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RECORD PROCESS ON THE CONTINUUM RANDOM TREE

ROMAIN ABRAHAM AND JEAN-FRANCOIS DELMAS

ABSTRACT. By considering a continuous pruning procedure on Aldous’s Brownian tree, we
construct a random variable © which is distributed, conditionally given the tree, according
to the probability law introduced by Janson as the limit distribution of the number of cuts
needed to isolate the root in a critical Galton-Watson tree. We also prove that this random
variable can be obtained as the a.s. limit of the number of cuts needed to cut down the
subtree of the continuum tree spanned by n leaves.

1. INTRODUCTION

The problem of randomly cutting a rooted tree arises first in Meir and Moon [28]. Given a
rooted tree T,, with n edges, select an edge uniformly at random and delete the subtree not
containing the root attached to this edge. On the remaining tree, iterate this procedure until
only the edge attached to the root is left. We denote by X,, the number of edge-removals
needed to isolate the root. The problem is then to study asymptotics of this random number
X,,, depending on the law of the initial tree T,.

In the original paper [28], Meir and Moon considered Cayley trees and obtained asymptotics
for the first two moments of X,,. Limits in distribution were then obtained by Panholzer [30]
for some simply generated trees, by Drmota, Iksanov, Mohle and Roesler [15] for random
recursive trees, by Holmgren [24] for binary search trees, by Bertoin [11] for Cayley trees and
by Janson [26] for conditioned Galton-Watson trees. The main result of [26] states that, if
the offspring distribution of the Galton-Watson process is critical (that is with mean equal to
1) with finite variance, which we take equal to 1 for simplicity, then the following convergence
in distribution of the conditional laws (specified by their moments) holds:

(1) L(X /NI Ta/VR) — 2 L(Z7|T)

where T is the so-called continuum random tree (CRT) introduced by Aldous [8, 9] and can
be seen as the limit in distribution of T, /y/n (see [9]). Furthermore, the random variable Z
has (unconditional) Rayleigh distribution with density ze /2 1¢,~0). However, there is no
constructive description of Z7 conditionally on 7.

The first goal of the paper is to give a continuous pruning procedure of the CRT that
leads to a random variable that is indeed distributed, conditionally given the tree, as Zy.
In order to better understand the intuitive idea of the record process on the CRT, let us
first consider the pruning of the simple tree consisting in the segment [0, 1] divided into n
segments of equal length, rooted at 0. Select an edge at random and discard what is located
on the right of this edge. Then chose again an edge at random on the remaining segments and
iterate the procedure until the segment attached to 0 is chosen. It is clear that the continuous
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2 ROMAIN ABRAHAM AND JEAN-FRANCOIS DELMAS

analogue of this procedure (when the number n of segments tends to +00) is the so-called
stick-breaking scheme: consider a uniform random variable U; on [0,1], then conditionally
given Uy, consider a uniform random variable Us on [0, U;] and so on. The sequence (Up,)n>0
corresponds to the successive cuts of the interval [0, 1] in the continuous pruning. Moreover,
this sequence can be obtained as the records of a Poisson point process. More precisely, if we
consider a Poisson point measure » ;7 d(, 1) on [0,1] x [0, +-00) with intensity the Lebesgue
measure, then the sequence (U,) is distributed as the sequence of jumps of the record process

0(x) = inf{t;, z; € [0, x]}.

In our case, the limiting object is Aldous’s CRT (instead of the segment [0,1]). More
precisely, we consider a real tree T associated with the branching mechanism (u) = au?
under the excursion measure N. This tree is coded by the height process /2/aBe, where
B, is a positive Brownian excursion. This tree is endowed with two measures: the length
measure {(dx) which corresponds to the Lebesgue measure on the skeleton of the tree, and
the mass measure m” (dz) which is uniform on the leaves of the tree. Let ¢ = m” (T) be
the total mass of 7. Aldous’s CRT corresponds to the distribution of the tree 7 conditioned
on the total mass ¢ = 1, with @ = 1/2. We then add cut points on 7 as above thanks to a
Poisson point measure on 7 x [0, +00) with intensity

al(dzx)dl

in the same spirit as in [10] (see also [6] for a direct construction, and [5] for the pruning of
a general Lévy tree). We denote by (z;,¢;) the atoms of this point measure, x; represents
the location of the cut point and ¢; represents the time at which it appears. For = € T, we
denote by
6(z) = int{q:, =i € [0, ]}

where [0, z] C T denotes the path between x and the root. When a mark appears, we cut
the tree on this mark and discard the subtree not containing the root. Then 6(z) represents
the time at which z is separated from the root. Then we define

o= / and 7 = 2_049‘

g

We prove (see Theorem 3.2) that, conditionally on 7, Z and Z7 have indeed the same
law. The proof of this result relies on another representation of © in terms of the mass of
the pruned tree (a similar result also appears in Addario-Berry, Broutin and Holmgren [7]).
More precisely, if we set

Uq:/Tl{e(ﬂﬁ)Zq}mT(dx)

the mass of the remaining tree at time ¢, then we have

+oo
0= / oqdg.
0

Using this framework, we can extend in some sense Janson’s result by obtaining an a.s.
convergence in a special case. We consider, conditionally given T, n leaves uniformly chosen
(i.e. sampled according to the mass measure mT) and we denote by 7,, the sub-tree of T
spanned by these n leaves and the root. The tree T, is distributed under N[ - | ¢ = 1] as
a uniform ordered binary tree with n leaves (and hence 2n — 1 edges) with random edge
lengths. We denote by 7T the tree obtained by removing from 7;, the edge attached to the
root, and by X, the number of discontinuities of the process (f(x),x € T.¥). The quantity
X 41 represents the number of cuts needed to reduce the binary tree 7, to a single branch
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attached to the root. Notice that in our framework, several cuts may appear on the same
branch, so X looks like X5, for uniform ordered binary trees but is not exactly the same.
Then, we prove in Theorem 4.2 that N-a.e. or N[ - | o0 = 1]-a.s.:

*
lim n =7
n—+00 /921

This result can be extended by studying the fluctuations of the quantity X/v/2n around
its limit, this is the purpose of Hoscheit [25]. In this setting the fluctuations come from the
approximation of the record process by its intensity, whereas there is no contribution from
the approximation of T by T,.

Using the second representation of © and results from Abraham, Delmas and Hoscheit [4]
on the pruning of general Lévy trees, we also derive a.s. asymptotics on the sizes (0;,i € 7)
of the removed sub-trees during the cutting procedure. According to Propositions 4.4 and
4.5, we have N-a.e.

. 1 . ; o
ngr—lr—loo % Z 1{0121/71} - ngr—ir—loo \/ﬁz O-Zl{aifl/n} - 2\/;6
1€l 1€l
This result is extended to general Lévy trees in Abraham and Delmas [1].

