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Abstract

We perform a pruning procedure on a Lévy tree and instead of throwing away the removed sub-tree, we
regraft it on a given branch (not related to the Lévy tree). We prove that the tree constructed by regrafting is
distributed as the original Lévy tree, generalizing a result of Addario-Berry, Broutin and Holmgren where
only Aldous’s tree is considered. As a consequence, we obtain that the “average pruning time” of a leaf is
distributed as the height of a leaf picked at random in the Lévy tree.
© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Lévy trees arise as the scaling limits of Galton—Watson trees in the same way as continuous
state branching processes (CSBPs) are the scaling limits of Galton—Watson processes (see
[16, Chapter 2]). Hence, Lévy trees can be seen as the genealogical trees of some CSBPs, [22].
One can define a random variable 7 in the space of real trees (see [19,18,17]) that describes the
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genealogy of a CSBP with branching mechanism ¢ of the form:

U(L) = ak + BA? +f (e —1+ar)m(dr) fora >0,
(0,+00)

with o > 0, 8 > 0 and 7 a o -finite measure on (0, +00) such that f(0’+oo) (r Ardm(dr) < +o0.

We assume that either § > 0 or 7 ((0, 1)) = +o0. In particular, the corresponding CSBP is (sub-)

critical as ¥'(0) = o > 0. In order to use the setting of measured real trees developed in [4], we

shall restrict ourselves to compact Lévy trees, that is with branching mechanism satisfying the

Grey condition:

/+oo dv - oo
v (v) '

This condition is equivalent to the compactness of the Lévy tree, and to the a.s. extinction in
finite time of the corresponding CSBP.

In [6], a pruning mechanism has been constructed so that the Lévy tree with branching
mechanism  pruned at rate ¢ > 0 is a Lévy tree with branching mechanism v, defined by:

Vg(h) =¥ +q)—v(g) forr=0.

This pruning is performed by throwing marks on the tree in a Poissonian manner and by cutting
the tree according to these marks, generalizing the fragmentation procedure of the Brownian tree
introduced in [8]. This pruning procedure allowed to construct a tree-valued Markov process [2]
(see also [9] for an analogous construction in a discrete setting) and to study the record process
on Aldous’s continuum random tree (CRT) [1] which is related to the number of cuts needed to
reduce a Galton—Watson tree.

This problem of cutting down a random tree arises first in [27]: consider a rooted discrete
tree with n vertices, pick an edge uniformly at random and remove it together with the sub-tree
attached to it and then iterate the procedure on the remaining tree until only the root is left. The
question is “How many cuts are needed to isolate the root by this procedure”? Asymptotics in
law for this quantity are given in [27] when the tree is a Cayley tree (see also [10,11] in this case
where the problem is generalized to the isolation of several leaves and not only the root) and
in [24] for conditioned (critical with finite variance) Galton—Watson trees. A.s. convergence has
also been obtained in the latter case for a slightly different quantity in [1] using a special pruning
procedure that we describe now.

Let 7 be a Lévy tree with branching mechanism  and m7 (dx) its “mass measure” supported
by the leaves of 7. We denote by P}p the distribution of the Lévy tree corresponding to the CSBP
with branching mechanism 1 starting at » and by NV the corresponding excursion measure also
called canonical measure (in particular, IF’lp can be seen as the distribution of a “forest” of Lévy
trees given by a Poisson point measure with intensity #NYV). The branching points of the Lévy
tree are either binary or of infinite degree (see [17, Theorem 4.6]) and to each infinite degree
branching point x, one can associate a size A, which measures in some sense the number of
sub-trees attached to it (see (6) in Section 2.5). We then consider a measure /LT on 7 defined by:

pldy) =287 dy)+ Y Adi(dy),
x€Broo (T)

where ¢7 is the length measure on the skeleton of the tree, Broo(7) is the set of branching
points of infinite degree and §y is the Dirac measure at point x. Aldous’s CRT corresponds to the
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distribution of 7" under NY, with YA = %Az, and conditionally on mT(T ) = 1. In this case
Broo(7) is empty and thus 1”7 (dy) = ¢7 (dy).

Then we consider, conditionally given 7, a Poisson point process M 7(d6, dy) of marks on
the tree with intensity

10,100 ()d0 n7 (@y).

Parameter y indicates the location of the mark whereas 6 represents the time at which it appears.
For every x € 7, we set

0(x) the first time 0 at which a mark appears between x and the root.

We consider © the average of these first cutting times over the Lévy tree:
0= f 6(x)m? (dx).
T

It has been proven in [1] (Theorem 6.1 and Corollary 5.3 with v/ () = u?/2) in the framework
of Aldous’s CRT, that if we denote by X, the number of cuts needed to isolate the root in the sub-
tree spanned by n leaves randomly chosen, then a.s. lim,— 400 X,,/L, = O, with L,, ~ V2n
the total length of the sub-tree. Moreover, the law of © in that case is a Rayleigh distribution
(i.e. with density xe X/ zl{xzo}). The distribution of @ is also the law of the height of a leaf
picked at random in Aldous’s tree. This surprising relationship is explained by Addario-Berry,
Broutin and Holmgren in [7, Theorem 10]. The authors consider a branch with length @, and
when a mark appears, the tree is cut and the sub-tree which does not contain the root is removed
and grafted on this branch (the grafting position is described using some local time). Then the
new tree obtained by this grafting procedure is again distributed as Aldous’s tree.

