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Many-to-few for non-local branching Markov process

Simon C. Harris* Emma Horton! Andreas E. Kyprianou* and Ellen Powell®

November 16, 2022

Abstract

We provide a many-to-few formula in the general setting of non-local branching
Markov processes. This formula allows one to compute expectations of k-fold sums
over functions of the population at k different times. The result generalises [14] to the
non-local setting, as introduced in [I1] and [§]. As an application, we consider the case
when the branching process is critical, and conditioned to survive for a large time. In
this setting, we prove a general formula for the limiting law of the death time of the most
recent common ancestor of two particles selected uniformly from the population at two
different times, as ¢ — oo. Moreover, we describe the limiting law of the population sizes
at two different times, in the same asymptotic regime.

Key words: non-local branching processes, many-to-few, spines.

MSC 2020: 60J80, 60J25

1 Introduction

1.1 Main results

Our main result, the so called many-to-few formula, is a way to rewrite the expectation of a
general k-fold sum, depending on the entire configuration of a branching Markov process at
k different times, as an expectation with respect to the behaviour of k distinguished lines of
descent under a tilted measure. We generalise the original and well cited main result of [14],
by allowing for non-local branching, and not requiring the k£ individuals to be sampled at the
same time.

The many-to-few formula generalises the role of the classical spine decomposition for spatial
branching processes, which converts expectation identities for additive functionals of spatial
branching processes to Feynman-Kac formulae for a single Markov particle trajectory. The
latter has proved to be an important tool in analysing the growth and spread of a rich variety of
branching Markov processes and related models; see for example the monographs [11, (6, 18, 15| 2]
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among a wide base of research literature that is to too extensive to exhaustively list here. The
many-to-few formula has already played an important and similar role to the classical spine
decomposition as a tool to interrogate various questions pertaining to particle correlation that
arise in e.g. genealogical coalescent structure, [12], martingale convergence, [10], maximal
displacement of extreme particles, [I7], the structure of level sets for branching Brownian
motion, [4] and the analysis of certain models from the theory of stochastic genetics, [7]. We
further remark that the many-to-few formula is related to recent work pertaining to asymptotic
moment convergence in [g].

We refrain from attempting to give a precise statement of the many-to-few formula here,
deferring instead to Lemma [6] below, as we will need to introduce several objects in order for
the formula to be understood in a meaningful way. We note that, simultaneously to the results
we present here a general branching Markov process setting, similar ideas have been developed
in [7).

Our main motivating application is to understand the limiting genealogy of a so-called
critical branching Markov process, when conditioned to survive for an arbitrarily long time.
Our second main result, Proposition [§] is a general statement in this direction. More precisely,
for a critical non-local branching Markov process conditioned to survive until a large time ¢,
we provide a precise asymptotic for the death time of the most recent common ancestor of two
individuals sampled uniformly from the population at two different times. In Proposition [9]
we also describe the limiting law of the population sizes at two different times, in the same
asymptotic regime.

1.2 Set-up and assumptions

Let E be a Lusin space. Throughout, will write B(F) for the Banach space of bounded mea-
surable functions on E with norm ||-||, B (F) for non-negative bounded measurable functions
on E and B (E) for the subset of functions in B (FE) which are uniformly bounded by unity.

We consider a spatial branching process in which, given their point of creation, particles
evolve independently according to a Markov process, (£, P), which can be characterised via
the semigroup Py[f](z) = E,[f(&)], for x € E, t > 0 and f € By (E). In an event which
we refer to as ‘branching’, particles positioned at z die at rate §(z) where 8 € BY(E) and
instantaneously, new particles are created in F according to a point process. The configurations
of these offspring are described by the random counting measure

Z(4) = 3 6 (A), (1

for Borel A in E. The law of the aforementioned point process may depend on z, the point
of death of the parent, and we denote it by P,, x € E, with associated expectation operator
given by &,, x € E. This information is captured in the so-called branching mechanism

G[f](x) := B(x) & [H i) = f(x)] ,  TEE, feB(E). (2)
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Without loss of generality we can assume that P,(N = 1) = 0 for all x € E by viewing a
branching event with one offspring as an extra jump in the motion. On the other hand, we do
allow for the possibility that P,(N = 0) > 0 for some or all x € E.

Moreover, we do not need P to have the Feller property, and it is not necessary that P is
conservative. That said, if so desired, we can append a cemetery state {{} to E, which is to
be treated as an absorbing state, and regard P as conservative on the extended space EU {1},
which can also be treated as a Lusin space. Equally, we can extend G to £ U {}} by defining
it to be zero on {f}, that is no branching activity on the cemetery state.

Henceforth we refer to this spatial branching process as a (P, G)-branching Markov process.
It is well known that if we arbitrarily choose an order for the particles at each branching event
then we may denote the configuration of particles at time ¢ by {z1(t),...,zn,(t)} (where N,
denotes the number of particles alive at time t) and we can also associate an Ulam-Harris label

vi(t) e Q:={0} U U N”

n>1

to the i-th particle at time ¢. For v,w € €, we write v < w to mean that v is an ancestor of
w, which means there exists u € ) such that vu = w. Moreover, we write v < w to mean that
v X w in the strict sense, that is, the possibility that v = w is excluded. We say that v, w € Q)
are siblings if there exists u € ) and ¢ # j such that v = ui and w = uj.

The branching Markov process can be described via the co-ordinate process X = (X;,t > 0)
in the space of counting measures on E x €} with non-negative integer total mass, denoted by
M(E x Q), where

N
Xi(+) = Z Ozs ()05 (1)) ()5 t>0.
=1

In particular, X is Markovian in M (E x Q). Its probabilities will be denoted P := (Ps,,z € E)
where for € E, Ps, denotes the law of the process starting from 6, gy € M(E x Q).

Under the additional assumption that sup,cp E.(N) < 0o, where we recall that N is the
(random) number of offspring produced at a branching event, we define the linear semigroup

Zf(:m(t))] , [ €BY(E).

Now let us introduce an assumption, that we will use throughout the article unless stated
otherwise. We will use the notation

(fop) = /E f@)u(ds), e B(E),ue M(E),

where M (E) is the set of finite measures on E.
Assumption 1. For the Markov process (&, P), we assume that

(a) it admits a cadlag modification,



(b) there exists an eigenvalue X € R and a corresponding right eigenfunction ¢ € BY(E) and
finite left eigenmeasure ¢ such that, for f € BT(E),

(Tolel, 1) = (o, 1) and (Ti[f], o) = *(f, ),
for all p e M(E).

The first part of the above assumption is a regularity assumption on the Markov process
(&,P), which ensures that we can use the theory of martingale changes of measure. The
second is a Perron Frobenius assumption that ensures the existence of the leading eigenvalue
and corresponding eigenfunctions.

1.3 Outline

The many-to-few formula, Lemma [6] will ultimately allow us to express expectations of general
k-fold sums depending on the entire branching process under P, in terms of an expectation
with respect to k so-called spine particles under a different measure QF. In Section we define
this measure QF, introduce the notion of spines, and give an explicit expression for the Radon-
Nikodym derivative of QF, with respect to the original law of our branching process plus some
uniformly chosen marked lines of descent (we call this measure P¥). We then state and prove
our main result, the many-to-few formula, in Section [3] We also explain some special cases
in which the formula simplifies nicely. Section |4] is devoted to our main application, which is
to derive some two-point asymptotics for the geneologies of critical branching processes, when
they are conditioned to survive for a large time t. More precisely, we provide an asymptotic
(as t — oo) for the death time of the most recent common ancestor of two particles sampled
uniformly from the population at two different times.

