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Propagation of chaos is a well-studied phenomenon and shows that
weakly interacting diffusions may become independent as the system size
converges to infinity. Most of the literature focuses on the case of exchange-
able systems where all involved diffusions have the same distribution and
are “of the same size”. In this paper, we analyze the case where only a few
diffusions start outside of an accessible trap. Our main result shows that in
this “sparse regime” the system of weakly interacting diffusions converges
in distribution to a forest of excursions from the trap. In particular, initial
independence propagates in the limit and results in a forest of independent
trees.

1. Introduction. The notion of “propagation of chaos” was originally termed by Mark
Kac [15] and refers to a relation between microscopic and macroscopic models. Microscopic
descriptions, on the one hand, are based on molecules (or particles, individuals, subpopula-
tions, etc.) and model their interactions and driving forces. Macroscopic descriptions, on the
other hand, are based on macroscopic observables such as the density and model the dynam-
ics of these quantities. To connect microscopic and macroscopic descriptions, the density in
the D-molecule microscopic model should converge as D — oo to the density in the macro-
scopic model. Now Kac’s idea behind the terminology “propagation of chaos” is that if the
initial distribution is “chaotic” (e.g., positions and velocities of molecules are purely random
and independent), then the dynamics of the microscopic model destroys this independence,
but finitely many fixed molecules should in the limit as D — oo evolve independently (de-
pending on all other molecules only through deterministic macroscopic observables such as
the density). In this sense, independence of finitely many fixed molecules “propagates”.

Next we give a formal statement of “propagation of chaos” for weakly interacting dif-
fusions. Let I € R be a closed interval (we focus on one-dimensional cases), let the
set M (I) of probability measures on / be equipped with the 1-Wasserstein metric, let
b, : I x M1(I) — R be measurable functions, let W (i), i € N, be independent standard
Brownian motions, for every D € N let xP = {(XtD(i)),e[o,oo) ;i €{l,..., D}} have state
space [ D and be a solution of the stochastic differential equation (SDE)

) 12
dXtD(l):b<XtD(l)’BZSX,D(j)) dt
j=1

(1.1) 12
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and let M (i), i € N, be independent and identically distributed (i.i.d.) and be a solution of the
SDE

dM,(i) =b(M,(i),P(M,(i) € -))dt
+6 (M (i), P(M; (i) € ))dW,;(i), t€(0,00),i€N.
Then under the additional assumptions that / = R, that b, & are globally Lipschitz contin-

uous, that ¢ is bounded, that b satisfies a linear growth condition, and that for all D € N it
holds that X é) and (Mo(i));eq1,..., py have the same distribution (in particular, the components

of X(l)) are i.i.d.), Theorem 1 in [22] implies for all k € N that

(1.2)

(1.3) (XP D)o XP0),eg0.00) 22 (M (D). Mi(K)) .00,
in the sense of convergence in distribution on C ([0, o0), [ k) and that
12 D—>oQ
(1.4) (5 > 5X,D(j)> == (Em,1)]);¢[0.00)
j=1 1€[0,00)

in the sense of convergence in distribution on C([0, 00), M(I)). So although the
components of X” depend on each other through the empirical distribution process
(% 5)=1 CSXtD(j))te[()’oo) for every finite D € N, in the limit as D — oo a finite number of
fixed components become independent since they only “depend” on each other through the
deterministic process (E[8p,(1)])se[0,00). Theorem 4.1 in [8] implies (1.3) and (1.4) under
more general assumptions including strict positivity of 6. Moreover, Proposition 4.29 in [11]
and Proposition 3.1 in [12] imply (1.3) and (1.4) for certain cases where & is locally Holder-
%—continuous in the first argument and does not depend on the second argument. For further
results on propagation of chaos see, for example, [1, 18, 20, 21, 23, 27]. The limit (1.4)
is also referred to as mean-field approximation. The SDE (1.2) is referred to as mean-field
SDE or SDE of McKean—Vlasov type. An essential observation for all of these results is that
XP@),ie{l,..., D}, are exchangeable for every D € N so that all components have the
same distribution and are—informally speaking—of the “same size”.

In this paper, we focus on the case I = [0, 1] and interpret elements of [0, 1] as frequencies
(e.g., of a certain property within a subpopulation) and think of a population which is spatially
separated into finitely many subpopulations (also denoted as “demes”’) which are labeled by
the elements of {1, ..., D}, where D € N. We assume that a subpopulation stays in frequency
0 as long as there is no immigration into this subpopulation. Our question is: What is the limit
of XP as D — oo if only one entry in the vector (XOD (i))ien 1s nonzero? We will assume
that X is a [0, 1]N-valued random variable which is almost surely summable and that for
all DeNandalli €{l,..., D} it holds almost surely that X(I))(i) = Xo(i). We will refer to
this case as sparse regime. In particular, in the sparse regime X(l)) cannot be exchangeable
(and nontrivial) for every D € N. The puzzling question is now how does independence of
the initial frequencies propagate in the many-demes limit (cf., e.g., [28]) as D — 00?

We will study this nontrivial question under the simplifying assumption that b is affine-
linear in the second argument and that & is constant in the second argument. More precisely,
let f:00,11> >R, h:[0,1] > R, o :[0,1] = [0,00), and hp : [0,1] = R, D € N, be
functions which satisfy Setting 1.1 below. In the special case where I = [0, 1] and where for
all (x,v) € I x M(I) it holds that b(x, v) = f, vf(y,x)v(dy)+hp(x)and 6 (x,v) =0 (x),
for every D € N the solution X of (1.1) solves the SDE

1 D
dXP (D) =5 2 XPDF(XP (), XPO) dt + hp(X (@) dt
(1.5) j=1

+/o2(XP @) dW, (i), te(0,00),iell,...,D}.
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We allow the function 4p to depend on D € N in order to include weak immigration (one
could think of Ap(x) = h(x) + % where p € [0, c0) is the immigration rate into the total
population and where /4 (0) = 0).

Now we describe heuristically the propagation of initial independence in the many-demes
limit. For this, we assume for simplicity for all D € N that #p = h (no immigration) and that
Xo(i) =0 for all i e NN [3, 00). The total mass is bounded in D for every time point. As a
consequence, the first summand on the right-hand side of (1.5) converges to zero and the first
deme X2 (1) converges to the solution of the SDE

(1.6) dY, = h(Yy)dt ++Jo2(Y,) dW,(1), t e (0, 00),

as D — oo. Mass emigrates from this first deme. This mass will not migrate to deme 2
(or deme 1) since the immigration rate %XtD(l)f(X,D(l), XID (2)) at time ¢ € [0, c0) from
deme 1 to deme 2 vanishes as D — oo. Thus, this mass migrates to a deme with index
in {3,4, ..., D} and there will be a finite number of demes where this mass immigrates and
founds a nonvanishing subpopulation. From these subpopulations again mass emigrates. This
mass again will not migrate to deme 1, 2, 3, or any other deme with fixed index i € N since the
total migration rate into a deme with fixed index vanishes in the many-demes limit. Instead,
this mass migrates again to randomly chosen demes (which are “empty” with asymptotic
probability one) and founds nonvanishing subpopulations. Consequently, since every migrat-
ing mass populates “empty” demes (with asymptotic probability one), the subpopulations
which originate from descendants of migrants from deme 1 constitute a tree of independent
subpopulations. Analogously, the subpopulations which originate from descendants of mi-
grants from deme 2 constitute a tree of independent subpopulations. In addition, these two
trees are disjoint (and thus driven by independent families of Brownian motions) and there-
fore independent if X((1) and X((2) are independent random variables. In other words, in-
dependence of the family {Xo(i) : i € N} propagates in the many-demes limit and results in a
forest of independent trees of independent subpopulations. A formal statement of this “prop-
agation of chaos” result in the sparse regime will be proved in Theorem 1.4 below. We note
that, as opposed to the exchangeable regime, “propagation of independence” does not mean
that fixed demes (e.g., deme 3 and 4) become independent in the limit as D — oo (which is
rather trivial) but that the full progenies of individuals starting on deme 3 and on deme 4 do
not interfere in the limit as D — oo.

In the literature, this type of “propagation of chaos” has already been established in two
special cases. Theorem 3.3 in [11] proves the analog of Theorem 1.4 below in the special
case where the infinitesimal variance o2 is additive (and where I = [0, 00) and for all x, y €
[0, 0o) it holds that f(y, x) = 1) and this additivity of infinitesimal variances is a strong tool
for decomposing the total population into “loop-free” processes. Moreover, Proposition 2.9
in [5] proves an analog of Theorem 1.4 below in the special case where for all x, y € [0, 1] and
all D € Nitholds that o2(x) = dx(1—x), f(y,x) =c, hp(x) = —cx+sx(1 —x)+ B1—=x)
where ¢, d, m, s € (0, 00) are positive constants and where the forest of excursions is replaced
by a dynamic description hereof which is a continuous atomic-valued Markov process and
where independence of disjoint trees is not obvious. In this special case of Wright—Fisher
diffusions with selection and rare mutation, there exists a duality with a particle jump process
and this duality is a very strong tool. Our more general setup allows for new applications,
one of which is carried out in Section 1.5 below. Moreover, there are many related results for
interacting particle systems or systems of interacting diffusions where branching processes
appear in “sparse” regimes. For example, it is a classical result that the number of alleles
of one type in a Wright-Fisher model (Moran model) converges to a branching process in
discrete (continuous) time as the population size converges to infinity if the initial numbers
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of alleles of this type are bounded. For results with SuperBrownian motion appearing in
suitable rescalings see, for example, [2—4, 6].

The structure of this paper is as follows. In Section 1.2 we introduce the forest of excur-
sions, in Section 1.3 we state our main result Theorem 1.4, and in Section 1.5 we specify
an application to altruistic defense traits. The proof of Theorem 1.4 consists essentially of
two major steps. In Section 2 we prove that if ancestral lineages of individuals never come
back to a deme, then the resulting “loop-free” processes (see the SDE (2.4) below) converge
in the many-demes limit (see Lemma 2.17 below). Moreover, in Section 3 we show that the
distance between the D-demes process (1.5) and the corresponding “loop-free” process con-
verges suitably to zero as D — oo (see Lemma 3.8 below). The principal idea of reducing the
problem to loop-free processes stems from [11]. Throughout this paper, we use the notation
from Section 1.1 below without further mentioning.

1.1. Notation. Forall x,y € R we define x A y :=min{x, y}, x Vy := max{x, y}, x* :=
x V0, x" :=—(x A0), and sgn(x) := 1(0,00)(Xx) — I(—00,0)(x). We define sup@ := —o0
and inf @ := co. We write N :={1,2,3,...} and Ny := N U {0}. For all N € N we write
[N]:={1,...,N}and [N]o :=[N] U {0}.

For the remainder of this subsection, let (£, dg) and (F, dr) be metric spaces and letd € N
and m € Ny. We denote by B(E) the Borel o-algebra on (E, dr) and by M¢(E) the set of fi-
nite measures on (E, B(E)) endowed with the weak topology. For every s € [0, co) we denote
by D([s, 00), E) the set of all cadlag functions f : [s, o0) — E endowed with the Skorokhod
topology. We denote by C(E, F) the set of all continuous functions f : £ — F and by
Lip(E, F) the set of all Lipschitz continuous functions f : E — F. We denote by Cg (R, R)
the set of twice continuously differentiable bounded functions ¥ : R — R with bounded first
and second derivative. For every ¥ : R — R we write ||/ |lco := sup,cg [V (x)] € [0, o0].
We denote by C™ (][0, 114, R) the set of functions Yo [0, 119 — R whose partial derivatives
of order O through m exist and are continuous on [0, 11¢. For every v : [0, 119 > R we
define ||V [loo := Sup,¢o,1¢ [¥ (x)| € [0, 00]. For every multiindex & = (a1, ..., 2q) € Ng

of length |«| := Zizlak we write 0% := #. For every ¥ € C™ ([0, 119, R) we set
1 %%

1 llem = MaX, gt o1 19 oo

By a solution of an SDE driven by Brownian motions we mean a stochastic process with
continuous sample paths which is adapted to the filtration generated by the Brownian motions
and the initial value and which satisfies the integrated SDE for every time point almost surely.

1.2. Setting and forest of excursions. In this subsection, we gather the assumptions that
we impose in our main result, Theorem 1.4 below, and we introduce the forest of excursions
which plays the role of a limiting object in our main result.

In the following Setting 1.1, we collect our assumptions on the coefficients of the
SDE (1.5). Under these assumptions, for every D € N the SDE (1.5) has a unique strong
solution with continuous sample paths in [0, 11P; see Theorem 3.2 in [26]. Moreover, under
these assumptions, the SDE (1.6) has a unique strong solution ¥ = (¥;);¢[0,00) With contin-
uous sample paths in [0, 1] for which O is a trap, that is, for all ¢, s € [0, 00) it holds that
(Y; =0 implies Yy, = 0).

SETTING 1.1 (Coefficient functions). Let w € [0,00), f € C3([0,1]>,R), h €
C3([0, 1], R), and hp € C3([0, 1], R), D € N, have the properties that sup ,cy [I1p || -2 < 00,
that limp_, oo Dhp(0) = u, for all x € [0, 1] that limp_, o hp(x) = h(x), and for all D € N
and all y € (0, 1] that yf(y, 1) +hp(1) <0, that f(y, 0) > 0, that 24 > Dhp(0) > 0 = h(0),
and that (1) < 0.
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Let Ly, Ly € [0, 00) be such that for all D € N and all x, y,u,v € [0, 1] it holds that
|f(y,x) = fv,u)| < Lyly — vl + Lys|x — ul, that [ f(y,x)| < Ly, that [h(x) — h(y)| <
Lylx —y|, and that |hp(x) — hp(y)| < Laplx — yI.