The goal of this paper is to generalize this result to general Lévy trees. We consider a Lévy tree
7 under N¥ and we perform the pruning procedure described above. When a mark appears, we
remove the sub-tree attached to this mark and keep the sub-tree containing the root. We denote
by 7, the resulting tree at time ¢ i.e. the set of points of the initial tree 7 which have no marks
between them and the root at time ¢:

T, ={xeT;0(x)>q}.

According to [6, Theorem 1.1], 7, is a Lévy tree with branching mechanism ,. We consider
6, the average of the records shifted by g over the Lévy tree 7,:

6, =/ 6(x) — q) m? (dx).
7

Remark that a.s. 7, C 7 and hence 6, < 6.

We define an equivalence relation on the tree 7: x ~ vy if the function 6 remains constant on
the path between x and y. We consider the equivalence classes (7°,i € I®) and denote for each
i € IR by 6; the common value of the function 6. In the pruning procedure described above, the
tree 7' corresponds to the sub-tree which is removed at time 6; and it is distributed according to
NY4 . Then we consider a branch BR of length © rooted at some end point, say . The sub-tree
T is grafted on BX at distance Oy, from the root; see Fig. 1. Let 7R denote this tree obtained
by regrafting. Our main result, see Theorem 3.1, relies on Laplace transform computations and
can be stated as follows.
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Fig. 1. Pruning of a Lévy tree (left) and tree 7 R obtained by regrafting on a branch (right). The marks are numbered
according to their order of appearance.

Theorem. Assume that the Grey condition holds. Under NY, (BR, TRy is distributed as (B, T)
where B is a branch from the root ¥ to a leaf chosen at random on T according to the mass
measure m?

In particular, this theorem implies the following corollary.

Corollary. Under NV [d T, O is distributed as the height H of a leaf of the Lévy tree chosen at
random according to the mass measure m7

A probabilistic interpretation of those results for the Brownian CRT is provided in [7] using a
path transformation on Brownian bridge or in [10] using a fragmentation tree. We do not know
if such an approach is valid in the present general framework.

Using the Bismut decomposition of Lévy trees (see Fig. 2), we recover and extend to general
Lévy trees Proposition 8.2 from [2] on the asymptotics of the masses of (77,i € I®). Set
o =m?(T)and o' =m? (7T7) fori € IX.

Corollary. Assume that the Grey condition holds. N -a.e., we have:
sh—% NY[o > el Z Yoize) =

1

Similar results hold for the convergence of Voo

lary 3.2.

The above theorem states that the point process with atoms (6g;, 7 1), i e IR is distributed as
the point process that appears in the Bismut decomposition of a Lévy tree. This may seem quite
surprising. Indeed, if 6; < 6;, then T ! is stochastically greater than 7/ (as a tree distributed
according to N¥« can be obtained from a tree distributed according to NY4' for q > q' by
pruning). Consequently, the trees that are grafted on BX are in some sense smaller and smaller
whereas the trees in the Bismut decomposition have the same law. However, the intensity of the

DicIr Gil{at’gs} to ©; see Corol-
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Fig. 2. Bismut decomposition of a Lévy tree.

grafting is not uniform in the first case (contrary to the Bismut decomposition) and depends on
the size of the trees grafted before, which gives at the end the identity in distribution.

In the present work, we ignore the marks that fall on the sub-trees once they have been
removed. However, we could use them to iterate our construction on each sub-tree (77, i € I®)
and so on, in order to generalize to general Lévy trees the result obtained for Aldous’s CRT by
Bertoin and Miermont [11].

In view of the present work, we conjecture that similar results to [24] hold for infinite variance
offspring distribution. Let X,, denote the number of cuts needed to isolate the root by pruning
at edges a Galton—Watson tree conditioned to have n vertices. We also consider the pruning at

vertices inspired by Abraham et al. [3], which is the discrete analogue of the continuous pruning:
pick an edge uniformly at random and remove the vertex from which the edge comes together with
the sub-tree attached to this vertex. Let X,, be the number of cuts until the root is removed by this
procedure for a Galton—Watson tree conditioned to have n vertices. According to [24], the number
of cuts needed to remove the root for the pruning at vertices (that is X,,) or to isolate the root
for the pruning at edges (that is X,,) are asymptotically equivalent for finite variance offspring
distribution. However, we expect a different behaviour in the infinite variance case. Consider a
critical Galton—Watson tree with offspring distribution in the domain of attraction of a stable law
of index y € (1, 2]. According to [15] or [25], the (contour process of the) Galton—Watson tree

conditioned to have total progeny n, properly rescaled, converges in distribution to (the contour
process of) a Lévy tree under NV [. |o = 1], with ¥ (L) = coA? for some cg > 0.

3501
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Conjecture. Let L, denote the length of the rescaled Galton—Watson tree conditioned to have
total progeny n. We conjecture that:

X, @
— —— Z,
L, n—+oo
for some random variable Z distributed as the height of a leaf chosen at random according to

the mass measure under NV - lo =1].

Seta = (y — 1)/y. Using the Laplace transform (see Theorem 2.1), we get that the height
H of a leaf randomly chosen in the Lévy tree is distributed under N¥ as ¢“Z, with Z and o
independent and the distribution of Z is characterized for n € N by:

I I'aI'n+1

E[z"] = 7 yn Ta(n+1)

In the particular case of Aldous’s CRT, y = 2 and ¢p = 1/2, we recover, using the duplica-
tion formula of the gamma function, that Z (and thus H under NY[-|o = 1]) has Rayleigh
distribution.

