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REGENERATIVE REAL TREES

BY MATHILDE WEILL
Ecole Normale Supérieure

In this work, we give a description of all o -finite measures on the space
of rooted compact R-trees which satisfy a certain regenerative property. We
show that any infinite measure which satisfies the regenerative property is the
“law” of a Lévy tree, that is, the “law” of a tree-valued random variable that
describes the genealogy of a population evolving according to a continuous-
state branching process. On the other hand, we prove that a probability mea-
sure with the regenerative property must be the law of the genealogical tree
associated with a continuous-time discrete-state branching process.

1. Introduction. Galton—Watson trees are well known to be characterized
among all random discrete trees by a regenerative property. More precisely, if y is
a probability measure on Z, the law IT,, of the Galton—Watson tree with offspring
distribution y is uniquely determined by the following two conditions: Under the
probability measure IT,:

(i) the ancestor has p children with probability y (p),

(i1) if y(p) > 0O, then conditionally on the event that the ancestor has p chil-
dren, the p subtrees which describe the genealogy of the descendants of these chil-
dren, are independent and distributed according to the probability measure IT,, .

The aim of this work is to study o -finite measures satisfying an analogue of this
property on the space of equivalence classes of rooted compact R-trees. It would
be interesting to study the case of locally compact R-trees. However, we will only
be concerned with compact R-trees in this paper.

An R-tree is a metric space (77, d) such that for any two points o1 and o2 in
T, there is a unique arc with endpoints o1 and o2 (which is denoted by [o1, 02]),
and furthermore this arc is isometric to a compact interval of the real line. In this
work, all R-trees are supposed to be compact. A rooted R-tree is an R-tree with
a distinguished vertex called the root. Say that two rooted R-trees are equivalent
if there is a root-preserving isometry that maps one onto the other. It was noted in
[7] that the set T of all equivalence classes of rooted compact R-trees equipped
with the pointed Gromov—Hausdorff distance dgg, is a Polish space. Hence it is
legitimate to consider random variables with values in T, that is, random R-trees.
A particularly important example is the CRT, which was introduced by Aldous
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[1, 2] with a different formalism. Striking applications of the concept of random
R-trees can be found in the recent papers [7] and [8].

Let 7 be an R-tree. We write #(J7) for the height of the R-tree 7, that is the
maximal distance from the root to a vertex of 7. For every ¢t > 0, we denote by
T<: the set of all vertices of 7~ which are at distance at most ¢ from the root, and
by 7-; the set of all vertices which are at distance greater than ¢ from the root.
To each connected component of 7~ , there corresponds a “subtree” of 7 above
level ¢ (see Section 2.2.3 for a more precise definition). For every 4 > 0, we define
Z(t,t + h)(T) as the number of subtrees of 7~ above level ¢ with height greater
than A.

Let ® be a o-finite measure on T, such that 0 < ®(H(T") > t) < oo for every
t >0 and O(H(T)=0) =0. For every t > 0 we denote by ® the probability
measure O (- | H(T) > t). We say that © satisfies the regenerative property (R) if
the following holds:

(R) For every ,h > 0 and p € N, under the probability measure ® and condi-
tionally on the event {Z (¢, t + h) = p}, the p subtrees of 7 above level ¢ with
height greater than & are independent and distributed according to the probabil-
ity measure ©”.

This is a natural analogue of the regenerative property stated above for Galton—
Watson trees. Beware that, unlike the discrete case, there is no natural order on
the subtrees above a given level. So, the preceding property should be understood
in the sense that the unordered collection of the p subtrees in consideration is
distributed as the unordered collection of p independent copies of .

Property (R) is known to be satisfied by a wide class of infinite measures on T,
namely the “laws” of Lévy trees. Lévy trees have been introduced by Duquesne
and Le Gall in [6]. Their precise definition is recalled in Section 2.3, but let us
immediately give an informal presentation.

Let Y be a critical or subcritical continuous-state branching process. The dis-
tribution of Y is characterized by its branching mechanism function . As-
sume that ¥ becomes extinct almost surely, which is equivalent to the condi-
tion [/ ()~ 'du < co. The -Lévy tree is a random variable taking values
in (T, dgg), which describes the genealogy of a population evolving according to
Y and starting with infinitesimally small mass. More precisely, the “law” of the
Y-Lévy tree is defined in [6] as a o-finite measure ©y on the space (T, dgn),
such that 0 < @y, (H(T) > t) < oo for every ¢t > 0. As a consequence of Theorem
4.2 of [6], the measure ®y, satisfies property (R). In the special case ¥ (u) = u®,
1 < o <2 corresponding to the so-called stable trees, this was used by Miermont
[11, 12] to introduce and study certain fragmentation processes.

In the present work we describe all o-finite measures on T that satisfy prop-
erty (R). We show that the only infinite measures satisfying property (R) are the
measures ©, associated with Lévy trees. On the other hand, if © is a finite mea-
sure satisfying property (R), we can obviously restrict our attention to the case
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O(T) = 1 and we obtain that ® must be the law of the genealogical tree associated
with a continuous-time discrete-state branching process.

THEOREM 1.1. Let ® be an infinite measure on the space (T, dgn) such that
OHIT)=0=0and 0 < O(H(T) >t) < 400 for every t > 0. Assume that
O satisfies property (R). Then, there exists a continuous-state branching process,

whose branching mechanism is denoted by \r, which becomes extinct almost surely,
such that ® = Oy,.

THEOREM 1.2. Let ® be a probability measure on the space (T, dgn) such
that O(H(T)=0)=0and 0 < O(H(T) > t) for every t > 0. Assume that ®
satisfies property (R). Then there exists a > 0 and a critical or subcritical prob-
ability measure y on Z4 \ {1} such that © is the law of the genealogical tree for
a discrete-space continuous-time branching process with offspring distribution v,
where branchings occur at rate a.

In other words, ® in Theorem 1.2 can be described in the following way: There
exists a real random variable J such that under ®:

(i) J is distributed according to the exponential distribution with parameter a
and there exists oy € 7 such that 7<; = [p, 0/],
(i1) the number of subtrees above level J is distributed according to y and is
independent of J,
(iii) for every p > 2, conditionally on J and given the event that the number
of subtrees above level J is equal to p, these p subtrees are independent and
distributed according to ©.

Theorem 1.1 is proved in Section 3, after some preliminary results have been
established in Section 2. A key idea of the proof is to use the regenerative property
(R) to embed discrete Galton—Watson trees in our random R-trees (Lemma 3.3).
A technical difficulty comes from the fact that R-trees are not ordered whereas
Galton—Watson trees are usually defined as random ordered discrete trees (cf. Sec-
tion 2.2.4 below). To overcome this difficulty, we assign a random ordering to
the discrete trees embedded in R-trees. Another major ingredient of the proof of
Theorem 1.1 is the construction of a “local time” L; at every level ¢ of a random
R-tree governed by ®. The local time process is then shown to be a continuous-
state branching process with branching mechanism 1y, which makes it possible to
identify ® with ®y,. Theorem 1.2 is proved in Section 4. Several arguments are
similar to the proof of Theorem 1.1, so that we have skipped some details.

2. Preliminaries. In this section, we recall some basic facts about branching
processes, R-trees and Lévy trees.
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2.1. Branching processes.

2.1.1. Continuous-state branching processes. A (continuous-time) conti-
nuous-state branching process (in short a CSBP) is a Markov process Y =
(Y, t > 0) with values in the positive half-line [0, +o00), with a Feller semi-
group (Q;,t > 0) satisfying the following branching property: For every ¢t > 0
and x, x’ >0,

0i(x, )% Qi(x', ) = Or(x + ', ).

Informally, this means that the union of two independent populations started re-
spectively at x and x” will evolve like a single population started at x + x’.

We will consider only the critical or subcritical case, meaning that, for every
t>0and x >0,

/ y0:(x,dy) < x.
[0,4+00)

Then, if we exclude the trivial case where Q;(x, -) = §op for every t > 0 and x > 0,
the Laplace functional of the semigroup can be written in the following form: For
every A >0,

/ e 0 (x, dy) = exp(—xu(t, 1)),
[0,+00)

where the function (u(¢, A), t > 0, L > 0) is determined by the differential equa-
tion
du(t, L)
ot
and ¥ : Ry — R, is of the form

=—y@,n),  u01)=2xr

(1) ¥ (u) = au + pu* + (e™"" — 1 +ur)n(dr),

(0,+00)
where 7 is a o-finite measure on (0, +00) such that f(0’+oo) (r Ar¥)m(dr) < oo
and «, B > 0. The process Y is called the i/-continuous-state branching process
(in short the 4 -CSBP).

