, in general, it is very difficult to
find the free characteristic triplet (or free generating pair) of probability measures.
Many people studied conditions of free infinite divisibility.

In particular, Arizmendi and Hasebe ([3, Definition 5.1]) defined the UI class as
a criterion for free infinite divisibility.

12



Definition 3.1. A probability measure p on R is said to be in the Ul (univalent
inverse Cauchy transform) class if the right inverse function G;l, originally defined
in a triangular domain A, 5, has univalent analytic continuation to C~. In particular,

it X ~ pand p € Ul then we write X ~ UL
In [3, Proposition 5.2 and p.2763], the UI class has the following property.

Lemma 3.2. p € Ul implies that i is freely infinitely divisible. The UI class is closed
with respect to weak convergence.

Example 3.3. (1) The semicircle distribution S(m,o?) is in the UI class. The free
Poisson distribution fp(p, 8) is also in the UI class (see [35, Section 2.3 (1),(2)]).
(2) The beta distribution g, , is the probability measure with the PDF

1
B(p,q)

The beta distribution f, , is in the Ul class if (i) p,q > 3/2, (ii) 0 <p < 1/2, ¢ > 3/2
or (iii) 0 < ¢ <1/2, p > 3/2 (see [34, Theorem 1.2] and [35, Theorem 3.4]).

xp_l(l - m>q_11(0,1) (ZE), p,q > 0. (33)

A symbol Gu(z) denotes the Cauchy transform of a probability measure p on R
defined in (2.19). In [35, Lemma 3.11], Hasebe mentioned that the Cauchy transform
of 1 has an analytic continuation to a domain C* Usupp(u) UC™ in the case when a
PDF of p has some analytic properties. We give an assertion almost the same as [35,
Lemma 3.11] as follow.

Lemma 3.4. Consider 0 < a <b. Let o be a probability measure on (a,b) whose PDF
is f(x) with respect to Lebesgue measure. Assume that f is analytic in a neighborhood
of (a,b)U{z € C™ : arg(z) € (—0,0)} for some0 < 0 < w. Then the Cauchy transform
G, := Gylc+ defined on C* has an analytic continuation to CT U (a,b) U {z € C :
arg(z) € (—60,0)} (we use the same symbol G, ), and

G, (2) = Go(2) — 2mif(2), z€{z€C :arg(z) € (—0,0)}. (3.4)

Proof. This proof is very similar to [34, Proposition 4.1], but for readers convenience
we include the proof. Since the function f is analytic in a neighborhood of (a,b)U{z €
C~ :arg(z) € (—6,0)} for some 0 < 6 < 7, we have

G,(z) = de, zeCT, (3.5)
L 2w

where 7 is an arbitrary simple arc contained in {z € C™ : arg(z) € (—60,0)} except its
endpoints a,b. Therefore G, has an analytic continuation to the domain containing
C™*, surrounded by v and (a,b). Since v is arbitrary, G, has an analytic continuation
to the domain C* U (a,b) U {z € C~ : arg(z) € (—0,0)}. We prove that the formula
(3.4) holds. For z € {z € C~ : arg(z) € (—0,0)}, take a simple arc 7 contained
in {z € C : arg(z) € (—60,0)} with endpoints a,b such that the closed curve 5 :=

v U [a, b] surrounds the element z. By the residue theorem, we have that
ﬂdw = 2miRes,—, (M) = —2mif(2). (3.6)

52— w zZ—w

Since the LHS of (3.6) equals to Gy(2) — G(z), the formula (3.4) holds for all z €
{z € C :arg(z) € (—0,0)}. O
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We define the following symbols:

r£10:= lim (z + iy), flz£i0) = lim f(x+ dy), (3.7)
y—0+ y—0+
I+i0:={x+i0:x €I} (I: aninterval in R) (3.8)

Moreover, note that the complex function z” (p € R) means the principal value defined
on C\ (—o00,0]. The complex function arg(z) means the argument of z defined on
C\ (=00, 0] taking values in (—m, 7).

We prove that a probability measure whose PDF satisfies the following properties
is in the UT class and therefore the measure is freely infinitely divisible.

Theorem 3.5. Suppose that 0 < a < b. Let p be a probability measure on (a,b)
which has a PDF f(x) where f is real analytic and positive on (a,b) and there exists
0 € (0,7 such that

(A1) f analytically extends to a function (is denoted by f) defined in {z € C\
{0} : arg(z) € (—=6,0)} U (a,b). Moreover f extends to a continuous function on
{z € C\ {0} : arg(z) € [—0,0]},

(A2) Re(f(x —1i0)) =0 for all0 < x < a and x > b;

(A3) There exist « >0 and 0 <1 < @ such that

X6}

f(z) = —ﬁ(l +o(1)), as z — 0, arg(z) € (—6,0); (3.9)

(A4) Re(f(ue™")) <0 for all u > 0;

(A5) 1im|z|—>oo,arg(z)€(—€70) f(Z) =0.

(A6) G(2) := Gu(z) has analytic continuation to C* U (a,b) U {z € C : arg(z) €
(—0,0)} (and we use the same symbol G), and G(z) can be extended to a continuous
function on CT U [a,b] U {z € C\ {0} : arg(z) € [-0,0)} U ((—o0,a] U [b, 00) 4+ i0) U
([0,a] U [b, 00) — 10).

Then p € UL

Remark 3.6. Before the proof the authors can make a remark that the exvistence of
analytic continuation of G follows from the above assumption (A1) and Lemma 3.4,
so the assumption (A6) is only aboul the continuous extension.

Proof. We prove Theorem 3.5. We define the following 8 lines and curves (see Figure
1). In the following 1 > 0 is supposed to be large and § > 0 is supposed to be small.
cy : the real line segment from —n + 0 to a + 70;
¢y : the real line segment from a — i0 to § — i0;
c3 @ the clockwise circle de™ where v starts from 0 and ends with —6;
¢4 : the line segment from de=* +0 to ne=® 4 0 if § € (0, 7) or the line segment from
—0 —1i0 to —m — 10 if 0 = m;
cs 1 the counterclockwise circle ne'” where 1) starts from —6 and ends with 0;
c¢ : the real line segment from 1 — 0 to b — i0;
c7 © the real line segment form b + 20 to 1 + 0;
cs : the counterclockwise circle ne® where 9 starts from 0 and ends with 7.

Define the curves g := G(ci) for all k = 1,...,8 (see Figure 2). It is easy to
prove that g; is contained in the negative real line and g; is contained in the positive
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Figure 1: The curves ¢ Figure 2: The curves g

real line. Since we have

Gl2) = G(2) = 214 0(1)),  as|2| = o0, z€CH, (3.10)

z
the image gg is contained in a ball of some small radius and it is the clockwise curve
whose argument starts from 0 and ends with —7 when 7 is sufficiently large. By our
assumption (A6), the curves g; U gs and gg U g7 are continuous since so are ¢; Ucy and
cg U ¢7. By our assumption (A2), we have that Re(f(z —i0)) =0forall0 <z < a
and x > b. Hence Im(G(z —i0)) = 0 for all 0 < x < a, x > b, and therefore g, and
ge are contained in the real line. By our assumptions (A1) and (A4), we have that
when 6 € (0, 7),

Im(G(ue™™ +0)) = Im(G (ue™")) — 2xRe(f(ue™*)) > 0, (3.11)

for all § < u < n and when 6 = 7,

Im(G(—u —i0)) = Im(G(—u)) — 27Re(f(—u)) = —27Re(f(—u)) > 0, (3.12)

for all § < u < . Therefore g, is contained in Ct UR. Note that G(z) = o(1/2) as
2z — 0, z € C since lim,_ o |G(2)] = fab @dt < 00. Since our assumption (A3)
and the condition (3.4) hold, we have that

G(z) = —Z—(1~|—90(z)), (3.13)

where ¢(z) = o(1) as z — 0, arg(z) € (—6,0).

Let ¢ > 0 be supposed to be small. By the asymptotics of (3.13), we can take
5 € (0, (ﬂa&)%‘”) small enough such that |p(de¥)| < 1/2 uniformly on ¢ € (—6,0),
and therefore

|G(5e™) + 2ma(6e™) D) = 276~ WD |p(8e™)| < T s~ (1D, (3.14)
(3.15)
uniformly on ¥ € (—6,0). Hence by the triangle inequality we have
|G(5e™)| > | — 2ma(6e) "IV —|G(6e™) 4 2ma(de™) D] (3.16)
> 21ad” ) — 1ad~ 0D = 7~ (0HD > %, (3.17)
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and therefore the distance between the curve g3 and 0 is larger than % Since we have
that G(de’) = 2r&e="¥(1+D)i a5 § — 0 and the argument ¢ starts from 0 and ends
with —6, the image g3 is the large counterclockwise curve whose radius is larger than
L and the argument of gs starts from —m and ends with —7 +6(1+1) (< m by (A3))
when ¢ is sufficiently small.

Note that G(z) = 1(1+0(1)) as |z| = oo, z € C”. By our assumption (A5), we
have that |f(z)] — 0 as |z| — oo, arg(z) € (—6,0), and therefore

G(2) <G (2)] + 27 f ()| = 0, (3.18)

as |z| — oo, arg(z) € (—0,0). Hence there exists n > 0 large enough such that |z| > n
implies that |G(z)| < €, that is, g5 is contained in a small circle with radius € > 0.
Therefore every point of D, := {z € C™ : e < |2]| < %} is surrounded by the
closed curve g; U --- U gg exactly once. By the argument principle, for any w € D,
there exists only one element z in the bounded domain surrounded by the closed
curve ¢; U -+ U cg, such that G(z) = w. Therefore we can define a right inverse
function G on D.. Since G~(D,) is a connected domain and G is univalent on
the domain G™(D,), the inverse function G~! is univalent on D.. We can define a
univalent right inverse function (as the same symbol G™!) in C~ by letting ¢ — 0. By
the identity theorem, the right inverse function, originally defined in some triangular
domain A, 5 has a univalent analytic continuation to our function G=! on C~. Hence
we can conclude that p € Ul O]

Remark 3.7. According to Figure 2, it appears that the curves g1 and go (resp. gg
and g7 ) have empty intersections, but it is not necessarily right. However it does not
interfere with the proof of Theorem 3.5 since every point of D, is surrounded by the
closed curve gy U---U gg exactly once even if g1 Nga # O (resp. gs N gr £ 0).

3.4 Free infinite divisibility for generalized power distribu-
tions with free Poisson term

Consider a random variable X which follows the free Poisson distribution fp(p) (see
Example 2.6 (2)). In [35, Theorem 3.5], if either p > 1 and r € (—o0,0] U [1,00) or
0 < p < landr > 1, then the distribution of X" is a FID (Ul and FR) distribution. In
this section, we study free infinite divisibility for the distribution of X" when X follows
the generalized power distribution with free Poisson term (GPFP distribution). We
give a precise definition of the GPFP distributions. Recall that

RY :={(ly,...,Iy) RN : [, < --- < Iy} (N €N). (3.19)

Definition 3.8. A probability measure p on R is said to be the generalized power
distribution with free Poisson term (for short, GPFP distribution) if u is Lebesgue
absolutely continuous and its PDF is given by

fa,b,N,a,l(x) — \/(b — iU) ($ - @) Z %1(%1))(@’ (3‘20)

x e
k=1

for some 0 < a < b, N € N, a = (ay,...,ay) € (0,00)" with f; fosNai(z)dr =1
and | = (I3,...,ly) € RY. In this case, the probability measure p is referred to as
the notation GPFP(a, b, N, a, ).

16



Remark 3.9. The GPFP class is closed under talking inverse of random variables,
namely, if X ~ GPFP(a, b, N, a, 1) with a = (ay,...,ay) € (0,00)Y and | =
(ly...,ly) € RY, then

11
1~ GPFP(b =, N, (axVab, ..., a1vVab), (1 — Ly, ...,1—51)). (3.21)
a
The class of these distributions (namely, the GPFP class) contains the free Poisson
distributions and the free Generalized Inverse Gaussian (fGIG) distributions. More-
over the weak closure of the GPFP class contains a lot of examples. We give these
examples before the main result (Theorem 3.11).

Example 3.10. (1) Suppose that p > 1, a = (/p —1)%, b = (/p + 1)?, N =1,

a= % and [ = 0. Then we have

1
GPFP (a:(\/ﬁ—l)z,b:(\/13+1)2,N:1,a:2—,l:0)
m

\/((\/ﬁ +12—2) (z - (yp—1)?) (3.22)
- L2,y (@) de

2w
= fp(p).

In this case, the GPFP distribution corresponds to the free Poisson distribution
(Marchenko-Pastur distribution) which has no atom at 0.

(2) Consider A € R and aj,ay > 0. Suppose that N = 2, [ = (0,1) and a =
<a1 - b) where 0 < a < b are the unique solution of

2TV a

11—+ b—ay%th =0
{1 e 3.2
+ A+ 7 \ﬁ — oy = 0.
Then we have
(05} (0]
GPFP (a, by N=2 a= (—,—> = (O,l))
2w
2m/ab (3.24)

_VE—ab—9) (al .

2mx

\/_x) Lap ()dr =: {GIG (o, g, ).

In this case, the GPFP distribution corresponds to the fGIG distribution. This dis-
tribution was studied by [37] (the free version of the generalized inverse gaussian
distributions, free selfdecomposability, free regularity and unimodality for the fGIG

distributions) and [57] (the free version of Matsumoto-Yor property, the R-transform
of the fGIG distributions).

Next we give examples of distributions contained in the weak closure of the GPFP
class.
(3) Consider n € N, b > 0. Define the following constant number:

_ (ﬁ Ve - ;TZ)@ - x)dx) . (3.25)
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Note that lim,, . c¢(n,b) = 4 for each b > 0. We define the following GPFP distribu-

tion:
1 b b
fnp(dz) : =GPFP [ . n, N=1, a = M\ﬁ I=1
’ b 2 n

(3.26)
(x —1/b) (n —x)
n b \/7 \/ Sy 1(1/b7n)(fﬁ)dl‘
We can show that fu,, — 1, weakly as n — oo for each b > 0, where
4 Vbr—1

In particular, if b = 4, then the probability measure p;, corresponds to the free positive
stable law with index 1/2. The free stable laws were introduced by [15].

(4) Consider n € N, b > 0. We define the following GPFP distribution:

1 b
voy(dz) = GPFP (5, bN=1a= C<§’ ) |- 0) , (3.28)

™

where ¢(n, b) is the constant defined in (3.25). We can show that v, , — 1}, weakly as
n — oo for each b > 0, where

vy(da) = %1(0@ (z)dz. (3.29)

In particular, if b = 4, then the probability measure 14, corresponds to the free Poisson
distribution fp(1). Note that X ~ p,, if and only if X' ~ 1,,; for each n € N and
b > 0 by Remark 3.9.

(5) Consider n € N and | < 1/2. Define the following constant number:

@(n,z):=< p— /‘/1” (x=1/n), ) , (3.30)

where B(p, q) is the Beta distribution. Note that lim, ., a(n,l) = 1 for each [ < 1/2.
For all n € N and | < 1/2, we consider the following GPFP distribution:

l\?lw

pni(dz) := GPFP (% 1, N =1, B(1Z(T§,)3/2)’ l) . (3.31)

We can show that p,; — 51/2-13/2 weakly as n — oo for each I < 1/2. Recall that
B1/2-1,3/2 is the beta distribution and it was defined in Example 3.3 (2).

We start to discuss free infinite divisibility for the distribution of X" where X
follows the GPFP distribution. Recall that

tt+ 1Y = {(l1,...,In) ERY :t < < - <Iy<t+1} (neNtER). (3.32)
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Theorem 3.11. Suppose that X ~ GPFP(a,b, N,«,l) with | = (l1,...,ly) € [t,t +
1]5 for somet > 0. Forr>1, X" ~ UL

Proof. Fix anumber N € N. Consider first that r > 1 and [ = (Iy,...,ly) € [t,t+1]Y
satisfies t < [; < -+ < Iy <t+ 1 for some ¢t > 0. Assume that [t|] = n — 1 for some
n € N. Define [y ;=1 — [t] =l —(n—1) € (0,1) for all k =1,..., N. Then we have

o o SV (B — )t — A i

T xs(n 1+lk) 1(AB)( )dx— h( )d (333)

k=1
where s = 2 € (0,1), A = a” and B = b". We define a function hy(z) as the k-th
term of h(z). Set ng —s(n—1)+1 > 1. Note that s(n — 1 +1},) = ng — 1 + s for

each k =1,...,N. Consider § = =. Let G = G'xr be the Cauchy transform of X".
We prove that 6 h and G satisfy the assumptions from (A1) to (A6) in Theorem 3.5.

(A1) Suppose that z € C\{0} and arg(z) € (—6,0). One can use similar argument
as in the proof of [35, Theorem 3.5] to show that arg((B* — 2°)(2* — A®)) € (—m, 7).
Moreover we have that arg(z**~1*%)) € (=fs(n — 1 + [;),0) C (—,0). Thus every
hy, analytically extends to a function (is denoted by the same symbol hy) defined in
{z € C\ {0} : arg(z) € (—0,0)} U (A, B), so that the assumption (A1) holds.

(A2) For 0 < z < A we have

sozk\/ —a%)(B® — a%) .
i

hk(w B ZO) plts(n— 1+1)

(3.34)

For x > B we have

hi(x — i0) = s/ -5, (3.35)

xl—&-s(n 1+lk)

Therefore Re(hy(z —i0)) = 0 for all 0 < z < A and = > B, so that the assumption
(A2) holds.
(A3) For each k =1,--- | N, we have

isagy/(AB)*

hk(z) - Zl-‘rs(n—l-‘rik)

(1+o0(1)), as z — 0, arg(z) € (—46,0). (3.36)

Moreover we have that 0 < s(n — 14 1},) < 216 Therefore the assumption (A3)
holds.

(A4) Consider 0 < 6 < 7 (equivalently, n > 1). For all k =1,...,N, u > 0 we
have

) so Bs — yse—t50)(yse—ts0 — As
arg(hy(ue ™)) = arg ( VA E )( o ))

ults(n—1+lg) o—i0(1+s(n—1+l

€ <—g +0(1+s(n—1+1)), T _2280 +0(1+s(n—1+ ik)))

5 ) 5
<—g + 0(ng + sly), T 5 + 6(ng + slk)>
T 3 T 3
= (2 + Osly, = W—@S(l—lk)) (§,§7r) )
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since we have

T 7r—259)

arg <\/(Bs ~wsei0) (use—is — As)> c (__

3.38
g (338)

Therefore Re(hy(ue="?)) < 0 for all u > 0. When § = 7 (equivalently, n = 1), for all
k=1,...,N, u <0 we have that

sagy/(B* = (u—i0)*)((u — i0)* — AS))

ul—i—s(n—l—i—ik)

arg(hy(u)) = arg (
= arg (50%\/(35 — (u—10)*)((u — i0)* — As>>

|U| 145l 6—i7r(1+sl~k)

(3.39)

1—2s

S (—g+7r(1+sl~k), ﬁ+7r(1+sik))

T ~ 3 ~ T 3
= (§+7T5lk,§ﬂ'—ﬂ'8(1 —lk)> C <§,§7T) ,

since -
arg (\/(BS — (u—i0)*)((u — i0)° — As)) € (—g S Sw) . (3.40)
Therefore Re(hg(u)) < 0 for all u < 0. Hence we can conclude that the assumption
(A4) holds.
(A5) We have
hi(2) = —2% (14 o1 6,0 3.41
k(z) = m( +0(1)), as |z| — oo, arg(z) € (—0,0). (3.41)

Hence limy.| e arg(2)e(—0,0) he(2) = 0, so that the assumption (A5) holds.

Since h(z) = Y.n_, hi(z) for all z € (A, B) and every function hy satisfies the
assumption (A1), the function h also satisfies the assumption (Al) and h(z) =
SV he(2) for all z € {z € C : arg(z) € (—6,0)} U (A, B). Finally, we can
conclude that the function h satisfies from (A1) to (A5) since so is every function hy,
(k=1,...,N).

(A6) Since h satisfies the assumption (A1), by applying Lemma 3.4, the Cauchy
transform G has an analytic continuation to C*U(A, B)U{z € C~ : arg(z) € (—0,0)}
(and we use the same symbol G) and

G(z) = / ) omih(z) = i ( / (@), 27m'hk(z)) , (3.42)

A =X 1 A R—X

for 2 € {z € C : arg(z) € (—0,0)}). We use the notation G4(z) as the function
f Z’“T(i)d:c. To prove that G can be extended to a continuous function on the domain
CTU[A,BJU{z € C\ {0} : arg(z) € [-0,0)} U ((—o0, A] U [B, o) + i0) U ([0, A] U
[B,o0) — i0), we compute an asymptotic behavior of G at z = A and z = B. We

define a function Gi(z) as follow:

Gr(2) == Gr(z) — 2mihg(2), (3.43)
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for z € {z € C~ :arg(z) € (—0,0)}. By the Taylor expansion at z = A, there exist
¢y > 0 and a real analytic function ¢y (x) on a neighborhood of A which satisfies
Yr(z) = o(1) as x — A + 0 and has an analytic continuation to {z € C~ : arg(z) €
(—0,0)} U (A, B) (is denoted by the same symbol 1)) such that

hi(x) = cp(z — AV 4 (), asx — A+0. (3.44)
Therefore we have
Gi(2) = Br + m(—(z — A)* + o]z — A]'?), (3.45)

as |z —A| — 0 with z € {z € C~ : arg(z) € (—6,0)}, where B} = lim,_, 4 .cc- Gi(2) <
0 (is finite) and vy, = 27wcg. Finally, if we put g := ij:l Br < 0and vy = fo:l Vi > 0,
then we have

G(z) =) Gilz) = B+7(=(z = A)"Z +o(|z — A'?), (3.46)

as |z — Al — 0 with z € {z € C™ : arg(z) € (-6,0)}. Moreover G(A + i0) =
f = G(A —i0). Similarly, we can compute an asymptotic behavior of G at z = B.
Hence G can be extended to a continuous function on C* U [A, BjU{z € C\ {0} :
arg(z) € [-6,0)} U ((—o0, A]U [B,00) 4+1i0) U ([0, A] U [B, 00) —40). Thus G satisfies
the assumption (AG6).

