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Abstract

We consider an exactly solvable model of branching random walk with random selection,
describing the evolution of a fixed number N of individuals in the real line. At each time
step t — t+1, the individuals reproduce independently at random making children around
their positions and the N individuals that form the (¢ + 1)th generation are chosen at random
among these children according to the Gibbs measure at temperature 8. We compute the
asymptotic speed and the genealogical behaviour of the system.

1 INTRODUCTION

In a general sense, a branching-selection particle system is a stochastic process of particles evolving
according to the two following steps.

Branching step: every individual currently alive in the system dies giving birth to new particles,
that are positioned according to independent copies of a given point process, shifted by the
position of their parent.

Selection step: some of new-born individuals are selected according to a given rule, to reproduce
at the next step, while the other particles are “killed”.

From a biological perspective these systems model the competition between individuals in an envi-
ronment with limited resources. Different methods can be used to select individuals, for example,
an absorbing barrier killing particles that go below it [1, 2, 11]. An other example is the case where
only the N rightmost individuals are chosen to constitute the next generation [4, 6], the so-called
N-branching random walk. Branching processes with selection of the NV rightmost individuals have
been the subject of recent studies [7, 10, 12], and several conjectures on this processes remain open,
such as the asymptotic behaviour of the genealogy or the second order in the asymptotic behaviour
of the speed. In this paper, we introduce a branching random walk, in which the individuals are
randomly selected according to the Gibbs measure at temperature 3.

Branching-selection particle systems as above are of physical interest [4, 6] and can be related
to reaction-diffusion phenomena. Based in numerical simulations [4] and the study of solvable
models [6], it has been predicted that the dynamical and structural aspects of these models satisfy
universal properties depending on the behaviour of the right-most particles. These conjectures
have been recently proved for some specific models, for example, the asymptotic velocity of the
N-branching random walk converges to a limiting value at the slow rate (log N)~2. Its continuum
analogue being the speed of travelling fronts of the noisy KPP equations [14]. An other example,
in which the finite-size correction to the speed of a branching-selection particle system is explicitly
computed can be found in [8].

The conjectures also comprise the genealogical structure of those models. We define the ances-
tral partition process I1Y () of a population choosing n < N individuals from a given generation
T and tracing back their genealogical linages. That is, IIYY (¢) is a Markov process in P,, the set of
partitions (or equivalent classes) of [n] := {1,...,n} such that ¢ and j belong the same equivalent
class if the individual ¢ and j have a common ancestor ¢ generations backwards in time. Notice
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that the direction of time is the opposite of the direction of time for the natural evolution of the
population, that is, ¢ = 0 is the current generation, ¢ = 1 brings us one generation backward in
time and so on. It has been conjectured [6] that the genealogical trees of these models converge
to those of a Bolthausen-Sznitman coalescent and the average coalescence times scale like the
logarithmic of the population’s size. These conjectures contrast with classical results in neutral
population models, such as Wright-Fisher and Moran’s models, that lay in the Kingman coalescent
universality class [13]. Mathematically, it is difficult to verify such conjectures and they have only
been proved for some particular models [2, 6, 9].

In this article, we study an exactly solvable model of discrete-time branching-selection par-
ticle system that we name by (N, f)-branching random walk, or (N,[3)-BRW for short, where
N € N and 8 > 1. It consists in a fixed number N of particles, initially at the positions
(X&), XY ©2),..., XY (N)) € RN, Then, with {P(j),j < N,t € N} a family of i.i.d. Pois-
son point processes (PPP) with intensity measure e”*dz, the process evolves as follows:

i. Each individual j alive at generation ¢ — 1 gives birth to infinitely many children, that are
positioned according to the point process XY, (j)+P:(j). Let (A¢(k); k € N) be the sequence
obtained by these positions ranked in the decreasing order, that is

(Ay(k), k € N) = Rank ({ X, (j) +p; p € Pi(j),§ < N}).
ii. Let (X}V(i);i € N) be a random shuffling of (A;(k); k € N) such that

eﬁAt(])
=1 A:(E{XN1),.. XN(@-1 o - )
{2 X (1), X (i-1)}} Z;::leﬂAt(k) _ Zkzll oBXY (k)

and write A (i) = j if X}¥(i) € {X{1(j) +p,p € Pe(j)}, that is, if XN (i) is an offspring of
XN (§). Then, the positions of the particles in generation ¢ is given by XN (1),..., XN (N)
the N first terms in the sequence (X} (i);i € N).

As we show in Proposition 1.3, the model can only be defined for § > 1. Nevertheless, one
may interpret, in a loose sense, the case § < 1 to be the classical Wright-Fisher model, in which
individuals are selected uniformly at random (regardless of their positions). In contrast with the
examples already treated in the literature, when 1 < § < 0o one does not necessarily select the
rightmost children. Observe that letting 8 — +00, one recovers the model of the N-BRW from [6].
The next result concerns the speed of the (N, 8)-BRW.

Theorem 1.1. For any N € N and 8 > 1, there exists vy, g such that

lim maxjsN 2 V) XtN(j) = lim
t—4o00 t n—-+oo t

ming N XPU) s as (1.1)

moreover, vn,g = loglog N + o(1) as N — .