The paper is organized as follows. In Section 2, we introduce the frameworks of discrete
trees and real trees and define rigorously Aldous’s CRT, the mark process and the record
process on the tree. Section 3 is devoted to the identification of the law of @ conditionally
given the tree. In Section 4, we prove the a.s. convergence of X as well as the convergence
results on the masses of the removed subtrees. Finally, we gathered in Section 5 several
technical lemmas that are needed in the proofs but are not the heart of the paper.

2. THE CONTINUUM RANDOM TREE AND THE MARK PROCESS

2.1. Real trees. We recall here the definition and basic properties of real trees. We refer to
Evans’s Saint Flour lectures [20] for more details on the subject.

Definition 2.1. A real tree is a metric space (T,d) satisfying the following two properties
for every x,y € T :

e (Unique geodesic) There is a unique isometric map fy, from [0,d(x,y)] into T such
that f2.4(0) = & and fu4(d(z,y)) = y.
e (No loop) If ¢ is a continuous injective map from [0,1] into T such that ¢(0) = x
and o(1) =y, then
@([0,1]) = fay([0, d(z,y))).

A rooted real tree is a real tree with a distinguished vertex denoted () and called the root.

We denote by [z,y] = f.y([0,1]) the range of the mapping f,,, which is the unique
continuous injective path between z and y in the tree, and [z, y[= [z, y]\{y}. A point z € T
is said to be a leaf if the set 7 \ {z} remains connected. We denote by Lf(7) the set of leaves
of T. The skeleton of the tree is the set of non-leaves points 7 \ Lf(7). As the trace of the
Borel o-field on the skeleton of 7T is generated by the intervals [z, y], one can define a length
measure denoted by ¢(dzx) on a real tree by:

([, 9]) = d(z,y).
We will consider here only compact real trees and these trees can be coded by some
continuous function (see [27] or [16]). We consider a continuous function ¢ : [0,+o00) —
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[0, 400) with compact support [0, 0] and such that {(0) = {(o) = 0. This function ¢ will be
called in the following the height function. For every s, > 0, we set

t) = inf
me(s,t) re[sl{lnsvﬂC(?“),

and
d(s,t) = C(s) + ¢(t) — me(s, t).
We then define the equivalence relation s ~ ¢ iff d(s,t) = 0. We set 7 the quotient space

T =1[0,400)/ ~.

The pseudo-distance d induces a distance on 7 and we keep notation d for this distance.
We denote by p the canonical projection from [0, 4+00) onto 7. The metric space (T,d) is a
compact real tree which can be viewed as a rooted real tree by setting ) = p(0).

On such a compact real tree, we define another measure : the mass measure m’ defined
as the push-forward of the Lebesgue measure by the projection p. It is a finite measure
supported by the leaves of 7 and its total mass is

mT(T) = o.

This coding is very useful to define random real trees. For instance, Aldous’s CRT is the
random real tree coded by 2B., where B., denotes a normalized Brownian excursion (i.e. a
positive Brownian excursion with duration 1). Here, we will work under the o-finite measure

N which denotes the law of a real tree coded by an excursion away from 0 of \/g | B| where

|B| is a standard reflected Brownian motion. The tree 7 under N is then the genealogical
tree of a continuous state branching process with branching mechanism v (u) = au? under
its canonical measure. In particular, under N, o has density on (0, +00):

o) i
Varr
We keep parameter « in order to stay in the framework of [2], and give the result in the
setting of Aldous’s CRT (a = 1/2) or of Brownian excursion (a = 2).
Using the scaling property of the Brownian motion, there exists a regular version of the
measure N conditioned on the length of the height process ¢. We write N(") for the probability
measure N[-|o = r]. In particular, we handle Aldous’s CRT if we work under N with

a=1/2.

If x1,...,2, € T, we denote by T (x1,...,z,) the subtree spanned by 0, x1,...,z,, ie.
the smallest connected subset of 7 that contains x1,...,z, and the root. In other words, we
have

n
T(z1,. ) = (10, 24).
i=1
With an abuse of notation, we write for every ty,...,t, > 0, T(t1,...,t,) for the subtree

T(p(tl)a s ap(tn))'

2.2. The mark process. We define now a mark process M on the tree 7. Conditionally
given T, let M (dx,dq) be a Poisson point measure on 7 x [0, +00) with intensity 2a/(dz)dq.
An atom (x;,q;) of this random measure represents a mark on the tree 7, x; is the location
of this mark whereas g; denotes the time at which the mark appears.
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Remark 2.2. The coefficient 2« in the intensity is added to have the same intensity as in
the pruning procedures of [6, 5, 4] but, as we shall see, it does not appear in the law of the
number of records.

In fact we will sometimes work with the restriction of M to T x [0,a] for some a > 0.
To simplify the notations, we will always denote by M the mark process (even the restricted
one) and will write M/ for the law of M restricted to 7 x [0,a], conditionally given 7. We
also write N, [dT dM] = N[dTIM7 [dM], and N [dT dM] = NO[ATIMT [dM].

We set for every ¢ > 0 and x € T:

(3) 0(x) = inf{g > 0, M([0,z] x [0,¢]) >0} and T,={zx e T;0(z)> q},

respectively the first time a mark appears between the root and x, and the tree obtained by
pruning the original tree at the marks present at time ¢. We also define the mass of the tree
Ty
-
og=m' (Ty).

According to [5], 7 is distributed under N, as a Lévy tree with branching mechanism

Pg(u) = Y(u+q) — ¥(q) = au® + 20qu.

We will denote by N¥« the distribution of T, under N. Moreover, thanks to Girsanov formula
([2], Lemma 6.2), we have, for every nonnegative Borel function F

(4) NY[F(T)] = NIF(T,)] = N [F(T) ™77

With the same abuse of notation as for the spanned subtree, we write for every t € R,

0(t) instead of §(p(t)).

2.3. Discrete trees. We recall here the definition of a discrete ordered rooted tree according

to Neveu’s formalism [29].
+o00

We consider U = U (N*)™ the set of finite sequences of positive integers. The empty

n=0
sequence () belongs to U. If u,v € U, we denote by uv the sequence obtained by juxtaposing
the sequences u and v.
A discrete ordered rooted tree T is a subset of U satisfying the three following properties

e ) € T. (is called the root of T.
e For every u € Y and ¢+ € N*, if ui € T thenu € T.
e For every u € T, there exists an integer k,(7") such that

uieT <= 1<1i<k,(T).

The integer k,(T) is the number of offsprings of the vertex u. The leaves of the tree are the
u € T such that k,(T') = 0. We will consider here only binary trees i.e, discrete trees such
that k,(T") = 0 or 2.