By Theorem 3.5, we have X" ~ Ul By the weak closedness of the Ul class (see
Lemma 3.2), we have that X" ~ Ul evenif r > land t <[l <---<Iy <t+1. O

Corollary 3.12. If X ~ GPFP(a,b,N,a,l) and | € [0,1]Y then X" ~ UI when
r<—1.

Proof. Suppose that r < —1. We have

X7 t\/(AB)_t\/(Bt —at)(xt — Al) Z 7

T 20—l 1(A,B)<I>dx = p(x)dz, (3.47)

k=1

where ¢ := —1 € (0,1), A:=b""" and B := a™'/*. We set § = 7 and a function py,(z)
as the k-th term of p(z). One can use similar argument as in the proof of Theorem
3.11 to show that 0, py, p, and G = G x- satisfy the assumptions from (A1) to (A6)
in Theorem 3.5. Therefore X" ~ Ul if r < —1. ]

Finally, if X ~ GPFP(a,b, N,a,l) with [ € [0,1]Y then X" ~ UI for all |r| > 1
by applying Theorem 3.11 and Corollary 3.12.
To end this section, we give applications of Theorem 3.11 and Corollary 3.12.

Example 3.13. (1) Consider p > 1. If we have

X ~ fp(p) = GPFP <a:(\/;3—1)2, b=(yp+1)?2 N=1, a:%,l:()),
(3.48)
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then X" ~ Ul for all |r| > 1 by applying Theorem 3.11 and Corollary 3.12, (but the
result in [35] is stronger than this one).

(2) Consider A € R and ay,ay > 0. Suppose that 0 < a < b are the unique solution
of the equation (3.23). If we have

(e7] [6%)
X ~ fGIG(ay, a9, \) = GPFP (a, b, N =2, a= [ =%, —2_) 1=(0,1) ],
(0, 02, 4) ( <27T 271’\/%) ( ))
(3.49)

then X" ~ UI for all |r| > 1 by applying Theorem 3.11 and Corollary 3.12.

(3) Consider S ~ S(0,1) and u # 0, where S(0, 1) is the semicircle law with mean
0 and variance 1 (see Example 2.6 (1)). Then the distribution of (S + w) is FID.
However, the distribution of (S + u)? is not FID (see [28]).

If u > 2, then we have

1
S+u~GPFP<a—u—2 b=u+2, N=1, a—2—l——1) (3.50)
m
1
=5 4 — (x —u)? Lyouto) (x)d. (3.51)
7T

By Remark 3.9, we have

1 1
,b:—N—l a——\/u2 4,1=2). (3.52)
u+2 2’
By Theorem 3.11, we have that (S +u)™" = ((S4+u)™")" ~ Ul for r > 1. Finally we
can conclude that (S + wu)® ~ Ul for all u > 2 and s < —1.

(S+u)~! ~ GPFP (a =

(4) Consider a random variable S, ,, ~ f, 5, where i, is the GPFP distribution given
by (3.26) in Example 3.10 (3) for each n € Nand b > 0. Then S}, ~ Ul for all |r| > 1
by applying Theorem 3.11 and Corollary 3.12.

Recall that p,, — 1, weakly as n — oo, where p, is the probability measure given
by (3.27) in Example 3.10 (3) for each b > 0. If S, ~ 1, then the weak closedness of
the UI class implies that S; ~ Ul for all |r| > 1.

(5) Consider a random variable B,,; ~ p,;, where p,,; is the GPFP distribution given
by (3.31) in Example 3.10 (5) for each n € N and [ < 1/2.

If 0 <1 < 1/2then By, ~ Ul for all [r| > 1 by applying Theorem 3.11 and
Corollary 3.12.

By Remark 3.9, we have that

_ 1 a(n,l)
B, ~GPFP [ 1,n,1 \ﬁ ’ 1-1]). :
ni G ( VR B2 -1,3/2) l) 359

If I <0 then B} = (B,ZT) ~ Ul for all » > 1 by applying Theorem 3.11 and the
condition (3.53). Fmally we conclude that if [ < 0 then B;,; ~ Ul for all s < —1.

Recall that p,; — B1/2—1,3/2 weakly as n — oo for each l <1/2. If By ~ B1j2-13/2,
then the weak closedness of the Ul class implies that (i) if 0 <1 < 1/2 then B} ~ Ul
for all |r| > 1, and (ii) if I < 0 then B ~ Ul for all s < —1.
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3.5 Non free infinite divisibility for GPFP distributions

In this section, we give a few of examples of the GPFP distributions which fail to
satisfy the conclusions of Theorem 3.11 or Corollary 3.12 without these assumptions.

Let (A, ¢) be a C*-probability space and X € A a random variable. The n-
th moment m,, = m,(X) of X is defined by the value of ¢(X™). In particular, if
X ~ pu, we write m,(u) as the n-th moment of X (or p). The n-th free cumulant
Kn = kn(X) of X is defined as the n-th coefficient of power series of the R-transform
Rx(z). If X ~ pu, we write k, (i) as the n-th free cumulant of X (or p). We have the
moment-cumulant formula as follow:

Fp = Z (H mv|> p(m, 1,), n €N, (3.54)

TeNC(n) \Ver

where NC(n) is the set of non-crossing partitions of the finite set {1,...,n}, the
symbol 1,, is the non-crossing partition which has the block {1,...,n}, the function
p(m,o) (mr <o in NC(n)) is the Mébius function of NC(n), and |V| is the number of
elements in a block V of 7 (see [51] for details). By the moment-cumulant formula,
we can compute the free cumulants. For example we have that

2 3
K1 = mq, Ko = My — M7, K3 = Mg — 3mima + 2myj,
Ky = my — 4myms — 2m3 + 10mimy — 5mj, (3.55)

Ks = Mg — dDM1Mmy — DMoms + 15m%m3 + 15m1m§ — 35mi’m2 + 14m?.

The n-th free cumulant of the free Poisson distribution fp(p) is given by &, (fp(p)) = p
for all n € N (from Example 2.6 (2)). Then the formula (3.55) yields that

mi(fp(p)) =p,  ma(fp(p)) =plp+1),  ms(fp(p)) = pp° +3p+1),
ma(fp(p)) = p(p” +6p* +6p+ 1), ms(fp(p)) = p(p* + 10p° + 20p* + 10p + 1).
(3.56)
In particular, we need to compute the moments of fp(p) of degree s € C:
ms(fp(p)) = / =*fp(p)(dz), seC, p>1. (3.57)
0
This is analytic in C as a function of s.
Lemma 3.14. For s € C and p > 1, we have that
m_s_1(fp(p
i, (tp(p)) = Zo2otRD) (358)

=1
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Proof. Consider s € C and p > 1. Then we have that

(vP+1)? +1)2—2) (xz— —1)2
mg(fp(p)):/ xs_lwm P (- (- 1R)

(vP-1)2 27

_r __ -1 _
T2 5_1\/(%—1)2 ) (v~ )

e [T "

1 2rx
(vp+1)2
. @B - 1)
= (p_l)_1_25 (F-1? x o X
_ m—s—1(fp(p))
-D7>
(3.59)

where the second equality holds by changing the variables from x to 2—! and the third
equality holds by changing the variables from x to ﬁ. O]

By Lemma 3.14, we have that for all p > 1,
1 p

m_1(fp(p)) = T m_o(fp(p)) = : (3.60)

Lemma 3.15. Consider p > 1 and oy, as > 0.
(1) The following measure

1 1
\/ (5” B (\/15+1)2> ((\/13—1)2 B x)

Qi
272 <a1 - ?> 1((ﬁ}kl)2’(\/5i1)2) (z)de (3:61)

s a probability measure if and only if oy + cop = p — 1.

(2) The following measure

V(P+ 12 =) (o= (yp— 1)

2rx

Qy
<a1 —f— ﬁ) 1((\/15_1)27(\/15_’_1)2)(1’)6&1’ (362)

1s a probability measure if and only if oy + (pf;l)g,ozg = 1.

Proof. (1) Assume that the measure (3.61) is a probability measure. Suppose that X
is a random variable which follows the probability measure (3.61). Then we have

N CE I
X~ \/ 27T(p — 1)3; (041 + 0621')1((\/5_1)2,(\/13_,_1)2)(l‘)dl‘. (363)

By our assumption, the measure (3.63) is also a probability measure. Equivalently,
we have

1= p%l (ozlmo(fp(p)) + aomy (fp(p))) = p%l(oq + a2p). (3_64)
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Therefore the relation a; + asp = p — 1 holds. The converse implication is clear.

(2) Let pipay.0r be the measure (3.62) on the positive real line. It is a probability
measure if and only if

(vP+1)?
1= / Hpr.r () = armo(fp(p)) + aam_»(fp(p))- (3.65)
(vp—1)?
The calculation (3.60) implies our conclusion. O

There is a criterion for free infinite divisibility of probability measures on R with
compact support.

Lemma 3.16. (See [51, Theorem 13.16]) Let p be a probability measure on R with
compact support. The following conditions are equivalent.

(1) v is FID.

(2) The sequence {k, (1) }nen of free cumulants of w is conditionally positive definite,
namely, for alln € N and all oy, ..., a, € C we have that

> i) > 0. (3.66)

1,7=1

In particular, if a compactly supported probability measure p is FID, then the n-th
Hankel determinant det((ri (1)) j=1) of the sequence {kn (1) fnen is nonnegative for
all n € N.

First we give an example of the GPFP distribution which fails to satisfy the
conclusion of Corollary 3.12 without the assumption.

Example 3.17. Consider the following GPFP distribution:

aaLQQ(dx)::GPFP((\/iiLl)Q, (\/51_1)2,2, (%,%),z:ﬂ,z))

1 1
\/ (‘C - <ﬁ+1>2) <<ﬁ—1>2 - "”)

_ et
N 2rx < T :z:2> 1((\/511)2’(&171)2)@”%
(3.67)

where aq,ay > 0 satisfy the relation ag + 23 = 1 (0 < ay < 1/2) by Lemma 3.15
(1). The GPFP distribution oy, 4, fails to satisfy the assumption of Corollary 3.12
since [ = (1,2) ¢ [0,1]2.

If Xo a5 ~ Oay a0, then the distribution of X! is not FID for all ay, ap > 0 with

a1 4 2ay = 1. Therefore the GPFP distribution o4, o, does not satisfy the conclusion
of Corollary 3.12.

Proof. By Remark 3.9 (or (3.63)), we have
-1 —1)? 2 Q2 Gy
Xl ~ GPFP (V2 - 1% (V2410 2, (2. 22) (-1.0))
V= (V2=1)2) (V2+ 1) - 2)
- o (o + 042$)1((\/§_1)27(\/§+1)2)(a:)da:.
(3.68)
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From the relation oy 4+ 2a5 = 1 and the above formulas (3.56), we have that

mi(Xga,) = (1= 202)mu (f2(2)) + coma(fp(2)) = 2(1 + ),

mQ(X;iaz) = (1 — 2a)ma(fp(2)) + aems(fp(2)) = 2(3 + bas), (3.60)
ma(X ') = (1 — 202)ms(fp(2)) + aoma(fp(2)) = 2(11 + 23as),

ma(X,' ) = (1 — 202)ma(fp(2)) + coms(fp(2)) = 2(45 + 107ay).

From the formula (3.55) and the above calculations (3.69), we have that

Ko 1= ko (X 1,) = —2(2a% — ay — 1),

1,02
ks = k3(X. ] a,) = 2(803 — 605 — oy + 1), (3.70)
k= k(X o,) = —2(2a0 — 1)(2003 — 1003 — 3o + 1),

where K, is the n-th free cumulant of Xalla2 By an elementary calculation, the 2nd
Hankel determinant rqoky — £3 (is a function of ay) is negative for all 0 < ay < 1/2
with a; + 2a, = 1. By Lemma 3.16 the distribution of X! is not FID for all

1,02

o, a9 > 0 with ag + 200 = 1. O

Next we give an example of the GPFP distribution which fails to satisfy the
conclusion of Theorem 3.11 without the assumption.

Example 3.18. Consider the following GPFP distribution:

Nay.as(dz) : = GPFP ((\/5— 1% (V2 +1)% <;; 2;) = (0,2))

V(v 12 -2) CRCRY

2w

Qo
a + ) Liva-1e v (2)d,
(3.71)

where oy, s > 0 satisfy the relation ay + 2as = 1 by Lemma 3.15 (2). The GPFP
distribution 7, 4, fails to satisfy the assumption of Theorem 3.11 since | = (0,2) ¢
[t,t 4+ 1]% for any t > 0.

There exist aq, g > 0 with oy + 2a2 = 1 such that the GPFP distribution 74, a,
is not FID. Therefore the GPFP distribution 7,, ., does not satisty the conclusion of
Theorem 3.11.

Proof. From the relation oy + 2a = 1 and the above formulas (3.56) and (3.60), we
have that

M1 (Nay.as) = (1 — 2a2)my (fp(2)) + aom_1(fp(2)) = 2 — 3ay,

Ma(Nay ) = (1 — 2a2)ma(fp(2)) + aamo(fp(2)) = 6 — 11as, (3.72)
M3(Nay.as) = (1 — 2a0)m3(fp(2)) + aomy (fp(2)) = 2(11 — 21ay),

My (Nay ) = (1 — 2a0)my(fp(2)) + caama(fp(2)) = 6(15 — 29as)

From the formula (3.55) and the above calculations (3.72), we have that

Ky = Ko(Nay.ap) = —903 + ag + 2,
Ky = K3(Noy.as) = —54a8 + 903 + 60y + 2, (3.73)
K = K4(Nay.an) = —40505 + 900 + 343 + 100y + 2.
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This implies that the 2nd Hankel determinant x)x/ — (k5)* (is a function of ay) is
negative for 0 < ap < @, where & € (0,1/2) is the unique solution ay of the equation
Kkhkly — (K5)% = 0. Thus 7, a, is not FID for 0 < ap < & with ag +2as = 1 by Lemma
3.16. [

According to Mathematica, we get that & ~ 0.157781 (see Figure 3). For example,
the GPFP distribution 10.7,0.15 is not FID.

L \ L L
> N 7

- . 4 4 .

S~ 02 0. AL 08

Figure 3: bkl — (k%)? as a function
of ay. It is negative when 0 < ap =
0.157781.

3.6 Future works

We defined the GPFP distributions as Lebesgue absolutely continuous probability
measures and studied the UR property of GPFP distributions. More generally, we
consider the following probability measures:

b— 2)(r —a) e~ a
by + VI :1:>( ) > w—il(a,b)(x)dx, (3.74)
k=1
where 0 <c<1,0<a<b NeN, a=(a, - ,ay) € (0,00)" with
b b= 2)(x —a) o ay
/a . ; Sdr=1-c, (3.75)

and | = (l,---,ly) € RY. The probability measures (3.74) include general free
Poisson distributions (2.28). We should study UI property and FR property of the
above probability measures.

4 Unimodality for classical and free additive Lévy
processes with initial distributions

4.1 Introduction

In this section, we discuss about the paper [39] which studies unimodality for classical
and free Lévy processes (in particular, Brownian motions, Cauchy processes, positive
stable processes with index 1/2) with initial distributions.
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A Borel measure p on R is unimodal if there exist a € R and a function f: R —
[0, 00) which is non-decreasing on (—o0, a) and non-increasing on (a, 00), such that

pldr) = p({a})oa + f(x) de. (4.1)

The most outstanding result on unimodality is Yamazato’s theorem [68] saying that
all classical selfdecomposable distributions are unimodal. After this result, in [38],
Hasebe and Thorbjgrnsen proved the free analog of Yamazato’s result: all freely
selfdecomposable distributions are unimodal. The unimodality has several other sim-
ilarity points between the classical and free probability theories [36]. However, it is
not true that the unimodality shows complete similarity between the classical and
free probability theories. For example, classical compound Poisson processes are
likely to be non-unimodal in large time [67], while free Lévy processes with compact
support become unimodal in large time [36]. In this section, we mainly focus on
the unimodality of classical and free Brownian motions with initial distributions and
consider whether the classical and free versions share similarity points or not.

4.2 Outline of results

In free probability theory, it is known that the semicircle distribution is the free ana-
log of the normal distribution. Free Brownian motion is defined as a process with free
independent increments, started at 0 and distributed as the centered semicircle distri-
bution S(0,%) at time ¢t > 0. Furthermore, we can provide free Brownian motion with
initial distribution p which is a process with free independent increments distributed
as pat t =0 and as B S(0,¢) at time ¢ > 0. In [19], Biane gave the density function
formula of free Brownian motion with initial distribution (see Section 4.3.1). In our
studies, we first consider the symmetric Bernoulli distribution p := %6“ + %5_1 as an
initial distribution and compute the density function of B S(0,t). Then we see that
the probability distribution p 8 S(0,¢) is unimodal for ¢ > 4 (and it is not unimodal
for 0 < ¢t < 4). This computation leads to a natural problem:

Problem 4.1. For which class of probability measures ;1 on R does the free Brownian
motion with initial distribution p become unimodal for sufficiently large time?

We then answer to this problem as follows (formulated as Theorem 4.8 and Propo-
sition 4.10 in Section 4.3.3):

Theorem 4.2. (1) Let pu be a compactly supported probability measure on R and
D, :=sup{|lz —y| : 2,y € supp(p)}. Then p 8 S(0,t) is unimodal for t > 4D?.

(2) Let f: R — [0,00) be a Borel measurable function. Then there exists a proba-
bility measure p on R such that p B S(0,¢) is not unimodal for any ¢ > 0 and

/Rf(x) du(x) < 0. (4.2)

Note that such a measure p is not compactly supported by (1).

The function f can grow very fast such as e”, and so, a tail decay of the initial
distribution does not imply large time unimodality.
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The corresponding classical problem is natural, that is, for which class of initial
distributions on R does Brownian motion become unimodal for sufficiently large time
t > 0?7 We prove in this direction the following results (formulated as Theorem 4.20
and Proposition 4.19 in Section 4.4, respectively):

Theorem 4.3. (1) Let p be a probability measure on R such that

= /Rew2 du(x) < oo (4.3)

for some € > 0. Then the distribution p* N(0,¢) is unimodal for all ¢ > M.

(2) There exists a probability measure 1 on R satisfying that
/e“”xp du(z) <oo forall A>0and 0<p <2 (4.4)
R

such that p* N(0,¢) is not unimodal for any ¢ > 0.

Thus, in the classical case, the tail decay (4.3) is sufficient and almost necessary
to guarantee the large time unimodality. From these results, we conclude that the
classical and free versions of the problems of unimodality for Brownian motions with
initial distributions share common features as both become unimodal in large time
under each assumption.

Further related results in this paper are as follows. In Section 4.3.4 we prove
that B .S(0,t) is always unimodal whenever y is symmetric around 0 and unimodal
(see Theorem 4.12). In Section 4.3.5, we define freely strongly unimodal probability
measures as a natural free analogue of strongly unimodal probability measures. We
conclude that the semicircle distributions are not freely strongly unimodal (Lemma
4.15). More generally, we have the following result (restated as Theorem 4.16 later):

Theorem 4.4. Let A be a probability measure with finite variance, not being a delta
measure. Then A is not freely strongly unimodal.

On the other hand, there are many strongly unimodal distributions with finite
variance in classical probability including the normal distributions and exponential
distributions. Thus the notion of strong unimodality breaks the similarity between
the classical and free probability theories.

In Section 4.5, we focus on other processes with classical/free independent incre-
ments with initial distributions. We consider a symmetric stable process with index 1
and a positive stable process with index 1/2. Then we prove large time unimodality
similar to the case of Brownian motion but under different tail decay assumptions.

4.3 Free Brownian motion with initial distribution
4.3.1 Free convolution with semicircle laws

Almost all the materials and methods in this section are following Biane’s paper [19].
Recall that S(0,t) is the semicircle law of mean 0 and variance ¢ > 0. We then
compute its Cauchy transform and its R-transform (see, for example, [51]):

z— 22— 4t

Gs.)(2) = 5

, z€ CH, (4.5)
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where the branch of the square root on C\ R" is such that /—1 = i. Moreover
RS(07t)(z) =tz, z€C". (4.6)
Let p be a probability measure on R and let pu; = p B S(0,¢). Then we define the

following set:
1 1
—d - 4.7
[ ot =1}, (4.7

and the following function from R to [0, 00) by setting

v ) = 1nf{v>0’/x_u e d %} (4.8)

Then v; is continuous on R and one has U; = {z € R | v;(u) > 0}. Moreover, for
every u € Uy, vy(u) is the unique solution v > 0 of the equation

1 1
/]R (x —u)? +v? dplx) = t (4.9)

O ={r+iyeCly>un(r)}. (4.10)

Then the map Hy(2) := 2z + Rs(04)(G,(2)), defined on C*, is a homeomorphism from
2, to Ct UR and it is conformal from €, onto C*. Hence there exists an inverse
function F; : Ct UR — Q;,. By [19, Lemma 1, Proposition 1], the domain €, is
equal to the connected component of the set H, '(C*) which contains iy for large
y > 0 and for all z € C" one has

G, (2) = G, (H(Fi(2)))
= Gy (Fi(2) + Rson) (Gu(Fil2))) (4.11)
= Gu(Fi(2)).

