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This paper deals with a class of Boltzmann equations on the real line,
extensions of the well-known Kac caricature. A distinguishing feature of the
corresponding equations is that therein, the collision gain operators are de-
fined by N-linear smoothing transformations. These kind of problems have
been studied, from an essentially analytic viewpoint, in a recent paper by
Bobylev, Cercignani and Gamba [Comm. Math. Phys. 291 (2009) 599-644].
Instead, the present work rests exclusively on probabilistic methods, based
on techniques pertaining to the classical central limit problem and to the so-
called fixed-point equations for probability distributions. An advantage of
resorting to methods from the probability theory is that the same results—
relative to self-similar solutions—as those obtained by Bobylev, Cercignani
and Gamba, are here deduced under weaker conditions. In particular, it is
shown how convergence to a self-similar solution depends on the belonging
of the initial datum to the domain of attraction of a specific stable distribution.
Moreover, some results on the speed of convergence are given in terms of
Kantorovich—Wasserstein and Zolotarev distances between probability mea-
sures.

1. Introduction. In this paper we consider a kinetic-type evolution equation,
introduced and studied in [9], which includes some well-known one-dimensional
Maxwell models. If ¢ (¢, £) denotes the Fourier—Stieltjes transform

$(1.8) = /Re”f”pxdv) & €R)

of a time-dependent probability measure p; on the real line R, the equation under
interest is

a A
WD | 500H T =000 ). 9. NE  (>0.£eR),
$(0.£) = o (&),

where, given N characteristic functions ¢1, ..., ¢n,

(1.2) O@1,....¢n) (&) =Elp1(A1§) - N (ANE)] (€ €R).
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The expectation [E in (1.2) is taken with respect to the distribution of a given vec-
tor A= (Ay,..., Ay) of positive real-valued random variables defined on a prob-
ability space (€2, F, P). The initial condition ¢q is a characteristic function of a
prescribed real random variable X( with distribution function Fy(x).

Notice that different equations for probability dynamics considered in litera-
ture are special cases of (1.1): the one-dimensional Kac caricature [20], some
one-dimensional dissipative Maxwell models [5, 26, 28], some mean conservative
models used to describe economical dynamics (see, e.g., [24, 27]), some mod-
els for mixture of Maxwell gases [10]. In addition, using results in [8, 9], it can
be shown that the isotropic solutions of the multidimensional inelastic Boltzmann
equation [7] are functions of one-dimensional Fourier—Stieltjes transforms which
are solutions of (1.1) for a suitable choice of (Ay,..., Ay) and ¢¢. Finally, we
recall that this kind of kinetic equations describes the evolution of the limit (in a
suitable sense) of a pure jump Markov process, representing K interacting parti-
cles, when K diverges; see, for instance, [17].

_ For simplicity of notation in the rest of the paper we write Q((b) instead of
0,....9).

The aim of this paper is to study the asymptotic behavior of the solution ¢ of
(1.1) as t - +o0.

One can distinguish two different situations:

e the solution ¢ (¢, &) converges, as t — 400, to a stationary solution, that is,
a characteristic function ¢, such that

(1.3) Poo = O (¢o0);

e there exists u* (depending on the initial condition ¢g) such that the rescaled
solution

(1.4) w(t,§) =, e E)
converges as t — 400 to a nondegenerate limit.

To understand the nature of this limit, let us observe that the re-scaled solution, w,
satisfies the following new equation:

A

9 :
(1.5) GV R L ) +w(r.§) = Q@ NE),
w(0,£) = do(&).

When p* = 0 equation (1.5) reduces to (1.1) and, clearly, w is simply ¢. The
stationary equation associated to (1.5) is, for every u*,

0 N
[T %woo(g) + Woo(§) = Q(Woo) (§),
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which can be re-written, after easy computations, as an integral equation for a
Fourier—Stieltjes transform

1 A *
(1.6) woo(é)=/0 Q(weo) (" &) dr.
It is important to note that, if a characteristic function we, satisfies (1.6), then

(1, 8) := woo (exp{*t}§)

satisfies the original Kac-like equation (1.1) with initial condition ¢o(§) = weo (§).
Following [9], we shall use the name self-similar solution for a solution w, of
(1.6) (when it exists), although the name self-similar solution is usually devoted to
Woo (EXp{u*t}§).

In terms of random variables, (1.6) becomes

N
(1.7) X£04 S Aix;,
i=1
where (X, X1, ..., Xy) are stochastically independent random variables with the

same characteristic function weo, ® is a random variable with uniform distribu-
tion on (0, 1) and (X, X1,..., Xn), ® and (A, ..., Ay) are stochastically inde-

pendent. Moreover, Z £ Z» means that the random variables Z; and Z; have
the same law. Q is usually called smoothing transformation, and equations of
kind (1.6), or equivalently (1.7), are referred to as fixed point equations for dis-
tributions.

In [9] Maxwell models of type (1.1) are considered from a very general point of
view and some key properties that lead to the self-similar asymptotics are estab-
lished mainly by analytic techniques. The goal of our paper is to study convergence
to self-similar solutions by means of probabilistic methods. Via a suitable proba-
bilistic representation of the solution of (1.1) we resort to central limit theorems
and fixed point equations for distributions. In this way we are able to extend some
results presented in [9]. The main result we obtained is the proof of long-time con-
vergence of the rescaled solution to a self-similar solution essentially under the
natural hypothesis that the initial condition belongs to the domain of normal at-
traction of a stable distribution. Our approach is a generalization of the methods
developed in [3], where only the convergence to stationary solutions for (1.1) and
(1.2) with N = 2 has been studied. We mention that in [4] a probabilistic approach
has been used to study the solutions of a kinetic equation in which the collision
gain operator is a (bilinear) inhomogeneous smoothing transformation.

The general idea of representing solutions to Kac-like equations in a probabilis-
tic way dates back at least to [25]; this approach has been fully formalized and
employed in the derivation of various results in the last decade; see, for example,
[11, 16]. For the original Kac equation, probabilistic methods have been used in
many papers; see [31] for a review.
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The paper is organized as follows. Section 2 contains the statements of our
main theorems. In Section 3 we derive the stochastic representation of solutions
to (1.1). Section 4 contains the statements of some intermediate results concerning
sums of random variables indexed by random N -ary recursive trees. All proofs are
completed in Section 5.

2. Main results. From now on we assume that A; are nonnegative random
variables such that

N N
(2.1 P:ZH{Ai>0}e{o,1}}<1, E[ZH{A,'>O}}>1.

i=1 i=1

In the theorems below the initial condition Fy will satisfy one of the following
hypotheses (H, ), where y belongs to (0, 2]:

(Hy) either (a) [p |v|dFo(v) <400 and mg= [pvdFy(v) or (b) Fy is a sym-
metric distribution function and satisfies the condition

(22)  lim x(1— Fy(x)) =cj < +o0, lim |x|Fy(x) =cf < +o0
x—>+00 X—>—00
with car > 0;

(Hy) 0 <o := [glv]*dFy(v) <400 and [pvdFy(v) =0;
ifye©,1)U(L,2)

(Hy) Fy satisfies the condition

(2.3) lim x7 (1 — Fo(x)) = c(J)” < 400, lim |x]” Fo(x) =c5 < +o0
x—>400 X—>—0Q

with c§ + ¢y > 0 and, in addition, [pvd Fo(v) =0if y > L.
Accordingly, define
IMos if y =1 and (a) of (H;) holds,
e~ €] if y = 1 and (b) of (H;) holds,

24) &€= ,~9GkEP2 ify —2 and (Hy) holds,
o—Holél” (1=inotan(ry /2)sign&) |

if y € 0, 1)U (1,2) and (H,) holds,
where
T _ CJ — ca
X (y)siney/2) P

N CJ +cy '
Notice that, except when y = 1 and (a) of (H;) holds, g, is the Fourier—Stieltjes
transform of a centered stable law of exponent y and (2.3) of (H, ) is equivalent

(2.5) ko= (cg +¢p)
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to saying that F{ belongs to the domain of normal attraction of a y -stable law g,
with Fourier—Stieltjes transform &, . See, for example, Chapter 17 of [15].

