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ABSTRACT. In this paper systems of functional equations in infinitely many variables arising in
combinatorial enumeration problems are studied. We prove sufficient conditions under which
the combinatorial random variables encoded in the generating functions of the system tend to
an infinite dimensional Gaussian limiting distribution.

1. INTRODUCTION

Systems of functional equations for generating functions appear in many combinatorial enumer-
ation problems, for example in tree enumeration problems or in the enumeration of planar graphs
(and related problems), see [1, 8, 15]. Usually, these enumeration techniques can be extended to
take several parameters into account: the number of vertices, the number of edges, the number of
vertices of a given degree, et cetera.

One of the simplest examples is that of rooted plane trees, which are defined as rooted trees,
where each node has an arbitrary number of successors with a natural left-to-right-order. Let y,
be the number of rooted plane trees with n vertices. By splitting up at the root one obtains a
recursive description (see Figure 1) which translates into corresponding relations for the counting
generating function y(z) = > < yna™:

x

y(@) =z + ay(z) + zy(e)’ +ay(2)® + - = 1—y(z)

This leads to

(1) y(r) =

and to
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Now let k = (ko, k1, k2, .. .) be a sequence of non-negative integers and y,, x the number of rooted

plane trees with n vertices such that k; vertices have exactly j successors (that is, the out-degree
equals j) for all j > 0. Then the formal generating function y(z,u) = > | ynxz™u¥, where

u = (ug, u, usg,...) and uk = ulocoulflué€2 -+ -, satisfies the equation
(2) y(x,u) = zug + zury(z, u) + zugy(z, u)* + zusy(z,u)® + - = F(z,y(x, u), u).

If |ul|s is bounded then this can be considered as an analytic equation for y(x,u), and y(z,u)
encodes the distribution of the number of vertices of given out-degree. More precisely, suppose
that all rooted plane trees of size n are equally likely. Then the number of vertices with out-degree
7 becomes a random variable X,(lj ). If we now consider the infinite dimensional random vector
X, = (X,(LO), X,(Ll), X,(f), ...) then we have in this uniform random model

1
Eu®" = o 2y w),
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FIGURE 1. Recursive structure of a rooted plane tree

where [2"] y(x,u) denotes the coefficient of ™ in the series expansion of y(x,u). Let £ be a linear
functional of the form ¢ -X,, = ijo st,(f), then we also have

EettXn = i[m”] y(x, "o et ).
Yn
This also means that the asymptotic behavior of the characteristic function of ¢ - X,,, which

determines the limiting distribution, can be derived from the asymptotic behavior of [z"] y(x, u).
In this way one can prove by standard methods that Xff ) and also all finite dimensional random
vectors (Xr(lo),Xr(ll), . ,X,(lK)) satisfy a (finite dimensional) central limit theorem. Nevertheless,
it is not obvious that the infinite random vector X,, has Gaussian limiting distribution as well.
(For a definition of infinite dimensional Gaussian distributions see Section 2.) In Theorem 3 we
will give a sufficient condition for such a property when the generating function y(x, u) satisfies a
single functional equation y(x,u) = F(z,y(z,u), u).

In more refined enumeration problems it will be necessary to replace the (single) equation for
y(z,u) by a finite or infinite system of equations y = F(z,y,u); see Section 4. More precisely,
this means that we have to split up our enumeration problem into finitely or infinitely many
subproblems that are interrelated. If y; denotes the generating function of the i-th subproblem
then this means that y;(z,u) = F;(z,y(z,u),u) for a certain function F;. After having solved this
system of equations the generating function y(z, u) for the original problem can be computed with
the help of the generating functions y;, that is y(x,u) = G(z,y(z,u),u) for a properly chosen
function G. (For example, we will show in Section 4 that such a procedure applies for the degree
distribution X,, = (X,(lj))jzl in series-parallel graphs.)

In this case we are faced with two different problems. First of all a system of equations is more
difficult to solve than a single equation, in particular in the infinite dimensional case. However,
this can be handled by assuming compactness of the Jacobian of the system, see Theorem 1.
Furthermore, it turns out that the problem on the infinite dimensional Gaussian distribution
is considerably more involved than in the single equation case. Nevertheless, we prove that all
bounded functionals ¢ - X,, have a Gaussian limiting distribution and we give sufficient conditions
under which the combinatorial random variables encoded in the generating functions tend to an
infinite dimensional Gaussian limiting distribution. (For example, for series-parallel graphs we
obtain an infinite dimensional Gaussian limiting distribution for X,,.)

The structure of the paper is as follows. In Section 2 we collect some facts from functional
analysis that are needed to formulate our main results that are stated in Section 3. Then we
present some applications in Section 4. In Section 5 the proofs of our results will be found.

Finally we would like to mention that this paper is a continuation of the work of [7], [13], and
[24].

2. PRELIMINARIES

Before we state the main result, we recall some definitions from the field of functional analysis
in order to be able to specify the basic setting. Let B; and Bs be Banach spaces. We denote by
L(Bi, Bs) the set of bounded linear operators from B; to Bs. If U is the open unit ball in By, then
an operator T': By — Bs is compact, if the closure of T'(U) is compact in By (or, equivalently,
if every bounded sequence (z,)n>0 in By contains a subsequence (zy,);>o such that (Txy,)i>o0
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converges in Bs). If A is a bounded operator from B to B, then 7(A) denotes the spectral radius
of A defined by r(A4) = supy¢,(a) [\, where o(A) is the spectrum of A.

A function F' : By — Bs is called Fréchet differentiable at zg if there exists a bounded linear
operator (OF/0x)(xzo) : By — Ba such that

(3) F(xo + h) = F(xo) + g—i(xo) h+w(xo,h) and w(xe,h)=o(]|h]]), (h—0).

The operator OF/0z is called the Fréchet derivative of F'. If the Banach spaces are complex vector
spaces and (3) holds for all h, then F is said to be analytic in xo. F is analytic in D C By, if it
is analytic for all g € D. Analyticity is equivalent to the fact that for all g € D there exist an
s > 0 and continuous symmetric n-linear forms Ay, (x) such that > -, [[An(xo)|| s < oo and

Ay (z

n!

)

F(zo+h) = Fag) + Y

n>1

in a neighborhood of zg (including the set {zo+h : ||k < s}). (The “coefficients” A,, are equal to

the (iteratively defined) n-th Fréchet derivatives of F'). See for example [6, Section 7.7 and 15.1]
and [30, Chapters 4 and 8] for analytic functions in Banach spaces.

Next, we want to recall some facts concerning probability theory on Banach spaces. For a
detailed survey see [3] or [23]. Suppose that X is a random variable from a probability space
(Q,F,P) (here,  denotes a set with o-algebra F and probability measure P) to a separable
Banach space B (equipped with the Borel o-algebra). Let P be the law (the distribution) of X
(that is, P = PX~!). Since we assumed B to be separable, we have that the scalar valued random
variables £*(X) for continuous functionals ¢* determine the distribution of X (see [23, Section
2.1)).

The random variables X,,, n € N (with possibly different probability spaces) are said to converge
weakly to some B-valued random variable X (defined on some probability space and with law P)
if the corresponding laws P,, converge weakly to P, i.e., if we have (as n goes to infinity)

/dePn%/deP

for every bounded continuous real function f. In what follows we denote this by X,, — X. We
call a set II of probability measures tight if for each ¢ > 0 there exists a compact set K = K.
such that P(K) > 1 — ¢ for every P € II. Let B* be the dual space of B (the set of continuous
functionals from B to C). By Prohorov’s theorem! we have that X,, weakly converges to X if and
only if £*(X,,) weakly converges to £*(X) for all £* € B* and the family of probability measures
{P, : n € N} is tight. Since for scalar valued random variables the weak convergence is completely
determined by the convergence of the corresponding characteristic functions, one has to check

(i) tightness of the set {P, : n € N}
and

(i) there exists an X such that E [e®®*” X»)] — E [ X)] for all £* € B*,

in order to show X,, — X. We call a random variable X Gaussian if £*(X) is a Gaussian variable
(in the extended sense that X = 0 is also normally distributed) for all ¢* € B*. If it exists, we
denote by EX the (unique) element y € B such that

(y) = E(¢*(X))
for all /* € B*. Gaussian variables are called centered, if EX = 0.

In what follows, we mainly deal with the Banach space % = ¢?(N) (1 < p < oc0) of all complex
valued sequences (t,)nen satisfying |[(tn)[; = 2,2, [tal? < co. (The space £>° = £>°(N) is the
space of all bounded complex sequences (z,) with norm |[(2y)| ., = sup,>; [2n]| < 00.) In this
case, the Fréchet derivative is also called Jacobian operator (in analogy to ‘the finite dimensional

IProhorov’s theorem says that in a separable and complete metric space a set of probability measures is tight if
and only if it is relatively compact; see [3, Chapter I, Section 5].
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case). We call a function F : C x £2 — (P positive (in U x V), if there exist nonnegative real
numbers a;5, such that for all £ > 1 and for all (z,y) € U x V,

Fi(z,y) = Z a e’y
i,

where j € NN, only finitely many components are nonzero, and 3 = y{l y%z ygf e

In our main theorem we have to assume that dF/dy is irreducible. In order to be able to define
this property, we recall some basic notion from functional analysis on ¢P spaces. Any bounded
linear operator on an £ space (1 < p < oco) is uniquely determined by an infinite dimensional
matrix (a;j)1<i,j<oo via the functional

(Ax); = Z ik L,
=1

where x = (x)1<k<oco IS Written with respect to the canonical standard bases in ¢P. We call the
matrix (a;;)1<i j<oco the matrix representation of A (and write A = (a;)1<s,j<oco OF just A = (a;5)).
An operator A is called positive, if all entries of the matrix representation of A are nonnegative.
A positive operator A = (a;;) is said to be irreducible, if for every pair (¢, j) there exists an integer

n = n(i,j) > 0, such that agl) > 0, where
AT = (aij )1§¢,j<oo'

If w and v are real vectors or matrices, u > v means that all entries of u are greater than or
equal to the corresponding entries of v. Thus, an operator A is positive if (a;;) > 0. Similarly, a
vector z is called positive (or also nonnegative) if > 0. We call x strictly positive, if all entries
x; of x satisfy x; > 0. Moreover, if u is a vector with entries u;, then |u| denotes the vector with
entries |u;| (a corresponding definition is used for matrices).

