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ABSTRACT. We consider one-dimensional hierarchical coalescence processes (in
short HCP’s) where two or three neighbouring domains can merge. An HCP
consists of an infinite sequence of stochastic coalescence processes: each process
occurs in a different “epoch” and evolves for an infinite time, while the evolutions
in subsequent epochs are linked in such a way that the initial distribution of epoch
n -+ 1 coincides with the final distribution of epoch n. Inside each epoch a domain
can incorporate one of its neighbouring domains or both of them if its length
belongs to a certain epoch-dependent finite range.

Assuming that the distribution at the beginning of the first epoch is described
by a renewal simple point process, we prove limit theorems for the domain length
and for the position of the leftmost point (if any). Our analysis extends the results
obtained in [FMRTO] to a larger family of models, including relevant examples
from the physics literature [BDG], [SE]. It reveals the presence of a common
abstract structure behind models which are apparently very different, thus leading
to very similar limit theorems. Finally, we give here a full characterization of
the infinitesimal generator for the dynamics inside each epoch, thus allowing to
describe the time evolution of the expected value of regular observables in terms
of an ordinary differential equation.
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non-equilibrium dynamics.
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1. INTRODUCTION

A one-dimensional hierarchical coalescence process (HCP) consists of an infinite
sequence of one-dimensional coalescence processes: each process occurs in a different
epoch and evolves for an infinite time, while the evolution in subsequent epochs are
linked in such a way that the initial distribution of epoch n 4+ 1 coincides with the
final distribution of epoch n. At a given time inside epoch n the state of the process
is described by a simple point process on R, i.e. by a random locally finite subset of
R, such that the intervals among consecutive points (domains) are not smaller than
d™ where {d(")}nzl is an a priori fixed sequence of strictly increasing and diverging
positive numbers. The evolution inside epoch n can be informally described as fol-
lows. Only domains whose length belongs to the finite range [d™), d 1)) are active
1.e. they can incorporate their left neighbouring domain, their right neighbouring
domain or both of them. Inactive domains cannot incorporate their neighbours and
can increase their length only if they are incorporated by active neighbours. The
rates of the merging events and the sequence {d(")}nzl are quite general, with the
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important feature that the activity ranges [d("),d("+1)) should be such that after
each merging step the newly produced domain always becomes inactive for that
epoch but active for some future epoch.

We have introduced the concept of HCP in [FMRTO], considering only left or
right merging of domains, i.e. a domain cannot incorporate simultaneously both its
neighbours. There we proved that if the initial distribution is a renewal process,
such property is preserved at all times and epochs and the distribution of certain
rescaled variables — the domain length and the position of the leftmost point (if any)
— has a well defined limiting behaviour corresponding to large universality classes
(most of the dynamical details disappear in the scaling limit). Here we extend these
results to the more general HCP’s defined above which also allow triple merging and
we determine the corresponding limiting behavior and universality classes.

Besides the mathematical interest, our study has been motivated by the fact that
several HCP’s have been implicitely introduced in the physics literature to model the
non-equilibrium evolution of one dimensional systems whose dynamics is dominated
by the coalescence of proper domains or droplets characterizing the experiments.
We refer to Section 2.4 for a review of some of these HCP’s and the correspond-
ing physical systems. A key common feature emerges from the experiments on all
these systems: an interesting coarsening phenomena occurs which leads to a scale-
invariant morphology for large times, namely the system is described by a single
(time-dependent) length and the distribution approaches a scaling form. Several
models, even very simple ones, have been proposed by physicists in order to cap-
ture and explain such intriguing behavior and in many cases these models turn out
to be HCP’s (see e.g. [P], [DBG], [DGY1], [DGY?2], [SE], [BDG]). Supported by
computer simulations and under the key assumption of a well defined limiting be-
havior under suitable rescaling, physicists have derived for these HCP’s in the mean
field approximation some non trivial limiting distributions for the relevant quan-
tities and noticed that these distributions display a certain degree of universality.
The results we obtained in [FMRTO0] prove and generalize the findings of physicists.
However the analysis in [FMRTO0] does not cover some cases of interests for physics
which involve triple merging, e.g. the HCP which has introduced in [BDG] to model
Ising at zero temperature (see Section 2.4.3). These models are instead covered by
the present study which explains why the limiting distributions of several models,
although different, have a similar structure.

The analysis in [FMRTO] is based on a robust combinatorial study of the coales-
cence inside a given epoch, which becomes extremely hard in the present setting.
Hence, here we have followed a different route inspired by the approach of [SE]. In
particular, we start with the infinitesimal generator of the one—epoch coalescence,
giving a complete characterization of its form and domain (Theorem 2.9). As well
known, this allows to characterize the time evolution of the expectation of regular
observables in terms of an ordinary differential equation. Applied to the domain
length and the position of the leftmost point (if any), this method leads to recursive
equations between the Laplace transforms of the involved quantities at the begin-
ning and the end of each epoch, and therefore at the beginning of two consecutive
epochs (Theorems 2.6 and 2.8).

The study of the Markov generator for stochastic processes whose state at a given
time is described by a simple point process on R is rather heavy [Pr]. Here, we
have introduced a lattice structure (which is somehow artificial from a geometric
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point of view) that strongly simplifies the analysis of the Markov generator, and in
particular allows us to use the standard methods described in [L]. However, such a
discretization requires some very special care, because of the use the vague topology
on the the space N of locally finite subset of R. Once obtained the above mentioned
system of recursive equations between Laplace transforms, we have generalized the
transformation introduced in [FMRTO, Section 5] which in some sense linearizes the
system and allows to analyze the recursive identities and obtain the limit behavior
(Theorems 2.12 and 2.15). The resulting transformation is now a more abstract
object and can therefore be applied to a larger class of models.

Finally we stress that the heuristic technique developed by physicists (see [BDG])
to derive the limiting distribution (under the assumption of the existence of a lim-
iting behaviour) is restricted to models with d® = n and it becomes meaningless
also at heuristic level if the ratio d(”)/d(”“) does not converge to 1 as n goes to
0o. Under the same hypothesis of [BDG], namely d™ = n and via the mean field
approximation, in [CP] the authors proposed a time evolution equation which should
describe the domain size distribution when the time variable ¢ is a continuous ap-
proximation of the discrete label n of the epochs and one forgets how much time
elapses between and during the merging events. This equation has been rigorously
analyzed in [CP] and [GM] and in the latter work a limiting self-similar profile for
this equation has been proved. In this special case, a transformation similar to the
one presented in more generality in [FMRTO0], and here, has been used.

2. MODEL AND RESULTS

In this section we fix some notation and give our main results. We first intro-
duce the simple point processes we are interested in (standard references are [DV],
[FKAS]). Then we define the process called one—epoch coalescence process (in short
OCP) and the hierarchical coalescence process (HCP). Finally we provide some ex-
amples of HCP’s coming from the physics literature.

2.1. Simple point processes (SPP). We denote by AN the family of locally finite
subsets £ C R. A is a measurable space endowed with the o—algebra of measurable
subsets generated by

{SGN: ‘gmAl‘:nlf" 7‘§mAk’:nk}a

Aq,..., A being bounded Borel sets in R and nq,...,n; € N. We recall that any
probability measure on the measurable space A defines a simple point process (SPP).

We call domains the intervals [z, 2] between nearest-neighbour points x, 2’ in
§U{—00,+0}. Note that the existence of the domain [—o0, 2’| corresponds to the
fact that £ is bounded from the left and its leftmost point is given by z’. A similar
consideration holds for [z, cc]. Points of £ are also called domain separation points.
Given a point x € R, we define

db=inf{t >0 :z—te¢}, d:=inf{t >0 : x+t e},

with the convention that the infimum of the empty set is co. Note that if x € £ then
d’ (d) is simply the length of the domain to the left (right) of .

In what follows N (N, ) will denote the set of non-negative (positive) integers.
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Definition 2.1.

(i) We say that a SPP & is left-bounded if it has a leftmost point and has infinite
cardinality.
(ii) We say that a SPP £ is Z-stationary if £ C Z and its law Q is invariant by
Z—translations, i.e. if for any x € Z the random set & — x has law Q.
(iii) We say that a SPP & is stationary if its law Q is invariant under R-translations,
i.e. if for any x € R the random set € — x has law Q.

If ¢ is Z—stationary or stationary, then a.s. the following dichotomy holds [FKAS]:
£ is unbounded from the left and from the right or £ is empty. In the sequel we will
always assume the first alternative to hold a.s. and we will write £ = {zy : k € Z}
with the rules: xp < 0 < 27 and x < x4 for all k£ € Z. In the case of a left—
bounded SPP, we enumerate the points of £ as {x} : k € N} in increasing order.

We now describe the main classes of SPP’s we are interested in.

Definition 2.2. Let v and p be probability measures on R and (0,00), respectively.
Let & be a SPP with law Q.

o We say that £ is a renewal SPP containing the origin and with interval law
w, and write @ = Ren(u|0), if
(73) & is unbounded from the left and from the right and, labelling the points
in increasing order with xo = 0, the random variables dy = x — Tp_1,
k € Z, are i.i.d. with common law w.
o We say that & is a right renewal SPP with first point law v and interval law
w, and write Q@ = Ren(v, 1), if
(i) € ={xk, k € N} is a left-bounded SPP,
(7i) the first point xo has law v,
(i7i) dy =z — xp—1 (k € Ny ) has law p,
(iv) the random wvariables xo, {dy}ren, are independent.
o [f i has finite mean, we say that € is a stationary renewal SPP with interval
law p, and write Q = Ren(u), if
(1) € is a stationary SPP with finite intensity and § is non-empty a.s.,
(ii) the random variables dy = x, —xk_1, k € Z, are i.i.d. with common law
w w.r.t. the Palm distribution associated to Q.
o [f i has support on N and has finite mean, we say that & is a Z—stationary
renewal SPP with interval law u, and write Q = Reng(p), if
(1) € is Z—stationary and a.s. non-empty,
(79) w.r.t. the conditional probability Q(-|0 € &) the random variables dj, =
Ty — Tp_1, k € Z, are i.i.d. with common law p.

We recall that the intensity Ao of a stationary SPP with law Q is defined as the
expectation \g 1= Eg (| N[0, 1]]). A (Z-)stationary renewal SPP with interval law
w1 having infinite mean cannot exist (see Proposition 4.2.1 in [DV] and Appendix C
in [FMRTO]). As discussed after Theorem 1.3.4 in [FKAS], @ = Ren(u) if and only
if the following holds: the random variables dy = ) — x_1, k # 1, are i.i.d. with
law p and are independent from the random vector (zg, z1), which satisfies

o0

Q(—xo > u, 1 >v) = Ag /+ (1—F(t))dt, F(t) = pn((0,t]), u,v > 0.
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2.2. The one—epoch coalescence process (OCP). This process depends on two
constants 0 < dpin < dmax and on non-negative bounded continuous functions
Aoy Ary Ag defined on [dpin, 00] which, with A(d) = Ag(d) + A\ (d) + Aa(d), satisfy
the following assumptions:

(A1) A(d) > 0 if and only if d € [dyin, dmax)s

(A2) if d,d" > dpin, then d + d' > dyax.
Trivially, (A2) is equivalent to the bound 2dpin > dimax-

The admissible starting configurations for the OCP belong to the subset N (dpin)
given by the configurations £ € N having only domains of length not smaller than
dmin, i.e.

N (dwmin) = {6 €N : df > dmin, df > din Y2 € £} (1)

Then, the stochastic evolution of the OCP is given by a jump dynamics with
cadlag paths {£(t)}s>0 in the Skorohod space D([0,00), N (dmin)) (cf. [B]). Roughly
speaking, the dynamics is the following. Each domain A of length d waits an expo-
nential time with parameter \(d), afterwards exactly one of the following annihila-
tions takes place: the left extreme of A is erased with probability \;(d)/A(d), the
right extreme of A is erased with probability A,(d)/\(d), both the extremes of A are
erased with probability \,(d)/A(d). We say that the domain A incorporates its left
domain, its right domain, both its neighbouring domains, respectively. In Section 8
we present a full construction of all OCPs, varying the initial configuration, on the
same probability space (universal coupling).

Note that the assumptions (A1) and (A2) on the coalescence rates imply that any
domain which has been generated by a coalescence event is not active, i.e. it cannot
incorporate other domains. This assumption comes from several models of physical
interest (see Section 2.4) and plays a fundamental role in our analysis.

Remark 2.3. Note that A\; and X\, correspond to \; and \; in [FMRTO0]. The case
Ao = 0 has been treated in [FMRTO0] without the additional assumption that Ay, A,
are continuous functions.

Formally, the Markov generator of the OCP is given by

LFO = > {N@FE\ ) = FO] + M [FE\{z +d}) - F(©)]

[,z+d]
domain in &

+ (@) [f(E\ {z.z+d}) - £ }. (2)

A precise description of the Markov generator £ is given below while its full rigorous
analysis is postponed to Section 9 for clarity of exposition.

We will write Pg for the law on D([0,00), N (dmin)) of the OCP with initial law
Q on N (dpin) and Q; for its marginal at time ¢.

Since the OCP is an annihilation process, points can only disappear. Furthermore,
Assumptions (A1) and (A2) guarantee that the process converges to a limiting con-
figuration. One can easily prove the following lemma already stated in [FMRTO0] in
a less general setting (details are left to the reader).