Let o2 € C3([0, 1], R) satisfy that 02(0) =0 = o>(1) and for all x € (0, 1) that ¢%(x) > 0.
Let L, € [0, 00) be such that for all x, y € [0, 1] it holds that |o2(x) — 02()| < Lo |x — y|.

For every D € N, we denote by Zp : [0, 1] — R the function that satisfies for all x € [0, 1]
that /1p(x) = hp(x) — hp(0).

In addition to Setting 1.1, we impose the following assumptions involving the scale func-
tion S of Y, which imply that Y hits zero in finite time almost surely (a straightforward
adaptation of Lemma 9.5 and Lemma 9.6 in [10] to the state space [0, 1] shows that this is
ensured by (1.10) below) and that there exists an excursion measure for Y.

SETTING 1.2 (Scale function). Assume that Setting 1.1 holds and that

1
lim /zwdxeR.
&

©0.1)3e—0Je 02(x)

We define the functions s, S : [0, 1) — [0, 00) and a : [0, 1] — [0, c0) by
(1.7) [0,1) >z 5(2) :=ex (—/Z hx) dx)e[O 00)

. , Z 7) == exp A %Oz(x) , ,

y
(1.8) [0, 1)9yr—>S(y):=/0 s(z)dz € [0, 00),
(1.9) [0, 11>y > a(y) :=yf(y,0) €0, c0).
‘We further assume that
ISy Lady)

1.10 ————dy+ ——d .

(10 A;ﬁmmoy.éﬂ@mwy<“

We define the set of excursions from zero by

n € C(R, [0, 1]) : there exists 7 € (0, co) such that
U:= it holds for all # € (0, 7o) that n;, > 0 and
it holds for all € (—o0, 0] U [#g, o0) that n; =0

Moreover, we denote by D(R, [0, 1]) the set of all cadlag functions f : R — [0, 1] and we
define

V:={neDR,[0,1]):n, =0forallz € (—o0,0)} D U.

In the situation of Setting 1.2, Theorem 1 in [10] adapted to the state space [0, 1] shows
that there exists a unique o-finite measure Q on U satisfying the following property: For
every bounded and continuous function F : C([0, c0), [0, 1]) — R with the property that
there exists a § > 0 such that for all y € C([0, c0), [0, 1]) with SUP; [0, 00) Xt < é it holds that
F(x) =0, it holds that

1
li —E|FY)|Yy=¢|=|[ F dn).

ofim S SE[F() [Yo=e]= [ Fapotn)

The measure Q is called the excursion measure associated with Y; see also [24]. A straight-

forward adaptation of Lemma 9.8 in [10] to the state space [0, 1] and assumption (1.10) imply
that

e’} 1 ol
(L11) fﬁémM@wm=AIj%%5®<w
2
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For the convergence result, we further assume the following Setting 1.3 for the initial
distributions.

SETTING 1.3 (Sparse initial condition). Assume that Setting 1.2 holds. For every i € N
let Xo(i) be a [0, 1]-valued random variable and for every D € N let {(X [D (I))ref0,00) 1 1 €
[D]} be a solution of (1.5) such that a.s. Y72, X (i) < oo and such that for all D € N and all
i € [D] it holds a.s. that X[ (i) = X ().

Under the assumption of Setting 1.3, we now construct the associated forest of excur-
sions. For that, let Y (i) = (Y;(i)):¢[0,00), | € N, be solutions of (1.6) driven by indepen-
dent Brownian motions which are independent of (X¢(i));en such that for all i € N it holds
a.s. that Yp(i) = Xo(i). These trajectories describe the demes of the initial population. Let
(T2} u{M15X) : (n, s, x) € Ny x [0, 00) x V} be an independent family of Poisson point
processes on [0, co) x U with intensity measures

E[M1?dt ® dn)] = ndt ® Q(dn)
and
E[N®* X (dr @ dm)] =a(u—s)dt ® Q(dn), (n,s, x) € No x [0,00) x V.

The points of IT? and I1"%X) are interpreted as tuples of times and paths providing the pop-
ulation times of new demes and the evolution of the population inside these demes. Here, 19
describes the demes whose founders immigrated into the system, while T1-%X) describes
the demes which descend from a deme with population size trajectory (x;—s)se[0,00) (Which
is zero before its population time s) and where the ancestral lineages of individuals living on
these demes have exactly n € N migration events (only counting migration events within the
system). The Oth generation is the random o -finite measure on [0, co) x V defined through
TO .= > 800.(Lieg0.00 Y (rer) T 12 For every n € Ny the (n + 1)th generation is the ran-
dom o -finite measure on [0, c0) x U representing all the demes which have been colonized
from demes of the nth generation, that is, 7" +D := [ 10 TM (ds @ dx). The forest of
excursions T is then the sum of all of these measures 7 :=}_, T,

A straightforward adaptation of Lemma 5.2, Lemma 9.9, and Lemma 9.10 in [10] to the
state space [0, 1] shows for every ¢ € [0, 00) that the total mass [ x;—s7 (ds ® d x) has finite
expectation and is thus finite almost surely. Moreover, in the case where @ = 0 (no immigra-
tion) and where there exists an x € (0, 1] such that for all i € N it holds that Xq(i) = x1;,—1,
Theorem 5 in [10] yields that the total mass process dies out (i.e., [ x;—s7 (ds ® d x) con-
verges to zero in probability as ¢+ — oo) if and only if

(1.12) /fo a(x) drQ(dy) < 1.

1.3. Main result: Propagation of chaos in the sparse regime. In this subsection, we state
our main theorem.

THEOREM 1.4 (Convergence to a forest of excursions). Assume that Setting 1.3 holds
and let T be the forest of excursions constructed in Section 1.2. Then it holds that

D
(1.13) (ZXP(i)SXP(i))
i=1

in the sense of convergence in distribution on D([0, 0o), M([0, 1])).

Doog ( f Ne—sSy,_ T(ds ® dn))

IE[0,00) ZE[0,00)
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The form of the left-hand side in (1.13) might look unfamiliar at first glance. We note
that the sequence {(Zﬂl 8 xP (i)),e[o,oo) : D € N} has no chance of being relatively compact
as stochastic processes with values in M¢([0, 1]), as the total masses diverge to infinity as
D — oo. By weighting the point masses as in (1.13), we avoid this problem and retain a
well-understood state space. Alternatively, one can change the (topology of the) state space.
This is done in [11], where o -finite measures on (0, 1] with the vague topology are used to
prove convergence of {(Zi’;l 8 th)(i))te[o’oo) : D € N} instead.

We emphasize that the limiting object 7 is easier to analyze than the solution of the
SDE (1.5) due to its tree structure and since general branching processes are very well under-
stood, resulting, for example, in the criterion (1.12). Further properties of the limiting process
in the case u = 0 without immigration are investigated in [10].

1.4. Main ideas and structure of the proof of Theorem 1.4. In Section 2.1 we decom-
pose (1.5) into processes with migration levels in the sense that the next higher migration
level is driven by successful migrations essentially only from the migration level directly be-
low, see (2.1) below. We then couple these migration level processes to “loop-free” processes
which we obtain by pretending that on a fixed deme all individuals have the same migra-
tion level, which turns (2.1) into (2.4) below. We show in Section 2.4 that these loop-free
processes converge in the limit as D — oo to the forest of excursions. To prove this result,
we apply induction on the number of migration steps, which is useful since, conditionally
on the lower migration levels, the processes in the next higher migration level in the loop-
free processes evolve as independent diffusions. The convergence of independent diffusions
of this kind is obtained in Section 2.3 in Lemma 2.15 below. This result can be seen as a
functional Poisson limit theorem and follows essentially from Lemma 2.11 below which is
proved in [11] by reversing time.

The principal idea of a decomposition into loop-free processes is taken from [11]. There,
however, the considerations were restricted to the “classical” migration term of the form
% ijzl(XtD (J)—X tD (i)), while here we allow for “nonlinear” migrations of the form
% 2?21 XtD(j)f(X,D (), XtD(i)). By considering the case where for all x, y € [0, 1] it holds
that f(y,x) =1 and where for all x € [0, 1] and all D € N we replace hp(x) by hp(x) —x
in (1.5), we recover the classical migration term in our framework.

To complete the proof of Theorem 1.4, it remains to show that the migration level processes
and the loop-free processes have the same limit as D — oo. This is carried out in Section 3.2.
This has already been proved in [11] for the case where o2 is of the form o2(x) = Bx for
a constant 8 € (0, oo). This assumption crucially simplified the situation, as this completely
decouples the infinitesimal variances of the migration level processes and allows to prove that
the L'-distance between the migration level processes and the loop-free processes converges
to zero as D — oo using Gronwall’s inequality. In the more general situation of this paper, we
instead show that a certain form of a weak distance between the migration level processes and
the loop-free processes converges to zero as D — 00, see Lemma 3.8 below. The proof relies
on applying It6’s formula to suitable evaluations of the semigroup of the loop-free processes,
see (3.26) below.

1.5. Application: Altruistic defense traits. Let «, B,k € (0,00), let us € [0, 00), let
a € (1,00), let (up)pen < [0, 1] be such that limp_, o Dup = Lo and such that for all
D e N it holds that Dup < 2u~, and let b € C3([0, 1], R) be such that b(1) = 0 < b(0).
Letf:[0,1]2—>R,h:[0,l]—>]R, hp:[0,1]—= R, DeN, andoZ:[O,l]—>[0,oo) be
the functions satisfying for all D € N and all x, y € [0, 1] that f(y,x) =k(a — x)&* .

a a—y’
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that 2(x) = —kx(a — x)é —ax(1 — x), that hp(x) = h(x) + upb(x), and that o2(x) =
B(a — x)x(1 — x). Then it holds for all x, y € [0, 1] that yf (y, x) + h(x) = K%(y —x)—
ax(1 — x). Thus, for every D € N, (1.5) specializes to the SDE

D D:
axPi =£Za_Xt (i)
0 Dj=1a—X[D(j)

(1.14) —aXP @) (1 - xP @) dt + upb(XP (i) dt

+Bla—XP@)XPi)(1 - XP (@) dWi (i),
t€(0,00),i €[D].

(XP () —XP ) dr

Theorem 1.3 in [12] shows (in the case where for all D € N it holds that yp = 0, that is, the
case of no mutation) that the solution process of the SDE (1.14) arises as a diffusion limit
of the relative frequency of altruistic individuals in the host population in a Lotka—Volterra
type host-parasite model. The reason for the functional form of the coefficient functions is as
follows. Since individuals migrate at fixed rate, altruistic individuals in the host population
(let H,D’N(i ) denote the total number of hosts on deme i € [D] at time ¢ € [0, 00)) migrate
HP" ()
H[D,N )
faster (a separation of time scales occurs) than the relative frequencies and they stabilize
locally in time at m if x is the current frequency of altruists, where a, B are suitable
parameters. Thus, if time is measured in multiples of N, the migration rates converge to

H2N iy Bla—XP ()
The resampling rate in the Wright-Fisher diffusion is inverse-proportional to the total mass
and this explains why the squared diffusion term is

1 ARG (1 ~ AR (i)
Hy" @

atrate ym(i, j) from deme j to deme i. The total host population sizes evolve much

m(i, j)

. K ..
w—ngnooNﬁm(l, J)

- lim =B(a — XPi)NxPiH(1 - XPw)).
U g iV HE V@) ) Ala—XPOXF O = X70)
Define u := uoob(0). We check the assumptions of Theorem 1.4: Indeed, u € [0, 00),
f e C3(0,11%,R), h,o% € C3([0, 1], R), for all D € N it holds that hp € C3([0, 1], R),
it holds that suppeyllipllcz < Ilhllc2 + lIbllc2 < oo and that limp_oo Dhp(0) =
limp_, 0o Dt pb(0) = poob(0) = i, for all x € [0, 1] it holds that limp_, o hp(x) = h(x),
for all D € N and all y € (0,1] it holds that yf(y,1) + hp(1) = yf(y,1) + k(1) =

—1? _
fra—l — <=l <0, that f(y,0) = £% > 0, that Dhp(0) = Dpb(0) < 2p0sb(0) =24,

that Dhp(0) = Dppb(0) > 0, that £(0) = 0, and that 2 (1) = —“=1) < 0. Moreover, it
holds that 62(0) = 0 = o2(1) and for all x € (0, 1) that 0%(x) > 0. Thus, Setting 1.1 is
satisfied. Furthermore, it holds that

lim
0,3)2e—0

X

> h(x) , b —kx(a—x)E —ax(1—x)
/ — ——dx= lim /
e 0°(x) 0,1)36—>0Je pla —x)x(l —x)

1
2 —K o

= lim / - d
©0.1)36—0/e ap(l—x)  pla—x)

. K 1
(1.15) = (0,;1;;2%0(% (ln(l — 5) —In(1 — e))

X
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+ %(ln(a — %) —In(a — 8)))
= %m(l — %) + %(ln(a — %) — 1n(a)> eR

Lets, S:[0,1) — [0,00) and a : [0, 1] — [0, co) be given by (1.7), (1.8), and (1.9), respec-
tively. Then it holds for all z € [0, 1) that

z 2K 2a _x/fa—z _Z?a
(116 s@=exp [ aﬁ(l_x)+,3(a_x)"x>:(l‘Z) ()

and

(1.17) S(z)=fozs(x)dx§zs(z).

We obtain from (1.17) that

: o SO) } 1 1
1.18 —d d
aw 2osm =l Ba—na-» S pa-ha-hH =%

and it follows from (1.16) and from the fact that 3—/’; — 1€ (—1,00) that

ﬁl zzly()ys)()’) / Bla— y)y(l — y)( B y)%(?)ﬂ dy

Ka _2a

2a 2k _q 20~y
_*, ﬂ/(l—y)aﬁ @—y ¥ 2dy
B :

20
2 1\7 2 20 1 % _
=S F((a-y)" H@-0F?) [[a-nitay
B 2 !