The dual space of /7, 1 < p < oo is isomorphic to ¢¢, where 1/p+ 1/q = 1. Note, that the dual
space of ¢ is ¢>°. If p is fixed, we use throughout this work the letter g for the real number which
satisfies 1/p+1/¢g=1ifp>landg=occifp=1. If z € £? and £ € 2 = (¢?)’, we denote by £(x)
the functional £ evaluated at x. Analogous to the finite dimensional case, we also use the notation
£z and £7x instead of £(z).

If 1 < p < oo, the adjoint operator of an operator A (denoted by A*) is acting on P' = /4.
The operator A* can be associated with the matrix (a;i)1<i, j<oo acting on £9 (which we do in the
sequel without explicitly saying so). If x is an eigenvector of A we also call it right eigenvector of
A and if y is an eigenvector of A* we call it left eigenvector of A.

The study of operators (or matrices) in ¢ is different. In fact, the space £°° is not separable
and there is no one-to-one correspondence between operators and matrices. (Actually, there exist
nontrivial compact operators, such that the corresponding “matrix representation” is the zero
matrix.) Nevertheless, if we have a matrix (a;;)1<i,j<c0, We define an operator A on £ via

(Az)i =) amk,
k=1

if the summation is well-defined for all ¢ > 1 and for all z € £>°. In the case that A = (a;j)1<i,j<oo
is an operator from ¢! to ¢!, we get that the dual operator from ¢>° to ¢*° is given by (aji)1<i j<co
(as in the ¢P-case for p > 1).

Throughout, we denote by I, the identity on ¢F (with matrix representation (d;;)1<i,j<oo, Where
d;; denotes Kronecker’s delta function).

3. MAIN THEOREMS

In Section 3.1 we state some theorems for infinite systems of functional equations of the form
y = F(z,y,v) where the function F is defined on some subset of C x ¢ x ¢" and the range of F
is a subset of ¢7, where 1 < p < 0o and 1 <r < oo . The same result (with obvious modifications
of the proof) holds true if one replaces one (or both) of the spaces ¢? and ¢ by finite dimensional
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spaces R™ and R™. In the case that both spaces are replaced by finite dimensional ones, the
statement was proven in [7]; compare also with Lalley [21] and Woods [29]. In Section 3.2 we state
sufficient conditions under which the combinatorial random variables encoded in the generating
functions of the system tend to an infinite dimensional Gaussian limiting distribution.

3.1. Systems of functional equations. Our first result is a generalization of a result of [24],
where only one counting variable was considered. It determines the kind of singularity of the
solution of a positive irreducible and infinite system of equations. Note that it is more convenient
to write u in the form u = eV, that is, u; = €. The reason is that in the functional analytic
context of our results it is natural to work in a neighborhood of v = 0 instead of a neighborhood
of u=1. Anyway, in the applications we will use again u since this is more natural for counting
problems.

Theorem 1. Let 1 <p< oo, 1 <r<ocoand F:Cx P x{" — 7, (z,y,v) = F(z,y,v) be a

function satisfying:
(1) there exist open balls B € C, U € £ and V € £" such that (0,0,0) € Bx U xV and F is

analytic in Bx U x V,

) the function (z,y) — F(z,y,0) is a positive function,

) F(0,y,v) =0 forally e U and v eV,

) F(z,0,v) £ 0 in B for allv eV,

) g—g(ac,y,ﬂ) = A(z,y) + a(z,y) 1, for all (z,y) € B x U, where « is an analytic function
and there exists an integer n such that A™ is compact,

(6) A(x,y) is irreducible for strictly positive (z,y) and a(z,y) has nonnegative Taylor coeffi-
cients.

Let y = y(x,v) be the unique solution of the functional equation
(4) y =F(z,y,v)

with y(0,v) = 0. Assume that for v .= 0 the solution has a finite radius of convergence xg > 0
such that yo := y(zg,0) exists and (zo,yo) € B x U.
Then there exists € > 0 such that y(x,v) admits a representation of the form

T
zo(v)
for v in a neighborhood of 0, |z — xo(v)| < & and arg(x — xo(v)) # 0, where g(x,v), h(x,v) and
x0(v) are analytic functions with h;(x¢(0),0) > 0 for all i > 1.

Moreover, if there exist two integers ny and ng that are relatively prime such that [x™]y1(x,0) >
0 and [z"*)y1(z,0) > 0, then xo(v) is the only singularity of y(x,v) on the circle |z| = xo(v) and
there exist constants 0 < 6 < w/2 and n > 0 such that y(xz,v) is analytic in a region of the form

A= {z:|z] < z0(0) +n,|arg(z/zo(v) — 1)| > d}.

(5) Y('T’V) = g(xav) - h(.T,V) 1-

Remark 1. As we will show in the proof of Theorem 1, the point (z¢,yo) satisfies the equations

Yo = F(anyOaO)a
OF
r <@(I0,y0,0)) =1

The main reason for this property is the fact that we have assumed that (z,yo) lies in the
domain of analyticity of F. For a detailed study in the finite dimensional case of such so called
critical points see [2]. Note furthermore, that the existence of a point (xg,yo) satisfying the above
equations implies that F is a nonlinear function in y.

Remark 2. Condition (3) of Theorem 1, that is F(0,y,v) = 0,, is not really necessary. It is
sufficient to assume that F(0,0,v) = 0 and that r (3—5(0, 0, 0)) < 1. In both cases the implicit

function theorem implies that the equation (4) has an analytic solution y(x,v) with y(0,v) =0
(if v is sufficiently close to 0).
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As mentioned in the introduction, we are often faced with a slightly different situation: Indeed,
many combinatorial enumeration problems are described by a generating function of the form
o0 o0
(6) y(z,v) = G(z,y(z,v),v) = Z Z Cpme™ V" = Z Z Cpmu™z",
n=0 me/r n=0 me/r
where ¢, m denotes the number of objects of size n and characteristic m and the auxiliary function
y(z,v) is the solution of a finite or infinite system of equations y = F(z,y,v).

Corollary 1. Let y = y(x,v) be the unique solution of the functional equation (4) and assume
that all assumptions of Theorem 1 are satisfied. Suppose that G : (C, P, £") — C is an analytic
function such that (10(0),y(20(0),0),0) is contained in the interior of the region of convergence
and that

oG

g(ﬂﬁo(o)aﬂwo(o)a 0),0) # 0.
Then there exists 6, > 0 such that G(x,y(x,v),Vv) has a representation of the form
z
(V)
for |z —xzo(v)| <€ and arg(z —x0(0)) # 0 and for v in a neighborhood of 0. The functions g(z,v),

h(z,v) and xo(v) are analytic in this domain and h(z¢(0),0) # 0. Moreover, G(z,y(z,v),Vv) is
analytic for v in a neighborhood of 0 and |x — xzo(v)| > & but |z| < |xo(Vv)| + 1 and we have

(7) G(z,y(x,v),v) = glz,v) — h(z,v), /1

16y (e v)w) = M gy (1401

uniformly for v in a neighborhood of 0.

3.2. Central limit theorems. Consider a set of combinatorial objects with a given size associ-
ated to them and assume a uniform distribution on the set of objects of size n. Moreover, let
denote an ¢P-valued characteristic of these objects which induces an ¢P-valued random variable X,
defined on some probability space (2, F,P) (1 < p < c0). Assume furthermore that the generating
function associated to the numbers ¢, m of combinatorial objects of size n having characteristic
m is of the form (6). In this setting we have

c
P{X, =m} = ——"—
Zkeé? Cn,k
and if we write -
y(x,v) = Gla,y(z,v),v) = Y _ cnlv)a",
n=0
then
- itl)
E itl- X, _ Cn(l
(8) [ =20

for all £ € /9.

Our second result shows that in the case where y(z,v) satisfies a functional equation y =
F(z,y,v) with y(0,v) = 0 and such that the assumptions of Theorem 1 are fulfilled all bounded
functionals of X,, satisfy a central limit theorem.

Theorem 2. Let 1 < p < oo and suppose that X, is a sequence of ¢P-valued random variables
defined by (8). Furthermore, let £ € £1. Then we have £-EX,, = pen + O(1) with pg = —222(0) -

ov
L/xo and
P X, —EX,
vn

weakly converges for n to infinity to a centered real Gaussian variable with variance oy = T Be,
where B € L(£%,£P) is given by the matriz

1 [0x ox 1 0%z
_Q(a?(o)'ao-(o)T) __(a -aO-(O)) |
x5 \ 0vs V; 1<ij<oco L0 \OUO0Uj 1<i,j<00
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Corollary 2. Let 1 < p < oo and suppose that X,, is a sequence of ¢P-valued random variables
defined by (8) such that the set of laws of (X, — EX,)/v/n, n > 1 is tight. Then there exists a

centered Gaussian random variable X such that

X, —EX, w
SN
NG

where X is uniquely determined by the operator B € L(¢%,(P) stated in Theorem 2.

Remark 3. There are some natural situation where our results cannot be applied. For example if
we have
zy(z, v)

— Z‘Zovj 7 7 7
y(l‘,V) xre—a + 1— y(.’L‘,V)

then all random variables X\ (7 > 0) count the number of leaves in rooted plane trees and the
sequence (X,, —EX,,)/y/n is tight in £>° but not contained in some ¢? with p < co.

Tightness is usually a rather difficult matter. Grenander [17, Theorem 6.2.3] states a sufficient

condition for tightness in ¢? which is sometimes easy to check: the corresponding laws of (X,, —
EX,,)/+/n are tight if

(X'r(z]) _ EXT(lJ))Q

9 lim supE — | =0,
( ) N—o0 n>1 j>Z]V n
where X,, = (X,(zj ))j20~ Based on this fact, we provide a sufficient condition in terms of the

functional equation itself. However, even in the case of a single equation we have to check several
non-trivial assumptions. It is far from being obvious how these properties might generalize to the
general case.

