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We consider a pair of probability measures i, v on the unit circle such that
22 (v (z)) = z/n,(z). We prove that the same type of equation holds for
any ¢ > 0 when we replace v by v X A, and u by M, (), where A; is the
free multiplicative analogue of the normal distribution on the unit circle of
C and M is the map defined by Arizmendi and Hasebe. These equations
are a multiplicative analogue of equations studied by Belinschi and Nica.
In order to achieve this result, we study infinite divisibility of the measures
associated with subordination functions in multiplicative free Brownian mo-
tion and multiplicative free convolution semigroups. We use the modified
Y-transform introduced by Raj Rao and Speicher to deal with the case that
v has mean zero. The same type of the result holds for convolutions on the
positive real line. In the end, we give a new proof for some Biane’s results on
the densities of the free multiplicative analogue of the normal distributions.

1. Introduction

Let Jlg be the set of probability measures on R. For every ¢ > 0, Belinschi and
Nica [2008b] defined a family of maps B, : Mg — AR by setting

B, () = (uECEDYIEED e g,

These maps have several remarkable properties. For any ¢ > 0, B, is an endomor-
phism of (Mp+, X)), where Mg+ is the set of probability measures on [0, +00) and
X is free multiplicative convolution. {B;};>0 is a semigroup and B is the Boolean
to free Bercovici—Pata bijective map.

The maps B, have strong connections with H-infinite divisibility. They are also
connected to free Brownian motion and additive free convolution semigroups. For
w € Mg, we denote by G, the Cauchy transform of u and by F), the reciprocal
Cauchy transform of . Given a pair of probability measures u, v € AMp such that

Gy(z) =z—Fu(z), zeC™,
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we have
(I-1) Gumy, (2) =2 —Fp,(z), t>0,zeCT,

where y; is the semicircular distribution with variance ¢. This result was generalized
to the multi-variable case in [Belinschi and Nica 2008a; 2009; Nica 2009]. An
equivalent form of (1-1) was used to prove the superconvergence theorem in [Wang
2010]. Anshelevich [2010; 2011a; 2011b; 2012] generalized the above correspon-
dence of i <> v and B, () <> v H y, to the context of two-state probability spaces.
Motivated by these generalizations and applications, we study in this article the
analogue of these equations for multiplicative free convolution.

Throughout this article, we denote by T the unit circle of C, by Jt the set of
probability measures on T, and by Jl, the set of probability measures on C with
nonzero mean. We also set

ME = {u € Mr Oy, 2 0, (2) # 0 for all z € D\{0}}.

It was shown in [Belinschi and Bercovici 2005] that one can define multiplicative
free convolution power u™ for p € MY and £ > 1.

In [Arizmendi and Hasebe 2013], a family of maps M, which is the analogue of
the semigroup B;, was defined for the probability measures in Jt}. The definition
of M, there was more general; we only need a simpler form defined as follows.
Given p € L} having positive mean, then for ¢ > 0, the map M; is defined by

My (1) = (D) EHEED,

where the convolution power 1*¢*1 and the measure M, (1) are chosen in a way
such that they have positive means.
We then state one of our main theorems.

Theorem 1.1. Given a pair of probability measures j € M7 and v € My such that

(1-2) (@) = ——, zeD,
nu(Z)

we have

(1-3) S5 (s, () = ————,  zeD,
M, () (2)

where A, is the analogue of the normal distribution on T with ¥, (z) =exp((t/2)(1+
2)/(1 —z2)) and A = A1.

In order to prove Theorem 1.1, we consider two semigroups v X A, and p2¢+D
for all + > 0. It is well-known that n,x;, and 1B+ are subordinated to n, and
ny respectively. We prove that the subordination functions are n-transforms of
some X-infinitely divisible probability measures on T. It turns out that the equation
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¥ (nv(2)) = z/n,(2) means that the subordination function of n,x;, with respect
to 1y and the subordination function of 7,x¢+1) with respect to n,, are the same.
The proof of Theorem 1.1 will be given in Subsection 3.5.

Given p € A, we prove that if 4 can be defined and 7 = 18 subordinated to
ny forall ¢ > 1, then u € JMY; in addition, we prove that for nontrivial measures
u € Mt and v € $9(K, T), the density functions of the measures p X v, and ;th
converge to 1/2m uniformly as ¢t — oo.

To deal with the case that v € A7\Jl,, we use the modified ¥-transform [Ariz-
mendi 2012; Rao and Speicher 2007] to study subordination functions. In this
case, the subordination function of 7,x;, with respect to n, is generally not unique.
However, we can prove that there exists a unique subordination function satisfying
certain properties (see Theorem 3.11). Let p, be the measure associated with this
subordination function of n,x;, with respect to n,,, we have that ¥, (z) = X3, (n,(2)).

Similar results to Theorem 1.1 for multiplicative convolution on Jlg+ are also
valid. The proof for this case is much simpler because of the uniqueness of multi-
plicative convolution powers and the uniqueness of subordination functions.

Finally, we give a new proof for some results concerning the density functions of
the free multiplicative analogue of the normal distributions studied by Biane [1997¢],
and we obtain some new results. For example, for A; (# > 0) the free multiplicative
analogue of the normal distributions on T, we prove that A, is unimodal.

This article is organized as follows. After this introductory section, we describe
some backgrounds in the additive case in Section 2. In Section 3, we consider mul-
tiplicative free and multiplicative Boolean convolution on Jilt, and prove our main
theorems. Section 4 is devoted to studying multiplicative free and multiplicative
Boolean convolution on Mg+. The regularity properties of the free multiplicative
analogue of the normal distributions are discussed in Section 5.

2. Background: additive case

Additive free convolution and additive Boolean convolution. For a measure i €
Mg, we define the Cauchy transform G, : Ct — C~ by

+0o0o 1
Gu(z)=/ :d,u(t), zeCH.

o0
We set

1
F/L(Z)=—$ Z€C+a
gn(z)
so that F,, : C* — C™ is analytic.
The following result characterizes those functions which are reciprocal Cauchy
transforms of probability measures.
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Proposition 2.1 [Bercovici and Voiculescu 1993). Let F: Ct — C* be an analytic
function. The following assertions are equivalent:

(1) There exists a probability measure i on R such that F(z) = F,,(z) in C".

(2) There exists a € R, and a finite positive measure p on R such that

+o00 1+IZ

dp(t) forallz € Ct.

F(z)=a+z+/

—o0
(3) limy_, 1o F(iy)/iy = 1.

It was proved in [Bercovici and Voiculescu 1993] that F, is invertible in some
domain. More precisely, for two positive numbers M and N, we set

Tyny=1{zeC":|x| <My, y> N}.

Then for any M > 0, there exists N > 0 such that the left inverse F;l of F), is
defined in I"js v, and then we can define the Voiculescu transform of u by

ou(@)=F;' () -z
for z € I'yy, . For any two measures p, v € Mg, we have
(2-1) Puiv (2) = ¢u(2) +¢u(2)

in any truncated cone I'y; y where ¢, ¢, and ¢, m, are defined. This remarkable
result was proved in [Voiculescu 1986] for compactly supported measures and then
extended to general cases in [Bercovici and Voiculescu 1993; Maassen 1992].

Given v € Jlg, we say that v is H-infinitely divisible if for every positive integer
n, there exists a probability measure v/, € Jlg such that

v:vl/nEElvl/nEEI--~EE|v1/n.

n times

It is known [Bercovici and Voiculescu 1993; Maassen 1992; Voiculescu 1986] that
a probability measure v on R is H-infinitely divisible if and only if its Voiculescu
transform ¢, has an analytic extension defined on C* with values in C~ UR. We
denote by $% (H, R) the set of all EH-infinitely divisible probability measures on the
real line. If v € $9(H, R), then for every ¢ > 0, there exists a probability measure
v; such that ¢, (z) = t¢,(z) for z in the common domain of ¢, and @,,.

Proposition 2.2. Let v is B-infinitely divisible, and let H(z) = 7 + ¢, (z). Then
(2-2) H(F,(2) =z

forz € CT. The set U :={z € Ct : JH(z) > 0} is a simply connected domain with
boundary which is a simple curve and H maps C* conformally onto U. Moreover,
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the boundary 0U is the graph of a function and the function H is continuous up to
the real axis.

Proof. The first part of the assertion appears in [Bercovici and Voiculescu 1993;
Voiculescu 1986], and the second part of the assertion follows from the fact that H
satisfies the conditions of [Belinschi and Bercovici 2005, Proposition 4.7]. The last
part of the assertion is due to [Chistyakov and Gotze 2013, Lemma 3.3; Belinschi
and Bercovici 2005, Proposition 4.7]. U

Additive Boolean convolution was introduced in [Speicher and Woroudi 1997].
For u € Mg, we set E, (z) = z — F,(z). For u,v € g, the additive Boolean
convolution u W v is characterized by the identity

E,(z2) =E,(z) +E,(z) forzeC™'.

We can also consider the infinite divisibility with respect to additive Boolean
convolution. It turns out that every u € JMg is W-infinitely divisible; see [Speicher
and Woroudi 1997]. We denote by $% (W, R) the set of all W-infinitely divisible
probability measures on the real line.

Infinite divisibility and subordination functions. Given u, v € Jg, it is known
that F,,m, is subordinated to F, and F,, and by Proposition 2.1, we can also regard
these subordination functions as the reciprocal Cauchy transforms of probability
measures on R.

