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Abstract

We investigate the behaviour of an establishing mutation which is subject to rapidly fluctu-
ating selection under the Lambda-Fleming-Viot model and show that under a suitable scaling it
converges to the Feller diffusion in a random environment. We then extend to a population that
is distributed across a spatial continuum. In this setting the scaling limit is the SuperBrownian
motion in a random environment. The scaling results for the behaviour of the rare allele are
achieved via particle representations which belong to the family of ‘lookdown constructions’.
This generalises the results obtained for the neutral version of the model by |Chetwynd-Diggle|
land Etheridge| (2018]), which was proved using a duality argument. To our knowledge this is
the first instance of the application of the lookdown approach in which other techniques seem
unavailable.
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1 Introduction

We address a question of some biological interest: how the frequency of a rare mutation evolves in
a spatially distributed population if the direction of selection on that mutation fluctuates in time?
This type of question is particularly relevant in the context of the ‘Court Jester hypothesis’ (see
Barnosky| (2001)), Benton| (2009))), which states that long term improvements in fitness may not
occur, since populations must constantly evolve to keep pace with changes in the environment.

The simplest mathematical framework in which this question can be addressed is given by
observation of a single genetic locus. For simplicity, we consider a population with two genetic
types, the ‘common type’, k., (often referred to as a wild type in biological literature) and the
‘rare’ type, k.. We assume that the rare type forms only a small fraction of the total population.
This simple setting may be interpreted as the model for a new mutation before it establishes itself
within the population.

Consider for a moment a simple model without selection (for example, a Moran model or a
Wright-Fisher model). In the absence of spatial structure, the absolute number of rare individuals
will evolve approximately according to a branching process, which, under appropriate scaling,
converges to the Feller diffusion. We may ask whether a similar phenomenon occurs in the presence
of selection, especially when the direction of selection fluctuates rapidly in time. One expects that
in the latter case the evolution approximately follows a branching process in a random environment,
and, under suitable scaling, converges to the Feller diffusion in a random environment.

It seems natural to try to establish an analogous result for a spatially distributed population. It
is well known that there are serious difficulties when trying to construct models which incorporate
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genetic drift in higher dimensional spatial continua, see Barton et al. (2013) for a review. A frame-
work which allows us to overcome these difficulties has been found in the spatial Lambda-Fleming-
Viot process, introduced in [Etheridge (2008) and Barton et al. (2010). Diffusion approximations
of this model lead to a limit of the Fisher-KPP type, (see e.g. |[Etheridge et al. (2018), Forien and
Penington| (2017))) which is consistent with the behaviour of its non-spatial counterpart.

Therefore, the spatial Lambda-Fleming-Viot model provides a reasonable framework to study
the behaviour of the establishment of a mutation. Recent work by |Chetwynd-Diggle and Etheridge
(2018)) for the model without selective advantage or disadvantage for the rare mutation shows
convergence. The limiting object is a superBrownian motion, a measure-valued process introduced
independently by Watanabe| (1968) and Dawson| (1975), which is the spatial counterpart of the
Feller diffusion. There is some evidence that superBrownian motion (sometimes referred to as a
Dawson-Watanabe superprocess) is a universal scaling limit of critical interacting particle systems,
see e.g. |Cox et al.| (2000), Bramson et al.|(2001) and |van der Hofstad et al.| (2017) and references
therein.

Recently Biswas et al|(2018) studied a diffusion approximation of the spatial Lambda-Fleming-
Viot with selection in a fluctuating environment. In contrast to their work we are interested in the
behaviour of an establishing mutation within a large population rather than two established popu-
lations of comparable size. In an analogy to the non-spatial case, we show that the limiting process
is the superBrownian motion in a random environment, introduced and studied in Mytnik| (1996]).
The work of Nakashima (2015) shows that superBrownian motion in a random environment is the
scaling limit of a model of branching random walks on a lattice in random environment, introduced
by Birkner et al.| (2005)). We conjecture that superBrownian motion in a random environment is a
universal scaling limit for the critical interacting particle systems in random environments.

The proof of the scaling result in |(Chetwynd-Diggle and Etheridge| (2018) is based on a duality
method. However, as discussed in detail in Section 5 of |Biswas et al.| (2018]), a useful dual process
seems to not be available in our setting. The techniques of Biswas et al. (2018)) are also not available
to us as we are considering a rare mutation. Therefore, we use a different approach, based on a
particle representation which belongs to the family of lookdown constructions. We build on the
work of Kurtz and Rodrigues (2011)) and provide a new lookdown construction of superBrownian
motion in a random environment. We then use ideas from Etheridge and Kurtz (2018) and a
slightly modified version of their construction of the spatial Lambda-Fleming-Viot lookdown which
can incorporate a random environment.

For other techniques discussed above many difficulties arise with the introduction of spatial
continua. However, the vast majority of our work in the non-spatial result transfers to the spatial
result without difficulty, see Remark for an explanation. For this reason, the majority of
this paper is devoted to the rigorous derivation of the non-spatial result. Our proof technique is
based on four main ingredients: lookdown representation, an averaging trick due to Kurtz (1973), a
perturbation result due to[Kurtz (1992) (which we recall as Theorem[2.7.1]) and the Markov Mapping
Theorem of Kurtz (1998) (which we recall in Appendix [B)). Previous results using the lookdown
approach have shown either the existence of processes under weak conditions, or convergence of
processes which had previously been shown to converge through other means. This is, to our
knowledge, the first proof of convergence using the lookdown approach in which other techniques
are not available.

Lookdown constructions were introduced in [Donnelly and Kurtz (1996, 1999). This approach
has proved to be particularly fruitful in applications to population models. In this setting, each
individual in the population is assigned a ‘level’ (taking values in either the integers, as in the
original paper of Donnelly and Kurtz (1996)), or the reals, as introduced in Kurtz| (2000)). Levels
typically carry information about genealogical relations between individuals. The name ‘lookdown’
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is used as individuals usually determine their parents by ‘looking down’ at the sub-population with
levels lower than their own.

From a practical perspective, one of the most useful properties of lookdown constructions is that
when passing from individual based models to their high density limits, or continuous approxima-
tion, the genealogies are preserved. The importance of this can be seen in the examples of systems
of individual based models approximated by the same diffusion processes with very different ge-
nealogies obtained in [Taylor| (2009). For further examples in the context of Lambda-Fleming-Viot
models we refer the reader to |Miller| (2015)). For an excellent explanation of the general principle
of lookdown constructions we refer to Kurtz and Rodrigues (2011)), particularly their death process
example in Section 2.1.

In the context of the Spatial Lambda-Fleming-Viot we would like to point to two different
approaches. The first one is a the construction developed in Etheridge and Kurtz| (2018]), Sec-
tion 4.1.3. This construction forms the basis for our construction of the SLFV with selection in a
fluctuating environment. We recall a special case of this construction in Appenidix [E] The second
construction, which was the first lookdown construction for the SLFV, was presented in [Véber and
Wakolbinger| (2015), and was developed using a different approach in |Etheridge and Kurtz (2018)),
Section 4.1.1. The later construction is much closer in the flavour to the original ideas of |Donnelly
and Kurtz (1996).

1.1 Statement of main results

We suppose that the population, which is distributed across R?, is subdivided into two genetic
types. We will denote the space of types by K = {k, , }. Formally, the state of the population at
time ¢ is described by a measure My € M. Where M is the space of measures whose first marginal
is Lebesgue measure on R? x IC. We note M is compact when equipped with the topology of weak
convergence.

At any fixed time there is a density w(t,-) : R? — [0,1] such that

M(dz,dr) = (w(t, x)dx, (dr) + (1 — w(t, x))dx,. (dr)) dz.

We interpret w(t, z) as the proportion of population of type k, at location x at time ¢. It is defined
only up to Lebesgue null set. For what follows, it is convenient to fix a representative of My and
update it according to a procedure described below. We consider two types of events - neutral and
selective events. Selective events are influenced by the state of the environment.

We begin with a description of the environment, which is used for all models in this section.
Our environment is modelled through a simple random field.

Definition 1.1. Let II¢"" be a Poisson process with intensity E, dictating the times of the changes
in the environment. Let q(x,y) be a covariance function which belongs to Cy (Rd X Rd) (continuous
functions vanishing at infinity) and let {0 () }m>o be a family of identically distributed random
fields on R¢ such that

N =

i [g<m>(x) - —1} —- =P [g(m)(a:) - +1} ,
E [f(m) (z)st™ (y)} =q(z,y).

Set 19 = 0 and write {7y }m>1 for the points in II°™ and define
C(t7 ) = Z f(m)(‘)l[Tm,Tm-»—l)(t)‘
m=0

4
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For the construction of the random field in Definition we refer to Ma| (2009)), especially Ex-
ample 1. We observe that the generator of the process describing the evolution of the environment,
A™ is given by

A () = Ex[£ ()] = £(Q), (1.1)

where 7 is the stationary distribution of the random field (.
The following version of the Spatial Lambda-Fleming-Viot is a slight modification of the process
discussed in Biswas et al.| (2018).

Definition 1.2 (Spatial Lambda-Fleming-Viot process with fluctuating selection (SLFVFS)). Let
i be a o-finite measure on (0,00) and for each r € (0,00), let v, be a probability measure on [0, 1],
such that the mapping r — v, is measurable and

/ rd/ u vp(du)p(dr) < oo.
(0,00) [0,1]

Further, fir s € [0,1] and let TI™", I1/5¢l be independent Poisson point processes on Ry x R? x
(0,00) x [0, 1] with intensity measures (1 — s)dt ® dz @ pu(dr)v,(du) and sdt ® dz @ p(dr)v,(du)
respectively. Let 11¢™ be a Poisson process of Definition evolving independently of TI™¢® TI%¢!,
Let 0(k,€) : (IC x {—1, 1}) — R be a function which satisfies the symmetry condition

e 2

The spatial Lambda-Fleming-Viot process with fluctuating selection (SLFEVFS) with driving
noises TI"%, TI/%¢l TI°™ | is the My-valued process M; with dynamics described as follows. Let
w(t—,-) be a representative of the density of M;_ immediately before an event (t,x,r,u) from II"*
or II/*¢L. Then the measure My immediately after the event has density w(t,-) determined by:

- 1} =0, (1.2)

1. If (t,x,r,u) € 1", a neutral event occurs at time t within the closed ball B(x,r). Then

(a) Choose a parental location | according to the uniform distribution on B(x,r).

(b) Choose the parental type k € {k,, kc} according to distribution
Plk =k =w(t_,l), Plk=r]=1—w(t_,1).

(¢c) A proportion u of the population within B(x,r) dies and is replaced by offspring with
type k. Therefore, for each point y € B(x,r),

w(t) y) = w(t*7 y)(l - ’LL) + U’]‘{I‘i:f’ir}‘
2. If (t,z,r,u) € II/*¢' | q selective event occurs at time t within the closed ball B(x,r). Then

(a) Choose a parental location | according to the uniform distribution on B(x,r).

(b) Choose the parental type k € {kr, ke} according to

Pl — ] = o, (e 1)
" o i, ) + o, (1 — wl(i— )’
Pk = ro) = o(ror, (1 — w(t—, 1))

- o(e, Qult—, 1) + oy, Q) (1 —w(t—, ;)

5
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(c) A proportion u of the population within B(x,r) dies and is replaced by offspring with
type k. Therefore, for each point y € B(x,r),

w(t,y) = w(t—,y)(1 —u) +uly_y-

The existence of the process follows from the methods of Etheridge et al. (2018) or results of
Etheridge and Kurtz (2018), Section 4.1.2. We note the symmetry condition is not required for
existence of the model. This condition can be relaxed if o depends on N, however for simplicity,
we assume fixed ¢ and so require condition to be satisfied. Furthermore, we will fix both the
impact and radius of events in our models. We assume, with a slight abuse of notation that p = 9,
and v, = dy.

We discuss the lookdown representation of the non-spatial version of the model in Section
while Section explains how the lookdown relates to the underlying process. The spatial version
of the lookdown representation for this process is described in Section [

We shall define the limiting process, which is a variant of superBrownian motion in a random
environment with a drift, in terms of the generator. Let Mp(R?) we denote the space of finite
measures on R?, again equipped with a topology of weak convergence.

Definition 1.3 (SuperBrownian motion in a random environment). Let g(z,y) € Cp (R? x R?)
be a covariance function. The superBrownian motion in a random environment with a diffusion
parameter m, a growth parameter b and a quadratic variation parameter (a,c) is the (unique) process
1, taking values in M¢(R%), characterised by the generator (specified for f € C?(R1), ¢ € D(A))

LI(19.X0)) = f'(n(6)) [ (A6, X1) + b, X1)]
# 3 ox) (el X e

This model is discussed in more detail in Section [3| In particular, we provide a new lookdown
construction of the model, which we derive from the lookdown construction of branching Brownian
motion in a random environment.

Our results describe the scaling limit of a sequence of processes. At the Nth stage of our scaling,
the local population density will be K = K(N). We shall denote the representative of the density
of the scaled SLFVSRE by w! and the population of rare individuals by X~ = Kw", which is
defined Lebesgue almost everywhere. We shall think of XV as a measure-valued process and abuse
notation by writing, for any Borel measurable ¢,

(XN, ¢) = K / oyl (@)de = [ o(x) XD (2)da.
R4 R4

q(x,y>¢<x>¢<y>xs<dx>Xs<dy>ds) )

dyRdA

The scaling for the neutral part of the model is nearly the same as in|Chetwynd-Diggle and Etheridge
(2018). The modifications required by the presence of selection and fluctuations in the environment
are inspired by Biswas et al.| (2018]). For the scaled process, time is sped up by a factor N, space
is shrunk by M(N), and the impact of each event is reduced by a factor J(N). The rate of
environmental changes is multiplied by S (N)? and the proportion of selective events is multiplied
by S(N)/S(N). Scaling of the selective events is motivated by our inclination to model short
burst of strong selection. In the model weak selection limit the rate of selective events is scaled
by 1/S(N). The additional portion of selective events prevents the action of selection to average
out in the diffusive limit. The Central Limit Theorem suggests the relation between the rate of
additional selective events and rate of changes of the environment. See also Biswas et al.| (2018)),
Section 3.2 and Section 4.2. Let C(d) := fBl(o) r2dz. We are now in position to state the main
result.
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Theorem 1.3.1. Suppose that Xév is absolutely continuous with respect to Lebesque measure with
support supp(XéV) C D, where D is a compact subset of R independent of N, and X(],V converges
weakly to Xo. Moreover, suppose that, as N tends to infinity,

Cyur®?N ~ K uW2VrNK
W_)C]_, J,K,M,S,S—}OO,W—)O,W—)(I,
N? suNVg (o(kr, () 2 s S
———— —0; E, = -1 b% < — 0.

K2 [{ SJ <a(mc,g) >} TS

If there exists an n such that, as N tends to infinity, N(K/J)" — 0 then the sequence Xn(t)
converges weakly to superBrownian motion in a random environment with initial condition X,
diffusion parameter Cy, growth parameter b?, quadratic variation parameter (a,b?).

Remark 1.4. We note that the neutral case of our model is analysed in |[Chetwynd-Diggle and
Etheridge (2018). Their scaling requires

N NK
T —C1; JJK, M — 00} ———

along with a ‘sparsity’ condition which we discuss below. Their paper discusses the heuristic reason
for their scaling which also gives a solid justification for our choice of scaling.

We note that our ‘sparsity’ condition is the requirement K/JMd — 0, which is stronger than
the one present in|Chetwynd-Diggle and Etheridge (2018). Our set of conditions implies M?/J — 0
m comparison to theirs

log M
J

It is due to the fact that the lookdown construction ‘sees’ the Hausdorff dimension of the support
of superBrownian motion in a way that previous work did not, since our set of test functions does
not smooth out the support of the process, in sharp contrast to their approach. We require the
intensity of levels within the ball of radius r/M to tend to infinity in order to allow the limit to
have Hausdorff dimension two. This observation explains why the proof of our results in the spatial
case does not differ significantly from the proof in the non-spatial case.