Lemma 2.4. For any given initial condition & € N (dyin) the following holds:
(1) &(t) C &(s) if s <,
(i7) there exists a unique element £(00) in N (dmax) such that E(t)NI = E(co)N T
for all large enough t (depending on I) and all bounded intervals I.
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The next result is a simple generalization of [FMRTO0, Theorem 2.13] (its proof
is based on the universal coupling described in Section 8, we omit details). It
states that if the process starts with some right renewal (respectively stationary,
Z-stationary, etc.) simple point process £, then at any later time ¢, the process £(t)
is still of the same type.

Lemma 2.5. Let v, be two probability measures on R and [dpin, 00), respectively.
Then, for all t € [0,00] there exist probability measures vy, iy on R and [dyin, 00)
respectively such that vo = v, pg = p and

(i) if @ = Ren(v, ) then Q; = Ren(vy, i),

(i1) if Q = Ren(p) then Qp = Ren(pu),

(i1i) if Q@ = Rengz(u) then Q; = Reng(pu),

(iv) if @ = Ren(do, p) then Qi(-]0 € &) = Ren(do, put),

(v) limy o0 Uy = Voo and limy_yo0 it = oo weakly.

Thanks to the previous results £(00), oo and v are well defined. In fact there
exists a recursive identity between the Laplace transform of the interval law, and
of the first point law, at time ¢ = 0 and at time ¢ = co. These identities, stated in
Theorem 2.6 and Theorem 2.8 below, will be the keystones of the analysis of the
asymptotic of the hierarchical coalescence process.

Given a probability measures p on [dpyin, 00), let gy be as in Lemma 2.5. Then,
for s € Ry, define

Gits) = [ e mldo).  Hils) = /[ ),
dmimdmax

Theorem 2.6 (Recursive identities for the interval law). For any s € Ry, the
functions [0,00) 3t — Gy(s), H(s) are differentiable and satisfy

Oy Hy(s /,Ut e, (3)
01[Culs) — Hu(s)] = Gu(s) /w(dmwﬂ)(>—“+Gt<s>2 Jutdo(wye .

In particular, it holds
(i) If \o =0, then 0;Gy(s) = 0yHy(s)(1 — Gyi(s)). Hence,
1= Gys) = (1= Go(s)eoO-H) | teR,, (5)
1 — Goo(s) = (1 — Go(s))e ). (6)
(ii) If Ao + A\ = yAq for some v > 0, then 0;Gy(s) = O Hy(s) (1 — M)
Hence, for s > 0 it holds
_W_Jr?Ht(s)’)’-i-l-i-Gt( ) e—:’/—ﬁHo(s)7+1+GO(3)

e 7t 1—Gt() 1——Go(8)’ tER.H (7)
7+1+G ():e 42 H0(8)7+1+G0() (8)
1—Goo(8) 1—G0() ’

In the above theorem, as in the rest of the paper, differentiability at ¢ = 0 for a
function on [0, 00) means differentiability from the right.
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Remark 2.7. The restriction to the above cases (i) and (ii) is technical and moti-
vated by the following. Set

ai(s) = /pt(dx)()\g—{—)\r)(x)esx and  b(s) = /,ut(d:n))\a(x)esm.
Thanks to (3), Equation (4) can be rewritten as
0 Gi(s) = —ay(s) — by(s) + ar(s)Ge(s) + be(s)Gi(s)?. 9)

Fizing functions A(s) and By(s) such that 0;A¢(s) = ai(s) and 9y By(s) = by(s), (9)

leads to

eAt(s)+2Bt(s) er(s)JrQBo(s)

t
= + by (8)e () H2Bu(s) gy 10
om ~ToaE 1o

In order to have a recursive identity between (Go, Hp) and G, one needs to find an
explicit expression of the integral in the right hand side of (10). This can be achieved
in cases (1) and (ii) of Theorem 2.6 by taking Bi(s) = by(s) = 0 and A(s) = —Hy(s)
in case (i), and by taking Ay(s) = vBi(s) and A(s) + Bi(s) = —Hy(s) in case (ii).

Finally we point out that, since arctanh(z) = In HL for x € (=1,1), (7) with
~v =0 can be rewritten in the more compact form

—H; + arctanhGy(s) = —Hy + arctanhGy(s).

The next result is concerned with the evolution of the first point law 14 when
starting with a SPP having law Ren(v, u) (recall Lemma 2.5). First, we observe
that if ¢ is a SPP with law Ren(dp, ) and V is a random variable with law v
independent from &, then the translated random subset {z +V : z € £} C R is
a SPP with law Ren(v, ). This simple observation and the definition of the OCP,
whose dynamics depends only on the sequence of the domain lengths and not on the
specific location of the domains, allow to conclude that v; is the convolution

Vy = Dt * U, (11)

where 7; denotes the evolution at time ¢ of the first point law when starting from a
SPP having law Ren(dp, ). Hence, without loss we can restrict our analysis to this
case.

Theorem 2.8 (Recursive identities for the first point law). Assume that v = d.
Then, for any s € Ry the Laplace transform

[0,00) Dt Ly(s) := /e_sxyt(x) € (0,1]

is differentiable and satisfies

LLf(fS) =~ [uldy) (ulw) + 2@+ [N 7+G1(5) [ utdn)ralw)e .

(12)
In particular, it holds:
(i) If \a = 0 and N\, = Ay for some constant v > 0, then it holds 0yLi(s) =
Le(s) (0LH(0) — Oy Hy(s)). Hence,

1+~
Li(s) = Lo(s) exp { —Hy(s) + Ht((i)ijO(S) — Hy(0) } , LER,, (13)
Loo(s) = Lo(s) exp {%fo@} (14)
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If \a =0 and Ay = 0, then trivially Li(s) = Lo(s) for any t > 0.
(i) If \e = 0 and A\, = 0, then 0;Li(s) = Li(s)(0:H¢(0) — G¢(s)0:Hy(s)). Hence,
for s > 0 it holds

Li(s) :Lo<s>,/1_028 HO-HO R, (15)

Loo(s) = Lo(s) <5) ~Ho(0), (16)

We point out that cases (i) and (m) of Theorem 2.8 are included into (but not
equal to) cases (i) and (i) of Theorem 2.6.

The previous results are based on our analysis of the Markov generator £ of
the OCP. In general, the expected value at time ¢ of a regular observable evolves
according to an ordinary differential equation that we describe below. We first fix
some notation. Given k € Z we set

[kdmin, (K + 1)dmin) if & >1,
I, = (/{?dmin, (k + 1)dmin) if k=0, (17)

(/{?dmin, (k + 1)dmin] if k< -—1.

Given & € N (dmin), we set for k € Z and k < k' in Z:
M=\ I, Vif(€) = F(£") = f(9),
F =\ (UIy) Vi f(€) = fEY) = f(6).
We define
R:=ZU{(kK): K e{k+1,...,k+ [dnax/dmin |}, k, k" in Z},

[a] being the smaller integer n > a. We consider the space N (dpyin) endowed of
the vague topology (see Section 3), making it a compact space. We write B for
the Banach space of all continuous functions f : N (dyin) — R endowed with the
uniform norm that we denote by || -||. Also, and for later purpose, we let By, be the
set of functions f € B that are local, i.e. such that there exists a bounded interval
I C Rwith f(&) = f(€n1I) for all £ € N(dpin). Then, similarly to the analysis of
interacting particle systems [L], we define

Ag(r):= sup ‘Vrf(£)|, feBreRr

ge-/\/-(dmin)
and we introduce the subset D of B as
D:={feB: [[|flll:=) Af(r) <o} (18)
reRrR

Observe that B, C . The following result characterizes completely the Markov
generator of the OCP:

Theorem 2.9. The subspaces By, and D are a core of the Markov generator L, i.e.
L is the closure of the operator obtained by restriction to Bio. or to D. Moreover, if
feD, Lf(&) equals the absolutely convergent series in the r.h.s. of (2).

The proof is given in Section 9. Although this analysis represents our starting
point, we prefer to postpone it to the end since rather technical. As a consequence of
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the above theorem and standard theory of Markov generators, we get the following
characterization of the time evolution of expected observables:

Corollary 2.10. Given f € D, the map f(t,€) := Ee[f(&)] (the eapectation of f
for the OCP at time t starting from ) is differentiable in t as function in B and
moreover %f(t, )=Lf.

2.3. The hierarchical coalescence process. We can now introduce the hierar-
chical coalescence process (in short HCP). The dynamics depends on a strictly in-
creasing sequence of positive numbers {d(") }n>1 and a family of bounded continuous
functions A@n), A&"), /\g") 2 [d™, 00] = [0, A,],n > 1. Without loss of generality, at
cost of a length rescaling, we may assume

dW =1. (19)
We set \(™) .= )\én) + AS,") + A&") and we assume

(A1) for any n € Ny, X" (d) > 0 if and only if d € [d"™),d+1),

(A2) for any n € Ny, if d,d’ > d™, then d + d’' > d™*V (i.e. 2d™ > d+1),

(A3) limy, 0o d™ = 0.

For example one could take d™ =n or d™ = a"! with a € (1,2].

The HCP is then given by a sequence of one-epoch coalescence processes, suit-
ably linked. More precisely, at the beginning of the first epoch one starts with a
SPP with support on N(d)) = A(1). Then the stochastic evolution of the HCP
is described by the sequence of random paths {£(™)(-)},>1, where each £ is the

random trajectory of the OCP with rates )\én), /\ﬁn), ASL"), active domain lengths

dI(:i)n = d"), d = d™+Y and initial condition £M0) = ¢ D(0), n > 2. In-
formally we refer to £ as describing the evolution in the n'’-epoch. Note that,
by Lemma 2.4, one can prove recursively that at the end of the n**—epoch the ran-
dom configuration €™ (c0) belongs to N(d™*+1), hence it is an admissible starting

configuration for the OCP associated to the (n + 1)"~epoch.

Lemma 2.5 gives us information on the evolution and its asymptotics inside each
epoch when the initial condition is a SPP of the renewal type. If e.g. the initial
distribution Q for the first epoch is Ren(v, u), where p has support on [d(l), o0) =
[1,00), we can use Lemma 2.5 together with the link £™+1(0) = £") (00) between
two consecutive epochs to recursively define the measures (™, (™ by

pt =l = g

y(n+1) - yég)7 1/(1) = . (20)

With this position it is then natural to ask if, in some suitable sense, the measures
1™ (") have a well defined limiting behaviour as n — oo. The affirmative answer is
contained in the following theorem, which is the core of the paper, for some specific
choice of transition rates. Before stating it we recall a useful result on the Laplace
transform of probability measures on [1,00).

Lemma 2.11 ([FMRTO]). Let p be a probability measure on [1,00) and let g(s) be
its Laplace transform, i.e. g(s) = [e 5 u(dz),s € Ry.
i) If
/
lim — —29(5)

T g~ @ (1)
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then mecessarily 0 < ¢y < 1.

i1) The existence of the limit (21) holds if:
a) i has finite mean and then co =1 or
b) for some a € (0,1) p belongs to the domain of attraction of an a—stable
law or, more generally, pi((z,00)) = z~“L(z) where L(z) is a slowly varying'
function at +o00, o € [0,1], and in this case ¢y = a.

The reader may find the proof in [FMRTO0, Appendix A] together with an example
for which the limit (21) does not exist.

Theorem 2.12. Let v, u be probability measures on R and [1,00) respectively. Sup-
pose that

o the law Q of €M (0) is either Q = Ren(v, 1) or Q = Ren(u) or Q = Reng(u),

e it holds (i) A =0 for alln > 1, or (i) )\yb) + A = 'y)\((ln) foralln > 1
and for some v > 0 independent from n,

e the Laplace transform g(s) of u satisfies (21).

For any n > 1 let X be a random variable with law p™ defined in (20) so that
_ax(D
g(s) = IE[ X ]
Then the following holds:

o If cy = 0, then the rescaled variable Z) = X(")/d(") weakly converges to
)

the random variable Zéoo = 00.

o If ¢y € (0,1], then the rescaled variable Z( = X™ /d") weakly converges
00)

to the random wvariable Z,g
s given by

with values in [1,00), whose Laplace transform

g>®)(s) =R (n/ ‘. dw> , s >0, (22)
1

x
where
K= Cp and R(z):=1—e" in case (i),
xp{ 22 1 23
K= :’/—Eco and R(x - p{”“x} in case (ii). (23)

eXp{ A

The proof of Theorem 2.12 is given in Section 6. Case (i) has already been proved
in [FMRTO0] with a more combinatorial method, not suited for extensions.

Remark 2.13. In the above result the only reminiscence of the initial distribution
18 through the constant co which is “universal” for a large class of initial interval
laws p (see Lemma 2.11). In particular, starting with a stationary or Z—stationary
renewal SPP (which necessarily corresponds to a law p with finite mean), the weak
limit of Z") always exists and is universal (co = 1), depending on the rates only
through the fulfilment of case (i) or case (ii), and not depending on the sequence
{d"™},,>1 which defines the active intervals.

We also underline that our results cover a slightly more general class of HCP.
Indeed, following exactly the same lines of our proofs, we can also treat more general
triple merging allowing e.g. an active domain to incorporate either its two neighbours
to the left and/or its two neighbours to the right and/or its left and right neighbours
(this last case is the only one considered in this paper). For this more general class

LA function L is said to be slowly varying at infinity, if for all ¢ > 0, lim L(cz)/L(x) = 1.
&Tr—r o0
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of HCP both the above asymptotic result as well as the one in Theorem 2.15 are
unchanged (instead the single epoch evolution expressed by the differential equation
(28) has to be properly changed by adding to A\, the rates of these new triple mergence
events).