Definition 2.3. For u, v € Jlg, the subordination distribution [Anshelevich 2012;
Lenczewski 2007; Nica 2009] w[Hv is defined to be the unique probability measure
in Mg such that F,m,(z) = F), (Fum0(2)).

Many subordination distributions in semigroups related to free convolution are
infinitely divisible; see [Anshelevich 2012; Nica 2009].

Proposition 2.4. Let p, v € M.

(1) oumv(2) = (gu o Fy)(2).
) If ue 9% (H, R), then uBv € $9D(H, R). In particular, y,[Bv € $9(H, R) and
©y,mv(2) =1Gy(2), where y, is the semicircular distribution with variance t.
(3) If v= BV forv' € Mg, then nBv € $D(, R). In particular, w8 u €
D, R), and ¢uz,(2) =z — F,(2).
Proof. Part (1) is Lemma 1 of [Anshelevich 2012]. Note that ¢,,(z) = 7/z and

(o F,)(2) = z— Fu(z); parts (2) and (3) follow from part 1 and Lemma 2 of
[Anshelevich 2012]. See also [Chistyakov and Gétze 2011, Corollary 2.3]. ([

The following result was inspired by a question of Michael Anshelevich [2012],
to whom I am grateful for sending me an updated version of his paper.
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Lemma 2.5. Given t, p € Mg, if t[B p € $%9(8, R), then p Bt is defined for all
t > 0 in the sense that ¢, + t . is the Voiculescu transform of a positive measure.
Moreover, Fpaa(faat) =F, (F(,[Ep)aat (2)).

Proof. Let 0 = t[H p and o, = ™. By Proposition 2.1, there exists a unique
probability measure (i, € Mg such that

F;L, =F,0(Fa,(z))-
We claim that ¢, (z) = ¢,(2) + 1@ (z). Indeed, by Proposition 2.4, we have

Fl@) —z2=1t95(2) =1 9: (Fp(2)),
and we thus obtain
Ou, (Fp(2) =F;;'(Fp(2)) —=Fp(2) =F, ' (2) = Fp(2) = F, ' (:) =2+ 2 — F,(2)
=1-0:(Fy(2) +F, (Fy(2)) — F(2).

By analytic continuation, we conclude that

o@D =190:Q+F,' (D) —2=0,(0) +1-¢:(2),
which completes the proof. ([l

Remark. There are examples p, T € g such that t[H p € $9(H, R) but T does
not lie in $%(H, R) and is not a summand of p; see [Anshelevich 2012].

Combining Proposition 2.4 and Lemma 2.5, we can reconstruct Nica—Speicher
free convolution semigroups [Belinschi and Bercovici 2004; Nica and Speicher
1996] as follows.

Theorem 2.6. Given € Mg, the measure u™ € My is defined by @um(2) =19, (2)
forall t > 1. Moreover, there exists an analytic map w; : Ct — C* such that for
z € C* the following conditions are satisfied:

o Fum(2) = Fu(w(2)).
e Wy = F(MEEM)EE(FI)(Z)'
* PumpwBe-n = —1D(z —Fu(2)) forallt > 1.

Let H;(z) = z+ (t — 1)(z — F,(z)). By Proposition 2.2 and Theorem 2.6, we
know that H, is the left inverse of w; such that H,(w;(z)) = z for z € C*. Therefore,
for t > 1, we can write

(2-3) w () =z+ (1 - %)(FMEBI (x)—z), zeCt.
We deduce from (2-3) and the definition of w, in Theorem 2.6 that, for r > 0,

1
2= Flugp @ = (1= 7)) @ = Fueon @),
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which implies that
(2-4) (L ) F (z) = (ETD)E/aHD),

Two formulas related to free Brownian motion. Given u € g, we construct
subordination functions w; as in Theorem 2.6. Let o, = (B w)* € Mp; then
wiy1 = Fg,(z) for t > 0. Given v € Mg, let p; = y; [Hv and let F; = F, (z) for
all + > 0. From Proposition 2.4 and Theorem 2.6, we know that p; and o; are
B-infinitely divisible and their Voiculescu transforms are given by ¢, (z) =tG, and
¢o,(z) =1(z — F,(2)). By comparing Voiculescu transform of p, with Voiculescu
transform of o;, we deduce that F;, = w,; for some ¢ > 0 if and only if G, (z) =
72—F,(2).

For ¢ > 0, Belinschi and Nica [2008b] constructed a transformation B; : Mg — My
such that

B, () = (uBAFNI+D for e Mg

They also showed that B; is a semigroup and B, = B, where
B: 9%y, R) - $9(H, R)

is the bijective map from the W-infinitely divisible distributions to the H-infinitely
divisible distributions, discovered in the seminal [Bercovici and Pata 1999].

Theorem 2.7 [Belinschi and Nica 2008b]. Let u and v be a pair of probability
measures on the real line such that

(2-5) G,(z)=z—F,(z), zeC .

Then we have
Gumy, () =z —Fp,n(), t>0,zeC".

Remark. Maassen [1992] has shown that, given u, v € Mk satisfying (2-5), u has
mean zero and variance one. Conversely, if © € Mk has mean zero and variance
one, then there exists a unique v € Jlk satisfying (2-5).

Given t € $9(H, R) and u, v € Mg, we compare free Lévy process v H 7o
and free convolution semigroup ME(’“). If o (F,(z)) =z —Fu(z), then t[Hv =
w8 1, which implies that subordination function of F, g = to F, is the same as
the subordination function of F, &+ to F,. The following theorem generalizes
Theorem 2.7. The argument is similar to the proof of Theorem 1.6 in [Belinschi
and Nica 2008b] (see also the proof of Lemma 3 in [Anshelevich 2012]); therefore
we omit the proof.

Theorem 2.8. Given t € $%(H, R), and let u and v be a pair of probability
measures on the real line such that

¢ (Fy(2)) =z —Fu(z), zeC',
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Then we have
@T(Fuﬂﬂ(rmf)(z)) =37 FB[(/L)(Z)v r> 07 Z € C+

Remark. Let 7 =y, ; be the semicircular distribution with mean a and variance
b, and let , v be a pair of probability measures on the real line such that

Y (Fy(2)) =z —FM(Z)-

We first compute
(2-6) Fiu(z) =z—¢:(Fy(2)) =2 — (a + lz)) oF,(2) =z—a—bG,(2).
Then, by Theorem 2.8,
2-7) Fg,()(2) =2 — ¢ (F g, 2(2))
=z— ((a + g) OFvaayEE’)(Z) =z—a-— bGuaayaE?,; (2).

a,b

By (2-7) and the definition of Boolean convolution, we obtain
(2-8) F(Br(ﬂ))u” (Z) =z—ta— tbGVEE)/aBHb[ (Z)

Equations (2-6), (2-7) and (2-8) were studied in [Anshelevich 2012]. As shown there
(Proposition 1 and Example 1), we have (B, (1))*" € $%(H, R), and (B, (u))*' =
(rBv)® = (uE )™ . In fact, for all 4 € M, we can deduce from (2-4) and the
identity (B, (1)) = (uPA+0)91 /(4D that (B, (1)) is the measure associated with
the subordination function of u®1+") with respect to p: (B, (n))* = (@B w)®.

3. Multiplicative free convolution and
multiplicative Boolean convolution on Jlt

Given any two probability measures w, v on T, the unit circle of C, we can define
their multiplicative free convolution. We first recall the calculation of the multiplica-
tive free convolution of two measures on T with nonzero means. Given u € JlT,
we define

= [ L au
o) = [ T

and set 1, (z) = ¥, (z)/(1 + ¥,(z)). The following proposition characterizes the
n-transforms of probability measures on T.

Proposition 3.1 [Belinschi and Bercovici 2005]. Ifn:D — C is an analytic function,
the following assertions are equivalent.

(1) There exists a probability measure p € Mt such that n = n,,.
2) n(0) =0, and |n(z)| < 1 holds for all z € D.
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If u e MMMy, then 77; 0) = fT t du(t) #0. Therefore, the inverse n;l is defined
in a neighborhood of zero. We set £,,(z) = n;l (z)/z. Given w, v € Mt N My, their
multiplicative free convolution, which is denoted by p X v, is the unique probability
measure in Jlp N Al such that

(3-D Yurv(2) = B () 5, (2)

for z in a neighborhood of zero.
It is known (see [Biane 1998; Belinschi and Bercovici 2007]) that there exist
two analytic functions w;, w; : D — D such that

() @1(0) =w2(0) =0,
(2) nuxy (2) = Nu(w1(2)) = N (@2(2)).

A probability measure p € Jlt is said to be X-infinitely divisible if for any
positive integer n, there exists u, € Jlt such that u = ()™ =y X X .
It is shown in [Bercovici and Voiculescu 1992] that if u € M1\ M, is K-infinitely
divisible, then u is the Haar measure on T; and p € Mt NJl, is XM-infinitely divisible
if and only if there exists a function

(3-2) u(z)zai—i—/ i“z do (1),
T

— 1z

such that ¥, (z) = exp(u(z)), where a € R and o 1is a finite positive measure on T.
Equation (3-2) is the analogue of the Lévy—Khintchine formula for multiplicative
free convolution on T. The analogue of the normal distribution in this context is
given by X, (z) =exp((t/2)(1 +z)/(1 — z)). Denote by $% (X, T) the set of all
X-infinitely divisible measures on T.