< Q.

(1.19)

Hence, Setting 1.2 is satisfied. Therefore, Theorem 1.4 is applicable to the SDE (1.14) for
any initial configuration satisfying Setting 1.3.

For the remainder of this subsection we consider the case where 1o, = 0 and where there
exists an x € (0, 1] such that for all D € N and all i € [ D] it holds that Xé)(i) =x1;—-1. We ob-
tain from (1.16), (1.18), and (1.19) together with a straightforward adaptation of Lemma 9.6,
Lemma 9.9, and Lemma 9.10 in [10] to the state space [0, 1] that the assumptions of Theo-
rem 5 in [10] are satisfied. An application of the latter theorem shows that the total mass pro-
cess (f xi—sT (ds @ dx))ie[0,00) dies out (i.e., it converges to zero in probability as t — 00)
if and only if (1.12) holds. Equations (1.11) and (1.16) yield that

. o
//0 a(Xt)dtQ(dX)_/o %UZ(y)s(y) @

Kay 2a

:/01 T _W< ;y) a
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2k
This together with (1.12) and the fact that fo (1-y) ap ! dy = 1 proves that the total mass

process dies out if and only if
Kay 2

1 - % (a—y\P
= [t H () -
0 5Ba—y)y(l—y) a
26 1 2% fa—y\F2
=2 [a-ni () Tay-
aB Jo a
2 1 2 _ —y\F2
:—K/ (I —y)> 1(<a y)ﬂ —1>dy.
ap Jo a
Consequently, the total mass process dies out if and only if @ > 8. Our interpretation is that

the altruistic defense trait can spread in the host population in the many-demes limit if the
cost of defense « is smaller than the benefit of defense 8.

2. Convergence of the loop-free processes.

2.1. Migration level processes and loop-free processes. Throughout this subsection, as-
sume that Setting 1.1 holds. To prove Theorem 1.4, we use a decomposition into migration
levels. We say that an individual has migration level k € Ny at time ¢ € [0, 00) if its ancestral
lineage up to time ¢ contains exactly k migration steps (within the system). To formalize this,
we define for all D € N that X ~! := 0 and consider for every D € N the SDE

dxP* ) ZXDk ](J)f<2 X2, ) XDm(l)>dt
mENO meNO
D,k ,.
X—([l))m D( > XtD’m(i)) dt + 1x=ohp(0) dt
@2.1) YomeNg Xi () \en

Dk,.
X 0) 2( )3 XtD’m(i))dW,k(i),

D m
ZmeNo () meNy

t € (0,00), (i, k) € [D] x Ny,

where {Wk (i) : (i, k) € N x Np} is a set of independent standard Brownian motions. Through-
out this paper, we consider weak solutions of (2.1) with initial distribution and values in
{(xi.k) i, kyelpIxNy € [0, TIIPPNo - 57 o xi € [0, 1] for all i € [D]}. The existence of such
solutions can be shown as in Lemma 4.3 in [11]. These processes will be referred to as mi-
gration level processes.

The following lemma shows that (1.5) can be recovered from (2.1) by summing over all
migration levels.

LEMMA 2.1 (Decomposition into migration levels). Assume that Setting 1.1 holds, let
D eN, let {(X,D’k(i), Wtk(i))te[o,oo) 1 (i, k) € [D] x No} be a weak solution of (2.1), and let
W (@) = (W (i))ref0,00)» | € [D], be continuous adapted processes satisfying for all i € [D]
and all t € [0, 00) that a.s.

XDk iy
Wi (@) = 1 i)> Z J m Wb{((l)
(2.2) t / (Znerg X5™" =00 keNo \ 2meNy Xs X2 (i)

t
0,
+ /(; I{ZmeNO Xf),m (l):O} dWS (l)
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Then W ={W (i) : i € [D]} is a D-dimensional standard Brownian motion and the process
XD = {(XP(i))ie10.00) : 1 € [ D]} defined for all i € [D] and all t € [0, o) by

(2.3) xPay:=Y" xP*a)
keNy

is the unique solution of (1.5) driven by the Brownian motion W.

PROOF. The processes W (i), i € [D], are continuous local martingales whose cross-
variation processes satisfy for all 7, j € [D] and all ¢ € [0, co) that (W (@), W(j)), = &;t.
Lévy’s characterization of Brownian motion (see, e.g., Theorem 3.3.16 in [16]) implies that
W is a D-dimensional standard Brownian motion. Moreover, it follows from summing (2.1)
over k € Ny that XD satisfies (1.5) with Brownian motion given by (2.2). Pathwise uniqueness
of the SDE (1.5) in the situation of Setting 1.1 follows from Theorem 3.2 in [26]. This finishes
the proof of Lemma 2.1. [J

In the limit as D — oo, the migration level processes are essentially loop-free in the fol-
lowing sense. We define for all D € N that ZP>~! := 0 and consider for every D € N the
SDE

12 _ -
dzP* i) =5 3z AP ) 2P @) ar
j=1

+hp(ZPK () dt + 1x=oh p(0) dr

+/62(zP @) dawk(i), 1e(0,00), (i, k) € [D] x N,

where {W* (i) : (i, k) € N x No} is a set of independent standard Brownian motions. Existence
and uniqueness of strong solutions of (2.4) follow from Theorem 3.2 in [26]. These processes
will be referred to as loop-free processes.

(2.4)

SETTING 2.2 (Coupling of migration level and loop-free processes). Assume that Set-
ting 1.1 holds. For every D € N let

(X250 WED)) 0,00 © G- K) € [D] % No}

be a weak solution of (2.1) with initial distribution and values in

{(xi,w(i,k)e[mmo e [0, 1PN 3™ x4k €10, 1] forall i [D]}.
keNp

For every D € N and every x € [0, 1]/°7*No we denote by

(2P (D),e00.00) * (i k) € [D] x No}

continuous adapted processes that are defined on the stochastic basis given by the weak solu-
tion of (2.1), satisfy (2.4) with Brownian motion given by the Brownian motion of the weak
solution of (2.1), and further satisfy for all (i, k) € [D] x Ny that a.s. Zé)’k’x(i) = X; k. When-
ever we omit the index x, we consider the solution of (2.4) satisfying for all (i, k) € [D] x Ny
that a.s. Z(I)) ’k(i) =X (I)) ’k(i). For notational simplicity, we do not distinguish notationally be-
tween the possibly different stochastic bases and Brownian motions for different D € N.
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2.2. Moment and regularity estimates. In this subsection, we collect some preparatory
results. We start with the following lemma which provides an estimate for the first moment
of the total mass process.

LEMMA 2.3 (First moment). Assume that Setting 2.2 holds and let T € [0, 00). Then we
have for all D € N that

D D
(2.5) sup E[Z > X,D’k(i)] <elbrtin? (E[Z > X(I))’k(i)} +2uT)

tel0.T] ;=1 keN, i=1keN

and (2.5) holds with X,D’k(i) replaced by ZtD’k(i).

PROOF. For all D e N let {W(i):i € [D]} and XP be as in Lemma 2.1. Setting 1.1
implies for all D € N and all x,y € [0, 1] that f(y,x) <Ly and hp(x) < Lpx +2u/D.
Together with Lemma 2.1, this shows for all D € N and all ¢ € [0, oo) that a.s.

D D r D
ZXP(i)52X§(i>+2m+(Lf+Lh)/0 > XP)ds
i=1

i=1 i=1
D t =
+ Z/O Vo2(XP (@) dWi ().
i=1

The stochastic integrals on the right-hand side of (2.6) are martingales since the integrands are
globally bounded. Hence, (2.6) and Tonelli’s theorem imply for all D € N and all ¢ € [0, c0)
that

(2.6)

D D t D
E[ZX,D(i)} fE[ZXg(i)} +2ut + (L +Lh)/0 E[Z XSD(i):| ds.
i=1 i=1

i=1
Gronwall’s inequality then yields for all D € N and all 7 € [0, co) that
D D
E[Z X,D(i)] < eLrtlmwi (E[Z Xé)(i)} + 2ut>-
i=1 i=1

Taking the supremum over ¢ € [0, T'] and using (2.3) proves (2.5). The proof for the loop-free
processes is similar. The proof of Lemma 2.3 is thus completed. [J

The following lemma is a variant of Lemma 2.3 and, heuristically speaking, shows that
uniformly in the number of demes essentially only finitely many migration levels contribute
to the total mass.

LEMMA 2.4 (Essentially only finitely many levels). Assume that Setting 2.2 holds and
that

D
(2.7) 3" sup ]E[Z X(l))’k(i)} < co.
keNg PeN  Li—|
Then we have for all T € [0, c0) that

D D
(2.8) Z sup sup ]E|:Z XtD’k(i):| < e(L-f+Lh)T< Z sup E|:Z X(l))’k(i):| +2[LT)

keNo DENel0.T] [ keNo PEN - L=y

and (2.8) holds with X,D’k(i) replaced by ZtD’k(i).
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PROOF. In the situation of Setting 1.1, it holds for all D € N and all x, y € [0, 1] that
f(y,x) <Ly, that h p(x) < Lpx, and that Dhp(0) < 2u. Moreover, the stochastic integral
part of (2.1) yields a martingale. These facts, (2.1), and Tonelli’s theorem show for all k € Ny,
all D e N, and all r € [0, co) that

D D
E[Z XtD’k(i)} < E|:Z Xé)’k(i)] + Le—o2ut
i=1 i=1
¢ D D
+f LfE[Z x Dkt (i)i| + LhE{Z XsD’k(i)] ds.
0

i=1 i=1

This implies for all T € [0, co) and all k € N that

D D
sup sup E ZX,D’k(i):| < sup E|:Z X()D’k(i)} + 1—o2uT
DeNt€[0,T] i=1 DeN [,

D

T
(2.9) +Ls [ sup sup E[ZX,?’k_l(i)}ds

0 DENMG[O,S] i=1

T D
+Lh/ sup sup E[ZXE’k(i)] ds.
0

DeNue[0,s] [ ;1

Lemma 2.3 and (2.7) show that the right-hand side of (2.9) is finite. For every K € N a
summation of (2.9) over k € [K ]o and Gronwall’s inequality yield for all 7 € [0, co) that

K D
Z sup sup IE|:ZXtD’k(i)i|

k=0 DeNt€[0,T] i—=1
K D
< \Lrtln)T (Z sup E|:Z Xé)’k(i):| + 2/,LT>.
k=0DeN L=
Taking the limit as K — oo proves (2.8). The proof for the loop-free processes is similar.
This completes the proof of Lemma 2.4. [

The following lemma gives an estimate for the second moment of the total mass process.

LEMMA 2.5 (Second moment). Assume that Setting 2.2 holds. Then we have for all
DeNandall T €0, c0) that

D 2

E[ sup (Z 3 XP”‘(i)) }
1€l0,T1\; =1 keN,

(2.10)

D 2
camosserstr (i (8 5 o) s, +20)

i=1keNy

and (2.10) holds with XtD’k(i) replaced by Z,D’k(i).

PROOF. For all D e N let {W(i) :i € [D]} and XP be as in Lemma 2.1. Setting 1.1
implies for all D € N and all x, y € [0, 1] that | f(y,x)| < Ly and |hp(x)| < Lpx +2u/D.
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This and Lemma 2.1 yield for all D € N and all ¢ € [0, co) that a.s.

J@|ds

D _
Z/O V(XL (@) dWy(i)|.
i=1

The Minkowski inequality then implies for all D € N and all T € [0, co) that

D 294
]E[ sup (Z)?P(i)) } [(Zxo (1)) } +2uT
1€[0,T1\; =

T
(2.11) +(Lf+L,1)/O E[(ZXD(Z)) ] ds
|:sup /\/ XD(z dW, (i) }
t€l0,T]

Using Doob’s L2-inequality (see, e.g., Corollary 2.2.17 in [7]), the It isometry, Setting 1.1,
and the fact that for all x € R it holds that 2x < 1 + x2, we obtain for all D € N and all

T € [0, 0o) that
/\/ XD(z dW (i) :|

sup
te[O i

T D B T D . 2
54/0 LUIE[ZX‘?(i)} ds§2LUT+2LU/O E[(Zx?@) }ds
i=1 i=1

Equations (2.11) and (2.12), the fact that it holds for all x1,...,x4 € R that (Z?Zl xi)? <
4 Z?Zl xl.z, and Holder’s inequality yield for all D € N and all T € [0, co) that

D 2
E[ sup (Zf(?(i)) :|
t€l0,T] i=1
D 2
541@[(25(5’(1)) :|+ 16p>T?

i=1
T D 2945 \2
+4(Lf+Lh)2(f E[(ZX?(:’))} ds)
0 i—1
T D 2
+8LUT+8L(,/ E{(ZXSDO)) :|ds
0 i—1

D 2
< 41&{(2 f(é’(i)) } + 8T (Lo 4 21°T)

i=1

D~
p )] =

+2ut +

i=1

(2.12)

T D . 2
+(8La+4(Lf+Lh)2T)_/O E[ sup (ZX5<i>> }ds

MG[O,S] i=1
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This, Gronwall’s inequality, and (2.3) prove (2.10). The proof for the loop-free processes is
similar. This completes the proof of Lemma 2.5. [J

The following lemma is a consequence of Lemma 2.5 and allows for a localization proce-
dure in the total mass uniformly in the number of demes.