M

1
— 0 ifd=2; j—>0ifd23.

1.2 Structure of the paper

The rest of the paper is structured as follows. In Section [2] we discuss the Lambda-Fleming-
Viot model, studying its scaling limits and discussing the lookdown representation. In particular,
Section [2.3| contains the bulk of our proof. In Section |3, we discuss the lookdown construction for a
version of Branching Brownian motion in a random environment and the lookdown representation
of the superBrownian motion in a random environment. In Section [4, we discuss how to extend
the result of Section [2] to the spatial setup. Appendix [A] contains some information of Poisson
random measures, which are used extensively throughout the paper. Appendix [C] briefly recalls a
Lemma A.13 from Kurtz and Rodrigues (2011) which ensures our projected process is a solution to
the correct martingale problem. Appendix [B]discusses the Markov Mapping Theorem. Appendix D]
contains some of the proofs of Theorems of Section [3] In Appendix [E| we recall the original
construction of Etheridge and Kurtz (2018).
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2 Scaling limits of the LFV - dynamics of the rare type

In this section we are interested in describing the evolution of a subpopulation with a rare mutation
within a population which evolves according to the A-Fleming-Viot model with selection in a
fluctuating environment (LFVSFE). We will again consider a type space with two types, rare and
common. Which of those two types has higher fitness changes with the environment. We show that
the evolution of the rare subpopulation follows a Feller diffusion in a random environment.

We provide a new description of the LFVSFE in terms of a lookdown construction. This
construction is inspired by the lookdown construction of the neutral model in Section 4.1.3 of
Etheridge and Kurtz| (2018).

Let us begin with a description of the model which gives some insight into its construction
before defining the model precisely in Definition Each of the individuals in the population is
assigned a genetic type k from the set K and a level [ € RT U {0}. We restrict our attention to
K = {ke, kr}, which we refer to as the ‘common’ and ‘rare’ type, respectively. Since in this section
we consider a model without spatial structure, the state of the population can be represented as
a collection of points, n = {(l,k)}, or as a measure which can be written, with a slight abuse of
notation, as

n= Z Sax), where (I,k) € (RTU{0},K).
(Lr)en

We assume that the process with levels 7 is always a conditionally Poisson system with Cox measure
Myep X =, where myep is Lebesgue measure on R*. This is because, in our lookdown model, when
our initial condition has this form then our process will have this form for all subsequent times.
This is a key feature in how the lookdown construction relates to its underlying model.

For lookdown representations we consider test functions of the form

) =TT o),

len

with the additional requirement that there exists a Ay > 0 such that g(I) = 1 for all [ > .
This set of test functions will be used throughout this paper for computations involving lookdown
representations.

We are interested in the situation when the type which is selectively advantageous depends on
the environment. We write ¢ for the random process which models the state of the environment.
Therefore the full state of the model at time ¢ is given by a pair (9, (;).

We now proceed to carefully state our non-spatial model, the scaling and the non-spatial results.
The following statements are almost identical to those found in Section but we include them
for completeness. This further demonstrates the similarity between the spatial and non-spatial
methods when using the lookdown construction and motivates why our spatial proof mainly lies
within Proposition and Proposition

The evolution of the population is determined by reproduction events of two types - neutral and
selective. We assume that a proportion, s, of events are selective and favour one of the two types.
Events are driven by independent Poisson processes I1"¢* and II°¢. For simplicity we assume that
the impact of the events is fixed and equal to u.

Both neutral and selective events are composed of two elements - discrete births and thinning.
The birth phase of the events differs between neutral and selective events, while the thinning phase
is the same.
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Whenever t € 11", a birth event produces offspring, with levels distributed according to an
independent Poisson point process with intensity u. Let v*™ be the smallest of the new levels. Let
(If s K*) denote the element of  with the smallest level greater than v*, that is

l*

neu

=min{l: (I,k) € n,l > v*}.

The individual (7., *) is chosen as the parent of the event and removed from the population. All
new individuals are assigned type k*, the type of the parent. The levels of all old individuals in the
population are changed. If the level of the individual was smaller than v* it remains unaffected by
the birth. If the level of the individual was larger than v*, it is moved to [ — [, + v*.

If the event is selective, the situation is more complicated. We introduce an additional function
o(k, (), which influences the likelihood of an individual of type x being parent, given the state of
the environment, (. When the environment is in state ¢, the higher the value of o(k, (), the more
likely an individual of type k is to be selected as a parent during selective events in environment (.

Whenever ¢t € II°¢, a birth event produces offspring, with levels distributed according to an
independent Poisson process with intensity u. As before, let v* be the smallest of the new levels.

Let (I%,;,~*) denote the element of  which obtains the minimum

%
min{f(ﬁfo (i k5) €1, 1 >v*}. (2.1)
The individual (I%,;,x*) is chosen as the parent of the event and removed from the population.
All new individuals are assigned the parent’s type as in neutral events. The levels of all old
individuals in the population are then changed. If the level of the individual was smaller than v*
it remains unaffected by the birth. If the level of the individual was larger than v*, it is moved to
O-('%’ C)(l - l;kwu + U*)/J(K’*a C)

For both neutral and selective events once the parent has been selected, and the old levels
moved to their new locations, thinning takes place. Thinning does not affect the new individuals.
The thinning takes the level of each individual which is neither a child or the parent of the event
present within the population and multiplies it by 1/(1 —u). The combined effect of this movement
is defined explicitly through the function J,cq, defined in , for neutral events and Js;, defined
in , for selective events. We note that instead of removing the parent from the population you
can consider the parent to be the lowest offspring instead. The movement of the levels is chosen in
this way to maintain levels with a conditionally Poisson system after any event.

We now define the main process of interest.

Definition 2.1 (Lookdown representation of LEVSFE). Fiz s € (0,1). Let II"** 1I** be a pair
of independent Poisson point processes with intensity measures (1 — s)dt @ v(du) and sdt @ v(du)
respectively on RT x (0,1). Moreover, let II°*" be a Poisson process with rate E, independent of
rew 1%, Let o : KC x {—1,1} — R be a function.

The lookdown representation of LFVSRE is the process taking values in purely atomic measures
on R x K x {=1,1} with dynamics described as follows.

1. If (t,u) € 1™
(a) a group of new individuals with levels (v1,va,...) is added to the population. Their levels

are distributed according to a Poisson process with intensity u.

(b) Let v* = min{vy,va,...}. The type of the new individuals is chosen to be the same as
the type of the individual (k*,1*) whose level is the lowest above v*, that is
l*

neu

=min{l: (I,k) € n,l > v*}. (2.2)
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(c) As a result of an event the levels with position | before an event will have new position

given by
(U= (e = %) 1> Ly,
Tneu(ly Urews v™) = § 17251 if 1<l (2.3)
U* fl = Z:Leu

2. If (t,u) € T1°¢

(a) a group of new individuals with levels (v1,va,...) is added to the population. Their levels
are distributed according to a Poisson process with intensity u.

(b) Let v* = min{vy,va,...}. The type of the new individuals is chosen to be the same as
the type of the individual (I*, k*) whose level minimizes

{Ulz(’;vg) : (li,/ii) S T],li > U*} . (2.4)

(c) As a result of an event the levels with position | and type k before an event will maintain
their type but will have new position given by

¥ ifl=1*

sel?
Toat (1), Uiy ), C0") = § ol (1= 0 =) 28 ) 1AL 0 >0, (25)
ﬁl if | <wv*.

3. If t € II°™, the environmental variable (; is resampled uniformly from {—1,1}.

As in the spatial case our results require a symmetry condition on the values of o(k, (). To be

SR

where 7 is the stationary distribution of (.
We note that the generator of the process from Definition is given by

more precise, we require that

Af(n, C) = Aneuf(777 C) + Aself(na C) + Aem}f(na C)a (27)
where
Aneuf(n7 C)
1 . /oo [ )efuf:*o(lfg(n*yv))dv H g (/ﬁ), jneu(la l;kzezu ))]dv* _ f(77),
0 (K1) En, £l
self 17,¢) = S/OO [ /‘f ’v*)e—ufvof(l—g(n*,v))dv
0

X H g (K', jsel((l"'{) ( selr K ) Gv ))]dv* - f(ﬁ)v

(m,l)en,lil:el
Aerno f(10,0) = Ex[f(n,0)] = fF(n, ).

Observe that the only differences between neutral and selective events are the choice of the parent
I* and the movement of levels.

10
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2.1 Scaling

We are interested in the evolution of the subpopulation of a rare type within the population evolving
according to LEVSFE. To quantify the rarity, we consider a population with total density K (which
is equal to one for the usual Lambda-Fleming-Viot model), and will let K tend to infinity. We
wish the rare type to make up about O(1/K) of the population at each level of the scaling. This
is represented in the look-down process by the intensity of levels. The levels of individuals are
initially Poisson distributed with intensity K with individuals given the rare type with probability
O(1/K) and given the common type otherwise.

In order to recover the correct scaling limit we need to readjust our parameters. Let w
denote the proportion of individuals of the rare type at the N** stage of scaling. Let XV = Kw"
denote the size of the population of the rare type. Our scaling limit describes the behaviour of
XN The right scaling of the other parameters is suggested by (Chetwynd-Diggle and Etheridge
(2018) and Biswas et al.| (2018) as discussed in Remark We speed up the reproduction rate
by N and increase the total population size to K(IN), but scale down both the impact and the
selection coefficient. The impact of an event at the N stage of the approximation will be given by
u/J(N). The selection coefficient in the presence of fluctuations will be sS(N)/S(N) and s/S(N)
in the absence of fluctuations. In order to simplify the notation we drop the explicit dependence
of scaling parameters on N in what follows. For our results to hold, certain relations between the
parameters need to be satisfied. In Theorem Theorem and Theorem [2.5.2] we specify
scaling limits for the model with fluctuating selection, the model where the direction of selection
does not change and the neutral model respectively. In particular, our results require a specific
relation between the rate of the changes in the environment and the rate of selection. We therefore
assume that the rate of the environmental events is S2.

The generator of the scaled process can then be written as

ANf(nv C) = neu (7] C) + SAself(n C) + S2Aenv ( C)? (28)

where
N o UK —M’U* % oy _ ul J-oo(l_ (H* v))dv
Aneuf( C) =N —e J g(/@' ;U )e T Ju* EAGAS
0

X H g (k, jneu(l,l*,v*))]dv* — f(n)),

(mD)En A"

Al f(n,¢) = SN</ !Me_%v*g(n*,v*)e‘”ffff(l—g(ﬂ*m))dv
s\ |7

X H (ﬁ, jsel(l’ l:eb U*)) ] dv* — f(ﬁ)>7

(r,l)en,l#l%,,

AN F(n.¢) = Ex[f(n, Q)] — f(n,0).

2.2 Main result of this section

We now state the main results of this section. We recall the definitions of some of the classical
models in terms of their generators, in order to state the results formally.

Definition 2.2 (Feller diffusion). Let a,b > 0. The Feller diffusion is the process taking values in

11
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R with generator Cyq, defined for every f € C(R), given by

Craf(y) = ayf"(y) + by f' (y).

Its lookdown representation is characterised by the process with generator Ayq given by

Agaf(n) Z 2a/ —1)dv + f(n) Z (al? — bl;) gg,((ll;)). (2.9)

Definition 2.3 (Feller diffusion in random environment). Let a,b > 0. The Feller diffusion in
a random environment is the process taking values in R with generator Cygy., defined for every

f € C>®(R), of the form

Crarf(y) = (ay + 0%y%) ' (y) + b*yf'(y).

Its lookdown representation is characterised by the process with generator A given by

Z 2a/ —1)dv+ f(n) Y (alf — b*L;) g/((ll;))

i

/

2 9'(L)g' () | 29" (L)
+ 0 f z]: ;ll 1ol lg(l, . (2.10)

For a detailed discussion of the lookdown constructions for the Feller diffusion and the Feller
diffusion in a random environment we refer to |Kurtz and Rodrigues| (2011), Section 2.

Remark 2.4. We observe that our choice of test functions guarantees that since

> (Tl | =03 (55)

i J#i

all terms appearing in (2.9) and (2.10) are well-defined, even if g(l;) = 0.

Theorem 2.4.1. Let XV (t) denote the total intensity of individuals of rare type at time t. Suppose
that Xév converges to Xo. Moreover, suppose that, as N tends to infinity,

5 K u’NK N2
J,K,S,S — oo 7—>O; T—>2a; KJ2—>O;
sulN [ o(kr, () 2 9 S S
E, 1 2. 2 0. 2. 2.11
Usr (g -)f |2 gm0 5o —

In addition, assume that there exists an m such that, as N — oo, NK™/J™ — 0. Then the sequence
Xn(t) converges weakly to the Feller diffusion in a random environment with initial condition X
and parameters 2a, b>.

Example 2.5. Fize € (0,1/4), 5 € (0,1/4 —¢€) and v € (0,5). The conditions of Theorem
are satisfied if

J=Nite §=NB K =Nit2 G—N7.

12
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As a by-product of our technique, we prove an analogous result for the neutral model and the
model with selection.

Theorem 2.5.1. Let XV (t) denote the total intensity of individuals of rare type at time t. Suppose
that Xév converges to Xg and the intensity of selective events is zero. Moreover, suppose that, as
N tends to infinity,
J K - K o N, wNKE (2.12)
00;  — ; ; a. i

) ) J ) KJ2 ) J2
In addition, assume that there exists an m such that, as N — oo, NK™/J™ — 0. Then the
sequence Xn(t) converges weakly to the critical Feller diffusion (b = 0) with initial condition X
and variance parameter 2a.

Theorem 2.5.2. Let XV (t) denote the total intensity of individuals of rare type at time t. Suppose
that Xo converges to Xg, o does not depend on the environment and S = 1. Moreover, suppose
that, as N tends to infinity,

K N? u?’NK sulN (o(ky)
J, K, S ;7 = =0 == =0 — = 2q -1 b 2.13

In addition, assume that there exists an m such that, as N — oo, NK™/J™ — 0. Then the
sequence Xn(t) converges weakly to the Feller diffusion with initial condition Xo and parameters
2a and b.

Remark 2.6. We stress that our proofs do not guarantee convergence of the lookdown representa-
tions, but only convergence of the projected models.

2.2.1 Projected model

We follow the work in |[Etheridge and Kurtz (2018) to show the connection between our lookdown
construction and the standard LEF'V.

The neutral generator is simply the non-spatial counterpart of the lookdown construction from
Etheridge and Kurtz (2018]) and so we do not treat it here. However, in order to clarify how our
form of selection acts from the perspective of the underlying process we investigate further. This
section follows [Etheridge and Kurtz (2018) and all the techniques in this section are taken from
there, but formulated in our notation. The part of the generator of our process which describes
selective events is of the form

Aself(n) = 3(/ [ueuv*g(v*’ R*)efufvof(lfg(vy,{*))dv
0

(Lr)en s,

We define h(k fo g(l,k))dl and note that integration by parts gives

o K oo
/ ue™"" g(v*, k*)e T Jor (1mgwmT))dvgex — gmuhl(s"),
0

13
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We also note that if 7 is formed from a Poisson point process with intensity measure m;ep @ Z(dk)
then

{«7sel(l7l:elav*) ol 7é l:el}ﬂ

is a Poisson point process with intensity measure mye, ® (1 —u)=(dk). Consider the distribution of
k* conditioned on Z(dk). We note that

rr)2({#c})
U(HT)E({HC}H o(ke)E({rr})’

and so when we average our selective generator we get

aAsel ( ) = se f’C h(R)=(dr)

) o(5)BURD)  an)
o () E({ne}) + o ()2, 1)

J(I{C)E({I{T‘}) fuh (Ke uflc K)E(dK)
B (ko) + o (k) B¢ ] 1)'

We finally note that our selection can now be seen as a simple weighted choice of parent in the
(non-spatial) Lambda Fleming-Viot process. The same calculation can be done for the spatial case.

