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CENTRAL LIMIT THEOREMS FOR THE SPECTRA
OF CLASSES OF RANDOM FRACTALS

PHILIPPE H. A. CHARMOY, DAVID A. CROYDON AND BEN M. HAMBLY

ABSTRACT. We discuss the spectral asymptotics of some open subsets of the real line with
random fractal boundary and of a random fractal, the continuum random tree. In the case
of open subsets with random fractal boundary we establish the existence of the second order
term in the asymptotics almost surely and then determine when there will be a central limit
theorem which captures the fluctuations around this limit. We will show examples from a
class of random fractals generated from Dirichlet distributions as this is a relatively simple
setting in which there are sets where there will and will not be a central limit theorem.
The Brownian continuum random tree can also be viewed as a random fractal generated by
a Dirichlet distribution. The first order term in the spectral asymptotics is known almost
surely and here we show that there is a central limit theorem describing the fluctuations
about this, though the positivity of the variance arising in the central limit theorem is left
open. In both cases these fractals can be described through a general Crump-Mode-Jagers
branching process and we exploit this connection to establish our central limit theorems
for the higher order terms in the spectral asymptotics. Our main tool is a central limit
theorem for such general branching processes which we prove under conditions which are
weaker than those previously known.

MSC: 28A80 (primary), 60J80, 35P20 (secondary).

1. INTRODUCTION

Let D be a non-empty bounded open subset of R¢ for d > 1 and let A be the Dirichlet
Laplacian on D. Then the spectrum A of —A is discrete and forms a positive increasing
sequence

O< A <A <0,

where the eigenvalues are repeated according to their multiplicity. Interest in the geometric
information about D encoded by A started a little over 100 years ago and was crystallised
by Kac in his paper [29] entitled ‘Can one hear the shape of a drum?’ Or more precisely,
does A determine D up to isometry? The answer to that question is no in general, as shown
in [21, 43]; see also [9] for a concise presentation of a family of counterexamples.

However some geometric information about D can be recovered. Weyl’s theorem shows
that the eigenvalue counting function N defined by

NA) =#{N N\ < A}
has asymptotic expansion
N(X) = cr(d)volg(D)AY? 4 o(A¥/?),

as A — 00, for some constant ¢ (d) depending only on d, where vol; denotes the d-dimensional
Lebesgue measure. Aside from prompting Kac’s question this result has led to a large body
of work on the behaviour of the eigenvalue counting function and we now give a very brief
description of the results that have motivated the work we will present here.

As a first extension it is natural to ask about the second order term in this expansion. If
0D is smooth, then under some assumptions, that there are not too many periodic geodesics,
the expansion has a second order term

N(A) = e1(d)volg(D)AY? — ey (d)voly_1 (OD)AI=D/2 4 o(\[4=1)/2)
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as A — oo, for some other constant ca(d) depending only on d. The reader is referred to
[26, 34, 46, 47, 50] and references therein for more information. This means that, under some
regularity conditions, we can recover the size of the domain and that of the boundary from
the spectral asymptotics; in particular, using the isoperimetric inequality, we can determine
whether or not D is an open ball.

Interest in the second term of the expansion of N grew further when Berry studied the
spectral asymptotics of domains with a fractal boundary in [6, 7]. He conjectured that the
Hausdorff dimension of D should drive the second order term. Brossard and Carmona in
[8] studied the associated partition function, a smoothed version of the eigenvalue counting
function, and showed that the Minkowski dimension, dj;, was the relevant notion of dimen-
sion for the second order term in the short time expansion of this function. For the counting
function itself a general result of Lapidus [35] shows that, if d — 1 < dj; < d, the second
order term is of order O(A%/2) provided the Minkowski content of the boundary is finite.
In general it is difficult to determine the precise order of growth for the second order term
for arbitrary boundaries, however for one-dimensional domains [38] it was shown that the
Minkowski dimension captures the order of growth of the second term in the asymptotics
and the Minkowski content, the constant, when they exist.

The problem of determining the spectral asymptotics has also been considered for sets
which are themselves fractal. For some classes of fractal, such as the Sierpinski gasket, or
more generally p.c.f. self-similar sets [32] or generalised Sierpinski carpets [4], a Laplacian
can be defined and shown to have a discrete spectrum. The exponent for the leading order
growth rate in the eigenvalue counting function is called the spectral dimension and differs
from the Hausdorff or Minkowski dimension of the set. If the fractal has enough symmetry,
such as for instance the Sierpinski gasket, then a Weyl type theorem is no longer true [19],
[5] in that the rescaled limit of the eigenvalue counting function does not converge. However
the Weyl limit does exist for ‘generic’ deterministic p.c.f. self-similar sets [33] and also for
random Sierpinski gaskets [23] and it is natural to ask about the growth of the second order
term in these settings.

Our aim is to consider some random fractals where we anticipate more generic behaviour
of the counting function. We will consider both domains with fractal boundaries and fractal
sets here. Firstly we will consider the case of open subsets with fractal boundaries in the
one-dimensional case of a so called fractal string. Our second case will be an example where
the set itself is a fractal, the continuum random tree. In both cases the first order terms in
the spectral asymptotics due to the fractal structure are understood and we will focus on
the behaviour of the second order terms.

A fractal string is a set obtained as the complement of a Cantor set in the unit interval, so
can be thought of as a sequence of intervals of decreasing length [37]. The Dirichlet Laplacian
is then the union of the Dirichlet Laplacians on each interval. Some discussion of the spectral
asymptotics of random fractal strings can be found in [24] where it is shown that for Cantor
sets constructed via random iterated function systems, the second order term due to the
boundary exists almost surely. We will consider a suitable subset of these random fractal
strings and determine when the order of the fluctuations about the boundary term is given
by a central limit theorem (CLT).

This turns out to be a subtle question and the existence of a CLT is determined by the
rate of convergence in an associated renewal theorem. We will give a precise statement after
introducing all the terminology in Theorem 4.3. We will then show that when the fractal is
generated using a Dirichlet distribution, the existence of a central limit theorem depends on
the particular Dirichlet distribution considered.

An example of what we are able to show is the following. Let S, o, for v € (0,1),a € N, be
the random fractal string obtained as the complement of the random Cantor set generated

by subdividing any interval of length ¢ into three, retaining two intervals of size Tl1 / e, T2l My ,

and removing one of length ¢(1— T]Ll /M —T21 / 7, where the pair (T1,T5) is independent for each
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interval and distributed as Dirichlet(c, ) (that is a Beta(a, «) distribution in this simple
case) and 0 < v < 1. We write P for the probability law for the random fractal string and E
for expectation with respect to P. We note that v will be the Minkowski dimension of the
random Cantor set P-almost surely, that is the dimension of the boundary of the string. We
write N, o(A) for the associated eigenvalue counting function.

Theorem 1.1. (i) For all « € N and v € (0,1) there is a strictly positive deterministic
constant C(v,a) such that as A — oo

1
A/2 (/\1/2 _ N%a(/\)> — C(v,a) P-almost surely.
T

(ii) If o < 59, then there exists a strictly positive deterministic constant o(«) such that as
A — 00

1
A4 ()\7/2 ()\1/2 — N%a()\)) — C(’y,a)) — Z, in distribution
i

where Z is normally distributed with mean 0 and variance o(a)? € (0, 00).
(iii) There exists an & > 80 and a v € (0,1) such that: if 59 < a < &, then there exists a
not-identically-zero periodic function p, (x) such that

BN, 0(A) = SAV2 — Oy, @) X2 4 po o (log ANTHE/2 4 o(31(0))
T
where n(a) = max{R(Oy) € (—o0,1) : P(fy) = 0},

a—1
P(6) = [[(a+6+0)— <2§;)!
1=0

and, for this range of o we have 1/2 < n(a) < 1. In particular

/4 <A7/2 (iAl/Z - N%a()\)> —C(, a))

does not converge in distribution as A — oco.

Remark 1.2. (1) The first result gives the almost sure behaviour of the second term in
the counting function asymptotics and is true for random fractal strings constructed using
a wide class of distributions on the simplex.

(2) In part (iii) we conjecture that it is possible to take & = co and any v € (0,1). Indeed,
towards proving the above result, we first provide conditions under which a CLT holds
(see Theorem 4.3 and Section 5.2), and explain when one will not (see Remark 4.4). This
distinction is determined by the rate of convergence in a related renewal theorem and depends
on the values of the roots of P(#) = 0, which we solve numerically (we can also solve this
equation analytically for small values of «). These computations demonstrate that we can
take & to be at least 81. Furthermore, although we are not able to prove it rigorously, the
monotonicity of the results suggests that & can be taken arbitrarily large.

(3) We also conjecture that, in the case where there is no CLT, i.e. a > 59, the size of the
second order term is determined by 7(«), in that, P almost surely for € > 0,

1
Nya(A) = ;)\1/2 — C(v, a)N/? 4 O\ 1)/ 2F€y

where 1/2 < n(a) < 1 and n(a) — 1 as o — 0.
(4) The proof of the above result shows that the period of p, o is given by 47 /~|J(6p)|, where
0y is one of the complex conjugate pair of roots whose real part gives n(«).

Observe that, as « increases, the Beta(a, «) distribution becomes closer to the distribution
given by a delta measure at the point (1/2,1/2). If we take v = In2/1n 3, then we anticipate
that our random fractal string should converge (in a suitable sense) to the Cantor string (the
string formed as the complement of the classical ternary Cantor set) as « goes to infinity. It
is known that for the Cantor string there is a non-constant periodic function that appears
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in the second order term in the counting function asymptotics [37]. Thus our result suggests
that there is a non-trivial transition in the parameter space from the case where there is
‘enough randomness’ for a CLT about the second order term, to the case where there is not,
through to the limit, where there is not even a strong law of large numbers for this term.

We will also consider the case of the Brownian continuum random tree, a random self-
similar fractal. It was shown in [11] that there was a Weyl limit for the counting function
in this case. It was also shown that the second order term for this fractal set was of order
1 in mean — which would be anticipated as the boundary of the tree is just two points,
a 0-dimensional set. In this paper we show that there is a CLT about the almost sure
asymptotics. However at this point we have not shown strict positivity of the variance due
to the complexity of the correlation structure in the variance of the limit of the rescaled
counting function. We conjecture that there will be a non-trivial CLT for this counting
function. This will show that the randomness in the construction means the second order
term in the spectral asymptotics is determined by the fluctuations about the leading order
term, as these are much greater than the effects due to the boundary of the set.

The main technical tool we develop is a central limit theorem for the general Crump-Mode-
Jagers branching process. In our setting the random fractal sets, the random Cantor set
boundary of the string, or the continuum random tree, can be encoded as general branching
processes. We are able to use a characteristic associated with these processes to determine
the behaviour of the counting function. In this case there may be dependence on the offspring
of an individual and we obtain a CLT in this more general setting, extending the work of [28].
We also remark that the techniques used here can easily be applied to geometric counting
functions or other functions associated with heat flow, such as the partition function or heat
content of the set. We anticipate similar behaviour in the fluctuations of these quantities
about their almost sure limits.

The paper is organised as follows. In Section 2, we recall the definition of the general
branching process and some laws of large numbers for such processes. We then prove our
central limit theorem for the general branching process using a Taylor expansion proof. In
Section 3, we restrict ourselves to general branching processes where a suitable function of
the birth times is chosen to lie on an n-dimensional simplex, which will ensure that the
limit of the usual branching process martingale is a constant. We will call such processes
A,-GBPs and discuss extensively how to establish the conditions required for the central
limit theorem in this setting as this will allow us to illustrate when we do and do not have a
central limit theorem for the associated general branching process. In Section 4, we define a
family of open subsets U of [0, 1] whose random boundary is a statistically self-similar Cantor
set built using scale factors on the simplex. We are then able to show our main result which
gives conditions for the existence of a central limit theorem. In Section 5 we consider some
examples where the law of the A,,-GBP is given by a Dirichlet distribution. We show that,
for some Dirichlet weights, the eigenvalue counting function of the set U satisfies a central
limit theorem. As a consequence we will be able to establish Theorem 1.1. In Section 6 we
turn to the continuum random tree. We recall that this tree can be viewed as a random self-
similar set and how to construct a Laplace operator on it. We then show that the conditions
for the general branching process central limit theorem hold and hence there is a CLT in the
spectral asymptotics.