Moreover G, has a continuous extension to Ct UR. Then i, is Lebesgue absolutely
continuous by Stieltjes inversion and the density function p;: R — [0,00) of p; is
given by
u(z)
T

. TE R, (4.12)

Utl_{UER

We define

Pe(()) = —~ Tim Tm(G, (Y0(2) + iy)) =

T y——+0
where

Yi(x) = Hy(z +iv(2)) = « +t/ @=w) ). (4.13)

r (z = u)? + vy(2)?
It can be shown that 1, is a homeomorphism of R. Furthermore the topological
support of p; is given by 1,(U;), and p; extends to a continuous function on R and is
real analytic in {z € R : p;(x) > 0}.

Example 4.5. Let p := %6_1 + %5“ be the symmetric Bernoulli distribution. Recall
that the topological support of the density function p; is equal to ¥ (U,). If 0 < t < 1,
we have

24+t — 12+ 8t 2+1t+ V2 + 8t
U =<uelR 5 < |ul < 5 :

(4.14)

30



and if £ > 1, we have

24+t + 12+ 8t 24+ t+Vt?+ 8t
Uy=<uelR | — 5 <u< 5

(4.15)

If 0 <t <1 then the number of connected components of U, is two, and therefore 1,
is not unimodal. If ¢ > 1 then U; is connected. By the density formula (4.12), the
unimodality of y; is equivalent to the unimodality of the function v;(u), the latter
being expressed in the form

v(u):\/—(2u2+2—t)+\/m

4.16
) (1.16)
Calculating its first derivative then shows that y; is unimodal if and only if £ > 4; see
Figures 4-9.

According to Example 4.5, we have a question about what class of initial distri-
butions implies the large time unimodality of free Brownian motion. We will give a
result for this in Section 4.3.3.

Figure 4: poas(x) Figure 5: py(x) Figure 6: pa(x)

I

Figure 7: p3(x) Figure 8: py(x) Figure 9: p7(x)

4.3.2 A basic lemma for unimodality

A unimodal distribution is allowed to have a plateau or a discontinuous point in its
density such as the uniform distribution or the exponential distribution. If we exclude
such cases, then unimodality can be characterized in terms of levels of density.

Lemma 4.6. Let u be a probability measure on R that is Lebesgue absolutely con-
tinuous. Suppose that its density p(z) extends to a continuous function on R and is
real analytic in {x € R : p(z) > 0}. Then p is unimodal if and only if, for any a > 0,
the equation p(x) = a has at most two solutions x.

The proof is just to use the intermediate value theorem and the fact that a real
analytic function never has plateaux. Note that the idea of the above lemma was
first introduced by Haagerup and Thorbjgrnsen [33] to prove that a “free gamma
distribution” is unimodal.
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4.3.3 Free Brownian motions with compactly supported initial distribu-
tions

The semicircular distribution is the free analogue of the normal distribution. There-
fore, a process with free independent increments is called (standard) free Brownian
motion with initial distribution p if its distribution at time ¢ is given by B S(0,t).
In this section, we firstly prove that free Brownian motion with compactly supported
initial distribution is unimodal for sufficiently large time, by using Biane’s density
formula.

Lemma 4.7. Suppose that ¢ > 0. The following statements are equivalent.
(1) wHE S(0,¢) is unimodal.
(2) For any R > 0 the equation

1 1
/R CE S 1D

has at most two solutions u € R.

Proof. We adopt the notations p, = p B S(0,t), v, p; and 1), in Section 4.3.1. This
proof is similar to [38, Proposition 3.8]. Recall that ju, is absolutely continuous with
respect to Lebesgue measure and the density function p; is continuous on R since its
Cauchy transform G, has a continuous extension to C* UR, and the density function
is real analytic in ¢, (U;) and continuous on R by Section 4.3.1.

Suppose (2) first. Since 1, is a homeomorphism of R, by Lemma 4.6 it suffices to
show that for any a > 0 the equation

a=p(P(u)=——= uelR (4.18)

has at most two solutions u € R. Since v;(u) is a unique solution of the equation
(4.9) if it is positive, then we have

{ueR ‘a:%}:{ueﬂ% ‘ /R(x—u);jt(mt)?du(x):%}’ (4.19)

By the assumption (2), the equation a = % has at most two solutions in R.
Conversely, suppose that (2) does not hold. Then for some R > 0 there are three

distinct solutions wuy, us, ug € R to (4.17). By (4.19) this shows that v;(u;) = R and

hence p;(¢y(u;)) = £ for i = 1,2,3. Again by Lemma 4.6, g, is not unimodal. O

Now we are ready to prove Theorem 4.2 (1).

Theorem 4.8. Let ;1 be a compactly supported probability measure, and let D, be
the diameter of the support: D, = sup{|z —y| : z,y € supp(p)}. Then p B S(0,¢) is
unimodal for ¢ > 4DZ.
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Proof. Applying a shift we may assume that p is supported on [—&, %] For fixed

2
R > 0, we define by

Enlu) = /R mdu(@, weR. (4.20)
Then we have
o [T 2e—w
R A (R (4.21)

g [ 6(x—u)®—2R?
b= [, (s e )

If u < —%, then z —u > —% - (—%) = 0 for all x € supp(p), so that {i(u) > 0.

If u > %, then z —u < % — % = 0 for all € supp(u), so that £5(u) < 0. We take

t > 4D3 and consider the form of g(u) on u € (—%, %)
If0 < R <+3D,, then (v —u)?+ R? < (% + %)2 (V3D,)? = 4D? <'t, so that
1 1 D, D
Y S E— - (——“ —“). 4.2
$lu) /R(x—u)2+R2 ) >3 we (=505 (4.22)

Hence the equation &g(u) = % has at most two solutions v € R if ¢ > 4DZ. It
R > \/gDu, then the function £g(u) satisfies the following three conditions:

o {h(u) >0 forall u < —% and &p(u) < 0 for all u > %,

e {}, is continuous on R,

o {(u) <0foralue <—& &>.

27 2

By the intermediate value theorem, £}, has a unique zero in [—& &] and hence &g

2072
takes a unique local maximum in the interval [—=*, 5*] (and therefore it is a unique
1

global maximum on R). Therefore the equation {z(u) = ; has at most two solutions
ift > 4Di. Hence we have that the free convolution yHS(0, ) is unimodal if ¢ > 4Di

by Lemma 4.7. O

Problem 4.9. What is the optimal universal constant C' > 0 such that ¢ H.S(0,1) is
unimodal for all ¢ > C’Di and all probability measures p with compact support?

We have already shown that C' < 4. Recall from Example 4.5 that if p is the
symmetric Bernoulli distribution on {—1,1}, then pH S(0,¢) is unimodal if and only
if ¢ > 4. Since the diameter D,, of the support of ;1 is 2, we conclude that 2 < C' < 4.

The next question is whether there exists a probability measure p such that p H
S(0,t) is not unimodal for any ¢t > 0 or at least for sufficiently large ¢ > 0. Such a
distribution must have an unbounded support if it exists. Such an example can be
constructed with an idea similar to [44, Proposition 4.13] (see also [36, Example 5.3]).
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Proposition 4.10. Let f: R — [0,00) be a Borel measurable function. Then there
exists a probability measure p such that 8 .S(0,¢) is not unimodal at any ¢t > 0 and

/ (@) du(z) < oo. (4.23)
R
Proof. We follow the notations in Section 4.1.1. Let {w,}, and {a,}, be sequences
in R satisfying

o w,>0,>" w,=1,

® Apt1 > Ap, N Z 17

e lim (ap41 —a,) = 0.

n—oo

Consider the probability measure f:= >~ w,d,, on R and define the function

X, (u) ::/R(u_;x Z CErE (4.24)

n=1

Recall that U, is the set of u € R such that X, (u) > 1/t. Set by = “+LE% for all
k € N. Then we have

by — an| > w k,neN (4.25)

2
ulb) < (ak+1 - ak) Z <ak+1 - ak)

as k — oo. This means that for each t > 0 there exists an integer K (¢) > 0 such that
X,.(by) < 1 for all k> K (t). This implies that, for k > K(¢), the closure of U, does
not contain b;. Note that the set U; is an open set. Therefore, there exists a sequence
{er(t) 122 k()41 of positive numbers such that

and so

[e.e]

UyN bk 00) = | (ak —er(t), ax + x(t)), (4.26)
k=K (t)+1

where the closures of the intervals are disjoint. Thus the set supp(u;) = ¥(U;)
consists of infinitely many connected components for all ¢ > 0, and hence pu; is not
unimodal for any ¢ > 0.

In the above construction, the weights w,, are only required to be positive. There-

fore, we may take
c

n?max{ f(a,),1}’

where ¢ > 0 is a normalizing constant. Then the integrability condition (4.23) is
satisfied. 0

(4.27)

Wy =

Proposition 4.10 shows that tail decay estimates of the initial distribution do not
guarantee the large time unimodality. In Section 4.4 we shall see that the situation
is different for classical Brownian motion.
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4.3.4 Free Brownian motion with symmetric initial distribution

This section proves a unimodality result of different flavor. It is well known that if p
and v are symmetric unimodal distributions, then p v is also (symmetric) unimodal
(see [53, Exercise 29.22]). The free analogue of this statement is not known.

Conjecture 4.11. Let p and v be symmetric unimodal distributions. Then pH v is
unimodal.

We can give a positive answer in the special case when one distribution is a
semicircle distribution.

Theorem 4.12. Let p be a symmetric unimodal distribution on R. Then w8 S(0, )
is unimodal for any ¢ > 0.

Remark 4.13. There is a unimodal probability measure p such that pHS(0, 1) is not
unimodal (see Lemma 4.15). Hence we cannot remove the assumption of symmetry
of p.

Proof of Theorem 4.12. By Lemma 4.7 it suffices to show that for any R > 0 the

equation
1 1
- = 4.2
| =) - (4.28)

has at most two solutions v € R. Up to a constant multiplication, the LHS is the
density of p* Cg, which is unimodal since p and Ci are symmetric unimodal. Since
the density of p* Cp is real analytic, Lemma 4.6 implies that the equation (4.28) has
at most two solutions. This shows that 8 S(0,¢) is unimodal. [

4.3.5 Freely strong unimodality

In classical probability, a probability measure is said to be strongly unimodal if p* v is
unimodal for all unimodal distributions v on R. A distribution is strongly unimodal
if and only if the distribution is Lebesgue absolutely continuous, supported on an
interval and a version of its density is log-concave (see [53, Theorem 52.3]). From this
characterization, the normal distributions are strongly unimodal. We discuss the free
version of strong unimodality.

Definition 4.14. A probability measure p on R is said to be freely strongly unimodal
if B v is unimodal for all unimodal distributions v on R.

Lemma 4.15. The semicircle distributions are not freely strongly unimodal.

Proof. The Cauchy distribution is not strongly unimodal since its density is not log-
concave. Hence, there exists a unimodal probability measure p such that p * Cy is
not unimodal. Since the density of u * C is real analytic on R, by Lemma 4.6 there
exists ¢ > 0 such that the equation

R ) = [y ) = (1.29)

has at least three distinct solutions x1,x9,x3 € R. Lemma 4.7 then implies that
S(0,t) B i is not unimodal. By changing the scaling, we conclude that no semicircle
distributions are freely strongly unimodal. O]
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Theorem 4.16. Let A\ be a probability measure with finite variance, not being a
delta measure. Then A is not freely strongly unimodal.

Proof. We may assume that A has mean 0. Suppose that A is freely strongly unimodal.
A simple induction argument shows that A¥" is freely strongly unimodal for all n € N.
We derive a contradiction below. By Lemma 4.15 we can take a unimodal probability
measure g such that g 8 5(0,1) is not unimodal. Our hypothesis shows that the
measure D (1) B A®" is unimodal, where v is the variance of A and D.(p) is the
push-forward of a measure p by the map x — cx for ¢ € R. By the free central limit
theorem [49, Theorem 5.2], the unimodal distributions Dy /(D ms(p) B A™") =
(B Dy, ms(AF") weakly converge to B 5(0,1) as n — oo. Since the set of unimodal
distributions is weakly closed (see [53, Exercise 29.20]), we conclude that pH S(0,1)
is unimodal, a contradiction. Il

Problem 4.17. Does there exist a freely strongly unimodal probability measure that
is not a delta measure?

4.4 Classical Brownian motions with initial distributions

This section discusses large time unimodality for classical standard Brownian motion
with an initial distribution p, which is a process with independent increments dis-
tributed as pu* N(0,t) at time ¢ > 0. Before going to the general case, one example
will be helpful in understanding unimodality for u * N(0, ).

Example 4.18. Elementary calculus shows that
1
5((5_1 +d1) * N(0,¢) (4.30)

is unimodal if and only if £ > 1; see Figures 10-15.

Figure 10: ¢ = 0.25 Figure 11: t = 0.5 Figure 12: ¢ = 0.75

Figure 13: t =1 Figure 14: t =2 Figure 15: t =4

This simple example suggests that Brownian motion becomes unimodal for suffi-
ciently large time, possibly under some condition on the initial distribution. In some
sense, we give an almost optimal condition on the initial distribution for the large
time unimodality to hold. We start by providing an example of initial distribution
with which the Brownian motion never becomes unimodal.
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Proposition 4.19. There exists a probability measure p on R such that p* N(0,t)
is not unimodal at any ¢ > 0, and

/6A|xpd,u(:c) < 00 (4.31)

forall A>0and 0 <p < 2.

Proof. We consider sequences {wy, }neny C (0,00) and {a, }neny C R such that

f: w, = 1, (4.32)
n=1

by == neil\lrif{k} lagy — an, — 1| = oo as k — oc. (4.33)

Moreover we assume that for all £ > 0 there exists kg = ko(t) € N such that
b2

k

k> ko(t) = wpe 2 > bye 2. (4.34)

Define a probability measure p by setting p := >~ | w,d,, and the following function:

d(p*x N(0,t - _ (z—an)?
fi(z) :== V2t - w(@ = nz:;wne 2, xeR. (4.35)
Then we have -
— T—an 2
fi(z) = an(f t“")ai( - reR (4.36)

n=1

If needed we may replace ko(t) by a larger integer so that by > +/t holds for all
k > ko(t). For k > ky(t) we have

’ WE _ 1 ar — ap, — 1\ _(ag—an—1)?2
ft(ak—l):Te 2t — g W, =3 e 2t
neN,n#k
|ak —ap — 1| _(ag—an—1)*
LA 2t

v
~|5
Cb|
-
|

N

neNn#k (437)
W _1 by _®
> 76 2t — Z Wy, —e 2t
neN,n#k

> —(wke_ﬂ — bke_?> > 0,

where we used the fact that z — |$|e’§ takes the global maximum at » = 4/t
on the third inequality and the assumption (4.34) on the last line. This implies that
p* N(0,t) is not unimodal for any ¢ > 0.

Next we take specific sequences {w, },, and {a, }, satisfying the conditions (4.32)—
(4.34). Set ap = a*, k € N where a > 2. Note that there exists some constant ¢ > 0
such that b, > ca” for all k € N. Hence we have that b, — oo as k — 0o. Moreover

we set
b

wyg = Me &, (4.38)
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b2
where M > 0 is a normalized constant, that is, M = (3252, e~ %)~! (note that the
series converges). Since by, — 0o as k — 00, we have
%

b —5¢ 1 2 2
K€ T _ Mb,,feb?k_b?’z — 0, as k — oo. (4.39)

Wy
For all t > 0 there exists ky = ko(f) € N such that £ > ko implies that e >

2
bke_%/wk. Therefore the sequences {w,}, and {a,}, satisfy the condition (4.34).
Finally we show that u =Y w,d,, has the property (4.31). For every A > 0 and
0 < p < 2, using the inequality b, > ca® shows that

o0 o
p P _.—132 kp
[ dua) = 3 et = a3 e e
R k=1 k=1

_ (4.40)
< MZeanpk(02A71k71a<2’17)k71) < 0.
k=1

Thus the proof is complete. n
Note that for any sequences {w,}, and {a,}, satisfying the conditions (4.32)—
(4.34) the distribution g = > | w,d,, has the following property:
/ e dp(z) = oo for all & > 0. (4.41)
R

Then we have a natural question whether the large time unimodality of p * N(0,1)
holds or not if the initial distribution g does not satisfy the condition (4.41). We
solve this question as follows.

Theorem 4.20. Let p be a probability measure on R such that
= / e du(z) < . (4.42)
R
for some € > 0. Then p * N(0,t) is unimodal for ¢ >

36 log(2a)
— -

Remark 4.21. The proof becomes much easier if we assume that p has a compact
support.

Proof of Theorem 4.20. For x > 0 we have

€ —EX
wl >0 = [ v < [ du<ac @)
ly|>a y|>a €

Let

fi(x) == V2nt - d( x N(0,1)) *d]\;m’t)) () = /Re_@;g)? du(y). (4.44)

Then we have

Yy—x\ _w-=?
ft’(fc)z/< ; )e 2 du(y)
R
Cy—x @2 T r—y _@w?
=/ Il du(y)—/ Y55 duly).

t ot

(4.45)
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For x > 0, we have

o0 o a 2 t
/ T duly) < %e%u«x,oo)) < e ()
For x > \/72, we have
T r—y _@w? 2=t T—Y _(—w?
/ ; e 2 du(y) > / r e 2 du(y)
— 0 —3x

(4.47)

> %min{geﬁ%,élwesztz}u([—?)x,x — g])

22
Now the function g(x) := 4ze~"t has a local maximum at z = \/TZ, and hence for all
x> ‘/72
1
g(x) <272Vt < ge_%s\/z_f, (4.48)

where 2¢72 ~ 0.2706 and %e’Tls ~ 0.3153. Hence we have

r - 93*?/2 4 12 t
/ x ; Yo" du(y) > Txe‘gfua—?mx— g])

X

6 6

822

et (1 — ae ),

2 t

> 297" > 5. Hence if t > % then

8z2
t

Ift> % then €%~

2 3 et et
(z) < ﬂe—é—eﬁ{l I ae_%‘)}. (4.51)

(67

Ift> w then 1 — ae™ 5 > % and we have

2 3 et et 1
1- 2 eS(1—ae %) <1—e3 25 -ab <0. (4.52)
(6%
By taking t > max{%, 36105(2a)} = 36105(2a), we have
t
fllz) <0 ifz> % (4.53)
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Similarly, we have

fllx) >0 ifx< —%%. (4.54)

Next, we will show that f/'(x) < 0 for all x € R with |z| < */72 We then calculate
the following

i (z) = * duly)
R
:1: — —t _e=y? y)
= / dp(y) (4.55)
|z— y|>\f
2 @y?
/ y) — ¢ 2 du(y).
|z—y|<Vt

u2 .
Since the function h(u) := “i;te_? has a local maximum at u = £+/3t, we have

/ %@_W@(y)éé Al —vVia V). (450)
|z—y|>V1t

For all z € R with |z| < %, we have [z — V1,2 + V1]° C [, 21]%, and therefore

)t ew? 2 tViErey _ 2 et
/ (x y2) 6—% d[L(Z/) S - §M<[_£7 i} ) S —e_%ae_z. (457)
|z—y|>V1t t t 2 2 t

Since the function —h(u) is decreasing on [0, v/3t], we have

t— x—y2 Gy t—(r—y)? _@w?
|lz—y|<Vt

t2

5 s ({ 2/t 2\/5]) (4.58)
= —¢€ QM €T — _71' _
9t 3 3
S _2 Vit Vit
e[ 0)
9t 6 6
> %e‘g(l — ae_%).
Therefore
" 2 3 _a 2 et
V() < —ezae”t — —e (1 — e %)
¢ (4.59)
— 1{2 “Saed 2 —5(1 *Eé)}
=12¢ tae 5¢ ae
If¢ > 3 105(20‘) then
5 ez 5
2¢ 2qe” T — 56_%(1 —ae ) < Qo) Ee_% <0, (4.60)



and therefore f/'(z) <0 if |z| < ‘/;

36 log(
€

To summarize, if ¢t > 2"), then we have the following properties:

(z) <0, (4.61)

2
Hence f;(x) has a unique local maximum in (—‘/75, ‘4) when ¢t > w, which
is a unique global maximum on R as well. Therefore p * N(0,t) is unimodal for

t> 36 105(2&) ‘ O

Remark 4.22. If p is unimodal then p % N(0,¢) is unimodal for all ¢ > 0. This
is a consequence of the strong unimodality of the normal distribution N(0,t) (see
Section 4.3.5), in contrast with the failure of freely strong unimodality of the semicircle
distribution (see Lemma 4.15).

We close this section by placing a problem for future research.

Problem 4.23. Estimate the position of the mode of classical Brownian motion
with initial distributions satisfying the assumption (4.42). Our proof shows that for
t > 3 log(2a), the mode is located in the interval [—v//2,/t/2]. How about free
Brownian motion?

4.5 Large time unimodality for stable processes with index
1 and index 1/2 with initial distributions

We investigate large time unimodality for stable processes with index 1 (following
Cauchy distributions) and index 1/2 (following Lévy distributions) with initial dis-
tributions.

