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Abstract

We propose a general method for investigating scaling limits of finite dimensional
Markov chains to diffusions with jumps. The results of tightness, identification and
convergence in law are based on the convergence of suitable characteristics of the
chain transition. We apply these results to population processes recursively defined as
sums of independent random variables. Two main applications are developed. First,
we extend the Wright-Fisher model to independent and identically distributed random
environments and show its convergence, under a large population assumption, to a
Wright-Fisher diffusion in random environment. Second, we obtain the convergence in
law of generalized Galton-Watson processes with interaction in random environment
to solutions of stochastic differential equations with jumps.
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1 Introduction

This work is a contribution to the study of scaling limits of discrete population models.
The parameter N € N scales the population sizes. The population processes (Z¥ : n € IN)
are IN%-valued Markov chains inductively defined by

Fn(Z3)
Z’r]L\’+1 = Z Lj\,]n(erzvaijv)a
j=1

where Fy is a function giving the number of individual events. For each z,e, N,
(LY,(z,€) : i,n > 1) is a family of independent identically distributed random vari-
ables and EY is a R%-random variable describing the environment at generation n. This
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Scaling limits of population and evolution processes

class of processes includes well known processes in population dynamics and population
genetics. In particular, Galton-Watson processes correspond to the case when Fiy(z) = 2
and LY = LV, i.e it does not depend on (z,e), while Wright-Fisher processes are ob-
tained when Fy(z) = N and LY, (z,e) are Bernoulli random variables with parameter
z/N. More generally, these population models can also take into account the effect of
random environment and include many additional ecological forces such as competition,
cooperation and sexual reproduction.

We are interested in the convergence of the sequence of processes (Z[];’Nt] /N :t>0),
as N tends to infinity, vy being a time scale tending to infinity with N. We provide
a unified framework adapted to population models and characterize this convergence
through the asymptotic properties relying on vy, Fiy and LY. Many works have been
devoted to the approximation of Markov processes. They are essentially based on
tightness arguments and identification of the martingale problem, see for example [12,
19]. Unfortunately, this general method does not satisfactorily apply to our framework
since the required assumptions are difficult to check. Applying for instance this method to
the classical Galton-Watson framework seems to lead to moment assumptions. However,
it is well known from the works of Lamperti [24, 25] and Grimvall [16] that the finite
dimensional convergence of the renormalized processes (Z[J;’N 4 /N :t > 0) with a time
scale vy — o0 is equivalent to the convergence of a characteristic triplet associated with
(vn, LY) when N tends to infinity. In this case, the sequence of processes (Z[];’Nt] /N :
t > 0) converges as N — oo to a Continuous State Branching Process (CSBP) defined as
the unique strong solution of a Stochastic Differential Equation (SDE). The parameters
of this SDE are given by the limiting characteristic triplet of (vy, L"). Note that the
proof is based on the branching property, using either the Laplace exponent [16], or the
relation with the convergence of the associated random walk to a spectrally positive
Lévy process via a Lamperti time change (cf. [25] [8]). Lamperti also introduced a
powerful transform in the stable framework, see e.g. [25] and [29] and [5]. Other
time changes have been successfully used to obtain scaling limits of discrete processes,
in particular for some diffusion approximations, see for instance [21] for branching
processes in random environment, [9] for branching processes with immigration and
[33] for controlled branching processes, amongst others. Such time change techniques
seem essentially restricted to branching processes or stable processes or diffusion
approximations. In our work, we are interested in the convergence in law of discrete
Markov processes (Z)y which do not enjoy the branching property and may jump in
the limit. The limiting processes may even be explosive and are not necessarily stable.

It is well known that the law of the process (Z[JXN_] /N) is determined by its initial law
and the family of functions

z— GY(H) =vvE (H(Z/N —2)|Z) = Nz)

for H continuous and bounded on RY. Moreover, the asymptotic behavior of G (H)
as N — oo for a large enough class of functions H captures the convergence of the
processes. In such discrete cases, Jacod and Shiryaev in [19, II.3, IX] prove that the
tightness and the identification are deduced from the convergence as N — oo of the
characteristics of the semimartingales

Y Gonw(H)

i<[vnt]

defined for certain functions H: a truncation (vector) function and its squares and a
determining class of smooth functions vanishing in a neighborhood of 0. The convergence
of Markov chains to Lévy driven SDEs proved in [20] essentially uses such strategy.
Unfortunately, this strategy is difficult to apply in our framework, even for Galton-Watson
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processes. This is why we prove that the functions H can be chosen differently, belonging
to some (rich enough) functional space H, dense in the set of regular functions vanishing
at zero for a norm equivalent to

H(u
[E) = sup 0L
u€(Rd)* 1A |UJ‘

The choice of the space H depends on the assumptions on the model. In our applications,
we exploit the independence property of the variables (Lfv (,,.) : ¢ > 1). The charac-
terization of the law by the Laplace exponent is then used at the level of conditional
increments, which is well adapted to the sum of independent non-negative random
variables.

Our main motivations were the famous frameworks of population genetics and popula-
tion dynamics. The efficiency of our method can be seen in the generalizations obtained
for the approximation of Wright-Fisher and Galton-Watson chains. We first study a
Wright-Fisher model with selection in a random environment impacting the selective
advantage. The environments are assumed to be independent and identically distributed
and the associated random walk converges to a Lévy process. We obtain the convergence
of the joint law of the processes and random walks, by using the functional space

H={(u,w) € [-1,1] x (=1,00) = 1 — e Fu=tw .k ¢ >0},

We thus derive a diffusion with jumps in random environment, which generalizes the
Wright-Fisher diffusion with selection and takes into account small random fluctuations
and punctual dramatic advantages in the selective effects.

The second application focuses on generalized Galton-Watson processes with repro-
duction law that is both density and environment dependent. We obtain a result of
convergence in law to the so called continuous state branching process with interaction
in Lévy environment henceforth called BPILE (introduced in [31, 17]). These processes
have unbounded characteristics and the result is deduced from the convergence of the
compactified processes

exp(~ZpY /N).

To deal with the joint laws of the latter and the environment random walk, we use the
space of functions from [—1,1] x (—1,00) to R defined by

H = {(v,w) = v*exp(—tw) : k> 1,0 >0} U{(v,w) = 1 — exp(—Llw) : £ > 1}.

Our results extend the criterion for the convergence of a sequence of Galton-Watson pro-
cesses as well as the results we know in random environment [21, 4] or with interactions
[11, 32]. They are further applied to Galton-Watson processes with cooperation and to
branching processes with logistic growth in random environment.

The paper is organized as follows. In Section 2, we give general results for the
tightness, the identification and the convergence in law of a scaled Markov process
to a diffusion with jumps in R?. The functional space H is introduced in Section 2.1.
Tightness and identification results are stated in Section 2.2 by assuming the uniform
convergence and boundedness of characteristics GV (H) for any H € H. Convergence
requires an additional uniqueness assumption, obtained from pathwise uniqueness in the
applications, using standard techniques for non-negative SDE [18, 14]. Proofs of these
general statements are given in Section 2.3. In Section 3, we apply our method to a
Wright-Fisher model with selection in a random environment. We obtain in a suitable scal-
ing limit a Wright-Fisher diffusion in random environment for which we prove uniqueness
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of solution. In Section 4 (Sections 4.1, 4.2, 4.3), we apply our method to Galton-Watson
processes with reproduction law both density dependent and environment dependent.
Section 4.4 is devoted to explosive CSBP with interaction in random environment. In
particular, we consider Galton-Watson processes with cooperative effects. Section 4.5 is
dedicated to the conservative case and an application to Galton-Watson processes with
logistic competition and small environmental fluctuations is studied. Finally, we expect
the method to be applied in various contexts, in particular for structured populations
models with sexual reproduction, competition or cooperation, see Section 5.

Notation. For z € R?, we denote by |z| the euclidian norm of z. If A C R?, A is the
closure of A in R4,

The functional norms are denoted by ||.||. In particular the sup norm of a bounded
function f on a set i is denoted by || f|ju,00- The sets Cy,(U,R) and C.(U,R) denote the
spaces of continuous real functions defined on U/ respectively bounded and with compact
support.

As usual, we write h(u) = o(g(u)) (resp. h(u) ~ g(u)) when h(u)/g(u) tends to 0 (resp.
to 1) as u tends to 0. Id denotes the identity function.

For any U subset of R? containing a neighborhood of 0, we define /* as U \ {0}.

2 A criterion for tightness and convergence in law

Let X be a Borel subset of R? and U/ be a closed subset of R? containing a neighbor-
hood of 0.

Let us introduce a scaling parameter N > 1. For any N, we consider a discrete time
X-valued Markov chain (X,iv : k € N) satisfying for any k£ > 0,

LXY 0 | XE =) = L(FY),

where for any N € N, (FY,z € X) denotes a measurable family of X-valued random
variables such that for any z € X, the random variable F¥ — z takes values in U.

The natural filtration of the process X% is denoted by (F év )i.- Note that the increments
XY, — X[V take values in U.

Our aim is the characterization of the convergence in law of the sequence of processes
(X [JXN'] , N € IN), where (vy )y is a given sequence of positive real numbers going to infinity
when N tends to infinity. It is based on the criteria for tightness and identification of
semimartingales by use of characteristics given in [19, IX], which consists in studying
the asymptotic behavior of

GN(H) = onE(H(FY —2)) =on E(H(XY, — XM | XY = 2), (2.1)

T

for real valued bounded measurable functions H defined on /.

Hypothesis (HO) We first assume that the family of random variables (F;V )N,z satisfies

lim  su ¢N(1 ) =0.
bAOOmGX,J\?GJN* “ ( B0.b) )

This hypothesis avoids to get infinite jumps in the limit. We will see in the examples
that this condition affects both the population and the environment dynamics.

Under (HO), we will prove that the study of (2.1) can be reduced to a rich enough
and tractable subclass H of functions H. The choice of H depends on the particular
models and is illustrated in the examples.
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2.1 Specific and truncation functions

We consider a closed subset U/ of R? containing a neighborhood of 0 and introduce
the functional space

d d
Cg,o :052_’0(1/{, R) = HGC{,(U, R)H(u) :Z QU+ Z Biyjuiuj+0(\u|2), oy, ﬂi,j eR
=1

ij=1

The functions of Cz?,o can be decomposed in a similar way with respect to any smooth
function which behaves like the identity at 0, as stated in the next lemma. The proof
uses the uniqueness of the second order Taylor expansion in a neighborhood of 0.

Lemma 2.1. Let f = (f',..., f9) € (CZ,)? such that f*(u) = u;(1+o(|u])) fori=1,...,d.
For any H € C}, there exists a unique decomposition of the form

d d
H=Y o+ sl +a,

i=1 i,j=1

where H' = o(|f]?) is a continuous and bounded function and a{(H), Blf)j(H), i,j=1---d
are real coefficients and 5/ is a symmetric matrix.

We introduce
* the specific function h which satisfies
h= (0 b € (CR0)* s b (u) = (1 + o(u)) ;
R'(u) #0foru##0 (i=1,...,d). (2.2)
¢ the truncation function h, as defined in [19] :
ho = (h},--- ,hd) € Co(U,R?Y), ho(u) = u in a neighborhood of 0. (2.3)
Obviously, hjh? € Cpoforanyi,j=1,...,d.

Note that in general a specific function is not a truncation function since it may not
coincide with the identity function in a neighborhood of 0. Its choice will be driven by
the processes we are considering. We will give different choices of functions A in the
next sections, for instance h(x) = 1 — exp(—x) on [—1,00) when d = 1. These specific
functions will play a crucial role in the whole paper.

2.2 General statements

We introduce a functional space H containing the coordinates of the specific function
h and their square products and which “generates” the continuous functions with
compact support in i/ in the sense described below. The space H will be a convergence
determining class.

Hypotheses (H1) There exists a functional space H such that
1. M is a subset of C , and h',h'h/ € Vect(H) fori,j=1,...,d.

2. Forany g € C.(U,R) with g(0) = 0, there exists a sequence (g, ), € C}, such that
limy, 00 |9 = gnlloe = 0 and |h|? g, € Vect(H).