Notation. For convenience, we will use the shorthand notation ¢; with i € N to mean some
positive constant whose value is fixed for the length of a proof or a subsection.

2. A CENTRAL LIMIT THEOREM FOR GENERAL BRANCHING PROCESSES

2.1. General branching processes. In this subsection, we introduce the general or C-M-J
branching process. The presentation is inspired by [23, 27, 45], to which the reader is referred
for further information.
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In the general branching process, the typical individual z is born at time o, has offspring
whose birth times are determined by a point process &, on (0,00), a lifetime modelled as a
non-negative random variable L,, and a (possibly random) cadlag function ¢, on R called a
characteristic.

We index the individuals of the general branching process using the address space

(1) I= U N, where N =g.
k>0

The ancestor ) is born at time oy = 0, and individual = has £, (0, 00) offspring whose birth
times o, ; satisfy

§u = Z 50@,1'*01,
=1

where § is the Dirac measure and z,7 is the concatenation of x and 7. The trace of the
underlying Galton-Watson process is a random subtree of I which we denote by ¥. We write
0 for the set of infinite lines of descent in the process. For z,y € ¥ we also use the notation
x < y if there exists a sequence (z1,...,2;) with z; € N;i = 1,...,k with k£ € N such that
y = (z,21,...,2). Similarly, for x € ¥, y € 0% we write x < y if there exists a sequence
(z1,22,...) with z; € N;i = 1,2,... such that y = (z,21,29,...). A cut-set C of ¥ is a
collection of x € ¥ such that x £ 2’ and 2/ £ x for all 2/ # x € C and Vy € 9% there is an
z € C such that z < y.

It is customary to assume that the triples (¢;, Ly, ¢,). are i.i.d. but we allow ¢, to depend
on the progeny of x; we also do not make any assumptions on the joint distribution of
(€xy Ly, ). When discussing a generic individual, it is convenient to drop the dependence
on z and write (£, L, ¢). We will write P for the associated probability law and E for its
expectation.

We define

() = £((0,1]), v(dt) =EE(dt), &(dt) =eE(dt), and vy (dt) = E&, (dt),

for v € (0,00). Furthermore, we will always assume that the general branching process

has Malthusian growth, i.e. that there exists a Malthusian parameter v € (0,00) for which

vy(00) = 1. This implies, in particular, that the general branching process is super-critical.
We denote the moments of the probability measure v, by

(2) W = /000 s*u.,(ds).

In all cases of interest to us, p; will be finite. Note, however, that some convergence results
still hold when that is not the case, as explained in [45].

The presence of the characteristic ¢ in the population is captured using the characteristic
counting process Z® defined as

£p(o0)
(3) Z¢(t)zz¢x(t_ax) :¢(Z)(t)+ Z Zf)(t_o'i)a
=1

T€EY

where the Z? are i.i.d. copies of Z?. An important example in the study of random fractals
is the characteristic ¢(t) = (£(00) —&(t))1(0,00)(f), Whose corresponding counting process z¢
has the property that Z¢(t) is the number of offspring born after time ¢ to parents born
up to time ¢t. Later, we will define characteristics that count eigenvalues of the Dirichlet
Laplacian.

There are two central elements in the study of the asymptotics of the counting process.
The first is that the functions

22(t) = e MEZ?(t) and u®(t) = e T'Ed(t),
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satisfy the well-studied renewal equation
o
() 2O =0+ [ 2 o ds)
0

see [18] for a classic exposition and [27, 30, 41] for alternative results.
The second is the process defined by

Mt — Z 677017
TEA:
where
AN={zeX¥: 2= (y,i) forsomeyeX,ieN, and oy, <t < 0.}
is the set of individuals born after time ¢ to parents born up to time ¢. The process M is a
non-negative cadlag Fi-martingale with unit expectation, where

Fe=0(Fp,0, <t) and Fp =0({(&,Ly): 0y < 0z});

we call it the fundamental martingale of the general branching process.

The martingale convergence theorem shows that M; — M., as t — 0o, almost-surely, for
some random variable M,,. Furthermore, under an x log x condition standard in the theory
of branching processes, M is uniformly integrable. More precisely, in [13, 14], Doney proved
the following result.

Theorem 2.1 (Doney). The following are equivalent:
(i) B & (00) (10g &, (00)) 4] < o;
(ii) EMs > 0;
(il)) EMay = 1;
(iv) My > 0 almost surely on the set where there is no extinction;
(v) M is uniformly integrable.

Otherwise, Mo, = 0 almost surely.

For technical reasons, it is often easier to apply renewal theory under the assumption that
¢ vanishes for negative times. When that is not the case, we can set

§z(00)
(5) Xe(t) = ¢a(O)lio + Y Z2,(t — o) lo<tco,
=1
so that
&p(c0)
7000 (t) = xo(t) + Y Z(t = 0)1i—g.20.
=1

This means that Z¢1[07OO) = ZX, the counting process of the characteristic x, and we can

then work with ZX instead of Z¢ because y vanishes for negative times and ZX and Z?
obviously have the same asymptotics as t — oo.

2.2. Application to statistically self-similar fractals. As discussed in [17, 22, 42], the
general branching process provides a natural way to encode statistically self-similar sets. We
outline this connection now.

To build a statistically self-similar set K, we start with the address space I defined in
(1) and a non-empty compact set Ky. To each x € I, we associate a random collection
(Ng, @31, ... Py N, Juer, where N, is a natural number and @, ; are contracting similitudes
whose ratios we write R, ;. We assume that the collection is i.i.d. in @.

The random numbers (N, x € I) generate a random subtree X of I defined by () € ¥ and

Y=Y, -, Y €N &= Y1,...,yn—1 € X and y, < Ny, 4. ;-



CENTRAL LIMIT THEOREMS FOR THE SPECTRA OF RANDOM FRACTALS 7

For x = x1,...,x, € ¥, define

[o@)
K, = (I)m ©--+0 q)wl,m,xn(K@) and K = ﬂ U Ko,

where |z| is the length of the word z. The set K has the intuitive property that it can be
written as scaled i.i.d. copies of itself, namely,

N
K =] ®i(K)),
=1

where K, ..., Ky are i.i.d. copies of K.

Let us emphasise that the choice of K is not unique in general. However, for technical
reasons discussed in [17], we make the following two assumptions. First, we assume that the
sets (int K,z € X) form a net, i.e.

r <y = int K, Cint K,

and also

int K, Nint Ky = () if neither x <y nor y < x;
the analogue of the open set condition for self-similar sets. Second, we assume that the
construction of K is proper. i.e. that every cut-set C of X satisfies the condition: for every
x € C, there exists a point in K, that does not lie in any other K, with y € C.

The Hausdorff dimension of statistically self-similar sets is almost surely constant on the
event that it is not empty and was calculated in [17, 22, 42]. Tt is given in the following result
by a formula, the random analogue of that due to Moran [44] and Hutchinson [25] familiar
from the deterministic setup.

Theorem 2.2. Let K be a statistically self-similar set. Write (N, Ry, ..., Ry) for the num-
ber of similitudes and their ratios. Then, on the event that the set K is not empty,

N
dimK:inf{s 'E (ZRf) < 1} a.s.

i=1
To specify a general branching process corresponding to the random set K, we set

Ny
fx = Z o logR; ;>
i=1

and L, = sup,; 0,; — 0. With this parametrisation, the set K, in the construction of K
corresponds to an individual born at time o, and has size e~?>. Furthermore, since

00 N
E/O e%¢(dz) = E <;Rf>,

the Malthusian parameter v is equal to the Hausdorff dimension of K by definition.

2.3. Laws of large numbers. Before we can prove our central limit theorem for the general
branching process, we state Nerman’s laws of large numbers, proved in [45]. They are proved
for non-negative characteristics with progeny dependence. In applications, if this is not the
case, it suffices to write the characteristic as the difference of its positive and negative parts.

We start with the weak law of large numbers. Recall that a measure is said to be lattice
if its support is contained in a discrete subgroup of R and non-lattice otherwise.

Theorem 2.3. Let (&4, Ly, ¢2)s be a general branching process with Malthusian parameter
v, where ¢ > 0 and ¢(t) = 0 for t < 0. Assume that u® is directly Riemann integrable and
that vy is non-lattice. Assume further that, for everyt,

E [sup gb(u)] < o0.

u<t
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Then,
22(t) — 2%(c0) = ul_l/oo u®(s)ds,
where py is defined in (2), and ’
e 1 Z2(t) = 2%(00) Mo, in probability,

as t — oo, where My, is the almost sure limit of the fundamental martingale of the general
branching process. Furthermore, if M is uniformly integrable, then the convergence also takes
place in L.

The strong law of large numbers requires the following additional regularity condition.

Condition 2.4. There exist non-increasing bounded positive integrable cadlag functions g
and h on [0,00) such that

E |sup 57(00) - é'y(t)

] <oo and E [sup e (1)
>0 g(t)

>0 h(t)

This first part of the condition is satisfied if there exists a non-increasing bounded positive
function g such that v(1/g) is finite, because then

&y(00) — &(¢) = 1 s 1 s
s e s [ e,

which has finite expectation. As such, this can be thought of as a moment condition that is
weaker than imposing that v, have a finite second moment; take g(t) = t~2 A 1.

In particular, if the expected number of offspring is finite, this part of the condition is
satisfied since, with the latter choice of g,

E/Oo g(t)"tete(dt) < sup{(1V t?)e " EE(00) < 0.
0 £>0

| <.

We can now state the strong law of large numbers.

Theorem 2.5. Let (§;, Ly, ¢z)x be a general branching process with Malthusian parameter
v, where ¢ > 0 and ¢(t) =0 fort < 0. Assume that v., is non-lattice. Assume further that
Condition 2.4 is satisfied. Then,

22(t) — 2%(c0) = ul_l/ u®(s)ds,
0
where py is defined at (2), and

e " Z2(t) = 2%(00) Moo, a.s.,

as t — 0o, where My, is the almost sure limit of the fundamental martingale of the general
branching process. Furthermore, if M is uniformly integrable, then the convergence also takes
place in L.

Similar results have been proved by Gatzouras in the lattice case. We will not use them
here and refer the reader to [20].

2.4. The central limit theorem. In [28], Jagers and Nerman proved a central limit the-
orem for the general branching process under the assumptions that the characteristics are
i.i.d. We now give a Taylor expansion proof of a similar result, but continue to allow ¢, to
depend on the progeny of z. We start by introducing some additional notation.

Consider the general branching process (£, Ly, (), with Malthusian parameter vy. We
assume that ¢ is such that

Z(t) == Z(t)

has zero expectation. In applications, ¢ is typically a suitably centred version of some
characteristic ¢; we will discuss examples in Section 3.
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We will use the rescaled version Z of Z defined by
£(0)
(6) 2(6) = e 220 = ) + 3 e 2 Zi(t - o),
i=1
where C(t) = e "/2((t).
Finally, to have a proxy for the variance, we define
~ £(o0)
(7) V() = Z(t)” ) + Z Vit

where
po(t) = Cp(t)* + 2y (t) Z i(t— o) —|—2ZZZ t—0:))Z;i(t —oj).
i=1 i=1 j<1u

As V satisfies an equation of the form (3) which leads to the renewal equation (4), the
functions v and r defined by

(8) v(t) =e "EV(t) and r(t) =e "Ep(t)

satisfy the renewal equation

o
(9) v(t) =r(t) +/ v(t — s)vy(ds).
0
Our central limit theorem requires two technical conditions which we discuss now.
Condition 2.6. There exists € € (0,1/2) such that

e—t/2 Z Co(t — 03) — 0, in probability,
oz <et
as t — oo.