Continuous-state branching processes may also be obtained as weak limits of
rescaled Galton—Watson processes. We recall that an offspring distribution is a
probability measure on Z,. An offspring distribution w is said to be critical if
Y i=oim(i) =1 and subcritical if ) ;- (iu(i) < 1. Let us state a result that can be
derived from [9] and [10]. -

THEOREM 2.1. Let (uy)n>1 be a sequence of offspring distributions. For
every n > 1, denote by X" a Galton—Watson process with offspring distribution
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WUn, started at X =n. Let (m,),>1 be a nondecreasing sequence of positive inte-
gers converging to infinity. We define a sequence of processes (Y""),>1 by setting,
foreveryt>0andn>1,

Y/ =n"'X[, o).

Assume that, for every t > 0, the sequence (Y|'),>1 converges in distribution to Y;
where Y = (Yy, t > 0) is an almost surely finite process such that P(Ys > 0) > 0 for
some & > 0. Then, Y is a continuous-state branching process and the sequence of
processes (Y™),>1 converges to Y in distribution in the Skorokhod space D(R.).

PROOF. It follows from the proof of Theorem 1 of [10] that Y is a CSBP. Then,
thanks to Theorem 2 of [10] and Theorem 3.4 of [9], there exists a sequence of
offspring distributions (v,),>1 and a nondecreasing sequence of positive integers
(cn)n>1 such that we can construct for every n > 1 a Galton—Watson process Z"
started at ¢, and with offspring distribution v, satisfying

1 @
(€n Zpuy» 1 2 0) —> (Y1, 1 20),

where the symbol 9@, indicates convergence in distribution in D(R.).

Let (mp, )k>1 be a strictly increasing subsequence of (m,),>1. For n > 1, we
set B" = X" and b, = ny if n =m,, for some k > 1, and we set B" = Z" and
b, = ¢, if there isno k > 1 such that n = m,, . Then, forevery t > 0, (b;1 Bf’m])nzl
converges in distribution to Y;. Applying Theorem 3.4 of [9], we obtain that

—1 (d
(b Byt 2 0) —> (Y1, 1 = 0).
In particular, we have,
@) ¥ =0) % (v, 1= 0).
k— 00

As (2) holds for every strictly increasing subsequence of (m,),>1, we obtain the
desired result. [J

2.1.2. Discrete-state branching processes. A (continuous-time) discrete-state
branching process (in short DSBP) is a continuous-time Markov chain ¥ = (¥;, ¢ >
0) with values in Z whose transition probabilities (P (i, j), t > 0);>0, j>0 satisfy
the following branching property: For every i € Z4,t >0 and |s| <1,

Y PG, j)sT = (Z P1, j)sf) :

j=0 j=0
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We exclude the trivial case where P;(i,i) = 1 for every t > 0 and i € Z,. Then,
there exist a > 0 and an offspring distribution y with y (1) = 0 such that the gen-
erator of Y can be written of the form

0 0 0 0 0
ay(0)  —a ay(2) ay(3) ay@
0= 0 2ay(0) —2a 2ay2) ay(3)

0 0 3ay (0) —3a  3ay(2)

Furthermore, it is well known that ¥ becomes extinct almost surely if and only if
y is critical or subcritical. We refer the reader to [3] and [13] for more details.

2.2. Deterministic trees.

2.2.1. The space (T, dgn) of rooted compact R-trees. We start with a basic
definition.

DEFINITION 2.1. A metric space (7,d) is an R-tree if the following two
properties hold for every o1, 07 € T:

(i) There is an isometric map fy, 4, from [0,d(o1,02)] into T such that
fol,az(o) =o1 and fal,oz(d(al ,02)) =02.

(i) If g is a continuous injective map from [0, 1] into 7 such that ¢ (0) = o
and ¢ (1) = 03, we have

q([0, 11) = f1.0,([0, d(o1, 02)]).
A rooted R-tree is an R-tree with a distinguished vertex p = p(J7) called the root.

In what follows, R-trees will always be rooted.

Let (7,d) be an R-tree with root p, and o, 01,02 € T. We write [o1, 02] for
the range of the map f5, 5,. In particular, [p, o] is the path going from the root to
o and can be interpreted as the ancestral line of o.

The height #(7) of the R-tree T is defined by # (7)) = sup{d(p,0):0 € T}.
In particular, if 7 is compact, its height #(7) is finite.

Two rooted R-trees 7 and 7' are called equivalent if there is a root-preserving
isometry that maps 7 onto 7. We denote by T the set of all equivalence classes
of rooted compact R-trees. We often abuse notation and identify a rooted compact
R-tree with its equivalence class.

The set T can be equipped with the pointed Gromov—Hausdorff distance, which
is defined as follows. If (E, §) is a metric space, we use the notation Jyayg for
the usual Hausdorff metric between compact subsets of E. Then, if 7 and 7 are
two rooted compact R-trees with respective roots p and p’, we define the distance
dGH(T, T’) as

don (T, T') = inf{Saus (¢ (T7), ¢"(T) V 8(¢(p), ¢' (0N},
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where the infimum is over all isometric embeddings ¢:7 — E and ¢': 7' — E
into a common metric space (E, §). We see that dgu (7, 7’) only depends on the
equivalence classes of 7 and 7. According to Theorem 2 in [7], dgy defines a
metric on T that makes it complete and separable. Furthermore, the distance dgy
can often be evaluated in the following way. First recall that if (77, d) and 77,d")
are two rooted compact R-trees, a correspondence between and 7' is a subset
R of T " such that for every o € T (resp. o’ € T'), there exists o’ € T’
(resp. 0 € T ) such that (0, 0’) € R. The distorsion of the correspondence R is
then defined by

dis(R) = sup{|d (01, 02) — d' (01, 03)|: (01, 07), (02, 03) € R}.

Then if p and p’ denote the respective roots of 7~ and 7/, Lemma 2.3 in [7] ensures
that

3) don (T, T') = Jinf{dis(R): R € (T, T), (p, p') € R},

where C (7, 7') denotes the set of all correspondences between 7~ and

We equip T with its Borel o-field. If 7 € T, we set T<; = {0 € T :d(p, a) <t}
for every ¢ > 0. Plarnly, J<; is an R-tree which is naturally rooted at p. Note
that the mapping 7 — J<; from T into T is Lipschitz for the Gromov—Hausdorff
metric.

2.2.2. The R-tree coded by a function. 'We now recall a construction of rooted
compact R-trees which is described in [6]. Let g: [0, 4-00) — [0, 400) be a con-
tinuous function with compact support satisfying g(0) = 0. We exclude the trivial
case where g is identically zero. For every s, t > 0, we set

mg(s,t)= inf g(r),

re[sAt,sVvt]
dg(s, 1) =g(s) +g@) —2mg(s, 7).

We define an equivalence relation ~ on [0, +o00) by declaring that s ~ ¢
if and only if d, (s, ) = O [or equivalently if and only if g(s) = g(¢) =mg(s, 1)].
Let 7, be the quotient space

T, = [0, +00)/ ~ .

Then, d, induces a metric on 7, and we keep the notation d, for this metric.
According to Theorem 2.1 of [6], the metric space (7%, d,) is a compact R-tree.
By convention, its root is the equivalence class of 0 for ~ and is denoted by p,.

2.2.3. Subtrees of a tree above a fixed level. Let (7 ,d) € T and t > (. Denote
by 7°,i € I the connected components of the open set 7-; = {0 € T :d(p,0) >
t}. Leti € I. Then the ancestor of o € 7 750 at level ¢, that is, the unique vertex on
the line segment [p, o] at distance ¢ from p, must be the same for all & € 7-°.
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We denote by o; this common ancestor and set 71 =75 U{oi}. Then Tiisa
compact rooted R-tree which is naturally rooted at o;. The trees 7',i € I are
called the subtrees of 7 above level . We now consider, for every 7 > 0,

Z(t,t+h)(T)=#iecl: HT")>h).