Theorem 3. Suppose that y(x,v) is the unique solution of a single functional equation y =
F(x,y,v), where F : Bx U xV — C is a positive analytic function on Bx U x V C C? x (2 such
that there exist positive real (xo,yo) € B x U with yo = F(x0,%0,0) and 1 = Fy(xo, yo,0) such
that Fy(x0,%0,0) # 0 and F,y(xo,yo,0) # 0. Furthermore assume that the corresponding random

variables Xr(lj) have the property that Xflj) =0 if 7 > cn for some constant ¢ > 0 and that the
following conditions are satisfied:

ZF”J' < 00, ZF;U:' < 00, ZFUJ'”J' < 00,

Jj=0 Jj=0 Jj=0
szj = 0(1)3 Fmvjvj = 0(1); Fyyvj = 0(1); Fyyvjvj = 0(1)5
Frpo; = 0(1), Foyv; = 0o(1), Foyyv; = o(1), Fyyyo;, = 0(1), (j =)

where all derivatives are evaluated at (o, yo,0).
Then the the set of laws of (X, — EX,)/v/n, n > 1 is tight and has a Gaussian limit.

Remark 4. The drawback of Theorem 3 is that it only applies for a single equation. It is certainly
possible to formulate proper tightness conditions for finite systems, however, it seems that there
is no simple statement that refers just to the derivatives of F'; in the infinite case there is probably
no direct approach. Nevertheless, what one really has to check is condition (9), that is, one has to
obtain proper asymptotic information on the variances. (In the case of one equation the conditions
stated in Theorem 3 are sufficient to check (9).) Actually there are usually different approaches to
obtain asymptotic information on the variances. In Section 4.3 we will present an example, where
the defining system of equations is infinite and where it is possible to check tightness directly with
the help (9).

Finally, we mention the (simpler) case when the function F is linear in y (as noted in Remark 1,
we considered until now only the nonlinear case). We just state and prove the following result from
which one can deduce corresponding asymptotic expansions of the coefficients and limit theorems.
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Theorem 4. Let 1 <p<oo, 1 <r<ooand F:Cx P x (" = (P, (x,y,v) = F(x,y,v) be an
affine function in'y, i.e. F(x,y,v) = L(z,v)y + b(z,Vv), satisfying the assumptions (1)-(6) of
Theorem 1. Let 'y = y(x,v) be the solution of the functional equation

y = L(z,v)y + b(z,v)

with y(0,v) = 0. Assume that there exists a positive number xo > 0 in the domain of analyticity

of L(x,v) such that
T(L(:co,O)) =1.
Then there exists € > 0 such that y(x,v) admits a representation of the form

1
(10) y(SC,V) - ﬁf(l‘,V)
- mo(V)
for v in a neighborhood of 0, |x — xo(v)| < € and arg(xz — xo(v)) # 0, where £(x,v) and xo(v) are
analytic functions with f;(x0(0),0) # 0 for all i > 1.

4. APPLICATIONS

In this section we present some applications. The first few examples lead to a single functional
equation for a generating function in an infinite number of variables. At the end of this section
we present two examples where we obtain an infinite system of equations where the unknown
generating functions have again infinitely many variables.

4.1. Rooted Trees.

4.1.1. Rooted Plane Trees. As in the Introduction we consider rooted plane trees, where we count
the size as well as the numbers of vertices with out-degree j > 0 simultaneously for all j. The
problem of the degree distribution in trees was already studies by Robinson and Schwenk [27] (one
particular j) and later extended in [12] (finitely many j’s), [16, 25] (non-constant j) and [5] (more
general patterns). Compare also with the discussion in [8, Ch. 3].

The problem we consider here was studied by Pittel [26] who showed, using a different approach,
the convergence of the finite-dimensional projections, but without tightness.

Proposition 1. Fiz some 1 < p < oo and let Xr(lj) denote the number of vertices of degree j in
a random rooted tree of size n. Then for every functional £ € £ the random variable £ - X,, is
asymptotically normally distributed with asymptotic mean

(11) pe=y_ 2771,
i>0
and asymptotic variance o¢ = €1 BE with B = (Bij)i,j>0 where

_ 1 (-1DG-1) 9
(12) Bij = Qiti+2 Qi+j+3 9i+1"

Furthermore, the sequence (X, — EX,,)/\/n (considered as a sequence in £2) is tight and, thus,
there exists a centered Gaussian random variable X with
X —EXn v .
N

Proof. We rewrite (2) as

y(z,v) = xZe”’*’y(m, v)! = F(x,y(z,Vv), V).
i>0
Obviously, F(z,y,v) is analytic at (0,0,0), it has only nonnegative coefficients. Moreover, we
observe easily that F(0,y,v) = 0 and F(x,0,v) = x # 0. Furthermore, we have %—Z(x,y,ﬂ) =
zY ;5 iy~ 1. Thus the Jacobian is a one by one matrix with a nonzero entry and hence trivially
compact and irreducible. Solving the system F(z,y,0) = y, Fy(x,y,0) = 1 gives 9 = 1/4 and
yo = 1/2, that is 29 = 1/4 is the radius of convergence and yo = y(xp,0) = 1/2 is finite. Hence,
all the assumptions of Theorem 1 are satisfied.
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In order to complete the proof we have to show tightness. By differentiating the equation
F(xo(v),y(xo(v),v),v) = y(xo(v),v) with respect to v; we obtain 86—2”}?(0) = —2773 yielding
(11). The variance can be expressed in terms of partial derivatives of F(z,y,v). This was already
done in [12] and yields (12).

Finally, note that F(x,y,0) = %y and that the partial derivatives needed in Theorem 3,

evaluated at (x,y,0) are therefore
950 (1+y3) 5
ZFU:':Zvazl C D F, = @3 21
j=0 j>0 >0 0
Froy = Frojo; = 277 = o(1), Fyyo, = Fyyoyo, =501 — 1)277 = o(1),
and the terms
Froo; =0, Fayy, = j27j+1’ Foyyo, = J - 1)27j+2a Fyyyo;, = JG-10G - 2)27]}1,
as j — oo, are all bounded. Thus the assumptions of Theorem 3 are satisfied and consequently

the random vector X,, = (X,(zj ))jzo satisfies a central limit theorem. O

4.1.2. Simply Generated Trees. Proposition 1 can be easily generalized to simply generated trees.
These are trees with generating function given by the functional equation y(x) = x¢(y(z)) where
o) =>, ¢;t" is a power series with nonnegative coefficients such that ¢g > 0 and the unique
positive solution ygo of ¢(t) = t¢'(t) lies inside the radius of convergence of ¢. Under aperiodicity
conditions y(x) has a unique singularity z( in the circle of convergence where (xq, yo) is the solution
of the system

y=z¢(y), 1=u¢(y).
If we keep track of the nodes of degree j, simultaneously for all j > 0, the we are faced with the
generating function y(x,v) given by the functional equation

(13) y(@,v) = Flao,y(a,v),v) =2 3 dievy(a,v)'
>0

Proposition 2. Fiz some 1 < p < oo and let Xr(lj) denote the number of vertices of degree j in a
random simply generated tree of size n. Then for any functional £ € £ the random variable £-X,,
is asymptotically normally distributed with asymptotic mean

iy(i)
= El
He izzo é(yo)

and asymptotic variance o¢ = €1 BE with B = (Bij)i,j>0 where

1 i
B;j =— M(Fx,jai + Fpio + Foy(ai By + i) + FyiBj + Fy i Bi + FyyBify) + dijrodiy
where
For=orys, Fuoy=0(0), Fyr=korzoyy 'y Fuy = 208" (o),
and

aE =

dg ToPkY, k 1 ¢’ (yo)Pryd k-1
= - Bk =Zodryo + —kory :

vy, é(yo) ¢ 9" (yo) é(yo) 0

Furthermore, the sequence (X,, — EX,,)/\/n (considered as a sequence in () is tight and, thus,

there exists a centered Gaussian random variable X with

X, —EX, w

— — X.
NG

Proof. Starting from the functional equation (13) we observe that
oF
(14) a—y(fﬁo(v)ay(ﬂﬁo(v)av)av) =1

Similarly as in the proof of Proposition 1 we easily check that the conditions of Theorem 1 are
satisfied and then partial derivation of (13) and (14) leads to the result. O
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4.1.3. Other trees. Of course, other classes of trees can be treated in a similar way. For instance,
if we consider unlabeled trees, then the functional equation for the generating function is

ylz,v)=z+=z Z eV Zily(z,v), y(z2,v?), ... y(z’,v?)

i>1
where Z;(x1, 2, ..., x;) denotes the cycle index of the symmetric group on 4 elements and vk =
(v, vk vE ...). The calculations are then more involved but the assumptions of Theorem 1 can

be verified as well and we obtain again a normal limit. The expressions we get then for the mean
and the covariance matrix are quite lengthy and omitted here. They are essentially the infinite
dimensional counterparts of those in [12, Th. 2.1], where the joint distribution of the numbers of
nodes for finitely many degrees was computed.

4.2. Bipartite Planar Maps. Planar maps are connected graphs that are embedded on the
sphere. Rooted (and also pointed) maps can be counted by several techniques (for example by the
quadratic method et cetera). Recently, a bijection between rooted maps and so-called mobiles has
been established that makes the situation much more transparent, see [4]. We restrict ourselves
to the case of bipartite maps, that is, all faces have an even degree.

In particular let R(x, z,u) denote the generating function that solves the equation

25— 1\ _.
R=zz+=x uj< _ )R].
2
Then the generating function M (z, z,u) of bipartite maps, where x counts the number of edges,
z the number of vertices, and u; the number of faces of valency 2j for j > 1, satisfies M, = R.
Here we can also apply Theorem 3 (in this case g = 1/8 and Ry = 3/16). Furthermore,
since Eulerian maps are dual to bipartite maps we also get a central limit theorem for the degree
distribution of Eulerian maps. For the sake of shortness we omit the proof (that is almost the
same as that of Proposition 1).