LEMMA 2.6 (Localization argument). Assume that Setting 2.2 and

D 2
(2.13) sup E[(Z 3 X(I))’k(i)> } <0

DeN i=1keN,

hold and for every D, M € N define the stopping time

D
(2.14) ™ ::inf{te [0,00): > > X (i) zM}.
i=1 meNy
Then it holds for all T € [0, c0) that
D
(2.15) lim sup IE[ sup XPmiy, o }zO.
M—00 peN ze[o,T]gm%\:;O ' =T}

PROOF. Forall D,M e Nand T € [0, co) we have that

D
{fﬁsT}z{ sup 30 ) XP*’"(i)zM}.
1€[0.T];=1 meN,

This implies for all D, M € N and all T' € [0, co) that

D

tel0.T]i=1 meN,

< %E[ sup (i > X?’m(i)>2}.

1€l0.TI\i=1 meN,
This, Lemma 2.5, and (2.13) show (2.15). The proof of Lemma 2.6 is thus completed. [

Throughout the rest of this subsection and in Section 2.3 below, the following Setting 2.7
will frequently be referred to. In the situation of Setting 2.7, for every D € N the SDE (2.17)
below with g = gp has a unique strong solution with continuous sample paths in [0, 1]; see,
for example, Theorem 5.4.22, Proposition 5.2.13, and Corollary 5.3.23 in [16]. This fact will
tacitly be used in the remainder of this paper.

SETTING 2.7 (Time-dependent immigration). Assume that Setting 1.1 holds and that
gp:[0,00) x[0,1] > R, D €N, are measuralgle functions that satisfy for all D € N and all
t € [0, 0o) that gp (¢, 0) > 0, that %gD(t, 1)+ hp(1) <0, that

lgp(u,x) —gp(u,y)l
sup  sup <0

uel0,00) x,ye[0,1] lx — y
XFYy

’

and that
t
(2.16) sup sup \gM(u,x)\zdu < 00.
MeNJO xe[0,1]
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For all s € [0, 00), all D € N, and all measurable functions g : [0, c0) x [0, 1] = R we
consider the one-dimensional SDE

(2.17) dYt,Ds’g:%( 8 dt + hp(Y5) di + o2 (Y25 dW,, 1 els, 00),

where W is a standard Brownian motion. We adopt the same notation and write, for example,
¢ (or Y,%C) when the function g : [0, 00) x [0, 1] - R in (2.17) is replaced by a function
¢ : [0, 00) — R (or by a constant ¢ € R).
The following lemma estimates the L!-distance between certain solutions of (2.17).

LEMMA 2.8 (L! -regularity). Assume Setting 1.1, let gp : [0,00) x [0,1] = R, D € N,
and gp :[0,00) x[0,1] > R, D € N, be two sequences of ﬁmctlons satisfying Setting 2.7, let

s € [0, 00), and for every D € N let (Y, s ),e[s o0) and (Y, s ),e[s,oo) be solutions of (2.17)
with respect to the same Brownian motion. Then it holds for all D € N and all t € [s, 00) that

HYD 8D D gD|]
< O (B[ - v
1 rt! ~ g
4 [ Bllsnle v20) ~ ol ¥ aw).

PROOF. As in Theorem 1 in [29] (see also, e.g., the proof of Lemma 3.3 in [14]) an
approximation of R  x > |x| € R with C?-functions and exploiting that

2 _ 2 2
sup Vo= (x) —y/o=(y) -

x,y€l0,1], x5y |x - y|

shows for all D € N and all ¢ € [s, 00) that a.s.

‘ Dg Dg

D.gp _ yD,gp
‘Ys,s Ys,s

(2.18) ¢ b e b D
+ f sgn(Y, ;8P — Y, 8P) d(Y, 8P — ¥, 5P).

For every D € N and every ¢ € [s, 00) let M be a real-valued random variable satisfying
a.s. that

1t - =
(2.19) MP = [ sen(vlie — v20) (o2 (v0) = o2 (V150 ) aw,

N

Then (2.18) and Setting 1.1 imply for all D € N and all ¢ € [s, co) that a.s.

|YD 8D D8D| < |YD 8D __ YSDS,E'D|
_ | ( YD,gD) _ 3 ( YDng)}d
(2.20) + D/ 180 Ly golu, ¥ u
)

t
+Lh/ \vL:g0 — v PEo|du + MP.
s

Since the integrand of the stochastic integral in (2.19) is globally bounded, it holds for all
D eNand all r € [s, 00) that E[MtD ] = 0. Therefore, (2.20) and Tonelli’s theorem imply for
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all D e Nandall 7 € [s, 00) that
E[[¥/ 35 - vy *P | < B[[Y 252 — v 28|

t,s
1 gt ) _
+ 55 [ Ellene. Y2#) = 2ol ¥2550) ] du
N

t ~
+Lh/ E[|Y,2;s0 — Y282 ] du.
)
Gronwall’s inequality then finishes the proof of Lemma 2.8. [

The following lemma provides us with a second moment estimate for solutions of (2.17)
and is similar to Lemma 2.5. Its proof is completely analogous to that of Lemma 2.5 and thus
omitted here.

LEMMA 2.9 (Second moment). Assume that Setting 2.7 holds, let s € [0, 00), let {W (i) :
i € N} be a set of independent standard Brownian motions, and for every D € N and every

i €[D]let (Y,I’)s’gD (i))tels,00) be a solution of (2.17) driven by W (i) such that it holds a.s. that
YS,DS’gD (i) =0. Then it holds for all D € N and all T € [s, 00) that

2
D 28D
el o (Zr20) |

T
< 3(T — 5)e6Lo+3LLT )T —s) (f sup |G, |2 du + 2La>.
s xe€[0,1]

The following lemma follows from a straightforward adaptation of Lemma 9.8 in [10] to
the state space [0, 1].

LEMMA 2.10 (Finite excursion area). Assume that Setting 1.2 holds. Then it holds that

[ waoun=[s Tk

2.3. Poisson limit of independent diffusions with vanishing immigration. To show the
convergence of the loop-free processes in Section 2.4 below, we first prove a Poisson limit
for independent diffusions with vanishing immigration, see Lemma 2.15 below, based on the
following lemma which is essentially Lemma 4.19 in [11] and proved there utilizing a time
reversion argument.

LEMMA 2.11 (Poisson limit, constant case). Assume that Setting 1.2 holds, let c,s €
[0, 00), let Do € N be such that it holds for all D € NN [Dg, 00) that c/D + ﬁp(l) <0, for
every D e NN [Dg, 00) let (YtDs’c),e [s,00) be a solution of (2.17) satisfying a.s. that YSI?S*C =0,
and let ¢p : [0, 1] > R, D € Ny, be functions with the property that

|¢p(x) —ép(y)l

sup  sup < 00,
x,yel0,1] DeN lx — yl
xFy

that limp_, o, D|¢pp(0)| =0, and for all y € [0, 1] that limp_ o ¢p(¥) = ¢o(y). Then it
holds for all t € [s, 00) that

t
lim DE[¢p(Y2)] =c f / $o(1i—u) Q(d1) du.

D—o0
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For every T € (0, c0) and every s € [0, T)) we define

C(ls. T1.10,1) 3 n=> [ [i(ny) € R:

(2.21) é‘s,T = i=l
neN, yy,..., ¥, €Lip([0, 1], R),
andty,....ty €ls, T]withty <---<t,

From the Lipschitz continuity and boundedness of the involved functions in (2.21), it follows
forall T € (0,00) and all s € [0, T') that the elements of & r are globally Lipschitz continu-
ous in the sense of Lemma 2.12. The proof of Lemma 2.12 is straightforward and therefore
omitted.

LEMMA 2.12 (Lipschitz continuity). Let n € N and let {1, ..., ¥, € Lip([0, 1], R).
Then there exists a constant L € [0, 00) such that it holds for all x1,...,x, € [0,1] and
all yi,...,y, €10, 1] that

[TwiG) =[]vid| =LY Ixi —yil-
i=1 i=1 i=1

The following two lemmas generalize Lemma 2.11 in a suitable way. The proof of
Lemma 2.13 below is analogous to the proof of Lemma 4.20 in [11] and therefore omitted
here.

LEMMA 2.13 (Poisson limit, piecewise constant case). Assume that Setting 1.2 holds
and let T € (0,00). Then for all n € N, all s € [0,T), all c1,...,c, € [0,00), all
Y1, ..., ¥y € Lip([0, 1], R), all tg,....t, € [s,T] with s =t9g <t; <--- <t, <T, all
¢ [0, 00) — [0, 00) satisfying for all t € [0, 00) that {(t) =Y7_, cily, ;. (1), all Dy € N
such that it holds for all D € NN [Dg, 00) that max{cy,...,cp}/D + ED(I) <0, all solu-
tions (Yt{)s’g),e[s,oo), D e NN [Dg, 00), of (2.17) satisfying for all D € NN [Dyg, o0) a.s. that
Ysl,)s’c =0, and all F € & 7 satisfying for all n € C([s, T1, [0, 11) that F(n) =T1'_; ¥i(ns;)
and F(0) = 0 it holds that

D’{

T
lim DE[F((Y, )te[s’T])]=fs ;(u)/F((m_u)ze[s,r])Q(dn)du.

D—oo

The following lemma generalizes Lemma 2.13 and is a crucial ingredient in the proof of
Lemma 2.15 below.

LEMMA 2.14 (Poisson limit, general case). Assume Setting 1.2 and Setting 2.7, let T €

(0, 00), let s € [0, T), for every D € N let (Y,vDs’gD)te[syoo) be a solution of (2.17) satisfying
Dng

a.s. that Y ¢°° =0, and let g : [0, 00) x [0, 1] = R be a measurable function satisfying for
all t € 10, 00) that g(t,0) > 0, that [0, 1] 2 x — g(t, x) € R is continuous, and that

T
(2.22) lim sup |gp(u,x) — g(u,x)|du=0.

D—ooJs  xelo,1]
Then it holds for all F € &t with F(0) =0 that
. D,
Aim DE[F((Y;5*")1ets.17)]
(2.23) -
= [ 8@.0) [ F(@ies.)@@m duer.
S
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PROOF. In a first step, we assume that (gp)pen and g are uniformly bounded by
K € N. Fix F € & 7 with F(0) =0 for the rest of the proof and let m € N, 1, ..., ¥, €
Lip([0,1],R), and t1,...,t, € [s, T] with #; < --- <1, be such that it holds for all €
C([s, T1, [0, 1]) that F(n) = [T/, ¥i(n;,). We choose step functions ¢ : [s, T] — [0, 00),
n € N, with the property that £ () = g(-, 0) almost everywhere as n — oo and such that it
holds for all n € N that ¢ < K. For every n € N we extend ¢ to [0, co) by setting it to
zero outside of [s, T]. Setting 1.1 implies the existence of Dg € N such that we have for all
D e NN [Dg,o0) that K/D + ﬁD(l) < 0. For every n € N and every D € NN [Dg, 00) let
(Y,,S’C(H)),e[s,oo) be a solution of (2.17) satisfying a.s. that Ys[,)s’g(”) = 0. Since we may let F
depend trivially on further time points, Lemma 2.13 yields for every n € N that

. T
@24y lim DE[F(S ") o)l = [ €@ [ FOnmiie )@@ du

We are going to show that (2.24) converges to (2.23) as n — oo. Let Ly € [0,00) be a
Lipschitz constant of F in the sense of Lemma 2.12. Then Lemma 2.12 and Lemma 2.8
applied with gp = ¢ imply for all n € N and all D € NN [Dy, co) that

D, D, (n)
| DE[F((Y5*") e, r)] = PEIF (V) eyl

n ()
<DLp Y E[Jv25 — v 5]

is
i=1

> fu,s

T
< mLFeL”(T_S)/ E[|gp(u, Y2;52) — ¢ ™ (u)|] du
(2.25) ’

T
§mLFeL”(T_S)(/ sup |gp(u,x) — g(u, x)|du
s xel0,1]

T
+ [ Ellg(n ¥250) = 5. 0] du

T
+f lg(u,0) — ™ ()| du>.

The first summand on the right-hand side of (2.25) converges to zero as D — oo by (2.22).
The dominated convergence theorem and the fact that Y. .,Ds’g P converges to zero in distribution
as D — oo yield that the second summand on the right-hand side of (2.25) converges to zero
as D — oo. Finally, the dominated convergence theorem ensures that the third summand on
the right-hand side of (2.25) converges to zero as n — 0o. Altogether, it follows that

. . D, D, ;™
lim lim |DE[F((Yt,sgD)te[s,T])] - DE[F((Yt,s{ )te[s,T])]| =0.

n—00 D—o00

This proves convergence of the left-hand side of (2.24) to the left-hand side of (2.23) as n —
o0o. Lemma 2.12, F(0) =0, and Lemma 2.10 ensure that fsT SIF((i—w)eers. 7)1 Q(dn) du <
oo. This, the fact that we have for all n € N that ¢ < K, and the dominated convergence
theorem show that

T
lim_ C(")(M)/F((nz—u)ze[s,r])Q(dﬂ) du
(2.26) X

T
- f ¢, 0) / F((—a)reis.17) Q(dn) dut.
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It remains to note that F(0) = 0 ensures

T
/ ¢(u. 0) / F((h—u)reis.11) Q(dn) du
(2.27) 5

0
= [ 6. 0) [ Fon-reten) Q) du.
S
Hence, (2.26) and (2.27) show that the right-hand sides of (2.24) and (2.23) are equal in the

limit n — o0.
For the rest of the proof, we return to the case of general (gp) pen and g. Forall D, K € N

let (Ytg’gDAK),e[s,w) be a solution of (2.17) satisfying a.s. that Y&gnAK = 0. It holds for all
K e N that
T
lim sup |gp(u,x) AK —g(u,x) AK|du
D—oolJs  xefo,1
(2.28) r
< lim sup |gp(u,x) — g(u,x)|du=0.