Remark 2.14. The asymptotic Laplace distribution g,(§’°) can be written also as

g (s) =R (n /:O e;d:c> = R (k Ei(s))

where Fi(-) denotes the exponential integral function®. This is indeed the form ap-
pearing in [DBG| and [SE]. Moreover, in case (ii) with v = 0 in the above theorem

(as in [DBG]), one simply has k = co/2 and g(oo) = tanh (L Ei(s)).

co/2
Next we concentrate on the asymptotic behaviour of the first point law when
starting with a right renewal SPP.

Theorem 2.15. Let v, u be probability measures on R and [1,00) respectively. Sup-
pose that

o the law Q of €1(0) is Ren(v, ),
e it holds (i) )\gn) =0 and /\ﬁn) = 7)\31) for all n > 1 and for some v > 0
independent from n, or (ii) )\ﬁn) =0 and A" =0 foralln > 1.

e the Laplace transform g(s) of u satisfies (21).
For anyn > 1 let Xo(n) be the position of the first point of the HCP at the beginning
of the n—th epoch and let Y™ be the rescaled random variable Y (™) := Xo(n)/d(").

Then the following holds:
o [FMRTO] In case (i), as n — oo, Y ™) weakly converges to the positive ran-

dom variable Yoy ~) with Laplace transform given by

_y>®) Co 1—e %
E(e Y0 ) =exp{ — / dy p sER,. (24)
( ) { L+vJoy v i

e In case (ii), supposing that [ zu(dz) < oo and that

1
lim ~ 2 pu(dx) = 0, (25)

Z—00 2 [173]

as n — oo the variable YW weakly converges to the random variable Y (°°)
with values in (0,00) and Laplace transform given by

- —7/2 — 2(Ei
E(e*sy( )) _¢€ - \/1 tanhS(E1(s)/2)’ seR,, (26)

where we let ¥ = — [ e !(logt)dt ~ 0,577 be the Euler-Mascheroni con-
stant. Condition (25) is satisfied if [ x'T¢u(dx) < oo for some e > 0.

The proof is given in Section 7. Case (i) in the above theorem has been stated
only for completeness. It has already been obtained in [FMRTO] (see Theorem 2.24
there) . Finally, we point out that, due to Lemma 2.11, under condition (25) it must
be ¢y = 1 in the limit (21).

ZNote that the function that we denote by Ei(s) (following the notation of [SE] and our paper
[FMRTO0]) is instead more frequently denoted in mathematics literature by E;(s).
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Remark 2.16. Extensions of the results presented in this section to OCP’s and
HCP’s starting from an exchangeable SPP can be easily achieved following the ar-
guments reported in [FMRTO, Appendix D].

2.4. Examples of HCP’s. We conclude this section by discussing some HCP’s
coming from the physics literature.

2.4.1. The HCP associated to the East model at low temperature [SE, FMRT1]. An
interesting and highly non trivial example of HCP has been devised in the physics
literature [SE] to model the high density (or low temperature) non-equilibrium dy-
namics of the Fast model when a deep quench from a normal density state is per-
formed. The East model [SE, EJ] is a well known example of kinetically constrained
stochastic particle system with site exclusion which evolves according to a Glauber
dynamics submitted to the following constraint: the 0/1 occupancy variable at a
given site x € Z can change only if the site  + 1 is empty (i.e. the corresponding
occupation variable equals zero). The change of the occupation variable, when al-
lowed by this constraint, occurs at rate ¢ (respectively 1 — ¢) if it corresponds to a
change towards an empty (respectively occupied) site. Note that each configuration
can also be represented by a sequence of domains on Z, where a domain represents
a maximal sequence of consecutive occupied sites delimited by two empty sites. If
the equilibrium vacancy density is very low (i.e. in the limit ¢ — 0) and the initial
distribution has a normal density (e.g. ¢ = 1/2) most of the non-equilibrium evolu-
tion will try to remove the excess of vacancies of the initial state and will thus be
dominated by the coalescence of domains. In this setting, under a proper rescaling
[FMRT1], the East process can be well described by an HCP with the following pa-
rameters: d) =1, d) =272 41 for n > 2, Agn)(d) = )\((ln)(d) = 0 for any value of
the domain length d, thus A" = )\én) where )\Zn) is a function expressed via a proper
large deviation probability (see [FMRT1] for the precise form of this function). We
provide here only a very short explanation to justify the above choices of the pa-
rameters and refer the reader to [SE] for an heuristic explanation of the connection
of this HCP with East and to Section 3 of [FMRT1] for a rigorous description. The
choice A&") = 0 is due to the fact that the relevant event for East corresponds to
the disappearance of one zero at a time, namely to the coalescence of two domains
(triple domain merging is not allowed). The asymmetry between the right and left
coalescence is due to the oriented character of the East constraints, which implies
that only the left domains can be incorporated. Finally, the apparently weird choice
of the active ranges d™ is due to the fact that in order to remove the vacancy sitting
at the left border of a domain of size £ € [2"~! + 1,2"] one needs to create at least
n additional vacancies inside the domain (again, see [SE, FMRT1] for details of the
combinatorial argument leading to this result). Thus energy barrier considerations
imply that this event requires a typical time of order 1/¢"™ which in turn means that
in the regime ¢ — 0 domains of sizes £, ¢’ with £ € 2"~ +1,2"] , ¢/ € 2™~ 1 +1,2™]
and n # m are active (namely their left border can disappear) on very well separated
time scales.

2.4.2. The paste-all model [DGY2]. Another interesting HCP has been “introduced”
in [DGY2] and named Paste-all-model. The model was intended to describe breath
figures, namely the patterns formed by growing and coalescing droplets when vapour
condenses on a non wetting surface. A common feature of breath figure experiments
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is the occurrence of a scale-invariant regime with a stable distribution of the drop
sizes. In [DGY2] several simplified one dimensional models were proposed to under-
stand this phenomenon, including the HCP named Paste-all-model. In this case all
the domains are subintervals of the integer lattice, a single length is active in each
epoch and domains merge with their left/right neighbour with rate one, namely
d™ = n, A@n)(n) = A" (n) =1 and A (n) = 0 (drops can coalesce either with
their right or left neighbour and the smaller droplets are the first that disappear).

2.4.3. The HCP associated to the 1d Ising model [BDG]. Finally, we recall the HCP
which has been “introduced” in [BDG]| to model the zero temperature Glauber
dynamics of the one dimensional Ising model evolved from a random initial condition.
In this case the domains correspond to the ordered spin regions, namely the maximal
sequence of consecutive sites with the same value of the spin, either up or down. At
late stages of the dynamics a scale-invariant morphology develops: the structure at
different times is statistically similar apart from an overall change of scale, i.e. the
system is described by a single, time-dependent length scale. Instead of considering
the stochastic Glauber dynamics the authors of [BDG] start from the well known
simpler deterministic model which is expected to mimics this dynamics, namely
the time-dependent Ginzburg-Landau equation for a scalar field in d = 1, 0;¢ =
02¢ — dV/d¢ with V(¢) a symmetric double well potential with minima at ¢ =
+1 corresponding to the up and down phases for the Ising model. If the model
starts with a ¢ profile corresponding to a random initial condition for the Ising
model, then it evolves rapidly to a phase of subsequent regions were ¢ is close to 41
(corresponding to the ordered domains) and the dynamics is dominated by the events
that bring together and annihilate the closest pair of domain walls. This in turn
corresponds to the fact that the smaller domains merge with the two neighbouring
domains. Consequently, the HCP which has been introduced in [BDG] to mimic
this domain dynamics has parameters: d™ :=n (only the smallest length is active

at each epoch), )\yb) (n) = Al (n) =0 and )\((ln)(n) =1 (only triple merging occurs).

3. METRIC STRUCTURE OF N (dpin)

Let us write M for the space of Radon measures on R, i.e. locally finite Borel
non-negative measures. We consider this space endowed of the vague topology, such
that u, — p in M if and only if p,(f) — p(f) for all continuous functions f on R
with compact support (shortly, f € Cp). Then M can be metrizied by a suitable
metric m making it a Polish space (see [DV, Sec. A2.6] and observe that, since the
Euclidean space R is Polish and locally compact, the vague topology coincides with
the w—topology as discussed before [DV, Cor. A2.6.V]). We recall the definition of
m since useful below:

o, dr('u/(r)’y(r))
m(u,v) .—/O e 1+dr(,u(r),y(r))dr’ w,v e M,

where ,u(”), v(") denote the restriction to (=r,7) of u,v, while d, stands for the
Prohorov distance for measures on (—r,r) (see [DV, Sec. A2.5)).

The space N introduced in Section 2.1 can be thought of as a subspace of M, iden-
tifying the set £ € N with the measure erg 0. Then one gets that the o—algebra
of its Borel subsets coincides with the o—algebra of measurable subsets introduced
in Section 2.1 (see [DV, Ch. 7], in particular Prop.7.1.IIT and Cor. 7.1.VI there).
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Therefore, the same property holds for N (dmyin) (i.e. Borel subsets and measurable
subsets coincide).

Lemma 3.1. The following holds:

(i) & — & in N(dwmin) if and only if |§, N [a,b]| = [€N[a,b]| for each interval [a,b]
such that £ N {a,b} = (). The same criterion holds replacing closed intervals
[a,b] by open intervals (a,b).

(i7) Suppose that &, — & in N(dmin). Fiz a < b with £ N {a,b} = 0. Then
&nN(a,b) = EN(a,b) in N(dwmin). Moreover, for n large enough &, N (a,b) has
the same cardinality of €N (a,b) and lim,, xz(n) =x; for 1 < i <k, where
&N (a,b) = {2l < 20 <o <2} and €N (a,b) = {w1 < o < -+ < a1}

(#ii) The space N (dwin) s a closed subset of M. In particular, it is a Polish space
endowed of the metric m.

(iv) The space N (dmin) is compact.

Proof. Part (i) with closed intervals follows from [DV, Prop. A2.6.II] (see also
[FKAS, Th.1.1.16] with P, := d¢, and P := J¢). The same criterion with open
interval is a simple derivation from the one with closed interval.

Let us consider Part (i7). Applying the criterion in Part (i) it is trivial to check
that &, N (a,b) — £ N (a,b). Take now £ > 0 small enough that all the intervals
Ji =[zi—e,x;+e¢], 1 <i <k, are disjoint and intersect £ only at x;. Then, by item
(¢) for n large &, has exactly one point in each J;. Similarly, &, has exactly k points
in (a,b) for n large. By the arbitrariness of € we can conclude.

To prove Part (iii) call A the family of counting measures in R, i.e. £ € N if and
only if £ =), kid,, with k; € N and {x;} being a locally finite countable subset of
R. By [DV, Prop.7.1.111], A is a closed subset of M. Hence, if &, € N(dpi) and
&, — &€ with € in M, then ¢ € N. We only need to show that & € N (duin). Suppose
by contradiction that £({z}) > 2 for some x € R. Take I = [x — ¢,z + €] such that
E{zx—e,x+€}) =0 and 2¢ < dp;, (the existence of e is guaranteed by the fact that
¢ € N). By Part (i) it must be &,(I) > 2 for n large enough, in contradiction with
the fact that &, can have at most one point in [I.

Due to Part (iii), Part (iv) is a simple consequence of the compactness criterion

given in [DV, Cor. A2.6.V]. O

Recall that B denotes the Banach space of all continuous functions f : N (dmin) —
R endowed with the uniform norm ||-|| and that By, denotes the set of local functions

feB.

Lemma 3.2. The set By is dense in B. In particular, given f € B and defining
In(€) = ]]\yﬂ fE&n (=r,r))dr, it holds fn € Bioc and fy — f in B.

Note that the map Ry > 7 +— f(EN(—r,7)) € R is stepwise, with a finite number
of jumps in any finite interval. Hence, the above function fx is well defined.

Proof. Take f € B. Since N (dpin) is compact, f is uniformly continuous. Hence,
given € > 0, there exists dp > 0 such that m(&, &) < §p implies |f(€) — f(¢)] <
e. Take Ny € N large enough that e~ < §). By the definition of m we have
m(&, €N (=N,N)) < [y e %da < & for any N > Ny. This implies that |f(£) —
fEn(=r,r))| <eforall r > Ny and therefore ||f — fn|| < e. Trivially fy is a local
function, it remains to prove that fy is continuous. To this aim, fix £ € N (dmin)-
Then the set R = {r € [N,N +1] : £n{—r,r} # 0} is finite. In particular, by
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Lemma 3.1 (di), if £, — £ then &, N (—r,r) = &N (—r,r) for all r € [N,N + 1]\ R.
Since f is continuous, we get that

fE& N (=rr) = fEN(=rr1)) Vr e [N,N + 1]\ R.

We conclude applying now the dominated convergence theorem. O

4. OCP PROCESS: PROOF OF THEOREM 2.6 AND THEOREM 2.8

In this section we prove Theorem 2.6 and Theorem 2.8 applying our analysis of
the Markov generator of the OCP (recall Corollary 2.10).

4.1. Differential equation for u; and proof of Theorem 2.6. As application
of Corollary 2.10 we can prove the following result:

Proposition 4.1. Let f:]0,00) — R be a continuous function such that

S suplf ()] < oo. (27)
k=0

— x>k
Let p be a probability measure on [dyin,00) and py be as in Lemma 2.5 with the
choice Q@ = Ren(p). Then, the function [0,00) 3t — ui(f) € R is differentiable and

uih) == [mden@ @)+ [ utdn) [ )0 @)+ M) @+ 1)

+ / u(dz) / u(dy) / pe(d)ha(W) x4y + 2). (28)

Proof. Set Q = Ren(dp, ). Note that Pg—a.s. £(t) belongs to the set N, of config-
urations £ € N (dpin) such that & C [0,00), £ N (0,dmin/2] = 0 and & is given by
an increasing sequence of points diverging to oo. Points in £ € N, are labeled as
20(€),x1(€),x2(&), ... in increasing order. Then, by Lemma 2.5, y; equals the law
of z1(£(t)) under Po(:|0 € £(¢)). Hence we can write u(f) = N;/D; where

Ny =Eq [f(z1(6(1));0€€(t)], Dy =Po(0 € &(1)).