Proposition 3. Fiz some 1 < p < co and let X,(,J), j > 1, denote the number of faces of valency
27 in a random bipartite map with n edges (or the number of vertices of degree 2j in a random
Eulerian map with n edges). Then for every functional £ € €9 the random variable £ - X,, is
asymptotically normally distributed with asymptotic mean

16
He = Z ?Fuigi)
i>1

where F,,, = (Qii_l) (3/16)%, and asymptotic variance op = £* BL with B = (Byj); j>1 where

2816 16 512 1024
o= _20pe DOp 2 fppe SR pe
i 1wt g e T g g
5039 512 512
By, = -22p g _220R F, 4+ 2L+ ))F, F, £ ).
j gy Lustuy — g tFuFuy + 5 (i +J)Fu; Fu, (i #J)

Furthermore, the sequence (X,, — EX,,)/\/n (considered as a sequence in () is tight and, thus,
there exists a centered Gaussian random variable X with
Xn —BXn v .
N

4.3. Subcritical Graphs. For £ > 0, a graph is k-connected if one needs to delete at least
k vertices to disconnect it. Obviously, a graph G is 1-connected if and only it is connected.
Furthermore, we can decompose every connected graph into 2-connected graphs by using the
block structure. A block of a graph G is a maximal 2-connected induced subgraph of G. We say
a vertex of G is incident to a block B of G if it belongs to B. The block structure of G yields
a bipartite tree with the vertex set consisting of two types of nodes, i.e. cut-vertices and blocks
of G, and the edge set describing the incidences between the cut-vertices and blocks of G. This
is precisely the decomposition of connected graphs into 2-connected graphs. This decomposition
leads to a unique recursive decomposition if we consider vertex-rooted graphs. The root-vertex
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v of a rooted graph G is incident to a set of blocks and to each non-root vertex on these blocks
is attached a rooted connected graph. In other words, a rooted connected graph rooted at v is
uniquely obtained as follows: take a set of rooted 2-connected graphs and merge them at their
rooted (distinguished but not labeled) vertices so that v is incident to these derived 2-connected
graphs, then replace each non-root vertex w in these blocks by a rooted connected graph rooted
at w (which is allowed to consist of a single vertex and in this case it has no effect).

A graph class is called block-stable if it contains the link-graph ¢, which is a graph with one
edge together with its two end vertices, and satisfies the property that a graph G belongs to
the graph class if and only if all the blocks of G belong to this class. Block-stable classes in-
clude classes of graphs specified by a finite list of forbidden minors that are all 2-connected, for
instance, planar graphs (Forbid(Ks, K33)), series-parallel graphs (Forbid(K4)), and outerplanar
graphs (Forbid(K4, K32)). For a block-stable vertex-labeled graph class, the recursive block de-
composition translates into equations for the corresponding exponential generating functions B(x)
for the 2-connected graphs and C(z) for the connected graphs (cf. [18, p.10,(1.3.3)]):

C/(.’L') — eB'(mC/(m)) )

Note that C’(x) is the generating function of rooted graphs, that is, one vertex is distinguished
(or rooted) but not labeled.

A graph class is called subcritical if the radius of convergence of B(x) is larger than 7, where 7 is
defined by the equation nB"(n) = 1. Several well-known graph classes are subcritical, for example
series-parallel graphs or outerplanar graphs (see [9]). These graph classes are also planar graphs
and have various characterizations. For example, series-parallel graphs are precisely those graphs,
where the treewidth is at most 2, or there is a series-parallel extension of a tree or forest; and
outerplanar graphs are planar graphs with the property that there is a non-crossing embedding
into the plane, where all vertices are on the outer face. However, there are also important graph
classes (like the class of planar graphs) that are not subcritical.

It has been already proved in [9] that the number of vertices of degree j in subcritical graph
classes satisfies a central limit theorem. For fixed j it is sufficient to consider just a finite system of
equations so that one can apply the methods of [7] to obtain the central limit theorem. However,
if we want to consider all 7 > 1 at once then we are forced to use an infinite system.

Suppose that B?(x,u1,us,...) denotes the generating function of rooted 2-connected graphs,
where the root-vertex has degree r and the variables x and wu; count the number of remaining
vertices and the (remaining) vertices of degree j, j > 1. Similarly we define C;(ac, U1, U, . ..) for
connected graphs. Then the unique decomposition property implies that the generating functions
satisfy the relations

(15) C;(x,u) _ Z H .T Wl,Wg,...) ’

1 +2la+4-jlj=j r=1

Wj = Zuiﬂ-C’

i>0

where W; abbreviates

with the convention C§ =1 (see [9]). The generating function of interest is then
C*(z,u) ZC" x,u)
7=>0
This means that we are actually in the framework of Theorems 1 and 2, however, we have to check
in particular the compactness and tightness condition.

Proposition 4. Let G be a subcritical class of connected vertex labeled graphs. Then the system
of equations (15) satisfies all assumptions of Theorems 1 and 2 for p,q > 1. In particular, if X, ;
denotes the number of vertices of degree j in graphs of size n and if X,, = (Xp1,Xn,2,...) denotes
the corresponding random sequence then for every functional £ € €1 the random variable

X, — EX,

£ Tn
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converges weakly to a centered Gaussian random variable.

Furthermore, if G denotes the class of vertex labeled series-parallel or outerplanar graphs then
the sequence (X, — EX,,)/v/n (considered as a sequence in (2) is tight and, thus, there exists a
centered Gaussian random variable X with

Xo —EXn w x
vn

Most of the conditions of Theorems 1 and 2 are easy to check. First, it is clear that for
u = 1 the system collaps to a single equation for the sum C'(z) = >°;5,C*(z,1) which is
(of course) of the form C'(x) = eB'(*C'(®)) The radius of convergence xo of C'(z) is given by
the equation xoC’(x¢) = 1. This follows from the fact that nB"”(n) = 1 which is equivalent to
1 = B/ (#0C (@) B"(1:0C" (o)) o and which is the condition that the solution function C’(x) gets
singular at xo. Furthermore, C’(z) has a square root singularity. Hence the functions

Cy(w,1) = Z HB' :L'C 1)l

11+2lo+-- jl] =jr= 1
have the same dominant singularity (which is of square root type).

The only condition that cannot be directly checked is the compactness condition of the Jacobian.
However, we can apply the following general property (that is satisfied in the present example).

Lemma 1. Let H(x,y,w) be a positive functions (as in Theorem 1 in the one dimensional setting)
and suppose that y(x) has a finite radius of convergence xq (so that H(x,y, 1) is analytic at (xo,yo))
and satisfies the functional equation y(x) = H(x,y(x),1). Furthermore consider the system of
equations

yj(SC, u) = F} (z,y(z,u),u)
with positive functions that satisfy all assumptions of Theorem 1 except possibly (5). (the com-
pactness of the Jacobian) and where F; has the additional property that

Fi(z,y, 1) = [w'H | 2,y w
J

Then we have y(x) = >, yi(z, 1) so that all functions y;(x, 1) have the same radius of convergence
as y(x) and the operator A = ay E(x,y,1) is compact.

Proof. The relation y(z) = >, yi(z,1) is obvious. Furthermore the assumptions imply that
6F (:c y,1) = [w']H, (z, > yj,w) y; and, thus, A4 has rank one. O

In our case we have

H(z,y,w) = exp Z By (zy, 1)w”
E>0
Consequently compactness of the Jacobian is granted.

Finally we have to check tightness. For the sake of shortness we will only work out the details
for series-parallel graphs. Outerplanar graphs can be then handled in a similar way. The idea is
to consider the variances

Xor—EX,1\> 1 1
0—721,]6 =E <W> = EVMX"’]C == E (]EX?z,k - (EXn,k)2)
and to check condition (9).

In order to get access to the moments E X, , and E X? , e consider (again) the rooted version
of our graphs and denote by d,, j the probability that the root-vertex has degree k in graphs of
size n. Furthermore we denote by d,, i 1 the probability that the root-vertex has degree k and a
uniformly at random chosen vertex (different from the root-vertex) has degree k, too, in graphs
of size n. Then we have (since we are dealing with vertex labeled graphs)

EXnk=ndpr and EX7, =nd,i+n(n—1)dp gk
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Consequently

‘7721,1@ =dpi —dppr +n(dnrr — d%k)
In [11] it was already proved that d, = O(wy ") and dp 1 = O(wy ") uniformly in n and k,
where wy ~ 3.482774 > 1. Thus we certainly obtain

th sup E |dn,k — dn,k,k| =0.
N
OOnZlkZN

Furthermore we have

lim Z n|dn ik — di,k' =0

n—oo
k>C'logn
for a proper constant C' > 0. Hence it suffices to show that
16 li Ak — do ) =0
(16) i sup > nldnrk—day)

N<k<Clogn
Actually it is known (see [11]) that, uniformly for k¥ < C'logn, dy, ; has a limit dj, and d, i the
limit d7. However, in order to prove the limiting relation (16) we have to make this relation more
precise.

It was also shown in [11] that the generating function C®(x,w) that takes into account the
degree of the root-vertex, that is,
[2"1wk]C* (2, w)

[zt O (2, 1)

dn,k =
is given by the equations
zD(z,w)D(x, 1
D(z,w) = (1+w)exp (11#(;1))) -1
xD(x,1) D(z,w)
B* = D —— D 1
(z,w) :c( (z, w) T+ 2D(. 1) (m,w)( + 5

C.(.’L',’LU) _ eB'(zC'(z,l),w)

and has a (singular) representation around z = py & 0.11.021 and w = wy &~ 3.482774 of the form

(17) C*(x,w) = G(z, X2,w) + H(x, Xo,w) (1 — y(x)w)3/2 )

where the functions G(z,v,w) and H(z,v,w) are analytic at (p2,0,wp), X2 = /1 — 2/pa and
_ 1
y(z) =

wo(zC*(x,1))’

with
1

i) = (14 2565 ) = (~Trpg) -

In particular, 7(z) has a square root singularity of the form

y(z) =g(x) — h(z)Xs,
where g and h are analytic at © = po which is inherited from the corresponding square root
singularity of C*(x,1):

(18) C*(z,1) = c(z) — d(x)Xa.
Lemma 2. Let dj denote the limit lim, oo dy 1, and p(w) = 2@1 dy, the generating function of

dy. Then p(w) is given by

) = =5 (Gl 0.0) + Hu (920,01 = Glpa) 2 + S 0.0 (p2) VT= G010 )

Furthermore we have uniformly for k < C'logn (for every constant C > 0)

k1/2
dp; = dj; + O <Tw0k) :
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Proof. First we note that the square root singularity (18) of C*(z, 1) leads to
[xn—1]0.($, 1) = cn_3/2p§" +0 (n—5/2p5n)
for ¢ = d(p2)/(2+/7).