It is worthwhile to recall that a distribution function Fy belongs to the domain of
normal attraction of a stable law of exponent y if for any sequence of independent
and identically distributed real-valued random variables (X,),>1 with common
distribution function Fp, there exists a sequence of real numbers (c;),>1 such that
the law of n=1/7 Y7 1 Xi — ¢, converges weakly to a stable law of exponent y €
(0, 2].

2.1. Convergence to self-similar solutions. Our main result states that, under
suitable assumptions, the rescaled solution w, defined in (1.4), converges to a mix-
ture of centered stable characteristic functions. The probability distribution of the
mixing measure is characterized as a particular (positive) solution of the fixed point
equation

N
(2.6) Z£05"Y Az,

i=1
where, as usual, (Z, Z1, ..., Zy) are i.i.d., ® is a random variable with uniform
distribution on (0, 1), (Z, Z1,...,ZN), ® and (A4, ..., Ay) are stochastically in-
dependent and S : [0, c0) — [—1, oo] is the convex function defined by

N
(2.7) S(s) ::E|:Z Aj-:| —1
j=1

with the convention that 0° = 0. In other words, the Fourier—Stieltjes transform
of the mixing measure will be characterized as a particular solution of the integral
equation

1 N
(2.8) v(E) =/O E[H v(éAg/rS(V))} d.

i=1
Note that, thanks to (2.1), one has 0 < S(0) < N — 1; hence if S(s) < +o0o for
some s, then S(g) < +oo for every ¢ in (0, s). We point out that there is a simple
connection between the function s — S(s), widely used in the probabilistic fixed
point literature, and the so-called spectral function s +— w(s) introduced in [9],
more exactly

S
un(s) = % (s > 0).

Finally, we observe that the function S(s) is such that

N
E[@S(S)ZAf] =1

i=1
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for every s, provided S(s) < 4o00. In the next proposition we collect some useful
results concerning equation (2.6), or equivalently (2.8).

PROPOSITION 2.1.  Fixy in (0, 2]. Assume that ;1 (8) < u(y) < 400 for some
8 > y. Then:

(i) there is a unique probability distribution (s, on RT, with

[ @ =1,

such that if Z has law {so,y, then it satisfies (2.6), or equivalently voo , (§) :=
Jr+ eiézgoo,y (dz) is a solution of (2.8);

(i1) the equation u(q) — u(y) = 0 has at most one solution q;‘ # vy, and we
set, by convention, q;“ := +00 if the unique solution is g = y;

(iii) Coo,y is degenerate if and only ZlN:1 Ag/ = 1 almost surely. Moreover, if
P{ lNzl AZ-/ =1l}<landp >y, [p+ zp/Vg“oo,y(dz) < oo ifand only if p < qy,.

In the next theorems we assume that (H, ) holds true for some y in (0, 2], and
we study the self-similar limit of the rescaled solution w for u* = u(y). We will
see that the nondegeneracy of the limit will depend on the shape of the spectral
function .

THEOREM 2.2. Let (2.1) be in force. Assume that (H, ) holds true for some y
in (0, 2] and that u(8) < u(y) < 400, for some § > y. Then, there is a probability
measure poo,, such that.

(1) The characteristic function of peo,, is a self-similar solution; that is,
Woo,y (€)== [ e"f"poo,y(dv) is a solution of (1.6) for u* = u(y) and

2.9) im ot e 7E) = weo ()

for every & € R. Moreover,
ooy €)= [ 8 (€20 (d2)

where (o is given in (i) of Proposition 2.1, and g, is defined in (2.4).

(i) If y #1,2 orif y =1 and (b) of (Hy) holds, then pe y is a y-stable dis-
tribution if and only ifZlN=1 Ag/ = 1 almost surely. Moreover [ |v|P pso,, (dV) <
+ooifandonly if p < y.

(iii) If y =1 and (a) of (Hy) holds, then px ) = 8, if and only ifZ,N:1 Ai=1
almost surely. Moreover, ifP{ZlN:l Ai =1} < 1, then [ |v]? poo,1(dv) < 400 for
p > lifand only if p < qi [where qf is defined in (ii) of Proposition 2.1].

(v) If y =2, then po,2 is a Gaussian distribution if and only if ZlN:1 Al.2 =1
almost surely. Moreover, ifP{ZlN:1 Ai2 =1} < 1, then [ |v|? poo,2(dv) < 400 for
p > 2ifand only if p < g5 [where q5 is defined in (ii) of Proposition 2.1].
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The previous result can be rephrased in terms of random variables as follows.
Let V; be a random variable whose characteristic function is the unique solution
¢ (t, &) to problem (1.1). Such a V; is given explicitly in Section 3 (see Proposi-
tion 3.2). Then, Theorem 2.2 states the convergence in distribution of e=#®)"V,
to a random variable Vo, = Zéé?/y Sy, where Z, ,, and S, are stochastically inde-
pendent, Z , is the unique solution of (2.6) with E[Z, ,,] =1 and S, is either a
stable random variable or the constant my.

The following theorem considers the cases in which the rescaling e “*()" pro-
vides a degenerate limiting solution, that is Vo = 0.

THEOREM 2.3.  Let (2.1) be in force. Assume that (H, ) holds true for some y
in (0,2]. If 1 (8) < u(y) < 400, for some 0 <6 <y, then
lim ¢(t,e Mg)=1  (£eR).

t—+00

2.2. Comparison with previous results. In [9] the Chauchy problem (1.1)—
(1.2) is studied under the hypothesis that Ay, ..., Ay are exchangeable random
variables with finite moments of any order. The convergence of the rescaled solu-
tion to the self-similar one is obtained under the same hypotheses on the spectral
function & assumed in Theorem 2.2, in two different situations:

- when Fj is a symmetric distribution function and

(2.10) 1— o) =] + O(E"T")  (§—0)

for some y <2 and ¢ > 0;
- when Fj is supported by Rt and L (&) := Jr+ e~V d Fy(v) satisfies

(2.11) 1= Lo®) =¢"+ 0™  (—0")

for some y <1 and ¢ > 0.

Some results on moments of the self-similar solutions are proved under the
stronger assumption that the distributions of the A;’s have compact support.

The probabilistic approach enables us to weaken the hypotheses both on the
A;’s and on the initial condition ¢g. In particular, we require neither the symmetry
[except for (b) in assumption (H)] nor the positiveness of the initial data. More-
over, (H, ) is weaker than (2.10) and (2.11). In fact, if Fy is symmetric, then it
satisfies (2.3) for 0 < y < 2 if and only if

1 — ¢o(§) =kol&1” (1 + (1))

as |€] — 0, and of < +oc if and only if 1 — ¢(§) = %02|g|2(1 +0(1)). See The-
orem 1.3 of [18]. On the other hand, if Fy is supported by RT and its Laplace
transfom satisfies (2.11) for y < 1, by Theorem 4 in Section XII.5 of [14], it fol-
lows that (2.3) holds true. Finally, if (2.11) holds for y = 1, it follows immediately
that [p+ vd Fo(v) < +o0.
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2.3. Rates of convergence. In the following we show that, under some addi-
tional hypotheses, the convergence stated in Theorem 2.2 takes place at an expo-
nential rate in suitable metrics.

Recall that the Wasserstein distance of order § > 0 between two random vari-
ables X and Y, or equivalently between their probability distributions, is defined
by

(212) l(g(X, Y) = (lenf;,)(E|X/ _ Y/|5)1/max(8,l).

The infimum is taken over all pairs (X', Y’) of real random variables whose
marginal distributions are the same as those of X and Y, respectively. In general,
the infimum in (2.12) may be infinite; a sufficient (but not necessary) condition for
finite distance is that both E|X|® < 400 and E|Y|® < +00. For more information
on Wasserstein distances see, for example, [29].

The next theorem is the natural generalization of Theorem 5 in [3].

THEOREM 2.4.  Let (2.1) be in force. Assume that (H,,) holds true for some y
in (0,2) and that u(8) < u(y), for somey <dwithl <y <§<2o0ry <§<1.
Let V; and Vs be as above. Then

(2.13)  Is(e My, Voo)ma"(“) < cls(Xo, Vig)™XG:D o =18ln()=p(®)]

withc =11if§ <1 and c =2 otherwise.