Let p: R — [0, 1] be a continuous function such that p(z) =0 for = ¢ (—dm%, d‘”f)
and p(0) = 1. By definition of vague convergence (see Section 3), the function
® : N(dmin) — R defined as ®(§) := > . p(z) is a continuous map. Since local it
belongs to By, and moreover it satisfies ®(§) = Loe¢ for all £ € N,. In Lemma 4.2
below we exhibit a function U € D that satisfies U(§) = f(ml(g))]l%g for all £ € N,.
Hence, we can write

Ne=Eo[¥(E®)],  Di=Eg[®(&(1))].

By standard properties of Markov generators, we conclude that the maps Ny, D; are
differentiable and that

N{=Eg[L¥({(®)],  Di=Eg[Le(£(1))]

Since ¥, ® € D, we can use Equation (2) to compute L¥ and L&. We need their
value only on N,. Suppose that ¢, & € N, are such that ( C £ and 0 € £&. Writing z;
and d; instead of x;(¢) and d;(¢) = z;(¢) — x;—1(¢), we get

LY(¢) =1(0 € O)G(Q),
L(C) =1(0 € OH(C)
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where H(() := —A¢(d1) — Aa(d1) and
G(C) == —[Ae(dr) + Aa(d)] f(21) + [Ar(dr) + Ae(do)] [ f(22) — f(21)]
+ Xa(da) [f(x3) = f(21)].
Since Ny and Dy are derivable, we get that Ny/D, is derivable and that
d _d Ny N{ N;D
") = 3D, =D, " D, D,
Writing F(€) = f(x1(£)), the above identities imply that

%Nt(f) =Eo (G(&(1) [0 € £(t)) —Eg (F(£(1)) |0 € £(2)) Eq (H(£()) |0 € £(2)) -

(29)
By Lemma 2.5 (iv), we can write (brackets should help to follow the computations)

£(1)) 10 € £(t) = — {(Aef) + me(Aaf)}
1 ( dl“ Mt(dy) [Ar(@) + Ae(y)] f 2+ y) = (N f) — Mt(Ae)Mt(f)}

G(&(t)
{
4 {/,ut(dac) / ,ut(dy)/ut(dz))\a(y)f(x +y+z)— Mt()\a)ﬂt(f)} (30)
d

Eg (F(£(1) [0 € £(1) Eg (H(E(1)) [0 € £(t) = —pe(Hpe(Ae) — pe(F)pe(Aa)- - (31)
Combining the above identities (29), (30) and (31) we get the thesis. O

In the proof of Proposition 4.1 above, we used the following technical lemma.

Lemma 4.2. Let f be a real continuous function on [0,00) satisfying (27) and
extend it to a continuous function on R constant on (—o00,0]. Given s € R define

_ 0 if{&ﬂ(s,oo)‘gl
Js(€) {f (2(€N(s,0)))  otherwise

where 2(5 N (S,oo)) denotes the second point from the left of £ N (s,00). Then the
function

F:N(dmin)9£»—>

/0 f(€)ds € R

_dmin

belongs to B. Moreover, the function V(&) = ®(§)F(E) belongs to D and ¥(&) =
f(21(8))Loee for all & € N, (for the definition of ® and N, see the the proof of
Proposition 4.1).

dmin

The integrand in the definition of F' is a stepwise function with a finite number
of jumps, hence it is integrable.

Proof. Let us prove the continuity of F. Take &, — & in N (dpyin) and set R := {s €
(—dmin, 0) : s & &}. We claim that, fixed s € R, it holds f4(&,) — f(§). Let us first
suppose that |£N(s,00)| > 2. Let a < b be the first two points of £N (s, 00) and take
¢ larger than b such that £ has no point in (b, c]. Then by Lemma 3.1 (ii) &, N (s, ¢)
has exactly two points a™ < pm) eventually in n, moreover a™ — g and b — b.
By the continuity of f, we have
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Let us now suppose that [£ N (s,00)| < 1. Suppose first that £ N (s,00) has only
one point, denoted by z.. Given € > 0 fix L > z, such that L ¢ £ and |f(x)] < ¢
for © > L (L exists due to (27)). By Lemma 3.1 (i) for n large &, has exactly
one point in (s, L). This assures that |fs(&,)| < e for n large and therefore that
limy, 00 f5(§n) = 0 = f5(€). A similar argument can be applied when ¢ has no point
in (s,00). This concludes the proof of our claim.

Combining our claim with the dominated convergence theorem and with the fact
that R is a finite set, we get that F(&,) — F(§), thus proving the continuity of F'.

If £ € N, it is simple to check that W(¢) = f(xl(f))]l%g. It remains to prove
that |||U]|| < oo. Suppose that k& € Z and ViU ({) # 0. Then k£ > —1 and ¢
has at least two points in (—dpin, 00), the first or the second one (from the left)
must lie in I;. In particular, it must be [V W(§)| < 2sup,>pq . |f(2)]. Take now
k < K < k+ [dnax/dmin] in Z. Suppose that V(hk/)\IJ(f)_yé 0. If k < —1 then
Vi ¥(§) = Vi ¥(§) which can be bounded as above. If &,k > —1, then we
conclude that £ has at least two points in (—dpin, 00), the first or the second one
(from the left) must lie in I} U Iy. Hence, |V, 1y W(§)| < 2sup,spq, . |f(z)]. The
above bounds and condition (27) allow to conclude. O

We have now all the tools to prove Theorem 2.6.

Proof of Theorem 2.6. To prove (3) and (4) we can restrict to s > 0. Indeed, writing
these differential equations as integral identities one can take the limit s | 0 and
recover the case s = 0.

We can apply Proposition 4.1 to the function f(z) = e™%%, x > 0, getting that
Gi(s) = ue(f) is t—differentiable, with derivative given by (28).

We can write Hy(s) = pu(f) where f(x) := e 51 (2 < diax). Obviously f is not
suited to Proposition 4.1 since not continuous. If 4 had support on a lattice, e.g.
N, trivially f could be replaced by a nice function. In the general case we need
more care. For ¢ > 0 small enough, we fix a continuous function f; on [0,00) with
values in [0,1] such that f.(z) = f(z) if = ¢ (dmax — €, dmax ). Applying Proposition
4.1 we get that the function [0,00) 3 t +— u(fe) is differentiable with derivative
given by (28) (with f replaced by f.). Since p; has support in [dpin, 00) and since
felx+y) =0, fe(x +y+2) =0if 2,y, 2z > dpin (recall assumption (A2) in Section
2.2), from (28) we conclude that p}(fz) = —pe(M\fe).

Let ay(e) := ,ut((dmax — 6,dmax)). Trivially, lim. g a:(¢) = 0 and 0 < oy (e) < 1.

Since [ (f) = pe(fe)] < cu(e) and
g (f) + )| = |e(Afe) = 1A < ae(€) [ Moo

applying the Dominated Convergence Theorem we get

Hy(s) = pa(f) = lim e (fe) = lim o (/) —/0 pu(Mf2)du] = po(f) —/0 fu(Af)du.

Since A is a continuous function (extendable on [0, 00)) and is zero on [dyax, 00), we
can apply Proposition 4.1 to the function Af concluding that the map [0,00) 5t
pe(\f) is differentiable and therefore continuous. This observation together with
the above identity allows to conclude that Hy(s) is t—differentiable and its derivative
satisfies (3) (note that Af = Af by assumption (A1) in Section 2.2). Knowing that
0:Gy(s) is given by (28) and using (3) we get (4).
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We observe that in case (i) it holds Ay + A\, = A, while in case (i7) it holds
A+ X = M /(1+7) and \y, = A/(1 + 7). These identities allow to derive from
(3) and (4) that 0;Gi(s) = 0:Hi(s)(1 — Gi(s)) in case (i) and that 0;Gi(s) =

Oy Hy(s) (1 _ Gt(S)(l’Y_:rth(S))

putations outlined in Remark 2.7 using (3), (4) and the fact that lim; o, G¢(s) =
Goo(8), limyyoo Hi(s) = Hoo(s) = 0 (which is due to Lemma 2.4 (iii) and Lemma
2.5 (v)). We only point out that with the definition of A.(s), B:(s) given in Remark

+2
2.7 one gets by (s)eAw($)+2Buls) — W/—iz@uefH“% in case (i7). O

in case (7). The rest of the proof follows by the com-

4.2. Differential equation for v; and proof of Theorem 2.8. As in the case
of the interval law gy, in order to prove Theorem 2.8, we need first to establish a
differential equation for the expectation v4(f) for nice functions f.

Proposition 4.3. Let f : [0,00) — R be as in Proposition 4.1. Let p be a probability
measure on [dyin,00) and vy be as in Lemma 2.5 with the choice @ = Ren(do, ).
Then the map [0,00) > t — v4(f) € R is differentiable and

) == [tz [ ) Outo) + 2alw) @) + [(do) [dp)reto) £+
+ [ulde) [ i) [ @i +y+2) (32)
Proof. We extend f as continuous function to all R, constant on (—oo,0]. Given
s € R define
)0 if&N(s,00) =0
fsl&) = {f (z(£N(s,00)))  otherwise

where z(£ N (s,00)) denotes the first point from the left of £ N (s,00). Then the
function

0
O : N(dmin) 2 £ — ! / fs(§ds e R

dmin —dmin
belongs to D and ©(&) = f(xo(§)) if £ € N,. The proof is similar to the one of
Lemma 4.2 and we omit the details.

Set @ = Ren(dg, ). Note that Po-a.s. £(t) belongs to the set N, of configu-
rations & € N (dpyin) such that & C [0,00), £ N (0,dmin/2] = 0 and & is given by
an increasing sequence of points diverging to oo. Points in £ € N, are labeled as
20(€),x1(£),x2(&),... in increasing order. Hence, we can write

n(f) =Eg[f(zo(5(1))] = Eg[O(E(1))]-
Using that ® € D and therefore (2), one concludes that the map t — v (f) is
differentiable and that

S () = EolLO(E()]
=Eg [Ae(z1 — 20)[f(71) — f(@0)] + A1 — 20)[f (22) — f(20)]]

- / vi(dz) / sl M) @+ ) — F(2)]
+ [ o) [ iuldy) [ @ na)lite sy +2) - 1)

where we used, for simplicity of notation, xg = z¢(£(t)), 1 = x1(£(t)) and x9 =
x2(&(t)) and the fact that xg has law vy, while z1 — xg and z9 — 1 have law py. O
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Proof of Theorem 2.8. As in the proof of Theorem 2.6 we can take s > 0. Using
Proposition 4.3 with the function f : z — e %%, we get that ¢ — L;(s) is differentiable
and that

%Lt(s) - / vi(dz) / pe(dy) (Ne(y) + Xa(y)) e + / vy(da) / pe(dy) Ae(y)e =Y

+ [utds) [y [tz

The above equation corresponds to (12).
Consider the case A\, = 0. Then if Ay = 0, trivially L; = Lg for any ¢ > 0. While

for A, = v\y, one has \p = ﬁ)\ so that the differential equation (12) satisfied by
L; reads

Ly(s s Ly(s
it = 142 | frttnn )+ [rttmrme | = 42 @utots) - 2o

+7
where we used (3). Integrating and using that lim; ,, H¢(s) = 0 leads to (13) and
(14).

Now consider the case Ay = 0, A\, = 0. Noticing that A, = A and using (3), from
(12) we obtain that 0;In Li(s) = 0,H:(0) — G¢(s)0Hy(s). At this point we apply
Point (ii) in Theorem 2.6 with v = 0 getting for s > 0

Bt lnLt(s) = Bth(O) — %Z(CJ;)(;) = 8,5 {Ht(O) + %hl(l — Gt(s)Q)} .

This leads to (15), which implies (16) after taking the limit ¢ — oco. O

5. ABSTRACT GENERALIZATION OF THE TRANSFORMATION INTRODUCED IN
[FMRTO]

We extend here a transformation developed in [FMRTO, Sec. 5] allowing to re-
phrase the non-linear identities on the Laplace transforms appearing in Theorem 2.6
and Theorem 2.8 into linear identities involving Radon measures. This transforma-
tion will be crucial in our analysis of the limiting behaviour of the HCP process (see
Section 6 and 7).

Consider the OCP starting from a renewal SPP with interval law p having support
on [dyin,o0) (i-e. £(0) has law Ren(v,p) or Ren(u) or Renz(n)). We recall that
loo denotes the interval law at the end of the epoch (see Lemma 2.5) and we call
X0, Xoo some generic random variables with law p, poo, respectively. Then we define
the rescaled random variables

ZO = XO/dmin and Zoo = Xoo/dmax

and we set, for s > 0,

go(s) = E(e7°%) | gools) = E(e™7=) | ho(s) =E(e*%; 20 < a), a:= 2

dmin
By definition and because of Assumption (A2) and Lemma 2.4 (i7i), we have that
Zy>1, Zs >1anda € [1,2]. In particular, go(s), geo(s) € (0,1) for s > 0.

We observe that Equations (6) and (8) have the following common structure:

F(goo(as)) = F(go(s)) — ho(s), 5> 0,
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where
Fla) = {— In(1 —x) for Equation (6), (33)

3—3 In %(Z—H) for Equation (8) .

With these examples in mind, we introduce the following definition.