D—oolJs  xelo,1]

We note that (2.16) and (2.22) imply that

T
(2.29) f sup |g(u, x)|du < oo.
s xe€[0,1]

Lemma 2.8 applied with (gp)pen = (gp N K) pen, arguments as in (2.25), the dominated
convergence theorem, and (2.29) then show that

- T D, D, K
lim lim }DE[F((YI,S gD)te[s,T])] _DIE[F((YI,SgDA )te[s,T])]|

K—o00 D—o00

(2.30) -
<mLpeT=9 Tim / |lg(u,0) — g(u,0) A K|du =0.
K—o00Jg

For all i € [m] and x € [0, 1] we write ; (x) = ¥; (x)™ — 1;(x)~ to obtain a decomposition
of F of the form F = F+ — F~, where F+ and F~ are finite sums of nonnegative functions
in & r and satisfy F*(0) =0 = F~(0). Due to this and (2.28), the first part of the proof
yields for all K € N that

lim DE[F*((v,75""%)

D— o0

- f (¢(u,0) A K) f FH ((lr—a)regs. 1) Q(dn) dut.

The monotone convergence theorem ensures that

lim [ (g(.0)AK) f FH (Olt—a)rets. 1)) Q(dn) du

K—o00 Jg

- / ¢(u.0) / F* (Olr—a)regs.1) Q(dn) duc.

Moreover, Lemma 2.12, F(0) = 0, Lemma 2.8, (2.28), and (2.29) yield for all K € N that

. D,gpnK
Dh—I>nooDE[F+((Yz,sgD )IE[s,T])]

te[s,T])]
(2.31)

(2.32)

T
< meeLh(T_s)/ sup |g(u,x) A K|du
s x€[0,1]

T
< meeLh(T_s)/ sup |g(u, x)|du < oo,
s xel0,1]
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which together with (2.31) yields that
o
sup [ (21,00 A K) [ F*(nmretm) Q(dn) du < oc.
KeNJs

The same is true when we replace F* by F~. This implies that

f ¢, 0) / F((i—)rets.11) Q(dn) du

is well defined as a real number. Hence, combining (2.30), (2.31), and (2.32) for F* and F~
yields that

lim DE[ (( tlz gD)te[s,T])]

D—o0

) D.apAK
= lim lim DE[F(( tngA )te[s,T])]

K—00D—0oc0

o
= [ 20.0) [ F(Or-uiets.r) @ du R
This finishes the proof of Lemma 2.14. [

With Lemma 2.14 in hand, we are ready to prove the following Poisson limit lemma for
independent diffusions with vanishing immigration, which generalizes Lemma 4.21 in [11]
to state-dependent g.

LEMMA 2.15 (Poisson limit for independent diffusions with vanishing immigration).
Assume that Setting 1.2 and Setting 2.7 hold, let s € [0, 00), let {W (i) : i € N} be a set of inde-
pendent standard Brownian motions, for every D € N and every i € [ D] let (Y,I,)s’g b (i)rels,00)
be a solution of (2.17) driven by W (i) such that it holds a.s. that YS,DS’gD (i) =0, let
g [0, 00) x [0, 1] — R be a measurable function satisfying for all t € [0, c0) that g(t,0) >0,
that [0, 1] 2 x — g(¢, x) € R is continuous, and that

tvs
lim sup |gp(u,x) — g(u,x)|du =0,

D—ooJs  xel0,1]

and let I1 be a Poisson point process on [s, 00) x U with intensity measure E[T1(du ® dn)] =
g(u,0)du ® Q(dn). Then it holds that

D
. D—
(2 Yl’stgD (l)(sYtDng(i)) :OO <'/ nz_u(sm_un(du ® dr]))
i=1 *

in the sense of convergence in distribution on D([s, 00), M¢([0, 1])).

tels,00) t€ls,00)

PROOF. Fix ¢ € C2([0, 1], R) for the rest of this paragraph. We define the function ¢ :
[O 1] — Rby [0,1]2x+— ¢(x) :=xp(x) e Rand forall D € Nand all ¢ € [s, 0c0) we define

Z _19(Y, %g P(i)). The fact that there exists a constant Ly € [0, 00) such that for all
X e [0, 1] it holds that |¢ (x)| < Lyx and Markov’s inequality yield for all D, K € N and all
t € [s, 00) that

P(5/%] = K) <— [Zw Dg”(z)}
[ZY“D } =2 DR (1],
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This, Lemma 2.8, and Setting 2.7 imply for all ¢ € [s, co) that

L t
(233 Jim sup P(SP|= K) < lim =9 eLn(t=9) gup sup |gp(u,x)|du=0.
K—oo K DeNJs xef0,1]

For every T € (s, o0) and every D € N let S? be the set of all stopping times with respect
to the natural filtration of S_I?S that are bounded by T'. For all y € [0, 1], all D € N, and all
t €[5, 00) we define

1 ~ 1
(GP)(y) := (ng, W+ hD<y))¢'<y> 5079,

Setting 1.1 and ¢ € C%([0, 1], R) imply that there exists a constant Cy € [1, 00) such that it
holds for all y € [0, 1], all D € N, and all 7 € [s, c0) that

1
!(G?¢)(y>\sc¢(5 sup |gD<z,x>\+y) and o2(»)¢(y) < Cly,

Jensen’s inequality implies for all x1, x2, x3 € R that (Zl 1x,)2 <3 23 lx Holder’s in-
equahty shows for every 8 € [0,00) and every integrable function Ot : [0,8] — R that
(JO a(u)du)® < 8 [ (@ (u))? du, and it holds for all x € R that x < 1 4 x2. 1td’s formula, the
Itd isometry, and the preceding estimates show for all 7 € (s, 00), all § € [0, 1], all D € N,
all T € SP, and all § € [0, §] that

2
E[(Sf-i-SS S‘f,)s) ]

T+3 D 145 2
=E[(Z / TG @) du+ Y / ’ (¢02¢’)<Y£;gﬂ<i>)qua))]
i=1""° i=1"7

T+ 2 D 2
5303511«:[(] s%p”!gp(u,x)\du) }+3C§,E[<Z/ Yﬂff}@)@) }
to xel), i=1

+3E[Z / (V2 O)e? (V35 ) }

T+48 D 2
§3C£8E[/ * sup |gp(u,x)| du}+3C¢8E|:/ (Z ﬂff}(l)) a’ui|

x€[0,1] =1

)
+ 3C;E[/O Z Y28 (i) du]

T+l D 2
<3C35 / sup |gp(u,x)[*du+6C38E| sup (D yPp (i))
N

x€[0,1] uels, T+11\;=
+3C35.
This, Lemma 2.9, and Setting 2.7 imply for all T € (s, co) that
(2.34) lim sup sup sup E[(Sr+5 s Sgs)z] =0.

§—>0DeN 5P 5€0,5]

By Aldous’ tightness criterion (see, e.g., Theorem 3.8.6 in [7]), (2.33) and (2.34) ensure that

(2.35) {(Z Y282 () (v, 8P <z>)>

:DEN}

tels,00)
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is relatively compact. Since ¢ € C%([0, 1], R) was arbitrary, it follows from (2.35), from
Theorem 2.1 in [25], and from Prokhorov’s theorem (see, e.g., Theorem 3.2.2 in [7]) that

D
(2.36) [(Z y,2ep (118, e m)
i=1 by

is relatively compact.

In the following, we identify the limit points of (2.36) by showing convergence of finite-
dimensional distributions. For that, fix n € N, fix ¢, ..., ¢, € Lip([0, 1], [0, 00)), and fix
,...,tn €[s,00) with t; <--- <1,. For every j € [n] we define the function ¢; : [0, 1] —
[0,00) by [0,1] 5 x = ¢;(x) := x¢;(x) € [0, 00). The fact that Y.g’gD(i), i € [D], are
ii.d. for all D € N yields for all D € N that

[exp( ZZ@ (Y8 () )]

j=li=l

:DGNH

t€[s,00)

D
(2.37) =1_[E|:exp( Z¢J DgD(l) ):|

_ DE[l —exp(= Y] ¢; (Y ¥ (D)
; )

/N
p—

For all x1, ..., x, € [0, 1] it holds that

(2.38) l—exp( Z¢,(xj)) Z(l—exp( ¢ (x))) exp( er,(xl)

j=1
This shows that (2.37) involves the expectation of a sum. Each summand has the form of
a functional F € &, with F(0) = 0. On compact subintervals of [0, 00), the sequence of
functions x — (1 — %)D , D € N, converges uniformly to the function x — ¢™* as D — oo.
This, Lemma 2.14 applied to each summand of the sum obtained from (2.37) and (2.38), and
Campbell’s formula (see, e.g., Theorem 24.14 in [17]) show that

i 2|on(-E Lo0teoo)|

j=li=l1

:exp(—Dlim DE[l—exp( qu, DgD(l))D
:exp(—/foo(l —eXP<—Z¢j(m_,-u)>>g(u,0)duQ(dn)>
s =1

=1E[exp<—Z/qu(nf,-_u)n(du@dn))}.
j=1

This implies the convergence of finite-dimensional distributions of (2.36) and completes the
proof of Lemma 2.15. [

2.4. Convergence of the loop-free processes. In this subsection, we show convergence
of the loop-free processes using Lemma 2.15. For that, we make the following assumption,
which implies that the initial population has migration level zero and that its total mass has
finite second moment.
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SETTING 2.16 (Initial distribution). Assume that Setting 1.3 and Setting 2.2 hold, that

0 2
(2.39) E[(Z Xo(i)> ] <00
i=1

and that it holds for all D € N and all i € [D] that ﬁ(Xé)’O(i)) = L(Xo(i)) and for all D € N
and all (i, k) € [D] x N that £(X.* (i) = 8.

The following lemma establishes the convergence of the loop-free processes and is analo-
gous to Lemma 4.22 in [11]. Recall that by Setting 2.2, which is satisfied by assumption in
the following lemma, the loop-free processes fulfill for all D € N and all (i, k) € [D] x Ng
that a.s. Z2* iy = xJF@0).

LEMMA 2.17 (Convergence of the loop-free processes). Assume that Setting 2.16 holds
and let T be the forest of excursions constructed in Section 1.2. Then it holds that

D
(Z Z ZtD’k(i)‘szD’k(i)) =% (/ Ni—s0y,_, T (ds ®d77)>
' 1€[0,00) 1€[0,00)

i=1keNy

in the sense of convergence in distribution on D ([0, 00), M¢([0, 1])).

PROOF. Fix ¢ € C2([0, 1], R) for the rest of this paragraph. We define the function ¢ :
[0,1] > Rby[0,1] > x> ¢(x) :=x¢(x) € Rand forall D € Nandall ¢ € [0, 0c0) we define
S,D = Zf;l ZkeNo ¢(ZtD’k(i)). The fact that there exists a constant Ly € [0, 00) such that
for all x € [0, 1] it holds that |¢(x)| < Lyx and Markov’s inequality yield for all D, K € N
and all 7 € [0, co) that

(5?12 0= 5[5 S o] < x5 o]

i=1keNp i=1keNp

This, Lemma 2.3, and Setting 2.16 imply for all ¢ € [0, co) that

(2.40) 11m sup P(|SP| > K) < lim sup —¢E|:Z Z zP k(l)i| =0.
K—00 peN K=o peN i=1keNy

Forevery T € (0, 0o) and every D € N let 8? be the set of stopping times with respect to the
natural filtration of S? that are bounded by T. For all D € N and all x = (x; 1) ,k)e[D1xN, €

[0, 1]1P1No we define ¥ (x) := 372 > en, ¢ (xik) and

VN
(G (x)—ZZ<kOZxJ|k 1. (k=115 Xi k)

i=1keNy

+ sz(x,-,k) + Ik:OhD(O))¢/(xi,k)

+ = Z ZG (xi, k)¢ (Xik)-

l 1 keNg

Setting 1.1 and ¢ € C?([0, 1], R) imply that there exists a constant Cy € [1,00) such
that it holds for all D € N, all x = (x; x) i k) e[p]xN, € [0, 111P1xNo - and all y € [0, 1] that



INTERACTING DIFFUSIONS IN THE SPARSE REGIME 2335

[(GPYPY(x)| < Cy 2+ 21 kew, Xik) and that o%(y)¢'(y) < CJy, Jensen’s inequal-
ity ensures for all x, x, € R that (x —i—xz)2 < 2(x1 —i—x%), Holder’s inequality yields for every
3 € [0, 00) and every integrable function « : [0, §] — R that (f(f a(u)du)® <3 fés ((u))?du,
and it holds for all x € R that 2x <1+ x2. 1t6’s formula, the Ito isometry, and the preceding
estimates show for all 7' € (0, 00), all § € [0, 1], all D € N, all T € S2, and all § € [0, §] that

E[(S7s — SP)°]

=E[<[+6(GD¢D)( du+ZZ/ (Vo2¢')( ZDk(l))de(l))]

i=1keNy

202K [(/ 2ty T Z,;DJ;(l)du)z}

i=1keNp

+2E[ZZ/ (Vo2¢')( f+”;<i))du}

i=1keNy

§2C]2ﬁ8E|:/ (2M+Z 3 zm(l)) du:| +2cwE[/ D3 ZtD+l;(z)du:|

i=1keNp i=1keNp

< 3C35E[ sup <2u + Z Z ZD k(z)) } + Cw
1€[0,T+1] i=1keNg

This, Lemma 2.5, and Setting 2.16 imply for all 7' € (0, co) that

(2.41) lim sup sup sup E[(Sr+8 STD)Z] =0.
3—>0DeNresP 5€[0,5]

By Aldous’ tightness criterion (see, e.g., Theorem 3.8.6 in [7]), (2.40) and (2.41) ensure that

D
(2.42) {(Z 3 Z,D’k(i)go(Z,D’k(i))> :De N}
tel0,00)

i=1keNy

is relatively compact. Since ¢ € C2([0, 1], R) was arbitrary, it follows from (2.42), from
Theorem 2.1 in [25], and from Prokhorov’s theorem (see, e.g., Theorem 3.2.2 in [7]) that

D
(2.43) {(Z 3 z})”‘(i)azrD,k(i)) :De N}
t€[0,00)

i=1keNy

is relatively compact.