We can add edge lengths to a discrete tree by considering weighted trees. A weighted tree
is defined by a discrete ordered rooted tree T' and a weight h, € [0,+00) for every u € T.
The elements v € T must be viewed as the edges of the tree and h,, is the length of the edge
u. Obviously, such a weighted tree can be viewed as a real tree and we will always make the
confusion between a discrete weighted tree and the associated real tree.
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3. JANSON’S RANDOM VARIABLE

Let 7 be a compact real tree and let M be a mark process on 7. We set

@—[reu (dx)

Remark that this can be re-written using the coding by © = foa 0(s)ds.
Using the tree-valued process (7;,¢ > 0), we can give another expression for ©. Let
(0;,1 € Z) be the set of jumping times of (o4,q > 0). We set:

(5) Ti={zecT;0x)=0} and o =m’(T?) =0y, — 0y,
According to [2], we have that M7 -a.s. 77 is a real tree for all 7 € Z. Then the following
result is straightforward as by definition © =}, 7 6;0° and 0 =3 5.5 0"

Proposition 3.1. We have M/ -a.s.:

+o0
0= / o4dq.
0

The main result of this section is the following theorem that identifies © as Janson’s random
variable whose distribution is characterized by its moments.

Theorem 3.2. For every positive integer r, we have
r! m7T (dz1)...m7 (dx,)
Q2a)" Jre [Ty (T (21, ..., @)

Proof. Using the expression of Proposition 3.1 for ©, we have

M7 [0 = ! M [/ dqi ...dg, og ...O'qT:|
0<q1<g2<--<gr

= rIMT / dQI---dQTH/ m” (dwp) 1z, e, )
0<q1 <qa<-+<qr k=177

=l mT(dxl)...mT(dxr)/ dql...quMoTO[xl €Tqr--rxr €Tg .

Tr 0<q1<g2<-<qr
To evaluate the probability that appears in the last equation, let us remark that, if y € 7y,
then y € Ty for every ¢’ < q. Therefore, we have

ML (0] =

M;[Cﬂl S 'qu, o, Xy € TT]
:Mz;[xg c 7;2,...,$7« S TT
On one hand, we have
M7 [z1 € Toys -y € Toy] = ML [M(T (21, ..., 2,) X [0,¢1]) = 0]
= exp(—2aq1€(T(3§1, . ,xr))).
On the other hand, by standard properties of Poisson point measures, we have
Mg[x2 € 7;2? sy Tr € T4 T1 € ’qu’ sy Tp € 7:]1] = Mz;[x2 € 7:]2*%’ sy Ty € Er*ql]'

We finally obtain by induction, with the convention gg = 0:

21 € Tgpse-o Xy Equ]MZo[xl € Tqrs--rxr € Tgy -

T

s
Mz;[xl = 7:117 ey Ty = 7-q ] = H ei2a(qkiqk71)z(7-(xk771'7‘)) .
k=1
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Plugging this expression in the integral gives, after an obvious change of variables
T
Mg[@r] — mT(dxl) o mT(dxr)/ dqi ... dg, H e 20(ak=ak—1)UT (zg, 7))
k=1

TT 0<q1 <+ <qr

T +o00
=l [ mT(dxy)...m" (dz,) H / day, e~ 20k t(T (@k,-or))
T k=1"0

7! m’ (dzy)...m7 (dz,) .
2a)" Jrr TThey U(T (2gs - -, 20))

O

We can then deduce from the results of [26], that for & = 2, under Ng,), O has Rayleigh dis-
tribution. Using then scaling argument in r and « or directly Corollary 5.3 in the Appendix,
we get the following result.

Corollary 3.3. For all r > 0, the random variable Z = ”2704@ s distributed under N((;)
according to a Rayleigh distribution with density ze /2 1i>01-
In particular, we have easily the first moments of O:

- 1 /7r . T
(6) N (6] =5/ and NZ[O7] =

4. A.S. CONVERGENCE

4.1. Statement of the main result. Let r > 0 and let 7 be a tree distributed according
to N, Let (Uy,...,U,) be n points uniformly chosen at random on [0, 7], independent of
T. We denote by T, the random tree spanned by these n points i.e.

T, =T(Ui,...,Uy)

viewed as a discrete ordered weighted tree. Notice that T}, has 2n—1 edges. Let (hq,..., hap—1)
be the lengths of the edges given in lexicographic order. We consider the total length of T;,:
2n—1
Ly =0T,) =Y hy.
k=1

We define m,, as the first branching point of T;,, i.e.

n

(7) 0. 2(Un)] = [0, mn]

k=1
and we consider the length of the edge of T;, attached to the root
(8) hy.p, = d(0,my) = £([0,my]) = h1.

Let T% be the sub-tree of T,, where we remove the edge [0, m,|:
Ty = T \ [0, mal,
and Lj, its total length i.e. Ly = Ly, — hy,,.
We set 0(z—) = inf{0(y),y € [0, 2]} and X, the number of records on the tree T}':

X5 = Lp@o)>00)}

xeTy
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Remark 4.1. The introduction of the tree 7, is motivated by the fact that the number
> Lo )>0))

x€Ty
of records on the whole tree is Ny-a.e. infinite. Moreover, X + 1 represents the number of
cuts that appears on the reduced tree T,, until a mark appears on the branch attached to
the root which reduces the tree to a trivial one consisting of the root and a single branch
attached to it. Hence it is the analogue of the discrete quantity X, and is the right quantity
to be studied.

We can then state the main result of this section which will be proven in Section 4.5.

Theorem 4.2. We have that, for all r > 0, Noo -@a.8.:

li =4 [&
n—1>I—|I—100 A /Qn 27'

Remark 4.3. Notice that the binary tree 7, has 2n — 1 vertices; and it corresponds to a
critical Galton-Watson tree with reproduction law taking values in {0, 2} and with variance 1
conditionally on its number of edges being 2n — 1. This and Theorem 1.6 in [26] for o = 1/2
and r = 1, imply that the number of edges with more than one cut is of order less that /n.
We deduce from Theorem 4.2 and Corollary 4.9 that for all r > 0, Ng?—a.s.:
X*
lim —2 = ag-
n—+o0o Ln g

In the left hand-side, we have the average of the number of records on T)F (as ¢(T7¥) is of the
same order as L,,) and in the right hand-side, the ratio ©® /o appears as the value of 6(U) for
a leaf chosen uniformly according to the normalized mass measure m” /o and « is a constant
related to the branching mechanism. This result is then natural as intuitively the normalized
mass measure is the weak limit of the normalized length measure on T,,.

4.2. Other a.s. convergence results. Recall the definition (3) of the pruned sub-tree 7.
Let T be the set of trees with their mass measure (see [3]). We define the backward filtration
G = (G4,q > 0) with G, = o(T,,r > q). Following [4], we get that the random measure:
NAT',dq) = 67i,(dT",dg)
1€l
is under N, a point measure on T x R with intensity:
Ligs012a0, N7 [dT'] dg.

