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CHAPTER

Introduction

§1.1 Spatial populations with seedbank

In populations with a seed-bank, individuals can temporarily become dormant and re-
frain from reproduction, until they can become active again. Seed-banks are observed
in many taxa, including plants, bacteria and other micro-organisms. Typically, they
arise as a response to unfavourable environmental conditions. The dormant state of
an individual is characterised by low metabolic activity and interruption of phenotypic
development (see e.g. [55]). After a varying and possibly large number of generations,
a dormant individual can be resuscitated under more favourable conditions and re-
prise reproduction after having become active again. This strategy is known to have
important implications for population persistence, maintenance of genetic variability
and stability of ecosystems, (see e.g. [B4]). It acts as a buffer against evolutionary
forces such as genetic drift, selection and environmental variability.

Various attempts were made to include a seed-bank in already existing mathem-
atical models that describe the genetic evolution of populations (see [50], [I1], [10]
and [70].) However, after inclusion of the seed-bank these models become complex,
because they have long memory. In [I2] the so-called “two-type Fisher-Wright model
with seed-bank” was introduced. This was the first model that describes the evolution
of a population with seed-bank as a Markov process. In this model individuals move
in and out of the seed-bank at prescribed rates. Outside the seed-bank individuals
are subject to resampling, while inside the seed-bank their resampling is suspended.
Both the long-time behaviour and the genealogy of the population were analysed in
detail. In particular, it was shown that the seed-bank increases the genetic variability
of the population.

The goal of this thesis is to extend the seed-bank model introduced in [12] to
the spatial setting where individuals can migrate between different colonies. We
analyse the long-time behaviour of the evolution of a spatial population with seed-
bank in different settings. We show how the seed-bank increases the genetic variability,
compared to spatial population models without seed-bank. In particular, we show how
certain types of seed-banks can even prevent the loss of genetic variability altogether.
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1. Introduction

§1.2 Modeling population genetics

We give a short introduction to modeling genetic evolution of populations. We also
introduce two important tools to analyse the genetic evolution in populations, namely,
the Kingman coalescent and duality.

§1.2.1 The Fisher-Wright model

One of the driving forces in the genetic evolution of populations is genetic drift.
Genetic drift is the evolutionary mechanism that selects genes randomly. To illustrate
the concept of genetic drift, consider a population of turtles. Each year the turtles lay
plenty of eggs on the beach, but only a few of these eggs grow into a mature turtle.
Which of the eggs will do so is random. In this way, randomness plays an important
part in the genetic evolution of populations, and this randomness is called genetic
drift.

In mathematics genetic drift is modeled through the Fisher-Wright model. In
the Fisher-Wright model we consider a population of N individuals. Each individual
can carry one of two genetic types, denoted by © and <}. In each generation all the
individuals will reproduce themselves according to the following rule:

e Each individual chooses uniformly at random an individual from the population
and adopts its type. The chosen individual may be the individual itself.

This way of modeling reproduction is called resampling. Note that the number of
individuals remains fixed during the evolution. Since we mostly consider very large
populations without external evolutionary forces, we may assume the population size
to be approximately constant. Therefore the assumption that the population size
remains fixed is reasonable. An example of a population of 5 individuals is shown in
Fig. The resampling mechanism can be interpreted as follows: Each individual
in the population gets a random number of offspring between 1 and N, and the
total number of offspring in the next generation is N. This gives a more natural
interpretation of resampling, but the way resampling is phrased above makes the
mathematical analysis easier.

Evolution equation. To describe the genetic evolution in the population, we ana-
lyse the fraction of individuals of type ©. Label the N individuals by [N] = {1,...,N}.
Define (k) = (§;(k));jeqn € {0, 1} as the random vector where &;(k) = 1 if the
j’th individual is of type © at time k and &;(k) = 0 if the j'th individual is of type ¢

at time k. Then )

XNk =5 D He -1 (1.1)
JE[N]

is the fraction of individuals of type © in generation k. Since there are two types of
individuals in the population, the fraction of individuals of type <> in generation k is
given by 1 — X (k). The distribution of X~ (k + 1) given X% (k) is BIN(NV, XV (k)).
A key question is whether eventually there is only one type of individual left in the
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Figure 1.1: Example of the evolution for a population with N = 5 individuals in 5 generations.
The solid lines within the active population represent resampling in the first generation.

population, or there are always two types of individuals in the population. If only
one of the two types is left, then we say that genetic variability is lost. For a finite
population, genetic variability is lost eventually. The expected time until this happens
is of order N, the size of the population [30].

In this thesis we look at genetic evolution in populations where the number of
individuals tends to infinity. This large population model is referred to as the con-
tinuum model. To obtain this continuum model, we let the number of individuals in
the population tend to infinity and speed up time proportionally to the number of
individuals in the population, i.e.,

Jim £[(XN([N)) ) (1.2)

Thus, we observe larger and larger populations on time scales where these populations
start to loose their genetic variability. The limit in ([1.2)) is the law of the continuous-
time process (z(t)):>o that evolves according to the stochastic differential equation

(SDE)

dz(t) = Vx(t)(1 — x(t)) dw(t), (1.3)
where (w(t));>0 is a standard Brownian motion. Its initial law is given by L[z(0)] =
limy 00 L[ XN (0)]. The process (z(t))¢>o evolving according to is called the
Fisher-Wright diffusion and has state space [0, 1]. The stochastic differential equation
(SDE) in has a unique solution that is a Markov process (see [(2]). The fixed
points of are 0 (only individuals of type ¢ are left) and 1 (only individuals of
type © are left). The Fisher-Wright diffusion reaches its fixed points in finite time
30].

Geneology. After sampling n € N individuals from a large population at some
large time, we can ask ourselves what the lineages of these n individuals are. If two of
the n sampled individuals have a common ancestor a time s backwards in time, then
their lineages coalesce, ( see Figure . It turns out that if we sample individuals
from the continuum model, then any two lineages coalesce at rate 1, independently

T 44LdVH))



CHAPTER 1

1. Introduction

{{1,2,3,4,5,6}}

{{1,2,3,4},{5,6}}
{{1,2},{3,4}, {5,6}}

Bl IR IR AN

1 2 3 4 5 ¢ {{1}, {2}, {3}, {4}, {5}, {6}}

Figure 1.2: Example of a genealogy of 6 individuals sampled from a Fisher-Wright diffusion.
The corresponding Kingman coalescent is written on the right. Each time two lineages merge,
the corresponding partition elements merge. Time is indicated by s and is running backwards.

of the other lineages. The ancestral lineages together are called the genealogy of the
n individuals.

The process that formally describes the genealogy of the n sampled individuals
in the continuum model is called the Kingman coalescent. The Kingman coalescent
is a partition-valued process that at time s = 0 assigns to each of the n individuals
a partition element, i.e., at time s = 0 the Kingman coalescent starts from state
{{1},{2},...,{n}}. If two lineages coalesce, then the corresponding two partition
elements of the Kingman coalescent merge (see Fig. [1.2). Thus, any two partition
elements merge at rate 1, independently of the other partition elements. The Kingman
coalescent describes how the genetic evolution of a population took place in the past.
The Kingman coalescent runs backwards in time. For this reason it is sometimes
called the backward process. In contrast, the Fisher-Wright diffusion is called the
forward process.

Since in the Fisher-Wright model individuals inherit their type from their parents,
any two individuals whose lineages have a common ancestor are of the same type. If
the number of sampled individuals tends to infinity, then the related ancestral lineages
still have a common ancestor a finite time s backwards, (see [30]). Consequently, all
the individuals in the population are of the same type and genetic variability is lost.
We say that the Kingman coalescent comes down from infinity in finite time. This is
the backward counterpart of the fact that the Fisher-Wright diffusion hits its fixed
points in finite time.

Duality. Related to the coalescent process is the block-counting process. Suppose
that at some large time ¢ > 0 we sample n individuals from a population evolving ac-
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cording to the Fisher-Wright diffusion in ([1.3). The block counting process (N (s))s>o0
counts the number of ancestral lineages when we traverse s backwards in time,

N(s) = # lineages left at time s. (1.4)

Since any two lineages merge at rate 1, the process (N(s))s>o has transition rates
n
n —n — 1 at rate <2> (1.5)

Therefore the block-counting process is a death-process. Like the Kingman coalescent,
the block-counting process is a backward process.

Let (x(t));>0 be the Fisher-Wright diffusion starting from state = € [0,1]. Let
(N(t))t>0 be the block-counting process starting from n € N. Then, for all n € N,
x € [0,1] and ¢ > 0, the following relation holds:

E[(x(1)"] = E"[+")]. (1.6)

Here the expectation on the left-hand side is taken over the Fisher-Wright diffusion
(x(t))1>0 and the expectation on the right-hand side is taken over the block-counting
process (N(t))i>0. The relation is called moment duality. This moment duality allows
us to calculate all the moments of the Fisher-Wright diffusion at a given time ¢ in
terms of the death process at time ¢, which is simple to analyse. Note that the duality
relation also expresses a relation between the backward and the forward processes.

State-dependent resampling rates. In the Fisher-Wright model individuals res-
ample at rate 1. However, it is natural to allow for resampling rates that depend on
the state of the population. To do this, let g : [0,1] — R>( be any function that
satisfies

* g(O) = g(l) =0,
e g(z) >0 for z € (0,1),
e g is Lipschitz continuous on [0, 1].

The evolution of the continuum model with resampling function g is given by

dz(t) = g(x(t)) dw(t), (1.7)

where (w(t));>0 is a standard Brownian motion. If we choose g(z) = z(1 — z),
we recognize the Fisher-Wright diffusion in . Since the Fisher-Wright diffusion
resamples at rate 1, the resampling rate in state x for the model in is xfl(f)x)
The first condition on g ensures that once the genetic diversity is lost, i.e., there are
only © or & left in the population, it cannot return.

The drawback of the continuum model in is that it does not have a duality
relation as in . Therefore this model is more difficult to analyse. Comparing
the continuum model in with the continuum models where g = dz(1 — z) for
some constant d € (0,00), we are still able to analyse ([1.7). This technique is called

cOmparison.

T 44LdVH))
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Extensions of the Fisher-Wright model. The Fisher-Wright model can be ex-
tended in several ways to include other evolutionary forces. For example, selection
of a fitter type and mutation of genes can be included. Also, more than two gene
types can be included, which leads to the multi-type Fisher-Wright model. The ex-
tension to infinitely many gene types is called the Fleming Viot model. In the spa-
tial Fisher-Wright model, there are multiple colonies, each evolving according to the
Fisher-Wright model, and individuals are allowed to migrate. For all these extensions,
extensive research was done. For an overview of the state of the art we refer the reader
to []. The addition of a seed-bank to the Fisher-Wright model is relatively new and
was introduced in 2016 in [I2]. The Fisher-Wright model with seed-bank will be the
building block of the spatial models considered in this thesis, and is introduced in the
next section.

§1.2.2 The Fisher-Wright model with seed-bank

The Fisher-Wright model with (strong) seed-bank defined in [12] consists of a single
colony with N € N active individuals and M € N dormant individuals. Each indi-
vidual can carry one of two types: © or . Let € € [0, 1] be such that eN is integer and
eN < M. Putd = % The evolution of the population is described by a discrete-time

Markov chain that undergoes four transitions per step:

(1) From the N active individuals, (1 — €)N are selected uniformly at random
without replacement. Each of these selected individuals resamples, i.e., adopts
the type of an active individual selected uniformly at random with replacement,
and remains active.

(2) Each of the eN active individuals not selected resamples, i.e., adopts the type
of an active individual selected uniformly at random with replacement, and
subsequently becomes dormant.

(3) From the M dormant individuals, M = eN are selected uniformly at random
without replacement. These selected individuals become active. Since these
individuals come from the dormant population, they do not resample.

(4) Each of (1—¢)M dormant individuals not selected remains dormant and retains
its type.

Note that the total sizes of the active and the dormant population remain fixed.
During the evolution the dormant and the active population exchange individuals.
We will refer to the repository of the dormant population as the seed-bank. Fig.
depicts the first five generations of a population with 5 individuals in the active
population and 3 individuals in the dormant population. Fig. also shows how in
the Fisher-Wright model with seed-bank genetic variability in the active population
can be lost, but can be reintroduced again due to the exchange with the dormant
population.
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Figure 1.3: Example of the evolution for a population with N = 5 active individuals and M =
3 dormant individuals. The solid lines within the active population represent resampling,
those between the active and the dormant population represent exchange with the seed-bank.
Only 1 active individual and 1 dormant individual exchange places per unit of time, which

corresponds to € = % and § = % The relative size of the dormant and the active population

is K = % Note that the genetic diversity in the active population is lost in generation t = 2,
but returns in generation t = 3 via the seed-bank.

Evolution equation. To formally describe the Fisher-Wright model with seed-
bank, we keep track of the fractions of individuals of type © in the active and the
dormant population. Let ¢ = eN = §M, i.e., ¢ is the number of pairs of individuals
that change state. Label the N active individuals from 1 to N and the M dormant
individuals from 1 up to M. Write [N] = {1,...,N} and [M] = {1,...,M}. Let
E(k) = (&(k)jevy € {0,1}M be the random vector where &;(k) = 1 if the j’th
active individual is of type © at time k and &;(k) = 0 if the j’th active individual is
of type ¢ at time k. Similarly, we let n(k) = (n;(k));ecan € {0, 1}M] be the random
vector where 7;(k) = 1 if the j'th dormant individual is of type © at time k and
n;(k) = 0 if the j'th dormant individual is of type < at time k. Define

1

XN(k) = i Z 1{§j(k):1},
JE[N]
i . (1.8)
VM) =32 D Lin=1}-
je[M]

Like for the Fisher-Wright model without seed-bank, we can pass to the continuum
model. To do so we let both the active and the dormant population size tend to
infinity, while keeping their relative sizes fixed, and speed up time proportional by
the size of the active population, i.e.,

lim £ [(XN(LNtJ),YM(LNtJ))QO} _yy [(x(t),y(t))tzo} . (1.9)

N—o0

T 44LdVH))
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Define

K siz-e dorn.lant popula.tion _ M 7 (1.10)
size active population N

which is the relative size of the dormant population compared to the active population.
It was shown in [12] that the limiting process (x(t),y(t)),, in (1.9) evolves according
to the stochastic differential equation

dz(t) = c[y(t) — z(t)] dt + /x(t)(1 — z(t)) dw(t), L.11)
dy(t) = = [e(t) — y(B) dt, |

where (w(t))i>0 is a standard Brownian motion. The first term in the first line of
and the term in the second line of describe the exchange of active and
dormant individuals in the population. The second term in the first line of
describes the resampling in the active population. Note that the dormant population
does not resample and hence evolves only due the exchange with the active population.
In [12] it was shown that in the continuum Fisher-Wright model with seed-bank
eventually only one type is left.
For later generalisations, we define the exchange rate

€= 7 (1.12)
and rewrite equation as
dz(t) = Ke[y(t) — ()] dt + /z(t)(1 — z(t)) dw(t), (1.13)

The continuum process (z(t), y(t))i>0 evolving according to (1.13) will be the build-
ing block of the models analyzed in this thesis. The evolution given in (1.13)) is
schematically depicted in Fig.

The seed-bank coalescent. To describe the genealogy of the continuum Fisher-
Wright model with seed-bank, we sample n active individuals and m dormant indi-
viduals from the population at some large time and describe their ancestral lineages.
We distinguish between active and dormant lineages by giving them labels A for active
and D for dormant. The lineages behave according to the following rules:

e Each pair of active lineages coalesces at rate 1, independently of all other lin-
eages.

e Each active lineage becomes dormant at rate Ke.
e Each dormant lineage becomes active at rate e.

Note that dormant lineages cannot coalesce: they can only become active.
Formally the lineages are decribed by the so-called seed-bank coalescent that
was introduced in [I2]. Like the Kingman coalescent, the seed-bank coalescent is
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Figure 1.4: Schematic picture of the Fisher-Wright diffusion with seed-bank in (1.13). Active
individuals resample at rate 1 and become dormant at rate Ke. Dormant individuals become
active at rate e.

a partition-valued process, but in the seed-bank coalescent each partition element is
labeled by A or D to indicate whether the corresponding lineage is active or dormant.
In [12] it was shown that, as n and m tend to infinity, the ancestral lineages no longer
have a common ancestor a finite time back. Hence the seed-bank coalescent does not
come down from infinity in finite time. This result shows that the Fisher-Wright
model with seed-bank behaves qualitatively differently than the Fisher-Wright model
seed-bank.

Duality for the seed-bank model. For the Fisher-Wright model with seed-bank
we have a similar duality relation as for the Fisher-Wright model without seed-bank.

Let
N(s) = # active lineages left at time s,

. . (1.14)
M(s) = # dormant lineages left at time s.
Then the block-counting process (N(s), M(s))s>o has transition rates
(n—1,m), at rate (Z),
(n,m) - < (n—1,m+1), atrate nKe, (1.15)

(n+1,m—1), at rate me.

Let (z(t),y(t))t>0 be the Fisher-Wright diffusion with seed-bank evolving according
to and starting from state (z,y) € [0,1]%. Let (N(t), M(t))i>0 be the block-
counting process starting from state (n,m) € N2. Then, for all (n,m) € N2, (z,y) €
[0,1]2 and t > 0, the following relation holds:

B [((t))" (y()™] = B o Oy 0], (1.16)

Here, the expectation on the left-hand side is taken over the Fisher-Wright diffusion
with seed-bank, and the expectation on the right-hand side is taken over the block-
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counting process starting in (n,m). Thus, also the Fisher-Wright model with seed-
bank has a moment dual.

Wake-up time distribution of individuals. It has been recognised that qual-
itatively different behaviour may occur when the wake-up time of individuals in the
seed-bank changes from having a thin tail to having a fat tail [55], [50]. Fat-tailed
behaviour of the wake-up times is observed in colonies of bacteria. The drawback of
the Fisher-Wright model with seed-bank is that it gives thin tails for the wake-up
time of individuals. If we define the wake-up time

T = time a lineage spends in the seed-bank before it wakes up again, (1.17)

then
L EXP(e). (1.18)

In Section we will show how we can adapt the Fisher-Wright model with seed-
bank to allow for more general wake-up times without loosing the Markov property.

Extensions of the Fisher-Wright model with seed-bank. Eventhough the
addition of a seed-bank to the Fisher-Wright model is relatively new, in the past
five years extensive research was done on extensions of the Fisher-Wright model with
seed-bank. An overview of the state of the art is given in [54].

§1.2.3 The Fisher-Wright model with multi-layer
seed-bank

A key idea in this thesis is that we can enrich the seed-bank with internal states to
allow for fat tails and still preserve the Markov property for the evolution. To give the
seed-bank an internal structure, we colour the dormant individuals with countably
many colours m € Ny. Thus, instead of one seed-bank we have an infinite sequence
of seed-banks, each with its own colour. Active individuals that become dormant are
assigned a colour m at rate e,,. If an active individual is assigned a colour m, then it
exchanges with a dormant individual of colour m. The colour m-dormant individual
loses its colour when it becomes active, but retains its type. Therefore, during the
evolution the relative size of the active population and the m-coloured seed-bank is
fixed.

Evolution equation. Define

size m-dormant population
K, = S O D meN,, (1.19)
size active population

which denotes the relative size of the m-dormant population with respect to the active
population. Let (z(t)):>0 denote the fraction of © in the active population at time ¢,
and (ym (t))i>0 the fraction of © in the m-dormant population at time t. So, we keep

10
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Figure 1.5: Schematic picture of the Fisher-Wright diffusion with layered seed-bank in .
Active individuals resample at rate 1, but exchange with a countable sequence of dormant
populations. At rate Knen an active individual becomes dormant with colour m. An m-
dormant individual becomes active at rate epn,.

track of the complete sequence of dormant populations. In the continuum limit, the
process (z(t), (Ym (t))men, )t>0 evolves according to

dz(t) = Z Kpem [Ym(t) — ()] dt + /2(t)(1 — z(t)) dw(¢),
meNo (1.20)
dym (t) = em [2(t) — ym (¢)] dt, m € Ny.
Comparing (1.20) to (1.13), we see that the active population exchanges with the
whole sequence of dormant populations. However, each dormant population only

evolves due to exchange with the active population. To ensure that active individuals
do not become dormant instantaneously, we must assume that

Z Kpen < oco. (121)

m€ENy

The evolution in (1.20) is depicted in Fig.

Genealogy. Like for the Fisher-Wright model with seed-bank, we can describe the
genealogy of the population. At a large time we sample from the population n active
individuals, labeled by A, and k,,, m-dormant individuals, labeled by D,,, for m € Nj.
Then the lineages of the sampled individuals evolve according to the following rules.

e Each pair of active lineages coalesces at rate 1, independently of all other lin-
eages.

e Each active lineage becomes m-dormant at rate K,,e,,.
e Each m-dormant lineage becomes active at rate e,,.

Similarly as for the Fisher-Wright model with (non-layered) seed-bank, we can define
a layered seed-bank coalescent and a corresponding block-counting process.

11
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Fat-tailed wake-up times. We define x to be the total rate at which an active
lineage becomes dormant, i.e.,

X = Z Kpem. (122)

meNy

Note that x < oo by (1.21]). The distribution of the wake-up time 7 defined in ((1.17])
for a lineage in the multi-layer seed-bank is given by

Knem _
Pir>t)= Y Tee emt, (1.23)

meENp
Choosing the relative sizes of the seed-banks (K,,)men, and the rates of exchange
(em)men, properly, we can mimic different wake-up time distributions. For example,
we can choose

K,, ~ Am“, em ~ Bm™?, m = oo
(1.24)
A, Be(0,00),a,eER, a<l<a+f,
where ~ means asymptotically equal. Then
P(r>t)~Ct™7, t — oo, (1.25)

where v = %’3_1 and C = %Bl’ﬁ‘(’y), with I' the Gamma-function. Therefore
we can choose the sizes K,,, and the rates e,, such that when we take the colours
into account we still have a Markov process, but when we ignore the colours in the
seed-bank we have a wake-up time that is fat-tailed.

Using the layered seed-bank model, we can choose the sequences (K., )men, and
(em)men, such that 0 < v < % in (L.25). It turns out that in this case the Fisher-
Wright diffusion with seed-bank in (1.20]) no longer eventually reach its fixed points.
(This was also observed in [I1] for a non-Markovian seed-bank model.) Hence, in this
parameter regime, the layered seed-bank can prevent loss of genetic variability.

A key quantity in the Fisher-Wright model with layered seed-bank is the relative
size of the total seed-bank with respect to the active population:

p= Z K. (1.26)

meENy

The case p = 0o shows different behaviour than the case p < oo (also this was observed
n [II]). For example, for the expected wake-up time 7 is we find

(1.27)

In the next section we will turn to the layered Fisher-Wright model with seed-bank in
the spatial setting. Also there the cases p < co and p = oo give rise to qualitatively
different long-term behaviour.

12
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§1.3 Summary of Part I

In Part [[] of this thesis we consider a spatial version of the continuum Fisher-Wright
models with seed-bank introduced in Sections In the spatial version in-
dividuals live in colonies, each with their own seed-bank, and are allowed to migrate
between colonies. The underlying geographic space is a countable Abelian group G.

The spatial Fisher-Wright model without seed-bank has been the object of intense
study. A sample of relevant papers and overviews is [66], [17], [20], [25], [22], [33],
[29], [27], [24], [41]. In these papers the convergence of the system to equilibrium was
proven. Parameter regimes were identified in which the spatial system converges to a
mono-type equilibrium, i.e., the system grows locally mono-type clusters of only © or
of only <>, or in which the system converges to a multi-type equilibrium, i.e., locally
both types are present. The first type of long-term behaviour is called clustering, the
second type is called coeristence. It was shown that the dichotomy between clustering
and coexistence for the spatial Fisher-Wright model without seed-bank is completely
determined by the migration kernel according to which individuals migrate between
colonies. If the migration kernel is transient, then coexistence prevails, while if the
migration kernel is recurrent, then clustering prevails.

We expect that the presence of the seed-bank affects the long-time behaviour
of the spatial system not only quantitatively but also qualitatively. To understand
how this comes about, we must find ways to deal with the richer behaviour of the
population caused by the motion in and out of the seed-bank. In [28] a spatial model
with seed-bank, migration and mutation was analysed. There the probability for two
individuals drawn randomly from two colonies to be identical by decent was computed
as a function of the distance between the colonies.

The first goal in Part[l]is to prove convergence to equilibrium for the spatial Fisher-
Wright model with seed-bank, and to identify the parameter regimes for clustering and
coexistence. The second goal is to identify the role of the wake-up time. We will show
that if the expected wake-up time is finite, then the dichotomy between clustering
and coexistence is completely determined by the migration kernel and the seed-bank
has only a quantitative effect on the long-term behaviour. However, if we allow the
wake-up time to have infinite mean and moderately fat tails, then both the exchange
rates with the seed-bank and the migration kernel determine the dichotomy. In that
case the seed-bank has both a quantitative and a qualitative effect on the long-term
behaviour. If the wake-up time has very fat tails, then the dichotomy is completely
determined by the seed-bank, independently of the migration kernel.

In what follows we first introduce three models of increasing generality that are
studied in Part [, After that we state the main results of Part | in words and briefly
comment on the techniques used.

Basic ingredients for the models in Part [I. We extend the continuum Fisher-
Wright models with seed-bank introduced in Sections to three spatial
models of increasing generality. In each of the three models, we consider populations
of individuals of two types — either © or ) —located in colonies on a geographic space
G that is a countable Abelian group. In each of the three models, the population in a

13
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colony consist of an active part and a dormant part. The repository of the dormant
population at colony i € G is called the seed-bank at i € G. Individuals in the active
part of colony 7 € G can resample, migrate and exchange with a dormant population.
Individuals in the dormant part of colony ¢ € G can only exchange with the active
population. An active individual that resamples chooses uniformly at random another
individual from its colony and adopts its type. The rate of resampling can be state-
dependent and is controlled by a diffusion function g : [0, 1] — R>( that satisfies the
criteria for state-dependent resampling in Section [1.2.1] When an active individual
at colony 7 € G migrates, it chooses a parent from another colony j € G and adopts
its type. In each of the three models the migration is described by a migration kernel
a(+,-), which is an irreducible G x G matrix of transition rates satisfying

a(i,j) =a(0,j—i) Vi,j€G, > a(0,i)< oc. (1.28)
i€G

Here, a(i,7) has to be interpreted as the rate at which an active individual at colony
i € G chooses an individual in the active part of colony j € G and adopts its type. An
active individual that becomes dormant exchanges with a randomly chosen dormant
individual that becomes active. The dormant part of the population only evolves due
to exchange of individuals with the active part of the population.

The three models we introduce below differ in the way the active population
exchanges with the dormant population. However, in each of the three models the ex-
change mechanism guarantees that the sizes of the active and the dormant population
stay fixed over time.

Since we look at continuum models obtained from individual-based models, we
are interested in the fraction of individuals of type © in the different colonies.

Model 1: single-layer seed-bank. In this model we consider a multi-colony ver-
sion of the continuum model in (L.13)). Each colony i € G has an active part A and
a dormant part D. For i € G and t > 0, let z;(t) denote the fraction of individuals
in colony i of type © that are active at time ¢, and y;(¢) the fraction of individuals
in colony 4 of type © that are dormant at time ¢. Like in in Section let
K € (0,00) be the relative size of the dormant population w.r.t. the active popula-
tion, and let e be the rate at which active and dormant individuals exchange. We
assume K and e to be the same for all colonies. The fractions of individuals of type ¢

in the population evolve according to the system of stochastic differential equations
(SSDE)

dz;(t) = Z a(i, j) [z;(t) — z;(t)] dt + /g(z;(t)) dw;(t) (1.29)
j€G
+ Kelyi(t) — zi(t)] dt,

dy;(t) = efz:(t) — yi(t)] dt, i €G, (1.30)

where (w;(t))i>0, ¢ € G, are independent standard Brownian motions. The first term
in ((1.29) describes the migration of active individuals from i to j at rate a(i,j). The
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second term in (|1.29)) describes the resampling of individuals at rate m(gl(f)m) in state
x. The third term in (1.29)) together with the term in (1.30) describe the exchange of
active and dormant individuals at rate e € (0, 00).

Model 2: multi-layer seed-bank. In this model we consider a multi-colony ver-
sion of the continuum model in . Therefore, for each ¢ € G a colony now consists
of an active part A and a sequence (Dy, )men, of dormant parts, labeled by their colour
m € Ny. As before, for i € G, let z;(¢) denote the fraction of individuals in colony ¢ of
type © that are active at time ¢, but now let y; ., (t) denote the fraction of individuals
in colony i of type © that are dormant with colour m at time ¢. Let e, € (0,00) be
the rate at which active individuals exchange with dormant individuals of colour m,
and let K, € (0,00) denote the relative size of the m-dormant population w.r.t. the
active population as in . We assume e,,, and K, to be the same for all colonies.
Then the fraction of © in the population evolves according to the SSDE

dzi(t) = D a(i,j) [a;(t) — z:(B)] dt + /g(a(t)) dwi(t) (1.31)

jeG
+ Z Kmem [yz,m(t) - xl(t)] dt’
meNy
dyim(t) = em[2i(t) — yim(t)]dt, m €Ny, i €G, (1.32)

where (w;(t))i>0,? € G, are independent standard Brownian motions. Comparing
(L.31)—(1.32) with (L.29)-(1.30)), we see that active individuals migrate (the first term
in (L.31)) and resample (the second term in (1.31))) in the same way, but now interact
with a sequence of dormant populations (the third term in and the term )
The dormant individuals only exchange with the active individuals.

Model 3: multi-layer seed-bank with displaced seeds. We can extend the
mechanism of Model 2 by allowing active individuals that become dormant to do so
in a randomly chosen colony. This amounts to introducing a sequence of irreducible
displacement kernels an,(+,-), m € Ny, satisfying

am(i,) = am(0,j — 1) Vi,j€G, Y am(0,i)=1 VYmeN, (1.33)
i€G

and replacing 7 by
dz;(t) = Za(i,j) [ (t) — ()] dt + /g(z(t)) dw;(t) (1.34)

Jj€EG
+ D> Kmem am (G 0) [yjm () — z:(t)] dt,
JEG meNy
dyim(t) = Y emam(i,j)[z;(t) —yim(®)]dt, meNg, i€G. (1.35)
Jj€G

Here, the third term in ((1.34) together with the term in (1.35]) describe the switch
of colony when individuals exchange between active and dormant. Namely, with
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probability a, (4, j) simultaneously an active individual in colony i becomes dormant
with colour m in colony j and a randomly chosen dormant individual with colour m
in colony j becomes active in colony 4.

Two key quantities. Like in Section|l.2.3] in Models 2 and 3 we must assume that

X= Y Kpem <00 (1.36)

m&ENy

in order to make sure that active individuals do not become dormant instantly. Like
in Section in Models 2 and 3 we set

size dormant population
p= Z K, = s : . (137)
size active population

m&ENy
It turns out that y and p are key quantities of the system. In particular, we will see
that the long-time behaviour of Models 2 and 3 is different for p < co and p = oc.

Main results of Part [Il

(1) For all three models the system convergences to a unique equilibrium that ex-
hibits a dichotomy between clustering and coezistence. In all three models the
density of ¢ in the population is preserved over time, and in both the clustering
case and the coexistence case the equilibrium depends on the initial density of ©.
In the coexistence case the limiting equilibrium also depends on the resampling
function, the exchange rates with the seed-bank and the migration kernel.

(2) For all three models we identify the parameter regimes for clustering and co-
existence. These parameter regimes do not depend on the resampling function
g.

(2a) In Model 1 the wake-up time has finite mean. The dichotomy between
coexistence and clustering is controlled by the migration only and the seed-
bank has no effect on the dichotomy. In particular, clustering prevails when
the symmetrised migration kernel is recurrent, while coexistence prevails
when it is transient. This result is the classical dichotomy for populations
without seed-bank [I4].

(2b) In Model 2 the wake-up time can have both finite mean and infinite mean.
If the wake-up time has finite mean, then the dichotomy between coexist-
ence and clustering is controlled by the migration only and the seed-bank
has no effect, similarly as for Model 1. If the wake-up time has infinite
mean with moderately fat tails, then the dichotomy is controlled by both
the migration and the seed-bank. In particular, the parameter regimes for
clustering and coexistence reveal an interesting interplay between rates for
migration and rates for exchange with the seed-bank. If the wake-up time
has infinite mean with very fat tails, then the dichotomy is controlled by
the seed-bank only and the migration has no effect. For infinite mean
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wake-up times it turns out that in the coexistence regime the seed-banks
with colour m — oo are in a state that is almost surely equal to the initial
density of © in the population. Therefore deep seed-banks become determ-
1mastic.

(2¢) In Model 3, the extra migration of active individuals that become dormant
makes coexistence more likely. This extra migration can be incorperated
into the dichotomy criterion obtained for model 2.

Techniques used in Part [l To prove the dichotomy, we first consider the three
models when the resampling function is g(x) = dz(1 —x), d € R4. For these diffusion
functions we have duality relations similarly as those introduced in Section[L.2] As will
be explained in detail in Part[[] the lineages in the dual of the spatial model behave
like a set of coalescing random walks. Afterwards, we can use comparison techniques
to extend the results to a general resampling function g. To prove convergence to a
unique equilibrium in the case of coexistence, we make use of coupling techniques.

§1.4 Summary of Part

Part [[T] of this thesis focuses on spatial populations with seed-bank where the under-
lying geographic space is the so-called hierarchical group, which we introduce next.

Hierachical lattice. The hierarchical lattice of order N is given by

QN = {E = (gk)kENo: €k € {0715--~7N - 1}a Z gkr < 00}7 (138)

keNg

which with addition modulo N becomes the hierarchical group of order N (see
Fig. . The hierarchical distance is defined by

dQN(§7TI):dQN(O75_n):min{kENO: §l=771Vle}a fﬂ]eQN- (139)

Intuitively, depicting Q2 as the leaves of an infinite tree as in Fig. the distance
between two points on €y is the number of branches we have to travel upwards in
the tree to find a common node.

The choice of Qy as geographic space plays an important role for population
models, and was first exploited in [65] in an attempt to formalise ideas coming from
ecology. One interpretation is that the sequence (£)ren, encodes the ‘address’ of
colony &: & is the ‘house’, & is the ‘street’, &, is the ‘village’, €3 is the ‘province’; &4
is the ‘country’, and so on.