Remark 2.7. We notice that our way of modelling selection differs from the approach of|Etheridge
et al.| (2018) and Biswas et al.| (2018). However, a quick generator calculation shows that this type
of selection leads to the same diffusion approximation as in |Etheridge et al.| (2018) and Biswas
et al.| (2018).

2.3 Convergence of the non-spatial model

We are interested in convergence of the model with selection in a fluctuating environment. Recall
that we study the behaviour of an establishing mutation under this model. We take that into
account by considering test functions which are unaffected by the individuals of the common type,

Ke-
We recall the generator of the rescaled process takes the form

AN f(n,€) = A, f(0, Q) + SATF (0, ) + S2ATL F(1,0), (2.14)

where AL, is the part of the generator which describes neutral events, AY, is the part of the

generator which describes selective events, and AY ~describes the evolution of the environment.

env
In Sections |2.3.2| and |2.3.3|7 we show that the terms AY = and Aé\él converge to well-defined

neu

limits. However, since S — oo as N tends to infinity, it may seem that as N tends to infinity,
will not converge to a non-trivial limit. However, the naive limiting procedure does not take
into account the changes in the direction of selection. In order to identify the correct limit, we
apply a ‘separation of timescales’ trick due to Kurtz (1973).

By the calculations in the proof of Theorem the operator Ai\él can be written as

sulN Kr, C 9 K, 15,&) 1
Asaf () = Fn) =5 (J (ot >Z /-@j,lj,f) +0 (S K) (2.15)

14
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We consider a test function f~' of the form

F.6) = 100+ 57 S5 (2 )Zg;‘j’ j = £+ £10,0)

Hca

Observe that since S — oo, we can prove the test function fwill tend to f(n) as N — oco. We
apply the generator (2.14) to f. This leads to

AN.}:(Th C) A?%uf( ) + SAsel ( ) + SATZYeufl(nv C) + Aé\;l (fN(n7§)) - §fN(n7€)
S S
= AN AN @

neu (77)—’_ sel(fN(n7£))+ S+S+K
where we have used (2.15)), that f does not depend on & (to see Aepnyf(n) = Ex[f(n)]—f(n) = 0) and
(2.6)), (to see that, as Ex[fn(n,¢)] =0, Aenv SN (0, ¢) = —fn(n,{)). Therefore, at least heuristically,

the identification of AY, (fn(n,&)) should lead to the correct limit.

To make this argument rigorous, we shall use a theorem due to |Kurtz| (1992) which we recall

here. Let us introduce some notation. For a metric space E, let l,,(E) be the space of measures
on [0,00) x E such that u € [,,,(F) if and only if x([0,t) x E) =t.

Theorem 2.7.1 (Kurtz (1992)), Theorem 2.1). Let Ey, E5 be complete separable metric spaces, and
set E = Ey x Ey. For each n, let {(X,,Y,)} be a stochastic process with sample paths in Dg([0, 00))
adapted to a filtration {F}'}. Assume that {X,} satisfies the compact containment condition, that
is, for each € > 0 and T > 0, there exists a compact K C E such that

inf P[X,(t) € K,t <T]>1—¢ (2.16)

and assume that {Y,(t) : t > 0,n = 1,2,...} is relatively compact (as a collection of Es-valued
random variables). Suppose that there is an operator A : D(A) C C(Ey) — C(E1 x Es) such that
for f € D(A) there is a process e for which

/ AF(Xn(5), Va(s))ds + €] (1 (2.17)

is an {FP'}-martingale. Let D(A) be dense in C(FE1) in the topology of uniform convergence on
compact sets. Suppose that for each f € D(A) and each T > 0, there exists p > 1 such that

T
supE [/ |Af(Xn(t),Yn(t)|pdt] < 0o (2.18)
n 0
and
lim E |sup |e] (¢ )|] =0. (2.19)
n—oo t<T

Let Ty, be the 1y, (E2)-valued random variable given by

t
T, ([0, 1] xB):/O 15(Y,(s))ds.

Then {(Xn,Ty)} is relatively compact in Dg,[0,00) X 1, (E2), and for any limit point (X,T') there
exists a filration {G} such that

rexon - [ [ AF(X(s),y)T(ds x dy) (2.20)

Es
is a {Gt}-martingale for each f € D(A).

15
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‘We observe that

~

£ ) - /0 AF (e G)ds + (Fom ) — f(me)) + /0 Af(16,G) — AN (s, C)ds
- .]?(77157 Ct) - /O ANf(nSa Cs)ds

where A is given by (2.10). Since f — fg AN f(s)ds is a martingale, we have written our problem
in the form (2.17)) with

~ t ~
e (1) = (Fon &) — ) + /0 A (16, Co) — AN Fe, Co)ds (2.21)

To check that the assumptions of Theorem [2.7.1] are satisfied, we work with both the lookdown
representation and the projected model. The projected model allows us to check the compact
containment condition and prove the LP estimate . Both are achieved via an intensity
estimate given by the following Lemma.

Lemma 2.8. Let XV = Kw" denote the total intensity of individuals of the rare type. Assume
that E[ XN (0)] < oco. Then for any T >0

supsup E[ X (¢)] <oo, (2.22)
t<T N
hm sup P [supXN( ) > H] =0. (2.23)
H—oo N t<T

We discuss the proof in Section [2.3.1
The part of the argument which allows us to identify the correct limit and shows that condition

(2.19) is satisfied, that is
lim E

n—oo t<T

sup|eN( )|] =0, (2.24)

is more involved, and requires the use of the lookdown representation. We will first look at the
behaviour of

t
/0 AN F(10,C) — Af (e, C)ds

The terms involving A%, and AY, are tackled separately.
Let n; be the process obtained from 7; by only considering the individuals of the rare type,

ny ={l:(l,K) € i}
Proposition 2.9. Under the conditions of Theorem

E| sup

t<T

/0 t Al f (s)

= f) > l2gg((lll((tt)) +2af(n5) Y / g(ki,v))dv | ds

Li(t)yenlN Li(tyens 7 b

]%0.
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This proposition will be proved via Taylor’s formula through Proposition and Proposi-
tion in Section An analogous proposition applies to the terms involving AY

sel*

Proposition 2.10. Under the conditions of Theorem[2.5.3 for any T € R

— 0.

/OtAﬁ\ézf(nﬁv)—f(nﬁv) S ACA

E [sup
Li(t)enl g(ZZ)

t<T

We discuss the proof of this proposition, along with calculations which allow us to fully justify
the separation of timescales procedure in Section [2.3.3] These three propositions will allow us
to conclude Theorem and Theorem 2.5.2] We then proceed to use these results to prove
Theorem in Section We notice that if the random perturbation Y appearing in the
statement of Theorem [2.7.1]is trivial, the statement itself reduces to the usual condition for relative
compactness of the sequence of stochastic processes, see, for example, Ethier and Kurtz (1986)),
Theorem 3.9.1 and Theorem 3.9.4. Therefore as a by-product of our construction we give a proof of
Theorem [2.5.1)and Theorem [2.5.2] The proof of Theorem [2.5.1]is the most technical of this section.

Remark 2.11. Our proof guarantees the relative compactness of the sequences of scaled lookdown
representations and that limit points must satisfy a martingale problem. However, we do not have a
proof of uniqueness of the martingale problem characterizing the limiting equation. We will use the
Markov Mapping Theorem to deduce the relative compactness of the sequence of projected models
and a martingale problem characterising limit points. Lemma A.18 from [Kurtz and Rodrigues
(2011) guarantees that every projection given by the Markov Map solves the projected martingale
problem. Since this projected martingale problem has unique solutions, the relative compactness is
enough to guarantee convergence of the sequence of projected models.

Remark 2.12. We are interested in the behaviour of a rare subpopulation. As we have discussed
earlier, we would like it to form O(1/K) of the population. For technical reasons, instead of the
process XN (), it is sometimes convenient to consider a stopped process XN (t ATV), where

N o=inf{t>0: X} > ZV}.

We require the sequence of real numbers ZN to be finite for each N and to tend to infinity as N
tends to infinity. This requirement coupled with Lemma |2.8 guarantees that the convergence of the
stopped processes translates directly into convergence of the unstopped processes. We shall see that
technical assumptions will require that ZN — oo sufficiently slowly. However, these assumptions
will not change our proof.

2.3.1 Intensity estimate

This subsection is devoted to the proof of our intensity estimate.

Proof of Lemmal2.8 The generator of the projected process can be written as

ﬁf(w7 C) = {wf((l - 'LL)U) + u, C) + (1 - p)f((l - u)wa C) - f(w7 C)}
U(HhC)w —wWw - u
T8 Sl 0w + o, 1 —w) P (W usd)
O-(K/Cvc)(l - w)
U(”ra C)w + U("’fs’ C)(l - w)

+ wf((l_u)w—Fqu)_f(w’C)

17
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+ L f(p, €).-

Recall that we are interested in an estimate for the intensity of the process describing the evolution
of the rare individuals. We therefore substitute X = Kw. Under the assumptions of Theorem [2.4.1]
this leads to the generator

eroxo = {fr (1-5) 0+ k5.0 + (1-50) 1 (- 5)00) -
~8 o(kyr, X
R e e T e (N EaEs)

0(Ke, €) (1 — U
o ()% <( 0) <)1 57 ((1=5) %) 5% o]

+ LTf(X, C)-

This means that for any f € C*°(R),
T
POV Cr) = £, + [ L0 (9. s+ M (D),
where M is a martingale. Substituting f(z, () = x leads to

~su [T o(kr, X
X(T) =X(0 )+NSSJ/ lg(ﬂra<)§+(o(mf,)<) R E Y

ds+ M(T)

(e, () X
o OX to(re ) (1- X) (1 K)X

B su T O_(H’V‘?C)
=X(0 )+NSSJ/ [f’(/ﬁsr,c)ﬁ ol (- %)

B < U(Iﬁr,g)% o (Ke, € (1 - %)
o(kr, Q)5 + 0(ke, €) (1 — %)

Since

(’{C’ g) (K’Ta C) — 2("{7“3 C)
O—(Hm C) ( (HW C) + U(RC? C) ( - %)) 7

U(HT,C) _ U(”r,g)
U(HMC)% + o (Ke, €) (1 - %) o (Ke, €)

this expression can be written as

X(T) = X(0) + NS5 {/T [<ZE:8 - 1) X] ds

X o(ke,Qolkr,¢) = o*(kr, ) s
+/0 [K 0 (ke; Q) (0, Q) + 0 (e, ) (1_;g))] d }*M(T)- (2.26)

(2.25)

Consider the stopping time 7 = inf{t > 0 : XY > H} and the stopped process XN (t) = XN (tA 7).
Since (2.26) holds at a bounded stopping time, taking the expectation and using the symmetry
condition ([2.6) leads to

18
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E[XN(T)] = E[X(0)] + N§%%E [/OT { <ZE: 8 - 1) )?N(s)} ds

T (X)) 0 (1, §) + 0 (e Q) (1 ) ;
e o(res ) (o, O FF + (s ) (1 = X52)) ’

< E[X(0)] + nH S Yo, /TE[)?N(S)]ds,
0

KS.J
where C, is a constant depending on o. By Gronwall’s inequality

E[XN(T)] < E[XY(0)] exp (N?f?@,T) .

If one takes H = ZV this, combined with the conditions from Theorem concludes the proof
of (2.22). To see that (2.23)) holds, it is enough to observe that by Markov’s inequality

E[X7]

T (2.27)

P| sup X, > H| =P[Xp>H|<
0<t<T

and for any T, € > 0 we can choose H;, Nj such that for H > H;, N > N; and t < T the right
hand side of (2.27)) is less than e. O

We also take note of a simple corollary which we will use later in our main proof.

Corollary 2.13. The lookdown process satisfies the compact containment condition, (2.16)) in The-

orem [2.71]

Proof. We note that the characterisation of convergence given in Theorem ensures that a
sequence of lookdown processes satisfies the compact containment condition if and only if the
projected processes also satisfy compact containment condition. O

Remark 2.14. We do not give details but a simpler calculation also proves Lemma[2.8 under the
assumptions of Theorem [2.5.1 and Theorem[2.5.9
2.3.2 Neutral model - proof of Theorem [2.5.1

Even though this subsection contains the proof of the result for the least complicated model, the
proof itself is the most involved one. The relative simplicity of the proof for the more complicated
model demonstrates the power of this lookdown method. Proofs of Theorem and Theo-
rem heavily rely on technical observations from this subsection. We recall that the generator
of the neutral part of the process takes the form

Aneuf(n) = N ( / [“fe?{“*g(n*,u*)e% S =g (s 0))dv
0

< 1 g(/i,jneu(l,l*,v*))]dv*—f(n)), (2.28)

(m)En,IAL"
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where (k*,v*) denotes the parent and J,e, is defined as in (2.3, that is

1%( ( neu ’U*)) ifl> l:;,euv
Tnewlls yews v7) = { £L1 i<,
v

ifl =1

neu-

Before stating the propositions and lemmas which prove Theorem let us rewrite in a
more convenient form.

We start by observing that a Taylor expansion of g gives

gw' o) T 9w T 0%) = fn)

(m)En,IAL"

fF)Y gg/((:’ll)) (@) =D+ g'(%,1) g'(r,1)
7 7

and a Taylor expansion of the exponential function about 0 leads to

o M [ (1—g(w* 0))d ukl

oo K o0 2
—1- [ (1—g(v)dv+0 <“’J/ (1- g(ﬁ,v))dv) . (230)
Applying (2.30) we may rewrite (2.28)) as

AT]:[eu = Aneul +Aneu2 + O ( JAneu2>

where

A%M=N<Awffaﬁ”ﬂmmWw I1 SNmJ@rwwwaﬂmkw>, (231)

(m)En £l

002K2 WK 00
A%HZN(—A e [ gl oo gl o)

S | B ICAVA(RAR) dv*). (2.32)

(m)EnI£L"

We begin with statements of the propositions that identify limits of (2.31)) and (2.32]) separately.
The proofs appear later in this section.

Proposition 2.15. Under the conditions of Theorem [2.5.1

T ,9/((1)
[fg? / Aneu lf 775 f(775) li(t%nzall g(lz(t)) ds ] — 0.

Proposition 2.16. Under the conditions of Theorem [2.5.1

t
E sup / neu 2f("75 - 2af 773 Z / 1 - 57,7 U))dv ds — 0.
t<T |JOo

Li(t)ens li
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The proof of Proposition will use the following elementary lemma:
Lemma 2.17. Let I' be a stochastic process. Assume that the second moment of I' is bounded

uniformly for all times up to time T by €, that is E[(T'(s))?] <€, for 0 < s <T. Then

/OtF(s)ds } < VTe.

t
sup t/ I'?(s)ds
t<T Jo

E [sup
t<T

Proof. By Jensen’s inequality
T
= TE U F2(s)ds].
0

s ([ t r(s)is)

E
t<T
The inequality follows by assumption and a final application of Jensen’s inequality.

