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B-COALESCENTS AND STABLE GALTON-WATSON TREES

ROMAIN ABRAHAM AND JEAN-FRANCOIS DELMAS

ABSTRACT. Representation of coalescent process using pruning of trees has been used by
Goldschmidt and Martin for the Bolthausen-Sznitman coalescent and by Abraham and Del-
mas for the 3(3/2,1/2)-coalescent. By considering a pruning procedure on stable Galton-
Watson tree with n labeled leaves, we give a representation of the discrete (1 + o, 1 — a)-
coalescent, with o € [1/2,1) starting from the trivial partition of the n first integers. The
construction can also be made directly on the stable continuum Lévy tree, with parameter
1/a, simultaneously for all n. This representation allows to use results on the asymptotic
number of coalescence events to get the asymptotic number of cuts in stable Galton-Watson
tree (with infinite variance for the reproduction law) needed to isolate the root. Using con-
vergence of the stable Galton-Watson tree conditioned to have infinitely many leaves, one can
get the asymptotic distribution of blocks in the last coalescence event in the 8(1+ a, 1 — a)-
coalescent.

1. INTRODUCTION

1.1. Framework. The idea of constructing coalescent processes by pruning discrete trees
arises first in [23] where the Bolthausen-Sznitman coalescent is constructed by a uniform
pruning of the branches of a random recursive tree, see also [30] and [20] for applications of
such a representation. The same kind of ideas has been used in [4] to construct a 5(3/1,1/2)-
coalescent process using a uniform pruning of the branches of a uniform random binary tree.
This construction is also closely related to Aldous’s continuum random tree. The goal of this
paper is to extend this result by applying a pruning at nodes (introduced in [1] in a continuous
setting and in [7] in a discrete setting) to a stable Lévy tree, obtaining a 5(1 + o, 1 — «)-
coalescent process, with 1/2 < a < 1.

Let A be a finite measure on [0,1]. A A-coalescent (II(t),t > 0) is a Markov process
which takes values in the set of partitions of N* = {1,2,...} introduced in [29] for coalescent
processes with possible multiple collisions. It is defined via the transition rates of its restric-
tion II[") = (T1"(¢),t > 0) to the n first integers: if 1"/ (¢) is composed of b blocks, then k
(2 <k <b) fixed blocks coalesce at rate:

1
(1) Noje = /0 w21 — w)P A (dw).

In particular a coalescence event happens at rate:

® =3 (M

k=2

We also define the discrete process Hgﬁl = ( gf]s(k‘), k € N) as the different successive states of
the process I1™ until it reaches the absorbing state (which is the trivial partition consisting
in one block) and afterward the discrete process remains constant.

As examples of A-coalescents, let us mention:

Date: March 27, 2013.



2 ROMAIN ABRAHAM AND JEAN-FRANCOIS DELMAS

e the Kingman’s coalescent with A(dx) = dp(dx), see [27],

e the Bolthausen-Sznitman coalescent with A(dz) = 1 1)(x)dz, see [13],

e the [S-coalescents with A(dx) is (up to a multiplicative constant) the (a,b) distribu-
tion. In the case of the S(1 + «,1 — a)-coalescent, that is A(dx) = (z/(1 — x))* dz,
see [12, 10] for —1 < a < 0. The case a = 0 corresponds to the Bolthausen-Sznitman
coalescent, while the limit case o = —1 formally corresponds to the Kingman’s coa-
lescent. For the 5(1 + a, —a)-coalescent, with —1 < a < 0 see [19].

We refer to the survey [11] for further results on coalescent processes.
Let a € [1/2,1). We consider a Galton-Watson (GW) tree T" with offspring distribution
characterized by its generating function for r € [0, 1]:

(3 gor) =+ a1 =)',

This GW tree arises as the shape of the sub-tree of a stable Lévy tree with index v = 1/«
generated by leaves chosen in a Poissonian manner, see [16], Theorem 3.2.1. We shall call
these random trees the stable GW trees with parameter v. We denote by P the distribution
of T. If x is a node of T" we denote by k,(T') the number of offsprings of z. Since ¢’(0) = 0,
we get that a.s. ky(T") # 1 for all z € T. We denote by P,, the law of T" conditioned to have
exactly n leaves (a leaf is a node with no offspring). Under P,,, we label the leaves of T" from
1 to n uniformly at random, independently of 7', and then we consider the following pruning
procedure which is derived from [8], see Section 2.2. Choose an internal node z; (which has
at least 2 children) at random with probability:

ko (T) — L
L(T) -1
We cut that node and keep the part T{;) of the tree that contains the root, and keep x1 which
is now a leaf of T(;) and we label 21 by the block (i.e. the sequence) of labels of the leaves
“above” x1. We then iterate the procedure on the tree 7(;) and so on until the root is cut
(see Figure (1)).
This pruning procedure defines a discrete time process HQN = (H%%V(k), k € N) taking

values in the set of partitions of the n first integers, H[gl]v(k) being the set of labels of the
leaves of the tree T{;) obtained after the k-th cut.

[n]

1.2. Main result. The process Il is then a coalescent process starting from the trivial
partition consisting of singletons and blocks merge together as time goes by. Its law is given
in the next theorem.

Theorem 1.1. We set o = % € [1/2,1). The process H[g}w is distributed under P, as HEZ]S
for the B(1 + a, 1 — «v)-coalescent with coalescent measure:

(4) A(dz) = (1 ’ )a dz.

— X

[n]

Notice that the process Il is discrete in time and thus characterizes the coalescent mea-
sure up to a multiplicative constant.