By a compactness argument, we can easily verify that Z (¢, t 4+ h)(7) < oo.

2.2.4. Discrete trees. We start with some formalism for discrete trees. We first
introduce the set U defined by
U=|JN",

n>0

where by convention N’ = {@}. An element of U is a sequence u =u' ---u", and

we set [u| = n so that |u| represents the generation of u. In particular, |@| = 0. If
u=u-u"and v=v'--.v" belong to U, we write uv =u'---u"v! ... v™ for
the concatenation of # and v. In particular, Pu = u = u. The mapping 7 : U \
{@} — U is defined by @' u™)y=ul - u"1 [7(u) is the father of u]. Let ¥
be the kth iterative of the mapping . Note that 7% (u) = @ if k = |u|.

A rooted ordered tree 6 is a finite subset of U such that:

(1) geb,
(1) ueb\{9}=>mn(u) o,
(iii) for every u € 0, there exists a number k,(6) > 0 such that uj € 6 if and
only if 1 < j <k, (9).

We denote by 4 the set of all rooted ordered trees. If 6 € A, we write F#(6) for
the height of 6, that is # () = max{|u|:u € 8}. And for every u € 0, we define
7,0 € A by 1,0 = {v € U :uv € 0}. This is the tree 0 shifted at u.

Let us define an equivalence relation on 4 by setting 6 ~ 6" if and only if we can
find a permutation ¢, of the set {1, ..., k,(0)} for every u € 0 such that k,,(6) > 1,
in such a way that

0 ={z}uU {(pg(ul)goul(uz) . --goul.,,unfl(u”):ul eu"ef,n>1).

In other words 6 ~ 0’ if they correspond to the same unordered tree. Let A = A/ ~
be the associated quotient space and let p:+A — A be the canonical projec-
tion. It is immediate that if 6 ~ 6’, then kz(0) = kz(0'). So, for every & € A,
we may define kz(§) = kz(0) where 6 is any representative of &. Let us fix
& € A such that kz(¢§) = k > 0 and choose a representative 8 of £&. We can de-
fine {El, e ék} = {p(110), ..., p(tx0)} as the unordered family of subtrees of &
above the first generation. Then, if F: AX — R, is any symmetric function, we
have

#p'ENT Y. F(mb.....ud)
fep (&)
)

=@#p N ENTT Y e Y FOL..L 0.

grep~lE)  oep~!(€h)
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Note that the right-hand side of (4) is well defined since it is symmetric in
(€', ..., £}, The identity (4) is a simple combinatorial fact, whose proof is left
to the reader.

A marked tree is a pair T = (0, {h,}ucp) Where 6 € A and h, > 0 for every
u € 6. We denote by M the set of all marked trees. We can associate with every
marked tree T = (0, {h,}ucg) € M, an R-tree 77 in the following way. Let R? be
the vector space of all mappings from 6 into R. Write (e,, u € 6) for the canonical

basis of R?. We define Iy =0 and [, = ZL":'] hkyexky foru € 6. Let us set

TT = U[lu’ Ly + hyeyl.

ueb

The tree 77 is a connected union of line segments in R?. It is equipped with the
distance dr which is the restriction to 77 of the /;(6)-distance on R?, and can
be rooted at p(7°7) = 0 so that it becomes a rooted compact R-tree. Consider for
example the marked tree T = (0, {h, },ecp) Where 0 = {2, 1,2,21}, hg =hy1 =1,
h1 =2 and hy = 3. Then we have

TT =10, ep]Uleg, eg +2e1]1U [eg, eg + 3e2] U [eg + 3e2, eg + 3e2 + en].

If 6 € A, we write 79 for the R-tree 77 where T = O, {hy}uecyp) with
hg =0 and h, =1 for every u € 6 \ {&}, and we write dg for the associated
distance. Notice in particular that #(0) = H (7%). We then set mg = 0 and
my, = Z}:ia] exky =lu + ey for every u € 6\ {T}.

It is easily checked that 79 = 79 if 6 ~ 6'. Thus for every £ € A, we may write
7°¢ for the tree 7% where 6 is any representative of £.

2.2.5. A discrete approximation of an R-tree. We will now explain how to
approximate a general tree 7 in T by a discrete type tree. Let &€ > 0 and set T®) =
{T e T:#(T) > e}. We associate with every T in T® an element £4(7) of A
consisting of the root and of all points in I~ which are within distance ke, k € N,
to the root and which have a subtree above of height greater that ¢ (see Figure 1
below). More precisely we can construct £ (77) by induction in the following way:

o If T € T® satisfies H(T) < 2, we set £5(T) = p({@)).

e Let n be a positive integer. Assume that we have defined £°(7") for every T €
T® such that #(T) < (n + 1)e. Let T be an R-tree such that (n + 1)e <
H(T) <+ 2)e. We set k =Z(¢e,2¢)(T) and we denote by 7L ..., Tk the
k subtrees of 7 above level & with height greater than &. Then ¢ < #(7") <
(n + 1)e for every i € {1,...,k}, so we can define £5(T1). Let us choose a
representative 6 of £(7) forevery i € {1, ..., k}. We set

E(T)=poiule' U .. Ukeb),

where i6' = {iu:u € 6'}. Clearly this does not depend on the choice of the
representatives 6;.
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FIG. 1. Construction of £ (7).

If r > 0 and 7 is a compact rooted R-tree with metric d, we write rJ for the
same tree equipped with the metric rd.

LEMMA 2.2. Forevery e > 0 and every T € T®, we have
%) dGH(&‘TéS(T), ‘T) <2e.
PROOF. Lete > 0and 7 € T. Let 6 be any representative of £°(77). Recall

the notation (m,, u € 6). We can construct a mapping ¢ : 6 — 7 such that:

(i) for every o € T, there exists u € 0 such that 0 < d(p,0) —d(p, p(u)) <
2¢ where p denotes the root of T,
(i) foreveryu €0,d(p, ¢ (u)) =¢lul,
(iii) forevery u,u’ €0,0 < edy(my,, my) —d(Ppu), ') < 2e.

To be specific, we always take ¢ (&) = p, which suffices for the construction if
H(T)<22e If(n+1)e < H(T)<(n+2)e for some n > 1, we have as above

0={zlulelu...Ukek,

where 0',...,0% are representatives of respectively EE(TY, ... e5(Th, if
71, ..., 7% are the subtrees of 7 above level ¢ with height greater than &. With
an obvious notation we define ¢ (ju) = ¢;(u) forevery j € {1,...,k} andu € 6/.

Properties (i)—(iii) are then easily checked by induction.
Thus we can construct a correspondence R € C(T, 78 8(7)) such that (p, mg) €
R and which satisfies the following two properties:

e For every o € 7, there exists u € 6 such that (o,m,) € R and 0 < d(p,0) —
d(p,¢u)) <2e,
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e foreveryo € 7E°(T)  there exists u € 0 such that (¢p(u),0) € R and edg (o, my,)
<e.

We easily check that dis(R) < 4¢. The result then follows from (3). [

2.3. Lévy trees. Roughly speaking, a Lévy tree is a T-valued random variable
which is associated with a CSBP in such a way that it describes the genealogy of
a population evolving according to this CSBP.

2.3.1. The measure ®y,. We consider on a probability space (£2, P) a /-CSBP
Y = (Y;,t > 0), where the function v is of the form (1), and we suppose that Y
becomes extinct almost surely. This condition is equivalent to

> du
<0
1 Y(u)

This implies that at least one of the following two conditions holds:

(6)

(7 B >0 or '/(Ol)rn(a’r)zoo.

The Lévy tree associated to Y will be defined as the tree coded by the so-called
height process, which is a functional of the Lévy process with Laplace exponent .
Let us denote by X = (X;,t > 0) a Lévy process on (£2, P) with Laplace expo-
nent ¥. This means that X is a Lévy process with no negative jumps, and that for
every A, t >0,

E(exp(—A X)) = exp(19 (1)).

Then, X does not drift to +00 and has paths of infinite variation [by (7)].
We can define the height process H = (H;, t > 0) by the following approxima-
tion:

o1
H; = lim —

t
1 sy ads,
8_)08/0 {(Xs<I'+e¢)

where I} = inf{X,:s <r <t} and the convergence holds in probability (see
Chapter 1 in [5]). Informally, we can say that H measures the size of the set
{s €[0,]: Xs— < I]}. Thanks to condition (6), we know that the process H has
a continuous modification (see Theorem 1.4.3 in [5]). From now on, we consider
only this modification.