Next we expand C*(x,w) in terms of X and obtain
c* (:Ca w) = G(an Oa ’LU) + GU (an Oa w)XQ + GU’U(p2? 0) ’U})X22 - GI (an Oa w)P2X22 + O(XS)
+ (H(p2,0,w) + Hy(p2,0,0) Xa + Hy(p2, 0, w) X3 — Hy(p2,0,w)p2 X35 + O(X3))

_ 3 h(p2)w 3 g(p2) paw
_ 3/2 o hpp)w 9 G\p2) P 9
X (1 =glp2)w) (1 Tare ?(P2)1UX2 21— ?(P2)7~UX

3 Rp)Pw® X3
*8a—y@gwﬁX2*0<u—y@ng))

X3
G@%QM+H@%QMQmmmwﬂ+m@mm+m@m@+o(ajaiﬁ$§»

where

b1 (w) =Gy (p27 0, w) + H, (p27 0, w)(l - g(pQ)w)3/2 + gH(pQ’ 0, ’LU)E(pg)’LU \% 1- g(pQ)w

and a proper function po(w) (that we will not need explicitly). Note that this expansion is only
valid if the ratio X2/(1 — g(p2)w) is bounded. Since we assume that k < Clogn this will be
certainly satisfied when we calculate the asymptotic leading part of the (double) Cauchy integral
that computes the coefficient [2"~1w¥]. In order to simplify the following calculations we will not
take care of this technical detail, since it is really easy to correct (for more details we refer the
reader to [11]).

The function G(pa, 0, w) + H(p2,0,w)(1 —G(p2)w)?/? depends only on w. Hence, the coefficient
[z"~1wk] gets zero for n > 1. Similarly, the coefficient [z" 1w*]pa(z)X2 = 0 for n > 2. The
corresponding coefficient of the error term is then bounded (with the help of the transfer method
by Flajolet and Odlyzko [14], where we again note that we should be slightly more precise at this
point) by

" Lwh]O X3 -0 (n—5/2k/,1/2pfnwfk) ,
(1 —G(p2)w)3/2 20
recall that wy = 1/g(p2). Finally, the dominant term comes from
_ d _3/2 —n 5/2,-1/2 —n —
mnwmmw&=—£%%n”%-H%n“%”%zwﬂ;

recall that p; (w) = —d(p2)p(w). Summing up we finally obtain

2"~ Lk O (2, w P _ o 4 _
dp g = [ [z"l]é“(i, ) ) =dip+0 (/{:1/271 1w0 kg g=1/2p 1wo k) =di + O (/{:1/271 1w0 k) ,
which completes the proof of the lemma. (I

Similarly, we can handle the probabilities d,, i 5. For this purpose we introduce the probabilities
dn ke (that are defined in an obvious way) and the function C**(x,w,t) that takes into account
the degree of the root-vertex (with the help of w) and the degree of a randomly chosen vertex that
is different from the root-vertex (with the help of t). More precisely, we have

d B [x”wikte]C’"(z,w,t)

PO (= D)0 (2, 1)
In [11] it is shown that C**(z,w,t) has a (singular) representation locally around (psz,wp,wp) of
the form

C**(x,w,t)

1 /. ~ . . _
- — (Hl(x,Xg,w,t) + Hy(z, Xo,w, )W +H3(x,X2,w,t)T+H4(x,X2,w,t)WT) :
2
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where T = /1 — y(z)w and H,, Hy, Hs, Hy are analytic at (p2, 0, wo, wp).
(From this we obtain the following limiting relation.
Lemma 3. Let Ekl denote the limit limy, o dp ke and plw,t) = >, MEM the corresponding
generating function. Then p(w,t) is given by
P(w,t) = p(w)p(t),
that is, Ekl = didy. Furthermore we have uniformly for k,£ < Clogn (for every constant C > 0)

_ 1 k1/2 61/2 s
dn,k,é = dk,é +O (5 (—E + T) Wy ) .

Proof. We proceed similarly to the proof of Lemma 2. jFrom the local expansion

1 . -
C..(:L'aw’t) = Y (Hl(anOawat) + Hlv(p2503w7t)X2 + O(XQQ))
2

1 . ~
+ Y (HQ(an 0) w, t) + HQU(an 0) w, t)XQ + O(XQQ))
2

+ < (Fa(p2,0,w,8) + Hiy (p2,0,0,8) Xz + O(X3) )

X,
_ 1 hipa)t X5
VIR (14 57 0 ()

1 /- N
+ < (Hg(pg, 0,w,) + Hsp(p2,0,w, )Xo + O(Xg))
2

x /1 =G(p2)w\/1 —G(pa)t

1 hpz)w 1 h(p2)t X3 X3
* (1 2T gl T 2T gyt 2T ((1 —y<p2>w>2) "o <<1 —§<p2>t>2>)
_ ql(wat)

o+ w0 (gt )+ ()

for proper functions g1(w,t) and g2(w,t). From this it follows that p(w,t) = 2qi(w,t)/d(p2).
Furthermore, it is proved in ([10]) that p(w,t) = p(w)p(t), that is, di ¢ = did,. Finally, by taking
the error terms into account (and by doing a similar analysis as in the proof of Lemma 2) we

obtain 1o 1o
5 1 k g —k—¢
dp e =dre+ O (n ( 7 + : ) Wy )

uniformly for k,¢ < C'logn. (]

By combining Lemma 2 and 3 we get
W(dn ke — di) = O (kwy ™)
and consequently (16). Hence, tightness follows.

4.4. Random Walks on Groups. Lalley [22] considered quasi-nearest neighbour walks on in-
finite free products of groups and proved a local limit theorem for the return probabilities by
translating the problem into an infinite system of functional equations. His approach was based
on what is known as Lyapunov-Schmidt reduction (see [30]) which is done by decomposing the
Banach space into a direct sum of a finite dimensional section and an infinite dimensional one.
In contrast, our approach is based on splitting the system into the first equation and the other
equations and exploiting some spectral properties of the remaining system, followed by a simple
substitution of the solution into the first one.

Lalley’s problem is as follows: he considers a sequence of finite groups I'1,I's, ... and the free
product I' = T'y * 'y x - - - defined as the set of all words in (| J,(I'; \ {1}))" with the concatination,
followed by reduction, as the group operation. Reduction is done if the last letter of the first
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word and the first letter of the second word are in the same group I';. Then the two letters
can be substituted by their product to shorten the word. This process is continued as long as
possible. The neutral element of this group is the empty word . A random walk on I is defined
by Sp = &€ - - - &, where the steps &; of the random walk are i.i.d and with common distribution

P{flza}:piqaifaefi\{l} andP{&:s}:po
where all p;, i € N and all ¢, are strictly positive and for all m > 1 the set {n : P{S,, = ¢} > 0}

is not contained in a proper subgroup.
Lalley proved the following theorem.

Proposition 5 (Lalley [22]). Let S, be a quasi nearest neighbor random walk on the infinite free
product ' =Ty xT's x - - as described above. Then there exist constants C > 0 and 1 < R < oo
such that P{S, =&} ~ CR™"n=3/2,

The proof is based on the generating functions for the first hitting times: Set 7, = min{n >
0:S,=a}and

Yolx) = Z P{1q = n}a”,
n>1

where we write y;.o () instead of y,(x) if @ € T';. Lalley showed that these functions satisfy the
following system of functional equations.

yi;a(x) =T | Piqa +Poyi;a(9€) + Z pquyiwfla(x) + Z Z qu’yyj;'yfl(x)yi;a(‘r)

yel;\{a} Jj#t vel;
Furthermore, he showed that y(z) € ¢! and that the Jacobian [J(z) of this system is
G(z)-1
19 =K L —1
(19) J(w) = Kla) + £) + 7,

where

G(z) = Z P{S, =¢e}a" = 1/ 1 —pox — Zpaxyofl (z) ],

n>1 aFe

K(z) = (K(i,a),(j,5)) With entries
K(i,0),(i,8) = Pidp—1Yi.a(T),

and L(z) = (L(;,a),(;,)) is a block diagonal with nonzero entries only in the ((¢, @), (i, «)) positions
and given by

Lty iy = 4 1007~ Pip = Vi) if 6 €T\ {1,a},
rene quﬁflyl}a(‘r) _piQGﬁlyi,a(x) - Z’YGF-; piqyyi7771($) ifa= 6

It is easy to check that assumptions (1)—(4) of Theorem 1 are satisfied. The shape (19) of the
Jacobian is precisely as required by assumption (5) where compactness of K(z) and £(z) is shown
in [22, Lemma 4.1]. The alternative representation of the entries of J(z) as sum of probabilities
with positive coefficients which is given in [22, Eq. (4.2)] shows irreducibility and [22, Eq. (4.3)]
proves the positivity condition contained in assumption (6) of Theorem 1.

Thus Theorem 1 shows that the functions y; o(z) have a square-root type singularity and a
transfer lemma (see [14]) finally reproves Lalley’s result.

5. PROOFS

5.1. Auxiliary results. In this section we prove some spectral properties of compact and positive
operators on P spaces and we show that the spectral radius of the Jacobian operator of F (under
the assumptions stated in Theorem 1) is continuous.