4.5.1 Cauchy process with initial distribution
Let {C};}i>0 be the symmetric Cauchy distribution

t

Cy(dz) = P RO

Ar(z)dr, z €R, Co = do, (4.62)

which forms both classical and free convolution semigroups. A Cauchy process with
initial distribution p is a process with independent increments that follows the law
px Cy at time ¢ > 0. It is known that the Cauchy distribution satisfies the identity

for any p and ¢ > 0, and so the distributions u * C; can also be realized as the laws
at time ¢ > 0 of a process with free independent increments with initial distribution
p. The authors do not know a written proof of (4.63) in the literature, so give a
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proof below. The Cauchy transform of the Cauchy distribution is given by G¢,(2) =
1/(z +it) on C* (e.g. by the residue theorem), and hence R¢,(z) = —itz. Then
R,mc,(2) = R,(2) — itz, and after some computation we can check that G mc,(2) =
G, (z +1it). The Stieltjes inversion formula implies that for ¢ > 0 the free convolution
w1 B C; has the density

t
TR

—m(Gulo+i0) = [ ——

/0

] dp(y), (4.64)

which is exactly the density of u x C;.

As in the cases of free and classical BMs, taking u to be the symmetric Bernoulli
%((5_1 + 07) is helpful. By calculus we can show that p * C; is unimodal if and only
if t > v/3; see Figures 16-21. Thus it is again natural to expect that a Cauchy
process becomes unimodal for sufficiently large time, under some condition on the
initial distribution. We start from the following counterexample.

Figure 16: ¢ = 0.25 Figure 17: t = 0.5 Figure 18: ¢ =1

Figure 19: t = v/2 Figure 20: t = v/3 Figure 21: t = 3

Proposition 4.24. There exists a probability measure y on R such that p* C; is not
unimodal for any ¢ > 0, and

/ |zP dp(z) < oo, 0<p<3. (4.65)
R

Proof. Let {wy,}n>1 be a sequence of positive numbers such that > 7w, = 1 and
{an}n>1 be a sequence of real numbers. Consider the probability measure

p=> wal,,. (4.66)
n=1
Suppose that the sequence
by = inf |ax —a, — 1], keN (4.67)
neN\{k}
satisfies the condition
klim wib} = 0o. (4.68)
—00
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When {a,} is increasing, this condition means that the distance between a,, and a1
grows sufficiently fast. Let

)= TR ) = 3

4.69
t — (x —a,)? + 1% ( )
Then we obtain
= 2w, (z — ay)
(z) = - - 4.70
ft(x> Z [(l’ . Cln)2 + tQ]QJ ( )
n=1
and so for sufficiently large k£ such that by > 0 and for each ¢ > 0
2wy, —2w,(a — a, — 1)
filay —1) = e T Z 2 1 1212
(1+1¢2) eyt [(ar — an — 1)% + 2]
2’LUk 2'LUn
>k AW
T (1412)? Z lay — a, — 12
nzln#k (4.71)
= 2)2 3
(1 Tt ) n>1,n#k k

o 2w 2 _, 1 1
—_— — — = Z2UW - .
S 1+e2)2 B FNA+2)? wbd

The condition (4.68) shows that f/(ax — 1) is positive for sufficiently large k£ € N.
This shows that p * C} is not unimodal for any ¢ > 0.

If we take the particular sequences a,, = a™ and w,, = cn"a~>", where a > 2,7 > 0
and ¢ > 0 is a normalizing constant, then the sequence b, satisfies b, > Ca" for
some constant C' > 0 independent of n. Then the conditions (4.68) and (4.65) hold
true. [

In the above construction, for any positive weights {w;, },, and any sequence {a, },
that satisfies (4.68), the third moment of u is always infinite,

/R 2| dp(z) = oo, (4.72)

due to the inequality |ay| > by — |a1| — 1 and the condition (4.68). The next question
is then whether there exists a probability measure p with a finite third moment such
that p * C} is not unimodal for any ¢ > 0, or at least for sufficiently large ¢ > 0. The
complete answer is given below.

Theorem 4.25. Let u be a probability measure on R which has a finite absolute

third moment
B = / |z du(r) < oo
R

Then p * C} is unimodal for ¢ > QOﬁ%.
Proof. The Markov inequality implies the tail estimate

w([—z, x]°) < xﬁ x > 0. (4.73)
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It suffices to prove that the function

md(p*xCy), | 1
T () = /R CEmEE dp(y) (4.74)

has a unique local maximum for large t > 0. Suppose first that x > 0. The derivative
f{ splits into the positive and negative parts

fi(x) = / ; 205 gy - I ; 20 9) ). @)

x_y>2+t2]2 I—y)2+t2]2

fi(x) =

By calculus the function u — (ugi—“ﬁy takes a global maximum at the unique point

u = t/+/3. Using the tail estimate (4.73) yields the estimate of the positive part

2(y — ) 2\% B

On the other hand the negative part can be estimated as

2(x —y) 2(x —y)
du(y) > / du(y). 4.77
Jomimw =[Gt am
Elementary calculus shows that for —x <y < z/2,
2(x —y) , dx x
> 4.78
oyt 2 e G an ) 7

and if we further restrict to the case « > ¢/4, then

min A *
(4x? + 12)27 (22/4 + t2)?

B (4.79)
> min{ de ’ > 10 .
- (422 + 1622)2 (22/4 + 1622)? a3
Thus we obtain
2(x —y) 1073 1073 B
[ e e o= ez > S (1- )
= ) (4.80)
103(1—83—6> x> t/4
- 3 3 ’ - ’

Comparing (4.76) and (4.80), taking ¢ > 203'/® guarantees that the positive part is
smaller than the negative part, and hence

filz) <0, x> (4.81)
Similarly, if ¢ > 205'/3 then

(2) >0, a<—- (4.82)



In order to show that f; has a unique zero, it suffices to show that f}’(z) < 0 for
|z| < t/4. Now we have

"oy 23(y — z)* — #*]
1O [, s To o 7P 40 s
_/ 2[t* = 3(y — 2)*] (). '
ly—z|<t/V/3 [(I’ - y)2 + t2]3

The function u + 2(3u® — t?)/(u* + ¢*)? attains a global maximum at u = +¢ and a
global minimum at v = 0. Therefore, the positive part can be estimated as follows:

2[3(y — x)* — 1*] 2(3t2 — 12)
/ly—x|>t/¢§ [CEmETE /I;J—ac|>t/\/3 @+ ep W

. (4.84)
o ([ al)
= — T — x :
RN RVERE
For all x such that |z| < ¢/4, we have the inclusion
t1° tt
T — - : (4.85)
merl <l
and hence we obtain
2[3(y — x)* — % 1 ({ t t}) 53
d < — —=, = 4.86
/yw>t/\/§ @—prvep MW sgar| 755 ) S (4.86)

On the other hand, the negative part has the estimate

20 —3(y — )’] 20t~ 3(y — 2
T o= LR W e L

By calculus, the function u — (#2 — 3u?)/(u? + t*)? is decreasing on [0, ¢, and so

2[t* — 3(y — 2)’]
A{z|<t/z [(x — y)2 + tz]g d,u(y)
2(2 — 34) om0
- /'y‘x<t/2(§+—t2)3d“<y) ~ 12507 Q SR 2]) (4.88)

32 tt 1 433
> pl =) =2 (1-—
125¢4 4’4 44 t3

for all || < t/4. The positive part (4.86) is smaller than the negative part (4.88)
if we take t in such a way that ¢ > 10583, Thus f"(z) < 0 for all |z| < t/4 and
t > 1033, O

4.5.2 Positive stable process with index 1/2 with initial distribution
A positive stable process with index 1/2 has the distribution

_t?
t e 2z

Vor L p3/2

at time ¢t > 0 which is called the Lévy distribution. We restrict to the case where the
initial distribution is compactly supported.

Li(dz) == 1o (z)dz, z €R, (4.89)
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Theorem 4.26. If ;1 is a compactly supported on R with diameter D, then p* L, is
unimodal for all ¢ > (90/4)Y/4D;/?,

Proof. By performing a translation we may assume that p is supported on [0,7],
where v = D,,. We set the following function:

=}
gt’y(x) = Wl(am)(QT — y), CL‘, y 6 R (490)

Note that this function is C'* with respect to x. Consider the following function

_ \/%.d(ﬂ*Lt)

fla) = @) = [ @dut), aer @9

which is supported on (0, 00) and has the derivative

+2

d T —3(x—vy) _
Ly = [ B (e — ) du(y). 1.92
o) = [ SR e T g o = 1) duty) (4.92)
If0<ax<t?/3then t? —3(x —y) > 1> —3-12/3 =0 for all 0 < y <+, and therefore
f/(z) > 0. Moreover, if t*/3 + v < = then we have that t* — 3(z —y) < t* — 3(¢*/3 +
v) + 3y =0 for all 0 < y < ~, and therefore f/(z) < 0. For t?/3 < x < t?/3 + ~, the
second derivative of f; is given by

Y15(x —y)? — 1083 (z —y) + ¢4 __
" _ 2= 10 00 — d . 4.93
t (:B) /0 4(ZL’ — y)u/g € (o, )(l’ y) :u(y) ( )

Note that t?/3 — v <z —y < t?/3 + . Since for X € R

12 2t2 t? 2t?
15X2 102X +tt <0 iff — —

o ox<cL 4.94
3~ 3V RV R

if 2= > v then f{/(x) < 0.
To summarize, we have obtained that if * > @7 then
o fl(x) >0, r < t?/3,
e fl(z) <0, x> 12/3 + 7,
o

!(r) <0, /3 <z <t*/3+7.

Hence f; has a unique local maximum in [t?/3,¢%/3 + ~], which is a unique global
maximum on R as well. Therefore u * L; is unimodal for all $* > %ﬁv. O

We give a counterexample for large time unimodality for positive stable processes
of index 1/2 when the initial distribution is not compactly supported.

Proposition 4.27. There exists a probability measure p on R such that p* L; is not
unimodal for any ¢ > 0, and

)
/R |z|P du(z) < oo, 0<p< 5" (4.95)
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Proof. Let {w,},>1 be a sequence of positive numbers such that Y > w, = 1 and
{an}n>1 be a sequence of real numbers such that the sequence

by = 1Inf — k 4.
% negl\{k}|ak |, eN (4.96)
satisfies
lim wkzb,i/2 = 0. (4.97)
k—o00

Consider the probability measure

= i Wy 0q,, - (4.98)
n=1

Let 2
V2 d(p* Ly) e b =)
filz) = _L Z wn

t (4.99)

(x —a,)3/?

Then we obtain

file) == > wih(z —ay), (4.100)

n>1l,an<x
t2
where h(x) = 5;”;;/22 ¢~ 2z, and for each k € N and each ¢ > 0
54f )
filax +#/6) = wy - —3 Z;k wyh(ay — a, +12/6). (4.101)
an<ék+t2/6

Since by — 0o as k — oo, there exists a positive integer k(t) such that by + ¢2/6 >
51042 for all k > k(t). For k > k(t) and n # k such that a, < aj + /6, we
can show that a; — a, > by; otherwise, by the definition of b, it must hold that
ap — a, < —b, < —%ﬁtz, which contradicts a,, < aj + t?/6. Since the map h is

positive and strictly decreasing on (5%5@152, o0), for k > k(t) we have

541/6
fl(ag +12/6) > wy, - tfe—S — > wah(by +17/6) (4.102)
n:n#k
an<ar+t?/6
541/6
> wy, - ‘/_6*3 — h(b + t*/6) (4.103)
54f b, —12/2 2
— . (bp+t2/6)
W 5 T3t t2/6)7/26 k . (4.104)

The condition (4.97) shows that f/(ay + ¢2/6) is positive for sufficiently large k£ € N.
This shows that p * L; is not unimodal for any ¢ > 0.

If we take the particular sequences a; = a* and wy, = cka=3* where a > 2 and
¢ > 0 is a normalizing constant, then the sequence by, satisfies b, > Ca* for some
constant C' > 0. Then the condition (4.97) holds true and

/ |z |P dp(x Zwklak|p = cZk’a(p 5/Dk (4.105)

k>1 k>1

Hence the above integral is finite if and only if 0 < p < 5/2. [
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In the above construction, for any positive weights {w, }, and any sequence {a,},
that satisfies (4.97), the 5/2-th moment of x is always infinite, that is,

17 duto) = o (4.106)

We conjecture that if the integral in (4.106) is finite then p % L; is unimodal in large
time. More generally, considering results on Cauchy processes in Section 4.5.1, it is
natural to expect the following.

Conjecture 4.28. Suppose that S; (resp. 1) is the law at time ¢t > 0 of a classical
(resp. free) strictly stable process of index o € (0,2). If u is a probability measure
such that

/ 22 dpu(z) < oo, (4.107)
R

then xSy (resp. pHT}) is unimodal for sufficiently large ¢ > 0.

5 Unimodality for free unitary Brownian motions

5.1 Introduction and outline of results

This section discusses on [40]. This paper gives unimodality for free unitary Brownian
motions and Poisson kernels with initial distributions on the unit circle. This result
can be contrasted to Section 4.

In this section, we study unimodality for free multiplicative convolution with the
free normal distributions on the unit circle. We write A; (¢ > 0) for the free normal
distribution on the unit circle which is the distribution of free unitary Brownian
motion at time ¢ > 0 (see [20, 21]). Let U; ~ A\ (t > 0) and V ~ p be freely
independent unitary operators in a noncommutative probability space. Then we write
XA, for the distribution of VU, for t > 0. Recall that the operation X is called
free multiplicative convolution. It can be defined on the set of general probability
measures on T. In [70], Zhong proved that for an arbitrary probability measure p on
T the probability measure X ); is Haar absolutely continuous and its probability
density function is continuous on T and is analytic wherever it is positive. In this
paper, we study the unimodality for p X \; by using Zhong’s density formula and we
conclude the following results:

Theorem 5.1. (See Theorems 5.22, 5.26, 5.27 and 5.29 below.)

(1) Unimodality for p X A;: let x4 be a symmetric unimodal probability measure
on T. Then p X ); is symmetric unimodal for all ¢ > 0.

(2) Eventual unimodality for X A let p be a symmetric distribution on T
supported on {e? : § € [—¢, |} for some ¢ € (0,7/2). Then p X ), is unimodal
for all t > 2(11_;;“’) log i, where r, = (cos p)/4.

(3) Non-unimodality for ;& \,: let b be the Bernoulli distribution $(6_1 + ;) on
T. Then the density of b [X )\; attains a strict maximum at +1 and hence is not

unimodal for any ¢ > 0.
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(4) Failure of freely strong unimodality of );: there exists some t; > 0 such
that A; is not freely strongly unimodal at any time t € (0, ¢o).

The above (1) strengthens [70, Corollary 3.13], where the statement is proved for
i = 1. The non-unimodality result (3) contrasts with the additive case; in the latter
case the assumption of compact support of the initial distribution implied the eventual
unimodality. We do not know whether the failure of freely strong unimodality can be
proved for all ¢t > 0.

We also prove similar statements for classical multiplicative convolution ® on the
unit circle, in particular convolution with the Poisson kernel p,, (see (2.29)).

Theorem 5.2. (See Theorems 5.13, 5.15, 5.16 and 5.18 below.)
(1) Let p and v be symmetric unimodal probability measures on T. Then so is y® v.

(2) Eventual unimodality for p,, ® u: let 1 be a symmetric distribution on T
supported on {e : 6 € [—¢p, ¢]} for some p € (0,7/2). Then p,.,, ® y is unimodal
for all r € (0,7,), where r, = (cos¢)/4.

(3) Non-unimdality for p,, ® p: let b be the Bernoulli distribution %((5,1 + 01)
on T as before. Then the density of measure p,, ® b attains a strict maximum
at £1 € T and hence is not unimodal at any r € (0, 1).

(4) Failure of strong unimodality of p, ,: there exists some 7y € (0,1) such that
Pry 1S not strongly unimodal for any r € (ro, 1) and ¢ € R.

In fact, some statements of Theorem 5.1 are closely related to or directly applied to
Theorem 5.2, as well as they are new in classical probability to the authors’ knowledge.
The reason why classical convolution with Poisson kernels is related to free convolution
with free normal distributions can be understood via Lemma 5.12.

After introducing basic known results on free probability in Section 5.2.1- 5.2.3, we
introduce and investigate the classes of symmetric and unimodal probability measures
on T in Sections 5.2.4 and 5.3, respectively. The above main results are proved in
Section 5.4.

5.2 Preliminaries
5.2.1 Free normal distributions on the unit circle

Recall that the definition and properties of X-infinitely divisible distributions are
given by Section 2.4. For t > 0, we define \; as the X-infinitely divisible probability
measure on T whose Y-transform is given by

t 1+z

Yy (2) = exp {5 1=,

} , t>0. (5.1)

We call \; the free normal distribution on the unit circle. This is the distribution of
free unitary Brownian motion which was introduced by Biane (e.g, see [20, 21]).
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5.2.2 Zhong’s density formula

Most of the materials in this section are based on Zhong’s papers [69, 70]. As men-
tioned in Section 2.3, if u and v have nonzero first moments, then we can find a
subordination function of 7,x, with respect to 7, (or n,). However, if ;1 has the zero
first moment (and v has a nonzero first moment), then the subordination function of
nuzy With respect to 7, is generally not unique (see (69, Example 3.5]). If we require
a subordination function to satisfy additional properties, then it is unique even if p
has the zero first moment [9, 22]. Namely, if 1 # h is a probability measure on T and
v has a nonzero first moment, then there exists a unique pair of analytic functions
wy,ws : D — D such that

e wi(0) = wy(0) =0;
o 1w (2) = nu(wi(2)) = n(wa(z)) for all z € D
o wi(2)ws(z) = 2numy(2) for all z € D.

We focus on the case when v is the free normal distribution A; which has the
nonzero first moment e~*. For a probability measure ¢ # h on T and ¢ > 0, let n;
denote the above function w;. According to [8, Proposition 3.2|, for each ¢ > 0 there
exists a probability measure p, on T, such that 7,(z) = n,,(2). In [69, Lemma 3.4 and
Corollary 3.13], the measures p; are proved to be X-infinitely divisible on T and its

Y-transform is expressed by

S () = Do) =ewp |5 [ 55 utas)|. 52)

It is proved in [8] that 7,(z) = 7,,(2) is a conformal map of D onto a simply connected
domain €2, C D and extends to a homeomorphism from cl(D) to cl(€2;,), where cl
is the closure of the corresponding sets. To study the measure X )\, it is important
to describe the domain €2 ,.

According to Zhong’s paper (see [70]), we define the open set (of T)

T 1 1
Ut# = {9 € [—7T,7T> . /;W mﬂ(d%) > ;}, (53)
and also define a function vy, : [—m,7) — (0,1] as
1—p2 [ 1 1
vy, (6) :=sup {T €(0,1): “Slogr /7T = 7ﬂei(eﬂ)|2,u(alm) < z} . (5.4)

Note that the function v, is continuous on [—m, ), analytic in U;, and one has
Uy =10 € [-m,7) s v,(0) # 1} by the proof of [70, Corollary 3.9]. In particular we
have that v ,(0) = v, ,(—0) for all 6 € [—m, ) if p is symmetric. For any 0 € Uy,
the value v, ,(f) is a unique solution r € (0, 1) of the following equation:

1—p2 [T 1 1
4 dr) = —. 5.5
—2logr /_7r 11— T62(9+I)’2M( 2 t (5:5)

In [70, Theorem 3.2], it is proved that Q, , = {re? : 0 <r < v ,(0),0 € [-m,7)}
and 9Q;, ND = {v;,(0)e? : § € U,,}. As the inverse map of 7, the restriction
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of the map ®,,(z) = 23,(2) to Q, is conformal onto I, and it extends to a
homeomorphism of cl(€2; ,) onto cl(D). We define a homeomorphism ¥, , : T — T by

Ty, (€7) 1= By (v u(0)e®), 6 € [—m, 7). (5.6)

Since |¥; ,(e")| =1 and @, ,(2) = 2X,,(2), we have

; " v,(0)sin(0 + x
arg(qjt,u(e 9)) = 9 —|— t/ |1t_/‘(vt) (9)(61(9+x))|2lu(d33)’ (57)
—T N
and hence
; , " v ,(0)sin(f + x
U, (e ) = exp [z (9 —|—t/_7r ’1t_ﬁL(vt)“<9)(€i(9+x))|2u(dx))1 : (5.8)

By [70, Proposition 3.6, Theorem 3.8], the probability measure p X \; is Haar abso-
lutely continuous and its probability density function p, is given by

T — _og(viu(f)

(T = —2E ), (59)
and it is analytic wherever it is positive. Moreover we have that
supp(u® A) = { ¥, (%) : 0 € cl(U ) }- (5.10)

5.2.3 Free multiplicative convolution with Poisson kernels

There is no useful formula for describing the absolutely continuous part of free mul-
tiplicative convolution of general probability measures. One special case is the free
multiplicative convolution with the free normal distribution, which has some implicit
formula for the density as already mentioned. Another computable case is the free
multiplicative convolution with the Poisson kernel.

Proposition 5.3. For every probability measure yu, every r € [0,1) and every ¢ € R
we have

Pry ® = Pry X p. (5.11)

A proof can be found e.g. in [30, Section 7.1]. In Sections 5.4.2 — 5.4.3, we will dis-

cuss unimodality for classical multiplicative convolution (and hence free multiplicative
convolution) with Poisson kernels.

5.2.4 Symmetric probability measures on the unit circle

In this section, we define and characterize the symmetric probability measures on T.

Definition 5.4. A probability measure y on T is said to be symmetricif u(B) = 1(B)
for all Borel sets B in T, where B := {¢ : { € B}.