The paper is organized as follows. We collect results on Lévy trees in Section 2, with the
Bismut decomposition in Section 2.7 and the pruning procedure in Section 2.8. The main result
is then precisely stated in Section 3 and proved in Section 4.

2. Lévy trees and the forest obtained by pruning
2.1. Notations

Let (E,d) be a metric Polish space. For x € E, §, denotes the Dirac measure at point
x. For u a Borel measure on E and f a non-negative measurable function, we set (i, f) =

J fx) p(dx) = pu(f).
2.2. Real trees

We refer the reader to [12,14,28] for a general presentation of R-trees and to [18] or [21] for
their applications in the field of random real trees. Informally, real trees are metric spaces without
loops, locally isometric to the real line. More precisely, a metric space (7, d) is a real tree if the
following properties are satisfied.

(1) For every s,t € T, there is a unique isometric map f;; from [0, d(s,?)] to T such that
f5,0(0) = s and f ,(d(s, 1)) = 1.

(2) Forevery s, t € T, if g is a continuous injective map from [0, 1] to T such that g(0) = s and
q(1) =1, then ¢([0, 1]) = f5, ([0, d(s, D)]).

If s, t € T, we will denote by [[s, ] the range of the isometric map f; ; described above. We will
also write [s, ¢]| for the set [[s, ¢ \ {¢}.

We say that (T, d, 0) is a rooted real tree with root @ if (T, d) isareal treeand ¥ € T is a
distinguished vertex.

Let (T, d, ¥) be arooted real tree. If x € T, the degree of x, n(x), is the number of connected
components of T \ {x}. We shall consider the set of leaves Lf(T) = {x € T \ {#}, n(x) = 1},
the set of branching points Br(7)) = {x € T, n(x) > 3} and the set of infinite branching points
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Broo(T) = {x € T, n(x) = oo}. The skeleton of T is the set of points in the tree that are not
leaves: Sk(T) = T \ Lf(T). The trace of the Borel o-field of T restricted to Sk(T) is generated
by the sets [[s, s']; s, s” € Sk(T). Hence, one defines uniquely a o -finite Borel measure fonT,
called length measure of 7', such that:

(TLET) =0 and €7 ([s,s'T) = d(s, s).

For every x € T, [4, x] is interpreted as the ancestral line of vertex x in the tree. We define
a partial order on T by setting x < y (x is an ancestor of y) if x € [, y]l. If x,y € T, there
exists a unique z € T, called the Most Recent Common Ancestor (MRCA) of x and y, such that
7, xIN IS, yIl = 9, z]. We write z = x A y.

2.3. Measured rooted real trees

We call a w-tree a weighted rooted real tree, i.e. a quadruplet (7, d, ¥, m) where (T, d, ¥) is
a locally compact rooted real tree and m is a locally finite measure on 7. Sometimes, we will
write (T, d”, ", m") for (T, d, ¥, m) to stress the dependence in T, or simply T when there is
no confusion. We denote by ¥ the set of w-trees.

In order to define a tractable distance on w-trees, we need an equivalence relation between
two w-trees, i.e. we identify two w-trees (T, d”, ¢7, m7) and (T', d”", ¢7", m”") if there exists
an isometric function which maps 7 onto 7’, which sends @7 onto @T/ and which transports
measure m’ on measure m’ . We will denote by T the set of measure-preserving and root-
preserving isometry classes of w-trees. One can define a topology on T such that T is a Polish
space; see for example [20,23,5].

Let 7, T’ € ¥ be w-trees that belong to the same equivalence class. Let ¢ be a measure-
preserving—root-preserving isometry that maps 7 onto 7’. A T-valued function F of the form
F(T, (xj,i € I)) where (x;,i € I) is a family of points of T is said to be T-compatible if
F(T', (p(x;), i € I)) belongs to the same equivalence class as F(T, (x;,i € I)).

LetT € T.Forx € T, we set h(x) = d(#, x) the height of x and

Hax (T) = sup h(x) (D
xeT
the height of the tree (possibly infinite). Remark that for two w-trees in the same equivalence
class, the heights are the same; hence Hyax(T') is well-defined for 7' € T.
Fora > 0, we set:

Ta)={xeT,d@, x)=a} and 7n,(T)={xeT,d@,x)<a},

the restriction of the tree T at level a and the truncated tree 7" up to level a. We consider m,(T')
with the induced distance, the root ¢ and the mass measure m™ ") which is the restriction of
m’ to 7,(T), to get a w-tree. Let us remark that the map 7, is T-compatible. We denote by
(T%°,i e I) the connected components of T \ w,(T). Let ¢; be the MRCA of all the points

of T%°. We consider the real tree 7' = T"° U {g;} rooted at point ¢J; with mass measure m’'
defined as the restriction of m” to 7?. We will consider the point measure on T x T
T
Na == Za(@ivTi)'

iel
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2.4. Grafting procedure

We will define in this section a procedure by which we add (graft) w-trees on an existing
w-tree. More precisely, let T € ¥ and let ((7;, x;),i € I) be a finite or countable family of
elements of T x T'. We define the real tree obtained by grafting the trees 7; on T at point x;. We
set T =T U (uie] T \ {pTi }) where the symbol LI means that we choose for the sets (7;);cr
representatives of isometry classes in T which are disjoint subsets of some common set and that
we perform the disjoint union of all these sets. We set 7 = @7 . The set T is endowed with the

following metric d T.ifs,re f,

dT (s, 1) ifs,reT,
i dT (s, x;)) +dTi @, 1) ifseT,reT\{p"),
dT(s,0) = {d"is, 1) ifs,teT;\ {97},
dT(xi,xp) +dTi (@l s) +dTi @ 1) ifi # jands e T;\ {977},
teT;\{gh).