Recall that the spectrum of a compact operator is a countable set with no accumulation point
different from zero. Moreover, each nonzero element from the spectrum is an eigenvalue with finite
multiplicity (see for example [19, Chapter III, § 6.7]). The following result is a generalization of
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the Perron-Frobenius theorem on nonnegative matrices and goes back to Krein and Rutman [20]
(see [30, Proposition 7.26]).

Lemma 4. Let T = (t;j)1<ij<0c be a compact positive operator on ¢P (where 1 < p < c0) and
assume that r(T) > 0. Then r(T) is an eigenvalue of T with nonnegative eigenvector x € (P.
Moreover, r(T) = r(T*) is an eigenvalue of T* with nonnegative eigenvector y € £9.

Lemma 5. Let Ay be a positive and irreducible operator on ¢P (where 1 < p < 0o) such that A}
is compact for some integer n > 1. Furthermore let a > 0 be a real number and set A = Ay +aly,.
Then we have (A1) > 0 and r(A) = r(A1) + « is an eigenvalue of A with strictly positive right
eigenvector x € P and strictly positive left eigenvector y € £9.

Proof. First we show that r(A;) > 0. Since A; is irreducible, there exists an integer m such that
d=(A7")y; > 0.
Then we have ||A7™|| > d™ for all n > 1, where ||-|| denotes the operator norm that is induced
by the p-norm on ¢? (consider AT'ey, where e; = (1,0,0,...)). Gelfand’s formula implies r(A) =
limy, o0 |A?||Y™ > dV/™. Since
(A7) = (o(A1)",
we have that r := 7(4;) is equal to r(A})/™. Lemma 4 implies that 7" is an eigenvalue of A%
and there exist vectors £ € /P and y € 9 such that
ATz =r"z, and gAT =r"y.

Thus we have that r is also in the spectrum of A; and r(A4) = r(A;) + @ > 0. (Note, that
o0(A) = o(A1) + «.) In the following we show that

n—1
x = g AT
=0

is a strictly positive right eigenvector of A; to the eigenvalue r. It is easy to see that Ajz = rz. We
clearly have that z is nonnegative and x # 0. Thus, there exists an index j such that x; > 0. Let
k > 1. Since A; is irreducible, there exists an integer m such that (A7")x; > 0. Since ATz = r™z,
we obtain

T =T (Af'z), = r_mZ(Al )i Tt > m (A7 )ijj > 0.
=1

Furthermore, one can show the same way that y := Z?:_()l rigA?_l_i is a strictly positive left

eigenvector of A; to the eigenvalue r. O

Proposition 6. Let 1 < p < co and A = Ay + al,, C = Cy + I, be operators on (P with
a € R, v € C and such that there exists an integer n such that A} and CT are compact.
Furthermore let Ay be positive and irreducible such that |C1| < A1 and |y| < a but |Ch|+|v I, | # A.
Then we have
r(C) < r(A).
Proof. Lemma 5 implies that r(A4) > r(A;) > 0. If #(Cy) = 0, we have r(C) = |y| and
r(A) =r(A1)+a>a> |y =rC).
Assume now that r#(C) > 0. Since CT' is compact, there exists an eigenvector z € ¢ to some
eigenvalue s with |s| = r(C1). Since r(C) < r(C1) + ||, we get
r(C)lz] < (r(C1) + DIzl = [Crz[ + vz < (IC1] + [T [)2] < Alz].
If we assume that r(A) < r(C), then we have
(20) r(A)z] < Azl
Next we show that this inequality can only hold true if |z| = 0 or if |z| is strictly positive and a

right eigenvector of A to the eigenvalue r(A) (cf. [28, Lemma 5.2]): If |z|] = 0, then (20) holds
trivially true. Hence we assume that |z| # 0. Lemma 5 implies that there exists a strictly positive
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left eigenvector y € £ associated to the operator A. Holders inequality and the fact that |z| € ¢P
imply
1
r(4)
Thus we have y - (A|z| — r(A4)|z|) = 0 and since y is strictly positive this can only hold true if |z|
is an eigenvector of A to the eigenvalue r(A4). The same way as in the proof of Lemma 5 one can
now show that the irreducibility of A; implies the strict positivity of the eigenvector |z|.
It remains to show that r(A) < r(C) yields a contradiction. Since z is an eigenvector (of C7")

we clearly have |z| # 0. Hence, let us assume that |z| is a strictly positive eigenvector of A. We
obtain

o0
—yAlz| =y |2 = Zznan < 0.
n=1

Alz| = r(A)[z| < r(O)|z] < (IC1] + I Ip [)]2] < Alz].
Thus, we have (A — (|C1]| + |71 ]))|2] = 0. But since |z| is strictly positive and A > |C1| + |y], |
but A # |Cy| + |y1, |, this is impossible. O

Remark 5. Let A be given as in Proposition 6. Furthermore, let B be obtained through eliminating
the first row and first column of A, that is B = By + aI,, where By = ((B1)ij)1<i,j<oo is defined
by (Bl)ij = (Al)iJrl j41- Then we have

r(B) < r(A).

In order to see this, note that B is also compact, r(A) = r(41) + « and 7(B) = r(B1) + . It is
easy to show that Proposition 6 (with & = v = 0) implies r(B1) < (A1), which shows the desired
result.

Lemma 6. Let the function F satisfy the assumptions of Theorem 1. Then we have that the map

@y) e (G @.0)

is continuous for all positive (x,y) € B x U. Furthermore, if there exists an arbitrary point
(Z,y,v) € Bx U xV such that
OF
—(z,y,v) | <1,
r(Gso)

then the same holds true in a neighborhood of (Z,y,V).

Proof. First note, that (z,y) — g—g(x,y,O) = A(z,y) + a(z,y) is continuous. Let us fix some
positive (z,y) € BxU (in the following, we suppress  and y for brevity). The positivity properties
of F and Lemma 5 imply that r (OF /0y) = r(A) +a. (Note, that we have 0(0F/9y) = 0(A) +a.)

Furthermore, we have (compare with the proof of Lemma 5)
r(A)" =r(A").

Thus it remains to show that 7(A™) is continuous for positive (z,y). Let r(A™) > 0. Since A" is

compact and isolated eigenvalues with finite multiplicity must vary continuously (see [19, Chapter

IV, §3.5]), we obtain the desired result. If r(A™) = 0, then the continuity follows from the upper

semi-continuity of the spectrum of closed operators (see [19, Chapter IV, § 3.1, Theorem 3.1]).
Now suppose that there exists a point (Z,¥,V) € B x U x V such that

This means, that the spectrum of (0F/0y)(Z,y, V) is contained in a ball with radius r. We can use
again [19, Chapter IV, §3.1, Theorem 3.1] (the upper semi-continuity of the spectrum of closed
operators) in order to deduce that there exists a neighborhood D of (Z,y,v) such that for all
(x,y,v) € D the spectrum of (9F/9y)(x,y, V) is contained in a ball with radius 1 — (1 —r)/2. In
particular, it follows that

. (‘;_]f;(z,y,w) <1-(1-r2<1

This proves the second assertion of Lemma 6. (]
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5.2. Proof of Theorem 1 and Corollary 1.

Proof of Theorem 1. First, we fix the vector v = 0. The implicit function theorem for Banach
spaces (see for example [6, Theorem 15.3]) implies that there exists a unique analytic solution
y = y(z,0) of the functional equation (4) in a neighborhood of (0,0). It also follows from the
Banach fixed-point theorem that the sequence y(® = 0 and

y" ) (z,0) = F(z,y™(,0),0), n>1,

converges uniformly to the unique solution y(z,0) of (4). Since F is positive for v = 0, we get
that y(x,0) is positive. Next we show that

Yo = F(x07y07 0)5

(21) r <g—£(zo,y'0,0)) =1,

holds true. The first equation follows from analyticity. Since F is positive, we obtain that the
Jacobian operator (evaluated at x, y(x,0) and 0) is positive. Lemma 6 and Proposition 6 imply
that the function

vesr (g—zu,y(x,om)

is continuous and strictly monotonically increasing. We get for each x < x¢ that

r (g—];(x,y(x,O),o)) < 1.

In order to see this note that implicit differentiation yields

F F

(22) (1 G ¥(.010)) F¥0,0) = 5 (2. ¥(2,0),0)
Suppose that the spectral radius of the positive and irreducible Jacobian operator at (z,y(z,0),0)
for some x < z¢ is equal to 1. Lemma 5 implies that there exists a strictly positive left eigenvector
to the eigenvalue 1. Multiplying this vector to equation (22) from the left yields a contradiction
since g—g(z,y(x,O),O) # 0 (note that F(z,0,0) # 0 and that F is positive). Since y cannot
be analytically continued at the point xo and since (zo,y(zo)) = (z0,yo) lies in the domain of
analyticity of F, we obtain that (21) holds true. Indeed, otherwise the implicit function theorem
would imply that there exists an analytic continuation.

Next, we divide equation (4) up into two equations (we project equation (4) onto the subspace
spanned by the first standard vector and onto its complement):

(23) Y1 = Fl(xvylayvo)a
(24) y = F(Z‘, ylvya 0)7

where ¥ = Sy, F = Sy F and S; denotes the left shift defined by S¢(z1, 29, 3,...) = (z2,x3,...).
Observe, that the Jacobian operator of F (with respect to ¥) can be obtained by deleting the first
row and column of the matrix of the Jacobian operator of F. The tuple (xq, (y0)1,¥0) is a solution
of (23) and (24). We can employ the implicit function theorem and obtain that there exists a
unique positive analytic solution ¥ = y(z, y1,0) of (24) with y(0,0,0) = 0. For simplicity, we use
the abbreviation yo1 = (yo)1 and ¥o = Seyo. Set
A= g_];($OaYOaO) and B = g—;(fﬂo,ym,%a 0).