2 Spines, martingales and changes of measure

In this section, we introduce two measures under which our class of branching Markov process
additionally identifies k distinguished genealogical lines of descent, or spines. The first of these
two measures is a simple adaptation of the original law. The second measure is identified via
a change of measure with respect to a certain multiplicative martingale.

2.1 Definition of the measures P’ and Q"
2.1.1 Definition of P*

We first introduce a measure P¥ on the set of processes taking values in M(ExQxP({1,...,k})),
the space of counting measures on £ x Q x P({1,...,k}), where P({1,...,k}) is the set of
subsets of {1,...,k}. For convenience, let X denote the branching process on the space
M(E x QxP({1,...,k})), that is

N
X = Z O (1) 03 (1), b4 (1))
i=1
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where b;(t) € P({1,...,k}) denotes the set of marks carried by the i-th particle alive at time
t. Whenever b;(t) # 0, we refer to the individual i as a spine. In that case, we say that the
spine carries |by(t)| marks. Given X, define X to be its projection onto M(E x Q). With
this notation in hand, we let (F;,t > 0) denote the natural filtration generated by X and
(FF,t > 0) denote the natural filtration generated by X.

Then, we have the following description of the measure P*.
Definition 1. The construction of X under P* goes as follows.

1. We start with a single particle at x € E which carries k > 1 marks.

2. All particles move according to the semigroup P, independently of each other given their
birth times and configurations.

3. Let 5; denote the position of the particle that carries the mark 1 <11 < k at time t > 0.

4. A particle at y € E carrying j marks by < by < --- < b;, dies at rate f(y) and simultane-
ously produces a random number of new particles according to (Z,P,). The j marks each
choose a particle to follow independently and uniformly from the N = (1, Z) available
particles.

5. In the event that a particle carrying j > 0 marks dies and is replaced by 0 offspring, it
1s sent to the cemetery state, along with its marks.

Note that the above definition of P* is such that X has the same law under both P* and P.

2.1.2 The measure Q*

We will now introduce a second measure, QF, under which particles not carrying any marks
evolve in the same manner as particles under P, while spines (that is, particles carrying marks)
evolve differently. In the next section we will show that Q can be defined via a change of
measure of P¥. Before describing the process, we need to introduce some more notation.

Suppose that we are given a functional ((-,t),¢ > 0) such that ((£,t) is a non-negative
unit-mean martingale with respect to the natural filtration of the Markov process (&,t > 0)
with semigroup (Py, ¢t > 0). We will assume that ¢ takes the value 0 whenever & = f. Now for

k,n € N, define
k
=10 X (", ) I eten )

[kt yeee k] itk >0
where (z;,i = 1,...,N) are as in and [ky,...,ky]} is the set of non-negative integer N-
tuples (k1,...,ky) such that ky + --- + ky = k and exactly n of the k;s are positive. If Z
corresponds to the offspring of a particle carrying k£ marks, one can think of a single term in
the sum (p, Z)1,, as a weight associated to the event that the k£ marks are distributed among
the offspring, by giving exactly k; marks to the ith offspring particle, i = 1,..., N (see below
for a more precise interpretation). With this notation in hand, now define

1<n<k

bt



and set m(z) = & ((p, Z)x(2)). Note that in the case of local branching, (o, Z), = N* for
any r € F.

Definition 2. The construction of X under QF goes as follows.

1. Again, we begin with one particle at x € E carrying all the marks {1,... k}. In what
follows, particles carrying marks are referred to as spines.

2. Any spine (that is, any particle carrying any number of marks) moves according to the

semigroup
PlO() = e e K6 0a(e)]. e ek o)

where (€5, > 0) denotes the motion.

3. Suppose a spine carries marks b = (by,...,b;). Then for each 1 < n < j, an independent
exponential clock rings at rate B(x)m;,(z),

mjn(2) = () "E (@, Z)jn), T EE.

When the first of these clocks rings, a branching event occurs, and if it is the nth clock,
the j marks carried by the parent will be given to exactly n distinct offspring particles.

More precisely, if the first clock to ring is the nth one, the positions of the offspring are
described by Z with law Péj’”) defined by

dpfgj’n) L <<p7 Z)j,n
Then given Z, for each (ky, ..., ky) € [ki,..., kn]j, the probability that the ith offspring

particle receives exactly k; marks for each 1 <1 < N, is given by

k
(kl,...,kN) Hi:ki>0 o(;)
<§07 Z)jﬂl
On this event, the way that the marks by,...,b; are distributed among the offspring is

that such that any valid configuration (that is, satisfying the constraint that exactly k;
marks are given to offspring particle i for each 1 < i < N) has the same probability:

(6)

1

(ks )

4. Particles that do not carry marks issue independent copies of (X,IP). Marked particles
then continue from Step 2.

Remark 1. An alternative description of the third step above, is in terms of the total branch-
ing rate. Namely, suppose a spine carries marks b = (by,...,b;). Then it branches at
rate f(z)m;(z), and on such a branching event, the offspring positions are described by Z
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whose law is weighted (with respect to P,) by (¢, Z),/m;(z). Moreover, given Z (and the
position x of the spine before branching), any particular allocation of the marks by, ..., b,
among the N offspring (that is, a partition Sy, ..., Sy of {b1,...,b;}) has probability equal to
(0, 2);* [Tijs,50(@(zi)/¢(z)). However, we prefer to highlight the decomposition according
to n (as given in the description of the measure above), since this will be the one we use in
practice.

Remark 2. There are many different variants of the measure QF that we could have described,
that would also be related to P¥ by a martingale change of measure, and would also lead to a
many-to-few type formula. Our specific choice of QF is motivated by our main application: de-
scribing the genealogical structure of the branching process when it is conditioned on survival.
In particular, when we use our many-to-few formula for this purpose, we get an extremely sim-
ple structure - see . Note that in the case of local branching, this measure Q” is identical
to that which appears in [14]. When k& = 1, and we make a particular choice for (, this also
agrees with the “spine decomposition” given in [I1].

2.2 The martingale change of measure

We will now explain how the measures P* and QF are connected via a change of measure. Let
us first introduce some further notation.

Given v € €2, note that X;(E x {v}) = 0 except on some unique (possibly empty) interval
[0y, Tw), on which X;(F x {v}) = 1. We will often use the notation 7, for the left limit of 7,.
If t € [0y, 7,), there exists a unique X, (t) € E such that X;(X,(t) x {v}) = 1 and a unique
b, € P({1,...,k}) such that X,(E x {v} xb,) =1 for all t € [0,,7,). Heuristically, o, and 7,
are the birth and death times of particle v, respectively, X, (¢) represents its position at time
t during its lifetime, and b, represents the set of marks it carries. We further set D, = |b,|
to be the number of marks carried by the particle with label v. For each v € €, let N, denote
the number of offspring produced by X,(7,).