The goal of Part [[T] of this thesis is to study the spatial Fisher-Wright model
with seed-bank on the hierarchical lattice when the order N of the hierarchical group
tends to infinity. This limit is called the hierarchical mean-field limit. To analyse
the limiting system, it turns out that we have to consider different space-time scales.
In what follows we first set up the model. After that we explain how the different
space-time scales come into play in a natural way.

17
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|

2-block

3-block

Figure 1.6: Close-ups of a 1-block, a 2-block and a 3-block in the hierarchical group of
order N = 3. The elements of the group are the leaves of the tree (indicated by O’s). The
hierarchical distance between two elements in the group is the graph distance to the most
recent common ancestor in the tree: do,(n,() =2 for n and ¢ in the picture.

Hierarchical migration. We construct a migration kernel a‘*¥ (-,-) on the hier-
archical group Qp built from a sequence of migration rates

¢ = (ck)ren, € (0,00)" (1.40)
that do not depend on N. Individuals migrate as follows:

e For all £ € N, each individual chooses at rate ck_l/Nk*1 the block of radius k&
around its present location and selects a colony uniformly at random from that
block. Subsequently it selects an individual in this colony uniformly at random
and adopts its type.

Since the block of radius k contains N* colonies, the migration kernel is given by

Clk—1 1
QQN(VYaf): Z Nk_lmv n7£€QN7n#€7 GQN(ﬂaU):Oa 77€QN
k>da (0,€)
(1.41)
We assume that
Z a™ (n,€) < 0o (1.42)
£eQnN

to guarantee that the total migration rate per individual is finite.

Evolution on the hierarchical lattice. The evolution of the single colonies in
Part [[I] is similar to the evolution of the single colonies in Part [l in Model 2. The
difference is that in the hierarchical setting we let the migration rates and the exchange
rates depend on the order N of the hierarchical group. For £ € Qp, define

x¢(t) = the fraction of active individuals of type © at colony ¢ at time ¢,

Ye.m(t) = the fraction of m-dormant individuals of type © at colony & and time t.
(1.43)
Active individuals exchange with dormant individuals with colour m at rate <,
where e, € (0,00). Like in , let K, be the relative size of the m-dormant pop-

ulation with respect to the active population. Like in Part I} the sequences (Kp,)men,
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and (€, )men, are the same for all colonies. Also here we allow for a general diffusion
function g : [0, 1] — Rxg satisfying the conditions in Section [1.2.1]

The fraction of individuals of type © in the population evolves according to the
SSDE

dre(t) = Y a™ (& m)lwy(t) — ze(O)] dt + /g(xe(t)) dwe(?)

neQn

Knem
+ D T e () — ae(t)] dt, (1.44)
meENg

em
dye,m(t) = N [we(t) — ye.m(t)] dt,  m € Ny, £ € Qy,

where we assume that ZmGNQ K]”\';f;'" < oo. The first term in the first equation
describes the evolution of the active population at colony & due to migration, the
second term due to resampling. The third term in the first equation and the term
in the second equation describe the exchange between the active and the dormant
population at colony & (see Fig. . Like the migration rates, the exchange rates
between the active and the dormant population depend on the order N of the hier-
archical group. Since dormant individuals are not subject to resampling or migration,
the dynamics of the dormant population is completely determined by the exchange

with the active population.

resampling exchange

O

A\ Koeg N
—_— Dy

. . €o
migration Kjeq /N,
—_—
— 7 D,
—) A “

Kmemme
(em/Nm Dm

Figure 1.7: Active indwiduals (A) are subject to migration, resampling and exchange with
dormant individuals (D). When active individuals become dormant they are assigned a colour
(Dr, m € Ng), which they lose when they become active again. The resampling rate in the
active popluation depends on the type-Q frequency x and equals g(x)/x(1 — x).

Evolution of block averages. The choice of the migration kernel in (1.41)) implies
that, for every k € N, at rate =< ﬁ individuals choose a space horizon of distance
k + 1 and subsequently choose a random colony from that space horizon. Therefore,

in order to see interactions over a distance k+ 1 for large N, we need to speed up time
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by a factor N*. A similar observation applies to the interaction with the seed-bank.
Dormant individuals with colour k£ become active at rate < ﬁ Therefore, in order
to see interactions with the k-dormant population for large N, we need to speed up
time by a factor N*. To analyse the effective interaction on different time scales N*,

k € Ny we introduce successive block averages.

Definition 1.4.1. For k € Ny, let
B(0) = {n € Qn: day(0,n) < k}

denote the k-block around 0. Define the k-block average around 0 at time N*t by

1
T (t) = NF Z z,(N*1),
nE€By(0)
U 1 . (1.45)
ym,k(t) = m Z yn,m(N t), m € No.
n€ By (0)
|

The k-block average represents the dynamics of the system averaged over the N*
colonies around 0 with time speeded up by a factor N*. Therefore we say that the
k-block average represents the dynamics of the system on space-time scale k, or on
hierarchical level k.

To obtain the hierarchical mean-field limit, we analyse the block averages defined
above in the limit as N — oo, for which we expect a seperation of space-time scales.
It turns out that in this limit each of the block averages preforms an autonomous
diffusion, similar to the diffusion preformed by a single colony.

Main results Part I

(1) For fixed N the results obtained in Part [I| are applied to the hierarchical model
with seed-bank. For two classes of parameters the clustering regime is identified.
In case the wake-up time has infinite mean, the clustering regime exhibits a trade
off between the exchange rates and the migration rates.

(2) The hierarchical mean-field limit is identified, i.e., the evolution of the k-block
averages defined in is determined in the limit N — oco. For all £ € Ny, the
limiting k-block averages evolve according to a k-dependent SSDE, from which
we can read off the following results:

(2a) For each k € Ny, if N — oo, then the migration terms in the evolution of
the active k-block average can be replaced by a drift towards the active
block one level up, i.e., a drift towards the active (k + 1)-block average.
This phenomenon is called decoupling.

(2b) For each k € Ny, if N — o0, then the resampling rate of the active k-
block average is the average resampling rate of the colonies within the
k-block. The resampling rate of the active k-block is given by the k-fold
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iteration of a renormalisation transformation F applied to the original
diffusion function g. The resulting diffusion function F*)g is called the
renormalised diffusion function.

(2¢) For each k € Ny, if N — oo, then the active k-block exchanges only with
the dormant k-block of colour k. Therefore we say that the k-dormant
population is the effective seed-bank on level k. The k-block averages of
dormant populations of colours m < k start equalising with the active k-
block averages and are called fast seed-banks. The seed-banks of colours
m > k do not change and stay in a fixed state. These seed-banks are
refered to as slow seed-banks.

(2d) For each k € Ny, if N — oo, then the migration terms in the evolution
of the active k-block averages, induce a drift towards the (k + 1)-block
average. It is in this way that subsequent block averages are connected.
The connection between different hierarchical levels is captured by what is
called the interaction chain.

(3) With the help of the interaction chain, the attracting orbit of the renormalisa-
tion transformation acting on the space of diffusion functions is analysed. In
the clustering regime and after appropriate scaling, the renormalised diffusion
function F*)g converges to the Fisher-Wright diffusion function as k — oo,
irrespective of the diffusion function g controlling the resampling in the single
colonies. This convergence shows that the hierarchical system exhibits wuni-
versality on large space-time scales in terms of the scaling limit. For several
subclasses of parameters the scaling of the renormalised diffusion function is
identified. This scaling reveals a delicate interplay between the parameters con-
trolling the migration and the seed-bank and also determines the speed at which
mono-type clusters grow in space and time.

Techniques used in Part [[I. To prove the results in Part [[T] we use the abstract
schemes for mean-field analysis that were introduced in [21], [25] and [15]. To analyse
the behaviour of the seed-bank, we use coupling results and a random walk interpret-
ation of the system that is proven in Part [l For the analysis of the renormalisation
transformation we proceed like in [5].

§1.5 Further research

Two topics that would be interesting to study are the finite-systems scheme and the
genealogy and cluster formation.

Finite-systems scheme. In Part[]we analyse a spatial version of the Fisher-Wright
model with seed-bank where the underlying space is a countable Abelian group. A key
question is how well the infinite systems introduced in Part [[| can approximate “real-
world” finite systems. To answer this question, we use the so-called finite-systems
scheme that was introduced in [I5]. In the finite-systems scheme we trucate both the
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geographic space and the seed-bank, and subsequently let both the truncation level
and the time tend to infinity, properly tuned together.

In an upcoming paper [44], we focus on Model 2, introduced in Section and
evolving according to 7. We study the truncated system in the parameter
regime of coexistence for the non-truncated system. This parameter regime is iden-
tified in one of the main theorems in Part [ For truncated finite systems, we always
get clustering. To obtain a meaningful scaling limit, the truncation level and the time
are scaled in such a way that we are just at the verge of seeing the clustering of the
finite system coming in. We find that, with this scaling, the finite system behaves like
the infinite system in equilibrium in the coexistence regime, but with a density of O
that is random.

Again we see a difference in behaviour between p < oo and p = oo. In case p < oo,
we can adapt classical techniques to analyse the finite-systems scheme and the results
lead to a single universality class. In case p = 0o, we can tune the speed at which the
seed-bank tends to infinity relative to the speed at which the geographic space tends
to infinity. This leads to new phenomena, and different universality classes appear.

Cluster formation and genealogy. It would be interesting to study the growth
of monotone clusters in the spatial setting. A short introduction to cluster formation
will be given in the setting of the hierarchical group in Part [[Il However, it would be
interesting to see what the effect of the seed-bank is on the cluster formation. Closely
related to the cluster formation is the genealogy. Scaling of the genealogy leads to
continuum random trees with dormancy. We have not yet started this part of the
research.

§1.6 Outline of the thesis

Part [T of this thesis is based on [43]. It treats the general setting of spatial popula-
tions with seed-bank. In Chapter [2] we formally introduce the models of Section [L.3
and subsequently state the main results about well-posedness, duality and long-term
behaviour. Chapter [3is devoted to the proofs of the main results stated in Chapter [2]

Part [l is based on the upcoming paper [45]. It treats the spatial hierarchical
seed-bank model introduced in Section In Chapter [ we formally introduce the
hierarchical seed-bank model and subsequently state the main results about multi-
scaling renormalisation and universality. Chapters are devoted to the proofs of
the main results stated in Chapter
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PART 1

SPATIAL POPULATIONS WITH
SEED-BANK:
WELL-POSEDNESS, DUALITY
AND EQUILIBRIUM

This part is based on:
A. Greven, F. den Hollander, and M. Oomen. Spatial populations with seed-bank:
well-posedness, duality and equilibrium. Preprint, 2020
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CHAPTER

Spatial populations with seed-bank,
models and results

§2.1 Background and outline

§2.1.1 Background and goals

In populations with a seed-bank, individuals can become dormant and stop repro-
ducing themselves, until they can become active and start reproducing themselves
again. In [10] and [12], the evolution of a population evolving according to the Fisher-
Wright model with a seed-bank was studied. In this model individuals are subject to
resampling and can move in and out of a seed-bank. While in the seed-bank they sus-
pend resampling, i.e., the seed-bank acts as a repository for the genetic information
of the population. Individuals that do not reside in the seed-bank are called active,
those that do are called dormant. In the present paper we extend the single-colony
Fisher-Wright model with seed-bank introduced in [12] to a multi-colony setting in
which individuals live in different colonies and move between colonies. In other words,
we introduce spatialness.

Seed-banks are observed in many taxa, including plants, bacteria and other micro-
organisms. Typically, they arise as a response to unfavourable environmental condi-
tions. The dormant state of an individual is characterised by low metabolic activity
and interruption of phenotypic development (see e.g. Lennon and Jones [55]). After
a varying and possibly large number of generations, dormant individuals can be re-
suscitated under more favourable conditions and reprise reproduction after having
become active. This strategy is known to have important implications for population
persistence, maintenance of genetic variability and stability of ecosystems. It acts as
a buffer against evolutionary forces such as genetic drift, selection and environmental
variability. The importance of this evolutionary trait has led to several attempts to
model seed-banks from a mathematical perspective, see e.g. [50], [II], [40], [@]. In
[12] it was shown that the continuum model obtained by taking the large-colony-size
limit of the individual-based model with seed-bank is the Fisher-Wright diffusion with
seed-bank. Also the long-time behaviour and the genealogy of the continuum model
with seed-bank were analysed in [12].

In the present paper we consider a spatial version of the continuum model with
seed-bank, in which individuals live in colonies, each with their own seed-bank, and
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are allowed to migrate between colonies. Our goal is to understand the change in
behaviour compared to the spatial model without seed-bank. The latter has been the
object of intense study. A sample of relevant papers and overviews is [60], [17], [20],
[25], [22], [33], [29], [27], [24], [41]. We expect the presence of the seed-bank to affect
the long-time behaviour of the system not only quantitatively but also qualitatively.
To understand how this comes about, we must find ways to deal with the richer
behaviour of the population caused by the motion in and out of the seed-bank. Earlier
work on a spatial model with seed-bank, migration and mutation was carried out
in [28], where the probability to be identical by decent for two individuals drawn
randomly from two colonies was computed as a function of the distance between the
colonies.

It has been recognised that qualitatively different behaviour may occur when the
wake-up time in the seed-bank changes from having a thin tail to having a fat tail
[65]. One challenge in modelling seed-banks has been that fat tails destroy the Markov
property for the evolution of the system. A key idea of the present paper is that we
can enrich the seed-bank with internal states — which we call colours — to allow for fat
tails and still preserve the Markov property for the evolution. We will see that fat
tails induce new universality classes.

The main goals of the present paper are the following:

(1) Identify the typical features of the long-time behaviour of populations with a
seed-bank. In particular, prove convergence to equilibrium, and identify the
parameter regimes for clustering (= convergence towards locally mono-type
equilibria) and coezistence (= convergence towards locally multi-type equilib-
ria).

(2) Identify the role of finite versus infinite mean wake-up time. Identify the critical
dimension in case the geographic space is Z%, d > 1, i.e., the dimension at which
the crossover between clustering and coexistence occurs for migration with finite
variance.

(2a) Show that if the wake-up time has finite mean, then the dichotomy between
coexistence and clustering is controlled by the migration only and the seed-
bank has no effect. In particular, clustering prevails when the symmetrised
migration kernel is recurrent while coexistence prevails when it is transient.
This is the classical dichotomy for populations without seed-bank [14]. The
critical dimension is d = 2.

(2b) Show that if the wake-up time has infinite mean with moderately fat tails,
then the dichotomy is controlled by both the migration and the seed-bank.
In particular, the parameter regimes for clustering and coexistence reveal
an interesting interplay between rates for migration and rates for exchange
with the seed-bank. The critical dimension is 1 < d < 2.

(2¢) Show that if the wake-up time has infinite mean with very fat tails, then
the dichotomy is controlled by the seed-bank only and the migration has
no effect. The critical dimension is d = 1.
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We focus on the situation where the individuals can be of two types. The exten-
sion to infinitely many types, called the Fleming-Viot measure-valued diffusion, only
requires standard adaptations and will not be considered here (see [25]). Also, in-
stead of Fisher-Wright resampling we will allow for state-dependent resampling, i.e.,
the rate of resampling in a colony depends on the fractions of the two types in that
colony. In what follows we only work with continuum models, in which the com-
ponents represent type frequencies in the colonies labelled by a discrete geographic
space.

The techniques of proof that we use include duality, moment relations, semigroup
comparisons and coupling. These techniques are standard, but have to be adapted to
the fact that individuals move into and out of seed-banks. Since there is no resampling
and no migration in the seed-bank, the motion of ancestral lineages in the dual process
looses part of the random-walk structure that is crucial in models without seed-bank.
Moreover, for seed-banks with infinite mean wake-up times, we encounter fat-tailed
wake-up time distributions in the dual process, and we need to deal with lineages
that are dormant most of the time and therefore are much slower to coalesce. The
coupling arguments also change. Already in a single colony, if the seed-bank has
infinitely many internal states, then we are dealing with an infinite system in which
the manipulation of Lyapunov functions and the construction of successful couplings
from general classes of initial states is hard. In the multi-colony setting this becomes
even harder, and conceptually challenging issues arise.

§2.1.2 Outline

In Section 2.2 we introduce three models of increasing generality, establish their well-
posedness via a martingale problem, and introduce their dual processes, which play
a crucial role in the analysis. In Section we state our main results. We focus on
the long-time behaviour, prove convergence to equilibrium, and establish a dichotomy
between clustering and coexistence. We show that this dichotomy is affected by the
presence of the seed-bank, namely, the dichotomy depends not only on the migration
rates, but can also depend on the relative sizes of the active and the dormant popu-
lation and their rates of exchange. In particular, if the dormant population is much
larger than the active population, then the residence time in the seed-bank has a fat
tail that enhances genetic diversity significantly.

Sections 3.1 are devoted to the proofs of the theorems stated in Sections
In Appendix[A-T]we give the derivation of the single-colony continuum model from
the single-colony individual-based Fisher-Wright model in the large-colony-size limit.
In the individual-based model active individuals ezchange with dormant individuals,
i.e., for each active individual that becomes dormant a dormant individual becomes
active. In Appendix[A.2]we look at the continuum limit of the single-colony individual-
based Moran model in which active and dormant individuals no longer exchange state
but rather change state independently. We show that change instead of exchange
does not affect the long-time behaviour. Appendices and contain the proof
of technical lemmas that are needed in the proof of the convergence to equilibrium.

In three companion papers we deal with three further aspects:
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(T1T)

In [44] we establish the finite-systems scheme, i.e., we identify in the coexistence
regime how a finite truncation of the system behaves as both the time and
the truncation level tend to infinity, properly tuned together. This underlines
the relevance of systems with an infinite geographic space and a seed-bank
with infinitely many colours for the description of systems with a large finite
geographic space and a seed-bank with a large finite number of colours. We
show that there is a single universality class for the scaling limit, represented
by a Fisher-Wright diffusion whose volatility constant is reduced by the seed-
bank. We show that if the wake-up time has finite mean, then the scaling time
is proportional to the geographical volume of the system, while if the wake-up
time has infinite mean, then the scaling time grows faster than the geographical
volume of the system. We also investigate what happens for systems with a large
finite geographic space and a seed-bank with infinitely many colours, where the
behaviour turns out to be different.

In [45] we consider the special case where the colonies are organised in a hier-
archical fashion, i.e., the geographic space is the hierarchical group Qy of order
N. We identify the parameter regime for clustering for all N < oo, and ana-
lyse the multi-scale behaviour of the system in the hierarchical mean-field limit
N — oo by looking at block averages on successive hierarchical space-time
scales. Playing with the migration kernel, we can choose the migration to be
close to critically recurrent in the sense of potential theory. By letting N — oo
we can approach the critical dimension, so that the migration becomes similar
to migration on the two-dimensional Euclidean geographic space. With the help
of renormalisation arguments we show that, close to the critical dimension, the
scaling behaviour on large space-time scales is universal.

Our goal for the fourth paper is to identify the pattern of cluster formation in
the clustering regime (= how fast mono-type clusters grow in time) and describe
the genealogy of the population. The latter provides further insight into how
the seed-bank enhances genetic diversity.

In these papers too we will see that the seed-bank can cause not only quantitative
but also qualitative changes in the scaling behaviour of the system.

§2.2 Introduction of the three models and their ba-

sic properties

In Section we give a formal definition of the three models of increasing gener-

ality.

In Section we comment on their biological significance. In Section [2.2.3

we establish their well-posedness via a martingale problem (Theorem . In Sec-
tion [2:2.4] we introduce the associated dual processes and state the relevant duality
relations (Theorems [2.2.5] [2.2.8] and [2.2.10]). In Section we use these duality
relations to formulate a criterion for clustering versus coexistence (Theorems [2.2.11

and 2-2.13).
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§2.2.1 Migration, resampling and seed-bank: three
models

In this section we extend the model for a population with seed-bank from [I2] to three
models of increasing generality for spatial populations with seed-bank. In each of the
three models, we consider populations of individuals of two types — either © or { —
located in a geographic space G that is a countable Abelian group endowed with the
discrete topology. In each of the three models, the population in a colony consist of an
active part and a dormant part. The repository of the dormant population at colony
i € G is called the seed-bank at ¢ € G. Individuals in the active part of a colony
1 € G can resample, migrate and exchange with a dormant population. Individuals
in the dormant part of a colony ¢ € G only exchange with the active population.
An active individual that resamples chooses uniformly at random another individual
from its colony and adopts its type. (Alternatively, resampling may be viewed as the
active individual being replaced by a copy of the active individual chosen. Because
individuals carry a type and not a label, this gives the same model.) When an active
individual at colony i € G migrates, it chooses a parent from another colony j € G and
adopts its type. In each of the three models the migration is described by a migration
kernel a(-,-), which is an irreducible G x G matrix of transition rates satisfying

a(i,j) =a(0,j—i) Vi,j€G, > a(0,i) < oo. (2.1)
i€G

Here, a(i,j) is to be interpreted as the rate at which an active individual at colony
i € G chooses a parent in the active part of colony j € G and adopts its type. An
active individual that becomes dormant ezchanges with a randomly chosen dormant
individual that becomes active. The three models we discuss in the present paper differ
in the way the active population exchanges with the dormant population. However,
in each of the three models the exchange mechanism guarantees that the sizes of the
active and the dormant population stay fixed over time. The dormant part of the
population only evolves due to exchange of individuals with the active part of the
population.

Since we look at continuum models obtained from individual-based models, we
are interested in the frequencies of type © in the different colonies. In Appendix
we discuss the individual-based models underlying the continuum models described
below.

Remark 2.2.1 (Notation). Throughout the paper we use lower case letters for
components and upper case letters for systems of components. |

Model 1: single-layer seed-bank. Each colony i € G has an active part A and
a dormant part D. Therefore we say that the effective geographic space is given by
G x{A,D}. Fori € G and t > 0, let x;(¢) denote the fraction of individuals in colony
i of type QO that are active at time ¢, and y;(t) the fraction of individuals in colony i
of type © that are dormant at time ¢. Then the system is described by the process

(Z(t))t>0, Z(t) = (Zi(t))ie([}’ 2i(t) = (z(t), yi(t)), (2.2)
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on the state space
E=([0,1] x [0,1))°, (2.3)

and (Z(t))i>o evolves according to the following SSDE:

deit) = S ali,g) [25(t) — 2a(t)] dt + Az (O — i(0)] dwi(t)  (2.4)
jeG
+ Ke[y:(t) — z:(t)] dt,

dyv(t) = € [$7(t) - yv(t)] dta i € Gv (25)

where (w;(t))t>0, ¢ € G, are independent standard Brownian motions. As initial state
Z(0) = z we may pick any z € E. The first term in describes the migration of
active individuals at rate a(i,j). The second term in describes the resampling
of individuals at rate d € (0,00). The third term in together with the term in
describe the ezchange of active and dormant individuals at rate e € (0, 00).

resampling
. . ( ) d
migration exchange
¥
K
—_— —_
— A (e_ D

Figure 2.1: The evolution in model 1. Individuals are subject to migration, resampling and
exchange with the seed-bank.

The factor K € (0, 00) is defined by

size dormant population
L (2:6)
size active population

and is the same for all colonies ¢ € G. The factor K turns up in the scaling limit
of the individual-based model when there is an asymmetry between the sizes of the
active and the dormant population (see Appendix. In Fig. we give a schem-
atic illustration of the process 7. A detailed description of the underlying
individual-based model, as well as a derivation of the continuum limit 7
from the individual-based model following [12], can be found in Appendix The

continuum limit is also referred to as the frequency limit or the diffusion limit.
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Remark 2.2.2 (Interpretation of the state space.). Note that the state space
of the system can also be written as

E=10,1°%  S=Gx{A,D}, (2.7)

where A denotes the reservoir of the active population and D the repository of the
dormant population. With that interpretation, the process is denoted by

(Z®)ez0,  Z(t) = (2u(t)) e (2.8)
with 2z, (t) = z;(¢) if uw = (4, A) and z,(¢t) = y;(t) if w = (4, D). To analyse the system
we need both interpretations of the state space. |

resampling

migration ‘ ’d exchange
A\ A Koeqg i

—_—

>

Figure 2.2: The evolution in model 2. Individuals are subject to migration, resampling and
exchange with the seed-bank, as in model 1. Additionally, when individuals become dormant
they get a colour and when they become active they loose their colour.

Model 2: multi-layer seed-bank. In this model we give the seed-bank an internal
structure by colouring the dormant individuals with countably many colours m €
Np. Active individuals that become dormant are assigned a colour m that is drawn
randomly from an infinite sequence of colours labeled by Ny (see Fig. for an
illustration). As will be explained in Section this captures the different ways
in which individuals can enter into the seed-bank. In Section 2.2.4] we will show how
this internal structure allows for fat tails in the wake-up times of individuals while
preserving the Markov property.

For each ¢ € G a colony now consists of an active part A and a whole sequence
(D) men, of dormant parts, labeled by their colour m € Ny. Therefore in this model
the effective geographic space is given by G x {A, (D) men, }-

As before, for i € G, let x;(t) denote the fraction of individuals in colony i of type
QO that are active at time ¢, but now let y; ,,(¢) denote the fraction of individuals in
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colony i of type © that are dormant with colour m at time ¢. Then the system is
described by the process

(Zt)iz0,  Z(t) = (2(t),cer () = (@i(1), (Yim (t))meno); (2.9)

on the state space

E = ([0,1] x [0, 1]0)©. (2.10)

Suppose that active individuals exchange with dormant individuals with colour m at
rate e, € (0,00), and let the factor K,, € (0,00) capture the asymmetry between
the size of the active population and the m-dormant population, i.e., similarly as in

29).

size m-dormant population
Ky = — . POPT ; m € N, (2.11)
size active population

where K,,, € (0,00) is the same for all colonies. Then the process (Z(t));>o evolves
according to the SSDE

dei(t) = 3 ali,f) [y (t) — wi(t)] dt + /([ — 2i(0)] duwi(t)  (2.12)

Jj€G
+ Y e [yim(t) — ()] dt,
meNy
dyim(t) = em[zi(t) —yim(@)]dt,  meNy, i€G, (2.13)

where we have to assume that

> Kmem < o, (2.14)

meENp

since otherwise active individuals become dormant instantly. Comparing (2.12)—(2.13))
with the SSDE of model 1 in (2.4)—(2.5), we see that active individuals migrate (the
first term in (2.12)), resample (the second term in (2.12)), but now interact with a
whole sequence of dormant populations (the third term in and the term in
(2.13)). As initial state Z(0) = z we may again take any z € E.

Remark 2.2.3 (Interpretation of the state space.). Note that, like in Remark
the state space of the system can also be written as

E=100,17°  S=G x{A, (Dn)men, }- (2.15)
With this interpretation, the process is denoted by
Z)so,  Z(0) = (2(D) o (2.16)

with 2, (t) = z;(t) if uw= (4, A) and 2z, (t) = yi,m(t) if w = (4, D,,) for m € Ny. [ |

34



§2.2. Introduction of the three models and their basic properties

Model 3: multi-layer seed-bank with displaced seeds. We can extend the
mechanism of model 2 by allowing active individuals that become dormant to do so
in a randomly chosen colony. This amounts to introducing a sequence of irreducible
displacement kernels an,(-,-), m € Ny, satisfying

A (i,) = am(0,j — i) Vi,j€G, Y am(0,i)=1 VYm €Ny, (2.17)
i€G

and replacing 7 by
dz;(t) = Za(i,j) [;(t) — ()] dt + /dz;(t)[1 — 2 (¢)] dw, () (2.18)

jeG
+ Z Z Kmem am(ja 7’) [y],m(t) - ml(t)} dt’
JEG meNy
dyi,m(t) = Z €m am(iv.j) [xj(t) - yi,m(t)] dtv m € Ny, 7 € G. (219)
jeG

Here, the third term in together with the term in describe the switch
of colony when individuals exchange between active and dormant. Namely, with
probability a,, (4, j) simultaneously an active individual in colony ¢ becomes dormant
with colour m in colony j and a randomly chosen dormant individual with colour m
in colony j becomes active in colony i. The state space E is the same as in .

Also (2.9), (2.11)), (2.14]) and (2.16]) remain the same.
Two key quantities. In models 2 and 3 we must assume that

X= Y Kmem <00 (2.20)

meENy

in order to make sure that active individuals do not become dormant instantly. Define

ize d t lati
. Z K, — size dormant population (2.21)

size active population
méeNg

It turns out that p and x are two key quantities of our system. In particular, we will
see that the long-time behaviour of model 2 and model 3 is different for p < co and
p = 00.

§2.2.2 Comments

(1) Models 1-3 are increasingly more general. Model 2 is the special case of model
3 when a,,(0,0) =1 for all m € Ny, while model 1 is the special case of model
2 when ey = ¢, Ky = K and e,, = K,,, = 0 for all m € N. Nonetheless, in what
follows we prefer to state our main theorems for each model separately, in order
to exhibit the increasing level of complexity. In Appendix we explain how
2-4)-@5), @12)-@.13) and (@.18)-([2.19) arise as the large-colony-size limit
of individual-based Fisher-Wright models.
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As geographic space G we allow any countable Abelian group endowed with the
discrete topology. Key examples are the Euclidean lattice G = Z?, d € N, and
the hierarchical lattice G = Qx, N € N. In this paper we will focus G = Z%.
The case G = Qu will be considered in more detail in [45].

In model 1, each colony has a seed-bank that serves as a repository for the
genetic information (type © or <) carried by the individuals. Because the active
and the dormant population exchange individuals, the genetic information can
be temporarily stored in the seed-bank and thereby be withdrawn from the
resampling. We may think of dormant individuals as seeds that drop into the
soil and preserve their type until they come to the surface again and grow into
a plant.

In model 2, the seed-bank is a repository for seeds with one of infinitely many
colours. The colours provide us with a tool to model different distributions for
the time an individual stays dormant without loosing the Markov property for
the evolution of the system. Tuning the parameters K,, and e, properly and
subsequently forgetting about the colours, we can mimic different distributions
for the time an individual stays dormant. This is of biological significance,
especially in colonies of bacteria, where individuals stay dormant for random
times whose distribution is fat-tailed (see [59]).

In model 3, the seed may even be blown elsewhere. Individuals that displace
before becoming dormant are observed in plant-species as well as in bacteria
populations (see [59]).

In Appendixwe comment on what happens when the rates to become active
or dormant are decoupled, i.e., individuals are no longer subject to exchange
but move in and out of the seed-bank independently. This leads to a Moran
model where the sizes of the active and the dormant population can fluctuate.
We will show that, modulo a change of variables and a short transient period in
which the sizes of the active and the dormant population establish equilibrium,
this model has the same behaviour as the model with exchange.

In (2.4), (2.12) and (2.18) we may replace the diffusion functions dgrw, d €

(0,00), where
grw(z) = 2(1 — z), z € [0,1], (2:22)

is the Fisher-Wright diffusion function, by a general diffusion function in the
class G defined by

G ={g: 10,1] = [0,50): g(0) = g(1) = 0, g(x) > 0 Y & (0,1), g Lipschitz .

(2.23)
This class is appropriate because a diffusion with a diffusion function g € G
stays confined to [0,1], yet can go everywhere in [0,1] (Breiman [I3, Chapter
16, Section 7]). Picking g # grw amounts to allowing the resampling rate
to be state-dependent, i.e., the resampling rate in state x equals g(x)/z(1 — ),
€ (0,1). An example is the Kimura-Ohta diffusion function g(x) = [z(1—x)]?,
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€ [0, 1], for which the resampling rate is equal to the genetic diversity of the
colony. In the sequel we allow for general diffusion functions g € G in all three
models, unless stated otherwise.

§2.2.3 Well-posedness

For every law on E, with E depending on the choice of model, we want the SSDE for
models 1, 2 and 3 to define a Borel Markov process, i.e., the law of the path is a Borel
measurable function of the initial state for every starting point in the state space [17,
p.62]. We use a martingale problem, in the sense of [32, p.173], to characterize the
SSDE. Let

F = {f € Cp(E,R): f depends on finitely many components

2.24
and is twice continuously differentiable in each component}. ( )
The generator G of the process acting on F reads for model 1 ((2.4)—(2.5)),
. 0 1 02
G= Z ([Za(%])(%‘ ) s + 59(%‘)@
i€G j€G g (2.25)
0 0
Ke(yi — xi) 75— i~ Yi)a— |
+Kelyi—wi)g - +elz y)ayl)
for model 2 ((2.12)-(2.13)),
. 0 1 0?
G = Z ([ZM@J)(%‘ — ) oz + 59(%)@
1€G JjE€G ?
0 0
+ Z leem (yi,m - xz)aixl +em (in - yz,m)ay”n] ) )
meENg 5
(2.26)

while for model 3 ((2.18)—(2.19))) the last term in the right-hand side of (2.26) is to
be replaced by

.. 0 . 0
Z Z |:Km6m am(]u Z) (yj,m - xz)% +em am(la.j) (mj - yz,m)ay] . (227)

4,j€G meNy

Theorem 2.2.4 (Well-posedness: models 1-3). For each of the three models the
following holds:

(a) The SSDE has a unique strong solution in C([0,00), E). Its law is the unique
solution of the (G, F,d,)-martingale problem for all u € E.

(b) The process starting in u € E is Feller and strong Markov. Consequently, the
SSDE defines a unique Borel Markov process starting from any initial law on E.
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migration

coalescence
/£ Y active
Ke e
.............. [ dormant

Figure 2.3: Transition scheme for an ancestral lineage in the dual, which moves according
to the transition kernel b(-,-) in (2.31). Two active ancestral lineages that are at the same
colony coalesce at rate d.

§2.2.4 Duality

For ¢ = dgprw the three models have a tractable dual, which will be seen to play
a crucial role in the analysis of their long-time behaviour. For g # dgpw the three
models do not have a tractable dual. However, we compare them with models that
do and determine their long-time behaviour. In [I2] Sections 2.2 and 3] it was shown
that the non-spatial Fisher-Wright diffusion with seed-bank is dual to the so-called
block-counting process of a seed-bank coalescent. The latter describes the evolution
of the number of partition elements in a partition of n € N individuals, sampled from
the current population, into subgroups of individuals with the same ancestor (i.e.,
individuals that are identical by descent). The enriched dual generates the ancestral
lineages of the individuals evolving according to a Fisher-Wright diffusion with seed-
bank, i.e., generates their full genealogy. The corresponding block-counting process
counts the number of ancestral lineages left when traveling backwards in time. In this
section we will extend the duality results in [12] to the spatial setting.