The main result of this paper is the following theorem concerning the convergence of the
ancestral partition process (Hflv(t); te N) of the (N, 5)-BRW.

Theorem 1.2. Let 8 > 1 and cy be the probability that two individuals uniformly chosen at
random have a common ancestor one generation backwards in time. Then, cy ~ (logN)™! as
N — +00 and the rescaled coalescent process (IIV ([t/cn]),t > 0) converges in distribution toward
the Bolthausen-Snitzmann coalescent.

It was already proved in [6] that the rescaled genealogy of an (N, co)-branching random walk
converges toward the Bolthausen-Snitzmann coalescent. Theorem 1.2 proves the robustness of
this result: when an individual goes far ahead of the rest of the population, its offspring overrun
the next generation and the Bolthausen-Snitzmann coalescent is to be expected. Nevertheless, if
the modifications made to the process are important enough, different coalescent behaviour might
emerge.



For example, using the same reasoning as in Section 4, the genealogy of a process with a similar
selection procedure as the (N, 3)-branching random walk, except the first individual selected X} (1)
is killed, and individuals X}V (2) to XN (IV +1) will reproduce, have a genealogy converging toward
the Kingman coalescent. Moreover, in the same way as in [5], the explicit formulas we obtain
in Section 4 suggest that conditioning the (N, 3)-BRW to be faster (or slower) than expected
might modify the asymptotic behaviour of the genealogy. A third direction would be to consider
(N, Bn)-branching random walks, with Sy — 1. Numerical simulations suggest that as long as Sy
converges to 1 fast enough, the genealogy of the process behaves asymptotically as the genealogy of
a classical Wright-Fisher model (Kingman coalescent). However, setting Sy = 1 + ﬁ different
limit coalescent is to be expected, interpolating between the star-shaped coalescent for a given
Ae > 0 and the Kingman coalescent for A — 0.

THE (N, 3)-BRANCHING RANDOM WALK AND PRELIMINARY RESULTS

In this short section, we use Poisson point processes to obtain basic properties of the (NN, 3)-BRW,
such as the existence of vy 5. We first prove that for any 8 > 1 the model is well-defined and that
the generations are independent.

Proposition 1.3. The (N, 8)-BRW is well-defined for all N € N and 8 > 1. Moreover, if we set
XN(eq) := log Zj\;l X' 0) | then the sequence (Y ren OAL(t+1)—XN(eq) * L € N) is an i.i.d. family
of Poisson point processes with intensity measure e~ "dx.

Remark 1.4. We observe that X}V (eq) is an “equivalent position” for the particles at generation ¢:
the set of individuals belonging to the (¢t 4 1)th generation are distributed as if they were made by
a unique particle positioned at XV (eq).

Proof. Fix N € N and 8 > 1. We assume that the process has been constructed up to time ¢ and
let XN(1),..., X N(N) be the positions of the N particles. By the invariance of superposition of
PPP, conditionally on (X{¥(j),j < N), { X} (j)+p; p € Pe(j),j < N} is also a PPP with intensity
measure Zivzl e~ (= X)) qy = e~ (@=X"(ca) gy,

Therefore, with probability one: all points have multiplicity one, (Ag(t+1); k € N) is uniquely
defined and 3" e?2+(+1) < oo, Thus, both the selection mechanism and (AN, (i),i < N) are
well-defined, proving the first claim. Moreover, (Ag(t + 1) — Xi(eq); k € N) is a PPP(e™?dx),
which is independent of the ¢ first steps of the (N, 8)-BRW, proving the second claim. O

In the next lemma, we prove the existence of the speed vy g of the (N, 3)-branching random
walk. The asymptotic behaviour of vy g is obtained in Section 4.

Lemma 1.5. With the notation of the previous proposition, (1.1) in Theorem 1.1 holds with
un.g = E(X7 (eq) — X' (eq)).

Proof. By Proposition 1.3, (X/\,(eq) — XN (eq) : t € N) are i.i.d. random variables with finite
mean, therefore

XN
. li+m t (eq) =vn,3 a.5. by the law of large numbers.
— oo
Notice that both (max X}V (j) — Xﬁl(eq))t and (min X}V (j) — Xﬁl(eq))t are sequences of i.i.d.
random variables with finite mean as well, which yields (1.1). O

In a similar way, we are able to obtain a simple structure for the genealogy of the process and
to describe its law conditionally on the position of every particle H = o(X}¥(5),7 < N,t > 0).

Lemma 1.6. Denote by AY = (AN(1),...,AN(N)) € {1,..., N}V, then the sequence (AY )ien
s 1.9.d. with common distribution determined by the conditional probabilities

P(AY, =k |H) =0 (k1)...0) (kn), where k= (ki,....kn)€{1,..., N},
XN (k)
N e

i=1©



Proof. We add marks ¢ € {1,...,N} to the points in > 0A, ,(k)—x¥(eq Such that a point z
has mark i if it is a point coming from X}V (i) + P¢(i). The invariance under superposition of
independent PPP says that
—(2z=X[(1) X3 (4)
e e
P(z e XV (i) + Pi(i) | F) = — = —.
( t ( ) t( ) | ) Zj\;l e—(@=XN(3j) Zj\le X (1)

By construction, A} () is given by the mark of X}, (i), which yields (1.2). The independence
between the AN can be easily checked using Proposition 1.3. o

Organisation of the paper. In Section 2, we obtain some technical lemmas concerning the
Poisson-Dirichlet distributions. In Section 3, we focus on a class of coalescent processes generated
by Poisson Dirichlet distributions and we prove a convergence criterion. Finally, in Section 4, we
provide an alternative construction of the (N, 3)-BRW in terms of a Poisson-Dirichlet distribution,
and we use the results obtained in the previous sections to prove Theorems 1.1 and 1.2.