Set Ny :={veQ:telo,)} sothat N, = |[N;]. Foreacht > 0and j = 1,...,k,
let wt and ét denote the unique elements of 2 and FE, respectively, such that there ex1sts
beP{l,...,k}) with j € b and X,(& x {4/} x b) = 1. Finally, let us define the skeleton at
time t to be Si(t) := {¢!,...,¢% 1 s < t}, so that Si(t) is a subset of labels in the tree. For
v € Sk(t), let M, denote the number of distinct offspring of v that are given a mark (that is,
the number of distinct spine offspring).

Definition 3. Define the F-adapted process (W}, t > 0) by

H CXIHTU /\t H o ST B(Xu(3) (m, (X () ~1)ds

vESk ES t)

NP
X H p(Xu(0n) ]I W (7)
veSK(H\{0} vESK (1) \N:

Remark 3. Henceforth, for s <t and z,y € E, we set ((x,t)/((y,s) = 1 whenever ((z,t) =
((y,s) = 0.



Remark 4. We emphasise that then when a branching event occurs and the spines all choose
the same particle to follow, this is included as an element of the skeleton, Sk(t).

Remark 5. Note that we may equivalently write

H CXU,TU At)

Xv,av)
vESK(
X H mp (XW(T*))e*fJ;’B(Xv(s))(mDv(Xv(s) dsHe S B(Xy(9))@mp, (Xu(s)~1)ds
vESK(t)\Ny veN;
Z, Xo(7y
[ e Zdn)
vESK(H)\N: mp, (Xo(7,))
D’U
< T Np,” p(Xy(0,))
— _ MU7
vesain oy P2 2o p (Xel75,)) (X (7))

where p, is the label of the parent of particle with label v. The above decomposition holds
since

ND:
I e zmmey 1 et

oSk (\N: Ao ) es o\ 0y
D v
N, (Xo(0y))
_ M,,
setngey P 2o oy, (Xo(7,)) (X (7, )M

by noting that in the product on the left-hand side of the above equality, each of the terms
in the first product is a parent of an element in the second product. Using Remark [T, one
can see that each of the terms above describes a change of measure with respect to P* for,
in order: the motion; branch rate; offspring distribution; and selection of the spine particles
immediately after a branching event. These changes of measure account for the differences
between the pathwise constructions of the measures P* and Q. Indeed, we have the following
result.

Proposition 4. For v € E, (WF,t > 0) is a martingale. Define
dQf,

k
aFy, |,

=WF,  t>0,z€ckFE. (8)

Then for all v € E, Qf = @’gz

Proof. In the spirit of [3], and the proofs of Proposition 11 and Theorem 12 in [9], it suffices
to demonstrate that the change of measure holds for the behaviour of the initial particle, up
to and including its branching event. Thereafter, the Markov property ensures that the result
is true in general.

To this end, let us suppose that T; is the first branch time. According to the definition of
@’gz we have, for x € F and any bounded measurable H,

&1,
((&,0)
8

ng@ [H(¢,0< s<t);t<T] =E, H(,, s < )e—fgmss)mk(ss)ds , £>0,



where, on {t < T1}, £ = ¢! = ... = ¢*. Noting similarly that
Pgm@@0§s§w¢<TJ:EJH@&sgwgﬁMQ“y t>0,
it follows that

Q5 [H(&,0 < s <t);t <Th] =P} {%H (€ s <tle h B“S“‘“k(@)—”ﬂ , >0,

which agrees with (§) on {t < T1}.

Next, we extend this to include what happens at the first branch event. Again referring
to the definition of @?I, fort >0,z € E, n € Nand H and ¢ as before, f € B(F) and
i1,..., 0 € N such that [{i1,...,4} =n, Li :={l € Ns.t. i; =1 for some 1 < j <k}

Q5 [H(&,0 < s<t)e” P21 iy can i iveln.. N Lgizin =i}

-----

&) o i BE) (mi(E0) ~1)ds
=P L(& ) (& s =t

(&) (0, 2)km HleLiSO(ivl) 1 a4t
mk(ft) gft(<gpvz>k,n) <90,Z>k7n 1/Nk ’

_WE§$ (€45 < t)o=UB)em Iy BlEmu(E)-Das

..... —zk}/B 5t H 90 xl Nk

leLl;

where the factor 1/N * is removing the selection bias of the k-spines under P*. Noting that,
in the above calculation, on {77 € dt}, Sk(t)\N; = {0}, the set Si(t)\{0}, agrees with the
offspring of 0, ©(Xo(7,)) = ¢(&), My = n and Ny = k. As such we note that on {7} € dt},
the change of measure is valid. [

2.3 Spines at different times

We would also like to consider the “skeleton at different times”. To this end, fix £ > 1, suppose
0<sp<---<s and write s = (s1,...,5;). Let

Ne i ={(v1,...,05) v, €N, 1 <i <k}
and for v = (vy,...,v;) € N, let
Sk(v,s) :=={w € Q:w < v; for some 1 <i <k}
be the “skeleton” formed by the ancestors of v; up to times s;. We also write

S ( ) - Sk(<¢sla"'7¢§k)7s)
9



§3 =1T3 8'2 o S1 = [

Figure 1: The spines carrying marks 1, 2 and 3 are depicted in cyan, purple and orange
respectively. The times s; and r; for i = 1,2, 3 are shown (the dotted vertical lines correspond
to 11,79 and r3).

for the skeleton generated by the spines and
95y (s) = {v € Si(s) such that Bw € Si(s) with v < w}
for the “leaves” of this skeleton. If for each 1 <17 < k we set
r; = sup{s > 0 : ¢} = ¥ for some k with s, > s}.

then for each i with r; = s;, v =1 is an element of 95k (s). We define a further set of labels

associated to those ¢ for which r; > s;:
DSy (s) = (Wi, 1<i<kmr>s}.

Note that while 35}(s) is a subset of Si(s), Sk(s) is not. Finally, for v = Y€ Sy (s)UDS(s)
we define

Ty =Ty 9)
(so for v € w; € 0Sk(s), we equivalently have r, = s;). See Figure .

Now fix t > s; and let .Eks denote the o-algebra generated by:

o {¢:5<s;1<i<k} (the motion of the spine with mark i up to time s; for each 7);

o {Y!:5<s;,1<i<k} (the Ulam-Harris labels associated to the the spine with mark i
up to time s; for each 1);

e {byi : 5 <s;,1 <i <k} (the collection of marks carried by the spine with mark 7 up to
time s; for each 1);

e the subtree rooted at each w € () that does not carry any marks and is a sibling of some
vE Sk(s)ﬂ considered up until (global) time ¢.

Lwhere by subtree we mean the subprocess started at time o, with root label w

10



w2

¢1

1/13

Figure 2: The left-hand side figure shows the tree up to time s; with three spines marked in
black. The right-hand side shows the information from the filtration ]-"83175, with s = (s1, 52, $3),
with dashed lines denoting information that is not included.

Note that the collection of random variables in the third bullet point above will not always
be measurable with respect to the collection in the second. For example, if £ = 2 and the
spine carrying mark 1 also carries mark 2 at time s € (sy, 51), then since {¢’ : s < s;,i = 1,2}
does not tell us about the labels associated to the spine with mark 2 after time s,, by is not
measurable with respect to it.

We will also use the notation
Fi = Fi

S S51,8°

For each s, we define an F¥-measurable random variable

Wsk — H C( Xy, A rv)e, ST B(Xu(8)) mp, (Xu(s)—1)du

vES)(s) (X, 00)
NP.
T e T e o
€S4(5)\ 0} csishosuts) P (T )M
v k(S v 1 (s (s

where we have used the notation r, defined in (9)) for v € dSk(s) (and set r, = co otherwise).