One major drawback of this construction is that we define the process for fixed n and not
simultaneously for all n. However, as in [4], we can construct directly the process (I1(6),0 > 0)
taking values in the set of partitions of the integers using the pruning of a Lévy continuum
random tree. More precisely, we consider the weighted stable Lévy tree (7, d, m”) associated
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FIGURE 1. The pruning at node of a given tree. The bold internal node
corresponds to the next chosen node.

with the branching mechanism ¢ (\) = A7 for v € (1,2) (the case v = 2 is studied in [4] and
requires a different pruning). We recall that 7 is a real tree and that m” correspond to a
uniform measure on the leaves of T, see [16], [17] and also [9] more specifically for the space
of weighted real trees. We work under the so-called normalized excursion measure N(!) under
which m7 is a probability measure. We consider given 7 the pruning defined in [1]: to each
branching point = of 7 we can associate a “mass” A, of this node, which intuitively represents
the size of its progeny, and a random variable F, which is exponentially distributed with
parameter A,. This random variable represents the time at which the node z is cut. When
we cut such a node, we remove the sub-tree above it. Let 7y denote the continuum random
sub-tree obtained at time 6 > 0. We define a coalescent process using the usual paintbox
procedure. Let (U;,i € N*) be independent random variables with distribution m” under
N, We define a partition of N* at time 6, vy (@) by saying that two integers ¢ and j belong
to the same block of I} ¢,y (#) if and only if the random variables U; and U; have a leaf of Ty as a
common ancestor. Intuitively this means that U; and U; belong to the same sub-tree attached
above Tp. This defines a coalescent process It ¢y = (Irgvy(#),0 > 0). We are now interested

in its discrete (in time) restriction to the n first integers. Let Hglé}vy = (Hgfé]vy(k‘), k € N) be
the discrete process associated with Ilj ¢,y restricted to the n first integers until it reaches the
absorbing state (which is the trivial partition consisting in one block) and which afterward
remains constant.

By construction, and thanks to Theorem 3.2.1 in [16], we can deduce that under N,
the discrete coalescent process i . is distributed as H[(?l?v under P,,. In fact, we have the

Lév
following stronger result.
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Theorem 1.2. We set a = % € (1/2,1). Under N, the processes (H%@lﬂy, n € N*) associated

with the Lévy tree with branching mechanism p(N\) = XV is distributed as (HEZ-]S,n € N¥)
associated with the Lévy measure A(dx) = (z/1 — z)* dx.

We conjecture that the process Iljg,, under N s up to random time change a (1 +
a,1 — a)-coalescent.

Remark 1.3. Lets us remark that the 8(1+4 «, 1 — «)-coalescent we obtain is also a 5(2—a, a)-
coalescent (with a = 1 —a) as in [10] but with a different range for a. The difference between
the two cases is that in [10] o € (—1,0) and the coalescent process comes down from infinity
(i.e. for every positive time 6, the partition II(f) contains only a finite number of blocks)

whereas in our case a € (1/2,1) the process always contains an infinite number of singletons
(also called “dust”).

1.3. Number of cuts need to isolate the root in a stable GW tree. We now give
an application of our representation using results on [-coalescent to get the asymptotic
number of cuts needed to isolate the root in a stable GW tree with n leaves. Notice that the
reproduction law for stable GW tree has an infinite variance for o € (1/2,1), whereas it is
finite if & = 1/2. For GW trees with finite variance for the reproduction law, consider the
cutting procedure given by choosing a node at random and removing the trees attached to
this node not containing the root. Let Z/ denote the number of cuts needed to isolate the
root when the GW tree has n leaves. The limit Z’ of Z], is given in [25] for the convergence
in distribution and in [6] for an a.s. convergence in the case of binary trees. In particular, Z’
is distributed as the height of a random leaf of the normalized Lévy tree with v = 2 that is
up to some scaling factor of the Aldous’ continuum random tree.

Let Z,, be the number of cuts, using the procedure developed is Section 1.1, needed to
isolate the root of a stable GW tree:

Zn = inf{k; TRy (k) = {{1,...,n}}}.
Notice that for r-ary trees, since all the internal nodes have the same degree the cutting
procedure given in Section 1.1, corresponds to choose an internal node uniformly, which is
the cutting procedure in [25].
From [21, 24, 22] on the asymptotics of the number of coalescence events in S-coalescent,
we can then deduce the following result which extends part of the result in [25] to GW tree
with infinite variance of the reproduction law.

Proposition 1.4. Let o =1/v € [1/2,1). We have the following convergence in distribution:

ne-lzg, 9, 7
n——+oo

with the distribution of Z characterized by, for n € N*:
E [Zn] =" F(n + 1)F(1 — a) .
F((n+1)(1 —«))

The distribution of Z corresponds to the expected limit distribution in the Conjecture of
[3] for the number of cuts needed to isolate the root in general GW trees. (Notice that in
the conjecture, one choose an internal node x € T with probability proportional to k,(T)
whereas in Section 1.1 one choose an internal node x € T with probability proportional to
k.(T) —1.) In particular, Z is distributed as the height of a random leaf of the normalized
Lévy tree with branching mechanism ¥(\) = A7.

The proof of the Proposition is given in Section 5
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1.4. Number of blocks in the last coalescence event. Using the pruning of GW tree
conditioned to have an infinite number of leaves (which is very close to Kesten result on GW
tree conditionally on the non extinction) we get the asymptotic of the number B, of blocks
involved is the last coalescence event of TI".

The proof of the following Proposition is given in Section 6.

Proposition 1.5. Let o =1/v € [1/2,1). We have the following convergence in distribution:

@ . 5

n—-+o0o

B,

)

with the distribution of B given by its generating function p,(r) =E [TB] , with for r € [0,1]:

(5) Pa(r) =1 —a)r /01 1= (Clix_ ) <(1 —1rx)0‘ _1> '

See also [4] for more results in this direction when a = 1/2 including the number of
singletons involved in the last coalescence event as well as a closed form for ¢y /5.