2 PoOISSON-DIRICHLET DISTRIBUTION
We focus in this section on the two-parameters Poisson-Dirichlet distribution, with parameters
a € (0,1) and § > —a (shorten into PD(a, 8) distribution), as defined by Pitman and Yor [16].

Definition 2.1 (Definition 1 in [16]). For o € (0,1) and 6 > —a, let (Y; : j € N) be a family of
independent r.v. such that Y; has Beta(1 — «, 0 + jo) distribution and write

Jj—1
Vi=Yy, and V;=][0-Y)Y;,  ifj>2

i=1

Then, denote by Uy > Uy > -+ the values of (V},) ranked in the decreasing order. The sequence
(U,,) as above is called the Poisson-Dirichlet distribution with parameters (o, 0).

Notice that for any £ € N and n € N, we have

_ Uliu,g(vi,..Va_1}}
i R L 2

P(Vn =Uy | (U]‘,j c N),Vl,...,Vn,l)

for this reason we say that (V,,) follows the size-biased pick from PD(a, 6). It is well known that
there exists a strong connexion between PD distributions and PPP [16].

Proposition 2.2 (Proposition 10 in [16]). Let x1 > x2 > ... be the points of a« PPP(e~*dz), we
write L = ;r:f e#%i and U; = €% /L. Then (U;,j > 1) has distribution PD(371,0) and

lim »°U, =1/L a.s.
n—-+oo
Notice from Propositions 1.3 and 2.2 that (%= ()/ Zj:f e#An0)) has the distribution of (V;)
the size biased pick from PD(37!,0), which makes the model solvable. We explore in Section 4
this connection to study the genealogical and dynamical properties of the (N, 3)-BRW.

Remark 2.3 (Change of parameter). Let (Uy,) be a sequence with PD(a, ) distribution. Set (U,,)

for the values of {1[_]?/1 ,n € N: U, # Vi} ranked in the decreasing order, (U,) has PD(a, a + 6)

distribution and is independent of V;. In particular, (J—jvl,j > 2) is a size-biased PD(«, o + 0).

Henceforth in this section, we fix o € (0,1) and § > —«. Let also ¢ and C' be positive constants,
that may change from line to line and implicitly depend on « and 6. We will now focus attention
on the convergence and the concentration properties of

n n Jj—1
Sh=3 VE=Y VP[0 -Y)*  neN (2.1)
j=1 j=1 i=1

The next result concerns the convergence and concentration properties of the multiplicative mar-
tingale [[(1 — Y;)® appearing in %,,.



Lemma 2.4. Set M, =[] (1 —Y;), there exists a positive r.v. My, such that

lim (nkTaMn)v =MD a.s. and in L' for ally > —(0 + ), (2.2)

n——+o00

Y r(o+1)r (%2 4+1)

with v-moment verifying E(M2Y) = ®g . =«
v fying E(MZ,) = ®¢,a(7) O T (20

. Moreover, if 0 < v < 0 + «,
then there exists C, > 0 such that

P (ir;foanaMn < y) < CLy”, foralln>1 and y > 0. (2.3)

. ror(42)
B — T )
Note that if v > —6, then ®y o(7) = « F(OJF,Y)F(g) :

Proof. Fix v > —(0 + o), then (M} /E(M)) is a non-negative martingale with respect to its
natural filtration and

E(MV)_F(G"F’Y-F?’LCY) F(n+§) F(9+1)F(9TTV+1)
~ T(0+na) F(n+9'fTV)F(9+7+1)F(g+1)

n
~ @07a(7)n—7“7“, as n — +o00.

Observe also that lim,,_, oo E(M;/?) E(M7)~1/2 > 0, thus Kakutani’s theorem yields the a.s. and

l—a

LL! convergence of (M) / E(M)))) asn — +0o. As a consequence, setting Mo, = lim,, oo Mpn= ,
(2.2) holds. In particular, if 0 < v < 0+ ¢, let C, := supneNE[Mn*’Y]/n’YlTT“ < oo then

inf n e M, <y = “Yp VRS > Y Ml
P<7111§f0n Mn_y) P(supMn n >y )§P<sup BT >y /C’,Y),

n>0 n>0

by Doob’s martingale inequality, proving (2.3). O

We now focus on the converge and concentration properties of the sum Y a-l,

Lemma 2.5. Define S, = Z?Zl Y¥j* ! and W, = o °T(1 — a)~!, there exists a random
variable Soo such that
lim S, —Y,logn=>5+ a.s.

n—-+oo
Moreover, there exists C > 0 such that for any n € N and y > 0,

o4

P (]S, —E(S,)| >y) <Ce v .
Proof. AsY; has Beta(l — «, 8 + ja) distribution, we have

1 I(1+a)l(1—a)—1

E((jY;)*) = m +0(1/j4) and Var((jY;)*) = 20T (1 — )2

+0(1/5),

which implies that Var(on‘_l) < +o0 and that E(S,) = ¥, logn+Cgs+o(1) with Cs € R. Since
Y = E(Y) € (—1,1) a.s. we deduce from Kolmogorov’s three-series theorem that S,, — E(S,),
and hence S,, — ¥, logn, converge a.s. proving the first claim.