We show that the free multiplicative convolution of two symmetric probability
measures on T is also symmetric. To prove this we characterize the class of symmetric
probability measures on T.
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Proposition 5.5. For a probability measure o on T, the following statements are
equivalent.

(1) p is symmetric.

(2) ¥u(Z) = Bu(2) for 2 € D.

(3) All moments of u are real.

Moreover, if ;4 has a non-zero mean, then the above conditions are also equivalent to
(4) X,.(2) = m on a neighborhood of 0.

Proof. (1)=-(2): for a symmetric probability measure 1 on T we have

bulz) = / S de)

.1 =&
£z £z 5 (5.12)
B /<o,7r> <1 T 1 gz> plde) + T n(i1}) + F“({_m’
and therefore we have v,(Z) = 1,(2).

(2)=(1): condition (2) implies that R, (z) = Ry,(Z). The inversion formula
(2.31) shows that

() = lim [ (ZRO,8) + 1) () =i [ (2R(0,r) + () = (D)
for any arc A C T such that its endpoints are continuity points of u. Therefore
p(B) = pu(B) holds for all Borel subsets B of T.

Conditions (2), (3) and (4) are equivalent by basic complex analysis. O

Corollary 5.6. If ;4 and v are symmetric probability measures on T, then p X v and
(1 ® v are also symmetric.

Proof. Any moment of X v can be expressed as a polynomial (with real coefficients)
of moments of y and those of v, and hence is real. The same arguments apply to
[ ® V. O

This corollary implies a part of Theorem 5.1: X ); is symmetric whenever p is.

5.3 Unimodal probability measures on the unit circle

In this section, we introduce the concept of unimodal probability measures on T.
Recall that unimodal distributions on R are defined in (4.1). In addition, unimodal
distributions on R can be characterized from the viewpoint of geometric function
theory: p is unimodal with some mode if and only if the Cauchy transform G, (see
(2.19)) is univalent and its range is horizontally convex, namely if z, w are points in
the range of G, with the same imaginary part then the line segment connecting them
is also contained in the range [30, Theorem 6.24].

According to [30], we similarly define the concept of unimodal probability measures
on T as follows.
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Definition 5.7. Consider ¢,9 € R with 0 < ¢ — ¥ < 27w. A probability measure g
on T is said to be unimodal with mode ¢ and antimode v if p is written as

pu(df) = co, + f(6) do, (5.13)

for some nonnegative number ¢ and a function f: (¢, 9 + 27) — [0, 00) which is non-
decreasing on (1, ¢) and non-increasing on (¢, 1 + 27). In particular, if ¢ = ¢ (resp.
421 = ¢), then we may understand that f is non-increasing (resp. non-decreasing)

on (¢, + 2m).

Note that unimodality on T can be characterized by the univalence (injectivity)
of 1, and the ”vertical convexity” of the range v, (D), namely for any z,w € (D)
having the same real part and for any t € (0,1), we have (1 —t)z + tw € 1, (D); see
[30, Remark 7.17].

Example 5.8. The Poisson kernel p,,, defined in (2.29), is unimodal with mode v
and antimode —m + 1. Moreover, the probability measure pdy + (1 — p)pry is also
unimodal with mode ¢ and antimode —7 + % for p € (0,1).

For other examples, it is proved in [70, Corollary 3.13] that the free normal dis-
tribution A; on the unit circle is unimodal with mode 0 and antimode —7 for all
t> 0.

It is known that the set of all unimodal probability measures on R is closed with
respect to the weak convergence. A similar result holds for the unit circle by using
[30, Lemma 2.11, Theorem 7.16].

Lemma 5.9. The set of all unimodal probability measures on T is closed with respect
to the weak convergence.

Moreover, unimodal distributions can be approximated by smooth densities.

Lemma 5.10. For a unimodal distribution p there is a sequence of unimodal prob-
ability measures {, },>1 which have C* densities such that u, weakly converges to
[ as n — oo.

Proof. We only sketch the proof which is similar to [38, Lemma 6]. Assume that yu is
of the form (5.13). We may assume that the mode ¢ and the antimode 1 are different,
and that the antimode v is —7. By approximating d4 with unimodal Haar absolutely
continuous distributions supported on a small arc, we may assume that p does not
have an atom. We regard the density function f as a function on R supported on
[—7, m]. By cutting f near £+, flattening f near ¢ and normalizing, we may assume
that f(x) = 0 for all |x| > 7 — « for some a € (0, 7), and that f(z) is constant for all
|z —¢| < 8 for some 3 > 0. Then we apply a mollifier ¢, := e 1p(¢~!) with a smooth
nonnegative function ¢ supported on [—1,0] to get a smooth function ¢, * f which is
unimodal on (¢, 00), as done in [38, Lemma 6]. A similar construction works for the
opposite half-line (—o0, ¢), and combining the two we obtain a unimodal function f.
on R. Note that if ¢ is sufficiently small, then f. is still supported on [—m, 7], and
hence can be regarded as a unimodal density on T. O

Unimodality can be characterized in terms of level sets under some assumptions.
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Lemma 5.11. Let p be a Haar absolutely continuous distribution on T. Suppose
that its density p extends to a continuous function on T and is real analytic in
{€€T:p) > 0}. Then p is unimodal if and only if, for any a > 0, the equation
p(§) = a has at most two solutions ¢ € T.

Proof. Assume that p is unimodal with mode ¢ and antimode . Since p is continuous
we have 0 < ¢—1 < 27. We identify the function p on T with a function on [, )+27).
Since p is real analytic wherever it is positive, the function p is strictly increasing on
{6 € (¢,0) : p(0) > 0} and strictly decreasing on {0 € (¢, 9 + 27) : p(6) > 0}.

Case 1. If a > p(¢) or 0 < a < p(¥), then the equation p(f) = a has no solutions
0 € [, + 2m).

Case 2. If a = p(¢), then the equation p(f) = a has only one solution, since p(¢) is
the strict maximum.

Case 3. If a = p(¢) > 0, then the equation p(¢) = a has only one solution since p(t))
is the strict minimum.

Case 4. If p(¢) < a < p(¢), then by the intermediate value theorem and the mono-
tonicity the equation p(f) = a has a unique solution in each of [¢, ¢) and

(¢, + 2m).

In any case, we conclude that the equation p(f) = a has at most two solutions 6 in
[wa ’l/} + 27T)

Conversely, we assume that g is not unimodal. Let ¢ and ¢ (0 < ¢ — ) < 27) be
points where p takes a global minimum and a (strict) global maximum, respectively.
Then either p is not non-decreasing on (1, ¢) or not non-increasing on (¢, + 27).
Without loss of generality we may focus on the former case. Then there exist 1) <
01 < 6> < ¢ such that p(v) < p(f2) < p(61) < p(¢). For any a € (p(62),p(61)), by
the intermediate theorem the equation p(f) = a has at least one solution in each of
the intervals (1, 61), (61,02) and (05, ¢). Therefore the equation p(f) = a has at least
three solutions. O

Combining Zhong’s density formula and Lemma 5.11 one can characterized the
unimodality for pu X \; as follows.

Lemma 5.12. Suppose that ¢ > 0 and p is a probability measure on T. The following
statements are equivalent.

(1) pX A is unimodal.
(2) For any r € (0,1) the equation

d(por ® )

—logr

- (5.14)

has at most two solutions 0 € [—m, 7).
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Proof. This proof is very similar to [38, Proposition 3.8] or [39, Lemma 3.1]. Recall
that u X )\, is Haar absolutely continuous, its density function p; is continuous on T
and real analytic in W, ,(U; ) by Section 5.2.2. Assume firstly the condition (2). Since
W, , is a homeomorphism of T, it suffices to show that for any a > 0 the equation

log(v1,(6))

7t

a=p (¥ (") = : 0 e |—mmn) (5.15)

has at most two solutions # € [—m,m) by Lemma 5.11. Since v;,(f) is a unique
solution of the equation (5.5) when it is positive, then we have

{eegmﬂya__@ﬁggm}

1 — (e7mat)? du(z) 1
— 0 _ — - - —
{ © [ ™ 7T) —210g(6_”“t) /[mﬂ) |1 - e_ﬂatez(x+9)|2 t

- {9 € [—m,m) : d<p0’6;5t D1 (_gy - Zlosle™) 1Og(e_ﬂat)} (5.16)

7t

By the assumption (2) the equation a = —Logrn®) pag at most two solutions 0 €

[—m, 7). Conversely, assume that the condition (2) does not hold. Then for some
r € (0,1) there are three distinct solutions 6y, 05,603 € [—7, ) to the equation (5.14).
By (5.16) this shows that v, ,(—6;) = r and hence p, (¥, ,(e~f)) = —1%" for q =

—logr/(nt) and k = 1,2, 3. Therefore p X \; is not unimodal by Lemma 5.11 again.
O

5.4 Main results

In Sections 5.4.1 — 5.4.3, we prove the main theorem announced as Theorem 5.2,
namely: in Section 5.4.1, we study unimodality for the multiplicative convolution of
two symmetric probability measures on T; in Section 5.4.2, we discuss when p, , ®
is unimodal for sufficiently small r € (0,1) and when it is not unimodal at any time
t > 0; in Section 5.4.3, we prove that p,, is not strongly unimodal for any r € (0, 1)
sufficiently close to 1.

In Sections 5.4.4 — 5.4.6, we prove the main theorem announced as Theorem 5.1,
namely: in Sections 5.4.4 and 5.4.5 we discuss when p X ); is unimodal for all ¢ > 0,
when it is unimodal for sufficiently large ¢ > 0, and when it is not unimodal at any
t > 0; in Section 5.4.6, we conclude the failure of freely strong unimodality for \; at
sufficiently small ¢t > 0.

5.4.1 Multiplicative convolution of symmetric unimodal distributions

In this section, we study unimodality for the multiplicative convolution of two sym-
metric unimodal probability measures. It was proved by Wintner that classical ad-
ditive convolution * preserves the symmetric unimodal probability measures on R
(see [53, Exercise 29.22] or the original article [66, Theorem XIII]). We conjectured
a similar property of free additive convolution B in [39] or the last section, which
is still open. We now prove the corresponding property for classical multiplicative
convolution ® on T.
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Theorem 5.13. Let p and v be symmetric unimodal probability measures on T.
Then so is u ® v.

Proof. The symmetry follows from Corollary 5.6 (one can also prove it more directly
by formula (5.18) below). We will prove the unimodality. By Lemma 5.9 and Lemma
5.10, we may assume that p and v respectively have C! densities f and g on T. We
extend f and g to even continuous functions on R which have period 27, that is,
f(0+2m) = f(0) and ¢g(0 + 27) = g() for all € R.

Let a = —f" on (0, 7). Then a > 0 and

f(@):/waw)dw, 0 ¢ (—m, ). (5.17)

0|

Let h be the density of u ® v. For ¢ € (0, 7) we have

0= [ 10t~ ede—/ﬂ(/l; (zp)dw)g(so—e)de
:/ d¢/ oo —0)d (5.18)

Fix ¢ € (0,7) and let k(p) := ipwg(go —6)do = “thpg(@) df for ¢ € (0, 7). Then

K (@) = glo+ 1) — gle — ). (5.19)

In order to show A’ < 0 on (0, 7), we show that £ <0 on (0, 7).
Case 1: ¢+ < 7. Then k' <0 because ¢ + ¢ > |¢ —1|.
Case 2: o+ > 7. Then 2r —p — ¢ < 7 and

K(o)=g2r —¢—1) =gl —1), (5.20)

since g(p+1) = g(—p—1) = g(2m —p—1). We can check that 27 —p—1 > | — 1],

and hence g(p — 1) > g(27 —  — 1.
Therefore h is non-increasing on (0, 7) and also non-decreasing on (—m,0) since

(1 ® v is symmetric. Hence p ® v is unimodal. [
So far we found no counterexample to the corresponding conjecture for X.

Conjecture 5.14. Let p and v be symmetric unimodal distributions on T. Then
1 X v is also unimodal.

Thanks to Proposition 5.3 and Theorem 5.13, this conjecture holds when one of
the distributions is the Poisson kernel. In Section 5.4.4 the above conjecture is proved
when one of the probability measures is the free normal distribution.

5.4.2 Eventual unimodality and non-unimodality for p,, ® u

Firstly, we give a class of probability distributions g on T such that the distribution
Pry ® p is unimodal for sufficiently small r € (0, 1).
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Theorem 5.15. Let ¢ € (0,7/2) and p be a symmetric distribution on T such that
supp(p) C {e? : 0 € [—p,¢]}. Then p,y ® p is unimodal for r € (0,r,) where

r, = (cos)/4.

Proof. We may assume that 1 = 0. The density function f, of p,o ® p is given by

=R dul) ¢ dulw)
1:(0) = 2 (/0 1 —2rcos(6 —z)+r? +/0 1 —2rcos(6 + ) —1—7"2) ’ o &l-m

(5.21)
For all 6 € (0,7), we have
gy 2r(l— r?) sin @ / L.(0,z)
1 0) = T o (1 —=2rcos(@—z)+1r2)2(1—2rcos(d+z)+ T2)2d,u(:c),
(5.22)
where

= {(1+7%)?+4r*(1 — sin(f — x) sin(f + z)) } cos x—4r(1+r%) cosf. (5.23)

If 0 e (7r/2, ), then it is clear that L,(6,x) > 0 for all z € (0, ¢) and hence f/(0) < 0.
If € (0,7/2), then for all r € (0,7,) and x € (0, ¢), we have

L.(0,7) > (1+7r%)*cosx — 4r(1 4+ 1?) cos 0 (5.24)
> (1+7r%2cosx — 4r(1 +1r?) (5.25)
> (14 7%)(cosz — 4r) (5.26)
> (1 +7?)(cos ¢ — 4r) (5.27)
= 4(1+73)(rp — 1) > 0. (5.28)

Therefore L,(0,z) > 0 for all » € (0,7,) and z € (0,¢). Thus f/(#) < 0 for 0 €
(0,7/2) if 0 < r < r,. The above arguments show that f, is non-increasing on (0, 7)
if 0 <r <7, Since p,p ® p is symmetric, the above result implies that p, o ® p is
unimodal for r € (0,7,). O

Next we prove that the above theorem does not hold for ¢ = 7/2. In fact, the
equally weighted Bernoulli distribution b on {1, —1} C T is a counterexample of the
above theorem for p = /2.

Theorem 5.16. The density of the measure p,, ® b attains a strict maximum at
the two points €™ and hence is not unimodal at any r € (0, 1).

Proof. We may assume that ¢ = 0. The density function of p,(, ® b is computed in
the form

1—1r?

ho) =5 (

2T

1 1
1—2rcosf +1r? + 14 2rcosf + r?

) , 0el—mm). (5.29)

For all § € (0, 7), we have

1—r? —8r2(1 + r?)sin(26)
27 (1 —2rcosf + r2)2(1 + 2rcosf + r?)?

f6) = (5.30)

This formula easily shows that the function f, has a global maximum at § = 0,7 and a
local minimum at § = +m/2. Therefore p,,, ®b is not unimodal at any r € (0,1). O
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5.4.3 Failure of strong unimodality of p,

We prove that the Poisson kernel p,., is not strongly unimodal for » € (0, 1) suffi-
ciently close to 1. This is a key fact to prove that the free normal distribution \; is
not freely strongly unimodal for sufficiently small ¢ > 0 in Section 5.4.6. We start
from defining the concept of classically and freely strong unimodality (we use the
concept of freely strong unimodality in Section 5.4.6 later).

Definition 5.17. A probability measure g on T is said to be strongly unimodal
(resp. freely strongly unimodal) if 4 & v (resp. p X ) is unimodal for every unimodal
probability measure v on T.

Theorem 5.18. There exists o € (0,1) such that the Poisson kernel p,, is not
strongly unimodal for any r € [rg,1) and any ¢ € R. More strongly, there exists
a probability measure p and a continuous function h: [ry,1) — (0,00) such that
limsup,_,; h(r) € (0, 00| and for each r € [rg, 1) and 1) € R the equation
d(pry ® p)
o) = )

de
has at least three solutions 6 € [—, 7).
0320
0318
04
o.mj
03T ﬁ\\ 0314 —
S N
o “ 0312 / \\‘
0.310«{ / \\\
‘ otr 0.308 Jv"s \
‘\F ‘ ‘ ) ‘ ‘ ‘ 0.306 - \‘

©

0.5 1.0 L5 2.0 2.5 3.0

Figure 22: The density of pg.g9.0 ® ft0.01

Proof. We may assume that v» = 0. Let u = p, be the probability measure defined
by

/La(d6> = CL(S(] + b]_(()’ﬂ—) (9) d@, (531)
where a, b are fixed positive real numbers such that a + br = 1. As we see later, we

want a to satisfy a?/(4b*) < 1/27; for example a = 1/20. Let f,. and p, be the density
functions of p,o ® p, and p,p, respectively. Then we have

0

Lom(® = () de = ap(®)+0 [ pl)de (532

™

fr(0) = ap,.(0) + b/

—T

for all @ € (0, 7). Therefore, we have

£:(8) = ap,(6) + blp(0) — pr(0 — )]
10 g-(0)
21 (1472 —2rcosf)?(1 +r2 + 2rcosf)’

(5.33)

; 6 € (0,7), (5.34)
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where

9-(0) = —2rasin (1 + r* + 2r cos ) + b(1 + r* — 2r cos ) (1 + r* + 2r cos §)

5.35
—b(1+ 7% — 2rcos 0)*. (5.35)

In order to prove that g, has several zeros, we extend the parameter r to the interval
[0, 1], and then take r = 1 to simplify g,

g1(0) = 4[—asinO(1 + cosf) + 2bcos §(1 — cos ). (5.36)

Note that ¢1(0) = 0, ¢7(0) = —8a < 0 and gy(7) < 0. It is clear that gy < 0 on
[7/2, 7). By trigonometry, for € (0,7/2) the inequality g;(f) < 0 is equivalent to
a’  cos?0(1 — cosf)

e T (5.37)

The function on the RHS increases on (0,7/3) and decreases on (7/3,7/2), and
attains the maximum 1/27 at § = 7/3. Thus, if a?/(4b*) < 1/27 (for example
a = 1/20 suffices) then we obtain two solutions a1, f; of the equation

a®>  cos* (1 — cosb)

T (Qteodf 0 c0,7/2, (5.38)

such that 0 < oy < 7/3 < f; < w/2 and g1 > 0 on (aq, ;1) and g1 < 0 on (0, 1) U
(B1, ). Each of the zeros 0, aq, 81 of ¢g; has multiplicity one.

Since g,.(f) depends continuously on r € [0, 1] and analytically on 6, by the argu-
ment principle, there exists r; € (0,1) such that the function g, still has three zeros
—0.1 <9, <a, <f, <7m/240.1 for every r € (r1,1). This implies that f, takes local
maxima at 7, and 3, and a local minimum at «,.. The zeros are continuous functions
of r € [ry,1]. Since ¢;(0) = —8a < 0, 1(0) = 0 and ¢,(0) > 0 for every r € [0, 1), we
must have v, > 0.

The zero (3, depends on r € [ry, 1] continuously, and in particular lim,_,; 8, =
pr € (w/3,7/2). Therefore we have §, € (w/3,7/2) if r is close enough to 1, and
hence

Br - B
v node<nio) <an(3) 40 [ melde. (539)
Br—m Br—m
Taking the limit » — 1 we conclude that
lim f,.(8,) = b. (5.40)

r—1

On the other hand, the local maximum at 7, can be estimated from below as

a(l+r)
F00) 2 1,0) 2 ap,(0) = 15 (5.41)
Therefore, if r is close enough to 1 then f,.(,.) > f.(5,), and so the equation f,.(0) = h
has at least three solutions 6 € (0, ) for every h € (f.(a.), f+(3:)) (see Figure 22).
Thus there exist 19 € (0, 1) and a continuous function h: [rg, 1) — (0, 00) such that the
equation f,(0) = h(r) has at least three solutions § € (0, ) for each r, and h(r) — b as
r — 1; for example we may define h(r) = max{3[f(a.)+ f-(6.)], f(6;)—(1—r)}. O
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Remark 5.19. Numerical simulations suggest that ppgo ® p, is already unimodal
for all a € (0, 1); see Figures 23 and 24.

We do not know whether p, o is strongly unimodal for » smaller than ry.

Problem 5.20. Does there exist » € (0,1) such that the Poisson kernel p,, is
strongly unimodal? Note that poo is the normalized Haar measure and the weak
limit lim,+; p,.o is the delta measure d;, and hence both are strongly unimodal.

A more challenging problem is to prove the analogue of Ibragimov’s theorem,
which characterizes the strongly unimodal distributions on R by the log concavity of
the density (see [53, Theorem 52.3]; the original article is [46]).

Problem 5.21. Characterize the classically strong unimodality on T. In particular,
is the classical normal distribution (= the heat kernel) on T with the density

Zexp ( (6 + 2mn)* ) , 0e€l|—mm),t>0, (5.42)
V2rt 2t

strongly unimodal?

5.4.4 Unimodality for p X \,
In this section, we study unimodality for u X \; when p is symmetric unimodal.

Theorem 5.22. If i is a symmetric unimodal probability measure on T, then p X\,
is symmetric and unimodal for any ¢ > 0.