One can also check, using results from Section 6, that in the last coalescence event of the
n first integers one block is of order n, while the other blocks are of order 1.

Remark 1.6. For a = 0 (that is let a goes to 0 in (5)), we get:

~ [tlog(1 —ra)
QDO(T) - T/O log(l _ x) dz

Using elementary computations, one can see that ¢o(r) =)y« gur™ with for n € N*:

1 /! " 1 [t dv 1~ (n
A l—e ) "ew == == —1) 1 og(k + 1).
q n/o Tog(1 =) x n/o ( e ) e . n;<k>( ) og(k +1)

Therefore g is the generating function of the asymptotic number of blocks of the last coa-
lescence event in the Bolthausen-Sznitman coalescent whose distribution is given in Theorem
3.1 and Proposition 3.2 of [23]. Then notice that the Bolthausen-Sznitman coalescent corre-
sponds indeed to the 3(1 + «a, 1 — a)-coalescent (with coalescent measure given by (4)) with
a=0.

For a = —1, we get ¢_1(r) = r2. Notice that ¢_; is trivially the generating function of
the number of blocks of the last (in fact all) coalescence event in the Kingman’s coalescent,
as all the coalescence events are binary. Furthermore, Kingman’s coalescent can be seen as
the limit of the B(1 + «, 1 — a)-coalescent as a goes down to -1.

We wonder if ¢, is the generating function of the asymptotic number of blocks of the last
coalescence event in the §(1 4+ «, 1 — a)-coalescent (with coalescent measure given by (4))
with a € (—1,1). Notice also that multiplying the coalescent measure by a constant doesn’t
change the distribution of the number of blocks in the last coalescence event. Notice also
that ¢/ (1) = +oo for @ > 0 (when the coalescent doesn’t come down from infinity) and
¢l (1) < 400 for @ < 0 (when the coalescent comes down from infinity).

1.5. Organization of the paper. Section 2 gives a representation of the pruning at node
procedure for GW tree in continuous time motivated by [8]. This procedure corresponds in
fact to the one presented in Introduction, Section 1.1. Section 3 is devoted to the proof of
Theorem 1.1. Section 4 devoted to the proof of Theorem 1.2 is more technical as it relies on
continuum random Lévy trees and the pruning of such trees as developed in [1]. Eventually
Sections 5 and 6 are devoted to the proofs of Propositions 1.4 and 1.5.
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2. PRUNING AT NODE OF DISCRETE GW TREES
2.1. Discrete trees. Let us recall here the formalism for ordered discrete trees. We set
u=Jm)r
n>0

the set of finite sequences of positive integers with the convention (N*)° = {()}. For u € U
let |u| be the length or generation of u defined as the integer n such that v € (N*)™. If v and
v are two sequences of U, we denote by uv the concatenation of the two sequences, with the
convention that uv = w if v = () and uv = v if u = (). The set of ancestors of u is the set:

(6) A, = {v € U; there exists w € U such that u = vw}.

A discrete tree t is a subset of U that satisfies:

o ) ct,

o Ifu et, then A, C t.

e For every u € t, there exists a non-negative integer k,(t) such that, for all positive
integer 7, ui € t iff 1 < i < ky(t).

The integer k,(t) represents the number of offsprings of the node w in the tree t. We define
L(t) the set of leaves of t and N (t) the set of internal nodes of t as:

L(t)={u€t, kyt)=0} and N(t)=1t\L(t).
Let L(t) = Card (L(t)) be the number of leaves of the tree t, and notice that:
(7) Lit)=1= Y (k(t)-1).
ueN(t)

We denote by T the set of discrete trees and by T,, = {t € T; L(t) = n} the set of discrete
trees with n leaves.

2.2. A discrete tree-valued process. We consider the pruning procedure developed in
[7]. Let t € T. Under some probability measure Pt we consider a family (£,,u € U)
of independent non-negative real random variables (possibly infinite) such that Pt-a.s. for
u ¢ toru e t, such that k,(t) € {0,1}, £, = +o0 and for u € t such that k,(t) > 2:

Pt(&, > 0) = (14 6) F(®),
At time 6, we define the pruned tree Py(t) as the sub-tree given by:
Py(t) ={uect; & >0 foralve A,}.
For u € N(t), let D, be the event that u is marked first, that is:

Du: [ i vJS.
{¢ vg}\lfﬁ)é}

Lemma 2.1. Let u € N(t). We have:

ku(t) — 1

PPI=To 1

This lemma implies that the cutting procedure given in Section 1.1, corresponds to the
successive states of the process (Py(t),0 > 0).
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Proof. We have, using (7) for the last equality:
PY(D,) =P, <& Yo #u,veN(T))

= (ku(t) — 1)/ (1 + 0)7ZUEN(t)(kU(t)71)71 do
[0,+00)

B ky(t) — 1
ZUEN(t)(kU(t) —-1)

o ku(t) -1

T Lt -1

O

2.3. Construction of the partition-valued process H[Gn}w Let a € [1/2,1). Recall that
function g defined by (3) is the generating function of a probability measure v, on N. We
denote by G4(dT’) the distribution on T of the critical GW tree with offspring distribution
vy. We will denote by P the probability measure on T x [0, +oo]*:

P(dT,d¢) = G, (dT)PT (d¢).

Under P, the random tree T' is a GW tree whose reproduction law v, has generating
function g given by (3). According to Propositions 2.1 and 3.2 in [8], (Pg(T),0 > 0) is a
Markov process and Py(T') is a GW tree whose reproduction law has generating function gy,

w10 o (1) - (15)]

(1—r+0)t/—gl/
(1+6)W/o)—1

Notice that:

(8) go(r) =7 +a

For every positive integer n, we set:
P, (o) =P(e | L(T) =n).