We now bound P(S,, — E(S,,) > y), notice that for any y > 0 and A > 0,

P(S, — E(S,) > y) < e ME [eA(SH_E(Sn))} <e M ﬁ E (e/\jafl(ﬂa—E(ﬂa))) )

Jj=1

Take ¢ > 0 such that e” < 14z + ca® for all # € (—1,1), then, since Y* — E(Y}*) € (—1,1) a.s.
we obtain the inequalities

B o 07 -B07)) < M i >
1+ ceAZj2 e DVar(Ye) if Ajem! <L



Consequently, for any « € (0,1) and 6 > 0, there exists ¢ = ¢(a, 8) such that
P (Sn - E(Sn) > y) < e M H € A X H (1 + C—)
jlfat SA l (‘1>A
< exp (—)\y + Pt=c + c)\Q) , forallneNandy >0,

1
where we use that ».1acy " < AT==. Denote by ¢ := (2 — @)/(1 — a) > 2, then there exists
C =C(a,0) > 0 such 'that for any n € Nand y > 0,

P (S, —E(S,) > y) < Cexp (—Ay +COX\¢).

We optimize this equation in A > 0 to obtain

P (S, — E(Sn) > y) < Cexp (_yg/<g—1>cl/(1—g> (91/(1—@ _ Qy/u—g))) ,

with C1/(1=0) [pl/(1=0) — pe/(1=0)] > 0, because o > 1. Since the same argument holds for P (S, —
E(S,) < —y), there exists C > 0 such that P (|5, — E(S,,)| > y) < Cexp (—y?/(¢=V/C), proving
the second statement. O

With the above results, we obtain the convergence of %3, = > V* as well as its tail probabilities.

Lemma 2.6. With the notation of Lemmas 2.4 and 2.5, we have

: Xn
lim
n—+oco logn

=V, MY a.s. andin L.

Moreover, for any 0 <y < o + 0 there exists D., such that for all n > 1 large enough and u > 0,
P (X, <ulogn) < D,Yu%.

Proof. We observe that X,, = Z (S5 =8-1)jt oM

&4, with Sp := 0. Moreover, by Lemmas 2.4
and 2.5 we have
aw S,
lim (Mn(n + 1)17) = Mg and lim =V, a.s.

n=s+oo n—+oo logn

Consequently, by Stolz-Cesaro theorem, we obtain lim,,_, 4 o % =V, M for almost every event

of the probability space. Moreover, expanding (En)2 we obtain

E (V) +2Z Z

p”q:

E (%)

j=1 i=1 j=i+1
n n—1 n
« « « « ]\/I]a «
=Y E(MP)E() +2) E(MP)B(Y0-Y)") Y. E (%) E0Y)
j=1 i=1 j=i+1
- 2(1— 2 = 2(1— — ju
< OL —zx — OL s —Q At € 4
<C _ Jj- +CZ i i a)j < C(logn)*.
Jj=1 =1 j=1+1

Therefore, sup E [( n/ log n)ﬂ < 400, implying the L' convergence of X,/ logn toward ¥, M2..
We now bound P(%,, < ulogn), assuming first that « > 1/n. We write

Y, = Z ((j _ 1)“T“Mj_1)a (J'Y_j)a . (;2&3 = Mj) Sn,
j=1

J
For all v/ < 6 + « and ¢ > 0 such that ¢ < E[S,] we have

P (S, <ulogn) <P (S, <t) +P ((infjl’T“Mj)a < (ulogn) /t)

< Com (-0 RIS —07) 0y ()



Let 0 < & < 1/2 and set t = u®logn. Since lim, 1 EkE:"') = U, there exists a constant ¢ > 0

depending only on « such that u®logn < E[S,,] for any u < ¢. By decreasing ¢ we can also assume
that C~1(E[S,] — y°logn) < alogn for all ¢ < 1/2, where a > 0 is chosen conveniently small,
therefore

P (X, <ulogn) < Cexp (—(alogn)g/(gfl)) + Cv/u(lfg)'yl/o‘, for all u < c,
Observe that
Cexp (—(nlogn)g/(g_l)) < Cyu(l_g)v//a, for all u € [% exp (—%(n logn) <951)) ,c},
Y

and that ¢~ (71gM T 1/n. Therefore, taking v = (1 — )y’ < a + 6, there exists D, such
that P (2, < ulogn) < D u=, for all n large enough and u € (L, 400).
Assume now that v < 1/n and let j* € N be such that (1 — a)j* > . As V; > 0, we have