This means that for every non-negative predictable process (Y (7,q),q € Ry, T’ € T) with
respect to the backward filtration G,

) N, [ / Y (T, N (dT", dq)] _ N, [ / Y, 1yo0)200, dq} ,

where (Y, = [Y(T7,q)N9[dT"],q € Ry) is predictable with respect to the backward filtration
G. We refer to [13, 14] for the general theory of random point measures.

Recall o = m7 (T7).
Proposition 4.4. We have N,

-a.e..
li S 1 9. /% =,/%? 4
nirfoof — lotz1/my =2\ 22 =\
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Proof. Let K > 0 be large. We consider the G-stopping time 7x = inf{q; 0, < K/2a}. We
define for every 6 > 0 and every positive integer n,

Qn(0) = 1ipis1/n {050}
1€l
We have Qn(7x) = > icr Lioi>1/ny Loy, , <K/2a} SO that:
+oo

Nao [@n(750)] = Noc [ /

K

—+o00 K 2
< . —aq?c
_Noo |:/0 dq min <UQ’ 2a>N[1{‘721/n}e ]:|
+oo . K oo —ad?e
= /0 dg N [mln (O’, £> e ™ ] N [1{021/11} e }

= —1 " dq /+OO —du min ( u E e—anu /+OO _d?“ e_aq27’
dam | o ud/? " 2a 1n 132

B 1 du dr min K 1 1
T 832 yr RZ u3/2 13/2 o Jatr {r>1/n}>

dq 04N [1{021/71} eanJH

where we used (9) for the first equality, Girsanov formula (4), and the density (2) of the
distribution of ¢ under N. Elementary computations yields there exists a finite constant ¢
which depends on K but not on n such that:

—+00

(10)  Neo [Qu(ri)] = Nac [ /

K

dq o4N [1{021/11} eo‘qQ"H < ev/n(1 4 log(n)).

Classical results on random point measures imply that the process (N, (0V 1x),0 > 0), with:

+oo
N, (0) = Qn(0) — 2(1/6 dq o4,N |:1{021/n} e*aq%]

is a backward martingale with respect to G. Moreover, since (@Q,,(0),0 > 0) is a pure jump
process with jumps of size 1, the process (M, (0 V 7x),0 > 0), with:

+oo
M, () = N,,()* — 2(1/6 dq o4,N {1{021/71} efaq%]

is also a backward martingale with respect to G. Using (10), we get that N [(N 4 (TK)/nQ)Q}

n
is less than a constant times n~3/2; therefore

is finite in L'(N) and thus is Noc-a.e. finite. This implies that Ny-a.e.:

N
lim —rVE) (k)

5 =0.
n—-+oo n
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Moreover, we have by monotone convergence:

2a [T 2 +oo Foo dr 2r
= [ g ogN (Lm0 =2 / d / JEnEE
Vi S G0 [Hezt/m € “ 19 ), ajamr

+o0
Noo a.e. / dqaq
n—)oo \/

We get that the sequence (Q,4(7x)/n?,n > 1) converges Ny-a.e. toward 2\/; *dq oy
Since (Qn(#),n > 1) is non-decreasing, we deduce that No-a.e.:

+oo
lim @n(7) =24/ g/ dq oy.
n—-+o0 \/ﬁ T Jrg

Since o is finite N-a.e., we get that Ny-a.e. 7 = 0 for K large enough. This gives the
result. O

Proposition 4.5. We have N

. /20
ngrfoo\/_za 1{Ul<1/n} - 2\/7

1€l
Proof. The proof is very similar to the proof of Proposition 4.4. We set:
Qu(0) =D 0" Lgict/nyLioi20)-
1€
Mimicking the proof of Proposition 4.4, we have for some finite constant ¢ which depends on
K but not on n:

o0 [Qn(TK)] = Nog [/+OO dg ogN [Ul{aﬁl/n} e_QQQUH

TK
< 1 du dr ) K 1 1
— |
= 8a32 /7 Jp2 w3 PP M on ) Vagr st/
< en™Y2(1 + log(n)) < 400,
as well as:
oo 2 —aq?o
Noo dq O'qN [O’ 1{0§1/n}e q }
TK
< 1 du dr win [ K 1 21
= 8a3/2, /7 RZ ud/2 r3/2 20 ) Vatr {r<i/n}

< en”3/%(1 + log(n)).

Classical results on random point measures imply that the processes (N, (0V 7x),0 > 0) and
(M, (0V 7K),0 > 0), with:

oe ag?o
N, (0) = — 2« i dq ogN 01{0<1/n}e }
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are backward martingales with respect to G. We get that N [(nQNn4 (TK))Q] is less than

a constant times n~%/2. Following the proof of Proposition 4.4, we deduce that Ny-a.e.

lim,, s 0o 72 N,4 (75 ) = 0. Furthermore, we have:

+o00 9 +o00 % dr
2a\/ﬁ/ dq o4,N [O‘l{agl/n} e M ‘7} = 2(1\/5/ dq O'q/o
TK TK

e

2\/amr
+oo 1 dr 27

= 2a/ dg o / e n
K )y 2\/anr

+00
— 2 g/ dq oy.
T Jrg

We conclude the proof as in the proof of Proposition 4.4. O

—ag?r

4.3. The record process on the real half-line. We consider here the half-line [0, +00)
instead of a real-tree 7 (the half-line is in fact a real tree that we supposed rooted at 0).
We define the mark process M under M, (we omit the 7 = [0, +00) in the notation), it is a
Poisson point measure on [0, +00)? with intensity 201 (>0, 0<q<a}dx dg and we set for every
x>0

0(x) = min(a, inf{g;;x; < z}) and X(z)= X(0)+ Z Lio(y—)>00y)}-

O<y<z

Remark 4.6. Let us denote by 1 > 1 > x9 > --- the jumping times of the process (6(z),0 <
x < 1) under M. By standard arguments on Poisson point measure, the random variable x;
is uniformly distributed on [0, 1]. Conditionally given z1, the random variable x5 is uniformly
distributed on [0, z1] and so on. We are thus considering the standard stick breaking scheme
and the random vector (1 — x1, 21 — x9,...) is distributed according to the Poisson-Dirichlet
distribution with parameter (0, 1).

For fixed z, 6(x) represents the first time a mark arrives between x and 0 (if it arrives
before time a that is if (z) < a); and X (z) — X(0) denotes the number of (decreasing)
records of the process (6(u), u € [0,x]). It is also the number of cuts that appear between x
and 0 in the stick-breaking scheme before time a.

By construction 6 and (6, X) are Markov processes. Notice that # is non-increasing and
X is non-decreasing, and My-a.s. X (x) = 400 for every z > 0.