Under P,,, the distribution of the tree T" is given by the following formula (see [16], Theorem
3.3.3, or [28]), for t € T,,:

Pror) | " 'T(1 - a)

9) P,.(T=t)=n! B (t)! T —a)

veN (t)
where p1 = 0 and, for k > 2, p = |[(1 = 7)(2 =) -+ (k = 7)|.

Let n € N*. Let T be a random tree distributed as P,. Conditionally on T, we de-
fine a uniform random labeling Uy, ..., U, of the leaves of T', independently of the variables
(&u,u € T). Recall the set of ancestors defined in (6) and the pruning procedure Py in-
troduced in Section 2.2. We define the equivalence relation Rgn] on {1,2,...,n} by: iR([gn} 7
if Ay, (N Au,; (NL(Ps(T)) is non empty, that is U; and U; have a leaf of Pp(T) as common
ancestor. Then, for every 6 > 0, let f[[gljv(ﬁ) be the equivalence classes of the equivalence
relation R([gn} of the n first integers. Let Hgll,v = (H[g%v(k),k € N) be the discrete process
associated with f[[gljv = (ﬁ[g%v(ﬁ),ﬂ > 0) until it reaches the absorbing state (which is the
trivial partition consisting in one block) and afterward the discrete process remains constant.
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We end this section with an elementary lemma which will be used in the proof of Theo-
rem 1.1.
Lemma 2.2. We have forn > 2:
l—aT(l-a)T'(n—1+a)
10 E, [kg(T)—1] = .

Proof. We consider the generating function of (ky(7T),L(T)) under P, that is H(s,t) =
E [sk@(T)tL(T)]. Using the branching property of GW trees, we have:

(11) H(s,t) = B s BRHD M1 )20y | + 8P (kg (T) = 0).

Notice that g(s) = E [s%(T)] = H(s,1). We set h(t) = H(1,t) = E [t!())] the generating
function of L(T'). So that (11) becomes:

(12) H(s,t) = g(s h(t)) — g(0)(1 — ).
Taking s = 1 in (12), we get:
(13) g(h(t)) = h(t) = g(0)(1 — ).

Using expression (3), we get:
h(t)=1—(1—1)* and H(s,t)=sh(t)+a(l —sh(t)/* —a(l —1).
We deduce that:
OH

E [k@(T)tL(T)] = g(Lt) = h(t) — h(t)(1 — h(t))(l/a)q

—E [MT)} - (1 -1 - )i
- E [tL(T)} G L )
This gives:
E [(k@(T) - 1)tL(T)} — (-t 1t
For n > 2, we get:

B [(a() ~ Do) = 5y (G [m) - 0 7] )
1 n—2 -
=—(1-a)[[(a+h)
=0
1 F'n—14a)
A A oy
We also get for n > 2:
n—1
P(L(T) = n) = %W)(O) _ %a [[-a) = %a%
! Ll !

We deduce that:
E [(ky(T) — D1{rr)=y] _1-aT(1-a)T(n—1+a)
P(L(T) = n) a I'(o) I'(n —a)

En [ky(T) —1] =
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3. PROOF OF THEOREM 1.1

Let o € [1/2,1) and A given by (4). Notice that the probability that the first coalescence

event for Hgil]s corresponds to the collision of k given blocks is A, 1/ An, with A, , and A, given
respectively by (1) and (2).

Theorem 1.1 is a direct consequence of Lemma 3.3 which states that the probability that
the first coalescence event for H[g%v corresponds to the collision of &k given blocks is A, 1/ A,
and of Lemma 3.4, which states that after the first coalescence event, the law of the pruned
tree under P,, conditionally given that it has k leaves is exactly Pj.

The proof of Lemme 3.3 (resp. 3.4) is given in Section 3.1 (resp. 3.2).

3.1. Computation of the coalescence rates. We first give an intermediate lemma. For
a€ (0,1) and A > a — 1, we set:

(14) reai-a) = [ (1= (=) 220 - ) de.

Lemma 3.1. For a € (0,1) and A > a — 1, we have:

Fa)l'(A+1—-«)

(15) Orvat-aN) = AT S r R Ty

Notice that for A > 0, (15) reduces to:

(16) O1ta1-a(d) = P(O(qr_(xrl(;) @),

Proof. We set:
1
I= / (1—u)™™—1) u* *du.
0

Notice that I is finite and ¢114,1-a(a) = I. For A > «, using an integration by part, we
have:

D1ad—a(N) = /0 1 (1- -2 a2 -0 de
1 1
= /O ((1 —x) - 1) 272 dx + /0 <1 - (1- x))‘fa) 2 dx

D - !
Oé/ (1 _ x))\faflxafl dx
0

B 1 Fa)I'(A+1—-«)
It Aoty

We now compute I. For A = 1, we also have:

1
P1rai1—a(l) = /0 21 —2) % dz =T(a)T(1 — a).

We deduce that:

7 i o I;(lazrciir_(l();) = ¢14a1-a(l) = F(@)I(1 — ).

This readily implies that I = 1/(1 — «) and thus (15) holds for A > «. Then uses that the
right-hand sides of (14) and (15) are analytic for A > o — 1 to get that (15) also holds for
A>a—1. O

I
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Recall A, ; and A, are given respectively by (1) and (2), for A given by (4).
Lemma 3.2. Let o € [1/2,1). We have for 2 < k <mn:

(17) Mg 1—a Tk+a-1DI'n—k—-—a+1) 1
A D(a+1) I'(n—a) n—1

Proof. We have

1 1
Ak = / uk_Q(l — u)"_kA(du) = / uk_2+°“(1 — u)n—k—adu
0 0
=fk+a—-1ln—k—a+1)
FNk+a-1DI'n—k—a+1)
I'(n) ’

and

A = zn: ( " ) Ao = /01(1 S (=)™ = (1 — W)™ 2A (du).

k=2
Then using notation (14) and (16), we deduce that:

An = P14a,1-a(n) —n 01 w1 —w)" Yy
N (n+1-—a) nF(a)F(n — )
(1 —a)l'(n) I'(n)

(1) Mt

l-—a I'(n)
B a T(a)l(n-—a)
_(n_l)l—a I'(n) '

The expression obtained for A, ;, then gives the result.