Clearly, (2.13) is meaningful only if I5(X¢, V) < +00. When y =1 and (a) of
(H)) holds, it follows that E| Vs |® < 400 by (iii) of Theorem 2.2, since it is easy to
see that § < g{". Hence, in this case, I5(X0, Voo) < +00 Whenever E|X0|5 < 400.
When y # 1 or when y =1 and (b) of (H) holds, the requirement /5(Xg, Vo) <
400 is nontrivial since, by Theorem 2.2, one has E[| Voo|?] = +00. The following
lemma provides a sufficient criterion tailored to the situation at hand.

LEMMA 2.5. Assume, in addition to the hypotheses of Theorem 2.2, that
8 < 2y and that Fy satisfies (H,) in the more restrictive sense that there exists
a constant K > 0 and some 0 < ¢ < 1 with

(2.14) 1 —cdx™7 — Fo(x)| < Kx~Y* forx >0,
(2.15) |Fo(x) — ¢y (=) V| < K(—=x)" "% forx <0.
Provided that § <y /(1 — ¢), it follows ls(X(, Vo) < +00.
We have not been able to prove Theorem 2.4 for y = 2. On the other hand
we are able to give the speed of convergence for every y in (0, 2] with respect

to the Zolotarev metrics Z;. The metric Z; is defined, for s = m + «, m being a
nonnegative integer and 0 < « < 1, by

(2.16) Zs(X,Y) :=sup{E[f(X) — f(V)]: f € Fs},
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where F; is the set of real-valued functions on R which at all points have the mth
derivatives such that | £ (x) — £ (y)| < |x — y|*. For more information see,
for example, [36].

In general the finiteness condition Zs(X, Y) is not easy to check. It turns out
that if [x"(d Fx(x) — dFy(x)) = 0 for any integer » < m and [ |x|*|dFx(x) —
dFy(x)| < +00, where Fx and Fy are the distribution functions of X and Y,
then Z;(X,Y) < 4+o0o. See Theorem 1.5.7 in [36]. The estimates proved in the
next theorem are interesting in particular for the case y = 2, for which the above
sufficient conditions for the finiteness of Zs(Xg, V) are easily verified.

THEOREM 2.6. Let (2.1) be in force. Assume that (H, ) holds true for some y
in (0, 2] and that u(8) < u(y), for some y < 3§. Let V; and Vs be as above. Then

(2.17) Zs(e PNV, Vo) < Z5(Xo, Vao)e =1 @],
In particular, if y =2, 8 <3 and E|X|® < 400, then
(2.18) Zs(e PNV, Vi) < ce PR —HOT
where
= ———(E|X0° + E| Vool ,
¢ F(1+8)( |X0l” + E|Voo|”) < +00

3. Marked recursive N-ary random trees and probabilistic interpretation
of the solutions. The notion of N-ary random trees will be used to describe, in
a probabilistic way, the solution of (1.1). This approach is a generalization of the
probabilistic representation presented in [3], where binary trees were considered
in order to describe the solution when Q is a bilinear smoothing transformation.

3.1. Random N -ary recursive trees. Recall that a rooted tree is said to be a
planar tree when successors of the root and recursively the successors of each
node are equipped with a left-to-right order. For any integer number N > 2 an
N-ary tree is a (planar and rooted) tree where each node is either a leaf (i.e., it
has no successor) or it has N successors. We define the size of the N-ary tree ¢, in
symbol |z|, by the number of internal nodes. Any N -ary tree with Nk 4 1 nodes has
size k and possesses fr := (N — 1)k + 1 leaves. We now describe a (natural) tree
evolution process which gives rise to the so-called “random N -ary recursive tree.”
The evolution process starts with 7, an empty tree, that is, with just an external
node (the root). The first step in the growth process is to replace this external
node by an internal one with N successors that are leaves; in this way we get T7.
Then with probability 1/N (i.e., the number of leaves) one of these N leaves is
selected and again replaced by an internal node with N successors. In this way
one continues. At every time k, Ty is an N-ary tree with k internal nodes.

A very important issue is that N-ary trees have a recursive structure. More pre-
cisely we can use the following recursive definition of N-ary trees: an N-ary tree
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t is either just an external node or an internal node with N subtrees that are again
N-ary trees. We shall denote these subtrees by t(V, ... V),
Recall also that every N-ary tree can be seen as a subset of

U:={2}U [U{l,Z,...,N}k]

k>1
As usual & is the root, and if v = (vy, ..., vr) (v; € {1,..., N}) isanode of an N-
ary tree then the length of v is |v| := k, moreover (v, vg+1) := (v1, ..., Vg, Vk+1),
and (v, @) :=v. Forevery 1 <i <k, setv|i := (vy,...,v;) and v|0 = &. Finally,

given an N-ary tree ¢ we shall denote by £(z) the set of the leaves of ¢. For more
details on N-ary recursive trees see, for instance, [12].
For every integer k > 1, set

N
Te=1i=(1,....in) eN): > iy =k —1¢,
j=1

where No = OUN, and denote by Ty y the set of all N-ary trees with size k. Notice
that i € 7 if, and only if, i{ = - - - = iy = 0. Finally, for every i in J, set

CfI{IETk’NI“(j)‘:ij’jzl,...,N}.

The following proposition states some properties of random N-ary recursive
trees.

PROPOSITION 3.1. Let (Tix)ik>1 be a sequence of random N-ary recursive
trees. For every k > 1, every i in Jy and every t in Ty v,

PIT =1, 1 =Wy € CF)

3.D
N . .
= [T P (T =P =)
j=1
and
(3.2) P{Ty € C/} = pr(D),
where for k > 1,
i—1
. k=1 \ I Mo /
(3.3) pr(i) = (i ; ) T
1.5 IN 1= /r
with the convention that Hr_:lo fr = 1. Finally, (|T,,(1)|/n, ey |Tn(N)|/n) converges
almost surely to a vector (Uy, ..., Uy) with Dirichlet distribution of parameters

(1/(N =1),...,1/(N = 1)), for n — +o0.
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3.2. Wild series and probabilistic representation of the solutions. To start with
we will write the Wild series expansion of ¢ (-, ¢). This kind of expansion can be
easily derived using a general result contained in [21]. For every ¢ > 0 and k € Ny,
set

N
TN = DRI
and
(34) {(l‘,k) = bke*f(l _ef(Nfl)t)k‘

REMARK 1. Note that ¢(z, -) is the probability density of a negative binomial
random variable of parameters (1/(N — 1), e~ N=D1) Indeed, since fi= (N —
Di+1fori=0,1,...

,, _ (/N =)
k - k! )
where for every nonnegative real number r, and every nonnegative integer n
n—1
. I'(r+n)
(F)n = E}(r +0=—F5

and (r)g=1.

Using Remark 1 above and Theorem 1.1 in [21] it is a simple matter to deduce
that the unique global solution to (1.1) is given by

P, &)=t k)qr),

k=0

where (gx)r is a sequence of characteristic functions recursively defined by setting
q0(§) = ¢o(§) and, for k > 1,

k@ =D P0G, .. qiy) ),
1eJk

where py is defined in (3.3). This representation is the generalization of the Wild
series, which is obtained, when N = 2, in [34]. It is easy to see that ¢ (¢, -) is a
characteristic function.

The Wild series expansion suggests a probabilistic interpretation for the solu-
tions as sums of random variables indexed by N -ary recursive random trees. On a
sufficiently large probability space (€2, F, P), let the following be given:

e a family (X,),cy of independent random variables with common distribution
function Fp;

e afamily (A{(v), A2(v), ..., An(v))yeu of independent positive random vectors
with the same distribution of (A1, ..., Ay);
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e a sequence of N-ary recursive random trees (7},),eN;
e a stochastic process (v;);>0 with values in Ny such that P{v; = k} = ¢ (¢, k) for
every integer k > 0, where ¢ (¢, k) is defined in (3.4).

Write A(v) = (A1(v), A2 (v), ..., Ay(v)) and assume further that

(A(v))vev, (T)n=1, (Xv)veu and  (v7)>0

are stochastically independent.