This is a regularity condition on ¢. In applications, we typically expect ¢ to satisfy a weak
law of large numbers. Therefore, the sum should grow like €7 and we can expect that the
condition is satisfied.

Condition 2.7. There exists k € (0,00) such that
sup B{|Z(t)|*""} < oo.
teR
This is a moment condition. In applications, it is convenient to check it for the third
moment, i.e. when x = 1, because that can be done using renewal arguments.

Theorem 2.8. Let (fz,Lg,fm)w be a general branching process with Malthusian parameter
v, where ¢ is such that EZ(t) = 0 for every t. Assume that v is bounded and that

v(t) = v(0),
some finite constant, as t — oco. Assume further that Conditions 2.6 and 2.7 hold. Then,
Z(t) = Zso, in distribution,
as t — oo, where the distribution of Z is characterised by

E [ewz}o} —E [e—%e%(oo)Moo] .

In the proof, we will use that if zq1,...,2, and w1,...,w, are complex numbers whose
modulus is bounded by C, then

n n n
HZ,'-HU)Z‘ g(]”fl E |zi—wi.
=1 =1 =1

A proof of this may be found in [16, Lemma 3.4.3].

(10)
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Proof. For € € (0,1/2), iterating from (6), the definition of Z, we get
(11) Z(t)y= Y e (t—0p)+ > e 1L (t - 0,).
op<et T€At

The first sum appearing in (11) can be rewritten as
e /2 Z Colt — 02)
oz <et

which, by Condition 2.6, converges to 0 in probability as ¢ — oo if we choose € appropriately
small. For the rest of the proof, we fix such a choice of e.

We now consider the other sum appearing in (11), and show that it converges in distribu-
tion to Zs as t — co. The result will then follow from Slutsky’s lemma. In other words, for
0 € R, we want to show that

(12) E |:ei6 2zeny e w2 Z(t—05) _ 67%921)(00)]\/100} — 0,
as t — 0o. To do this, write, for an zg € (0,1) that will be chosen below,

A= { sup |96_70$/221(t —0z)| < xo} ,
TEAet

and split (12) as

(13) E |:ei0 EwEAet e_’Yoz/QZ;c(t—a'x) _ e—%GQU(oo)MOO : A27t:|
(14) +E [eie Zﬁe/\et e_’YUa:/QZZ(t—a'z) _ 6_%921,(00) erAd =10 : AE t}
(15) +E [6_%021)(00) Dzeng € 7F eféozv(oo)Moo; A, t} .

We will show that each of these terms converge to 0 as ¢t — oco.
Fix # e R and § € (0,1). Let xo = 29(d) € (0,1) be such that

2

le* —1—z| <d|z|] and ez—l—z—% < d|z%,

whenever z € C satisfies |z| < zg. And let 7 = 7(9,0) € (0,00) be such that for ¢t > 7,
$8(2+“) |0|2+n sup E{|Z(u)‘2+n}67'ymt/2 <4,
ucR
0%[[v]l e ™ < a0

and
[u(o0) —v(t/2)| <6,

where & is given by Condition 2.7.
Let us start by dealing with (13). For ¢t > T,

P(AZ,) =P < sup [0e 17/ 2, (t — 0,) [T > x%+”>
IeAet

<P < Z |0|2+n87701(1+m/2)’2$(t - O.I)’2+I€ > x%-‘rn) ’
.’EEAet
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which, by Markov’s inequality, is bounded by

ST e Zy(t - o—z>|2+“]

.’EEAgt

xo—(2+n) |0 | 2+/£6—'yent/2E

(16) < xa(2+ﬁ)|9|2+ne—went/2E

S TR Z(t - ax>|2+“|fet}]

Z‘EAet

< xO_(Q""“) ’9|2+/€ SL€1£ E{]Z(u) |2+1{}ef'ymt/2

<4

)

where we have used that o, € F, that Zm is independent of F; and that EM, = 1. (This
is where we need to control the moment of order 2+ « for some x € (0,00).) Therefore, (13)
is dominated by

2P(AS,) < 26.

Since ¢ is arbitrary, it follows that

. —Nox /27 (+_ 192
B [0 Taena e Aalto00) _ o doteoiaio, g2 ] s,

as t — oo, as required.
To deal with (15), recall that

E e 1% = My — My, a.s.,
CL’EAet

as t — oo. Therefore, dominated convergence implies that

1

1p2 —yogx

as t — oo, as required.
We will spend the rest of the proof dealing with (14), which we rewrite as

TEANet €At

}}t}]

using the conditional independence built into the branching structure, where
ALy = {10e717 2 Z,(t = 0,)| < o}
y (10), the term inside the expectation satisfies

[T B{eo 0oy [Fof — T B{e 200 1y,

rEAt €At
e—10w /27, (1 142t
< Z ’E{elee ’ Zalt UZ)lAf,t ‘Fet} —B { € 30w 140

€,
xGAet

Fal
7l

(17)

A Taylor expansion and the second order exponential estimate yield that
7 - C"z/2 ~, —
‘E { e A0 fet}

- 1 -
- E{ (1 +i0e 192 7 (t — 0y) — 5926—7%2,,6@ — ax)2> 1az,

)

< 662 ||v|soe ™",
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t fet}

Furthermore,

. 1 .
E { (1 + 2'96_7“”/2210(75 —0z) — 5926_7‘7“233(15 — ax)2> 1ge

[ 7}
[ 7}

1 ~ —yow
+ ‘E{ <1 . 5926—’7033Zx(t . O-x)2 . 6—%921)(00)6 2l ) 1Af’t

_E { e—%GQU(oo)e’“"’I 1Af

<[B{ (e 2,0~ 02)) 10

Jret} ‘

Now, since

E[Z (t — o)

Fa| =0,
reasoning as in (16) shows that
{0 ) | )
= [B{ (e 22, (t—ax)) Lovaz, | F }|

< on{xg 6677772\ Zo(t — o) Lo e,

et}
< 0B {25 PB4 2, — ) P

< de 7%=,

|7}

for t > 7. And, since for x € A, we have
[0(00)8%e™77 /2| < 67 o]~ < a0,

a Taylor expansion and the first moment exponential estimate yield that
1 ~ oy

]-"et}‘ + %592"0(00)’677(%

1 ~ 1
< ‘E { —592677012x(t — 0.+ 5921)(00)67701

< 62 {Ju(t — o2) = v(00) | + 3[[vlc}e 7.
Notice that, for ¢t > 7,

> P{lu(t = 0u) —v(o0)| + b][vlloc e

xeAet
(18) <6 3 S0t ol)e 46 S (@24 8)ullee
S AV TE€EAtNA )2
<6021+ |[olloc) M + 022+ 8) [0l > €.
IEAetht/Q

Together, (17) to (18) show that (14) is dominated by

(19) E [5[14+6*(1+2[v]o0)]Ma] +E [0*2+06)[v]ec > €7
TEAetNAL /2

Fix ¢ € (0,00) large. For t large enough, by Lemma 3.5 of [45],

E Z e 7| <E Z e 1% — /fl/ (1 —wvy(s))ds,

TEAetNAL /2 TEAetNAettc
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as t — 0o. The limiting expression can be made arbitrarily small by choosing ¢ large enough.
Therefore, the second term in (19) converges to 0. Since EM = 1, the first term can also
be made arbitrarily small by adjusting . The result follows. O

2.5. A word on the lattice case. The statement of Theorem 2.8 requires us to show
that v(t) — v(oco). This is typically done using renewal theory. Recall that if v, is lattice,
supported on bZ, say, then this convergence does not occur. Instead we typically get that,
for every v,

v(y +bn) — g(y),

as n — 0o, where g(y) is a b-periodic function. In this case, the proof presented above shows
that, for every y,

Z(y +bn) = Zso(y), in distribution,

as n — oo, where the distribution of Z(y) is characterised by

E [eiezm(y)] —E [e—%BQg(y)Mm} '

3. THE CENTRAL LIMIT THEOREM FOR A,-GENERAL BRANCHING PROCESSES

In this section, we discuss applications of the central limit theorem to the general branching
process under the assumption that the number of offspring £(c0) is constant and equal to n,

say, and that the birth times o1,...,0, are distributed such that, for some fixed constant
v € (0,00), we have (e7771 ... e 7") is a distribution on the simplex A, in R", i.e.
n
Z e 17 =1.
i=1

The latter assumption ensures that the fundamental martingale M = 1. We call a branching
process with offspring distribution defined on the simplex in this way a A,,-general branching
process. For simplicity, we also suppose throughout this section that v, is non-lattice, though
as discussed in Section 2.5, we expect subsequential versions of the results below to hold if
this is not the case. A basic example that we will return to is the case where the distribution
of (e7771,...,e777") is Dirichlet(ay, ..., ap).

In this case our general branching process (£, Ly, ¢ )z, with Malthusian parameter ~y, will
satisfy a weak law of large numbers, i.e.

e " Z%(t) — 2%(00), in probability,

as t — co. We wish to describe the random fluctuations around the limit. To do this, we
study the expression

(20) 2 [e_VtZ‘ﬁ(t) . z¢(oo)} — 2 [z%) - evw(t)] +eM2[8(1) — 29 (00)].

Our aim is to apply Theorem 2.8 to the first part of this expression. We will see that
conditions making this possible ensure that the second term converges to 0. This will then
produce a result on the fluctuations of Z¢(t) thanks to Slutsky’s lemma.

An outline of this section is that we begin by centring our characteristic in order to apply
the central limit theorem of Section 2. We then show that in order to control the centred
characteristic we need to control the rate of convergence in the associated renewal theorem.

3.1. Centring the process. To start, notice that, in the notation of Section 2,

ZOt) — e 20(t) = Z(t) = Z°(¢)
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is a centred characteristic counting process, if we define ¢ by

Q) = do(t) + Y _ 7 722(t — 0y) — 720 (1)

i=1

(21) n
= du(t) + 32 I — ) — (1),

where we have used that e” 77! 4 .- 4e777" = 1. This representation can be used to get the
following control on ¢ under an assumption on |2?(t — ;) — 2%(t)|.

Lemma 3.1. Let (§;, Ly, ¢z)z be a Ap-general branching process. Assume that
|22(t) — 2%(00)| < c1e™ P A e,
for some positive constants c1,co and 1 € [0,7]. Then,
S| < 16(8)] + 2n (10 A cye)
Proof. Notice that

Co(6)] < [a(8)] + D 7 {|2(t = 04) — 2%(00)| + [29(1) — 2%(o0) [}
=1

< ‘¢@(t)| + Z (Cle(’Y—ﬁl)(t—Ui) A C2€7(t—a¢)> +n (016(7—61)1? A C2e'yt)
=1

< |¢g(t)| + <01 Z eV =B(E=) A Z e’y(t—m)) +n (Cle(v—ﬂl)t A 0267t> _

i=1 i=1
The result follows upon noticing that

n n
Z e(V=B1)(t=0i) — (y=P1)t Z e~ (Y=B1)oi < ne('Y*ﬁl)t,
i=1 i=1
and proceeding similarly for the other sum. (]

This lemma and the decomposition in (20) show that understanding the rate of convergence
of z%(t) to its limit in the renewal theorem is helpful for estimating the fluctuations of Z?.

3.2. Convergence rate in the renewal theorem. Consider the renewal equation

(22) z(t) = u(t) + /000 2(t — s)F(ds),

where F' is a non-lattice distribution function on [0,00). The key to solving the renewal
equation is the renewal measure
o0
H — Z ka’rl7
n=0

where F*" denotes the n-fold convolution of F' with itself, because z is typically given by

o
)= [ ult - y)H(dy)
0
see [18, 30] among others. The renewal theorem of [18] states that if F' has a finite mean 1,
then
(23) H(t) ~ ',

where f(x) ~ g(z) means that f(z)/g(z) — 1 as x — oo. Under some regularity conditions
on u, e.g. if u is directly Riemann integrable, this can be used to show that

z(t) — z(o0) = ! /00 u(s)ds,

H1 J -0
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as t — o0o; see [18].
The error in the linear approximation of the renewal function

(24) G(t) = H(t) — 't
has been studied extensively. When F' has a finite second moment uo,
K2
25 G(t) - —
(25) )~ 5
as t — oo.