Proposition 6 and Remark 5 implies that r(B) < r(A) = 1. Thus, we can employ the implicit
function theorem another time (at the point (zg,yo1,¥0,0)) and obtain that y(x,y1,0) is also
analytic in a neighborhood of (xg,yo1,0). Furthermore, we have ¥(zo, y01,0) = ¥o. If we insert
this function into equation (23), we get a single equation

Y1 = Fl(xaylay($)y1’0)50)
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for y1 = y1(x,0). The function G(z,y1) = F1(z,y1,¥ (2,91, 0),0) is an analytic function around
(0,0) with G(0,y1) = 0 and such that all Taylor coefficients of G are real and non-negative (this
follows from the positivity of F and y(x,y1,0)). Furthermore, the tuple (z¢, yo1,0) belongs to the
region of convergence of G(x,y). In what follows, we show that (xq,yo1,0) is a positive solution
of the system of equations

y1 = G(z,y1),
1= Gy1 ('rvyl)a

with Gy (z0,y01) # 0 and Gy, 4, (To, Y01) # 0.

In order to see that Gy, (zo,yo1) is indeed equal to 1, note that the classical implicit function
theorem otherwise implies that there exists an analytic solution of y; = G(x,y1) locally around
Zo. Inserting this function into equation (24), we obtain that there also exists an analytic solution
y(x,0) of (4) in a neighborhood of zy. As in (22), implicit differentiation yields a contradiction
since the spectral radius of the (positive and irreducible) Jacobian operator of F at (zo, yo, 0) is
equal to 1.

Next suppose that G (zo,y01) = 0. The positivity implies that the unique solution of y; =
G(z,y1) is given by y1(z,0) = 0. Consider the solution y(z,0) of (4) for some real > 0 in the
vicinity of 0. Since the spectral radius of the Jacobian operator is smaller than 1 (for z small), we
can express the resolvent with the aid of the Neumann series, i.e., we have (cf. (22))

%(m,O) = (I — g—z(ﬂc,y(m),ﬂ))_ Z—S(W(fﬁ)’o)

-y <Z_§(z,y<x),o>> o (¢ y().0).

n>0

Since OF /0y is irreducible and OF /0x # 0 we obtain that no component of the solution y(x,0)
is a constant function. In particular, y;(x,0) cannot be constant.

Finally, if Gy, 4, (20,Y01) = 0, it follows from the positivity of G that G is a linear function in
y1. But then the conditions G(zo, yo1) = yo1 and Gy, (2o, yo1) = 1 imply

yor = G(z,y01) = G(2,0) + Gy, (2, Y1) - yor = G(,0) + yo1-

Thus we have in this case that G(z,0) = 0. But then (since G, (z,y1) = G(z,1) and G(0,y1) = 0),
the only solution of

y1 = G(x,y1) = Gy, (T,901) - 1

is y1(x,0) = 0. As we have seen before, this is impossible.

It follows from [8, Theorem 2.19] that there exists a unique solution g(x1,0) of the equation
y1 = G(x,y1) with §1(0,0) = 0. Tt is analytic for |x| < zp and there exist functions g;(z,0) and
hi(z,0) that are analytic around x¢ such that ¢;(x,0) has a representation of the form

(25) 91(2,0) = g1(x,0) — hq(z,0),/1 — xio

locally around z¢ with hq(z9,0) > 0 and g1(29,0) = yo1. Due to the uniqueness of the solution
y(z,0) of the functional equation (4), we have that the first component of y(z,0) coincide with
7 (x,0), ie., y1(z,0) = g1(x,0). Moreover, we get y(z,y1(z,0),0) = (y2(x,0),ys(x,0),...).
More precisely, the analyticity of ¥ implies that there exist an s > 0 and vectors a,(z) :=
an(z,91(x,0),0) € P such that ) |lan(x)| s" < co and

(26) ¥.1,0) =7, 01(2,0),0) + 3 U (g1 - gu(z,0))7).

n>1
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and we obtain

x

¥(,1(2,0),0) = ¥, 01(#,0),0) + 3 %a%u)(m(m, 0")

£ 1_% ) 2n+1
1 E;%@W(@(m@o) nt )
=g(z,0) — h(z,0),/1 - xio

In particular, we get the desired representation

y(z,0) = g(x,0) —h(z,0),/1 — »Tio

with g(z,0) = (g1(z,0),8(x,0)) and h(z,0) = (hi(z,0),h(z,0)). Furthermore, we have the
property hy(z,0) > 0. Since the same result can be obtained when equation (4) is projected
onto the subspace spanned by the i-th standard vector and onto its complement, we obtain that
h;(z,0) > 0, either. (Note, that the reasoning of Remark 5 also works when the i-th row and
column of the Jacobian matrix is deleted.)

Until now, we have shown that the statement of Theorem 1 is true for v = 0. Next, we prove
that the solution y(z,v) is also analytic in v. We have seen before, that

oF
r| =—=(zo, ,¥0,0) | < 1.
(ay( 0: (Yo)1,¥0 ))
It follows, that there exists a unique solution y(z,y1,v) of the function equation

y = F(xvylayv V)
for all (z,y1,v) in a neighborhood of (zg, (yo)1,0). Inserting this solution into (23) (but this time
with the additional variable v), we have already seen that the functional equations

y1 = G(z,y1,v),
1= Gy1 (zaylav)a

with G(x,y1,v) = F1(x,y1,y(x, 41, v), v) have a positive solution (xg, (y0)1,0). Furthermore, note
that G (o, (y0)1,0) # 0 and Gy, y, (20, (¥0)1,0) # 0. Since we have (evaluated at (zo, (yo)1,0))
that

-G 1-G
det @ yl):Gz-G“ 0,
(Gm@ 7Gy11y1 vy 7&

the implicit function theorem implies that there exist unique analytic functions zo(v) and y; (v) in
a neighborhood of 0, such that we have y1(v) = G(xo(v),y1(v),v) and Gy, (zo(v),y1(v),v) = 1.
In particular, we have x(0) = z¢ and y1(0) = (yo)1. {From continuity it follows that for any v
in a neighborhood of 0 we have Gy (xo(v),y1(v),v) # 0 and Gy, , (xo(V), y1(v),v) # 0. Thus, the
Weierstrass preparation theorem implies that there exist analytic functions gy (z,v) and hy(z,Vv)
such that

(27) yi(z,v) = g1z, v) — ha(z,v), [1 -

x
xo(V)

(see for example the proof of [8, Theorem 2.19]). Inserting this solution into ¥(x,y1,v) (cf. 26),
this finally proves (5).

In what follows, we show that xq(v) is the only singularity of y(z,v) on the circle |z| = o (V).
Recall that by assumption, there exist two integers ny and ny that are relatively prime such that
[z™]y1(x,0) > 0 and [z™2]y1(x,0) > 0. In order to show the desired result, it suffices to show
that

(28) Gy1($ay1('rav)’v) 7& 1
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for |x| = zo(v) but & # z(v) (compare with the proof of [8, Theorem 2.19]). Let us first study the
case v = 0. Since yi(z,0) is positive, we clearly have |yi(z,0)| < y1(]z|,0). If equality occurs,
then
™ =|z|™ =xy* and 2™ = |z|"? =z(>.
Since n; and ns are relatively prime we obtain x = xg, which is impossible. Thus, we actually
have |y1(x,0)| < y1(]z|,0). The positivity of G implies
|Gy1 (SC, Y1 (:L', 0)7 0)| < Gy1 (|SC|, |y1 (:L', 0)|a 0)

< Gy1 (|'T|a y1(|$|, O)a O) = Gy1 ('TO’ (yO)la 0) =1
(From continuity we obtain that |Gy, (z,y1(z,v),v)| < 1 and (28) follows. Thus, there exists an
analytic continuation of y;(x,v) locally around x. ;From positivity, it follows that

OF
Jy
Employing Proposition 6 yields

OF
(e, <y<x,o>>1,y<x,o>,o>\ < ]%m,ym,%,m].

OF
r (%(z/ay(x/a V)a V)> <1
for 2/ = 2 and v = 0. Lemma 6 implies that the same holds true for all (2/,v) in a neighborhood
of (2,0). The implicit function theorem implies that we can insert the function y;(z,v) into
the solution of equation (24). We obtain that z(v) is the only singularity of y(z,v) on the

circle |z| = x0(v) and there exist constants 6 and n such that y(x,v) is analytic in {z : |z]| <
x0(v) +n, | arg(a/zo(v) — 1)| > §} (note, that locally around x¢(v) the representation (27) yields
an analytic continuation). (]

Proof of Corollary 1. The first part of the proof is similar to (26). Since G(z,y, v) is analytic in
(20(0),y(20(0),0),0) there exist an s > 0 and continuous symmetric n-linear forms A, (z,v) :=
A (x,g(x,v),v) (defined on the the right space) such that

D [ An(z, V)] s™ < o0

n>1
and
Ap(z,v n
G(ZC,y, V) = G(l‘,g(,ﬁE, V)a V) + Z % ((y - g(ac, V)) )
n>1 ’

Note, that

oG

Al(l‘, V)(y) = a_(xa g(.’L', V)a V) e
y
and
oG
A1($0(0); O) = g(l‘O(O)a y(ZCo(O), 0)) O) 7é 0
by assumption. We can write
(1 - I[)?V)

Aoy (z,v) (h(ac, V)Q”)

_ T Z(l—mggw!) A2n+1(ac,v)(h($,v)2"+1)

2o (V) = (2n+1)
=g(z,v) — h(z,v), /1 — zog(jv)'

Moreover, we have that § and h are analytic and

h(-TO(O)’ 0) = Al(xO(O)’ 0) - h($0(0)a O) # 0.
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(Recall that h € ¢? and h;(z¢(0),0) > 0 for all ¢ > 1, see Theorem 1). The analyticity of zo(v)
and G(z,y(x,v),v) follows from Theorem 1. Using the transfer lemma of [14] (the region of
analyticity A from Theorem 1 is uniform in v) we finally obtain that

16y v)w) = M gy (140 (1))

uniformly for v in a neighborhood of 0. (Note, that the part coming from g(z,v) is exponentially
smaller than the stated term.) O

5.3. Proof of Theorem 2 and Corollary 2. Recall that G(z,y,v) is the generating function
of some combinatorial object of the form

oo
G(z,y(z,v),v) =Y en(v)a",
n=0
where y(z,v) satisfies a functional equation
y =F(z,y,v)

with y(0,v) = 0 such that the assumptions of Theorem 1 are satisfied. Moreover, X,, denotes an
¢P-valued (1 < p < o0) random variable defined on some probability space (2, F,P) with

E [eitbxn} _ cn(itl)
cn(0)
for all £ € (9.