Proof of Proposition[2.15 By Lemma it suffices to prove that, conditioned on the postion of

2
O

<E

rare levels,

g (s, T(U(0), 5 (8),07)) — f(ns)}dv )

(k(0),1(1)) EnL(6) AL (1)
2
ey 29 (Li(?))
f(ng) (Zj:al o) -0,

uniformly for 0 < s <T.
For ease of notation we let l[j = 0. We will use the ordering I; and (2.29) to observe that

Afzveu’l f(n) can be approximated by
9 (ki i), g (k,1) % l; —v* .
—1; — 1y —+— ) |d
e ey \Tog e ) [

1
* UK uK ) *
N f(n / —e 7" [
( )<; L J 9(Ki, ;)
A R o S ))

-
Fl)) ] . (2.33)

JAi §<i
where the second line follows from integration. At this stage we note that we can drop the factor
1 —u/J at the cost of an error of order NK/J3, which tends to zero as N tends to infinity. We
also swap the order of summation to rewrite (2.33)) as
/
9'(k5, 1) —uky, J o kg —uky
Nfe) S L0 5) (= lig)e” Tl (6 Klyr _ = 7,)
Z g(’%jv l]) ZJ: ' ' (3¢
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+ 1= i7 Z (e_%li—l — e_%h) ] .

i#]

We observe that since the second and the third terms in the inner sum are telescoping sums and
lp = 0 we simplify our expression to

g/(/{‘al‘)
U)Z K]i l;) (P1 + P +P3) =
Zg (5,15 i(1—67%”) - (l—ef%lj’l—l—ef%lj)
~ g(k;j,1;) |uK T

+Z( (I — li_1) “flil)]_ (2.34)

i<j

Now we treat each term in the new sum separately. Using the Taylor expansion of the exponential
function about 0 we observe that

NJ _ukg\ (—1)k1 L (uK ! N (uK)"+!
A= uK(_e ”)_N > w0\ O\ T )

1<k<n+1
PQ _ ZJUT (1 - efTKljfl + 6*7K1j> — uJ J + O <J2 (l] — lj—1)> ;
1 k K k—1
P=NY (~— e i) =y 3 B <“> S — )ik
i< 1<k<n+1 (k—1r\ J i<j
N(uK)nJrl
+ O <t]’rl,-‘r1 .

We focus our attention on P3. We investigate the terms corresponding to different values of k
separately. We observe that the first three terms involve

> (= 1) =1y, (2.35)

1<j
Z(li li-1)lic1 =5 Z(l? - 11‘2—1) - Z(lz - li—1)2
1<j i<j i<j
1
=5 5= (li—1i1)? (2.36)
1<j
1 1
Z((l —lic)l_y) §Z l3—l _gZ(li_li71)3_2(li_li71)2li71
1<j 1<j 1<j 1<j
1 1
=30 =32 (i—li)* =D (i—lia) L, (2.37)
1<J i<j

respectively. We are therefore interested in Y. (I; — l;_1)? conditioned on the locations of the rare
levels, that is, conditioned on 7".

Recall that conditioned on the locations of the levels of the rare type, the levels of the common
type will be Poisson distributed with intensity X — Z~. Conditioned on the number of levels of
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the rare type between 0 and [; these levels will be independent uniformly distributed on [0, /;]. We
denote n independent uniformly distributed random variables on [0, 1] by w1, ..., u, and define the
order statistics by letting u(; = uy if and only if #{12: tup <wugp =ifordi € {1,...n}. Wenote that
n points uniformly distributed on [0, 1] can be identified with n 4+ 1 points uniformly distributed
on the unit circle with one of these points chosen at random to be a reference point corresponding
to both 0 and 1. This then leads us to see that ug;) — u;_1) is equal in distribution to w() for

i€ {l,...,n+ 1}, where, by convention, U(n1) := 1 and u(g) := 0. From this one can see that
J n+1 9

E i —1i1)?lo=0,j =n+1,0;| =1°E N —ugon)?| =12 .

[;(Z ! 1) ’lo 0,7 n+ al] lj ;(u(z) u(z—l)) ] lj (n+ )(TL+ 1)(n+2)

We then use that the number of levels of the rare type within [0,;] will be Poisson distributed to
see

I [zjz(lz - li—1)2|lo = O,lj] :i 2132' (ZJ(K - ZN))nexp(— (lj(K _ ZN)))

P i:0n+2 n!
2L,
:([(—7JZN) + 0O (exp(—lj(K— ZN))) .

Identical calculations show
A 2
- 2 4lj N
E ;(li —1i-1)™ ] o= 0,1 :m(?’ +a(K - 2%))
+ O (K —ZN)exp (- (K — ZV))), (2.38)

; 2 Lj
Var Z(l’ — li—l) ‘l() = O,Zj =0 <(I{—ZN)3> .

i=1

We note that we are considering j to be a random variable throughout this corresponding to the
level of a given rare individual.

From this calculation since we multiply (2.36) by NK/J in we see that we require IJ(V JQQ — 0.
uK

Therefore, we may approximate (%*) >oicili = li_1)? by % For k = 3 we again condition on the
number of levels of the rare type beneath [; and see that

J
Z(ll — li_l)Qli_lﬂo = 0,] =n-++ 1, lj
i=1

E =+ DE[(I; —l—1)*l-1llo = 0,7 = n+ 1,1],

where [ is chosen uniformly at random from (1,--- ,n + 1). We then again consider the levels as
3

n+ 1 points chosen uniformly at random from a circle to see that this will be +5- This then gives
us

12
E > (= 1lic)? liallo=0,1;| = m + O (exp(—1;(K — Z™))). (2.39)

1<j
We see that for k > 3
E|Y ((zi Y ) L) oL (2.40)
=) k41 K)’

i<j
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1 1
Var Z((li—li_l)li-il) i :(’)(K3>, (2.41)

i<j

which will suffice as each of these terms will be multiplied by & Jk — in - We then note that

]YJQ{ is bounded and K — 0. We combine (2.35)), (2.36)), (2-37)), (2.40)) to see that, conditioned on
l;

]7

_uKj.
E S (<~ tiaeFr)
1<j
(DM FukNF L uw, 1WPK K2 K\"!
= PELARE e B Sy Bl .
2 k+1)\ J ) Jit i to o7
0<k<n

Finally, we observe that all these approximations and cancellations allow us to approximate

(2.34) by
g (k1) [1u*NK , NK? NK"H NK
Z 9(kj,1; (2 7 it O\ ) o e ) rom i)
J

plus a random, mean zero, correction term with variance O(N2K?2/(J?(K — Z)3)). O

The proof of Proposition [2.16] is more involved than that of Proposition Once again we
begin with an elementary lemma.

Lemma 2.18. Let I'(s) be a stochastic process. For any partition 0 =ty < t1 < -+ <ty =T,

/Ot <zm: E (/tt (s)d3>2 +E Slal'p/t:i1lr(s)‘d8]'

Jj=1 i-1
Proof. We observe that

t<T

E [sup

t mo o t
E [sup / [(s)ds|| <E Z | / ’ I'(s)ds| + Sup/ IT'(s)|ds
t<T |Jo o Yt i Jt-1

n tj 2

< ZE / [(s)ds|| +E sup/ IT'(s)|ds
j=1 tj—1 7o Il

2

n L tj

< Z E / I'(s)ds +E Sup/ IT'(s)|ds
7j=1 tj_l J tj_l

which concludes the proof. O

We require a few more computations to transform A'r]qu,Q into a more convenient form. First of
all, we observe that as (1 — g) is bounded, the following approximation is valid:
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l; 0o I; A\v
/ / (1= g(ki,v))dv dv* = / / g(ki,v))dv* dv
li—l v* li 1
oo pl; v
= / / (1= g(ki,v))dv* dv —I—/ / (1= g(ks,v))dv* dv
l; I4+i—1 li—1 JI4+i—-1

= (lz — li—l) /loo (1 — g(ni,v))dv + O ((ll - li_1)2) . (2.42)

For convenience, we order the individuals present in the system according to their level, that is
we consider 7 = {(k4, ;) }i>1 where l; < l;+1. We observe that the ordering leads to the following
simplification:

2 Li uk | % o0
AneuQ (n) = - ]}TK Z </l %6_71} f(n)/ (1 — Q(Hi,v))dv dv*) .

i—1 *

Slnce — 0, we may use ) to further simplify Aneu 5 to

A f () = —“ijfo(n) Sott—ten ([T 0=t ar) (14054 5) )

%

By this calculation and Lemma [2.18] it is clear that in order to prove Proposition [2.16] it is
enough to show that for any partition 0 =ty <t; < - - <ty =T,

E I‘N(s)ds> +E
)

7j—1

J

t.
sup / ’ |rN(s)\d5] =0, (2.43)
ti—1

where

oo

'N(s) = wNK? Li(t) — i1 —2a i 1 — g(k;,v))dv dv*dt. 2.44
@ =3 (G @O - taw) 2] s [ (=t m)avaran @

i
We first turn our attention to the parts without a supremum which we calculate directly.

Lemma 2.19. Conditioned on the locations of the rare levels,

(/ Z < 2NK2 i(t) = lica(t)) — Qa) f(ne) /loo (1 — g(/ﬁ,v))dv dv*dt>2

()
=0 <L]€) +0(T?), (2.45)

for any L(N) such that % — 00.
Proof. We recall that there exists Ay such that for all v > Ay, g(v) = 1. Therefore
o) [ (=gl
i(t

is bounded for each test function. As 7, is constant between events we condition on exactly n
reproductive events occurring within [0,7]. We denote the time of events by ¢; for i € {1,...,n}.
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Observe that ¢; are independent random variables uniformly distributed on [0,7]. For ease of

notation we let {g = 0 and t,+1 = T. We will use Zk to denote a rare type individual’s level and [
to be the highest level across the population (that is, from individuals of both rare and common
type) below [}, and consider

Z Z tiv1 —ti)(tj41 — 1))

i=0 j=0
(wffz@ai) e~ 20) (D5t - hte) - 20) | (20)

We note that the times of events are independent of the level process and so we use

T2 P .
ey di# 7
E[(tit1 —ti)(tj41 — 1)) = {(M%QH) i
ity =7
We also use the Cauchy—Schwarz inequality to see

E[(T(t:) — I (t:)) (I (t;) — 1k(t;))] < (KQZN)

where we note that we are still looking at the stopped process.
We denote the intensity, after n events, of the levels of all individuals which were offspring in
one of those n events by I,,. It is then easy to see I, 1 = I,(1— %)+ % and Iy = 0. This recurrence

equation has a solution given by
u\m”
I”:K<1_<1_7> )

We now introduce some notation in order to simplify the calculations presented in this section. For
i < j we define [}°(t;) as the highest level below I of an individual (of either rare or common
type) which has been born since ¢;. Then we can see that

(Ui (t;) — W(t;)) < (e(t;) — (),

and so

BTk (t:) — Le(t) (e (ty) — Ie(t5))] B[k (t) — Te(ta)) (e(ty) — I(t;)1;, () =irew (1)
=E[(Ix(t:) — In(t:)) (k) — 7 (t)]
— E[(k(ti) — () (e (t;) — lnew(tj))1ik(tj)¢igew(tj)]

11 2 2 -
> - Plij(t;) # e (t;
S LK -2V \/(K—ZN)ZIJZ_Z. i (t) 7 B ()],

where we have used the Cauchy-Schwartz inequality for the final line.
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‘We note that

K(-5)"

Pl (t;) # 1277 (L5)] < % (1 _ %)j*i + [j_i'

We now consider a function L(N). By splitting (2.46) into parts with |i — j| < L and |i — j| > L,
we bound it above by

4(n+1)LT? [(N?K* 2 g
m+tD(n+2) \ J& (K—2zN32 ™
C(n+1)(n+1— L)T? { N2K* 11 <NK2 1 NK? 1

— - 2a + 4a*
n+1)(n+ - L - L o
1 2 Jt K—-ZNT J? K ZN+ J? Ip +

PN R S K(l—ﬂ)L
JUK=-ZNI\N KO- 1) )
We observe that
io: n+1 (NT)"e N 1 1 n e NT _e_NT
(n+1)(n+2) n! NT (NT)2  (NT)2 2

n:l

i (n+1)2 (NT)"e NT <1
(n+1)(n+2) n! -

n:l

We may combine the two results above to see

(/ Z < 2NK2 i(t) —lLizi(t) — 2a) f(ne) /IOO (1 — g(f@i,v))dv dv*dt>2

i(t)

_of T N?K* 2 ag?
N\t mk—zep

o N2K4 1 1 NK? 1 NK? 1
+ T — = — + — ] 2a
J* K—-Z1I J2 K—-Z  J? I

N2EKY 11 K(1-%)"
+4a* 4+ 0O — J :
JY K—-Z1I K(l—%)L—I—IL

Therefore, in order to conclude that (2.45)) converges to 0, it is enough to find L which satisfies

L NK? 1 K(l—ﬂ)L
— —0; — — 2a;

— 2a; — 0.
N J? I K(l—f) +1p

Since % — 00, this is achieved by any L(N) such that L — 00 and & ~ — 0. For example, we may
choose L(N) = v NJ.
O
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We now turn our attention back to (2.43]). We consider t; = jo(/N) and see that to ensure the
first part of ([2.43)) converges to zero, we need choices of L and § such that

L L L
= A — 24
N—)O, 7 ™ 0% N5—>O (2.47)
To show that the second term of (2.43) converges to zero, it is enough to show boundedness
of E[sup,<7 I'V(t)], provided that there exists a ¢ satisfying (2.47) such that § — 0. The latter is
satisfied by taking 0 = /L/N.
To show E[sup,<7 I (t)] is bounded we consider an auxiliary process 3V, defined by

2 ~
o =20 S (10— i) mati)), (2.48)

l(t)en;

where h is a decreasing, positive cut-off function (that is, we assume that there exists a A such

that h(v) = 0 for v > X) and I(t) € n; is the first level below I(t). To show the required bound

on the expectation of the supremum of the integral of X, (and therefore conclude the proof), we

show tha is dominated by a bounded submartingale. We note that under the conditions of
2.4.1

Theorem Nf§2 = O(K).

Lemma 2.20. Define BV as in ([2.48). Then BN is dominated by a bounded submartingale.

Proof. We recall that the offspring in an event can be ordered (vi,vg,...) with v; = v*. Therefore,
as the parent is thought of as moving to v* we will refer to (v;);>2 as the ‘children’ after an event.
Recall that within the period of time [0,t] with probability O(¢?) we will see two or more events.
Therefore

E[Sieq: (10 = 10) h1®) = Sigyey; (10) = i(0)) n1U0))|

t

_ N/OOO “fe—“fv*{ 3 { (7)) - 7)) - (1) ~ 1)) ] n1(0))

H0)eny

+ (7(E0)) - (1)) AU0)
+ (10 - 1(0)) (7 1(0) = 1(0)) O Hh’Hoo} > (0= ) hlvi) 1, lsrare}}de()

8

1=2

where we are using 0; to denote the highest level below the ith ‘child’, v;. We now require that
h(l) =0 for all { > A,. We note that in the proof of Proposition we have shown that the parts
involving 7 (1(0)) — 1(0) converge in L? to al(0)? and so we can see that this is approximated by

S {(az2(0) . az“z(())) h(1(0)) + (1(0) - i(O)) alz(O)O(Hh’Hoo)}

HO)en;

LN / h “fK{ > () ~ 1)) b)) + 37 (01— 0) h(oi) 1 1 }}d

1(0)en; =2

We note that since the ordering of the I(t) € n¢ which are not the parent is unaffected by an event,
the only possibilities that will force J(I(0)) < I(t) is when a ‘child’ has been born between the new
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locations of levels or when [ (0) is chosen as the parent. However we use the last sum appearing in
the previous equation and the fact that h is decreasing to see that the generator applied to 3}, for
large enough N, is bounded below by

l;
NK2 = ko (e i .
~CupY 4 NSEE 30 [T e ( S y)d

lieny li

where Cj, = A\p||W||0o. We therefore see that

NK?Z
J3

t
Jrd +/ N +C ds,
0

is a sub-martingale. Combined with the conditions of Theorem this concludes the proof of
the lemma. O

To complete the proof of Proposition [2.16] we see that, by using Lemma [2.19]

9

(BT +/ C’ﬁN+0N§ZZd)

is bounded. Therefore, by Jensen’s inequality,

2
Efsup 8] < |E <supﬁtN>

t<T t<T

which is also bounded by Doob’s martingale inequality. Proposition therefore follows by an
application of Lemma, [2.18

2.3.3 Selective model - proof of Theorem
The generator of the model presented in Theorem is of the form

ANf( ) Aﬁeuf( )+Asel ( )

The analysis for the neutral part of the generator AN, . is the same as in Section with the
exception of a slight modification of Lemma [2.:20, which we discuss in Lemma [2.23] We therefore
turn our attention to A se» Which is the part of the generator describing the selection. It can be
written as

self( ) = s (/ [U-K'(zu;(v*g(ﬁ*’ U*)Ci% L% (1—g(s*v))dv

X H 9 (K, Tse(l, l:elv U*)) ] dv* — f(ﬂ)) . (249)

(rd)En AL,
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where we recall that the movement of the levels J; is specified by

v* ifl=10

sel’
(1= @a =) 1AL v,
it | <v*.