3. There exists a family of real numbers (G,(H);x € X,H € H) such that for any

HeH,
(4) lim sup |GY(H) — G,(H)| = 0.
N—oo zcx
(i7) sup |G, (H)| < +00.
reX
EJP 24 (2019), paper 19. http://www.imstat.org/ejp/
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Remark 2.2. In the examples of the next sections, (H1.2) is proved with the use of the
locally compact version of the Stone-Weierstrass Theorem. We refer to the Appendix for
a precise statement.

Contrary to the “convergence determining class” of [19], the functions of H will not
be vanishing (or o(u?)) in a neighborhood of 0.

Hypothesis (H1.3) implies that the map = € X — G, (H) is measurable and bounded
forany H € H.

We first obtain a tightness result based on the space H of test functions.
Theorem 2.3. Assume that the sequence (X{')y is tight in X and that (HO) and (H1)
hold. Then the sequence of processes (X{) ;, N € IN) is tight in D([0, 0), X).

The next hypothesis (H2) in addition to (H1) is sufficient to get the identification of
the limiting values by their semimartingale characteristics, and then their representation
as solutions of a stochastic differential equation.

Hypotheses (H2)
1. Forany H € H, the mapx € X — G, (H) is continuous and extendable by continuity
to X.

2. Forany = € X and any H € H,
d
Go(H) =Y al*(H)bi(x) + Y Bl (H)ci j(x / " v))p(dv),  (2.4)
i=1

where

i) a 5}“’ and H have been defined in Lemma 2.1,
ii) b; and o; ; are measurable functions defined on X,

iii) V is a Polish space, 1 is a o-finite positive measure on V, K is a function from
X x V with values inU, [, 1 A|K(.,v)[*u(dv) < 400 and

Zm D)osula) + [ (H51) (K0 ul)

The elements (b, o, V, u, K) will be specified in the applications.

Theorem 2.4. If the sequence (X{¥)y is tight in X and (H0), (H1), (H2) hold then
any limiting value of (X@’N'],N € IN) is a semimartingale solution of the stochastic
differential system

X, = X0+/Otb(X )ds+/ +)dBs +/ / ho(K (X,s_,v))N(ds, dv)
+ /O /V (Id — ho) (K (X, v))N(ds, dv), 2.5)

where X, € X and B is a d-dimensional Brownian motion and N is a Poisson point
measure on Ry x V with intensity dsu(dv). Moreover Xy, B, N are independent and N
is the compensated martingale measure of V.

To obtain the convergence in law of the sequence of processes (X[]XN.WN € N) in
D([0, 00), X), we need

Hypothesis (H3) The law of the initial condition X, € X being given, the uniqueness in
law of the solution of (2.5) holds in D([0, 00), X).
We are now in position to state the convergence result.
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Theorem 2.5. Assume that the sequence (X{')y converges in law in X to X, and that
(HO), (H1), (H2) and (H3) hold. Then the sequence of processes (XN )N converges

[vn]

in law in D([0, o), X) to the solution of (2.5).

2.3 Proofs
From now on, we assume that hypotheses (HO) and (H1) hold. We recall that
u*=u\{0}.

In the proofs, we use the space R; of continuous and bounded functions which are
small enough close to 0 :

Ry = {H € C,(U,R), H(u) = o(|ul*)}.
Using Lemma 2.1 and (H1.1), we have
Cio = Vect(H) + Ry. (2.6)

We work with the norm

|H (u)]
H||p = sup ,
e ATYONE

defined for H € R, such that sup,, ¢y« |H (u)|/|h(u)]? < +oc. In that case, the positivity
and linearity of G for all x € X and N > 1 imply that

G2 (D) < G (1RP) [ Hln < a([B?) [ Hln, 2.7

where «(|h|?) = supy e 1GY (|1]?)| < oo by (H1.3) since |h|? € Vect(H) by (H1.1).

2.3.1 Proof of Theorem 2.3

We first extend the assumptions (H1.3) to CE,O in order to prove the tightness. We
note that (H1.3i) and (H1.3ii) extend immediately to H € Vect(H) by linearity of
H — GN(H) forany r € X and N > 1.

Lemma 2.6. For any =z € X, there exists a linear extension of G, to Cz?,o such that (H1.3)
hold for any H € Cj,.

As a consequence, writing a(H) = supy ,cx IGN (H)

, forany H € CZ,,

sup |G.(H)| < sup |GN(H)| = a(H) < +oo. (2.8)

zEX NzeXx
Proof. Using (2.6) and linearity, we only have to prove the extension to R;. Let us first
prove the result for the compactly supported functions of R;,. We consider H € R; with
compact support and show that the sequence (GY (H))x converges when N tends to
infinity. The function H/|h|? defined on * can be extended to a continuous function
g on U with compact support and g(0) = 0. Then by (H1.2), there exists a sequence
(gn)n of functions of C,io uniformly converging to g and such that H,, = |h|%g,, € Vect(H).
Since H = |h|?g, |H, — H|, — 0 when n — co. Moreover the sequence (G (H,))
converges to G (H,,) when N tends to infinity for any fixed n and uniformly on X. Let us
now consider two integers m and n. Equation (2.7) tells us that

sup G, (Hyn) = G, (Hn)| < a(|hP*) [|Hin — Halln

and letting N go to infinity, we obtain that (G.(H,)). is a Cauchy sequence. Then it
converges to a limit denoted by G, (H), which satisfies supy |G.(H)| < co. Moreover
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Since |GY (H) — GY (H,,)| < a(|h|?) |g — gn|o, an appropriate choice of n and then of N
allows us to upper bound the left hand side by any ¢ > 0 and this ensures

sup [GN (H) — G.(H)| =5 0.
reX

Let us now consider H € R;,. We introduce a non-decreasing sequence (¢,), €
C?(R4,0,1]) such that
1 on B(0,n)
pn(z) = ¢
0 on B(0,n+ 1)
Forzre Xand N > 1,
G2 (Heom) = G2 (Heon)| < |Hlloo G2 (L)) < [1Hlloo Crs m>n >N >1

where C,, — 0 as n — oo by (H0). Letting NV tend to infinity, we obtain that for any
x € X, the sequence (G, (Hpy)), is Cauchy and converges to some real number G, (H).
Moreover |G, (H) — Gz (Hyn)| < Cy||H| - It follows that for any H € Ry,

G (H) = GY (Hen)| + |G (Hon) — Go(Heon)| + G2 (Hen) — Go(H)|
ZCHHHHOO + |ggJ;v(H30n) - g:t(HQOn)‘

G2 (H) = Go(H)| <
<

As Hy,, € R, and has compact support, GV (Hy,) — G (Hyp,) and then GN(H) — G (H)
tend to 0 as N tends to infinity uniformly on X. It proves (H1.3) and (2.8). O

We now prove that a o-finite measure can be associated to G, for each z € X. It
describes the jumps of the limiting process.

Lemma 2.7. There exists a family of o-finite measures (u, : * € X') on U* such that for
any x € X and H € Ry,

G.(H) = H(u)py (du). (2.9)
M*
For any =z € X, G, is then extended by (2.9) to any measurable and bounded function H
on (R%)* such that H(u) = o(Ju|?). Moreover

lim sup Gz (Lp(0,p):)| = 0. (2.10)

b—00 4¢

Proof. For any z € R? and H € C.(U*,R), the map H — G,(H) is a positive linear
operator. Adding that i/* is locally compact, Riesz Theorem leads to the existence of
a o-finite measure y, on U* such that for any H € C.(U*,R), G.(H) = [, H(u)p,(du).
The extension of this identity to any H € R; follows again from an approximation
procedure, using ¢, defined in the proof of Lemma 2.6. Indeed, on the one hand
monotone convergence ensures that fu* Hop,p, goes to fu* Hy,. On the other hand,
|G (Hpn)—Go(H)| < Cpl|H||oo goes to 0. Finally (2.10) comes from (HO) with a monotone
approximation of 1 B(0,p) by elements of R, and the convergence of GN to G. O

We now prove the convergence of conditional increments functionals, defined for any
function H € C, and t > 0 by

[vnt] [vnt]
1
or () = > B(HXG = XL FL) = = > Gy (1), (2.11)
k=1 k=1
where the last identity follows from the Markov property.
EJP 24 (2019), paper 19. http://www.imstat.org/ejp/
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Proposition 2.8. For any function H € 032 and ¢ > 0,

lim sup
N —o0 t<T

oY (H) — gXN (H)ds‘:() as.

[vns]

Proof. Using (2.8), we have

[ont] t ot a(H)
— Z Giy (H)= gN (H )ds—/ Ny (H)ds= [ G¥x (H)ds+(9< > .
[UNé] [1':)1;1\]‘] lvns] 0 v s] UN
Then
H
sup | ¢!V (H) — GXN (H)ds| < T sup |GN (H) ~ Go(H)] + O (a( ))
t<T o] TEX UN

and the conclusion follows from (H1.3i), which holds for H thanks to Lemma 2.6. O

We define on the canonical space D([0, o), X) a triplet which characterizes the limit-
ing values of the sequence (X [N ],N € IN). Using the measurability and boundedness of

x— G.(f)forx € X and f € Cz?o and the truncation function hq introduced in (2.3), we
define for any w = (ws, s > 0) € ]D([O o0), X) the functionals

Bi(w) = t Guo. (1) G, (hG) ) ds,
( )

Ci (w / Go. (RihD) d (2.12)

Vt(w,H):/O gw‘g(Hﬂu)ds:/O " H(u)phe, (du)ds

for any H € Cy(R%, R) such that H(u) = o(|u|?). The last identity comes from (2.9).
As in Chapters II. 2 & 3 in [19] adapted to the state space X (instead of R?), the

characteristic triplet associated with the semimartingale X* is given for i, j € {1,...,d}
by
BN = Y E(ho(UN)|F) = (1 (hg),- - o7 (b))
kS[’UNt]
G = 37 (B UNRUNIFL) — B UNIFL)EEUNIF))
k<[vnt]
¢£V(H): Z E(H Uk |]:k 1)

kS[UNt]

(2.13)
where U = X} — XN | and H is a continuous bounded function on R? vanishing in a
neighborhood of 0. Proposition 2.8 implies the convergence of the characteristics, as
stated in the next proposition.

Proposition 2.9. For any 7' > 0 and any ¢,j = 1,--- ,d and any H € C,(U,R) equal to 0
in some neighborhood of 0, we have the following almost-sure convergences

sup Biv’i—BioX[]XN.]‘ N=ge 0, (2.14)
t<T
sup [NV — €l o X[]XN.]‘ N0, (2.15)
t<T
sup | (H) — vi (X1, ), H)‘ N=ge ), (2.16)
t<T

EJP 24 (2019), paper 19. http://www.imstat.org/ejp/
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Proof. From Proposition 2.8, we immediately obtain the first and last convergences and

fgg N (hbhd) — Ci o X[]XN']’ —Nooo 0 a.s.

So it remains to replace ¢ (hihl) by C"'"/. We have

1 1
IEhGUMNIFN) < — sup |GV (hG)] < alh).—
UN N,zeX UN

and a(hk) < oo from (2.8). Hence the second term in étN’ij tends to 0 as NV — oo, which
yields the result. O

We are now in position to provide a proof of Theorem 2.3. In order to apply Theorem
3.9 IX p543 in [19] and get the tightness, we need to check the strong majoration
hypothesis and the condition on big jumps required in its statement.

First, if H € C}, then G H is bounded and there exists a positive constant A such
that for any w € D([0, 00), X),

d d
> Var(B'(w))e + > CF(w) + vi(w,r) < At, (2.17)
i=1

i,j=1

where Var(X), denotes the total variation of X on [0,¢] and r(u) := |u|? A 1.
Second, to control the big jumps, we use the fact that v4(., Lg(o,)c) < t1|G.(1p0,6)c) oo
which tends to 0 as b tends to infinity from (2.10). We thus obtain

lim sup ve(w, Lp(op)e) =0. (2.18)
bToo 1eD([0,00),X)

The tightness of (XN N € IN) follows from (2.14)-(2.18) and from the tightness of

[on.]?
the initial condition, by an application of the forementioned theorem in [19].

2.3.2 Proofs of Theorems 2.4 and 2.5

Let us now assume the additional Hypothesis (H2). We wish to identify the limiting
values of (X ., N € IN) as solutions of the stochastic differential system (2.5). We first

[on ]
need to extend continuously the limiting characteristic triplet to the boundary.