Proof. Since p and )\; are symmetric, the probability measure X ), is also symmetric
by Corollary 5.6. To show the unimodality, it suffices by Lemma 5.12 to show that
for any 7 € (0,1) and ¢ > 0 the equation (5.14) has at most two solutions 6 € [—m, 7).
By Theorem 5.13, the measure p,.o ® u is unimodal for any r € (0, 1), and by Lemma
5.11 the equation (5.14) has at most two solutions 6 € [—7, ) for any r € (0,1) and
t > 0. Hence X )\; is unimodal for any ¢ > 0. O
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5.4.5 Eventual unimodality and non-unimodality for ;X \,

We firstly prepare the following functions to describe the density of p X );. For
0 € [-m,m) and r € (0,1) define the following two functions on [—7, ).

sin(f + x)
r = 4
or() (1 —2rcos(0 + ) +r2)?’ (5:43)
_ 2r(1 +logr — r2 +r2logr)cos(d + x) + r* — 4r?logr — 1
=y (z) =2t 108 gr)cos(d + ) 8L (5.44)

(1 —2rcos(6 + x)+1r?)?

Those functions will play a key role in analyzing the density of X \; as the following
lemma shows. Actually, it serves as an alternative of Lemma 5.12; one can choose a
convenient one from the two lemmas, according to a problem to be considered.

Lemma 5.23. For arbitrary numbers § € [—m,7) and r € (0,1), the function =,
takes negative values on [—m, 7). Moreover, for each ¢ > 0 we have

Ay = 20(0)° (1 = 0 (6)°) log(veu(6)) (7
75Vtn(0) S Eon o) () pld) /—w

F@,vt,H(G) (1:) /L(dﬂ?), 0 e Ut,,u-
(5.45)

Proof. By calculus we can check that 1+ logr — r? + r?logr < 0 for all r € (0,1).
Hence we have

2r(1 +logr — r? +r*logr) cos(d + x) + r* — dr?logr — 1 (5.46)
< —2r(14+logr —r* +r?logr) +r* —4r’logr — 1 (5.47)
= (14 7)*(=2rlogr 4+ 7% —1). (5.48)

By calculus we can prove that the RHS is negative, and so is =g ().
Recall that the function v, , is analytic in U, , and satisfies v ,(#) € (0,1) and the
equation R(6,v;,(6)) =0 for all § € U, ,,, where

1-— 7’2 g /L(dl’) 1
R(O,r) = - 0,1),0 € Ur,. (5.49
( ,7“) —2lOgT/W1—2TCOS(0+l’)+T2 t’ 7”6( ’ )7 € t,u ( )

In order to compute %vw(e), we calculate partial derivatives of R which can be
expressed with the functions I'p, and =, as follows:

%(e,r) :”}O—g:) /_ Ty (2) plde), (5.50)
and
5 0.0) = 5o [ 0, ). (551)

Since %(9, r) > 0, we can use the differentiation of implicit functions to obtain the
desired expression of v; ,. O
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In Lemma 5.23, the denominator in the expression (5.45) is always strictly nega-
tive, that is,

/ S (o) (@)(d) <O, (5.52)

for all § € Uy ,,. Therefore, it is enough to check only the sign of [7 Ty, (o) (x)u(dz)

to know the one of the first derivative of v, (0). The sign of v, ,(6) is used in the
proof of Theorems 5.26 and 5.27.

Lemma 5.24. Let t > 4. Let r(t) € (0,1) be the unique solution r to the equation

147r
1—r

(—2logr) =t.

Then vy, (0) < r(t) for every 6 € [—m,7) and every probability measure ¢ on T. In
particular, U, ,, = T and A\ X p has a strictly positive real analytic density on T.

Remark 5.25. The opposite inequality of the form v, ,(f) > a; was obtained in [70,
Proposition 3.10] in a similar way.

Proof. By the triangle inequality we obtain

I—r 1—r 1 1—r
: = =! . (5.53
Sogr LT > gy [ oo 0 6

Elementary calculus shows that f is strictly increasing on (0, 1) and f(+0) = 0 and
f(1 =0) = 1/4. Therefore, for every ¢ > 4 the unique solution r(t) exists. Since
f(r(t)) = 1/t, the LHS of (5.53) is greater than or equal to 1/t at r = r(t), which
implies that v, ,(6) < r(t). Since v, ,(f) < 1 the last statement holds. O

We give a class of probability distributions 4 on T such that the distribution uX M\,
is unimodal for sufficiently large time. In fact the class considered in Theorem 5.15
is available.

Theorem 5.26. Let ¢ € (0,7/2) and p be a symmetric probability measure on T such
that supp(u) C {e” : 0 € [~p, ¢]}. Then p& A, is unimodal for all ¢ > 2(””’ log
where r, = (cos p)/4.

Proof. Let t > 4. For 0 € T = U, ,, we have

m ¢

/ Lo0n00)(7) dp() = / [T0.00,(0) () + Fe,vt,u(e)(—w)} dp(x) (5.54)
-7 0
_2sin9/¢ 0e,u(0) (0, 2) dpu(2)

o (1—2uv,(0)cos(d+ x) + vt,u(G) 12(1 = 204 ,(0) cos(0 — ) + vy,,(0)%)?

(5.55)
where the function L, (6, z) was defined in (5.23). For 6 € [0, 7], we have

Lvt,u(9) (0,2) > 4(1 + Ut,u(9)2)(r<p - Ut,uw))' (5.56)
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by the same calculations from (5.24) to (5.28). Suppose that r, > v, ,(6) holds for all
¢ € [0, 7]. We can then conclude L,, ,4)(0,z) > 0 for all 6 € [0, 7] and = € [0, ¢], and
hence [ Ty, .0)(x) dp(z) > 0. By Lemma 5.23, we have v, ,(6) > 0 for § € [0, 7],
and therefore Luv; () < 0 for § € [—m,0] since p is symmetric. Thus v;, is non-
increasing in (—m,0) and non-decreasing in (0,7). Therefore the density function

(W (e?)) = —M of X A; is non-decreasing in (—,0) and non-increasing in
(0,7), so that u X A, is unimodal.
Next we prove r, > v, ,,(0) for large ¢ by using Lemma 5.24. Let t,, := %(—2 logr,),

which is greater than 4. For every t > t,, we have r(t) < r, since t — r(t) is strictly
decreasing, and hence 7, > v; ,(6). O

Next we prove that the above theorem does not hold for ¢ = 7/2. This result is
a complete free analogue of Theorem 5.16 on the classical multiplicative convolution
of the Poisson kernel p, , and the Bernoulli distribution.

Theorem 5.27. The density of the measure b X \; attains a strict maximum at
+1 € T and hence is not unimodal at any time ¢ > 0.

Proof. By the definition of Uy, in (5.3), we have

Ut’b:{—W§9<ﬂ:—\/§<sin0<\/§}. (5.57)

Therefore, U, and hence the support of b X )\, have two connected components if
0 <t < 2, and has the single connected component T if t > 2. The density function
of b X )\, is symmetric for the z-axis since b is symmetric. For 6 € U, we have

1 sin 0 —sind
r b(dz) = =
/[m) 0.00(0) (%) B(d2) = 5 ((1 “reos0 T2 T (13 2rcos 1 2
2r(1 + r?) sin(26)

— . 5.59
(1 —2rcos@ +12)%(1 + 2rcosf + r?)? ( )

) (5.58)

By Lemma 5.23 we conclude that £v,1,(6) > 0 on (0,%) NUpp and Luv,5(f) < 0 on

(3,m) N Upp. Since v;(0) = vyp(—0), the function v,y has local minima at § = 0, 7.

By the density formula p,(V;p(e?)) = Log(veb®) 1o desired statement holds for

it

any t > 0. O

Remark 5.28. We have concluded in [39] that the free additive convolution of the
semicircle distribution S(0,¢) and a compactly supported probability measure on R
is unimodal for sufficiently large ¢ > 0, but a similar statement is not true in the case
of the free multiplicative convolution, according to Theorem 5.27.

5.4.6 Failure of freely strong unimodality of )\;

In this section, combining Lemma 5.12 and Theorem 5.18 we conclude the failure of
freely strong unimodality for A\; for small £ > 0.

Theorem 5.29. There exists some ty > 0 such that the free normal distribution \;
is not freely strongly unimodal for any t € (0, ¢y).
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Proof. In order to prove that ); is not freely strongly unimodal, according to Lemma
5.12 we need to find a unimodal distribution g and some r > 0 such that equation
(5.14) has at least three solutions 6 € [—m, 7). We take the probability measure
and the function h: [rg,1) — (0,00) in Theorem 5.18. Let ty := (—logry)/(mh(ro)).
For each t € (0,ty), by the intermediate value theorem there exists some r; € [rg, 1)
such that —logr;/(nt) = h(r¢). For r = r; equation (5.14) has at least three solutions
0 € [—m,m) by Theorem 5.18. O

Problem 5.30. In the case of additive free convolution, once we establish that S(0, t)
is not freely strongly unimodal at some ¢ > 0 then nor is it at any ¢t > 0, because
t > 0 is just a scaling. However, on the unit circle the parameter ¢ > 0 for \; is not
a scaling. Thus the following problem remains unsolved: does there exist ¢ > 0 such
that the free normal distribution \; is freely strongly unimodal?

5.5 Summary

We conclude this paper by mentioning some relationship between additive and multi-
plicative free convolutions. Our method of studying unimodality for free multiplica-
tive convolution has been quite similar to the case of free additive convolution in [39].
In particular, the study of the unimodality of A\; X p was reduced to that of p,o ®
in this paper, while in [39, Lemma 3.1] the study of the unimodality of S(0,¢) B
was reduced to that of the classical convolution of 1 and Cauchy distributions. Ac-
tually, the Poisson kernel p, is the push-forward of the Cauchy distribution by the
exponential mapping x — €™ (see [2, Example 19, Theorem 20]).

Anshelevich and Arizmendi [2] studied the exponential mapping and succeeded
in systematically explaining that various results on additive free convolution can be
transferred to multiplicative free convolution on T. Therefore, it is tempting to have
a proof of some results in this paper by transferring the corresponding results on
additive free convolution. However, this seems not possible. The main difficulty is
twofold: the push-forward by the exponential mapping does not preserve unimodality;
the key class £ of probability measures on R, defined in [2], contains only few unimodal
distributions (Cauchy and delta measures).

6 Limit theorems for max-infinitely divisible dis-
tributions

6.1 Introduction

This section is based on [61]. We denote by P and P+ the set of all probability
measures on R and [0, 00), respectively. In this section, we give a max-analogue of
Bercovici and Pata’s result [15] in which there exist bijections between the sets of
classical, freely and Boolean infinitely divisible distributions.

Recall that a probability measure p on R is said to be o-infinitely divisible if for

n times
. —
any n € N there exists u, € P such that g = %, 0--- o u,, where o € {x,H, W}.
The operation W is said Boolean convolution and it means the distribution of sum
of Boolean independent random variables. Let ID(o) be the set of all o-infinitely
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divisible distributions on R, where o € {*,H, W}. Speicher and Woroudi [55, Theorem
3.6] proved that ID (W) = P.

In [15, Theorem 6.3], we obtained innovated results for three types of infinitely
divisible distributions. For any sequences {p,}, in P and any sequences {k,}, of
positive integers with k; < ko < ---, the following conditions are equivalent.

k,, times
(1) there exists p € ID(*) such that 7u, * - - - * fin — [t as 7 — 00;

k., times

—N— w
(2) there exists v € ID(H) such that u, B -8 p, — v as n — oo;
kn, times

(3) there exists A € ID(W) = P such that pu, W W p, — X as n — oo.

According to this result, we can construct the Bercovici-Pata bijection B, g :
ID(x) — ID(H), u — v and the Boolean-free Bercovici-Pata bijection By g :
ID(w) — ID(H), A — v. These bijections play an important role to understand
limit theorems in three probability theories. For example, B, .m maps the normal
distribution to the semicircle law and By, g sends the symmetric Bernoulli distri-
bution to the semicircle law. The normal distribution is well known as the limit
distribution of central limit theorem. The semicircle law is the limit distribution of
free central limit theorem (see [51, Theorem 8.10, p.124]). Moreover, the symmetric
Bernoulli distribution is known as the limit distribution of Boolean central limit the-
orem (see [55, Theorem 3.4]). To be precise, we obtain the classical, free and Boolean
central limit theorems when 1, := Dy, 5 (v,) in the above conditions (1)-(3), where
V, € P has mean 0 and a finite variance and D.(u)(B) := pu(c™'B) for all ¢ > 0 and
all Borel sets B in R. More generally, B, ,m maps stable laws to free stable laws,
and By,_,m sends Boolean stable laws to free stable laws. Summarizing the above, the
Bercovici-Pata bijections connect various limit theorems in classcial, free and Boolean
probability theories.

Belinschi and Nica [10, Theorem 1.1] defined the important map to understand
free infinite divisibility for probability measures and the Boolean-free Bercovici-Pata
bijection as follows:

B, (u) = (FN9 TR >0, peP. (6.1)

Note that B; o By = By, for every t,s > 0. Hence the family {B;};> is a semigroup
with respect to the composition of maps and it is called Belinschi-Nica semigroup.
In [10, Corollary 1.3], we obtained that B;(u) € ID(H) for every ¢ > 1 and pu € P.
Moreover, the map B; is a homomorphism on P* with respect to free multiplicative
convolution X (the details of X were given by [18]), that is, B;(uXv) = B(u) KB, (v)
for all u,v € P* (see [10, Theorem 1.1]). Finally, Belinschi and Nica clarified the
Boolean-free Bercovici-Pata bijection by using the above semigroup at time one.

Theorem 6.1. (See [10, Theorem 1.2]) The Boolean-free Bercovici-Pata bijection
coincides with the map B;.

Max-probability (extreme value) theory is concerned with maxima of real random
variables. Define X VY := max{X, Y} as the maximum of real random variables X
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and Y. Denote by Fx the cumulative distribution function of X, that is, Fx(z) :=
P(X <z). If X and Y are independent random variables, then

Fxuywy () =P(XVY <z)=P(X <z,Y <x) (6.2)
=P(X <2)P(Y < z) = Fx(x)Fy(z), z € R. (6.3)

According to the above equation, we define mazx-convolution V of distribution func-
tions F' and G by setting F'V G := F'G. The concept of max-infinite divisibility acts

like classical convolution case, that is, F' is said to be max-infinitely divisible if for
n times

any n € N there exists a distribution function F), such that F' = F,V---V F,, = F.
However, every distribution function F' is max-infinitely divisible since the n-th root
F, .= F1/™ ig also distribution function.

A non-trivial distribution function F is called maz-stable law if Fx,v-vxp)-bn — F

for some sequence {Xj}r of independent identically distributed R—Vaﬁ;ed random
variables, a sequence {ax}r of positive real numbers and a sequence {by}, of real
numbers. Fisher and Tippett, Fréchet and Gnedenko proved that every max-stable
law is an extreme value distribution which is one of following types:

. Fflassical(a:) = exp(—exp(—x)), z € R: Gumbel distribution;

exp(—z™%), >0

a > 0: Fréchet distribution;
0, x <0,

® Fﬂassical(‘r> — {

; 0 >0
o Fepssical(py — & v a > 0: Weibull distribution.
exp(—(—z)¥), =<0,

These distribution functions are the most important ones in extreme value theory,
and they are used in max-value statistics.

In noncommutative setting, we can realize the maximum of (noncommutative)
random variables by using the spectral order (see [1, 11] or Section 6.3). Furthermore,
we can establish the concepts of max-convolution, max-infinitely divisible distribu-
tion functions and max-stable laws (extreme value distributions) in free and Boolean
settings (see Sections 6.4 and 6.5, for details).

6.2 Outline of results

We obtain the limit theorem for freely max-infinitely divisible distributions from
Boolean max-limit theorem. First we give a relation of limit theorems for boolean
and free max-infinitely divisible distributions.

Theorem 6.2. Let {F),},, be a sequence in the set A of all distribution functions
on [0,00) and {k,}, a sequence of positive integers such that k; < ky < ---. If there

k, times k, times

,—f_w ,_/‘w
exists F' € A, such that F, V- --VF, — F, then F,M---MF, — BM(F) as n — cc.

The operations M and M are realized distribution functions of maximum of freely
and Boolean independent noncommutative real random variables. They are called
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free maz-convolution (see Section 6.4) and Boolean maz-convolution (see Section 6.5).
The map B is defined in Section 6.6 and it is an analogue of the Belinschi-Nica
semigroup.

Next, we prove the equivalence of limit theorems for classical and Boolean max-
infinitely divisible distributions.

Theorem 6.3. Consider a sequence {F,}, in A, and a sequence {k,}, of positive

integers with k; < ky < ---. The following conditions are equivalent.
k., times

e w
(1) There exists F' € Ay such that F,, V---V F, — F as n — 00;

kn times

P w
(2) There exists G € A such that F,, M---VF,, — G as n — 0.

Thus we get the bijection F' +— G, where F' and G are distributions in Theorem
6.3. It is called the Boolean-classical max-Bercovici-Pata bijection. Moreover, we find
an explicit representation of the bijection.

6.3 Spectral order and distribution functions of noncommu-
tative random variables

Let (M, 7) be a tracial W*-probability space, that is, M is a von Neumann algebra
and 7 is an ultraweakly continuous faithful tracial state. We may assume that M
acts on a Hilbert space H (e.g. taking a Hilbert space H = L?*(M, 1) with an inner
product defined by (X,Y)y = 7(Y*X) for all X,Y € M). Firstly, we define an
order < of selfadjoint operators in M as follows.

X, Y e M &Y — X is a positive operator in M. (6.4)

The order < is called operator order. Note that the set of all projections in M is
a complete lattice with respect to <. For any projections P, () in M, we define the
following projections on H:

(PVQ)H :=cl(PH+ QH); (6.5)
(PAQ)H := PHNQH. 6.6)

In fact, PV @Q and P A @) are projections in M. Moreover the projections PV () and
P A @ are the maximum and the minimum of P and () with respect to the order <,
respectively.

Next, we discuss the maximum and the minimum of selfadjoint operators in M.
However, the set of all (bounded) selfadjoint operators on a Hilbert space H (in B(#))
does not form a complete lattice with respect to the operator order < (see [47]).

For any selfadjoint operator X € M and any Borel set T in R, the projection
E(X;T) € M denotes the corresponding spectral projection. The spectral order on
the set of all selfadjoint operators in M is defined by X < Y & E(X;[t,00)) <
E(Y;[t,00)) for all ¢ € R. Note that the spectral order < extends to unbounded
selfadjoint operators affiliated with M. In [1] (M: matrix algebra) and [11], for any
selfadjoint operators X, Y in M, we get well-defined selfadjoint operators X VY and
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X AY in M as follows:
E(X VY, (t,00))) :=E(X;(t,0)) VE(Y;(t,)), t € R; (6.7)
E(X ANY;[t,00)) := E(X;[t,00)) AE(Y;[t,00)), teR. (6.8)

Note that X VY and X AY are the maximum and the minimum of selfadjoint
operators X and Y with respect to the spectral order <. In [11], since 7 is tracial,
we have

E(X VY;[t,o0)) =E(X;[t,0)) VE(Y;[t,00)), t € R. (6.9)

Moreover, the definitions and properties of V and A extend to unbounded selfadjoint
operators affiliated with (M, 7).

For an (unbounded) selfadjoint operator X € M, we define a function Fy by
setting Fix(z) := 7(E(X; (=00, z])) for all z € R. We know that Fx is a distribution
function of a probability measure px of an (unbounded) selfadjoint operator X € M,
that is, px((—o0, z]) = Fx(x) for all z € R.

6.4 Theory of freely max-infinitely divisible distributions
6.4.1 Free max-convolution

If X and Y are freely independent real random variables (selfadjoint operators) affil-
iated with a tracial W*-probability space (M, 1), then we have

Fxyy = (Fx + Fy — 1) == max{Fx + Fy — 1,0}, (6.10)

(see [11, Corollary 3.3] for details). Considering the fact, we can define free max-
convolution as follows.

Definition 6.4. Let ' and G be distribution functions on R. We define a distribution
function FMG as a function (F +G — 1), := max{F + G —1,0}. Moreover we have

n times

———
F"=F\M---MF=nF—(n-1),;, neN. (6.11)
The operation M is called free maz-convolution.

For a distribution function ' on R, we define an interval [a(F),w(F)] C [—o0, 00]
by setting

a(F) :=sup{z € R: F(z) = 0}; (6.12)
w(F) :=inf{x e R: F(z) = 1}. (6.13)

For any positive integers n > 2, we have a(F™) > —o0,
a(F™) =sup{r € R: F(z) <1—1/n}, (6.14)
and lim,, . a(F™) = w(F). If F is continuous on R, then there is v € R such

that F'(u) = 1 — 1/n, that is, a(F™) = sup{u : F(u) = 1 — 1/n} by applying the
intermediate theorem.
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In [11, Lemma 6.9], for any distribution functions F' on R, we extend free max-
convolution F'* (n € N) to distribution functions F* (¢ > 1) as follows:

F% = (tF—(t—1)y, t>1 (6.15)

This is a distribution function with a(F%) = sup{z € R: F(z) <1 — 1/t} and the
map ¢ — F'% is weakly continuous on [1,00).

Proposition 6.5. For any distribution function F on R, we have FAMEFY = F¥Ut+s)
for any t,s > 1.

Proof. Notice that F* =tF — (t — 1) on {F > 1 — 1/t} for all ¢t > 1, and we have
FUM Y = (F% + F% 1),

= max{max{tF — (t — 1),0} + max{sF — (s — 1),0} — 1,0}. (6.16)

for all t > s > 1. Consider the following four cases of t > s > 1.
Daxe{F>1-1/(t+9)}; 2Qxe{l—-1/(t+s)>F>1-1/t};
B)rxe{l-1/t>F>1-1/s}; (4) ze€{l—-1/s> F}.