Let us now set I; = inf{X,:0 <s <t} for every t > 0, and consider the process
X —1=(X;—I;,t >0). We recall that X — [ is a strong Markov process, for
which the point O is regular. The process —/ is a local time for X — I at level 0.
We write N for the associated excursion measure. We let A(de) be the “law” of
(Hg,s > 0) under N. This makes sense because the values of the height process
in an excursion of X — I away from 0 only depend on that excursion (see Section
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1.2 in [5]). Then, A(de) is a o-finite measure on C([0, 00)), and is supported on
functions with compact support such that e(0) = 0.

The Lévy tree is the tree (7%, d,) coded by the function e, in the sense of Sec-
tion 2.2.2, under the measure A(de). We denote by ®;, the o -finite measure on T
which is the “law” of the Lévy tree, that is the image of A(de) under the measur-
able mapping e — 7.

2.3.2. A discrete approximation of the Lévy tree. Let us now recall that the
Lévy tree is the limit in the Gromov—Hausdorff distance of suitably rescaled
Galton—Watson trees.

We start by recalling the definition of Galton—Watson trees which was given in-
formally in the introduction above. Let ¢ be a critical or subcritical offspring dis-
tribution. We exclude the trivial case where y (1) = 1. Then, there exists a unique
probability measure IT, on +4 such that:

(i) Forevery p >0, Iy (kg = p) =y (p),

(ii) for every p > 1 with y(p) > 0, under IT, (- | kg = p), the shifted trees
710, ..., 7,0 are independent and distributed according to the probability measure
I,.

Recall that if » > 0 and 7 is a compact rooted R-tree with metric d, we write
rJ for the same tree equipped with the metric rd. The following result is Theorem
4.1 in [6].

THEOREM 2.3. Let (yn)n>1 be a sequence of critical or subcritical offspring
distributions. For every n > 1, let us denote by X" a Galton—Watson process with
offspring distribution y,, started at X{ = n. Let (my),>1 be a nondecreasing se-
quence of positive integers converging to infinity. We define a sequence of processes
(Y™)n>1 by setting, for everyt >0 andn > 1,

[mpt]

Assume that, for every t > 0, (Y["),>1 converges in distribution to Y; where
Y = Yy, t > 0) is a y-CSBP which becomes extinct almost surely. Assume fur-
thermore that for every & > 0,

.. n_
l}lrggcl)fP(Ya =0)>0.

Then, for every a > 0, the law of the R-tree m;l 79 under the probability measure
IT,,(- | #(0) = [am,]) converges as n — o0 to the probability measure ® (- |
H(T) > a) in the sense of weak convergence of measures in the space T.
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3. Proof of Theorem 1.1. Let ® be an infinite measure on (T, dgp) satisfying
the assumptions of Theorem 1.1. Clearly © is o -finite.

We start with two important lemmas that will be used throughout this section.
Let us first define v: (0, co) — (0, 00) by v(¢) = O(FH(T) > t) for every t > 0.
Recall that for every ¢ > 0, we denote by ® the probability measure @ (- | H(T) >
1).

LEMMA 3.1. The function v is nonincreasing, continuous and verifies

v(t)— o0 and v(t) — 0.
t—0 t—00

PROOF. We only have to prove the continuity of v. To this end, we argue by
contradiction and assume that there exists # > 0 such that ® (#(7) =1t) > 0. Let
s > 0 and u € (0, ¢) such that v(#) > v(¢). From the regenerative property (R), we
have

O (H(T) =5 +1)
= O (O (H(T) =5 +1| Z(s.5s +u)))
= O ((@"(#(T) <1))** ) — (©"(36(T) <1))7**H)
> @°(O"(#(T) =1)(O"(#(T) <1))* 7

_ w@s«l - M)“‘*”"“)
v v
> 0.

We have shown that @ (# (7)) =t +s) > 0 for every s > 0. This is absurd since ®
is o-finite. [

LEMMA 3.2. Foreveryt > 0 and 0 < a < b, the conditional law of the ran-
dom variable Z(t,t + b), under the probability measure O and given Z(t,t + a),
is a binomial distribution with parameters Z(t,t + a) and v(b)/v(a) (Where we
define the binomial distribution with parameters 0 and p € [0, 1] as the Dirac
measure 8).

PROOF. This is a straightforward consequence of the regenerative property
R). O

3.1. The CSBP derived from ©. In this section, we consider a random forest
of trees derived from a Poisson point measure with intensity ®. We associate with
this forest a family of Galton—Watson processes. We then construct local times at
every level a > 0 as limits of the rescaled Galton—Watson processes. Finally we
show that the local time process is a CSBP.
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Let us now fix the framework. We consider a probability space (€2, P) and on
this space a Poisson point measure N = ;c; 87, on T, whose intensity is the
measure ©.

3.1.1. A family of Galton—Watson trees. We start with some notation that we
need in the first lemma. We consider on another probability space (', P’), a col-
lection (6¢, & € A) of independent #-valued random variables such that for every
& € A, 0 is distributed uniformly over P~ (£). In what follows, to simplify nota-
tion, we identify an element & of the set A with the subset p~! (£) of +. Recall the
notation T®) and the definition of £¢(7") before Lemma 2.2.

LEMMA 3.3. Let us define for every ¢ > 0, a mapping 0 from T® x Q' into
A by
0T, w) = Oge (7 (w).

Then for every positive integer p, the law of the random variable 6 under the
probability measure ©OF° @ P is T, (- | #(0) > p — 1) where . denotes the law
of Z(¢e,2¢) under GF.

PROOF. Since {H(T) > pe} x Q' = {H(@O®) > p — 1} for every p > 1, it
suffices to show the result for p = 1. Let k be a nonnegative integer. According to
the construction of £¢(77), we have

Of @ (ky(0®) = k) = ©F (Z(e, 26) = k) = pe (k).

Let us fix k > 1 with ug (k) > 0. Let F: A* — R, be a symmetric function. Then
we have

O ®@P(F(110, ..., 70 | kz(6) = k)

=©°f ® P/< Z F(‘L’le, ey ‘L'kQ)]l{Qgg(T):g}‘ Z(S, 28) = k)

He&s(T)
®) =0° ((#SS(T))_1 Z F(110, ...,rké?)‘ Z(g,2¢) =k>.
fete(T)
On the event {Z (g, 2¢) =k}, we write 7!, ..., T for the k subtrees of T above

level ¢ with height greater than ¢. Then, formula (4) and the regenerative property
(R) yield

@8((#58(7))—1 Y F(1i6,...,ub) Z(8,28):k)

0ess(T)

- @6((#58(71»1 (T
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X Y e Y F(1,....00) Z(8,28)=k)

08T 1) Oreke (T)
=/®8(dﬂ)-~®8(d'fk>(#58(3i))—‘ e #ES(T)) !

X Y e > F(O1,....60)

01€65(T1)  Oke&®(Tk)
=/®8 QP (dT1,dw)) - O° @ P'(dTx, dw})
x F(0© (T, o)), ....0© (T, ),

as in (8). We have thus proved that
O QP (F(110®, ..., 70| kx(0©)) = k)

©) =f®£®P/(dfr1,dw’1)-~®8®P/(dff7<,dw/’<)

x FO© (@1, 0)).....00 Tk, p)).

Note that for every permutation ¢ of the set {1, ..., k}, the two k-tuples (r¢(1)9(8),
r(,,(k)G(g)) and (1109, ..., 7;60®)) have the same distribution under ®¢ ® P'.
Then, (9) means that the law of 6®) under ®° ® P’ satisfies the branching property
of the Galton—Watson trees. This completes the proof of the desired result. [J

Recall that ) ;.; d7; is a Poisson point measure on T with intensity ®. Let us
now set, for every ¢, h > 0,

(10) Z(t,t+h)y=Y_Z(t,1+h)(T7).

iel
Notice that the above sum is almost surely finite. For every ¢ > 0, we define a
process X¢ = (X%, k > 0) on (2, P) by the formula

(11) Xi = Z(ke, (k+ 1)), k>0.