Lemma 3.2. Let i € Mt N M, be R-infinitely divisible.

(1) The function H(z) = zX,,(2) is the left inverse of n,(z), that is H(n,(2)) =z
forall z € D.

(2) The function n,, extends to be a continuous function on D, and Ny is one-to-one
on D.

(3) The set {z € D : |zX,(2)| < 1} is a simply connected domain which coincides
with {n,(2) : z € D}, and its boundary is n,,(T) which is a simple closed curve.

Proof. Observing that H (n,(z)) = z is valid in a neighborhood of zero, we obtain
assertion (1) by analytic continuation.

Note that H : D — C satisfies the conditions in [Belinschi and Bercovici 2005,
Proposition 4.5] and thus assertions (2) and (3) hold. O
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Multiplicative free Brownian motion. For pu € Mt and ¢ > 0, we study the mul-
tiplicative free convolution p X X,. We first concentrate on the case when p has
nonzero mean. The case when p has mean zero will be studied in Subsection 3.2.

We start with the following result which is the multiplicative version of [Biane
1997b, Lemma 1].

Lemma 3.3. Given u, v € Mt N My, we have
Nu(2) = Numy (- Xy (14 (2)))
for z in a neighborhood of zero.

Proof. From (3-1), we find that

M@ 1" @ 0y (2)
Z B < <

(3-3)

for z in a neighborhood of zero, which we denote by Dy. We choose a subdomain
D1 C Dy such that n,,(D1) C Dy. Replacing z by 1,,(z) in (3-3), we obtain

My (10(2) 1" (,(2) 0 @)z o0y (1u(2)

(3-4) = =
W(Z) nu(z) ﬂM(Z) um (2) 77;1,(2)

for z € Dy. Note that 0, (z) = z2,(z) for z € Dy, and we then rewrite (3-4) as
(3-5) My (11 (2)) = 220 (0 (2)).
Applying n,x, on both sides of (3-5) yields
Nu(2) = Nusav (22 (1,(2)))
for z in a neighborhood of zero D;. (]

For any ¢ > 0, we denote by n, : D — D the subordination function of p X A,
with respect to . Since 1, : D — D is analytic and 1,(0) = 0, Proposition 3.1
implies the existence of a probability measure p; such that 5, (z) = 1,(2).

Lemma 3.4. The measure p, is K-infinitely divisible and its X -transform is

2 (2) = 2y, (,(2)).

Proof. Define analytic function ®; : D — C by ®;(2) :=z%,,(n,(z)) for all > 0.
By Lemma 3.3, we have

Nu(2) = Nprr, (23, (M4 (2))) = Nun, (P (2)
which implies that

Nur, (2) = 0, (0:(2) = Npwi, (P (4 (2))).
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Since n,xy, s invertible in a neighborhood of zero, we have ®;(1;(z)) =z ina
neighborhood of zero.

We thus obtain n;{l (z) =n, ! (z) = ®D4(z) holds for z in a neighborhood of zero,
which yields that

n, (2)

(3-6) Y (2) = = 25, (u(2)).

By the definition of the ¥ - and n-transforms, we have

+&z
(3-7) Xy, (Mu(2) = eXp< / yes M(S))-
The real part of the integrand in (3-7) is positive for all z € D; thus the assertion
follows from (3-6) and [Bercovici and Voiculescu 1992, Theorem 6.7]. Ul

By (3-6), the right hand side of (3-7) is the Lévy—Khintchine representation of
p:. We can also write 7, in terms of A, and u X A;. Replacing z by 7,x3, (z) in the
equation

N, (@D 0@ 0@
z oz z

we obtain
z  m2)

Nusi, (7)) Nusa, (2)

- 2, (M, (2)),

which shows that
z

3-8 9 F . S—
( ) " (Z) Ek,(nu&k, (Z))

Modified S-transform and subordination functions. Given yu € M1\, and v €
Mt N My, it is known from [Biane 1998] that n,x, is subordinated to n, and n,.
The subordination function for this case is generally not unique (see Example 3.5
below). However, we show that there is a nice subordination function, which we
call the principal subordination function, uniquely determined by certain conditions.
Using the principal subordination function, results related to subordination function
in the case u, v € Mt N JM, can be extended to the case where u € M\, and
Ve MT N M.

Let us first give an example which illustrates the non-uniqueness of subordination
functions.

Example 3.5. For k € N, and let A% = 1/kZ 48, where z, = e2/k We
have ¥, w (z) =zk/(1 —zk) and nyw (z) = ZF. Givenv e MrN M, if w:D— Disa
subordination function of 1, , With respect to 1, ®, then w™ (z) := >k (z) is
also a subordination function of 1, v, With respect to 0, for all integer 0 <n < k.
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We now introduce the modified ¥-transform. Given two free random variables
x and y in a W*-probability space (A, ¢), such that ¢ (x) =0 and ¢(y) # 0, we
can not directly apply Voiculescu’s ¥-transform (X-transform) to calculate the
distribution of xy. N. Raj Rao and R. Speicher [2007] introduce a new transform,
which we call the modified ¥-transform, to deal with this case. They apply the
modified &-transform to study the distribution of xy where x, y are free self-adjoint
random variables such that ¢ (x) =0, ¢ (y) # 0. For nonzero self-adjoint operator
x, we have ¢(x?) # 0. Assume that ¢(x) = --- = ¢p(x*~1) = 0 and ¢ (x*) # 0.
Arizmendi [2012] observe that we can calculate the distribution of xy using the
idea in [Rao and Speicher 2007]. We present the details of their work for reader’s
convenience.

We first recall some definitions. For p € At N My, we have v, (0) = 0 and
Ip;//« (0) # 0. It follows that there exists a function x,(z), which is analytic in a
neighborhood of zero, such that

Yu(xu(2) = x, (Y (2)) =z
for sufficiently small z. The usual #-transform is defined by

+1
Fu(2) = ZTmz).

2, (2) =5PM<1L_Z), 77/:1(2) =X<IL_Z>-

M’;:{Mem:/z"du(z)=0for1 <n <k, and /rkdu(;);so}.
T T

We then have

We set

Then, for i € ME, we have

Y (0)=-= v Doy =0= 0= = %),

¥2(0) #£0 and 5t #£0.

For p € MX, v € My N My, from the definition of free independence, we deduce
that u X v € Jl/t'%.

We recall the following classical result in complex analysis; see, for example,
[Hille 1959].

(3-9) {

Theorem 3.6. If f(z) is holomorphic in |z| < R, and suppose that
fO)=fO=---=fPoy=0, Y0
Then for small values of w # O the equation

f@=w
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has k roots z1(w), ..., zx(w), which tend to zero when w tends to zero. Moreover,
there exists a function g(w), holomorphic for w sufficiently small with g(0) =0 and
g'(0) # 0, such that for any fixed small values w # 0,

j ; 2w
zjw) =g w'"), o=k Ogarga)‘/"<7,

if we put those roots in a certain order.
Remark. The converse of Theorem 3.6 is also true. More precisely, given a function

g(w) that is holomorphic for small enough w and satisfies g(0) =0 and g’(0) # 0,
if we set

. . 21

zj(w) = g@w'*y, o=k 0<argo'/* < -

for j=1,...,k, then z;(w), ..., zx(w) are the roots of the equation
Ffz)=w,

where F is a holomorphic function defined in a neighborhood of the zero such that
F(g(w)) =w.

For j=1,...,k,denote D;, = {w/z:0< arg(z) < 2mw/k, |z| <r}. We record
the following result for convenience.

Proposition 3.7. Under the assumption of Theorem 3.6, we have z;(f(z)) = z for
z € g(Dj ;) for r sufficiently small.

Given pu € JMX, and by Theorem 3.6, we know that there exist k functions
represented by the power series in z!/* such that

(3-10) V(@) =z,

for z sufficiently small. Moreover, there exists a function g, (w) holomorphic in a
neighborhood of the zero, such that for j =1, ...k,

X/(tj)(z) — gu(wjzl/k)’

where w = 271/k 0 < arg z!/* < 27 /k.

Definition 3.8. Given i € l/l/tl%. Let X,(Lj ) be the inverse function of Y, in (3-10),
the modified &-transform of w is k& functions 8’,(})(2), R Ef’,(f) (2), such that for
j=1,...k,

; ; 1+z
(D)= )

Given u € ./W% and v € Mt N My, we set

V) =9V () F(2)
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and compute
3-11 )] g — gJ(J) <, -
(3-11) x (@) =F(2)- 1 (2) - Fu(2) - 112
= 1@ 9@ = 8@/ - 9,(2) = g (@21,

where g(z) = g, (2) - S, (zF) is a function such that g2(0) =0, g'(0) #0. From the
remark after Theorem 3.6, we deduce that for different j, there exists the same left
inverse ¥ such that ¥ (x ) (z)) = z. Therefore, we have the following proposition.

Proposition 3.9. Given i € JI/L’% andv € Mt NMy, for 1 < j <k, let
PV =FP @) F@). (V@) =9()- T

Then there exists a unique holomorphic function W defined in a neighborhood of the
zero such that

Y((xN @) =z

Theorem 3.10 [Rao and Speicher 2007; Arizmendi 2012]. Given u € JI/U} and
v € Mt N My, we have

)
(3-12) SPMfm

@=9P@ %@, j=1.....k

where the modified ¥-transforms are listed in a certain order.