—_

jsel((lv K’)v (l:elv ’i*)v U*) =

,_.
— |
g

o~

—
|
g

As in Section we transform A »; into a more convenient form. We use the Taylor approx-
imation ([2.30) to appr0x1mate the generator by

Al = Ai\él,l + Ai\él,z +0 < 7 Al 2>
where
Asel 1 (77)

- % (/000 ?ef%v* [9<”*7”*) II 9Tl lia,v) - f(n)] dv*) : (2.50)

(r1)EnIAL",

N oou2K2 UK« o * * %
sele( ) S <_/ J2 e J / (1_9(’Ii 72}))dv g("1 y U )
0 v

*

< I 9 Tealllig,v") dv*). (2.51)

(kD) enl#£L:,,

Once again, we treat AS er1 and Asel o separately. We order the levels 1 = {(Ki, i) }i>1 present in
the system by requiring that for each i, l; < l;11. Arguing in the same way as for the neutral
case, we may conclude that the term involving Aé\ém tends to 0 as N — oo, as the requirements
NK/J? — C combined with 1/S — 0 imply that NK/J?S — 0. We turn our attention to Ai\gu.
Recalhng the difference between [}, and [* ,, we note that for large N we will very rarely see
I3, # e, and so we consider

u sel?

Al f ()
- % (/OOO ?67%’”* [g(ﬁ*’v*) H (H, jsel( ) neu’ *)) - f(n):| dU*) (252)

(B, D) ENIAL 0

We will prove Proposition by showing that Aé\él,?» satisfies a suitable estimate and then showing
that Ai\él,l — AN 3 converges to 0 by virtue of Lemma W

sel,

Lemma 2.21. Under the conditions of Theorem

5( et oy T ats Jsex,m,v*))—f(n)]dv*)

(Hvl) Syl 7l7£l:7,eu

E

, J (ki, 1;) sulN
-0 f(m)z a(einti) 75 70
J
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Proof. Just as in Proposition we approximate (2.52) using (2.29) by

sN b uK _uk s [ (K ),
Sf(n)(;/ T [g(f%li) v =k)

1£l; 7
= 50 5 | (e Fir g (e F )
Z (o (1)
+;§Z(<:Z§z((§jlej))1—l <—<lz A Kz))]

g (TF =),
u

where we have used integration by parts and S; is equal to the terms appearing in . Now we
notice that S is multiplied by 1/S and since S — oo it can be neglected. Consider then the second
term. We can neglect the factor 1 — u/J at the cost of an error of order NK/J3, which tends to
zero. We change the order of summation to approximate it by

g0 (o5 1) S (— R R ) )

i<j

Now we proceed precisely as in the proof of Proposition m The final approximation of Aé\él 3

then takes the form
sulN 1

We now turn our attention to Aé\éu — AS]\;w. We must treat the cases when the rare type is

o(kr) 9'(K5,15)
100 (55 -1) 2 gl

J

O]

favoured or unfavoured separately. However, we show in both cases that E[‘Aé\é” — Aé\él 3|l = 0

and conclude with Jensen’s inequality.

Lemma 2.22. Let [*

new be the lowest level above v*. Let I%,; be the level above v* which minimises
%. Then

]%0.

sN *uK _uk o« * % (1 * * * * *
o (77)/ —F€ 7 g(’U y K )Z g ( ) (jsel(leel?v ) - Jsel(lalneuvv ))dU
0 1
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Proof. We note that for | < v*, Jse(l,1%,;,v*) = Tse1(l, 1,0y, v*) as

1 1k ok o(K) * *
1—% <l (l v )U(H*)) l>’U ) l?él )
tjsel(lvl*vv*) - ’l)>’< l = l*,

1_1 l I <,

and so we need only consider

sN CuK _ukge ., g .. « \ 0(K) L,

Sf(ﬂ)/o —e 7 g(v xat )Z (lneu - sel) T’%*)dv : (253)
We proceed as in Section and consider v* in the interval [l;_1,[;]. We note that [}, = [; and
if I; is of the favoured type then [, = [; also. If I; is unfavoured we denote the lowest favoured
type above [; by [ then [}, # [; if and only if

sel

lisg <v* < (li - w 5= )> Nli—q,

Os — Oy

where 0y, = 0(ky), 05 = 0(Ks), Ky 1s the unfavoured type and ks is the favoured type. Therefore
we see that (2.53)) can be written as

sN (i 2oy B—liDNi-1 o )¢ uk
S > f e Y8

(li ki) ENKi=FKw liza I>v*

We can then integrate and use a Taylor expansion to see that we need only show

g/(lj) ull s Ow S
-y (-l — 15— 1 .
a(l;) Z J(z ) 1 —Uw( )] A0l —0

(li,lii)en,li<lj,lii:Hw $

If the rare type is unfavoured we can then conclude by noting that E [$48E (15 — 1) (1, — 1;_1)] =

SJ
NK 1
O 57 &-2)2

If the rare type is favoured we may bound it by

suNK 24
Z JS (li_l ) {l_lz 11—

ik_1<li<ik

(1) >0} (2.54)

where we recall that [, is the kth highest rare level. As before, we condition on there being
n individuals of the common type with levels between [ and lx_1;. We can then consider the
n levels as independent uniformly distributed rather than the ordered levels [;. Suppose that

Z,21,...,2n—1 are independent uniformly distributed random variables on [0,1], ¥ = 1 — z and
X =min ({z}, {(z — 2i) } 2,<z). We then see that (2.54) is bounded by
sulK N
E[X%1xsey].
n 7S [ X> Y}
We now look at
1
BN Lxoor] = [ EX* Lol = uldu (2.55)
0
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1
= [ EX"Lx ol = ulda

1+4c
:/ / x 1m>cl u) dP[ ‘ ]du

1+4+c

:/ / 22dP[X = 2|z = u]du.
e Je(l—u)

PX > 2|z =u] =P[[u —2,u] N {z} = 0] = (1 —2)""!
dP[X = z|z = u] =(n — 1)(1 — )" 2,

we may bound ([2.55)) by

Since

)

1 1
X 1x>ev] </ / n—l (1fx)"_2dx du
c(1—u)

1j—c (
1 1— c+cu
/ / (n—1)(1 —v)*" 2dv du
0
n—1 it "2 !
< -2 +
c n(n— 1) nn+1) (n+1)(n+2)
B 6
Cen(n+1)(n+2)
We can then conclude by noting that
- (K — ZN)re~(K=2") 1 N
=0 ————v —(K—-Z
nzl n+1)( n+2) nl & = zvy T el D)

NK

which again leads to an error of order O (Wﬁ)? completing the proof of the Lemma.

Proof of Proposition[2.10. By an application of Lemma [2.17] Proposition [2.10] follows from a com-

bination of Lemma 2.21] and Lemma 2.22]

Lemma 2.23. Define BV as in ([2.48). Then BV is a dominated by a bounded submartingale.

Remark 2.24. Although the statements of Lemma [2.200 and Lemma [2.23 are the same, the be-
haviour of the process BN is subtly different, as in Lemma |2.25 the movement of the levels is
affected by selective events. This difference does not effect the proof however we include them as

seperate lemmas for completeness.

Proof. As in the proof of Lemma (and using the notation introduced there)

E [Sieq (10 = 10) h11) = Sigyey; (10) = i(0)) n10))|

t

_ N/ e—u;fu*{l(z { [(j(l(o)) _ j(i(o))) - (1(0) —i(0)

0)eny
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+ (TG0 - (1)) nU0)
+ (16 = 1(0)) (7 () ~ 1) O Hh’uoo} S (v — i) h(vi) 1, lsme}}de()

1=2

Considering combination of Proposition and Proposition |2.10|we know that the parts involving
J(1(0)) — 1(0) converge to al(0) — bl*(0). Since £ — 0 and observing Lemma we may proceed
as in the proof of Lemma to conclude. O

2.3.4 Model with selection in fluctuating environment - proof of Theorem [2.4.1

Proof. We begin by identifying the limit. Recall that the rescaled generator takes the form

ANfO%C) = neuf(n C) sel (77 C) + S Aem}f(n C) (256)
where AN is defined as in , Asel is defined as in (2.49)), and

Aem;f(nu 5) = Eﬂ'[f(nv 5)] - f(na 5)

We also use ([2.15]) and that Ay, fi1 is of order 1 by previous calculations. To identify the correct
limit it is therefore enough to evaluate AY, (fx(n,€)), which can be approximated as

AN, (Fu,6)) = AY, f(n)S“N( d) )Z] (el

(Z oo )W

g(ﬂ’bvlw)g R]a KJ]7 +l]g (/i_ﬂl ) (1 ]‘ >
X il l; +0
; 7 g(ki, li)g(Kj,1;) Z 9(K5,15) S K12

The bound (2.19) follows directly from proofs of Propositions [2.10} [2.15} [2.16, with Lemma
modified in a way analogous to Lemma [2.23 O

3 SuperBrownian motion in a random environment

In this section we present a precise definition of superBrownian motion in a random environment.
We begin by defining Branching Brownian Motion in a random environment and recalling the
original definition of the corresponding superprocess from Mytnik| (1996). Then we describe a
lookdown construction for both of these models based on the ideas in Kurtz and Rodrigues (2011)).

3.1 Definitions

Branching Brownian Motion in a random environment (BBMRE) can be described as follows.
Imagine a collection of particles on R%. Each particle moves according to independent standard
Brownian motions. Each particle, if alive, gives birth to one new particle at a time, at rate a. The
initial offspring location is the same as that of the parent. After the birth, the offspring moves and
reproduces independently of all other particles. The particles die at instantaneous rate a — (;(x)b,
where (;(x), taking values in {—1, 1} as before, models the random environment and z is the current
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location of the particle. We assume that a > b > 0. If (;(x) is positive, the particle is less likely to
die, if it is negative, it is more likely to do so. The evolution of the environment and particles are
independent. We give a more formal definition below.

We begin by recalling the description of our environment, which is used for all models in this
section. Our environment is modelled through a simple random field.

Definition 3.1. Let II¢"" be a Poisson process with intensity E, dictating the times of the changes
in the environment. Let q(x,y) be an element of Cy (]Rd X Rd) (continuous functions vanishing at

infinity) and let {§(m)(-)}m20 be a family of identically distributed random fields on R® such that

i [ém)(x) - —1} :% —P [§<m)(x) = +1} ,

E [ (@)™ (y)] =a(a.p).

Set 1o = 0 and write {7y, }m>1 for the points in II°™ and define

[e.e]

C(t7 ) = Z g(m)(')]‘[Tm,Tm+1)(t)'

m=0

Since the exact labelling of our particles is not important, we identify the particle component
of the process with a counting measure, that is for a vector T = (z1,...2y,)

Uz = Zézi z; € RY.
i

We are now ready to state the definition of Branching Brownian motion in a random environment.

Definition 3.2 (Branching Brownian motion in a random environment (BBMRE)). Branching
Brownian motion in the random environment ( is the stochastic process taking values in purely
atomic measures on {—1,1} x R? whose evolution consists of four ingredients.

1. Spatial motion The location of each particle, x;, evolves according to a standard Brownian
motion, independently of all other particles.

2. Birth events At exponential rate a (independent for each particle), a particle gives birth to a
new particle (a new particle is added to the system). The location of the offspring is the same
as the location of their parent. The behaviour of the new particle after the birth is independent
of all other particles.

3. Death events FEach particle dies (is removed from the system) at instantaneous rate a —
Ce(i)b, where x; is its location.

4. Environment changes The environment evolves as described in Definition [3.1]

Alternatively, we may define the BBMRE by the means of the generator. For a counting measure
=70z, define

f(w) :Zf(flfi)-

Let f(¢, 1) = fo(Q) f1(n) = fo(¢)mih(z;) be a function such that h € C.(RY), that is h is a continuous
function with a compact support. We define the generator of the BBMRE as
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Lf(C )
= [1(1) A fo(C) + fo(C (ZBfl +Z (fr(tp(alas) — F1(w))

+ Z (a = ¢(x)b(f1(baalz,) — f1(u))) :

where fy(|2;) denotes the addition of a particle at location z;, and p4(,|,;) denotes a removal of the
particle at location x;.

It is well known that the high density limit for the Branching Brownian Motion gives rise to
a SuperBrownian motion (see e.g. |Etheridge| (2000)). An analogous result (under certain scaling
of the environment) was established by Mytnik (1996]) for branching random walk in a random
environment. The limiting object is SuperBrownian motion in a random environment (SBMRE).

Definition 3.3 (SuperBrownian motion in a random environment (SBMRE)). Let q(z,y) be a
covariance function which belongs to Cy (Rd X ]Rd). The superBrownian motion in a random envi-
ronment is the (unique) process for which, for all ¢ € D(A),

X,(6) = Xu(0) / 1x,(a) (3.1)

1 a square-integrable martingale with quadratic variation given by

= t 2 S t €T i i S
= [ Xs+ [ ate)o@)ot) Xa(dn) X (@)

An equivalent characterisation of the SBMRE can be given in terms of the generator, see
Theorem 4.8 in Mytnik (1996). Namely, for f € C?(R.),$ € D(A) and q(z,y) as in Definition
the generator is given by

£ (u0) = £ o))+ 7o) (e?) + [ atepdo@otutaonlans ).

We would like to point out that the process of Definition [1.3| which is obtained as a limiting
behaviour of the scaled SLFV in a random environment differs from the one from Definition [3.3] by
a presence of a drift term.

Remark 3.4. Uniqueness of solutions to the martingale problem of Definition [3.3 is not immedi-
ately clear. It was established by |Mytnik (1996) using a novel approzimate duality technique, and
later re-proved by the means of the log-Laplace transform by Crisan (2004). A uniqueness result for
the process of Definition[1.3 is a simple consequence of Dawson’s Girsanov Theorem, see|Dawson
(1978) and Etheridgd (2000), Chapter 7.

Remark 3.5. A model similar to that in |Mytnik (1996) was studied in |Sturm| (2003). The main
difference between the two is in the behaviour of the environment. For the limiting model in |Sturm
(2005), (3.1) is again a martingale, but with quadratic variation of the form

Xole= [ [ alen)ota)ow)X(an) X,

In this case, the density of the process can be described as a solution to an SPDE in all dimensions,
whereas the SBMRE has a density only in dimension one and the analogous SPDE has no solution
m dimensions d > 2.
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Remark 3.6. An alternative construction of the SBMRE has been suggested by|Nakashima (2015).
The construction in this paper is based on the model introduced by |Birkner et al. (2005]).