PROPOSITION 3.4. For every ¢ > 0, the process X° is a Galton—Watson
process whose initial distribution is the Poisson distribution with parameter v(¢)
and whose offspring distribution is L.

PROOF. We first observe that X§ = N ({F(T) > &}) is Poisson with para-
meter O(H(T) > ) = v(e). Then let p be a positive integer. We know from a
classical property of Poisson measures that, under the probability measure P and
conditionally on the event {X§ = p}, the atoms of & that belong to the set T¢
are distributed as p independent variables with distribution ®°. Furthermore, it



2106 M. WEILL

follows from Lemma 3.3 that under ®¢, the process (Z(ke, (k 4+ 1)e))i>0 is a
Galton—Watson process started at one with offspring distribution p,. This com-
pletes the proof. [J

As a consequence, we get the next proposition, which we will use throughout
this work.

PROPOSITION 3.5. For every t > 0 and h > 0, we have ®(Z(t,t + h)) <
v(h).

PROOF. Since compact R-trees have finite height, the Galton—Watson process
X¢ dies out P a.s. This implies that p. is critical or subcritical so that (X%, k > 0)
is a supermartingale. Let 7,2 > 0. We can find ¢ > 0 and k € N such that t = ke
and & < h. Thus we have,

(12)  O(Z(t,t+¢)) =0O(Z(ke, (k+ De)) =E(XF) <E(Xg) = v(e).
Using Lemma 3.2 and (12), we get
v(h)

@(Z(t,t-i—h)):@(Z(t,t—i—e)@) <v(h). 0

3.1.2. A local time process.

PROPOSITION 3.6. For every t > 0, there exists a random variable L; on the
space T such that © a.e.,
Z(t,t+h)
AN
v(h) h—0

t-

PROOF. Let us start with the case t = 0. As Z(0, h) = Lig5)>n) for every
h > 0, Lemma 3.1 gives v(h)~1Z(0,h) - 0 © a.e. as h — 0, so we set Lo = 0.

Letus now fix ¢ > 0. Thanks to Lemma 3.1, we can define a decreasing sequence
(&8n)n>1 by the condition v(e,) = n* for every n > 1. We claim that there exists a
random variable L; on the space T such that, ® a.e.,

Z(t,t
7( +8n) —)Ll.

n4 n—oo

(13)
Indeed, using Lemma 3.2, we have, for every n > 1,

@,( Z(t,t+en)  Z(t,1+Ent1) 2)
4

n* (n+1D*
=0 i®’ Z(tt+e)—n72(tt+s )
- I’l8 E} n (I/l+1)4 ’ n—H

<®t(zo,r+sn+1>>

4n8

2
\Z(t,t+en+1)>)
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From Proposition 3.5 and the definition of ¢, we obtain

~ 4u(t)nd

Z(tt+e0) 201 +ens1)
nt (n+1D*
Thanks to the Cauchy—Schwarz inequality, we get

(14) @’(

(15) ®z< Z@,t+en)  Z( 1+ €nt1) ) (n+1D> _ 2
n (n+1)* NI NI
The bound (15) implies

Z(t,t+¢,) B Z(t, t+ept1)
n4 (n+D*

@(i

n=1

) <

In particular, ® a.e.,

Z(t’t+8n) _ Z(t»t+8n+1)
n* (n+ 14

>

n=1

Our claim (13) follows.

Forevery h € (0, £1], we can find n > 1 such that ¢,4+1 < h < ¢,. Then, we have
Z(t,t+en) <Z(t, t+h)<Z(t,t+¢e,41) O ae., and n* <v(h) < (n + 1)* so
that

Z(t,t+ &) - Z(t,t+h) - Z(t,t+€ept1)

n+D* — vk - n*
We then deduce from (13) that ® a.e.,
Z(t,t+h)
v(h) h—0

which completes the proof. [J

DEFINITION 3.1. We define a process £ = (L, > 0) on (2, P) by setting
Lo =1 and for every t > 0,

L= L(TD).
iel
Notice that L,(7) = 0 if #(7) <1t so that the above sum is almost surely finite.
Recall the definition of Z which is given by (10).

COROLLARY 3.7. Foreveryt >0, we have P a.s.
Z(t,t+h)
— L L.
v(h) h—>0

Moreover, this convergence holds in Li(P) uniformly in t € [0, 00).
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PROOF. The first assertion for = 0 is a consequence of the definition of £y
together with simple estimates for the Poisson distribution and the case ¢ > 0 is an
immediate consequence of Proposition 3.6.

Let us focus on the second assertion. From the second moment formula for
Poisson measures, we get, for every ¢ > 0 and n > 1,

E((Z(z,t+8n) B Z(t,t+£n+1))2)

nt (n+ 14
((Z(t,t+8n) Z(t,t+8n+1)>2
e _
nt (n+1D* )
Z(t, t+e,)  Z(t,t+enp1)\\2
+<®< P ¥ ))
Z(t t+e,)  Z(tt+eng1)\°
—® — ,
(=)

where the last equality follows from Lemma 3.2. Now, we have

@((Z(O, &)  Z(0, 8n+1))2) _ 8((1{J€(T)>g,,} B ]l{,}f('f)>s,,+1})2>
n* (n+D* nt (n+1D*
1 1
Tt (m+ DA
and for every ¢ > 0, thanks to the bound (14),
@((za, t+e) Z(,t +e,,+1))2) _ D4
nt (n+1)4 4n8
So for every t > 0 and n > 1, we have from the Cauchy—Schwarz inequality
E(‘Z(t, t+en)  Z( 1+ Ent1) ) _(n+1)?
nt (n+ D* - a7
Then n_4Z(t, t+¢&,) = L;in L! as n — oo and, for every n > 2,

Z(t,t + &) C k+1D2 24 38
(e al) B0 EE

k=n k=n

(16)

— L

In the same way as in the proof of (16), we have the following inequality: If / €
(0, e1], t > 0 and n is a positive integer such that ¢, <h < ¢g,,
(‘Z(T,t+8n) Z(t,t+h) D Ju(h) 16
E — < < )
n4 v(h) I ARV AT( )
Then, for every h € (0, e2] and ¢ > 0, we get

IE( Z(t, t+h)
v(h)

_°CI

) < 16(u() "2 + w ()14,
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which completes the proof. [
We will now establish a regularity property of the process (£;, ¢ > 0).

PliOPOSITION 3.8. The process (L;,t > 0) admits a modification, denoted
by (L:,t > 0), which is right-continuous with left-limits, and which has no fixed
discontinuities.

PROOF. We start with two lemmas.
LEMMA 3.9. There exists A > 0 such that BE(L;) = e foreveryt > 0.

PROOF. We claim that the function ¢ € [0, +00) > E(L;) is multiplicative,
meaning that for every 7, s > 0, E(L;45) = E(Ly)E(Ls). As Lo = 1 by definition,
E(Ly) =1.Letf,s >0and 0 < h < s. Let us denote by 7!, ..., 721+ the
subtrees of T~ above level ¢ with height greater than /. Then, using the regenerative
property (R), we can write

Z(t,t+h) )
@(Z(t+s,t+s+h))=®< > Z(s,s+h)(‘f’))
i=1

=O(Z(t, 1+ 1)O" (Z(s, s + 1),

which implies

(D E@u+ s ) =BE+)E( ST,

v(h)
Thus, dividing by v(k) and letting 4~ — 0 in (17), we get our claim from Corol-
lary 3.7. Moreover, thanks to Proposition 3.5 and Corollary 3.7, we know that
E(Ly) <1 for every t > 0. Then, we obtain in particular that the function ¢ €
[0, 00) > E(L;) is nonincreasing.

To complete the proof, we have to check that E(£;) > O for every ¢ > 0. If we
assume that E(L;) =0 for some ¢ > 0 then L; =0, © a.e. Let s, 1 > 0 such that
0 < h < s. With the same notation as in the beginning of the proof, we can write

OWHT)>14s)=0@i e{l,....Z(t 1 +h)}, H(T) > s)

Z(t,t+h)
:@(1—(1—@) " )
v(h)

Now, thanks to Proposition 3.6, ® a.e.,

U(S) Z(t,t+h)
(1 — v(h)> }:6 exp(—L;:v(s)) =1.