In the following, we identify the limit points of (2.43) by showing convergence of finite-
dimensional distributions. For that, fix n € N, fix ¢y, ..., ¢, € Lip([0, 1], [0, 00)), and fix
..., €[0,00) with 7; < --- <1,. For every j € [n] we define the function ¢; : [0, 1] —
[0,00) by [0,1] > x — ¢; (x) =x¢;(x) € [0, 00). Next we show that it holds for all m € Ny
that

lim E|:exp< iZZd)J z ) )}

D=0 j=1i=1k=0
(2.44)

= E[@ﬂp( 2 2 / ¢ (- T (ds @ dn))]

j=1k=0
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We prove (2.44) by induction on m € Ny. For all n € C([0, 00), [0, 1]) we define F(n) :=
S"_ ¢ (n,) € R. Forevery D € Nlet (5" (i))¢10.00). i € [D], be solutions of (2.17)
driven by independent Brownian motions such that for all i € [D] it holds a.s. that
YOL?(;DhD(O)(i) = Xop(i) and let (Yt%DhD(O)(i)),e[oyoo), i € [D], be independent solutions
of (2.17) satisfying for all i € [D] a.s. that 170{) dDhD © (i) =0. Then Y_%DhD O s equal in dis-
tribution to Z”:?. Note that it holds for all x, y, z € [0, 00) that [e™* — =0+ | < [e7*(1 —
e N+le V(e —e?)| <1—eY+|x —z|. Moreover, there exists a constant L g € [0, 00)
such that it holds for all n, 7 € C([0, 00), [0, 1]) that |[F(n) — F()| < Lr 3}y [ne; — 1y,
These facts and Lemma 2.8 imply that

D
Klim limoo’E|:exp(— Z F(Y,%’DhD(O)(i))>:|

—00 D— Py

- E|:exp<— S F(rh DhD(O)(i))):| ‘

(2.45) =1

K
< lim lim E[l—exp(—ZF(i%DhD@)(i)))]

K—00D—00 P

o0
: Lty -
+ Jim Lpnettn > E[Xo()].
i=K+1
The second summand on the right-hand side of (2.45) is zero due to Setting 2.16. For every

i € N the process 17.,[())’ Dhp (O)(i ) converges weakly to zero as D — 0o, so the first summand
on the right-hand side of (2.45) is also zero. On the other hand, for every i € N the process

Y,%DhD(O)(i) converges weakly to Y (i) as D — oo (see, e.g., Theorem 4.8.10 in [7]). These
observations and Lemma 2.15 with s =0, (gp) pen = (Dhp(0)) pen, and g = u imply that

lim E|:exp<— XDj F(ZD’O(i))>]

D— o0 .
i=1

K
= lim lim E M Ry O
Jim_ lim [exp( 2 (Yo (i))

— 00 D—>00

D
XE|:exp<— Z F(Y.’D()’DhD(O)(i)))i|

i=K+1

= lim E[exp(— é F(Y(i)))] L}gnwE[exp<— i F(72:Pho© (i)))}

K—o .
i=1

= E[exp(— g F(Y(i)))}E[exp(— / F(n_)1?(ds ® dn))}

:E[exp(—/F(n.s)’T(O)(ds ®dn))].

This establishes (2.44) in the base case m = 0. For the induction step Ng > m — m + 1 the
induction hypothesis and relative compactness for all m € [m]y of

D m
{(ZZZP*k(i)azP,k(i)> :D GN}
te[0,00)

i=1k=0
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imply for all m € [m]p and all ¢ € C([0, 1], R) that

(éi 2P iye(z k(z)))

te[0,00)

(2.46)

D_>=°° <Z/’7t—s¢(77t—s)T(k)(dS ®dn)>
k=0

By the Skorokhod representation theorem (see, e.g., Theorem 3.1.8 in [7]), we may assume
almost sure convergence in (2.46). Consequently, we may assume for all ¢ € C ([0, 1], R) that

D
(Z Z,D’m(i)(p(Z,D’m(i))>
t€[0,00)

i=1

te[0,00)

(2.47)
Lo ( / Ni—s@(i—s)T ™ (ds @ dn))

as. t€[0,00)

For every D € N let gp, g : [0,00) x [0,1] x € — R be functions which satisfy for
all (1,x) € [0,00) x [0,1] that gp(t,x) = X2, Z" () f(Z"(j). x) and g(t.x) =
[ 0i—s f(i—s, x)T "™ (ds ® dn). The sequence of functions (gp) pey satisfies Setting 2.7 al-
most surely. Moreover, the function g satisfies almost surely for all ¢ € [0, co) that g (¢, 0) > 0.
Furthermore, the fact that it holds for all ¢ € [0, co) that [ SUPy (0,17 |M—s f(—s, x)| X
TM(ds @ dn) < Ly [n:—sT (ds ® dn), the fact that it holds for all # € [0, 00) that
E[/ n:—sT (ds ® dn)] < 0o, and the dominated convergence theorem yield that it holds al-
most surely for all ¢ € [0, co) that [0, 1] > x — g(¢, x) € R is continuous. Equation (2.47)
and the assumptions on f imply almost surely for all ¢ € [0, c0) that (gp(?, -)) pen iS an
equicontinuous sequence and this together with (2.47) yields almost surely for all ¢ € [0, co)
that

(2.48) lim sup |gp(r,x) —g(t, x)|=0.

D—00 x¢[0,1]

It follows almost surely for all # € [0, 00) from (2.47) that [0,] 3 u > [ 1,—sT ™ (ds ®
dn) € R is cadlag and therefore square-integrable and thus that

(D 2
sup (Z Zb?’m(i)> du < oo.
DeNJO i=1

This, the fact that for all D € N and all u € [0,00) it holds that sup, . 171gp(u,x) —
gu,x)| < Lf(Zi’;1 Zf*m(i) +/ Nu—s T (ds ®dn)), and Theorem 6.18 and Corollary 6.21
in [17] imply almost surely for all # € [0, co) that the family

{[0 t1our— sup |gD(u x)—gu,x)|eR: DEN}

x€[0,

is uniformly integrable. This, Theorem 6.25 in [17], and (2.48) show almost surely for all
t € [0, 00) that
t

lim sup {gD(u,x)—g(u,x)|du:0.
D—00J0 xel0,1]
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lem+1

Conditionally on (Z™-") N, for every D € N a version of is given by Y ,%’gD sat-

isfying for all i € [D] and all ¢ € [0, co) that a.s.

t

) 1 ) ~ )
Y28 (i) = /O Sen(u, Y282 ) + hp (Y22 () du

+/Ol,/aZ(Y,fégD(i))dWL;"“(i).

Therefore, Lemma 2.15 yields that a.s.

D
lim E|:exp<— Z F(ZD,m—H(l-))) ’ (ZM’m)MeN’ 7-(m):|

D— oo ;
i=1

D
(2:49) = DlgnooE[exp(— LG <i>)> | (@) e T ("”}
=E[exp<— / F(p— )™ (s ®dn)> ‘ T("”},

where I+ conditioned on 7™ is a Poisson point process on [0, 00) x U with the prop-
erty that for all bounded measurable @ : [0, c0) x U — [0, c0) it holds almost surely that

/<I>(s, ME[N™ D (ds ® dn) | T]
= o6 ( [atx-nT™are dx)) ds ® O(dn)
- f f B (s, N)i(xs_) ds ® Q(dn)T™ (dr @ dy)

://dD(s, ME[TT0 (ds @ d)|T™ (dr @ dx).

This shows that TT"*D conditioned on 7 is equal in distribution to [ TI""XO T (dr ®
dy) = T"+D This, (2.49), and the induction hypothesis show that

L}EnmE[exp(— nil i F(ZD’k(i)))}

k=0 i=1
m D
= IE|: lim exp(— Z Z F(ZD’k(i)))
b0 k=0i=1
D
« E[exp(— Z F(ZD,m+l (l))) ‘ (ZM’m)MeN’ T(m):|:|
i=1
= E|:exp(— Z / F(—)T®ds® dr]))
k=0

X E[exp(—fF(n._s)’T(m“)(ds ®d77)> ‘T(M)H

m+1
= E|:exp(— Z / Fi—)T® s ® dn)>:|.
k=0
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This finishes the induction step Ng > m — m + 1 and hence proves (2.44). Lemma 2.4, the
fact that

mli_)mooIE|:exp(— Z Z f oy (n;j,S)T(k)(ds ® dn)>i|

k=0 j=1

= E[exp(— > 2 f ¢ ;- T (ds @ dn)ﬂ,

k=0 j=1

and (2.44) imply the convergence of finite-dimensional distributions of (2.43). Therefore, this
finishes the proof of Lemma 2.17. [J

3. Convergence to a forest of excursions. To prove Theorem 1.4 in Section 3.3 below,
we first show that the migration level processes and the loop-free processes have the same
limit as D — oo; see Lemma 3.8 below. Our method of proof is the integration by parts
formula for semigroups; see (3.22), (3.23), and (3.26) below. For this, we first derive moment
estimates in Section 3.1 and uniform bounds on the derivatives of the semigroups of the
loop-free processes in Lemma 3.3.

3.1. Results for the migration level processes. The following lemma implies that indi-
viduals on the same deme have essentially the same migration level in the limit D — oo and
is analogous to Lemma 4.24 in [11].

LEMMA 3.1 (Essentially one level per deme). Assume that Setting 2.2 holds, that

D 2
(3.1) sup E[(Z 3 Xé)’k(i)> ] < o0,

DeN i=1keN,
and that
D D,k D
. s . . _
(3.2) DlgnooIE[Z YoXgNO DY X, (z)] =0.
i=1keN meNg\{k}

Then it holds for all T € (0, 00) that

D
(3.3) lim  sup E[Z SoxProy Y XtD’m(i)]=0-

b=ooteo, 11 [ ke meNo\{k}

PROOF. Fix T € (0, 0o) for the rest of the proof. For every D, M € N we consider the
stopping time tﬁ defined in (2.14). Since it holds for all D e N, alli € [D],and all ¢ € [0, T']

that 3, ey, XP™ (i) € [0, 11, we obtain for all D, M € N that

D
sup]E[ZZX,D’k(i) 3 X,D’m(i)i|

1el0,T i=1keN meNp\{k}
D D.k D
o) S PP aRTEND W I
tel0,T]  Li=1keN, meN\ {k}

D

ks

+5] w5 K40t g |
1€[0,T] =1 keN,
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Lemma 2.6 ensures that the second summand on the right-hand side of (3.4) converges to
zero uniformly in D € N as M — oo. To prove (3.3) it therefore suffices to show that the first
summand on the right-hand side of (3.4) converges to zero as D — oo for all M € N. We
fix M € N for the rest of the proof. For every D, K € N and every ¢ € [0, c0) let Mtl)’K be a
real-valued random variable satisfying that a.s.

(3.5) mP XDk iy o2 xPliy)awm ).
;k%{o/ S ren, X310 (zgw:o )

1t6’s formula, (2.1), (3.5), and Setting 1.1 yield for all D, K € N and all ¢ € [0, co) that a.s.

ZZXDk(Z)ZXDm

X" (0)

i=1k=0
m;ék
D K
522 Dk(z)ZXDm(z)—i-Z/ ZZXDk(z)hD(O)ds
(3.6) i=1k=0 m;ék i=1k=0
1 D
+2/ Z Z XDk(z)(DZLfX?’m_l(j)+LhXSD’m(i)>ds
i=1k,m=0 j=1
m=#k
+2mPK
For every D, K € N the fact that
XD,m .
Z Z/ (x2k @) S—S)I_JZ(Z Xf,)”(i))dstTL(,
i=1 k.m=0 2ieNg Xs (1) \en,

m#k

implies that (M )te[O 7] 1s a martingale. Using this using for all D €e N and all s € [0, T']

that Zl | ZkeNo D(z) <M+ Zl 1 2keN X0 (1) and applying the optional sampling
theorem (see, e.g., Theorem 2.2.13 in [7]) and Tonelli’s theorem, we obtain from (3.6) for all
D, K eNandall t € [0, T] that

[ZZXD £ (i) Z x? "’Mz)}

i=1k=0
m;ék

D
_E[Z IR OEDY Xé”’"@}

i=1keNy meNo\ {k}

D
+2Thp(0) (M —HE[Z 3 X(?”‘(i)D

i=1keNy

+ 12TLfIE[<M+Z 3 XDk(z)>2:|

i=1keNy

i=1k=0

+2Lh/ [ZZXD"D( ) Z XD ’"Da)} 5.
m;ék
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This, the fact that we have for all D € N that 2p(0) <2u/D, Gronwall’s inequality, and the
monotone convergence theorem ensure for all D € N that

D
sup E[Z > X2 a) > XzD’m(i)l{rn%T}]

tel0,T]  [i=1keN, meNo\{k}
D,k D,
ST PR aREATED oA
tel0.T] [ =1 keN, meNp\{k}

D
< eZLhT(E[Z Sxgto Y Xé)’m(i)]

i=1keNy meNp\ {k}

2
i2T(2M+Lf) sup E[<M+Z > XNk(z)> D

i=1keNy
Letting D — oo and applying (3.2) and (3.1) finishes the proof of Lemma 3.1. [J

The following lemma implies that the total mass is not evenly distributed over all demes
and is analogous to Lemma 4.23 in [11].