3.2 Lookdown representation for BBMRE and SBMRE

In this section we describe a new construction of the SBMRE, inspired by the constructions of [Kurtz
and Rodrigues| (2011). As a by-product of this construction, we provide a lookdown construction
for the BBMRE. A precise statement of the results is given in Theorem [3.7.1] and Theorem [3.7.2]
We will use the lookdown representation of SBMRE in Section {4| to describe the behaviour of
the ‘rare’ type (by which we mean a new mutation establishing in the population) in the Spatial
Lambda-Fleming-Viot model with fluctuating selection.

In order to motivate what follows, let us informally describe the construction of SBMRE from
Mytnik (1996). The SBMRE is constructed via a series of approximations. Consider a sequence
of mean 0 random fields (j, taking values in {—1,1}, with correlation as in Definition (Mytnik
(1996) considered a more general class of random fields, but this one is sufficient for our purposes).
At stage n of the approximation, we start with a population with size of order n. Over each time
interval (k/n,(k+ 1)/n),k € N, each individual, if alive, moves independently of all the others,
according to a standard Brownian motion. At times k/n, each individual either splits into two with
probability 1/2+(x(z;)/+/n, or dies with probability 1/2—(x(x;)/+/n. The state of the environment
is resampled with each reproduction event. If for each set B we define

number of particles in B alive at time ¢

X7(B) = = ,

and assume that X' converges to some Xj, then passing to the limit as n tends to infinity the
process X" converges to a SBMRE with initial condition Xg. Intuitively, this procedure corresponds
to increasing the rate of the branching events in BBMRE by n, while scaling down the impact of
the environment by /n. Observe that Mytnik| (1996) considers a model with non-overlapping
generations. This is for purely technical reasons.

We now move to a description of a lookdown construction for BBMRE (with overlapping gen-
erations). Fix A € R. Consider a system of particles in the geographical space R?. Each particle
moves independently, according to a standard Brownian motion. Each particle ¢ is assigned a level,
l;. The level takes values in [0, A].

In order to take environmental fluctuations into account we use the process (;(z) € {—1,1},
introduced in Definition [3.1], to model the environment. The branching rate of the particles depends
on both their level and the state of the environment. We assume that every particle gives birth at
instantaneous rate 2a(A —[;(t)), with the location of offspring being the same as the location of the
parent. The initial level of the offspring is distributed uniformly on the interval [I;, A]. The levels
of the particles evolve according to an ODE with a random coefficient

dl;
== al? — ¢ () Vbl

The particle dies when its level reaches \. We are now ready to define the process of interest.

Definition 3.7 (Lookdown representation of Branching Brownian motion in a random environ-
ment). The lookdown representation of BBMRE is the process taking values in (R x R)> x {—1,1}
with dynamics specified by four components.

1. Spatial motion The spatial location of each particle, x; € R?, evolves according to a standard
Brownian motion with generator B = %A.
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2. Birth events Each particle gives birth at instantaneous rate 2a(\ — l;(t)), where l; is the
level of the particle. The spatial location of the offspring is the same as the location of their
parent, x;. The level of the offspring is chosen uniformly at random from [l;, \].

3. Level movement The level of each of the particles evolves according to the equation

di;
- = al? — ¢ () VAbl;.

4. Environment changes The environment evolves as described in Definition [3.1]

A formal definition, via the generator of the process, is given in (3.4). It is convenient to identify
the process with the counting measure

Hg = D Ol
i
We now state the first result of this section.

Theorem 3.7.1 (Lookdown construction for Branching Brownian Motion in random environment).
Let pg be the measure associated with the initial state of the population. Let ~y : N(Rd x [0, )\)) —
M(R?) be given by

fo) i

)

The lookdown process of Deﬁmtwnm 3.7 corresponds to BBMRE, in the sense that if @ 1) isa
solution to the martingale problem for the process defined in Deﬁmtzon then ’y( (T l)) 18 the
solution to the martingale problem for the process of Definition[3.2

Our next aim is to write down the generator of the process obtained by passing to the limit
A — oo, which would correspond to passing to the limit with n passing to infinity in the sequence
of approximations described at the beginning of this section. In order to formulate the result for
the limiting process, we need to consider a special class of test functions of the form

F(¢a, ) = fo(Q) fa(a, 1) Hg iy 1i), (3:2)

with the additional requirement
g(zs, l;) =1 for I; > Ay,

which ensures that we ignore all individuals with levels above A\;,. We are now in a position to state
the main result of this section.

Theorem 3.7.2 (Lookdown construction for superBrownian motion in random environment). Con-
stder the process with generator given by

(0= A0 D

A
+ fi(z,1) 2,2“/1 (g(xs,v) = Ddv+ fa(e,1) Y (alf — %) gz, 1)

i )
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Og(wi, 1;)Oug(xj,1;) | 107 g(ws, 1y)
— fi(z,l b2l q(xi, xi)l; DIy . (3.3

Let pg be the measure associated with the initial state of the population in the limit. Define the
map v : N'(R? x [0,00)) = M(R?) by

lim 1 Oz, if the limit exists,
Y (Z 6131‘711') = { A=00 X Zlig)‘ i f
i

1o otherwise .

The process described by the limiting generator (3.3)) corresponds to the SBMRE of Deﬁnition
in the sense that if n(Z,1) is a solution to the martingale problem for the process described by the
limiting generator (3.3)), then v(n(Z,1)) is a solution to the martingale problem for the process in

Definition[1.3

We now wish to specify the generator for the process in Definition In general, we consider
the set of test functions of the form . To make the functional setup more precise, we need
to borrow the following condition from Kurtz and Rodrigues (2011), which guarantees that the
assumptions of the Markov Mapping Theorem are satisfied.

Condition 3.8 (Based on Kurtz and Rodrigues| (2011), Condition 3.1). We assume that the fol-
lowing conditions on the operator B, the coefficients a,b and the test functions g are satisfied.

1. The operator B is defined on a subset of the space of bounded continuous functions, and its
domain is closed under multiplication and separating.

2. The test functions are of the form (3.2)), where

g(z. 1) =] — gl (@)g (1)
j=1
and g{ € D(B) and gg are twice differentiable with support in [0, A]. Moreover,

0<glg) <pg <Ll

3. There exists a continuous, non-negative function g such that for every test function g, and
for every x € R?

Sup |Bg(z,1)| < cgibp(z)

for some constant ¢4 which depends only on the function g.

4. The following bound holds for the test functions:
[ ot ) = 1+ sup{i + PYoug(ad) < eqvn(a)
0 !

for some constant c’g which depends only on the function g.

5. a>0, Aa — Vb > 0.
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Remark 3.9. We notice that the conditions for the generator of the motion B are satisfied by the
Laplacian, the generator of the Brownian motion. This is the only generator that we consider. We
provide the general construction for the sake of completeness and to highlight potential extensions
of this work.

The generator Ay of the process of Definition can be written as

Bg(xiv ll)

AN (G ) = i@ DA™ fol€) + £ (G ) 0= PmS

A
+f((,x,l)22a[ (9(zi,v) — 1)dv

O, 9(zi, 1)

+ [(C, 1)y (al? — VA ()bl;) oo 1)

i

(3.4)

A naive limiting procedure does not lead to a well defined object, since the form of the generator
does not take into account the cancellations coming from fluctuations in the environment. In
order to identify the correct limit, we once again use the separation of timescales trick. Proofs of
Theorem and Theorem [3.7.2] are presented in Appendix

Remark 3.10. Our computations do not lead to any surprising results - we show that the SBMRE
can be obtained as a scaling limit of BBMRE. Our arguments, combined with tightness of the
sequence of projected processes, guarantees convergence of the sequence of projected models. We
therefore provide a new construction for the SBMRE. However, we still refer to results described
in Remark [3.4 to guarantee the uniqueness of solutions to the projected martingale problem. The
question of uniqueness of solutions to the martingale problem for the limiting process with levels
(which, by the Markov Mapping Theorem would guarantee uniqueness of solutions to the projected
model) will be pursued elsewhere.

4 Scaling limits of the SLFV - dynamics of the rare type

In this section we are interested in a spatial analogue of the results from Section We show
that under a certain scaling, the dynamics of the subpopulation with a rare mutation, which is a
part of a population evolving according to a version of the Spatial-Lambda-Fleming-Viot model
with selection in a fluctuating environment, is given by a superBrownian motion in a random
environment. Since under our scaling the proof of the result does not differ significantly from
the one discussed in Section [2 our discussion will be rather brief and focus on highlighting the
differences and required modifications.

We begin with a description of the model. As before, we consider a population with two genetic
types, rare and common, which we denote by x, and k., respectively. We also consider the random
field ¢, specified by Definition Since in our model we consider a population with a countable
number of individuals, the state of the population can be represented as

n= Z 5:p,/@,l-

(z,k,1)

We assume that 7 is a conditionally Poisson system with Cox measure =(dx, dk) X myep(dl).
The evolution of the population is determined by reproduction events of two types - neutral
and selective driven by independent Poisson point processes II"* and IT1°¢, which specify the time,
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location, impact and radius of the events. They are analogous to those in Section [2| but now we
assume that an event has a location and radius, only individuals within the ball of given radius
centred at the location of the event are affected. A rigorous definition of the model follows.

Definition 4.1 (Lookdown representation of SLEVSRE). Let u be a measure on (0,00) and for

eachr € (0,00), let v, be a probability measure on [0, 1], such that the mapping r — v, is measurable
and

/ rd/ u vp(du)p(dr) < oo. (4.1)
(0,00) [0,1]

Fiz s € [0,1]. Let 11", I1%¢ be a pair of independent Poisson processes with intensity measures
(1-s)dt®@dy ® p(dr)vy(du) and sdt ® dy @ p(dr)v,(du) respectively. Let II°™ be a Poisson process
independent of TI"¢%, T1%¢!,

The lookdown representation of SLFVSRE is a process taking values in purely atomic measures
on R x R x {k,, ke} x {—1,1} with dynamics described as follows.

1. If (t,y,r,u) € 1™
(a) a group of new individuals with levels (vy,va,...,) is added to the population within the

ball B, (y). Their levels are distributed according to a Poisson process with intensity u.

(b) Let v* = min{vy,va,...,}. The type of the new individuals is chosen to be the same as
the type of the individual with the lowest level above v* within the ball B, (y).

(c) As a result of an event the individual originally with level, I, and position, x, has a new
level given by

Lo(l— (I* — v* if 1> 1", 2 € By(y),
jneu(l,l*,v*,x, (y,r)) _ 1—17( ( )) . . ( )
17%1 if l <l*,x € By(x),
v* if l=10"x € By(y).
2. If (t,y,r,u) € I1°¢
(a) a group of new individuals with levels (vq,ve,...,) is added to the population. Their
levels distributed according to a Poisson process with intensity u.
(b) Let v* = min{vy,va,...,}. The type of the new individuals is chosen to be the same as
the type of the individual with level above vx minimizing (l; —v*)/o (K4, ¢) within the ball
B(z,r).

(c) As a result of an event the individual originally with level, I, and position, z, has a new
level given by

l if © & Br(y),

Lo(l— (" =) Z2) i > 1w € Byyy(y),
1_1 l if l <1*,z € By(y),
v* if l=1*z € By(y).

—
g

jsel(la l*)v*7x7 (y7r)) =

g

3. The dynamics of II*™ are specified by Definition[3.1]

41



SLFV in a fluctuating environment and SuperBrownian Motion

Definition [4.1]is more general than we require, however, we include it to underline the possibility
of extending our results. However, in the interest of keeping our notation as simple as possible,
from now on we shall specialise to fix the radius and impact of reproduction events.

Assumption 4.2. From now on, fir R € (0,00) and u € (0,1) and take
wu(dr) = dr(dr), vp(du) = 6g(du).
The integrability condition (4.1)) is trivially satisfied for our model with fixed radius and impact.

4.1 Scaling and statement of main results

As in Section [2] we record two theorems which are a by-product of our technique.

Theorem 4.2.1. Suppose that Xév 1s absolutely continuous with respect to Lebesque measure, that
the support supp(X') C D, where D is a compact subset of R? (independent of N ), and that X}
converges weakly to Xo. Furthermore suppose that the intensity of selective events is 0 and as N
tends to infinity,

Cqurd™?N K N2 u?VpNK

— Tz —C1;  J, K, M — oc; TMd—)O; 7MdKJ2—>O; ~oad — a,
In addition, assume that there exists an n such that, as N tends to infinity, N(K/J)" — 0. Then
the sequence X n(t) converges weakly to superBrownian motion without drift, initial condition X,
diffusion parameter C1 and quadratic variation parameter 2a.

Theorem 4.2.2. Suppose that Xév s absolutely continuous with respect to Lebesgue measure, that
the support supp(XJ') C D, where D is a compact subset of R? (independent of N), and that
XV converges weakly to Xo. Furthermore, suppose that S = 1, o(k,() = (k) and as N tends to

infinity,

K N? uWVRNK
e O SEM e g = 0 g 2 % T @
suNVg (o(ky)
—1)—=b
JS (0(&0) ) ’

In addition, assume that there exists an n such that, as N tends to infinity, N(K/J)" — 0. Then
the sequence Xn(t) converges weakly to a critical superBrownian motion with initial condition X,
diffusion parameter C1, growth rate b and quadratic variation parameter 2a.

The strategy of the proof is analogous to that laid out in Section We therefore focus on
describing the differences. In contrast to the situation described in the Remark [2.11] we do not claim
to show any results on the limits of sequences of lookdown representations. We focus on the result
for the projected version of the model. We divide the generator of the lookdown representation into
two separate parts - one part describes the spatial movement of the particles, the other describes
the evolution of the levels. We show that the selective events (and therefore the fluctuations in the
direction of selection) do not affect the movement of the particles in the limit. For the convergence
of the neutral model we refer to results of Chetwynd-Diggle and Etheridge (2018). We then use
the lookdown representation to deduce the right form of the limiting generator and to justify the
separation of timescales trick for the selective part of the generator. The part of the proof which
deals with the evolution of the levels is analogous to that of Section [2 and we do not repeat it here.
For the readers convenience we include intensity estimate and discuss the splitting of the generator.

Once again we consider a stopped process, see Remark The domain of the generator is

specified by (E2), ([E3).
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4.2 Intensity estimate

As in Section we observe that the generator of the projected process is given by

LN f((g, X)) = N M Ly KY d
F((6, X5) [ Lo (Z)f< 7 G0

ek (1=5) [ st <y>dy> s [ ot wa)azar

+ NSSMd

o (K, ()wév(z) u
8 /B |B o ors Qg (2) + 0 (50, ) (1 — 0 () (K J /BM(@ Py)dy

+K <1 - %) /wa) ¢(y)wév(y)dy> — f(K /wa) ¢(y)wév(y)dy> dzdz

o5, 1~ (2) L "
+ /Rd /Bﬂ‘/[(z) U(/fmC)w(])V(Z) +O’(Hs;<—) (1 _ U)(])V(Z))f K (1 J) /;7]}4(1') Qb(y) 0 (y)dy>

The first two terms represent the part of the generator describing the effect of the neutral events
and is the same as in |Chetwynd-Diggle and Etheridge (2018)). The last two terms represent the
effects of selective events. Substituting K wév = Xév this becomes

£Nf(<¢7 Xév>) - neuf(<¢ XO >) sel <¢ XO >)

(
1

+N§Md

(=)
/ / BlM XN(;‘)(M,O K oo f<K3/ o(y)dy
wa ) 1B oy, )22 + 0k, 0) (1 - 22 B (2)

c(1=8) [ e <y>dy) ([ 05 )y s
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U(HC,C) <1_%> 1- Y XN ()d
+/Rd /BM oo O | e o) (1 - Xév(z)>f<( - j) /BM@ o(y) X0 (y) y)

K
- 1( [ ox3 iy )a: dw] -

We state useful lemmas from |Chetwynd-Diggle and Etheridge| (2018)), which describe the form
and estimates for the neutral part of the generator.