For each node v = (v, ..., v;) in U, set
lv]—1

o) =[] Ay, @)
i=0

and @ (@) = 1. Now recall that £(T},) is the set of leaves of T},, and define
WO = X@
and, for every n > 1,

Wai= Y @)X,

veLl(Ty)

PROPOSITION 3.2. Equation (1.1) has a unique solution ¢(t, -), which coin-
cides with the characteristic function of V; :== W,,.

Let us conclude this section rewriting W,, in an alternative form. In the following
we will use both forms, according to our convenience. For each n > 1 we shall
denote by

{Brns s Bfun}

the weights associated to the leaves of T}, that is, if
L(Ty) ={Lin,--..Lgn}
(in left-to-right order) B; , = @w (L, ). Hence we can rewrite W,, as
Jn
Wa=) BjnXjn:
j=1

where X ; , := XL,
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4. Some limit theorems for sums of random variables indexed by N-ary
recursive trees. Let us sketch our approach to the study of the asymptotic be-
havior of ¢ (t,e ")), From the probabilistic interpretation given in Proposi-
tion 3.2, we obtain that ¢ (z, et &) is the characteristic function of the rescaled
random variable e (1Y, = ¢= 1)1 W,,. Hence, we look for a positive function
n +— my(y) such that

Sor
N ey vy _Biv
(41) (Nz()/), th) T <e mvt()/) ’ = mv,(y)l/y X]Nt)

converges weakly as  — 400, in order to obtain the convergence of e *)V, =
N;(y)W,,. This will be done in several steps. First of all we will study, for suitable
m;, (y)’s, the weak limit of

(4.2) L %ﬁ X

which is a sum of random variables from a triangular array. Notice that a di-
rect application of a central limit theorem is not possible, since the weights
m,(y)~ Vv g j,n are not independent. However, one can apply a central limit theo-
rem to the conditional law of Wn, given the array of weights 8; , and (7,),>1. To
this end, we shall prove that under suitable assumptions, if

n—1 S
(4.3) my(y) = ]‘[(1 +ﬁ>,
(=0 Ji

S(y) being defined in (2.7), then

converges a.s. to a limit ]\7100()/) and that max;—y . 7, BjnMn (y)_l/y converges
to zero in probability as n — +o00. As a consequence we will find that the weak
limit of W, is a scale mixture of y-stable laws, where the scale mixing measure is
the law of Mo (y)'/?. From the asymptotic results on W, we will easily deduce
the weak convergence of the random vector (4.1) for ¢t — +o0.

4.1. The martingale of weights. Let y be a given positive real number such
that E[vaz | Az-/] < +o00. For every integer number n > 1, set

fo
(4.4) My(y)i= ) o®’=) 8],

veL(Ty) j=l1
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Note that

and, if S(y) =0, then M, (y) = M,(y).
The following proposition generalizes Lemma 2 in [3].

PROPOSITION 4.1.  For every y > 0 such that E[vazl Ag’] < 400, one has

(S +D/IN =)y

E[M), =Mmn =
[Ma ()] = ma(y) I

and, as n — +00,

~ T(1/(N —1)) 1
45 (y) =nSW/N=1) 1 =)
4.5) mp(y)=n C{(Sy)+ /(N — 1))( + 0(”))

Moreover, M, (y) is a positive martingale with respect to the filtration
gn = 6((A(v))vej(Tn), T, ..., Tn),

where J (T) denotes the set of the internal nodes of T,, and E[M (y)]=1.
Hence, M (y) converges almost surely to a random variable Moo(y) with
E[Moo ()] < 1.

For every y > 0, set
((y)) — max @ (v) —  max Bin
n vel(T) mya(WVY =1 fy my (Y)Y
and recall that u(y) =S(y)/y.

PROPOSITION 4.2.  Iffor some § > 0 and y > 0 one has (1(8) < u(y) < o0,
then ,B(V) converges in probability to 0. Moreover, if in addition 6 < y one has that

M, (y) converges almost surely to 0, that is, Moo(y) = 0. While, if y <6, M, (y)
converges in L to MOO (y) and hence IE[MOO y1=1.

PROPOSITION 4.3.  Assume that E[ Z A” | < +00. Let Moo (y) be the same
random variable defined in Proposition 4.1, and denote its characteristic function
by Yoo,y - Then Yoo, satisfies the following integral equation:

N

(4.6) Yoo,y () = E[]‘[ Yooy (AT USY W‘”s)] (£ €R),

i=1
where U = (Uy,...,Uy) has Dirichlet distribution of parameters (1/(N —
L 1/(N —1))and (Ay, ..., Ayn) and U are stochastically independent.
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Note that (4.6) is equivalent to

N
4.7) MEY ATuP Ny,

i=1

where (M, M1, ..., M,) are stochastically independent random variables with the
same law of M. (y), and (M, My, ..., M,), U and (A, ..., Ay) are stochasti-
cally independent.

4.2. Convergence of W, and of (N;(y), th). Now we study the limiting dis-
tribution of W,, defined by (4.2).

PROPOSITION 4.4. Let (2.1) be in force. Let y belong to (0, 2], and assume
that there exists § > 0 such that u(8) < u(y) < +00. Assume that condition (H,)
holds true; then

(4.8) lim E[e’$"] = E[g, (Moo (y) /7 £)]

n— 400
for every & € R, where Moo (y) is the same random variable defined in Proposi-
tion 4.1 and g, is defined in (2.4).

At this stage, recall that N;(y) = e *"'m,, (y)1/7.

PROPOSITION 4.5.  Under the assumptions of Proposition 4.4,

lim E[eilez(V)+i52Wv,]
t—+00

=E[e 5P RS, (Ma () V78], (1.82) € R,

where D has gamma distribution with shape parameter 1/(N — 1) and scale pa-
rameter 1,

4.9)

C:( T(1/(N — 1)) )‘/V
PSS+ /N =1))

Moo(y) is the same random variable defined in Proposition 4.1, Z\;Ioo(y) and D
are stochastically independent and g, is defined in (2.4). As a consequence,

(4.10) tlir+noo¢(;,e—ﬂ<y>f§):E[gy(cyDMV)/(N—l)Moo(y)l/yg)] (£ eR).

The result in (4.10) is the core of Theorems 2.2 and 2.3 presented in Section 2.1.
The further properties of the limiting distribution are proved in Section 5.3.
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5. Proofs.
5.1. Proofs of Section 3.

PROOF OF PROPOSITION 3.1. Let us first prove (3.2). Recall that J; =
{,...,0)} and fori = (0,...,0)

Piriecly=P{T"|=0,.... |1 =0} = 1= pi (D).

Foreveryk>1land j=1,..., N,
0]
P{|T | =T,
i
Sk

This means that the problem of evaluating probability (3.2) can be reduced to a
Pélya urn scheme, where one starts with N balls of N different colors, and at each
step a ball is randomly drawn from the urn and replaced with N balls of the same
color. Hence, for every k > 2 and i = (i1,...,iN) € Tk

(k — DT TG fon
[t T2 1

D= =1,...,N}

P{TP| =i l=1,N}= = pe(d).

which is (3.2).