The rate of convergence of G(t) to its limit in this case can be studied using the Fourier
transform f of I’ defined by

flw) = /00 e’ F(ds), weC.

—0o0

We refer the reader to [18, 40, 48, 49] and references therein for proofs; see also Appendix B
of [32] for a discussion of the lattice case. In particular, Stone proved the following theorem
in [48].

Theorem 3.2 (Stone). Suppose that there exists r1 € (0,00) such that f(w) is analytic and
# 1 when Rw € (0,r1). Then, for every r € (0,71),

M2 —rt
G(t) — == =0(e"),
()= 55 =06
ast — 00.

Since we aim to apply Lemma 3.1, we will be particularly interested in exponential rates
of convergence of z(t) to its limit. This rate of convergence is connected to that in Theorem
3.2 by the following lemma adapted from [12] which we include for convenience.

Lemma 3.3. Let z, u and F satisfy the renewal equation (22). Suppose that

2() = /0 ut-pH) [

—00

ast — co. Then,

2(00) = 2(t) = pi’* /O u(t +y)dy — /0 u(t —y)G(dy).
Proof. Tt suffices to notice that

+(00) — 2() =" | " ult + y)dy + gy Tt | " ult — y)Hdy),

and use the definition of G. O

o0

3.3. Checking the conditions of the central limit theorem. Discussing the conditions
of the central limit theorem involves finding growth estimates for ¢ which can be verified
using Lemma 3.1. To be compatible with the framework of Nerman’s law of large numbers,
we will focus on the situation where the characteristic vanishes for negative times; extensions
will be discussed where needed. We start by looking at Condition 2.6.

Lemma 3.4. Let (&4, Ly, ¢2)e be a A, -general branching process and let ¢ be defined as in
(21). Assume that ¢(t) =0 fort <0 and that there exists a constant ¢c; > 0 such that

<)) < ere™,
for some 1 € (0,7/2). Then, Condition 2.6 is satisfied.
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Proof. Let € € (0,v/2 — B1). Then, for ¢t > 0,

o <€t oz <et
By Theorem 2.3,
et 1 [~ _, . .
e Z 1— — e 7"dt = — in probability,
opct H1 Jo YH1
as t — 0. So the result follows since 51 + € < v/2. O

Coupled with Lemma 3.1, this result hints that we should not expect to have a central
limit theorem when 2?(t) — 2%(c0) does not decay at least as fast as e~7%/2, the threshold
for the second term in the right-hand side of (20) to converge to 0. We will explain more
precisely why this is sharp in Remark 4.4.

Let us now discuss the moment condition for the central limit theorem. The next lemmas
discuss a set of sufficient assumptions for Condition 2.7 to be satisfied for the A,-GBP. We
introduce the function

n
w0 =Y
i=1
and note that ¥ (1) = 1 and that (0) is strictly decreasing in 6.

Lemma 3.5. Let (§;, Ly, ¢z)z be a Ay-general branching process. Then, we have

I RS
k=0

TeEX

E

and the sum is finite if y € (1,00).

Proof. By monotone convergence,

Z eywz] — iE Z P AL

=) k=0 ||z|=k

E

Further, conditioning on the birth times, we get that

E Zefywz - E Z zn:efywzefyw(%,raz) = (y)E Z e~ Y10z

|z|=F |z[=k—1 =1 |z|=k—1
Iterating this and summing over k£ proves the equality with the infinite sum. Noting that
P(y) < 1 for y € (1,00) completes the proof. O

Relying on this, we can produce the following estimate on the third moment of the scaled
process Z.

Lemma 3.6. Let (&;, Ly, ¢2)z be a Ay-general branching process. Assume that ¢(t) = 0 for
t <0, that

IC(t)] < c1eV/? fort>0
and that v is bounded. Then,

supE|Z(t)]® < oo.
>0

Proof. Notice that

(26) Z(t)? = Wy(t) + Z Zi(t — 03)°,
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where

Wy(t) = Co(t) + 3Cp(t) Z (t — 03) + 3¢p(t) ZZ t—0i)Z;i(t — oj)

=1 1,7=1

]

3

+ Z Zi(t — 0))Z(t — 0) Zp(t — o).
7,k=
all e

not ual

Therefore, it is clear that |Z(t)|? is bounded by

(27) > 1t — o)
AP
(28) +3Z‘Cxt_0—a:| Z‘Z:Bl Urz’
TEX
(29) +3 Z |Cu(t — 02| Z | Z2(t — Oa)l ’nyj(t — 0ej)
zER ij=1
(30) +30 Y Zeilt = 00)l 1 Zaj(t = o)) | Zege(t = o).
€Y k=1

not all equal

To prove the lemma, it is sufficient to check that e=37%/2

these terms is bounded, which we do now.
To deal with (27), note that

e N2E Z 1Ce(t — 02) P < EE Z €317 = c} ZI/) 3/2)"
k=0

TEYL €Y

times the expectation of each of

thanks to Lemma 3.5.
Notice that our assumption on the boundedness of v implies that

EZ(t)? < cpe™.

Therefore, we can control the term corresponding to (28) using that

_37t/2EZ |<CL‘ t— oy ‘ Z’sz — Oz |

reX
D erlizon) Z E[Zyi(t — 00.0)*|Fa] /2
=1

TEX

n
E e_"/o'i E 6_"/0'12,1'/2
i=1

TEY

<ncier Y (3/2)F

k=1

< 0%6_3%/2E

< C%CQE

< 00,

using that o, ; > 0, and Lemma 3.5.
To deal with (29), we proceed similarly to get that

O Z |Gt — o) Z |Zx,i(t — 02| |Zm7j(t — 0a,5)

zED ij=1
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<ne”PEY Gt — 00| Y 1 Zui(t — 0wi)
1

€Y 1=
[e.e]
< n?ciey Z ¥(3/2)F.
k=0

The similar argument needed to bound the term corresponding to (30) relies on the ob-
servation that, if ¢, j and k are not all equal, then, assuming without loss of generality that
1 is different, we have

E{|Zi(t — o) |Zj(t — )| | Zk(t — on)||Fo}
= E{|Zi(t — o) || Fo}E{|Z;(t — )| | Zk(t — on)|| Fo}
< (B[Zi(t — 03)2|Fg)) 2 (BIZ;(t — 0)*| F]) 2 (B[ Z(t — 03) | Fo)) /2.

Using this and reasoning as above then shows that

n
e PEY N | Zei(t — 0w )| [ Za(t = 00 )| | Zuk(t — 0wk

zeX  i,j,k=1
not all equal

[e.e]
<nley Y ¥(3/2)".
k=0
The proof is complete. O

These results are easily combined to produce a version of the CLT for the case with weights
on the simplex.

Theorem 3.7. Let (&, Ly, ¢z)x be a Ay-general branching process such that ¢(t) = 0 for
t < 0. Assume that

|29(t) = 2%(00)| < cxe” ™,
for some B € (v/2,00), that
[6(1)] < eae™,

for some B2 € (0,7/2), and that v is bounded with v(t) — v(co) as t — oco. Then the CLT
holds in that

e_Vt/QZE(t) — Zno, in distribution,
as t — 0o, where the distribution of Zs, is normal with mean 0 and variance v(co).

Proof. 1t follows from Lemmas 3.1, 3.4 and 3.6 that Conditions 2.6 and 2.7 are satisfied.
This, with our other assumptions, gives the required conditions for Theorem 2.8. O

4. SPECTRUM OF RANDOM SELF-SIMILAR CANTOR STRINGS

In this section, we discuss the spectral asymptotics of a family of open subsets of [0, 1]
whose boundary is a random self-similar Cantor set generated using a distribution on the
simplex, called A,-random Cantor strings. Spectral asymptotics for a variety of Cantor
strings have been studied extensively in [24, 38, 39, 36] and references therein. We specialise
the discussion to A,-random Cantor strings here so that we can study the fluctuations of
the spectrum using the results of the previous section.
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FIGURE 1. First 4 iterations of the construction of K with the distribution
Dir(1,1,1) and v = 0.6.

4.1. Construction. Choose v € (0,1), n > 2 and consider the random vector (11, ...,T},)
with a probability law on the simplex. Start with the unit interval Ky = [0, 1] and replace it

by n equally spaced intervals of length Tl1 / RN ,Tﬁ/ 7. Replace each of these intervals by n
intervals created independently with the same procedure. Iterating indefinitely, we obtain a
decreasing sequence of compact sets (K, > 0), and K = N;K; is a statistically self-similar
Cantor set. Indeed, in the notation of Subsection 2.2, it suffices to set

(N,Ry,...,Ry) = (n, T\, ..., T

the maps (®1,...,Px) can easily be deduced from this. The corresponding general branch-
ing process (&, L) (no characteristic just yet) is obtained as described in Subsection 2.2. By
construction this is a A,-general branching process and its Malthusian parameter is . Fig-
ure 1 depicts the first 4 iterations in the construction of the set K with the distribution
Dir(1,1,1).

The set in which we are interested in this chapter is U = [0,1] \ K, whose boundary is K
by construction. Thanks to the Lindelof property, U is a countable union of intervals. As
such, U is a random string in the sense of [38, 39, 36] and references therein.

4.2. Fractal dimension. Consider the set U defined above and recall that the Hausdorff
dimension of QU = K is 7. Using Theorem 2.5, we now show that the Minkowski dimension
of QU exists and is also equal to v almost surely.

Theorem 4.1. The Minkowski dimension of the Ay,-random Cantor string K is almost
surely equal to .

Proof. Consider the characteristic function defined by

(t) = &(o0) — £(1).
The corresponding counting process Z? counts the number of offspring born after time t
to parents born up to time ¢. As such, Zd’(t) is an upper bound for the covering number
N(e™! K) of K with balls of radius e™.
By the strong law of large numbers, we have

1 o

e NZ2(t) — / Ee "¢(s)ds € (0,00), a.s.,
K1 Jo

as t — oo. This is easily used to check that dimy;K < 7 almost surely. The result follows

since dim K = ~ almost surely. U

4.3. Spectrum of the Dirichlet Laplacian. Recall that the eigenvalue counting function
for a domain D (or a countable union of domains) of R is defined by

Np(A) = #{eigenvalues of — A < A}.

Following [41], we define
- 1
Np(A) = =voly (D)AY2 — Np(\).

™
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The function Np has the property that if D; and D, are disjoint, then

(31) NDIUD2(>\) = NDI ()‘) + NDQ ()‘)
Furthermore, for r € (0,00), a change of variables shows that
(32) N,.p(\) = Np(r2)\).

In our applications of the central limit theorem, we will rely on the following assumption,
which was discussed in the previous section.

Assumption 4.2. The rate of convergence in the renewal theorem satisfies
12 4 o2
202

G(t) — < e Pt

for large t, for some By € (v/2,00)
We may now use the general branching process to study Ny.

Theorem 4.3. Let K be a A,-random Cantor string with dimension v and consider the
string U = [0,1] \ K. Then,

AT2Ng(A) = M, a.s. and in LY,

as A\ — 0o, for some strictly positive constant N.
Furthermore, if Assumption 4.2 holds, then

MN/ANTZNG(N) = N) — Z in distribution,

as A — 0o, where Z has a normal distributions with mean 0 and variance o for some strictly
positive constant o.