O

If t; and t9 are two discrete trees and u € L£(t7) is a leaf of t1, we shall denote by t; ®, ts

the tree obtained by grafting the tree to on the leaf u of t1, that is:
(18) t; ®y, to ={v, vet;}U{uv, v e ta}.

Lemma 3.3. Let o € [1/2,1). The probability under P,, that the first coalescence event in

H[g]w is the coalescence of k given integers into one block is Ay ./ An.

Proof. Let Ay, be the event that the first coalescence event corresponds to the k first integers
merging together. By echangeability, the lemma is proved as soon as we check that P, (Ay) =

An i/ An.
The event Aj is realized, if and only if:

e The initial tree T is of the form t; ®, to for some to € Ty and t; € T, ;1 and

u € ﬁ(tl).

e The leaves of ty are labeled from 1 to k (and therefore, the leaves of t1 except u are

labeled from k + 1 to n). This occurs with probability w

e The first chosen node of t; ®, to is w. This occurs accofding to Lemma 2.1 with

k@(tg)fl
n—1

probability
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Thus, using (9) for the probability of having a given tree, we have:

k'(n - k)' /{?@(tg) -1

n! n—1
1€ T k41
to €Ty,
ueLl(ty)
_ Z nl H Photi@uts) | "1 — @) kl(n — k) kg(te) — 1
- ’ ! - ! _
t1€Ty _kr1 VEN (t1 @ t2) kU (tl ®u t2). F(TL a) v " 1
to €Ty,
u€L(ty)
n!
=(n—k+1) Y mpmkﬂ(T =t1)Pp(T = t2)
1€ g1 '
tQGTk
" IT1-a)T(n—k—a+1) T(k—a) k'(n—k)kytz)—1
I'n—a) a" k(1 —a) o~ I'l—a) n! n—1
I'n—k—a+1)I'(k—a) 1
_ I k=) 1 g (1) —1].

I'(n—a)l'(1 —a) n—1

We then use Lemma 2.2 and Lemma 3.2 to conclude. O

3.2. Law of the tree after the first coalescence event. Let S be the time of the first
coalescence event and recall that Pg(7") denote the pruned tree at the first coalescence event.

Lemma 3.4. Let t € T),. We have:
(19) P, (Ps(T) =t | L(Ps(T)) = k) = Py(T = t).

Proof. Let t € Ti,. We obtain t just after the first coalescence event if T is of the form t ®, s
for some s € T),_11, u € L(t) and w is the first chosen internal node. This gives:

P,(Ps(T)=t)= > P,(T=t®, S)L(S) -1

n—1
ueL(t)
SeTnfkﬁ»l
Pky(t) Pro(s) | @ IT(1 — @) ky(s) —
=k Z n! H
| | — —
s€T,_k+1 UEN(t) kv(t) UGN(S) kv(s)- F(TL Oé) n 1
=k Z mPk(T =t)P,_ 11 (T =5s)
s€Ty— k+1

" 'IM'l—a) T(k—a) T(n—k+1-a)k(s)—
I'n—a) o 1I'l-—a) a"*I'(1-a) n-1
n! 'n—k+1-—a)l'(k—a)
(k—1DY(n—k+1)! I'(n—a)l'(1 —«)
B pnlk(T) ~ PL(T =)

As the term in front of Py (T = t) does not depend on t, it has to be equal to P,,(L(Ps(T)) =
k) and therefore (19) holds. O
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4. PRUNING OF ROOTED REAL TREES AND PROOF OF THEOREM 1.2

The aim of this section is to use the pruning procedure for Lévy trees developed in [1]

to give a consistent representation of the family of coalescent processes (ﬂ[g%v,n € N*), see
Corollary 4.4 and thus deduce Theorem 1.2.

4.1. The CRT framework.

4.1.1. Real trees. Real trees have been introduced first in the field of geometric group theory
(see for instance [14]) and then used later for defining continuum random trees (the framework
first appeared in [18]). A real tree is a complete metric space (7, d) satisfying the following
two properties for every z,y € T:

e (unique geodesic) There is a unique isometric map f;, from [0,d(x,y)] into 7 such
that fﬂ&,y(o) = x and f$,y(d(x7y)) =Y.
e (no loop) If ¢ is a continuous injective map from [0, 1] into 7 such that ¢(0) = = and
(1) =y, then
¢((0,1]) = fay([0,d(z,)])-
A rooted real tree is a real tree with a distinguished vertex denoted () and called the root.

For every z,y € T, we denote by [z,y] the range of the map f,, (i.e. the only path in the
tree that links x to y) and we set [z,y[= [z,y] \ {v}.

If T is a rooted real tree, for x € T, we define the degree of z, denoted by n,, as the number
of connected components of 7 \ {z}. The leaves of T is L(T) = {z € T \ {0}; n, = 1}. If
n, > 3, we say that x is a branching point of 7. We denote by By, (7) the set of branching
points of 7. The height of T is Hyax(T) = sup{d(d,x); x € T}. Let (z;,i € I) be a family
of elements of 7, we define their most recent common ancestor denoted by MRCA(z;,i € I)
as the element x of 7 such that [0, z] = N, [0, 2]

A weighted rooted real tree (7,d,m) is a rooted real tree (7,d) endowed with a mass
measure m on 7.