Definition 4.3. We denote by AN the operator

C(d)Nurd+?

AN(@) = —— A0,

with C(d) := fsl(o) r?dx

Lemma 4.4 (Chetwynd Diggle and Etheridge| (2018), Lemma 4.2). For f(x,() = x and ¢s(x) :
RxR!—ReCy”,

t
[ o x¥ s = [ (X2 0) + (N A6 ds + V0, (4.9
where
N supocyct [9sllcs . [
V¥ <o (Feellet ) e 1) as (45)

We proceed to the proof of Lemma We notice that the proof is a simple combination of
our proof of Lemma and the proof of |Chetwynd-Diggle and Etheridge, (2018), Lemma 5.6.

Lemma 4.5. Let X = Kw denote the total intensity of individuals of the rare type. Assume that
E[X™M(0)] < oo. Then for any T > 0

supsup E[( XN, 1)] <oo, (4.6)
t<T N
lim supP [sup(XN, 1) > H] =0. (4.7)
H—oo N t<T

Proof. We observe that with the test functions chosen as in Lemma the part of the generator
describing the change in the population resulting from a selective event can be written as

sel(<¢ XN( )>) -

usS 1 o(kr,¢) X(z) - o
_ 1 (RT,C) X o
/]Rd ‘B;.V[‘ BM(z (/{rv C) + 0'(/4107 C) (1 — %) <1 K ) ~/B7M(x) X(y)¢(y)dyd d ]

SJ
usS 1 o (K, ©) v .
/Rd IBM| Jpp(@) o(kr, Q)5 + 0 (ke, €) (1= ) (=) /BTM@) o(y)dydzde

= N—= M1
SJ
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1y )
— — X(y)o(y)dydzdz| . (4.8
/]Rd |BM| JpM(z) ) BM () w)e) (4.8)

We observe that by Taylor’s Theorem ¢(y) can be locally approximated by

$(y) = ¢(2) + Vo(2)(y — 2) + |¢llc2@a O (ly — =) -

Therefore by using a calculation analogous to (2.25)) and the fact that |y — z| < R/M within a ball
B, (z) we may approximate (4.8)) by

Lia((6, XN (s))) =
i (25 ) o fonre (i) o (G o0

where C, is a constant depending on o.
Let xV(t) = E[(X}Y,1)]. Let hg denote a sequence of smooth functions such that hp is supported
on the ball of radius 2R centred at zero and is equal to 1 on the ball of radius R centred at zero.
Assume in addition that the sequence hg satisfies

Ahgr <€ hgr < hpyi.

We combine (4.4]) and (4.9) and take expectation in (4.3]) to obtain

(0. ) = B[O o]+ [ [ (X2.6) + (X, 4% 6 s

+N53j52dE [(U(%T’O = 1> /0t<X, ¢) + %<X, ¢>2ds] +E [N (¢)]

U(”ca()
N supg<, Dsl| o3 u3§Ca
<XV (0) + CllAbg] + O < ossst [0dlery, | 2 JM2d> (0. (410

where we have used the properties of hg. Letting R tend to infinity and using the Monotone
Convergence Theorem, we arrive at

N sup losl s usSC,
N < N 0<s<t o N )
XN () < x (0)—|—C||AhR||+O< e Vr+ N | X7 (0)

We now apply Gronwall’s inequality to conclude. The second part of the statement follows exactly
as the second part of the proof of Lemma [2.8 0

4.3 Sketch of the proof of Theorem [1.3.1
The generator of the SLEVRE process is given by

s | ([

H g(x, Ky Tneu (L1, 0", 2, (y, r/M)))] dv* — f(n)) dy

(z,k,0) EnIAL*

K|B. K|B. ~
UK‘BdT’ e_%v*gy rm (K5 0% )e” Ol [ 1=y na (5% 0))dv
JM '
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SS d
N—M
g /Rd </0

H g(x,n, jsel(l,l*,v*,az, (y,r/M)))]dv* —f(n))dy—i—Aem’, (4.11)

(z,m,0) €Al

where A" is specified as in (L.1)) and g, ,/as (5, 1) == m fBr/M(y) 9(z, K, 1)dz.

We split the generator into three parts, by adding and subtracting g(y, *, v) inside the integral.
The first two parts describes the movement of the levels.

A%ll,neuf(n)

:NMd/Rd</O

H g(x*,ﬁ,Jneu(l,l*,v*,x, (v, T/M))) H g(x,/i, l)]dv*

(Ivﬂvl)enBr/M(y)vl#l* (xvﬁvl)gnBT/M(y)vl7él*

uK|Br| uK|Br| foo 5 *
UK“Z' “omd Y gy rm (RS 0%)e Tl Jo= =Gy.ryna (57 0))dv
JM ’

uwK | By uwK | By ~ *
UK|Bd d B alh gla™, k", v )e” LD 152 (1= 0 (5 0))dw
JM

- f(ﬁ)) dy, (4.12)
where B, ar(y) = {(z,K,1) €n:x € B,y(y)} and

A%Lll,self(n)
sS
= N2 me
S [

11 9(96*,&, Tset (1, 1", 0%, , (y,T/M))) 11 g<$,ﬁ,l)]dv*

(ajv’ivl)enBr/M(y)vl#l* (ajv’ivl)%nBr/M(y)vl#l*

uK|B, | uK\Brl _ uK|Byr| e

* * * “Tasd 1 gy,'r/M(’{*rv))dv

- f(??)) dy, (4.13)
Observe that g), g/ is symmetrical with respect to y. Therefore (4.12), (4.13) can be treated

using arguments which are analogous to those which we applied to Ayeu 1, Anew,2, Aser,1 and Ager 2
in Section [2l The second two parts are given by
T (a6, 0) = gl )

A%ll,neuﬂf(n) = NMd/ (/
R4 0
_ uK|Br]| foo

X e Jmd Jo* (1=Gy v/ (K,0))dv

UK|B | UK‘B:I"U*

X H g(z,/{,jneu(l,l*,v*,x, (y, r/M)))]dv*) dy (4.14)

(z,k,0)En £l

and

N . SS d
Afull,sez,zf(n) = 5 <M /Rd (/0

uK|B, \ _uK|Br|, «
JMmd
JMd
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K|B . .
X e qu‘wdT‘ Jox (1=3y r/ar (6% ,0))dv

X H g<x,/-£, jsel(l,l*,v*,:n, (y,r/M)))]dv*)dy. (4.15)

(z,k,0)En £l

We observe that our scaling implies that if the contribution from is non-negligible, the
contribution from vanishes in the limit. For that reason the results of |(Chetwynd-Diggle and
Etheridge (2018) are sufficient to deduce the behaviour of the spatial movement of the generator
of all cases of interest. From

uK!B[ _ uK|Br| N * ok * ok k
Afullsele NMd/Rd/ JMd T (gyﬂ“/M(H ,0°) = g(x*, k5 v ))

X e — P 5 =8y, (% 0)) o H g(z, k, J)dv*dy,
(CHNIS NEl

we can see as in the calculations in Section [2] that this leads to

N —_
aAfull,sez,2h(5)

d = u —
= NMd/ ’]g | o fR/BT/Jw(y) h(z,n):(dz,dfi)e—(l—j) IB’I‘/M(y) h(z,k)=(dz,dk)
RixiC |Pr

Br/M (:C*)

uK|Br| 7, * uK|Br| * ok
« [6 Jard e/ (R7) e Jmd hia”,m ):| dy E(dz*, dk").

Performing a simple Taylor expansion and noting this is identical to calculations appearing in
Chetwynd-Diggle and Etheridge| (2018), Section 4.3 we see that this will give us

C(dyur’N
@AYt 2) = exp(= (1,2 { P an 00/ 2.

where we recall that C(d) := [ #*dz and (h,Z) := [pa,  h(z, £)E(dz, dk).

For the sake of completeness we state the propositions describing the evolution of the levels.
We observe that both and are integrals over compact sets (recall that g(z,[) is equal
to 1 outside of a compact set) of their non-spatial counterparts studied in Section The task of
analysing this generator is then a simple expansion of arguments in that section. In particular, the
sparsity condition K/M¢? — oo leads to following analogous of Proposition and Propositionm

Proposition 4.6. Under the conditions of Theorem [{.2.]]

/Afullneu 775)

sup
t<T

]—>0

E| sup

t<T

O019(x;, 1
- X ) oy S [ (1 gt )an | a
Li(s)en g(zi,1i(s)) l;
s)en? li(s)ens
Proposition 4.7. Under the conditions of Theorem[].2.9 for any T € R
t /
g (x;,1;
/ Aﬁcvull,self(név) - f(’?ﬁv) Z _bllu ds|| — 0.
0 N g(xu lz)
li(t)en,
The proofs of Theorem Theorem 1) and Theorem 2| now follow by applying Theo-
rem to the process characterlsed by the generator of the prOJected version of AY Full.news A%ll sel
and A
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A Poisson random measures

In this section we present some facts about Poisson random measures. Most of the facts presented
in this section have been stated in the papers on lookdown constructions, see, for example Kurtz
and Rodrigues (2011)), Etheridge and Kurtz| (2018). We present them again as they are useful for
many calculations involving lookdown constructions.

Lemma A.1l. Let & be a Poisson random measure with mean measure v. Let f € LY (R%,v). Then

E [exp < / f(z)g(dz)ﬂ = exp < / (ef® — 1)V(dx)>

Similarly, the expected value and variance of the integral with respect to a Poisson random measure
s given by

B | [ 1) = [roman var| [ feean) = [ Pawa

Definition A.2 (Conditionally Poisson system). Consider a counting measure & on R%. Let = be
a locally finite random measure on R?. We say that € is conditionally Poisson with Cox measure
if, conditioned on =, £ is a Poisson random measure with mean measure =.

[1]

Conditionally Poisson systems are sometimes referred to as Cox processes. We notice that to
check that a Poisson random measure £ is actually a Cox process, it is enough to check that

o 56)] (- )

for all positive Borel-measurable functions f. Our main application of the presented theory is
to show convergence of the particles systems to their high intensity limits. We need some more
definitions, as the convergence of sequences of conditionally Poisson systems requires a rather exotic
topology.

Consider a family of continuous functions hy : R? — [0, 1] such that

L Sh, =R,
k

where Sy denotes the support of f. Let My, (RY) be the collection of Borel measures on R? such
that

/ hr fdv < oo.
Rd

Let dv* = hydv. The space My, (RY) endowed with the topology of weak convergence of dv* is
metrizable. We observe that checking convergence in My, (R%) is equivalent to checking convergence
of fRd fdv, for all bounded and continuous functions which satisfy

/ fdv¥ < oo for f < chy,
Rd

for some constant ¢ > 0. The space My, (R? x [0,00)) can be defined in a similar way.

Theorem A.2.1 (Kurtz and Rodrigues| (2011)), Theorem A.9). Let &, be a sequence of conditionally
Poisson random measures on R x [0, 00) with Coz measures {Z, x A}. Then &, = & in My, (R x
[0,00)) if and only if Z, = = in My, (RY) . If the limit exists, & is a conditionally Poisson random
measure with Cor measure = x A.
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B Markov Mapping Theorem

We recall some basic definitions and introduce the necessary notation. For a detailed account of
this introductory material we refer to Ethier and Kurtz| (1986), Chapter 1, and [Lunardi| (2012).
Let (E,d), (Ep,dp) be a pair of complete, separable metric spaces (with metrics d and dp,
respectively). Let B(E) be the space of bounded measurable functions on E. We notice that
equipped with the usual supremum norm || - |[c B(E) forms a Banach space. Let C(E) C B(E)
denote the subspace of continuous functions on E. A subspace A of B(F) x B(E) is a multivalued
linear operator. It domain is given by D = {f : (f,g) € A} and its range by R = {g : (f,g9) € A}.

Definition B.1 (Dissipative operator). We say that the operator A is dissipative if for each (f,g) €
Aand X >0

IAf =gl = AllF]-

Definition B.2 (Graph separable pre-generator). We say that an operator A C B(FE) x B(E) is
a pre-generator if it is dissipative and there exists a sequence of functions u, mapping E to the set
of probability measures over P(E), and a sequence of Ay, € E, such that for each (f,g) € A

g(x) = lim A, [E (F@) — £(2)) fn(z, ).

n—oo

If in addition there exists a countable subset {fr} C D(A)|UC(E) such that the graph of A is
contained in the closure of the linear span of (fn, Afn), we say that it is graph-separable.

We notice that the generators of Markov process are graph-separable pre-generators. Let
DEg[0,00) denote the space if cadlag functions and Mg[0,00) denote the space of Borel measurable
functions from [0, co) taking values in E.

Theorem B.2.1 (Kurtz and Rodrigues| (2011), Theorem A.15). Let A C C(E) x C(E) and let v
be a continuous function taking values in R such that 1) > 1. Suppose that for each f € D(A) there
exists a constant cy > 0 such that

|Af(@)] < cp(a).
Let Ay be defined as
Af(x)
U(z)

Suppose that Ay is graph-separable pre-generator and suppose that D(A) = D(Ag) is closed under
multiplication and separating. Let v : E — Ey be Borel measurable, and let o be a transition
function from Ey into E satisfying a(y,y ' (y)) = 1. Assume that for each y € E

Aof(x) =

b= /Elb(y, 2)a(y,dz) < oo.

C= {(/E f(z)a(-,dz),/EBf(z)a(-,dz)> f GD(B)}.

Let po € P(Ep), and define vo(y) = [ a(y, -)po(dy).

and define

49



SLFV in a fluctuating environment and SuperBrownian Motion

1. LetY be a solution of a martingale problem for (C, o). Assume that it satisfies the moment
condition

t ~ ~
/ E [w(Y(s))] ds < oo Wt > 0. (B.1)
0
Then there exists a solution X of the martingale problem for (A, ) such that Y has the same
distribution on Mpg,[0,00) asY =~oY.

2. If, in addition, uniqueness holds for the martingale problem for (A, vy), then uniqueness holds
for the martingale problem for (C, ).

The original proof of the theorem was inspired by the proofs of generalisations of Burke’s Output
Theorem appearing in Kliemann et al.| (1990) and the proof of equivalence of martingale problems
for the Moran model and its lookdown representation in [Donnelly and Kurtz (1996).

Since then the Markov Mapping Theorem has been a useful tool in mathematical population
genetics (Etheridge and Kurtz| (2018), Kurtz and Rodrigues| (2011)), mathematical biology (Gupta,
(2012))), mathematical finance (Stockbridge| (2002)) and analysis of infinite dimensional stochastic
differential equations (Kurtz| (2010)).

The main power of the Markov Mapping Theorem comes in simplifications of proofs of equiva-
lence of seemingly different martingale problems. The main source of the power is in exploitation
of properties of exchangeable process and conditionally Poisson systems.

C Kurtz-Rodrigues’ Martingale Lemma

The following Lemma plays an important role in our applications of the Markov Mapping Theorem.
Intuitively, it clarifies why the averaged process is a solution to a projected martingale problem.

Lemma C.1 (Kurtz and Rodrigues (2011), Lemma A.13). Let {F:} and {G:} be filtrations with
Gt C Ft. Suppose that for each t > 0

¢
E[|X¢| +/ |Ys|ds] < oo.
0
and that
t
Mt = Xt — / YSdS
0
1s an Fi-martingale. Then
e t
M = E[Xiig] - [ E[v.jg.]ds
0
is a {G¢}martingale.