Lemma 2.10. (i) For any H € R;, the map « € X — G,.(H) is continuous and extendable
by continuity to X'. Moreover

sup |G, (H)| < a(H) < +0o0. (2.19)
z€EX

(ii) Forany H € Ryand z € X,
G.(H) :/ H(K(z,v))p(dv) (2.20)
v

and where k, y are defined in (H2) and [, 1 A |K(.,v)[*u(dv) is bounded on X,

Proof. Let H € R;. Using the sequences ¢,, and (H,), defined in the proof of Lemma
2.6 and approximating ¢, H for || . ||, by H,, € Vect(H) N R, as in the proof of Lemma
2.7, we obtain

sup |giV(H) - ga]cV(Hn)‘ < Hl|ooCrt || onH — Hy, |0 a(|h|2),

zEX,N>1
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which tends to 0 as n — oo. Letting N — oo ensures that G H,, converges uniformly
to G H as n — oo. Combining this with (H2.1) applied to H,,, we deduce that G H is
continuous on X and extendable by continuity to X. Moreover (2.8) yields (2.19) by
continuity, which proves (7).

For (ii), we first consider H € Vect(H) N Ry. Then oo (H) = gho(H) =0, " = H
and (H2.2) ensures that (2.20) holds for H. Let us now extend this identity to H € R,
with compact support. We note that H = |h|?g with g € C.({,R). By (H1.2), the function
g is uniformly approximated by a sequence g, such that |h|?g, € Vect(H) N Ry. The
identity (2.4) implies that (2.20) holds for any |h|?g,, and

Vo€ ®, Gu(lhlign) = /V (1 2g0) (K (2, v) ().

We let n tend to infinity in both terms using (2.8) and the assumption
[ 1 A K (z,0)]Pu(dv) < +oco. The extension to R, follows again from a monotone
approximation by the compactly supported functions Hy,, which ends the proof. O

This lemma allows us to extend the definitions of the characteristics and the iden-
tities of (2.12) to any w € D([0, 00), X'). Moreover (i) ensures that w € D([0, %), X) —
(Bt(w), Ct(w), vi(w, H)) is continuous and that the dominations (2.17) and (2.18) extend

from X to X. We can then apply [19, Theorem 2.11, chapter IX, p530] on the closed set
X for the identification. We obtain that any limiting value of the law of (X NN']) ~ is a so-

_ [v
lution of the martingale problem on the canonical space D([0, c0), X) with characteristic
triplet (B, C, v), where

CP = CH —yy(., hihd).
Finally, using (H2.2) for H € {h(i), héhé} and (2.20), the characteristics in (2.12) can

be written as
t
/ b(ws)ds
0

+ d
/0 (Z ai,k(ws)aj,k(ws)> ds

k=

Z
E
I

Q
E
I

1
t
vi(w,H) = / / H(K(ws,v))p(dv)ds,
0o Jv

for any w € D([0,00), X'). By [19, Chapter III, Theorem 2.26 p157], the set of solutions
of the martingale problem with characteristic triplet (B, C,v) coincides with the set of
weak solutions of the stochastic differential equation (2.5). The proof of Theorem 2.4 is
now complete.

To conclude the proof of the convergence, we remark that uniqueness hypothesis
(H3) guarantees (#ii) in [19] Theorem 3.21, chapter IX, p.546]. The other points (i — vi)
of this theorem have been checked above and Theorem 2.5 follows.

3 Wright-Fisher process with selection in Lévy environment

3.1 The discrete model

Let us consider the framework of the Wright-Fisher model: at each generation,
the alleles of a fixed size population are sampled from the previous generation. We
consider a population of N individuals characterized by some allele. The number of
individuals carrying this allele is a process (Z}Y,k € N) whose dynamics depends on
the environment. When N > 1 is fixed, we consider the coupled process describing the

EJP 24 (2019), paper 19. http://www.imstat.org/ejp/
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discrete time dynamics of the population process and the environment process. It is
recursively defined for k£ > 0 by

N
lec\{i-l = Zi:l glin(Zliv/Nv El]cv)v
(3.1)

Sy =S¢ + By,

and Sy =0,Zy =[NZy), Zy €[0,1] is a finite random variable, (E}); are independent
and identically distributed with values in (—1, +0o0) and the family of random variables
((EYi(z,w), (z,w) € [0,1] x (=1,00));k > 1,i > 1) are independent. Moreover for each
(z,w) € [0,1] X (—1,00), the random variables (,(z,w);k > 1,i > 1) are identically
distributed as a Bernoulli random variable £V (z, w) defined by

PEN(z,w) =1) = p(z,w) ; P(EN(2,w) =0) =1 — p(z,w).

We also assume that Zo, ((£0;(z,w), (z,w) € [0,1]x(=1,00));k > 1,i > 1) and (E}, k > 0)
are independent.

Moreover p is a C3-function from [0, 1] x (-1, 00) to [0, 1] verifying p(z,0) = z for any
z € [0,1]. A main example, developed in Section 3.4, is given by p(z,w) = z(1 +w)/(z(1 +
w) + 1 — z) and extends the classical Wright Fisher model with rare selection to random
environments.

Following [19] [chap.VII Corollary 3.6,p.415], we state an assumption for the random
walk S[JX,'] to converge in law to a Lévy process with characteristics (o, Sz, V). Let us
consider a truncation function h, defined on (—1,+00), i.e. continuous and bounded
and satisfying h(w) = w in a neighborhood of 0. For convenience, we also assume that
hg(w) # 0 for any w # 0.

Assumption A. There exist a; € R, 05 > 0 and a measure v; on (—1, +00) satisfying
Jia +oo)(w2 A 1)vg(dw) < 400 such that

N —o0

lim NE(hz(EY)) = ay ; Jim NEMRLA(EN)) = B = 02 +/ h2 (w)vg (dw),
—» 00 (_1700)

N—oco

lim N]E(f(EN)):/(_l )f(w)uE(dw),

for any f vanishing in a neighborhood of 0, continuous and bounded.

The small fluctuations of the environment are given by o, while the dramatic
events are given by the jump measure v;. Negative jumps will correspond to dramatic
disadvantages of allele A and an usual set of selection coefficient is (—1, o), as illustrated
in Section 3.4.

The limiting environment process Y can thus be defined by

t t
Y, = agt —|—/ opdBE —|—/ / he(w)N¥(ds, dw)
0 0 J(=1,400)

t
+/ / (w — hyg(w))NF(ds, dw), (3.2)
0 J(—1,400)

where B” is a Brownian motion and N” is a Poisson point measure on R; x (—1,4+00)
independent of B with intensity measure v,. By construction, this Lévy process has
jumps larger than —1.

Let us first prove a consequence of Assumption A which will be needed in the proof
of the next theorem.
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Lemma 3.1. Let g € C3([0,1] x (—1,00), R) bounded and satisfying g(z,0) = 0 for any
z € [0,1]. Then, under Assumption A,

N—oc0

NE(g(z, EV)) =" B.(9),
uniformly for z € [0, 1], with

_ .9 Bs 0% / -
B.(9) = ag B (2,0) + 5 92 (2,0) + i 9(z,w)vg(dw)

o~ w 2
and §(z, w) = g(z,w) — hg(w) 2 (2,0) — 2202 2% . (),

Proof. Indeed, we can decompose NE(g(z, EV)) as follows

0 107 N

NE(g(z BY)) = 50 (2,0) NE(hs (EN)) + 5 5 (2,0) NE(hs(BY)?) + NE((z, EV).

The first two terms converge uniformly as N — oo by a direct application of Assump-
tion A. Moreover the last part of Assumption A can be extended to any continuous
function f(w) = o(w?) using a monotone approximation of f by functions vanishing
in a neighborhood of 0. Then the last term converges for fixed z and it remains to
prove that the convergence is uniform on [0, 1]. First, let us consider a compact subset
K =10,1] x [~1+ &g, A] of [0,1] x (—=1,00). As g is C3([0,1] x (—1,00), R), the function

gew) _ glw) ~he()gE(0) _10% 0
hg(w)? hg(w)? 2 0w? ™’

and its first derivative with respect to z are well defined on [0, 1] x (—1,00) \ [0,1] x {0}
and extendable by continuity to [0,1] x (—1,00). Thus the derivative of g(z,w)/hy(w)?
with respect to z is bounded on K. As (NE(h(EY)?))y is bounded by the second part
of Assumption A, there exists C' > 0 such that for any V > 1,

’NE (9(z, EN gy e(-1te,4]) — NE (92, EN)Lpye(—14eq,4)) | < Clz = 2.

Moreover, since all functions involved in the definition of § are bounded, there exists
C’" > 0 such that

\NE (1522 BV Lt 1o a1) | < C/NP(EN ¢ [<1 4 20, A]

and by the last part of Assumption A,

lim  supNP(EN ¢ [-1+e0,4]) = lim  vu((—1,-1+¢e0) U(A4,00)) =0.
N

g0—0,A—00 e0—0,A—00

Combining the last two inequalities, we obtain that the family of functions (NE(g(., EV)) v
is uniformly equicontinuous on [0, 1] and the convergence is uniform by Ascoli Theorem.
O

We can now generalize the classical convergence in law to the Wright-Fisher diffusion
with selection to i.i.d. environments.
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3.2 Tightness and identification

We are interested in the asymptotic behavior of the Markov chain
ZN
XY = ( .S} ) keN

when N tends to infinity. This process takes values in X = [0,1] x R.
For the statement, we introduce the drift coefficient inherited from the fluctuations
of the environment:

dp s 0%p dp

bi(z) = ozEa—w(z,O) + 7ﬁ(z 0) + /(—1,00) (p(z,w) —z— hE(w)aw(Z’O)> vp(dw).

Theorem 3.2. Under Assumption A, the sequence of processes (Z[]X[]/N7 S[]X,]) is
) 1) N

tight in D([0, c0), [0, 1] x R) and any limiting value of this sequence is solution of the
following stochastic differential equation

t t t
Zy = Zy +/ b1(Zs)ds +/ VZs(1—Z,)dBE + O’E/ g—p(Zs,O) dB?
0 0 0o Jw

+/( )(p(ZHw) — Z;_)N(dt, dw); (3.3)
1,00

Y: = agt+o05Bf + // N(dt, dw) + // (w — hg(w))N(dt, dw),
( 100) (—1,00)

where B” and B* are Brownian motions; N is a Poisson point measure on R x (—1,00)
with intensity dtv;(dw) and N is the compensated martingale measure of N; Z,, B”, B”
and N are independent.

- N _ ((2 oN
Proof. We apply our results to the Markov chain X} = ( (5,5~ ),k € IN).
Letz = (2,y) € X, weset I} = F} = (% SN E(z EN),y + EN> and we have

N
FN 2= <;f > (Ei(z EY) - 2), EN> : (3.4)

i=1

The state space of the random variables FN — z is U = [~1,1] x (=1, 4+00).
We first prove that (H0), (H1) and (H2) are satisfied with vy = N.

(i) Let us first check (HO0). We take b > 0 and consider
giv(]l[j’(oyb)c) = N]E(HB(()’b)c(Fafv — x))

Then
E(Lgpe(Fy —x)) < NP (\Z (2, BN) - 2)] >b/\f> +N1P(|EN| >b/f).

We observe that | "I | (&(z, EV) — z)| < 1 a.s. Moreover the last part of Assumption
A ensures that

limsup N P(|EN| > b/V2) < v[b/V2 —1,00),

N—o00
which tends to 0 as b — +oo. Then supy ,c(o,1)x(~1,00) G (1p(0,4)<) tends to 0 and (HO)
is satisfied.
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(ii) We define the function h on U/ by
h(u,w)=(1—-e""1—e"").
The space H is the subset of real functions on U defined as
H={(u,w) €U = Hyo(u,w); k, £ >0}, with Hgp(u,w)=1—e P,

We can apply the local Stone-Weierstrass Theorem to the algebra Vect(H) N Co(U*),
U* =U\ {0,0} being a locally compact Hausdorff space (see Appendix 6.4). This algebra
in dense in Cy(U*) and then any function in C. (/) vanishing at zero is the uniform limit
of elements of Vect(H). Moreover Vect(H) is stable by multiplication by |h|?. We deduce
that (H1.2) is satisfied, while (H1.1) is obvious.