We calculate the RHS of (6.16) for each cases.

(1) Ifx € {F >1-1/(t+s)}, then F¥(z) = tF(x) — (t — 1) and F®(z) =
sF(xz) — (s — 1). Thus, the RHS of (6.16) equals to (¢t + s)F — ((t +s) — 1) on
{F>1-1/(t+s)}.

(2)Ifx € {1-1/(t+s) > F > 1—1/t}, then F¥(x) = tF(z)—(t—1) and F*¥(z) =
sF(x)—(s—1), but we have that (RHS of (6.16)) = max{(t+s)F—((t+s)—1),0} =0
on{l—1/(t+s)>F>1-1/t}.

B)Ifxe{l-1/t>F >1-—1/s}, then F¥(z) = 0 and F*¥(z) = sF(z) — (s—1).
Then we have that (RHS of (6.16)) = max{sF'—s,0} =0on {1—-1/t > F > 1—1/s}.

(4) Ifz € {1 —1/s > F}, then F¥(z) = 0 and F*(z) = 0. Then we have that
(RHS of (6.16)) = max{—1,0} =0on {1 —1/s> F}.

Consequently, we have FYN F'% = FY+s) for any ¢,s > 1. Il

6.4.2 Freely max-infinitely divisible distributions

In this section, we introduce a concept of freely max-infinitely divisible distributions.

Definition 6.6. A distribution function F' on R is said to be freely maz-infinitely
divisible if for each n € N, there is a distribution function F, on R such that F' = F'.

We give an equivalent property of distribution functions to be freely max-infinitely
divisible.

Proposition 6.7. Let F' be a distribution function on R. Then F' is freely max-
infinitely divisible if and only if a(F) > —oc.

Proof. If F is freely max-infinitely divisible, then there is a distribution function F),
such that F' = F for each n € N. Since a(F) > —oco for every n > 2, we have
that a(F) > —oo. Conversely, if a(F') > —oo, then for each n € N, we define

Fu(z) = {SF("”) -G, . i Zg; (6.17)
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For all x > a(F'), we have

Fo(z) — (n (%F(x) _ (% _ 1)) —(n— 1))+ — F(a). (6.18)

Furthermore, F'2*(z) = 0 for all z < a(F). Hence F is freely max-infinitely divisible.
[l

We give a few of examples of freely max-infinitely divisible distributions.

Example 6.8. (1) (Compactly supported probability measure) Let u be a compactly
supported probability measure on R. Then its distribution function F), is freely max-
infinitely divisible since —oo < a(F),).

(2) (Normal distribution) Let n,,, be a normal distribution with mean m € R and
variance v > 0. Then its distribution function

Fo, (2) = \/2% /_ oo exp (—%) dt, (6.19)

is not freely max-infinitely divisible since «(F,

Nm v

) = —o0.

To end this section, we give a limit theorem for every distribution function on R
with respect to free max-convolution.

Proposition 6.9. Let F' be a distribution function on R. Then there exists a sequence
n times

o . . . /_b\ w
{F,}, of distribution functions on R such that F,,M---MF, — F as n — oc.

Proof. If F is freely max-infinitely divisible, then there is nothing to prove. If F'is

not freely max-infinitely divisible, then we have a(F) = —oo by Proposition 6.7. For
each n € N, we define a distribution function F;, by setting
Ny A S | >
Fo(z) = {n (@) - G-1, e2-n (6.20)
0, r < —n.
Then
n times
——f— F > —
an--~MFn:{ (2), w2 -n (6.21)
0, r<-—-n
7% F(x), (6.22)
for all continuous points x of F. O

Remark 6.10. In [16], we obtained a free analogue of Khintchine’s theorem: Consider
a sequence {k,}, of positive integers with k; < ky < ---, an infinitesimal array
{ftnk }1<k<knn>1 in P and a sequence {ay, }, of real numbers. If p,,; B - - - B pnp, B dq,
weakly converges to some probability measure p on R, then p € ID(H). However,
the Khintchine type theorem does not hold in the max-case by Proposition 6.9.

70



6.4.3 Free max-stable laws

In this section, we study distribution functions of

(X1 V-V X,) = b,

an

: n € N. (6.23)

for some sequences { X, }, of freely independent identically distributed real random
variables, {a,}, C (0,00) and {b,}, C R.
Firstly, we define the above distribution function.

Definition 6.11. A non-trivial distribution function G' on R is said to be freely
max-stable if for each n € N there exist a,, > 0 and b,, € R such that

G (a, - +b,) = G(-). (6.24)
Next we define freely max-domain of attraction.

Definition 6.12. A distribution function F' is said to be in the free maz-domain of
attraction of a distribution function G if there exist a,, > 0 and b,, € R such that

F™(a, - +b,) = G(-), (6.25)
as n — oo. In this case, we write F' € Domg(G).

In [11, Theorem 6.5] we obtain the following equivalent properties of freely max-
stable laws.

Proposition 6.13. The following conditions are equivalent.
(1) G is freely max-stable;

(2) G € Domgy(G);

(3) Domg(G) # 0.

This means that the freely max-stable laws are weak limits of distribution func-
tions of (X;V---VX,—b,)/a,, asn — oo for some sequence { X, }, of freely indepen-
dent identically distributed real random variables, {a,}, C (0,00) and {b,},, C R. In
[11, Theorem 6.8], the freely max-stable laws are characterized by free extreme value
distributions.

Theorem 6.14. A non-trivial distribution function G is freely max-stable if and
only if G is of free extreme value type, that is, there exist a > 0 and b € R such that
G(ax+Db) is one of the following distributions (called free extreme value distributions):

o Fi°(z) := (1 —e ), x&R: exponential distribution;

(1 — .Tia)_t'_, x>0
0

.Ffrccx
OES e

a > 0: Pareto distribution;

0 >0
o Firce(y) { ’ * a > 0: Beta law.

(1 —=1z[*)s, =<0,
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[11, Theorem 6.11-Theorem 6.13] states that the classical max-domains of at-
traction of the extreme value (Gumbel, Fréchet and Weibull) distributions are corre-
sponding to the free max-domains of attraction of the free extreme value (exponential,
Pareto and Beta) distributions. By using a map A defined by AV(F) = (1+1log F) .,
we get a relation between classical extreme value distributions and freely extreme
value distributions, that is, AY(F&asicaly — gfree for p — [ 11, 1IT in [11, p.2052].
Moreover, the map AV satisfies

AV(FG) = AV(F)RAY(G), (6.26)

for all distribution functions F, G. Moreover, AY(F) is freely max-infinitely divisible
for all distribution functions F' on R.

In [13, Theorem 3.3], we obtained a random matrix model whose empirical spectral
law weakly converges almost surely to a probability measure constructed by AV as its
matrix size goes to infinite.

6.4.4 Free regular max-infinitely divisible distributions

We define a set A, to be the set of functions F : [0,00) — [0, 1] which are increasing,
right-continuous and satisfy lim, .., F'(r) = 1. We regard I’ € A as a distribution
function F' on R given by

Fla) = {F(”“")’ v20 (6.27)

0, x < 0.

In other words, we regard A, as the set of all distribution functions of positive random
variables. By the above identification, we define a(F) = 0 when F(0) > 0. We can
consider in nature free max-convolution of distribution functions in A,. Moreover,
we can define a map AY on A, by setting

A (F):=A'(F)=(1+1logF)y = (1+1logF), € Ay, (6.28)

for any F' € A,. In Section 6.4, we use A" as the map on A, defined by (6.28).
In particular, we consider the following subset of A, :

AP = {FeA,:F(0) =0} (6.29)

We can see that AS?) is the set of all distribution functions of strictly positive random
variables. The set Af) preserves free max-convolution by the definition.

Proposition 6.15. If F,G € A then FMG € A,

Finally, we define free max-infinite divisibility of distribution function in ASS). A

distribution function F' € ASS) is said to be free regular maz-infinitely divisible if for

n times

: (0) _ '
cach n € N, there is F,, € A}’ such that I = F,M---MF,. Note that for any

F e AS?), we have a(F¥") > 0. One can use similar argument as in the proof of
Proposition 6.7 to get the following proposition.

Proposition 6.16. Consider F' € Af). Then F is free regular max-infinitely divisible
if and only if a(F") > 0.
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6.5 Theory of Boolean max-infinitely divisible distributions

All materials in the following discussions are based on [62]. We can construct two
families (X;)ics, (Yj)jes of Boolean independent bounded noncommutative random
variables (selfadjoint operators) on some Hilbert space (H, &) equipped with a unit
vector £ € H as follow.

Consider two families (X;);e; and (Y);es of bounded selfadjoint operators on
(H1,&1) and (Ho, &), respectively. If we consider a Hilbert space (H, &) equipped
with a unit vector £ € H, where H := (H; © C&) @ (Hao © C&,) @ C¢ and identifying
isometries V; : Hy — H and V, : Ho — H, then we have

Viluece = huece Vi&i =¢&; (6.30)
Valpsece, = Irseces, Voo = €. (6.31)

Consider X, = ViX; Vi and }7] =V,Y;Vy for all € I and j € J. Then (Xi)ie[ and
(Y;),es are Boolean independent bounded selfadjoint operators on (H,¢). Note that

(X)"6En = (X" &), (V)€ Em = ()62, &2)a, (6.32)

foranyt € I, j € Jand n € N.

This discussion works for unbounded real random variables (selfadjoint operators)
by replacing operators to spectral scales. However, E(X; (—oo,t]) and E(X; (—oo0, ])
are not equivalent even if X and X are equivalent, where X and Y are said to be

equivalent if there exists an isometry V such that Y = VXV*. Actually, we have

E(X“ (_OO’ t]) = %E(sz (_Ooat])‘/l*v t< 07 (633)

E(X;; (—o0,t]) = VIE(X}; (=00, t)V]" + Pu,ece,, t>0. (6.34)

Similarly, we have

E(Yj; (—00,1]) = VaE(Yj; (=00, th V5, <0, (6.35)

E(Yj; (—00,1]) = ViE(Yj; (=00, t)Vs" + Pryoce,,  t >0, 36)
Since we have

P = (VIE(X;, (—oo, t]))V) A (VRE(Y], (=00, t])V5) < Pee, (6.37)

the projection P is either 0 or Pre, and therefore (PE, &)y € {0,1}. On the other
hand, the projection

Q= (%E(XZ’ (_007 t])vl* + PH29C§2) A (‘/QE<YJ7 (_007 t])‘/Q* + P’H19(C§1) (638)

is not trivial, and therefore (Q¢, &)y € [0, 1] takes non-trivial value.

Finally, the non-trivial spectral max works when we choose X > 0 and Y > 0.
Strictly speaking, the spectral projections E(X VY; (—00,t]) and E(X AY; (—o0,])
are not trivial (neither 0 nor Pg¢) if X and Y are positive. Therefore, we assume
positivity of real random variables when we consider the maximum of Boolean inde-
pendent real random variables.
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6.5.1 Boolean max-convolution

Consider a Hilbert space (H, &) equipped with a unit vector £ € ‘H. Firstly we define
Boolean max-convolution of Boolean independent projections on (#,§). Define the
vector state p(X) := (X&, &)y on the set of all operators on (H, £). If P is a projection
on (H, &), then its distribution function Fp is

0, z <0
Fp(z)=q¢p:=9p(I—-P), 0<z<1 (6.39)
1, x>1,

where p € [0,1]. In [62, Lemma 3.1], we have the following statement.

Lemma 6.17. If P, are Boolean independent projections on (H,§) with ¢(P) =
1 —pand p(Q) =1— ¢, then ¢(PV Q) =1—r, where r € [0, 1] satisfies that

rl—1=0p "' -1+ (" —1). (6.40)

If either p or ¢ is equal to 0, then we define r = 0. Due to Lemma 6.17, we can
define a semigroup structure on [0, 1]. We define an operation & on [0, 1] by setting

() —1:=(@ =1+ @y -1), z,y € [0,1]. (6.41)

The notation W means the distribution function of P A ). Strictly speaking, if
o(I — P) = pand oI — Q) = ¢q, then (PN Q) = (I — PV Q) = r, where
rl—1=(p'=1)+(¢ ' —1). Two semigroups ([0, 1], ) and ([0, 1],-) are isomorphic
by an order preserving isomorphism y : [0,1] — [0,1], where x(z) := exp(1 — z7!)
and x(0) := 0 (see [62, Lemma 3.2]).

Considering the above discussion, we define Boolean max-convolution as follow.

Definition 6.18. Consider F,G € A . Their Boolean mazx-convolution is defined by
(FVG)(x) == F(x) WG (x). (6.42)

Recall that A is the set of all distribution functions of positive random variables.
In [62, Lemma 3.3], if X, Y > 0 are Boolean independent positive random variables on
(H, &), then Fxyy = FxMFy. Thus, Boolean max-convolution means the distribution
function of maximum of Boolean independent positive random variables.

By definition of Boolean max-convolution, for any F,G € A, we have

F =— — A 4
VO = F G g 5 (643)
and
n times
—— F
FV" = Fy.---MF=—— €A N. 44
VERRY, n—(n—l)FE + n e (6.44)
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6.5.2 Boolean max-infinitely divisible distributions

In this section, we introduce Boolean max-infinitely divisible distributions and semi-
group of distribution functions with respect to Boolean max-convolution.

Definition 6.19. F' € A, is said to be Boolean maz-infinitely divisible if for each
n € N there exists F,, € A, such that

n times

—N—
F=F,V---VF,. (6.45)
We study the class of Boolean max-infinitely divisible distribution functions.

Proposition 6.20. Every distribution function in A, is Boolean max-infinitely di-
visible.

Proof. Given F' € A,. For each n € N, we define the following distribution function
F,:

. F
P AL 6.46
1/71—(1/7"L_1>Fe " .

Then we have
___Fr
ann _ 1/n—(1/n—1F - (6.47)
n—n—1)X mmamor
F

n =F (6.48)

" n(l+(n—1)F)— (n— nF
Therefore F' is Boolean max-infinitely divisible. O]

This proposition is similar to the fact that every probability measure is (additive)
Boolean infinitely divisible (see [55, Theorem 3.6]). For any F' € A, and each n € N,
a choice of the n-th root F, of F is unique. Denote by FY/" the n-th root F,, for
each F' € A,.

For any ¢t > 0, we define distribution functions F; as follows:

B F
Ct—(t—1DF’
F() .= 1[a(p)7oo). (650)

F t>0 (6.49)

Then the map t — F; is weakly continuous on [0,00) and F; MFs; = F,,, for any
t,s > 0. In particular, we have F,, = F¥" and F}, = FYUY™ for any n € N. Hence we
denote by F'* the distribution function F; for each ¢ > 0.

6.5.3 Boolean max-stable laws

In this section, we introduce the Boolean max-stable laws. They are the most impor-
tant to consider Boolean max-probability theory from a reason that it is analogue of
classcal and free max-stable (extreme value) laws which are very important to study
extreme value statistics.

75



Definition 6.21. A non-trivial distribution function G € A, is said to be Boolean
maz-stable if for some F € A, there exists a, > 0 such that F¥"(a,-) = G(-).

The Boolean max-stable laws are analogue of classical/freely max-stable laws.

This is the weak limit of distribution function of

XiVvV--- VX,

Qp

, neN, (6.51)

for some sequences {X,}, of Boolean independent identically distributed positive
random variables, {a,}, C (0, 00).

Define X : A, — A, as an isomorphism X (F) := x o F, that is, X(F) :=
exp(l — F7') and X(0) := 0 for all F € A,. This isomorphism preserves pointwise
convergences and satisfies X (F')- X (G) = X (FVG) for all F,G € A,. In other words,
this map is connects the set A, equipped with classical max-convolution (F,G) —
F - G and the set A, equipped with Boolean max-convolution (F,G) — F VG.
Looking at the map X and the classical max-stable laws, we obtain the following
important theorem.

Theorem 6.22. (See [62, Theorem 4.1, Corollary 4.1]) A non-trivial distribution
function G € A, is Boolean max-stable if and only if

X (G)(x) = exp(—Az™?), (6.52)
for some A\, o > 0. Equivalently,
G(x) = (1+ a7, (6.53)
for some A\, > 0.

By Theorem 6.22, every Boolean max-stable law is characterized by two parame-
ters A > 0 and a > 0, so that we write it as

Saa(?) = (1+Xz™*)~L (6.54)
We define Boolean max-domain of attraction of distribution functions.

Definition 6.23. F' € A, is said to be in the Boolean maz-domain of attraction of
G € A, if for some sequence of a,, > 0, we have F¥"(a,-) = G(-) as n — oco. In this
case we write F' € Domy(G).

Remark 6.24. For each Boolean max-stable law G = S, ,, we can take F' = G and
a, = n'/* in Definition 6.21. From the reason, if G is Boolean max-stable law, then
G € Domy(G).

Definition 6.25. Consider o, 8,p > 0. The Dagum distributions are defined by

D.gsp(z) == (14 (z/8)"") ", x>0 (6.55)

76



In particular, we write
Da = Da,l,l- (656)

Note that the Dagum distribution D, g is Boolean max-stable since Dy g1 = Sgo 4.

To end this section, we characterize distribution functions which are in the Boolean
max-domain of attraction of Dagum distributions by behavior at the tail of distribu-
tion function.

For a distribution function G on R, we define a function G := 1 —G. The function
is important to study distribution functions of the maximum of random variables
since we have to focus on behavior at the tail to look at statistics of the maximum of
random variables. Recall the definition of regularly varying functions.

Definition 6.26. A function f is said to be reqularly varying of index « if for all
t > 0 we have that f(tx)/f(x) — t* as  — oco. In particular, if & = 0, then f is said
to be slowly varying.

From [11, Theorem 6.12] and [62, Corollary 4.3], we obtain the following theorem.

Theorem 6.27. The following conditions are equivalent for oo > 0.
(1) G € Domy(D,,);
(2) G is in the classical max-domain of attraction of the Fréchet distribution ®,:

Do (7) := FFial(1) = exp(—a7?), x> 0; (6.57)

(3) G is in the free max-domain of attraction of the Pareto distribution P, with
exponent «:

P,(z) :=F(x)=(1—-27%),, x>0; (6.58)

(4) G is regularly varying of index —a.

6.5.4 Tails of max-convolution power of distribution functions

Since ®,(n1/*) = &/ P,(n~/*) = P¥ and D,(n""/*) = D¥" (a > 0,n € N),
the classical, free and Boolean domains of attraction of ®,, D, and P, coincide with
ones of ®Y" P¥" and DY", respectively. Therefore, @Y™, PY" and DY" are regularly
varying of index —a by Theorem 6.27. This means that three type max-convolutions
preserve tails of corresponding extreme value distributions. More generally, we can
conclude that three type max-convolution preserve tails of distribution functions as
follows. However, the following proposition has already been obtained in [26] and [42]
to study behavior at tails of free and Boolean subexponential distributions, but for
readers convenience we include the proof.

Proposition 6.28. Consider n € N. We have the following conditions.
(1) Let F be a distribution function. Then FV7 ~ nF as x — oo.
(2) Let F be a distribution function. Then F¥" ~ nF as x — oo.

(3) Let F € Ay. Then FY" ~ nF as x — oo.
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Proof. (1) As x — oo, we have F' — 1. Therefore

FVn=1—F"=nF(1+0(1)), as T — 0o. (6.59)
Hence we have FV* ~ nF as & — 00.
(2) We have
F¥ =1 —max{nF — (n —1),0} = min{n(1 — F), 1}. (6.60)

As z — o0, we may consider n(1 — F) < 1. Hence we have F¥n ~ nF as x — co.
(3) We have

o F _ n(l1-F)
F —1_n—(n—1)F_n—(n—1)F' (6.61)

Since n — (n — 1)F — 1 as x — 00, we have FV" ~ nF as x — oo. O

In the same way to prove Proposition 6.28, it is easy to get a generalization of the
above proposition as follows.

Corollary 6.29. We have the following conditions.

(1) Let F be a distribution function and ¢ > 0. Then FVi ~ tF as x — oo.
(2) Let F be a distribution function and ¢ > 1. Then F¥ ~ tF as x — 0.
(3) Let ' € Ay and ¢t > 0. Then F¥ ~ tF as x — oo.

In particular, we get a relation between three type max-convolutions and regularly
varying functions by using Corollary 6.29. Note that the following relation has already
been obtained in [26, Proposition 2.4] in the case when t is a positive integer.

Corollary 6.30. Consider a € R. The following conditions are equivalent.

ﬁjl

1 is regularly varying of index a.

2 t is regularly varying of index « for any ¢ > 0.

3 7

3

B

vt is regularly varying of index « for some ¢ > 0.

5) FM™ is regularly varying of index « for some t > 1.

6

(1)

(2)

(3)

(4) FY is regularly varying of index « for any ¢ > 1.
(5) F

(6) F FVt g regularly varying of index « for any ¢t > 0.
(7)

7) FV¥ is regularly varying of index o for some t > 0.
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6.6 Max-Belinschi-Nica semigroup

In [10, Proposition 3.1], there is a relation between free (additive) convolution and
Boolean (additive) convolution, that is,

(/Jlaap)kﬂq — (MLﬂq/)Bﬂp/’ /J E P’ (662)

where p' = pq/(1 —p+ pq) and ¢ = 1 — p + pq. By using free and Boolean max-
convolutions, we obtain a completely analogue of the above relation.