Because of Proposition 3.9 and Theorem 3.10, for fixed u € JI/L’% and v € M N,
we denote

(3-13) Y@= Y@ and x9() = xD,@),

and we also denote g(z) = g,(2) P,z asin (3-11).
Given u € A/L’%, v € MMt N My, We set L(J)(Z) = x(])(z/(l —2)) and ¢,(z) =
xv(z/(1 —z)). Theorem 3.10 implies that

1
(3-14) 12 = 1@ 0@

We also have x”(2) = gu(@/z/%) and 3D, (2) = g,u(@/2/%) - 9, (2) = g (@i V/5).
Substituting z by ¥,x,(z) in (3-14), and applylng Proposition 3.7, we find that

‘//uﬂv (2)

’

¢ = X W @) = X9 Wiy @) - o P 2) -~
where z € g(D; ;) for r sufficiently small. Thus

(3-15) INuRy = Lg)(nu&v) : lv(nu&v)

holds in the same domain.
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We can now utilize the argument in [Belinschi and Bercovici 2007] to prove the
existence of subordination function of 7,x, with respect to 1, for u € M, v e
Mt N M. Note that part of the following result is known in [Biane 1998].

Theorem 3.11. Given u € JW%, v € Mt N My, there exists two unique analytic
functions w1, wy : D — D such that

() @1(0) = w2(0) =0;

(2) numv(z) = nu(w1(2)) = n(w2(2)),

(3) w1(@)w2(z) = znumv(2) for all z € D.

Proof. Since 1,,(0) =0, 1,(0) =0, we can write 1,,(z) = zf1(z), 1, (2) = zf2(z) for
two analytic functions fi, f: D — D. Fix 1 < j <k, setw(z) = L,(f)(nﬂxv(z)),

@2(z) = ty(nu=y(z)) defined in g(D; ) for r sufficiently small.
By (3-15), we have

MR (2) = 01(2)@2(2)
for z € g(D;,,). We thus obtain

MRy _ 0y (w2(2))
w(z2) ®(2)

w(z) = = zf2(02(2)).

Similarly, we have w;(z) = zf1(w1(z)) for z € g(D; ). Regarding w;(z), w2(z)
as Denjoy—Wollff points, the same argument as in [Belinschi and Bercovici 2007]
implies w1, wy can be extended analytically to D. By the uniqueness of Denjoy—
Wolff points, w;, w, does not depend on the choice of j.

By the definitions of L,(Z), ty, we have 1, (01(z)) = ny(w2(2)) = nuxy for z in
g(Dj ). Thus (2) and (3) hold by analytic continuation. Since 7,(0) # 0, 7, is
locally invertible near the origin and therefore w, is unique. Finally (3) implies the
uniqueness of ;. |

Since u € ./W% and u X v € MK, we have w/l(O) # 0, where w; is given in
Theorem 3.11.

Definition 3.12. For u € A/L’}, v € Jlt N My, the subordination w; satisfying the
relations (1), (2) and (3) in Theorem 3.11 is called the principal subordination
function of 7,x, with respect to 7,,. The measure p € At N, satisfying 1,(z) =
w1(z) is called the principal subordination distribution of n,x, with respect to n,,.

Note that for p, v € Mt N My, the principal subordination function of 1,,x, with
respect to 1, is the usual subordination function.

The following result might be obtained by approximation. We provide a direct
proof.
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Corollary 3.13. Given pu € JI/LI%, v € Mt NAMy, let p be the principal subordination
distribution of n,x, with respect to n,,, we have

2, (2) = By(mu ().
In particular, if v e $D (K, T), we have p € $D(K, T).

Proof. By choosing a sequence p,, € JAlt N, such that 1, converges to p weakly,
Lemma 3.3 implies

um (z) = N Xy (z Ev(’?u (2)))

for z in a neighborhood of zero.
Set ®(z) =zX,(n,(2)) =z-F,(¥,(2)), and we thus have

(3-16) Nury (2) = Nu(@1(2)) = Ny (P (@1(2)) = 0w (P (1, (2)))-

Fix 1 < j < k, we claim that if z € g(D; ,), then ®(w(z)) = z. Indeed, for
0< arg(wl/k) <2n/k and z = g(w/ w'/*) = x D (w), using the construction of w;
in Theorem 3.11, we have

(3-17) 01(2) =17 umu (@) = X Wz (2)).
From (3-11) and (3-13), we have
(3-18) xPw) =g w*) and Y (xV(w)) = w.

Equations (3-17) and (3-18) imply that w; (g(w’/w'/%))) = x (w).
Note that v/, (w1 (g(@/ w'/%))) = ¥z, (g(w/ w!/*)) = w. Thus we obtain

D (w1(2)) = P(w1(g(@ w'*))) = %P )Py (w) = x(w) =z.
The above claim, (3-16) and Proposition 3.7 imply

=P (w1(2)) = P(1,(2)

for z € g(D;,). We conclude that ¥,(z) = ®(z)/z = X,(1,(z)) for z in a small
neighborhood of zero by applying the above argument for all 1 < j <k.

If v e $9(K, T), then by [Bercovici and Voiculescu 1993, Theorem 6.7], there
exists an analytic function u(z) defined in D such that ¥,(z) = exp(u(z)) and
Ru(z) > 0 for all z € D. Thus ¥,(n,(z)) = exp(u(n,(z))) and R(u(n,(z))) >0
for all z € D, and then the second assertion follows from [Bercovici and Voiculescu
1993, Theorem 6.7]. (]

Remark. If kK =1, noticing that ./W% = Mt N M, the modified F-transform is the
usual S-transform. We see that Corollary 3.14 holds when u, v € M N M.

The following result is the multiplicative analogue of Lemma 2.6.
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Proposition 3.14. Given p, T € M1 N My, let 0 be a measure in Mt N My such that
Noe (2) =16 (2)). If o € $D(X, T), then p X ™™ can be defined for all t > 0 in
the sense that ¥ w1 (2) = 2,(2)(Z:(2))".

Proof. For t > 0, there exists u; € At N, such that

N, (2) = 1p(Mywe).

Using a similar argument as in the proof of Lemma 2.6 and applying Corollary 3.13,
we can find that ¥, (z) = Z,(2)(Z;(2))". O

Semigroups related to multiplicative free convolution. Recall that
MF = {p € My Ny 21, (z) # 0 for all z € D\{0}}.

Let i € Al and ¢ > 1 be given, and let  be an analytic function such that z /(1,,(z)) =
e"@ for z in a neighborhood of zero. Set H,(z) = zet=hu@@) — z[z/(u @)~ LIt
is shown in [Belinschi and Bercovici 2005] that H; has a right inverse w; : D — D
such that H,(w(z)) = z, and there exists a probability measure u® e JT such that

(1) n=(2) = nu(w(2)) and Tz (2) = (E.(2)',

(2) wi(z) =, (D)Mz/n, = (2)]"" for z € D, where the power is chosen so that
the equation holds.

Observe that for each 7 > 0, by Proposition 3.1, there exists a probability measure
o; € Mt such that s, (z) = w;41(z). It turns out that o, is X-infinitely divisible
and its X-transform is £, (z) = [z/n,,(z)]’, which can be obtained by applying the
same argument as in the proof of Lemma 3.4.

The following result is a partial converse of [Belinschi and Bercovici 2005,
Theorem 3.5].

Theorem 3.15. Given u € Mt N My, assume that for any t > 1, there exists a
probability measure ju; € Mt such that

(3-19) T, @) = (Zu@@)"

Assume in addition that p, is subordinated with respect to w for all t > 1. Then
n.(2) # 0 for all z € D\{0}, that is . € M.

Proof. For each t > 1, we denote by w; the subordination function of u; to .
Observing that p; € Jl, and w;(0) # 0, for each 7 > 1, there exists a probability
measure oy € JAlt NJly such that n,,_,(z) = w;(z). We rewrite (3-19) as

—1 —1 t
(3-20) N, (2) _ [nﬂ (Z)}

Z Z

for z in a neighborhood of zero.
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Note that o; ' (z) = 77,;1 (n,.(z)) for z in a neighborhood of zero. Replacing z by
n.(2) in (3-20), we obtain

w,l(z)_n;}(nﬂ(z))_[ngl(nﬂ(z»]f_[ z T
@ @ L @ ] @]’

(l)t_l(Z)_|: z :|t—1
z @]

Given ¢t > 0, we thus have ¥, (z) = [z/n,(z)]" for z in a neighborhood of zero.
Therefore o, is X-infinitely divisible.

By [Bercovici and Voiculescu 1992, Theorem 6.7], there exists an analytic
function u(z) in D such that Ru(z) > 0if z € D and Xy, (z) = exp(u(z)). We thus
obtain z/n,(z) = exp(u(z)), which implies that n,,(z) # 0 for all z € D. O

which implies

It was pointed out in [Belinschi and Bercovici 2005] that 1 is only determined
up to a rotation by a multiple of 27¢. Note that @, and o; are determined by the
choice of p®.