Let us prove (3.1) by induction. For k = 1 equality (3.1) is trivially true.
Let us suppose (3.1) holds for k. Let t € Ty41,x and i = (i1,...,in) =
(It D], 11"]) € Ty, then

1 N
PiTS, =1 1 =™ Ty e Y
= P{T ) =10, 1 =)
o X P =Vt =IO =01 T = 1)

k+1 =

x P(TV =10 1% j, 1 =17},
where
Aj,={t} €Ti,—1.n:Tv e L{t]) suchthat 17 U{(v.1),.... (v, N)} =1},
By construction of a random N-ary tree, if i; > 1 and t;-‘ €Aj,,

- 1
G P =D T =T = t(l),l;éj,Tk(J):t;‘}:ﬁ
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and
; 1
(5.2) P{Ti; =1V} =—— 3" P{T;,.1 =17}
ﬁj_l l‘;{GAjyt
Furthermore, in view of the induction hypotheses and (3.2), one gets

P{T(l) — I(l), l ?é j, T(]) — t;k}
(5.3)
P{T;;—1 =17}
Hence, from (5.1), (5.2) and (5.3), one obtains
P{T(l) _ t(l) T(N) t(N)}

N
=[] P{1, ="} prin, . oij— 1, iN).
=1

k+1 —
N . . .
I, eesli—1,..0,0 P{T;, 1 = }
=1_[P{Til=f(l)} Z Pt / V) Z / (j)
I=1 j=L..N Je 1EA . PT;; =1}
jiij=1
N @ fij—l .
:HP{Tiz:f } Z pr(in,....i;—1,...,in)
I=1 =ty Tk
jlijZl

where the last equality is obtained by direct replacement of the expression of
pr(i1,...,i;—1,...,iy). Note that, using the P6lya urn interpretation, |Tk(l)| rep-
resents the numbers of balls of color / drawn in the first K — 1 steps. Hence, using

the results in [6], the almost sure convergence of (|Tk(l)|/ k—-—1:1=1,...,N)
follows by the strong law of large numbers for exchangeable sequences. [J

PROOF OF PROPOSITION 3.2.  We need only to prove that g, (&) = E[¢s V],
for every n > 0. This is clearly true for n = 0. For n > 1, write

N lv|—1
anzAj<@>[ > I A&{L(vw)X&”},
j=1 ver(rdy i=0

where AV (v) = A((j,v)), X,()j) = X(jv), and, by convention, if L(T,) = @

the term between square brackets is equal to X(;). Since (AD(v), X f] ))ueU,
j=1,..., N, are independent, with the same distribution of (A(v), Xy)ycy, using
(3.1) and the induction hypothesis, one proves that

4 E[eA@), TV TV ] = qu (£A;(2)).
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At this stage the conclusion follows easily by using (3.2); indeed,

N N
Efe/¥n] = E[l‘[ q,T,;n,(sAj(@))} =2 E[l’[ %, (fAﬂ]pn(D = n(&).
j=1

éejn j:1
5.2. Proofs of Section 4.

PROOF OF PROPOSITION 4.1. Clearly w (v)I{v € L(T,)} is G,-measurable,
and hence M, (y) is G,-measurable. We first prove that

(5.5 E[Mu1(0)1Gn] = Mu () (1 + S/ fn)-

Given a sequence (7;),>1 of random N -ary recursive trees, one can define a se-
quence (Vj),>1 of U-valued random variables such that

Tn+1 = T}’l U {<Vl’lv 1)’ ""(Vn’ N)}

for every n > 0, where Vo = @ and V,, € L(T,). The random variable V,, corre-
sponds to the random vertex chosen to generate 7,1 from 7. Hence, by con-
struction, P(V,, = v|T1,..., T,) ={v € L(T,)}1/ f,, forevery n > 1 and P(V, =
v|Gy) = 1/f,l{v € L(T,)}. At this stage one can write

E[Mp+1(y)1Gn]

=Mn(y>+E[ Y ) (A1) + -+ Ax @) — DIV, =) gn}
vel(T,)

=M,(»)+S@¥) Y. @m@'EI{V, =v}|G] = M) (1 +S¥)/f2)-
veL(T,)

Taking the expectation of both sides gives E[M,,+1(y)] = E[M, (y)](1 + S(y)/
fn)- Since E[M1(y)]=S(y) + 1 and fy =1, it follows immediately that

n—1

(5.6) E(M, ()] = [T+ SW)/fi) =ma(y).

i=0
See (4.3). Since f; = (N — 1)i + 1, by simple algebra one gets that
_ TS AD/N =D +mlA/N=1) _ (S +D/N = D)n
LSy +D/(N=1)IA/(N=1)+n) (1/(N — 1) '
At this stage, recall that, given two positive real numbers x and y,

% = (1+0(5))

as n — oo, which proves (4.5). Finally, (5.5) and (5.6) yield that Mn(y) is a
(Gn),-martingale since M, (y) > 0 and E[M,(y)] < +oo for every n > 1. The last
part of the theorem follows by classical martingale theory. [J

mu(y)
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PROOF OF PROPOSITION 4.2. Observe that
)
()18 @ (v)
[ ) I"< Z 5/
UEE(Tn) mn(V) /]/

hence for every ¢ > 0, by Markov’s inequality and (4.5), one gets

)
) @ (v) 5
P{'B(n) g 8} : P{ eg(;" ) mn()’)g/y =)= S(Smn()’)a/y BIM (0)]
v n
_ Mm@ Gy 6/ N-1)S®)/5-50)/y)
em,(y)lr = ¢

_ Coy /N1 @) —nr))
gl ’
This proves the first statement. When § < y, one has §/y < 1, and hence, using
Minkowski inequality and (4.5), one gets

~ 1
8/ - 8
ELM, (y) ”]Smn(y)a/yE[ > o]

@ L/ (N=D) @ =)
my (V)(S/ Y '

which proves the second statement. Assume now that § > y. In order to prove the

last part of the statement let us show that M,,(y) is uniformly integrable. To this

end, observe that

@ () [1+ (i Ax()” — DIV, = v}]

Fler () = |
(o) UEEZ(D) i (r) 14+S(»)/ fa
and hence
) - My()S(y)
M1 ) = M) = = S/
1

N
> W (Z Ar(v)Y — 1>]I{Vn =v}.

mu11(y) vel(T,) k=1
At this stage write
|Mys1(y) — My ()Y
— oyt ISP
- F L+ S faldlY
78/y—1
Z w(v)6

N 8y
> A =1 I{V,=v)

k=1
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5 25/V‘1|S(y)|‘38/” 51 £y W(v):
[L+SW)/ful¥ly Y verr,y Mn(y) lr
28/y—1 5 5 XN: 8/y
— @ (v) Ar() =1 I{V, =)

Taking the expectation one gets

E|Myy1(y) — Ma ()Y

_2SmPr 1 [ 2O }
SISO fu L o ma)T

2Wy—1 Z 5 XN: ) 8/y
+——IE[ @ (v) ]E AV —1
1 my () my (8)
§C1_|: . 8/ . 5/ i|
Jn Lmyp ()oY Mmyu+1(y)°Y
by (4.5)

< Cy LB U® =)/ (N=1) < 038 u@=RON/N-D-1

Since w(8) < u(y), it follows that
(5.7) Y El|Mi+1(y) — Mi(»)|*7] < +00.
i>1

By the convexity of S(s), it is easy to see that u(s) < u(y) if y <s < 4. Hence,
without loss of generality, one can suppose that y < § < 2y. Since (1\71,,),,21 isa
martingale (cf. Proposition 4.1) and 1 < §/y < 2, the Topchii—Vatutin inequality
(see, e.g., [2]) gives

n
EIM, (I <EIMi()17 +2) EIMi(y) = Mi—1 ()7
i=2
Combining this last inequality with (5.7), one obtains

sup E| M, ()|*7 < +o0.

n>1

Hence (Mn (¥))n is uniformly integrable and then converges in L'to ]\;IOo (y) with
E[Mx(y)] =lim, E[M,(y)]=1. 0O
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PROOF OF PROPOSITION 4.3. Let ¥, (§) = E[e!éM ()] Arguing as in the
proof of Proposition 3.2 and using the same notation, we get

N m.» (V) M=t Al) i)y
Ty —= i
= A o
and then
N .
Yn() = IE[]‘[1 wT;nl(sA?Az”)]
]:
where
A D) _ (ITJ’H)SWVW—”(I - 0<1/|Tn(”|>>
" my(y) n 1+01/n) )
Now note that, for a suitable constant C, A,gj ) < C for every j almost surely and,
by Proposition 3.1, (A,(f), e A;N)) converges almost surely to (Uis(y)/(N_l), e
Ul‘g(y)/ (N_l)) where (Uy, ..., Uy) has Dirichlet distribution of parameters (1/

(N —1),...,1/(N — 1)). At this stage write
N
Y (§) = E[]‘[ woo,y(SA,V-Ag”)} + R,
Jj=1
with
Ry :E|:l_[ 1/f|Tn(f)|(é:A§ Aﬁzj)) - 1_[ l/foo7y(§AJ;A,(1J))i|,
j=1 j=1
By dominated convergence one gets
N N
. i S(y)/(N=1)
nETOOE[HI woo,y(sAjV.A;f))} :E[l_[] Yooy (EATUT )].
Jj= Jj=