Let us now prove that (H1.3) is satisfied. We need to study the limit of G (Hy ;) as
N tends to infinity. Recall that G (Hy, ;) = N E(Hy o(F) —z)) with z = (2,y) and FY — =z
given by (3.4). We have

GY (Hee) = NE<1 —e W Efil(gi(z’EN)_z)e_‘iEN)

N(1 - E(E [e—%“(zﬂ’v)—z) |EN}N6_€EN>)

N(l - E([e_%(l—z)p@,EN) +ekE(1 —p(z,EN))}Ne—éEN))_

The following Taylor expansion gives

2

—k(1—z LAY k k 3
log<e NI=2)p 4 e (1p)) = N(Z*P)+Wp(1*p)+o(1/]\f ),

with N30O(1/N3) bounded uniformly in p, z € [0, 1]. Then we obtain
GN(Hyy) = NE<1 _ ek(zw(z,EN)HEN.e%puﬂ)(l—p(zﬂ)),60<1/N2>>

NE(1=[(1= Aee)(1+ Bew)(1+ Ren)] (2, EY) ),

where N2Ry, y(z,w) is uniformly bounded for z € [0,1],w € (—1,00) and N > 1 and

Ape(z,w) = 1—exp (—k(p(z,w) —2)—lw);  Brn(zw) = %P(%w)(l—p(%w))—k(’)(%).
By expansion, we deduce that
GY (Hye) = NE(Age(z EV))(1+0(1/N))
—%2E<p(z, ENY(1 = p(z, EN))) +O(1/N). (3.5)

Using Lemma 3.1 both for (z, w) — Ag ¢(z,w) and (z,w) — p(z, w)(1—p(z,w))—z(1—=2),
we obtain from (3.5) that

—oo k2
GN(Hy.r) =9 Go(Hiy) = B.(Akye) — 52(1 - z),

uniformly for = (z,y) € [0,1] x R. Then (H1.3i) is satisfied and for any « € X,

8Ak Y/ ,BE 62Ak Y/ —_ kQ
~(H, = .G —_— ’ A _ 1— .
Go(Hyyp) = ap S0 (2,0) + 5 B’ (2,0) + /(Lm) ke(z, w)vg(dw) 5 2(1—2)(3.6)
EJP 24 (2019), paper 19. http://www.imstat.org/ejp/
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with

O0Ay . Op
» (2,0) = kaw(z,O) + 7,

3214/@’@ 82}9 8]) 2

and 0A h2(w) 6% A
. ~ ha(w k.
ow (2,0) 2 ow? (2,0).

A o(z,w) = Ag o(z,w) — hg(w)
The assumptions on the function p allow us to conclude that (H1.3ii) is also satisfied.

(iii) We now check (H2). The continuity of G on [0,1] x R comes from the regularity of p,
from the integrability assumption on v and from Lebesgue’s Theorem (by Assumption
A).

Now, let us introduce the truncation function defined on U/ = [—1,1] x (=1, c0) by

ho(u,w) = (u, hg(w)).

With the notation of Section 2, recall that h}(u,w) = u and h3(u, w) = hy(w).
With the notation of Lemma 2.1 we have

k‘2

01 (Hye) = b, a3®(Hye) =€, BY (Hye) = ==,
L ke [2

BY8 (Hye) = 7 (Hye) = —5 B3 (H,e) = -5

Moreover, setting K (z,w) = (p(z,w) — z,w), we note that Ay, = Hy o K and

— 2

Ap(z,w) = Hye  (K(z,w))+ kpi(z,w) — %pQ(z,w) — klhg(w)q(z,w),

)

with p1(z,w) = p(z,w) — 2 — hy(w) 22 (2,0) — 120 2 (. ),
Op

2
pa(zw) = (p(z,w) = ) = B2 (w) (22(2,0)) " and g(z,w) = p(z,w) — 2 = h(w) 32 (2,0).
Now we set V' = (—1, 00) and choose y = v and for z = (z,y) € [0, 1] x R, we define

B _Op Bs 0%p / , B
bi(z) = b1(z) = aE%(z,O) + jw(z, 0)+ Vpl(z7w)1/E(dw) i ba(x) = ap
0

o11(x) =vz(1—2) ; o9s(x)=05 ; o21(x)=0 ; o12(x)= UEi(z,O).

Then (3.6) can be written as
k2 02 —ho
Go(Hy o) = kbi(z) + £ba(z) — ?cn(x) - 5022(1‘) — kleya () +/ Hkvgh (K(z,w))vg(dw),
1%

where, recalling that 8, = o7 + [, ) hi(w)ve(dw),

w) = 1-345 (L60) + [ me s

= o2, (2) + o2, (0) + / (A (2, 0))) (),
\%

coale) = Bo=onal@f + [ (WK (2 w) uldw)

\%

_ @z w)q(z, w)vg(dw
@) = Begu0)+ [ etz wve(dv)

= rua(@)oala) + | B0t

Thus (H2) holds for any H = Hy ¢ € H.
We can now apply Theorems 2.3 and 2.4 for tightness and identification and conclude.
O

EJP 24 (2019), paper 19. http://www.imstat.org/ejp/
Page 16/38


http://dx.doi.org/10.1214/19-EJP262
http://www.imstat.org/ejp/

Scaling limits of population and evolution processes

3.3 Pathwise uniqueness and convergence in law

To get the uniqueness for (3.3), we will use the pathwise uniqueness result from Li-Pu
[28].
Corollary 3.3. Let us assume that Assumption A holds and that the function z —
p(z,w) is non-decreasing for any w € (—1,+00). Then the sequence of processes
(Z[JIVV]/N, S[]JV\, ]> converges in law in D([0, o), [0, 1] x R) to the unique strong solution

. )N

(Z,Y) of (3.3).

The monotonicity assumption on p is natural regarding the model since the more

individuals carry an allele in a generation, the more this allele should be carried in the
next generation.

Proof. In order to apply Theorem 2.5, let us first show that (H3) holds. The pathwise
uniqueness of the process Y is well known. Let us focus on the first equation of (3.3)
and prove the pathwise uniqueness of the process Z.

First, we rewrite the SDE for Z as

t t t
7, = ZO+/ bl(Zs)ds—i—/ \/Zs(l—Zs)dBf—i—aE/ g—p(Zs,O)dBf
0 0 o Jw

/ (p(Zs—,w) — Z;_ )N (dt, dw) + / (p(Zs—,w) — Z;_ )N (dt, dw)
(_1100)\[_1/271] [_1/271]

with

b Op ow 0%p
bi(z) = aE—/ he(w)vg(dw) | =(z,0) + — —=(2,0
- < (=1,00\[=1/2,1] el )> 5w >0 % 5250

N Pl 0) — 2 — he(w) 22 (2,0) ) v ().
/[—1/2,1] ( ow >

We are in the conditions of application of Theorem 3.2 in [28]. Indeed, we observe
first that b; is Lipschitz since p € C3([0,1], (—1,00)) and

J e - - nw L0 b <o

sup
we[—1/2,1],2€[0,1]

We remark also that the Brownian part of (3.3) writes

2
\ Zt(l — Zt)dBtD + UE%(Zt,O) dBf = \/Zt(l — Zt) + 0'}23 (35)(2,570)) th = O'(Zt)th,

with W Brownian motion since B” and B¥ are two independent Brownian motions. We
easily prove that for any 21,22 € [0,1], |o(21) — 0(22)|?> < L|z1 — 23| for some constant
L>0.

Finally vy((—1,00) \ [-1/2,1]) < oo and z € [0,1] — (p(z,w) — z)/w is uniformly
Lipschitz for w € [—1, 2, 1] since its first derivative is bounded, so there exists L > 0 such
that

/ (1p(e1,0) = 21] = (e 0) — 22w (d) < Lz = 2]
(=1,00)\[-1/2,1]

for any 21, z2 € [0, 1]. Then all the required assumptions for [28] Theorem 3.2 are satisfied
and we get the pathwise uniqueness of the solution of (3.3). O

EJP 24 (2019), paper 19. http://www.imstat.org/ejp/
Page 17/38


http://dx.doi.org/10.1214/19-EJP262
http://www.imstat.org/ejp/

Scaling limits of population and evolution processes

3.4 Example
We consider the following main example

z(1 4+ w)
2(1+w)+1—2’

where the environment w acts as the selection factor. By construction, this selection
coefficient w is larger than —1. The particular case when the environment is non-random,
i.e. EYY = s/N a.s. for some real number s € (—1,+c0), yields the classical Wright-Fisher
process with weak selection. It is well known that in this case, the processes (Z[]JVV.])N
converge in law to the Wright-Fisher diffusion with selection coefficient s whose equation
is given by dZ; = \/Z:(1 — Z;)dB; + sZ:(1 — Z;)dt. Here we generalize this result for
random independent identically distributed environments.
First, we observe that

p(z,w) = (3.7)

Ip . &p _ 2
S0 —(2,0) =2(1—2) ; W(z,(}) = —22°(1 - 2).
and
B 9 wz(l — 2)
b1(2) =apz(l—2) —opz®(1—2) + /(—1,oc) (m — hp(w)z(1 — z))l/E(dw). (3.8)

Under Assumption A, we can apply Corollary 3.3 to obtain the proposition stated below.

Proposition 3.4. The sequence of processes (Z[J]VV.]/N, S[J}’\,’ON converges in D([0, o),

[0,1] x R) and the limit of the first coordinate is the unique strong solution Z of

t t t
Zy = Zo+/ bl(Zs)ds—i-/ \/Zs(l—Zs)dBf—i-aE/ Zs(1 — Zs)dB?
0

s—(1=Zs-) &
//(1+OO) 1+wZ9_ N(ds dw). (3.9)

In particular if o, = 0 and v; = 0, we recover the classical Wright-Fisher diffusion
with deterministic selection a;. This extension allows us to consider small random
fluctuations (asymptotically Brownian) and punctual dramatic advantage of the selective
effects.

4 Continuous state branching process with interaction in Lévy
environment

In this section, we are interested in approximations of large population dynamics with
random environment and interaction. We generalize in different directions the classical
convergence of Galton-Watson processes to Continous State Branching processes (CSBP),
see for example [16, 24, 8]. We focus on models where the environment and the
interaction mainly affect the mean of the reproduction law and thus modify the drift term
of the CSBP by addition of stochastic and nonlinear terms. Our method based on Section
2 allows us to obtain new statements both for convergence of discrete population models
and for existence of solutions of SDE with jumps, as can be seen in the following theorems.
In particular we obtain a discrete population model approximating the so-called CSBP
with interaction in Lévy environment (BPILE) for large populations.

The CSBPs in random environment or with interaction have recently been subject
of great attention. We refer to [31] for existence of the solution of the associated SDE
under general assumptions, [4, 3, 29] for approximations and study of some classes of
CSBP in random environment (without interaction), [2, 11, 27] for CSBP with interaction
in continuous time (without random environment) and [33] for diffusion approximations.
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4.1 The discrete model

Let us now describe our framework. The population size is scaled by the integer
N > 1. As in Section 3, we introduce for any N a sequence of independent identically
distributed real-valued random variables (E} ),>o with same law as E”V. The asymptotic
behavior of (E,JCV k>0 is similar to the one in Section 3 (Assumption A). Nevertheless, the
scaling parameter is no longer N but can be any sequence (vy )y tending to infinity with
N. As in the previous section, h; denotes a truncation function defined on (—1, +00).

Assumption Al. Let us consider a; € R, o € [0,00) and v, a measure on (—1, 00) such
that

/ (1A w?) vg(dw) < oco. (4.1)
(—1,00)

Writing 3, = 02 + J 100 h2(w)vs(dw), we assume that

lim vy B(he(BY)) = ap; lim oy B(hL(EY)) = Be;

N—o0

N—o0

lim vNE(f(EN)):/( ) )f(w) vp(dw),

for any f vanishing in a neighborhood of zero.

We also consider the associated random walk defined by
SN =0, St =SY+EY (k>0).

We recall (as in Section 3) that Al is equivalent to the convergence of the random walk
S[JZN'] to the Lévy process Y with characteristics (ap, 85, V) defined in (3.2). We reduce
the set of jumps to (—1,00) to avoid degenerated cases when a catastrophe below —1
could kill all the population in one generation.