Figure 2.4: Picture of the evolution of lineages in the spatial coalescent. The purple blocks
depict the colonies, the blue lines the active lineages, and the red lines the dormant lineages.
Blue lineages can migrate and become dormant, (i.e., become red lineages). Two blue lineages
can coalesce when they are at the same colony. Red dormant lineages first have to become
active (blue) before they can coalesce with other blue and active lineages or migrate. Note
that the dual runs backwards in time. The collection of all lineages determines the genealogy
of the system.

Model 1. Recall that for model 1, S = G x {4, D} is the effective geographic space.
For n € N the state space of the n-spatial seed-bank coalescent is the set of partitions
of {1,...,n}, where the partition elements are marked with a position vector giving
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their location. A state is written as 7, where
71—:((71-17771)7"-5(7rﬁ377ﬁ))3 n= |’/T‘,
me CA{1,...,n}, {m, - -mn} is a partition of {1,...,n}, (2.28)
nes, ¢(e{l,...,a}, 1<n<n.

A marked partition element (7, 7,) is called active if ny = (4, A) and called dormant
if n, = (4, D) for some j € G. The n-spatial seed-bank coalescent is denoted by

€™ (#))ez0, (2.29)

and starts from

C(n)(o) :W(O)v 71—(0) = {({1}777Z1)7"'7({n}7774n)}7 Moy MNe, € S. (230)

The n-spatial seed-bank coalescent is a Markov process that evolves according to
the following two rules.

(a) Each partition element moves independently of all other partition elements ac-
cording the kernel

a(i,j), if Ri=R;=A,

Ke ifi=j R, =A, Rj=D

(1) ) . y . — ’ Js ) 1) ] )

b ((7’7R1)7 (]7RJ)) e, if 4 —j, Rz — D, Rj — A7 (231)
0, otherwise,

where a(+, -) is the migration kernel defined in , K is the relative size of the
dormant population defined in , and e is the rate of exchange between the
active and the dormant population shown in (2.4)-(2.5). Therefore an active
partition element migrates according to the transition kernel a(-, -) and becomes
dormant at rate Ke, while a dormant partition element can only become active
and does so at rate e. In , the notation b") marks that the kernel refers
to model 1. Later we will use the notation 5 for model 2 and b®) for model
3.

(b) Independently of all other partition elements, two partition elements that are at
the same colony and are both active coalesce with rate d, i.e., the two partition
elements merge into one partition element.

The spatial seed-bank coalescent (C(t));>o is defined as the projective limit of the
n-spatial seed-bank coalescents (C™)(t));>0 as n — co. This object is well-defined by
Kolmogorov’s extension theorem (see [I2] Section 3]).

For n € N we define the block-counting process (L(t));>¢ corresponding to the n-
spatial seed-bank coalescent as the process that counts at each site (i, R;) € Gx{A, D}
the number of partition elements of C(™)(t), i.e.,

L(t) = (Lg,a(t), L, D)(t))ieG’

L ay(t) = L ay(C™ (¢ Z Lin,(t)=(i,4)} (2.52)

L,py(t) = L(i,D)(C(n) (t) = Lne(t)=(i,0)}-

M-I

~
Il

1
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Therefore (L(t));>0 has state space E' = (Ng x Ng)®. We denote the elements of E’
by sequences (m;, n;)icc, and define é; g,y € E’ to be the element of E’ that is 0 at
all sites (i, R;) € G x {4, D}\(], i), but 1 at the site (j, R;). From the evolution of
C(™)(t) described below (2 we see that the block-counting process has the following
transition kernel:

(mi,ni)ieg — 50 A+ 5(k A), at rate mja a(j, k) for j, k € G,

(s, )i — (mi,ni)iec — 0(j,A) at rate d("y) for ]’E G, (2.33)
(mi,ni)icc — 0(j,4) +9(j,p), at rate m;jKe for j € G,
(mi,ni)icc + 0¢j,a) — 0(j,p),  at rate nje for j € G.

The process (Z(t))i>o defined in (2.4)—(2.5) is dual to the block-counting process
(L(t))¢>0- The duality function H: E x E' — R is defined by

H(($i>yi)ie(}7 (mi, n;) Ze«;) |V T (2.34)
i€G

The duality relation reads as follows.

Theorem 2.2.5 (Duality relation: model 1). Let H be defined as in (2.34). Then
for all (z;,v:)icc € E and (m;,n;)icc € ',

E(Tfuyi)zﬂea [H((x%(t)v yi(t))iGGa (miv ni)ie@)]

(2.35)
=E(m;ni)ice {H<(17i7 Yi)ieG, (L(i,a) (1), L, D) (t))ie(})]

with E the generic symbol for expectation (on the left over the original process, on the
right over the dual process).

Since the duality function H gives all the mixed moments of (Z(t))¢>0, the duality
relation in Theorem 2.2.5] is called a moment dual.

Remark 2.2.6 (Effective geographic space). Interpreting (Z(t)):>0 as a process
on the effective geographic space S, recall Remark [2:2.2] we can rewrite the duality
relation. Let the block-counting process (L(t));>0 = (L(C(¢))¢>0 count at each site
u € S the number of partition elements of C(t), i.e.,

L(t) = (Lu(t))ues, ]

i (2.36)
Ly(t) = Lu(C(t)) = Z Lnet)=u}>
=1
and rewrite the duality function H in (2.34]) as
H( Zu7 u uES H Ziu (237)
u€eS
Then, for z € E and | € E/, the duality relation reads
E[H(zu(t),1u)] = E[H(zu, Lu(t))]. (2.38)
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Interpreting the duality relation in terms of the effective geographic space S, we see
that each ancestral lineage in the dual is a Markov chain that moves according to the
transition kernel () (-, ). Interpreting the duality relation in terms of the geographic
space G, we see that an ancestral lineage is a random walk moving on G, with internal
states A and D. Both interpretations turn out to be useful in analysing the long-time
behaviour of the system. |

Remark 2.2.7 (Wake-up times). Define (see Fig.

o = typical time spent by an ancestral lineage in state A

before switching to state D, (2.39)
T = typical time spent by an ancestral lineage in state D ’

before switching to state A.

(Here, the word typical refers to what happens to an ancestral lineage each time it
switches state at some geographic location. For a more precise definition we refer to

Section and Fig. [3.1}) Tt follows from that
—Ket

Ploc >t) = e_ , (2.40)

P(r >t) =e .
An ancestral lineage in the dual of the spatial seed-bank process behaves as an an-
cestral lineage in the dual of a spatial Fisher-Wright diffusion without seed-bank (see
e.g. [30]), but becomes dormant every once in a while. On the long run we expect an
ancestral lineage to be active only a fraction ﬁ of the time. We will see in Section
that the effect of the seed-bank on the long-time behaviour of the ancestral lin-
eages in the dual is a slow down by a factor ﬁ compared to the long-time behaviour
of the ancestral lineages in the dual of interacting Fisher-Wright diffusions without
seed-bank. ]

Model 2. The dual for model 2 arises naturally from the dual for model 1 by
adding internal states to the seed-bank and adapting the rates of becoming active
and dormant accordingly. Recall that for model 2 the effective geographic space is
S = G x {A,(Dm)men, }- Migration and coalescence are as before, but at every
colony switches between an active copy A and a dormant copy D,,, now occur at rates
ém, respectively, K, e,,. The spatial coalescent (C(t));>o in (2.29) starts from an
initial configuration like and evolves according to the same two rules, but the
transition kernel b(-, -) must be replaced by

a(iaj)a Ri:Rj:A7

Kmem, i:j, Ri:A, Rszm,mENo,
€m, Z'Zj,RiZDm,MENo,RjZA,
0, otherwise.

b (i, Ri), (G, Ry)) = (2.41)
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The corresponding block-counting process becomes

L(t) = (L(i,A)(t)’ (L(ivDNL)(t))mGNo)

i€G’
Li,a)(t) = Lii,a)(C Zl{m(t) (i, A0} (2.42)
L(i,p,) (1) = L0,y (C(1) = Y Ln(=(1.0,)3» ™M € No.
/=1

G
The state space is now given by £/ = (No X Nglo) , and the transition kernel becomes

(M, (Ni,m ) men, Jice

( JmeNo )ieG — 0(j,A) + O(k,4), at rate mja(j, k) for j,k € G,
( JmeNy )ieG = 6(j,A)5 at rate d("y) for j € G,

(Mg, (Ni,m)meN, )iee — 0(j,4) +0(;,p,.), at rate m; Ky e, for j € G,
( ) )iec +90(j,4) = 0(j,D,.),  at rate njme, for j € G.

(2.43)
The duality function H: E x E' — R is defined by

H((xhyi,m)ie(f},meNm (miyni,m)ieG,meN(,) =11 II =i (2.44)
1€G meNy

Theorem 2.2.8 (Duality relation: model 2). For (;,Y;im)icc,men, € E and
(MiyNMi.m)icG,men, € E',

E(zi,yi,m)ieG,7neN0 [H((‘TZ (t)v yi,m(t))ieG,mENov (mi> ni,m)ieG,meNo)]

= E(m; nim)ice,meng {H<($m Yi,m)ieG,meNo» (L) (1), L(i,Dm,)(t))iGG,meN‘g)}-
(2.45)

By rewriting the block-counting process as in Remark 2.2.6] the duality function can
be rewritten as

H((2u, lu)ues) = [ 24 (2.46)

u€S
and the duality relation reads

E[H ((2u(t)ues: (hues ) | = E[H((mu)ues, (Lu(ues) )| (247)

Remark 2.2.9 (Fat-tailed wake-up times.). Recall the definition of x in (2.20)
and the definition of p in (2.21f). Define
o = typical time spent by an ancestral lineage in the active state A
before switching to a dormant state Upen, Dm
T = typical time spent by an ancestral lineage in the dormant state U,,en, Dm

before switching to the active state A.
(2.48)
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Note that 7 does not look at the colour of the dormant state. It follows from (2.41))
that
P(o >t) =e X,

K,
P(r>t) = Z Zmbm e emt, (2.49)

meENy X

independently of the colony i € G. Hence

E[r] = (2.50)

P
"
If p < oo, then we invoke the seed-bank colours and use the balance equations for
recurrent Markov chains to see that each ancestral lineage in the dual in the long run
spends a fraction 2- +p of the time in the dormant state. Like in model 1, an ancestral
lineage in the dual behaves like an ancestral hneage in the dual of interacting Flsher—
Wright dlffuslons but is slowed down by a factor £ + . However, if p = oo, then (2
together with (2.50)) imply that each ancestral hneage in the dual behaves like a null-
recurrent Markov chain on {A, (D )men, }, and consequently the probability to be
active tends to 0 as t — co. Therefore we may expect that the long-time behaviour
of the system is affected by the seed-bank. In particular, choosing

-B

K, ~Am™%, en,~Bm™"”, m— oo, (2.51)
A,Be(0,0), a,feR: a<l<a+/p, ’
we see that (2.49) implies
P(r>t) ~Ct", t— o0, (2.52)

with v = O‘Hj Land C = A B1 YT'(y), where T' is the Gamma-function. The
conditions on a, [ guarantee that p =00, x < oo (recall - ) and - ). Examples
are: «=0,8>1land o € (0,1), 8 > 1—a. Thus, for p = 0o we can model individuals
with a fat-tailed wake-up time simply by not taking their colours into account. The
internal structure of the seed-bank captured by the colours allows us to model fat-tailed
wake-up times without loosing the Markov property for the evolution. |

Model 3. The effective geographic space is again S = Gx{A, (D) men, }- On top of
migration and coalescence, each switch from A to D,, and vice versa is accompanied
by a displacement according to the displacement kernel a,,(-,-) defined in .
Therefore each lineage in the dual evolves according to

a(ivj)v RlzR]:Av
b(3)((l7 Ri)7 (j?RJ)) = Km@mam(j’ Z)’ Rz = A’ Rj = D"“m = NO’ (253)
emam (i, 7), Ri=Dm, meNoRj = A.

Again, when two ancestral lineages are active at the same site they coalesce at rate
1 and the corresponding block-counting process evolves according to the transition
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kernel

(M, (N4, m)meN, )icG

(M, (Ni,m)meN, )ieG — 0(5,4) + Ok, A)s at rate m;a(j, k) for j, k € G,

. (M, (Ni;m)men, Jiee — 04, 4)5 at rate d("y) for j € G,
(miy (Ni,m)meN, )iec — 0(j,4) + O(k,D,.), at rate m;Kpenan(k,j) for j € G,
(Mg, (Ni,m)meN, )ieG + O(k,4) — 0(j,p,,),  at rate njmemam(j, k) for j € G.

(2.54)

Theorem 2.2.10 (Duality relation: model 3). The same duality relation holds
as in (2.45), where now the dual dynamics includes not only the exchange between
active and dormant but also the accompanying displacement in space.

§2.2.5 Dichotomy criterion

For ¢ = dgrw the duality relations in Theorems [2.2.5 2.2.8] and [2.2.10] provide us
with the following criterion to characterise the long-term behaviour. If; in the limit
as t — 00, locally only one type survives in the population, then we say that the
system exhibits clustering. If, in the limit as ¢ — oo, locally both types survive in
the population, then we say that the system exhibits coexistence. For model 1 the
criterion reads as follows.

Theorem 2.2.11 (Dichotomy criterion: model 1). Suppose that 11(0) is invari-
ant and ergodic under translations. Let d € (0,00). Then the system with g = dgpw
clusters if and only if in the dual two partition elements coalesce with probability 1.

The idea behind Theorem [2.2.11]is as follows. If in the dual two partition elements
coalesce with probability 1, then a random sample of n individuals drawn from the
current population has a common ancestor some finite time backwards in time. Since
individuals inherit their type from their parent individuals, this means that all n
individuals have the same type. A formal proof will be given in Section [3.1.3]

For model 2-3 we need an extra assumption on p(0) when p = co.

Definition 2.2.12 (Colour regular initial measures). We say that ©(0) is colour
regular when
i Eyo)fyon] - exists, (2.55)

i.e., 1(0) has asymptotically converging colour means. O

Thus, colour regularity is a condition on the deep seed-banks (where deep means
m — o0). This condition is needed because as time proceeds lineages starting from
deeper and deeper seed-banks become active for the first time, and bring new types
into the active population. Without control on the initial states of the deep seed-
banks, there may be no convergence to equilibrium.

Theorem 2.2.13 (Dichotomy criterion: models 2—-3). The same as in
Theorem (2.2.11 is true for p < oo, but for p = oo additionally requires that u(0) is
colour regular.
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Remark 2.2.14 (Clustering criterion general g € G). In Section 2.3 we will see
that the dichotomy criterion in Theorems 2.2.11] and [2.2.13] for ¢ = dgrw does not
depend on d, the rate of resampling. We will use duality comparison arguments to
carry over the dichotomy criterion in Theorems [2.2.11] and .2.13|to g € G. We will
see later that for all three models the system with g exhibits clustering if and only if
the system with gpw exhibits clustering. |

Remark 2.2.15 (Liggett conditions). We will see in Section that, for model
2 with p = oo, if an initial measure y is invariant and ergodic under translations and
is colour regular, then the Markov chain evolving according to b(g)(-, -) satisfies the
following two conditions:

(1)

. 2 .
i ) b2 (i, Ri), (b, Bi)) Byl mo) =0, (2.56)
(kka)eGX{Av(DWL)nLENO}

lim > b (i, Ra), (b, Br)) b (GG, Ry), (1, Ry))

t— o0
(k:Rk):(lle)EGX{A’(Dm)mENO} (257)

X E,u[z(k,Rk)Z(l,Rl)] = 02.

These are precisely the conditions in [56, Chapter V.1] necessary to determine the
dichotomy in the long-time behaviour of the voter model. We show that (1) and
(2) imply convergence to a unique equilibrium that is invariant and ergodic under
translations. It is difficult to identify exactly which initial measures u satisfy (1) and
(2). This is the reason why we work with sufficient conditions and need the notion of
colour regularity.

For model 2 with p < oo, conditions (1) and (2) are satisfied when £(0) is invariant
and ergodic under translations, and colour regularity is not needed. The same holds
for model 1, once the state space is replaced by G x {4, D} and b (-, ) is replaced
by b (-,-). Also for model 3 conditions (1) and (2) hold after replacing b®(-,-) by
b(?’)(-, -). If p = oo in model 3 we need to assume colour regularity, if p < oo, this is
not needed. ]

§2.3 Long-time behaviour

In this section we study the long-time behaviour of models 1-3. In Sections [2.3.1}
we prove convergence to a unique equilibrium measure, establish the dichotomy
between clustering and coexistence, and identify which of the two occurs in terms
of the migration kernel and the rates governing the exchange with the seed-bank
(Theorems .

Throughout the sequel, g is a general diffusion function from the class G defined
in (2.23). Special cases are the multiples of the standard Fisher-Wright diffusion
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function: g = dgrw, d € (0,00), with grw(z) = 2(1 — ), € [0,1]. We use the
following notation (with P(E) denotes the set of probability measures on E):

T ={pu € P(E): pis invariant under translations in G},
T8 = {p € T: pis ergodic under translations in G}, (2.58)
I= {u € T: p is invariant under the evolution}.

§2.3.1 Long-time behaviour of Model 1
Let a(-,-) be as in (2.1)). Define the symmetrized migration kernel
a(i,j) = 3la(i,j) +a(4,9)], i, €G, (2.59)

which describes the difference of two independent copies of the migration each driven
by a(-,-). Let @:(0,0) denote the time-t transition kernel of the random walk with
migration kernel a(-,-), and suppose that

t — a4(0,0) is regularly varying at infinity. (2.60)

(Examples can be found in [47, Chapter 3].) Define

I&:/l dt @ (0,0). (2.61)

Note that Iz = oo if and only if a(:,-) is recurrent (see e.g. [69, Chapter 1]). Define

zo + Kyo
#=Euo {HK} -

If 14(0) is invariant and ergodic under translations, then 6 is the initial density of ©
in the population.

From the SSDE in (2.4)—(2.5) we see that

ro(t) + Kpolt)
(), 269

(2.62)

is a martingale. In particular,

xo + Kyo
For 0 € [0,1], we define
T T To + KyO
;9 g:{,U/ETegZ E;L(O) |:]_~|»_[{:| :9} (265)

Write 1i(t) to denote the law of (Z(t));>0, defined in (2.2). Recall that associated
means that increasing functions of the configuration are positively correlated, i.e.,
if f: F — R and g: E — R depend on only finitely many coordinates and are
coordinate-wise increasing, then

By [f(2)g(2)] = By, [f ()] By [9()]- (2.66)

46



§2.3. Long-time behaviour

Theorem 2.3.1 (Long-time behaviour: model 1). Suppose that 11(0) € T,"®.
(a) (Coezistence regime) If a(-,-) is transient, i.e., I < oo, then

lim p(t) = vy, (2.67)

t—o0

where

vy s an equilibrium measure for the process on E,

vy 1s tnvariant, ergodic and mixing under translations,
vy is associated,

]EVe [xo] = ]EVe [yO] = 97

with E,, denoting expectation over vg.
(b) (Clustering regime) If a(-,-) is recurrent, i.e., Iz = oo, then

Hm pu(t) = 0 [51,1))%% + (1 — 0) [50,0)]°. (2.72)

t—o0

The results in ([2.67)-(2.72)) say that the system converges to an equilibrium whose
density of type © equals 6 in @, a parameter that is controlled by the initial state
1(0) and the asymmetry parameter K. The equilibrium can be either locally mono-
type or locally multi-type, depending on whether the symmetrised migration kernel is
recurrent or transient. If the equilibrium is mono-type, then the system grows large
mono-type clusters (= clustering). If the equilibrium is multi-type, then the system
allows © and ¢ to mix (= coexistence). In the case of coexistence, the equilibrium

measure vy also depends on the migration kernel a(-,-), the values of the parameters
e, K, and the diffusion function g € G (recall ) The dichotomy itself, however, is
controlled by I; only. In particular, g € G plays no role, a fact that will be shown with
the help of a duality comparison argument. In view of Theorem if g = dgrw,
then I; = oo implies that with probability 1 two ancestral lineages in the dual coalesce.
Therefore I; = oo is said to be the total hazard of coalescence. Remarkably, this
dichotomy is the same as the dichotomy observed for systems without seed-bank (see
[14]): clustering prevails for recurrent migration; coexistence prevails for transient
migration; for G = Z? the critical dimension is d = 2. From the proof in Section
[3:2:2] it will become clear that in the dual the ancestral lineages in the long run
behave like the ancestral lineages without seed-bank, but are slowed down by a factor
ﬁ. Consequently, the dormant periods of the ancestral lineages do not affect the
dichotomy of the system. In particular, it does not affect the critical dimension
separating clustering from coexistence.

Remark 2.3.2 (Ergodic decomposition). Because T is a Choquet simplex, The-

orem carries over from p(0) € 7% to u(0) € T, after decomposition into ergodic
components. [ |
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§2.3.2 Long-time behaviour of Model 2

For model 2 we need the extra condition that a(-,-) is symmetric, i.e.,
a(i, j) = a(j,1) Vi, jeG. (2.73)

Note that a:(0,0) = a.(0,0) because of (2.73)). Below we comment on what happens
when we drop this assumption. Recall (2.20)—(2.21). It turns out that the long-time
behaviour of model 2 is different for p < co and p = oc.

Case p < co. For a finite seed-bank, we define the initial density as

(2.74)

To + ZmENo Km yO,m:|

9:15#(0)[ T +p

which is the counter part of (2.62)) in model 1. Like in model 1, it follows from the
SSDE in (2.12)—(2.13]) that

<x0 (t) + ZmENo Ko, yO,m(t)>
L+p >0

(2.75)

is a martingale. Hence also here the density is a preserved quantity under the evolution
of the system. The dichotomy is controlled by the same integral I; as defined in (2.61))
for model 1.

Case p = co. For an infinite seed-bank, we assume that (recall Remark [2.2.9))

Ko ~Am™, en~Bm™?, m— oo,

(2.76)
A,Be(0,0), a,BeER: a<l<a+f,

for which
P(r>t)~Ct™?, t— o0, (2.77)

with v = %ﬁ_l € (0,1) and C = %BI_V YI'(y) € (0,00), where I" is the Gamma-
function. In addition, we assume that the initial measure ;(0) is colour regular (recall

Definition [2.2.12)), and define

0= lim Elyom] (2.78)

m—r o0

This ensures the existence of the initial density

M
Km m
6= lim B, |20 2em=n Km b0, (2.79)
M—o00 1+ Zm:() K,,
It turns out that the dichotomy is controlled by the integral
Iiny :/ dt t=(=1/7 4,(0,0) (2.80)
1
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instead of the integral I for p < co.
For 6 € (0,1), define (both for p < co and p = o)

M
2o ¥ 2o Ko | _ o\ (2.81)
1 + Zm:() Km

T = {u €77 lim By q)

Theorem 2.3.3 (Long-time behaviour: model 2). (I) Let p < co. Assume

[2.60) and (2.73). Suppose that p(0) € T,™.

(a) (Coezistence regime) If Iz < oo, then

Jm p(t) = v, (2.82)
where
vy 1s an equilibrium measure for the process on E, (2.83)
vy is invariant, ergodic and mizing under translations, (2.84)
vy 1s associated, (2.85)
Eug [LL'()] = Eug [?/O,m] =0Vme No, (286)
with E,, denoting expectation over vy. Moreover,
liminfe,, > 0: liminf Var,, (yo,m) > 0,
m— o0 m—r o0
2.87
limsup ey, = 0: limsup Var,, (Yo,m) = 0. ( )
m— 00 m—» 00
(b) (Clustering regime) If I = oo, then
Hm p(t) = 061 100y] %% + (1 = 6) [6(0,0%0)] 2. (2.88)

t—o0

(IT) Let p = oo. Assume (2.60), (2.73) and (2.76). Suppose that ;1(0) € T and, in
addition, is colour reqular with initial density 0 given by (2.79). Then the same

results as in (I) hold after I in (2.61) is replaced by I in (2.80). Moreover,

M
Km m
lim B, |20 2mo Kmbom | _ o (2.89)

M—o00 14+ Zﬂn/[:O Km

and vy s colour reqular.

The result in part (I) shows that for p < co the long-time behaviour is similar
to that of model 1. Like in model 1, the results in f say that the system
converges to an equilibrium whose density of type © equals 6 in , the density
of © under the initial measure p(0). Again, the equilibrium can be either mono-type
or multi-type, depending on whether the symmetrised migration kernel is recurrent
or transient. Like in model 1, in both cases the equilibrium measure depends on 6.
In the case of coexistence, the equilibrium measure vy also depends on the migration
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kernel a(-, -), the sequences of parameters (€., )men, and (K )men,, and the diffusion
function g € G (recall ) Again, the dichotomy itself is controlled by I; only,
and the resampling rate given by g € G plays no role. Therefore if ¢ = dgrw, in
view of Theorem [2.2.11] whether or not two ancestral lineages in the dual coalesce
with probability 1 is still only determined by the migration kernel a(-,-). The same
dichotomy holds as for systems without seed-bank (see [14]). Therefore part (I) of
Theorem [2.3:3] indicates that, as long as the dormant periods of the ancestral lineages
in the dual have a finite mean ( ?pp; recall Remark , the seed-bank does not
affect the dichotomy of the system.

Even so, indicates that there is interesting behaviour in the deep seed-banks.
Indeed, when the exchange rate e,, between the m-dormant and the active popula-
tion is bounded away from zero as m — oo the deep seed-banks are asymptotically
random, while when e,, tend to zero as m — oo the deep seed-banks are asymptot-
ically deterministic. The latter means that the deep seed-banks serve as a reservoir,
containing a fixed mixture of types. For p < oo this reservoir is too small to influence
the dichotomy of the system, but not for p = oc.

For p = oo the system again converges to an equilibrium whose density of type ©
equals 6 in (2.79), the density of © under the initial measure x(0). The equilibrium
can be mono-type or multi-type, but the dichotomy criterion has changed. Instead
of I;, the dichotomy is now controlled by the integral I; ., (recall (2.80))), where 7 is
the parameter determined by relative sizes K, of the colour m-dormant populations
with respect to the active population and the exchanges rates (e,,)men, with the seed-
bank, recall 7. If g = dgrw, v is the parameter of the tail of the wake-up
time of an ancestral lineages in the dual (recall (2.2.9)). Therefore if g = dgp,, in
view of Theorem we see that the dormant periods of the ancestral lineages
in the dual do affect whether or not two ancestral lineages in the dual coalesce with
probability 1. For general g € G, the integral I; - in shows a competition
between migration and exchange. The smaller v is, the longer the individuals remain
dormant in the seed-bank, the smaller I, is, and the more coexistence becomes
likely. As a consequence clustering requires more stringent conditions than recurrent
migration; for G = Z< the critical dimension is 1 < d < 2 for v € [%, 1] and d = 1 for
~v € (0, %) The seed-bank enhances genetic diversity. Note that v 1 1 links up with
the case p < oo, where coexistence occurs if and only if the migration is transient.
Also note that for v € (0, %) there is always coexistence irrespective of the migration.

In the case of clustering the equilibrium measure only depends on 6, while in
the case of coexistence, like for p < oo, vy depends on the migration kernel a(-,-),
the sequences of parameters (€, )meny, (Km)men,, and the diffusion function g € G.
Since we assumed , we have lim sup,,,_, . em = 0, and so we are automatically in
the second case of . Hence the deep seed-banks are asymptotically deterministic,
i.e., the m-dormant population converges in law to a deterministic state # as m — oo.
Roughly speaking, in case ¢ = dgpw, in equilibrium the volatility of a colour is
inversely proportional to its average wake-up time in the dual. Since p = oo, for
each M € Ny we have >~ K,, = 0o, and in the coexistence regime the effect of
the seed-bank can be interpreted as a migration towards an infinite reservoir with
deterministic density 6.
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Like for model 1, also here T is a Choquet simplex, and Theorem [2.3.3| carries
over from T°® to T, after decomposition into ergodic components.

Example of effect of infinite seed-bank. For a symmetric migration kernel with
finite second moment the following holds:
e For G =72, a;(0,0) <t~ t — oo, and so coexistence occurs for all v € (0,1).

e For G = Z, 4,(0,0) < t~%/2 t — oo, and so coexistence occurs if and only if
v €(0,3).

In both cases the migration is recurrent, so that clustering prevails in model 1.

Corollary 2.3.4 (Three regimes). Under the conditions of Theorem the sys-
tem in (2.12)—(2.13)) has three different parameter regimes:

(1) v € (1,00): migration determines the dichotomy.
(2) y€ [%, 1]: interplay between migration and seed-bank determines the dichotomy.

(3) v €(0,1): seed-bank determines the dichotomy.

Role of symmetry in migration. Unlike in model 1, it is not possible to remove
the symmetry assumption in (2.73]), as the following counterexample shows. We
consider model 2 with p < oo under assumption (2.60), but we do not assume (2.73)).

e Counterexample: Let G = Z?2, and for n € (0,1) pick

(J‘(ivj) = {

i.e., two-dimensional nearest-neighbour random walk with drift upward and
rightward. Suppose that 7 in has a one-sided stable distribution with
parameter v € (1,2) (obtained from but with o, B € R: 1 < a < 14 5).
Then coexistence occurs while I; = oo.

(I+mn), j=i+(1,0)ori+(0,1),

(2.90)
(1—m), j=i—(1,0)0ri—(0,1),

e i o

Recall that for the two-dimensional nearest-neighbour random walk without drift we
get clustering according to Theorem [2.3.3] independently of the distribution of 7. The
key feature of the counterexample is that it corresponds to E(7) < oo and E(72) = oo.
Hence the central limit theorem fails for 7. We will see in Section [3.3.5] that the failure
of the central limit theorem for 7 is responsible for turning clustering into coexistence.

The above raises the question to what extent the equilibrium behaviour depends
on the nature of the geographic space. To answer this question, we need a key concept
for random walks on countable Abelian groups, which we describe next.

Remark 2.3.5 (Dichotomy criterion and degrees of random walk). We can
read the condition I; 4 < oo for coexistence versus I, ., = oo for clustering in terms
of the degree of the random walk. Namely, let a(-,-) be the transition kernel of an
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irreducible random walk on a countable Abelian group. Then the degree § of a(-,-) is
defined as

6:sup{§>—1: /oodttcdt(0,0) <oo}. (2.91)
1

The degree is defined to be 6T when the integral is finite at the degree and 6~ when

the integral is infinite at the degree. Hence we can rephrase the dichotomy criterion
in Theorem 2.3.3] as

1- 1-
clustering <=  either — bl >0 or — -7
Y

>4t (2.92)
For further details we refer to [18], [19], which relate the degree of the random walk
to the tail of its return time to the origin. ]

Modulation of wake-up time with slowly varying function. Under weak
conditions it is possible to modulate (2.77) by a slowly varying function. Assume

that
P(r € dt)

dt
with ¢ slowly varying at infinity. Define
X e(t), 7 €(0,1),
P(t) = . .
[l dse(s)s™!, =1

As shown in [8, Section 1.3], without loss of generality we may take ¢ to be infinitely
differentiable and to be represented by the integral

~ )T o0, (2.93)

(2.94)

B(t) = exp l /( .) 2 ww] (2.95)

for some #: [0,00) — R such that lim,_,« [1(u)| = 0. If we assume that ¢ eventually
has a sign and satisfies |[1)(u)| < C/logu for some C' < oo, then (2.80]) needs to be
replaced by

Ia_wz/l dt p(t) Y7 = A=1/7 4,(0,0). (2.96)

A proof is given in Section [3.3.6] The modulation of the wake-up time by a slowly
varying function appears naturally for the model on the hierarchical group, analysed
in [45]. There the integral criterion for the dichotomy in is needed to apply
Theorem 2.3.3

§2.3.3 Long-time behaviour of Model 3

It remains to see how the switch of colony during the exchange affects the dichotomy.
We will focus on the special case where the displacement kernels do not depend on
m, i.e.,

am () =a'(-,") V'm € Ny, (2.97)
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with af (-, -) an irreducible symmetric random walk kernel on G x G. Let @ (-, -) denote
the time-t¢ transition kernel of the random walk with symmetrised displacement kernel
at(-,") (= af(-,-)) and jump rate 1. Assume that (compare with (2.60])

t — (@ * a])(0,0) is regularly varying at infinity,

. . (2.98)
(e xa1)(0,0) < (ar * a})(0,0) as t — oo for every C € (0, 0),

where * stands for convolution. Let

Iyear = / dt (a; = a})(0,0) (2.99)
1

and -

Livaty = / dt ==/ (a, = af)(0,0). (2.100)
1

Theorem 2.3.6 (Long-time behaviour: model 3). Suppose that, in addition to
the assumptions of Theorem both and @ hold. Then the same results
as for model 2 hold: (I) for p < co after I in (@ is replaced by Ig.at in ;
(II) for p = oo after I ~ in is replaced by Iy -, in (2.100).

In the case of coexistence the equilibrium measure vy depends on a(-,-), a’(-,-),
(em)meNgs (Km)men, and g € G. The dichotomy itself, however, is controlled by
I;.41, respectively, I, - alone.

An interesting observation is the following. Since a.(-,-) and d:{ (+,-) are symmetric,
we have (by a standard Fourier argument)

a:(i,7) < a.(0,0),  al(i,j) <al(0,0) Vi, jeGVi>0. (2.101)

Hence, I5.4t 4 < la~ A Igt . Consequently, the extra displacement in model 3 can
only make coexistence more likely compared to model 2, which is intuitively plausible.

If a(-,-) = al(-,-), then (a;*a})(0,0) = as(0,0) and therefore the dichotomy is the
same as for model 2. Hence the extra displacement has in this case no effect on the
dichotomy. However, if the displacement is transient while the migration is recurrent,
then there is a difference. For instance, if p < oo, the migration is a simple random
walk on Z, and the displacement is a symmetric random walk on Z with infinite mean,
e.g. a'(0,2) = al (0, —z) ~ D|z|=%, D € (0,00), § € (1,2), then I = 0o, I+ < oo and
I;.4t < oo [69] Section 8]. Therefore there is clustering in model 2, but coexistence
in model 3.
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CHAPTER

Spatial populations with seed-bank,
proofs

§3.1 Proofs: Well-posedness and duality

In Section we prove Theorem [2:2:4] in Section Theorems 2:2:§ and
2.2.10, and in Section Theorems [2.2.11] and [2.2.13}

§3.1.1 Well-posedness
In this section we prove Theorem

Proof. (a) We first prove Theorem [2.2.4f(a): existence and uniqueness of solutions to
the SSDE. We do this for each of the three models separately.