It remains to show that R, converges to zero. Recall that, given 2N complex num-
bers ay,...,an, by, ..., by with |a;|, |b;| <1, then

N N N
[Tai—]bi| <D lai —bil.
i=1 i=1 i=1

Hence

N
|R,| < Z] E|¢|T}1<,»>I(5A§ AP) = Yooy (AT AD)|
iz

N
< ZE[ sup |W|Tn(j)‘(x) - Woo,y(x)”-

; . Y
j=1 x:|x|<|§A;C]
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Since point-wise convergence of characteristic functions yields the same con-
vergence on every compact set, and v, converges to Y ,, one has that
SUPy . x|<C | (x) — Yoo,y (x)| converges to zero when n goes to +o0 for every

C < +o00. By Proposition 3.1 |Tn(j ) | converges almost surely to 400, hence dom-

inated convergence yields that sup, . . . z47¢ |x//|T(j>‘(x) — Yo,y (X)| converges
x| <[E AT .

almost surely to zero as n goes to 400 and then, by dominated convergence, R,

converges to zero. [

In order to prove Proposition 4.4, let us consider the following central limit
result. Assume that (a,) j, is an array of positive weights, and let r,, be a diverging
sequence of integer numbers. Given any array of identically distributed and row-
wise independent random variables (X j;),>1,j=1,...,r, With probability distribution
function Fp, set

T'n
Sn = Zaanjn.
j=1

Moreover assume that, for some y in (0, 2],
T'n
(5.8) lim a’ =as and lim max aj,=0.
n—-+o0 — n n—>+00 j=1,....r,
J:

It is not hard to prove the following.
LEMMA 5.1.  Let (5.8) and (H,) be in force for y in (0, 2]. Then
‘ iE80) = 5 (£q\/7
(5.9) lim E[e55] = g, (6a)l?)
for every &£ € R, g, being defined in (2.4).

PROOF. The proof can be obtained, following the same line of the proofs of
Lemmas 4, 5, 6 in [3], as a consequence of the central limit theorem for triangular
array; see, for example, [15]. 0

PROOF OF PROPOSITION 4.4. Denote by B the o-algebra generated by
{Tn.Bjn:n=1,j=1,..., fu}. The proof is essentially an application of Lem-
ma 5.1 to the conditional law of W, given B. By Propositions 4.1 and 4.2,
every divergent sequence (n’) of integer numbers contains a divergent sub-
sequence (n) C (n') for which M, (y) converges almost surely to Mso(y),

and ,3((2:,?) converges almost surely to zero. Hence by Lemma 5.1 we obtain

limy,7 400 E[e'¢ W IB] =g, (& Mééy (y)) almost surely. Dominated convergence
theorem yields lim,_, 1o E[e!*"n"] = E[g, (&MY (y))]. Since the limiting
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function is independent of the arbitrarily chosen sequence (n’), a classical ar-
gument shows that the last limit is true with n — 400 in place of n” — +o0.
O

PROOF OF PROPOSITION 4.5. Let us first prove that when ¢ goes to 400,
ve '™ =D converges in distribution to a random variable D with Gamma dis-
tribution of parameters (1/(N — 1), 1). Since v; is a negative binomial random
variable of parameters (1/(N — 1), exp{— (N — 1)t}), for every integer k

e~ (N=D)t

Fk+14+1/(N—-1)) X VN=D=1( ok gy

T T+ DOA/N=1) Jo

P{v, <k}
see formula (5.31) in [19]. Hence, for every y > 0, after setting k; = Lye(N_l)’J
(where |x] is the integer part of x), one can write

P{vte_(N_l)t < y}
= P{v; < k;}

_ Tk +1+1/(N=1)

- T+ DI A/N=1) Jo
'k +1+1/(N—-1)) 1

" Tk + DI(A/(N = 1)) [yeN=Drl/(N=D

y u ki
1/(N=1)—1
x/(; u (1 ye(N—l)f) du

_1+00/k) [ ko MONED
- T'(1/(N-1) [ye(N—Uf]

(N=Dyry, (N=Dyt

y ye t/(ye )

X/ ul/(N—l)—1<1_L> du.
0 ye

e—(N=D)t
/N=D=1(q _ ke gy

(N—=1)t

Since k;/ye™N~D" — 1, by dominated convergence one gets

1 y
tligl P{vte_(N_l)tSy}z—/ w! /WN=D=1p=u gy
—+00 I'(l/(N—1)) Jo

At this stage, since v; converges in probability to 400, (4.5), Slustky’s theorem
and the continuous mapping theorem yield that

(5.10) lim E[esV )] = E[eier Du<y>/<N—1>]

t——+00
for every £ in R. Setting u, (£) := E[e¢ W"] by Proposition 4.4 we know that

(5.11) im iy (€) = ElLgy (6 Moo (1) /7)1 =2 oo (€)
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for every £ in R. For every diverging sequence (¢,), write

E[eislzvzn<y>+iszv*vum] = U (E)E[/ 51N ] 4 R,
where
Ry =B[N ) (o2 o (6))].
It is easy to show that

lim [Ry| < lim_ Elu,, (§2) —uso(62)|=0
n——+o0o n——+00

by dominated convergence, since v;, converges in probability to 400, and (5.11)
holds. The result now follows from (5.10). The second part of the statement follows
immediately by the continuous mapping theorem. [

5.3. Proofs of Section 2. Under the hypotheses of Proposition 4.4, (4.10)
yields that, when y # 1 or when y = 1 and condition (b) of (H;) holds, e hty,
converges in distribution to a scale mixture of stable laws. The scale mixing mea-
sure is the law of cyD“(V)/(N_l)A;IOO(y)l/V, with D and 1\7100()/) stochastically
independent. While if y = 1 and condition (a) of (H;) holds, then e "*)"V; con-
verges in distribution to moc DHD/IN=Dpr (1). Again the mixing measure is the
law of ¢; D*M/N=D 1 (1). At this stage, in order to complete the proof of the
main theorems of Section 2.1, it remains to study in more detail the distribution of
¢y DM(V)/(N—I)MOO(V)I/V‘

The more interesting case is w(8) < u(y) for § > y. Proposition 4.3 shows that
the law of Mn(y) satisfies the fixed point equation for distributions (4.7). We will
show that the law of c; DS(V)/(N_1>A7IOO()/) and the limit law of e=#()"V, satisfy
a fixed point equation too. In view of known results on this kind of equations, we
will be able to complete the proof of Theorem 2.2 of Section 2.1.

In what follows denote by Beta(a, b) [Gamma(a, b), resp.], a > 0 and b > 0, the
beta distribution of parameters a and b (the gamma distribution of shape parameter
a and scale parameter b, resp.). We will need the following result.

LEMMA 5.2. Let Dy,..., Dy, V be independent random variables where V
has Beta(1/(N — 1), 1) distribution, and D; has Gamma(l/(N — 1), 1) distri-
bution for every i. Let D and U = (Uy, ..., Un) be stochastically independent,
D with Gamma(1/(N — 1), 1) distribution and U with Dirichlet distribution of
parameters (1/(N —1),...,1/(N —1)). Then

(DUy, DU, ..., DUN)E (VDy, VD, ..., VDy).

PROOF. Set S = ZlNzl D;. S is a Gamma(N /(N — 1), 1) random variable,
and § and V are stochastically independent. It is easily seen that SV is a
Gamma(l/(N — 1),1) random variable. Now define U := (D1/S, ..., Dn/S)
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and D := SV. It is well known that U has a Dirichlet distribution of parameters
(1/(N—-1),...,1/(N —1),and S and U are 1ndependent see, for example, Sec-
tion 10.4 in [15] Hence, it turns out that U and D are stochastically independent.
Clearly

(DU,,...,DUN)=(VDy,...,VDy),

which proves the claim. [J

PROPOSITION 5.3.  Let the assumptions of Proposition 4.4 be in force, and let
Vso,y be the characteristic function ofc;: DSW/WN=Dpp (¥). Then v,y satisfies
the integral equation (2.8), that is,

(5.12) voo,y(g)_/ |:1_[v AV 3<V>)} d.