Let us fix N. We assume that given a population size n and an environment w,
each individual reproduces independently at generation k£ with the same reproduction
law LY (n,w).We thus introduce random variables Z; > 0 and Lft’k(n, w) such that the
family of random variables (Zy, (Lf\fk(n,w),n e N,w e (-1, +oo))7EjN;i, ke IN* jeNN)
is independent and for each n € IN,w € (—1,+400), the random variables LfYk(n, w) are
all distributed as L (n,w) for i,k > 1. We also assume that the function Lﬁ\fk defined on
Q x IN x (=1, +00) endowed by the product o-field is measurable.

The population size Z ,iV at generation k is recursively defined as follows,

z} = [NZ), ZY, = ZL (ZN,EN) VEk>o. (4.2)
To investigate the convergence in law of the process (( [th S];’Nt]) teo, oo)), we

cannot apply directly our general result to Z[JXN‘}. Indeed, the (associated) characteristics

of the first component are not bounded. Moreover, scaling limits of Z"V can lead to
explosive processes, as already happens in the Galton-Watson case. Therefore, we first
study the convergence of the process

XiY = (exp(=Z/N),5Y)  (keN) (4.3)

in D(R4, [0, 1] x R) where the state space of the first coordinate has been compactified.
Following the notation of Section 2, we introduce for z = (exp(—=z),y) € (0,1] x R the
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quantity

[Nz]

EN = (exp(—;Z(L?([Nz],EN)—l)—z),y—f—EN), (4.4)

i=1
and observe that for any z € IN/N, conditionally on X;' = (exp(—z),y), the random
variable X} | is distributed as F}}".

To apply the theoretical framework developed in Section 2, we define x = (0,1] x R,
U=1[-1,1] x (=1, 00) and for (u,w) € U,

h(u) = h(v,w) = (v,1 — exp(—w)), ho(u) = ho(v,w) = (v, hg(w)) (4.5)

respectively as the specific function and the truncation function. We choose the functional
space H defined by
HZ{Hkﬂz:kZ1,€ZO}U{HZ:A€21},

where for any u = (v,w) € U,
Hyo(u) = v" exp(—fw) and Hy(u) = 1 — exp(—fw).

The fact that # satisfies (H1) is a consequence of the local Stone-Weierstrass Theorem
on [—1,1] x [-1,00) \ {(0,0)} (cf. Appendix 6.4). For any k,£ > 0 and x = (exp(—=z),y) €
(0,1] x R, we have

(V3
1
GY (Hie) = owB(Hee(exp (= 5 D (LN (N2, BY) = 1) - 2) —exp(~2), BV) )
i=1
— e R unE ((e}v SN (Ve EN)-1) _ 1)'“ eéE”) ,

Let us set
PN(z,w)=E (6*%(LN([Nz],w)fl))[Nz] ~1 (4.6)
and

AN,(2) = oy E (P]N(z, EN)e*fEN) . 4.7)

The presence of the term —1 in (4.6) may look strange at first glance, but it ensures
that P,ﬁ\’ — 0 as N — oo. Using the binomial expansion and by independence of the
reproduction random variables conditionally on EV, we obtain that

k

G (Hie) =) (k> (—1)F 7 AN (2) (4.8)

=0
for k > 1, since Z?:o (’;)(—1)‘7‘_’C = 0 . We also obtain that for ¢ > 1,
giV(Hg) =onyE(1 — exp(—EEN)).

The convergence of Aé\fe characterizes the effect of the reproduction law on the
population dynamics, including density dependence and random environment. The
uniform convergence and boundedness of exp( —kz)Aé-\fz(z) will ensure the tightness of
X [JXN'] by Theorem 2.3. The continuity of the limiting functions will be checked for the
identification of the characteristic triplet. Finally, the representation of the limiting
semimartingales as solutions of a stochastic differential equation and its associated

uniqueness will give the convergence (Theorem 2.5).
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Remark 4.1. In the case of Galton-Watson processes, EV = 0, L (z,w) = L" and A},(2)
becomes

j o [V2]
A;y(z):UNPJN(z,O):UN (]E (e_W(LN 1)) _1) .

We observe then that AY (z) ~ vy [N2]E(1 —exp(—j(LY —1)/N)) as N — oo. It can easily
be proved that the uniform convergence of e‘jZA§V (2) is equivalent to the convergence
of uyw NE(g((LY —1)/N)) for any g in a set containing a truncation function, its square
and regular functions null in a neighborhood of zero. Thus this uniform convergence is
equivalent to the classical necessary and sufficient condition for convergence in law of
Galton-Watson processes [16, 4].

In the next section, we generalize this criterium to reproduction random variables
depending on the population size and the environment.

4.2 Tightness
We first prove the tightness of (5 Z{y 1, S{), 1)y in D(R+, [0, 00] x R) by assuming
the uniform convergence of the characteristics.

Assumption Al’. Let the characteristics A?fz be defined in (4.7). For any 1 < j < k and
£ > 0, there exists a bounded function A; ; , such that

e R AN, (2) N2 A4 0(2)

uniformly for z > 0.

Then we state a tightness criterion for the original scaled process in the state space
[0,0] x R endowed with a distance d which makes it compact and then Polish, say
d(z1,22) = | exp(—21) — exp(—22)| for z1, 22 € [0, 0o] with the convention exp(—oo0) = 0.

Theorem 4.2. Under Assumptions A1 and Al’, the sequence of processes

1
(5 St € 0.))
is tight in D(R, [0, 00] x R).

Proof. Let us prove the tightness of (XY

oy 1)V in DR, [0,1] x R). For ¢ > 1, it follows
from Assumption A1l that

% 1 _
oy E (1 _ B*ZEN> N=e VP =apz— 3 o2 2* +/( : (1— e = zhy(w))ve(dw),(4.9)
—1,400
since 1 — e~ = (hy(w) — $0?h2 (w) + k(w), where r(w) = o(w?) is continuous bounded.
Then we can define G on H, for / > 1 as

Ga(He) =7, (4.10)
for any z € X = (0,1] x R. Let us now define G for H,, € Hand k > 1,/ > 0. We set

k
— LAVERI =Y ~
Go(Hp p) —;O (J.)( DR A 10(2). (4.11)

for x = (e~ %,y) € X. Using Assumption A1’ and (4.8), we obtain that
lim sup |g;V(H) —G.(H)| =0

N—oopex
for any H € H. Moreover G (H) is bounded by A1’ and Hypothesis (H1.3) is satisfied.
The tightness of (X" v in D(R, [0,1] x R) is then a consequence of Theorem 2.3 and

[vn

yields the result. O
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4.3 Identification

Now, we identify the limiting values of (X[];’N']) ~ as diffusions with jumps. We
are interested in models where the environment and the interaction affect the mean
reproduction law.

We introduce a truncation function 4, on the state space (0, +o0), parameters a, € R

and o, > 0 and a o-finite measure v, on (0, 4+0c) such that
/ (1A 2%)vp(dz) < +oc. (4.12)
0

We also consider a locally Lipschitz function g defined on R* such that
e *zg(z) =3 0. (4.13)

The function g models the interaction between individuals. In the applications to popula-
tion dynamics, the most relevant functions will be polynomials.

We provide now the scaling assumption on the reproduction random variable LV
so that the limiting values of ZV /N can be identified to a BPILE. This assumption will
become more explicit and natural through the identification and examples of the next
sections.

Assumption A2. Setting for z > 0,

1

P o= apz— =02 z2—|—/ (1— e = zhp(r))vp(dr),
2 (0,400)
1

vE = aEz—fU,QZZQ—i—/ (1 =€ = zhy(w))ve(dw),
2 (~1,+00)

we assume that forany 1 < j < kand ¢ >0,
supe "2 AN,(2) + jzg(2) +7 2+ 5 —F] 50, (4.14)

220
where A;V , has been defined in (4.7).

Remark 4.3. (i) In Appendix 6.1, we provide an explicit construction of a family of
random variables L% (z, e) satisfying A2, in the case 3, = 0.

(ii) We believe that the pointwise convergence induced by A2 is actually necessary for
the convergence of the process Z" /N to a BPILE. It does not seem sufficient in general
since some integration argument is involved. Uniformity in A2 provides a sufficient
condition. It can be proved for many classes of reproduction laws via uniform continuity,
using monotonicity or convexity arguments or boundedness of derivative on compact
sets, see the examples below.

(iii) Finally, let us remark that we only need to prove the previous convergence for
z € IN/N in A2, using the definition of AjV (%) and the uniform continuity of the limit. It
will be more convenient for examples.

We observe that under Assumption A2, Assumption A1’ is satisfied with

Ajre(z) = e (—jzg(2) =) 2477 = Vfora) -
Indeed, this expression is bounded using (4.13) and the boundedness of exp(—kz)vfz o
since |72, | < Cpj(z+ 22 + e7*/22%3, + el*v,(—1,-1/2)) for j < k and k > 1.
Let us then observe from the proof of Theorem 4.2 that (X[JXN'])N is tight in D(R+,

[0,1] x R). Moreover we can simplify the expression (4.11) of the limiting characteristic
G, which writes

k
) k .
Go(Hip) =e "> ( j) (—1)F 7 (—jzg(z) =P 2 +7E —VErs) (4.15)
j=0
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for x = (e~ #,y). For that purpose, we denote
falu)=1—e"%"

and observe that

"k
Z()(—l)‘”’j = Gk (4.16)

k
Z(?)(—l)k_ij = 2004+ 01k (4.17)
=0
k
Z(];)(l)“fj(w = (=D fi(w)" (4.18)
§=0
k
Z(?)(—l)k_jfjm(u) = (-nHler ™ f(w)" (4.19)
i=0

For k > 3, it follows from (4.18) and (4.19) and straightforward computation that

Go(Hi ) = (—1)F e (/(1 N )e’ew(fz(W))kVE(dw) +z /

(0,400)

(fl(r))%(dr)> (4.20)

For k = 2, computation using (4.17) leads to

Go(Hayp) = 622{22,315 —|—/( (efzw(fz(w))2 - thQE(w))VE(dw) + 28p

—1,4+00)
+ Z/ (F2(r) = h%(r))vn(dr)}. (4.21)
(0,+00)
Similarly (4.16) implies that
G (Hue) = e‘z{wE — e — 29(2) — zvf}. (4.22)

To identify the limiting SDE, we have to find the drift and variance terms and the
jump measures in (2.5), from the expressions (4.10), (4.20), (4.21) and (4.22).

We first remark that for k > 3,¢ > 0, H,, = Hj, with the notation introduced in
Lemma 2.1. We work by identification for z = (e%,y) € (0, 1] x R using (4.20). We thus
define the measure pon V = [0, +00) x R by

wu(d,dr) = Lo<i ps—1dOvip(dr) + Los1 50 dO vy (dr), (4.23)

and the image function K = (K7, K») by
Kl(a?,G,r) = —6_2. <fz(7") lggl =+ fl(T) 11<0<1+z) ; K2($7 9,7’) =T ﬂggl. (4.24)

Then Hy, , satisfies (H2.2) for k > 3,¢ > 0.
Moreover it is easy to find b2 and o9 5 so that H, satisfies (H2.2) for ¢ > 1 using that

Hy(u) = lhs(w) — ﬂhE(wf + He(u),  Hy(v,w) = fe(w) — lthyp(w) — %hE(W)Q

for u = (v, w) and (4.10). Indeed, by identification and from (2.4), we set for x = (e™%,y)

bg(l‘) = Qg 0'2’2(.%) = 0g. (425)
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Let us now consider the functions Hy ¢ (¢ > 0). Note that for v = (v, w), we have
Hy o(u) = v2e " = h2 (v) + Hae(u), Hyg(u) = v (e " — 1) + v — b2 (v).