P(X, <ulogn) = P<2Vjo‘ < ulogn) <P (VJO‘ <wulogn; forall 1 <j Sj*).

j=1
Observe that if u < 1/n and VS < ulogn for any j < j*, we have

o Ve ulogn

g (1=Y1)(A—-Y2)--- (1 =Y;-1))" = A-Yp) -(1-vr)

ulogn

Thus, we prove by recurrence that Y* < —==282—  In effect, we have Y* < uwlogn. Moreover
9 b y 7 1_(] 1) logn 9 1 9
n

ulogn

if for any ¢ < j, Y,* < T G—Dlesw WE have

J

j—1 logn
1-Y")HAQ-Y)---(1— oni1> 2 H (1 - —1 _ (ifl)logn>

=1 n
j—1 ilogn .
- (j —1)logn
=z H 1 (i—l;llogn =1- n )
=1 - T

yielding Y* < 1“&. Thus, for any j < j* and n large enough, Y* < 2ulogn, yielding

_ (j—1) logn
n

i
P2, <ulogn) < H P (Y < 2ulogn).
j=1

A crude estimate of the probability distribution function of the beta distribution, can be used to
bound this quantity by Cu=o(ul" ==Y (logn)’"(1=%)), where C is an explicit constant. Since
u < 1/n and j*(1 — a) — v > 0, the term inside the parentheses goes to zero uniformly in w.
Therefore, there exists D., > 0 such that for any n > 1 and u > 0, P (2, < ulogn) < Dvu%,
concluding the proof. O

In some cases, we are able to identify the random variable ¥,Mg .

Corollary 2.7. If (U,) is a PD(a,0), then U, M2 = L=, where 1/L = lim,,_, { oo n/*U,.

Proof. By Proposition 2.2, L := lim, 4 W exists a.s. and by Lemma 2.6, we have
n 1 n
U M ~ Ve < U ~L™¢ — ,
atl logn; TS lognj:1 j asn — +00

thus, ¥, MS < L™% a.s. By Lemma 2.4, for any p > —1 we have
Fp+1)

I(pa+1)
and L~% have the same moments by [16, Equation (30)]. Consequently, these two random variables

have the same distribution (the Mittag-Leffler («) distribution, up to the same multiplicative
constant), which implies that ¥,MS = L™ a.s. O

E[(TaM5)"] = I —a)™®,



3 CONVERGENCE OF DISCRETE EXCHANGEABLE COALESCENT PROCESSES

In this section, we focus attention on family of coalescent processes with dynamics driven by PD-
distributions and obtain a sufficient criterion for the convergence in distribution of these processes.
For the sake of completeness, we now give a brief introduction to the coalescent theory stating the
main results that will be used here. Nevertheless, we recommend [3] (from where we borrow the
approach) for a detailed account and the proofs.

Let P,, be the set of partitions (or equivalent classes) of [n] := {1,...,n} and Ps the set
of partitions of N = [00]. A partition = € P, is represented by blocks 7(1),7(2),... listed in the
increasing order of their least elements, that is, 7(1) is the block (class) containing 1, 7(2) the block
containing the smallest element not in (1) and so on. There is a natural action of the symmetric
group S, on P, setting 77 := {{0(j),j € n(i)},i € [n]}, with 0 € S,. If m < n, one can define
the projection of P, onto P,, by the restriction 7|, = {w(j) N [m]}. Finally, for 7,7’ € P,, we
define the coagulation of w by 7' to be the partition Coag(m, ') = {Ujen (jym(i); j € N}.

With this notation, a coalescent process II(t) is a discrete (or continuous) time Markov process
in P, such that for any s,t > 0,

II(t + s) = Coag(II(t),11,), with II, independent of II(¢).

We say that TI(t) is exchangeable if for all permutation o, 117 () and II(¢) have the same distribution.
There exists a natural metric in P, and hence one can study the weak convergence of processes
in D([0,00),Py), see [3] for the definitions. Without going deeply into details, we say a process
IV (t) € Po converges in the Skorokhod sense (or in distribution) towards I1(¢), if [TV ()], € P,
converge to II(t)],, under the Skorokhod topology of D([0,c0), P,), for any n € N.

An important class of continuous-time exchangeable coalescent processes in Po, are the so-
called A-coalescents [15], introduced independently by Pitman and Sagitov. They are constructed
as follows: let II,,(¢) be the restriction of II(¢) to [n], then (II,,(¢);t > 0) is a Markov jump process
on P, with the property that whenever there are b blocks each k-tuple (k > 2) of blocks is merging
to form a single block at the rate

1
Ao ke = / 2F72(1 — 2)>"%A(dz), where A is a finite measure on [0, 1].
0

2 M 1—g) ! du

TOL2—n) &
where A € (0,2). The case A = 1 (uniform measure) being the celebrated Bolthausen-Sznitman
coalescent. These coalescent appear in the coming results as the limit distribution of a family of
ancestral partition processes.