Proof. Define the random variable S by
S=1—-Ry—--—Ry)/(n—1).
By construction and the properties in (31) and (32), we have

Ny(A) = (n — 1)Ngp (A +ZNRU = (n— 1)Nj3(S?)) +ZNU (R2)),
=1

where U; are i.i.d. copies of U.
Now recall that the eigenvalues of —A for the unit interval [0, 1] are (n7)2. Therefore,

Npaj(A) = aIAMZ — (2T
which is bounded by 1 A (7~ \1/2).
To use the general branching process, set
$(t) = (n —1)Njg 1y (5%¢*) and  Z°(t) = Ny(e*)
so that .
2°(t) = dy(t) + Y _ 2 (t — o),

where Zf are i.i.d. copies of Z? and Z¢ is the counting process of the characteristic ¢.
Furthermore, notice that
(33) 0<p(t) < (n—1)e'licg+ 110 and  Z(t) 140 < caellicp,

for some positive constants ¢; and cs.
To establish the first statement of the theorem, we use (5) and set

X(8) = ¢(t)Liz0 + Y Z7(t = o) Lo,
i=1
which is bounded thanks to (33).
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Thanks to Theorem 2.5, this implies that
e ZX(t) — pyt /OO e T*Ex(s)ds € (0,00), a.s. and in L',
0
as t — o0o. By definition, this means that

AT2Ng(N) — ,ul_l/ e *Ex(s)ds, a.s. and in L',
0

as A — 00, as required. B
_ Let us now prove the second part of the theorem under Assumption 4.2. Consider ¢? and
(X defined as in (21) using ¢ and y. Notice that

VASES fo(t) and Z% .= Z@(t)

are equal for + > 0. In particular, the corresponding variance functions vX(t) and v?(t) are
equal for ¢ > 0. Furthermore, applying the fact that (G’? )z is 1.i.d. together with the bounds
from Lemma 3.1, it follows that there are positive constants ¢, 7 = (261 — ) A~y such that

r®(t) = e E|CP)? < ce” I,

These observations and the renewal theorem of [41] imply that

(34) lim vX(t) = lim v?(t) = ull/ e "E(?(5)%ds = v(00) € (0,00),
t—00 t—00 0
say.
Since x is bounded and
(35) |2X(t) — 2X(00)| < cpe™ ™t

by Assumption 4.2 and Lemma 3.3, the conditions of Theorem 2.8 are satisfied. This implies
that

M2 (et ZX(t) — 9M) — N(0,v(00)), in distribution,
as t — oo. Using the definition of ZX, the decomposition in (20), (35) and Slutsky’s lemma
completes the proof. O

Remark 4.4. The arguments in the proof can be used to show that there cannot be a
central limit theorem when the rate of convergence in the renewal theorem is not fast enough.
Suppose that

22(t) — 2%(00) = cre” Mt + o(e™P1E),
as t — oo, for some real constant ¢;. Then notice that the centring ¢? introduced in (21)
and used in the proof of Theorem 4.3 satisfies

G +Ze” "t = 01) = 2%(00) + 27(00) = 2 (1)

= (Z)(Z)(t) =+ Cle(’y 51 (Z 6_(7 ﬁl)o'z —e ’YU’z) +0( (’Y 51) )

=1
= ¢g(t) + c1e VPR 4 o(eV =B,

say, as t — oo (where the remainder is deterministic). Notice that R is a strictly positive
random variable. In particular, for some €y € (0,00), we have P(R > ¢y) > 0. Therefore,
there exists o such that, for ¢t > tg,

. . 1
GOF 2 16O Lz > 50 1pse,

This implies that, for ¢ > t,

—_

r?(t) = e E|G (1) > S ctedeTP(R > ¢).

l\D
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If 51 € (0,7/2], then, by renewal theory, we cannot have a finite limiting variance in (34)
and in particular, no central limit theorem.

5. DIRICHLET DISTRIBUTIONS

We now consider the case where the distribution on the simplex is the Dirichlet distribution
and perform some explicit calculations to show the range of behaviour that is possible in our
set up. In this set up the birth times are distributed as

(e77,...,e7 ") ~ Dir(ay, . .., an),

where Dir denotes the Dirichlet distribution. We will describe this situation by saying that
the A,-general branching process has Dirichlet weights & = (a1, ..., ) and write

ap=ay+ -+ ap,

as usual.

5.1. Explicit calculations with Dirichlet weights. In general, it is difficult to determine
the solutions to f(w) = 1 needed to use Theorem 3.2. In some cases with Dirichlet weights
which we discuss now, however, we can use the properties of the Gamma function to study
f and deduce convergence rates for the renewal theorem.

Let X ~ Dir(a) be a random vector in R™. It is well-known that, for every 1,

X; ~ Beta(a;, ap — o),

where Beta denotes the Beta distribution. Recall that if Y ~ Beta(f1, 52) then

B(0 + 1, 52)
EY? = 2
B(81, B2)
where B is the Beta function, i.e.
I'(z)I(y
B(z,y) = .
@) I'(z+y)

Therefore, we get that

n B F(Oéo) " F(al+9)
;Xf]‘nawwz D)

i=1

(36) P(0) = E

where the equation defines v. For the general branching process with Dirichlet weights
defined above, it follows that

n

Z e_yai(l—w/v)] =1 —w/v).

i=1

37)  flw) = / " vy, (ds) = / T sy (ds) = B

—00 —00

If ap — o € Z for every i, we can use that I'(w + 1) = wI'(w) to reduce the function % to
a rational function which may be simpler to analyse. Notice that this assumption implies in
particular that there exist some a € R and ¢; € Z such that, for every i, we have a; = a + ¢;.
Therefore,

ap=a+ly=0c1+ -+a,=na+l+ -+ 4L,

from which it follows that (n — 1)a € Z.
By definition of G in (24) and writing F' = v, we have

G F(t) = HsF(t) — 7" /Ooo(t — $)F(ds)

= H(t) — 1450 —py 't + 1
— G(t) + 1t<0.



CENTRAL LIMIT THEOREMS FOR THE SPECTRA OF RANDOM FRACTALS 23

Denoting by g the Fourier transform of G and f that of I’ = v, we thus get that
1
gw)=——77+—, weC.
T W)

Applying (36) and (37), for the general branching process with Dirichlet weights o satisfying
ag — o; € Z for every i, the function f can be written

flw) =91 —w/y) = Z P

where P; is a polynomial of degree ag — ;. It follows that
g(w) = —= | IZ(U})
[T Pi(w) = 320 Hj;éi Pj(w)
> ie Hj;ﬁi Pj(w)
[[ie Pi(w) — 320, Hj;éi Pj(w)
R(w)
Qw)’

=1+

=1+
say. It is easy to see that
degR < (n—1)apg = deg Q.

Now, decompose ¢ into partial fractions and write

where (p;,7 < q) are the roots of @) with corresponding multiplicities m; and @Q; are polyno-
mials with deg @Q); < m; for every 4; in particular,

mi+ -+ mg=(n—1)ag
Recall that, for k € Z4 and R(A —r) <0,

Mk —rt _ k (A=r)t _
/_OO et s odt = /0 t¥e dt = 7(7’ myy

and therefore that

>0 dk EINF
At k_—rt
(38) /0 e g (t ) dt = o

Using this, it is easy to check that
G(dt) = do(t)dt + > Qi(t)e " Licodt + Y Qi(t)e P Lysodt,
Rp;i<0 Rpi>0

where the Q; are polynomials determined using (38) and satisfying deg Q; < m;. Of course,
since F is supported on [0,0), so is H and therefore, by definition of G, we have

G(t)lico = —p; 1o
Putting this together shows that
(39) G(dt) = do(t)dt — py " Lecodt + > Qilt)e " 1psodt,
Rp;>0

which we can integrate to study the asymptotics of G. A particular example which will guide
us below is given in the following lemma.
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Lemma 5.1. Assume that all the roots of Q are simple. Then,

_ ci .
G(t) = —py Lcot + 7”22 1i>0 + g —e P>,
2M1 Rp; >0 i

where ¢; = Res(g; pi), the residue of g at p;.

Since in this case none of the singularities can be removed and all have order one, all the ¢;
are non zero. Furthermore, since if p; is a root with residue ¢; then p; is a root with residue
¢ as g(w) = g(w), roots with the same real part cannot cancel out. In particular, in this
case, the result of Theorem 3.2 is sharp.

Proof. Since all the roots of () are simple, we have

q
.
glw) =1+ ——
=1

9
w — pi

where we must have ¢; = Res(g; p;). Integrating (39) then shows that
_ Ci Ci _,
G(t) =Liz0 — py 'Licot — Y —Liso+ > —e Pl
Rp; >0 Pi Rp; >0 pi

Since F' has a second moment, the result now follows from (25) after letting ¢ — co. O

5.2. Examples. Let us first discuss how the observations above enable us to establish the
desired rate of convergence for some simple cases of Dirichlet weights.

Example 1.

Lemma 5.2. Consider the general branching processes with Dirichlet weights o described
above. Assume that

ke{l1,2,34}, n>2.

al:"':an:iu

Then the Fourier transform f(w) of v is analytic and # 1 when Rw € (0,~]. In particular,
M2 —t
G(t)— —= =0(e"),
()= 55 = O™
ast — oo.

Proof. Letting o = k/(n — 1) a direct calculation gives

i o+
i § Ve U

There is always a solution to ¥(6) =1 at § = 1 and all we require is that the other solutions
are less than 0 to establish, via (37), that f(w) is analytic and # 1 on Rw € (0, (1 + a)7).
For k = 1, the only solution to ¥(0) =11is 6 = 1.
For k = 2, the other solution to () = 1 is given by § = —2(a + 1).
For k = 3, the other solutions to ¥ (f) =1 are

3a+4 1
0= 22t 1 /302 190 —s.
2 2
and k = 4 has solutions to ¥(0) =1 at
1
9:—2a—4,—g—ai§\/—4a2—20a—15.

Thus the real parts of all the solutions are less than zero and we have the required analyticity.
The rest of the statement follows from Theorem 3.2. U
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W

//

FIGURE 2. Phase plots of 1 — f(yw) for « = 1, 2, 3, 10, 30 and 60. The
black line indicates the set {z € C : 8z = 1/2}. The regions of the plot are
{z € C: Rz and Sz € [—s,s]} for s =5, 10, 10, 40, 50 and 50.

Analytic solutions for the solutions to the equation ¥(6) = 1 do not appear to be available
for larger values of k.

Ezxample 2.

Here we discuss the general branching process derived from the class of examples mentioned
in the Introduction in which the Dirichlet weights are of the form a = (o, ) with o € N.
We will establish the Theorem from the Introduction.

Thanks to Lemma 5.2, we know that if o < 4, as n = 2, then the Fourier transform f of
v, defined in (37) can be used to show that the rate of convergence in the renewal theorem
is sufficiently fast for the requirements of Theorem 2.8. In other words, the applicability of
Theorem 2.8 depends on the regularity of the characteristic ¢.

More generally we need to solve the equation

2N o)l (a+0)
Tl 2a+6)

As a € N this is a polynomial equation and hence we seek roots of

(1 =0)) =(0)

o L 22a—1)!
i:HO(H—i-a—l—z) = W.

By letting w = 1 — @ the rate of convergence in the renewal theorem is given by the root
of 1 — f(yw) with smallest strictly positive real part. We have computed these values
numerically.

The numerical evidence shows that when « increases, some roots of 1 — f(~yw) get close to
the imaginary axis. This phenomenon is illustrated in Figure 2 which contains phase plots
of 1 — f(yw) for different values of «; we rescaled for convenience. To highlight this more
clearly, Figure 3 contains some close-ups of phase plots showing the absence or presence of
such roots of 1 — f(yw) for different values of .. In particular, when o = 30, the two non-zero
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FIGURE 3. Phase plots of 1— f(~yw) for a = 30, 60, 80. The black line indicates
the set {z € C : Rz = 1/2}. The region of the plot is {z € C : Rz €
[0,2] and Sz € [8,10]}.

roots of 1 — f(yw) closest to the imaginary axis are
p+ ~ 0.9951 £ 9.10741;

when « = 60, they are
p+ =~ 0.4962 £+ 9.10271;

and when a = 80, they are
p+ =~ 0.3718 4 9.0963:.

