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Abstract

It is well known that the dynamics of a subpopulation of individuals of a rare type
in a Wright-Fisher diffusion can be approximated by a Feller branching process.
Here we establish an analogue of that result for a spatially distributed population
whose dynamics are described by a spatial Lambda-Fleming-Viot process (SLFV).
The subpopulation of rare individuals is then approximated by a superBrownian
motion. This result mirrors [10], where it is shown that when suitably rescaled, sparse
voter models converge to superBrownian motion. We also prove the somewhat more
surprising result, that by choosing the dynamics of the SLFV appropriately we can
recover superBrownian motion with stable branching in an analogous way. This is a
spatial analogue of (a special case of) results of [6], who show that the generalised
Fleming-Viot process that is dual to the beta-coalescent, when suitably rescaled,
converges to a continuous state branching process with stable branching mechanism.
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1 Background

Our aim in this paper is to establish a relationship between two, at first sight, very
different classes of measure-valued processes. The first, the spatial Lambda-Fleming-Viot
processes, is a collection of models for the evolution of frequencies of different genetic
types in a population that is dispersed across a spatial continuum. The second is the
(finite and infinite variance) superBrownian motions. Our motivation is two-fold. On the
one hand, we add to the panoply of processes that converge to superBrownian motion;
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on the other, we address a question of some interest in population genetics: how does
the frequency of a rare neutral mutation evolve in a spatially distributed population?

SuperBrownian motion, or the Dawson-Watanabe superprocess, was introduced
independently by [33] and [12] as a continuous time and space approximation to systems
of branching Brownian motions. In this way it can be thought of as a spatial analogue of
the Feller diffusion approximation to critical (or near-critical) Galton-Watson branching
processes. We shall recall its definition in Section 2.1 below.

In addition to the huge literature exploring the rich mathematical structure of su-
perBrownian motion, over the last two decades an increasing body of evidence has
emerged that it is a universal scaling limit of critical interacting particle systems above
a critical dimension. It has been obtained as a limit of lattice trees (above 8 dimensions,
e.g. [27]), oriented percolation (above 4 dimensions, [25]), the contact process (above 4
dimensions, e.g. [24]), the voter model (in two or more dimensions, e.g. [10]) and the
Lotka-Volterra model ([8]). By changing the range of the interaction with the scaling,
one can also obtain it from the contact process in lower dimensions ([9]). These analyses
prove convergence of finite-dimensional distributions; [26] provide a tightness criterion
that allows the extension to convergence on path space and apply it to the example of
sufficiently spread out lattice trees above 8 dimensions. We also refer to that paper for a
more complete list of references.

For populations that are not spatially distributed, one classically models frequencies
of different genetic types (usually refered to as alleles) through a Wright-Fisher or a
Cannings model. Suppose that we are interested in the proportion of individuals of a
particular type, that we shall call type 1. Under the Wright-Fisher model, when suitably
scaled, this proportion converges to the Wright-Fisher diffusion. If type 1 is rare, the
absolute number of type 1 individuals evolves approximately according to a branching
process which, under the same scaling, converges to a Feller diffusion. This branching
process approximation for the rare type has been used extensively in the population
genetics literature and so it is natural to try to establish analogous results for spatially
distributed populations.

In one spatial dimension, the Wright-Fisher diffusion has a stochastic pde counterpart:

dw(z) = %Awt(x)dt + \/[1(11)1‘(:6) (1 — wy(z))W(dt, dz), (1.1)

where w;(x) denotes the proportion of the population at spatial position x at time ¢ that
is of type 1, K is the local population density, and W (d¢, dx) is a space time white noise.
Formally at least, if type 1 is rare, this reduces to

1 1
dw(z) = iAwt(x)dt + ?wt(x)W(dt, dz),

and if we set X; = Kw; to recover absolute numbers rather than proportions, the type 1
population is modelled by

dX,(z) = %AXt(a:)dt + VX (@)W (dt, da),

which is the stochastic pde governing the density with respect to Lebesgue measure
of the (finite variance) superBrownian motion, and so it is certainly reasonable to
hope to describe establishment of rare alleles in one dimensional populations using
superBrownian motion.

In dimensions two and higher, equation (1.1) has no solution and so we need an alter-
native approach to modelling allele frequencies in higher dimensional spatial continua.
The obstructions to finding such an approach, often refered to as ‘the pain in the torus’,
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are well documented. We refer to [3] for a survey. The spatial Lambda-Fleming-Viot
process (SLFV) introduced in [16], overcomes the pain in the torus to provide a class
of models for allele frequencies in populations distributed across spatial continua of
any dimension. The first rigorous construction is in [2]. The SLFV can be thought
of as the spatial counterpart of the ‘generalised Fleming-Viot process’ (that we shall
refer to as the Lambda-Fleming-Viot process in what follows) of [5] and, just as for
their model, comes with a consistent ‘backwards in time’ model (a spatial analogue
of the Lambda-coalescent) for the genealogies describing relatedness between genes
in individuals sampled from the population. We recall the definition of the process in
Section 2.2.

As a special case of the results in [18], in one spatial dimension one can recover (1.1)
as a scaling limit of a particular SLFV. The corresponding scaling in higher dimensions
leads to the (deterministic) heat equation. This can perhaps best be understood as a
‘law of large numbers’ effect. In particular, the initial conditions taken in that paper
don’t correspond to ‘rare’ alleles. As we shall see, we can recover superBrownian motion
from the SLFV in arbitrary spatial dimensions, but only if we take a sufficiently ‘sparse’
initial condition. This should of course be compared to the results of [10], who recover
superBrownian motion from sparse voter models and our analysis in the finite variance
case owes a great deal to that paper. We should also mention the work of [22], in which
he introduces a very close relative of the SLFV, which he calls a ‘bursting process’, on
Z® and shows that for d > 3, started from sparse initial conditions and suitably scaled,
that process too converges to a superBrownian limit.

In the discussion up to this point we have (implicitly) considered the finite variance
superBrownian motion. Where our work diverges from the body of work described
above is that we are also able to obtain superBrownian motions with stable branching
mechanisms from particular choices of the SLFV. Such superprocesses are the spatial
analogue of the continuous state branching processes sometimes known as stable
branching processes. In [7], it is shown that the special class of Lambda-Fleming-Viot
processes that are dual to the so-called Beta-coalescents can be obtained as time-
changed stable branching processes, revealing a deep connection between the two
classes of processes. [6] show that in much the same way as the Feller diffusion
describes evolution of a rare allele in a population evolving according to the Wright-
Fisher diffusion, stable branching describes the evolution of a rare allele under this
Lambda-Fleming-Viot process (see [29] for a ‘backwards in time’ analogue). We provide
the ‘back of the envelope’ calculation that explains Bertoin and Le Gall’s result in
Section 2.4. What is more surprising is that we can extract a superBrownian motion with
stable branching mechanism from a sequence of rescaled SLFVs. First, the conditions
on the ‘Lambda’-measure under which we can construct the SLFV are more restrictive
than those under which we can construct the (non-spatial) Lambda-Fleming-Viot process.
Second, the spatial motion of individuals in the SLFV is intricately connected to the
reproduction mechanism, yet we are trying to produce a limit in which spatial motion is
continuous and reproduction is discontinuous. On the other hand, in [18] the analogue
of (1.1) with the Laplacian replaced by the generator of a symmetric stable process is
obtained as a scaling limit of an SLFV. In that case, in the limit the spatial motion is
discontinuous and the reproduction mechanism continuous.

The rest of this paper is laid out as follows. In Section 2 we remind the reader of the
definitions of the superBrownian motion and the SLFV before stating our main results.
We also give a heuristic explanation of our results. In Section 3 we provide martingale
characterisations of the scaled SLFVs, from which, in Section 4, we formally identify the
limiting objects, deferring tightness to Section 5, and the proof of some key estimates to
Section 6. The proof of convergence follows in Section 7.
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2 Definitions and statement of results

Before stating our results in Section 2.3 below, we fix notation and define our two
classes of processes.

2.1 SuperBrownian motion

We shall characterise superBrownian motion through a martingale problem. It is
convenient to use distinct formulations in the finite and infinite variance cases. For an
introduction to superprocesses and, in particular, their construction as scaling limits of
branching particle systems, we refer to [13], [30] and [15].

A complete filtered probability space (Q, F, F;,IP) will be implicit throughout. We
write M F(Rd) for the space of finite measures on R?, equipped with the topology of weak
convergence, and C¥(R¢) for the space of k times differentiable functions ¢ : R — R,
vanishing at infinity, and such that ¢ and its derivatives up to kth order are bounded
with norm
!

9
ox!

lpller = [nax.

oo

Definition 2.1 (Finite variance superBrownian motion). The finite variance superBrow-
nian motion is the unique Mp(R¢)-valued Markov process {X,;};>o with continuous
sample paths such that for each non-negative ¢ € C3(R?), the process

Mi(0) 1= (X 0) = (Xov) = [ (X A0,

is a continuous, square integrable martingale with quadratic variation given by

(M(6))e = 26 / (Xs, ¢)ds,

where m, k > 0 are constants.

We shall not consider the most general possible superBrownian motions. Instead, we
restrict ourselves to those that arise as scaling limits of branching Brownian motions
with offspring distribution in the domain of attraction of a stable law. These are naturally
parametrised by a parameter 5 € (0, 1) (with 5 = 1 corresponding to the finite variance
case).

Definition 2.2 (SuperBrownian motion with stable branching law). The superBrownian
motion with stable branching law of parameter 3 € (0, 1) is the unique M (R?)-valued
Markov process {X,},>0 with cadlag sample paths such that for each non-negative
¢ € C3(R%), the process

Mi(¢) := exp(— (X3, 6)) — exp(—(Xo, $)) — /01<X57 —%A(b + 5¢1+/3> exp(—(Xs, ¢))ds,
2.1)

is a martingale, where m, k > 0 are constants.

2.2 The spatial Lambda-Fleming-Viot process

We now introduce the SLFV processes. In fact there is a much richer class of these
processes than those we consider here, incorporating, for example, various forms of
natural selection. For a (somewhat out of date) survey we refer to [3]. We restrict
ourselves to a population in which there are just two genetic types which we label by
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{0,1}. At each time ¢, the random function {w; (), z € R} is defined, up to a Lebesgue
null set of R?, by

wy(x) := proportion of type 1 at spatial position x at time ¢.