Multiplicative Boolean convolution and the Bercovici—Pata bijection. Multiplica-
tive Boolean convolution on T was studied by Franz [2008]. Let u € AT, and we set
k. (z) = z/n,(z). Given two probability measures w, v € Jlt, their multiplicative
Boolean convolution iy v is a probability measure on T such that

kuLva(Z) = ku (2)kyv(2)

for all z € D.

A probability u € Jlt is said to be -infinitely divisible, if for any positive
integer n, there exists i, € Aty such that i = (u,)¥". Let Py be the Haar measure.
It is shown in [Franz 2008] that p € Mt\{Po} is ¥-infinitely divisible if and only if
nlt (0) #0 and 5, # 0 for all z € D\ {0}, that is u € JL}, which is equivalent to

(3-21) ki (2) =exp<bi +/ LrE, TM(S)),

Tl—-§z
where b € R and 7, is a finite measure on T. Equation (3-21) is the analogue of the
Lévy—Khintchine formula in this context.

The multiplicative Bercovici—Pata bijection from & to X was studied in [Wang
2008]. Denote the set of all W-infinitely divisible measures on T by $%(, T),
and the multiplicative Bercovici—Pata bijection from & to X by M. Then we have
ku(Z) = EM(M) (Z)

Given p € $%9(w, T)\ Pp = A}, let w, be the subordination function of um with
respect to u, and let o be the probability measure on T such that 1, (z) = w2(2).
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Then o is XM-infinitely divisible and its X-transform is X, (z) = z/1,(2) =k, (2).
Therefore, o is the same as M(u). Since PylXI Py = Py and np, =z, the subordination
function of Py X Py with respect to Py is the identity map z, and the measure
associated with the identity map z is Py. To summarize:

Corollary 3.16. Given i € $%(, T), let w, be the subordination function of 1%
with respect to |4, and let o be the probability measure on T such that ns (7)) = w2(2).

Then o = M(u), where M is the multiplicative Bercovici—Pata bijection from
to X.

Proposition 3.17. If u € M, the following are equivalent.

1) ne99(T, X).

(2) dpp € $9(T, ) for any B € T.
Proof. 1t is enough to prove that (1) implies (2) for u € JMt N JM,. Observing that
Nsslgu(2) = B - nyu(2), we thus have

T @ _ ! (B2)

Zaﬁwu(z) = = ,3 E,u(,gz).

The result follows from the Lévy—Khintchine formula for the multiplicative free
convolution on T. O

An analogue of equations studied by Belinschi and Nica. In this subsection, we
prove our Theorem 1.1. Recall that A, is the free multiplicative analogue of the
normal distribution on T, the unit circle of C, with X, (z) =exp((¢/2)(1+2)/(1—2))
and we set A = A1. For pu € JAlt, we denote m (i) = [ Edu(£).

Proposition 3.18. Given u € AL} and a finite measure T on T, define an analytic
map u by

(3-22) u(z) = bi +/ L+6z dr(), ze€D,

Tl-4§z2

where b € [0, 21). If k,,(z) = z/nu(z) = expu(z), then b =arg 1 /m(p) € [0, 27)
and ©(T) =1In |1/m(w)|. In particular, there exists a probability measure v € Mt
such that k,,(z) = £ (n,(2)) if and only if my(n) = e=1/2,

Proof. By definition, we have

Z 1 1
3-23 k,(0)=1 = = .
629 WO = @ L ©  m

Since u(0) = bi 4+ 7 (T), we obtain
1
my(w)|

(3-24) b= arg( ) and t(T)=1In

my ()
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The first assertion follows.
By (3-7), we have

1
500 (2) = exp(% /T 1 J_FZ dv<s>>.

Noticing that k, has the Herglotz representation as (3-21), we conclude that &, (z)

can be written in the form of X, (#,(z)) for a probability measure v on T if and
only if In(1/m(u)) = 1/2. This implies the second half of the assertion. U

For € $9(w, T)\ Pp = M} with m(u) > 0, let u(z) be the analytic function
satisfying k, (z) = exp(u(z)) and u(0) > 0. Given ¢ > 1, let H;(z) = zexp((t —
Du(z)), and denote its right inverse by w; : D — D with w,(0) = 0. We define (see
[Belinschi and Bercovici 2005]) u* by the relation

(3-25) 1= (2) = N (@ (2)).
Then we see that H,(0) > 0, w;(0) > 0 and that
mi(u) =1, (0) > 0.
For ¢t > 0, we also define 1%’ by the relation
(3-26) ki (z) = exp(tu(z)).
For this choice of the Boolean convolution power, we have
my (¥ > 0.

Definition 3.19. Given p € J} such that m(u) > 0, we define a family of maps
{M;};0 by
M (1) = (=)D,
where we choose 12D and M; (1) in a way such that they have positive means.
The next result is a special case of [Arizmendi and Hasebe 2013, Theorem 4.4].
Lemma 3.20. Given p € M} with mi(un) > 0, the following assertions are true.
(1) Myps () = My (M () for all t, s = 0.
(2) My (n) =M(w).
Proof of Theorem 1.1. We set
(3-27) u(z) = %fT ii——gz dv(§).
By (3-7) and the assumption (1-2), we have

Z

3-28
( ) um (2)

= %, (0 (2)) = exp(u(2)).
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By Proposition 3.18, we see that m () > 0. We therefore can choose the multi-
plicative convolution power £®¢*D such that m; (u2¢+D) > 0.

Let n, be the principal subordination function of v X A, with respect to v and
w41 be the subordination function of u®*1 with respect to u. Let p;, o, € Mt
such that n,, = n; and n,, = w41.

By Corollary 3.13, (1-2) implies that X, (z) = X;,(n,.(z)) = exp(tu(z)). From
the choice of u®¢*+D | the function H,;(z) := zexp(tu(z)) is the left inverse of
w41 such that H; 11 (w;+1(z)) = z for all z € D, which implies that

(3-29) X, (2) = exp(tu(z)).

We thus obtain that p, = oy and n; = @;41.
Replacing z by 7, in (1-2), we obtain

n:(2)
N (1:(2))
010 o) _< z )”’“

T @1(@)  nEen @) \ e (2)

(3-30) (v, (2)) = (i (:(2)))) =

On the other hand, by the definition of M,, we have

Z - Z - ( Z >1/t+1
M) (2)  NRanyasen (2) 1,8+ (2) ’

completing the proof of Theorem 1.1. ([

Some examples and applications. We start with the multiplicative analogues of ex-
amples studied in [Anshelevich 2010; 2012; Arizmendi and Hasebe 2013; Belinschi
and Nica 2008b]. We define the set

(A) = {p € M :my(n) =e"'/?).

By (3-22), the set Jlt is in one-to-one correspondence with the set (A) via the
bijection v <> u, such that ¥, (,(z)) = z/1,.(2).

Definition 3.21. The bijective map A : Mt — (A) is defined by

2(mv(2) = for all v e ..

N (2)

Using the A notation, Theorem 1.1 implies that

AlvRIXA ] =M,[A(v)] forall v e dr.
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Example 3.22. Let §; be the Dirac measure at 1, and let © = A[§;], we have
2/Mu(z) = Zx(ns, (2)) = exp(%(l +2)/(1—=2)). Fort >0, Theorem 1.1 implies that

S, (2)) = B (1, (2)).
M, (w) (2)

In particular, when ¢ = 1,

Z
ﬂMl(u)(Z) = m = 77/\1(2),

where we used the equality ((zX;) o 3)(z) = z and A = A;. Therefore, M () is
the free multiplicative analogue of the normal distribution on T.

Example 3.23. More generally, we consider Ap; = 8, ¥ X; and wp = Aldp,].
Then

5., (2)) = fort #0.
n//«b,t Z)
On the other hand, Theorem 1.1 implies that
z
Mgy 1y (D) = B Oy 20, (2)) = —————— for 1,1 >0,
MM, (1) (2)

which yields that pp 44, = My, (p,,) for ¢y, 12 > 0.

We would like to provide another example which covers part of [Arizmendi and
Hasebe 2013, Example 4.10].

Example 3.24. Let Py be the Haar measure on T. Then by the free independence,
PyX A, = Py. We set u = A[Py], and we have
Z

2. (pyxi, (2)) = Xi(npy (2)) = ,
W(Z)

which implies that M, (i) = p for all + > 0. To calculate the distribution of x, we
note that np, = 0, which shows that n,, = e~ !z, and thus VY. (z) =z/e —z. Using

the identity
1 1 1 2w eit +z )
- I i d —it ,
n(‘/’u(z)"‘ 2) o /0 il — 7 wuie )

and Stieltjes’s inversion formula, we obtain

(dt) ! L-e? dt, 0<t<2
= — , <1< 4m.
" 2n 14+ e 2 —2e 1 cos(t)

We then give some applications of results concerning infinity divisibility of
the measures associated with subordination functions. For p € Jlt, we say u is
nontrivial if it is not a Dirac measure at a point on T.
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Lemma 3.25. Given o € $9(X, T) which is non-trivial, and 0 < € < 1, there exists
a positive number n(€) such that

No,(D) CDe={z=re? :0<r <e,0<6 <2}

for any t > n(e), where o; = o™,

Proof. If o = Py, the Haar measure on T, the result is trivial. If o % Py is nontrivial,
then by [Bercovici and Voiculescu 1992, Theorem 6.7], there exists a finite positive
measure v on T with v(T) > 0, o € R, and an analytic function u defined by

u(z):ioz—l-/ 1+62 dv() forzeD,
Tl—-§z

such that X, (z) = exp(u(z)). We choose o; € At satisfying 3, (z) = exp(tu(z)).
Noticing that other choices of the multiplicative free convolution power of ¢ can
be obtained from o; by a rotation of a multiple of 27¢, it is enough to prove the
assertion for o;.