The fact that (H2.2) is satisfied for H, , comes from (4.21) for the left hand side and for
the right hand it is given by a direct computation of

o11(z )2 +o12(z /Kl x,0,r)u(do, dr) + /Hgg K(x,0,r))u(do,dr),

where K is defined from (4.24). Using Ha ¢(K (z,0,7)) = K (z,0,7)?(e*%2(=07) 1), the
condition writes for x = (e7%,y),

0’171(1‘)2 + 01,2(30)2 = % (za + z202)

It remains to check (H2.2) for H,; 4, with
Hyy(u) = ve " = (1 — Lhg(w)) + Hyo(u),

where Hy ¢(u) = v(lhy(w) — fo(w)) = o(|u|?). Using (4.22), we have
2

z
Go(H1 () = eZ(—aEz—zwf—zg<z>+2az+zzaz

+/(_1,+oo) fafe(w)ve(dw) +/( 1,+oo)(ZhE(w) —fz(w))VE(dw))

As a conclusion, both sides of (2.4) coincide for H € H by setting for any z =
(e7%,9) € (0,1] x R,

2

bi(z) =e? ( —agz — 277 — 29(2) + %U% + /(1 N )(zhE(w) - fz(w))uE(dw)) (4.26)

and bs(x) = ap and K, u defined by (4.24) and (4.23) and

o11(x) = —Vzope *; o12(x) = —z0pe” 7 021(x) =05 022(x) =0, (4.27)

and for any = € {0} x R and (0,r) € V,
b(x) = (0,ag), o11(x) =o021(x) =012(x) =0, o22(x) =0, (4.28)
Ki(z,0,r) =0, Ksy(z,0,r)=r1lp<. (4.29)

The general identification result for the exponential transformation of the processes
can then be stated as follows, with hg(v, w) = (v, hx(w)).

Theorem 4.4. Under Assumptions A1 and A2, the sequence of processes

1
(<exp (NZ[JZNt]) ,S[]XNt]) :t €0, oo))

is tight in D([0, ), [0, 1] x R) and any limiting value X € D([0, ), [0,1] x R) is a weak
solution of the following two-dimensional stochastic differential equation

X, = X0+/ b(X ds+/ s)dB, +/ / ho(K (Xs_,v))N(ds, dv)
+/O /V(Id—ho)(K(Xs_m))N(ds,dv), (4.30)

where Xy = (exp(—Zp),0), N is Poisson point measure with intensity dsu(dv) on Rt xV =
[0,+00)? x R and B is a two-dimensional Brownian motion and Zy, B, N are independent.
The function b = (b1, b2), the matrix o, the measure x and the image function K have
been defined in (4.23)-(4.29).

EJP 24 (2019), paper 19. http://www.imstat.org/ejp/
Page 24/38


http://dx.doi.org/10.1214/19-EJP262
http://www.imstat.org/ejp/

Scaling limits of population and evolution processes

Proof of Theorem 4.4. We already know that (H1) is a consequence of A2. Let us check
that (H2) is satisfied. We first prove the continuity (H2.1) of z — G, (H) forany H € H
and its extension to X. Recalling (4.15), we need to prove that z € [0,00) — 77 — Vit
is continuous and exp(—jz)(v/ — 7f,1,) — 0 as z — oo. Indeed, the continuity can
be obtained from the bound |1 — e~ U*+t0% — (jz 4+ {)hg(w)| < C(1 A w?) for any z €
[20, 21] C [0, 00), while the limit as z — oo can be proved using Lemma 6.2 in Appendix
and v5(—1,—1+¢) — 0 as € — 0. That allows us to prove that (H2.1) is satisfied.

Our choice of parameters in (4.23)- (4.29) ensures that (H2.2) is satisfied for any H,
and Hy 4. Applying Theorem 2.4 to X* allows us to conclude. O

Let us now write explicitly the stochastic differential equation (4.30) for X; = (X}, Y}):

2 2
dX} = thlogXt1<aE+a2ElogXt1+g(—logth)—&—aD—UQD)dt

([ e g X ) )
(—1,400)

—log X} (1—e™ " —hp(r))vs (dr)) dt
(0,+00)

+o, X} log X}dBE — 0, X}/ —log X}dBP

—/ X} (1 — e® 05X\ N2 (dt, dw)

(—1,+OO)

*/ Lopc 105 x2 Xi (1— e ")NP(dt,d, dr)
(040002 -

dY, = ozEdt—FcrEdBtE—F/

B (w)N(dt, dw) + / (w — hg(w))N(dt, dw),
(—1,+00)

(*1,‘1‘00)

where B” and B” are Brownian motions, N” and N” are Poisson Point measures
respectively on [0, 00) x (0, 00) and on [0, c0) x (—1, co) with intensity dtv,, (du) and dtvg (dw)
and Z,, B, B”, N” and N¥” are independent.

Using It6’s formula (see [18]), a straightforward computation leads to the equation
satisfied by Z; = —log X/}. More precisely, we define the explosion time 7., by

= lim i >0: X! <el= lim i >0:7, > )
Tewp EIE&F inf{t > 0; X; <e} agl-il:loo inf{¢t > 0; Z, > a} € [0, +0o0]
We obtain
t t ¢ ¢
Zy, = ZO+aD/ sts—f—/ Zs,dYs—i—/ ng(ZS)ds+aD/ vV ZsdBY (4.31)
0 0 0 0

t
+/ / Llo<z, hp(r)N"(ds,dd,dr)
0 J(0,+00)2

t
+/ / Lo<z, (r—hp(r))N"(dt,do,dr).
0 J(0,400)2

on the time interval [0, T,,,) and Z; = +oo for t > T.,,).

When T¢,, = +oo almost surely, the process is said to be conservative (or non-
explosive). Grey’s condition gives a criteria for CSBP, which has been recently extended
to CSBP in random Lévy environment in [17].

We have thus proved the tightness of the process and identified the limiting values
of (XN ])N as weak solutions of a SDE. Uniqueness of the SDE (4.31) (Hypothesis H3)

[ow.
has to be proven to conclude convergence. From the pioneering works of Yamada and
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Watanabe, several results have been obtained for pathwise uniqueness relaxing the
Lipschitz conditions on coefficients. In particular, general results for positive processes
with jumps have been obtained in [14, 28] and used in random environment, see in
particular [31]. This technique allows us to conclude strong uniqueness before explosion.
Here, the process may explode in finite time, which is already the case for classical CSBP
and in our framework, explosion can also be due to cooperation or random environment.
This leads us to consider two cases. In the first case, we obtain a convergence in law on
the state space [0, oo] under an additional regularity assumption on the drift term close
to infinity. This result extends the classical criterion for convergence of Galton-Watson
processes, adding both random environment and interaction. In the second case, we
obtain the convergence of Z[JZN.] in [0,00) when the limiting values of the sequence of
processes are non-explosive. We observe that it also extends results of [4] to Lévy
environment with infinite variation and of [11] by relaxing moment assumptions for
interaction.

The pathwise uniqueness of the SDE allows us to capture limiting processes where
infinity is either absorbing or non-accessible. Other situations are interesting, where
infinity is regular and uniqueness in law could be invoked. In particular, we refer to [13]
for a criterion for reflection at infinity of CSBP with quadratic competition and [22] and
[5] for similar issues.

4.4 Explosive CSBP with interaction and random environment

In this section, the process may be non-conservative, i.e. T,;, may be finite. In
order to obtain the strong uniqueness and following [14, 29], we consider the following
assumption concerning the regularity of the drift term.

Assumption A3. There exist continuous functions r, b, and b; such that for any z €
[0, 00),

e * (zg(z) - %zz + / (1—e?v— zhE(w))VE(dw)> =b.(2) +ba(z), (4.32)
JI=1/2,1]

with r non-negative, non-decreasing and concave, fo 1/r(2)dz = oo,
br(—log(u'))| < r(Ju — «'|) for any u, v’ € (0,1] and by non-increasing.
Theorem 4.5. We assume that A1, A2 and A3 hold.

Then there exists a unique strong solution (Z,Y") € D(]0, 00), [0, 00] x R) of (3.2) and
(4.31) and

by (—log(u)) —

1
((NZ[JZNt]’ S[JZNt]> it e [0,00)) = ((Zt,}/;g) it e [0, +OO))
in D([0, 00), [0, 0] x R), where [0, 0] is endowed with d(z1, 22) = |exp(—2z1) — exp(—z2)]|.

Proof of Theorem 4.5. We first remark that the convergence in law of (X[];]N_])N in
D([0,0), [0, 1] x R) implies the weak convergence of (Z¥ /N, S[]XN.]) to (—log(X1!),Y)

in D([0, 00), [0, 0] x R), where [0, oo] is endowed with d a[rvljcvl.]— log(0) = oo.

We recall from the previous section that X% satisfies (H1) and (H2). To apply
Theorem 2.5, it remains to check that X defined in (4.30) is unique in law.

Let us prove that under A3, pathwise uniqueness holds for X in D([0, 77, [0,1] x R).
First, the second component Y of X is a Lévy process and the pathwise uniqueness is

well known. Second, the equation for the first component X! writes

t t t
X! = X3+/ bl(Xsl)ds—s—/ o—(X;)dWS+/ K'Y (XL ,v)N(ds,dv)
0 0 0 JV\Vo

t
+ / KY(X1v)N(ds, dv)
0 JVy
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where o(u) = /01,1 (u)? + 01 2(u)? and W is a Brownian motion independent of X and of
the Poisson point measure N. The set V} is defined as Vy = [0, 1] x[—1/2, 1]U(1, 0] % (0, o0).
For 21 = exp(—z2) and p = ap + P — f(—1700)—[—1/271] heVs,

e = e (a0 + Fobt [ (ehulw) = flw)veldn) ).
[-1/2,1]
We first observe that (V' \ V) < co. Moreover, combining (4.26) and (4.32), we have

by (21) = @1 log(z1)p — by(—log(z1)) — ba(—log(w1)) = by (w1) + ba(z1),

where by = —by(— log.) is non-decreasing and b, satisfies |b, (1) — by (%1)| < 7(|z1 — #1])
for x1,%; € [0,1], with [, 1/7(z)dz = oo and 7 non-decreasing and concave. Indeed using
Lemma 6.3 in Appendix, one can take 7(y) = r(y)+Cy+Ciri(y), with 71 (z1) = —z1 log(x1)
and C, Cy well chosen.

Then we easily check that o2 is Lipschitz continuous and |o(y) — o(y')|* < |o(y)? —
o(y')?| and y — y + K'(y,v) is non-decreasing. Finally,

[ w0 - K ouide) = o)) [ (7 = 1Pvolan)
Vo R+
t [ @) - gl w)Pra(du),
[~1/2,1]
where for any y, 3’ € (0, 1],
91(y,y') = min(—log(y), —log(y"))(y — ¥')* + min(y,y')?|log(y) — log(y')|  (4.33)
(with a null extension at 0) and

g2(y, w) = u(e*e®v — 1), (4.34)

Using now Lemma 6.4 in Appendix and the integrability assumptions on v, and vg, there
exists L > 0 such that

/V (K (y,0) — K (yf 0))2u(dv) < Lly — o |.

Then we can apply Theorem 3.2 in [28] and conclude by observing that X; = 0 for
t > T,y by pathwise uniqueness. O

Recently, Pardoux and Dramé [11] have proven the convergence of some continuous
time and discrete space processes to CSBP with interaction. Here we relax their
conservative assumption and extend to random environments and to general classes of
reproduction laws, in a discrete time setting.

Application to Galton-Watson processes with cooperative effects. Note that The-
orem 4.5 allows us to recover the convergence in law of the Galton-Watson processes
(Z[]XN']) ~ defined as in (4.2) with the reproduction laws LY € N satisfying:

Jim oy N E(hp (LY = 1)/N)) = ap; lim oy NE(RL(LY = 1)/N)) = Bp;

N—o00

lim vy NE(f((LY —1)/N)) = /OOO f@)vp(dv), (4.35)

for any continuous bounded function f vanishing in a neighborhood of 0, where h is
a truncation function, ap, € R, [, (1A v vp(dv) < o0, Bp = 02 + J0.00) h? v, and
op > 0.
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The limiting process is the (possibly explosive) CSBP with characteristics («p, 85, V5)
solution of the stochastic differential equation

t t
Zy = Z(]+aD/ sts—l-ap/ \/ ZsdBP + (4.36)
0 0

t
+// 1,5 hp(r)N”(ds,dd,dr)
0 J(0,00)2 T

t
+/ / 10<2 (T - h’D (T))ND(dtv da? d’f’)7
0 J(0,00)2 T

where N* is a Poisson measure with intensity dtdfv, (dr).