A construction of an appropriate state space for « — w;(z) can be found in [32]. Using
the identification

/ fea)M(dr,da) = [ {w(@)f(z.1) + (1 w(z)f(z,0)} dz,
Rix{0,1} R

this state space is in one-to-one correspondence with the space M) of measures on
R? x {0,1} with ‘spatial marginal’ Lebesgue measure, which we endow with the topology
of vague convergence. By a slight abuse of notation, we also denote the state space of
the process (w;)ier, by M.

Definition 2.3 (SLFV). Let u be a finite measure on (0,00) and, for each r € (0,0),
let v, be a probability measure on (0,1]. Further, let II be a Poisson point process on
R? x (0,00) x (0,00) x (0,1] with intensity measure

dz ® dt @ p(dr)v,.(dp). (2.2)

The spatial Lambda-Fleming-Viot process (SLFV) driven by (2.2), when it exists, is the
M -valued process (w;)cr, With dynamics given as follows.

If (z,t,r, p) € 11, a reproduction event occurs at time t within the closed ball B,.(x) of
radius r, centred on z, in which case:

1. Choose a parental location z uniformly at random within B, (z), and a parental
type, a, according to w;_(z); that is o = 1 with probability w;_(z) and o = 0 with
probability 1 — w;_(z).

2. For every y € B,(x), set wi(y) = (1 — p)wi—(y) + plia=13-

3. Fory ¢ B,(x), we(y) = wi—(y).

We shall refer to p as the impact of the event.

Before providing conditions under which the process exists, it is convenient to
introduce the dual process of coalescing lineages that plays the réle for the SLFV played
by the Lambda-coalescents for the (non-spatial) Lambda-Fleming-Viot processes. The
idea is that these lineages trace out the ancestry of a sample from the population. The
dual will also play a crucial réle in establishing the estimates of Section 6.

The dynamics of the dual are driven by the same Poisson process of events II that
drives the SLFV. This driving process is reversible and we shall abuse notation by
indexing events by ‘backwards time’ when discussing our dual. We suppose that at
time 0, ‘the present’, we sample k individuals from locations z1,...,z; and we write
13 ;, o ,gﬁv s for the locations of the N, ‘ancestors’ that make up our dual at time s before
the present.

Definition 2.4 (Dual to the SLFV). The coalescing dual process (Z.);>o is the
U,>; (RY)"-valued Markov process with dynamics defined as follows. At each event
(z,t,7,p) € II:

1. Foreach¢! € B,.(z), independently mark the corresponding ancestral lineage with
probability p;

2. if at least one lineage is marked, all marked lineages disappear and are replaced by
a single ancestor, whose location is drawn uniformly at random from within B,.(x).

If no particles are marked, then nothing happens.
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Assuming that the SLFV and its dual exist, the duality is expressed through the
following proposition.

Proposition 2.5. The SLFV is dual to the process (Z;):>o in the sense that for every
k € N and ¢ € C((R%)*) N L ((R4)*), we have

o [/(Rd)kw(ml, . ,xk){ i[lwt(xj)} das .. .dmk}

Ny
= / 77/}(:617,iEk)E{11,7wk}|:HwO(€g):| dxl dIk, (23)
(R4)k j=1
where the subscripts on the expectations denote the initial values of the corresponding
processes. In particular, ., . .} denotes expectation under the distribution of the
dual process started from =g = {x1, ...,z }.

In [2], through a powerful result of [21], it is shown that existence of the SLFV can
be deduced from existence of the dual. In that paper, by assuming that

/ priv, (dp)p(dr) < oo, (2.4)
[0,1]%(0,00)

one guarantees that started from any finite number of individuals, the jump rate in
the dual is finite, and so Definition 2.4 gives rise to a well-defined process. Ancestral
lineages in the dual process move around according to (dependent) compound Poisson
processes which can coalesce if they are affected by the same event. Although one can
write down more general conditions under which the SLFV exists, see [17], Condition 2.4
is trivially satisfied for the processes considered below.

2.3 Main results

We are going to extract superBrownian motion from the SLFV through a scaling and
a passage to the limit. There will be two cases, the first leading to the finite variance
superprocess and the second to a superprocess with a stable branching law.

At the Nth stage of our scaling, the local population density will be K = K(N).
We shall denote our scaled SLFV by w”" and the population of type 1 individuals by
XN = Kw", which is defined Lebesgue almost everywhere. We shall think of X~ as a
measure-valued process and abuse notation by writing, for any Borel measurable ¢,

(X, 9) =K | o@)w(@)de= [ ¢(x) X} (z)dz.
Rd IRd

Before scaling, the SLFV will be driven by a Poisson point process II"V with intensity
dr ® dt ® p (dr)v,(dp). Each (z,t,7, p) € IV signals a reproduction event for the scaled
process associated with the quadruple (35, &, 77, 4), where M := M(N), J := J(N), are
some positive increasing functions of V. In other words, for the scaled process, time is
sped up by a factor NV, space is shrunk by M (NV), and the impact of each event is reduced
by a factor J(N). Moreover, the local population density is increased to K = K(N)
where K (N) is another increasing function of N.

We shall consider two different scenarios:

1. Fixed radius case: Here we shall take ;" (dr) = §,, independent of N, and
vy (dp) = d,, where u € (0, 1] is fixed.
2. Variable radius case: Here we shall take

uN(dr) = TQI{J%<T<1}dT, (25)

where « is a real constant and -y is a positive constant. We then take v, := §,—.
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The lower bound on r in the variable radius case ensures that after scaling the impact of
each event is at most 1.

Theorem 2.6 (Fixed radius case). In the notation above, in the fixed radius case, suppose
that X{)V is absolutely continuous with respect to Lebesgue measure, that the support
supp(XJY) € D, where D is a compact subset of R¢ (independent of N), and that X}¥
converges weakly to X, € /\/lp(]Rd). Moreover suppose that

1. M - o00as N — oo,
2. %—)C’lasN—)oo,and

3. %*}CQHSN*)OO,

for some C1,Cy € (0,00). Then if

M e
7 =0 ifd=1,

log
J

—~0 ifd=2, (2.6)
L0 ifd>3,

the sequence { X"} x>1 converges weakly to finite variance superBrownian motion with
initial condition X, and parameters

1
m = 26’mrd+2/ z2dx, K= §C’gu2|B,«|2.

o<1

Conditions 1-3 guarantee tightness; (2.6) will ensure that type 1 is sufficiently ‘sparse’
that, asymptotically, descendants of different type 1 ‘individuals’ evolve independently
(they don’t sense that total population density is constrained) and we recover a branching
structure. Notice in particular that (2.6), combined with Conditions 2 and 3 implies that
K — oo as N — oo. In Section 2.4 we present a heuristic argument which suggests that
these conditions are in some sense optimal. We note that the conditions of Theorem 2.6
are analogous to those of [10], Theorem 1.1.

It isn’t hard to convince oneself that if we fix the radius of events, then it is not
possible to find a sequence of impact distributions vV and a scaling under which the
limiting process is superBrownian motion with a stable branching mechanism of infinite
variance, which is why we turn to p’¥(dr). Theorem 2.7 provides conditions under
which we do then have convergence to superBrownian motion with a stable branching
mechanism. Even with our special choice of iV, in d = 1 these are considerably more
technical than those in the fixed radius case. However, we shall see them emerge in a
natural way from our calculations.

Theorem 2.7 (Variable radius case). In the notation above, suppose that X" is absolutely
continuous with respect to Lebesgue measure, that the support supp(X{') C D, where
D is a compact subset of R¢ (independent of N) and that XéV converges weakly to
Xo € Mp(R%). We work in the variable radius case with p(dr) given by (2.5) and
v, = d,—~. Fix § € (0,1) and take o and y such that

1.0<y—d< iz andvy >2ifd=1,
2. a+1=(B+1)(y—d).

Suppose that M — oo as N — oo and that
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3. % *)Cl,
4. N (K7 5 €y and K — oo,

y—d 2

5. J 7 M 5 — oo.

In addition, we require:

J
loeM 0 ifd=2; 2.7)

L =0 ifd>3.

(1-8)/8
(ﬁ) J2A=B=D/ M2 g fd = 1.

Then the sequence { X"} N>1 converges to superBrownian motion with stable branching
law with parameter (3, initial condition X, and

1 o]
m = 2C, / x2dx/ rotdtIrge g = Cs / (e +v— 1)~ Py,
|z|<1 0 y—dJy

Once again Conditions 3-5 guarantee tightness of the sequence, whereas (2.7)
ensures ‘sparsity’. For d = 1 the condition in (2.7) is not necessary, even our proof shows
that it could be improved a little, but in this form it is easy to check: since v > 2 and
(1—-08)(v—1) <1, we only have to make sure that J — oo as N — oo sufficiently quickly
compared to M.

Example 2.8. The conditions of Theorem 2.7 are satisfied if

1. d >2and

(a) 04:5'7261-1-1,
(b) J = M" withn > 2v/8, M>**" = N, K = JM*+2/8,

2. d=1and

(a) =3/4,v=3,a=5/2,
(b) J = M" where n >4, M**" = N, K = JM'/3,

The structure of the proofs of Theorems 2.6 and 2.7 will come as no surprise. We
establish tightness of the sequences of rescaled processes and then check that all limit
points satisfy an appropriate martingale problem. The first step will be to write down the
martingale characterisation of the the scaled SLFV and manipulate it into a form that
resembles the desired limit. Tightness for the fixed radius case is then highly reminiscent
of the arguments in [10]. To prove tightness in the variable radius case, we modify
the arguments used in constructing superBrownian motion with a stable branching
mechanism as the limit of a sequence of branching Brownian motions (although the
calculations here are somewhat more involved). In both cases, a key step in identifying
the limit is to establish control over the probability that two individuals sampled from
the same small region in the SLFV are close relatives. This is also reminiscent of [10],
being based on estimates for the coalescing dual of the SLFV.

2.4 Heuristics

Before proceeding to the proofs, let us try to motivate the scalings in Theorem 2.6
and (at least some of those in) Theorem 2.7.
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2.4.1 Fixed radius

First consider the fixed radius case. If superBrownian motion really is a good approx-
imation for the type 1 population, then, in particular, we expect that the motion of a
single ancestral lineage in the SLFV should converge to Brownian motion. Events that
affect regions in which a given lineage lies fall according to a Poisson process with rate
proportional to N, and, for each such event, the chance that the lineage is affected by it
is u/J. Thus the lineage will jump at rate proportional to N/J. Each jump is mean zero,
finite variance, and O(1/M). In order to obtain a Brownian limit, we seek a diffusive
rescaling; that is N/(JM?) should converge.