We have in fact computed the real part of the relevant root for all values of o from 1 to 80
— these are plotted in Figure 4. Numerically, this establishes that a = 60 is the smallest
integer value for which 1 — f(yw) has roots with real part < 1/2.

Our computations also show that for 1 < o < 80 the roots of 1 — f(vyw) are all simple and
occur as complex conjugate pairs except for the root at 0.

To summarise, this numerical evidence shows that the general branching process with
Dirichlet weights (o, a) admits a central limit theorem of the type described when a < 59,
but not when 60 < o« < 80. Moreover, the monotonicity of the plot in Figure 4 suggests that
the range for which there is not a central limit theorem extends to all o > 60.

We note that we see similar results in the asymmetric case with Dirichlet weights (a1, a2),
a1, g € N with ag < a3 — 1. In this case the polynomial equation becomes

as—1 a1—ao—1
~ (g +as—1)! L (aa+az—1)
<H(a1+0—l—z)——1(a1_21)! > 11 (a2+9+z)——1(a2_21)!

=0 =0
Here is a table showing for a given ao the values of a1 below which we are in the central
limit theorem regime.

ag | 1|23 4]5 6|7 |a—-1
o | 2632|39(45 |51 |57 |64 60

5.3. Applications to random self-similar strings. For the range of examples considered
in Example 1 of Section 3, thanks to Lemma 5.2, we know that the Cantor set in Figure 1
satisfies Assumption 4.2 and so, by Theorem 4.3, the corresponding Cantor string satisfies a
spectral central limit theorem.

We now return to the second example of Section 3, which was also discussed in the In-
troduction. Figure 5 contains some pictures of statistically self-similar Cantor sets with
Dirichlet weights (o, ) discussed in Subsection 5.2. The figure illustrates the fact that the
geometry of the Cantor set becomes more rigid as « increases, because the corresponding
Dirichlet distribution becomes more concentrated.

Proof of Theorem 1.1. The numerical evidence discussed in Subsection 5.2 shows that As-
sumption 4.2 is satisfied for integers o < 59. Thus, by Theorem 4.3, we have established
parts (1) and (4i) of the theorem.
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FIGURE 4. Plot of the real part of the root of 1 — f(yw) in Rz > 0 closest to
the imaginary axis against a.

For (iii), we start by noting if S := 1—TY7 — (1 —T)Y7, where T is a [0, 1}-valued random
variable with density
I'(2a)
[(a)?
and S := S/, then the explicit form of ¢(t) yields the following distributional equality:
o(t) = Se' — | Set|.
This is clearly bounded above by 1 for all ¢ € R, and moreover, we recall from (33) that
o(t) < et for t < 0. Taking expectations, the same is true of E¢(t). Such an observation,

together with the asymptotic behaviour of the renewal function (as stated at (23)), readily
allows us to apply the double-sided renewal theorem of [30, Theorem 5] to deduce that

$oz—l(l _ :L,)a—17

o0

() = /0 T uf(t - y) H(dy) - py! |ty = e0).

— 00
Thus we can apply Lemma 3.3 to obtain that
oo 1 (o]
20 - 2%(00) = [l = pGldy) ~ - [T+,
0 1 Jo

Using the bounds from (33) again, it is straightforward to see that the second term is of
order e 7", We now examine the first term. Using (39), we see

/ - uw(t —y)G(dy) = / e VEG(t — y)G(dy)
0 0

= > / L VEG( — y)Ouly)e "y,
0

Rp;>0
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Define 3 := v~} ming,, >0 Rp;, which by our numerical study in Example 2 of Section 5.2
we know satisfies 81 € (0,1/2) (for 60 < a < 80). Then

t t
/e_V(t_y)E¢(t—y)Qi(y)e_piydy < Z <1+tmi_1>€_7t/ e =Re)y gy

Rp;>p1 70 Rpi>p1 0
< ¢9 Z (1+ tmrl)e*'yt (1 + e('yfyepi)t)
Rpi>B1
= o(e”P1).

Without loss of generality we label the remaining pair of terms with p+ = (81 £i82), and we
have that, as all the roots are simple and come in conjugate pairs (again, for 60 < a < 80),
by the remarks after Lemma 5.1, Q+(y) = ce™ for some ¢, & with ¢ > 0. Hence

t
S / OBt - Q) My = 3 et [ - y)dy
0

Rp;=H1 +

t
Zceﬂée_pit/ 6—7(1_Pi)yE¢(y)dy
+

0

As 1—p1 > 0 and ¢(y) is a bounded function, the integrals in the above expression converge,
as t — 0o, to complex constants Ret? := fooo e~ 11=P£)WEp(y)dy. Tt follows that

2%(t) — 2%(00) = 2Rccos(yBat — 0 — &)e 1ALt 4 o(e7 7P,

Now, if we suppose that R > 0, then the reasoning in Remark 4.4 indicates that the Cantor
string does not satisfy a spectral central limit theorem for values of a € {60,...,80} (recall
that we have checked numerically that 51 < /2 and also ¢ > 0 for « in this range). Moreover,
splitting the process as in (20) but without scaling, then taking expectations, we can write

EZ%(t) = e"'2%(c0)+e" <z¢(t) - z¢(oo))
= e”’tz‘z’(oo) + 2Rccos(vyfBat — 5)67(1_61)15 + 0(67(1_61)15).

Rewriting in terms of the counting function we have the result for the mean counting function
with n(a) =1 — S the required root of the polynomial appearing in the Theorem.

Thus to complete the proof of (iii) it remains to check that R > 0. We will do this
numerically for a € {60, ...,80}. First, observe that for a € C with Ra € (0,1),

I = / h e "Eo(t)dt

= E/_Oo —at <Se LgetD dt

% In((n+1)/9) ~
= EZ/ e~ (Set - n) dt
_ nl—a (14n"hHe n (I+nH™ 1
B l—a a a(l —a)

: @)

where ag := (1 —a)~! and, for n > 1,

nlfa

ap = al—a) (1+ nH™(1+ant) — 1).
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FIGURE 5. Statistically self-similar Cantor strings for the distribution
Dir(a, @), with e = 1, 30 and 80 and v = 0.6.

Some elementary complex analysis yields

1
‘(1 +n ) —14+ant - a(a;_)nQ < 16Mn~3, Vn > 4,
where
M := max |(1 4 2)7¢| < 2517,
\ZIZ%
Hence, if n > 4, then
n—l—iﬂa
an — —
1-Ra
n o, alat1) -1 a(l —a) -3 -1
< 1- _— 1 11— ——= 16 M 1
S - (‘( an” " + 5 Y(14+an™) 52 + n |14+ an" |

(a+1)
2n3

lfﬂa a2
 Ja(l —a)

|
< 2 f(a),

' + 16Mn 3|1 + an_1|)

where

1 2 1 x
f(a) — <|a (a2+ )| + 24+9Raeg|3a||1 + a|) .
a

Now,

0o 0 0 _ _
/ e "Eo(t)dt = I — / e “EBo(t)dt =T — / e “ESeldt = I — agES.
0

—0o0 —0o0

So, setting a = y(1 — p+), we obtain that for N > 3,

N
Re* — ES® <Zan 2{ (1+a)— 22” Ha) — ag (ES’“—ES’)

n=1
(9] —1-%Ra —1—Ra
SR n SN —2-9% aoma N f(a)
S ES @ Z Ay — S ES @ Z n af(a) S ES aw,

where ((x) = Y ° | n~" is the usual zeta function. In particular, the above inequality allows
us to compute an estimate for Re*™ whose error is no greater than the upper bound. For
values of « € {60,...,80} and v = %, our computations establish that R > 0, as desired. For
example, with this choice of v, we find that if « = 60, then R ~ 0.09703, and if o = 80, then
R ~0.1056. Note that values of p1 and R for all values of a € {60,...,80} are presented in
the Appendix below. O

6. SPECTRAL CENTRAL LIMIT THEOREM FOR THE BROWNIAN CRT

6.1. Brownian CRT definition and main result. Building on the investigations into
the spectrum of the Brownian continuum random tree (CRT) undertaken in [11, 12], in this
section we apply Theorem 2.8 to deduce a central limit theorem for the Brownian CRT’s
eigenvalue counting function. The starting point for doing this is the characterisation of the
Brownian CRT as a random self-similar fractal tree with Dir(1/2,1/2,1/2) weights. (This
was shown in [11] using a decomposition first derived in [3].)
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FIGURE 6. An excursion and associated real tree.

To introduce the Brownian CRT precisely, it will be most convenient to use the now
well-known connection between real trees and excursions. In particular, a function f is
said to be an excursion of length ¢ € (0,00) if it belongs to C(Ry,Ry) and also satisfies
f(z) > 0if and only if x € (0,¢). Given such a function, define a distance on [0, ¢] by setting
de(z,y) := f(x)+ f(y) —2inf{f(r) : r € [t Ay, 2 Vy]}, and let ~ be the equivalence relation
arrived at by supposing « ~ y if and only if d¢(z,y) = 0. Subsequently, if Ty := [0,£]/ ~
and dr; is the corresponding quotient metric, it is possible to check that (T, de) is a real
tree (see [15, Definition 2.1] for the definition of a real tree, [15, Theorem 2.1] for a proof of
this fact, and Figure 6 for a pictorial example). Applying this construction, one may define
the Brownian CRT to be the random real tree T = (7, d7) := (T2e,d7;, ), where e is simply
the Brownian excursion normalised to have unit length (see [2, Corollary 22]).

For P-a.e. realisation of 7, it is possible to define naturally an associated measure and
Dirichlet form as follows. Firstly, the canonical measure on 7, which will be denoted by ur,
is obtained by pushing-forward Lebesgue measure on [0, 1] by the quotient map onto 7. This
procedure yields a non-atomic Borel probability measure of full support, P-a.s. Secondly,
as a consequence of [31, Theorem 5.4], it is possible to build a local, regular, conservative
Dirichlet form (&7, F7) on L?(T, 1), which is related to the metric dr through, for every
r#yeT,

dr(z,y)"' =inf{Er(f, f): f € Fr, f(x) =0, f(y) = 1}.
The eigenvalues of the triple (&7, Fr, py) are defined to be the numbers A which satisfy

Er(frg) = A [r fodur, Vg€ Fr

for some eigenfunction f € Fy. The corresponding eigenvalue counting function, Np, is
obtained by setting

N7 (X) := #{eigenvalues of (E7, Fr, ur) < A},

and it is this function that will be of interest here. We note that it was checked in [11, Section
6] that N7 is well-defined and finite for any A\ € R, P-a.s. Moreover, from [11, Theorem 2]
and [12, Theorem 1.1 and Remark 1.2], we know that there exists a deterministic constant
Cyp € (0,00) such that, as A — oo,

(40) EN7(\) = CoA?3 + 0(1),
and also, P-a.s.,
(41) AT2BNF(N) = Co.

These establish second order mean behaviour, and first order almost-sure behaviour of the
eigenvalue counting function. Here, we further investigate the second order distributional
behaviour, applying our central limit theorem to prove the following result in particular.
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FIGURE 7. Self-similar decomposition of the continuum random tree.

Theorem 6.1. There exist constants Cy € (0,00) and C; € [0,00) such that, as A — oo,

N7(X) — CoA?/3
2\1/3

- N(Oa Cl)a
i distribution.

Remark 6.2. Unfortunately we are not able to establish that the asymptotic variance Cy
is strictly positive, as we were in the corresponding result for fractal strings (Theorem 4.3).
This is due to the more complicated correlation structure of the relevant characteristics, for
which we could not find suitable tools to analyse.