Definition 5.1 (Hypothesis (H)). We say that a real function F satisfies Hypothesis
(H) if there exists € > 0 such that F is defined on (—e,1) and
e (H1) F is C1,
e (H2) the deriwative F' admits an analytic expansion on (0,1) of the form
Fl(z) =377y cnx™ with ¢, > 0 for all n >0,
e (H3) F(0) =0, F is bijective from (—¢,e) to an open interval U containing
0 such that R := F ' : U — (—¢,¢) is an analytic function and R'(0) = 1
(i.e. F'(0) =1).

By analytic expansion in (H3) we mean that R(z) = > 5o, rga” for all z € U,
where the series in the r.h.s. if absolutely convergent.

One can easily verifies that both functions F defined in (33) satisfy Hypothesis (H)
since for |z| < 1 we have the analytic expansions — In(1—z) = x+2%/2+23/3+-- -,

while

 Lte/ D) i =+ ()" + )7 (34)

1—2 n
n=1
Moreover, for |z| < 1, it holds
1—e™® if F(z) = —In(1 — x),
R = xpd 12,14 35
(.%') € p£:;1l‘ : i ]:(,I) _ V—i; In 1+$1/£';+1)‘ ( )
exp{mm}-l—m

Finally, we introduce the following notation. Given an increasing function ¢ :
[0,00) — [0,00) and a Radon measure m on [0,00), we denote by m o ¢ the new
Radon measure on [0,00) defined by

mo ¢(A) = m(p(A)), A C R Borel.

Note that mo ¢ is indeed a measure, due to the injectivity of ¢. Moreover, it holds
| femesn = [ o7 @)mldo). (36)
0 [6(0),¢(c0)]

Above, and in what follows, we use the short notation fooo for f[o 00"

Theorem 5.2. Let F be a function satisfying Hypothesis (H). Then there exist
unique Radon non-negative measures to(dz) and to(dzx) on [0,00) such that for all
s >0 it holds

ooefs(lJr:r)

Flan(s) = |~ Sto(da), (37)
0 ,—s(l+z)

Flax() = [ Sotalda). (33)

h e d 39
o(s) /[O,a—l) 1+ o(dx) (39)
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Moreover, the equation

f(goo(as)) = ]:(go(s)) — ho(s), 5> 0, (40)
1s equivalent to the relation
too = (1/a)tgo ¢ (41)
where the linear function ¢ : [0,00) — [0,00) is defined as ¢(x) = a(l + x) — 1.
Remark 5.3. Combining (H2) and (H3) in Definition 5.1, it follows that the map
F is strictly increasing on [0,1). In particular, Equation (40) univocally determines

Joo knowing go and hy on (0,00), and similarly Equations (37) and (38) univocally
determine goo and gg knowing to, and ty, respectively.

We divide the proof of the above theorem in different steps.
Lemma 5.4. Let Z be a random variable such that Z > 1 and define g(s) = E[e™%],
s>0. Let w: (0,00) — R be the unique function such that

]:(g(s)) = /OO du e w(u), s> 0, (42)
- w(s) == —e*F'(g(s))d'(s), s> 0. (43)

Then the function w is completely monotone®. In particular, there exists a unique
Radon measure t(dx) on [0,00) (not necessarily of finite total mass) such that

w(s) = / e *t(dr), s> 0, (44)
0
and therefore
F T 0 15
= [ ————t(dn), > 0.
(o) = | Gt s (45)

Moreover, the above identity (45) univocally determines t(dx).

Proof. The last statement follows from the inversion formula of the Laplace trans-
form. For the rest, the proof is similar to the proof of Lemma 5.1 in [FMRTO].
The only slight difference is in the following argument. By condition (H2) and since
g(s) € (0,1) for s > 0, we can write w = > po,crg”, f = —eg'(s). Since c; > 0
for all kK > 0 and since the product and the sum of completely monotone functions is
again completely monotone (cf. [F]) we get that )7, cxg" is completely monotone.
The rest of the proof is as in [FMRTO]. O

Lemma 5.5. Let Z be a random wvariable such that Z > 1 and let g(s) be its
Laplace transform. Let t be the unique Radon measure on [0,00) satisfying (45) and
call m(dzx) the Radon measure with support in [1,00) such that

m(A) = /0 h %t(dm). (46)

For each k > 1, consider the convolution measure m®) with support in [k, 00) defined
as

) = [T m(de) [Cmdes) - [T m(do) e s (@)

3Recall that a function f:(0,00) — R is said to be completely monotone if it is C* and if for
any integer k, (—1)%f*) > 0.
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Then the law of Z is given by the measure m, ==y o, rem®) | where the coefficients
r, are determined by the series expansion R(x) = Y poy rex® of the function R
around 0 (recall condition (H3) in Definition 5.1). In particular

Ele %% Z < a] —/ ﬂt(dm) s>0 (48)
’ a [0,a—1) I+ ’ -

We point out that, given a bounded Borel set A, since m*) has support in [k, 00),
the series m.(A) = >.5° rem*)(A) is a finite sum.

Proof. The proof is a generalization of the proof of Lemma 5.2 in [FMRTO0]. It reveals
the fundamental structure behind the transformation introduced in [FMRTO].
By definition of m(dx) and by (45) we can write

(3] efs(ler) 00
F(g(s)) :/0 Hixt(dx) :/0 e **m(dx), s> 0. (49)

Since lims_,o0 g(s) = 0, by (H3) we conclude that F(g(s)) goes to zero as s goes to
oo. In particular, by (H3), for s large enough we can invert (49) and use the analytic
expansion of R getting

g(s) =R ( /0 h e_‘mm(dx)) — g:lrk /0 ' e~ m®(dx),  slarge,  (50)

k
where, in the last equality, we used that <f0°° efsmm(dx)> = 7 e=5*m*) (dzx).
From now on s has to be thought large. We can rewrite the right hand side of (50)
as y poy <Z]°ik a;w), where ay, ; = ry, ff e“”"’m(k)(dm) and I; = [j,j+1) for j > 1.
J

Due to the analytic expansion of R(x) around 0, we have that >°7° | |rgz*| < oo for
|z| small, hence we can write

3 - “m(dw ‘ 00
S5 sl - Zm/ <dm>=;|m|(/o e m(da)) < o,

k=1 j=1

thus implying that in the series > 7, <z]°ik ak,j) we can indeed arrange the terms
as we prefer. In particular, we can invert k and j getting

Z (Zaiw Z/ “m.(dx) /[0700) e *"my(dx).

7j=1
Let us write my, = m,(k+) — m,(f) as the sum of non-negative measures with disjoint

supports [H]. Writing pz for the law of Z, we then have that the Laplace transforms

(=) ()

of pz+m, ’ and m,"’ are identical for s large. By Theorem 1la in Section XIII.1 [F]

we conclude that py + m,(k_) = m,(k+). Since mg_) and m,(k+) have disjoint supports,

mi_) must be zero and therefore m, = mgf) is a non-negative measure.

To conclude the proof it remains to check (48). It is enough to prove the thesis
for s > 0, since the case s = 0 follows by monotonicity. To this aim we observe that,
since m*) has support contained in [k, c0) and since r; = R’(0) = 1 by (H3) , the
measure m, equals m on [1,2). Since a < 2 and using the definition of the measure
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m given by (46), we obtain that

—s(1+x)
Ele™*%:Z < a :/ e pz(dx :/ e **m(dx :/ C  i(da).
[ ) [1,a) (dz) 1,a) (dz) 0a-1) 1+2 (dz)
This concludes the proof of (48). O

We are now in position to prove Theorem 5.2.

Proof of Theorem 5.2. Observe that Equations (37) and (38) follow from Lemma
5.4, and that Equation (39) follows from (48) in Lemma 5.5.

To prove the last statement we write p(dz) for the measure in the r.h.s. of (41).
Using that a[¢~!(x) + 1] = 1 + , we obtain for s > 0 that

(3] efas(lqt:v) efs(lJr:v) efs(lJr:v)
|t =at [ S = [ S ().
o l+z [6(0),00) @ (1 + ) la—l,00) 1+ @

Using also (37), (38), (39) we conclude that Equation (40) is equivalent to

et et Vs> 0 51
| Satstan = [ Setan. w0 61)

Thinking the above integrals as Laplace transforms of suitable non-negative mea-
sures in the variables as, by Theorem la in Section XIIL.1 in [F] we conclude that
(51) is equivalent to the identity ts = p. O

6. ASYMPTOTIC OF THE INTERVAL LAW FOR HCP: PROOF OF THEOREM 2.12

The key result of this section is Theorem 6.1 which in turn allows to prove easily
Theorem 2.12. Theorem 6.1 is proved by using the recursive identities for the OCP
process established in Section 4 and our extension of the transformation of [FMRTO]
derived in the previous section.

Let us start by recalling the notation of Theorem 2.12 which will be used through-
out this section and by giving a few more definitions. We let p© be a probability
measure on [d!), 00) = [1,00) and consider the HCP such that £(M)(0) has law of the
form Ren(v, 1), Ren () or Renz(u) (v being a probability measure on R). Call (™)
the interval law of &™) (0), i.e. at the beginning of epoch n and let X ™) be a generic
random variable with law p(™ and Z( be the rescaled variable Z(" = X /q(®),
Finally, for any n > 1 and s > 0 set

g(")(s) = E(e_sz(n)), h(")(s) = E(e‘sz(n)]llgz(nkan) (52)
with
an = d™) /). (53)
Note that = 13 and g™ (s) = g(s) := [ e 5 u(dz). The following holds

Theorem 6.1. Let F be a function satisfying Hypothesis (H) (see Definition 5.1)
and assume that for some number r it holds

lim —s7"(g(s))g'(s) = & (54)

and that
Flg" D (ans)) = Flg™ () =h"(s),  n=1,s>0. (55)
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Then it must be k > 0. Moreover, the rescaled variable Z™) weakly converges to the

random variable Z(*°) = Z,(fo) whose Laplace transform g,&‘”’ satisfies

.F(gfgoo)(s)) = Ii/ e; dx, s> 0. (56)
1

If Kk =0 then Z,S’o) = 00, while if k > 0 then Zé‘”) takes value in [1,00).

Proof. We first apply Theorem 5.2 getting that, for each n > 1, there exists a unique
measure (™ on [0, 00) such that

F (™ * e g 7
(g (5))—/0 1—|—xt (dz), s> 0. (57)

Due to (55) and Theorem 5.2 again, for n > 2 it holds ¢ = %L_lt("_l) O hr_1,

with ¢p_1(x) = an,_1(1 + ) — 1. The recursive identities relying the ¢(")’s can be
explicitly solved, leading to

1
) — =4
'\ = Fo) ) ohy_q, n>2 (58)
with 1,1 (z) = d™ (1 4+ 2) — 1. Defining U™ (z) = t™) ([0, z])1(z > 0), we get that
dU™ =t and U™ (z) = 0 for z < 0. By (58) it holds that
1

U (x) )

[UO @1 +2)-1) —vD (@ -1)-)], w1 (59)

Moreover, for each n > 1, integrating by parts and using that U™ (0—) =0, we can
rewrite the integral in the r.h.s. of (57) as

S 6_8(1+x) 6_5(1+y) 0 d 6_8(1+$)
(n) — () (4) — £ (n)
/0 1+ £ (d) g%lTrc?o 1+y U ) /0 de \ 14z U (w)dz.

(60)
We now use the key additional hypothesis (54). Since g(!)(s) = g(s) because dV) =1,
if w(") denotes the Laplace transform of (1) (i.e. w((s) = I e=5*t(M)(dx)), then
(54) together with (43) implies that lim,josw™ (s) = k. The above limit and the
Tauberian Theorem 2 in Section XIIL5 of [F] allow to conclude that

(1)
m L ) = K. (61)
yToo Y

The above limit together with (59) implies that there exists a suitable constant
C > 0 such that

UM (z)y<C(l4z), n>1,z>0. (62)

In particular, the limit in the r.h.s. of (60) is zero and

0 ,—s(1+x) © [ 1 e—s(1+z)
t™(d :_/ = ™) (2)d > 1.
|t == [ (G5 ) v @ a1 o)

By (59), (61) and the fact that d™ — o, we conclude that lim,,_o U™ (x) = kx
for all x > 0. This limit together with (62) allows us to apply the Dominated
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Convergence Theorem, getting that

oo —s(1+x) (3] d —s(1+x) oo —s(1+x)
lim S0 (dx) = —/<;/ CE— ) ) wde = H/ S
n—oo [y 1+ 0 dz 1+ o l+z
64

(in the last identity we have simply integrated by parts).

Let us come back to (57). We know the limit of the r.h.s. asn — oo by (64). Let us
analyze the Lh.s. We claim that, given s > 0, the sequence {g™ (s)},>1 converges
to some number in [0,e~*]. Indeed, since Z, > 1, it holds g™ (s) € (0,e~%]. If
the sequence was not convergent, by compactness we could find two subsequence
{ng}tr>1 and {n,},>1 such that limg_,. g™ (5) < lim, 00 g™ (s) and both limits
exist and belong to [0,e”*]. On the other hand, by hypothesis (H1) and Remark
5.3 the function F is continuous and strictly increasing on [0,1). Hence,

i (k) — i (k) im (™) — 1 (nr)
kli)ngo]:(g (s)) = f(kll—>n<>log (s)) < F(lim g""/(s)) = lim F(g")(s))

r—00 r—00

in contradiction with the fact that the first member and the last member equal the
r.h.s. of (64), by (57) and (64).

Since we have proved that for all s > 0 the sequence {g(™(s)},>1 converges to
some number g,goo)(s) € [0,e™*], using the continuity of F on [0,1), (57) and (64),
we conclude that g,(§’°) satisfies (56).