We set &, = z3,,(z); then, by Lemma 3.2, we have

@, (D) = 16, (D).

For z = re'? € D, we calculate

33D |2, <z>|=rexp(t/1_—r2dv<s>)
' T 1 —&z?
>rexp(t/ L-r dv($)> =rexp<t-v(T)1;r).
- 1 |1+7]? 1+r

1 —
lim rexp(t -v(T) r ) =00,
t—00

Since

(1+7r)

we deduce that for any 0 < € < 1, there exists a positive number n(€) such that, for
all t > n(e), we have

|®5,(2)| > 1 for |z] =e.

By Lemma 3.2, ®,, (D) is a simply connected domain which contains zero, which
implies that
N, (D) = @, (D) C D, fort > n(e).
The assertion follows because 7,, extends to a continuous function on D. O
For o € Jlt, we have

1 1 1 2 ,if )
J— LM(Z) :_/ €. +Zd,u(e_’9), zeD.
27 \ 1 —n,(2) 2w Jo e —z
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The real part of this function is the Poisson integral of the measure di(e™ ), we
can recover u by Stieltjes’s inversion formula. The functions

1m(1+nﬂ(rei9)>_ 1 1—n,(re?)?

3-32 — . =
( ) 2 1 —nu(re'?) 27 |1 —n,(rei?)|?

converge to the density of u(e~") a.e. relative to Lebesgue measure, and they
converge to infinity a.e. relative to the singular part of this measure.

Proposition 3.26. Given u € Mt and o € $%(X, T) which is nontrivial, let u, be
the unique probability measure on T such that

N, (2) = N (N, (2))-

Then we have .
du(e?) 1

=0,
do 21

lim sup
1= 9e[0,277]

where du; (¢!9)/d0 is the density function of |, at €'® with respect to Lebesgue
measure.

Proof. Given 0 < € < 1, by Lemma 3.25, there exists n(e) > 0 such that n,, (€% <e
for t > n(e), which yields that n,,(z) extends continuously to D. Thus

11, (€] = 10,16, (€N < 105,(€")] <€,

which implies that

_ 2 _ i0y[2
(3-33) 1 € _ 1—¢ < 1 |n,lt(e. )| - 1 .
I+e [L+el> 7 [1—nu )~ [1—¢?
Since € is arbitrary, combining (3-32) with (3-33), we prove our assertion. O

Corollary 3.27. Given u € MMt and a nontrivial measure v € $%(X, T), the density
Sfunctions of the measures X v, converge to 1/2m uniformly as t — o0; if u € M
is nontrivial, the density functions of the measures u*' converge to 1/2m uniformly
ast — oo.

Proof. Noticing Corollary 3.13, Propositions 3.14, 3.26 and Subsection 3.3, we
only need to prove the case of u™ for 11 ¢ JL}. We point out that the measures are
nontrivial imply that the subordination distributions involved are nontrivial.

For u € M1\ M., we have u®" = Py, where Py is the Haar measure on T. Thus
the assertion is true for this case. For u € /Mt N ULy, but u ¢ A%, it is shown in
[Belinschi and Bercovici 2005] that pu X o € Al%; thus this case reduces to the case
when € AL}. This finishes the proof. (]
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4. Multiplicative convolution on i+

Multiplicative free convolution on Myp+. We are interested in the probability mea-
sures on the positive real line R™, which are different from the Dirac measure at
zero, we thus set

-/‘/%Jr = Mg+\{d0}.

Given u € M., we define

+00 tz
Yu(z) = /0 dp(t),

1—1z
and n,,(z) =¥, (z)/(1+¥,(z)). The transform ,, is characterized by the following

proposition; see [Belinschi and Bercovici 2005].

Proposition 4.1. Let n : C\R" — C be an analytic function such that n(Z) = n(z)
for all 7z € C\R™. Then the following two conditions are equivalent.

(1) n=ny for some u € My, .
(2) n(0—) =0 and arg(n(z)) € [argz, ) forall z € CT.

It can be shown that 7, is invertible in some neighborhood of (—o0, 0), and we
set X, (z) = n;l (2)/z where n;l is defined in some neighborhood of (¢, 0). Given

two measures u, v € My, , the multiplicative free convolution of w and v is the
probability measure p X v in Jg, such that

2w (2) = 2 (2) X, (2)

in some neighborhood of («, 0), where these functions are defined.
It is known from [Belinschi and Bercovici 2007; Biane 1998] that there exist
two analytic functions wy, w; : C\R* — C\R™ such that
() ;j(0=)=0for j=1,2,
(2) for any » € C*, we have w;(A) = w; (%) for j = 1,2,
(3) Mumv (2) = N (@1(2)) = Ny (w2(2)) for z € C\RT,

For simplicity, we say that w; (resp. wy) is the subordination function of u X v with
respect to wu (resp. v), and u X v is subordinated to u and v.

The analogy of the Lévy—Khintchine in this setting was proved in [Bercovici
and Voiculescu 1992; 1993]. A measure u € Mp+ is X-infinitely divisible if and
only if X, (z) = exp(u(z)), with

T 41z
z—t

u(z)za—bz—l—f do (1),
0

where b € R and o is a finite positive measure on R™. The analogue of the normal
distribution in this context is given by X, (z) = exp((¢/2)(z+1)/(z — 1)).



244 PING ZHONG

Lemma 4.2. If u, v € My, , we have

Nu(2) = Ny (X (Mu(2)))
in some neighborhood of interval (a, 0).

The proof of Lemma 4.2 is identical to the proof of Lemma 3.3, therefore we omit
the details.

For any ¢t > 0, assume that n, : D — D is the subordination function of u X X,
with respect to @, by Lemma 4.2 and the characterization of n-transform, there
exists a probability measure p; in g, such that n,,(z) = 7,(z). The argument in
the proof of Lemma 3.4 implies the following result.

Proposition 4.3. The measure p; is K-infinitely divisible and its X-transform is
X5 (2) = Xy, (n,(2)), and
t [T 14+E&7
by = — d .
o (2(2)) exp(2 /O - u@))

We now discuss free convolution semigroups. Given ¢ > 1, it is proved in

[Belinschi and Bercovici 2005] that one can define ™ e ‘/I/L%, such that X S (2) =
X :
is

(X4 (z))" for z < 0 sufficiently close to zero. Similar to the case of My,
subordinated with respect to n and we denote the subordination function by w;.
By [Belinschi and Bercovici 2005, Theorem 2.6] and the characterization of n-
transform, there exists a probability o, € t/l/tE‘qur such that 14, (z) = w4 forallr > 0.
Moreover, o; is K-infinitely divisible and its X-transform is X, (z) = [z/1,(2)]".

Multiplicative Boolean convolution on Mg+ and the semigroup M;. Bercovici
[2006] proved that the multiplicative Boolean convolution does not preserve Mg+ .
But we can still define u%’ for u € Mp+ and 0 <t < 1 as follows. Let ku(z) =
z/1,.(2), the Boolean convolution power u' is defined by

Ky (2) = (ku(2))".

Definition 4.4 [ Arizmendi and Hasebe 2013]. A family of maps from Mg+ to itself

is defined by

It is also shown in [Arizmendi and Hasebe 2013] that M, ; = M, o M for ¢, s > 0.

Analogous equations. Given a pair of probability measures v, u € Mg+, we also
consider, as in the case Jlt, the semigroups v X A, and ,ug(t +D the subordination
functions 7, and w; 41, and their associated probability measures p,, oy for all ¢ > 0.
Since X, (z) = Xy, (ny(2)) and 4, (z) = [z/1,(2)]", we deduce that n, = w4 if
and only if

Z
> (ny(2) = )
»(m(2)) -
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Applying the same argument as in the proof of the Theorem 1.1, we obtain the
following result.

Theorem 4.5. Given a pair of probability measures (., v € Mg+ such that

(4-1) S (1 (2) = ——,
um (2)

zeCt,

z
we have ¥, (nyxy, (2)) = ———, z € CT.
M (0) (2)

5. A description of the analogue of the normal distribution

Biane [1997a; 1997c] studied free Brownian motion and proved many important
results. In this section, we give a new proof for the density functions of the free
multiplicative analogue of the normal distributions, which was first obtained in
[Biane 1997c] (See also [Demni and Hmidi 2012] for a different approach). Some
results are new. For example, we show that A; is unimodal for the circle case; and
we show that CI>;1 (C™) contains infinitely many connected components where A is
the free multiplicative analogue of the normal distribution on the positive half line
with X, (z) = exp((z+1)/(z — 1)). We also give a description of the boundaries
Q;, Q (defined below), we observe that €2, can be parametrized by 6 and 92 can
be parametrized by r.

The circle case. Let \; € Alt be the analogue of the normal distribution such that
2, (@) =exp((t/2)(14+2)/(1—2)). We set ®,(z) =zX%;,(z), and let 2, ={z € D:
|®;(z)| < 1}. By Lemma 3.2, n,, extends continuously to the unit circle T, €; is
simply connected and bounded by a simple closed curve, and we have 0€2; = n;, (T).