As most of our further proofs will be based on martingale arguments, let us first compute
the infinitesimal generator of the former Markov processes. Notice first that inf{g;;z; < x}
is distributed under M, as an exponential random variable with parameter 2ax. Let g be a
bounded measurable function defined on [0, +oc]. For every ¢ € [0, 400 and x > 0, we have

Mq[9(9($))] = Moo[g(min(q, Y:v))] — e*2aqm g(q) + /Oq g(u) 2001 efQqu du,

where Y, is exponentially distributed with parameter 2cr. Notice that if g belongs to C!(R™)
with ¢’ bounded on R, we have by an obvious integration by parts that, for ¢ € [0, +00] and
x>0,

M, [g(6(x))] = g(0) + /0 " ) 20 g,

We can then compute the infinitesimal generator of 6§ denoted by L. Let g be a bounded
measurable function defined on [0, 4+00] such that g — g(4+00) is integrable with respect to
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the Lebesgue measure on R*. For ¢ € [0, +0c], we have:

L(g)(qg) = lim M[9(0(x))] — 9(q)

z—0 x
1 — ef2aqm q )
= lim —g(¢g) —— + / 2ag(u) e du
z—0 X 0

=20 [ (gtu) ~ g(a)) du.

Therefore, we get that the process M9 = (MJ,x > 0) is a martingale under M, where MY
is defined by:

(11) M7 =g(0(z)) + 2c /0m dy /Oe(y) <g(9(U)) - g(y)) du.

Remark 4.7. If furthermore g belongs to C}(RT) and if 2 — x¢/(x) is integrable with respect
to the Lebesgue measure on R, then we have for ¢ € [0, +oo]:

L(g)(q) = —2a /Oq xg'(z) dz.

Similarly, we can also compute the infinitesimal generator of (6, X), which we still denote
by L. This quantity is of interest only for #(0) finite. Let g be a bounded measurable function
defined on R* x N. For (¢q,k) € RT x N, we denote by M, %) the law of the process (6, X)
starting from (q,k). Standard computations on birth and death processes yield that for
(q,k) € RT x N:

L(9)(q, k) = 31:13%] Mg,1)[9(6(2), i((w))] —glq, k)

1— e—Qqux q
= lim —g(q, k) ——— + / 2ag(u, k 4+ 1) e 227 duy + o(1)
z—0 X 0

=2« /Oq(g(u, kE+1)—g(qk)) du.

In that case, we get that the process M9 = (M3, z > 0) defined by:

)
(12) M= g(0(x), X(x)) —2a/0 dy/o ’ <9(u,X(y) +1) —9(9(y),X(y))> du,

is a bounded martingale under M, ).

Finally, let us exhibit some martingales associated with the process X which show that this
process can be viewed as a Poisson process with stochastic intensity 2a6(u)du. Let n € N.
Taking g(q, k) = k An in (12), we deduce that the process N(™ = (Né"),x > 0) defined for
x > 0 by:

N = X() An =20 [ 61 (xqen du
0
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is a bounded martingale under M, ;) (for ¢ < +oc). Notice that for (¢,k) € RT x N, we
have:

Mg NSV} < Mg [X () A ) + 2a/0 E (g0 (w)] du

xT

— kAn+2a /0 E(y 0 [0(0)L x ()] dut + 20 /0 E 0 [0(w)] du
<k + 4aqz,

where we used that X is non-negative in the first equality, that N is a martingale in the
second one, and that @ is non-increasing in the last one. As (N n € N) converges a.s. to
the process N = (N, z > 0) defined for z € RT by:

(13) N, = X(z) — 2« /Oxe(u) du,

we deduce that N is a martingale under M, ;) for every (¢, k) € R* x N.
By taking g(q, k) = k? in (12) and using elementary stochastic calculus and similar argu-
ments as above, we also get that the process M = (M, x > 0) defined for z > 0 by:

(14) M, = N? — 2a/ O(u) du
0

is a martingale under M, 3 for every (g,k) € RT x N.

4.4. Sub-tree spanned by n leaves. We recall here some properties of the sub-tree spanned
by n leaves uniformly chosen.

We first recall the density of (hi,...,ho,_1) under N(), see [9] or [32] (Theorem 7.9), see
also [18]. We denote by L,, the total length of T},:

2n—1

Ln=) h
k=1

Lemma 4.8. Under N, (h1,...,hon—1) has density:

(2n —2)! o —al?
e T L,e @ /T 1{h1>0,...,h2n—1>0}'

(r) -9
fn (h17"'7h2n—1) (’I’L—l)' o

2 s distributed under N as T, /o where T, is a y(1,n) random
variable with density 1,0 2" e /(n — 1)L

The random variable L>

Corollary 4.9. We have that N -q.s.

lim L,/vn=/r/a.

n—-+o0o

Proof. Using Lemma 4.8, we compute

- +o0 1.2 r 4 r +o0 T 4 r +o0 1 1
NV 2 - — =— E|(— -1 =— — — .
S (-t =i (1) | s i (s ) <
n=1 n=1 n=1
4
This implies that N(")-a.s. Z:g <LT% — g) is finite which proves the corollary. O

We end this section by studying the edge attached to the root defined in (7) whose length
is denoted hy ,,, see (8).
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Proposition 4.10. The sequence (\/nhg,,n > 1) converges in distribution under N™ to
\/r/a E1 /2, where Ey is an exponential random variable with mean 1.

Proof. Let k € (—1,400). We set Hy, = (a/r)*/2N() [h’g ). We have using Lemma 4.8,

(2n — 2)! o™ tk/2

Hk = 2 (n — 1)' rn-l—k;/Q

/2 Cdhy ... dhon 11 Ly, e oLn/r
R

Consider the change of variables:

a a a
up =/ —h1, -+, Usp—2 =/ —hop—2, =4/ =Ly,
r r r

o

1
with Jacobian equal to (7)n 2 .We get:

L (2n —2)lanth/2 PNRZ N2 e,
H, =2 (n— 1)! prtk/2 /RQn 1 <E> “ (E) e

1
2

r\"—
1{u1+~~~+u2n72<x} (—> du1 te dUQn_Q dx

2n —2)!
_ n — 1 //RQ dU1 dx 1{u1<a:} ulxe //RQn 5 .. du?n*21{uz+---+ugn,2§a}—u1}

(2n_2 x2 k 2n— 3
_Q(n—l). (2n—3)!/0 dxxze” /0 dh h"(z —h)

Set y = z2, to get:

(2n —2)! 1 /+OO 2n+k—1 —az?
H, =2 k+1,2n —2 d " z
F=2 T etk L) o dee ¢
2n—2)! 1

e n+k_1 _—r
= =) (2n—3)5<k+1 2n—2)/0 dyy"T2""e
~ (2n—2)! 1 I'(k+1)(2n —3)! r k
oD @no3) Tentk-D L t3)
_Tk+1) IL(n—3)

2 T(n+k-1y

where, for the last equality, we used twice the duplication formula:

I(2n—1) 2" 7°T(n—-1/2)

15 =
We observe that lim,, o N [nk/2h’6 W) = % (é)k/2 = E[(v/7E1/(2y/a))¥]. This gives the
result, as the exponential distribution is characterized by its moments. O

From the proof of Proposition 4.10, we also get the following result.