4.1.2. Stable Lévy tree. Set p(\) = AV with v € (1,2). We refer to [17] and [9] for the
existence of a measure N[dT] on the set of weighted locally compact rooted real tree such
that 7 is under N[dT] a Lévy tree associated with the branching mechanism . For the
Lévy tree (7,d,m), N[dT] -a.e., the mass measure has support £(7) and has no atom.
Furthermore, N[d7 ]-a.e., all the branching points of the tree are of infinite degree. Following
[17], there exists a local time 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¥[dT]-a.e.:

m(dx) = /000 0%(dz) da,

O =0, inf{a > 0;4* = 0} = sup{a > 0;/% # 0} = Hpa(T) and for every fixed a > 0,
NY¥[dT]-a.e. the measure ¢ is supported on {z € T;d((),z) = a} and the real valued process
((¢*,1),a > 0) is distributed as a continuous state branching process (CSBP) with branching
mechanism 1 under its canonical measure. In particular, as the total size of a critical CSBP
is finite, we get that N-a.e. 0 = m(7) is finite.

The set {d(0,z), = € Br(T)} coincides N¥-a.e. with the set of discontinuity times of the
mapping a — £*. Moreover, N¥-a.e., for every such discontinuity time b, there is a unique

x € By, (T) such that d(@,z) = b and A, > 0, such that:
00 =" + ALy,
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where A, > 0 is called the mass of the node x. Intuitively A, represent the mass of the
progeny of x.

The scaling property of the stable Lévy implies that there exists a well defined probability
measure N(!) defined as the measure N conditioned on {0 = 1}. The probability measure is
also referred as the normalized excursion measure for Lévy trees.

4.2. The partition-valued process. Set 1)(\) = X7 with v € (1,2).

4.2.1. Pruning of the stable Lévy tree. We consider the pruning procedure introduced in [1]
(this procedure is defined when there is no Brownian part in the Lévy process with index
given by the branching mechanism ). Under N or N (1), conditionally given 7, we consider a
family (E;,z € By, (T)) of independent real random variables such that the random variable
E, is exponentially distributed with parameter A,. This random variable represents the time
at which the branching point x is marked. For every 6 > 0, we set

To={zxeT, Vyelb ], E,>0}.

The set Ty is still a real tree which represents the tree 7 pruned at time 6: we cut 7 at the
points that are marked before time 6 and keep the connected component of the tree that
contains the root. We set 7o = 7. By [1], Theorem 1.5, the tree 7y is distributed under N as
a Lévy tree with branching mechanism 1y defined by:

Po(A) = YA +6) —¢(0).
Moreover, by [2], the process (Tg, 8 > 0) is under N a Markov process.

4.2.2. Definition of the partition-valued process. Under N or N conditionally on 7T, let
(F;,i € N*) be independent random variables on 7 distributed according to the probability
mass measure m/m(7 ), and independent of the marks (F,,z € By (7)). Notice that N-a.e.

or NM_as. (F;,i € N*) are leaves of T. For § > 0, we define the equivalence relation Rgﬁévy

on N* by: iRy j if [0, ] N0, F;] N £(Tp) is non empty, that is F; and Fj have a leaf of
[n]

To as common ancestor. This is very close to the definition of the equivalence relation R,
defined in Section 2.3. We denote by Ilj 4y () the partition of N* formed by the equivalence

classes of Rgﬁévy and set It eyy = (Ilreyy (0),60 > 0).
4.3. Lévy sub-trees.

4.3.1. Skeleton of finite real tree. Let t be a real tree with finite height and a finite number
of leaves, such that the leaves (f;,7 € I(t)) are indexed by a totally ordered set I(t). We
define the skeleton t of the tree t as the discrete tree (belonging to T) where we forget the
edge lengths. As the trees in T are ordered, we must be a bit more rigorous for the definition
of t.

The skeleton t of the real tree with ordered leaves (t, (f;,i € I(t))) is defined recursively
as follows. We define ky(t) as the degree of MRCA(f;,i € I(t)) the ancestor of all the
leaves of t. If ky(t) = 0, then t is reduced to §. In this case t has one leaf, let f be its
label, and the discrete tree t has thus one leaf to which we give the label f. If ky(t) > 0,
then we consider the kg(t) connected components of t\ {MRCA(f;,i € I(t))} that do not
contain the root and label them from 1 to ky(t) according to the lowest label of the leaves
of t which belongs to them. This gives an ordered family (tx,k € {1,...,ky(t)}) of real
trees, and let MRCA(f;,4 € I(t))}) be the root of each one. For k € {1,...,ky(t)}, let
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I(ty) = {i € I(t); fi € ty) be the labels of the leaves of t; and the discrete tree t; is the
skeleton of (t, (f;,i € I(t))).
Notice that t is finite, k,(t) # 1 for all u € t, and t and t have the same number of leaves.

In the previous construction to a leaf f; of t with label ¢ corresponds a unique leaf e; of t
with label 7. For u € t, we define t,, the sub-tree of t attached to the node u i.e.

ty ={welU, uw € t},
and let I, = {ij;e; € t,}. Define t, as s, = t\ Uigju[[@, fi] to which we add the root
0, = Sz\su, and I(t,) = {i;e; € t,}. Notice that by construction t, is the skeleton of
(tu, (fi;i € I(ty))). We say that u € t are the individuals of t, and define their lifetime as
the length h, of the geodesic B(u) = [(,, MRCA(fi,i € I(t,))]. We say the corresponding
node in t of u € t is C'(u) = MRCA(f;,i € I1(t,)).

Notice it is easy to reconstruct t from t and the family of lifetime (h,,u € t).

4.3.2. Coalescence of Lévy tree and GW tree. Let M be, under N or NM) conditionally on
T, a Poisson random variable with finite mean o = m(7). On {M > 1}, let T be the real
sub-tree of T generated by the root and (F;,1 <i < M):

= |J F]
1<i<M
Since m has support £(7) and has no atom, we deduce that (F;,1 < ¢ < M) are distinct
and are the leaves of Tj.