Observe that for t # 4, ®; has zeros of order one at 71 (1) = (2 —t +/t2 —41)/2
and z5(t) = (2—t —+/t2 — 4t) /2. ®4 has a zero of order two at —1; and for all ¢, ®,
has an essential singularity at 1, and no other zeros and singularities. For 0 < ¢ < 4,
21(1), 22(t) € T and z5(t) = z;(¢), we let 6,(t) € (0, ) and 6,(¢) € (, 27) such
that z1(t) = €@ and z,(¢) = €!®"). We have z1(4) = z2(4) = —1 and for ¢ > 4,
z1(t) € (—1,0) and z,(¢) € (—o0, —1).

We define
t 1—r?
21—2rcosf +r2

gt(r,9)=rexp( >=|<Dz(1)|

for z = re'®. The unit circle is parametrized by T = {¢/? : 0 <6 < 2x}.
LemmaS5.1. ForO<t <4,0Q,={z=¢"9:6,(t) <0 <06,(t)} U UL, where
&1+ is an analytic curve, and £y 4 is in DN CT except one of its endpoints, and Lo
is the reflection of &£ ; about x-axis. &£, ; can be parametrized by y;(u) (0 <u <1)
such that y,(0) € R, y;(1) = z,(t) and y;(u) CDNCT for 0 < u < 1. Moreover,
|v: (u)| is an increasing function of u on the interval [0, 1].
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Proof. Observing that ®,(Z) = ®,(z), we see that 9, is symmetric with respect
to x-axis. Since €2; is simply connected and 92, is a simple closed curve, 92,
intersects x-axis at two points.

Restricting @, to real numbers, we find that ®,(R) C R, and that ®, is an
increasing function on (—1, 1) since ®)(z) is positive for z € (—1,1). From
®,(—1) =—1 and lim,_, ;- ®;(z) = 400, we deduce that

(5-1) @, (=1, 1) = (=1, x(1)),

where x(¢) is the unique solution of the equation ®,(z) =1 for z € (—1, 1). The
fact that ®}(z) # 0 for z # z:(t), zo(¢) implies that &, is locally invertible for
z # z1(t), zo(t). Combining the fact that ®,(T\{1}) C T, we obtain that

{9 :0,(t) <0 <0,(1)} C I

and 0€2; has corners of opening /2 at z;(¢) and z»(%).

Since ®, is a conformal mapping from €, to D, by the symmetry ®;(Z) = ®,(z)
and (5-1), noticing that ®/(0) = 1, we thus deduce that ®,(Q, NCt) c DNCT.
Since 0€2; is a simple closed curve, z;(¢) and x(¢) are connected by 9€2;. It is clear
that 39;\{€i6 :01(t) <6 < 6,(t)} does not intersect with T, we thus assume the
curve ¥y = {y;(u) : 0 < u < 1} is the part of €2; which connects z(¢) and x(¢) such
that y,(0) = x(t), y,(1) = z1(¢) and y;(u) e D for 0 < u < 1.

We claim that |y;(«)| is an increasing function of u on the interval [0, 1]. For
given 0 < r < 1, we define the function of 6 by

8. (0) = g (r, 0) = | D, (re'?)|.

Then g; , is a strictly decreasing function of 6 on the interval [0, 7r]. From the fact
that €2, is simply connected, we deduce that, for zg € Q,NDNCH, the arc

(5-2) (re' :|r| = |zo|,argzo <0 <7} C Q.

Given 0 < u; < up < 1, we need to prove that |y, (u1)| < |y, (u2)]. Since [0, x ()] C
Q,, we obtain from (5-2) that

(5-3) (ré:0<r<x®),0<6<w}CQ,

which shows that |y;(u1)| > x(¢). Suppose that |y, (u1)| > |y:(u2)|. There exists
0 < u} < uy such that |y, ()| = |yi(up)l. If arg(y,(u})) > arg(y;(u2)), then
by (5-2), y:(u2) € Q; and thus y,(u2) ¢ 9; if arg(y: (u})) < arg(y:(u2)), then
yt(u’l) € 2, and thus y, (u’l) ¢ 0€2;. For both cases, we obtain a contradiction. Thus
|v:(u1)| < |y¢(u2)| and our claim is proved. ([l
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For t > 0, we let x;(¢) € (0, 1) be the unique solution of the equation ®;(z) =1
forz€(0,1). ForO <t <4 weletx(t) =—1;fort >4, we let xo(t) € (—1,0) be
the unique solution of the equation ®,(z) = —1 for z € (—1, 0).

Lemma5.2. Fort>4,092, =%,,U%,,, where £, , is an analytic curve, and £ ;
is in DNCY except its endpoints, and £, ; is the reflection of £, ; about x-axis. £
can be parametrized by y;(u) (0 < u < 1) such that y;(0) = x1(t), y,(1) = x2(¢)
and y;(u) CDNCT for 0 < u < 1. Moreover, |y;(u)| is an increasing function of u
on the interval [0, 1].

Proof. Recall that &4 has a zero of order two at —1. For all t > 4, z5(t) < —1
and z; € (—1, 0). The assertion follows from the similar arguments in the proof
Lemma 5.1. (]

From the proof of Lemmas 5.1 and 5.2, for r > 0, we have q),_l((—l, 1)) =
(x2(2), x1(t)). Moreover, x| (t) =min{|z|:z € 92} and —x,(¢) =max{|z|:z € 9€2}.

Remark. In fact, for any ¢ > 0, from the equation
g, 0)=0, O<r<l1,0<6<m,

we can prove that dr/df > 0 for 0 < 0 < 7, which implies that if z € 9€2;, the entire
radius {rz:0 <r < 1} is contained in €2,. Therefore, d€2, can be parametrized by 6.

Lemma 5.3. Using the same notations in Lemmas 5.1 and 5.2, for t > 0, the
function |1 — y,(u)| is an increasing function of u on [0, 1].

Proof. We only prove the case when 0 < ¢ < 4, the proof for other cases are similar.
Noticing that |1 — re!?|> =1 — 2 cos 6 +r2, since |y, (u)| is an increasing function
of u, to prove the assertion, we only need to prove that for the implicit function
rexp((t/2)(1 — r?) /h) =1 of r and h, the value of & increases when r increases
on (0, 1). From this equation, we have h = h(r) = —(t/2)(1 — rz)/(ln r). One can
check that 4’'(r) > 0 for 0 < r < 1, therefore A is an increasing function of r. [

Theorem 5.4. Denote by A, the support of A;.

(1) Fort > 0, the measure \; has no singular part, and its density function is an
analytic function. A, C A, ifti <thp <4 A, CTforO<t<4d4and A, =T
fort > 4.

(2) The measure A, is unimodal for all t > 0 and its density is maximal at z = 1
and is minimal at 7 = —1.

(3) The density fucntion dX,/dO converges uniformly to 1/(2w) as t — o0.

Proof. Since z = 1 is not in the closure of ; = n;, (D), the singular part of
A; vanishes. From the analyticity of ®; or a general theorem in [Belinschi and
Bercovici 2005], the density function is analytic.



248 PING ZHONG

For0 <t <4,setai(t) = P;(z1(t)), ax(t) = P, (z2(¢)). Note that 1y, (P;(z)) =z
for z € ©,. From (3-32) we see that A; is the closed arc on T with endpoints
ay(t), ax(¢) which contains 1. Thus, to prove that A,, C A,,, it is enough to prove
that arg(a;(¢)) is an increasing function of 7. A direct computation shows that
|21(t) — 11> =1 and arg(Z;, (21 (1)) = Jz1 (1) = /1 (4 —1)/2. We thus have

arg(ai (1)) = 3z1(t) +arg(z1 (1)) = sin(01 (1)) + 61 (1).

From z;(t) = (2 —t + /1% — 4t) /2 we see that 0, (¢) is an increasing function of ¢.
The function 8 — sin(0) + 6 is an increasing function on (0, 7). Thus arg(a;(¢))
is an increasing function of ¢ and (1) is proved.

To prove (2), recall that a probability measure is unimodal if its density with
respect to Lebesgue measure has a unique local maximum. 1,, extends continuously
to T, we thus have

di(e™) 1 1=, )P

5-4 =— ——.
>-4) do 27 |1— 3, (€9) 2

We first prove the case when 0 < t < 4. From n;,(®,(z)) =z for z € Q; and
n., (1) = x(¢), to prove A; is unimodal, by the boundary correspondence, it is
enough to show that the function f; of u defined by

L=y
IESAMIEE

is a decreasing function on [0, 1] and is maximal at 0. Since y;(u) € 9$2;, we have
|®P;(y:(u))| = 1. In other words, we have

fi(u) ==

11— m(u)ﬁ)
2|11 =y
As we shown in Lemma 5.1 that the function |y, («)| is an increasing function of u,
from (5-5), we deduce that f; is a decreasing function of # and max{f;} = f;(0).
By the symmetric property of the function ®; in Lemma 5.1, the density function
is symmetric with respect to x-axis as well. Thus the density of A; has only one
local maximum at ®,(y;(0)) = ®,(x;(z)) = 1.