Model 1. Existence of the process defined in (2.4)—(2.5)) for model 1 is a consequence
of the assumptions in (2.1, (2.17) and (2.20]), in combination with [67, Theorem 3.2],

which reads as follows:

Theorem 3.1.1 (Unique strong solution). Let S be a countable set, and let
Z = {2y }ues € [0,1]5. Consider the stochastic differential equation

dz, (t) = a (2, (t)) dBy(t) + fu(Z(t)) dt, u €S, (3.1)
where a2 [0,1] = R forallu € S, fu: [0,1]° — [0,1] for allu € S, and B = {By }ues
is a collection of independent standard Brownian motions. Suppose that:

(1) The functions a,, u € S, are real-valued, %-Hélder continuous (i.e., there are
C, € (0,00) such that o (z) — au(y)] < Culz — y|z for all 2,y € [0,1]) and
uniformly bounded, with a,,(0) = (1) =0, u € S.

(2) The functions f,, u € S, are continuous and satisfy:

o There exists a matriz Q = {Qu,v fuves such that Qu > 0 for all u,v €S,
SUPyes Zves Quw < 00, and

‘fU(Zl) - fU(Z2)| < ZquP«’i - Zi|,
vES (32)

for  Z' ={z}}ves € [0,1°, 2% = {z]}ves € [0,1]°,
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e For Z € [0,1)° and z, = 0,
fu(Z) > 0. (3.3)
e For Z € [0,1]° and z, = 1,
fu(Z) < 0. (3.4)
Then has a unique [0,1]%-valued strong solution with a continuous path.
To apply Theorem to model 1, recall that
S=G x {A, D}, (3.5)

where A denotes the active part of a colony and D the dormant part of a colony. Since
G is countable and {A, D} is finite, S is countable. As before, we denote the fraction
of active individuals of type © at colony i € G by z; and the fraction of dormant
individuals of type © at colony i € G by y;. Note that for every u € S we have either
u = (i, A) or u= (i, D) for some i € G. Therefore

Z = {zutues = {z:: i € GYU {y;: i € G}, (3.6)

and z, = x; when u = (4, A) and z,, = y; when u = (i, D). We can rewrite (2.4)—(2.5))
in the form of (3.1 by picking

_ g(zi), u= (i, A),

and

e (s 33) u=Gp). ¥

Since g € G (recall (2.23)), the conditions in (1) are satisfied. To check the conditions
in (2), define the matrix @ = {Qu,v }u,ves by

fu(Z) = {ZjeGa(i,j) (xj —x;) + Ke(y; —x;), u=(i,A),

ZjeGa(i,j)+Ke, u=(i,A), v= (i, 4),
a(i7j)7 u:(i7A)7v:(j7A)7
Qu,'u =< Ke, u = (’i,A), v = (i,D), (39)
e, u=(i,D), v=(i,D) or u= (i, D), v = (i, A),
0, otherwise.
Then

ZQu,U _ 23 jegali,j) +2Ke, u= (z',A), (3.10)
hperd 2e, u= (i,D).

Since we have assumed that >, ¢ a(i,j) = > ,cqa(0,j — i) < oo, it follows that
SUP,es D pes Quo < 00. Since x; € [0,1] and y; € [0,1], the requirements on f,, are
immediate. Hence we have a unique strong solution with a continuous path.

By Ito’s formula, the law of the strong solution solves the martingale problem.
Uniqueness of that solution follows from [62], Theorem IX 1.7(i)]. This in turn implies
the Markov property.
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Model 2. To apply Theorem to model 2, recall that

S =G x {A, (Dy)meng }- (3.11)
Pick
) — (i A
o (2) = gl@:), u (Z.’ ) (3.12)
0, u = (i, Dy), m € Ny,
and
fu(Z) = ZJEG a(l7]) (zj - 'TZ) + ZmENo Kpem (yi,m - 177;)7 u = (7’3 A)v (313)
€m (Iz - yi,m)a u = (7'3 Dm)
Set
ZjEG a(%]) + ZmGNO K’mema U= (7’7 A)v v = (Za A)7
a/(i7j)7 u:(i7A)7’U:(j7'A)7j#i7
K, = (i, A = (i, D
Qu v — mema u (Z7 )? v Za ) m)7 (314)
' €m, U = (Zva)a v = (ZaDm)
or u = (i, Dp,), v = (i, A),
0, otherwise.

Then, by assumptions (2.1) and (2.20), @, f and « satisfy the conditions of The-
orem 3.1l

Model 3. The state space S and the function « are the same as in model 2. When
u € S is of the form (i, A), we must adapt the function f, such that it takes the
displacement of seeds into account. The matrix () must be adapted accordingly and,
by assumption (2.17), the conditions of Theorem are again satisfied.

(b) The proof of Theorem [2.2.4b) is the same for models 1-3. The Feller property
can be proved by using duality if ¢ = dgrw, d € (0,00). For general g we use [67,
Remark 3.2] (see also [0, Theorem 5.8]). The Feller property in turn implies the
strong Markov property. (]

§3.1.2 Duality
In this section we prove Theorems [2.2.5] 2.2.8] and 2.2.10]

Model 1: Proof of Theorem [2.2.5]

Proof. We use the generator criterion (see [32, p.190-193] or [48, Proposition 1.2]) to
prove the duality relation given in (2.35). Let F' be the generator of the spatial block-
counting process defined in (2.33), and let H((m;,n;);ec) be defined as in (2.34)), but
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read as a function of the second sequence only. Then

(FH)((mj,n5)jec)

= Z {Z mia(i, k) [H((mj,n;)jec — 6,4y + 0k,a)) — H((mj,n5)jec)]

i€G ~keG
+d (77;1) [H((mjynj)jeG - 5(1'7,4)) - H((mjvnj)je@,)] (3.15)
+ m;Ke [H((mjynj)je([} —0(i,4) T (5(“3)) — H((mj, nj)jé@)}

+ n;e [H((mj,nj)je@, + 5(1-714) — 5(1‘7[))) — H((mj,nj)jgg)] .

Recall that G is the generator of the SSDE (recall (2.24)—(2.25))). Let D¢ denote
the domain of G and Dp the domain of F. Let (S;);>o denote the semigroup of

the process (Z(t));>0 in (2.2) and (R;):>o the semigroup of the process (L(t));>o in
(2.32). Since

d2
oz (BeH) (2,5, n5,m;5)je6) = (F?R.H)((25,y5, nj, mj)jec), (3.16)

we see that H((z;,y;,nj,m;)jec) € Dg and (R:H)((x},y;,nj,m;)jec) € Dg. It is
also immediate that H((z;,y;,n;,m;)jec) € Dp and

(S¢H)((x5,yj,mj.m;)jec) € Dr. Applying the generator G in (2.25) with g = 4 gpw
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to 7 we find
(GH)((x5,9;)jec)

= { lza(i, k) (zx —xz-)] %( ijy?j>
i\igs

i€G keG
4 0? m; n SR
+§$i(1—$i)@(nxjj J>+K6( (Hm J J)
i jeG 1EG
+e(z; — (H i nJ)}
Yi jeG
_Z{lZml a(i k) [T 270y (2 tyfa sty —afiyf lelygk)]
o = e (3.17)
jzllc
J
+ [Ty dmatma = 1) (@ — 2 ) Ln, 22y
j€G
J#i
+miKe [[aiyy? (a Ty — 2yl
j€G
i
+mge [[af 7y (2 iy xi"iyzm)}
j€G
JF#i

= (FH)((mj,n))jec)-
Consequently, it follows from the generator criterion that
B[H((X:(8), Yi(t), mini)ies ) | = B[H (w50, Mi(t), NiWies )| (3.18)

This settles Theorem [2.2.5)] O

Model 2: Proof of Theorem [2.2.8l

Proof. Theorem follows after replacing in the above proof the block-counting
process in (2.33]) by the one in (2.43)), the duality function by the one in (2.44)), and

checking the generator criterion. |
Model 3: Proof of Theorem [2.2.10L

Proof. Theorem [2.2.10| follows after replacing the block-counting process in (2.33)

by the one in (2.54)), the duality function is by the one in (2.44)), and checking the
generator criterion. |

§3.1.3 Dichotomy criterion
In this section we prove Theorems [2.2.11] and [2.2.13]
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Model 1: Proof of Theorem [2.2.11l
Proof.

“<=" The proof uses the duality relation in Theorem Define 0, = E,0)[xo]
and 0, = E,0)[yo]. Note that, since x(0) is invariant under translations, we have
E,.0)[xi] = 0, and E,,o)[y;] = 0, for all i € G. We proceed as in [12], Proposition 2.9].
Let (mg,n;)icc € E' be such that }; [mi(0) 4+ n;(0)] < oo, and put

1nf{t>0 Zml + ni(t _1}. (3.19)

i€G

By assumption, each pair of partition elements coalesces with probability 1, and hence
P(T < o0) = 1. By duality

tli?goE [H T ’rnl n1‘|

i€G
H x:ni(t)y?i(t)]
1€G
H xzm(t)y?i(t) ‘ T < o0

icG

11 gm0y m®) ‘ T =0
i€G

= lim E

t—o0

= lim E

t—o00

P(T < o0)

P(T = )

= lim E

t—o00

[Tar@yp® \ T < 0o, m(t) =1, n(t) = o] P(m(t) = 1, n(t) = 0)
i€G
. m;(t) n;(t)
1 0 K
1+ K Ty + K’

T < oo, m(t) =0, n(t) = 11 P(m(t) =0, n(t) =1)

:9‘,1/,

(3.20)
where in the last step we use that a single lineage in the dual behaves like the Markov
chain with transition kernel b(1)(-,.) defined in (2.31)). It follows from (3.20) that, for

alli,j € G,
lim E [fﬁi(t) + Kyi(t) (1 () + Kyj(t)ﬂ _0 (3.21)

Hence, either lim;_, o (x(t), y(t)) = (0,0)€ or limy_, oo (z(t), y(t)) = (1,1)¢. Computing
lim; o, E[z;(¢)] with the help of (3.20)), we find

lim p(t) = (1 - 0) [60,0)® € +0[601,1)]®€ (3.22)

t—o0

with 6 = E,, ) [“{fl((yo] = ezltfl{(ey, which means that the system clusters.
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“==" Suppose that the systems clusters. Then (3.21) holds for all i,j € G, which
means that

tlgroloE [2.(t) (1 —2,(t))] =0  Vu,v€S. (3.23)
Let
L) = Lu(t), (3.24)
u€s

be the total number of lineages left at time ¢. Applying the duality relation in (2.38)|)

to (3.23)), we find

0= lim E[z,(t)(1 — 2,(t))]

t—o0
Eau lH z{;u(t)

u€es

= lim E#(O) - E,u((])

E5’u+6v [H Zi‘u(t)‘| ]

u€es

0, + K0, (3.25)

1+ K

Es, 15, lH Zﬁlu(t)

u€eS

[1—Ps, 45, (

L(t)] = 1)]

—Eu0) IL(t)] = 2H Ps,+s, (L) = 2)] :

As to the last term in the right-hand side of (3.25|), we note that

limsupE,, o) |Es,+s, Hzfu(t) ‘ |L(t)] = 2H
u€ES

t—o0

= lim sup

1 .
P WE H Zﬁ/u(t) ’ L(t) = 5(1,A) + 5(3‘714), 1,] S G

u€es

+ lim sup (3.26)

t—o0

2K
— - _E
(1+ K)?

11z ’ L(t) = 0s,4) +0(j,0), 1, ] €G
ues

K2
+ limsup ————=FE
il (14 K)2
0, Ko, + K0, KZHy 0.+ K0,

SATEP T atK? Ok 1+k U

I[ze-® ’ L(t) = 6(i,p) + 6(j,p), 4, ] €G
ueES

Here, the strict inequality follows from the non-trivial invariant initial distribution
(ruling out z = 0 and z = 1), together with the fact that the swapping between active
and dormant is driven by a positive recurrent Markov chain on {A, D}. Hence
holds if and only if lim;_, o Ps, 45, (|L(t)] = 2||L(0)] = 2) = 0 for every u,v € S.
Therefore every pair of lineages coalesces with probability 1. Thus, we have proved

Theorem 2.2.11]

Model 2: Proof of Theorem [2.2.13l
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Case p < 0o. Like for model 1, we define

) et S Kby
1+p

0 = Eyoy o), Oym = Epu0) [Yo,mls (3.27)
For p < oo, a lineage in the dual moves as a positive recurrent Markov chain on
{4, (Dim)men, }- Therefore the argument for “<==" given for model 1 goes through
via the duality relation, which gives

11 zgum} _ et 2menty Kmbym. (3.28)

. lu _ .
Jm E lH zu(t) ] = fim B T+ > e K

u€eS u€ES

With the duality relation in (2.47)), the argument for “==-" given for model 1 also
goes through directly.

Case p = co. For p = 00, a lineage in the dual moves as a null-recurrent Markov
chain, which has no stationary distribution, and so (3.28)) does not carry over. How-
ever, from [58] Section 3] it follows that, for all uy,us € S,

Hm [Py, (L(t) = 0y | L(t) = 1) = Py, (L(t) = & | L(t) = 1)|],, = 0. (3.29)

t—o0

Moreover, by null-recurrence,
llm]P)(()—(S(A) 0,

lim P =d.py) =0 Vm € Ny,
Jim P(L(t) = 6(.p,,)) 0 (3.30)

o0

tl—lglo 7MP(L(7§) = 6(‘1Dm)) =1 VM € Np.

“<=" By duality, we have

. Ly | _ 1: L (t)
tlggoE qu(t) ‘|_tlinoloE HZ“ ‘|
u€ES u€S
= lim |6.P(L(t) = 6(.a)) + D OymP(L() = 6(.p,)| ;
meNy
(3.31)

where we follow an argument similar as in (3.20) and use that P(T" < o0) = 1.
Because the initial measure is colour regular, we know that lim,, . 0y, = 6 (recall
Definition|2.2.12)). But (3.30)—(3.31) imply that all moments tend to 6. In particular,

lim E[z;(t)] = 6 = lim Ely; . (t)], i € G, m € Ny. (3.32)

t—o00 t—o0
“=—=>" By the duality relation in (2.47)) and the assumption of clustering, we find

tlggOIE [z, () (1 — 2,())] =0  Yu,veS. (3.33)
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Therefore
Jim B [z, (£)(1 = 2o (t))]
= lim B, [Ea HZf“(t)H Epo) |Esuts, [H ZuL“(t)H
wES u€eS
| (3.34)
=0 lim | [1—Ps, 45, (|L()] = 1)]

—Eu0

Es,+, [H 20 | L(8)] = 2H Ps, 45, (1L (1)] = 2)] =0,

ues

Suppose that lim;_,o Ps, 15, (|L(¢)| = 2) # 0. Then

Jlim Es, s, [H 2L ® ) L) = 2] (3.35)
u€eS
However,
limsup E, ) lE5u+5v [H zE® ‘ |L(t)| = 2“ (3.36)
t—o0
u€eS

< ]EM(O) 9, (3.37)

Es,+s, [H 2@ | L) = 1H
u€eS

because we start from a nontrivial stationary distribution. Thus, we have proved

Theorem 2.2.131

Model 3: Proof of Theorem [2.2.13] Since the duality relation for model 3 is
exactly the same as for model 2, the same results hold by translation invariance and
the extra displacement does not affect the dichotomy criterion. ]

§3.1.4 Outline remainder of paper
In Sections we prove Theorems [2.3.1] 2.3.3] and 2.3.6] respectively. For each

of the three models we split the proof into four parts:

a) Moment relations.

b)

(c) The coexistence case.
)

(d) Proof of the dichotomy.

(
(

The clustering case.

§3.2 Proofs: Long-time behaviour for Model 1

In Section we relate the first and second moments of the process (Z(t));>0 in
(2.4)—(2.5) to the random walk with internal states {A, D} that evolves according to
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the transition kernel b(1)(-,-) given in ([2.31) (Lemma below). These moment
relations hold for all g € G. In Section :3.2.2 we deal with the clustering case (Lem-

mas [3.2.4/[3.2.5 below), in Section [3.2.3] with the coexistence case (Lemmas
m 3.2.13| below). In Sectlon “ we prove Theorem [2.3.1] “ In Sections [3.2.2] n and [3.2.3 -

we will see that the moment relations are crucial when no duality is available.
Below we write E, for Es_, the expectation when the process starts from the initial
distribution é,, z € F.

§3.2.1 Moment relations

Lemma 3.2.1 (First and second moment). Forz € E,t >0 and (i, R;), (j, R;) €
G x {A, D},

E-lory®)= Y. bV (G R, (B Ri)) 2k,my) (3.38)
(k,Rr)eGx{A,D}
and
E.[2,r,) () 2(,r;) ()]
= 3 b (6, Ra), (k, Be)) 0 (G, Ry), (1 RD)) 2, m 210
(k,Ry.),(I,R)€GX{A,D} (3.39)
/ as 300 (G Ry), (6, ADBE (G Ry (ks A)) Esfg(a(s))-
keG

Proof. We derive systems of differential equations for the moments and solve these in
terms of the random walk. Let (RW}):>o denote the semigroup of the random walk
with transition kernel b(l)(~, -), and recall that the corresponding generator is given

by
Grw NG R) = D bW((R), G, Ry) [FUs Ry) — f(i, R)]. (3.40)

(4,R;)€GX{A,D}
Applying the generator (2 of the system in . to the function
farys B =R, fir)(2) = 2R (3.41)
we obtain by standard stochastic calculus

dE; [2(,Rr,)(t)]
dt

.. 3.42
= 1> ali,5) (Bafa; (1)) — Eafas (1)) + Ke (B.[yi(D)] — E=[2:(1)]) | 1(r,=a) (342)
JEG
+e (Exlai(t)] = Ea[yi(1)]) Lri=D)-
Hence denoting by (S;);>0 the semigroup of the system in (2.4)-(2.5)), we see from

and the definition of b(V)(-,-) in - ) that (S:fu,r, ) Solves the differential
equatlon

F'(t) = (Grw F)(t). (3.43)
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On the other hand, for each f € Cp(G x {A, D}), RW,f also solves (3.43)). In par-
ticular, for z € E define f,: G x {4, D} — R by f.(i,R;) = 2(4, R;) for z € E, then
RW, f, is a solution to (3.43). Since

(BWof2)(i, Ri) = 2(i, Ri) = (Sof(i,r)) (2), (3.44)

we see that holds. To prove , we derive a similar system of differential
equations and again solve this in terms of the random walk moving according to the
kernel b(-,-). Let f: £ — R be given by f(2) = 2( r,)2(j r,;)- Using the generator
, we obtain via Ito-calculus that

d
EEZ [2(, Ri)(f)z(g‘ r;)(1)]

= ali,k) k)2, ()] = Ex[2i(t)2(,r,) (D)]) 1{r,=a)
keG
+K€(]Ez[ i(t ) 2(,1;) (O] = Bz [2i()2(,r,) (D)]) 1{ri=a)
+ e (Ea[2i(t)2(,r,) (1)] = E:[yi(t)2(,r,) (V)]) L{r=D) (3.45)
+ Y a( ) (Balzi(t)z,m) (0] = Eal; (8)20,10 (1)) 1ir,=a)
leG

+ Ke (Exly; (8)z,r) ()] = Bzl ()206.7) (D]) Lir,=a)
e (Bl (8)2(6,r0) ()] = Baly; (1)2,R0) (D)) Lm, ~D)
+ Ee[g(i(t)) 1i=jy Lri=r,=a}-

Let U be the generator of two independent random walks each moving with transition
kernel bV (-, ), i.e., for all h € C,((G x {A, D})?),

(Uh)((la Rz)7 (.7? Rj))
= Z a(iv k) [h((k, A)v (.77 Rj)) - h((lv Rz)7 (]7 RJ))] 1{1’,R7::A}

keG
+ Ke [n((i, D), (j, B;)) = h((i, Ri), (G, R))] 1i.r,= 2y
[ ((7’7 ) ( )) (( ),(_77 ))} 1{1 R;=D} (346)
+Y_ali,l) Ry), (I, A)) = h((i, Ri), (4, R))] 1, =)
1eG
+ Ke [h((Z, R1)7 (.77 D)) - h((la Rz)a (Ja RJ))] 1{RJ=A}
te [h((lv Rz)7 (]7 A)) - h((lv Rz)? (]7 D))] ]'{Rj:D}'
Let F'(t) = E.[2,r,)(t)2(,r;)(t)] and H(t) = 2E.[g(2i(?))]1{i=j}1{r,=r,=a}- Then

we can rewrite (3.45)) as

d

SE®) = (UF)(®) + H(?). (3.47)

Denote by (RWt(Q))tZO the semigroup corresponding to U. Applying [56, Theorem
1.2.15], we obtain

F(t) = RW2 F(0) + / ds RW 2, H (s). (3.48)
0

65

¢ YALJIVH)



CHAPTER 3

3. Spatial populations with seed-bank, proofs

Hence

E.[26,r) (1) 2(j,r;) (1))

- > b (3, Ra), (k, Be)) b (GG Ry), (1 R1)) Balze my 20, m0)
(k,Ri),(I,R)€EGx{A,D}
/ ds »_ b2, Ok, ) 012, (7, Ry), (k, A)) Eclg(a(s))]-
- (3.49)
[l

Remark 3.2.2 (Density). From Lemma we obtain that if 4 is a translation
invariant measure such that E,[z¢(0)] = 6, and E,[yo(0)] = 6,, then

Euleary®) =0 > 0" ((i,R), (k,Ry))

(k,Ri)EGx{A}

W (3.50)
+0, > b (i Ri), (k, Ry)),
(k,Ri)EGX{D}
in particular, lim; o E,[2(,r,) (t)] = Oa 1111{(% =0, recall -, and
Eulz¢,r) (1), R,) (P)]
= 3 b (6, Ri), (k, Re)) 00 (GG Ry), (1 R)) B2k, miy 20,10
(k,Ri),(L,R1)eEGX{A,D}
/ ds 3700, (G, Ro), (B, 4) B2, (G, Ry), (K, 4)) Eplg(a(s)))
keG

(3.51)
O

Remark 3.2.3 (First moment duality). Note that shows that even for gen-
eral g € G there is a first moment duality between the process Z(t) and the random
walk RW(t), that moves according to the kernel b()(-,-). The duality function is
given by

H:ExGx{A,D} - R, H(z, (i, Ri)) = 23i,R,)- (3.52)
Equation (3.38)) in Lemma[3.2.1tells us that E[H (Z(t), RW(0))] = E[H(Z(0), RW(1))].

§3.2.2 The clustering case

The proof that the system in f converges to a unique trivial equilibrium
when a(-,-) is recurrent goes as follows. We first consider the case where g = dgpw,
for which duality is available (Lemma. Afterwards we use a duality comparison
argument to show that the dichotomy between coexistence and clustering does not
depend on the choice of g € G (Lemma [3.2.5)).
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e Case g = dgrw-

Lemma 3.2.4 (Clustering). Suppose that 11(0) € Ty'® and g = dgew. Moreover,
suppose that a(-,-) defined in (2.59) is recurrent, i.e., Iz = oco. Let u(t) be the law at

time t of the system defined in (2.4)—(2.5). Then
lim pu(t) = 0[61,1)]%% + (1 = 0) [60,0)] % (3.53)

t—o0

Proof. Since g = dgpw, we can use duality. By the dichotomy criterion in Theorem
2.2.11} it is enough to show that in the dual two partition elements coalesce with
probability 1. Recall from Section that each of the partition elements in the
dual moves according to the transition kernel b)) (-,-) on G x {A, D} defined by
[2.31)) (see Fig. [2.3). Recall from Section that b™M)(-,-) describes a random
walk on G with migration rate kernel a(-,-) that becomes dormant (state D) at rate
Ke (after which it stops moving), and becomes active (state A) at rate e (after which
it can move again). When two partition elements in the dual are active and are at the
same site, they coalesce at rate d, i.e., each time they are active and meet at the same
site they coalesce with probability d/[>_ ;¢4 a(i,j) + Ke+d] > 0. Hence, in order to
show that two partition elements coalesce with probability 1, we have to show that
with probability 1 two partition elements meet infinitely often while being active. The
latter holds if and only if the expected total time the random walks spend together
at the same colony while being active is infinite. We will show that this occurs if and
only the random walk with symmetrised transition rate kernel a(-, -) is recurrent. The
proof comes in 4 Steps.

1. Active and dormant time lapses. Consider two copies of the random walk with
kernel () (-, ), both starting at 0 and in the active state. Let

(ok)ken, (0% )ken, (3.54)

denote the successive time lapses during which they are active and let

(Tk)kens  (Tg)ken, (3.55)

denote the successive time lapses during which they are dormant (see Fig.|3.1)). These
are mutually independent sequences of i.i.d. random variables with marginal laws

Ploy >t) = Plo})>t) = e Ket) t>0,

P(n>t) = P(ri>t) = et t>0, (3.56)

where we use the symbol P to denote the joint law of the two sequences.
Let as(-,-) denote the time-t transition kernel of the random walk with migration
kernel a(-,-). Let

~
I
—

k
E(k,t) = {Z(Uz—l—ﬂg)<t< (0’£+Tz)+0k+1},

~
=l e
_

(3.57)

B

E'(K 1) = (op+7) <t <) (0p+7)+0hy1 ¢

~
Il
—_
o~
Il
—_
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Figure 8.1: Successive periods during which the two random walks are active and dormant.
The time lapses between the dotted lines represent periods of joint activity.

be the events that the random walks are active at time ¢ after having become dormant
and active exactly k, k' times, and let

k k
T(k,t) = Zog + ((t - Z(ae + Te)> A Uk+1) ;
=1

=1
B . (3.58)
T (K ,t) :Zaé—&— t—Z(aé+Té) Aokt |,
=1 =1

be the total accumulated activity times of the random walks on the events in (3.57).
Note that the terms between brackets in (3.58) are at most 041, respectively, o7}, 115
and therefore are negligible as k, k' — oo.

Given the outcome of the sequences in (3.54)—(3.55)), the probability that at time
t both random walks are active and are at the same colony equals

Z (ZGT(k,t)(O,i) aT/(k’,t)(Oai)> lere,ny lerr o) (3.59)

k,k’eEN \ieG

Therefore the expected total time the random walks are active and are at the same
colony equals

o0
I :/ dt Z E(O,A),(O,A) [(Z aT(k7t)(O7i) aT/(k’,t)(O7i)> 15(](:775) 15’(k’,t)‘| 5
0

k,k'EN i€G
(3.60)
where E is the expectation over the sequences in ([3.54)). Let
k
N(t) = max{k e N: Z(O’g +70) < t} ,
(=1
v (3.61)
N'(t)=maxq kK €N: Y (or+7)<ty,
=1

be the number of times the random walks have become dormant and active up to
time . Let

T(t)=T(N(t),t), T'(t)=T(N'(t),t), E(t)=E(N(t),1), E'(t)=E(N'(t),1),
(3.62)
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be the total accumulated activity times of the random walks up to time ¢, respectively,
the events that the random walks are active at time ¢t. Then we may write

I =/ dt E(0,4),(0,4) KZ ar)(0,1) ar ) (O7i)> Le 18’(t)‘| . (3.63)
0

i€G
We know that coalescence occurs with probability 1 if and only if I = oc.

2. Fourier analysis. Define

M(t) =T(t) ANT'(t), At)=[T#) VT (t)] - [T(t) AT (t)]. (3.64)
Then
Z art)(0,4) agr(4)(0,1) = Z aanr(t)(0,7) an (4, 0)- (3.65)
i€G JEG

Indeed, the difference of the two random walks at time M (¢t) has distribution
agnr(#)(0,+), and in order for the random walk with the largest activity time to meet
the random walk with the smallest activity time at time 2M (t) + A(t), it must bridge
this difference in time A(t). To work out (3.65)), we assume without loss of generality
that >, a(0,j) = 1, and use Fourier analysis. For ease of exposition we focus on
the special case where G = Z%, but the argument below extends to any countable
Abelian group endowed with the discrete topology, because these properties ensure
that there is a version of Fourier analysis on G [64, Section 1.2]. For ¢ € [, 74,
define

a(¢) =Y e @Da(0,),  a(¢) =Rea(¢),  a(¢)=TIma(¢). (3.66)

jezd
Then
1 o .
a ) = do e~ 1(#:3) o—tl1—a(¢)]
at(O,J) (27T)d /['—Tr,ﬂ']d d)e (§] ) (3 67)
) 1 gAY gy mean eai .
ar(j,0) = ) /[T”r]ddqs’e@%s 9) g=tll=a(¢")—ia(@")]

where we use that a(¢) = a(¢) + ia(¢). Inserting these representations into (3.65)),
we get

‘ . 1 _ _a .
Z ar(0,4) apr () (0,1) = (%)d/[ . dg e~ RPMOFAMIN-a(D)] cog(A(t)a()),
iczZd T

(3.68)
where we use that »; 74 el(0'=0.9) = (271)4§(¢ — ¢), with 8(-) the Dirac distribution
(Folland [37), Chapter 7]).

3. Limit theorems. By the strong law of large numbers, we have
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Therefore, by the standard renewal theorem (Asmussen [3, Chapter I, Theorem 2.2]),

lim 1N(t) = lim 1N’(t) =A P-as.,

Ty o0 t
tliglo ! T(t) = tlgrolo T’( )=DB P-as, (3.70)
Jim P(E(t)) = lim P(£'(t)) = B,
with . X N .
A=Y Pr it R (8.71)

Moreover, by the central limit theorem, we have

<T(t)Bt T'(t) —
vt eVt

with (Z,Z’) independent standard normal random variables and

Bt
> = (Z,7') in P-distribution ast - oo (3.72)

¢ = A[(1 - B)*Var(oy) + B> Var(r)] (3.73)

(see [68] or [3, Theorem VI.3.2]). Since T'(t),E(t) and T'(t),E'(t) are independent,
and each pair is asymptotically independent as well, we find that

E0,4),(0,4) Z ar (0,4) arr)(0,1) | 1ey 1oy | ~ B2 f(2), t — o0, (3.74)

i€Z%
with
1 [1+0(1)] 2Bt [1—a(¢)] / ~
£ = G . dpe! E [cos ([1 to(l)elZ — 2 )\/Za(qs))]
- G 1)d / o~ [HHe(D] 2B [1-a(0)] o~[1+0(1)] ta()?
2 d
[~ 7]

(3.75)
where we use that cos is symmetric, Z 7' = 227" in IP’ distribution with Z”
standard normal, and E(e#Z") = ¢~ /2 1 € R. From and (3.74) we have
that I < oo if and only if t — f(t) is 1ntegrable. By Cramer S theorem deviations of
T(t)/t and T'(t)/t away from B are exponentially costly in ¢. Hence the error terms

in , arising from and , do not affect the integrability of ¢ — f(t).
Note that, because a(-,-) is assumed to be irreducible (recall (2.1)), a(¢) = 1 if and
only if ¢ = 0. Hence the integrability of ¢t — f(t) is determined by the behaviour of
a(¢) and a(¢) as ¢ — 0.

4. Trrelevance of asymmetric part of migration. We next observe that
a(¢)? < 1—a(¢)” < 2[1—a(¢)]. (3.76)

Hence, ta(¢)? < 2t [1 — a(¢)]. Therefore we see from (3.75)) that for sufficiently large
T € R we can bound ¢ — f(t) on [T,00) from above and below by functions of the
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form t — g (t) with
1

gc(t) = W/ dpe CtI=al e (0,00). (3.77)
[777’7T]d

From (3.67) we have
go(t) = ac+(0,0) =< a:(0,0), (3.78)

where the last asymptotics uses that ¢ — @;(0, 0) is regularly varying at infinity (recall

(2.60))). Combining (3.63)), (3.74) and (3.77)—(3.78)), we get

I=0 < I[;=x (3.79)

with I; = [ dta,(0,0). Thus, if a(-,-) is recurrent, then I = co and the system
clusters. Moreover, we see from the bounds on f(t) (recall (3.75)) that the asymmetric
part of the migration kernel has no effect on the integrability.

This settles the dichotomy between clustering and coexistence when g = gpw. U

e Case g # dgrw. For g # dgpw the proof of Lemma does not go through.
However, the moments relations in Lemma hold for general g € G. Using
these moment relations and a technique called duality comparison (see [14]), we prove

Lemma for general g € G.