Lemma 4.11. For all k € (—1,+00), we have, when n goes to infinity:

N(r)[hk ] _ (g)kﬂ P(k+1) F(TL—%)

9k F(n + kE _ l) ~ (T/a)k/Qn_k/QQ_kP(k + 1)-
2 2
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4.5. Proof of Theorem 4.2. We first want to show that, as for a standard Poisson process,
the record counting process on each branch behaves like its (stochastic) intensity when the
number of jumps tends to +oo.
In other words, we set:
Xy 2«
Ay =—"F——
vnoovn g
and we want to prove that A, tends a.s. to 0 (at least along some subsequence).
Using the martingale of Equation (14), we have that:

0(x) ¢(dx)

(16) N (A2 Tn]: 2o ne | 2

Vi |

Then we use the following lemma whose proof is postponed to Section 4.6.

6(x) £(dz) ( T,

Lemma 4.12. Let r > 0. There exists a non-negative sequence (R),,n > 1) of random

variables adapted to the the filtration (o(T,),n > 1) and which converges N -a.s. to 0 such
that, for alln > 1, N _q_s.:

(17) PN } 5 () t(dr) | T, g%Ng{;’ 0| .] + &,

With this lemma, we have:

N‘()g) ZAi‘ll{R;zxﬁl} = ZN(()? [Ngc? [Ai4| Tn4] 1{R24§1}]

n>1 n>1
<Z K SNG [0 T + R, )1{%31}]

ey (iNg@ 22,]* N [0+ 1)

where we used (16) and (17) for the first inequality, Cauchy-Schwartz inequality for the
second one, and Lemma 4.8 as well as (6) for the last one. This result implies that Na 0 a
limy, 4 oo An41{R;4§1} = 0 and thus N-as. limy, 400 Aja = 0 as the sequence (R, n Z 1)
converges N-as. to 0.

In order to conclude, it remains to study the asymptotic behavior of

1
NG /Tn 0(x) L(dx

which is the purpose of the next proposition which will also be proven in Section 4.6.

Proposition 4.13. We have that, for all r > 0, Ng;)—a s

(18) lim = O(x) L(dx) =

0.
n—+o00 \/n T Vra
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We deduce from (18), that N{)-a.s. the sequence (X:4/n?,n > 1) converges to 2,/Z6O.
Then using that (X, n > 1) is increasing, we get for k € N, such that n* < k < (n + 1),
that: ¥

n? Xy Xp (4 1)? Kyt

- n

<
(n+1)2 n?2 — VkE~ n?2 (n+1)?
Thus, we get that N as. the sequence (X} /vk,k > 1) converges to 2,/20.

4.6. Proof of Proposition 4.13 and Lemma 4.12. First, let us remark that, as L,/\/n

tends N-a.s. to \/r/a by Corollary 4.9 and is o(T},)-measurable, it suffices to study the
limit of )
I " 0(x) L(dx).

Let us exhibit a martingale that converges to ©. Let F,, be the o-field generated by T,
and (0(x),z € T,). The filtration (F,,n > 1) is increasing towards V,>1F, = F, the o-field
generated by 7 and (0(s),s € [0,0]) = (6(z),x € T).

We consider the process (M,,n > 1) defined by, for ¢ € [0, +o0]:

M, =N 0| 7]

Thanks to (6), we get that:
r
N2 < N [07] < N 0] = L
Therefore (M,,n > 1) is (a well defined) square integrable non-negative martingale. In
particular it converges N((Jr)—a.s. (and in L2(N,(;))) to © as the increasing o-fields F,, increase
to F.
In the next lemma whose proof is given in Section 4.7, we compare L—ln S 0(x) £(d) to

M,,.

Lemma 4.14. We have, forn > 1,

(19) —mgmfi/emmmgm
Lo )7

n

(r)

where (Ry,n > 1) and (V,,m > 1) are non-negative sequences which converge N&g -a.s. to 0.
Furthermore the non-negative sequence (R},n > 1), with R, = NG [Rn|T}] Lyn/+/n, converges
Ngz)—a.s. to 0.

This lemma ends the proof of Proposition 4.13. Moreover, as N&) M, | T,] = NG © | T,],
it also proves Lemma 4.12.

4.7. Proof of Lemma 4.14. In order to first give a description of the marked tree condi-
tionally on F,,, we consider the sub-trees that are grafted on T,,. For z,y € T, we define an
equivalence relation by setting

x g,y = [0,2]NT, =[0,y] NT,
and we set (7;,7 € I,) for the different equivalent classes. The set 7; can be viewed as a
rooted real tree with root x; = 7; N1T,. Notice that x; represents the point of T}, at which
the tree 7; is grafted on T},. Finally, we set 6; = 6(x;) and o; = m7 (T;) which corresponds

to the length of the height process of 7;.
Using Theorem 3 of [23] (combined with the spatial motion ), we get the following result.
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Lemma 4.15. Under N, conditionally on F,, the point measure
> 87 6000 (AT dd' d)
icly
is a Poisson point measure with intensity
201y, (2)0(dw) N[AT] o(a)(da).
We deduce from that Lemma the next result.

Lemma 4.16. Under Ng") and conditionally on F,, the point measure
No(do,dq',dx) = 65,0, (do,dq’, dz)
i€ly
is distributed as a Poisson point measure:
N(do,dq,dz) = 5,6, (do,dq , dx)
JjeJ
with intensity 2aly, (x)l(dx) Q\/%ﬁl{ow} So(z)(dq') conditioned on {3, ;65 =r}.

We can compute some elementary functionals of N,.