Proof of Theorem 2. We have £ € ¢4. Corollary 1 implies that uniformly in ¢ (for small values of
t) that

cn(itl) = h(xogti\/l;’it@xo(itﬁ)”ngm (1 +0 <%>) ,

where h and x( are analytic functions . Thus we get

) = = "ovare () (+0(5))

Set

De(s) == zo(s8), fe(s) = log <$EES§) , and  ge(s) = log (M) '

These functions are analytic in a neighborhood of s = 0 and we have fp(0) = g¢(0) = 0 and
®4(0) = x0(0). We obtain

E [eite.xn] = efel@)ntae(it) (1 4 0 1
n

_ eitugn—afn§+0(nt3)+0(t) (1 +0 (l)) ,

n

where p1p = f}(0) and o7 = f;/(0). Replacing ¢ by t//n we get
(29) E [e#%0 VA  gitueym-si §+00° V) (1 L0 <l>) ,
n

By definition, £ - EX,, = E[€- X,,]. If we set x,(t) = Ee®® X then E[¢-X,] = —i-x/,(0). By
Cauchy’s formula, we have
1 Xn(w)

du.

lul=p
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Setting p = 1/n, we get

14 - 2
E[e-X,] 1 + iupen + iugy(0) + O(u?) (1+O(l))du
n

T o9 2
27 Jyu)=1/n u

1
= _— wdu—i—O(l).

211 lul=1/n u

Hence, £ - EX,, = pen + O(1). Setting

Y, = X, — EXH,
vn
we finally obtain (see (29))
oat?
lim E [eite‘Y”] =e 5
n—oo

In particular, this implies that Y,, weakly converges to a centered Gaussian random variable with
variance oj. It remains to calculate pe and o: Since zo : £¢ — C is an analytic function, it
follows that there exists a vector dxo/0v : €9 — (P = (£9)* (the first derivative) and an operator
0?x0/0v? : 1 — L(£%,(P) (the second derivative) such that
81'0 1 (92560 2
h) =2¢(0) + —(0) -h+ = 0))(h)-h h
ro(l) = 20(0) + 522(0) +2<av2< )) (0) - b+ o( 1%

in a neighborhood of 0. Note, that the second derivative can be associated with the infinite
dimensional Hessian matrix A = (ai;)1<i,j<oo via

(02””0 (0)) (h) -h = h* Ah,

ov2
where
- 821'0

@i = aViVj

We obtain ) . 5
zo
fe = —(I)e(o)‘blz(o) =T T0) W( )- £,

and

1 6900 63@0 T 1
B4(0)2 (W(O) v O ) T 07"

o7 =¢"Be.
This finally proves Theorem 2. (]

then we have

Proof of Corollary 2. Set Y,, = (X,, — EX,,)/+/n. Since the set of laws of (Y,,),>1 is tight, we
know from Prohorov’s theorem (see [3, Chapter I, Section 5]) that the set of laws of (Y,,)n>1 is
a relatively compact set. In particular, it follows that there exists a subsequence (Y, )r>1 that
weakly converges to some random variable X. Let x¢(¢) be the characteristic function of £ - X,
that is, ye(t) = Ee'¢X. ;From weak convergence of Y, , we obtain on the one hand that

lim E [eite‘Y"'k] = xe(t)

k—o0
for all £ € ¢4. One the other hand, Theorem 2 implies that there exist constants o such that

2,2

. . . 70Et

lim E [e”e Y"] =e 2
n— o0
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for all £ € £1. Hence we see that we actually have

i
Xe (t) =e
and thus, X is a centered Gaussian random variable. Moreover, we obtain that not only (Y, )r>1
but (Y,)n>1 weakly converges to X. Since the distribution of X is uniquely determined by the
distributions of £ - X, £ € £%, we obtain that X is uniquely determined by the operator B stated

in Theorem 2. O

5.4. Proof of Theorem 3. For the sake of brevity we just give an outline of the proof. Corollary 2
implies that we only have to show the tightness condition. Theorem 6.2.3 of [17] states that

tightness follows from the property (9). First of all we know by assumption that x9 =oif
j > cn. Hence the condition (9) reduces to

(30) lim sup Z on ;=0

where o7, ; denote the variance of the normalized random variable (X O _gx{ )/v/n. Now assume
that we know that 0721, ; is asymptotically given by

(31) 0h =+ 2L+ 0n?),
where

ZUJQ» <oo, and T;=o0(1) (j— o),

Jj=0
and the error term is uniform for all j > 0. Then it is clear that (31) implies (30) and, hence,
tightness follows. By Theorem 2.23 of [8] we already know that we have an expansion of the form
(31) and that o7 is given by

F,, F,, \° 1
2 Vi Vi 2 2
e A (xo FI) o (F2(FyyFuyo, = F2,)) = 2F2 o, (Fyy o, = FyoFy,)

SC()FI
+F3j(FnyM _Fy2z))

By assumption it is then clear that the sum > 0]2- is convergent. In a similar (but slightly more
involved) way it is also possible to calculate 7; explicitly, from which we easily deduce the conver-
gence 7; — 0.

5.5. Proof of Theorem 4. In this section we prove Theorem 4. Let us recall that F can be
written as
F(z,y,v) = L(z,v)y + b(z,v),

where L(z,0) = A(x) + a(z) I, « is an analytic function, and there exists an integer n such that
A™ is compact. Furthermore, A(x) is irreducible and strictly positive for z > 0 and « and b(z, 0)
has positive Taylor coefficients. Moreover, F(0,y,v) = 0 for all y and v in a neighborhood of 0.

In order to show the desired result we proceed as in the proof of Theorem 1. Let us first assume
that v = 0 (in the following, we suppress the variable v = 0 in order to make text more readable).
The implicit function theorem (and the Banach fixed-point theorem) implies that there exists a
unique analytic and positive solution y(x) of the function equation y = F(z,y), y(0) = 0. Since
F is linear, this can be also deduced from the following reasoning: Since r(L(0)) = 0 (note, that
F(0,y) = 0 for all y in a neighborhood of 0), we see that the solution y(z) is given by

y(@) = (I, ~L(x))"'b(x) = ) L(2)*b(2).
k=0
Here we also used that the inverse of (I, —L(z)) can be represented by the corresponding Neumann

series as long as r(L(z)) < 1. Since L and b is positive, the solution y is also positive. Note, that
the solution exists for all x < xy and that there is a singularity at xg.
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In what follows we split the functional equation y = F(z,y) up into two equations (cf. (23)
and (24)). Since F is linear, this gives

(32) y1 =ln(z) - y1 +1L.(2) -5+ bi(2)

(33) ¥ =yile(z) + L(2)¥ + b(2),

where we denote by 1, the vector in ¢P associated to the first row of the infinite matrix L (that is,
17" = ¢TL), by 1. the first column of L, and by 1;; the element e Le;. The operator L is defined
as the operator S¢LS,., where Sy is the left shift- and S, is the right shift operator; moreover we
set @ = Sya. Note that the matrix representation of L is equal to the matrix representation of L
without the first row and column.

Since r(L(xo)) = 1, we obtain (cf. Remark 5) that r(L(zo)) < 1. Thus, the solution of (33) is
given by

y(@,y1) = ([, ~L@) " (y1l(e) + B(x)).

Inserting this solution into Equation (32) gives

_ E(x)(lp —
yi(z) = 1— 1 (z) —

(z))~'b(x) + ba(x)

We finally obtain

K(z) = (I, ~ L)~ ()1, -

Then we have

1—y(z)
Note, that k(z) is analytic for = in a neighborhood of z. Note furthermore, that v(x) is also
analytic for x in a neighborhood of zy and that it is a positive function, and thus, a monotonically
increasing function (again, this can be shown with the help of the Neumann series). We also
know that y(xz¢) = 1 since otherwise (I, —L(z¢)) would be an invertible operator (contrary to
r(L(zo)) = 1). Finally we set (for x # x¢)

fla) = o=@ k@)
1—7(x) a0
We obtain that )
y(z) = ()

z0
In order to finish the proof of Theorem 4 for v = 0 it suffices to show that f(x) can be analytically
continued to zo and that f(x); # 0 for all j. First note that
— k 1 k
(34) lim £(z) = lim —0 =% K@ _ —_. (z0)
w0 a=wo y(w0) = () w0 Y(®0) 7o
This implies that for every £ € ¢? the limit

exists. Riemann’s theorem on removable singularities now implies that £ - f(x) can be continued
analytically to xg for all £ € ¢4 which finally implies that £(z) can be analytically continued to zg.
Since v/(zo) # 0 (7 is positive) and k(zg); # 0 for all j (this follows from irreducibility with the
help of the Neumann series), we have also proved that f(z¢); # 0 for all j.



SYSTEMS OF FUNCTIONAL EQUATIONS AND GAUSSIAN LIMITING DISTRIBUTIONS 27

In the second part of the proof we show that the result holds also true for v in a neighborhood
of 0. First we see that Equation (33) can also be solved with the additional parameter v. Indeed,
the analyticity of F and Lemma 6 imply that r(L(zg,v)) < 1 for all v in a neighborhood of 0.
Inserting this solution into Equation (32), we obtain in the same way as above that

k(x,v)
1—v(x,v)’
for some analytic function k(z,v) and for v(z,v) = li1(z,v) + L.(z,v)(I, —L(z,v)) " '1L.(z,v).
Since +/(zg,0) > 0, the implicit function theorem implies that there exists an analytic function
2o(v) in a neighborhood of 0 such that

y(:L',V) =

Y(zo(v),v) = 1.

Thus we obtain with
xo(v) — 2z k(z,v)

f(.’L') = 1_ ’)’(SC V) ZL'()(V) ) €T 7é ZC()(V),
that )
y(SC,V) = jf(ﬂC,V)
zo (V)

As before, we see that f can be continued analytically to (v). This finally proves Theorem 4.
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