Lemma 3.2.5 (Duality comparison). Suppose that ;1(0) € T,'® and g € G.
Moreover, suppose that a(-,-) defined in (2.59) is recurrent, i.e., Iz = co. Let u(t) be
the law at time t of the system defined in (2.4)—(2.5). Then

lim (1) = 0[61,1)]%% + (1 = 0) [60.0)] % (3.80)

t—o0

Proof. We proceed as in the proof of [I4, Theorem]. First assume that u(0) = 4, for
some z € E, that satisfies

Tm o ST V(0 Ra), (6 Be)) 6, = 6 (3.81)
(k,R)EGx{A,D}
By Lemma we have
E. [z6.1)(t)] = 3 b8 (6, Ri), (ks Ri)) 20k, 5y - (3.82)

(k,Rr)EGx{A,D}

Hence, by assumption, for all (i, R;) € G x {A, D} we have

Since we have clustering if, for all (i, R;), (j, R;) € G x {A, D},
i E. [z (01~ 25 (1))] = 0, (3.84)
we are left to prove that
Jim B (26,28, = 0. (3.85)
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Since (3.83) implies that limsup,_, . E.[2( r,)2(j,r,)] < 0, we are left to prove that
htIglOI.}f Ez [Z(i,Ri)Z(j,Rj)} > 0. (386)

Like in [14], we will prove (3.86) by comparison duality.
Fix € > 0. Since g € G we can choose a ¢ = ¢(€) > 0 such that

9(x) = §(z) = c(x — €)(1 = (z +¢)), z € [0, 1]. (3.87)

Note that g(z) < 0 for = € [0,¢) U (1 —¢, 1], so we cannot replace g by g in the SSDE.
Instead we use ¢ as an auxiliary function.
Consider the Markov chain (B(t)):>0, with state space

{1,2} x (G x {A4,D}) x (G x {A,D}) (3.88)
and B(t) = (Bo(t), B1(t), Ba(t)), evolving according to

(17 (i7Ri>7 (Z7Rz)) - (1 (k Rk) (k7Rk))v at rate b(l)((ZaRz)a (k7Rk))a
(2, (k, Ry,), (4, R;)), at rate bV ((i, R;), (k, Ri)),
(2,6, Ri), (45, R;)) = (2, (6, Ri), (L R))),  at rate bV ((4, Ry), (I, Ry)):,
(1

,( ) (Z,Ri))7 at rate Cl{Z:]}l{I:Q:Rj:A}'

(3.89)

This describes two random walks, evolving independently according to the transition
kernel b(V)(-,-), that coalesce at rate ¢ > 0 when they are at the same site and are
active. We put By(t) = 1 when the two random walks have already coalesced by time
t, and By(t) = 2 otherwise. Let Po (; r,),(j,r,)) denote the law of the Markov Chain
B(t) that starts in (2, (¢, R;), (4, R;)). Note that

P, o),y (Bi(t) = (k, Ry)) = bV (i, Ry), (k, Ry.)), (3.90)
and similarly
P, ). Gy (B2(t) = (1, R)) = bV (4, R;), (1, Ry)). (3.91)

Since we have assumed that a(,-) is recurrent, i.e., Iz = oo, the two random walks
meet infinitely often at the same site while being active and hence coalesce with
probability 1. Therefore

tllglo ]P)(Q,(i,R,i),(j,Rj)) (Bo(t) = 2) =0. (392)

We can rewrite the SSDE in (2.4)-(2.5) in terms of b(1)(-,-), namely, for all (i, R;) €
G x {A, D},

dz(,p,)(t) = Z b (i, Ry), (3, Ry))[2G.m,y) (£) — 200, moy (£)] dt
(k)G {A,D} (3.93)

+1/9(2i.r, (1)) 1 r,=ay dwi(t).
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Using (3.93)) and It6-calculus, we obtain

dE.[z(,r,)(t) — €]

dt
3.94
= > b ((i, Ry), (k, Ri)) E [(2(k, me) (t) — €) — (2(i,m,)(t) — €)] (394
(k.Ri)ECx {A,D}

and

dE- (20,10 () = €) (2,1, () + €)]
dt

= Z b(l)(<zaRz)a(k’Rk))

(k,Ri)€Gx {A,D}
X B [(2(j,r,)(t) + €)(z2(k, ri) (£) — €) — (2(j,r,) () + €)(2(3,r)) (t) — €)]
+ > (G Ry), (K Ry))
(1,R))€Gx {A,D}
X E. [(2(,r,)(t) = €)(24,r) () + €) = (2,10 (t) — €)(2(j,R,) () + €)]
+E. [e(z(,r) () — 6)(1 - (Z(] ry) () + )= 1R =R, = a}]
+E. [(9(26.r)(1) = 92,00 (1)) Lpi=y L {Ri=R; =4} ] -

(3.95)
For ¢ > 0, define Fy: {0,1} x (G x {4, D}) x (G x {A,D}) — R by
Fy(1, (4, Ry), (i, R;)) = E. [Z(LRi)(t) - 6] (3.96)
Fy(2, (i, Rs), (4, Rj)), = E: [(23,r0) (t) — €) (2(,r,) (1) + €)] '
and H;: {0,1} x (G x {4, D}) x (G x {4,D}) = R by
Hi(1, (i, R;), (i, R;)) =0, (3.97)

Ht(27 (iaRi)7 (.77 RJ)) =E, [(g(z(Z,Rl)(t)) - g(z(l,Rl)(t))) 1{i:j} 1{Ri:Rj:A}] :

Let B denote the generator of (B(t)):>0, and let (Vi):>0 the associated semigroup.
Then

F,
% = BF, + H,. (3.98)

Hence, by [66, Theorem 1.2.15], it follows that

t
F, = ViFy + / ds Vs Hs. (3.99)
0
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Since H; > 0 for all t > 0, we obtain
Fy(2, (i, Ri), (4, Rj)) > ViFo(2, (i, Ri), (4, Rj))
= E2.(i.r).(5.8,)) [Fo(B(1))]
=E,,r:),6.8,)) [Fo(Bt)1{By)=13 + Fo(B()11By()=2}]

= > P2,i,r),(,R,)) [Bo(t) = 1, Bi(t) = (k, Ri)] (2(k,R,) — €)

(k,Ry),(l,R;))eEGx{A,D}
+E2,i,R:),G,R,)) [Fo(B(1))1By(1)=2}]

= > P, i,R)), (G Ry)) [B1(t) = (k, Ri)] (2(k,r,) — €)

(k,Ri),(1,R)€Gx{A,D}

- > P,i,r).(,Ry)) [Bo(t) = 2, B1(t) = (k, Ry)] (2(k,r,) — €)

(k,Ri),(l,R1)EGx{A,D}
+Eo,(i,r),.8,)) [Fo(B()1(By(1)=2}]

> 3 bV (4, Ry), (ky Ri)) (21, m0) — €)
(k,Ri)EGx{A,D}

-1+ 62)P(2,(i,Ri),(j,Rj)) [B1(t) = 2].

Hence, by (3.92)), we obtain

liminf F3(2, (i, R:), (4, R;)) > lim inf ., [(2(,r0) () — €)(2(j,r,) (t) + €)]

>0 — €2

Letting € | 0, we get (3.85).

(3.100)

(3.101)

To get rid of the assumption p(0) = ., note that for (0) € T,® we have (recall

Remark [3.2.2))

lim Z bt((za Rl)? (k7 Rk))]Eu[Z(k,Rk)] =0.

t—o0
(k,Rr)eGx{A,D}

Hence, by the above argument,
Ey [(2,r,) () — €)(2,r, (t) + €)]

= / E. [(2,r) (1) — €)(2),r, () + €)] du(2)

>[Y R R G —
(k,Rr)eGx{A,D}

— (14 )P2,i.r,)..1,)) [Bi(t) = 2] dp(2)
Letting first t — oo and then € | 0, we find that
Jim E, (2,5 (6) — ) (2., (1) + )] =6,
and, for all (¢, R;), (j, R;) € G x {4, D},

tll)rgo E, [z(LRi)(t)(l — 2j.R; (t))] =0.
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§3.2.3 The coexistence case

For the coexistence case we proceed as in [I4] with small adaptations. For the conveni-
ence of the reader we have written out the full proof. The proof relies on the moment
relations in Lemma and no distinction between g = dgrw and general g € G is
needed. The proof consist of several lemmas (Lemmas below), organised
into 4 Steps. In Step 1 we use the moment relations in Lemma to define a set of
measures that are preserved under the evolution. In Step 2 we use coupling to prove
that, for each given 6, the system converges to a unique equilibrium. In Step 3 we
show that, for each given 6, each initial measure under the evolution converges to an
invariant measure. In Step 4 we show that the limiting measure is invariant, ergodic
and mixing under translations, and is associated.

1. Properties of measures preserved under the evolution. Let 6 be defined
as in (2.62) such that 60 = [“Olj_ff(yo} = 9”11[29*’.

Definition 3.2.6 (Preserved class of measure). Let Rél) denote the set of meas-
ures p € T satisfying:

(1) For all (4, R;) € G x {A, D},

Jim B, [z, (8)] = 6. (3.106)

(2) for all (i, R;), (4, R;) € G x {A, D},

A > b (G, Re), (k, Be)) 0 (G Ry), (1, )
(k,Ry),(1,R;)€GX{A,D} (3.107)

X Eplz(k,ry)20,10)) = 0%

]
Clearly, if p1 € 73(91)7 then (1) and (2) together with Lemma imply
2
fim B, > 0GR (b Rz —0) | =0, (3.108)

(k,Rr)EGx{A,D}

and so lim;_, oo 2; g, (t) = 0 in L?(p).
On the other hand, suppose that (3.108]) holds for some (i, R;) € G x {A, D}.
Then, by Lemma ([3.2.1]), we can rewrite (3.108) as

. 2
lim B, [(Ez[z(iﬂi)(t)] —0) } = 0. (3.109)
This implies
Jim B, [ r,)(6)] = 0, (3.110)

(0]
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and hence, by translation invariance,

Using that switches between the active state at the dormant state occur at a positive
rate, we can use the strong Markov property to obtain that (3.111)) holds both for
R; = A and for R; = D. Hence holds. Combining and , we see
that also holds.

Lemma 3.2.7. u € Rél) for all € T, ™.

Proof. The proof relies on Fourier analysis and the existence of spectral measures.
As in Section for ease of exposition we focus on the special case where G = Z,
but the argument below extends to any countable Abelian group endowed with the
discrete topology.

By translation invariance and the Herglotz theorem, there exist spectral measures
Aa and Ap such that, for all j, k € Z¢,

Bl — 00 = [ 0000,
T (3.112)
By = )~ 0] = [ d0anp(0).

(_ﬂ—vﬂ']d

Let a(¢) = 4 czq €®Pa(0, k) be the characteristic function of the kernel a(-, -) (recall
(3.66)), and T'(t) the activity time of the random walk up to time ¢ (recall (3.58)).
Then

. efT(t) T ()™ .
> ar (0, k)l = " 7TE' ®) > a"(0, k) el

kezd n€Ny ’ kezd
B e~ TO[T(t) a(e)]™ (3.113)
- Z n!
n€Np

_ o T(H)(1-a())
Let £(t) be defined as in (3.62)). Then, for fixed ¢ > 0,

Plo.ay(E() = D bV((0,4), (k, A)) > 0. (3.114)
kezd
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and hence

kezd

= ﬁz;zgag(jj— j{j bEV (0, A), (k, A) 6V (0, A), (1, A)) By [(mr — 02) (1 — 02)]

! : Z B0 (0, A), (k, A)) b ((0, A), (1, A)

1 1
E, [(W > (0, A), (b, A))ar — 9x> }

Po.a(EM)? 7=,
)
(=m,m]d
1
- m Z E(O,A),((),A) I:aT(t) (07 k:) aT’(t) (0, l) 15(0 15’(t):|
©.4) k,lezd
)
(—m,m]d
-
Peo,4)(E(2))?
x/ E0,4),0,4) | D ar €F(0,k) e > arwe 09 (0, 1)1 | dAa(0)
(=l kezd lezd
! =T(t)(1—a(e)) —T'(t)(1—a(e))
e E [ ( 1 1o ] .
Peo,4)(E(2))? /(_7r - ©,4),(0,4) O ey | dra(o)

(3.115)
Since af(-, -) is irreducible, a(¢) # 1 for all ¢ € (—, 7]%\{0}. Taking the limit ¢t — oo,
we find

lim E, WZbS%(o,A»(k,A))xkax — a0}, (3.116)
’ keZd
Similarly,
lim E, mzb@((o?mmk,m)yk—% =p({0}). (3.117)
) kezZa

7
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Hence
2

(1)
Jlim E, > bi (0, A), (k, Rie) 2(,ri) — 0
(k,Ri)EZIx{A,D}

. bV (0, 4), (k, A)) 0o
= o B [(P“’vf‘) (EW) kéd Poa(E®) FTI+K
. bV ((0, A), (k, D)) K6, \’
FRoMEW) 2, T sE@m) T TeR

(1) 2
(0,4, (k, 4)) 0. 1
tlirgo ]P)(O A) (E(t)) ]Eu (k%Z:d (0 A)( (f)) Tk — (1 I K) ]P(O,A) (5(t)))

‘ b ((0.4), (kD) Kb, 1 2
+ IP’(o,A) (&) E, (kg{i P, (E<(t)) Yk — 1+ K P, (&<(t))

K
= T A OD) + (o))
(3.118)
Hence, if A4({0}) =0 and Ap({0}) =0, then u € Rél). We will show that
Aa({0}) =0 and Ap({0}) =0 for u € T, "%
Let Ay = [0, N)¥ N Z%. By the L'-ergodic theorem, we have, for u € 7,"®,

2

] =0. .
Jim E, Z zj— 0, 0 (3.119)
]GAN

(For general G not that countable groups endowed with the discrete topology are
amenable. For amenable groups G, (Ax)nyeny must be replaced by a so-called Folner
sequence, i.e., a sequence of finite subsets of G that exhaust G and satisfy

N—o0

for any g € G [57]. ) Using the spectral measure, we can write

2
A By ( 2. )

JEAN
— lim — Z / RICRLIOR WA
2
N—>ooA X e e (3.121)
~ lim 1 3 i) (1 3 ei(/m»)) D
N—00 (—m,m]d AN fryye AN keAn
— a0}
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In the last equality we use dominated convergence and

(a) For all ¢ € (—, 7],

lim > e R = 1401(9). (3.122)

(b) For all § > 0 there exist ¢(NV,d) > 0 such that if J5 = (-9, ), then

LS i) 10 (6)] < 15,(0) + €N, 9), (3.123)

A
N JkEAN

where €(N,d) L 0 as N — oo.

We conclude that A4({0}) = 0. Similarly we can show that Ap({0}) = 0, and hence
(1)
HeER . O

Recall that (S;);>0 is the semigroup associated with (2.4)—(2.5)).

Lemma 3.2.8 (Preservation). If b(-,-) is transient and p € Rél), then the follow-
ing hold:

(a) uS; € ’Rél) for each t > 0.

(b) If tp, — o0 and uS;, — wu(oo0), then p(co) € Rél).

Proof. Our dynamics preserve translation invariance. To check property (1) of Rél)
(see (3.106))), set f(z) = 2(;,Rr,). Since p € Rél), applying Lemma multiple times,

we obtain
Jim By, [, (s)] = lim. > bV ((4, Ri), (K, Ri)) Epus, [2(k, ry)]
(k,Ri)€Gx {A,D}
=lim Y oG R, (b Re) Byl (1)
(k,Ri)€Gx {A,D}
- shﬁrgo Z b-(:izt ((Z’ Ri)’ (k/’ Rk')) EN [Z(k’7Rk/)]

(k',R!,)EGX{A,D}
= lim B[z (t+5)] = 0.
(3.124)
To check property (2) of Rél) (see (3.107)), we set f(2) = z(i r,)%(j,r,)- Lhen, again
by applying Lemma [3.2.1] we find
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Jim > bW (G, Ri), (k, Ri)) b (s Ry), (1, R1)) Bpus, (200, m) 20, 10)]
(k,Ri), (1, Ry)
eGx{A,D}

= glggo Z bgl) ((7" Ri)’ (k’ Rk)) bgl) ((]7 Rj)a (l’ Rl)) EM[Z(k,Rk)(t)Z(l,Rz)(t)]

(k,Ry),(L,Ry)
eGx{A,D}

= sll{go [ Z bg}i-)s((iaRi)a(k/7Rk’)) bg—li-)s((jv Rj)a(l/aRl’))
(k/7Rk/)v(l/7Rl’)
€eGx{A,D}

X B[z, r) 20 Ry

+ / dr 70 (G R, (K, A) Y, ((G Ry, (K A)) By ()] |-

k'eG
(3.125)
Since p € Rél), we are left to show that
t+s
lim [ du ];;b;”((z‘, Ri), (K, 4)) b (5. Ry). (K, A)) Eplg(ane (t + 5 — )] = 0.
S =
(3.126)
Using the notation of Section we get
t+s )
Slggo du Z bg ) ((Z, Ri)ﬂ (klv A)) b7(11) ((Ja Rj)v (klv A)) ]E# [g(mk’ (t +5— u))]
s k'eG
o (M) (M
< . - / C o /
<ol Jim [ du 3 00 (G R (K, 4)) 0 (G Ry, (0, )
s k'eG
t+s
= gl Sli{go/ du B ) Gk | Y arw (6 k) Leq) arrw (G, K) 15’(u)]
s k' eG
t+s
< gl Slggo/ du Eo.4),0,4) | Y @7 (i K) Lequy azr(uy (3, k) Leruy | =0,
s k' eG
(3.127)

where the last equality follows from the assumption I; < oo in Theorem
and . The last inequality follows from the Markov property and the observation
that, in order to get a contribution to the integral, the two random walks first have to
meet at the same site and both be active. We conclude that u.S; € Rél) for all t > 0.

To show that u(co) € R((,l), we proceed like in (3.124)), to obtain

lim B, o0)[26,r,)(5)] = lim lim E,s, [2¢,r,)(s)] = lim lim E,[z; g, (tn+s)] =0,

5—00 5—00 N—00 §—00 N—00
(3.128)
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and so (3.106]) is satisfied. To get (3.107)), we note that, by Lemma
1. 1),
> bh) (6, o), (k Be)) b)) (. Ry), (1 R)) Bl 2.0

(k,Ry),(l,R;)eEGx{A,D}
< Bulz(i,r) (tn) 2(,r,) (tn)]

= Z b'gb) ((l’RZ)’(k’Rk)) bg,ll)((:% Rj)’ (Z7Rl)) EH[Z(k,Rk)Z(l,Rz)}
(k,Ri),(1,R1)€Gx{A,D}
+ ”9”/ ds b (G0, R, Ok, A)) 6L (G, R)), (, A))
keG
(3.129)

Letting n — oo, we see that, since p € Rél),

6% < B0 [2(6,70) 25, y)]

. 3.130
<ol [ ds 3 U0 (G R (6 ) O (G R, (). O
keG
Inserting (3.130)) into (3.107)), we see that it is enough to show that
i M ((; R MW ((;: R
Slggo Z bs ((ZvRi)v(kka)) bs ((J’Rj)a(lle))
(k,Ry),(L,R)eEGXx{A,D}
gl [ dr X b0k R, AD BO( R, (8 ) (3.131)
k'eG
= lim ||g||/ dr 700 (6 Re), (K, A) b (G, Ry). (K, A)) = 0.
k'eG
However, from the assumption I; < oo in Theorem [2.3.1] (3.60)) and (3.79), we have
i foll [ dr S b0, (6 R ' A0) B2, (G ), (' )
k'eG
= lim ||9||/ dr E; r,),i.R;) [Z ar) (i, K e@yar oy (G, K ey | =
k'eG
(3.132)
O

2. Uniqueness of the equilibrium. In this section we show that, for given 6, the
equilibrium when it exists is unique. To prove this we extend the coupling argument
n [14]. Consider two copies of the system (2.4)—(2.5) coupled via their Brownian
motions:

daf(t) = ali,j) [} (1) — 2§ (£)] dt + \/g(af (1)) dwi(t) + Ke [yf (t) — «F(t)] dt,

j€eG

dyf(t) = elaf () — yEO)dt, ke {1,2).
(3.133)
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Here, k labels the copy, and the two copies are driven by the same set of Brownian
motions (w;(t))¢>0, @ € G. As initial probability distributions we choose u'(0) and
#%(0) that are both invariant and ergodic under translations.

Let

Zi(t) = (2 (1), 27(1),  2(t) = (aF (). 47 (1), ke{1,2}. (3.134)

The coupled system (Z;(t));cc has a unique strong solution [67, Theorem 3.2] whose
marginals are the single—componen‘c systems. Write P to denote the law of the coupled
system, and let A;(t) = z}(t) — 22(t) and §;(t) = y} (t) — y2(2).

Lemma 3.2.9 (Coupling dynamics). For every t > 0,

&E[|A()|+K\5 **22 a(i, ) )|1{sgnA(t)¢sgnA(t)}]
JjeG
= 2KeE [(|A:i(®)] + 10:(t)]) Lisgn Ai () £ sgmsi(0)}] -

(3.135)

Proof. Let f(x) = |z|, € R. Then f’'(z) =sgnx and f’(z) =0 for x #£ 0, but [ is
not differentiable at x = 0, a point the path hits. Therefore, by a generalization of
1td’s formula, we have

d|A; ()] = sgn A;(t) dA;(t) + dLY,

dA(t) = > ali, /)[As(t) — As(t)] dt + [\/g(ff% \/g } dwi(t) (3.136)

Jj€G

+ Ke [6;(t) — Ay(1)] dt,

where LY is the local time of A;(t) at 0 (see [63] Section IV.43]). Next, we use that
A;(t) has zero local time at 2 = 0 because g is Lipschitz (see [63, Proposition V.39.3]).
Taking expectation, we get

LEIan) =Y ati, )& [sm A1) 123 (1)~ 2 (0] | + K e B [sgn (1) [8:(6) - As(1)]]-
jeG
(3.137)
Similarly, we have
d|5 (1) = sgn d;(t) do;(2),
do;(t) = e [A;(t) — &;(t)] dt. (3.138)
Taking expectation, we get
4 g5, )] = e & s (1) (A1) — 5,(0)]. (3.139)
Combining (3.137)) and (3.139)), we get
SR+ KI5.0)]) = 3 ali,5) & [sen 8,(0) [351) ~ A1)
J€G (3.140)

+Kel [[sgn Ai(t) — sgn 8 (8)] [0:(t) — Ai(t)]} .
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Note that
sgn Ay (1) [A; (1) — Ay(t)] = [A; ()] — [Ai ()] = 2[A; (8)] Lisgn as(t)sgn 2, 1)y (3.141)

By translation invariance, E[|A;(t)]] is independent of . Hence the first sum in the
right-hand side can be rewritten as

=23 a0, ) B[ A5 ()] Lisgn o,y ssn s, 00} (3.142)
j€G

Similarly, the second sum in the right-hand side can be rewritten as

—2Kelk [(|A2(t)| + ‘(51(15)‘) 1{sgnAi(t);£sgn571(t)}] . (3.143)
Combining (3.140)) and (3.142)—(3.143)), we get the claim. O

Lemma tells us that ¢ — E[|A;(t)| + K|6;(t)]] is a non-increasing Lyapunov
function. Therefore lim;_, E[|A;(t)| + K16;(¢)|]] = ¢; € [0,1 4+ K] exists. To show
that the coupling is successful we need the following lemma.

Lemma 3.2.10 (Uniqueness of equilibrium). If a(-,-) is transient, then ¢; = 0
for alli € G, and so the coupling is successful, i.e.,

Jim B[1A:0)] + K15:(1)]] = 0. (3.144)

Proof. Write —h;(t) to denote the right-hand side of (3.135). We begin with the
observation that ¢ — h;(¢) has the following properties:

(b) 0 < [T dthi(t) <1+ K.
(c) h; is differentiable with h] bounded.

Property (a) is evident. Property (b) follows from integration of (3.135)):
t
/O ds hi(s) = B[|A0)] + K15:(0)]] — E[|A(6)] + K15:(0)]]. (3.145)

The proof of Property (c) is given in Appendix It follows from (a)—(c) that
lim;_, h(t) = 0. Hence, for every € > 0,

Vi,j € G with a(i,j) > 0:
Jim I@’({Ai(t) <6, A > FU{A) > e, Aj(E) < —e}) —0,

. (3.146)
VieG:
lim I@’({Ai(t) < —6 6;(t) > e} U{A(t) > €, 6i(t) < —e}) =0.
In Appendix we will prove the following lemma:
Lemma 3.2.11 (Successful coupling ). For alli,j € G and ¢ > 0,
lim P({Ai(t) < —e, Aj(t) > F U{A() > €, Aj(t) < —e}) = 0. (3.147)
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The proof of this lemma relies on the fact that a(-,-) is irreducible. Let

By x Ey = {z €EX E: 2} () > 2% gy (1) ¥(6, Ri) € G x {A,D}}
o o (3.148)
U {2 €EXE: 2%, () = 2l oy (£) Y(i, Ri) € G x {A,D}} .

Then Lemma [3.2.11] together with (3.146) imply that lim,_, o P (Eg x Ep) = 1, which
we express by saying that “one diffusion lies on top of the other”.

Using Lemma [3.2.11] we can complete the proof of the successful coupling. Let
t, — 00 as n — oo and suppose, by possibly going to further subsequences, that

limy, o0 p'(tn) = v and lim, oo p?(t,) = vj. Let Uy be the measure on E x F

given by 7 = v} x v5. Using dominated convergence, invoking the preservation of

translation invariance, and using the limiting distribution of bgl)(-, ) on {A,D}, we
find

/ dvg |Ai] + K|d;]
ExXE

:(1+K)/ Ay lim bV ((i, Ry), (5, A)) |z} — 22|
Eogx Ey n—>ooj§; |: o ( )

+ 65 (6, R). (. D)) Ly = 2]

. _ 1 . .
= Jim (1+K) / dog| > b (LR, G R)) (my) = i)
Eox Eo jeGx{A,D}

< Jim (1K) [ arf| 3 WD (R G R) iy 0
n—o00 E )
JEGX{A,D}

+n1Ln;O(I+K)/dV§ Z bg)((i,Ri),(j,Rj)) Ziry — 0] =0
E i€GX{A,D}

(3.149
Here, the last equality follows because both 1/91 and 1/92 are in Rél) by Lemma
Thus, we see that 7y concentrates on the diagonal. Suppose now that there ex-

ists a sequence (tp)neny such that lim, oo E[|A;(¢,)| + K1d;:(t,)|]] = § > 0. Since
{L(Z(tn)) }nen is tight (recall (3.134))), by Prokhorov’s theorem there exists a con-
verging subsequence {L£(Z(t,,))}ken. Let 7 denote the limiting measure. Then, by

Lemma and ((3.149),

§ = lim E[|A;(tn, )] + K| (tn,)] :/ g [| ] + K16]] = 0. (3.150)
k—oc0 EXE

Thus, lim;_, o E[|A;(¢)|+K]d;(t)|] = 0, and we conclude that the coupling is successful.
Hence, given the initial average density 6 in (2.62)), the equilibrium measure is unique
if it exists. O

3. Stationarity of vy and convergence to vy.
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Lemma 3.2.12 (Existence of equilibrium). Let u(0) € 7,8, Then
lim; o p(t) = vg for some invariant measure vy.

Proof. To prove that the limit is an invariant measure, suppose that p(0) = u =
dp. Since the state space of (Z(t)):>0 is compact, each sequence {L£(Z(t))}nen is
tight. Hence, by Prokhorov’s theorem, there exists a converging subsequence such that
limy, 00 69.St, = vg. Since dp € Rél), Lemmatells us that lim,_, o 69S:, € Rgl).
To prove that vy is invariant, fix any so > 0. Let p = 69Ss,. Then, by Lemma
s Rél) and, by Lemma we can find a further subsequence such that
limy 00 f4(tn,, ) = vg. By the Feller property of the SSDE in 7, we obtain

vgSs, = nl;rrgo 09St, Sso = len;O 595505%% = len;O uStnk_ = 1. (3.151)

Hence, vy is indeed an invariant measure.

To prove the convergence of u(t) to vy, note that vy € R(gl) by Lemma m Let
v = vy. Then, by the invariance of vy, we have lim;_,, vS; = vy. By Lemma [3.2.10
we have limy_, oo puS; = limy_, oo Sy = vy for all p € Rél . O

4. Ergodicity, mixing and associatedness.

Lemma 3.2.13 (Properties of equilibrium). Let u(0) € Rél) be ergodic under
translations. Then vg = lim;_,o pu(t) is ergodic and mizing under translations, and is
associated.

Proof. After a standard approximation argument, [46, Corollary 1.5 and subsequent
discussion] implies that associatedness is preserved over time. Note that dg is an
associated measure and lies in Rél). Hence, by Lemma [3.2.12] vy = limy_, . §5.5; and

therefore vy is associated.

We prove the ergodicity of vy by showing that the random field of components is
mixing. To prove that vy is mixing, we use associatedness and decay of correlations.
Let B, B’ C G be finite, and let ¢;, d; be positive constants for j € B, i € B’. For
k € G, define the random variables

YO = Z CjZ(j’R].), Yk = Z diz(i+k7Ri+k). (3.152)
JEB i€B’

Note that Yy and Y}, are associated under v because (2(; r,))(i,r,)eGx{A,D} are asso-
ciated. Therefore, by [61, Eq.(2.2)], it follows that for s,t € R,

E,,[elYo+Y)] |, [5Y0) E,, [e®Y"]| < |st| Covy, (Yo, Yy). (3.153)
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Since p € R(l) by Lemma

Covy, (Yo, Y) Z Z c;jd; hm Cov“(z(j R) () 2(i4k,Risr) ()
jeBieB’

<llgll D" esds

jEBiEB’

< [Car b (G By (1 A) B (0 + k. o). (1, A)).

(L,Ry) GGX{A}

(3.154)
The last integral gives the expected total time for two partition elements in the dual,
starting in (j, R;) and (i + k, Ri4x), to be active at the same site. To show that this
integral converges to 0 as ||k|| — oo, we rewrite the sum as (recall (3.64)—(3.65))

E(itk,Risr). (i, Ry) KZ are) (J,1) ar ) (i + k, l)> Ler) 16'<r>]

leG

= E(itk,Risr),GiRy) [(Z aonry (i +k—3,) anery (U, 0)> Lery 15/(7:)]

I'eG

< E(ivk,Ritn), (. R)) KZ aoni(ry (i 4+ k = 3,1) [aay (1, 0) + aney (0, l')]) legr) 15'(r)]
I'eG
= Bk, Risn).GoRy) G200 (r)+2a() (0 + K — 5,001y L) -
(3.155)
Because a(-,-) is symmetric, we have Gonr(ry+2a(r) (@ + &k = 7,0) < aanr(r)+2a()(0,0).
Since

T)+T'(t) <2M(r)+2A(r) <2(T(t) +T'(t)), (3.156)
and the Fourier transform in (3.74)—(3.75) implies that
oo
/ ArE i Ri0),G.8y) [G200) 1280 (0,0)1e(r) Lo (] < 00, (3.157)
0

if and only if I; < co. Since we are in the transient regime, i.e., I; < 0o, we can use
dominated convergence, in combination with the fact that lim, o G¢(i4+k—35,0) =0
for all 4, 7, ¢, to conclude that limjj,— oo Cov,, (Yo, Yx) = 0. O

§3.2.4 Proof of the dichotomy

Theorem a) follows from Lemmas|3.2.7}|3.2.12)and [3.2.13} The equality |, [z0] =
E.,[yo] = 0 follows from the evolution equations in (2.4)—(2.5), the fact that vy is an

equilibrium measure, and the preservation of 6 (see (2.63))). Theorem [2.3.1|(b) follows
from Lemma B.2.5

§3.3 Proofs: Long-time behaviour for Model 2

In Sections [3.3.1H3.3.4] we show that the results proved in Sections [3.2.1H3.2.4] carry
over from model 1 to model 2. In Section we show that symmetry of a(-,-)

86



§3.3. Proofs: Long-time behaviour for Model 2

is needed. In Section we show what happens when for infinite seed-bank the
fat-tailed wake-up time is modulated by a slowly varying function.

§3.3.1 Moment relations

Like in model 1, we start by relating the first and second moments of the system
in 7 to the random walk that evolves according to the transition kernel
b3 () on G x {A, (Dm)men, } given by (2-41). Also here these moment relations
hold for all g € G. Moreover these moment relations holds for p < oo as well as for
p = 0o. Below we write E, for Es_, the expectation when the process starts from the
initial measure §,, z € E.

Lemma 3.3.1 (First and second moment). Forz € E,t >0 and (i, R;), (j,R;) €
G x {A7 (Dm)mENo};

E.[2(;r0) (8)] = oo PG R, (ks BY) 20 m) (3.158)
(k,Ri)
EGX{A,(Dm)meng }

and
E.[2(,r,) (t)2(,Rr,)(t)]

= 3 b (i, Ry), (ky Bi)) 0 (s Ry), (L RY)) 200, me) 20.50)

k,Ry),(l,R
O (M Bureer) (3.159)

t/mZd (G R, (k, A)) b (G, Ry). (K, 4)) Ex[g(ae(s)))

keG
Proof. The proof follows from that of Lemma after we replace bV (-, -) by b2 (-, -)
and use (2.12))—(2.13]) instead of (2.4)—(2.5). O

Remark 3.3.2 (Density). From Lemma we obtain that if p is invariant under
translations with E,[z((0)] = 6, and E,,[y0.,(0)] = 0, for all m € Ny, then

Eulzary@®) =0 > 02 ((,Ri), (k, Ry)

(k,Rr)eGx{A}

o (3.160)
+ Z ey,m Z bt ((ZvRi)7(k7Rk))
meNy (k,Rk)EGX{Dm}
and
Epul2,r) () 2(,R;) (8)]
= > b7 (4, Ry), (ks Ri)) 07 (G, Ry)s (L Ra)) B [2h, me) 20, 10))
(k7Rk)7(laRl)
€GX{A,(Dm)meng }
s S0, 05 A0) 62 G ), (0 A) B
keG
(3.161)
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e For p < oo, the kernel b()(-,-) projected on the second component (= the
seed-bank) corresponds to recurrent Markov chain. Therefore, by translation
invariance in the first component, we have

On + 3 neny Kmbym
lim E i rH()] = S -
e ulz.r) (0] 1+ ZmENO K

= 0. (3.162)

e For p = oo, the kernel b?) (-, -) viewed as a kernel on {4, (D,,)men, } corresponds
to a null-recurrent Markov chain. Hence, for all (i, R;) and all D,,, m € Ny,

lim S 6 ((i, Ry), (k, D)) = 0. (3.163)
t—o0
keG
Since for p = co we assume not only that x4 € T,® but also that p is colour
regular, it follows that, for all M € Ny,

tli>Igo EM[Z(i,Ri) (t)] = tli>1£10 HLE Z b§2) ((la Ri)7 (k7 Rk}))
keG
+ Z ay»m Z b§2)((27R1)7(k7Rk))
meNy (k,Ri)EGX{Dy, }

o0

= lim 0y m > b\ ((i, Ry), (k, Ry,)).

t—o0
m=M (k,Rr)EGX{Dn}

(3.164)
Therefore

lim B, (2.5, (t)] = 6. (3.165)

t—o0

O

§3.3.2 The clustering case

In this section we prove convergence to a trivial equilibrium when p < co and I; = oo
and when p = oo and I; , = co. The proof follows along the same lines as in Section
3.2.2l Therefore we again first consider ¢ = dgrw, and subsequently use a duality
comparison argument to show that the results hold for g # dgpw as well.

Case g = dgrpw. We start by proving the equivalent of Lemma which is
Lemma [3.3.3] below.

Lemma 3.3.3 (Clustering). Suppose that 1(0) € T,™® and g = dgpw. Let p(t)
be the law at time t of the system defined in (2.12)—(2.13)). Then the following two

statements hold:
o If p< oo and Iz = oo, i.e., a(-,-) is recurrent, then

Hm p(t) = 0[5(1 100y]%F + (1 = 0) [6(0,0%0)] 2. (3.166)

t—o0
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o If p=o00 and I, = oo then

Hm p(t) = 6[5(1,19y] %€ + (1= 0) [0 0v] . (3.167)

t—o0

Proof. We distinguish between p < co and p = oo, which exhibit different behaviour.

Case p < co. The same dichotomy as for model 1 holds when the average wake-up
time is finite (recall (2.20)-(2.21)), ([2.50)). Indeed, the argument in (3.69)—(3.79) can
be copied with Ke,e replaced by x,x/p and A, B by x/(1 + p),1/(1 + p). Under
the symmetry assumption in we have a(¢) = 0. Hence only the law of large
numbers in is needed, not the central limit theorem in , which may fail

(see Section [3.3.5)).