Proposition 6.31. For any '€ A, p>1and ¢ > 1— 1/p, we have

(FP) = (B, (6.63)
where p' = pq/(1 — p+pq) and ¢ =1 —p+ pqg. Note that p" > 1 and ¢’ > 0.
Proof. Note that for any F € Ay, p>1and ¢ >1—1/p,

g+ (1 —qpF —(p—1))=pg+pF—(p—1) (6.64)
1
>p(1—]—9)+pF—(p—1):pF20. (6.65)
Therefore, for any '€ Ay, p>1and ¢ > 1— 1/p, we have
g+ (1—q)F" q+(1-q@F—-(p-1)+
pF—(p—1) ;
— J e+(1-g)(pF—(p-1))’ ifpF—(p—1) 20 (6.67)
0, ifpFF—(p—1) <0
pF—(p—1) )
= ) 6.68
(oo o). (0.6
On the other hand, we have
’ / F Mp/ p/F
M\ - =—r (=1 6.69
() <Q'+(1—CI')F> (q’+(1—q’)F v >>+ (6.69)
1—d ' VF — (v — 1)d'
:<( ¢ +p'd)F—(p )q) (6.70)
¢+(1—=q)F T
pF—(p—1) )
= ) 6.71
(oo o). o7
Thus the formula of this theorem holds. O

Recall the Belinschi-Nica semigroup in Section 6.1. Similarly, we define a Belinschi-
Nica type semigroup for free and Boolean max-convolutions.

Proposition 6.32. For each t > 0, we define a map BM : A, — A, as
BM(F) = (FYU+0)'5 - pe A, (6.72)

The family {BM},> is a semigroup with respect to composition and a(BY(F)) =
a(FYHD)  In particular, BM(F) is free regular max-infinitely divisible for any F €
AS?) and ¢ > 0.
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Proof. Using Proposition 6.31, for any F' € A, we have

M(1+s) Mﬁ
Béw o Bi\/‘[(F) = B, <(F.(1+t)) 1+t> = |:<(F.(1+t)) 1+t> :| (6.73)
EESEE v Vi Y
_ |:<(FM(1—H)) > } _ (FM(1+t+s)) TTiTs Bi\—/[&-s(F)
(6.74)
By using the fact a(FY') = (F) for every t > 0, we have a(BM (F)) = a(FM1+)),
If F(0) = 0, then B (F(0)) = BM(0) = 0. Hence B¥(A”) ¢ A holds. For

any t > 0, we have a(F¥+)) > 0 by rlght continuity of F' and F'(0) = 0. Therefore

BM(F) is free regular max-infinitely divisible for any F € A(f) by Proposition 6.16.
O

Definition 6.33. The semigroup {BM},( is called the maz-Belinschi-Nica semi-
group. For each t > 0, the map BM is called the maz-Belinschi-Nica map at time
t.

In [26, Theorem 2.5], we know a relation between behavior at tails of u € P and
one of B;(pt). In the max-case, by applying Corollary 6.30, we can conclude that the
map BM preserves behavior at tails of distribution functions.

Corollary 6.34. Let ' € A, and ¢t > 0. Then BM(F) ~ F as # — oc.

Set ©, := AY(A,), where the map AV was defined in Section 6.4. Recall that
AY(®,) = P,, where &, and P, are the Fréchet distribution and the Pareto distri-
bution, respectively. We show that the Belinschi-Nica map B} has rich properties
as follow.

Proposition 6.35. The following conditions hold:

(1) We have B = AY o X, where the map X was defined Section 6.5.
(2) B is a surjection from A, to ©,.

(3) We have B¥(D,,) = P,, for any a > 0.

(4) We have B¥(F WG) = BY(F)MBY(G) for any F,G € A,.

Proof. (1) For all F' € A, we have that

My (2F —1)4 Cf2-L if12<F<1
B = amer -1, - {0, if0<F<1/2 (6.75)
= (2 - %)+ = (1 +log X(F))y = AV (X(F)). (6.76)

(2) By (1), the map B takes values in ©,. For any G € O, there is H € A}
such that G = (1 +1log H),. Put F:=1/(1 —log H) € A;. Then we have

1 1+log H v
14+log H
(1710gH>+
- — (1+1logH)y = G. (6.78)

1 1 1+log H
2 + 2 x <1—10gH>+
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Hence B is surjective from A, to ©,.

(3) Note that X(D,,) = ®, (see Section 6.5). By (1), we have
BY(D,) =AY o X(D,) = AY(®,) = P.. (6.79)

(4) By definition of A and X, we have

B (FVG) = AV (X(FVG)) = A (X(F)X(G)) (6.80)
= AY(X(F)MAY(X(G)) = BY(F)MBY(G), (6.81)
for any F,G € A,. O

In addition, we have BM(A,) = ©, by Proposition 6.35 (1) and (2). Finally,
we conclude that the map B connects limit theorems for Boolean and freely max-
infinitely divisible distributions.

Theorem 6.36. Let {F),}, be a sequence in Ay, FF € A, and {k,}, a sequence of
k., times k., times
e —_— PR ——
positive integers such that k1 < kg < ---. If F, M---VF,, — F, then F,M---MF,, —
BM(F) as n — cc.

Proof. Denote by C(F') the set of all continuous points of F'. By our assumption, we
have F,(z) > 0 for all z € C(F) N {F > 0}, for sufficiently large n. Note that the
assumption is equivalent to

koFo(x) — (k, — 1) N

1
Fo(z) ~ F(2) 1= Fo) ° eC(F)N{F>0}. (6.82)

Furthermore, our assumption implies that there is €, > 0 such that

Fo(x)
T 6.83
Fn— (kn — DEu(0) (6.:83)
and therefore
ezkn
F, .84
"<x)>sx(kn—1)+1’ (6.84)

for sufficiently large n. Hence lim,, .o, F,,(x) =1 for all x € C(F) N {F > 0}.

(I) Consider z € C(F) N {F > 1/2}. Our assumption implies that

ky, — (k, — 1), ()

1
> — 6.85
27 ( )

kn
kn+1

and therefore F,(z) > for sufficiently large n. Hence

knFp(x) — (k, — 1) >

>0 6.86
e (6.56)
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for sufficiently large n. Thus

T - (2 - ﬁ) (6.57)
k() = (b — 1) — (2= F(lx)>’ (6.88)
<tk - s 2 v (659
< mw - (U ww) [ wel ] e
< mw () P R (691
ESS (6:92)

If lim, ,o+ F'(z) > 1/2, we finish to prove this theorem. If lim, .o+ F'(z) < 1/2,
we continue to prove this theorem as follow.

(IT) Consider x € C(F) N {F = 1/2}. Since F(x) = 1/2, the condition (6.82)
satisfies

FonFn(z) — (ko — 1) B IR B
Fy(z) R (6.93)
Therefore we have
|ann. M F,(2)] < |k Fo(x) — (k, — 1) (6.94)
= |Fn(SE)| knFn(I}nz;)kn — 1) ‘ (6.95)
=5t knFn(%_(x()kn - Fnl(x) * 1’ +[1 = Fu(x)] (6.96)
knbp(x) — (kn—1) 1 e
- Fo() Fu@) 1‘ +[1 = Fu(x)] (6.97)
0 (6.98)

(III) Consider z € C(F)N{0 < F < 1/2}. Our assumption implies that

kn — (k, — 1)F,(x)

1
<3 (6.99)

for sufficiently large n. Therefore we have F,(r) < X2—. This means that k, F,,(z) —

Fon+1"
k., times
e
(kn—1) < ﬁ Hence F,M---MF,(z) = (k. F,,(z) — (k, — 1))+ — 0 as n — oo.
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Finally, by Proposition 6.35, we have

ky times
——— e |2 5=, zE{F>1/2
F,5 - M E,(z) 25 o ©EAF=1/2) =BY(F(z)), (6.100)
0, re{0<F<1/2}

for all = € C(F). O

Remark 6.37. We can obtain the above theorem even if we change A, to Af). In
this case, we can interpret that the map B makes a limit theorem for free regu-
lar max-infinitely divisible distributions from one of Boolean max-infinitely divisible
distributions.

Remark 6.38. In Section 6.7, we prove an equivalence of limit theorems for classical
and Boolean max-infinitely divisible distributions by using the map X'. Moreover,
[13] has already proved an implication from the classical max-limit theorem to the
free max-limit theorem by using the map AY. Combining these facts gives another
proof of Theorem 6.36.

We give three examples of Theorem 6.36.

Example 6.39. (Uniform distribution) Let U, be a positive random variable dis-
tributed as the uniform distribution on [a,b], where 0 < a < b. By an elementary
calculation, we have

0, 0<zr<a
Fy,, (@) =PUgy <z)={ 52, a<z<b =B (F(r)), (6.101)
1, x>0
where
0, 0<r<a
Flr)=4Q 5322, a<z<b (6.102)
1, x > b.
On the other hand, if for each n € N,
0, 0<r<a
Fo(z) = Gtie—, a<a<b (6.103)
1, x> b,
n times n times

pr— — e Y w
then F, - --MF, = F. By Theorem 6.36, we have F},,M---M F,, — FU(a,w as n — oo.

Example 6.40. (Free and Boolean maz-compound Poisson distribution) Consider
A>0and v € P with v({0}) = 0. Let puy be a probability measure on R defined by

A A
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Let G and Fy be distribution functions of v and uy, respectively. Hence we have

2@ 0
Fy(a) = {700 v (6.105)
(1-2)+2G(z), =>0.
Then we have
N times 1 N e 0
——— —
T iy = TN HAG), < (6.106)
(1—)\—|—)\G)+7 x>0
w0 <V o (6.107)
(1—)\+)\G)+, .1'20 ’

as N — oo. The distribution function IIY ;, is called the free maz-compound Poisson
distribution.

Next, we consider A > 0, v € P, with v({0}) = 0 and uy := (1—=A/N)dy+(A/N)v
for each N € N. Let G, Fiy € A, be distribution functions of v and uy, respectively.
Then we have

N times
—N—— N — A+ \G
v UFy = q
NY N S NI G N A1 G (6.108)
1
el —— L A 1

as N — oo. The distribution function H‘fyG is called the Boolean max-compound
Poisson distribution.

It is easy to check that BY (I ;) = II{; for all A > 0 and G € A,. Considering
this discussion, the map B connects Boolean and free max-compound Poisson type
limit theorems.

In particular, if v = d5 (s > 0), then G = 15 o). Then

H,S = H’I[S’OO) = (]_ - A + A]-[s,oo))-i- (6110)
B 1
[s,00) 1 -+ )\(1 — ]-[s,oo))

Iy, =11, (6.111)

These distributions are called the free/Boolean max-Poisson distributions.
In [45], we have already obtained the bi-free max-compound Poisson distributions.
This distribution is a bi-free analogue of the free max-compound Poisson distribution.

Example 6.41. (Burr type XII distribution, see [25, 58]) Consider a,p > 0. Let
Burr,, , be the Burr type XII distribution, that is,

Burr,,(z) :=1—(1+2%)7 e A,. (6.112)

In particular, Burr, ; = D,. If for each n € N,

FL@): 1—(1+2%)"

= AU AL, (6.113)
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n times

—fN—
then F, M- --VF, = Burr,,. By Theorem 6.36, we have

n times
—_— 1
F0M---MF, — B{”(Burrap) =\l . (6.114)
’ (I+zo)p -1/,

Of course, if p = 1, then the RHS on the above equation coincides with the Pareto
distribution P,.

Next we show the converse claim of Theorem 6.36 under the special case.

Theorem 6.42. Let {F,}, be a sequence in A, FF € A, with F' > 0 on [0, 00), and

k., times

/“ w
{k,}n a sequence of positive integers such that ky < ky < ---. If F,0M---MF,, — F,

k., times

——
thenFnM~--MFni>ﬁ€A+asn—>oo.

Proof. For any € C(F)N{F > 0}, there is ¢, > 0 such that k,F,,(x) — (k, —1) > ¢,
for sufficiently large n, and therefore F,,(z) — 1 as n — oo. Then we have

kn times
F. V- VE,(z) = 6.115
) = TR~ (hFule) — (D) (6115)

n—00 1
N 6.116
2 — F(x) ( )
k., times

“ Nwo g

Hence F, M-+ - VF,, — 55 as n — oo. ]

We give two remarks for Theorem 6.36 and Theorem 6.42.

Remark 6.43. (1) In the setting of Theorem 6.36, note that the convergence of F%»
to BYM(F) (for some F € A, ) does not necessarily imply the convergence of F*» to
F.

We give an example as follows. Consider o > 0. Let F,, be the following distribu-
tion function:

Pa -1/« > 1
Fo(z) = 4 Do), @2 (6.117)
0, 0<z <.

Then F¥" =% P, = BM(D,,) as n — oo. However,
n oo Da7 Z ]-
Flun nooe, N £D,. (6.118)
0, 0<xr<1

(2) In Theorem 6.42, we assume that F' > 0 on [0, 00) to prove the converse claim
of Theorem 6.36. However we expect that the converse claim of Theorem 6.36 holds
without the special assumption of F'.
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For example, we consider F' € A, with a(F") > 0. Define the following sequences
of distribution functions in A,:

1-14 £ > a(F
Frai={tTntw o rzall (6.119)
m(l—g)x, 0§$<O&(F),
J [ > a(F
Py, = n o w2z olh) (6.120)
’ -, 0<z<allF),
J R > a(F
Fyp: = n T vz olh) (6.121)
: 12, 0< 2z < alF).
Then F}7 = F asn — oo for i = 1,2, 3. Moreover, we have that
oz [ 7F 2 o(F) (6.122)
b 0, 0<z<alF),
pn w7 @2 o(F) (6.123)
2 I, 0<z<alF),
w | > alF
R alf) (6.124)
’ 3 0<z<aF),

as n — oo. Therefore the convergence of F}’" to F' (i = 1,2,3) implies the conver-
gences of F}"" to some distribution function.

According to the above three examples, for any x € C(F) N {F = 0}, the conver-
gence of the sequence of F¥»(r) depends on a situation of F,.

We formulate the conjecture in Remark 6.43 (2) as follows.

Conjecture 6.44. Let {F,}, be a sequence in Ay, FF € A, and {k,}, a sequence of

k., times k, times
/_J% w /—J\q w
positive integers such that k; < ky < ---. If F,M---MF,, — F, then F,,\---VF,, —
G as n — oo for some G € A, In particular, we have G = =% on {F > 0}.

6.7 Limit theorems for classical and Boolean max-infinitely
divisible distributions

In this section, we give a relation of limit theorems for classical and Boolean max-
infinitely divisible distributions. According to [62, Theorem 4.1] (or Section 6.5), we
have X(D,) = ®, and X~}(®,) = D,, for any @ > 0, where X(F) := exp(l — F1)
for any F' € A,. Note that

1

XTUF) = 1—log F’

Fel,. (6.125)

The isomorphism X is an important key to discuss in this section. We give the
following theorem.
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Theorem 6.45. Consider a sequence {F,}, in A, and a sequence {k,}, of positive

integers with k; < k9 < ---. The following conditions are equivalent.
k,, times

/—Iﬁ w
(1) There exists F' € A, such that F,, V---V F,, — F as n — o0;

k., times

e s, w
(2) There exists G € A, such that F,, M---MF,, — G as n — 0.

If either (1) or (2) holds, then we have X(G) = F and X~(F) = G.
k, times

Proof. Firstly we show the implication (1) = (2). Assume that F, V.-V F, = F
(ie., Ff 2 F) as n — oo. Suppose x € C(F) N {F > 0}. Then F,(z) > 0 for
sufficiently large n by our assumption. Moreover, F,(z) — 1 as n — oo. Indeed,
we assume that F),(x) does not converge to 1 as n — oo. If necessary, passing to a
subsequence, we can find ¢ > 0 such that |F,,(z) — 1| > ¢ for sufficiently large n. Thus
we have

Ey(x)f < (1 —¢e) 2220, (6.126)
This is a contradiction for that F,(z)* "= F(z) > 0. In addition, the assumption
implies that k,log F,,(x) — log F(z) as n — oo. Furthermore, k,(1 — F,(z)) —
—log F(z) as n — oo. Indeed, since log(1+42) = z(1+0(1)) as z — 0 and F,(x) — 1
as n — 00, we have

kn(1 — Fo(x)) ~ —ky log F(x) =% —log F(x). (6.127)
Hence
ky times r
—N—
Tl NE(z) = ”Ex) (6.128)

— F,(z)
T Fo(x) — kylog Fy(2) + {kn(1 — F,(2)) + ky log Fy(z)} (6.129)
n—oo, 1 _ Xﬁl(F(:C)) (6130)

" 1—log F(x)
k,, times

——
Suppose that z € C(F) N {F = 0}. Assume that F,, M---VUF,(z) does not converge
to 0 as n — oco. If necessary, passing to a subsequence, we can find ¢ > 0 such that

kn times

—f—
F,M---VF,(z) =

> 6, (6.131)

equivalently,

Ok,

B = 5 ok

(6.132)
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for sufficiently large n. Therefore we have

k, times

= ! Pt 5 >0
(1+ (5 &)
k, times

n—oo

———
This is a contradiction for that £, V ---V F,(x) 0. Hence we have

k,, times

’_/—\ n o —
F, M- WE,(z) 2225 0 = X740).

Finally, we have

k,, times

—_—~ .
F. V- VF, = X (F), as n — 00.

k,, times

(6.133)

(6.134)

(6.135)

(6.136)

. . . /_J% w
Next we show the implication (2) = (1). Assume that F,M---MF, — G as
n — oo. Consider z € C(G) N {G > 0}. In the proof of Theorem 6.36, we know that
F,(x) > 0 for sufficiently large n and lim,, ,, F,,(z) = 1. Moreover the assumption is

equivalent to

En(Fo(x) — 1) nooo . 1

Fo(x) G(z)

Since F,(z) — 1 as n — oo, we have

kn(Fo(z) —1) 22251 —

G(z)’
and hence

kn times

Fo VeV Fn(ZE) = Fn<x>kn = eXp(kn 10g Fn(*T)) ~ eXp(kn(Fn(I) - 1))
2% exp (1 — %) = X(G(x)).

Suppose that x € C(F) N {G = 0}. Then for arbitrary € > 0, we have

kn times
F, V- VE, = < e,
o — (kn — D) Fp(z) ©
equivalently,
ke
F.(r) < ,
(@) (1 —¢)+ck,

(6.137)

(6.138)

(6.139)

(6.140)

(6.141)

(6.142)



for sufficiently large n. Therefore we have

1 n—oo  _l—e¢
— = (6.143)
<1+(T) H)

n—o0

() <

Since € > 0 is arbitrary, we have F),(x)k" 0 = X(0). Finally, we have

kn times
P —— w
F,Vv---VF, = X(G), as n — 00. (6.144)
Thus, the equivalence of two conditions holds and X(G) = F and X7(F) =
G. O

According to the above consideration, it is appropriate that the map X is said
the Boolean-classical maz-Bercovici-Pata bijection. We obtain an application of this
bijection.

Example 6.46. Let v € P with v({0}) = 0 and A > 0. Suppose a distribution

function G of v. Then the classical maz-compound Poisson distribution 1T} , is defined
as the weak limit of Fly, where

3 G(), r <0
Fy(z) = {<1 ) 4260, w30 (6.145)

The distribution is explicitly written by

HX,G@) = {

0, x <0

exp (—A\(1 = G(x))), >0 (6.146)

This distribution has already been mentioned as an example of max-infinitely divisible
distributions (e.g. see [5, Example 1]). It is easy to check X(IIY;) = II}, and
X7HITY ) = 1Y  for any A > 0 and distribution functions G € A

Applying discussions in this section and previous section (Section 6.6), we obtain a
relation of limit theorems for classical and freely max-infinitely divisible distributions.
However, the following corollary has already been proved in [13].

Corollary 6.47. Consider a sequence {F, }, in A, and a sequence {k,}, of positive

kyn times
——
integers with k1 < ko < ---. If there exists F € A, such that F,V---V F, = F,
kp, times
—N—
then F,M---M F, = AY(F) as n — oc.
kp, times
——N—
Proof. Assume that F, V ---V F, = F as n — 0o. By Theorem 6.45, the assumption
k., times

—_——— o
is equivalent to F,, M- --MF, — X~}(F) as n — oo. Moreover, by Proposition 6.35
and Theorem 6.36, the above condition implies that

k., times

FNM---MF, S BY (XY F)=A o X(XY(F)) = A(F). (6.147)
O
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Moreover, the converse claim of the above corollary holds under the special case.

Corollary 6.48. Consider a sequence {F, }, in A, and a sequence {k,}, of positive
integers with ky < ko < ---. If there exists F' € A, with F' > 0 on [0, 00) such that

k,, times k,, times

,—/\qw ,—/\qw
if [,M---MF, = F, then F,, V---V I, = IIj o as n — oo.

ky, times
P — w .
Proof. Assume that F,M---MF, — F as n — oo, where FF € A, with FF > 0
kyn times
—_— L
on [0,00). By Theorem 6.42, we have F,M---MF, — =% € A, asn — oo. By
Theorem 6.45, we have
k, times 1
Pt —— w
F,vV---VF, =X (ﬁ) =exp(—(1—F)) =1Ly , (6.148)
as n — oo. L

For example, if F' =TI} ; for some 0 < X\ < 1 and a distribution function G' on R
in Corollary 6.48, then we get 11} . = HX’G. Therefore we can apply to the classical
and free max-compound Poisson type limit theorems by the above corollaries.

From the same reason of Remark 6.43 (1), in general, the convergence of F2F» to
AY(F) (for some F' € A, ) does not necessarily imply the convergence of FY*» to F.
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