Recalling Lemma , restricting instead to F¥ yields the following result.

Lemma 5. For each k> 1,0<s,<...<s; andz € F, we have

dQy
= =Wk 11

11



Proof. Fix k> 1,0 < s, <--- < sy <tand x € E. Then, due to the structure of Wtk, we
may write

Wk =Wk x H (KXo, 7y AT o 70 B(Xu(9)) @, (Xo(s)—1)du

X
UESk(t)\Sk(S) C( 'Uﬂo-'U)
H C(Xm% At) o ST B () D, (Xu(s))~1)du
Xv,m)
Ueask(
X H )) H P(Xy(0v)), (12)
vEVa s vESK(t)\Sk(s)

where Vg, := (Sk(t) \ Sk(s) UN;) UISk(s) (in words, the difference of the skeletons at times ¢
and s, minus the boundary at time ¢, but plus the boundary at time s). Hence,

Xv, “AL)  pront N(m N—1)du
PE [WF|FE) = Wk xp’gz[ I1 %e SN B(Xu(8)) @by (Xu(s)~1)d
’UGSk( )\Sk(s) v rv

< TI G, 7y A ) fron B (5)) (X ()~1)du
vEDS),(s) C<X”’ o)
NDv
< ooge I exenz] a9

vEVs Y vESE(t)\Sk(s)

Now consider the collection of subprocesses initiated at times r, for each v € 8Sk(S)U(§Sk(s).
The branching Markov property implies that these are independent of each other and of .Fsk )
Moreover, we may rewrite the right-hand side of as

WE x Pk I w
v€DS) (s)UBSK(s)

7]

where for each v € 8Sj(s) U dSk(s), W™ is a copy of the martingale W* associated to the
subprocess rooted at v and ¢, =t — r,. In particular,

]P)]gz [ H Wt(vv) s] = H Plgz [Wt(vv)] =1,

v€DS}, (s)UDS(s) v€DS, (s)UDS) (s)

which gives the result. [

3 Many-to-few lemma

3.1 Statement and proof of the many-to-few lemma

We are now ready to formulate and prove our main result, which is a many-to-few lemma for
general non-local branching Markov processes at a collection of different times. This generalises
the result of [14] in two ways: firstly, it holds for non-local branching mechanisms; and secondly,
it allows us to deal with sums over the population at different times.

12



Lemma 6 (Many-to-few at different times). Let x € E, k> 1 and 0 < s, < --- < 51 be fized.
Suppose that

Y = Z Y(vy,... 7Uk)1{wgi=vi,1gigk}

’L)Z‘GNsi,iZL...,k

is non-negative and F¥-measurable, where Y (vy, . .., vy.) is F, —measumbl for every (vy,...,v;) €

Ni. Then it holds that

XU7UU Ty NSy S m s))— u
Paw[ > Y(vg,...w ] Q. [Y H T2 B(Xu(s)) @D, (Xu(s))~1)d

C( Xy, 77 As
UiENsi UESk v v ’U)
i=1,...,k

X, (7)Mo K
% HUESk(S)\ask(S) SO(X (7)) H N;Dv H H Nv:| '
Hvesk(s)\{(b} P(Xo(00)) vESL(s)\OSk(s) i=1 0=<v=<i,
Remark 6. Recall that
Sk(s)\OSk(s) ={weQ:0 2 w= 1/)i_ for some 1 < i < k}.

Also recall that the mark carried by an individual (spine) v is b, with cardinality D, = |b,|
(that is the number of marks carried by v) and M, is the number of offspring of v that inherit
a mark from v. As a consequence,

{ie{l,....k}: 0 <v <.} <D, (14)
The inequality in can be strict when, for example, ) < v = ng < w; for some pair i # j.

Proof of Lemmal6 Let us start by rewriting the right-hand side of the expression in the lemma.
Noting that under Qs,, Wsk is positive, we have

Y VT
[ 11 10 v =w2 V11 T0 )
S =1 0=<v=ui, I U

k
— Pk Z Y(ul,---,Uk)l{wifuilﬁiﬁk}n H Nv} )

“u; €N, 1<i<k i=1 0=<v=u;

where the first equality holds thanks to the change of measure (11)).

Conditioning on Fj,, we have

Py (@Z)ﬁi:ui,i:l,...,k

and thus, by the properties of conditional expectation, we can rewrite as

p@{ S Y ] I HN} { S Y.

=) -1 I

i=1 0=v=u,

u; €N, , 1<i<k i=1 0<v<u; @jv-<u v; €N, , 1<i<k
as required. O
’By this we mean that we have a collection (Y(vy,...,05),01,...,05 € Q) of Fs,-measurable random

variables such that Y (v1,...,vg) = 0 unless v; € Ny, foralli=1,... k.
13



Referring to Remark @ if we take (s1,...,s;) = (¢,...,t) then v = ¥/ < 9! cannot occur
and the inequality in ([14]) is an equality. In that case,

k
NI~ I e
i=1 g=zv=<epi, vESK(s)\0Sk(s)

which yields the following corollary (as a special case).

Corollary 7 (Many-to-few). Let x € E, k> 1 and t > 0 be fized. Suppose that

Y - Z Y(U], e 7vk)1{¢%zvi,1§i§k}

v; €N, i=1,....k
18 Ek—measumble with Y (vq, ..., v) Fi-measurable for v; € Ny fori=1,...k. Then
Ps { Y Yo, } Q4 [Y’ II ; G 00) e 508 () (X () 1)

gile/\/tk vESL(t) C(Xo, 77 /\t)

HveSk(t)\Nt (X (7, )M
HvESk(t)\{@} p(Xy(0v))

3.2 Natural choice of ( and separated skeletons

We will now consider a specific example of the many-to-few formula given in Lemma [g] by
choosing a particular form for the martingale (. Using the fact that ¢ is the right eigenfunction
for the MBP, (X, P), with corresponding eigenvalue J, it isn’t too difficult to show that under

P,
et =2 (/ﬁ@m&—”) £>0, (16)

is a martingale.

In this case, we have that

1 Ty N\t
VVtk — H e S0 B(Xo () (mp, (Xo(s))—m1(Xo(s)))ds
p(z)

vESK(t)

< I oeen T it (17)

vESE(H)NN: vESK () \N: v

We now further assume that each of the nodes v; € N,, i = 1,...,k, that make up the
skeleton Si(v,s), are distinct. We refer to a skeleton with this property as a separated skeleton.
This implies that at time s;, node v; only carries one mark for each + = 1,... k. Recalling
again Remark [6] we thus have the advantage of writing

11 Nva—ﬁ I ~*

vESK(s)\WNs =1 p<v<yl,
14



Applying the many-to-few formula with this martingale, for the special choice of ¢, and in
the case of separated skeletons, we get

P";[ > Y(vl,...,vk)}

v; €N distinct
k .
= @(I)@ng |:Y1{{w§}lfzgk diStinCt} H gp(gtj)_l
7j=1

< 1] ST BX () (mp, (Xu(5))—mi (X (5))ds [T et (s)
vESK(t) veSk () \ N

4 Application to genealogies in the critical case

As an application, we determine the asymptotic law of the death time of the most recent
common ancestor, henceforth referred to as split time, of two particles sampled uniformly from
a critical population at two different times. The limit is taken as t — oo, when we have
conditioned on survival of the process up to time t.