Case p = co. When the average wake-up time is infinite, we need the assumptions
in (2.60) and (2.76]). By the standard law of large numbers for stable random variables
(see e.g. [34, Section XIII.6]), we have

k k
.1 1 . 1 . .
klirglo Z ;_1 op = X P-a.s., kl;rgo RV ;_1 7e =W  in P-probability, (3.168)

with W a stable law random variable on (0, 00) with exponent «. Therefore

.1 o Lo s
thj?o = N(t) = tlirglo =t N'(t)=W in P-probability,
lim T(t) = lim 1 T'(t) = Y i P-probability (3.169)
t—oo tY t—oo tY X ’
. _ . _ 1 _
tlgxolotl TP(E(L) = tlgxolotl TP(E () = i]E[W ], t — oo.

For the last statement to make sense, we must check the following.

Lemma 3.3.4 (Finite limits). E[W 7] < co.

Proof. Let Wy, = k=7 Zf:l 7. Then W, 7 < k(maxi<;<j 7; )~ ' and, since 7; are
i.i.d. random variables,

%) -1 %)
EW, "< [ daP(k(max ) >az|=[ dP(<b"  (3.170)
k 1<i<k * L~
0 s 0

To estimate the integral in the right-hand side of (3.170)), we introduce three constants,
T, Cq, Cy. Let € € (0,1) and choose T € R such that, for all ¢t > T,

[P(r > t)/(Ct )] — 1] < ¢ (3.171)

Since P(1 < t) = 1 — x7! > meng Kmeém e~ °n! we note that, under assumption
(2.76), T admits a continuous bounded density. Hence there exists a C; € Ry such
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that P(7 < t) < Cqt. Finally, choose Cy € Ry such that Cy > max(1,CY). Split
S & k/T &
/ dIP(T;<§) :/ deP’(T{Y<§)
0 0

k?Cz k o0 k
+/ P (i <)+ [ ap@<b)t
k/T kC2

(3.172)

We estimate each of the three integrals separately. For the first integral, we use the
estimate (1 — P(r] > %))* < exp[—kP(r] > %)] to obtain

[ <t = [ e [rr (2 )

k/T
< / doe—(1—o)Cx (3.173)
0

< 1
~ (1-eC”

For the second integral, we note that ¢t — ¢P(r{ > t) is a continuous function on

[C%, T1], and hence attains a minimum value C3 € Ry on [C%, T]. Therefore

kCo . kCo k
[, wrli<y) =] Cari-peyz )
R/T k)T

kCo k
< / dx exp [—x (IP’(T;’ > ’;))} (3.174)
k/T €

1
< —.
=5

For the third integral, we compute

0o 00 % 1/Cs ¥ ¥ %*1
/ dzP (7] < %)k S/ da (CTE)~ :/ dv & (Cv)7 = kclk <Cl> :
- - 0 TG (3.175)

. .

where in the first equality we substitute v = . Since Co > C7, we see that the
right-hand side tends to zero as k — co. Hence

1 1 Ok o\t
- < - - 1 71
E[W, ]—(1—6)(0/7)+C3+§1<02) ) (3.176)

2>

and by dominated convergence it follows that E[W 7] = limy_, o E[W, "] <oco. O

By (2.73), we have a(¢) = a(¢) and a(¢) = 0 in (3.66]), and so (3.74])) becomes,
with the help of (3.169)),

E(0,4),(0,4) KZ ar()(0,7) a1 (0, i)) Leq 15’(t)] = 7207 f (1), t — oo,
icC
(3.177)
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with (recall (3.68))
f(t) = ac~(0,0) (3.178)

for some ¢ € (0,00). Here we use that deviations of T'(t)/t” and T"'(¢t)/t” away from
order 1 are stretched exponentially costly in ¢ [31], and therefore are negligible. Since
t — a4(0,0) is regularly varying at infinity (recall (2.60)), it follows that

Ger(0,0) < a1 (0,0), ¢ — oo. (3.179)
Combining (3.63)) and (3.177)—(3.179), we get
I=x <<= I,=0 (3.180)

with I, = [ dtt=2(1=7) 4,,(0,0). Putting s = ¢7, we have

Ly = / ds s~ =/74,(0,0), (3.181)
1
which is precisely the integral defined in (2.80)). a

Case g # dgrw. To prove that the dichotomy criterion of Lemma [3.3.3] holds for
general g € G we need the equivalent of Lemma Replacing f by f
, replacing b by b in the proof of Lemma and using the moment
relations in Lemma |3.3.1]instead of the moment relations in Lemma [3.2.1] we see that
Lemma |3.3.3| also holds for g € G.

§3.3.3 The coexistence case

In this section we prove the coexistence results stated in Theorem Like for
model 1 the proofs hold for general ¢ € G and we need not distinguish between
g = dgrw and g # dgrw. For p < oo, the argument is given in Section [3:3.3] and
proceeds as in Section It is organised along the same 4 Steps as the argument
for model 1, plus an extra Step 5 that settles the statement in . For p = oo, the
argument is given in Section [3.3.3] and is also organised along 5 Steps, but structured
differently. In Step 1 we define a set of measures that is preserved under the evolution.
In Step 2 we use a coupling argument to show the existence of invariant measures. In
Step 3 we show that these invariant measures have vanishing covariances in the seed-
bank direction. In Step 4 we use the vanishing covariances to show uniqueness of the
invariant measure by coupling. Finally, in Step 5 we show that the unique equilibrium
measure is invariant, ergodic and mixing under translations, and is associated.

e Proof of coexistence for finite seed-bank

1. Properties of measures preserved under the evolution. For model 2 with
p < 00, the class of preserved measures is equivalent to R(gl) for model 1 and is now
defined as follows.

Definition 3.3.5 (Preserved class of measures). Let Réz) denote the set of meas-
ures p € T satisfying, for all (¢, R;), (j, Rj) € G x {A, (Dm)men, }
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(1)
A By [z gy ()] = 0, (3.182)
(2)
fm o ST b (R, (B Re) O (G Ry), (1 R)
k,Ri),(l,R
cax Al Dot} (3.183)

X B2, me) 20,00 = 0°-

O
Like for model 1, properties (1) and (2) of Definition hold if and only if
2
(2) —
tli{gloE Z bt ((OaA)7(kaRk))Z(k,Rk) -0 =0

(k’Rk)ﬂ(l’RZ)GGX{A7(D'm)"mEN0}
for some (i, R;) € G x {A, (D) men, }-

(3.184)

Also for model 2 with p < oo we have 7,"® C R((,l). To see why, note for all ¢ > 0 and
m € Ny, (z;(t))icc and (yim(t))icc still are stationary time series. Hence with the
help of the Herglotz theorem we can define spectral measures Aa, Ap,, for m € Ny

as in E Let (RWy)¢>0 be the random walk evolving according to b(z)( ).
Introduce the sets

£(t) = {at time ¢ the random walk is active},

. . : (3.185)
Em(t) = {at time ¢ the random walk is dormant with colour m}.
Note that
2
A B, [( > bi”((o,A),(k,Rk»zac,Rm—6) ]
(ks Rp)s (LR )EGX{A,(Dm)meng
2
b2 ((0, A), (k, A)) 1 6
< lim P4y (1) E g 2,35 - -
= tgglo (O,A)( ( )) Iz [(kez;d P(O,A)(g(t)) Tk P(O,A)(g(t)) T+p
2
b2 ((0, A), (k, (Dm)) 1 Ko
+ P g’m NE t ) 9 9 m Ve — mUy,m
mZ (0.4)(Em (1)) Ep [(Z P o) P P ) T
(3.186)

Hence we can use the same argument as in the proof of Lemma to show that
T CRY.

Also Lemma carries over after we replace b (-,-) by b@(.,-) and RS by
RE)Q), as defined in (3.3.5]).
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2. Uniqueness of the equilibrium. To prove uniqueness of the equilibrium for
given 0, we use a similar coupling as for model 1 in Section [3.2.3]in Step 3. Consider
two copies of the system in (2.12)—(2.13) coupled via their Brownian motions:

def(t) = > ali,j) [25(t) — 2F(®)] dt + \/g(2F (1)) dw;(t) (3.187)

JjeG
+ ) Knew [yF,,(0) — 2k (@) dt, (3.188)
meENg
dyf (1) = em [25(t) =yl (8)] dt, m € Ny, ke {1,2}. (3.189)

Here, k labels the copy, and the two copies are driven by the same Brownian motions
(w;(t))i>0, i € G. As initial measures we choose p'(0), u2(0) € T,.
Let

Z(t) = (2 (0), (1), 2(t) = (27 @), Wn®))men,), ke€{1,2}.  (3.190)

By [67, Theorem 3.2], the coupled system (Z;(t));ec has a unique strong solution
whose marginals are the single-component systems. Write P to denote the law of the
coupled system, and let A;(t) = z;(t) — z7(t) and 8; m(t) = yi , (t) — 7, (t), m € No.
The analogue of Lemma [3.2.9| reads:

Lemma 3.3.6 (Coupling dynamics p < c0). For everyt > 0,

O+ Y Kmldi(t)

m&ENp

:—22 Z] )|1{5gnA (t) #sgn Aj ()}]
jeG

=2 Knen B [(1800)] + 18im(0)) Lsgn as(6) £ sgn sim )] -
m&ENy

(3.191)

Proof. Note that the left-hand side of is well deﬁned because p < oco. The
proof of Lemma|3.3.6|carries over from that of Lemma after replacing (2.4 . .

by @212)-213).

The analogue of Lemma [3.2.10] reads as follows.

Lemma 3.3.7 (Successful coupling p < 00). If a(-,-) is transient, then the coup-
ling is successful, i.e.,

Jlim E[A®)]+ D Enldim®)] =0, VieG. (3.192)
m&ENy

Proof. This follows in the same way as in the proof of Lemma [3.2.10, by defining
—h;(t) as in the right-hand side of (3.191]). Using that the second line of (3.146) now

holds for &; (¢ ) and all m € Ny, we can finish the proof after replacing bgl)(~, -) in
(3-149) by b?(.,-) and summing over the seed-banks D,,, m € No. O
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3. Stationarity of the equilibrium vy and convergence to vy. Lemma|3.2.12
holds also for u € Ré,Q). This follows after replacing u € ’Rél) by € Rég) in the proof
of Lemma [3.2.12] using the equivalent of Lemma [3.2.8] and invoking Lemma [3.3.7
instead of Lemma [32.101

4. Ergodicity, mixing and associatedness. Also Lemma [3.2.13] holds, after
replacing b1 (-,-) by b3)(-,-). The proof even simplifies, since we can invoke the
symmetry of a(-,-) in (3.155]).

5. Variances under the equilibrium measure vy. If limsup,, ., em = 0, then

the claim in (2.87)) is a direct consequence of the proof of Lemma [3.3.10| for p = oo
R

If liminf,, o €, > 0, then the claim follows from the fact that u € ) and

Vary, (yo.m) = / as b2, ), (ks 4)) B2, ((0, D), (k, 4)) Elg(i(s))]
keG
(3.193)

Since e,, > 0 for all m € Ny and liminf,, .. e, > 0, there is a positive probability
that after the first steps the two random walks are both active at 0, i.e., are both in
state (0, A). Hence, for all m € Ny there exists a constant ¢ > 0 such that

Vary, (yo,m) > cVary, (o). (3.194)

Since vy is a non-trivial equilibrium, we have Var,,(zg) > 0.

e Proof of coexistence for infinite seed-bank

1. Properties of measures preserved under the evolution. For p = oo, the
class of preserved measures is also given by ’R((f) (recall Definition . We show
that if 4 € T, "® is colour regular, then y € R((,Q). Let the sets &, (t), t > 0, m € Ny, be

defined as in (3.185)), and define A4 and Ap,, analogously to (3.112)), like for p < oo.

The equivalent of (3.115|) is

2
L (2)
" (w%b <<0,A>a<k7A>>xkaz>

1

= o e Eo.4).0.4) |6 TO=00D 15 e~ T BN, T d) 4.
Pro,4)(£(1))? /[_m]d (0,4),(0 )[ ) (t)]

(3.195)
Using that T'(¢), T'(t) — oo as t — oo (see (3.169)), that T'(¢), T'(t), E(t), E'(t)

are asymptotically independent and that a(-,-) is irreducible, we still find

lim E,, (P Zb (ky Ay — 9$> =xa({0})  (3.196)
(0.4)(€

t—o0
kEG
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and, similarly,

2
1 (2)
Im E, || =——=—= ) b7(0,A4), (k,A)yk,m — 0y, = Ap,, ({0}).
Pargol (P(O,A)(gm(t)) ];G t (( ) ( ))ykm ym) D ({ })

(3.197)
Since p is ergodic, we have A4({0}) = 0 and Ap,, ({0}) = 0 for all m € Ny (recall
(3.121))). By the colour regularity,

Jlim 6,P 0,4 (€ + Y OymPo.a)(Em(t) = 0. (3.198)

meENy

Therefore we can rewrite (3.186)) as

lim E,

t—o0

2
[( b2 ((0, A), (k, Ri)) 2(k, ) — e) ]
(k,Rg),(1,R1) ECX{A, (D) meng }

(2) :
< lim P01 (E0)E, [( I o en) ]

kezd

(2) :
+ Z IP)((J,zél)(‘c/‘m(t))EM [( Z bt g2)7z)(7é:7(§§m)) (yk,m _eyml)) ]

meNp kezd
= tllglo P(()’A) (5( )\A {0} Z P @ A) ADm({o}) =0.
meNg

(3.199)
We conclude that indeed p € R,

Like for p < co, Lemma carries over after we replace b(!)(-,-) by b(®)(.,-) and
RO by D
g DY g -

2. Existence of invariant measures vy for p = oco. Since the dynamics for
p = oo and p < oo are the same, we can still use the coupling in 7 3.189).
Also Lemma holds for p = oo, but if p = co, then the left-hand side of(](]?):i.[)
can become infinite. Therefore we cannot use the line of argument used for model 1
to show that the coupling is successful for arbitrary colour regular initial measures
p, po € T8 However, we can prove the following lemma.

Lemma 3.3.8 (Successful coupling). If p1, pus € T,® are both colour regular and
satisfy

0)|+ Y Knl6:(0)]| < o0, (3.200)

m&ENy
then the coupling in (3.187)—(3.189)) is successful.

Proof. We proceed similarly as in Step 3 for p < co. Note, in particular, that h;(t)
(recall (8.191)) is bounded from above by E [|A;(0)] + 3, cn, Kml0i(0)]] (compare
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with (3.145))). Also for p = co we obtain Lemma|3.2.11] Like for model 1, if we define

Eo x Ey = {2 €E X E: 2} () = 23 5y (1) ¥(i, R;) € G x {4, (Dm)meNO}}

U {z €EX E: 2, 5y (t) 2 24 (1) ¥(i, Ry) € G x {4, (Dm)meNo}} :
(3.201)
then we find lim;_,o, P(Ey x Ey) = 1 and hence the coupled diffusions (Z*(t)):>0 and
(Z%(t))i>0 lay on top of each other as t — co. However, in the limiting distri-
bution of bgi) (,-) was used “to compensate” the factors K, in [A;|+> 2, o, Kml0im].
Since, for p = oo, bgi)(~, -) does not have a well-defined limiting distribution for the
projection on the colour components, we need a different strategy.

To obtain a successful coupling, as before, let (¢,)n,eny be a subsequence such
that v} = lim, . £(Z*(t,)) with £(Z(0)) = p!' and 13 = lim, 00 L(Z2%(t,)) with
L(Z%0)) = p%. For G = Z4, let Ay = [0, N)¥NZ% N € N. (As noted before, for
amenable groups G, (Ax)yen must be replaced by a so-called Folner sequence.) Note
that

E,; \AN\ Z T — Z Cov,a (@i, 7). (3.202)

JEAN i, JEAN

Since ! is colour regular and p' € 7,7, we have p! € Réz). Hence, by Lemma ,

Cov, (z,2;) = lim Covy (zi(tn), z;(tn))

n— oo

2) .
< 1im |lg| / as 30 (5, A), (k, AN BE (G A), (K, A))
keG
< HQH/ ds Y B a),0,4) [ar() (i k) Legs) ari() (4, k) Lero)]
keG
< HQH/O ds Eg;,4),(j,4) [ar(s)+77(5) (0 — 5,0) 1g(s) Ler(s)] -
(3.203)

Since I, < oo, we see that the last integral is finite. Since limj;;_;j|5o00 ae (i —
J,0) = 0 for all ¢ > 0, it follows by transience and dominated convergence that

limyj;— |00 Cov,z (2, ;) = 0. Since Cov, (xj,z;) <lforalli,jeG,foralle >0
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there exists an L € N such that

N By IAN\ 2w~ = N AE |AN|2 > Covyy(wi,zy)
JEAN 1,jEAN
_ngnoo |AN\2 Z Cov,i (@i, ;) Z Cov,i (@i, z;)
i,jEAN i,JEAN
lli=jll<L li—jlI>L
_ < . _
g LT €A li—GISIH L g€ Aw: =il > L} _
N—voo INVE N—o0 |An|?
(3.204)
We conclude that
2
Jim E,, j{: z; — =0, (3.205)

JGAN
and the same holds for v§. Let lim,, o, £(Z(t,)) = Dy such that lim,, ., £(Z'(t,)) =

vy and lim,, o £(Z2(t,)) = v3. Then by translation invariance of 7y and the fact
that 179(E0 X EQ) = 17 we find

dig|A; :/ dy, x;
»/EXE el ‘ FEo X Ey 0 Z |

jEA
. (3.206)
S/ du(, J; /dug— 2 —0].
|AN\ Z o |AN] jez/\:N J
Letting N — oo, we see by translation invariance of 7y that Eg, [|A;]] = 0 for all

i€ G.

The result in (3.205)) holds also for x; replaced by ¥; m, m € Ny, since the integral
in (3.203]) can only become smaller when we start from a dormant site. Replacing
|A;] in (3.206) by |0;.m|, we obtain, for all m € Ny,

By, [10ml] =0,  Vm € No. (3.207)
We conclude that the coupling is successful. O

Let (S;)¢>0 denote the semigroup associated with 7. To prove the
existence of an invariant measure, note that £ x F is a compact space. Hence, if
t, — oo, then the sequence pS; has a convergent subsequence. In Lemma m
below we show that each weak limit point of the sequence pS;, is invariant under the

evolution of (2.12)—(2.13).

Lemma 3.3.9 (Invariant measure). Suppose that p € Rff) and that 1 is colour
regular. If t, — oo and wS:, — vy, then vy is an invariant measure under the

evolution in (2.12])—(2.13).
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Proof. Fix s > 0. Let u; = p and ps = uSs. We couple uq and po via their Brownian

motions (see (3.187)—(3.189))). Note that, by the SSDE in (2.12)—(2.13)),

E

NOIESY Kmai,m(on]

m€ENy

=E lm(o) —zi(s)| + Y Kmltim(0) — yi,m(s)|]

meENy

=FE /0 ;}a(i,j) [z;(r) — x;(r)] dr +/0 g(z;(r)) dw;(r) (3.208)
+ /0 m%() Kpem [Yim(r) — xi(r)] dr
+ m%o Kom /0 |em [Yim(r) — zi(r)]] dr].

Using that all rates are finite and that, by Knight’s theorem (see [62, Theorem V.1.9
p.183]), we can write the Brownian integral as a time-transformed Brownian motion,
we see that E[|A;(0)| + > meny Kmldim(0)]] < oco. Hence, by Lemma we can
successfully couple p! and p?, and lim,, oo u2S;, = lim, oo uSsS;, = vp. By the
Feller property of the SSDE in 7, it follows that

vpSs = lim p(t,)Ss = lim pS;,Se = Um wuSsSt, = vp. (3.209)
n—oo n—oo n—r oo
We conclude that vy is indeed an invariant measure for the SSDE in (2.12)—(2.13). O

3. Invariant measures have vanishing covariances in the seed-bank direc-
tion for p = co. In this step we prove that an invariant measure vy has vanishing
variances in the seed-bank direction. In Step 5 we use this property to successfully
couple any two invariant measures.

Lemma 3.3.10 (Deterministic deep seed-banks). Ifvy = lim, o uSy, for some
colour regular | € R(;) and t, — 0o, then

lim Vary,[y;m] =0 VieG. (3.210)

Proof. Since vy is translation invariant, it is enough to show that lim,, _,~, Var,, [yo,m] =
0. Since p(0) € Rff), it follows from Lemma that

lim Var,, [yo.m]
m—r o0

= lim_ Tim By [(gom(tn) = Eulyo,m(tn)])’]

m—00 Nn—r0o0

= Jim_ i [ ds 3700, D), ADBE, - ((0, D, O, A))Bxlg ()]

m—00 N—00
keG

(3.211)
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Since g is positive and bounded, it is therefore enough to prove that

t

lim lim "dqu§>((o,Dm),(k,A))ng’)((o,Dm),(k,A)):o. (3.212)

m—oon—oo [
keG

Recall (see e.g. (3.203))) that IJELZ)((O,DM)7 (k, A)) bf)((O,Dm), (k, A)) is the probab-
ility that two random walks, denoted by RW and RW’ and moving according to
b(3)(.,.), are at time v at the same site k and both active. Define

7={t>0: RW(t) = RW'(t) = (i, A) for some i € G}. (3.213)

Then we can rewrite the left-hand side of (3.212)) as

tim tim [ du 6O (0, Do), (h, A) B2 (0, Do), (k. A))

m—oon—oo Jq
keG

tn
= lim lim dulE(o,p,,).(0,0:m) [Z Lrw (wy=k} Lrw' )=k} le(u) 15/(@]

m—oon—oo [q
keG

tn
= lim lim duE(0,0,,),(0,0m) [Z Lerw (wy=k} Lrw )=k} Le) Ler @

m—oon—oo [
keG

X (1{T<0(>} + 1{7—00}):|

m—»00 n— o0

= lim lim K, p,,),(0,0.m) [1{T<oo}

t7L
X E(0,D1),(0,D1m) [/ dud  Lirw(w=k Lirws =k} Lew Ler IEH
keG

M—00 N—>00

= lim lim ]E(O7Dm)»(0aD7n) |:1{T<°°}

tn—T
XK (0,4),0,4) [/ du 1{RW(u)k}l{Rw'm)k}16<u>1£'(u>H
0 keG

< lim lim E,p,,),(0,0,n) [1{T<oo}

m— 00 N— 00

xE(0,4),(0,4) {/ du > " Law =k} LRW" (w)=k) 1s(u>1£'<u)H
0 keG

= lim Pe,0,,),0,0) (T < 00) Loy,
(3.214)
where we use that I; , < oo, the strong Markov property, and the fact that for 7 = oo
the product of the indicators equals 0 for all u € R>o. Therefore holds if

rr%gnoo P(O,Dm),(O,Dm) (T < OO) =0. (3.215)
Define
7 =inf {t > 0: both RW and RW’ are active at time ¢}. (3.216)
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Note that 7* < 7. Theorefore we can write (recall that in model 2 the random walk
kernel a(-, ) is assumed to be symmetric),

Jim Po,p,.),(0.0,,) (T < 00)

- Tr}gnoo E(Ova)a(O:Dm) [1{T<OO}]

= Mm o p,),0.0,) [Lir<oo} Bo,0,)2 [Lir<oo} [ Fre]]

m—00
i RW (%), RW' (r*
= B0, 0.0 [E™ D (1<)
= Jim 3" Plo.p,0, 00, (BW() = (1 A), RV () = (1, 4))
k,leG

X Bk, 4),0.4) [Lir<oo)]
= lim > E(o.p,.),0,0m)a1(r) (0, k) a7y (0, 1) E0,a), (1. 4) [L{r<oc}]

m—00
k,leG

= lim > E0.00). 0.0 la1() (0, k) g (rey (=, 1= k) B0, a), 1=k, 4) [1{r<o0}]
k,leG

= 1im > E,0,),0,00) 1) (0, k) a7/ () (k)] Eq0,4),(7,4) [Lir<ooy]
k,jeG

= 1im > E0,0,),0,00) [@7(r) 47/ (0, )] E(o,4),.4) [Lir<oc]
Jj€G

= lim Y E(,0,.).0.0ma1r )47 () (0, )] E0,4),(.4) [1{r<o0]
jeG

m—r o0
Jje
II<c
+ mlgnoo Z E(O,Dm),(O,Dm) [CAlT(T*)JrT/(T*)(O,j)] E(O,A),(j,A) [1{T<OO}] .
HES?
(3.217)

To prove that the expression in the right-hand side tends to zero, we fix € > 0 and
prove that there exists an L € N such that both sums are smaller that 5.

Claim 1: There exists an L such that

. (3.218)

N

lim > E,p, e er (0,5 E,a),.4) Lir<so] <

m—00 -
JE€G,|l5lI>L
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Using the symmetry of the kernel a(-,-) in model 2, we find

E(0,4),(,4) [1{r<co}] = E(0,4),(5,4) /0 dsl{Teds}}

< E0,4),.4) /0 ds Z 15(8)15’(5)1{RW—k}1{RW’_k}]
keG

< Eo,4),(,4) /o ds Z ar(s)(0, k) arr(s)(J, k) Le(s) 15/(3)]
I keG

< E0,4),j,4) / ds ar(s)+ 1 (s) (j,U)le(s)lg'(s)] :
LJo
(3.219)
The last integral in the right-hand side is dominated by I, ., (recall (2.100)). Since,
for all t € R>,
lim a.(0,5) =0, (3.220)
3l —o00
it follows by dominated convergence that for each € > 0 we can find an L such that,
for all ||7]| > L,

E0,4),(,4) [L{r<oo}] < §- (3.221)

Hence, for L sufficiently large, we find

Jim > B,),0.00 @re 11 (0:)] [Bo.),6,4) [Lr<oo) ]
PEEATHIES?

_ | (3.222)
< "}lm 5 Z E(0,D,.),0, Do) @1y +17 (741 (0,7)] < 5.
JEG,|IFlI>L
Claim 2: For L given as in Claim 1,
. ~ . : €
lim > Eoplaree s (0, HEOD G 1 4] < 3 (3229
JEG,[IFIISL
For the first sum, note that
im > E0,.0,).0.0m lar 4700 (0,5 Eqo,4),(7,4) [1r<o0}]
jec
HES?
S'rr}i—rgloo 2 E(O,Dm),(O,Dm)[&T(T*)JrT’(T*)(O?j)] (3224)
HE?
= lim > Eo,4),0,0m 011104 (0, 4)],
JjEG
HES?

where in the last equality we condition on the first time one of the two random walks
wakes up, and use the strong Markov property. We will show that the right-hand side
tends to zero as m — oco. Recall that we assumed : em ~ Bm™8 for g > 0.
Note that, in order for the random walks to be both active at the same time, the
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random walk starting in (0, D,,) has to become active at least once. Hence, for all
t > 0, we have

mlgnoo ]P)(07Dm),(07A) (r"<t) < lim 1-— e emt = 0. (3.225)

m—r oo

By (3.169) and [31], we also have for the random walk starting in (0, A) that

lim T'(t) ~ ct”. (3.226)

t—o0

Fix € > 0. Since lim;_, o, G;(0,7) = 0 for all j € G, we can find a T* such that, for
all t > T*,

D a(0,4) < §. (3.227)
JEG
llill<L
By (3.226)), we can find a £ € R such that P _4)(T(¢) > T*) > 1 — £. By (3.225),
we can find an M € Ny such that for all m > M,

Jim Po.p,,),04) (7 <1) <§, (3.228)
and hence
dim Y Eo,a),0,00) a4 () (0,0)] < §+ 5+ § = 5. (3.229)
JEG
IIJ’HESL
O

4. Uniqueness of the invariant measure vy when p = cc.

Lemma 3.3.11 (Uniqueness of and convergence to vy.). Foralld € (0,1) there
exists a unique invariant measure vy such that lim;_, o u(t) = v for all colour regular

u(0) € T
Proof. Suppose that v} and v and are two different weak limit points of p(t,) as
t, — 00, and that p € R((f) is colour regular. Let (Z(t))¢>0 = (Z*(t), Z%(t))¢>0 be the

coupled process from (3.133)) with £(Z(0)) = vy, L(Z1(0)) = v} and L(Z2(0)) = v3.
Define the process Y by

Yl = (Yl(m))mG{fl}UNo b (3 230)
YH(=1) = (@ (0)ies,  Y'(m) = (4im(0))iec for m € No.
Thus, Y! has state space [0,1]¢ and £(Y?) = £(Z'(0)) = vi. We can interpret Y

as a process that describes the states of the population in the seed-bank direction.
Similarly, define the process Y2 by

Vi=(Y (m))me{—l}uNo’ (3.231)
Y2(71) - (xf(o))ZGGv Yz(m) = (yzm(o))ze([} for m € No.

Thus, Y2 has state space [0,1]¢ and £(Y?) = £(Z%(0)) = v2.
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Define the o-algebra’s B}, and B!, respectively, B3, and B? by
B* =NyenBiy,  Biy=o(yf,:i€G, m>M), ke{l,2} (3.232)

Here, B! and B? are the tail-o-algebras in the seed-bank direction. By Lemma [3.3.10

we have

i Ly (4im) = L, (yim) = by, (3.233)
Hence, B! = B2, both are trivial, and 1/5 and 1/92 agree on B. Therefore Gold-

stein’s Theorem [39] implies that there exists a successful coupling of Y! and Y?2.
Consequently, there exists a random variable T°°"P € {—1} U Ny such that, for all
m > T Y1(m) =Y?(m), ie., |6;,,m(0)] =0 for all i € G and P(T*"P < o0) = 1.
Hence

Teoup

12:0)[ + > Knldi(0)]] - (3.234)
m=0

E|12:0)+ Y Kmai(on] =k

m€ENy

However, we cannot conclude that the left-hand side of is finite. Therefore, let
Ug|preow <7y denote the restriction of the measure 7 to the set {T°°"P < T'}. Since
{T°"? < T} is a translation-invariant event in the spatial direction, the measure
Ug|rreow <1y is translation invariant. Moreover,

Do | (reoup <1

[A;(0)] + Z Km|6i(0)|]
meNy

(3.235)
— R,

6| {rcoup <1}

T
INOIESY Km|5i(0)|] < .
m=0

Therefore we can use the dynamics in (3.191)) and conclude that, for all T' € N,

Pog| reoup <y (Eo X Eg) = 1 (recall ) Since lim7 ;o0 Pg|{peoww<ry = g, it
follows that
Py, (Eo X Eg) =1. (3.236)
By (8.206) and (3.207)), we conclude that v} = v and hence that all weak limit
points of (u(t))¢>0 are the same. Suppose now that p!(0) € 7, and p2(0) € 7,7 are
two different colour regular initial measures. By the above argument, we know that
lim; oo ' (t) = v4 and limy— oo p2(t) = v3. By Lemma we know that v} and
v§ have the same trivial tail-o-algebras in the seed-bank direction. Hence, repeating
the above argument, we find that v} = 1/92 . We conclude that for each colour regular
initial measure p € 7, the SSDE in (2.12)—(2.13) converges to a unique non-trivial
equilibrium measure vy. O

5. Ergodicity, mixing and associatedness. The equivalent of Lemma [3.2.13|for
p = oo follows in the same way as for p < co.
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§3.3.4 Proof of the dichotomy

Theorem HI ) follows from Lemma and Steps 3-5 in Section [3.3.3] The
equality E,, [zo] = El,g [Yom] =6, m € No, follows from (2.12)—(2.13), the fact that
Vg is an equilibrium measure, and the preservation of 6 (see Section [2.3.2)). The-

orem [2.3.3|(I)(b) follows by combining Lemma|3.3.3[with the analogue of Lemma
Theorem [2.3.3{(IT) follows from Lemmas |3.3.3} [3.3.10} [3.3.11] the analogue of

Lemma and Step 6 in Section [3.3.3} The equality E,,[zo] = Ey,[yom] = 0,

m € Ny, follows from (3.165)) in Step 1 of Sectionm

Corollary 4)(1) corresponds to vy € (1,00) and p < oo, and migration dominates.
Corollary 2 ) corresponds to v € [4,1] and p = oo, and I; , shows in mterplay

between rmgratron and seed-bank. Corollary -(3 corresponds to v € (0, 1,1) and
p = 00, and the seed-bank dominates: I; , < oo because @(0,0) < 1.

9

§3.3.5 Different dichotomy for asymmetric migra-
tion

It remains to explain how the counterexample below Theorem [2.3.3] arises. We focus
on the case when p < oo, which implies E(7) < oo, but we assume E( %) = oo
Therefore the central limit theorem does not hold for T'(¢ ( ), T'(t), and A(t) > /M
Hence (3.75)) must be replaced by

1

f(t):W

/ dge[+eMI2Bt1-a(@)] g [cos (A(t)d(qﬁ))l : (3.237)
lfﬂ"ﬂld
The key observation is that if a( ) # 0 (due to the asymmetry of a(-, -); recall (3.66)),
then the expectation in can change the integrability propertles of f(¢t).
Under the assumption that 7 has a one-sided stable distribution with parameter
€ (1,2), we have with A = x/(1+ p) and B = 1/(1+ p), while there exists a
constant C' € (0, 00) such that (see [34, Chapter XVII])

E[cos(A(t)a(p))] = e~ Iro®lAtlCa@)” (3.238)

Substituting (3.238)) into (3.237)), we see that for large ¢ the contribution to f(¢) comes

from ¢ such that a(¢) — 1 and a(¢) — 0. By our choice of the migration kernel in
([2:90), this holds as ¢ = (¢1,$2) — (0,0). Using that 1 — a(¢) ~ (6% + ¢3) and
a(e) ~ 277(¢1 + ¢2) for (¢1, P2) — (0,0), we find that (3.237) equals
F(t) = (2717)2 / dp e~ IHoMIBHGHHDHANTOne oY 4 Ly o0 (3.230)
[—m,m]?