Moreover, if weo,), denotes the characteristic function of the limit in distribution of
e WY, then Woo,y Satisfies equation (1.6) for u* = u(y), that is,

1 N 1,
(5.13) woo,y(g):/o E[H woo,y(AirW)s)} drz/o Olwoo , 1(t" &) dt
i=1

PROOF. Recall that ¥, denotes the characteristic function of Moo(y).
Hence, from the independence of D and Z\;Ioo(y), we have

Voo,y (6) = E[Yeo,, (Ec DSW/WN=Dy]

Since Yo,y satisfies equation (4.6), we can write

N
Voo,y (§) = E[]‘[ Yoo,y (A} (U DYV (N‘I)CZS)]
i=1

where U = (Uy,...,Uy), (Aq, ..., Ay) and D are independent, U has Dirichlet
distribution of parameters (1/(N —1),...,1/(N —1)) and D has Gamma(l/(N —
1), 1) distribution. By Lemma 5.2 if (Dy,..., Dy, V) are independent random
variables, D; with Gamma(1/(N — 1), 1) distribution, V with Beta(1/(N — 1), 1)
distribution and (Dy,..., Dy, V) and (Ay,..., Ay) independent, then we can
write

N
Voo, (£) = E[]‘[ 1//007]/(Ag’(VDi)S(V)/(N—l)Czé)]

i=1

|:1_[ AV ySW)/(N— 1)5):|
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Then (5.12) follows since V' 1/ =D hag uniform distribution on (0, 1).
As for the second part, let g, be defined in (2.4). From Proposition 4.5 we know
that

woo,y(é) — E[g,y (CVD“(V)/(N_l)]\;loo()/)l/y)].

Define Z = c; D‘S(V)/(N_l)]\;lOo (y); then (5.12) is equivalent to

N
(5.14) z£05"Y 4z,
i=1
where (Z,Zy,...,Zy) are ii.d., © has uniform distribution on (0, 1) and

(Z,72y,...,Zy), © and (Ay,..., Ay) are independent. Then from (5.14) and
from the analytic form of g, we get

N
Weoy () =E[g,(EZ7)] = E[H 2, ($®“(V>A,-Z}/V)}
i=1

N
:E[H woo,y(se)“(V)Ai)},
i=1

and this completes the proof. [

In order to prove Proposition 2.1 we need to recall few important results on

fixed point equations for distributions. Assume that B = (By, ..., By) is a vector
of nonnegative random variables. Consider the following fixed point equation:
(5.15) v="T(v),

where, given any probability distribution v, T (v) is the law of ZlNzl B;Y;, where
B and (Y1, ..., Yy) are stochastically independent, and (Y1, ..., Yx) are stochasti-
cally independent and identically distributed random variables with distribution v.
Clearly, (5.15) is equivalent to equation

N
(5.16) $(E) = E[]‘[ ¢(Bi5)}

i=1
for the corresponding Fourier—Stieltjes transforms. Equations (2.8), (4.6), (5.12)

and (5.13) have this form for a suitable B. In order to describe the fixed points of
(5.15), we introduce the convex function a : [0, co) — [0, co] by

N
(5.17) a(s) = E[Z B‘J‘}
Jj=1

with the convention that 0° = 0.
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PROPOSITION 5.4 ([1, 13, 22, 23]). Assume that condition (2.1) holds true
with B; in place of A;, that P{B; =0o0r1Vi=1,...,N} <1 andthat a(l1) = 1.

6))] IfZ?]:l Bj =1 almost surely, then a(s) > 1 for every s <1 and a(s) <
1 for every s > 1. Moreover, the unique solution ¢ of (5.15) with [p+ ¢(dv) =
Jr+ v¢(dv) = 1 is the degenerate probability distribution ¢ (-) = 8§1(-);

(ii) IfP{Z?/:1 B; =1} <1l andif a(s) <1 for some s > 1, then (5.15) has a
unique solution ¢ with [py ¢ (dv) = [p+ v (dv) = 1. Moreover ¢ is nondegenerate
and, for any p > 1, [p+ vP¢(dv) < 400 if and only if a(p) < 1.

PROOF OF PROPOSITION 2.1. Equation (2.8) is of type (5.16) with B; =
A?@S(V), ® being an uniform random variable on [0, 1] independent from

(A1, ..., An). Hence, in this case, the function a defined in (5.17) becomes
S(ys)+1
a(s):=a,(s) = ———.
() r(s) Siy)s+1

Clearly a,, (1) = 1. Now, since § > y and S(y)/y = u(y) > n(8) = —1/3, it is
easy to see that the convex function g — a,(q/y) is equal to 1 in ¢ = y and
strictly smaller than 1 in g = 6. Since u(q) —u(y) =0ifand only if a, (¢/y) =1,
it follows that equation u(g) — u(y) = 0 has at most one solution q;k # y. This
proves (ii). Noticing that §/y > 1 and a,, (§/y) < 1, by Proposition 5.4, (i) follows.
Since ® and A are independent, @) ZlN: | Az-/ = 1 almost surely if and only if

lNzl Ag/ = 1 almost surely. Hence, by (ii) of Proposition 5.4, {~ , is degenerate if
and only if Z,N:1 Al).’ = 1 almost surely. Finally, using that a,, is convex, a,, (1) =1
and a,, (§/y) < 1, it follows that a), (p/y) < 1 if and only if p < q;. Again by (ii)
of Proposition 5.4, whenever (s, is nondegenerate, [p+ Py oo,y (dv) < 400 if
andonly p <gqy. U

PROOF OF THEOREM 2.2. Proposition 4.2 yields that E[M(y)] = 1, since
w(y) > u(d) for § > y. An easy computation shows that E[c%D“(V)V/(N_U] =1
and then E[c}, D*7/N=D A1, (y)] = 1. Hence, recalling that v, is the char-
acteristic function of c)]: DY /(N _I)A;Ioo(y), by (5.12) of Proposition 5.3 and (i)
of Proposition 2.1, the law of C;D“(V)V/(N_I)Moo(y) is equal to oo,y . At this
stage (2.9) follows by (4.10). Moreover, from (5.13) of Proposition 5.3, we,, is a
solution of (1.6) for u* = w(y). The proof of (i) is complete.

In order to prove (ii) let us observe that, from the properties of y-stable
distributions, it follows that [p+ v” peo,, (dv) < +o00 if and only if p < y and
S+ V77 Lo,y (dv) < +00, but for p <y,

ply
o o) = ([ vey@n) =1
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It remains to show that p ) is a y-stable distribution if and only if ZlN:1 Al?/ =1
almost surely. This follows from (iii) of Proposition 2.1 and the fact that

(5.18) e[ ki(1—iny tan(ry /2) sign§)

— e—lélyzko(l—im)tan(ﬂV/Z)SignE)goo’y(dz)
R+
if and only if k; = ko, 71 = no and {0, = &1. Let us prove the last claim. Write
(5.18) for £ > 0 with £¥ = x, and differentiate the resulting identity with respect
to x to obtain

—k1(1 —in tan(ny/Z))e_Xkl(l_im tan(ry /2))
(5.19)
:/ koz(1 —ino tan(yr)//2))6_"]‘0(1_”70 tm’(m’/z));‘oo,y(dz).
R+

Taking the limit for x | 0, recalling that [+ z{x0,y (d2z) = 1, by dominated conver-
gence one gets

ki(1 —intan(ry/2)) =ko(l —inotan(ry/2))

and hence k| = kg and ng = n;. At this stage it suffices to recall that a scale mixture
of stable laws is an identifiable family of distributions. See, for example, [32].