Next recall that in d > 2 superBrownian motion is a two-dimensional object, whereas
the support of the SLFV has the same dimension as the state space. The scaling of
the impact of each event dictates that an ‘atom’ of mass is O(1/J), so in order that
the number of atoms in a region of diameter M scale like KM 2 (as it would for a
two-dimensional object) we take K M? ~ JM<, which if N/(JM?) converges says that
KN/(J?M¢?) should converge.

The large parameter K controls the total population density, but we must still ensure
that the population of rare alleles in our scaled SLFV is sufficiently ‘sparse’ if we are
to recover superBrownian motion. In the SLFV, the density of the population is strictly
regulated, creating a strong dependence between the mass born during a reproduction
event and that which dies. In contrast, in superBrownian motion, once born, ‘individuals’
reproduce and die independently of one another. In order to ensure that the dependence
inherent in the SLFV is not apparent to us when we follow just a single (rare) type, we
should like to know that if we sample individuals from the same small region they are
not likely to be close relatives. In this way we can guarantee that individuals are not
victims of reproduction events in which their own close family reproduces.

To check whether two individuals sampled from very close to one another are close
relatives, we follow the dual process of ancestral lineages. We should like them to move
apart to a distance of O(1) in the scaled process (without coalescing). If both lineages
are in the region affected by an event, then the chance that they are both affected (and
therefore coalesce) given that at least one of them jumps is of order 1/J. On the other
hand, it only takes a finite number of events in which only one of the lineages jumps
before they are sufficiently far apart that they cannot be affected by the same event
and so evolve independently. We then think of them as making an excursion away from
one another, before they once again come close enough that they are susceptible to
coalescence. The number of such excursions before we see one in which they move apart
to a distance of O(1) (after scaling) has mean O(M) ind =1, O(log M) in d = 2 and O(1)
in d > 3. Since at the end of each excursion, the chance that the lineages will coalesce
rather than starting the next excursion is proportional to 1/J, we see that our ‘sparsity’
conditions (2.6) ensure that the probability that they successfully ‘escape’ to a distance
of O(1) from one another tends to one. This is the intuition underlying the calculations
in Section 6.

2.4.2 Variable radii

Now we turn to the case of variable radii, from which we are trying to extract a
superBrownian motion with stable branching mechanism.

In the non-spatial setting, [6] recover a stable branching process with parameter
[ from a Lambda-Fleming-Viot process in much the same way as we recovered the
Feller branching process from the Wright-Fisher diffusion in the introduction. The
Lambda-Fleming-Viot process is driven by a Poisson point process II on [0,00) x (0,1].
A point (¢, p) € I signals a reproduction event at time ¢ in which a proportion p of the
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population is replaced by offspring of a randomly chosen parent. The intensity of I
is dt ® A(dp)/p?, where A is such that the tail A([¢, 1]) is regularly varying with index
—(1+ /) as e — 0. A simple ‘back of the envelope’ calculation illustrates why Bertoin and
Le Gall’s result should hold. To be completely concrete, we present it in the special case
A(dp) = C(B)p~?(1 — p)?dp, corresponding to the Lambda-Fleming-Viot process which is
dual to a so-called Beta-coalescent and, as shown in [7], is a timechange of the stable
branching process.

Once again let K be the total population size and consider a rare allele that makes
up a proportion w of the population. We are interested in the absolute number, X = Kw
of rare alleles. We apply the infinitesimal generator of X to a test function of the form
exp(—0X), where 6 > 0. This yields

Y(x X A(dp)
X (e—0Xy / {ee(X+Kp(1X/K)+ 1 - 2 0X(1-p) _eex}
( ) 0 K ( K) p2

K
C(ﬁ)/o e 0X {;e—ev(l—x/m +(1- %>69XU/K N 1} m;{dv

%

o0 1
—0X —6v
C(BK’Xe ; {e7" +6v -1} v
= CK°Xe "%/,

which we recognise as the infinitesimal generator of the stable branching process,
timechanged by a factor proportional to K”. Recalling the construction of this Lambda-
Fleming-Viot process from individual based models, for example as in [31], we see that
the evolution of a population of size K should be compared to the Lambda-Fleming-
Viot process on the timescale 1/K” (just as we see a factor 1/K in the Wright-Fisher
diffusion (1.1)). This precisely cancels the K # we see here. This calculation confirms
that the emergence of the stable branching process was dictated by the behaviour of the
measure A(dp) close to p = 0.

If we are to extract infinite variance superBrownian motion from an SLFV in an
analogous way, we must have random event radii and, since the spatial motion is bound
up in reproduction events, if in the limit the spatial motion is to be continuous, the impact
will depend on the event size in a nontrivial way. In order to make the calculations
tractable, we fix the impact to be a negative power of the radius of events and we take
u™N (dr) to be a truncated power law. The purpose of the truncation is two-fold: first, by
bounding the radii below we force the impact of each event to lie in (0, 1]; second, by
bounding radii above, we ensure that the jumps of lineages in the unscaled SLFV have
finite moments of all orders.

As for the fixed radius case, we should like the motion of a single ancestral lineage
to converge to Brownian motion. A lineage will fall in the region affected by an event
of (scaled) radius r/M at rate Nr?u~ (dr) in which case, with probability p/J (with p
sampled from v,.(dp)), it will make a mean zero, finite variance jump of size of order r /M.
Substituting our chosen form of ¥ (dr)v,(dp), we see that in order to obtain a Brownian
limit for the motion of lineages, we should require convergence of

* Nu(r)rdt? ! N _
TN (dr) = L pdt2raagy.
/0 Tz ) /L,_W Ve "

Under our conditions on «, v, this implies that N/(JM?) should converge, just as in the
fixed radius case.

We now turn to recovery of the stable branching mechanism. When an event of radius
r falls, the total mass of the offspring in the rescaled population process is K/(JM¢?)
times v(r) = C(d)r?~". Such events fall on a given point z, and an ‘individual’ at that
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point is selected as parent of the event, at rate (N/K)r®drdz (a factor of C(d)r? in the
rate at which events of radius r cover the point x has cancelled with the reciprocal of the
same factor in the probability that z is the point selected uniformly at random from within
the ball to be the location of the parent). Observing that dv(r) = C(d)(d — v)r¢=7"tdr
(and thus substituting for r*dr), we see that for a given ‘individual’ at x, events in
which it produces offspring with mass proportional to v occur at rate proportional to
v~ (r—dtetD)/(v=d)dydz. We need to match this with the v=#~2 of the non-spatial case
close to v =0, and so we take a« + 1= (8 + 1)(y — d).

A more careful version of the argument in the previous paragraph leads to Condi-
tions 4 and 5. In fact, Condition 4 can be understood in terms of the dimension of the
limit in much the same way as the corresponding condition for the fixed radius case.
In the stable case, the Hausdorff dimension of the support of the limiting superBrown-
ian motion will be d A (2/8), so at least in high enough dimensions we expect to need
JM? ~ KM?/'8, which combined with convergence of N/(JM?) leads to Condition 4.
Conditons (2.7), which follow from the same considerations as in the fixed radius case,
ensure sufficient ‘sparsity’.

3 Martingale characterisation of the process { X' };5,

In this section we characterise the distribution of the scaled process { X };>¢ as a
solution to a martingale problem. It will be convenient to use different formulations of
the martingale problem for our two scalings. First we need some notation. Suppose that
¢ € C3(R?) and that f € C2(R). We use the notation

LY (#)(Xo) == lim EXLf (XY, o)) — FUXE, )

t—0 t

)

for the infinitesimal generator of the measure-valued process XtN applied to test func-
tions of the form F(X}N) = f((X},¢)), and, with a slight abuse of notation, £V (¢)(X{")
for the corresponding quantity when f(z) = z.

Notice that we have not assumed that ¢ has compact support. Because X(J)V has
compact support, the rate at which that support is overlapped by a reproduction event is
bounded, and such an event can only increase the volume of the support of XV by an
amount bounded above by the volume of the event (which in turn is uniformly bounded).
Iterating this argument and comparing to a pure birth process, it is evident that the
support will remain bounded (indeed compact) up to any finite time, and so the rate of
events affecting X is bounded.

Writing down the generator is now standard as our process evolves according to a
series of jumps of finite rate. Recall that at each point (x,t,r, p) € II"V, the scaled process
w! is subject to the reproduction event associated with the quadruple (47> %, a %) At
such an event, within the ball B,,/(x) we have two possibilities:

wyY (y)+ %  with probability w{¥ (2),

<o

w¥ (y) —w (y) = -

w (y) —wi (y) = = 5w (y) with probability 1 — w} (2).

We write B (z) for the ball B,y (z) and [BY| = |B,|/M* for its volume. At the time of
the first event to affect X%, we have w}¥ = w}’ and since, moreover, we only consider v,.
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of the form d,,(,), we find

& 1 u(r
LY @) (xX) = N [ Lol L e (z)f(K(J) L. o
) o o
+ K (1 N )/By(m) d(y)wy (y)dy + K s (o (y)wy (y)dy>

—w) (2 _ ulr) wd w)
+ (1= >)f<K (-P) L o wane i [ o <y>dy)

_y (K oyt (y)dy) az MN(dr)dx] .
Rd

Substituting Kw) = X{¥ this becomes

00 N z u\r
LY )0 = NMdl I f<K Cyg
~u(r) N N
+ (1 - ) /B o) ¢(y)Xo' (y)dy + /R — o(y) X{ (y)dy)

_w _@ N N
- )f((l ) [ ewxiwans [ o <y>dy>

=1 [ o wpay)a: uN<dr>dw] SNCRY
R4

Since {XtN}tzo is a pure jump Markov process, driven by a Poisson process of jumps, it
follows immediately that for f and ¢ as above,

P00 = 50 - [ 2o

defines a mean zero local martingale. In the variable radius case, we shall exploit
this with f(z) = exp(—z) and non-negative ¢. In the fixed radius case, the following
lemma, which follows immediately on setting f(z) = z and f(x) = 22, will provide a
more convenient tool.

Lemma 3.1. The quantity (X}¥, #) has the semimartingale decomposition:

t
XN, 6) = (XN, 6) + / LN (6)(XN)ds + M (9), (3.2)
0
where

LY (p)(XT) =

/]R/ /BM@) JBMZd{( /By(x)‘ﬁ(y)dy)Xiv (2)— /B %)¢(y)X£V(y)dy}dzuN(dr)dm.