Hence the integral in (3.239) is determined by ¢ such that

B(6F + ¢3) + A[l5Cn(é1 + ¢2)]]” < (3.240)

Sl e

for ¢ a positive constant, and we find that f(t) <t~ (5+2). Since v € (1,2), f(¢)
is much smaller than a.(0,0) < 1/¢, valid for two-dimensional simple random walk.
Thus we see that t — f(¢) is integrable, while ¢ — G,(0, 0) is not.
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§3.3.6 Modulation of the law of the wake-up times
by a slowly varying function

The integral in (2.96) is the total hazard of coalescence of two dual lineages:

e If v € (0,1), then the probability for each of the lineages to be active at time s
decays like =< ¢(s)~ts~(1=7) [I]. Hence the expected total time they are active
up to time s is < ¢(s) ~1s7. Because the lineages only move when they are active,

the probability that the two lineages meet at time s is < afﬁ) (0,0). Hence

s)~1lsY
the total hazard is < [~ ds¢(s)~2s7201=7) afajzfs))_ls7 (0,0). After the trans-
formation t = t(s) = ¢(s)~1s?, we get the integral in (2.96)), modulo a constant.
(When carrying out this transformation, we need that lims_, s¢’(s)/p(s) =0,
which is immediate from (2.95), and ¢(¢(s))/¢(s) < 1 as s — oo, which
is immediate from the bound we imposed on ¥ together with the fact that

limg_, o0 log (s)/log s = 0.)

e If v = 1, then the probability for each of the lineages to be active at time s
decays like ¢(s)~! [1]. Hence the expected total time they are active up to time

sis < sp(s)~!. Hence the total hazard is < [~ ds (s) > af;(“),ls(o, 0). After
the transformation t = t(s) = @(s)~'s, we get the integral in (2.96]), modulo a
constant.

§3.4 Proofs: Long-time behaviour for Model 3

The arguments for model 2 in Section [3.3| all carry over with minor adaptations. The
only difference is that for p = oo the clustering criterion changes. In this section we
prove the new clustering criterion and comment on the modifications needed in the
corresponding proofs for model 2 in Section [3.3

§3.4.1 Moment relations

Like in model 1 and 2, we can relate the first and second moments of the system
in (2.18)—(2.19) to the random walk that evolves according to the transition kernel

b3 () on G x {A, (D) men, } given by ([2.53). Replacing in Lemma the kernel

b3 (-,-) by b®)(-, ), we find the moment relation for model 3. Also here these moment
relations hold for all g € G. Moreover these moment relations holds for p < oo as well
as for p = oo.

§3.4.2 The clustering case

To obtain the equivalent of Lemma we need to replace the kernel a(-,-) by the
convoluted kernel (a * a)(-,-). Each time one of the two copies of the random walk
with migration kernel a(-, -) moves from the active state to the dormant state, it makes
a transition according to the displacement kernel a'(-,-) (recall (2.97))). Therefore the
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expression in (3.60)) needs to be replaced by

I =

/ dt > > D Eou {“T(k 0(0,4) agr (i 1)(0,3") af (3, 5) @l (7, 5) Le oy 15/(1«,0}7

k,k'eNi,i'eG j€G
(3.241)
where dL(-, -) is the step-k transition kernel of the random walk with displacement
kernel a'(-,-). Using the symmetry of both kernels, we can carry out the sum over
7,1" and write

]:/ dt Z Z]E(O,A) [&T(k,t)JrT’(k’,t)(Oaj) &LM/(OJ) Le(k,t) 15/(1«,@]
0

k,k'eNj€G
:/0 dt » Eo.a [dT(t)JrT’(t)(Ovj) &;fv(t)+N/(t)(Oaj)1E(t) 15’(t):| (3.242)
jeG

= /O A Eqo,4) | (ars1 ) * v ) 0:0) Lew Lo |

The last expression is the analogue of ([3.63]).
For p < oo, following the same line of argument as for model 2, we find with the

help of (2.98) that

= /1 " dt (g + a1)(0,0). (3.243)

For p = oo, with the help of the Fourier transform we compute
T
Eo,4) [(ar()+7 () * @y nry) (0,0) ]

=E,4) [(21)(1/ dpe~TOFT OA-a(@)] gt (H)NO+N'(1)
e (3.244)

_ b / dip e~ 11+0(] 26477 [1=a(68)] o= [1-+0(1)] 26 [1-a"(9)]
(<

(2
= (e * a]_,)(0,0) = (- *al_,)(0,0),

where we use (2.98)), (3.169)) and the fact that deviations of T'(¢)/t” and T"(t)/t” away
from order 1 are stretched exponentially costly in ¢ [31]. Hence

(oo}
I= / At t720=") (a4 % @l )(0,0). (3.245)
1

Putting s = t” we obtain, instead of (3.180)),
I = (0. ¢] <~ I&*(ﬂ,'\/ =0 (3246)

with .
Tisat y = / ds s~/ (a4 % a1)(0,0), (3.247)
1

which is precisely the integral in (2.100)).
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§3.4.3 The coexistence case

The coexistence results in Theorem follow for both p < co and p = oo by the
same type of argument as the one we used for model 2 in Section [3.3.3] We replace
@212)-[2.13) by @.18)(2.19), replace b2 (-,-) (see by b®)(-,-) (see [2.53), and
use the Fourier transform of @ * a'(-,-) instead of a(-,-). The key of the argument is
that, in the coexistence case, for p < oo we have I;,5+ < 0o, while for p = co we have

I&*&T,'y < 0.

§3.4.4 Proof of the dichotomy

This follows in exactly the same way as for model 2.
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Appendix Part

§A.1 Derivation of continuum frequency equations

Model 1. We give the derivation of 7 as the continuum limit of an individual-
based model when the size of the colonies tends to infinity. We start with the con-
tinuum limit of the Fisher-Wright model with (strong) seed-bank for a single-colony
model as defined in [I2]. Subsequently we show how the limit extends to a multi-colony
model with seed-bank.

Single-colony model. The Fisher-Wright model with (strong) seed-bank defined

in [12] consists of a single colony with N € N active individuals and M € N dormant

individuals. Each individual can carry one of two types: © or . Let € € [0,1] be
eN

such that eV is integer and eV < M. Put 6 = §;. The evolution of the population is

described by a discrete-time Markov chain that undergoes four transitions per step:

(1) From the N active individuals, (1 — €)N are selected uniformly at random
without replacement. Each of these individuals resamples, i.e. it adopts the
type of an active individual selected uniformly at random with replacement,
and remains active.

(2) Each of the eN active individuals not selected first resamples, it adopts the
type of an active individual selected uniformly at random with replacement,
and subsequently becomes dormant.

(3) From the M dormant individuals, §M = eN are selected uniformly at random
without replacement, and each of these becomes active. Since these individuals
come from the dormant population they do not resample.

(4) Each of (1—4§)M dormant individuals not selected remains dormant and retains
its type.

Note that the total sizes of the active and the dormant population remain fixed.
During the evolution the dormant and active population exchange individuals. We
are interested in the fractions of individuals of type © in the active and the dormant
population. For an example of the evolution see Fig.

Let ¢ = eN = 0M, i.e., ¢ is the number of pairs of individuals that change state.
Label the N active individuals from 1 to N and the M dormant individuals from 1
up to M. We denote by [N] ={1,...,N} and by [M] = {1,...,M}. Let

109



APPENDIX A

A. Appendix Partm

&(k) = (&(k))jeny € {0,1}M be the random vector where &;(k) = 1 if the j'th
individual is of type © at time k and &;(k) = 0 if the j’th individual is of type ¢
at time k. Similarly, we let n(k) = (n;(k));jen € {0,1}M) be the random vector
where n;(k) = 1 if the j’th individual is of type Q? at time k and n;(k) = 0 if the j’th
1r}\2hv1dual is of type & at time k. Let IV ={0,+,%,%...,1} and

™ = {0, 1

s a7+ a5+ 2 -5 1}. Define the variables

1

N N

k)= E , U m=0p  on 17,
JE[N]

1 (A1)
YN(k) = N Z 1{17_,»(1@):@} on IM
JE[N]
Let P, denote the law of

(XM YY) = (XN (k), YN (k))ren, (A.2)

given that (XV(0),YN(0)) = (z,y) € IV x I™. Then, as shown in [12],

pwﬂ/(i‘vg) = Pw,y(X{v =T, }/1N = ?)
- A3
= Poy(Z=C)Ppy(U=2N )Py (V=gM—yM+¢). (A-3)
c’=0

Here, Z denotes the number of dormant O-individuals in generation 0 that become
active in generation 1 (L ,(Z) = Hypps ., n), U denotes the number of active in-
dividuals in generation 1 that are offspring of active ©-individuals in generation 0
(L4y(U) =Biny_c ), and V denotes the number of active individuals in generation
0 that become dormant Q-individuals in generation 1 (L5, (V) = Bin. ).

Speed up time by a factor N. The generator GV for the process

(XN(LNE]), YN (INE]))ken, (A4)

equals

(GVf)(x,y) = N Eoy [f(XN(1), YN (1)) = f(z,9)],

A5
(ac,y)EINXIM7 (4.5)

where the prefactor N appears because one step of the Markov chain takes time %
Inserting the Taylor expansion for f (which we assume to be smooth), using that
XN(1) = Y2 and YV(1) = % and letting N — oo, we end up with the

limiting generator G given by

(CNw9) = ely D) (.9) +

(z,y) € [0,1] < [0, 1],

) ) 9?
@)+ e =gt @n + -0 Th @, o

where K = W is the relative size of the dormant population compared to the active
population. This is the generator of the Markov process in the continuum limit [32]
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Section 7.8]. It follows from the form of G that this limit is described by the system
of coupled stochastic differential equations

cly(t) — z(t)] dt + Va(t)(1 — 2(¢)) dw(t), AT
7 le(®) —y(®) d. |

dz(t)
dy(t)

This is the version of (2.4)—(2.5) for a single colony (no migration) and exchange rate

e= - (A.8)

Multi-colony model. First fix a number L € N and consider |G| = L colonies.
The multi-colony version with migration is obtained by allowing the (1 —¢€)N selected
active individuals to undergo a migration in step (1):

(1) Each active individual at colony i € G chooses colony j € G with probability
+a(i,j) and adopts the type of a parent chosen from colony j. If an active
individual does not migrate, it adopts the type of a parent chosen from its own
population.

Using the same strategy as in the single-colony model, this results in (2.4)—(2.5)), for
|G| = L. Subsequently we can let L — oo and use convergence of generators to obtain

(2.4)—(2.5) for countable G.

Model 2. The same argument works for (2.12)—(2.13). Steps (1)-(4) are extended by
considering a seed-bank with colours labelled by Ny. First we consider the truncation
where only finitely many colours are allowed, for which the argument carries through
with minor adaptations. Afterwards, we pass to the limit of infinitely many colours,
which is straightforward for a finite time horizon because large colours are only seen
after large times. See also [60].

Model 3. To get (2.18)—(2.19), also extend Step (3) by adding a displacement via
the kernel a(-,) for each transition into the seed-bank.

§A.2 Alternative models

In this appendix we consider the Moran versions of models 1 and 2. What is written
below is based on [60]. In the Moran version each active individual resamples at rate
1 and becomes dormant at a certain rate, while each dormant individual does not
resample and becomes active at a certain rate. Since switches between active and
dormant are done independently, the sizes of the active and the dormant population
are no longer fixed and individuals change state without the necessity to exchange
state. In model 1 there are two Poisson clocks, in model 2 there are two sequences of
Poisson clocks, namely, two for each colour. In Appendices we compute
the scaling limit for the case where the number of colours is m = 1 and m = 2,
respectively. The extension to m > 3 is given in Appendix Migration can be
added in the same way as is done in Appendix [A]]
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§A.2.1 Alternative for Model 1

To describe the Moran version of Model 1 we need the following variables.

e Total number of individuals: N € N.

Two types: © and <.
e X (t) is the number of O-individuals in the active population at time ¢.

e Y (¢) is the number of Q-individuals in the dormant population at time ¢.

Z(t) is the number of individuals in the active population at time t (either ©

or ).

In the Moran model with seed-bank each active individual resamples at rate 1, each
active individual becomes dormant at rate € and each dormant individual becomes
active at rate §. Hence the transition rates for (X (¢),Y(¢), Z(t)) are:

e (i,j,k) = (1 +1,7,k) at rate (k — ).

. , , . (k—1)
(i,4,k) — (i —1,4,k) at rate i~——.

(i,7,k) = (i— 1,7+ 1,k — 1) at rate ei.

(i,5,k) = (i + 1,5 — 1,k + 1) at rate dj.

k—i
N -

(i,7,k) — (i,7,k — 1) at rate ¢

o (i,j,k) = (i,4,k + 1) at rate 5%.
For the scaling limit we consider the variables
X(t) = iX(Nt), Y(t) = iY(Nt), Z(t) = iZ(Nt). (A.9)
N N N
Hence

(X(t),Y(t),Z(t) e IN x IN x IV, N={0,%,4%,..., 221}, (A10)

Since in (A.9) we speed up time by a factor N, we must also speed up the transition
rates by a factor N. To get a meaningful scaling limit, we assume that there exist
e, cP € (0,00) such that (see [12Z p. 8])

Ne=c¢*,  Né=c’, NeN (A.11)
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We can then write down the generator GV:

@0 (33 ) =i |1 (5

N—
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2|

(3

=~
=~
Z|l= 2=
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(A.13)
Next, suppose that
m L m L o
i A ) (A1
Letting N — oo in (A.13)), we obtain the limiting generator G:
x z\ [ 0? 0
@nya) = 22 (1-2) (L) g ery g
z z/ \ Oz ox
of of (A.15)
+[ch—ch]a—y—|— [P (1-=2) —CAZ]&.
Therefore the continuum limit equals
dz(t) = 4 [ 2(t) o) ()2 dw(t) + [P y(t) — P a(t)] dt,
z(t) z(t)
(A.16)

dy(t) = [CA x(t) — cP y(t)] dt,
dz(t) = [P (1 — 2(t)) — A 2(t)] dt.
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Since z(t) is the fraction of active individuals in the population, 1 — z(t) is the fraction
of dormant individuals in the population. Therefore the equivalent of the parameter
K in Appendix is K(t) = (1 — 2(t))/z(t). Moreover, x(t)/z(t) is the fraction of
O-individuals in the active population at time ¢ and y(t)/(1 — 2(¢)) is the fraction
of Q-individuals in the dormant population at time ¢t. The last line of is an
autonomous differential equation whose solution converges to

P (A.17)

exponentially fast. After this transition period we can replace z(t) by z*, and we see
that K* = c4/cP.

Time is to be scaled by the total number of active and dormant individuals, instead
of the total number of active individuals only:

number of active individuals of type ©

z(t) =
y(t) =

total number of individuals ’

number of dormant individuals of type © (A.18)

total number of individuals

To compare the Moran model with a 1-colour seed-bank with the Fisher-Wright model
with a 1-colour seed-bank, we look at the variables

- (e 2)e(itg) 0= (o) @itz oo

After a short transition period in which z(¢) tends to z*, we see that by setting

A D A_D
. C c” c’c
K=K'=05 =y (4.20)

we obtain
) =/z(t)(1 —z(t)) dw(t) + Ke[g(t) — z(t)] dt,
dﬂ(t) =e [x(t) —y(t)] dt7
which is the single-colony version of (2.4)—(2.5) but without migration. Migration
can be added in the same way as was done in Appendix

(A.21)

§A.2.2 Alternative for Model 2: Two colours
We consider the following system:

e Total number of individuals: N € N.

e Two types: © and <.

e X (t) is the number of Q-individuals in the active population at time t.

e Yi(t) is the number of Q-individuals of colour 1 in the dormant population at
time t.
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e Y5(t) is the number of Q-individuals of colour 2 in the dormant population at
time ¢.

e Zp,(t) is the number of dormant individuals of colour 1 at time ¢ (either © or

Q).

e Zp,(t) is the number of dormant individuals of colour 2 at time ¢. (either © or

<)

Note that the number of active individuals at time ¢ (either © or ) is given by
Za(t) =N —Zp,(t) — Zp,(t). Since the number of individuals NV is constant during
the evolution, Z4(t) can be derived from Zp, (t) and Zp,(t). Each active individual
resamples at rate 1, and becomes dormant at rate e. When an individual becomes
dormant, it gets either colour 1 with probability p; or colour 2 with probability pao,
where p1,p2 € (0,1) and p; + p2 = 1. For ease of notation, we denote the rate to
become dormant with colour 1 by ¢; = € - p; and the rate to become dormant with
colour 2 by €3 = €-py. A dormant individual with colour 1 becomes active at rate d1,
a dormant individual with colour 2 becomes active at rate d;. Thus, the transition
rates for (X (t),Y1(t), Ya(t), Zp,(t), Zp,(t)) are:

e (i,j,k,1,m) = (i+1,4,k,1,m) at rate (N — 1 —m — i) x—

l—m"

(N—l—m—1)
N—l-m ~

i,7,k,l,m) 1—1,4,k,1,m) at rate i

i,7,k,1,m) i— 1,7+ 1,k 14+ 1,m) at rate e;i.

i,7,k,l,m) i+ 1,7—1,k 1 —1,m) at rate d1j.
i,7,k,1,m) i—1,5,k+1,1,m+ 1) at rate eqi.
1+ 1,45,k —1,1,m — 1) at rate d2k.
i,7,k,1,m) i,7,k, 1+ 1,m) at rate (N — 1 —m — 7).

i,7,k,l,m) 1,7, k,l,m+1) at rate ea(N — 1l —m — 7).

i,7,k,1,m) i,7,k, 1 —1,m) at rate 91 (I — 7).

(i,
(
(i,
(i
o (i,j,k,1,m)
(i
(i,
(
(i,

- T S ST T =

i,7,k,l,m) — (4,7, k,l,m — 1) at rate do(m — k).

Proceeding in the same way as for the 1-colour seed-bank, we define the scaled vari-
ables

_ 1 1 = 1

X(t) = NX(Nt), Y (t) = NYI (Nt), Ys(t) = NYQ(Nt),
) ) ) ) (A.22)
ZD1 (t) = NZDl (Nt)’ ZD2 (t) = NZD1 (Nt)

We assume that there exist cf', ¢4, cP, ¢l € (0,00) such that

Nep = e, Ney = ¢, Né, =P, Néy =P, N e N, (A.23)
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and further assume that

. i o J .k
. N—-Il-m . N—-Il-m I N—-l-m ’
NS N A I N T EDay H N = #Di

Using the same method of converging generators as for model 1, we obtain the fol-
lowing continuum limit:

1
dyi(t) = [c‘f‘x(t) — c{jyl (t)] dt,
dya(t) = [eg'x(t) — g'y2(t)] dt, 4:29)
dza(t) = [chZDl (t) — c‘sz(t) + ¢y z2p, (1) c?zA(t)] dt,
dzp,(t) = [c’f‘zA(t) —cPzp, (t)] dt,
dzp,(t) = [6‘242,4(75) — cgzD2 (t)] dt.

Note that the equation for z4(t) = 1 — zp, (t) — zp,(t) follows directly from the
equations from zp, (t) and zp,(¢). It is therefore redundant, but we use it for nota-
tional reasons. Again, we see that z(t) = (za(¢),zp, (t),zp,(t)) is governed by an
autonomous system of differential equations. Solving this system, we see that

cf s
lim 74 () ! lim zp, () 2 lim zp, (1)) <
m z(1) = ————x, m zp, (1) = A Ay S 2Zp,(t) = ——= -
(A.26)

To compare the Moran model with a 2-colour seed-bank with the Fisher-Wright
model with a 2-colour seed-bank, we look at the variables

A A
c c t
o) = (14 5%+ %o | —— |
‘4 1+ + %
cy cy
A A D
B c c c t
no=(1+ 5+ 5) (%) | —— |- (A.27)
a G G I++5+%
Cl C.
A A D
_ c c c t
w0 - (14 5+ %) (2) | —=—
‘4 2 1+ %+ %
cr c
Defining
Cim Cm
Ky, = D> Em = A A me {132}5 (A28)
Cm I+ %+ %
1 2
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we see that, after a short transition period, the system becomes
(t) 1 — l‘ dw + Kiey [yg( ) (t)] dt + Kseq [Zjl (t) — i‘(t)] dt,
( ) er [Z(t) — i (t )] dt,
2(t) = e2 [2(2) — %2(1)] dt,
(A.29)
which is the single-colony version of (2.12)—(2.13)) with 2 colours and without migra-

tion. Note, in particular, that after z(¢) reaches the equilibrium point in (A.26)), we
have

dy
dy

number of dormant individuals with colour m
K, = 1,2}, A.
m number of active individuals » mef{l2} (A-30)

It is instructive to show how the above result can also be derived with the help of
duality. The argument that follows easily extends to an n-coloured seed-bank for any
n € N finite, to be considered in Appendix Recall from (A.25]) that

dza(t) = [chle (t) — citza(t) + D zp, (t) — C?ZA(t)] dt,
dzp, (t) = [cft2a(t) — cPzp, (t)] dt, (A.31)

dzp, (t) = [c‘ngA(t) —cPzp, (t)] dt.

) ZA (t),
o
+3) (&)
D
) (&) e
Substitute into m, to obtaln
dza(t) = cf [2p, (1) — 2a(t)] + ¢4 [2p, () — 2a(t)] dt,
dzp, (1) = P [£a(t) — 2, (1)] dt, (A.33)
D

d2p, (t) = c3’ [za(t) — 2D, ()] dt.

To define a dual for the process (Za(t),Zp, (t),Zp,(t)))i>0, let (M(¢))i>0 be the
continuous-time Markov chain on {A, D1, Dy} with transition rates

Let
14 &
C

A

1

D

1

A

1

ZD1 1+ -
€1

A

( G

(A.32)

D

3

Lo

ZD2 D
55

A = D,, at rate ¢, m e {1,2},

A34
D,, — A at rate c2, m € {1,2}. ( )

Consider [ independent copies of (M (t)):>0, evolving on the same state space {4, D1, D2 }.

Let (L(t))i>0 = (La(t), Lp, (t), Lp,(t))i>0 be the process that counts how many cop-
ies of M (t) are on site {A}, {D1} and {Ds} at time t. Let [ = m + ny + ny. Then
(L(t))¢>0 is the Markov process on N3 with transition rates

(m—1,n1 4+ 1,n9) at rate mci,
—1,nq, 1 t rat -
(m,n1,n2) — (m —=1,n1,n2+1) ab rane mCQD (A.35)
(m+1,n1 —1,n9) at rate nicy,
(m+1,n1,n9 — 1) at rate noc?.
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Note that LA(t) + LDl(t) + LD2(t) = LA(O) + LDl(O) + LDz(O) =m-+ni +ne =1.
Define H: R3 x N3 — R by

H((ZAvEDUZDz)a (m>n17n2)) = Zglzgllzgz (A36)
Using the generator criterion [48, Proposition 1.2], we see that, for all ¢ > 0,

E[H((24(t), 2D, (), 2D, (1)), (m(0), 11(0), 72(0)))]
= E[H((24(0), 2D, (0), 2D, (0)), (m(t), n1(t), n2(t)))]

Therefore (L(t));>0 and (Z(t));>0 are dual to each other with duality function H.
Since (M (t))s>0 is a irreducible and recurrent, we can define

(A.37)

1
A

ma = lim P(M(t) = A) = ————

o
7TD1 = tll{goP(M(t> = Dl) = ﬁa (A38)
Sy
oD
mp, = lim P(M(t) = D2) = ——3——.
1 2

Using the duality relation in (A.37) together with (A.38]) and (A.32), we find

lim ]E[ZA@)] = WAZA(O) + Tp,ZD, (O) + 7TD22D2(0)

t— o0
o o
1 ~ cr . ey .
=T g z4(0) + P (0) + e o2 (0)
I+ 5+ % 1+5+ % 1+ 5+ %

= 24(0) + 2, (0) + 2p,(0) = 1.

(A.39)
Using the duality relation in(A.37)) once more, we get
lim E[z4(0)] = lim E[zp, ()] = Jim Elzp, (1] = 1 (A.40)

Computing the limiting second moment lim;—,o, E[z4(¢)?] by duality, we obtain

lim E[z4(t)°] = lim 3y P(M} =) 5(0) P(M{ = ) %/(0)

i,J€
{A,D1,D2} (A_41)
= Z 771’22’(0) Z ijj(O) =1.
’iE{A,Dl,DQ} jE{A,Dl,DQ}

Similarly, we find lim;_, E[Zp, (t)?] = 1 and lim;_, E[Zp,(t)?] = 1. Combining
(A.40) and (A.41), we find

m Zp,(t) = L. (A.42)

lim z4(t) = tlgglo zZp, (t) = tllm

t—o0
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Hence we conclude that

o 5
lim z4(t) ! lim zp, (¢) °r lim zp, (t) °3
A = T A  _A> D = A A ) Do = A A
t—00 1+%+% t—00 1+%+% t—00 1+%+%
(A.43)

Continuing as in (A.27)), we again find the single-colony version of (2.12)-(2.13) with

2 colours and no migration.

§A.2.3 Alternative for Model 2: Three or more col-
ours

The argument in Appendix can be extended to an m € N-colour seed-bank, by
introducing sequences of variables (Y, (¢))™_, and (Z,,(¢))®_, that count the number
of O-individuals in the colour-m seed-bank at time ¢, respectively, the total number of
individuals in the colour-m seed-bank at time ¢. Let ¢ > 0 be the total rate at which
an active individual becomes dormant, and define a probability vector (p,,)m_, such
that €,, = ep,, is the rate at which an active individual becomes dormant with colour
m. Let §,, be the rate at which m-dormant individuals become active. Via the same

line of argument as in Appendix we see that the equivalent of (A.25]) reads

ZA(t) ZA

dx(t) = \/zA(t)Z“‘_Wx((tZ) dw(t) + Zm: [eDym(t) — coa(t)] dt,

m=0

dym (t) = [cflx(t) — cgym(t)] dt,

! (A.44)
dza(t) = > [chzp,, (t) — chza(t)] dt,

(t) = [cimzalt) —chzp, ()] dt,  0<m < N.

Solving the autonomous system describing 2(t) = (z4(t), (2p,, (t))N_,) via duality,

and subsequently substituting into (A.44)) the variables

(A.45)

el ch t
Um(t) = 1+Zc% <c§>ym T —m A | 0<m<N,

1 +Zn=0 é

we find the single-colony version of 7 with N-colours and no migration.
Migration can be added as in Appendix

It is straightforward to derive the version 7 with N-colours and M
colonies. Afterwards we can let N, M — oo and use convergence of generators, to
find 7. The limit is unproblematic because we are interested in finite time
horizons only.
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§A.3 Successful coupling

To prove Lemma [3.2.11| we proceed as in [I4], with minor adaptations. The notation
used in this appendix is the same as in Section For model 1 we write down the
full proof. The proof holds works for model 2 and 3 by invoking the colours m € Ny

and the SSDE in (2.12))—(2.13)), respectively, (2.18)—(2.19).

Proof of Lemma [3.2.11} The proof consists of 5 steps.

Step 1. If z € E with z; = 0 and x > 0 for some k # i, then
P, (3t" > 0 such that z;(t) =0Vt € [0,t*]) = 0. (A.46)

Proof. Suppose that z is such that z; = 0, but xy > 0 for some i,k € G. By (2.4),

/ S ali, )l (s) —i(s)] ds+ /OtKe[W) )] ds+ / Vo@(s)) duwi(s

j€G
(A.47)
Suppose that there exists a 7' > 0 such that x;(t) = 0 for all ¢ € [0, 7], and therefore
g(z;(t)) = 0. Then we obtain for all ¢ € [0,T] that

/ Z a(i, j)z;(s ds+/ Key;(s)ds =0. (A.48)

jeG

Hence, by path continuity of (Z(t))i>0, we see that y;(t) = 0 for all ¢ € [0,77], as
well as z;(t) = 0 for all j € G such that a(7,j) > 0. Repeating this argument, we
obtain by irreducibility of a(-,-) that z(t) = 0 for all kK € G and hence yi(¢) = 0 for
all k € G. By path continuity, this contradicts the assumption that xx(0) > 0. We
conclude that holds. g

Step 2. If z € E x E and g(z}) # g(z?), then for all j,
P; (3t > 0 such that A;(¢t) =0Vt € [0,t*]) = 0. (A.49)

Proof. Note that the SSDE in (2.4)—(2.5) can be rewritten as

dz ) (t) = > b (i, Ra), (4, Ry))2(,r,) () = 2(5,R0) (1)) dE
(4,R;)eGx{A,D}
+/9(20,r) (1) 1{r,=a} dwi(t),
V(i,R;) € G x {A,D},
with () (-, ) defined as in (2.31)).

Suppose that z is such that g(z}) # g(z?). Suppose there exist a T' > 0 such that
A;(t) =0 for all t € [0,T]. Then also \/ zi(t) — \/g z3(t)) = 0 for all t € [0,77].

(A.50)
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Using (A.50) on Aj(t) = z(lj,A)(t) - z(2j7A)(t), we obtain

t
o= [ X G R)
O (k,Rr)€Gx{A,D} (A51)

x [(Z(lk,zzk)(S) - Z(zk,m(s)) - (Z(lj,R»(s) - Z?j)RJ‘)(s))] ds.

Hence

> G A, K F) [ (<l ()~ e (0) = () () = rmy (9)
(k,Rp)eGx{A,D}
=0 Vte[0,T].
(A.52)
Using (A.50), we can write the SDE for

S 0O A kRO | () (O = oy ) = (hry ) = 2 my®)]
(k,Ri)€Gx{A,D}
(A.53)
which yields that, for all ¢ € [0, T,

/ S WG A, (B B) (/9 (5) = 90 1, (9)) ) Limmay du(s)

(k,Ri)EGx{A,D}

/0 bD2((j, A), (1 Ry))

(k,Ry) er{A D}
X {(Z(j’Rj)(S) - Z(QJ,RJ-)(S)) - (z(li,Ri)(S) - Z(Qi,Ri)(S))] ds,

where b(1):2(-,-) is the 2-step kernel of b1 (-, ).

The two process in the right-hand side form a process of bounded variation, while
the process in the left-hand side is a continuous square-integrable martingale, whose
quadratic variation is given by

[ S atrr Wg(x,a(s))—¢g<xi<s>>)2ds. (A.55)

0 ke

(A.54)

Since a square-integrable martingale of bounded variation is constant, it follows that
equals 0. Hence, for all k such that a(j,k) > 0, it follows that g(z}(t)) =
g(zi(t)) for all t € [0,7]. Moreover, the right-hand side of is equal to 0.
Iterating the right-hand side of further, we find by the irreducibility of a(-,-)
that g(zl(t)) = g(2%(t)) for all t € [0, T], which contradicts the assumption on z that
g(z}(0)) # g(2%(0)). Hence we find that there does not exist a T > 0 such that
Aj(t) =0 for all t € [0,T]. O

Step 3. Ifz€ ExE, i,k € G and g(x}) = g(x?) with A; < 0 and Ay, > 0 for some
k # i, then

Po (3t €[0,1]: Au(t?) <0, Ap(t?) > 0, g(z:(t")) # g(@2(t"))) > 0. (A.56)
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Proof. Note that by assumption we have z} < 1 and z}, > 0. Let ¢y € [0, ] If z} >0,
then set to = 0. Otherwise, by Step 1 and path continuity, we find with probablhty 1
a to € [0, 3] such that @} (ty) > 0, A;(tg) < 0 and Ag(tg) > 0. Let Z = z(to). By the
existence of to and the Markov property, it is enough to prove that

B (317 € [0,1]: Au(t*) <0, Ay(t") > 0, g(al(t") £ g(z2(t) >0 (A5T)

in order to prove (A.56)). Define the following two martingales:

Mt) = /Ot\/g@;(s))dwi(s), (A.58)
) = [ (Yalek) - 2l o) ) duns) (A.59)

Their corresponding quadratic variation processes are given by

M(1)) = / o(i(s)) ds, (A.60)

ane) = t Wg(w,a(s)) - ¢2g<xz<s>>)2 ds. (A61)

By Knight’s theorem (see [62, Theorem V.1.9 p.183]), we can write M;(¢) and My/(t)
as time-transformed Brownian motions:
Mi(t) = wi ((Mi(t))), (A.62)
Mi(t) = wi (Mi(t))) (A.63)
We may assume that g(Z}) = g(z7), otherwise we can set t* = 0. Recall that 0 <
il <1, A; <0and Ay, > 0, and, since 0 < g(&}) = g(23), also &7 < 1. Choose an
e € (0, %) such that #},%? € [5¢,1 — 5¢], —A; > 5e and Ak > 5e. Let £ € (0,¢) be
such that ¢(§) < min{g(u): e <u <1 —€}, and set ¢; = min{g(u): { <u<1-¢}
and ¢z = ||g||. Then we can make the following estimates:
(M;(t)) < eat (M (t)) < cot, t >0, (A.64)
(M;(t)) > et for ¢ > 0 such that z;(s) € [£,1 — ] Vs € [0,t]. (A.65)
£

Define ¢3 = min{ 2=, 2} Fix T € [0, c3] and define

Qp = i i (t) < —1, i (¢ )
o= g ) <1 g ) < s o0 <}

0 = {3t* € [0,1] such that A,(t") < 0, Ag(t") > 0, g(z}(t*)) = g(22(t"))}

(A.66)
Note that P(g) > 0. Therefore it suffices that Qg C Q.
We start by checking the conditions Ag. Using (2.4), we can write
t
Ax( / > ak, 1)(A(s) — Ak(s)) ds +/ Ke[0(s) — Ag(s) ds]
0 leG 0
2
+ [ (Votation - wg(xz(s))) du(s).
0
(A.67)
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Since |A;(t)| < 1, |0k ()| < 1 for all ¢ > 0, and My (t) = wi({My(t))) for ¢t € [0,T], we
may estimate

Ag(t) > be — 2c3 — 2Kecs — € = 2e. (A.68)

So, on Qg, Ag(t) > 0 for all ¢ € [0,T]. By expanding z} (), we find

Cﬂl :xl ! ai 1'15 71'18 S t (& -13 71'15 S i
o) 1<0>+/Z (i)} (s) — 2(s)) d */OK(%” 1)) ds + My(t),

0

leG
(A.69)
so that on €y we have, for ¢ € (0,77,
z;(t) <1—10e+c3+ Kecg +¢ =1 — 8e. (A.70)

To check the conditions on z} () and A;(t), we define the following random times:

o= inf{t >0: -Tll(t) = 5}7

A.
r=inf {t > 0: g(a}(t) # 9(2(1))}. (A7

We will prove that, on g, we have 0 < 7 and z2(7) > z}(7) + 3e. To do so, we
first prove that o < T. Assume the contrary ¢ > T. Then by we have
xl(t) € [§,1— ¢ for all ¢ € [0,7T], which implies that miny 7 M;(t) < —1. Hence
there exists a x such that, by ,

ri(k) <1—10e+e—1<0. (A.72)

However, this contradicts the fact that =} > 0 for all ¢ > 0. We conclude that o < T..
Now suppose that 7 > . Expanding A;, we get, for t < 7,

A;(t) = A;(0) + t Za(i, D(A(s) — Ay(s))ds + t Keld;(s) — A;(s)]ds, (A.73)
0

0 je

which can be rewritten as

x2(t) = ;v}(t)—x}(O)—i—x?(O)—/ Za(i,l)[Al(s)—Ai(s)] ds—/o Keld;(s)—A;(s)] ds.