As a new application of Theorem 4.5, we extend the convergence above by taking
into account a cooperative effect. In this case, the interactions prevent the use of the
classical generating function tool. The reproduction random variable L” (n) depends on
the total population size n and we set

LN(n) = LN 4+ &V (n), (4.37)

where for each n > 0, £¥(n) € {0,1} is a Bernoulli random variable independent of LV
and

n/N) Avy

P(eN(n) =1) = 4 (4.38)

UN
for some function g € C!([0,0), [0, )). The process ZV is defined as in (4.2) with this
reproduction random variable L~ (n).
We obtain the following convergence result.

Proposition 4.6. We assume that vy — oo and that (4.35), (4.37) and (4.38) hold. We
also assume that z — exp(—z)zg(z) is non-increasing for z large enough and goes to 0 as
Z —» O0.

Then (Z[IXN_]/N :t > 0) converges in D([0, 00), [0, 00] x R) to the unique strong solution
Z of

t t t
Zy = Zo+aD/ sts+/ ng(zs)dsjual,/ \/Z,dBP (4.39)
0 0 0
t
+/ / lo<z. hp(2)N*(ds,dz,db)
0 J(0,00)2

t
+ / / Loes. (2= ho(2))NP(dt, dz, d6)
0 J(0,00)2

fort < T,yp and Z; = +oo for ¢t > Teyp.

The monotonicity assumption on z — exp(—z)zg(z) is chosen for sake of simplicity to
obtain the pathwise uniqueness. It captures in particular simple cooperative functions
asg(z) =cz®(c>0,a>0o0rg(z)=c+b(1—-1/(1+2)) (c>0,b>0).

We observe that the limiting process Z may be explosive, due to the heavy tails of the
reproduction random variable L” (i.e. the CSBP part is explosive) or due to cooperative
effects (note for instance that y; = y:g(y:) is explosive if g(z) = 2%, o > 0).

Finally, we add that extensions of the last convergence to random environments are
possible in several ways, in particular catastrophes can be added and A3 still holds. But
if o > 0, the function g has to compensate the quadratic term so that A3 can be fulfilled.
Otherwise, other arguments have to be invoked and one may expect to get uniqueness
in law using quenched Laplace exponent (without interaction) or duality arguments.
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Proof. Let us introduce

CN(2) = vy (]E (e—J'EN)NZ (MA“N@—NN n (1 _ W))NZ - 1) . (4.40)

UN UN

By a Taylor expansion (developed in Appendix 6.2), one can prove that

sup e MOV (2) + jzg(z) + P 2| 2500 (4.41)
z;zNelN

Assumption A2 is fulfilled for z € %, which is enough as commented in Remark 4.3,
while A1 is trivial (no random environment). As g € C*([0, c0), [0,00)) and exp(—z)zg(z)
is non-increasing for z large enough and goes to 0 as z goes to infinity, there exist b, and
by such that

e ?zg(z) = b.(2) + ba(z),

with b; non-increasing and b, (— log(u)) Lipschitz continuous such that Assumption A3
is fulfilled. Indeed there exists z; such that z — e ?zg(z) is non increasing for z > z
and one can take by(z) = e ?zg(z) for z > 2y and b, constant for z < zp, and b,(z) =
e ?zg(z) — ba(2).

We conclude using Theorem 4.5. O

4.5 Conservative CSBP with interaction and random environment

We focus on the conservative case. Now +oo is not accessible and the pathwise
uniqueness is obtained without Assumption A3.

Theorem 4.7. We assume that A1 and A2 hold and that any solution of (4.31) is con-
servative, i.e. T.;, = 400 a.s. Then there exists a unique strong solution (Z,Y) €
D([0, 00), [0,0) x R) of (3.2) and (4.31) and

(<J1{Z[wat]’s[]§m]) te [0,00)) = ((Z,Y;) : t €0,00))

in D([0, ), [0, 00) x R).

Theorem 4.7 allows us to obtain various scaling limits to diffusions with jumps
due either to the environment or to demographic stochasticity. The conditions for
tightness and identification are very general. The conservativeness can be obtained
by different methods as moment estimates or comparison with a conservative CSBP
or conservative CSBP in random environment when the process is competitive or with
bounded cooperation.

Proof. Using that T,,, = +oc a.s., one can check that pathwise uniqueness holds for
(4.31). It can be achieved by using the pathwise uniqueness for Z obtained in [31] before
T..p or by adapting the proof of Theorem 4.5. We recall from Theorem 4.4 that weak
existence also holds for (4.30) under A1 and A2, so that both strong existence and weak
uniqueness hold.

Then (H3) is fulfilled and we can apply Theorem 2.5 to X N and get the weak
convergence of (exp(—Z{) 1/N), 5[ ;) to X in D([0,00),[0,1] x R). Since Teyp = +00,
the weak convergence of (Z;) /N, S{ ;) in D([0,0),[0,00) x R) and the pathwise
uniqueness of (Z,Y") follow, which ends up the proof. O

Application to logistic Feller diffusion in a Brownian environment. The next
example illustrates the result. We consider a reproduction law which takes into account
logistic competition and small fluctuations of the environment.

EJP 24 (2019), paper 19. http://www.imstat.org/ejp/
Page 29/38


http://dx.doi.org/10.1214/19-EJP262
http://www.imstat.org/ejp/

Scaling limits of population and evolution processes

Corollary 4.8. Assume that (EV)y are centered random variables such that (v NEV)y
is uniformly bounded and has variance o2. We define LV € {0,1,2} for N large enough,
n € N and e € (—1,00) by

P(LN(n,e) =0) = %(a% —e+gn(n/N)), P(LY(n,e) =2) = %(a% +e—gn(n/N)),(4.42)
where o, € (0,v/2), gn(2) = ap/N +c(z/N) A (1/v/N) for z > 0 and ¢ > 0 and a,, € R.

z
Then (Z) /N : t € [0,00)) converges in law in D(]0, 00), R x [0, 0)) to the unique strong
solution Z of

¢ ¢ t ¢
7y = Zo—l-aD/ sts—c/ ZSQdS—FOE/ ZsdB? + o) vV ZsdB?,
0 0 0 0

where B” and B” are two independent Brownian motions.

Proof. Assumption A1 holds with vy = N, ap = 0, v, = 0 and 8, = o2. Let us now
prove that A2 holds.
First, from (4.42), we get

— 4 (LN (n,e)—1) J 2 2
E (e ¥ ENm9mD) = 1= (e — gy (/) + 5550% + o(1/N?),

where o(1/N?) is uniform with respect to z and e. Then, for any z € IN/N,

PN(ze) = E (e—%(LN(Nz,e)—1)>NZ 1 = NE(—etan @)+ gz obrot/NY)
3% s :
= sz(eng(z))Jr?z e? +ﬁo + o(e’* /N)

by considering the cases z < VN and z > v/'N. We obtain that for any 1 < j < k and
£>0,

-2
e NE(PN (2, EN) e~EV) = e—’fZ( (ijgN(z) + J;o—i) E (e—fEN)

-2
— j2NE (ENe—fE”) + %ZQNE ((EN)%—‘*E”) ) +o(1).

Finally, VN E" is centered, bounded with variance 1, so IE (e*ZEN) —land NE(f(EN))—
a2 f"(0)/2 for f € 08’2 when N tends to infinity. In particular,

NE(ENe ") & 162, NE((EV)%eF") o o2

2
Writing g(z) = ¢z and using that v} = ja, — ga% and 7?2 = 0202 /2, we get

_ . N
sup e 2 |CN,(2) + 75— F —jzg(z) +7 2] =500
z€N/N

since 7, — 7/ = 0(2j¢ + 2°j*/2). We recall from Remark 4.2(iii) that this uniform
convergence then holds for z > 0 and A2 is satisfied.

Finally, a coupling with the Feller diffusion in Brownian environment (¢ = 0, studied
in [6]) allows us to prove that the process Z is conservative. The result is then an
application of Theorem 4.7. O
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5 Perspectives and multidimensional population models

The general results of Section 2 have been applied in the two previous sections to
the Wright-Fisher processes in a Lévy environment and to the Galton-Watson processes
with interaction in a Lévy environment with jumps larger than —1. These generalizations
of historical population models were our initial motivation for this work. The results of
Section 2 can be applied in other interesting contexts. We mention here some suggestions
in these directions and ongoing works.

First, we could consider environments which are not independent and identically
distributed or not restricted to (—1, co).

This restriction to (—1,c0) allowed us to consider a functional space generated by
the functions exp(—k.) (k > 0) which are bounded on (—1,00). To extend the results
to random walks converging to Lévy processes with a jump measure v on R such that
f]R(l A w?)vg(dw) < oo, one could consider the functional space of compactly supported
functions

H={(z,w) » (1) f(w) : k > 1, f € CZR)IU{(z,w) = f(w) : f € CZ(R), f(0) = 0}
for studying Wright Fisher in a Lévy environment and
H={(u,w) = u"f(w) : k>1,f € CER)}U{(u,w) — f(w): f € CZ(R), f(0) = 0}

for studying branching processes with interaction in random environment. Indeed these
spaces satisfy (H1.1,2). This would require to check that (H1.3) holds.

Such functional spaces could also help to study cases when the environment E{CV
depends on S{y and SV converges to a diffusion with jumps.

Second, as explained in the introduction, we are more generally interested in k-type
population models, where the population at generation n is described by a vector

N _ (71,N 52,N kN
Z) = (Z,N, 257 20,

where Z/N counts the number of individuals of type i in generation n. The following
processes have attracted a lot of attention in population dynamics framework:

K FY(2))

N N,
Z:H-l = Z Z L”(Z(Zvjlv)
a=1 j=1

Such processes allow to model competition, prey-predators interactions, sexual repro-
duction, mutations .... Some examples have been well studied, as multitype branching
processes, controlled branching processes or bisexual Galton-Watson processes, see e.g.
respectively [30], [15] and [1].

One way to obtain the scaling limits is to consider the compactified proces

XN = (exp(*Zi’N% eXp(sz’N)v e aexp(fsz’N))
and to use the functional space
H={(ur,...,up) = u™ xu™ : (i1,...,ix) € N*\ (0,...0)}.

Indeed H satisfies Assumption (H1.1,2) and the exponential transformation combined
with this functional space may allow to exploit the independence structure of the model as
for extended branching processes in Section 4. Some work will then be required to check
that Assumption (H1.3) holds. Moreover uniqueness can be delicate. In an ongoing
work, we consider bisexual Galton-Watson processes and their scaling limits to bisexual
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CSBPs under general conditions. It is also worth noticing that in the scaling limits, the
nonlinearity or the environment can impact the diffusion or jump terms, and not only the
drift as for BPILE considered in Section 4. One could also prove limits to CSBP with Lévy
environment, where the jump measure associated with the demographical stochasticity
(large jumps coming from the offsprings of one single individual, at a rate proportional to
the number of individuals) is impacted by the environment, see [4], [29] for an example.

Note also that one may want to go beyond the boundedness assumptions on the
characteristics GV. This seems to be a challenging question but our approach may
be extendable. Indeed, we obtain the boundedness assumptions in Section 4 by a
compactification of the state space using the function z — exp(—=z), which allows us to
consider explosive processes.

The last point to mention is that our criteria concern semimartingales in general. The
Markov setting allows us to simplify the form of the characteristics GV and to reduce
the problem to analytical approximations, nevertheless we could try to work with non
Markovian processes with similar techniques.

6 Appendix

6.1 General construction of a discrete random variable satisfying A2

We first consider the case o, = 0 and assume EV € (—1+ 1/v/N, o) for simplicity.
We also introduce gy which converges to g and such that

e 72g(2) =30, supe “zlgn(z) — g(2)] =500, o lan(2)]

i <o 6D

One can take for instance gy (.) = g(.) A N/3. Let us define
mpy(n,e) =1+ gy(n/N)/N +ap/N +e

and observe that my(n, EV) is a.s. positive for N large enough. We consider the repro-
duction random variable AN (n,e) € {[mn(n,e)], [my(n,e)] + 1} defined by E(AN (n,e)) =
mpy(n,e), i.e.