LEMMA 3.2 (Concentration of mass). Assume that Setting 1.2 and Setting 2.2 hold, that

D
3.7) > sup E[Z X(I))’k(i)i| <

keNy PEN  Li=1
that
D 2
(3.8) sup E[(Z 3 Xé)’k(i)> ] <o
DeN i=1keNy
and that
(3.9) lim sup E[Z PCCOVY)) ] 0.
3=>0peN |5 keN,
Then it holds for all T € (0, c0) that
D
(3.10) lim sup sup IE[ XPkiyns ] =0.
5—>0k§ DeN1€[0,T] ,;( t )

PROOF. Fix T € (0, co) for the rest of the proof. For every D, M € N we consider the
stopping time IAL,} defined in (2.14). Then it holds for all § € (0, 00), all K € Ny, and all
M e N that

D
Z sup sup E[Z(Xf)’k(i)/\(S)}

keNg DeNte[0,T] i=1

K D 00 D
3.11) < Z sup sup IE|:Z(X,D’k(i) A 8)1{1D>T}} + Z sup sup E[Z X,D’k(i)}
] M k

k:()DENl‘G[O,T i=1 K DeNte[0,T] i=1

K D
+ Y sup IE|: sup > Y X;D’m(i)l{rﬁgT}}'

k=0 DeN l‘E[OvT]i:ImeNo
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Lemma 2.4 and (3.7) imply that the second summand on the right-hand side of (3.11) con-
verges to zero as K — 0o, while Lemma 2.6 and (3.8) ensure for all K € Ny that the third
summand on the right-hand side of (3.11) converges to zero as M — oo. To prove (3.10)
it therefore suffices to show for all K € Ny and all M € N that the first summand on the
right-hand side of (3.11) converges to zero as § — 0. We fix k € Ng and M € N for the rest
of the proof. Setting 1.1 implies the existence of Do € N such that for all D € NN [Dg, 00)
we have L M/D + hp(1) < 0. For every D € NN [Dy, 00) let XP be as in Lemma 2.1.

Moreover, for every D € NN [Dy, o0) and every i € [D] let (Y, y LfM+DhD(0)(1)),€[o,oo) and
())ze[0,00) be two solutions of (2.17) with respect to the same Brownian mo-

¥, D, L,M+DhD(0)
tion satlsfylng a.s. that Y, ()DOLfM+DhD(O)( )= XD(l) and YD LfM+DhD(O)( ) =0.Lemma 2.1

above, Setting 1.1 above, and Lemma 3.3 in [14] show for all D eNN[Dg,o0),alli €[D],
and all ¢ € [0, T'] that X D) is stochastically bounded from above by Y, D Lf M+DhD(O)( )

on the event {rM > T}. This, (2.3), the fact that for all a,b,é € [0, oo) it holds that
land—bAS|=]land—bAS| NS <|a—b|ASJ,and Jensen’s inequality for the conditional
expectation applied for all € (0, oo) with the concave function [0, 1] > x — x A § € R yield
forall § € (0,00),allr €[0,T], and all D € NN [Dg, co) that

[Z (XP*aiy n o) ;.2 >T}}

DLM Dhp(0
E[(XP () A &)1 )] ZE sMEDRDO) Gy 1 5]

'MG

=

—_

D,L¢M+Dhp(0)
E[Y, o7 @) A 8]

.I/\
Mw L

[ H DLfM—i-DhD(O) D,LyM+Dhp(0)

(i)=Y, |1 XP @] 8]

i=1

This, Lemma 2.8, and the fact that it holds for all 7 € [0, T] that e£*' > 1 ensure for all
8€(0,00),allt €[0,T], and all D € NN [Dg, co) that

D
. D,LM+Dhp(0
E[Z(XP*OMS)I{U%T}}<DE[ PP (1) p o]
i=1

D
+ e Y EBIXP () A 8]
i=1
This, Lemma 2.14 with (gp)p>p, = (LM + Dhp(0))p>p, and g = L yM + p, equa-
tion (2.3), and subadditivity for all § € (0,00) of [0,1] > x = x A § € R imply for all
5 € (0, 00) that

D
sup lim E[Z(Xf’k(i)/\5)1{rﬁlz>r}:|

tel0,71 D=0 |

T
(3.12) =@M+ [ [ G- n0)aron)

+ elnT supIE|:Z Z MEYAS :|

DeN i=1meNy
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The first summand on the right-hand side of (3.12) converges to zero as 6 — 0 by the dom-
inated convergence theorem and Lemma 2.10. The second summand on the right-hand side
of (3.12) converges to zero as § — 0 due to (3.9). This completes the proof of Lemma 3.2.

O

3.2. The migration level processes and the loop-free processes have the same limit.
For the rest of this paragraph, we fix K € Ny and assume that Setting 2.2 holds. For
all D € N we denote by {StD :t €0,00)} the strongly continuous contraction semigroup
on C([0, 1]IP1*[Klo R) associated with {(Z,D’k(i))te[o,oo) 1 (i,k) € [D] x [K]o}; see Re-
mark 3.2 in [26]. Then for all D € N, all ¢ € [0, 00), all ¥ € C([0, 1]IP1*[Klo R), and all
x € [0, 1]IP1x[K]o jt holds that

(3.13) (SPy) () =EW((ZrD’k’x(i))(i,k)e[D]x[K]o)]'

For every D € N the semigroup {S,D :t € [0,00)} has as its generator the closure of the
operator acting on s 0,R), given for a S , 0, and a

P GP acting on C2([0, 1]IP1<IKlo R), given for all C2([0, 1][PIx[Klo R) and all
x = (Xi k) oelDx[K] € [0, [IP1X[Klo by

i~
(X)—ZZ( £ OZ-XJ k=11 (X 1k—1], Xi k)

i=1k=0 j=1

(3.14) +ﬁp<x,-,k>+1k:ohD(0>> idid (x)
0X; k

52

D K W
ZZ (m) 2(x>

The following lemma establishes uniform bounds on the derivatives of the semigroups of the
loop-free processes.

l\.)l'd

LEMMA 3.3 (Uniform C2-bound). Assume that Setting 2.2 holds, let K € Ny, and for
every D € N let {S,D 1t € [0,00)} be as in (3.13). Then there exists ¢ € [0, 00) such that
it holds for all D € N, all t € [0, 00), and all ¥P € C%([0, 1]IP1*[Klo R) that SPyP e
C2([0, 1]1P1x[KD0 R) and

(3.15) [Py P o < e [P o

PROOF. For every D € N and every (i,k) € [D] x [K]o let the function b;y :
[0, 1]IPI>IK]0 — R satisfy for all x = (x;1)(j.nye[pIx[K]o € [0, 1]P1*¥K0 that

| P ~
bix(x) = % ij,|k—1|f(xj,|k—1|, Xi k) +hp(xik) + 1xk=0hp(0).
=1

Then it holds for all D € N and all @ € N)?™ 1 with || = 1 that

D K
DY 10%bik] o
i=1k=0
of

| <3| flict + Ilap e

o

th
< ||f||oo+‘ H

3x2
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and for all D € N and all & € Nf”V0 with || =2 that

0
> bl <2 2] +[Z] )
i=1k=0 9x1lloo  10x2 lloc
I P W et
8x12 00 0x10x2 | 0o 8x2 dx? 00

<8Il flic2+ llhpllca.
We define

" 1
=4(8llfllc2 + sup liplic2) + 50?2
DeN 2

which is finite due to Setting 1.1. Then Theorem 4.1 in [13] shows for all D € N, all
t € [0,00), and all y? e C?([0, 1]IP1xIKlo R) that SPy P e C?([0, 1]1P1*IKlo R) and
that (3.15) holds. The proof of Lemma 3.3 is thus completed. [

The following lemma follows immediately from Theorem 3.16 in [19] and Lemma 3.3
above.

LEMMA 3.4 (Kolmogorov backward equation). Assume that Setting 2.2 holds, let T €
(0,00), let D € N, let K € Ny, let ¢ € C*([0, 1]/PT¥IKIo R), let {SP : t € [0, 00)} be as
in (3.13), let GP be as in (3.14), and define the function u : [0, T] x [0, 1]IP1*[Klo R py

[0, 77 x [0, []PP>XIKI0 5 (7, ) > u(t, x) := (SP_,¢) (x) € R.

Then it holds that u € C"2([0, T x [0, 1]IP1*[Klo R) and it holds for all t € [0, T and all
x € [0, 1]PPIXIKIo that u(T, x) = ¥ (x) and

%(r, )+ (GPu)(t,x) =

The following lemma shows that finitely many levels of the migration level processes and
of the loop-free processes have the same limit as D — oo at every fixed time point.

LEMMA 3.5 (Asymptotic equality for one-dimensional distributions). Assume that Set-
ting 1.2 and Setting 2.2 hold, that

D
(3.16) > sup E[Z X(’)j’k(i):| < oo,

keNy PeN  Li=1
that
D 2
(3.17) sup E[(Z 3 X(I))’k(i)> } <00
DeN i=1keNy
that
D,k D,m _
(3.18) L)lgnooE[Z DX DD X (z)} =
i=1keN meNy\{k}
and that
(3.19) lim sup E{Z S (XJ G A } 0,
80 peN i=1keNy
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let T € (0,00) and K € Ny, for every D € N let 1//D € Cz([O, 1]IPIx[K]o R), and suppose
that suppcy ||1//D||Cz < 00. Then it holds that

Dli_>moo|E[WD((X?’k(i))(i,k)e[mx[K]O)]
- E[WD((ZTD’k(i))(i,k)e[D]x[K]O)]| =0.

PROOF. Forevery D € Nlet {SID :t €[0,00)} be asin (3.13), let GP be asin (3.14), and
define the function u? : [0, T] x [0, 1]IPP¥IKl0 . R by

(3.20)

(3.21) [0, T] x [0, 1JPKIo 5 (7 %) 15 uP (2, x) := (SP_,¥P)(x) e R.
Equations (3.21) and (3.13) yield for all D € N that

D.k . Dk,
(3.22) E[”D(T’ (X7 (’))(i,k)e[D]x[K]o)] = E[WD((XT (l))(i,k)e[D]x[K]o)]
and

Dk ,. Dk ;.
(3.23) E[u (0, (Xo" ) g pyerpixixi)] = BV P (Z2 ) i iy erpixirin) -

This shows that (3.20) is implied by

Dk ,.
(3.24) im B[ (T (X7 D) g perpixixn)]

Dk ,.
- E[“D(O’ (Xo (’))(i,k)e[D]x[K]o)“ =0.
Lemma 3.4 implies for all D € N thatu? € C2([0, T] x [0, 1]{P1*IKlo R) and forall D € N,
allr € [0, T], and all x € [0, 1]IP1*[K]o that

duP D D
(3.25) W(t,x)-l—(G u”)(t,x)=0.

For every D € N (a small variation with different orders of differentiability of) Whitney’s
extension theorem (see, e.g., Theorem 2.3.6 in [9]) ensures that uP can be extended to a func-
tion in C12([0, 0o0) x RIPIXIKlo R). Then It6’s formula, (2.1), (3.25), (3.14), and Tonelli’s
theorem yield for all D € N that

Dk . Dk,
E[”D(T’ (X7 (’))(i k)e[D]x[K]o)] - E[”D(O’ (Xo (l))(i,k)e[D]x[K]o)]
D K ouP

D,
/ [ k (X; m(]))(j,m)e[D]X[K]O)

M

{ ix’” G(#(

— F(xPEG, X.?”‘(i)))

> XD T xPr0)

mENO mENO

(3.26)
XD’k(l) 5 B
—= hD< > X‘D”"(i)) — hp(XP* @)
ZmENQXSD’m(i) meNy ' '
1 2 K 92uP D
N e
+52. 0 o (5 (X" WD) mervixix)
250 9%k

{Ll).az( > XR’”(;‘)) — az(Xf’k(i))}] ds

D,m
D meNy X5 (D) meNy
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Setting 1.1 implies for all D e N, all (x, y) € {(x1, x2) € [0, 12 :x1+x < 1}, and all § €
(0, 1) that

X ~ ~ X ~ ~ y ~
hpx+y)—hpx)|<——\hpx+vy)—hpx)|+ —|hp(x
g p(x+y)—hpx) x+y| px+y)—hpx)| x+y| p(x)|
<2Lj a4
X—+y
(3:27) <2L,(x A Y)

< 1x§62Lh(x ANS8)+ 14-52Lpy

2Ly
<2Lp(x AS) + Txy.
Analogously, Setting 1.1 implies for all (x, y) € {(x1, x2) € [0, 1]2 1 X1 4+ x2 <1} and all
5 € (0, 1) that

Lo

(3.28) o2(x+y) —0?(x)| 2Ly (x AS) + 2

xy.
x+y Y

Equations (3.27) and (3.28) with x = XSD”‘(i) and y = 3N\ (k) XSD”"(i), Setting 1.1,
and (3.26) show for all § € (0, 1) and all D € N that

Dk .. Dk ,.
|E[“D(Ts (X7 (l))(i,k)e[D]x[K]o)] - E[“D(O’ (Xo (l))(i,k)e[D]x[K]O)“

< sup [uP(@t, )| T
t€l0,T]

D
X (Lf sup E[Z Z xPE1 Z XtD’m(]')]

1el0.T] | j=1keN, meNo\{k—1}

L D :
(3.29) + %E[ sup (Z > X,D’k(i)> }

1el0,T1\;=1 keNy

D
+ 2Ly +Lo) sup E[Z Z(XtD’k(i)AS)}

1el0.T] Li=1keN,

D
PIDIP OEDY XP”"(i)D.

i=1keNp meNg\ {k}

sup E

+ 2Lh + L,
) 1€[0,T]

Lemma 3.3 and sup ||1Z/D||Cz < 00 imply that

sup sup [uP(t, )] 2 < 0.