We assume in this section that the measures Q and P* are as defined in section . We
remind the reader of the notation &', ..., &* for the motion of the k spines under Q* and P*,
and ¢!, ..., 9" for the Ulam-Harris labels that they carry.

We assume throughout the section that our branching process satisfies the following addi-
tional criticality requirement.

Assumption 2. The following criticality assumptions hold.

1. X =0, where X\ was introduced in Assumption

2. Define Ay = sup  |o(x) 'Ty[f](x) — (f, p)|. Then

z€E,feB) (E)

sup A; < oo and lim A; = 0.
t>0 t—o0

3. The number of offspring produced at a branching event is bounded above by Ny, < 00.

4. There exists a constant C > 0 such that for all g € BT (E),

z =(8V]g],$) > Clg, )",
where Vg|(z) := E,[{g, Z)22] and where the notation (g, Z)y,, was defined in (3).
5. Forallx € E, Ps, (3t > 0 such that N, =0) = 1.

Remark 7. We note that the assumptions above are inherited from [111, ], where asymptotic
results concerning criticality and moment growth were considered. Whereas the Assumption
211 is clearly a standard criticality assumption, the remaining assumptions 212 - 215 can be
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interpreted as follows. Roughly speaking, Assumption[2}2 describes the uniform stability of the
mean semigroup. In particular, by taking f = 1, Assumption [2]2 ensures that the first moment
of the process settles down to a stationary value. Assumption [213 rather obviously requires the
random number of offspring to be deterministically bounded. Assumption [2]4 can be thought
of as an irreducibility condition written in terms of the two-point correlation (or variance)
functional V[g] and ensures a minimal level of spatial mixing occurring for second order effects
associated to the semigroup assumption in Assumption [212. Finally Assumption [2/5 ensures
that, even though at criticality in Assumption [2]1, we can guarantee there is extinction almost
surely. Assumption [2|5 is automatically satisfied e.g. for a branching Brownian motion in a
compact domain with killing on the boundary, or the category of neutron branching process
considered in [16] 10, [5].

Let us now present our main application. Here and in the rest of this section = means
convergence in distribution.

Proposition 8. Let 0 < a < 1 and let x € E be fized. Let T; have the Ps (-|N; > 0) law of
the split time of two particles: one chosen uniformly from those alive at time t and one chosen
uniformly from those alive at time at. Then

T
TtﬁT ast — oo

where T" has density

2a 2(a—u)log(l —%) —(2—u— 2)log(l —u)
l1—-a u?

with respect to Lebesgue measure du on [0, al.

Remark 8. Note that

(111;% 12_@@2(@ —u)log(l — %) —qu —u— %) log(1l —u) 92+ (u— 2) log(1 — u))

This agrees with the density in the case a = 1 (for critical GW processes) calculated in [13].

Remark 9. [t is not obvious a priori that f, is the density function of a random wvariable.
However, this is indeed the case, since we can calculate that

2a /“ 2(a —u)log(l —%) — (2 —u— %)log(l —u) "
1—a/, ud
2 '2a(1 — u)log(l — u) — (2 — ua — u) log(1 — au) "
~a(l —a) /0 u? d
:a(12— m [(1 ;2u) (a(u —1)log(l —u) + (1 — au)log(1 — au)) )
2 au—D)(u— L 1 o(u?) + (1 — au)(—au — T2 + o(u?))
a(l —a) u—0 u?

=1.
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We also have the following result concerning the joint convergence of the (normalised)
population size at two different times under Q'. Recall from Assumption 3 that ¥ =

BV, p).

Proposition 9. Under Q;_,

N, N, N
( tat,Tt) = (Z,72), as t — oo,

where Z is equal in law to a Gamma(2, (aX(1, @) /2)™Y) random variable and, conditionally on
Z, the law of Z is that of a Gamma(2 + K, (X(1 — a)(1,$)/2)™ ") random variable where K ~
Poisson(((1 — a)¥(1,¢)/2) ' Z).

Equivalently, under Ps, (-| Ny > 0), we have the joint convergence of (Nat/t, N¢/t) to (Y, Y),
where the joint law of (Y,Y') is that of (Z,Z) weighted by 1/Z.

Before moving on to the proofs of the above two propositions, we first state a lemma that
will be used throughout the aforementioned proofs.

Lemma 10. In what follows, we suppose that (gi,t > 0) are a collection of functions with
gt € B (E) for each t > 0, and such that g, — g € By (E) pointwise as t — oco. For any
x € E, the following hold.

2
(a) tPs. (N, > 0) — 902(‘"”) as t — 00, sup |{P, (N, > 0)] < oo and inf [P, (N, > 0)] > 0.
t,x

(b) The joint law of

X N,
tt[gt] ’ _t) under Ps, (| Ny > 0)

t
converges to that of ({g,)Z,{(1,$)Z) as t — oo, where Z ~ Exponential(2/Y).
(¢) The joint law of

Xi[g:]
t

converges to that of ({g,$)Z,{1,$)Z,€) as t — oo, where Z ~ Gamma(2,2/%) and ¢ is
independent of Z, with law given by

N,
: Tt, §t) under Qy, (19)

P e A)=(1ap, @) (20)

Proof. (a) follows from [11, Theorem 1.2], [11, Lemma 7.4] and [I1, Lemma 7.2]. For the proof
of (b), first note that the joint convergence of (X;[g]/t, N;/t) under Ps_ (-| Ny > 0) follows from
[11, Theorem 1.3], together with the fact that ¢t '[X,[f] — (f, ) X:[¢]] — 0 in probability as
t — oo for any bounded f (see the proof of [I1, Theorem 1.3]). Writing

Xilge] = Xilg] + Xilg: — gl
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it thus suffices to show that Xi[g; — g]/t — 0 in Py, (-|N; > 0)-probability. For this, we will
show that we actually have L' convergence. Setting f; = |g; — g| (which is bounded by 2), we
have

%E&THXt[gt — gl[|Ne > 0] < : Es, [Xelfi]

= 1P, (N, > 0)
1

< W(IE@ (X[ fel] = o(@){fe, )| + (@) (fi, 8)).

From Lemma (a), it follows that (tPs, (N; > 0))~! is uniformly bounded. By the first part
of Assumption [2] the first term in the parentheses on the right-hand side above converges to
0 uniformly. Finally, by dominated convergence (since ¢ is a finite measure), the second term
in the parentheses also converges to 0.

For (c), note that if W;' is the martingale from (in the classical case of one spine),
Py, [W | F] = Xilgl, (21)

so that for any bounded, continuous function F',

L[ (11 2] - 2, [ (1) Mo

Taking F to be of the form F(z,y) = e ™" for §,u > 0 and using (a) and (b) yields the
convergence of the first two components of the triple under Q;x. The marginal convergence in
law of & to £ under Qs, follows from [T} section 5].

To see the joint convergence in law of the triple in (19)), note that due to the aforemen-
tioned marginal convergence of £ and the first two components, we immediately have tightness.
Moreover, any subsequential limit has the form ({g, ?)Z, (1, 3)Z, £), where the marginals of Z
and € are as desired. Thus it remains to show that for any such subsequential limit, Z and &

(or equivalently (1,%)Z and &) are independent.