The local martingale M} (¢) has quadratic variation process

(MY () —/ /Rd /BM(x NAdeB | dh {(1 = XéVK(Z))(/By(x) <b(y)X§V(y)dy)2

K( )(/BTM( ) Ke(y)dy — /BTM(@ ¢(y)X§V(y)dy)2}dzdxds. (3.3)
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It will be convenient to extend the semimartingale decomposition to ¢ = ¢(t,z) €
C2? (R x RY). Writing

FUXT d0)) = FUXG ¢0)) = FUXTY, ¢0)) — F((Xq' s b))
+ F1UXY, 00X b — o) + O((XYY, 60 — 00)° 11"l 0),
we deduce that this extension simply results in the additional term
F1UX3 d0)) (XS s do)

in the generator. In particular, we arrive at the following lemma.

Lemma 3.2. The quantity (X}, ¢;) has the semimartingale decomposition:

t
(XN 60) = (X2 d0) + /0 £¥(62)(XN)ds + MY (), (3.4)

where

N(g)(XN) = / be (1) XN (y)dy+

/Rd / B J|B]\|42d { ( /wa) 65y X2 () /B Wqu(y)XgV(y)dy}dwN(dr)dx,

4 Identifying the limit

We now turn to identifying the possible limit points of the sequence of processes
{XN} Ny>1 under our chosen scalings, deferring the proof of tightness of the sequence to
Section 5.

4.1 Spatial motion

Although our scaling and limits are quite different, our calculations are reminiscent
of those of [4]. Our aim is to find an approximate form of the martingale problem that is
close to that for superBrownian motion.

For simplicity we take ¢ to be constant in time. An interchange of integrals followed
by an interchange of the réles of = and y in our notation yields

/ / o) (XD (2) — XV () dydz
BM (x) J BM (x)

= / / o(2) XN (y)dydz — / / P(y) XY (y)dydz
BM (z) JBM (z) BM (z) J 53 (2)

/ / o(z) + o(z) — ¢(y)) XL (y)dydz.
BM(x) BM(.L)

We use the Taylor expansion

Bly) = o) + o)y ) + 5 3 dad()ly — )"+ Y Raly)((y —2)%),
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where ||Ry||oo < C||¢|lcs, with C independent of ¢, to obtain

X (y)dzd — 6(y)) XM (y)dzd
/BM (@) /BM<m ~ )X Wz y+/l’j‘M (@) /BM(:I: #z) = 6(W) X" (w)dzdy
v _ Bad(3)(z — 2)°
/BM (2) /BM(;I; ( (rb Z J? |Z2 ¢ Z -T)
+ Z R.(z)(z — x) )XSM(ZJ)dzdy-ﬁ- ‘ALZJ » )(d;(m) —¢(y))XéVI(y)dy
|a|=3 M(z
C(d d+2 Agb ¢ 3 d+3
~{ S 2@”) vo(Men=) [ KXo
B, |

) — M
N Jy, (640) = 00) X2 (),

where C(d) := [5, z2dz. Moreover,

/ / —IX )dyd”‘/ / L{jayl< 2y (9(2) = 6(y)) X (y)dyda
R BM(x) R4
/ / Ljomyi< 2y (8(2) — 0(y)) XY (y)dady
]Rd
N
/]Rd /BM(y o(y)) XJ (y)dzdy. 4.1)

Again using Taylor’s Theorem (and interchanging the role of x and y) this is

/ / (6(y) — 6(2)) XY (z)dyda
Re JBM (2)

/]Rd /BM(I (V¢ Z ad(@)(z = 2)" + 3, Ral )XN( )dydx

2 i la=3
C(d d+2 A¢ ¢ 5 d+3
=A,d{%;@+o(%)}xg<x>dw.

Combining the above with our expression for £V (¢) from Lemma 3.1, for the fixed radius
case we obtain

e P2 Ag() o lellosr
/.CN $)(XN)ds = //]Rd{ e +0( ]\;m )}
B, |
X (/BMT) XMy + g Xév(fc))dxds
B ¢ C(d)r*t2Nu A¢(x) Nu|p||csrdt3
_/0 /]Rd{ JM? REd e )}

M N N
X | X (y)dy + X (x) |dads.
1Br| J B (o)

We note that, using the same manipulation as in (4.1),

/Rd /BM ) XN (y)dyda = /Rd /BM VXN (2)dydz,
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and so since ¢ € C}, a Taylor expansion yields,

Yrdt2 Ny, Nul|¢||gsrdt3
N N _ C N
/ LN () (XN)ds = / /R{ SHTE A¢(x)+(9(7j - )}X (x)dzds

C(d)rit?Nu Nul|¢||gsrdts3
N N
/0 (XY, = A¢>+O(7J . )(XS ,1)ds.

For the variable radius case, we integrate this expression against v, (du)u™ (dr).
Definition 4.1. We denote by A" the operator

m(N

a(g) = "N ag,

where in the fixed radius case
2C(d)Nur
m(N) := ( }M2 ,

and in the variable radius case

2 N [

m(N) := 35\?2 ; u(r)rd T2y (dr),

with C(d) := fBl(o) r?dz and u(r) =r=7.

Evidently it is straightforward to extend the calculation above to suitable time
dependent ¢.. We record the result as a lemma.

Lemma 4.2. For ¢,(z) : R x R? - R € C3°,

/0 LY (6)(XN)ds = / (XN, o) + (XN, A (¢))ds + ¢ (4),

where | (6)| < O (F2Resgleles. [5u(r)rtt 3 (dr)) f(XY,1)d

4.2 Fixed radius case

We now turn to identification of the limit as N — oo of the quadratic variation
(MN(¢)); of (3.3) in the fixed radius case. Recall that

(MY (6)) —/ /Rd /BMQ L]]Vf\g% 2{(1— XéVK(Z))(/BMw) ¢(y)X§V(y)01y)2

XN(z )
+ ST()(K /B;w(x) P(y)dy — /By(m) ¢(y)X§V(y)dy) }dzdxds.

Expanding the brackets we see that

00~ [ o P[0, 00
B QXJ:(( : <( /Bi‘f(m) (b(y)dy) ( /BTM (@) ¢(y)X;V(y)dy))

e[, o <y>dy)2] dzdds,
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which can be rearranged to yield

N _ KNI u? | o 2
(M7 () = W/O /]Rd B Jsaecor [Xs (Z)<W e ¢(y)dy)
Xi"(Z)( 1 ) B )
—92 d 1 Y .
7 B Jawe, “09) (57 0, o0 X 0)0)

1/ 1 N )
+E<W 54 (o) P(y) X, (y)dy) ]dzdxds. 4.2)

Mimicking the manipulation that gave us (4.1), and using the regularity of ¢, this can be
written

KN|B, 2w 9 :
oy = KBS [ [XN 5@~ g (g [, o0 0)0)

+0(H¢A”fl) ()]d ds, (4.3)

where we used that if 2 € BM(z) and y € BM(x), then |z — y| < 2/M and X/K < 1
to estimate the error in replacing the second term in (4.2) by twice the third. The
necessity of Conditions 1-3 of Theorem 2.6 is already evident from (4.3). This result
will be sufficient for the proof of tightness, but more work will be needed to check that
the second term on the right tends to zero as N — oo, and thus identify the limiting
quadratic variation as that corresponding to superBrownian motion. The proof of the
following lemma, which we defer to Section 6, rests on the duality of Proposition 2.5.

Lemma 4.3. Under the conditions of Theorem 2.6, for any ¢ € C3(R%),

/ /]Rd Bwl BM(JL)¢(9)XSN (y)dy)2dxds

—0

as N — oo.

If we can prove that our sequence { XV} y>; of processes is tight and that all limit
points are martingales, then granted Lemma 4.3 (and some uniform integrability),
Lemma 4.2 and 4.3 allows us to identify the limit points as solutions to the martingale
problem for finite variance superBrownian motion with m and x as in the statement of
Theorem 2.6.

4.3 Variable radius case

We now turn to the variable radius case. Since, if we are to have convergence to the
superBrownian motion with stable branching, the quadratic variation of the previous
subsection must be unbounded as N — oo, we instead turn our attention to E}V (¢) with
f(z) = e~*. We suppose that ¢ is non-negative and, for simplicity, independent of time.
Substituting in (3.1), we obtain

<1
Lo @0) = MM ol 000 [ [ e [ )[

Nz u(r u(r
XOK( ) exp (— K¥ /wa) o(y)dy + ? /By(x) ¢(y)XéV(y)dy>

X§'(2) u(r)
+ (1= = )exp< X /BMI) ¢(y)XéV(y)dy> —11 dzp™ (dr)da.
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Taylor expansion of the exponential function yields

N(z u(r u(r
X oy (— o UL o RO <y>dy>
N z u\r
+(1- XOT()) exp (F]> /W(x) ¢(y)XéV(y)dy> ~1

_ XoK(Z) exp (- K@ /B,,Mm b(y)dy) |1+ u(f)/w(w) 3(y) X7’ (y)dy

+ O(@ /By(m) ¢(y)XéV(y)dy)21

X)) [H U(JT)/BM( )¢(y)xgv(y)dy+(9(ug) /BM( )¢(y)XéV(y)dy)2] g

= Xo[(gZ) exp ( — K“f]?“) /thw(m) ¢(y)dy) _ XOT(Z) + Uf]?“) ‘/nyj(m) ¢(y)Xév(y)dy

N(z) u(r utr ’
om0 (57 [ o))

ro("P [ owxwa)’

from which, noting that, under the assumptions of Theorem 2.7, K/(JM%) — 0,

< 1
ﬁexp<-~)<¢>><XéV>NMdexp<<XéV’¢o>>[ /R / B Jsur( ){

N y4 ulr ulr N z
e (K(J) / » ¢<y>dy> 1) / o X Wy X(}(()}dzw(r)dx

o u(r)? N 2 N
+/Rd/0 0 J2? </tsgyf(z) P(y) Xo (y)dy> 7 (dr)dx].

The analogue of Lemma 4.3 that we need in this context is

Lemma 4.4. Under the assumptions of Theorem 2.7, for ¢ € C3(R%),

! > 2,.2d 1 N i N
E|- N XN (y)d dr)dzds | — 0
ng/o /Rd/o )"\ T s o) ¢(y) X (y)dy | p (dr)deds

as N — oo.

Once again the proof, which relies on duality, is deferred to Section 6.
Rearranging the expression for Le,,—.)(¢)(X, &) and reversing the order of integration
we find

Lo (B)X) = exp (X 6)) [<xéﬁ ANG 4 BYg)

2
e N 2,.2d 1
+/]Rd/o O( Z(QTJ\L; )(I&M [ Jisr (o) o(y)Xo' (y)dy> uN (dr)dx],
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NM® [ 1 u(r)
AN = — —K—~ d
ow) =~z [ /. y(w)exp< P o y>

—exp (_|B£\4|Iﬁf](7ﬂ)¢(x)) dzp (dr),

d oo u(r u(r
BYo() = [ [exp (182175 0w ) + 1817 o) - 1] ().