Among such, we distinguish the Beta(2 — A, A)-coalescent obtained from A(dz) =

3.1 COALESCENT PROCESSES OBTAINED FROM MULTINOMIAL DISTRIBUTIONS

In this section, we define a family of discrete-time coalescent processes (IIV(t);¢ € N) and prove
a sufficient criteria for its convergence in distribution as N — oo. Let (n¥,...nY) be an N-
dimensional random vector satisfying

N
1> > > >ny >0 and Y n) =1.
j=1

Conditionally on a realisation of (UJN ), let {fj; j <N } be i.i.d. random variables satisfying
P(¢ = k™) = 0} and define the partition 7y = {{j < N : & =k}; k < N}. With (m; t € N)
i.i.d. copies of 7y, define the discrete time coalescent I (¢) as follows:

v () = {{1},{2},...,{n}} and TIN(t+1) = Coag (II" (), m41).

We now prove a convergence criterion for these class of coalescent processes. We assume that
there exists a sequence Ly and a function f : (0,1) — R such that

. . N . N
N1—1>I-I|-1<>o Ly = +o0, N1—1>I-I|-1<>o LyP (ny >z) = f(z) and Nl—lfﬁoo LyE(ny) =0. (3.1)



We also denote by cy = Zjvzl E [(njv )2}, from the point of view of ancestral linages it stands for
the of probability that two individuals have a common ancestor one generation backward in time.

Lemma 3.1. With (IIY (t);t € N) defined as above, assume that (3.1) holds and that

1
/ x (sup LyP(n) > x)) dz < +00. (3.2)
0 NeN

Then en ~N—oo L' fol 2zf(z)dz and the re-scaled coalescent process (IIV (t/cy);t € Ry) con-

verges in distribution to the A-coalescent, with A satisfying f; % = f(z).

Proof. Denote by v, = #{j < N : §; = k}, then (v1,...,vn) has multinomial distribution with
N trials and (random) probabilities outcomes 7" . By [13, Theorem 2.1], the convergence of finite
dimensional distribution of II"V(t) can be obtained from the convergence of the factorial moments
of v, that is

N
1 .
w0, i Zi:1 E [(Vil)bl e (Via)ba}, with b; > 2 and b=b1 + ...+ by,
ail, .c.lii,stainct
where (n), :=n(n—1)...(n—a+1). We use that (v1,...,vy) is multinomial distributed to obtain

E[(Vi)by - Wiy )b, ] = (N)p E nfll . 77;’:], see [9, Lemma 4.1] for rigorous a proof. Therefore, we
only have to show that for all b and a > 2

N

N 1
. -1 NAb| _ b—2 . -1 Nyby Nyba | —
NLHEOOCN Z_lE[(ml)}_/o 2"7A(dz) and NE)TOOCN | Z_lE[(ml) oo (mi)) } 0.
all, d17sltau:ct

We first compute the asymptotic behaviour of cy = > E[(n¥)?], by dominated convergence,

LyE|(n))’] = /01 2 LyP (n > z)dz = /01 2uf(z)dz = /OlA(dx) < foc.

Since nN are ordered and sum up to 1, we also get E [(néV)Q +.. 4 (n]]\\,f)Q} < E[nY(1-m).

Moreover, Ly E (név) — 0 as N — oo, which implies that limy_, o Lycy = fol 2 f(x)dx. A
similar calculation shows that for b > 2

N
A}i_r}noo Ly Z E [(n)Y)"] = /bxb_lf(x)dac = /xb_QA(dx) = Abbs

i=1

where )y 3 is the rate at which b blocks merge given that there are b blocs in total. The others Ay j
can be easily obtained using the recursion formula Ay 1, = Apt-1,6 + Aot1,k+1-
We now consider the case a = 2, cases a > 2 being treated in the same way. We have

N

by bo
> B[O ()]
et
N1 N Nyb2—1 Nyb2 N Nyb1—1 NP1 N Ny b2—1
<[ X )" ) ) X ) Y )"
i17#1 i2#1
io#£01
<3xE Y],

where we use that (név)b + ...+ (n%)b <V +...+n¥ =1-n) <1 for every b > 1. Since
LNvEnRY — 0as N — oo, we conclude the proof. o

The next lemma provides sufficient conditions for the convergence towards the Kingman’s
coalescent.



Lemma 3.2. With (IIY (t);t € N) defined as above, assume that (3.1) holds,

1 1
/ xf(x)de =400 and In>2: / " (sup LyP(n > x)) dx < +o00. (3.3)
0 0 NeN

Then, imy_,+oc cNLy = +00 and the ancestral partition process (ILY ([tey'|)it € Ry) converges
in the Skorohod semse to the Kingman’s coalescent restricted to P,,.

Proof. We start checking the first claim. Using the same arguments as in Lemma 3.1 one gets

1
LNCN > LN E[?’]%] :/ 2£CLNP(771 > ZC)d.’L'
0
Thus, by Fatou lemma, we have liminfy_, 1o Lycy = 400, which proves the first claim. To check
the second claim, we show that vazl E[(vi)s3]/(N)sexy — 0 as N — oo, see e.g. [3, Theorem 2.5],
which is equivalent to Zfil E[(nY)3]/eny — 0. Applying Holder inequality, we have that

2/2

for all A < 2.