For this, define N, to be the contribution to N; of all descendants branching off the (single)
spine particle before time t — /3. Then N, — N; behaves like N,i/5 under Q'. Applying the
Markov property at time t — '/ it follows that t~'/3(N, — N;) converges in law to (1,{)Z,
where Z ~ Gamma(2,2/Y), thanks to the discussion following (22)). Thus, for € > 0, we have
that Q5 (N, — N; > t17°) — 0 as t — oo. We also have that Q; (N, > t'=*/%) — 0, uniformly
in x, thanks to the Markov inequality and Assumption [2]2.

Now note that, on the one hand, N;/N; < 1. On the other hand, 1 — (N;/N;) =
(Ny — N})/N; = t1(N, — N})/(t"'N,). In the final equality, the numerator tends to zero
in Q'-probability, and the denominator converges under Q' to a Gamma distributed random
variable. It follows that N;/N; — 1 under Qj as t — oo. Next note that the part of the
spatial branching tree consisting of all descendants branching off the spine particle before time
t —t'/3 is conditionally independent (given the position of the spine at time t — tt/ %) of descen-
dants branching off the spine particle after time ¢ — ¢*/3. This implies that any subsequential
distributional limit of (N;/t,&;) as t — oo under @(1595, say ({(1,$)Z,€), can be extended to a

18



subsequential limit (Y*,(1,5)Z,€) of (N;/t, Ny/t,€) satisfying Y* = (1,)Z almost surely.
On the other hand, ergodicity of the spine motion [I1], section 5] implies that Y™ and § are
independent. That is to say, Z and & are independent. O

Remark 10. Observe that a slight variant of the proof of (c¢) given above, implies that for
any ¢ € (0,1], the joint law of (Xi[g:]/t, Ni/t, &, &) under Qj also converges to that of
({g, g0> AL, P)VZ,€,€) ast — oo, where (£,&, Z) are mutually independent and &, £’ both have

law .

We are now ready to prove Proposition [§] However, let us first give a sketch proof, which
(roughly) describes the main steps of the argument (although some details look slightly different
in the final version, in order to deal with technicalities that arise).

Sketch proof of Proposition[§. For v,w € §, let 7,,, be the split time of v and w. That is, the
death time of the most recent common ancestor of v and w.

e We first show that the asymptotic probability of selecting w € N,; and v € N; with w < v
is zero. Roughly speaking, this is because the probability that any specific individual at
time at has any descendants at time ¢, tends to 0 as ¢t — co. This means that to obtain
the asymptotic law of the split time, it is enough to provide an asymptotic for

1 T
Pagc[ Z AwF(ﬂ)‘Nt>0}
weNat,ve/\/},wﬁv NatNt t

when F' is an arbitrary bounded continuous function, and where for w € Nat, ;" 1s the
size of the population at time ¢ without counting the descendants of w. (This roughly
corresponds to Step 1 in the full proof below).

e The many-to-two lemma at times at,t allows the above expectation to be written as

1
o) 2 [ AT Per) L s matel)m (6h) ds
Ps, (N, > 0) =% (&) e(E3) Nog N,

where 7 is the split time of the two spines under ng and N, is the population size at time
t, not counting descendants of the second spine at time at. (This roughly corresponds to
Step 3 in the full proof below).

e Next we consider @gz obtained by reweighting Q?z by

(B(EL ) (my(€L) — my(€L)))Lelo A ma()—m(E))ds—r

This change of measure alters the rate at which the spine particles split into two distinct
spines (from rate S(my — m;) to rate 1) but doesn’t affect the rate at which branching
events occur that don’t result in the spines splitting. Combining this with a change of
variables and conditioning on 7 (which has an exponential 1 distribution under ng), we
rewrite our expectation again, as

T = ut] .

o) [ L [BE)om(el) —m (L) P
—tIP(;z(Nt>0)/0 duf” (“)@%{ ADeE@) Nk,
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ut at t

Figure 3: Suppose the two spines split from each other at time 7 = ut. The population at
time at can be broken up into those individuals that have branched off the first spine before
time at (depicted in orange) and those individuals that have branched off the second spine
between times ut and at (depicted in green). Given the population at time at, the size of the
population at time ¢ (without the descendants of the second spine, that is, Nt) can again be
broken up into two subpopulations: those that branch off the first spine between times at and
t (depicted in black) and those that are descendants of non-spine particles at time at (depicted
in blue).

Here the law ng [-|7 = ut] makes rigorous sense: the system has a single spine and in
fact evolves as under Q}z until time ut, where some (biased) branching event occurs, two
spines are selected, and each of these initiates an independent Q' process. (This roughly
corresponds to Step 4 in the full proof below).

e Now, we know by Lemma (10| that o(z)(tPs, (N; > 0))™' — X/2 as t — oo. Moreover,
under ng, similar arguments to those in the proof of Lemma (in particular, due
to ergodicity of the spine motion) imply that the positions £, &}, €2 of the spines are
asymptotically independent of each other and of N, N, as t — oo, with limiting laws

described by P(€ € A) = (1ap, @) for AC E.

Furthermore, the limiting law of N/t as t — oo is described by aZ + (a — u)Z', where
(Z,Z") are a pair of independent Gamma(2, 2/%(1, ¢)) random variables; this is because
of the explicit description of the process under ng(h = ut) and item (c) of Lemma
In Figure , aZ and (a—u)Z' correspond to the sizes of the orange and green populations

respectively (after rescaling by t).

Finally, the conditional limiting law of N, /t given N, /t is that of a Gamma random vari-
able with parameter (24+K, 2/%(1 — a)(1, ¢)), where K ~ Poisson(2N /(1 — a)X(1, ) N)
is itself random. This is because, given the collection of particles alive at time at, the
first spine particle will have a number of offspring at time ¢ which is asymptotically like
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¢ times a Gamma(2,2/X(1 — a)(1,$)) random variable (Lemma [10[c) again; this corre-
sponds to the population depicted in black in Figure |[3)). Then, independently, each of
the non-spine particles alive will have some descendant alive at time ¢ with probability
asymptotically proportional to ¢~! times ¢ of their positions. Using (essentially) the
Poisson approximation of the binomial distribution, this results in a total number of
non-spine particles with some descendant alive at time ¢ having asymptotic conditional
distribution given by a Poisson(2N /(1 — a)X(1,$)N) random variable. By Lemma
(b), the number of offspring of each of these will approximately ¢ times an independent
Exponential(2/X(1 — a)(1,$)), that is, a Gamma(l,2/%(1 —a)(1,¢)) random variable.
This corresponds to the population depicted in blue in Figure 3. The additivity property
of independent Gamma distributions completes the argument. (This roughly corresponds
to Step 5 in the full proof below).

e Plugging these asymptotics into the ng expectation, and performing some simple explicit
computations, we obtain the desired formula. (This roughly corresponds to Steps 6 and
7 in the full proof below).

]

Proof of Proposition[§ Fix 0 < a < 1 and for w € N, and v € N, write 7,,, for the
split time of v and w (as in the sketch proof). It suffices to show that, for each continuous
F:[0,00) = [0,1],

P;. [ NiNt 3 F(Tww/t)‘Nt > 0] N /0 " Fu) fa(u)du (23)

vENL,WEN ¢

as t — o0o.