Analogously, (iii) and (iv) follow from (5.12) of Proposition 5.3 and from (iii)
of Proposition 2.1. [

PROOF OF THEOREM 2~.3. Recall that ©(8) < u(y) for 8§ < y, hence by
Proposition 4.2 yields that M, (y) = 0, and this completes the proof. [J

PROOF OF THEOREM 2.4. We shall assume that /5(Xg, Voo) < +00, since
otherwise the claim is trivial. Then, there exists an optimal pair (X*, Y*) realizing
the infimum in the definition of the Wasserstein distance,

(5200  A:=1CD(X, Vi) = 1MOD(x*, ¥ = BIX* — V¥,

Let (X}, Y,)yeu be a sequence of independent and identically distributed ran-
dom variables with the same law of (X*, Y*), which are further independent of
)r>0, (T)n>1, (A(v))yeu- By Proposition 3.2 it follows that Zf”’ ] wBJ "
has the same law of V;, where X Ta=X7 in and L;, is defined at the end of
Section 3. Moreover, since the characterlstlc function of Voo 18 a solution of (1.6)
with u* = u(y), as already noted in the Introduction, the characteristic function
of e*W'y_ is a solution of (1.1) with ¢g = Weo,y - Hence, applying once again

Proposition 3.2, we get that ey has the same law of va J o Bjv,» where
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Yj"in = YZ‘J, - For the sake of simplicity write (X*, YJ”-‘) in place of (X* Yj*’n). We

j.n’
can Write
max (4, 1 —u(y V..V
l(s ( )(e ( )t ts OO)

_ lglax(&l)(e—u(y)t v, e Wt (¥ Voo)

_ e—S,u(y)tlgnaX((S,l)(Vt, eM(V)t Voo)

Jn 89

Jn
D XiBin— Y Y{Bin
=

j=1

<e PN e (e, mE

n>0 L

by —
gn :|9
where ¢ (¢, n) is the density of v; [see (3.4)] and G, = 0 (A(V)veg (1), T1, - -, Tn).
Now, if 0 < ¥ < § <1, then Minkowski’s inequality yields
Al

= e PNt (1, m)E IE[

n>0

Sn
D (XF=Y])Bjn
j=1

Jn é

L2

D (X5 =Y)Bjn
j=1

L
gﬂ <E E[Z BYuIX5 =Y
(5.21) - e

r fa
=K Z,Bf-’n}A,

Li=1

where A is defined in (5.20). We now want to prove a similar inequality for
1 <y < § < 2. First of all we need to observe that, in addition to EIX;T - YJ’-k|‘S =
lg(Xo, Voo) < +00, we have also that E(Xjf — Yj’-k) = 0. If y # 1 the claim fol-
lows since by hypothesis IE(X}’f) =[E(Xp) =0 and IE(YJ’-") = E(Vy) = 0, thanks
to the fact that V, is a mixture of centered stable random variables of expo-
nent y > 1. When y =1 and (a) of (H;) holds, the proof of the claim is sim-
ilar. When y = 1 and (b) of (H;) holds, the proof requires more care, since
E|Xo| = E| Vx| = +00. Let Foo(y) be the probability distribution function of Vo,
that is, Foo(x) = f(_oo, x] Poo,y (dy), and recall that as an optimal pair one can
choose (X*,Y™*) = (FO_I(U), FC;](U)), U being a uniform random variable on
(0,1) and F(;l (Fogl, resp.) is the quantile function of Fy (F, resp.); see, for
example, [29]. Note that E| X7 — YJ’-‘|5 < +00, which yields that E|X} — Y| =
fol |F(;1(u) — Fogl(u)ldu < 400. Since Fy and F are symmetric distribution
functions, it is easy to see that FO_1 (U)—F, O;l (U) is a symmetric random variable,
and hence E(FO_I(U) — FO_OI(U)) = E(Xjf — Y]’.") = 0. Summarizing, if 1 <y <2,
we have IE(X;‘ — ij") =0and ElX}“. — Y;f | < +00. Hence we can apply the Bahr—
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gn}

Esseen inequality (see [33]) to obtain

f
E{E[ gnﬂ §E[22ﬁ?’n|Xjf—Y;“|5
; =

fr
> (XG=YDBjn
j=1

8

(5.22) ;
= 21{-4:,[2 ﬂfﬁn} A.
j=1

Combining (5.21) and (5.22) with Proposition 4.1 we obtain

lgﬂaX(@,l)(e—u(y) Vi, Vo)

<cAe MY, n)E[Z ﬁ?,n}

n>0 j=1

= cAe M1 e (1- e~ (N=Dryn (1/(N=1)y (@) +1)/(N —1)n
n>0 n! (1/(N - 1))n

= cAeTHIN" gTH (] — =N =Dy (8@ + /(N — 1),

|
n=0 n.

withc=1if0<y <d<landc=2if 1 <y < 3§ <2, and the thesis follows
since

> O gy =g

n>0

foreveryge (0,1) andr > 0. O

PROOF OF LEMMA 2.5. The proof of this lemma follows step by step
the proof of Lemma 1 in [3]. By Lemma 9 in [3], if § < y/(1 — &), it suf-
fices to prove that the probability distribution function of Vo, that is, Foo(x) =
f(_oo,x] Poo,y (dy), satisfies (2.14) and (2.15) with the same constants car and ¢,
as the initial condition Fy (possibly after diminishing ¢ and enlarging K). The
proof is based on the representation of F, as a mixture of stable laws. More pre-
cisely, let G,, be the distribution function whose Fourier—Stieltjes transform is g,
as in (2.4); then

Foo(x) =E[G, ()7 )],

where Z has distribution ¢;, ~; see Theorem 2.2. Since y < § < 2y, then there
exists a finite constant K > 0 such that |1 — C(Tx_y -G,(x)| = Kx~% for x > 0,
and similarly for x < 0; see, for example, Sections 2.4 and 2.5 of [35]. Using that
E[Z]=1 and C :=E[Z%7] < 00 [by (iii) of Proposition 2.1 since § < q;‘], it
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follows further that
1= cgx™ = Foo)| < Bl = ¢f (D)7 0)77 = G, (27" x)]]
<E[K(Z2)*"x=CKx°.

This proves (2.14) for Fy, with e =8 — y and K/ = CK. A similar argument
proves (2.15). O

PROOF OF THEOREM 2.6. The proof follows the same line of the proof of
Theorem 2.4. Assume that Z5(Xq, Vo) < 400, since otherwise the claim is triv-
ial. Consider two sequences of independent and identically distributed random
variables (X;);>1 and (Y;);>1, X; with common distribution function F and
Y; with the same law of V. In addition assume that (X;);>1, (Y;)j>1, (V)r>0
and (B; ) j,» are stochastically independent. Recall that, as noted in the proof of

Theorem 2.4, e*)V_ has the same law of Z?Z’I Y;Bjv,. First of all it is clear,
by the definition of Zj, that

fut f\)y
Zs(e "V, Vio) = Zs (e_w)t > XjBju. e MY Yﬂﬁw)

j=1 j=1
Jn
< Z;(t n)Zg(e M(V)fZX Bin,e M(y)lZY Bi. n)
n>0 j=1 j=1

An important property of the Zolotarev’s metric Zs is that it is ideal of order 4§,
that is,

Zs(cX,cY)=c"Z5(X, Y)
(see, e.g., Theorem 1.4.2 in [36]), which yields that
Zs(e IV, Vao) <Y ¢t m)e” 5“(V)t38(ZX Bjn: Z Y;Bj. )
n>0 j=1 j=1

Now, by Proposition 1 in [30],

fu Jn o
ZB(ZX ﬁ]n’ZY,BJn><E|:Z :|Z(S(XO,V00)-

Jj=1 Jj=1

In conclusion, we get

Jn
Zs(e —mnry, Voo) < Z5(X0, Voo)e ™ SM(V)IZCU ”)E[Z :|

n>0
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At this stage the first part of the thesis follows exactly as in the last part of the
proof of Theorem 2.4. It remains to show that, if y =2, 6 <3 and ElXol‘S < 400,
then

1
Z5(X0, Voo) < ———[E|X0|° + E| Vo ’],
s(Xo oo)_r(1+8)[ [Xo0|® + E|Vool®]
which, by Theorem 2.2(iii) is finite. To prove the last inequality recall that, given
two random variables X and Y, if 2 < § < 3, then

1
Zs(X,Y) < —[E|X|° + E|Y|%],
s ( )—F(1+5)[||+||]

provided that E[X] = E[Y] and E[X?2] = E[Y?]; see Theorem 1.5.7 in [36]. In
our case by Theorem 2.2(i)~(iii), E[Xo] = E[Vo] = 0, E[X3] = 0, E[V2] =
og Jr+ 2800,2(dz) = 002. O
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