We define the mass measure on T by:
iel
where §, is the Dirac mass at point x. We will use the following notation:
(T,d",¢",m") = T @;es (T;, ). 2

It is clear that the metric space (T, dT, g7y is still a rooted complete real tree. Notice that it is
not always true that T remains locally compact or that m” defines a locally finite measure on
T. For instance if we consider the grafting {0} ®,en(T, @) where T is a non-trivial tree (i.e. we
graft the same tree an infinite number of times on a single point), then the resulting tree is not
locally compact.

It is easy to check that the function defined by F(T, (x;,i € 1)) = T ®;c;(T;, x;) if
T ®;er(T;, x;) belongs to ¥ and F(T, (x;,i € I)) = T otherwise is T-compatible. That is
the grafting procedure, when the resulting tree belongs to ¥, is T-compatible.

2.5. Excursion measure of a Lévy tree

Let i be a critical or sub-critical branching mechanism defined by:
YA =ak+ BAT+ / (e — 1+ Ar)m(dr) 3)
(0,400)

witha > 0, 8 > 0 and 7 is a o -finite measure on (0, +00) such that f(o +00) (r/\rz)n(dr) < 400
and (m, 1) = 400 if B = 0. We also assume the Grey condition:

/ L +00 )
Y(A) '

The Grey condition is equivalent to the a.s. finiteness of the extinction time of the CSBP. This
assumption is used to ensure that the corresponding Lévy tree is compact. Let v be the unique
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non-negative solution of the equation:

+o00 di
Va >0, / D
v(a) 1,//()L)

We gather here results from [17, Theorems 4.2, 4.3 and 4.6, 4.7]. Remarks of pages 575 and
578 of [17] state that the local time ¢¢ is a function of the tree (see the third property below) and
hence can be defined on T.

Using the coding of compact real trees by height functions, we can define a o -finite measure
N¥[dT]on T, or excursion measure of the Lévy tree, with the following properties.

(i) Height. Recall Definition (1) of the height Hpyax(7) of a tree. For all a > 0,
NY [Hmax(T) > a] = v(a).

(ii) Mass measure. The mass measure m” is supported by Lf(7), N¥ [dT ]-a.e.
(iii) Local time. There exists a process (£¢, a > 0) with values on finite measures on 7, which
is cadlag for the weak topology on finite measures on 7 and such that N¥ [d7 -a.e.:

m7? (dx) = / - ¢“(dx) da, )
0

0 =0, infla > 0; £¢ = 0} = sup{a > 0; £* # 0} = Hpnax(7) and for every fixed a > 0,
NY[dT-ae.:

e The measure £¢ is supported on 7 (a).

e We have for every bounded continuous function ¢ on 7:

(4, ¢) = hmﬁ)nf—/qb(x)l Hmax(T’)>e}N (dx,dT")

= lmibnf—/q’)(x) {Hmax(T)>€}N (dx,dT"), ifa>0.
v(

Moreover, the above lim inf are true limits N¥ [d7 ]-a.s.
Under N, the real valued process ((£4, 1), a > 0) is distributed as a CSBP with branch-
ing mechanism ¥ under its canonical measure.

(iv) Branching property. For every a > 0, the conditional distribution of the point measure
NaT(dx, dT') under NY [dT |Hmax(T) > al, given 1, (7), is that of a Poisson point mea-
sure on 7 (a) x T with intensity £¢(dx)NY [dT"].

(v) Branching points.

e NY[dT]-a.e., the branching points of 7 are of degree 3 or +oc.

e The set of binary branching points (i.e. of degree 3) is empty N¥ a.e if # = 0 and is a
countable dense subset of 7 if 8 > 0.

e The set Bro, (7)) of infinite branching points is nonempty with N -positive measure if and
only if 7 £ 0. If (7, 1) = 400, the set Broo(7) is N¥-a.e. a countable dense subset of 7.

(vi) Mass of the nodes. The set {d(¥, x), x € Broo(7)} coincides N¥-a.e. with the set of dis-
continuity times of the mapping a > €. Moreover, NY -a.e., for every such discontinuity
time b, there is a unique x; € Broo(7) N7 (b) and A, > 0, such that:

0 =057+ Ay,

where A, > 0 is called the mass of the node x;,. Furthermore A; can be obtained by the
approximation:

1
Ap = lim 1nf—n(xb, €), 6)
e—0 U(G)
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where n(xp, €) = [ Lz Lih,, (7> N} (dx, dT’) is the number of sub-trees originat-
ing from x;, with height larger than €. Moreover, the above lim inf is a true limit NY [d7 ]-a.s.
In order to stress the dependence in 7', we may write 027 for ¢4,
We set o or simply o when there is no confusion, the total mass of the mass measure on 7 :
o =mZ (7). 7

In particular, as o is distributed as the total mass of a CSBP under its canonical measure, we have
that N¥-a.s. o > 0 and for ¢ > 0 (see for instance [26, Corollary 10.9] for the first equality, the
others being obtained by differentiation):