Step 1 In order to apply the many-to-two lemma, we first need to write the left-hand side
of in a slightly different form (that is asymptotically equivalent). We claim that

1 1
Ps, { Y Flrw/t) ‘ N, > 0] ~ Ps, { > — F(Ty/t) ’ N, > 0] (24)
Nat Nt VEN,WEN ¢ ve/\/},ge./\/’at NatNt

as t — 0o where N = N, — N and N* = [{v € N} : w < v}|.

To prove this claim, let us consider the difference of the two quantities in the above asymp-
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totic. Recalling that F' € [0, 1], we have

ng[ ! > F(rw/t) [N >0

—Pgﬁ{ > lAwF(TU’w/t)’Nt>O:H

NatNi VEN:,WENat ve/\ft,;uej\/at at Vi
F(Tyw/t F(1yw/t), 1 1
gpgz{ > %]NQOHJF IP’(;Z{ > %(A—w—ﬁ)wpo]\
vENG WEN ¢ 5 Vat vENG WEN at N t
w=v wAv
1 1 NY
< Ps, Ny > 0| +Ps, | — —tN>o]
’ {;v NtNat| ' } ° {Natw% Nt’ !
1
= 2P N, >0
Oz |:Nat t :|7

where we have used the simple decomposition ) _\. N = N; in the final equality. Note
that, for arbitrarily large M > 0,

1
P | —
o |iNat
The first term on the right-hand side of can be made arbitrarily small by taking M

sufficiently large. Moreover, the second term on the right-hand side of converges to zero
by Lemma |10

It therefore suffices to prove that

1
N, > o} < 7Ps. {Nat > M’Nt > 0} + P, {Nat < M‘Nt > 0}. (25)

1 a
Ps, [ Z — F(Tyw/t) ‘ N; > O} — / F(u)fo(u)du, ast— oo (26)
UGNt,wGNat NatNtw 0

wAv
This will be the new goal for the remainder of the proof.
Step 2 In order to apply some bounded convergence results, it is convenient to define the

following event for § > 0. Namely, we write Ag,w for the event that

N, Ny
tZéanthZ&

P(Xo(t) 26, o(Xu(at)) 2 6, o(Xo(7,,)) = e(Xu(T, ) 26,

We claim that it suffices to show that for each 6 > 0 and continuous F : [0, 00) — [0, 1],

1A5 0(5 a
IP’&Z{ 2 F(Tyw/t) ‘ Ny > O} — f/ F(u) f2(u)du (27)
veN%;eNat NatN¢? (L,@)*E Jo
wAv

as t — oo, where

cs = (L{pzay, @) (B (ma — m1)Ligzsy, P) (28)
and for some f°(u)  f.(u) as & \ 0, pointwise on [0, a]. To see why suffices, note that
using the definitions of V and my,

(8% (my — m1)Lgpzsy, P) = (BV[]1ps), P)-
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Thus, using the boundedness of ¢, ¢, f and Assumption I2 it follows that cs T (1, )?Y as
& 1 0. Moreover, since we know by Remark [§| that f,(u) integrates to 1 over [0, a], we can take
F=1in to see that

1 1,5
lim lim P;, { S Sy s 0] = lim Jim (1—1951{ Yy e N >0 ) _
§—0 t—00 vGNt,%)ENat NatN §—0 t—00 ve/\/’t,;uef\/at Nu Ni

Thus, given (27), we can take t — oo and then 6 | 0 to deduce that the right-hand side of
converges to the right-hand side of as t — 00.

The remaining steps will focus on the proof of for an appropriate choice of f(‘f and
with ¢s defined in ([28)).

Step 3 We may apply the many-to-two formula, Lemma [7 with s; = ¢, so = at, to write

IP(;x[ S M o 'Nt > 0}

VEN WEN G, wHv NatN

el
- Ps, (N, > 0)

1
(&) la oo BE) m2(£5)— ml(Ei))dS} (29)

Q3, |:F(T/t)1{7'§at} (Z)E Nk,

A~ A o2
where 7 = 7y1 42, N; = Ntw at and A2 = A? 12 - The application of Lemma |§| is justified since

1A6
Y = F(T/t)l{TSat}—tA
at+Vt
is ]:(Qat’t)— measurable.

Step 4 Next we consider Q?;z obtained by reweighting @(251 by

1 oI BED @ (€D —m (€1)ds—7

A& ) ma(&7-) —mi (&)

This change of measure alters the rate at which the spine particles split into two distinct
spines (from rate f(mg —m;) to rate 1). Note, however, that it doesn’t affect the rate at which
branching events occur that don’t result in the spines splitting. Combining this with a change
of variables and conditioning on 7, it follows that the right-hand side of is equal to

o(z) “ o | B (&) ma(§ye) —mi(€))Lay  #2
tPs, (Ny > 0)/0 duf (u)Qs, [ P(&)p(2) NN,

T = ut] : (30)

Note that under Q?z(h’ = ut), the process behaves as follows.

e Until time ut, the process moves with biased motion as in (5) with ¢ given by . At
rate fm; branching events occur, at which point, the offspring distribution is given by P!
(as in @) and the i-th particle is chosen to be the spine with probability proportional
to p(z;).
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e At time ut a branching event occurs, where the law of the offspring is given by P%?
and particles i,j with ¢ # j are chosen as the two (distinct) spines with probability
proportional to ¢(z;)e(x;).

e After time ut, the processes issued from the two spine particles evolve under Q! and
those issued from the non-spine particles evolve under P.

Note also that by Lemma [10, ¢(z)/(tPs,(N; > 0)) — /2 as t — oo. Thus, if we write
ng,ut(') = ng(- ]T = ut), we have that

R;x[ S LA F(Tuw/t)'Nt > 0]

vEN;, WENa¢ NuN{
wAv
» e R 1 1 1y _ 1 21
- _/ duF(u)ng ut{ﬁ( ut)%0<§ut)(11112( ut2) m1 (§ur)) A? : (31)
2 0 ' 90<€t)90( at) NatNt
as t — oo.
Step 5 Our next goal is to describe the limit in law of (€1, &}, €2, Ny /t, N, /t) under Qiut

as t — co. More precisely, we claim that it converges to (£,&,£", N, N) where

o £,&,&" are independent of eachother and of (N, N), each with law given by (20);

e the law of N is that of aZ+(a—u)Z', where (Z, Z') are a pair of independent Gamma(2, 2/%(1, o))
random variables;

e conditionally on N, the law of N is that of a Gamma(2 + K, 2/%(1 — a)(1,¢)) random
variable with random K ~ Poisson(2N /(1 —a)X(1,9)N).

To justify this claim, we identify the limiting Laplace transform of (€}, &}, €2, N, /t, N, /t). To
this end, for arbitrary @, u,n, p, x > 0, let us consider

Jay _ 1 _ 1 _ 2 _ U N
i,ut |:e egute /J‘gte ﬁEate PNat/te XNt/tj|

— 2 [e—%it—nfit—PNat/t Qiut [e_“&‘le_xm/t | ]:375”’ (32)

x,ut

where F?

o 1s the o-algebra containing all the information about the process, including the
spines, up to time at.