D Proofs of Theorem [3.7.1l and Theorem [3.7.2]

Proof of Theorem [3.7.1 Before we can proceed, additional objects need to be defined. Let ay(n,!)
be the joint distribution of n i.i.d. uniformly distributed random variables on [0, A]. Recall that
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u denotes a point measure representing positions of individuals. For a test function fi(x;,[;), we
define the projection onto type space f as

F) = [T (i) = e =000,

where the average for a single level is defined as

1

A
e~ Llg(zi)) — g(z;) = )\/ g(zi, z)dz.
0

To calculate the generator of the projected model (the generator averaged over the distribution of
the levels), we need to evaluate

[ Asticmbasan.
Let us integrate the four terms appearing in Ay separately. We begin with the two terms which

are least involved - the movement of particles and the environment. Since both of those terms do
not depend on the levels, integrals with respect to them do not alter our projections, namely

[1ceny Mmmw = S BAGH) = nBAG - (1)
i v i=1

Analogously,
/Afl(w,l)Ai"”fo(C,x)OéA(n,dl) = M1 AS™ fo(C, ) (D.2)
In order to evaluate terms describing births and movement of the levels, which both do depend on

the exact value of the level, it is convenient to note that (here we follow the calculation on p. 492
in Kurtz and Rodrigues (2011)))

A A A
)\12a/ g(x, z)/ (g(z,v) — 1)dvdz = ade Zs — 2a/\1/ g(x, z)(\ — 2)dz, (D.3)
0 z 0
where we have used Fubini’s Theorem, and
A A
A1 / (az? — Cb2)g (z,2)dz = =271 / (2az — ¢b)(g(z) — 1)dz
0 0
A
= )\_12a/ zg(z, 2)dz + aX + b(e %9 — 1), (D.4)
0

where we have integrated by parts. It will also be useful to describe the changes in our system due
to births and deaths. Whenever a birth event occurs, the new individual is located at the same
place as the parent. If a death occurs, the individual is just removed from the system. Therefore,
if we denote the new collection of particles after a birth at location y by (b(Z]y)) and the new
collection of particles after a death at location x; by d(Z|z;), we see that

Ho(zly) = oy + Z 05 Hd(Z|z;) = _5%' + Z Oz, -
i=1 i=1
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Armed with these observations and identities (D.3), (D.4) we proceed to evaluate the remaining
terms. A simple calculation shows that

A -
[ s {Z 20 [ (gla0) = 1o+ 3 (al? - ﬁc“(:ci)bmm} ax )

A
= Z iz Ta(@i) {2@)\629(“1) - 2a)\_1/ g(z;,2)dz
- 0
j

A
_2a)\_1/ (ﬁj, )dz—{—a)\—i—\fbg( )(e Ly(zj) _ 1)}
0
= aleiTo(@i) Z(e_zg(z )+ Z (Aa — VABC () )e2izi To@i) (1 — eTatey)

—ZM (H(ale) — f(1) +Z (Aa = VAC(@)b) (f (Hagajar) — F(1)).  (D.5)

Combining (D.1)), (D.2)) and (D.5)) we have established that the projected generator can be written
as

LAF(C. 1) = Mr() AT fo(€ +ZB% Flu +Z xa(F (tafer) — F(1)
+Z (30— VA8 (i) — ).

which is the generator of the BBMRE with birth rate Aa and death rate (Aa — v/ACb), as claimed.

Now we only need to check that all assumptions of the Markov Mapping Theorem are satisfied.
Fortunately our Condition has been imposed to guarantee just that. The map v : N(R? x
[0,))) = M(R?) (mapping counting measures to measures on R?) is given by

1
The moment condition (B.1]) is satisfied if we consider v of the form

Yo, 1) =14 ¢p(z)(1+a+b)e ™, (D.6)

so that the averaged 1) is of the form

Y(@) =1+ vp@)(1+a+b)(1—e?). (D.7)

7

We note that the 1 appearing in the definitions of 1 and 7 has been added only to ensure that
both of these functions are greater than or equal to 1. O

Proof of Theorem [3.7.3. We define a test function of the form

(val __flxlbzc alg Li, z)

xza )

52



SLFV in a fluctuating environment and SuperBrownian Motion

+ L hy. This leads to

and apply the generator (3.4) to a test function of the form G = f; 7

\E g(xi7 ll)

+ fi(z,1) 22(1/ 9(@i,v) — 1)dv + f(z, Z)Z(al? - \&C(%)blz)m

A <f1(:r,l) + 1h1> = fl(l’,l)ZM

)

# VARG 3 et

{fl(x,l)bC(.ri) Z [Bg(xi’li) n Balg(xi,li)}

L
VA
Z((a:) Eil]g(gl’zl ] fi(z, 1) ZQ@/ g(zi,v) — 1)

)

9(wi, l;) g(zi, ;)

i) Ylot? —Vanc(en | Y 1) 2 ff’z)g(gf?)lj)
i j#i 23] (204

C(xi)Og(wi, 1) + C(4)l; alzg(xzal )
* g(xi, ;) ) } - (08)

where we have used the fact that f; does not depend on the environment and that E,[h;] = 0, (where
E, is the expected value over the stationary distribution for the environment) since E,[¢] = 0.
Passing to the limit in as A tends to infinity we obtain

A (f2) = f1<x,5>2m

+ fi(z,1) Z 2a /l_oo(g(xi,v) —Ddv+ fu(a,1) Y (alf — L)

)

O, 9(xi, 1)
g(x4, 1)

2
3; 9(wi, 1) 0, 9(5,15) C(zi)liopg(wi, ;)
— filz,l,n b2 (z:)l; T d
Pl 2 VCel | el = ) Emn

Conditions of Theorem are satisfied if we consider A = A (f1) which would lead too
e =0 (%) We now show that if we average the levels of the limiting generator, we obtain the
generator of the SBMRE of Definition The general principle is the same as for the proof of
Theorem - we average out the levels and refer to the Markov Mapping Theorem to show that
the distribution of the projected process is the distribution of the SBMRE.

We consider a Poisson random measure with distribution a(p, dz x dI) on R? x Ry with mean
measure f X miep, where mye, is Lebesgue measure. Just as in the Branching Brownian motion
case, we consider a special set of test functions of the form

)= [ gla )l
0
In this setup, for a test function f, the projected (averaged) test function, f , takes the form

Flw) = af(p) = / (@, v)o(p, dz x dv) = ezt Jo- (mo(ew)dvnldn) — o=,
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which is a simple consequence of properties of Poisson random measures. Once again, we integrate
the groups of terms that behave similarly separately. Also, to make the calculations easier to read,
we write the averaging ‘level by level’ - performing the computation for a single level wherever
possible.

Since the part of the generator which describes the movement of the particles does not depend
on the value of the level [ the averaging is simply

a (fl(x,w > E;g(f/))) = [, ~Brwulaye . (09)

We now turn our attention to the terms which behave in a very similar fashion to those in (D.5]).
The computation is analogous.

/ /OO avg(y, 2) /Oo(l — g(y, 2))dzdvp(dy)e P
/Rd/ v)Aug(y, v)dvp(dy)e” P
:/Rd /0 avg(y, 2) / (1 - g(y, 2))dzdop(dy)e ")
- /Rd /000(26“) — 1) g(y, v)dop(dy)e P
:/Rd /°° wg(y, z) /00(1 — g(y, 2))dzdup(dy)e )
/Rd/ 2a/ (2, v)dzdop(dy)e <h’“)+/Rd /oonQ(y,U)dvu(dy)e_(hvu)
:/Rda </0 o) = iy ) pldy)e” ) /Rd/ b2g(y, v)dop(dy)e r)

= [ {an (o) + Bh)utayye . (.10

where we have integrated by parts and used the analogues of identities (D.3)), (D.4]).
Finally, the projections of the terms which are a direct consequence of separation of timescales
lead to

/ p / / Cn)C(y2)vBug(y, v)20-g(y, 2)dvdzp(dy ) (dyz)e= )
RIXR 0 0

- _/ b?((yl)C(yz)/OO(g(y,v) — 1)dv /O"(g(y’z) — D) dvdzpu(dy ) p(dys)e "
R xR4 0 0
—/Rd y b*C(y1)¢ (y2)h(yn)A(y2)p(dyn ) p(dyz)e ™", (D.11)

where we have integrated by parts, and

|v / okg(y. o)dv(dy)e M =~ [ 2 / 00,9 (y, v)dvpa(dy)e
R4 R4
- [ [0 gendunane 0 = [ ahuape o, (Da2)

where we have integrated by parts twice.
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Combining the calculations (D.9), (D.10), (D.11)), (D.12) and appealing to Theorem to
average over the environment we arrive at

/:,f(:u’) = £e<fvﬂ> /Rd {—Bh(y) + ah2<y) _ b2h(y)} M(dy)e—ﬁz,u)
+/Rd g b2q(y1, y2)h(y1) h(y2) p(dyr ) p(dyz)e P

which is the generator of the SBMRE.

As before, to ensure that the solution of the martingale problem for the lookdown process gives
us information about the solution of the martingale problem for the projected process, we need
to specify the Markov map -+ and check that the conditions of the Markov Mapping Theorem are
satisfied. Once again we appeal to Condition |3.8

The Markov map ~ is given by

(Z 5 ) B {lim,\_,oo % Zligx\ 0z, if measures converge,
v iyl | =
i

1o otherwise .

Our class of test functions is separating over the counting measures, and closed under multiplication.
The moment condition is satisfied if we consider v of the form and the averaged 1 of the
form (D.7)). O

E Lookdown construction of the Spatial Lambda-Fleming-Viot
model

In this section we describe a construction of SLFV model, which is a special case of the construction
developed in Etheridge and Kurtz| (2018]), Section 4.1.3. This construction forms the basis for the
construction of the SLFV with selection in a fluctuating environment, whose scaling limits we
investigate in Section [} We restrict our attention to the neutral model and do not intend to
present any proofs or details.

Let us recall the key elements of the SLFV process. We consider a population living in a
geographical space, which, for simplicity, we choose to be R?. Each individual is assigned a type
from a typespace K. Let = myep x v!(w, du) x v?(dw) be a measure on R? x [0, 1] x [0, c0), where
myep is d-dimensional Lebesgue measure, v!' is a measure which determines impacts of the events
and v? is a o-finite measure of event radii which satisfy conditions which are specified in (E.I]).
Evolution of the population is driven by a Poisson point process IT on [0, 00) x R? x [0, 1] x [0, 00)
with mean measure mye, X p. Whenever (¢, z,u,r) € II, a reproduction event occurs at time ¢ in
the closed ball B,(x) (a ball of radius 7 centred at x) with impact u. The impact of the event
determines the proportion of the individuals within the ball B,(x) that are replaced during the
event by the offspring of a parent chosen from the ball B, (x) just before the event. The locations of
new individuals are distributed uniformly over B, (x). For the construction to be valid, we assume
that

/ uwv (w, du)v? (dw) < oo. (E.1)
[0,1]%(0,00)

For simplicity, we only describe the construction for a fixed impact « and assume that the radius
of the reproduction events is always fixed and equal to r.
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In the spirit of lookdown constructions, in addition to a location in geographical space and a
type in the typespace, K, each individual is equipped with a level [ € Ry U {0}. The value of the
level impacts the choice of the parent during a reproduction event.

As was the case for the models of Section [3] it is convenient to consider our model as a counting
measure on R? x K x [0, 00), where the first component encodes the geographical space, the second
encodes the type of the individual and the third encodes the level of the individual. The state of
the population is given by

n= Z 5azi,ni,lia
7

and the single individual 7 is described by a triple (x;, ki, (;), where z; is the location of the in-
dividual, x; is their type and [; is their level. In our particular case the levels will always be a
conditionally Poisson system with Cox measure = X mye,, where mye, is the Lebesgue measure on
R. The measure = is then nothing else but the distribution of locations and types of individuals.

We specify the model in terms of generator. Let us describe the domains on which our generator
are defined, which turns out to be useful not only for formalizing the constructions in this section
but also will serve as a functional setup for the considerations in Section [l Define

Dy = f(T/): H g(l‘,l-{,l):

z,Kk,lEN
0<g(z, k1) < 1 g(- k1) € C*(RY), |01g(x, 5, 1)]| < oo
3 compact K, € Rd,O <lg <A

g(z, k1) =1for (x,0) ¢ K4 x[0,14] p, (E.2)

and

Do =D (E.3)
A

Our test functions are specified by (E.3]).

Remark E.1. Notice that our restrictions on domains of the generators are very similar to those in
Condition[3.8 This is due to the fact that once again we will apply the Markov Mapping Theorem.

The evolution of the population is based on events which are composed of two elements - discrete
births and so-called thinning of the population. Whenever (¢,z) € II, if the number of individuals
within B, (x) is greater than zero, the birth event produces offspring, with levels distributed on
[0,00) according to independent Poisson point processes with intensity «, = uV, (recall that V;
denotes the volume of ball of radius 7). The levels of new particles are denote by (v, ve,...). Their
locations are distributed uniformly over B, (z). Let v* be the minimum of (vy,vg,...).

Let (z*, k*,1*) denote the element in 7 such that z* € B,(y) with the smallest level greater
than v*. The individual (x*, k*,1*) is chosen as the parent of the event and removed from the
population. All new individuals are assigned a type which is same as the type of the parent. The
levels of old individuals in the population are changed. If the level of the individual was smaller
than v*, it remains unaffected by the birth part of the event. If the level of the individual was
larger than v*, it is moved to | — [* + v*. The thinning occurs after the movement of the levels
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due to birth event has been accounted for. The new individuals are not affected by thinning. The
thinning takes the new level of each individual present within the ball B, (x) just before the event
(apart from the parent), and multiplies it by 1/(1 — ).

We note that instead of removing the parent from the population we can identify the parent
with the lowest offspring (with level v*). The choice between those two options is a matter of
convenience and does not affect the model. In our considerations in Section [2l and Section [ we
find it more convenient to identify the parent with the lowest offspring.

Let vy, denote the density of the uniform distribution on B, (y). Let Jrx denote the expected
value of the test function evaluated immediately after an event centred at y. It is given by

jEK(gan) = H g(x”%vl)

(x,ri,l)en,aﬁBr(y)

o0
<[ [a [ ot 07 0
0

X exp <_az / oo (1 - / ol v*)vw(dx')) dv*>

1 . .
x I1 9(@, ki, (= 1"+ v7))
(z,k,0)EN,xE By (y),I>1*

1
X H g(:v,/i,l_ul> dv*.

(z,k,l)EN,zEBy(y),l<I*

The generator of the lookdown representation of the SLFV can be now written as

Aprf(n) = / LB, (y)x[0,00))>0 L TEK (9,m) — f(0)} dy. (E.4)

Rd

Recall that 7 is a conditionally Poisson process with Cox measure (Z(s) x myep). To average the
generator over the distribution of the levels, we define

h(z, k) = /000(1 —g(z, k,1))dl (E.5)

and

B (k) = / (1 - / g(x/,n,l)vy,r(df)) dl. (E.6)

Observe that, by integration by parts,

/ {a [ ot 00
0
X exp <—az/ (1 - /g(:c', /{*,v*)vy,r(dx’)) dv) } dv*

Therefore if we average out the levels in generator (E.4]) we obtain

= e_azh;;xr(n*)

aApk f(Z) = exp ( /R d h(w,m)E(dx,dm))
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x/ {H2(h2,7~75) exp (u/ h(a:,li)E(dx,dn)) — 1},
R4 B, (z)xK

where
* —\ __ ]‘ * =
2y Z) = 25 < 10 /BTWKGXP( uVrhy () S(da, dr).

The averaged model is simply the usual Spatial Lambda-Fleming-Viot model, see |[Etheridge and
Kurtz (2018]). We also observe that if 2(0, dz x K) is Lebesgue measure then (¢, dx x ) is Lebesgue
measure, for arbitrary ¢. If this is the case, Hy can be written as

ey 1 exp (—uh! (k)2 z 2(dz,drk
() = 25y < ) /Br(xw P (—uhy, (R)Z(5: (x) x ) Ede, dv)
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