E [0 ()P < B[] =T

E [(U{V )

Choosing A € (0,2) to be the unique solution of 2(3 — \) /(2 — ) = n + 4, we have

B )] < E [(n')°] < (E[(va)”“])l_k/Q — 0
B {V No+oo

N E[n)?2] =\ E[(n))?]

by (3.3). To estimate the remaining terms in vazl E[(nN)3]/cn, it suffices to proceed as in the
proof of Lemma 3.1 and show that they converge to zero, which proves the statement. O

3.2 THE POISSON-DIRICHLET DISTRIBUTION CASE

In this section, we construct a coalescent using the PD distribution to govern the coefficients 7"
defined in Section 3.1. With o € (0,1) and 6 > —a, let (Vj,j > 1) be the size biased pick from a
PD(a, 0) partition. Then, define

Ve
9§V = W and let 95\17) > 9{;) > > 9?][\,) be the order statistics of (95\[)
i=1 Y5

To what follows, 9?{) will stand for the 7Y from Section 3.1 and (ITY (¢); ¢ € N) for the coalescent
with transition probabilities ITY (¢ + 1) = Coag (I (t), 7}"), as defined there.

Theorem 3.3. With the above notation, set A =140/« and
-1
Ly = cap(log N)*,  where cop= (F(l —0/a)T(1 —a)?°T(1 + 9)) .

o Iff € (—a,a), then cy ~N—+00 (1 —0/a)/Ln and the process (I (t/cn),t > 0) converges
toward a Beta(2 — X\, \)-coalescent.
e Otherwise, limy_, o cx Ly = 400 and (1IN (t/cy)) converges toward a Kingman coalescent.
To prove this result, we first study the asymptotic behaviour of .
Lemma 3.4. With the notations of Theorem 3.3, we have

1 1— 2\ ! Beta(2 — A\, \)(dy)
. N _ = 7
ylim IR (00> 2) = Srre = ( x > 7/1 v |

Moreover, there exists C > 0 such that for all x € (0,1), sup LyP (9{\[ > x) < Cz™.
NeN

10



Proof. Let ¥y := ZjVZQ (J—JYI) , then ¥y and Y7 are independent and, by Remark 2.3, ¥’ has
the law of Xy in Lemma 2.6, with a PD(«, « + 0) distribution. Therefore, by Lemma 2.6, for all
e € (0,1), there exists C = C(g) and P € N such that

sup P (X < wulog N) < min (Cu)‘JrE, 1) , for all u > 0. (3.4)
N>P

We observe that

1/«
P oY ) = PO > 0+ (1= V) =P (12 > (=) )

1—x

X i/ o N—ay,ad0—1
R

Consequently, setting u = (zi);gzjv)(l/y — 1), we have

A 0o
P (0Y > 1) - l1—=x I(140) /+ P (X <ulogN) .
zlogN ) al'(1 — a)l(a+0) 1/a\ 110
0 2—1/a 1/ 1—x
u u + (zlogN)

Using (3.4), for any N > 1 large enough, we have
P (X <ulogN) <P(E§v§ulogN)

o1/ e . 1/a 146 — u2tt/a
u u + (mlogN)

< min(Cuf™t u™?)

Thus there exists C' > 0 such that for any N € N, LyP (n{v > x) < Cz~*. Moreover, by
dominated convergence and Lemma 2.6, we obtain

. . 1—2x A F(1+9) +o0 P(\I/a(Méo)a<U)
NgToo(log NP (67 > z) = ( x > al'(1 — a)l'(a +0) /o wltX
1—=x A F(l + 9) ) e
- ( x ) a (1 — a)l(a +0) E((‘I’a(Moo) ) )
N 1—=x A aa+9—1r(1 _ a)@/ar(l + 9)
B ( T ) A+ 0)

(I)H-i-a,oz(_(e + a))a

X
1—=x 1
. N _
and hence Nl_lgrloo LyP (07 >z) = ( T > AL(NT(2 =N -

This result is used to study the asymptotic behaviour of 9?{) = max;<n GJN .

Lemma 3.5. For all e € (0,1), there exists C = C(e) such that
’P(@é\{) >z) —P(0) > x)’ < C(zlog N)s=270/a for all x € (0,1) and N large enough.

Proof. Notice that P () > ) < P(@é\{) > ) and that 95\1’) =0Nif V4 > 1/2 (as DV = 1).
Therefore, splitting the events according to V3 > 1/2 and V; < 1/2 we obtain

1 1 1
P(03) > ) =P (0 >z) =P (95\1[) > Vi < 5)—P (G{V >z Vp < §)§P (9?{) > x; < 5) _
Since 0 < V; < 1 and V; = Y7, we have
P (0F) > #,Vi <1/2) = P (maxjen Vi > 2 X0, ViV <1/2)

<P '>Y+(1-1)'ShW, Y1 <1/2) <P (X <2%/x),

where ¥y = > V*/(1 - Y1)*. Applying Lemma 2.6 once again we obtain

P(@f\{) >,V < 1/2) < C(zlog N)Efl*%e, for all N sufficiently large,

finishing the proof. O
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We now study the asymptotic behaviour of the second maximal value 95\2’).
Lemma 3.6. For all € € (0,1], there exists C > 0 such that for any x € (0,1) and N € N,
P (95\2’) > ac) < C(xlog N)==270/=,
Proof. We use the same method as in the previous lemma. We observe that
P(Gg) > z)
=P(033) >z, Vi <1/2) + P03 > 2, V1 > 1/2,Va < 1/3) + P03 > 2, Vi > 1/2,V2 > 1/3)
<P(0)) > 2, Vi <1/2) + P(0fy) > 2, Vi > 1/2,V5 < 1/3) + P(05 > x).