We denote by To the skeleton of Tg with the labeled leaves (F;,1 <i < M). According to
[16], Theorem 3.2.1, the tree Ty is distributed under NJ - | M > 1] as a continuous GW tree
(i.e. a GW tree with edge-lengths) such that

e The discrete tree Ty is a GW tree with reproduction law characterized by its gener-
ating function g defined by (3) with v = 1/~.

e Lifetimes of individuals (h,,u € To) are independent random variables with exponen-
tial distribution with parameter ~.

Remark 4.1. Using the scaling property of the Lévy tree, we have that the distributions of
Ty under N[ - | M = n] and under NMT. | M = n] are the same.

We now consider the marks that define the pruned tree 7y and we denote by Ty the tree
Ty pruned on the same marks, in other words, we set
Tg = T(] N Ty.

Let flggvy be the restriction of Il ¢y to the n first integer. By construction, if Ay is an element

of f[glé]vy, then there eAXists a leaf x of Ty such that x belongs to the sub-tree Uie Ay [0, F;], and

x is the only leaf of Ty with this property. We set Ag for the label of x, and we consider the

1

order of the elements of 11} ;

for the labels of the leaves of Ty and (Fie,i € Ip) for the leaves of Ty.
We denote by Ty the skeleton of Ty with the labeled leaves (FY,i € I(6)). According to

[8], Proposition 4.1, the tree Ty is distributed under N[ - ! M > 1] as a continuous GW tree
such that

o Ty is a GW tree with offspring distribution characterized by its generating function
go given in (8) with v = 1/7.

y given by the order of their smallest integer. We set Iy = I (Tg)



B-COALESCENTS AND STABLE GALTON-WATSON TREES 15

e The lifetimes of individuals (hy,u € Tg) are independent random variable with expo-
nential distribution with parameter (1) = y(1 + 6)7".

Proposition 4.2. The process (Tp,0 > 0) is distributed under N[ - | M > 1] as the process
(Py(T),6 > 0) under P.
Proof. Let § > 0. Theorem 6.1 of [8] describes how Tj is obtained from Ty:
e A branching point x of Ty with k, = kx(j})) children is marked at time 7, with
distribution given by:

. +o00 w(kx“)(l +2), ¢(kx)(1 +0) 1 ko
N[TxZH‘To]——/G (E) (1) dz = Pka) (1) o (1—{—9)

e A branch B of length h is marked at time 75 with distribution given by:

0
Nirg > 0 | 7] = exp (_h/ o+ Z)dz> _ o (waro-v@)n
0

Then the tree Tp is cut according to the marks present at time 6 and the tree Ty is the
connected component that contains the root. Therefore, the tree Ty is obtained from the tree
Ty by a pruning at node. A node u € Ty is marked if the corresponding node C(u) € Ty is
marked at time 6 in the previous procedure OR the branch B(u) with length h, is marked.
So the node u of Ty is marked at time ¢, = To(u) A\ TB(w) and using that the edge lengths of
Ty are independent and exponentially distributed with parameter v = v/(1), we have with
kiu = kiu (To)l

N[¢u > 0 | Ty) = N[ty > 0 | To] Nirp,) > 0 | Ty

ku* oo
:< 1 > V/Jr dh~ye " e*(w'(1+9)*’y)h
0

1+6
1 ku— 1 y-1
- <1+9> <1+9>
1 ky—1
- (1—+9> '

Since the cutting time 7¢(,) and 7pg(,) are independent for all internal nodes u, we recover
the discrete pruning procedure that defines the process (Py(T'),6 > 0) under P. To conclude
notice that Ty and T are GW tree with offspring distribution characterized by its generating
function g. (]

4.4. Proof Theorem 1.2. The next corollary states that the pruning procedure for stable
GW tree developed in [7] and the pruning procedure for Lévy trees developed in [1] and
applied in [8] to sub-trees with finite number of leaves coincide.

Corollary 4.3. Let n € N. The process (Ty,0 > 0) is distributed under N[ - | M =n] as the
process (Py(T),0 > 0) under P,,.

Proof. This is a direct consequence of Proposition 4.2 and the fact that M = L(TO). O

Theorem 1.2 follows directly from Theorem 1.1 and of the following corollary, which is a

direct consequence of Corollary 4.3. Recall that f[£" )

évy is the restriction of Ily4,, defined in
Section 4.2.2 to the n first integers.
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Corollary 4.4. The process ﬂ[ﬁ,ﬂy is under N distributed as f[[g}w under P,,.

5. PROOF OF PROPOSITION 1.4
We recall results from [21, 24, 22]. Let X,, be the number of coalescence events for a
B(a, b)-coalescent. For 1 < a <2 and b > 0, we have that:
2—a

a—2
X
Ta) ' "

converges in distribution towards

W= | gt o 2-0S00(0)
0

where S, 5, is a subordinator with Laplace exponent ¢, given by:

Pap(A) = /O 1 (1 -(1- w)A) 231 — z)t da.