Consider AN ¢(x). Again by Taylor expansion, we have

N _NMd - 1 —ul(r — x z N r
A g(a) =2 V ] Jop fo, 0 60 — 02 (4 >]

2
© 1 KM?IN
O\ =7 )ulr)’ - dydzp™
+/0 BM] Jins () ( i )““) (/By(ﬁ(y) ¢<x>dy) ydzp™ (dr)

__LW OOL ulr — x z N r
SEL l/ B /BM /BW (r) (6(y) — 6(2)) dydzp™ (d >] (4.9)

> (EN|9lIZ: 2 2442 N
+/0 O(JQJ\J‘“? u(r)?r2@+2 N (dr),

where the last line follows by observing that ¢(y) — ¢(z) = O(r||¢||c: /M) for y € BM (z).
We note that the conditions v —d < 125 and a +1 = (8 + 1)(y — d) will imply
Jo7 u(r)?r® 2N (dr) < co. The calculations of Section 4.1 then allow us to write

< _CU@N Nlollcs
AN _ _ d+2A d+3
o(x) /0 e u(r)r o+ 0 ( e u(r)r
KN|¢llg 2 2a+2| N
+(’)< SOV u(r)*r wt (dr),
where C(d) := [ 2°dz.
We now specialise to u(r) = =7 and p~(dr) := r*1 [ dr as specified in
T <r<

Theorem 2.7. However, it should be clear that other choices would result in nontrivial
scaling limits.

Substituting into our expression for B(z) and making the change of variable v =
B |Ku(r)/

NMd K|B % JTd Jmd _(at1
BY6() = g (JM) / gwo@)o FF)dn, @5

where g(v) = exp(—v) +v — 1.
Now

/0 " o) 2dv = rod(x)*H,

where kg is a constant, and so to recover the superBrownian motion with stable branching
law with index $ in this limit, we choose a +1 = (8 + 1)(y — d) (to get the right exponent)
and J 5 K /(JM?) — oo, to ensure that the upper limit of integration tends to infinity.
That the lower limit of integration K/(JM¢?) — 0 was imposed already in order for
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AN¢(z) to converge to a nontrivial limit. To ensure that the term premultiplying the
integral in (4.5) is positive and finite, we take v — d > 0 and assume that E] (%)6 — Cs.
Granted Lemma 4.4, we have now shown that under the conditions of Theorem 2.7,

for any ¢ € C3(R%), as N — oo,
‘Cexp(fﬂ(d))(XtN) - <XtN7 _%A(b + R¢ﬁ+1> exp (_<XtN7 ¢>) )

where m, k € (0,00) are as in the statement of the Theorem.

5 Tightness

In this section we turn to the proof of tightness of the sequence {X"}y>; in the
space of cadlag M r(R9)-valued processes. In the fixed radius case, we shall also check
that all limit points are actually continuous processes.

To prove tightness, we appeal to a specialised version of Jakubowski’s general
criterion that we have taken from [10]. For a Borel set 4, let X}V (A) := (X}V,14).

Proposition 5.1 ([10], Proposition 3.1). Let ® C Cy(R?) be a separating class which
is closed under addition. A sequence of cadlag M r(R?)-valued processes { X"} y>1 is
tight if and only if the following conditions hold:

1. ForeachT, ¢ > 0 there is a compact set Kr . C R® such that

supP |sup X}V (K%,E) >e| <e. (5.1)
N t<T
2. ForeachT >0, limy_,o0 supy P[sup,.r(X{¥,1) > H] = 0.
3. For each ¢ € ®, {{XN,¢)}n>1 is tight.
In fact it is convenient to slightly modify the statements of Conditions 1 and 2.
Corollary 5.2. The conclusion of Proposition 5.1 remains valid if Condition 1 and 2 are

replaced by:

1. ForeachT, ¢ > 0 there is a compact set Kr . C R such that

lim sup IP supXtN (K:CF,E) >el <e, (5.2)
N—00 t<T

2" ForeachT >0,
lim limsup P[sup(X;}¥,1) > H] = 0. (5.3)
H—oco N0 t<T
Proof. We mimic the proof of [20], Chapter 3, Corollary 7.4.
Suppose that (5.2) is satisfied, then given € > 0, there exists a compact set K%E and
an integer Ny such that for all N > N

P {supXtN ((K%..)°) > E] <e.
t<T

For each N < Nj (c.f. the argument at the beginning of Section 3 that X}¥ has compact
support for all ¢t < T), there is a set KJT\f . such that
P {supXtN ((KJT\{E)C) > E:| <e.

t<T

Set Kr. = U%O:o Kﬁg and Condition 1 of Proposition 5.1 is satisfied.
The proof that 2’ implies 2 is similar. O
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We borrow a convenient formulation of the additional criterion for the limit points to

be continuous from the same paper.
Corollary 5.3 (Cox et al. (2000), Corollary 3.2). If a sequence of measure valued pro-
cesses satisfy the conditions of Proposition 5.1 with ® = C§°(R%) and for each ¢ € ®,
every limit point of {(XV, ¢)}n>1 is supported on the space of continuous functions,
then { X} y>1 is tight and all limit points are continuous.

These two results reduce much of the work in proving tightness to an examina-
tion of the one-dimensional projections {(X",¢)}y>1. For this we shall make use of
the calculations of Section 4 which showed, in particular, that £V (¢)(X}V) is close to
(XN, AN ¢) where AV, defined in Definition 4.1, is m(NN)A/2. This will allow us to exploit
the following elementary properties of the heat equation which, for convenience, we
record as a lemma.

Lemma 5.4. Suppose that ¢ : R? — R € C§ and that v is a classical solution to

o m
&= an, w(0,0) = (), (5.4)

where the diffusion coefficient is a constant m € (0, 00).

1. If ¢y is uniformly Lipschitz continuous with Lipschitz-constant M, then for all t,
v(t,-) is Lipschitz continuous with Lipschitz constant M.

2. For any k € N, for each t, the C* norm of v(t,z) (as a function of z) is bounded
above by that of 1.

3. Ifv solves the equation with initial data v then Av solves the same equation with
initial data A.

Notation 5.5. We denote by Pt(m) the heat semi-group with diffusion coefficient m, so
that the solution to (5.4) can be written

u(t,x) = P ($)(2) = Eu[(Byr)],

where B; is a standard Brownian Motion.

5.1 Verification of Condition 2’ of Corollary 5.2
Lemma 5.6. Under the conditions of either Theorem 2.6 or Theorem 2.7, for eachT > 0,

1.

E[(XN,1)] < (X, 1) exp (o(Jﬁs)t), Vt < T (5.5)

lim sup P[sup(X}¥,1) > H] = 0.
H—oo N t<T

Proof. 1. We set xV (t) = E[(X}N,1)].
Let ¢ > 0 and let {h%} r>1 be a sequence of smooth, compactly supported functions
on R? such that

W p0) =1, h¥|pne =0, ART<e |pF] <1, R <AL

We can further arrange that A are uniformly bounded in C3.
In the notation of Lemma 4.2,

(X3P, hf) = <Xév,hR>+/t<X§V,AN(hR)>ds+C§V(hR)+MtN(hR)-
0
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Taking expectations,

E(XY, 1] = (0 n) B X AV (s + B ()

JM3
We have used the fact that, under our assumptions, m(N) converges to bound the
constant in front of the Laplacian, and the bound on the error E[¢/ (hf?)] from Lemma 4.2.
Letting R 1 co and applying the Monotone Convergence Theorem,
N|hlos\\ [
N N N
and applying Gronwall’s inequality and using that € was arbitrary,

ANV () < XM (0) exp (O(%)t),

t N||hE|csy [*
<xM(0) + C|ALY| o / N (s)ds + (9(”7”0) / N (s)ds.
0 0

as required.
2. Define a sequence of stopping times by

N =inf{t > 0: (XN, 1) > H},
and set X := X .. Then

tAT
N

tAT
(R0 = (o) + [ (RN AN @)ds+ G () + DY 9,
0
where MN(¢) = MY _. Write ¢V (t) = E[(X},1)], and proceed as above, but with the
stopped martingale problem, to obtain
E(XY, b)) =X, hf) + E

[ RN A as| B ) + B ()
0

it NT||hB||cs -
<M +Cs/ XN 1)ds| + O — = | E[sup(X¥, 1
<x"(0) [ ; (X, >S} ( SIE ) [;;13( )]
K HTN||hf||cs
N N C
<x (O)+C’5/0 X (s)d8+(9<JM3 )

The Monotone Convergence Theorem gives E[(X, h?)] — E[(X/,1)] and so Gronwall’s
inequality implies

~ ~ R 3
BN 1) < (BN 1)+ 0 (TN ) ) epen,

Markov’s inequality now gives

PUXN 1) > H] < ]EKXg’ Ul (EKXIO{N’W +0 (NTJ]’\‘;||C3>) exp(Ct).  (5.6)

Noting that P[sup,.p (X}, 1) > H] = P[(XN,1) > H], we can now conclude, since for
any T, € > 0 we can choose Hy, Ny such that for H > H;, N > N; and t < T the right
hand side of (5.6) is less than ¢. O

Remark 5.7. An elegant proof of the first part of Lemma 5.6 takes a sequence ¥,, T 1
in the duality relation (2.3) with £ = 1. Symmetry of the jump distribution of ancestral
lineages, Fubini’s Theorem, and monotone convergence will yield the result. One can
also show, under our particular choice of initial conditions and event structure, that
(X}, 1) is a martingale. However, one needs to take care to show that the support of
X} remains in a compact set.
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5.2 Verification of Condition 1’ of Corollary 5.2

Lemma 5.8. Under the conditions of either Theorem 2.6 or Theorem 2.7, for each T,
€ > 0 there is a compact set Kr . C R® such that

lim sup IP supXtN (K%)E) >el<e (5.7)
N—00 t<T

Proof. Let h € O (R?) satisfy
hli0) =0, and  hlg, ) = 1.

Define h,,(z) := h(z/n). It will evidently suffice to show that for sufficiently large n,

limsup P [sup(X}N, h,) > | <e. (5.8)
N—o0 t<T

We note that the C® norms of Ah,, are uniformly bounded in 7, so that by Lemma 5.4 the
C? norms of AP™ (h,,) are uniformly bounded in n and ¢.
With m(N) as in Definition 4.1 we set ¢, := APt(TS(N))(hn), so that

bs(z) + AN (¢s)(z) = 0.