NV [1 _ e—x/x(q)a] —q. N [Ge—x/f(qm] _ m and
WY [o2ev@] = % (8)

The last two equations hold for ¢ = 0 if ¥/ (0) > 0.
2.6. Other measures on T

For each r > 0, we define a probability measure PY on T as follows. Let r > 0 and Y kekc 07k
be a Poisson point measure on T with intensity »N¥. Consider {#} as the trivial w-tree reduced
to the root with null mass measure. Define 7 = {#} ®cic (7%, ¥). Using Property (i) as well
as (8), one easily gets that for every ¢ > 0 there is only a finite number of trees 7% with
height larger than €. As each tree 7 is compact, we deduce that 7 is a compact w-tree, and
hence belongs to T. We denote by ]P;p its distribution. Its corresponding local time is defined by
0= ek ¢+T* and its total mass is defined by o = Y kek o 7" Under P}, the real valued
process ({(£4,1),a > 0) is distributed as a CSBP with branching mechanism ¥ with initial
value r.

We consider the following measure on T":

+o0
NY[dT]=2BNY[dT] + / ra(dr)PY (dT) 9)
0

which appears as the grafting intensity in the tree-valued Markov process of [4]. From (8) and
(9), elementary computations yield for g > 0:

NY (1= eV 97| = y'(g) - /0, (10)
as well as
NV I:Ge*\b(q)ail — M and NY I:azeﬂb(q)o:l — 1 3, <_w (Q)> ) (1)
¥'(q) ¥'(q) ¥ (q)

The last two equalities also hold for ¢ = 0 if ¥/(0) > 0.
2.7. Bismut decomposition of a Lévy tree

We first present a decomposition of 7' € T according to a given vertex x € T. We denote by
(T’°, j € Jx) the connected components of 7'\ [#, x]|. For every j € Jy, let x; be the MRCA of
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T7-° and consider T/ = TJ° U {x 7} as an element of T with mass measure the mass measure of
T restricted to T/-°. In order to graft together all the sub-trees with the same MRCA, we consider
the following equivalence relation on J,:

i~ = xj=xj.
Let 1B be the set of equivalence classes. For [i] € 1B, we set xj;) for the common value of x;

with j € [i]. We consider {x[;} as an element of T with 0 mass measure. For [i] € 15, we
consider the following element of T defined by:

T2 = i) @ e (T, xpi).-
Let hfi; = d(@, xp;7). We consider the random point measure M” on R x T defined by:
T
My = Z (S(h[i]’TB.[i]).
lilelB

Under NV, conditionally on 7, let U be a 7-valued random variable, with distribution
o~'m7 . In other words, conditionally on 7, U represents a leaf chosen “uniformly” at random
according to the mass measure m? . We define under NV a non-negative random variable and a
random point measure on R4 x T as follows:

H=d"@",U) and Z8 =M7. (12)

Let us remark that the distribution of (H, Z5) does not depend on the choice of the representative
in the equivalence class and thus this random variable is well defined under NV .

By construction, for every non-negative measurable function ¢ on Ry x T and for every
A >0, p >0, we have:

NV [Oe—,\a—pH_<zB,q>)] — NV |:/ mT(dx)e—)\a—ph(x)—(Mz,@)} .
T

As a direct consequence of Theorem 4.5 of [17], we get the following result.

Theorem 2.1. For every non-negative measurable function ® on Ry x T and for every A > 0,
p >0, we have:

B +o00 a
NV [oe_’\"_"H_@ ’@] = / dae "% exp <—f g(X, u)du) ,
0 0

where

g, 1) = ' (0) + NV [1 - e—*”—q;(”ff)] . (13)

In other words, under NV [o, dT], if we choose a leaf U uniformly (i.e. according to the
normalized mass measure m? ), the height H of this leaf is distributed according to the density
dae=V'©a apq, conditionally on H, the point measure Z2 is a Poisson point process on [0, H]
with intensity N¥ [d7].

2.8. Pruning a Lévy tree

A general pruning of a Lévy tree has been defined in [6]. We use a special case of this pruning
depending on a one-dimensional parameter 6 used first in [29] to define a fragmentation process
of the tree.
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More precisely, under NV [dT], we consider a mark process M T(d@, dy) on the tree which is
a Poisson point measure on R x 7 with intensity:

10.400@)d0 | 2867 @)+ Y Asbi(dy)
x€Broo(7)

The atoms (6;, y;)ier of this measure can be seen as marks that arrive on the tree, y; being the
location of the mark and 6; the “time” at which it appears. There are two kinds of marks: some
are “uniformly” distributed on the skeleton of the tree (they correspond to the term 2;667 in the
intensity) whereas the others are located on the infinite branching points of the tree, an infinite
branching point y being first marked after an exponential time with parameter A,.

For every x € 7, we set:

6(x) = inf{0 > 0, MT([O, 0] x 9, x]) > 0}.

The process (0(x),x € 7T) is called the record process on the tree 7 as defined in [1]. This
corresponds to the first time at which a mark arrives on [[{, x]|. Using this record process, we
define the pruned tree at time g as:

T,=lxeT, 0 =q)

with the induced metric, root ¥ and mass measure the restriction of the mass measure m? . If one
cuts the tree 7 at time 6; at point y;, then 7, is the sub-tree of 7 containing the root at time q.
Here again, the definition of 7; is T-compatible.