By Lemma 3.5, we have P(@é\{) >,V < 1/2) < C(xlog N)==2-%/* moreover, proceeding as in
Lemma 3.4, we obtain

P(0y >z) =P(Va*(1 —z) — 2V > a(1 - Vi — V2)°E}) < C(xlog N)=—270/«

with 3% :=(1-V - V3)~@ Z;\fzg V and independent of (V4,V2). By a similar argument, we get

P (95\2[) >z, Vi >1/2,Va < 1/3) =P (2r§nja§XNVja >ex (Vi +Ve +(1 -V — Vg)O‘Z’](,))
<P (X% <C/x) < C(xlog N)s—279/
concluding the proof. O

Proof of Theorem 3.3. Let a € (0,1), § > —a and € € (0,1), we recall that Ly = c,¢(log N)*.
Using Lemma 3.5, there exists C' > 0 such that for any z € (0, 1),

LNP(Oé\{) > J:) — LNyP (9{\[ > x) < C(log N)‘E_lac_)‘.

Therefore, by Lemma 3.4 we have

A
1 1—-=2
. N =
i xR0 > ) = 3 ()

and  sup LyP (0]}, > z) < Ca™. (3.5)
NeN
Moreover, Lemma 3.6 implies
1 1
LyE [9{2)} :/O LyP(0(3) > z)dz < (log N)E—l/o R Nawa (3.6)

and hence ITV (¢) satisfies (3.1). Assume now that § € (—«, a), which implies that A € (0,2). By
(3.5), we have that

1 1
/ T sup LNP(H% > x)dx < C/ ' Mz < +o00.
0 NeN 0

Therefore, the assumptions of Lemma 3.1 are satisfied, impling that cyLy ~nN—oo (1 — 6/a) and
that TIV (t/cn) converges in distribution to the Beta(2 — A, A)-coalescent.

We now assume that 6 > «, in which case fol T (1779”)A dr = 4+00. However, taking k£ > X\ we
have, by (3.5), that

1 1
/ x" sup LNP(H% > x)dx < C/ P M e < +00.
0 NeN 0

Applying Lemma 3.2, we conclude that II"V (t/cx) converges in the Skorokhod sense to the Kingman
coalescent. O
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4 POISSON-DIRICHLET REPRESENTATION OF THE (N, 5)-BRANCHING RANDOM WALK

In this section, we use Proposition 2.2 to construct the (N, 3)-BRW, using ii.d. size-biased
PD(B71,0) partitions. We first provide a coupling between the first generation of the (IV, 3)-BRW
and a Poisson-Dirichlet partition.

Proposition 4.1. Let (U,) be a PD(371,0), L = lim, 1o 1/(nU,) and (V,,) its size-biased
reordering. We have

(XN () — X0 (ea).j < N) @ (S10gV; + Slog L)

In particular X{ (eq) — XV (eq) @ log Z;\le le/ﬁ + % log L.

Proof. We denote by (zx,k > 1) = Rank ({X{'(j) +p — X' (eq),p € P1(j),j < N}). By super-
).

position property of the Poisson point processes, (xy, k > 1) is a PPP(e”*dxz). We set
—+o0
L= Zeﬂ” and U; = e’ /L.
j=1

By Proposition 2.2, we observe that (U;,j > 1) is a PD(571,0) and lim,,_, 4 n°U, = 1/L. We
then write V; = BT (=X (eq))/L. By definition of the (N, 3)-BRW, V4,...,Vy are the N first
elements in the size-biased reordering of (U;). Reversing the equation, we conclude that

X1V (j) = Xg' (eq) = 5 (log Vj +log L) .

We use this result to compute the asymptotic behaviour of the speed of the (N, 3)-BRW.

Proof of Theorem 1.1. Recall from Lemma 1.5 that vy g = E (XlN(eq) — Xév(eq)). Consequently,
we have

N
1
vy =E | log ZV;/B +EE(1ogL).
j=1

We observe that by Lemma 2.6, log (lféNN) is uniformly integrable and converges a.s. (and therefore

in L!) toward log (\11571 M;O/B) Using Corollary 2.7, we conclude that

N

. 1/8 - _ _l . 1

Nligkloo log E 1 V; loglog N = 3 logL a.s. and in L".
j=

This yields limy 400 vn,8 — loglog N = 0. O
In a similar way, we obtain the genealogy of the (NN, 3)-branching random walk.

Proof of Theorem 1.2. We observe, by Proposition 4.1 and Lemma 1.6, that the genealogy of the
(N,3) BRW can be described as in Theorem 3.3, with parameters a = % and § = 0. As a
consequence, the genealogy of this process converges toward the Bolthausen-Snitzmann coalescent.

O

|
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