Since by Hypothesis (H) the function F' is positive on [0,1), the limit x in (54)
must be non-negative. Let us first consider the case k = 0. Then, by (56), the fact
that F is strictly increasing on [0, 1) and F(0) = 0, we conclude that ¢(*(s) = 0 for
all s > 0. This implies that the law of the random variable Z(™ weakly converges
t0 0no-

We now consider the case x > 0. As pointwise limit of decreasing functions,
also gffo) is decreasing on (0,00). In particular the limit limg)g g,gm)(s) exists and
belongs to [0, 1]. Let us call z this limit and prove that z = 1. Suppose by absurd
that z € [0,1). Then, by the continuity of F on [0,1) and Equation (56), we would
have

o (00) o /oo e ST _ .
F(z) Slﬁ)l./—"(gli (s)) Slﬁ)lli 1 1+xdm 00

Since F takes finite value on [0,1) it cannot be F(z) = oo, thus implying that
z = 1. In conclusion we have proved that limg g g,goo)(s) = 1. Then, by Theorem
2 in Section XIIIL.1 of [F], we conclude that g,&oo) is the Laplace transform of some
non-negative (finite) random variable Z,(ioo) and that Z( weakly converges to Z,(.ioo).
The fact that Z,S’o) > 1 a.s. follows from the fact Z(®) > 1 for all n > 1. O

Proof of Theorem 2.12. Thanks to Theorem 2.6 and the discussion before Definition
5.1, the Laplace transforms of the rescaled variables Z(™ satisfy

F(g" D (ans)) = Flg™ () = b)) ¥nz1, Vs>,

where

iy M y
T In—2  in case (i),

—In(l—2x in case (2),
m):{ (1-2) ()



26 A. FAGGIONATO, C. ROBERTO, AND C. TONINELLI

respectively. We have already observed, that in both cases F satisfies the Hypothesis
(H). Computing F' we get

— limg g 139’(3) in case (i),
lim—sF(g(s)g () =3 " 9w L s .
510 — limg g 3—1‘2 (7+§4§g)(8) + 1—99((3))> in case (7).

Since we have assumed the limit (21) and since 1 — g(s) = o(1) for s small, it must
be limg g sg’(s) = 0. This last observation allows to conclude that

c in case (¢
lim —sF(g(s))g/ () = { 0y ) (65)
510 T3¢ in case (7).

At this point Theorem 2.12 is an immediate consequence of Theorem 6.1 and the

computation of R = F~! given in (35). O

7. ASYMPTOTIC OF THE FIRST POINT LAW: PROOF OF THEOREM 2.15

In this section we prove Theorem 2.15. While in the derivation of Theorem 2.12
we have tried to keep the discussion at a general and abstract level in order to
catch the fundamental structure of the transformation introduced in [FMRTO0] and
therefore explain the similar asymptotics of very different HCP’s, we restrict here
to the special cases mentioned in Theorem 2.15. Indeed, as the reader will see, the
proof goes through estimates which are very model-dependent.

Proof of Theorem 2.15. Case (i) has been solved in [FMRTO0, Theorem 2.24]. Hence
we focus on case (7). Without loss of generality we can restrict to the case v = dy,
i.e. when the HCP starts with £(1)(0) having law Ren(dg, 1),  being a probability
measure on [d1), 00) = [1,00). Indeed, in the general case Xén) can be expresses as
V—l—Xén), where Xén) is the first point in f(()n) for the above HCP starting with distri-

(n)

bution Ren(dg, i), while V' is a random variable with law v independent from XO .

Since d™ — oo, when taking the rescaled random variable Y (") = Xo(n) /d™) the
effect of the random translation V' disappears as n — oo. From Lemma 2.5 we know
that the configuration 5(")(0) at the beginning of epoch n has law Ren(y("), ,u(”)).

As in the previous section X ™ will be a random variable with law (™ and Z(™ the
rescaled random variable Z(" = X /d(") Moreover, we write Xén) for a generic
random variable with law (™) and set

() (5) = E(e—sY“”>, seR., Y™ =x{M/am,

Recalling the definitions of g™ (s), h(™(s) and a,, in equations (52) and (53), we
use formula (11) and Theorem 2.8 (ii) to obtain the recursive equations

1— g+t (a,s)?
0 (a,8) = £ n h(0) > 1.
(a’ S) (S) 1 _ g(n) (8)2 € 9 n -
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By iteration, we get

1— g (s)2 ol
() (5) = 60 (5 /d™) ) exp{ -3 h(])(o)}

—gW (s/d =
[1— g™ s/dm)
_ (1 (n g\ (]
=0 (s/d \/1_9(1 (s A2 exp{ log d™ E h }

(66)

Since d™ — 0o, we have lim,, o, £()(s/d™) = 1. By assumption p has finite mean
(n)
i = —g'(0). Hence, PQS{EIW converges to 1/2fi as n — oo. Finally, invoking

Theorem 2.12, from (66) we get

2 n—1
lim ¢ (s) = \/_\/1 tanh S(El( 5)/2) hm exp{—log dm™ — jzlh(j)(())}. (67)
In remains to study the last limit in (67). To this aim we come back to the measures
t() As already observed in the proof of Theorem 6.1 and Theorem 2.12, applying
Theorem 5.2 one gets that for each n > 1 there exists a unique measure t(™ on
[0, 00) satisfying (57) with F(z) = 2+ 1In 1+“” for x € [0,1). Moreover, by Equation
(39) it holds

—s(1+x)
hmy$::/ ¢ £ ()
[0,an—1) l+z

and by formula (58) it holds ¢(®) = (1/d("))t(1) 01 with b, 1 (x) = d™ (1+z)—
for all n > 2. Combining the last identities, from (36) one gets

efs(lJr:v)/d(”)
h(")(s) = / 7t(1)(dm), n > 1.
[d(m) 1, d(n+1) _1) 1+=z

The above integral representation implies

n—1

) 1
1) (0) = / D) (d).
ORI o C

j=1 [0,

Equation (26) then follows from Claim 7.1. From this formula one can check that
lim,_q E(e*SY(m)) = 1 and limg_, o E(e*sy(oo)) = 0, thus implying V() ¢ (0, 00).
Indeed, it is known that Ei(z) = —5 —log(z) — > > (;i)!n for > 0, which, after
few computation leads to the limit when s — 0, while for s — oo, it is enough to
observe that Ei(s) — 0 and thus tanh(Ei(s)/2) — 0.

Finally, we remark that condition (25) is satisfied if x has finite (1 + €)-moment.
Indeed, under this hypothesis it holds f[l,z} 2 p(de) < 217F [2'eu(de) < Oz for

e €(0,1) and f[l 00) 22 p(dr) < oo if & > 1. O
Claim 7.1.
, 1 1 1 5 1
1 tW(dr) — Inz | = Zlog2+ = — = In(
B </[O,z—1) Tl @) =5 nz) plog2+ 5 — (i) (68)

where 7 ~ 0,577 is the Euler-Mascheroni constant.
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Proof of Claim 7.1. First of all we give an explicit formula for the measure m(dx)
with support in [1,00) such that

/ m(dx) / o xt(l)(d:v) A C [1,00) Borel. (69)

Lemma 7.2. Let m(dzx) be the measure defined by (69). Let @xu be the convolution
of k copies of the interval law u. Then

= a[@rpl(A),  AC[1,00) Borel

where ay, == (14 (—1)*1)/(2k).

Note that, since p has support in [1, 00), the probability measure ®ju has support
in [k, 00).
Pmof. We know that t(1) satisfies (57) with F(z) = arctanh(z). Since gV (s) =
g(s fe_sx (dz), by (69) the identity (57) can be rewritten as F(g(s)) =
fl m(dz). For s large g(s) goes to zero, hence we can use the analytic ex-

pansion of F(z) around zero (recall that arctanh(z) = 1/2In £ and use (34) with
v = 0) getting

Zakg(s)k = / e **m(dx), s large .
1

Since g(s)" = [ e 5% [@gu](dz), the above equation can be written as
o0
Zak/ [@pp(dx) = / e **m(dx), s large .
1
The thesis then follows from Theorem la in [F, Section XIII.1]. O

Let Wy, Wa, ..., Wy be ii.d. random variables with common law p. Then, ®u is
the law of W7 + Wy + -+ - 4+ Wp. Due to the above lemma and since W; > 1 a.s., we
can write

=]

tM (dx) /
= m(dx) = apPWy + -+ Wi <z 70
/[o,z_l) Tra = ), ) = S arn L<2) (1)

where |z] denotes the integer part of z.
Recall that i := [zu(de) = E(W;) > 1. If i =1 then p = 6 and, as the reader
can check, the arguments below become trivial. Hence, we assume that i > 1.
Given z > 1 we define W; := Wi1(W; < z) and fi(z) := E(W;) = E(Wi; W; < z).
We can estimate the variance of Wi as

Var(W;) < E(W2) = E(WA W, < 2). (71)

Fix £ > 0. We deal separately with the case (i) k < £ (1 —¢)and (ii) k > £ =(1+e).

e Case (i). Since lim,_, fi(z) = fi, this implies that there exists z(e) large enough
and independent from k such that for z > z(e) it holds

e N\2
ki(z) < z and <zz—T/Ijé)> <4 (72)
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Therefore for z > z(e) thanks to (72) we can use the Markov inequality to obtain

PWi+-+Wi>2) <PEi<k: Wi#Wi)+P(W1+"'+Wk>Z)

Wi+ +W — kpi
< kP(W; > 2) _i_]p(w — fi(z) > zilu(z))
k k
kVaI"(Wl)
< kP —.
=M =D+ )y
(73)
Then, combining (71), (72) and (73) we get for z > z(¢)
E(WZ; Wy < 2)
apPWi+ -+ Wi >2) <PW; > 2)+ —
i e Tk
E(Wf, Wy <2z)
< P(W 4 . 74

e Case (ii). By similar arguments one can prove that there exists z(e) such that for
z > Z(e) it holds

E(VVE7 W1 S Z)

Osz(W1+"‘—|—Wk§Z)EP(W1>Z)+4 (75)

(= — k)?
At this point we get
[ Z(1—¢)] L2 L2 (1+e)]
S tE <Y aPWit AW <2)< Y ap+& (76)
k=1 k=1 k=1

where the error £; can be bounded via (74) as
L7 (1—e)]
E(le, W1 S Z)
<
|51| < ; (P(Wl > Z) +4 (Z — k‘ﬂ)2 )

z 1 Cl
< 2P(Wy > 2) 4+ CE(WE Wy < z)/ —da < 2P(W7 > z) + ;E(Wf; Wi < 2),
EZ

and similarly the error & can be bounded via (75) as
c’ 9
|Eo| < 2P(Wy > 2) + ;E(Wl;Vﬂ < 2).

The bound g = E(W;) < oo trivially implies that lim, o, zP(W; > 2z) = 0. This
observation, together with the hypothesis (25), assures that for any fixed € > 0 it
holds

Z— 00

Z— 00
We point out that the above estimates follow closely the arguments used to prove the
weak LLN. If u has finite variance, exactly as in the proof of the LLN, the truncation
W; would be unnecessary and a direct application of the Markov inequality would
allow to estimate &1, &s.
It remains to study the behavior of the series >;'_; ay, for n integer. It is known
that ), % = logn+%+o(1), where 7 is Euler-Mascheroni constant. Assume that
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n is even and n = 2p. Then,

"1 &K1 11 1 1 5
¢(n):ZE: E—§ZE:510g2+§10gn+§+0(1)-
Yo k=1 h=1

For n odd, one obtains a similar expression. Hence,we conclude that
lz]

. 1
zhﬁn;() ;ak—ilnz = log2 (78)

l\')|~2|

Collecting (70), (76), (77) and (78) we get that
1. [(2(1—¢) tM (dx) 1. (z(1+¢)
C*—i——ln< — >—01 §/ <Ci+=-In +o0
2 Iz o 0:-1) 1+ 2 A M
where o(1) goes to zero as z — oo (for any fixed € > 0) and C, = 1log2+ 2. Hence
tM(dr) 1
R e | i) — C,
I LSO

At this point take first the limit z — oo and then the limit ¢ | 0, thus concluding
the proof of our claim.

< C(e+0o(1)).

O

8. UNIVERSAL COUPLING: GRAPHICAL CONSTRUCTION OF THE DYNAMICS

In this section we describe the universal coupling for the OCP’s. The construction
is standard and very similar to the one presented in Section 3.1 of [FMRTO0]. On
the other hand, it will be used in Section 9.1 and is fundamental in order to recover
results as Lemma 8.1 and the first part of Proposition 9.4.

Given & € N (dmin), we enumerate its points in increasing order with the rule that
the smallest positive one (if it exists) gets the label 1, while the largest non-positive
one (if it exists) gets the label 0. We write N(z, &) for the integer number labelling
the point x € &. This allows to enumerate the domains of ¢ as follows: a domain
[z, '] is said to be the k*'-domain if (i) z is finite and N(z,£) =k, or (i) z = —o0
and N(z/,€) = k+ 1. Recall that if x = —o0, then ¢ is unbounded from the left and
2’ is the smallest number in &.