Proposition 2.2 (/6, Theorem 1.1]). For g > 0 fixed, the distribution of 1, under NV is NVq
with the branching mechanism 4 defined for A > 0 by:

Vg =¥ (A +q) —¥(@). (14)

Furthermore, the measure N¥¢ is absolutely continuous with respect to NV, see [2, Lemma
6.2]: for every g > 0 and every non-negative measurable function F on T, we have

NY4a[F(T)] = NV [F(T)e_‘/’(")"] . (15)

We shall refer to this equation as the Girsanov transformation for Lévy trees as it corresponds
to the Girsanov transformation of the height process (which is Brownian) in the quadratic
case m(dr) = 0. This transformation corresponds also to the Esscher transformation for the
underlying Lévy process used in [16] to define the height process in the general case. We deduce
from definition (9) of NV, that for any measurable non-negative functionals F and g > 0:

NY[F(T)] = NV [F(T)e"/’(‘f)"] . (16)

Making g vary allows us to define a tree-valued process (7;,q > 0) which is a Markov
process under NV ; see [2, Lemma 5.3] stated for the family of exploration processes which codes
for the corresponding Lévy trees. The process (7;, g > 0) is a non-increasing process (for the
inclusion of trees), and is cadlag. Its one-dimensional marginals are described in Proposition 2.2
whereas its transition probabilities are given by the so-called special Markov property (see
[6, Theorem 4.2] or [2, Theorem 5.6]). The time-reversed process is also a Markov process and
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its infinitesimal transitions are described in [4] using a point process whose definition we recall
now. We set:

{6:,i e IR}

the set of jumping times of the process (7g, & > 0). For every i € IR, weset T70° = Ty, \ Ty,
and denote by x; the MRCA of 7"°. Fori € R we set:

T =T"°U{x)

which is a real tree with distance the induced distance, root x; and mass measure the restriction
of m? to 7. Finally, we define, conditionally on 7, the following random point measure on
Tox T x Ry

N=" 8¢ 7i6)

ielR

Theorem 2.3 ([4, Theorem 3.2 and Lemma 3.3]). Under NV, the predictable compensator of the
backward point process defined on Ry by:

60— 1<y N(dx,dT,dq")

with respect to the backward left-continuous filtration F = (Fp, 0 > 0) defined by:
Fo=0(xi, T.6).i €1%.6; 26) =0(Ty—.q 2 0)

is given by:
w(dx,dT,dq) = m”% (dx)NVs [dT11y>0dq.

And for any non-negative predictable process ¢ with respect to the backward filtration F, we
have:

NY [/N(dx,df, dq)¢(q,7;1,7:]):| =NV [/ p(dx,dT,dq)¢(q, Ty, Ty ® (T,x)):|.

3. Statement of the main result

We keep the notations of the previous section. First notice that for i € IR, 6(x) = 6; for
everyx € 7'. We set o' = m? (7T = 0g— — 0y, and 0; = mT(Z]) the total mass of 7,. By
construction, we have for every g > 0:

Oq = Z 1{91.2(1}01.
ielR

We set:
6, =f 6(x) — q) m7? (dx).
1

The quantity © := 6 appears in [1] as the limit of the number of cuts on Aldous’s CRT to
isolate the root. Since 6(x) is constant on 7", we get:

“+o00

Oy =Y lig=g) 6 — q)0’ :/ o, dr.

ielR 4q

For simplicity, we write 6 for 6 and o for oy.
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We consider the random point measure Z% on R x T defined by:

= Z 6(@91’7'1'). (]7)

icl®

Recall the definition of H and Z5 of Section 2.7.
The main result of the paper is the next theorem that identifies the law of the pair (H, Z8)
and the pair (O, Z).

Theorem 3.1. Assume that the Grey condition holds. For every non-negative measurable func-
tion ® on Ry x T, and every A > 0, p > 0, we have:

NV I:Ge—lo—pH—(ZB,@):I — NV I:Ge—ko—pQ—(ZR,¢)] _

In particular © is distributed as the height H of a leaf chosen according to the normalized
mass measure on the Lévy tree.
Recall that limy_.o NY [0 > ¢] = 400 and lim,_, o N¥ [01i5<¢] = 0, as well as:

1
lim —N'/’[al{gq}] = 400
e—0 & -

thanks to Lemma 4.1 from [13] (which is stated for § = 0 but which also holds for 8 > 0).
The next corollary is a direct consequence of Theorem 3.1 and the properties of Poisson point
measures for the Bismut decomposition (see Proposition 4.2 in [13] for a proof of similar results).

Corollary 3.2. Assume that the Grey condition holds. NV -a.e., we have:
I No = & el Z Loize) =

NY-a.e., for any positive sequence (g,,n > 0) converging to 0, there exists a subsequence
(&ng» k > 0) such that:

1 .
lim ——— o'l = 6.
k—-+oo NV [O'l{qgs,,k}] ieZ o <o)

When  is regularly varying at infinity with index y € (1, 2], the previous convergence holds
NY-a.e.

4. Proof of the main result
4.1. Preliminary results

We first state a basic lemma.