Lemma 4.17. Under N,(;) and conditionally on F,, the point measure N, has intensity:
2017, (2)((dz) BT [do] by (dg),

where EM-Ln satisfies, for any non-negative measurable function F:

2a | (de) BV F(a,0)] = E | Y F(s;,55) ( N6 =
Th jeJ jeJ

We also have:

(M)Ln[ ] —
(20) B nlo] = 5

and ET)HLn [03/2] < 2 i r2e—aln/r

~ Var L,
Proof. The first part of the Lemma is a consequence of the exchangeability of (o;,7 € I,,).
With F(q,r") =1/, we get:

20L, B (o] =20 | 0(dx) BV o] =B |> 55| > G5=r| =1
Tn jeJ  jeJ
This gives the first equality of (20). Recall that:
N[1— ] :/ML (1—e ) = Vija.
0 2\/& 73/2
We have, using the Palm formula for Poisson point measures, for a > 1/2:
E Z i e HXics%i| =K Z i e HOG o H i O
JjeJ Jje€J

= 2aL,N [0“ e_’“’] exp (—2aLnN [1 — e_’“’])
= 2oL, N [O‘a ef“"] e Hnvar
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Moreover, we have:

o0 dr 1
N [g® e Ho] = a —pr _ T(a—1/2 1/27a‘
[ 7] /0 o am 32| ° 2\/am (a=1/2)n

We deduce that:

Z< ValL,o ~3/2 F(?>1/2) &?) o H i T

jeJ

1
—2al —2Lyp\/an 92 I 3/2 \—po 2 —uo
aLy,e <\/5 2N[o?/“ e ]+F(3/2)N[U e M
e L (2\/5L"+ . )

2\/ar i w32
EN
-~ Vmou? '

Let us recall the Laplace transform for the density of a stable subordinator of index 1/2: for
a>0and p >0,

+oo
a/ dr e—;u"—a2/(2r) — o~ W2
o V23

JFrom that formula, we have

0 o 2Lnyia _ /+OO dx o 1/x
o 0u f N

1 oo >
— aLZ) dx /xe VT emolunz
RO

Ln\/a/Jroo _ L2 _
= dr /re @ /T o hT
VT Jo

+oo dr 2
= 2oL — e ola/rgmhr,
" /0 2/ar r3/?

—al?ux

We deduce that:

Z(Q\/_L 532 4

jeJ

1 ~2> ‘ ~ daLy, 2 —al2/r
o O =1 =—1r°e v/,
2) ; ’ NS

Then, using the first part of Lemma 4.17 with F(s,0) = 2y/aL,0%/? + ﬁ o2, we get the
second inequality of (20). O

Now we prove Lemma 4.14.
We consider the set I' = {i € I,,, ©; > my} of indexes such that 7; is not grafted on the
edge [0, m,]. We set:

Ay ={s>0;[0,s]nT* £ 0}y = | | 7", M*=N|[ 6(s)ds|F,| and V, = M, — M.
1 A

i€l
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Notice that the sequence (A,,n € N*) is non-decreasing and that [, .y« A5 = 0, as there is
(r)

no tree grafted on the root. By dominated convergence, this implies that N ’-a.s.:

lim 0(s) ds = 0.

n—-+o0o A%

/ 6(s) ds ‘ Frtm
$L+m

and as F, 1, increases to F, we get that limsup,, ;. o Vigm < [, 0(s) ds and thus N((f)—a.s.

(21) lim V, = 0.

n—-+00

Viem = NJ7 <N

6(s) ds ‘ fn+m] ,
Ag

We define the function H, (see Proposition 5.5 for a closed formula) by:
H, (7“) =N{[e].
We have, with ©; = O(T; fT T (dx):

i = [ [ o0 \ a} -5 | S e

el ES2

— N Z Ho(a))(0) ‘ Fo
el

Since Hy(r) < gr, see (37) in Proposition 5.5, we get using the first equality of (20) in Lemma
4.17:
1
M* =2a / (dz) BT [Hy (0)] < 200 / U(dz) 6(z)ET) (o] = — | {(dz) 0(x).
: . T

This gives the upper bound of (19).
We shall now prove the lower bound of (19). Since Hy(r) > qr — 3 \/ar ¢ 2r3/2 see (37) in
Proposition 5.5, we also get using the second equality of (20) in Lemma 4.17:

M, > M > 1 Li ((dz) 0(z) — % Jar EDEno32) [ o(dz) o(x)?

T T

1 1
>r— [ ((dz)0(z) — = r? eoLln/r 03
Ln T 2 ’

where 6, = 6(my,). This proves the lower bound of (19) with:

1 49
(22) Ry =5 r2eoln/rgs
It remains to prove that this quantity tends to 0. First, we have:
1

where we used that 0 ,, is exponentially distributed conditionally given hgy,, for the second

equality. We deduce that:
+o00 h2 02
0,n @,n]
E — | <
n
n=1
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(r)

and hence Ny -a.s.:

+o00 h2 02

Z @’n2 = <00

n=1
This implies that, Ng;)—a.s., for some finite F,,-measurable random variable Cf:

h§ 03, < Cin’.
Using Lemma 4.11, we have Ng,) [haﬂllﬂ] ~ n!/%,/ar/2r, which implies by similar arguments
that, N((Q—a.s., for some finite o(7},)-measurable random variable Co:

(23) hy t/? < Con®/2.

Finally, using Formula (22) for R,, we have N ") _a.s
R, < ClC§ ndr? e O‘L2/T.
As Ngg)—a.s. limy, oo Lp/v/n = \/7/a, we deduce that lim,,_, - R, = 0.
Using (23), we deduce that:
L Ly, 72 2 101
Ln N0 T, = =% _eobn/r _—_ —
\/HNOO [ | T2l 2 402 h2 <G 8a?

Thus, we get that the non-negative sequence (R],,n > 1), converges Ng,)—a.s. to 0, which
ends the proof.

R;: nn/zL e aLQ/r

B

5. APPENDIX
5.1. Computations on Rayleigh distributions. Let Z be a Rayleigh random variable.
Lemma 5.1. Let p >0, ¢ > 0. We have:

1 +oo dr V2r cZ! 1
24 - 2 MR e 2rcZ"| _ X
(24) N g ] ct+ R

N \/E/Ooﬁ e M Oodx ge e 2V,
2 Jo VT 0

With the change of variable ¢? = 2ur and with p = ¢/ VI, we get:

Proof. We set

J = / dtdac z exp(—(t* + 2 + 2ptx)/2)
[0,+

= dtdx (z 4 pt) e (P Ha+2pte)/2 _p/ dide t e (+a+2ptz)/2
[0,4-00) [0,400)2

/ dt [—exp(—(t* +2° + 2ptﬂv)/2)]gC oo
0

/ dt e~ t/2 —pJ
0

/2 — pd.

2
This implies that J = v/ = \/E VT , which is exactly what we needed. U
p+1 2c+\/p
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5.2. Joint law of (0, 0). Notice that the joint law of (©, ) under Ny, is given in Corollary
3.3. However, we shall need the joint distribution under N,. For this reason, we compute the
Laplace transform of (0, 0) using the theory of super-process.

Let A > 0, u > 0. We set for ¢ € [0, +o0]:

(25) F(q) =N, [1 - e*AG*W] .