(18)
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Moreover, ® a.e.,

. (1 ,U(S))Z(l‘,f‘f'h) <1
v(h) = HH(T)>t)-

Then, using dominated convergence in (18) as & — 0, we obtain that ® (F(T") >
t + 5) = 0 which contradicts the assumptions of Theorem 1.1. [J

LEMMA 3.10. Let us denote by D = {k27", k > 1,n > 0} the set of posi-
tive dyadic numbers and define G; = o(Ls,s € D,s <t) for every t € D. Then
(L, t € D) is a nonnegative supermartingale with respect to the filtration ($,,t €
D).

PROOF. Let p be a positive integer, let s, ..., sp,s,t € D suchthats; <--- <
sp <s <tandlet f:R” — R, be a bounded continuous function. We can find a
positive integer n such that 2"¢, 2"s, and 2"s; for i € {1, ..., p} are nonnegative
integers. Recall the definition of X? which is given by (11). From Proposition 3.4,
the process X2 is a subcritical Galton—-Watson process, so

—n

E(X3, f (X3

n

s Xng ) (g f(Xg, s X))

s1°
Therefore we have also,

(Z(t,t—i—Z_”) <Z(s1,sl+2_”) Z(sp,sp+2_”)))

(19) v(271) v(271) Y v(27")
<E(Z(s,s+2‘") (Z(S1,S1+2‘”) Z(sp,sp+2‘”)>)
B v(27) v@™y v(27") '
We can then use Corollary 3.7 to obtain
E(Ly f(Lyysres L£3,)) <ELs f(Lyys-ns L)) O

We now complete the proof of Proposition 3.8. Let us set, for every ¢ > 0,

gt: ﬂ Gs-

s>t,seD

From Lemma 3.10 and classical results on supermartingales, we can define a right-
continuous supermartingale (£;, ¢ > 0) with respect to the filtration (§;, t > 0) by
setting, for every t > 0,
(20) L= lim £,

syt,seD
where the limit holds P a.s. and in L! (see e.g., Chapter VI in [4] for more details).

We claim that (f,,t > 0) is a cadlag modification of (L, > 0) with no fixed
discontinuities.
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We first prove that (f,, t > 0) is a modification of (L, > 0). For every t > 0
and every sequence (s,),>0 in D such that s, | t as n 1 0o, we have thanks to (20)
and Lemma 3.9,

E(Ly) = lim E(Ly,) = E(L).

Let us now show that for every ¢ > 0, £; < f, Pas. Leta,e >0and s € (0, 1).
Thanks to Corollary 3.7, we can find A¢ > 0 such that for every h € (0, hp) and
Z(sp, h
) S fo102 and E(‘M — °CS;«,

n=>0,
>§eoz.
v(h)

From Lemma 3.1, we may choose 4 € (0, hg) and ng > O such thats,, —t+h < hg
and v(h) < (1 4+ 8)v(s, —t + h) for every n > ng. We notice that Z(t, s, + h) <
Z(sn, Sy + h) so that, for every n > ng,

(‘Z(I,t—i—h) _

v(h) L

P(Ly > (1+8)Ls, + &)

Z(t, sy +h) Z(sn,5n +h)
SP<£t_m >(1+5)£5n —(1+8)T 8)
] Z(Z,Sn+h) _ ) 1 (’Z(sn,sn +h) . )
<2 B(| T ) 2 oS
< 6a.

We have thus shown that

1) P(L: > (148)Ls, +¢) — 0.

So, P(L; — (1 + 8)Ly > &) = 0 for every ¢ > 0, implying that £, < (1 + 8)L;
IP a.s. This leads us to the claim £; < ft P a.s. Since we saw that E(.L;) = E(f,),
we have £; = ft P a.s. for every ¢ > 0.

Now, (f,,t > () is a right-continuous supermartingale. Thus, (ft,t >0) is
also left-limited and we have ]E(f,) < E(ft_) for every ¢t > 0. Moreover, we can
prove in the same way as we did for (21) that, for every ¢ > 0 and every sequence
(sp,n >0)in D such thats, 1 ¢ asn 1 oo,

P(Ls, > (1+8)L, +¢) —> 0,
n—oo

implying that Li_ <Ly Pas. So, £, = L;_ Pas. for every ¢ > 0 meaning that
(L, t > 0) has no fixed discontinuities. [

From now on, we will only deal with this cadlag modification and we denote it
by (L:,1=0).
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3.1.3. The CSBP. We will prove that the suitably rescaled family of Galton—
Watson processes (X?).-o converges to the local time L.

Thanks to Lemma 3.1, we can define a sequence (1,),>1 by the condition
v(n,) = n for every n > 1. We set m,, = [nn_l] where [x] denotes the integer
part of x. We recall from Proposition 3.4 that X" is a Galton—Watson process
on (2, P) whose initial distribution is the Poisson distribution with parameter #.
For every n > 1, we define a process ¥" = (Y}, > 0) on (2, IP) by the following
formula,

Yr =n"tx0 1 >0.

[m,t]°

PROPOSITION 3.11.  Foreveryt >0, Y} — &L, in probability as n — oo.

PROOF. The result for t =0 is a consequence of the definition of «£( together
with simple estimates for the Poisson distribution. Let 7, § > 0. We can write
PAY? = Li1>28) < P(Y = Laupmant| > 8) +P(|Lyypmuny = Li] > 9)
<8T'E(Y — Luuimunt]) + P Lyyimu — Li] > 8).
Now, Corollary 3.7 and Proposition 3.8 imply respectively that
E(Y) — Lyytmynl) — 0 and B(Ly, 01— Li] > 6) — 0.

which completes the proof. [

COROLLARY 3.12. Forevery t > 0, the law of Y} under P(- | ,‘XI”" =n) con-
verges weakly to the law of L; under P as n — oo.

PROOF. For positive integers n and k, we denote by 't the offspring distribu-
tion of the Galton—Watson process X', by f” the generating function of ©" and
by fi' the kth iterative of f". Let A > 0 and ¢t > 0. We have,

E(exp(— Ayt))—Ze‘”p (fi, g€ ™)P

= exp(—n (1 — f[rrlnnl‘] (ei)t/n))) .
From Proposition 3.11, it holds that

exp(—n(1 = fi, (€M) —> E(exp(=1L)).
Let us set u(t, 1) = —log(E[exp(—AL;)]). It follows that,
__fn —A/n
n(1 Jim,n (e ) njgou(t, A).
Furthermore

E(exp(—AY)) | ¢ =n) = (flt, qe*™)".
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Thus we obtain,

E(exp(—1Y%}) | Xg" =n) e exp(—u(t, 1)) = E[exp(—AdLy)]. ]

At this point, we can use Theorem 2.1 to assert that (£, > 0) is a CSBP
and that the law of (%}, ¢ > 0) under the probability measure P(- | Xy" =n) con-
verges to the law of (£;, t > 0) as n — oo in the space of probability measures on
the Skorokhod space D(R..). To verify the assumptions of Theorem 2.1, we need
to check that there exists § > 0 such that P(£Ls > 0) > 0. This is obvious from
Lemma 3.9.

3.2. Identification of the measure ®. In the previous section, we have con-
structed from ® a CSBP £, which becomes extinct almost surely. We denote by v
the associated branching mechanism. We can consider the o -finite measure ©,
which is the “law” of the Lévy tree associated with .£. Our goal is to show that the
measures ® and Oy coincide.

Recall that ©” denotes the offspring distribution of the Galton—Watson process
X,

LEMMA 3.13. For every a > 0, the law of the R-tree 1,7 under the prob-
ability measure 1 n (- | H(0) > [am,]) converges as n — o0 to the probability
measure Oy, (- | H(T) > a) in the sense of weak convergence of measures in the
space T.

PROOF. We first check that, for every é > 0,
(22) liminfP(Y5 =0) > 0.
n—oo
Indeed, we have

P(Y5 = 0) =P(N(H(T) > (Imy8] + D) = 0) = exp(—v(([mn8] + D).

As v is continuous, it follows that P(Y§ = 0) — exp(—v(§)) as n — oo implying
(22).