IP(AN(n,e) = [mn(n,e)]) = pn(n,e), IP(AN(n,e) = [mn(n,e)]+1)=1—-pn(n,e),

with py(n,e) = [mn(n,e)] + 1 — my(n,e). For the large reproductions events, we also
introduce ©V € IN independent of (A" (n,e) : n > 0,e € (—1,00)) such that

lim N2E(h,(ZV)) =0; lim N?E(h3(ZV)) =0; lim N2]E(f(ZN))/OOO f(v)vp(dv)

N—o00 N—o00 N—oc0

for f continuous bounded and vanishing in a neighborhood of 0. The reproduction
random variable L” is then defined by

LN (n,e) = AN(n,e) + N2V
for n € N and e > —1 and writing Y = —log(1 — E(f;(£")), we have for z € N/N,
E (e—%@N(Nz,e)—l))
- <efj2N) E (efﬁ(AN(Nz,e)fl))
— R —je/N (p(NZ, e)e~d(lmn(el=1=e)/N | (1 _ p(N, e))equmzv(n,e)]fe)/zv)

= (1o () - e - 1)+ 25
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where ¢y is bounded. By Taylor expansion, we obtain
|¢)N(z, e)| < e < (Imn(Nz,e)] —e—gn(z)/N —a/N)(1 —2(Imn(Nz,e)] —e))
Himy (V2.0 - o2 62)
Moreover my(Nz,e) — e — 1 = O(N~2/3) uniformly for z, e and we obtain
PN(ze) = e #Nmie (1 - % (mn(Nz,e) —e—1) + W)NZ -1
_ e—an;y—jez—jz(mN(Nz,e)—e—l)—i-Z'LbN(z,e) 1

e 2Ky —2j(gn (2)+ap)/N —jze—zn(ze) _ 1,

where N1y (z, €) is continuous bounded and N |y (2, e)| < c(1/N*/3 + |pn(z,€)|) and c is
a constant which may change from line to line. Thus

E(PY (2 EY)em") = AV (2) + A () + AY (2) A (2) + AF,
where

AN(z2) = e=#NR; —2i(gn () +ap)/N _ 1 AV(x)=E (e—(jz+£)EN—zz/;N(z,EN)) 1

and AY = E(f,(E")). Assumption A1 ensures that vy AY converges to 77 when N tends
to infinity (see (4.9) for details). To conclude and prove (4.14), we prove and combine
the asymptotic results stated below.

Lemma 6.1. Forany j > 1,

(i) sg%e’jﬂNAf’(z) +2(7P + ap + 9(2))] =50
(i1) sup e P INAY (2) + 7]y N=9o g

(id) sg;o)e’jﬂNA{V (2)AY (2)] =5° 0

Proof. (i) First, by Taylor expansion and using that gy (z)/N'/3 is bounded, there exists
¢ > 0 such that for any z < N2/3,

e_jz Ne_ZNK?]_Zj(gN(Z)“F@D)/N _|_ z(’YJD + ap + g(z))’
< ez (N2 = |+ lgw (2) = 9(2)| + N712).
The right hand side goes to 0 uniformly as N — co. Second,

e 2(vP + ap + g(2)) =30, sup e_jz]Ne_ZN“;V—Zj(gN(ZHaD)/N -1 4230,
Z>N2/3,N>1

since for z > N2/3,

e—jz Ne—sz-c;\/—zj(gN(z)—Q—aD)/N_1‘ < e—ij(ez(;/N2/3+1) SN€_N1/3'(1_C/N2/3)+N6_N1/37

which goes to 0. This proves (7).
Let us turn to (ii). We first prove the uniform convergence on compact sets using
convexity and simple convergence. Indeed, recalling that [Ny (z,e)| < c(1/N4/3 +

o (2 €)]), -

|4 () + B (fizse(BV) | < 5 (VN2 + E(lén (2, EV)))
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for z € [0, A]. By A1, EV goes in probability to 0 and ¢ is bounded and ¢x(z,e) — 0
as e — 0 uniformly with respect to z € [0,A] from (6.2). It turns out that
SUP. ¢, 4] E(l¢n(z, EN)|) — 0 and

N—oc0

SEépA] |NA§V(Z) + NE (sz+g(EN)) | — 0
z€|0,

Moreover, for any z > 0, NE (fj.4e(EY)) — 75.+¢ by Assumption A1 (see again (4.9) for
details) and the convergence is uniform on [0, A] by convexity of z — NE (szM(EN))
and by continuity of z — ~;,, (third Dini’s theorem). It proves (74) on compacts sets.
Let us now prove that sup,> 4 y>; exp(—jz)|NAY (z)| = 0 as A — oco.

Let us fixe > 0 and

AY (2) = BN (2) + €7 (2) (6.3)
where
BY(z) =E (1EN271+e€_(jz+z)EN_wN(Z7EN)) -1
Recalling that BN > —1 +1/ Vv'N and Ny bounded, we have
CN()=F (1EN<71+€€—(J'2+IZ)EN—sz(z,EN)) <P(EN < -1+ 5)6—(jz+z)(1—1/\/ﬁ+0/1\/)_
Thus, the last part of Assumption A1 ensures that

lim  sup e *NCN(z) = lim sup NP(EN < -1 +¢) = limvy(—1,-14¢) = 0.
e—0 N>c2,2>0 e—0 N>1 e—0

Writing
0:(y) = fo(y) = whily) =1 =€ —ahp(y), Ry(ze) = 00 (70w 1),
we have

BN(z) = P(EYN <—-1+4¢)—(jz+OFE (hs(EM)1pvs_14c) = B(gjze(BY)1pys_14.)
+E (Rn (2, EM)1pvs_11.) .

First, we recall that supy P(EY < —1+4¢) - 0ase — 0and NE (hx(EN)lgvs_14.) is
bounded (actually convergent by Assumption Al). Second, we prove that

i A
sup  Ne E (|gj4e(EV)1pns_14e) =30
Z>AN>1

using that (see forthcoming Lemma 6.2 for details)

_‘Z
e’ T—00

sup — 0

el w)

and that NE((1 — exp(—E"))?) is bounded from A1. Finally
e *N|Rn(z,€)le>_14¢| < Nexp(—(e — 1/V/N)jz).| exp(cz/N) — 1]

ensures that
A— o0

sup NE (RN(Z,EN)IEN>,1+E) — 0,
z>A,N -
using again |exp(cz/N) — 1| < z/N for z < N, while the right hand is bounded by
zexp(—ejz/2) for z > N and N > 16/c% . Combing these estimates in (6.3) yields
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SUP,> A N>1 exp(—jz)[NAY (z)| = 0 as A — oo and ends the proof of (ii) by recalling
that exp(—j2)7/,4, — 0 as z — oco.
We finally prove (iii). First,
iz A—00
SHAYNIAY () 0

sup e
z2>0
using that exp(—jz/2v/N)|AY (2)| < cexp(—jz/2V/N)z/N?/3 for = < N (and then one
may use for N large that z/N?/3 is small for z < N7/12 and that exp(—z/2v/N) is small
for N7/12 < 2 < N) and exp(—jz/2VN)|AY (2)| < exp(—j2(1/2V/N — ¢/N?/3)) for z > N.
Second

sup e‘jz(l_lmm)NE(AéV) < 0,
N>1,z€[0,00)

since
E(AY) < P(EN < —1/2)e0z 001/ VN +2e/N L AN vy )

and NP(EYN < —1/2) is bounded from A1 and NE(AY 1g~~ ;) is bounded, following
the point (i7) and using the following slight modification of Lemma 6.2

efz(172/\/ﬁ) oo

sup 5 19:(y)| — 0,

y>—1/2, y£0, N>N, (1 —e7Y)

where Nj is chosen such that 1 —2/y/Ny > 1/2. O

6.2 Taylor expansion for a Galton-Watson process with cooperation
Recalling (4.40) and (4.14),

(e (g o () )

— oy (e—m;w/vN+o<z/Nv%V>sz<1A<g<z>/vN>><1+O<1/N>> _ 1)

O (2)

for any z € IN/N. For z such that z 4+ ¢g(z)z < vy, we have z/oy < 1and 1 A (g(z)/vn) =
g(z)/vn for z > 1. We make a Taylor expansion and get

; ; 1 zg(2)
_ N.D | . _ g
e (2) + 275 +jzg(2)] < €7 Fe <N+ N )
for some constant ¢ > 0. We obtain
sup e T*|CN(2) + 297 + jzg(z)| N2,
z+g(z)z<vNn
To conclude, we observe that min{z : z + g(z)z > vy} — o0 as N — oo. Then
SUD, | g(2)zz0n € 07|27; 7 + jzg(2)| = 0. Let us now prove that
sup e*jzvN|C’]N(z)| N=$e ),
zt+g(2)z>vN
Indeed, g > 0 and either z > vy /2 and
e_ijN’C’jN(zﬂ < e IPyNetUN < 9ze20/2

for N such that j — c¢/uny > j/2 or z < vy /2 and vy < 2z¢g(z) and there exists ¢ > 0 such
that
e_JZvN|CJN(z)| < e 7*2zg(z) €.

Recalling that min{z;z + g(z)z > vxy} — o0 as N — oo and that zg(z) exp(—z) — 0 as
z — 00, we obtain the desired result.
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6.3 Some technical results

Lemma 6.2. For x > 0, let us consider
9:(y) =1—e" —zhg(y).

We have
sp g (y) 250
y>—14e, y#£0 (1—ev)2 ‘

Proof. Let V), be an open bounded interval containing 0 such that h,(y) = y for y € V.
There exists C' > 0 such that for any y ¢ V,,

gZI/’ y r(l—e

since hy and 1/(1 — exp(—y)) are bounded. The result follows on the complementary set
of Vy. Let us now consider y € Vy. Assuming |zy| < 1, we get |g.(y)| < C 2%y? and we
conclude using that /(1 — exp(—y)) is bounded on (-1, c0).

If y € Vp and |zy| > 1, we have

— Y
(llg_ac(ey_)J)Q <C(Il ye2 |+:;> <O (Hex(l_g))’

which ends the proof. O

Let us now prove the forthcoming inequality (6.4).
Lemma 6.3. Let r;(z) = —x log(z). Then for any =,z € [0, 1],

|zlog(z) — 2’ log(z)| < K (|x — 2| + 1 (|z — 2'])) (6.4)
for some constant K > 0.
Proof. Let us first assume that min(x,2’) > |z — 2/|. In this case, it is immediate that
|rlogx — 2’ loga’| < |x — 2'|(1 + log(|x — 2'|))

by the mean value theorem. We now assume that 0 < z < |z — 2'| < 2/, which implies
that 2/ < 2|z — 2’|. We have

|zlog(z/a') + (x — 2’) log(2')]
|zlog(z/2")] + [log(lz — 2'|)| |« — 2|

|zlogz — 2" log 2’|

ININ A

¥ —x+ |log(|x — 2'|)| |z — 2],

using that /2’ € [0,1] and that the function « € [0,1] — «alog« is bounded by some

constant C'. We obtain that |zlogx — 2’ log 2’| < 2C|z — 2’| + |log(|z — 2'|)| |z — 2’|, which
ends the proof. O
Lemma 6.4. Recall the definitions (4.33) and (4.34). For any z1,2; € [0, 1],
g1(w1, 1) < L|wy — 27|
and for any u € [-1/2,1],
(92(21,u) — g2(@1,u))* < Clay — z1|u’.
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Proof. For the first inequality, one can use that —z log x is bounded for the first term in
(4.33) and the mean value theorem for the second one.
Concerning the second inequality, we use

(92(21,u) — g2(F1,u))? < |ga (w1, u)* — ga2(T1,u)?| < sup|(g3 (., w))'l| Z]

and
(g3(.,u)) (z1) = 22 (e'°8)" — 1)% 4 umyelosmug(elosl)n — 1),

The results then come from the inequality |e*#(*)* — 1| < |log(z1)|u. O

6.4 Stone-Weierstrass theorem on locally compact space

We recall here the local version of Stone-Weierstrass Theorem and assume that the
space X is a locally compact Hausdorff space.

Let Cyp(X,R) the space of real-valued continuous functions on X which vanish at
infinity, i.e. given € > 0, there is a compact subset K such that || f(x)|| < ¢ whenever the
point z lies outside K. In other words, the set {z, || f(z)| > ¢} is compact.

Let us consider a subalgebra A of Cy(X,R). Then A is dense in Cy(X,R) for the
topology of uniform convergence if and only if it separates points and vanishes nowhere.
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