Lemma 4.1. Let N| = Zje/l 8r;.x; be a point measure on [0, +00). If Zje/l xj < 400, then
for everyr > 0, we have:

1-— exp (— Z l{err}xj> = Z l{err}(l — e*xj) exp (— Z 1{rg>rj}x2> . (18)

jea JjeJi Lel
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Proof. The result is obvious for Jj finite. For the infinite case, for &€ > 0 consider the finite set:
Jie=1{j €1, xj > ¢}

Apply Formula (18) with J; replaced by J; . and then conclude by letting ¢ tend to O thanks to
monotone convergence and dominated convergence. [J

Since 7, is distributed according to N¥4, we deduce from (8) together with (16) that forg > 0:

)

NY[0,] = N4[o] = =

. NY[og1=NVi[o?] (19)

v'(q)
4.2. Laplace transform of (o, 6, ZR)

Proposition 4.2. Let & be a non-negative measurable function on Ry x T. Assume that
(ZR &) < +ooNY-a.e. and for all » > 0, sup,>g g(A, u) < +oo with g defined by (13).
Then, for all . > 0 and p > 0, we have:

NV [a (0 + g0, 9))6_)‘“_"’@_(ZR'¢)] —1. (20)

Proof. For every ¢ > 0, g > 0, we set:

of =Y lig=g)lipizgo’ 0 = > gzl ipizeo’ 6 — q),

iclR iclR

and

ZE =Y Voglipizg 805, T, Zg= ) lig=q 865, T,

ielk iclk

so that Zy = (ZR, ®). For every ¢ > 0, ¢ > 0, we set:
90 p) = NY [1 — exp(—hof — pOf — Z;)] .

Since (ZR, @) is finite by assumption, we get that Z;“; is finite. We use Lemma 4.1 to get:

o0 p) = NV [Z Loz arze (1= exp (= G4 96 — ) 0" — 2(65, TH))

ielR

X exp (— Z 1{9K>9i}1{0528} (()» + 00 —q)) ot + @((9@{, T[))):| .

LelR

Then, if we use Theorem 2.3 (recall that o, = m7Z (1)), we get:
+00
05k, p) = NV [/ droy Gi(A + p(r —q), 6))
q
x exp(— A+ p(r —q)) o) — pOf — Zf)],

with
Gé(k,t) =NV [1{028} (1 _ e—m—@(zj))] _
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Thanks to (11) and (16), we get:

. , 1 v Ly"(r)
0<Gik,t) <NV [Ligg] < EN‘/f 1= 1)

Since ¥ is non-increasing and ' is non-decreasing, we get that for fixed ¢ > 0, the map

7= 0 <%) is non-negative and bounded for » > ¢g. We deduce from (11) and (16) that:

1 1 1 —y”
NV [1{U>8}Ue—/(a—45(t,7)] <IN [02] _1I 5 Y (r) '
- € eY'(r) v'(r)
We deduce that the map « +— G¥(k, t) is ¢! and:

1 1 g
0< aKGi(K, ) = N‘/fr [l{azg}ge—mr—sﬁ(t,'f):l < - 9 ( ) (7’)) ) (22)
&

)\ Y ()
We set:

HE, (@) =N [0, Gi O+ p(r — q), 6)) exp (= (h+ p(r — @) of — pOF — ZF)],
so that:

+o0
9 (A, p) :/ H;; (q)dr.
q

Thanks to (21) and (19), we get 0 < Hf;(g) < & '4"(r)/y/(r)>. This implies in turn that
PEh p) <7 /Y (g).
Forr > 0,k > 0, we set:

B =N [0, (3Gl (k. 6,) + 07 Gik, 6,)) e 0 %],

Since of < o, we have, using (19):

0< /’lf(l() < lN‘/’ |:O’r 1 3, <—¢//(r)> +Gr2 1p//(}’)i|
€ y'(r) y'(r) y'(r)

- 1[ I ar<—w”<r>)+1/f”(r)2]‘
ey @\ Y ) v

By monotonicity, we get:

| duds bt pis =
[g,400)2
171 —W(s)) w”(s)z]
d d 1u<s - as
Ef[q,m)z s Huessig [Ws)z ( ve )T ver
I | Y\ W) I/f”<s>]
d d _1 u<s as
S/M,mz e ’[Wu)z ( V() >+ VW2 Y (s)

2 / RO
= - u
e Jgioor V@3

_1 v
ey
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We deduce that the maps u — H, (u) and A — H, (u) are Clforr>0,s >u> g, with:

O HS, () = —pdy HS, () and |0, HS, )| < hi(A+ p(s — u)).

8,4H§ ,\(”)‘ < p/e¥’(g)?. Then, elementary computation

+00 +00
du I:Hlf’)\(u) - / ds 8MH5’A(M{| .
u

We deduce that the maps g — ¢¢ (A, p) and A > @g (%, p) are C! and:

Thus we have f[q tooy2 dutds Lju<yy
yields:

+00

g (0, p) = H;; (q)dr =f
q q

“+o00

+00
8,050 p) = —HZ, (¢) + / ds 3, H, () = —H, (q) — ps / ds HE, (9)-
q q

With H;,A(q) =NV [oq G; (A, 6y) exp (—Ao; — ,o@é — Z;)], we deduce that:

b0y (h. p) = =N [0, G5 (1, 0) exp (=g = 0O = Z5)| = pirgho ). (23)
We also have:

005 (1, p) = NV [a; exp(—Aaf — p6; — z;)] . (24)
Moreover, thanks to Girsanov formula (15), we have:

cp; (n, p) =NV [(1 —exp(—Ao; — pO; — ZS)) e_‘”(q)"] .
We deduce that:

aq(p;()"a 10)

A [0 (1 —exp(—rof — pOF — Z§)) e—llf(q)o]
—1+ 9/ (@N [Uq exp(—ho; — pOy — Z;)] :