We recall that the law of Y” under the probability measure P(- | Xg" =n)
converges to the law of (L;,t > 0). Then, thanks to (22), we can apply The-
orem 2.3 to get that, for every a > 0, the law of the R-tree m, 7% under the
probability measure IT,x (- | #(6) > [am,]) converges to the probability measure
Oy (- | #(T) > a) in the sense of weak convergence of measures in the space T.
Asm, 'n, — 1 as n — oo, we get the desired result. [J

We can now complete the proof of Theorem 1.1. Indeed, thanks to Lemmas 2.2
and 3.3, we can construct on the same probability space (£2, P), a sequence of T-
valued random variables (77,),>1 distributed according to O (- | H(T") > ([am,]+
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1)n,) and a sequence of #A-valued random variables (6,),>1 distributed according
to ITyn (- | #(0) > [amy,]) such that for everyn > 1, P as.,

don (T, 1n T0) < 21,

Then, using Lemma 3.13, we have O(- | H(T) > ([am,] + D)ny) — Oy (- |
H(T) > a) as n — oo in the sense of weak convergence of measures on the
space T. So we get

O(|H(T) >a) =0y (-|H(T) > a)

for every a > 0, and thus ® = ©y;.

We conclude this part by giving the relation between the branching mechanism
Y of the CSBP £ and the measure ®. Recall from Section 2.1.1 the definition
of the function (u(¢,X1),t > 0, A > 0) and the differential equation relating ¥ to
(u(t,r), t >0, A >0). Itis proved in [5] (this is also a consequence of Definition
3.1) that for every ¢ > 0 and every A >0

u(t, ) =01 — e ).

4. Proof of Theorem 1.2. Let ® be a probability measure on (T, dgg) satis-
fying the assumptions of Theorem 1.2.

In this case, we define v : [0, c0) — (0, 00) by v(¢t) = O(FH(T) > t) for every
t > 0. Note that v(0) = 1 is well defined here. Recall that for every ¢ > 0, we
denote by ®' the probability measure O (- | #(7) > t). The following two results
are proved in a similar way to Lemmas 3.1 and 3.2.

LEMMA 4.1. The function v is nonincreasing, continuous and goes to 0 as
t — o0.

LEMMA 4.2. Foreveryt > 0 and 0 < a < b, the conditional law of the ran-
dom variable Z(t,t + b), under the probability measure ®' and given Z(t,t + a),
is a binomial distribution with parameters Z(t,t + a) and v(b)/v(a).

4.1. The DSBP derived from ®. We will follow the same strategy as in Sec-
tion 3 but instead of a CSBP we will now construct an integer-valued branching
process.

4.1.1. A family of Galton—Watson trees. We recall that . denotes the law of
Z(e, 2¢) under the probability measure ®°, and that (0¢, & € A) is a sequence of
independent +-valued random variables defined on a probability space (', )
such that for every § € A, 6¢ is distributed uniformly over p~1(&). The following
lemma is proved in the same way as Lemma 3.3.
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LEMMA 4.3.  Let us define for every & > 0, a mapping 6© from T® x Q' into

A by
0 (T, w) = be (7 ().

Then for every positive integer p, the law of the random variable 0 under the
probability measure P @ P is 1, (- | #(0) > p — 1).

For every ¢ > 0, we define a process X° = (X%, k > 0) on T by the formula

X; = Z(ke, (k+ 1)e), k> 0.

We show in the same way as Propositions 3.4 and 3.5 the following two results.

PROPOSITION 4.4. For every ¢ > 0, the process X¢ is under ® a Galton—

Watson process whose initial distribution is the Bernoulli distribution with para-
meter v(e) and whose offspring distribution is (L.

PROPOSITION 4.5. For every t > 0 and h > 0, we have O(Z(t,t + h)) <
v(h) <1.

The next proposition however is particular to the finite case and will be useful
in the rest of this section.

PROPOSITION 4.6. The family of probability measures (lis)s=0 converges to
the Dirac measure 81 as € — 0. In other words,

O°(Z(e.26)=1) — 1.
E—>

PROOF. We first note that
20°(Z(g,2e) > 1) — ©°(Z(s,2¢)) < O°(Z(g,26) = 1) < OF(Z(e,28) = 1).
Moreover, ®@°(Z(e,2e) > 1) = O (H(T) > 2¢) = v(2e)/v(e) and OF(Z(g, 2¢))
< 1. So,
2v(2¢) v(2¢)
v(e) v(e)

We let ¢ — 0 in (23) and we use Lemma 4.1 to obtain the desired result. []

(23) —1<0°(Z(e,26) =1) <

4.1.2. Construction of the DSBP.
PROPOSITION 4.7. For every t > 0, there exists an integer-valued random
variable L; on the space T such that ©(L;) <1 and © a.s.,

Z(@t, t+h) 1t L.
70
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PROOF. Lett > 0. The function & € (0, 00) — Z (¢, t+h) € Z is nonincreas-
ing so that there exists a random variable L; with values in Z U {oc} such that, ®
a.s.,

Z(t,t+h) t L.
nl0

Thanks to the monotone convergence theorem, we have
®(Z(f, t+ h)) 11_6 O(Ly).

Now, by Proposition 4.5, @(Z(t,t + h)) < 1 for every h > 0. Then, ®(L,;) <1
which implies in particular that L; < oo ® a.s. U

PROPOSITION 4.8. For every t > 0, the following two convergences hold ®
a.s.,

(24) Z(t—h,t) 1t Ly,
hl0

(25) Z(t—h,t+h) 1 L.
hl0

PROOF. Let t > 0 be fixed throughout this proof. By the same arguments
as in the proof of Proposition 4.7, we can find a Z -valued random variable L,
such that ®(L;) <land Z(t — h,t) t L; as h | 0, ® a.s. If h € (0, t), we write
g1, ..., 72U=hD for the subtrees of T~ above level # — h with height greater than
h. Then, from the regenerative property (R),
O(Z(t,t+h)—Z(@t—h,t)|>1)
Z(t—h,t) )
- @(@( > (Zh 2T = 1) = 1|2 —h, t)))
i=1
< ®(®(|Z(h,2h)(‘fi) —1]>1
forsomei €{l,...,Z(t —h,1)} | Z(t — h,1)))
(26) §®(Z(t—h,t)®h(|Z(h,2h)— 1] >1)).
Since Z(t — h,t)@h(|Z(h,2h) — 1> <L, © as, Proposition 4.6 and the
dominated convergence theorem imply that the right-hand side of (26) goes to 0 as
h—0.Thus L; = L; ® a.s. R
Likewise, there g)\(ists a random variable L; with values in Z_ such that, ® a.s.,
Z(t —h,t+h) 1 L; as h | 0. Let us now notice that, for every 4 > 0, ® a.s.,
Z({t —h,t+h) <Z(@ — h,t). Moreover, thanks to Lemma 4.2, we have
2h Z(t—h,t)
@(Z(t—h,t)zZ(t—h,t+h)+1)=1—®<(U( )) )

v(h)
27)

v(2h)\ L

>1-0 ) )
v(h)
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The right-hand side of (27) tendsto O as & — 0. So L; = E, ®as. 0O
We will now establish a regularity property of the process (L, t > 0).

PROPOSITION 4.9. The process (L;,t > 0) admits a modification which is
right-continuous with left limits, and which has no fixed discontinuities.

PROOF. We start the proof with three lemmas. The first one is proved in a
similar but easier way as Lemma 3.9.

LEMMA 4.10. There exists . > 0 such that ©(L;) = e~ for every t > 0.

Forevery n > 1 and every t > O we set ¥' = X [ln/g

LEMMA 4.11. Foreveryt>0,Y" — L; asn — 00, © a.s.
This lemma is an immediate consequence of Proposition 4.8.

LEMMA 4.12. Let us define Gy =0 (Lg,s <t) for everyt > 0. Then (L;,t >
0) is a nonnegative supermartingale with respect to the filtration (G;,t > 0).