6.2. Self-similarity of the Brownian CRT. As noted above, the key tool in studying
the spectrum of the Brownian CRT in [11, 12] was a self-similar decomposition. We again
take this recursion as our starting point, and proceed in this section to describe this in more
detail. We also make the connection with the branching process framework of Section 2.
Let p € T be the ~e-equivalence class of 7 and 21, 2(® be two pr-random vertices
of 7. Since T is a real tree, there exists a unique branch-point b7 (p,z™"),z()) € T of
these three vertices. To be more precise, this is the sole element in the set [[p,z(1]] N
[, @) N [[z®, p]], where [[x,y]] is the unique injective path from z to y in T. Now, by
the non-atomicity of y, the vertices p, 2™, 2(?) are distinct almost-surely, and therefore lie
in different components of T\b7 (p, z(), (). We will label by 71, T2 and T3 the components
containing p, W) and 2@, respectively. Moreover, for i = 1,2, 3, we define a metric dr; and
probability measure p7; on 7; by setting dr; := A;1/2d7—]7—i «Tir 17 (+) := A7 p(-N°T7), where
A; := u7(T;). Note that, since 7 has full-support, A; is almost-surely non-zero. We also fix
(1)

p1 = p2 = p3 = bT(p,x(l),a:(2)), set ¥, " = p,:c(l),a:@) for i = 1,2, 3, respectively, and choose
$Z(-2) to be a p7,-random vertex of 7; for each i = 1,2, 3. (See Figure 7.) A minor adaptation
of [2, Theorem 2] using the invariance under re-rooting of the Brownian CRT (see [1, Section
2.7], for example) then yields the following.

Lemma 6.3. The collections (T;, dﬁ,uﬂ,pi,xgl),:c?)

(T,dr, m—,p,x(l),x@)), and moreover, the entire family of random variables is independent

of (A;)2_,, which has a Dir(3, 3, 3) distribution.

), i =1,2,3, are independent copies of

We will label the objects generated by applying this procedure repeatedly using a subset
of the address space of sequences I introduced in Section 2.1. In particular, for n > 0, let
Yn = {1,2,3}" (using the convention that {1,2,3}° = {0}), and define ¥ := U,;,>0%,. For
1 € Xm,J € Xy, we continue to write the convolution 45 = 41...%pmJ1...Jn. For k € X,
we denote by |k| the unique integer n such that & € ¥,,. We will also write for i € %,,,
ilp =41 ...1y for any n < m.

) (2))

Returning to our inductive procedure, given (7;,d7;, pu7;, pi,x; ,x; ), Where i € 3, we

define (7233 dTij » HTi55 Pigs ngl) ) .%'5]2)) and Aija J =123, from (7;7 dTi » T35 Pis 331(-1)7 xz(Q)) using
the same method as that by which 7 was decomposed above. If the o-algebra generated by

the random variables (A;);<jj<p is denoted by F,, for each n € N, then Lemma 6.3 readily
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yields the following corollary. As in [11] and [12], it is this result that facilitates all that
follows.

Corollary 6.4. For eachn € N, {(T;,dr;, 77, pis @ 5 ) )}Zegn s an independent collection

? z

of copies of (T, dr, pr,p, x(l),x@)), independent of F,.

To prove Theorem 6.1, we will work with the Dirichlet eigenvalues of (£7, Fr, 7). These
are defined to be the eigenvalues of the triple (SfD ,f}r) , ), where 87[—) = €& FDxFD and

P={feFr:flp)= f(z™M) = 0}. Since the corresponding eigenvalue counting function
NP (X)) acr satisfies
42

) NP\ < Nr(A) < NP(A) 42, VAER,

see [11, Lemma 19]), the asymptotics of N2 are indistinguishable from those of N7 at the
level at which we are working.

We now make the connection between the eigenvalue counting function NfP on T and a
general branching process. Suppose that, starting from the single individual ), each individ-
ual ¢ has three offspring, born at times —3 ln Ayj, j = 1,2,3, after i was born (so that the
entire population can be indexed by the set Y). In partlcular, this implies that an individual
i € ¥ has birth time 0; = —3 In D;, where Dy := 1 and D; := Ajp Qg - - - Ay for i € \{0}.
For our purposes, we do not need to define lifetimes of individuals explicitly. We do, however,
define characteristics (¢;)icxy, via the formula

(
(
(

(43) NP (e') Z (e"'A%2),

where NZ»D is the Dirichlet eigenvalue counting function on (7;,d7;, u7;). Note that [11
Lemma 19] implies that ¢;(t) € [0,6] for every t € R, P-a.s. Note also that the random
function ¢; only depends on the progeny of ¢ (including the birth times of the offspring of
i). Thus, we have a general branching process in the sense of Section 2.1, and, in the sense
of Section 5 it has Dirichlet weights. It is easy to check that this process has Malthusian
parameter equal to v = 2/3. Moreover, iterating (43) (and checking that the remainder term
converges to 0) allows one to deduce that the corresponding characteristic counting process

(44) = it —ou)
€D
satisfies Z?(t) = N2 (e') (see the proof of [12, Lemma 3.5]). As before, the rescaled means
of Z% and ¢ will be written 2?(t) := e ™ "E(Z%(t)), u®(t) := e "*E(¢(t)), where we omit the
index from ¢ in the expectation since this is unimportant. Both of the above functions are
well-defined and finite for all ¢ € R (see [11]). In fact,
(45) M :=sup z°(t)
teR

is a finite constant (see [11, Lemma 20]). Moreover, it was proved as [11, Proposition 21] that
22(t) = 29(00) := [ u®(t)dt € (0,00). (The proof that z?(c0) € (0,00) was actually not
included there, but this is a simple consequence of [10, Proposition 1.7] and [11, Corollary
4].) We also have that, P-a.s., e 7 Z?(t) — 2?(c0), see [11, Proposition 22] — as in the fractal
strings with Dirichlet weights example, the fundamental martingale is identically equal to
one, and so the limit is deterministic. Note that a simple reparameterisation of the two
previous results yields the first order parts of (40) and (41).

To prove Theorem 6.1, we introduce a rescaled centred version of the characteristic count-
ing process. Specifically, as before, we set

Z(t) = Z5(t) = Z%(t) — e72%(t),  Z(t) = e 2 Z(1),

where ( is defined as at (21). Just as (43) was fundamental to demonstrating the first order
asymptotic behaviour of N7 (¢) in the arguments of [11], the recursions at (6) and (7) are
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central to our efforts to derive the corresponding second order behaviour via the branching
process result of Theorem 2.8. We note that the use of an analogous recursion formula for
providing second order bounds was already noticed in [12]. However, that paper was mainly
focused on the infinite variance a-stable tree case, and did not obtain the type of detailed
results that we do here for the Brownian CRT.

6.3. Variance convergence. In this section, we use the renewal equation of (9) to show
that the rescaled variance v(t) := e "E(Z(t)?) = E(Z(t)?) converges as t — oo to a finite
constant. To do this, we are required to check that v, r and v, are suitably well-behaved,
where 7 is defined at (8) and v, (dt) := Zf’zl e ""P(0; € dt) — this is the content of the next
three lemmas. In the proof of the following result, we recall the function ¢(x) = 3/(1 + 2z)
for > —1/2, as introduced in (36).

Lemma 6.5. The function v is bounded and measurable, and v(t) — 0 ast — —oco.

Proof. We start by checking that v is bounded for ¢ > 0. Similarly to the proof of [12, Lemma
5.3], by appealing to [12, Lemma 5.2], it is possible to deduce that v(t) < 2e7(I; + Iz + I3),
where
I = ) E(e " D}¢i(t - 0i) — E(¢i(t — 03)| Dy))?)
IS
2

I, = ZE l)2 ZAZJZ t—JZj (Aijz‘z’(t—aij)]Di) ,

€D
3
I3 = ZE 6727tD1¢1 (t— o) Z i (t — 0ij)
1€ j=1

Since ¢(t) € [0,6], I; can be bounded as follows:
(46) L <6e”*E (Z it — m)) = 6e E(Z7(t) = 6e ' 20(t) < 6Me T,
€Y

where the first equality is a consequence of (44), and M is defined as at (45).
For I, first observe that

3
(47) > At - oyy) Z N30 (t — 0y),
j=1

where 2%(t) := 2?(t) — 2?(00), and the equality holds because ijl Aj; = 1. Now, by results
of [12, Section 3], we have that [2?(¢)| < Ce™* for t € R. Thus

3
Di Z Aij2¢(t — Uij) - E(Aijzd)(t - Uzg)‘Dz) < Cef’yt
for some deterministic constant C. In particular, we have proved that

3
I2 < Cei’yt ZE Di Z Aij2¢(t - Uij) - E(Aijzd)(t — Uzg)‘Dz)

1€

Our next step is to show that the above sum is bounded. Writing 2%(s,t) := 2%(s) — 2%(¢),
we can proceed similarly to (47) to deduce that

3
E ) Dyj2%(t — 0ij) — B(Dy2%(t — 03)| Ds)
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3
S 2E ZDijZ(ﬁ(t — Jij,t - Ui)
j=1
From [12, Section 3], we have for any s < t that z?(s,t) = u®(s) — u®(t) — f; u®(w)dw, and
hence

3
Y B> Dijz’(t — 0ij) — B(Dyz(t — 045)| Ds)

i€y |j=1
(48) < QZE ZDUu t— o)
€D
3

(49) +2) E Z Diju®(t — ayj)

1€EX

t—o;

(50) +2> E| > D; / u? (w)dw

i€X j=1 t—0oij

To bound these expressions, we will apply the following characterisation of z?(t):

(51) (1) = e E (Z¢ ) = S E(ei(t =Y E(Dal(t - 1))
IS 1EX

Specifically, the term at (48) satisfies

ZZE ZD”u (t—oy) | = QZE (Diu‘z’(t - ai)> = 22%(t) < 2M.

1€EX 1EX

Similarly, the term at (49) is also bounded above by 20 . Furthermore, the term at (50) can
be rewritten as

QZE ZDA’/ u®(t +w — oy)dw |

iex  \j=1 tln Aj
where (A;)?:l is a copy of (Aj):;»:l, independent of all the other random variables of the

discussion. Applying (51), this can be evaluated as

3 0 3

2E ZA;/ 22(t +w)dw | <3ME ZAHIDAH < 0.
— y~tn Al j=1

Putting these pieces together, we obtain that

(52) I, < Ce

for some finite constant C.
Finally, note that I3 satisfies

I3 < e "> "N E(Digi(t — 03)ois(t — 035)),
€Y jEX

(cf. the proof of [12, Lemma 5.3]). Again applying (44), the boundedness of ¢ and Lemma
3.5, it follows that

Iy < 6e 2 ZE (DiZj)(t - Ui))

1€

= 6e " Z E (D?zd)(t - ai))

1€
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< 6Me > (2)F
k=0

(53) = Ce ™,

where again M := sup,cg 2%(t), and C := 6M /(1 — 9)(2)) is a finite constant.

Summing (46), (52) and (53), we obtain that v is bounded for ¢ > 0. We now check
that v(t) is bounded for ¢ < 0 and converges to 0 as t — —oo. For this, we use the bound
E(Z%(t)?) < Ce®t9t for t € R (cf. [12, Lemma 4.4]), which implies

(t) < e (E (Z¢(t)2) + ezvtz‘z’(t)Q) <Cer (e +1).

Clearly this yields the desired properties of v(t). Finally, to confirm that v is measurable is
elementary using the fact that Z¢(t) is monotone cadlag, P-a.s. O

Lemma 6.6. The function r, as defined at (8), is in L*(R) and r(t) — 0 as |[t| — oo.
Proof. 1t follows from the definition of r that, similarly to the proof of Lemma 6.5, we have
Ir(t)| < 2e7(Jy + Jo + J3), where

Ji = e PMVar(¢(t)),

3
Jg = Var ZAjZ(b(t—Uj) N
7=1

J3 o= B | o)) Zi(t—0y) ||,
j=1
and we will proceed by showing that the statements of the lemma hold for e*.J;, i = 1,2, 3.
As in the previous proof, checking the measurability of the functions is elementary, and so
we will restrict ourselves to finding suitable bounds for them. Firstly, we have

ety < e E (¢(t)?) < 6e TE (4(t)) = 6u’ ().