We deduce from (23) and (24) that:

N [(0g ('@ + Gy h, ©0) + pog ) exp (=g — O — Z5) | = 1. 25)
Using Girsanov formulae (16) and (10), we get:
G40 1) = GG 1) = g+ V(@) 1) = ¥'(0) =NV [1 =™V @7
=g +¥(@).n—V¥'(q).
We deduce that:

o (W' (@) + Gy (h, By)) + poy < gy (fggg(/\ +¥(g), 1)+ p) :

By dominated convergence, letting ¢ decrease to 0 in (25), we deduce that:

NY [0 (80 + ¥(q), ©) + p) exp (—rog — pOy — Zg)] = 1.
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Using Girsanov formula (15) once again, we get:

N [0 g0+ ¥(@). ©)+p) exp (~( + ¥ (@)o — 0O — (25, @) | = 1.
Since A > 0 and ¢ > O are arbitrary, we deduce that (20) holds. [

We deduce the following corollary which states that the pair H and the projection of Z5 on
T have the same distribution as @ and the projection of Z% on T.

Let y be a non-negative measurable function defined on T. For a measure Z on Ry x T, we
shall abuse notation and write:

(Z,y) = / Y (T) Z(dt, dT).

Corollary 4.3. For every non-negative measurable function y on T such that y(T) = 0
if mT(T) =0, and every L. > 0, p > 0, we have:
NV [geto =00 | SNV [gehonO=(2hn], (26)

Proof. Let A > 0. Recall 0 = mT(T ). First assume that y(7) < co for some finite constant
c. Taking @(¢t,7) = y(7) in Theorem 2.1 and using that g(X, u) does not depend on u, we
get:
. 1

p+g 0)
Notice that (ZR &) < co and thus hypotheses from Proposition 4.2 are in force. We deduce
from Proposition 4.2 that:

NV [Ge—xo—pH—@’B,y)]

1
o+ g(0)

Thus equality (26) holds. Use monotone convergence to remove hypotheses A > 0 and y(7) <
co for some finite constant c. [

NY [a exp <—)\.O’ —pO — (2K, y))]

4.3. Proof of Theorem 3.1

Let @ be a measurable non-negative function defined on the space Ry x T. Let us assume
that for every 7 € T, t — &(t, T) is continuous, (ZR, &) is finite NV -a.s. and that the function
g defined by (13) is bounded for any A > 0 as a function of u. We set:

R ) = NV [e—<ZR~¢>(a —r 6= h] .
We deduce from Proposition 4.2 and Corollary 4.3 that for every A > 0, p > 0, we have:

=N [o (p+gG., @) e 70120 ]

NY [a (p+ g, @) e PO R 9)]

NY [a (p+ g, Hyye*o—PH PR (5 H)] . 27)
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Let 3 ;; 84,7, be a Poisson measure with intensity dh N¥[d7] under some probability
measure P. Foreveryi € I, we set g; = m7i (7;). Then for every h > 0, we set:

o(h) = Z 1, <nyoi.

iel

Eq. (27) and Theorem 2.1 imply that:
+00 ,
/ dhe PTV Ohe=GM) (5 1 o(n, h)) =1,
0
with:
G(h) = —log (E [e—W’”r’e (o (h), h)]) .
We deduce that:
+00 , +o0 q +00
f dhe P [1 —eV (O)h_G(h)] = f —e P dAn) = / dhe " Ah),
0 0 P 0
with:
h !’
A(h) = / due VO =CWe (i ).
0
Since this holds for every p > 0, uniqueness of the Laplace transform implies that:

A(h) = 1 —e V' Oh=Gh) ¢ (28)

Since A is continuous, there exists a continuous function G such that a.e. G = G. Since,
t = &(t,7) is continuous, we get that, for every A > 0, u — g(A, u) is continuous. Then
A is of class C! and so is G. Moreover, by differentiating (28), we get:

¥'(0) + G'(h) = g(A. ).
Since A(0) = 0, we get G(O) =0, and thus ¥’ (0)h + é(h) = foh g(X, u)du. This implies that:

h
/ g0 w)du = Gy + ¥/ (O ae. 29)
0
We have:
B +oo h
Nlﬁ [Ue—ka—ﬂH—<Z ,45)] — / dh e—ph—fo g ,u)du
0

+00
_ / dh e~ (P Y ODh=G(h)
0

+
_ / " dh eV O g [e—““’)FR(a ), h)]
0
=N [oe 01 PR (g, 1)

=NV [ae*k”*”QFR(o, 9)]

— NV [ae—xo—pe—@'{@]

’



3516 R. Abraham, J.-F. Delmas / Stochastic Processes and their Applications 123 (2013) 3497-3517

where we used Theorem 2.1 for the first and fourth equalities, (29) for the second, the definition
of G for the third, Corollary 4.3 (which states that (o, H) and (o, ©) have the same distribution
under NY) for the fifth, and the definition of I'R for the last.

AsNY [oe™7] is finite, we can remove using dominated convergence the hypothesis (2R, &)
finite. The function g defined by (13), with @(¢, T) replaced by @(¢, T)1{;<1/n), is bounded for
any A > 0 as a function of u. Thus, using again dominated convergence, we can remove the
hypothesis on @ such that function g defined by (13) is bounded for any A > 0 as a function of u.
Then use monotone class theorem to remove the continuity hypothesis on ¢ and end the proof.
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