The proof for the case ¢ > 4 is similar. In this case A, =T and max{ f;} = f;(0)
and min{ f;} = f;(1). Part (3) is a consequence of Corollary 3.27. U

55 lpwl exr>(%ﬁ(u)> =y w)| exp(

Remark. From the proof of Theorem 5.4, we see that, for t < 4,

arg(a (1)) = 6,(t) +sin(0;(¢r)) = % td4—10)+ arccos(l — %),

which implies a known result in [Biane 1997c¢], namely

A, = {eiez_%m—arccos(l—%) 595% t(4—t)+arccos(1—%)}.
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The positive half line case. Let A € Mr+ be the analogue of the normal distribution
such that 3, (z) = exp((z+1)/(z — 1)).

We restate [Bercovici and Voiculescu 1993, Proposition 6.14] in terms of 1 and
Y transforms as follows.

Lemma 5.5. Ler v be a R-infinitely divisible measure on R, and set ®,,(z) :=
22,(2).

(1) We have @, (n,.(z)) = z for every z € C*.

(2) The set {n,(z) : z € CT} = Q, where Q is the component of the set {z € CT :
S(P . (2)) > 0} whose boundary contains the left half line (—o0, 0). Moreover,
Nu(Pu(2)) =z for z € Q.

We set @, (z) = zexp((z+1)/(z — 1)). The following lemma is elementary.

Lemma 5.6. ®, has zero of order one at 2 — V3 and 2 + \/5, and ®, has an
essential singularity at 1. These are the only zeros and singularities of @;.

Theorem 5.7. The measure A has no singular part. The support of this measure is
the closure of its interior, and this interior has only one connected component.

Proof. By [Bercovici and Voiculescu 1992, Theorem 7.5], the measure A has
compact support on R™.

Let 2 be the component of {z € C* : 3(®;(z)) > 0} whose boundary contains
(—00,0). By Lemma 5.5, 1, : C* — Q is a conformal map and ®;_is its inverse
map; thus €2 is simply connected. By Lemma 5.6, 0€2 is locally analytic. A general
theorem in complex analysis tells us that 1; extends continuously to CT UR and it
establishes a homeomorphism between the real axis and 0€2. We continue to denote
by 1, and @, their extensions.

We claim that

92 = (—00,2—V3]U[2+ 3, +00) U Z,

where & is an analytic and open curve in C* with endpoints 2 — +/3 and 2 + /3.
We denote y (t) = n,(t), t € R be a parametrization of 2. Sett; = ®, (2— V3)>0
and 1, = ®;(2++/3) > 0. Then n(1;) = 2 — +/3 and 7, (2) = 2 + +/3, and
&L ={y(t)}:<i<n,- Note that

(1) (=00,0) C 952,

(2) @ (x) >0 forall x € (—00,2 —+/3).
From this we deduce that (—oo, 2 — +/3) C 9. Lemma 5.6 tells us ®; has a zero
of order one at 2 — /3, therefore <2 has a corner of opening /2 at 2 — +/3. Note

that ® (x) > 0 for all x € 2+ V3, +00), thus (24 +/3, +00) C 9L, and <2 has
a corner of opening /2 at 2 ++/3.
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It remains to prove that ¥ NR = &. First we show 1 ¢ £. Suppose that is the
case, and suppose y (f9) = 1 where #| < ty < t», by continuity, we have

1
y(r)exp(y(” - ) — B, (y (1)) = B, (,.(1)) = 1

y@—1
for all ¢+ € R. Therefore in a small neighborhood of 7y, we have
yo+1 1 t

vy -1 "y

The left side of the above equation blows up, while the right hand side is bounded.
This contradiction tells us that 1 ¢ £. Now suppose & touches the real axis at
x0 € (2—=+/3, DU (1, 2+ +/3). Since Q is connected, it is not hard to see that x
must be a critical point of ®;. This is not possible by Lemma 5.6. We therefore
proved that £ C C* and the claim.

From the definitions of the Cauchy transform and n-transform, one can easily

check that
(2)-r
Gl-)]=—.
z 1 —n(2)

From the above equation we know that G, extends to be a continuous function on
CUR, and {x e R: J3(G,(x)) > 0} = (1/12, 1/11). By the Stieltjes inverse formula,
we deduce that the support of A is (1/12, 1/¢1). From the analyticity of the curve
% c C*, we conclude that A has positive and analytic density in the interior of its
support. U

We are interested in the level curves of the function

2rsinf

_ 0) =0 —
(5-6) £ 0 1 —2rcosf+r?

= arg(P,.(2)),

where 7 =r? e CT. Fort <0, set y, = {z=re!’ eCt: f(r,0) =1t}.
Proposition 5.8. (A) yy is a simple open curve with endpoints 2 — /3,2 + /3
and yy =<.

(B) vy is a simple open curve which starts at 7 = 1 and ends at z =1 as well for all
t <O.
Denote by Q2 the open domain bounded yo U [2 — V3,2 + \/g]. Forallt <0,
denote by 2; the open domain bounded y; U {1}.

(C) Fort; <tp <0, we have 2;, C Q,; and for all ty <0, Q4 = Uy, 2.

Proof. Given 0 € (0, ), we define a function of r by fy(r)= f(r, 6) forr € (0, +00).
We first note that f(r, 0) < 6 < m and observe that

lim fo(r) = 6.

r——+00
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Thus {z=re?: f(r,0)>0,0<6 <x} C d1(CH).
Given 6 € (0, ) and ¢ <0, the equation f(r, 8) =t is equivalent to the quadratic
equation

(5-7) ho(r) ;= (0 —1)r*> — (20 — 1) cos0 +2sin0)r+0 —t =0
with discriminant d(0, 1) = [2(0 — ) cos @ +2sin0]* — 4(6 — t)2. We then rewrite
d(,t) as follows.

sin 6 sin 6
5-8 d@®,1) =41 —cos’(0))| ——— +0 —t |.| ——— —0 +1|,
(>-8) ©.1) (1 = cos™( ))|:1+cos0+ ] [1—Cos9 + :|

The first two factors in (5-8) are never zero for 6 € (0, ); thus only the last factor
in (5-8) matters to determine the sign of d (0, t). We consider the function k by
k(@) =sin6/(1 —cos@) — 0 for O € (0, ), and calculate

(5-9) k') = ; —1<0,

cosf — 1
which implies that k is a decreasing function of 8. For ¢ < 0, we now set d,(0) :=
d (0, t). We then deduce that d;(6) = 0 has exactly one solution, which we denote by
0;, and d;(#) > 0 if and only if 0 < 8 < 6;. Therefore, the half line r = 6 intersects
with y; at two points if and only if 0 < 6 < 6; and the half line r = 6; is tangent to
vr. Moreover, 6, <6, if t; <1, <0.

For the solutions of the equation f (r, 8) =0, one can check as 6 — 0, r satisfying
the equation 7> — 4r 4 1. Given ¢ < 0, for the solutions of the equation f(r,0) =1,
we can easily see that r tend to 1 as 6 — 0. Now (A) and (B) follow from this
observation.

Given 6 € (0, ), from (5-6), we see that the function fy(r) defined by fy(r) =
f(r, 0) has exactly one local minimum at » = 1. fy(r) is a decreasing function of
r on (0, 1) and an increasing function of r on (1, co). Therefore, if the half line
r = 6 intersects y; at two points, one of them is inside the unit circle of C and the
other one is outside the unit circle. We conclude that (C) is valid. [l

It is interesting to compare the next result with Proposition 2.2 and Lemma 3.2.

Corollary 5.9. We have ®;'(C*) = QU | (Qqi—1)7\R@k—2)z). Moreover, 2
and Qok—1)z \Qk-2x (k =1,2,...) are all connected components of ®,. In
particular, CDZI (C™) has infinitely many connected components.

We would like to point out that for z = re'? € £ = yy, the curve & can be

parametrized by r. Noticing (5-7) and (5-8), we first observe the following equiva-
lences:

(5-10) d@,00=0 <= 6Hcosf+sinf=0 < r=1.
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By (5-9), we see that (5-10) has exactly one solution 6y for 8 € (0, 7). By differen-
tiating the equation f(r, 8) = 0, we obtain

do B 20 cos @ +2sinf — 20r
dr  r2420sin® —4cosf +1°

Thus, d6/dr =0 if and only if r = (6 cos 6 +sin ) /6. Fix 6, the equation fy(r) =0
is equivalent to the quadratic equation 872 — (26 cos 6 + 2sin0)r + 6 = 0, from
which we deduce that r = (6 cos6 + sin#)/60 if and only if d(r,0) = 0. From
(5-11) and continuity of d6/dr, we see that d6/dr > 0 for 0 <0 < 6y, r < 1 and
do/dr < 0 for 0 < 8 < 6y, r > 1. Therefore, for the solutions of the equation
f(r,0) =0, 0 is a function of r and the curve & can be parametrized by r.

Denote by g the density function of A. From the equation G, (1/x) =x/(1—n;,(x)),
we obtain the following formula for the density function of A.

(5-11)

Proposition 5.10. Given z =re'? € yy =%, we have

r2—1
1 :QCD = 9 k)
g(1/x) Moy =T exP(l—Zrcos@—l—rZ)

where x = ®;.(2).

. +———1—10.28458

0.56915

0.85373
TT—————————0.85373 —

N

| 0.28458

————— 0.85373 —
0.85373
0.56915

1 71— () 2845”8
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Figure 1. Level curves of g»(r, ) = |, (re'?)|. The vertical axis
indicates 0, and the horizontal axis indicates r.
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