DeNte[0,T]
The first and the fourth summand on the right-hand side of (3.29) converge to zero as D — oo
by Lemma 3.1 and assumptions (3.17) and (3.18). The second summand on the right-hand
side of (3.29) converges to zero as D — oo by Lemma 2.5 and assumption (3.17). The third
summand on the right-hand side of (3.29) converges to zero uniformly in D e Nas § — 0
by Lemma 3.2 and assumptions (3.16), (3.17), and (3.19). By letting first D — oo and then
8 — 0, (3.24) follows. This finishes the proof of Lemma 3.5. [

The following lemma shows that in the situation of Setting 2.16, the assumptions of
Lemma 3.1 and Lemma 3.2 and some of the assumptions in Lemma 3.5 are satisfied.
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LEMMA 3.6 (Well-behaved initial distribution). Assume Setting 2.16. Then it holds that

D
(3.30) 3" sup E[Z X(I))’k(i)i| <00

keNy PN Li=1
that
D 2
(3.31) sup E[(Z 3 X(l))’k(i)> ] <o
DeN i=1keN,
that
(3.32) Jim E[Z SoxPao Y XDm(l):| =
i=1keNy mGNo\
and that

hm sup E|:Z Z Dk(z)/\(S ] 0.

3=>0peN |5 keN,

PROOF. Equations (3.30), (3.31), and (3.32) follow immediately from the structure of
the initial distribution given in Setting 2.16 and from (2.39). Moreover, Setting 2.16 and the
dominated convergence theorem show that

lim sup E[Z PC I OVY)) ] =81ir%E[Z(Xo(i) /\8)i| =0.

0=>0peN [T keN, i=1

This completes the proof of Lemma 3.6. [

The following lemma uses the Markov property in order to generalize Lemma 3.5 to
finitely many time points.

LEMMA 3.7 (Asymptotic equality for f.d.d.s). Assume Setting 2.16, let K € Ny, and
let t1,tr,... € [0,00) with t| <ty < ---. Then for all n € N and all (1//1.D)D,‘,-6N C

C2([0, 1IPIx[KT0 R) which satisfy for all j € N that SUPpeN ||1//jD||Cz < o0 it holds that

n
Dh—>moo’ |:lj ’J (l) (i,k)e[D]x[K 1o )i|
(3.33) J

n
D k
[H Q) @, k)e[D]x[K]o):H =0.

PROOF. We prove (3.33) by induction on n € N. The base case n = 1 has been set-
tled in Lemma 3.5, where the conditions (3.16), (3.17), (3.18), and (3.19) are satisfied
due to Lemma 3.6. To show the induction step N> n — n + 1, we fix (W]D)D,jeN c

C2([0, 1][PIx[Klo_R) which satisfy for all j € N that SUP peN ||1//l-D||Cz < o00.Forevery D e N
we define the function 2 : [0, 111P1x[Klo — R by

[0, 112K 5 x s P () o= YL OE[W20 (Z0525 ) g oetpixix) -
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Then Lemma 3.3 proves for every D € N that 1//D € Cz([O, 1]IPIxKlo R). Moreover, it fol-
lows from Lemma 3.3 that sup |y P lc2 < 0o. Therefore, the induction hypothesis (ap-
plied to wlD, e, xﬁf_l, YD) yields that

hm ‘ [H W t] (’) i k)e[D]x[K]O)‘ﬁD((th,?’k(i))(i,k)e[D]x[K]o)}
(3.34)

- E[H ‘p D k(l) (1 k)e[D]><[K]o)wD((Zt?’k(i))(i,k)e[D]x[K]o):|‘ =0.

By the Markov property it holds for all D € N that
D k D D.k .
|:1_[ ‘/’ @) ¢ werpixix) ¥ (Z, (l))(i,k)e[D]x[K]o):|

n+1
_IE|:1_[ w t] (l) (i,k)e[D]1x[K]o ):|

Moreover, we observe for all D € N that
D k D/(vD.k,:
[H vy @) g pyerpixixi) ¥ (X, (l))(i,k)G[D]X[K]o):|
_E[H W t, (’) @, k)e[D]x[K]o)

Dk,
X E[wn—i-l((zt,”r] xt”( ))(l k)E[D]X[K]())]|x (th (l))(l k)e[D]xN0j|

When the initial distribution is given by (Xg’k(i))(i,k)e[p]xNo, the conditions (3.16), (3.17),
(3.18), and (3.19) are fulfilled due to Lemma 3.6, Lemma 2.4, Lemma 2.5, Lemma 3.1, and
Lemma 3.2. Therefore, Lemma 3.5 implies that

lim ’ [l_[ ‘p t, (’) (i,k)e[DIx[K o )

D—o0
D D.k,
X E[Y41((Z1,1 %, D) g werpixixion =24 o, k)e[D]xN():|

n
[l_[ t, (’) @, k)e[D]x[K]o)

D Dk,
x ]E[wﬂ-‘rl((th+1 xtn(’))(z k)E[D]X[K]o)]|x X i, k)e[D]xN0:|

=0.
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The Markov property yields for all D € N that

D k
[H v ) ¢ 1erp1xiK1o)
D Dk,
(3.35) X E[wn—l-l((xl‘n—ﬂ th (l))(l k)e[D]x[K](,)”x (th o k)e[D]xNoi|

n+1
—E[n Iﬂ t, (l) (i, k)e[D]x[K]o):|

Combining (3.34) through (3.35) proves the induction step N > n — n 4 1 and hence finishes
the proof of Lemma 3.7. [J

The following lemma is the main result of Section 3.2 and shows that the migration level
processes and the loop-free processes have the same limit as D — oo.

LEMMA 3.8 (Migration level and loop-free processes have the same limit). Assume that
Setting 2.16 holds, letn € N, let ¢1, ..., ¢, € C*([0, 1], R) with the property that for all j €
[n] it holds that ¢;(0) =0, let € C,%(R, R), and let t1,...,t, € [0,00) witht; < --- < t,,.
Then it holds that

lim ‘E[H w(Z > bi(X0 @) )}

D=oo = i=1keNy
(3.36)
RS
j=1 i=1keNy

PROOF. In a first step, we are going to reduce the considerations to k € [K]g for finite
K € Ny. The assumptions on ¢y, ..., ¢,, and ¥ imply the existence of constants Ly, Ly €
[0, 00) such that it holds for all j € [#] and all x € [0, 1] that [¢;(x)| < Lyx and for all
Xi,...,x, € Randall yi, ..., y, € Rthat| ]_[’}-:1 w(xj)—]_['}zl Y(yj)| <Ly Z;f:l lx; —yjl.
It follows for all K € Ny that

sup
DeN

{i(E o)

j=1 i=1keNy

o Al

i=1k=0

<LyLy Z Z sup E|:Z XD k(z)]

j=lk=k+1DeN L=

The right-hand side of (3.37) converges to zero as K — oo by Lemma 3.6 and Lemma 2.4.

The analogous statement holds when X y (1) is replaced by Z (i ) in (3.37). To prove
(3.36) it therefore suffices to show for all K € Ny that

s {1 o)

=1 \i=1k=0
(3.38)

A o]

i=1k=0
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We fix K € Ny for the rest of the proof. For every j € [n] and D € N we define the function
Y P[0, 1]IPXIKD — R by

D K
[0, NP s (x4 D) ierpixikly =X > ¥ (x) == (Z D ¢ (Xi,k)>-

i=1k=0

It follows for all j € [n] that supp.y IIW]D||oo < I¥|loo- Since ¢y, ...,¢,, and ¢ are
twice continuously differentiable, it holds for all j € [n] and all D € N that wD

Cz([O 1](PIx[K]o , R). Furthermore, the chain rule and the product rule imply for all j € [n],
all DeN,all (i, k), (j,1) € [D] x [K]o, and all x € [0, 1]PIx[Klo that

wD D K
: ,()‘ ‘ /(zz@(xi,w)qb;(x;,p < 19l o
i=1k=0
and
2 D D K
P (x) ‘”(ZZ¢,-(xl-,k>)¢;(x;,;)qs;(x;,,;)
l i=1k=0
D K
+1G =GV’ (Z D9 (xtk))‘ﬁ;/(xf,zz)
i=1k=0

< 10" Lo 6515 + 19 o7 oo

It follows for all j € [n] that supp ||1///D |c2 < 0o. Then Lemma 3.7 shows (3.38) which in
turn finishes the proof of Lemma 3.8. [J

3.3. Proof of Theorem 1.4. PROOF OF THEOREM 1.4. In a first step, we prove Theo-
rem 1.4 under the additional assumption that

00 2
(3.39) E[(Zxo(i)> } <00
i=1

Analogously to the proofs of Lemma 2.15 and Lemma 2.17, one shows that

D
(3.40) [(Z xtD(i)axtD(i)> :De N}
t€[0,00)

i=1

is relatively compact. In the following, we identify the limit points of (3.40) by prov-
ing convergence of finite-dimensional distributions. For that, fix n € N, fix ¢1,...,¢, €
C%([0,1],R), fix ¥ € CZ(R,R), and fix #, ... [0, 00) with f; < - < t,. For every
J € [n] we define the function ¢; : [0, 1] — R by [O I]>x = ¢;(x) _xgoj(x) € R. For
every D € N let

{(XlD’k(l)9 W[k(l))te[o ) * (l k) € [D] X NO}

be a weak solution of (2.1) with initial distribution satisfying for all i € [D] that £(X (I)) ’O(i ) =
L(Xo(i)) and for all (i, k) € [D] x N that [,(XOD’k(i)) = §p and let {(Z,D’k(i)),e[o,oo) 1(i,k) €
[D] x Np} be a solution of (2.4) on the same probability space with Brownian motion given
by the Brownian motion of the weak solution of (2.1) and started in (Xé) ’k(i )i, k)e[ D] xNo-
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Due to this and assumption (3.39), Setting 2.2 and Setting 2.16 are satisfied. First, Lemma 2.1

shows for all D € N that
Z XD k(l))>:|

oo oot fip (o

kGNQ
The assumptions on ¢, ..., ¢, imply the existence of a constant Ly € [0, 00) such that it
holds for all j € [n] and all x, y € [0, 1] that
(3.42) 9 (x) —d; (V)| < Lglx —yl.

From this we obtain for all D e N, all j € [n], all ¢ € [0, 00), and all § € (0, co) that

{Z%( > XDm(’)>< 2 I{XP*kmza}) }

mGNO kENO
(3.43) < L¢E|:Z S (xPMayAs }
i=1meNy

[ZZX’”‘(:) 3 Xl”a)}

i=1keNy 1eNp\{k}

cf. (4.114) and (4.115) in [11]. The fact that there exists a constant Ly € [0, 00) such that
it holds for all xi,...,x, € R and all yi,...,y, € R that |]_['J’-:1 Y(xj) — ]_[;!:1 ACHIES
Ly Z?:] |x; — y;| together with (3.42) and (3.43) proves for all D € Nand all § € (0, 1) that

(e (3 )

meN

Az g eeto)]

i=1keNy

n
<Ly Z [Z Z 1{X”(;)>5}

i=1keNy

¢,( > X ’"(z)) - ¢,-(X!f”‘<i>)”

meNy

(3.44) +Ly ZE[ Z¢,< > Xy (i))<1 > I{XP*ka)zs})H
meNy keNy
1 ]S 5 g0
=1 i=1keNy
2L¢L¢ ZE[ZZX 0 Y Xf}””(i)}
= i=1keNy meNp\{k}
+2Ly Ly ZE[Z 3 ( Dk(z)/\8j|
= i=1keNy

Lemma 3.6 and Lemma 3.1 ensure that the first summand on the right-hand side of (3.44)
converges to zero as D — oo, while Lemma 3.6 and Lemma 3.2 show that the second sum-
mand on the right-hand side of (3.44) converges to zero uniformly in D € N as § — 0. By
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letting first D — oo and then § — 0, we therefore obtain from (3.44) that

v (e 200)

Aol oo

i=1keNy

(3.45)

Lemma 2.17 shows that

lim E[ﬁ (Z > 6i(z0 ) )}

D
7 Lji=1 \i=1keN

[1;[ (/¢j(nt,_s>7<ds®dn)>]

Combining (3.41), (3.45), Lemma 3.8, and (3.46) shows that

n D n
lim E[]‘[ w(z¢j(X,D.(i))>:| =E[]‘[ w(/ @ (ne;—s)T (ds ®dn))]
D— o0 =l i J i=1

This implies the convergence of finite-dimensional distributions of (3.40) and proves Theo-
rem 1.4 under the additional assumption (3.39).

It remains to prove Theorem 1.4 in the case when (3.39) fails to hold. Fix a bounded con-
tinuous function F : D([0, 00), M¢([0, 1])) — R for the rest of the proof. Then Setting 1.3
and the previous step imply that a.s.

D
Jim E[F<(ZXP(Z')5XPU)> ) ‘ (XO(i))iGN}
o i=1 t€[0,00)

=E[F(( f DisSy_ T (ds ®dn)) ) | (Xo<i>)ieN]-
t€[0,00)

Then it follows from taking expectations and from the dominated convergence theorem that

D
lim E[F((ZXtD(i)SXD(i)> )}
D—o0 i=1 ' 1€[0,00)
:E[F((/n,SS,,HT(ds@)dn)) | ))]
tef0,00

This finishes the proof of Theorem 1.4. [

(3.46)
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