By Lemma 4.2 and Lemma 5.4
t t
Nlh
[ ¥ @ maaedas = o (KR [ ajas, 5.9)
and this bound is uniform in n. In particular, using (5.5),

Ni[Allcs /t N
O(JW 0<Xs,l>d8

m N N|Allcs
< B[(XY, P M\ 4o <JM3) T exp (o(%):r) (X¥.1). (5.10)

m(N
E[(XY, ha)] = EL(XY, PR + B

We recall that
t
<X;V,hn>:<xgv,hn>+/ (XN, AN (hy))ds + ¢ (hn) + MY (). (5.11)
0

We shall consider each term on the right hand side separately. The first term will be
zero for sufficiently large n, since supp(XéV ) C D for all N, where D C R% is compact.
The bound (5.10) will help us to control the integral term. First note that, since m(N)
converges,

. sup [ 00, A Gaas] | <B[ [ o4 ol

t<T

T
<C]E{/ <X§V,15n1(0)c>ds],
0
where C is independent of n and N. Now set m := |21 |.
T T T
Bl [ 1s, L 00ds| <B| [ as] < [ B s
0 0 0

T N || Al cs N
< N p(m(N)) m||C 2 N
_A (XY, P (hm))ds + O ( =35 | T*exp (O(JMS)T><XO 1), (5.12)
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where we used (5.10) to obtain (5.12). Under the assumptions of Theorem 2.6 or
Theorem 2.7, N/(JM?) — C; and M — oo as N — oo and so we can take N sufficiently
large that the error term is less than £2/32.

Denoting standard Brownian motion by {B;};>¢, consider now

T T
| PO ) = [0 T b (B )
0 0
T
SA <XévvEw[le(O)c(Bm(N)s)Dds
<T X (Boaja(0)7) + X5 (B al0)) sup B[ Byl = m/2]
<T[ X3 (B2 0)%) + X8 (R sup P[| By vysl = m/2]], (5.13)
s<T

which (by our assumptions that supp(X{¥) C D for all N and that m(N) converges) tends
to 0 as m — oo uniformly in N, so in particular is < £2/32 for sufficiently large m.
Combining the estimates above, we have shown that given € > 0, there exist Ny, ng
such that for N > Ny and n > nyg,
t
E [sup / (XN, AN (h,,))ds
t<T |Jo

} < £?/16.
From Lemma 4.2,

N Nlballosy [T, on
sup Y ()] < O( S ) | e aas
and we can estimate the right hand side through (5.5) from Lemma 5.6 and see that for
sufficiently large N it is bounded above by £2/16.

In order to control the martingale term we shall control E[|M~Y (h,,)|] and then apply
Doob’s inequality.

For sufficiently large IV, the argument that gave us (5.13) allows us to bound (5.10)
with ¢t = T by £2/8. Rearranging (5.11) and using the triangle inequality, given £ > 0,
there exist Ny, ng, such that uniformly in n > ng, for N > Ny, E[|[M¥ (h,)]] < £2/4.
Therefore by Doob’s maximal inequality, for any such n and N, we have that

€] < ZEIME (o))

P|sup \MtN(hn)| >

<
t<T 2 S

N ™

Combining the estimates above with another application of Markov’s inequality to the
sum of the remaining terms on the right hand side of (5.11) we have verified (5.8) and
the proof is complete. O

5.2.1 Tightness of projections: fixed radius case

We shall verify Condition 3 of Proposition 5.1 separately for our two cases. In the fixed
radius case it is relatively straightforward as the quadratic variation of the martingale
part of our semimartingale decomposition (5.11) will remain bounded as N — co. In this
section we shall deal with that case and moreover check the conditions of Corollary 5.3 so
that we can deduce that all the limit points of { X"} y>; are in fact continuous processes.
We shall exploit some standard results that we record here for convenience.

Proposition 5.9 ([28], Chapter VI, Part of Proposition 3.26). A sequence {Y"}y>; of
cadlag R¢-valued processes is tight and all limit points of the sequence of laws of YV
are laws of continuous processes if and only if the following two conditions are satisfied:
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1. VI' e N, e > 0,dNy € N, I" € R such that
N2N0:>IP{squtN|>F} <e.
t<T
2.¥YI'eN,e>0,n>0,3dNyg € N, 6 >0 such that

N2N0:>IP[ sup ( sup KZY—YSJ;/)>77}§€-
0<t<T -6 \sy,s2€[t,t+6]

Theorem 5.10 ([28], Chapter VI, Theorem 4.13). If for each N, M is a locally square
integrable local martingale, then sufficient conditions for the sequence {M” } x> to be
tight are:

1. The sequence {M}¥} > is tight.
2. The sequence {(MN)} x> is tight with all limit points being continuous.

Proposition 5.11 ([28], Chapter VI, Part of Proposition 3.26). A sequence {YN}Nzl is
tight and all limit points of the sequence of laws of YV are laws of continuous processes
if and only if {Y™N} > is tight and for all T > 0, € > 0,

lim P|sup VN - Y| >¢| =0.
N— 00 t<T
Lemma 5.12. Under the assumptions of Theorem 2.6, for each ¢ € C3(R?), {(XN, ¢)}n>1
is tight and all the limit points are continuous.

Proof. Consider Y} := (X}, ¢) with ¢ € C§(R?). Since |Y,N| < [|¢]|oo(X{¥, 1), the first
condition of Proposition 5.9 follows immediately from our verification of Condition 2’ of
Corollary 5.2. To check the second condition of Proposition 5.9, we once again use the
semimartingale decomposition

(XN, 6) = (X, 6) + / (XN AN (6))ds + ¢ (6) + MY ().

Evidently

| s - [T o A

<C(¢)]s1 — saf sup(X,", 1)
t<T
and combining with

tsup(X N, 1)
s<t

KN (g) <0 (Nu*llcblc)

JM3

and (5.6) we see that, under the conditions of Theorem 2.6, both these terms satisfy
Condition 2 of Proposition 5.9 and our problem is reduced to showing tightness with
continuous limits of the martingale part. Theorem 5.10 tells us that it suffices to consider
the quadratic variation.

Recall from (4.3) that

t ’Z,L2 d
arone= [ [ S| (0@ - 2 (g7 L o0xiow))
+ O(%P@)Xiv(l’)} dzds

¢ KN|B,|u? N o 112 N
SA R J2Md[<Xs 107) + O )X ,1>]ds. (5.14)
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Using Proposition 5.9 and our bounds on (X, 1) from Lemma 5.6, the tightness of
{(MN(¢))}n>1 is immediate.

We now conclude through an application of Proposition 5.11. The probability that
the support of X, which is compact, is simultaneously overlapped by two events of the
SLFV is zero, and ¢ is bounded, so

C(d)K
sup |V — VY| < (d) P —a.s. O

+<T JME

Proposition 5.13. Under the conditions of Theorem 2.6, { X~} x> is tight and all limit
points are continuous.

Proof. This is now immediate from Corollary 5.3. O

5.2.2 Tightness of projections: variable radius case

Our proof in the fixed radius case breaks down in the variable radius setting since the
quadratic variation of the martingale part of (X, ¢) will grow without bound as N — oo.
Instead we exploit the fact that the (1 + #)th moments of supy<, (X}, ¢) will remain
bounded for any 6 < 3. We follow [13] who used essentially the same argument to show
that branching Brownian motion with stable branching law, suitably rescaled, converges
to superBrownian motion with stable branching, although there are some extra layers of
estimation in our setting.

We exploit the following elementary lemma, which we learned from a preliminary
version of [13], but we record here since it does not appear in the published version.

Lemma 5.14. There exist ¢y, ¢z, c3 € (0,00) such that

. 1—x+§—exp(—x) >0, forxz > 0.

% (1—x+§ fexp(—x)) >c >0 forx > 2.
.0<exp(—z)+z— 1< cox!™?, forz >0 where 0 < 8 < 1.
. For a non-negative random variable Y and 0 # —1,

AW N =

B[yt <24+ (1+ 9)/ y'P[Y > g]dy.
1

5. For a non-negative random variable Y and any y > 1,

2
p

PY >y < 03y/ Elexp(—AY) — 1 + AY]dA.
0

Proof. (sketch) For 4, note that

2 =14 1+ (9)/ y?dy,
1

and so
E[Y') <1 +/ (1 +(1+ 9)/ y"dy> dP[Y < z]
1 1
(oo} x
§2+/ (1+9)/ y?dydP[Y < z]
1 1
—2+(1+0) [ P > uldy,
1
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where the last line follows from reversing the order of integration.
For 5, observe that

y/O Elexp(—AY) — 1+ AY]dA = /OOO y/o (exp(—Az) =1+ Az )dMPIY < a]

where we have used 1 and 2. O

In the classical setting of Dawson, at this stage one exploits the fact that the ap-
proximating processes are branching processes, in exact duality with the solution to a
deterministic evolution equation. This is no longer true in our setting, so instead our
first task is to write down an approximate evolution equation, whose solution we denote
by v;’, with the property that

Efexp(—(X;", ¢)] = exp(=(X¢', v3'(¢,))) + O(e™)||0][3. (X', 1),

where eV = 0as N — oc.
From our calculations in Section 4.3 (in particular equations (4.4) and (4.5)), and
assuming the result of Lemma 4.4, we can write

Lop(—(0)(X5") = exp (—(X7',9)) [(XéV,—LNaﬁJrBN@ +O(5N)|¢I|§O<X§71>] (5.15)

with &V — 0, where

N —NMd Tl u(r — oz 2uN (dr
LN g(r) = [/ BT o Jon, 0 60 o) o @ >]

and

atl g5 KByl

_ NM?Y (KB T (22141

Now let us define v} (¢, x) by

ot

o (0.2) = o).

This is the evolution equation corresponding to a superprocess in which the spatial mo-
tion is the compound Poisson process with generator LY and the branching mechanism
is determined by B". The existence of such a process (which then, by duality, guarantees
the uniqueness of the solution of the evolution equation) follows from, for example, [14].