PROOF. Let s,t,51,...,5p >0 suchthat 0 <s; <---<s, <s <1 and let
f:R? — R, be a bounded measurable function. For every n > 1, the offspring
distribution 11, is critical or subcritical so that (X ,i/ "k>0)isa supermartingale.
Thus we have

1/ 1/ 1/ 1/ 1/ 1/
O(X S (Xprsiys -+ X[ns’;])) <OXppf Kpisiy ...,X[n;;])).
Lemma 4.11 yields @(L,f(le,...,Lsp)) < @(Lsf(Ls],...,Lsp)) since f is

bounded and Xbl,/" <L, ®as.foreveryu>0. [

Let us set, for every ¢t > 0,
ét == m GS-

s>t
Recall that D denotes the set of positive dyadic numbers. From Lemma 4.12
and classical results on supermartingales, we can define a right-continuous su-
permartingale (L;,t > 0) with respect to the filtration (G;,t > 0) by setting, for
every t >0,
(28) L= lim L,
slt,seD

where the limit holds ® a.s. and in L!. In a way similar to Section 3 we can prove
that (L;, t > 0) is a cadlag modification of (L, ¢ > 0) with no fixed discontinuities.

O
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From now on, we will only deal with this cadlag modification and we denote it
by (L, 1= 0).

PROPOSITION 4.13. (L, t > 0) is a DSBP which becomes extinct © a.s.

PROOF. By the same arguments as in the proof of (24), we can prove that, for
every 0 < s < t, the following convergence holds in probability under ©,

| — t|— 1
(29) Z([n] [nS],[n] [ns]+ >_>Lt—s-
n n n— oo
Lets,t,s1,...,5p >0suchthat0 <s; <---<s,<s <t,A>0andlet f:R? —

R be a bounded measurable function. For every n > 1, under el (x ,1/ " k>0

is a Galton—Watson process started at one so that

O (f(V))..... Y] ) exp(=2Y]")

51°°

= O (F (o YO (exp(—AXf1_gu))-

[nt]—[ns]

From Lemma 4.11, (29) and dominated convergence, we get

O(f(Ly. ..., Ly,) exp(—AL)) = O(f (Ly,. ... L, ) (O(exp(—ALi—)) ).

Then, (L;, t > 0) is a continuous-time Markov chain with values in Z satisfying
the branching property. Furthermore, since #(7) < co ® a.s., it is immediate that
(L¢, t = 0) becomes extinct ® a.s. [

4.2. Identification of the probability measure ®. Let us now define, for every
TeTandr >0, N(T)=#{o €T :d(p,o0) =t} where we recall that p denotes
the root of 7.

PROPOSITION 4.14. Foreveryt >0, Ny =L; © a.s.
Note that for every ¢ > 0, L; is the number of subtrees of 7 above level ¢.

PROOF OF PROPOSITION 4.14. Since O(H(T)=0)=0,wehave Lo =1 =
No © as. Let t > 0. First note that N; > L; © a.s. Furthermore, thanks to Propo-
sitions 4.7, 4.8 and 4.9, for every ¢t > 0, ® a.s., there exists g > 0 such that for
every he (0,hol, Li=Li—p=2Z(t —h,t+ h).

The remaining part of the argument is deterministic. We fix 7, hg > 0 and a
(deterministic) tree 7 € T. We assume that there is a positive integer p such that
for every h € (0, hol,

Lt:Lt—h:Z(t_h7t+h):pv

and we will verify that N;(9) = p. To this end, we argue by contradiction and
assume that N;(7) > p + 1. In particular we can find p + 1 vertices 071, ...,0p 41
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such that d(p,0;) =1t forevery i € {1, ..., p + 1}. Let us denote by Tl ...,7P
the p subtrees of 7 above level ¢ — hg. There exist k,/ € {1,...,p+ 1} and j €
{I,..., p} such that oy,0; € 7/. Let z; be the unique vertex of 7/ satisfying

lo.zj]=[p,ox] N [p, o1]. We choose ¢ > 0 such that d(p, z;) < ¢ < t. Then it is
not difficult to see that 7 has at least p 4 1 subtrees above level t — hg + c¢. This
is a contradiction since L;_py+c = p. So N;(7) = p, which completes the proof.

O

Proposition 4.14 means that (L;, t > 0) is a modification of the process (Ny, t >
0) which describes the evolution of the number of individuals in the tree. Let us
denote by Q the generator of (L;, t > 0) which is of the form

0 0 0 0 0
ay(©)  —a ay(2) ay(3) ay@4)
o=| 0 2ay© -2a 2ay2 ay@®3) ,

0 0  3ay(0) —3a 3ay(2)

where a > 0 and y is a critical or subcritical offspring distribution with y (1) =0.
For every ¢t > 0 we let #; be the o-field on T generated by the mapping 7 +—
J<: and completed with respect to . Thus (¥7, ¢ > 0) is a filtration on T.

LEMMA 4.15. Lett > 0and p € N. Under ©, conditionally on F; and given
{L; = p}, the p subtrees of T above level t are independent and distributed ac-
cording to ©.

PROOF. Thanks to Lemmas 2.2 and 4.3, we can construct on the same proba-
bility space (€2, P), a sequence of T-valued random variables (77,),>1 distributed
according to OY" and a sequence of «-valued random variables (), distrib-

uted according to I, , such that, for every n > 1,

(30) dou (T, n 170 <20~

For every n > 1 and k > 0, we define X] =#{u € 0,,:|u| = k}. Let t > 0 and
p>1,let g: T — R be a bounded continuous function and let G:T” — R be a
bounded continuous symmetric function. For n > 1, on the event {Xf’m] = p}, we
set {u'l’,...,u’;,} ={u €86,:|u|l =[nt]} and 051 = ru?an for every i € {1, ..., p}.
Then we can write, thanks to the branching property of Galton—Watson trees,
—1q-0, —lg 1 el Xad f,)
E(Lixy, =p8n 1Js[m])G(n Lybn . n~lgfmy)
(31)
— ﬁ'on —lag el ¥ad
=E(Lixy, =p8 (1™ T2f)) (M, )P (G T ™ T,

where 61,...,0, denote the coordinate variables under the product measure
(nmm)@p- As a consequence of (30), we see that the law of n~!7? under My,
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converges to ® in the sense of weak convergence of measures on the space T.
Then, thanks to Lemma 4.11, the right-hand side of (31) converges as n — o0 to

O(LiL,=p)g(T<))OCP(G(Ti, ..., Tp)).

Similarly, the left-hand side of (31) converges as n — oo to

O(LiL,=p8(T<)G(T ", ..., TP)),
where 71, ..., 77 are the p subtrees of T~ above level ¢ on the event {L; = p}.

This completes the proof. [J
Let us define J =inf{t > 0: L; # 1}. Then J is an (¥;);>0-stopping time.

LEMMA 4.16. Let p € N. Under ©, given {Lj = p}, the p subtrees of T
above level J are independent and distributed according to ©, and are independent
of J.

PROOF. Let peN,let f:R; — R be a bounded continuous function and let
G : T? — R be a bounded continuous symmetric function. On the event {L ; = p},
we denote by 71, ..., TP the p subtrees of T above level J. Letn > 1 and k > 0.
On the event {L 1)/, = p}, we denote by gLk o qp.(k) the p subtrees
of 7 above level (k 4+ 1)/n. On the one hand, the right continuity of the mapping
t— L, gives

o
®(Z LLgrryu=py G (T 0 PR £k + 1)/ ")11{k/n<fs<k+1>/n})
k=1

— O, =G (T, ..., TP f(])).

n— oo
On the other hand, thanks to Lemma 4.15, we can write, for every n > 1 and k > 0,
Oy 1yyu=p) G(T 0, TPOR) £+ 1) /1) Lty < s <t 1) /my)
= O gy ryu=p) S (k + 1D /0) Lk /n<s < 1y/n) OFP(G(T1, ..., Tp)).
It follows that
O(r,=pGT, ..., TP ()
= O(Liz,—p) f())OP (G(T1.....Tp)). O
We can now complete the proof of Theorem 1.2. The random variable J is the
first jump time of the DSBP (L;,t > 0) so that J is distributed according to the
exponential distribution with parameter a and is independent of L ;. Thanks to

Proposition 4.14, there exists o7 € 7 such that T<; = [p, 07]. Lemma 4.16 gives
the last part of the description of ©.
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Another way to describe O is as follows: Assume that we are given on the same
probability space (2, P) an +A-valued random variable 6 distributed according to
[T, and an independent sequence of independent random variables (h,,u € U)
with values in [0, 00), such that each variable h,, is distributed according to the
exponential distribution with parameter a. We set T = (0, {h, },,c¢) and T = 7T
Then the random variable J is distributed according to ©.
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