Notice that this notation is consistent with (14). Since Z, is distributed as X, with a = 14+«
and b =1 — a. We deduce that:

N

n*z,
n—-+o0o

)

with Z distributed as MWHO{J_O(.

l—a
Using Lemma 3.1, we compute the moments of Z:

E[W1 ] =1l / E {efufa) i sl-a,w(tw} dty - dt,

0<t1 < <tn
n
- / [LE[etersierato)] dry-dn,
0<ry,,0<r, k—1
n'

N [Tz (bl—l—a,l—.a(k(l —a))
_ (1 —a>" I'(n+ 1)I(1 - a)
T(2) ) T((n+1)(1-a)

We deduce that: ( T )
n n L(n+1DI'(1 -«
Bl = F s =a)

6. NUMBER OF BLOCKS IN THE LAST COALESCENCE EVENT
[n]

We consider the number of blocks B,, involved in the last coalescence event of II;.. In
order to stress the dependence in n, we shall denote by T, the GW tree T under P,,. We
also write &,(T},) for &, to stress the dependence of the marks introduced in Section 2.2 as
a function of the underlying tree T),. Notice that the time &3(7,) at which the root of T, is
marked correspond to the last coalescence event associated with T;,. Thanks to Theorem 1.1,
B, is distributed as the number of leaves of the pruned tree obtained from 7;, just before the
last coalescence event, that is:

(20) By @ L(Pey 1) (T0)):
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6.1. Local limit. The method used in [4] when o = 1/2 relies on the Aldous’s CRT, which
is the (global) limit of 7;, when the length of the branch of T), are rescaled by 1/1/n, see [15].
Since Lévy’s trees are more difficult to handle, we choose here to use the local limit of 7},
which is the Kesten’s tree 7%, according to [5].

Recall that v, is the distribution with generating function g given in (3) and that v, is
critical as ¢’(1) = 1. We recall the distribution of the Kesten’s tree T* associated with the
critical reproduction law vy, see [26]. Let v} be the corresponding size-biased distribution:

g

vy (k) = kvy(k) for all k € N. For h € N, we consider the truncation operator 75 on T defined

as:
rpt = {u € t;|u| < h}.

The distribution of 7™ is as follows. Almost surely, T* contains a unique infinite path i.e.
a unique infinite sequence (V,k € N*) of positive integers such that, for every h € N,
Vi---V, € T*, with the convention that V;---V, = (0 if h = 0. The joint distribution of
(Vi, k € N*) and T™ is determined recursively as follows: for each h € N, conditionally given
(Vi,..., V) and rpT*, we have:
e The number of children (k,(T™), v € T*, |v| = h) are independent and distributed
according to vy if v # Vi -V} and according to vy if v ="V -+ V.
e Given also the numbers of children (k,(T%), v € T*, |v| = h), the vertex Vj11 is
uniformly distributed on the set of integers {1, R (ol =h kU(T*)}.

Recall that the height of a discrete tree t € T is Hyax(t) = sup{|u|,u € t}. For h € N*,
we have that for all t € T with height h and v € t with |u| = h:

P(ThT* = t, Vl s Vh = u) = Pn(Tth = t).

The local limit convergence of critical GW trees, see [5], implies that, for all h € N*, t € T
with height h:

lim P,(rpT, =t) =Pr,T" =1t).

n—-+o00

For t € T, and u € t, we consider the sub-tree t, attached at u defined by:
t, = {w € U;uw € t}.
By construction of the marks, we deduce the following result.
Lemma 6.1. We have, for allt € T:
im Py (Pey - (Th) =t) =P(T' =t),

n—-+o0o

where T is such that:

® kg(T') has distribution v;.

e Conditionally on k¢(T), & is a random variable such that P(& > 0) = (1 4 )1 Fo(T)
for all 6 > 0.

e Conditionally on ky(T) and &, V1 is a uniform random variable on {1,... ky(T)}.

e Conditionally on ky(T), & and Vi, (Ty,u € {1,...,kg(T)}) are independent random
trees distributed such that for u # Vi, Ty is distributed as Pe(T) with T a GW tree
with reproduction law vy, and Ty, is distributed as Pe(T™), with T* distributed as the
Kesten’s tree associated with the reproduction law v,.

Notice that by construction, T is finite.
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6.2. Proof of Proposition 1.5. We deduce from (20), Lemma 6.1 and the fact that 7" is
a.s. finite, that B,, converge in distribution to B = L(T'). From Lemma 6.1, we have that B

is distributed as
kg—1

L(P:(T*)) +Z (Pe(Ty)),

where &y has distribution v, £ has density (k:@ —1)(1 4 6)Fo 1(9>0y, T is independent and
distributed as the Kesten’s tree associated with v, and (T}, k € N*) are independent and
distributed as a Galton-Watson tree T" with reproduction law v,. We deduce that:

E[r’] =E [N(N ~1) /0+OO(1 +0)NaoE [P0V 'R [TLZH ,

where N has distribution v, Lg is the number of leaves of Py(7) and Lj is the number of
leaves of Pp(T).
Let hg be the generating function of Ly and hy be the generating function of Lj. We have:

0 do [ he(r .
B = [ g o (12 mlrnio)

Recall that Py(T') is a GW tree whose reproduction law has generating function gy given
by (8). Similar arguments as in the proof of (13), yields that:

(21) g0(ho(r)) — ha(r) = go(0)(1 — ).
We deduce from (8) that:
1" o r 1
%(r) =9 <1+9> 1+6
We deduce from (21) that:
/ 0 " / h// T
@) g = P8 gjlhon) = (1= gy (ha(r)) G
We obtain:

h@ r 1 o (r
g//( ( )) :99(0) /6( )3_
1+6/)1+96 (hy(r))
We now compute hj. According to Remark 3.7 in [8], we have for t € T:

L9 pipy(r) = ).

We deduce that:

1 (1
LW S e (py(r) - b
9%0) =
hy(r)
=T s
hp(1)
where we used the first equality in (22) with » = 1 and hy(1) = 1. We get:
T df go(0) _hg(r)
B] _ 96
9 2= ) T g o 0
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We have from (8) that:

90(0) = (1 + 6) 1_<1;i@>1/a

We deduce from (21) that:

a

ho(r) = (1+0) [1 =31 -7 1_<1;L9>”“

Then, the change of variable z = 1 — (§/(1 + 0))"/* in (23) gives that ¢4, given in (5), is
the generating function of B.

(1]

=

v
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