Let us write {S}¥ +i>o for the semigroup generated by LY. Then the solution to (5.16)
can be written

{W’x) = L0 () () — BV (), 5.16)

vg(t, z) = SN (¢)(x) — /0 SN . (BNU(]J(S, ) (x)ds. (5.17)
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An immediate consequence of (5.15) is that we have an approximate duality between
X" and v} since

| Loxp(— (05 (t = 5, ) (X < O(E™M)vg (t = 5, ) [[2(XT, 1) exp (—(X.V, 05 (t — 5,-))
< O(eM)lvg (t = 5,)|2(X, 1),

and so integrating over [0, ¢],

E[exp (—(X{,9))] = exp (—(Xg', 05 (¢, /H% (t— s, )% ds B[(XY,1)]
= exp (—(Xq', v (t, )>)+0( Mol (Xo', 1), (5.18)

where we used Lemma 5.6 to replace ]E[fg(XéV, 1)ds] by (X{',1) at the expense of
replacing £V by ¢V, but still with e — 0 as N — oo, and we used (5.17) to see that
[0 (t=8)lloo < ||¢Hoo. In particular, applying this with A¢ in place of ¢ and differentiating

with respect to A at A = 0 gives
E[(X,", ¢)] = (Xg', 57 (9))-

The key step in proving tightness is the following:

Lemma 5.15. For { X"}y, satisfying the conditions of Theorem 2.7 and ¢ € C§° we
will have that, for any fixed 0 < 6 < f3,

E[sup<XsN , ¢>1+"] <H,
s<T

where H is independent of N.

Proof. In the proof of this lemma, C' is a constant which is independent of NV, but may
change from line to line. First observe that, using Lemma 5.14 parts 4 and 5,

E[(XY, )1 <2+ C / o / Elexp(— (XY, Ag)) — 1+ (XN, Ad)]dAdy

—2+c/ 1+9/ exp(— (XY, oy (1, ) — 1+ (X3, SV (Ag)

OEM)INIIL XY, 1) ddy,  (5.19)

where we have used (5.18) and (5.5) and the constant C' is determined by those in
Lemma 5.14. Using Part 3 of Lemma 5.14,

exp(—(Xg", v3g(t, ) — 1+ (X3", 57 ()
< ea(Xg', AT ()7 + exp(—(Xg', Ry (1)) — exp(—(X7', 57 (Ag).
The first term is at most c;||A\¢||1F# (X', 1)*+7. To control the remaining terms, note that
exp(—(Xg', vy (t, ) — exp(—(Xg', 57 (M) () < (X7, [ig(t,-) — 7Y (M) ()])
/ Sth BNU,\qs( ))d5‘>a

(where we have used (5.17)). Now for non-negative ¢, under the assumptions of Theo-
rem 2.7, using (4.5),

= (XY,

a+1

NMY(Ko()) T [ e
BNQS(x)SK(’y—d) (JMd> /0 (exp(—v) +v—1)v ~ dv

<Co(z)'*7,

2
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so that using (5.17) again,

t t
<Xéva /0 Sfj\ie (BNUi\;)(S? )) ds > < C<Xéva/0 St]\ie (’U)I\\;(S, ')1+B) d5>

t

<oixy [ s, (¥ 0 ds)
0

< PN, 1),

Substituting in (5.19),

B0 <2 [y [P Il mas (o 01 4 0 )
+ 0NNl XY, 1) drdy,

and since 0 < [ the right hand side is finite.
An application of the Monotone Convergence Theorem yields

El(x, )" < H, (5.20)
with H’ < oo independent of ¢t < T.
We have now established a bound of the form

50 2
EIXN, M <200 [y [T ady (1)1 4 (1)) < 7,
1 0

The proof now follows the pattern established in Lemmas 5.8 and 5.12. Taking the
terms in the semimartingale decomposition of <XtN , @) one by one, first observe that by
Jensen’s inequality,

(3 [ o amioma)

which we can bound using (5.20) and the fact that, from Lemma 5.4, |[AN ¢| < m(N)||¢]|cs.
Rearranging the semimartingale decomposition to give an expression for MY (¢) and
combining with Minkowski’s inequality we can bound E[|M¥ (¢)[**?], and then by Doob’s
martingale inequality we see that

t
E <B|; [ aenas)
0

E { sup <X51,V7 ¢>1+9}
s<T

T 1+6
<o B, 1 (/ |LN<¢S><X;V>ds) RV ()]

and, since we have established uniform bounds on each of the terms on the right hand
side of this expression, this completes the proof. O

To conclude the proof of tightness of { X" } x> we shall use a criterion due to Aldous.
Theorem 5.16 ([1]). A sequence of cadlag real-valued processes {Y}y>1 is tight if

and only if the following two conditions hold:

1. for each fixed t, {Y;N } n>1 is tight in R;
2. for any € > 0, given a sequence of stopping times 7 bounded above by T' and a
sequence of real numbers 6y — 0 as N — oo,

J\}EHOCIPHYTIJVVJréN - YT%' > 5] =0.
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The first condition is trivially satisfied, and so it remains to prove the following
lemma.

Lemma 5.17. Under the conditions of Theorem 2.7, for non-negative ¢ € C’S’(Rd), given
e > 0, a sequence of stopping times Ty bounded above by T, and a sequence of real
numbers iy — 0 as N — oo,

ngnoolPHYTﬁHN -YN|>¢el=0.

Proof. Again following the proof of Theorem 4.6.2 in [13], we study the joint distribution
of (X sv,¢) and (X2, ¢) through the Laplace transform

LN (85 A1, 20) == E [exp (A (XD 5. 0) — A (XD 9))] .
The approximate duality (5.18), combined with the strong Markov property, gives

LN (x5 A1, A2) ==E [E [exp (=A(XN 150, 8) — Aa(XN, ) | XN ]]

= [exp (—(X N, 086 (0n ) = (XN, 0060, )] + OEY) Mg * (X', 1)
=E [exp (—(X7, 02,6 (0n, ) +03,4(0,-))] + OEM) Mol *(Xg', 1),

from which

ILN (655 A1, A2) — LN (0; A1, X2)|
< [JoR 4 (6ns+) = v (0, -)HoolE[sng><X§V, )]+ 0V Mg * (X, 1)

< [oRp (08 ) = vx(0, )l BL + SgIT><X§V, 1M+ 0EM)IMel* (X', 1).

Now from (5.17) it follows that [[v} ,(dx,-) =} 4(0,)[lc = 0 @s N — oc and so combining
with the above,
ILN (65 A1, A2) — LN (0; A1, A2)| — 0.

Tightness of {(XX 5 ,¢), (XN, ¢)} follows from Lemma 5.15. Taking a convergent sub-
sequence, since |LY (6x; A1, A2) — LY (0; A1, A2)| — 0, the limit of {(X2 ;. ¢), (XX, ¢)}
must be of the form {Z, Z} and so we see that (XY ; . ¢) — (XX, ¢) — 0 in probability,

which completes the proof. O

Tightness is now proved.

6 Proofs of Lemmas 4.3 and 4.4

In this section we exploit the duality of the SLFV with a process of coalescing lineages
to prove the two key estimates provided by Lemmas 4.3 and 4.4. In the fixed radius
case, it is straightforward to make the heuristic argument of Section 2.4 rigorous and
analogous arguments can be found in, for example, [19]. However, in the variable radius
case, we must work a little harder to recover the result claimed here. We present an
approach that works in either setting, but to avoid repetition restrict ourselves to the
variable radius case.

6.1 A coupling of ancestral lineages

The key to our proof is the duality of the SLFV from Proposition 2.5. We first consider
2
E / ! o) XN (y)dy | d (6.1)
TRMI Yy)A \y)dy €L .
R4 |B71“V[| BM (z) !
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for fixed r and t.
Using Proposition 2.5, for integrable functions v, for the scaled process,

B[ [ staudoud @ = [ ] voEg,

N, .
[T wd " ’1)1 dydz,
=1

where {g{v ’1,5,;N ’2} are the positions of two ancestral lineages started from y and z
respectively at time 0. In the scaled ancestral process, events of radius r/M covering the
point y fall at rate Nr?u (dr). During such an event, each lineage in the region covered
by the event, independently, is affected with probability «(r)/J. Those lineages that are
affected all jump to the same new position which is chosen uniformly at random from
the affected region. To estimate (6.1) we take

1
Uy, z) = W/Rd SW)d(2) L y—oi<r/m Lzl <r/prde

and recall that X~ = Kw". The key tool is a coupling.
Proposition 6.1. Let {¢,"",£)"?},>( be the scaled ancestral lineages above. Then

N,1 N2\ d N,1 N,1 N,2 N,2 N,1 N,1
&&= (Y He (V0 H e e + (Y 46 ) isq),

where YN:! and Y2 are independent random walks and the random coalescence time
7 has hazard rate bounded above when |¢"' — | = 2ry /M by

M? 1
h(TO) = 07 (/ro \/ J—l/'y)'y—,@('y—d) 5 (62)
with C a constant independent of N. Moreover, ford > 2
E[ sup M2J7)eNt - sﬁ“ﬁ} —0 as N — oo. (6.3)
0<t<T
whereas ifd =1,
E[ sup Jlep ! — ai“ﬁ] =0(1). (6.4)
0<t<T

Before proving this result, let us see why it helps. The error terms siv " are very far
from being independent, but they are very small. Notice in particular that if ¢V:! and
¢N:2 have coalesced by time ¢, then since Kw)Y = X}’ converges weakly to X,

/ Dy, 2By [l (€VH)dydz
R4 JRE

is of order 1/K, which when multiplied by K? to give us the contribution to (6.1) is
O(K). If, on the other hand, the two lineages have not coalesced, then they are close to
independent random walks and

1
/ V(y, 2) By, [wd (68 wp) (6%))dydz = O <K> '
Rd Rd
Under the assumptions of Theorem 2.6, (KN)/(J2Md) — Oy as N — 0o, and so the

proof of Lemma 4.3 is reduced to checking that the coalescence probability tends to zero
as N — oco. Under the conditions of Theorem 2.7,

N oo 5 4 N N ) (od M2—d By
W/o u(r)"r=p” (dr) = O J2Md‘]( =D/} = o T]( Yv=d)/7 ) |

(6.5)
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Ind > 2, since (1 — 8)(y — d)/v < 1, we easily see that this tends to zero as N — co. The
sparsity condition (2.7) guarantees that the same is true in d = 1 and so the contribution
to the expression in Lemma 4.4 from lineages that have not coalesced is negligible. On
the other hand, multiplying the expression in (6.5) by K we obtain an expression of order

KN JN\(-8)/8
BN ca-p-am) J (1-B)(v—d) /v
0(J2 J ) 0(( ) J )

which grows without bound as N — oo (because of Condition 5 of Theorem 2.7). To prove
Lemma 4.4 we must show that this quantity multiplied by the coalescence probability
tends to zero. In d > 2, under the conditions of Theorem 2.7, the coalescence probabilities
will be of the same order as in the fixed radius case, and so the Lemma will follow easily
(again using (1 — 8)(y — d)/v < 1). In one dimension, things are more delicate, and we
shall see the need for our more stringent sparsity condition.