We set [[Alloc = Supgepq A(d) where we recall that A = A\, + Ap + \,. We

consider a probability space (Q,]—" , P) on which the following random objects are

minydmax)

defined and are all independent: the Poisson processes 7 = {T,g,f ) im e N},
TH) = {T(k) :m e N} and T = {T W me N} of parameter |||, indexed by
k € Z, and the random variables U\Y | UF) and T, uniformly distributed in [0, 1],

mdexed by k € Z and m € N. Above the Poisson processes are described in terms

of the jump times T, ,Sf ), Téf ), ( ), By discarding a set of P-probability 0, we may

assume that

As ki, ko, ks vary in Z, the sets T*1) T*2) and 7*3) are locally finite and disjoint.
(79)

Next, given ¢ € N(dpin) and w € , to each domain A that belongs to ¢ we
associate the Poisson process 7*) if A is the k-th domain in C In this case, we

write 7 instead of 7). Similarly we define 7(&), T(&), U ), }(nA) and Uy(nA).



1D HIERARCHICAL COALESCENCE PROCESSES 31

The idea behind the construction of the universal coupling is the following: if for
example s = T, ,%A) for some m € N and if the domain A is present at time s—, then
the left extreme of A has to be erased at time s if and only if Ul < Ae(d) /| oo
d being the length of the domain A. Similarly, the right extreme (or both the
extremes) of A can be erased at time s = T (resp. Ty(nA)). Working with infinite
domains, to formalize the above construction one needs some percolation argument
as presented below.

We define W;[w, (] as the set of domains A in ¢ such that
{s €l0,t]:seTAUTE UTA) or s e TAIYTAE)YTED
for some domain A'neighbouring A} #0. (80)

On Wiw, (] we define a graph structure putting an edge between domains A and
A’ if and only if they are neighbouring in {. Since the function X is bounded from
above, we deduce that the set

B(¢) == {w : Wi w, €] has all connected components of finite cardinality V¢ > 0}

has P—probability equal to 1. Note that the event B(¢) depends on ¢ only through
the infimum and the supremum of the set {N(z,{) € Z : « € (}. By a simple
argument based on countability, we conclude that P(B) = 1, where B is defined as
the family of elements w € (2 satisfying (79) and belonging to Neepr(d,,;,)B(¢):

B = ﬂ B(¢) N{w € Q : w satisfies (79)} . (81)
CEN(dmin)

In order to define the path {£(s)}s>0 1= {€(s,w)}s>0 associated to ¢ € N (dmin)
and w € (), we first fix a time ¢t > 0 and define the path up to time ¢. If w &€ B, then
we set

£(s) =¢, Vs € [0, t].

If w € B, recall the definition of the graph W;[w, (]. Given a set of domains V' we
write V for the set of the associated extremes, i.e. z € V if and only if there exists
a domain in V' having x as left or right extreme. Moreover, we write V;[w, (] for the
set of all domains in ¢ that do not belong to W;|w, (]. We require that

5(8) N Vt[w7 C] = Vt[wa C]a Vs € [07 t]a (82)
i.e. up to time ¢ all points in V;[w, (] survive. Let us now fix a cluster C in the graph
Wilw,¢]. The path (£(s)NC : s € [0,¢]) is implicitly defined by the following rules
(the definition is well posed since w € B). If s € [0, ¢] equals T\ with A = [z,2'] € C
and z, 2’ € {(s—), then the ring at time T,E,LA) is called legal if
U(A) < )\@(I’I — .%')
T Ml

and in this case we set £(s) NC = ({(s—) NC) \ {z}, otherwise we set £(s) NC =
&(s—) N C. In the first case we say that z is erased and that the domain [z, 2]

(83)

has incorporated the domain on its left. Similarly, if s € [0,t] equals T,E,LA) with
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A = [z,2'] € C and z,2" € £(s—), then the ring at time T\™) is called legal if

) < Ar(2) — )
Ml

and in this case we set £(s) NC = ({(s—) NC) \ {a'}, otherwise we set £(s) NC =
&(s—)NC. Again, in the first case we say that 2’ is erased and that the domain

[, 2] has incorporated the domain on its right. Finally, if s € [0, ¢] equals T2 with

A = [z,2'] € C and z,2" € £(s—), then the ring at time T is called legal if

F) ¢ Aale’ — )
" [[Alloo
and in this case we set £(s) N C := (£(s—) N C) \ {x,2'}, otherwise we set £(s) NC =
£(s—) N C. Again, in the first case we say that z and 2’ are erased and that the
domain [z, 2] has incorporated both the domain on its right on its left.

We point out that CNC' = () if C and C’ are distinct clusters in W;|w, ¢]. On the
other hand, it could be CNV;[w, (] # (). Let  a point in the intersection and suppose
for example that [a,z] € C while [z,b] € V;[w,(]. Then, by definition of Wi|w, (],
one easily derives that the Poisson processes associated to the domains [a,z]| and
[,b] do not intersect [0,¢], while at least one of the Poisson processes associated to
the domain on the left of [a,z] intersects [0,¢]. In particular, x € &(s) N C for all
s € [0,¢], in agreement with (82). The same conclusion is reached if [a,z] € V}|w, (]
and [z,b] € C. This allows to conclude that the definition of the path {£(s)}s>0 up
to time ¢ is well posed. We point out that this definition is t-dependent. The reader
can easily check that, increasing t, the resulting paths coincide on the intersection
of their time domains. Joining these paths together we get {£(s)}s>0.

IASS (84)

(85)

Given a configuration ¢ € N (dnin), the law of the corresponding random path
{&(s)}s>0 is that of the OCP with initial condition ¢. The advantage of the above
construction is that all OCP’s, obtained by varying the initial configuration, can be
realized on the same probability space. Given a probability measure Q on N (dmin),
the OCP with initial distribution Q can be realized by the random path {£ (s, -)}s>0
defined on the product space Q X N (dmin) endowed with the probability measure
P x O.

The next result (similar to [S, Lemma 2.2]) is an immediate consequence of the
above construction and of the metric defined on N (dpin). We omit the proof.

Lemma 8.1. For any (¢,w) € N(dmin) X B, the function [0,00) > s + £5(s,w) €
N (dmin) is cadlag. In other words, {£°(s,w)}s>0 belongs to the Skohorod space
D([O, OO)’N(dmin)) .

9. PROOF OF THEOREM 2.9

This section is dedicated to the construction and the analysis of the Markov
generator L of the OCP. We first introduce the Markov semigroup associated to the
graphical construction of Section 8 and then introduce the pregenerator L.

If points (domain extremes) belong always to a given countable subset of R (for
example points belong to Z), then one can directly apply the methods developed
for interacting particle systems on countable space [L], identifying each domain
extreme with a particle. In the general case, we have introduced a lattice structure
(see Section 2.2) which strongly simplifies the problem of the Markov generator
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from an analytic viewpoint, and allows us to use again the methods described in [L].
Endowing the space N of locally finite subset of R of the vague topology, the map
N 35 & £Nfa,b] € N is not continuous, hence the above discretization requires
some special care.

9.1. Markov semigroup and pregenerator. Given an initial configuration £ €
N (duin), define the path {£(s)}s>0 = {£€5(s)}s>0 as in Section 8, with ¢ = ¢. Note
that the dependence on the element w € € is understood. In what follows we will
alternatively use the notation {£5(s,w)}s>0, or {£€5(8)}s>0 or {£(s)}s>0, depending
on the context.

Let P¢ be the law of the OCP starting from & € N (dmpin):

Pe(A) = P <{w € 0 {E(5)} a0 € A}) VA € D([0,00), N'(dmin)) Borel.

We write E¢ for the corresponding expectation. Then, for any f € B, we set

P f(&) =Ee (f (&) vVt =0.

Below we shall prove that (P;):> is a Markov semigroup on B in the sense of the
following definition [L]:

Definition 9.1 (Markov semigroup). A family of linear operator (Si)i>o on B is
called a Markov semigroup if it is Feller, i.e. S¢f € B for all f € B, and satisfies the
following properties:

(1) So = 1p, the identity operator on B;

(73) for any f € B, limy_o ||Sef — fIl =0;

(7it) for any s,t >0, any f € B, Sirsf = Se(Ssf);

(iv) for any t >0, S;1 = 1;

(v) forany f€B, f>0= P,f > 0.

Before moving to the proof of the fact that (P;);>o is a Markov semigroup, we
need to introduce some operators and to fix some notation.
Given s > 0 we consider the operator Ls on B defined as

Lf© = Y AN@FE\{zh) = FO] + M [FE\ {2 +d}) - £(©)]

[z,z+d] domain
in £N(—s,s)

+ Al d)[f(E\ {2+ d}) = ()] }- (86)

Since € is locally finite, the r.h.s. is given by a finite sum and therefore is well defined.
Given an integer n € N, we define the operator L,, on B as

(n+1)dmin
Lof(©) = d.3, | Lo (€)ds. (87)

dmin
Note that, given & € N (dmin), the integrand is a bounded stepwise function with a
finite family of jumps. Hence, it is integrable.
Recall the notation at the beginning of Section 4. Given k € Z and £ € N (din ),
let

ex(€) = 1(I§ N Ikl = 1) [Ae(dZ,) + Ae(dZ,)],
Ck,k’(g) = ]l(|£ﬂ]k| =1, |£ﬂfkl| =1, |£ﬂIr| =0Vr:k<r< k:'))\a(zk/ - Zk),

where for any & such that | N Ix| = 1 we set zx := £ N I (due to the definition of
N (dpin) each interval Ij contains at most one point of §).
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Finally, for any f € D (recall (18)), set
LFE) =Y cr(©OVif(€),  &EN(dumin)- (88)

reR
Since the rates A\, A\, A\, are bounded, for all f € D the series in the r.h.s. of (88) is
absolutely convergent, hence L f(§) is well defined.

Lemma 9.2. The following holds:

(i) For each n € Ny, LL,, is a bounded operator from B to B.
(ii) For each f € D, Lf € B and Lf = lim,, o0 L f. In particular, L is an operator
with domain D(L) := D into B.
(717) Bioc C D (Bioe being the set of local functions f € B).

Remark 9.3. Observe that, for any f € Bioe and any & € N (dmin), Lf(§) equals the
r.h.s. of (2). On the other hand, we point out that the operator L: B D> D — B is a
Markov pregenerator as defined in [L, Ch. 1, Def. 2.1]. Indeed, it holds (i) 1 € D,
(i7) D is dense in B since it contains the subset By, which we know by Lemma 3.2
to be dense and finally (iii) if f € D and f(§) = min{f(&) : & € N(dmin)} then
Lf(&) > 0. Due to [L, Ch. 1, Prop. 2.2], these conditions ensure that L is a Markov
pregenerator.

Proof. Without loss of generality, for simplicity of notation we take dy, = 1.

We consider Part (i). Let { — & in N(dmin). We set R := {s € [n,n+ 1] :
EN{—s,s} =0}. We claim that Lsf (&) — Lsf(€) for s € R. To this aim we apply
Lemma 3.1 (i7). For k large, it holds that £ N (—s, s) and & N (—s, s) have the same

finite cardinality N. Writing x; and x§k) for their j—th point (from the left), we can
write
N-1

{Majr =) [\ L) = £(©)

=1

.

+ A (@1 — ) [FE\ {zj1}) — F(E)]
 Namier = 2) [FEN fzgoiaa}) = FO)] ]

and a similar expression for Lgf(&;). The thesis then follows from (a) the conver-

gence ; — xg»k) as k — oo due to Lemma 3.1 (i¢), (b) the continuity of the jump

rates, (c ) the convergence & \ {x(k)} — &\ {z;}, &\ {xyi)l} — &\ {241} and
&k \ {x] , ]Jrl} — &\ {zj,xj41} ask = oo for j:1 < j <N, (d) the continuity of

We can now prove that L, f belongs to B. To this aim it is enough to apply the
dominated convergence theorem together with the above claim and the following
observations: (a) R\ [n,n + 1] is finite, (b) due to the definition of N (dpin) the
function Lsf has uniform norm bounded by Cs||f||, C' being independent from s.

Let us now prove Part (ii). Since we already now that L, f € B, it is enough
to show that supecpr(a,,,) [1f(§) — Lnf(§)| converges to zero as n — oo. By the
boundedness of the rates it holds

LIE) ~Laf©OISC Y Agr)

reER
supp(r)Z[—n,n]
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where the support of r is defined as supp(r) = k if r = k and supp(r) = {k,k'} if
r = (k,k"). The above estimate and the fact that f € D allow to conclude.

Part (iit) is obvious. O

Proposition 9.4. The family of linear operators (P;)i>o is a Markov semigroup on
B given by contraction maps (i.e. ||P.f|| < ||f|| for all f € B). Moreover, for any
f € Bige, it holds

b f

%f_wH 0. (89)

lim
t10

Proof. We focus on the only point that is not standard, namely the Feller property.
The rest is either a direct consequence of the graphical construction, or can be easily
derived using the arguments presented in [S, Ch. 2|. Details are left to the reader.

Let us prove the Feller property. Fix f € B and ¢ > 0. Thanks to Lemma
3.2, setting fn(§) = ]<7V+1 f&n (=r,r)dr, we are guaranteed that fy € By, and
lmpy 00 || f = f] = 0. Since ||Pif — Pifnlloo < ||f — fNlloo as functions on N (dmin),
approximating f by fy we conclude that it is enough to show that P, fy € B, or
equivalently that P.f € B for any f € Bjq..

Let us fix f € By, and suppose that f has support inside (=N, N) for some
N > 1. For simplicity of notation we take dyi, > 1 (the general case is completely
similar). Since N (dyiy) is compact, f is uniformly continuous. Hence, there exists
do > 0 such that

m(¢,n) < do = If(Q)—fm)|<e. (90)

Recall the universal coupling discussed in Section 8 and the notation introduced
therein. Depending on e, we can fix v > 10 large enough such that P(C) > 1 —¢
where C is the event given by the elements w € € for which there exist integers k, &k’
with 10N < k, k' <~yN and

0,00 (TOUTDUTD) =0 Vj=kk— 1, -k, ~(k —1).