We define the function:

(26) Glz) = <\/ﬁ+ %) 5 (evila) _, %

The function G is one-to-one from [y/p/a, +00) to [0,+00), is increasing and is of class C*°.

Lemma 5.2. Let A > 0, u > 0. The function F is of class C' on [0,+00) and solves the
following equation on [0, +00):

q
(27) aF(q)* + 2a/ 2 F'(z) dx = \q + p.
0

Furthermore, we have F = G™1.

Proof. The first part of the Lemma is a well known result from Laplace transform of su-
perprocess [19] (Theorem 1.8) or equivalently of Brownian snake [21] (Theorem 4). We set
f(z) = Az + p. We introduce the function us(q) defined for ¢ > 0 and ¢ > 0 by:

ut(q) = Nq |:1 —e fOJ f(és)l{gsgt} ds] )
We deduce from Theorem I1.5.11 of [31] that w is the unique non-negative solution of:

us(q) +Eq [/Ot atigs(8(s))? ds] _E, [/Otf(é?(s)) ds} .

Using the Markov property of 6, we get that for ¢t > r > 0:

29 wle) +E, [ [ o) ds} —E, [ [ 506 ds] T Byl (0)].
Notice that lim—, 1o ut(¢) = F(q). And we have:
w(q) < Flg) <N |1 - @07 = /g5 1) a.

By monotone convergence, we deduce from (28) that:
P+ B | [ a2 as| =5, | [ 1009) as] + B0
This implies that the process N = (g, t > 0) defined by:
M= FO) + [ (500) ~ aF(0(6))?) s
is a martingale under E,, for ¢ < +00. We deduce from (11) (with g = F) that:
/Ot (f(H(S)) —aF(0(s))* - 2a /00(8)(5’(33) - F(9)) dﬁﬂ) ds
is a martingale. Since it is predictable, it is a.s. constant. We get that a.e. for ¢ > 0:

f(q) = aF(q)* + 20qF (q) — 2 /OqF(w) dx =0,
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that is a.e.:

F(q) = \/q2—2/0qF(l’) dr + (f(q)/a) +4q.

Since by construction F' is non-decreasing, we get that I is continuous and then of class C!.
An obvious integration by parts gives (27).

We now prove the second part of the Lemma. Notice that F'(0) = Ng [l —e | = \/u/a.
By differentiating (27) we have:

(29) 2aF"(q)(F(q) +q) = .

This implies that F’ > 0 and thus F' is one-to-one from [0, +00) to [\/u/a, +00). Moreover,
F~1 solves the differential equation

2a
(30) g' (@) = 5 (9(@) + ).
Elementary computations give that the unique solution to (30) with the initial condition
g(v/p/a) = 0is G. Thus, we get by uniqueness F~! = G. O

Notice that F(+00) = 400 which doesn’t able us to compute directly the Laplace transform
of (©,0). However, we deduce easily the following result, which gives an alternative proof of
Corollary 3.3.

Corollary 5.3. Let A > 0, u > 0. We have:

(31) N [oero0] = Wﬁ

In particular, under Noo, conditionally on o, \/%70‘ © s distributed as a Rayleigh random
variable Z independent of o.

Proof. We have for ¢ € [0, +00):
(32) 0,F(q) =N, [a e—A@—W] .
Since G(F'(q)) = q we get:

(0.G)(F(q)) + G'(F(q)) 9uF(q) = 0.

We have:
1 s 7o 1 1
Notice that G'(F(q)) = 1/F'(q). We deduce from (29) that:
1 1

auF(Q) =

1 A
= 1+ .
2y/ap+ A ( 2a(F(q) + Q)>
Letting ¢ go to infinity gives the first part of the Corollary.
For the last part, use Lemma 5.1 and the distribution of o under N given in (2) to conclude.

O
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The last part of the Section is devoted to the computation of the first moment of © under
Né”, with ¢ < 400. We first give the asymptotic expansion of F' with respect to small

. We write O(A¥) for any function g of ¢, and A such that for any ¢ > 0, u > 0 and
e > 0 there exists a finite constant C' (depending on ¢, p and ¢) such that for all A € [0,¢],
lg(q, 11, \)| < CA*. Notice that O(AF) is not uniform in ¢ or p.

Lemma 5.4. Let g € (0,+00). We set z = q\/%. We have:

_om A A2 z —log(1+ 2) 3
(33) F(q) = \/; + 5 log(1 + 2) IRETEAIE T4z + O(\°).

In particular, we deduce that:

1 z —log(1+ 2)
203/21/2 1+ 2

1
(34) OINF(@)r=0 = % log(142) and 93F(q)r=0 =

Proof. Using the second part of Lemma 5.2 and (26), we get:

(35) F(q) = \/g + % log <2aq;\failﬁqi+ A> .

Using (25), we get that F(q) decreases to /u/a when X\ goes down to 0, that is F(q) =
Vv iu/a+ O(1). Plugging this in the right-hand side of (35), we get:

F(q) = \/g—l— O(\N).

Plugging this in the right-hand side of (35), we get:

H A 2
F(q) =4/=+ =—log(1 O(\).
(q) Vot og(1+2) + O(\Y)
Plugging this again in the right-hand side of (35), we get (33). This readily implies (34). O

(r)

We can then compute the first moment of © under Ny .

Proposition 5.5. Let Hy(r) = Ngr) [©]. We have, for r >0 and q € [0,400):

r aV2ar
(36) H,(r) = \/% /0 dy E [e 7] .

and

1
(37) 0<gr—Hyr) < 3 Vra ¢?ri2,
Proof. By the change of variable y = gv/2az, we have

T d o0 2
Hq(r):q;/;/o 7’2 ; dwxexp(—%—q\/%czx).
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Then we compute for u > 0,

+o00 400 r +o0 2
/ 2L e M Hy(r) = 4 / dre #" / az dz x exp (—% —qV2az x)
0 0 0

Jarr 1/ma V2 Jo

q /+oo dz +oo p ur /+OO J ( x2 >
= — — re” rxexp | —— —qV2azzx
4\/ ™™ Jo \/E P 0 2

g 1 [T dz e /+°° 22
= — — d —— —qV?2
4/Ta M/O \/Ee 0 T exp g —aveasT

q 1 1

T 4o Vit e/l

where we used equality (24) for the last equality.
On the other hand, we have:

+o0
| 5= el - e N (O]
0

9 /+°° _
varr 1 B o 2y/am r3/2
= —0,Ny [e 7" O]

= -9, [(%\F(Q)M:O]

1 «

qg 1 1

T A4/a g Jitgval

where we used Definition (25) of F' for the third equality and (34) for the fourth one. There-

fore, we have that dr-a.e. Nér) [©] = Hy(r). Then the equality holds for all » > 0 by continuity
(using again a scaling argument).

Then, use 0 <1 —e* < z for z > 0, to get (37). O
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