Proof of Proposition 6.1.

We rewrite the Poisson process of events IIV that drives the dynamics of ¢! and
¢N:2 as the sum of four components through a thinning. Each event (z,t,7,p) € II is
augmented by two independent Bernoulli random variables, 7;, 72, each with success
probability p = u(r) = r~7. The random variable 7); determines whether or not the ith
ancestral lineage is affected by the event. We now let IIV>! be the events in II for which
m = 1,19 = 0; IIV:? is the subset of events with ; = 0,77, = 1 and II1V'!'? is the events
with n; = 72 = 1. The remaining events won’t affect the motion of either lineage.

The lineage & is driven by IV | JTIN-1:2 (recalling that after coalescence there is a

single lineage, £V'1). Coalescence results from both lineages being in the region covered
by an event from II1V-12, If |¢]V"* — ¢/V?| = 2r /M, then the rate at which they are both in

the region affected by an event from II":!:2 is bounded above by
N ! N [t M? 1
/ d 2 N _ / d—2v+«
O | A =g T &S O oV Ty B

where we have approximated the volume of the centres x such that 5,(z) contains two
points at separation 2ry by C(d)r? for r > ro and we have used that a +1 = (3 +1)(y —d)
and N/(JM?) — C; as N — cc.

Let YN be the random walk driven by the events of 1IN+ and &' = &' — YN,
Evidently, since they are driven by independent Poisson processes of events, the walks
YN:1 and Y2 are independent. It remains to bound |¢N'! — V2|, First observe that
we can couple our lineages gf\”i with a system 5,5“ of lineages that do not coalesce, by
at each event of IIV'12 choosing two parental positions independently and uniformly
at random from the affected region and, if both lineages are in the affected region,
the lineage E{V )t jumps to the ith parental location. Until the coalescence time 7, the
processes ng " and ftN " coincide. We define éviv " in the obvious way. Evidently, it will
suffice to control the supremum of |eV:! — V2| over the time interval [0, 7).

First observe that

Mz(t) =" —&)*

is a mean zero martingale. We should like to estimate its variance at time ¢. It is driven
entirely by events from IIV:1:2 and by exploiting translation invariance of the system, we
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find that

N r.o _ o
E[(Mz)] < / J—/ o M) r2rtdtadrds

7) if (y —d) =7y +2>0;

=

o(
(%5

<) if By —d) —v+2=0;

S O

(5emo—m7r) ifB(y—d) —v+2<0.

Since f(y—d)—v+2 =2—d—(1—)(y—d) and under our assumptions (1—3)(y—d) < 1,
if d = 1 the first line holds, whereas if d > 2 the third line holds. In particular, for d > 2,
using Condition 5 of Theorem 2.7, the quantity on the right is always o(1/(M?2.J%/7))
from which (6.3) easily follows via Doob’s maximal inequality. An application of Doob’s
inequality also gives the result in d = 1. O

6.2 Coalescence probabilities

It remains to estimate our coalescence probabilities.

Proposition 6.2. Let the scaled ancestral lineages ¢V:', ¢V:2 be as in the previous

subsection. We start them from two points sampled independently at random from
B,f.” (0). The probability that they have coalesced by time T, which we shall denote by
pn(T) satisfies

CJA=B=D/7 M2y g — 1

pn(T) < CIO%M ind=2; (6.6)

1 .
Cj 1nd23.

In the light of the discussion immediately after the statement of Proposition 6.1, this
result will complete the proof of our key lemma in the variable radius case.
Proof of Proposition 6.2.

Our aim is to show that

T
E{/ h(M|ENL — eN:2))ds (6.7)
0
is bounded by the quantities on the right hand side of (6.6). where h(r) is given by (6.2).
To do this, we shall use the coupling of Proposition 6.1 to approximate |¢V'! — ¢V:2| by
[y Nty N 2| and then the classical Fourier transform approach of [11] to estimate the
corresponding expected integral of the hazard rate. Since we are only interested in the
separation of our lineages we denote Y := |[YV:1 — Ni= el — N2,
We first observe that

T
o [ o + )
0
T
:/ E[r(MYN) + MelW (MYN) + (MY )*n" (MY +0(s)Me)]ds, (6.8)
0

for some 6(s) € (0,1) and that

1 1
B (r) = Ch(r)—1(y-1/2,2)(r) < JYIh(r); B (r) = c’h(r)ﬁ1[1_1/771] (r) < J¥7Vh(r).
(6.9)
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We now begin with d > 2. Using (6.3), we see that
T T
]E{/ h(M(YN + eév)ds} < C/ E[h(MYN)]ds.
0 0

The random walk YV jumps at exponentially distributed times with mean O(1/M?), and
so will make O(M?) such jumps by time T'. It is evidently enough to show that

TN
/ E[h(MYN)|ds
0

is bounded by the quantities on the right of (6.6) where Ty is the random time at which
the walk Y has made a geometric number of jumps with mean M?. Let us write p(z,y)
for the probability density function of the unscaled displacement MY " at a single jump
and p**(z,y) for its k-fold convolution. Further write 7y for the time of the G*th jump
of Y, where GM is an independent geometrically distributed random variable with mean
M?. Then

Tn 1 Twm
N _ 1
E[/O h(MY:; )ds} - MZE[/O h(Y; )ds}
<md / ™ (0.9)h(|y)dy = Qur. (6.10)
k=0’ R

where z); = 1 — 1/M? and on the right hand side we have bounded the expectation
above by setting Yy = 0. Define Iy () := > pe 2%p**(0,2)h(|z|). Writing ¢(¢) for the
characteristic function of the displacement of Y in a single jump and taking Fourier
transforms,

Ful) = (11— o))
m(t) = (1= o (t)
Since Y is rotationally symmetric with strictly bounded jumps, its characteristic function
is real-valued and ~ 1 — C|t|? close to the origin and
1 o
< = .
L—2m0(t) = 572 + Ct]?

In d > 3 we may let M — oo in this expression (corresponding to an infinite time
horizon) and using that the inverse Fourier transform of |t|=2 is |z|>~¢ and, recalling the
definition of i from (6.2), we can approximate Q,; by

_ Bl —dpd=1___ = @ 1. _ —v+B(y—d) il
Z/d]M(y)dy< 5 /0 re= % e d)dr /0 r dr oc —,

where we obtained an upper bound by replacing the lower limit of integration by zero.

In d = 2, the inverse Fourier transform of 1/(e? + [t|?) is Ko(e|x|), where Kj is the
modified Bessel function of the second kind of order zero (Eq. 17, p.365, [23]) . Recalling
that Ky(z) ~log(1/z) as z — 0, and substituting in (6.10) yields Qs < C(log M)/ J.

We now consider d = 1. Looking again at (s, we can no longer replace the lower
limit in the integral by zero as r—27t®*! is not integrable at the origin. Instead observe
that (by a change of variables) the inverse Fourier transform of (1/M? + |t|?)~! at z is
M times that of 1/(1 + |t|?) evaluated at /M, which, using Eq. 40, p.363 of [23] and
writing K/, for the modified Bessel function of the second kind of order 1 /2,

7K1/2 (L@) ~1 as M — oo.
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Substituting,
oMm? (t1 [t ) M 1 1\ ~2vtat2 M
< - tetlardry = 05— (<) o=
Ou =7 /o M»/ro\/l/Jl/‘fT e J JUr N gL TC7

M a-p)-1)/
T

In other words the main contribution comes from separations at most 1/.J%/7. This
bounds the contribution from A(MY/) in (6.8). From (6.4), M|e"| is at most O(M/+/J)
and so if M/\/j < O(Jfl/“y), by using (6.9) as in two dimensions, we obtain a bound
which is 1/M times the expression on the right hand side of (6.6) and we are done. If
not then the order of the error is MJ'/" / V/J times the quantity above and, since by
assumption v > 2, this completes the proof. |

7 Showing convergence

Armed with tightness, it remains to identify the limit points of the sequences
{XN}n>1.

7.1 Proof of Theorem 2.6
Recall that for each N, using Lemma 4.2,

MY (@), = (XN, ) — (X 6) - / (XN, AN (@))ds — ¢ (0)

is a martingale.
From the convergence of m (),

lim I [sup

N—oo t<T

| A @pas (¥ o) - [ G a0s

|-

where m is as in the statement of Theorem 2.6. Moreover, using (4.3) and Lemma 4.3

MV (), 26 / (XN g)ds
0

as N — oo.

Suppose that { XV} x>1 is a convergent subsequence. To prove that the limit is the
finite variance superBrownian motion, we must check that the martingale property is
preserved under passage to the limit and that for each t < T, MY*(¢)2 + (MNx(¢)), is
uniformly integrable (see e.g. Lemma I1.4.5 in [30]). To check the first condition, suppose
that 0 < ¢, < ... <ty < s <t hy,...hy € Cp and ¢ € C3(R?). An application of the
Dominated Convergence Theorem yields

t k
B | (0600 - (Xa0) = [ (X adejan) [T 1y(xi,00)| <o
s j=1

Thus, see e.g. Theorem 4.8.10 of [20],

Mi(0) = (Xi.0) — (Xor0) — [ (X, T A0,

is a martingale.

The uniform integrability of (M (#)); is immediate from our previous calculations.
That of M (¢)? follows on setting # = 1 in the arguments (based on Jensen and
Minkowski’s inequalities) that gave us Lemma 5.15.

Since the solution to the martingale problem corresponding to the finite vairance
superBrownian motion is unique, the proof of Theorem 2.6 is complete.

EJP 23 (2018), paper 71. http://www.imstat.org/ejp/
Page 34/36


http://dx.doi.org/10.1214/18-EJP191
http://www.imstat.org/ejp/

SuperBrownian motion and the spatial Lambda-Fleming-Viot process

7.2 Proof of Theorem 2.7

Since the solution to the martingale problem for the superBrownian motion with
stable branching law is unique, it is enough to check that all limit points satisfy the
martingale problem (2.1). Once again we must check that the martingale property is
conserved under passage to the limit, for which it suffices to show that for any £ > 0,
0<t; <..<tp<s<t hy,.. h €Cyand ¢ € C3(R?) with ¢ >0,

lim E

N—oc0

(exp<_<xzv L8)) — exp(— (XY, 6))

k

/t<XiV,ZLA¢>+H¢Hﬁ>eXP( (X, o) dU>_H (X, ) ]

with m and & as in the statement of Theorem 2.7. Once again, since the h; are bounded,
this is an easy consequence of the Dominated Convergence Theorem, our results of
Section 4.3 and Lemma 4.4.
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