That u® € L'(R) and u®(t) — 0 as |t| — oo was established in [11, Lemma 20], and so
the corresponding result for e*.J; also holds. For e.J5, we consider the cases t < 0 and
t > 0 separately. In particular, we have e?Jy < ¢ M?, which clearly demonstrates that
evJy € L' ((—00,0]) and €7*.J; — 0 ast — —oo. Furthermore, defining 29(t) := 2?(t)—2%(o0)
as in the previous result and recalling once again that |29(t)| < Ce™*, we are able to deduce
that

3
'y = M Var [ Y A0t —0y) | < (3CeT)? = e,
j=1

which confirms that e’'Js € L1([0,00)) and e’*.J; — 0 as t — oo. Finally, for e7'J; we
proceed as follows:

1/2
3
'y < 32T | E(¢()E [ D Zi(t —o0;)?
j=1
5 1/2
< Ce P E(G))E | Y Ajult —oy)
j=1
< Cut(t)'?,

where for the final inequality we use the fact that v is bounded (Lemma 6.5). Now, from the
proof of [11, Lemma 20], it can be seen that (u?)!/?2 € L'(R) (and we have already noted
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that u?(t) — 0 as [t| — oo). Consequently, we have the desired result for e?*.J3. The lemma
follows. O

Lemma 6.7. The measure v., is a non-atomic Borel probability measure on [0,00) and also
Jo~ try(dt) = 1.
Proof. The proof of this lemma is straightforward and omitted. O

In view of the preceding three lemmas, the following result is an immediate application of
the double-sided renewal theorem of [30, Theorem 5].

Proposition 6.8. The function v converges as t — oo to the finite constant v(co) =
o0
J oo r(t)dt.

6.4. Verification of Conditions 2.6 and 2.7. It now only remains for us to check Con-
ditions 2.6 and 2.7 before we can apply Theorem 2.8 to deduce the desired central limit
theorem for the eigenvalue counting function of the Brownian CRT. We start by working
towards an estimate for the third moment of Z, which will confirm Condition 2.7, and, to
this end, we use another recursion argument. This is similar to the proof of Lemma 3.6,
but more involved due to the lack of a uniform bound for ¢. Specifically, iterating (26), we

deduce that for any k € N
= Z Wi(t — Ui) + Z Zl(t
|’L|<k‘ ’iEEk

The following lemma establishes that the expectation of the remainder term here converges
to 0 as k — oo.

Lemma 6.9. For eacht € R,

lim E Z ’Zi(t—O'i)|3 = 0.

k—oc0 :
IEX
Proof. By Cauchy-Schwarz and Lemma 6.5,
E(lz0]°) < B(|20) (z¢( P+ etz (1)?))

(t)
Cet/? <<E 1 g eWM?) .

IN

(54)

Applying the characterisation of Z?(t ) (44), we have that
E(Z°)") = Y E(6ilt —00)j(t — 0)dk(t — ox)du(t — 01)).
0,4,k 1EX
Since
(55) $i(t) < 61> 1nsy < 677077,

where 0; is defined to be the diameter of the metric space (7;, d7;), which is a random variable
with a finite positive moments of all orders (see proof of [11, Lemma 20]), it follows that, for
any 6,¢ > 0,

E(Z°()Y) < cet Y E(DfD?D,ZDf&fV&?V&,ﬁV&f’Y)
,7,k,l€X
460yt 0(1+€) HO(1+€) HO(1+e) HO(1+e)\ Y/ (1)
(56) < ¢t N B (D]t pytrIpltt piitd) .
i7j7k7l€2

Now, suppose X is viewed as a graph tree with edges between i|‘,~|_1 and ¢ for each ¢ €
Y\{0}, and the subtree of ¥ spanning 1, j, k,! (and the root () has shape as shown in Figure
8, where we assume that a, by, b, 4,7, k, [ are distinct. It is then straightforward to check
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FI1GURE 8. A possible configuration of i, j, k, [.

from the independence structure of (D;);ex that E(Df(HE)D?(HE)DZ(HE) Dle(HE)) is bounded
above by

20(1+€) 20(1+e€)
40(1+4-¢) Dy Dy
E (D) E <D2;(HE> ) E (Dﬁw

b1ljal+1 b2l|a|+1

0(1+e 0(1+€) 0(1+e 0(1+e
Dg(1+e) DQ(1+e) D6(1+e) D9(1+e) ’
oy 141 oy 141 Flibg|+1 Hipg|+1

which is equal to

(40(1 + €)) lal V(20(1 + €)) b1]+]b2]—2al -2 V(O(1 +€)) il + 151+ K|+l —2[b1|—2]b2 | -4

(57) —
3 3 3

where we again recall ¥(z) = 3/(1 + 2x) for z > —1/2. Since 1(#) < 1 for any § > 1 and

3¢+ (0(1 + €))V/0+9) — 4(f) as € — 0, if we are given any A > 1, then it is possible

to choose € > 0 such that 3(x(8(1 + €))/3)"/1*¢ < 1. By summing (57) over all suitable

a,bi,b2,1, 7, k,1 for such a choice of § and ¢, it follows that the terms of the form considered
contribute at most the finite amount

)

2 4
1 3 3
(1 — 375 (46(1 +e>>f+e> (1 — 3Ty (20(1 +e>)1ie> (1 — 3T (0(1 +e>>1ie>
to the sum at (56). For other configurations of i, j, k, [, it is possible to proceed similarly,
and consequently prove that, for any € > 0, E(Z?(t)*) < Ce*7+e)t,
Returning to (54), the bound of the previous paragraph implies E(|Z(t)|?) < Ce®/2(1 v
eft), and so

E( Y |Zit—o)’ | <Ce(1veE [ S DY? | < Cu(s/2)

IS 1€
which converges to 0 as k — oo. U

The first main result of this section is the following, which establishes that Condition 2.7
holds in the present setting.

Proposition 6.10. We have that sup,cg E(|Z(t)]?) < oo.

Proof. As aresult of the previous lemma, we have that Z(¢)* = 3,5, W;(t—0;). Hence, from
the definition of W, we deduce that E(|Z(¢)|?) < E(K1) + E(K2) + E(K3) + E(K4), where
K, Ks, K3, K4 are defined to be the terms appearing in equations (27) to (30) respectively,
and it will be our goal to show that e *E(K;) is bounded for i = 1,2, 3, 4.

Applying the bound for ¢ at (55) and the estimate |29()| = |2?(t) — 2?(00)| < Ce ™ (as
well as recalling that 2 is a bounded function), it is straightforward to deduce the existence
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of a deterministic constant C' such that, P-a.s., |(;(t)] < C(1 A (¢7*(1 +6]))). This bound
implies |G (t)] = |G (8) Y2612 < Ce /(1 + 5?/2), and so e 'E(K) is bounded above by

C’e‘tE<Zet_"i(1+5> CZE( 3/2) (1+6) C§¢(3/2)k
=0

1€X €Y

which is finite, because ¥(3/2) < 1.
Secondly, we proceed similarly to obtain that

3
e 'E(Ky;) < Ce'E Ze”t 7)(1+4)) Z it —0ij)]
1€ j=1

< Ce'PE (YD ZE (140 + 0 + 035) Zi5 (t — 03 Fii1)
(1)) Jj=1

3
< CeTPE Y DY B (Zy(t - o) 4Fen)

€X Jj=1

3
< Ce'PE ZDiZE(e(twij)B)

i€y j=1

< cf}w(sm*‘
k=0

where the third inequality is a conditional Cauchy-Schwarz estimate (we also apply the fact
that the moments of J; are finite), and to deduce the fourth we use Lemma 6.5.

For the third term, we start by observing that, similarly to (54), E(|Z(t)|?) is bounded
above by

E (\Z(t)\m (Z¢(t)5/4 n 657t/4z¢(t)5/4>) < CeMt/® ((E(Z¢(t)10))1/8 n e5»yt/4M5/4) .

By making the obvious extensions to the argument applied in the proof of Lemma 6.9, it
is possible to check that, for any e > 0, E(Z?(t)'0) < Ce(1979t and hence E(|Z(t)[?) <
Cel™/12(ety1). For any a € [0, 1], we also have that |G (t)] = |G (¢)|*|G(#)[1 ¢ < Ce(l=97t (14
51.(17‘1)7). Putting these bounds together yields

3
eE(Ks) < Ce B et tod (14 607 N Z(t - 0i) Zunlt — o)
iex G k=1
3 1
< Ce—(l—(l—a)’Y)tE ZDilfa Z E (|sz(t _ O-ij)’?)‘]ﬂi\-i-l) /3
€D 7. k=1

E 2 — 1/3
(1Zan(t = o) i 1) )
S Ce_(l (%_O’)V)t(e'}/ﬂf V. 1)E (2 : D?—a)

—(1—(Z —a)y)t et - 29 :
= (e (1=(53 “)7)(676\/1)2w = _a),

where the second inequality is an application of Holder (and we bound the d; term similarly

to how this was controlled when estimating Ky above). If a = g, then for ¢ < 0 we obtain
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from this that e 'K3 < C' Y 32, ¥(3/2)F < co. If a = 1, then it is possible to choose € small
enough so that the above bound implies, for t > 0, e ' K3 < C 372, ¥(17/12)% < oc.
Finally, we can proceed as in the proof of Lemma 3.5 to deduce that e 'E(K;) <
C >, ¥(3/2)%. The additional input needed to do this is provided by Lemma 6.5 again.
This completes the proof of the proposition. O

From the proof of the previous result, we have that |(;(t)] < C for some deterministic
constant C. Hence we can deduce Condition 2.6 by applying the same argument as that
used to establish Lemma 3.4. We simply state the conclusion.

Proposition 6.11. For every e € (0,1/2),
e 2N Gt —0i) 0,
oi<et
in probability as t — co.
To complete the proof of Theorem 6.1, note that, by definition and (42),

‘NT(A) ~ ENr(\)
)\1/3

— Z(In )\)‘ < 2N/,
Hence Propositions 6.8, 6.10 and 6.11 allow us to apply Theorem 2.8 to deduce the result
with

Cp = 2%(0) = /OO u®(t)dt € (0,00), Cy :=v(o0) = /Oo z(t)dt € [0, 00).
APPENDIX

The following table contains the approximate values of p+ and R for different values of «
with v = %, as required in the proof of Theorem 1.1.

Lo ] px | R |
59 | 0.495347 £ 9.10306: | 0.0964835
60 | 0.503788 +9.1027: | 0.0970307
61 | 0.511952 £ 9.10235¢ | 0.0975642
62 | 0.519852 £ 9.10199: | 0.0980839
63 | 0.527501 £ 9.10164¢ | 0.0985906
64 | 0.534909 £ 9.10137 | 0.0990848
65 | 0.54209 £ 9.10096¢ | 0.0995668
66 | 0.549052 £ 9.10062¢ | 0.100037
67 | 0.555805 £ 9.100287 | 0.100496
68 | 0.56236 = 9.09995¢ | 0.100945
69 | 0.568724 £ 9.09963¢ | 0.101382
70 | 0.574906 £ 9.09931¢ | 0.10181

71 | 0.580913 £ 9.09899:¢ | 0.102228
72| 0.586753 £ 9.09867¢ | 0.102636
73 | 0.592432 £ 9.09836¢ | 0.103034
74 | 0.597958 £ 9.09806¢ | 0.103425
75 | 0.603335 £ 9.09776¢ | 0.103806
76 | 0.608571 £ 9.09746¢ | 0.10418

77 10.613671 £9.09717¢ | 0.104545
78 | 0.618639 £ 9.09688¢ | 0.104902
79 | 0.623482 £ 9.09659¢ | 0.105252
80 | 0.628203 £ 9.09631: | 0.105594
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