Given a generic configuration ¢ € N (dmin), all the points x of ( N (=N, N) have
index N(z,() belonging to [N, N] due to our assumption dp;, > 1.

We claim that, if w € C, then the configuration £¢(¢)[w] inside (=N, N) is uni-
vocally determined knowing 70, 7 70, (U,(g))mzo, (U,(g))mzo, (ﬁé{))mzo for
Jj € [=yN,vyN]. In order to explain this, suppose for example that ¢ is unbounded
from the left and from the right. Then, the Poisson processes associated to the
domains [z,y] and [y, z] do not have any time inside [0, ¢], where N(z,{) = k — 1,
N(y,¢) = k. In particular, both these domains can be incorporated but cannot in-
corporate other domains. This implies that the point y survives for all times in [0, t].
Hence, whatever has happened on the right of y up to time ¢ has not influenced the
dynamics on the left of y. The same argument holds observing the domains [/, ']
and [y, 2] with N(2/,{) = =K', N(v/,¢) = —(k' — 1). If ¢ is bounded from the left
of from the right, the proof of our claim is even simpler.

Due to the above claim, for each ¢ it holds

EBIN(=N,N) =€ (B)w] N (=N, N)
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if w € C and if ¢ is the configuration obtained from ¢ by removing all the points
x € ¢ with |[N(z,()| > vN. Recalling that f has support in (=N, N), we have

RSQ) = RSO =| [ Plaw)f (€0l n (-3.3)

- [ P (€0l n (-N,3)| < 2PE)l] < 2111
(o1)

Fixed now (. Let us suppose for simplicity that ¢ is unbounded from the left and
from the right (the other cases can be treated similarly). Then ( contains all the
points z € ¢ with index N(z,¢) € [-yN,yN]. We have ¢ = ( N (—a,b) for suitable
a,b > 0. Due to Lemma 3.1, one can prove that there exists 6 > 0 (smaller than dy,
defined in (90)) such that if n € N (dwyin) and m(¢,n) < ¢ then nN (—a,b) has the
same cardinality of ( N (—a,b). In particular, n N (—a,b) is given by all the points
x of n with index N(z,n) € [~yN,vyN]. This implies that for all 7 € N(dn) such
that m(¢,n) <6 it holds 7 =nN (—a,b). Fix 6; > 0. Taking § smaller if necessary,
we can assume that if m(¢,n) < § then any two points = € ¢ and 2/ € n with
N(z,{) = N(2/,n) satisfy |z — 2/| < ;.

Since (91) has been obtained for any configuration in N (dpyi,), we conclude that

[P f(Q) = Pof ()] < 2[flle + [P f(CN(=a, b)) = Pf(nN(=a, )] Vn:m(¢,n) (S 5)-

92
Hence, in order to prove that ( — P,f({) is continuous, it remains to prove that
|P.f(¢N(—a,b))—P.f(nN(—a,b)| is small with e. Fix an integer L that will be chosen
later and 7 so that m(¢{,n) < §. Then we decompose the expectation according to
the event that the total (random) number X of clock rings inside (—a, b), up to time
t, is smaller or larger than L. Namely

[P f (N (=a,b)) = Fif(n N (—a,b)
< E(FET D O)x<r) — E(FETD 0)Ix<r) + 20| fIP(X > L) (93)

where X is the cardinality of the set
{s c0,4] : se THUT® UT® for some k € ZN [-yN, 'yN]}

Let t1 < .-+ < tx be clock rings in the above set. Consider the first ring ¢;.
Either this ring is legal/not legal (see (83), (84), (85)) for both processes (i.e. the
dynamics starting from ¢ N (—a,b) and the dynamics starting from n N (—a, b)), or
it is legal for one process and not legal for the other one. In the first case one
casily sees that m (70 (1) N (=N, N)),&M=ab) (1) N (=N, N)) < 6 (and thus
m(&NEab) (5) N (=N, N)), £1M0b) (5) N (=N, N)) < § for any s € [0,£3)). The
second case takes place with probability bounded by

J(d) — Ni(d
c(61) := sup sup —|)\( ) )\)\( )
1=a,l,r d,d'>0:|d—d’'| <261 H H

By assumption, the jump rates A,, A\p, A, are continuous functions with support in
[0, dmax], hence they are uniformly continuous and thus lims, o ¢(d1) = 0. Iterating
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the above argument, we end up with
E(f(E D () x<r) — B(F(ECD () Ix<r)| < Le(d1)

+E (|f(€m(_“’b) () = fN(EMTID (), coni-aim n(— NNy enn(-a (t)ﬂ(fN,N))<5)
< Le(dy) + ¢ (94)

where in the last line we used (90) (together with the fact that 6 < dyp).

In remains to estimate the deviation P(X > L) with X a Poisson variable of mean
3tM, where M is the cardinality of [~y N,yN]NZ. Since E(e*) = exp{(e—1)3tM },
setting L = ktM by Chebyshev inequality we get

P(X > ktM) < exp{?,tM(e —1)— /itM} < M2 (95)

for k > kp. Summing up the above estimates (see (92), (93), (94), (95)) we finally get
the following. Fixed é; > 0 and k > kg, for ¢ small enough the bound m(¢,n) < §
implies

1P f(C) — Pof ()| < 2I|flle + KtMc(51) + & + || flle " M/2,

Choosing k large enough, and then §; small enough amounts to the desired result.

O

9.2. Proof of Theorem 2.9. By definition, the Markov generator £: B D D(L) —
B, associated to the Markov semigroup {P; : t > 0} acting on the space B, has
domain D(L) given by

D(L) = {f €B : lim Ptft_ /

exists in IB%} .
t10

Moreover, given f € D(L), one sets Lf := lim, w We stress that the above
limits are thought w.r.t. the uniform norm. In addltlon7 we recall that the space
B depends on the parameter d,i,, although omitted. Note that, when speaking
of Markov generators, we do not follow the definition given in [L, Ch. 1] (even if,
invoking the Hille-Yosida Theorem, the two definitions coincide).

Our aim is to prove the following theorem, which corresponds to Theorem 9.5:

Theorem 9.5. The subspaces Bio. and D are a core of the Markov generator L,
i.e. L is the closure of the operator L : D > f — Lf € B, and of its restriction to
Bioc. Moreover, if f € D, Lf(E) equals the absolutely convergent series in the r.h.s.

of (2).

We need some preparation. Our first target is to prove that the image of 1 — AL
(where 1 is the identity operator) is dense in B for A sufficiently small. To this aim,
we follow a strategy similar to the one adopted for particle systems in [L, Ch. 1].
Set ||¢]loo := sup,er ||¢rlloo and note that, by boundedness of the rates, [|c[loo < 0.

Lemma 9.6. Suppose that f € D and f — ANLf = g for some A > 0. Then for any
r € R it holds

Ap(r) S Ag(r)+ X Y Al )AL (96)
r'€R,r'#r

where y(r,r') := SUPEE N (dunin) ‘crl(fr) — cp ({)‘
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Proof. Fix ¢ > 0 and a finite subset R C R. Take & € N(dpin) such that Af(r) <
e+ |V, f(&)|. Since the map & — f(£") can be discontinuous we cannot avoid the

error € (the setting in [L] is different due to continuity). We first consider the case
that |V, f(§)| = V,f(€). Then, it holds

Ap(r) e+ Vi f(§) =e+Vig(§)+ALF(E7) - AL (§) < 5+Ag(r)+>\Lf(§7")—)\Lf((£7)).
9
Since " =&\ I (I, := I U I if r = (k,K)), ¢.(§7) = 0 and V, f(§) > 0, we have
]L'f(fr) - Lf(g) = Z {cr’ (gr)vr/f(fr) — Cypr (f)vr’f(g)}
r'eR

< Y (e @V (E) — OV f©)

r'eR,r'F#r

(98)

By our choice of £ we can write

FUED) = F(€7) < Ap(r) e+ €)= 16),
thus implying that V,/f(£") < e+ V,f(£). In particular, it holds

e (ENVr f(E7) = e (§)Vi f(€) < [ (€7) — e (€)] Vi f(€) +¢llelloo
< () As(r') + |l so- (99)
On the other hand, we have the trivial bound
e (€ f(€7) = e () Vi F(€) < 2lleflocf(r). (100)
Combining (97), (98) and using (99) for € R and (100) for ' € R\ R, we get

Ap(r) e+ 8+ X Y Al )A) + AellelloolRI+ 2Mlelloe Y Af(r)
r ERr! " ER\R

(101)

It is simple to check, by similar arguments, that the above bound (101) holds also

in the case |V, f(§)| = =V, f(£). Note moreover that, since f € D, the last series in

(101) is finite and converges to zero as R /' R. Taking first the limit € | 0 and then

the limit R R we get the thesis. O

We can finally prove our first target:
Lemma 9.7. The image {f — ALf : f € D} is dense in B for A > 0 small enough.

Proof. Part of the proof is similar to the proof of [L, Ch. 1, Thm. 3.9]. We give it for
completeness. Without loss of generality, for simplicity of notation we take dpyi, = 1.
Consider the operator L,, defined in (87). As already observed in Lemma 9.2, L,, is a
bounded operator L,, : B — B. It is simple to check that L,, is a Markov pregenerator
(see the criterion in Remark 9.3). Being L, a bounded Markov pregenerator, the
image of 1 — AL, is the entire space B for each A > 0 (see [L, Ch. 1,Prop. 2.8]).
Hence, fixed g € D we can find f,, € B such that

Jn—ALnfrn =g.
Take s € (n,n+1). Fix r € R. If V,.f,,(§) > 0 we can bound

Lofal€) = Lafal©) €30 vemurse. U(er @)V0fa(€) = el Vi tful®)

supp(r/)C[—n—1,n+1)



1D HIERARCHICAL COALESCENCE PROCESSES 39

where U(z) = zl{,>0;. Hence, averaging over s, the same estimate holds for L,
instead of Ls. Using this observation and the same arguments used in the proof of
Lemma 9.6, we get
Afn (T) < AQ(T) + )‘Z r' R/ #r, ’7(7"7 r,)Afn (T/)' (102)
supp(r’)C[-n—1,n+1)
Introduce now the bounded operator I': ¢1(R) — ¢1(R) as

Tz)(r)= > Alrr)z(’), zeb(R)
r'€R:r!Fr
The operator is bounded since y(r, ') is bounded by ||¢||o and is zero if the supports
of r and 7’ are at distance larger than a suitable constant depending on dp,;, and
dmax only (recall that that rates Ay, A, A\, are zero when evaluated at d > dyax)-
Then, the bound (102) implies that [1 — AI'|JAy < Ay, If A is small enough, the
operator 1 — AI' can be inverted and therefore we get

Ap, <1 - AT]'A,. (103)
Let us define g, := f, — AL f,,. Then

lg = gnll =AML -Lo)fall <> ver: lerlloy, (1)
supp(r)Z(—n,n)

<llelood  per:  [L=ATITMA(r).
supp(r)Z(—n,n)
Since [1 — AI'"tA, € ¢1(R), the above bound implies that lim, o ||g — gnl = 0.
Recalling that g € D and that g, belongs to the image of 1 — AL, we conclude that
the image of this last operator is dense in D and therefore in B. O

As a consequence of the above result and Remark 9.3, we get that the closure L
of L is a Markov generator in the sense of [L, Ch. 1, Def. 2.7] (briefly, we will say
that IL is a L-Markov generator).

Lemma 9.8. If f € D, then there exists a sequence f,, € By such that f,, — f and
Lf, —Lf in B.

Proof. Given n set f,(§) := f:—H f(&N(=s,s))ds. Due to Lemma 3.2, we know that
lf — full = 0 and f,, € Bioc. Let us prove that ||Lf,, —Lf|| — 0. To this aim, setting
&s = &N (—s,s) and observing that (&) = (§")s for all » € R, for any integer N we
can write

n+1
LIO - L@ = | [ 3 e@(901€) - Vas(€as
n reR

n+1
<| / S OV (€) - Vos(€))ds|

reR:
supp(r)Z[—N,N]

+| / S @O - Vose)ds

TER:
supp(r)C[—N,N]

<2elle S Aslr) (104)

TER:
supp(r)Z[—N,N]

+2|lclloc{r € R = supp(r) C [=N, NI} - [If = fall . (105)
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Given € > 0 we choose N large enough that (104) is smaller than e (this is possible
since f € D). Afterwards, for n large enough (105) is smaller than ¢ (recall that
fn — fin B). Then we conclude that |Lf —Lf,| < 2e for n large enough. O

We can finally prove Theorem 9.5.

Proof of Theorem 9.5. In Proposition 9.4 we have already showed that Lf = Lf if
f € Bjoe. As observed after Lemma 9.2, in this case £f must equal (2). By Lemma
9.8, L is the closure of the restriction of L to Bj... Hence, By, is a core of L. By
Lemma 9.2 (i), given f € D the value Lf(§) equals the r.h.s. of (2) which is an
absolutely convergent series.

It remains to prove that I = £. Since Lf = Lf for all f € Bj,., Lemma 9.8
and the closure of £ implies that f € D(L£) and Lf = Lf for all f € D (the fact
that £ is close is a standard fact: combine Def. 2.1 in [L, Ch. 1] with the Hille-
Yosida Theorem as stated in Thm. 2.9 in [L, Ch. 1] leading to the fact that £ is
an L-Markov generator, and therefore close). This observation implies that £ is an
extension of L. It is a general fact that this implies that £ = IL (cf. [S, Prop. 3.13]
together with the Hille-Yosida Theorem as stated in Thm. 2.9 in [L, Ch. 1]).

O
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