Recalling the description of the process under 0 iut, we see that
N2 —uel VNt 27 _ ml — vt a—XN(1_a)e/t XNy _aye/t
@517Ut [e “gte lie/ |‘Fat] _Q5§1t [e Ha e )t/] H Ptb@(m) [e a )t/}
‘ UENat

vEVL Vay
=@} oo oo (3 log (1 (1B 1)) )

vGNat
VEY gV

=Q;, [e7rCumem Na—at] (1 — By) exp( > —(1—P5Xv(at)[e‘XN<laﬂ”])) (33)
UENat
U7é¢clltvw3t
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where

Prml-ow < Z log (1 — (1 = Pay, [em M) + (1 - P tan [eXN(la)t/t])>.
vENGt
VEY g W

We claim that E; belongs to [0, (cN,/t?) A 1] for some absolute deterministic constant c, by
Lemma [L0|(a). The lower bound of zero and the upper bound of 1 are obvious. To see where
the upper bound of cN,;/t*comes from, note that there are at most N,; elements of the sum
defining By, log(1—z)+2 < —2/2 and 1-Ps_ ., [eXNa-ai/t] <y sup,cp Ps, [Na—aye] /t < K/,
for some appropriate K > 0 (where this final inequality follows from criticality and Assumption
).

Note also that by Lemma [10}c),

Q(lsglt [efuéu_a)zefou_a)t/t] — 32<g0efu-, @(1 + €t(§;t))

where s := (1 + x2(1 —a)(1,$)/2)"" < 1 and e;(r) is such that e;(x) — 0 in the pointwise
sense on £ and

sup |e;(z)| < oo.
t,x

Let us further denote for x € E,t > 0,
gi(x) ==1t(1 — Py, [e_XN“*“)t/t]) >0
so that by Lemma (10} sup, , g:(x) < oo and

2(1—s)
mﬂ@

pointwise on F as t — oo. Using this notation in the right hand side of , we see that

gt<l’) = ﬂP(;x (N(l—a)t > O)(l — ng (e_XN(l_“)t/t | N(l—a)t > 0)) —

Xatlgt]

QF [ le M F2] = s (e, @)e T (14 en(&))) (1 — Ey)

so that
A _pel el o2 N
2 |:e egutfe Nﬁt e n&ate PNat/te XNt/t:|

x,ut
— 82<(pe_‘u'7@> \2 [e—%it——ngt—pNat/te—Xat[gt]/t(l + et(git))(l . Et)} (34)

x,ut
Now, we claim that under C 3:7ut7
(gitv fzn et(fcltt)7 Nat/ta Xt [gt]/t7 Et) = (g’ gﬁ’ 0’ N’ E(fﬁla_)fl)»‘@ N’ O) (35)

as t — 0o, where (£,£”, N) have joint law as described in the bullet points at the start of
Step 5. Since everything inside the expectation on right-hand side of is deterministically
bounded, implies that

a _ 1 _ 1 _ 2 _ N
32c,ut |:e egut—e Néte Wﬁate pNat/te XNt/t:| —

0 2
(o™ E)e D)™ 905 [ puula)e TR de
0
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where p, ,, is the density of N (with law as described in the second bullet point). It is easy to
check using the explicit expressions for the Laplace transforms of Poisson and Gamma random
variables, that the right-hand side above is exactly the joint Laplace transform of our desired
limit (£,&,€”, N, N). Thus, it only remains to justify ([35).

To this end, let us write NV}, for the collection of particles alive at time at that have branched
off the first spine between times 0 and at (depicted in orange in Figure . We also write N2
for those particles alive at time at that have branched off the second spine between times ut
and at (depicted in green in Figure [3)). Then, using Lemma [10| (and its extension Remark ,
it follows that

1 1 .
(€ edl€h) T T D7 alXo(at)) = (6,0, N, 52 ) (36)

vGN’;t

say, where (£, N') are independent, ¢ has law given in and N’ has the law of a times a
Gamma(2,2/%(1, )) random variable (recall that e;(x) is deterministically uniformly bounded

over t, z and converges pointwise to 0 on E). Now, given all the information in the quadruple
displayed on the left-hand side of ([36]), the (conditional) joint law of

(€ AL T S (Xofat))

vGth

is given by the Q, law of (S(Qa—u)m Nia—wyt/t; X(a—uy|ge]/t), where the (conditional) law of X is
explicit but not required here. Again, by Lemma , in particular part (c),

(6?@—’&)]57 N(afu)t/ta X(afu)t[gt]/t) = (éa Na %N)

as t — oo under Q%X, where é , N are independent, f has law given by , and N has the
law of (@ —u) times a Gamma(2,2/%(1, ¢))) random variable, independently of the value of X.
Putting these observations together, plus the fact that E; € [0, Ny, /t?] for some deterministic

c, gives us .

Step 6 Using the convergence in law (and associated notation for limiting variables) from
Step 5, plus boundedness of the functionals in question, we deduce that for each 0 < u < a,

[ A B( it)@(éit)(m2< zlut) _ml( 11¢t)) t21Af
5/0 dUF(U)ngm{ gp(ftl)gp( 21:) NatNt
x [ B(€) (&) (ma(€) —m (€ Linss i
=5 /O duf (“)E[ ( )@(wi(g—r?zé()g—”) ml D1{w<s>>5,¢(s’)>a,so<s")>6}—{N](Zg o B G
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as t — oo. The expectation in the integrand on the right-hand side of is equal to
1 1,5
oE [ V26 [ (¥25) NH
)

N N

1 1 1.y
— o | 28 (E [T N} —E{ (V<3

N N N

1{N25} 1- eXp(_ﬁ(ﬁN)) — oFE 1{N2(5}E 1{]\7<6}
N N 0 N N
[1—en(—H(smgN) | e exp(— 5 (sagN))
N2 0 N N

= 05E

= 05E

1 1.5

_céE{ {z]v\;é}E{ (<8}
1 —exp(—%(—=2=N

. E[ C e ))] — h(6) (38)

INEE (2 N)?

as t — oo, where under E, (€,€,€" N, N) are described in Step 5 (recalling in particular the
law of N given N) and h(d) > 0 and ¢; := (L{y>s, @)Y (B (mgy — m;)Lio>6, P)-

Step 7 Recall that by and , our aim is to prove that

S g [BEe(E) ma(€) —m(E)) Play % " plu) o (u)du
;[ | P V] | ot

as t — oo, for some fo(u) N f.(u) as § \, 0, pointwise on [0, a).

First notice that h(J) in converges to 0 as 8 \, 0, since the law of NN has negative
moments of all orders. Then (38), imply the result, since writing Y = 2N /aX(1, @) (so
that Y ~ Y’ + (1 — 2)Y" for independent Y, Y"” ~ Gamma(2,1)) we have:

2 1= eXp(—ﬁ(ﬁL@N»]
a? (=aaN)?
2 [o@)
== i E [9 exp(—0Y) — fexp(—(0 + l%a)Y)] do

2 [ 0 0 40
a2y \T+021+(1-502 (1+60+ )21+ 150+ %))
= fa(u).

To calculate the integral in the penultimate line, we have used the change of variables x =

a
0+ for the second integrand, the fact that the anti-derivative of id is

l-a (1 +9)*(L+y)?
given by 1 (vy—1D)(yw+y+2) +1
S YTy Yy
(7—1)3< W+ 1)y +1) ‘”“)log(vwl))’
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and that the anti-derivative of 5 is given by

1
(1 +y)2(1 +y)
(

1 —(v-D2vw+~v+1) y+1
o (e e (L))

The proof is now complete. O

Proof of Proposition[9 The proof of this proposition is contained in the proof of Step 5 above,
ignoring the contribution from the second spine. ]
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