0 leG
(A.74)
By (A.74), we obtain, for ¢ € [0, o],
2
T;(t) <1—05e+2e+2e=1—¢,
(t) (A.75)

x2(t) > xp(t) + be — 2¢ > 3e,

so 22(t) € [e,1 —¢] for t € [0,0]. But then g(z}(0)) = g(¢) < g(2?(t)) by the
definition of £&. Hence we obtain a contradiction and conclude that 7 < o. From
(A.75) we obtain that A;(t) < 0 for all ¢ € [0, 7], which concludes the proof that
Qo C . O
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Step 4. Ifz€ Ex Eand A; <0,A; =0, Ay > 0 for some 4, j, k, then
P, (3t* € [0,1]: Ay(t") < 0,A;(t*) # 0, AR(t*) > 0) > 0. (A.76)
Proof. Suppose that z satisfies A; < 0, A; =0, Ay > 0. Define

Iy={ze ExXE:A; <0,A; #0,A; >0},

i (A.77)
Flz{ZEEXEZAi<O,g( )#g( ) Ak>0}

By Step 3 and path continuity, there exists a 7' € [0, 1] such that P? (2(T) € I'y) > 0.
By the Markov property,

P:(3t* €[0,1]: 2(t*) € Tp) z/F P:(2(T) € d2) P (3t* € [0, 3]: Z(t*) € T).(A.78)

By path continuity, we can find for Z € T'y a ¢’ such that, for all ¢ < ¢/, A;(t) <0,
Ak(t) > 0 and g(x}(t)) # g(z2(t)). By Step 2 there exists a t* < t' such that

zZ(t*) € T'y. Hence both probablhtles in the integral on the right-hand side of ( -
are positive.

Step 5. Proof of Lemma (3.2.11

Proof. Suppose that (3.147) holds for the pair 4, j, and a(j, k) > 0, but (3.147) fails
for the pair 7, k. This implies that there exist ¢y > 0, §p > 0 and a positive increasing
sequence (t,)nen of times with ¢, — oo, such that

Jim Ps ({Ai(t) < €0, Ar(t) > €0} U{Ai(t) > €0, Aw(t) < eo}) > do. (A.79)

By compactness of E x E, there exists a subsequence t,,, such that £(Z(¢,,)) converges
and ({A.79) holds. Let v = limy_oc £(2(ts,)). Then

D({AZ < Eo,Aj > 60} U {Al > GO,Aj < 60})
D({Aj < €9, Ay > 60} U {A] > GO,Ak < 60}) (ASO)
ﬁ({Al < €9, Ag > 60} U {Az > €0, A < 60}) > 50.

Assume without loss of generality that 7 ({A; < g, A > €0}) > 0. Hence, by (A.80),
Ij({A7 < €9, Ay > 60}) =v ({A7 < Eo,Aj € (*60,60),Ak > 60}) > 0. (A81)

For each z € {A; < ¢y, Aj € (—ep,€0), Ak > €o}, Step 4 implies that

Pz (3t €[0,1]: A;(t") < 0,A;(t") # 0, Ag(t*) > 0) >0, (A.82)
and therefore, by (A.81)),
Py (3t" € [0,1]: A;(t*) < 0,A,(t") #0,A(t") > 0) > 0. (A.83)

By path continuity, we can find T € [0,1] and € > 0 such that

Py (A(T) < —€, |A(T)|, AR(T) > €) > 0. (A.84)
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Let fi(tn) = L(Z(tn)). Then, by the Markov property and (A.84)),

Hminf Py, ) (A (T) < —€, [A;(T)] > ¢, Ap(T) > )
noee (A.85)
= liminf Py o) (Ai(T + tn) < =€, |85(T +t0)| > &, Ap(T +10) > €) > 0.

However, this violates (3.147) for either 7, j or j, k. We conclude that (A.79) fails and
that (A.79) holds for i, k. By irreducibility, (A.79) holds for all i, k € G. O

§A.4 Bounded derivative of Lyapunov function

Recall from Section [3.2.3] that

=2 ali (O] Lisgn As(1) £ 5en A ()]
j€G (A.86)

+ 2K e B [(|A:(6)] + 16 (6)]) 1{sgn A, (t) #semss(0)}] -

In this section we show that h'(t) exists for all ¢ > 0 and is bounded. To do so, we
need to get rid of the indicator in the expectations.
Let
hl»] [|A ( )| 1{sgnAi(t);£sgnAj(t)}] (A87)

and .

ha(t) = 2KeE [(|Ai(t)] + 10:(1)]) Tisgn A, (t) 2 sgn s 1)} - (A.88)
Then h(t) =23, ali, j)h1,;(t) + ha(t). We show that hq,;(t) is differentiable with
bounded derivative for j € G. The proof of the differentiability of ho(t) is similar.
Fix t > 0. Note that

E [|A;(6)] 1 gsgn a,(t) #sam 2, )}
=B [|A;(0)] Lisgn st sgn a0y | 1A:(E)] # 0,1A:(t)| # O] P(|A:()] # 0,|A;(t)] # 0)
+ B A (6)] Lisgn s (1) £ sen (003 | 1Ai(8)] = 0 or [A;(t)] = 0]
x P([Ai(t)] =0or |A;(t)]=0).
(A.89)

Since A;(t) and Aj(t) have zero local time, the second term vanishes and
P(|A;(t)| # 0,|A,(t)| # 0) = 1. By continuity of A;(t) and A;(¢), we can define sets

B, = {|Ai(r)] > 0 and |A;(r)| > 0,Vr € B(t, =)} (A.90)
Then
-+ CDB,CBpy1 CBpya C--- (A.91)
SO n
=B (A.92)
=0
and we define
B = L_JOB = lim B,. (A.93)
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Since P(]A;(t)| # 0,]A,(t)| # 0) = 1, it follows that P(B) =
For each B,,, we have

B, =C,U C’rc” Cn= {W € Bn: 1{sgnAi(r)7ésgnAj(r)} =1, Vre B(ta %)}7
(A.94)
and, by the definition of B,

- CCpCChy1 CChya C--- -CcCL,cCh  CChyC-- (A.95)

Let C = [J;2,C; and C¢ = |J;=, C¢ be such that B = C' U C*. Using (3.136]), we

obtain

L (gt 4+ 5) — g (0)

= é I (145 ()] sgn Asers) 2 sgn A, (4901 — B (185 (8)] Lsgn asce) ;ﬁsgnAJ(t)}]]
- % B 1A (4 8)| Lisgn i (t+s) £ sen 8, (t4+s)) — 185 )] Lisgn a,(t) £ sgn 2, (1)} | B
=< |E |18+ 9 - 1a,001c| [ B©)
= [ Ssgn (A IR () - Al drlc | B)
t+s
+ g / sen (80) [\/ate () = [a(a?0)) | aws(r) C] P(C)
1 . t+s
+ EE Ke /t sgn (A (r)[6:(r) — Ai(r)] dr|C | P(C)
R 1 t+s
=Y aldE | [ s (A)A,0) - A dr|C| BE)
jeG t
R t+s
+ %E /t sgn (Aq(r)) {\/g(x%(r)) - \/g(:cg(r))] dwi(r)|c| P)
R 1 t+s
+E|Ke ;/t sgn (A(r))[6:(r) — As(r)] dr|C| P(C).
(A.96)

In the last equality, the first and third term are bounded, because A;(t),d;(¢) and
Aj(t) are continuous functions of ¢, and sgn (A;) is constant since we conditioned
on the set C'. Therefore, letting s — 0, it follows from the fundamental theorem of
calculus that these terms are bounded. The second term is more involved. Since, on

the set C,
sen (84(0)) [/o(at ()~ /a2 | (A7)

is a continuous function, we can rewrite the stochastic integral as a time-transformed
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‘
i@lmz(é“s[v@@@w»vb@fw»]2m> (4.98)
w<[bﬁ@m>VMﬁm@3Q

Since the normal distribution is differentiable with respect to its variance, we are

Brownian motion:

]@Mmmmmﬂw@w—wwmﬂwm

S

cl.

done.
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PART 11

SPATIAL POPULATIONS WITH
SEED-BANK ON THE
HIERARCHICAL GROUP

This part is based on:
A. Greven, F. den Hollander, and M. Oomen. Spatial populations with seed-bank:
renormalisation on the hierarchical group. Preprint, 2021
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CHAPTER

Models and main results

§4.1 Background, goals and outline
§4.1.1 Background

Single colony with seed-bank. In populations with a seed-bank, individuals can
temporarily become dormant and refrain from reproduction, until they can become
active again. In [I0] and [12] the evolution of a population evolving according to
the two-type Fisher-Wright model with seed-bank was studied. Individuals move in
and out of the seed-bank at prescribed rates. Outside the seed-bank individuals are
subject to resampling, while inside the seed-bank their resampling is suspended. Both
the long-time behaviour and the genealogy of the population were analysed in detail.

Seed-banks are observed in many taxa, including plants, bacteria and other micro-
organisms. Typically, they arise as a response to unfavourable environmental condi-
tions. The dormant state of an individual is characterised by low metabolic activ-
ity and interruption of phenotypic development (see e.g. [55]). After a varying and
possibly large number of generations, a dormant individual can be resuscitated un-
der more favourable conditions and reprise reproduction after having become active
again. This strategy is known to have important implications for population per-
sistence, maintenance of genetic variability and stability of ecosystems. It acts as a
buffer against evolutionary forces such as genetic drift, selection and environmental
variability.

Multiple colonies with seed-bank. In [43] we considered a spatial version of
the two-type Fisher-Wright model with seed-bank in which individuals can migrate
between colonies, organised into a geographic space, each having a seed-bank consisting
of multiple layers, each with their own rate of moving in (becoming dormant) and
moving out (waking up). We found that the presence of the seed-bank enhances
genetic diversity compared to the spatial model without seed-bank. Interestingly,
we found that the seed-bank can affect the longtime behaviour of the system both
qualitatively and quantitatively.

In [43] we settled existence and uniqueness of the spatial model when the geo-
graphic space is Z?, d € N. We proved convergence to equilibrium, showed that there
is a dichotomy between coezistence (= locally multi-type equilibria) and clustering
(= locally mono-type equilibria), and identified the parameter regime for both. We
found a change of the dichotomy due to the presence of the seed-bank. Without seed-
bank, for migration in the domain of attraction of Brownian motion, clustering occurs
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in d = 1,2 and coexistence in d > 3, i.e., the critical dimension for the dichotomy
is d = 2. With seed-bank, however, clustering becomes more difficult and occurs in
d = 2 only when the wake-up time of a typical individual in the seed-bank has finite
mean, and in d = 1 only when the wake-up time has a sufficiently thin tail. In other
words, the seed-bank has a tendency to lower the critical dimension.

In fact, in [43] we found that our technique of proof works for geographic spaces
that are arbitrary countable Abelian groups endowed with the discrete topology. The
reason is that the dichotomy can be formulated in terms of how the degree of the
random walk that underlies the migration balances with the exponent of the tail of
the typical wake-up time. This raises the question how we can better understand the
behaviour of spatial models with seed-bank close to criticality.

In [44] we established the so-called finite-systems scheme, i.e., we identified how a
finite truncation of the system (both in the geographic space and in the seed-bank)
behaves as both the time and the truncation level tend to infinity, properly tuned
together. We found that if the wake-up time has finite mean, then the scaling time is
proportional to the volume of the system and there is a single universality class for
the scaling limit, namely, the system moves through a succession of equilibria of the
infinite system with a density that evolves according to a Fisher-Wright diffusion. On
the other hand, we found that if the wake-up time has infinite mean, then the scaling
time grows faster than the volume of the system, and there are two universality classes
depending on how fast the truncation level of the seed-bank grows compared to the
truncation level of the geographic space.

§4.1.2 Goals

In the present paper we take as geographic space the hierarchical group Q2 of order
N. The reason for this choice is that Q2 allows for more detailed computations. At
the same time, migration on Qx can be used to approzimate migration on Z¢ in the
hierarchical mean-field limit N — oo. In particular, by playing with the migration
kernel we can approximate two-dimensional migration in the sense of potential theory.
We consider migration kernels that in the limit as N — oo are critically recurrent,
i.e., the degree of the class of hierarchical migrations that we consider in the present
paper converges to 0, either from above or from below.
The present paper has three goals:

(1) We apply the results obtained in [43] to Qx with N < oo fixed. We again find
that part of the coexistence regime without seed-bank shifts into the clustering
regime with seed-bank when the average wake-up time of a typical individual is
infinite.

(2) We analyse a space-time renormalised system in the limit as N — oco. Namely,
we show that the block averages on successive space-time scales each perform
a diffusion with a renormalised diffusion function. In other words, we establish
a multi-scale version of the finite-systems scheme. Also, we compare the beha-
viour of the space-time renormalised system with seed-bank to the one analysed
in [2I] and [20] without seed-bank.

(3) We exhibit universal behaviour in the clustering regime close to criticality. To
do so, we analyse the attracting orbits of the renormalisation transformation,
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acting on the space of diffusion functions, that connects successive hierarchical
levels. We show that, in the clustering regime and after appropriate scaling, the
renormalised diffusion function converges to the Fisher-Wright diffusion function
as we move up in the hierarchy, irrespective of the diffusion function controlling
the resampling. This convergence shows that the hierarchical system exhibits
universality on large space-time scales in terms of the scaling limit. For several
subclasses of parameters we identify the scaling of the renormalised diffusion
function, which reveals a delicate interplay between the parameters controlling
the migration and the seed-bank. This rate in turn determines the speed at
which mono-type clusters grow in space and time.

In the coezistence regime, universality does not hold and the equilibrium depends
on the diffusion function. Since the seed-bank enhances genetic diversity, it may be
expected that equilibrium correlations between far away colonies decay faster with
seed-bank than without seed-bank, an issue that will not be addressed.

Remark 4.1.1 (More general types). Throughout the paper we consider the two-
type Fisher-Wright model with seed-bank, in the continuum limit where the number of
individuals per colony tends to infinity. The extension to a general type space, called
the Fleming-Viot model (see [25]), requires only standard adaptations and will not be
considered here. In what follows, we only work with continuum models. However, we
motivate these models by viewing them as the large-colony-size limit of individual-
based models. For earlier work on hierarchically interacting Fisher-Wright diffusions
without seed-bank we refer the reader to [20] 211, 25l 22] and [5] 6] 26]. ]

§4.1.3 Outline

The present paper consist of two parts:

e Part I: Model and main results. Sections [£.2H4.5 collect the main propos-
itions and theorems. In Section [£.2] we define the hierarchical model and state
some basic properties: the well-posedness of the associated martingale problem
(Proposition [4.2.6), the duality relation (Proposition [£.2.7)), and the clustering
criterion via duality (Proposition . These properties were all derived in
[43]. In Sectionwe state our main results for NV < co. In particular, we com-
pute the scaling of the wake-up time and the migration kernel (Theorem
and identify the clustering regime in terms of the coefficients controlling the mi-
gration and the seed-bank under the assumption that these are asymptotically
polynomial or pure exponential (Theorem ) In Section we state our
main results for N — oo, the hierarchical mean-field limit. In particular, we in-
troduce block averages on successive hierarchical space-time scales, analyse their
limiting dynamics (Theorems and , offer a heuristic explanation how
this limiting dynamics arises, introduce a path topology called the Meyer-Zheng
topology that is needed for a proper formulation, and introduce an object called
the interaction chain, which describes how the diffent hierarchical levels inter-
act with each other. In Section we identify the orbit of the renormalisation
transformation in the clustering regime (Theorem , identify the rate of
scaling for the renormalised diffusion function (Theorem , and link this
scaling to the rate of growth of mono-type clusters.
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e Part II: Preparations and proofs. Chapters [5{I0| provide the proofs of the
theorems stated in Part 1. These proofs consist of a long series of propositions
and lemmas needed to build up the argument. In Chapter [5] we prove our main
results for N < co. In Chapter |§| we focus on the mean-field model (consisting
of a single hierarchy) and, respectively, state and prove a number of results that
serve as preparation. In Chapters we consider extensions of the mean-field
model (consisting of finitely hierarchies), which serve as further preparation. In
Chapter [9] we use the results in Sections [Hg] to deal with the full hierarchical
model (consisting of infinitely many hierarchies), and prove our main results
for N — oco. In Chapter [10| we analyse the orbit of the renormalisation trans-
formation controlling the multi-scaling. Appendix[B.I]contains a technical com-
putation needed for the identification of the clustering regime. Appendix
contains a basic introduction to convergence of paths in the Meyer-Zheng topo-
logy, which is needed for the main theorems.

Part I contains all the main results and their interpretations, and can be read without
reference to Part II.

§4.2 Introduction of model and basic properties

Section introduces the model ingredients, Section [£.2.2] gives the evolution equa-
tions, Section [£.2.3] states the well-posedness, Section [£.2.4] introduces the dual and
states the duality relation, while Section formulates the dichotomy between
clustering versus coexistence in terms of the dual.

§4.2.1 Model: geographic space )y, hierachical group
of order N

Single colony. Our building block is the single-colony Fisher-Wright model with
seed-bank defined in [I2]. In that model, each individual in the population carries
one of two types, © or ¢, and each individual can be either active or dormant. Active
individuals resample until they become dormant. Dormant individuals suspend res-
ampling until they become actieve again. The repository for the dormant individuals
is called the seed-bank. When an active individual resamples, it randomly chooses
another active individual and adopts its type. When an active individual becomes
dormant, it randomly chooses a dormant individual and forces it to becomes active,
i.e., the active and the dormant population exchange individuals (see Fig. . This
exchange guarantees that the sizes of the active and the dormant population stay
fixed over time. During the swap both the active and the dormant individual retain
their type.

The types of the active population evolve through resampling and through ex-
change with the dormant population. The types of the the dormant population evolve
only through exchange with the active population. It was shown in [I2] that in the
large-colony-size limit, i.e., as the number of individuals per colony tends to infinity
and time is speeded up by the size of the colony, the two quantities

e x(t) = the fraction of active individuals of type O at time ¢,
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e y(t) = the fraction of dormant individuals of type © at time ¢,

satisfy the following system of coupled SDEs:

da(t) = Ke [y(t) — o(t)] dt + /2(6)(1 — 2(t)) dw(t),
dy(t) = e[z(t) — y(t)] dt.

Here, e denotes the rate at which an active individual exzchanges with a dormant
individual from the seed-bank, K denotes the relative size of the dormant population
with respect to the active population, and (w(t));>o is a Brownian motion. The first
term in the first equation describes the flow from the dormant population to the
active population, the term in the second equation describes the flow from the active
population to the dormant population, while the second term in the first equation
describes the effect of resampling on the active population (see Fig. . Active
individuals resample at rate 1. Since dormant individuals do not resample, we do
not see such a term in the second equation. The formal derivation of the continuum
equations can be found in [12] and in [43 Appendix A].

(4.1)

resampling
1
‘\ \L] exchange
Ke
e
A — D

Figure 4.1: Active individuals resample at rate 1. Active and dormant individuals exchange
at rate e. The extra factor K arises from the fact that the dormant population is K times
as large as the active population. Dormant individuals suspend resampling.

Multi-colony. The present paper focuses on a multi-colony setting of the model
described above, where the underlying geographic space is the hierarchical lattice of
order N, given by (Ng = NU {0})

QN = {E = (gk)kENo: €k € {07 17 ... 7N - 1}7 Z gkr < OO} 5 (42)
k€eNg

which with addition modulo N becomes the hierarchical group of order N (see
Fig. . The hierarchical distance on Qy is defined by

day (&,m) = day(0,§ —n) =min{k € No: & = VI >k}, &Eney, (4.3)
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and is an ultra-metric, i.e.,

dQN (faﬁ) < max {dQN (f’C)?dQN (7770} Vﬁﬂ%C € Qp. (44)

The choice of Qpy as geographic space plays an important role for population
models, and was first exploited in [65] in an attempt to formalise ideas coming from
ecology. One interpretation is that the sequence (&x)ken, encodes the ‘address’ of
colony &: & is the ‘house’, & is the ‘street’; & is the ‘village’, &3 is the ‘province’, &4
is the ‘country’; and so on. To describe the system on the hierarchical group we need
three ingredients:

e Hierarchical migration.
e Layered seed-bank.

e Resampling rate.

|

2-block

3-block

Figure 4.2: Close-ups of a 1-block, a 2-block and a 3-block in the hierarchical group of
order N = 3. The elements of the group are the leaves of the tree (indicated by O’s). The
hierarchical distance between two elements in the group is the graph distance to the most
recent common ancestor in the tree: dos(n,() =2 for n and ¢ in the picture.

e Hierarchical migration

We construct a migration kernel a$*¥ (-,-) on the hierarchical group Qy built from a
sequence of migration rates

¢ = (ck)ren, € (0,00)™ (4.5)
that do not depend on N. Individuals migrate as follows:

e For all k£ € N, each individual chooses at rate ck,l/Nk_l the block of radius k
around its present location and selects a colony uniformly at random from that
block. Subsequently it selects an individual in this colony uniformly at random
and adopts its type.

Note that the block of radius k contains N* colonies, and that the migration kernel
is therefore given by

Ck—1 1
CLQN (777 5) = NE-1 ma
k>day (n,€)

UafGQNJHé& QQN(UW)ZQ 77€QN

(4.6)
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Throughout the paper, we assume that

1

limsup — log ¢y, < log N. (4.7
k—o0 k

This guarantees that the total migration rate per individual is finite. Indeed, note

that for every n € Qy,

Soa™mo=3 Y

£eQN EEQAN k>day (n,€)

Ck—1
:Z Z l{an(n,£)§k} N2h—1 (4.8)
kEN | £€Qn

=Y i
- Nk-1’

keN
which is finite because of (4.7).

Remark 4.2.1 (Degree of random walk). For a random walk on an Abelian group
with time-¢ transition kernel a$*¥ (-, ), the degree is defined as (see [19])

o0
d = sup {( €(—1,00): / dttca?N(O,O) < oo} . (4.9)
0
The degree is said to be d1, respectively, 6~ when the integral is finite, respectively,
infinite at the degree. If § > 0, then ¢ is called the degree of transience. If § € (—1,0),
then —¢ is called the degree of recurrence. If the degree is 07, then the random walk
is called critically recurrent. (It would be interesting to have a version of that
includes a slowly varying function in front of the power t¢. However, such an extension
appears not to have been explored in the literature.) |

By playing with ¢ and letting N — oo, we can approximate migration for which
the corresponding random walk is critically recurrent, i.e., §~ = 0. In that case both
the potential theory and the Green function for the hierarchical random walk have
the same asymptotics as the potential theory and the Green function for a critically
recurrent random walk on Z? in the domain of attraction of Brownian motion. There-
fore, by tuning ¢ properly, we can mimic migration on the geographic space Z? (for
which 6~ = 0), an idea that was exploited in [25], [22], [23], [41], [42].

e Layered seed-bank

To create a layered seed-bank, dormant individuals are labeled with a colour m € Ny.
An active individual that becomes dormant is assigned a colour m € Ny. When
an active individual becomes dormant with colour m, it exchanges with a dormant
individual of colour m. This dormant individual becomes active, loses its colour, but
retains its type. To describe the layered seed-bank we need two sequences

K == (Km)m€N0 S (anO)NOa

" (4.10)

€= (em)meNo € (07OO>

both not depending on N, which we interpret as follows:
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e K, is the relative size of the dormant population of colour m with respect to
the active population, i.e.,

size m-dormant population
K, = . : - POP : . (4.11)
size active population

o At rate K, 1% an active individual becomes dormant, is assigned colour m, and
retains its type. At the same time a dormant individual with colour m becomes
active, loses its colour, and retains its type. By defining the rates in this way,
the layered structure of the seed-bank is tuned to the hierarchical structure of
the geographic space.

By giving the seed-bank a layered structure, we are able to tune the distribution of
the wake-up time, i.e., the time an individual spends in the seed-bank before waking
up. In particular, we will see that a layered seed-bank enables us to model wake up
times with a fat tail, while at the same time preserving the Markov property of the
evolution.

Since active and dormant individuals exchange, K,, remains constant over time
for all m € Ny. Throughout the paper we assume that

1
limsup — log(Kmem) < log N. (4.12)

m—oo M

This guarantees that the total rate of exchange per individual, given by
= K (4.13)

is finite. On the other hand, the relative size of the dormant population with respect
to the active population

p=> Kn (4.14)

meNy

can be either finite or infinite. We will see that p < co and p = oo represent two
different regimes.

e Resampling rate

To describe the resampling we use a diffusion function g that is taken from the set

G= {g(w): [0,1] — [0,00): g(0) =g(1) =0, g(x) >0Vx € (0,1), g Lipschitz},
(4.15)
and think of h(z) = g(z)/z(1 — x) as the rate of resampling at type frequency z.
The choice g = dgrw, d € (0,00), with gpw(z) = (1 — z), = € [0, 1], corresponds
to Fisher-Wright resampling at rate d. We use a collection of independent Brownian
motions

W = ((we(t))r20) e (4.16)

to describe the fluctuations of the type frequencies caused by the resampling in each
colony.
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§4.2.2 Evolution equations

e Evolution of single colonies

With the above three ingredients, we can now describe the evolution of the system.
For ¢ € Qp, define

x¢(t) = the fraction of active individuals of type © at colony ¢ at time ¢,
Ye,m(t) = the fraction of m-dormant individuals of type © at colony & and time ¢.
(4.17)
Note that z¢(t) € [0,1] and ye ,,(t) € [0,1] for all £ € Qn, m € Ng, t > 0. Therefore
the state space of a single colony is s = [0,1] x [0, 1], and the state space of the
system is
S =5, (4.18)

Our object of interest is the random process taking values in S, written
(XQN(t), YN ())e>o0, (XQN (1), YN (1) = (x);:(t), (y§7m(t))mEN0)£EQN’ (4.19)

whose components evolve according to the following SSDE (= system of stochastic
differential equations):

de(t) = Y a™ (& m)lwy(t) —ze(D)] dt + /g(xe(t)) dwe(t)

VIS YN

+ > %[yg,m(t)—xg(t)] d, (4.20)

meENy
em
dye,m(t) = N [e(t) — ye,m(t)]dt, m € Ny, £eQy.

The first term in the first equation describes the evolution of the active population at
colony ¢ due to migration, the second term due to the resampling. The third term in
the first equation and the term in the second equation describe the exchange between
the active and the dormant population at colony ¢ (see Fig. [4.3). Since dormant
individuals are not subject to resampling or migration, the dynamics of the dormant
population is completely determined by the exchange with the active population. For
the initial state we assume that

LK (0), Y (0)) = o
with E#[z¢(0)] = 05, E*[ye m(0)] = 0,,, with lim 6, =6 for some 6 € [0, 1].
m—r o0
(4.21)

The last assumption in (4.21]), which in [43] was referred to as p being colour regular,
guarantees that for finite N the system in :4.20) converges to an ergodic equilibrium.

Remark 4.2.2. [Notation] Throughout the sequel we use lower case letters for single
components and upper case letters for systems of single components. We exhibit the
geographic space for the system, but suppress it from the components. |
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resampling exchange

0
V¥
migration Kieq / N

— — |[ D

—_— A
Kmemme
(em/Nm Dm

Figure 4.3: Active individuals (A) are subject to migration, resampling and exchange with
dormant individuals (D). When active individuals become dormant they are assigned a colour
(Dr, m € Ng), which they lose when they become active again. The resampling rate in the
active state at type-Q frequency z equals h(z) = g(z)/z(1 — z) with g € G (e.g. for the
standard Fisher-Wright diffusion the resampling rate is 1).

e Evolution of block averages

The choice of the migration kernel in implies that, for every k € N, at rate < R
individuals choose a space horizon of distance k+1 and subsequently choose a random
colony from that space horizon. Therefore, in order to see interactions over a distance
k + 1, we need to speed up time by a factor N*. A similar observation applies to the
interaction with the seed-bank. Dormant individuals with colour k become active at
rate < ﬁ Therefore, in order to see interactions with the k-dormant population, we
need to speed up time by a factor N*. To analyse the effective interaction on time

scale N*, we introduce successive block averages labelled by k € Ny.

Definition 4.2.3 (Block averages). For k € Ny, let
Bi(0) = {n € Qn: da, (0,7 < k} denote the k-block around 0. Define the k-block
average around 0 at time N¥¢ by

1
apN (t) = NF Z T,y (N*t),
n€ Bk (0)

1
yﬁl,vk(t) = NF Z Yy (N*t), m € Ny.
n€By(0)

(4.22)

The k-block average represents the dynamics of the system on space-time scale k. W
By translation invariance of the SSDE in (4.20)), each £ € Qx can serve as the origin.

In the remainder of the paper we consider without loss of generality the k-block
average around £ = 0, and suppress the center 0 from the notation.
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Remark 4.2.4 (Notation). We use lower case letters for the block averages because
they live in the space of components s = [0, 1] x [0, 1]N0. At the same time we exhibit
the geographic space Q2 for the block averages because they are functionals of the
system of components (recall Remark . ]

Using Definition and inserting the specific choice of the migration kernel

defined in (4.6), we can rewrite (4.20) for & = 0 as follows (0-blocks are single com-
ponents):

dav (1) = Ji;l—jl (225 (N~1) — 22 (1)] dt + /g («3 (1)) dw(t)

£ 3 Boln ) —agv o) a, (423

Ay () = < [28N (1) — y24 (0] dt,  m e N,

From (4.23)) we see that migration between colonies can be expressed as a drift towards
block averages at a higher hierarchical level.

The SSDE for the k-block average on time scale N* reads as follows (recall (4.22))):

N Clal— N 1
Az (1) = NL] [2 (N 1) — 22 ()] dt + N > g(@i(NFt)) dwg(t)
leN i€ B, (0)
Kmem
+2Nk N () — 2 (1) dt,
meNy

Ay (0) = NF T [af™ (1) = (0] At moe No.
(4.24)
To deduce these equations from ([4.20), we sum over £ € By, speed up time by a factor
N*_ insert the specific choice of the migration kernel in , and use the standard
scaling properties of Brownian motion: w(ct) =% \/cw(t) and aw(t) + vbw'(t) =¢
Va +bw"(t), with w(t) and w'(t) independent Brownian motions, and with =¢ de-
noting equality in distribution. This computation is spelled out in Section [0

Remark 4.2.5 (Separation space-time scales). The block averages and their evol-
ution equations in will be key objects in the analysis of the hierarchical mean-
field limit N — oco. We will see that the limit N — oo brings about considerable
simplifications. In Section [£.4] we discuss these simplifications in detail. In partic-
ular, a complete separation of space-time scales takes places, in which each block
average lives on its own time scale, effectively interacts with only one seed-bank, and
effectively feels a drift towards the block average one hierarchical level up. |
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§4.2.3 Well-posedness

The generator of the system in (4.20) is given by

G = > ( D a™ (&)l (t) — .Z‘g(t)]a% + %g(ﬂcg(t))% (4.25)
EEQN neQN 3 3
Kem 0 €m 0
+m€ZNO |: Nm [yﬁ,m(t) - xﬁ(t)]ail'g + W[l‘g(t) - yg)m(t)]aygmj )

Let

F = {f € (y([0,00),5): f depends on finitely many components (4.26)
and is twice continuously differentiable in each Component}. '

Proposition 4.2.6 (Well-posedness). (a) The SSDE in (4.20) has a unique strong
solution in C([0,00),S5), whose law is the unique solution of the (G,F,d,)-
martingale problem for all u € S.

(b) The process starting from u € S is Feller and strong Markov. Consequently, the
SSDE in (4.20) defines a unique Borel Markov process starting from any initial
law on S.

Proof. Comparing with what is called model 2 in [43], we see that the Abelian group
is chosen as in , the transition kernel is chosen as in , and the rates in and
out of the seed-bank are % and % for colour m. Hence the claim follows from
[67], in the same way as shown in the proof of [43], Theorem 2.1]. O

Henceforth we write P and E to denote probability and expectation with respect
to the random process in (4.19).

§4.2.4 Duality

If g = dgrw, then our model has a tractable dual, which turns out to play a crucial
role in the analysis of the long-time behaviour. In this section we introduce the dual
process following the same line of argument as in [43 Section 2.4]. There it was
shown that the spatial Fisher-Wright diffusion with seed-bank is dual to a so-called
block-counting process of a seed-bank coalescent. The latter describes the ancestral
lines of n € N individuals sampled from the current population backwards in time
in terms of partition elements. At time zero the ancestral line of each individual
is represented by a partition element. Traveling backwards in time, two partition
elements merge as soon as their ancestral lines coalesce, i.e., two individuals have
the same ancestor from that time onwards. Hence the seed-bank coalescent divides
the ancestral lines of the n € N individuals into subgroups of individuals with the
same ancestor (i.e., individuals that are identical by descent). Therefore the seed-
bank coalescent generates the ancestral lineages of the individuals evolving according
to a Fisher-Wright diffusion with seed-bank, i.e., generates their full genealogy. The
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migration
/) coalescence
/—\r active
eme/Nm em/Nm
---------------------- m-dormant

Figure 4.4: Transition scheme for an ancestral lineage in the dual, which moves according
to the transition kernel b(-,-) defined in (4.31). Two active ancestral lineages that are at the
same colony coalesce at rate d.

corresponding block-counting process counts the number of partition elements that
are left when we travel backwards in time.
Formally, the spatial seed-bank coalescent is described as follows. Let

S = Qn % {A, (D) men, } (4.27)

be the effective geographic space. For n € N the state space of the n-spatial seed-
bank coalescent is the set of partitions of {1,...,n}, where the partition elements are
marked with a position vector giving their locations. A state is written as w, where

W:((ﬂ-hnl)w"?(ﬂ-ﬁanﬁ)% ’F?,:|7T‘,
me CA{Ll,...,n}, {m, --7mn} is a partition of {1,...,n}, (4.28)
meS, (e{l,....n}, 1<n<n.

A marked partition element (g, 7y) is called active if n, = (£, A) and m-dormant if
ne = (&, D) for some £ € Q. The n-spatial seed-bank coalescent is denoted by

(€™ (#))o0, (4.29)
and starts from

) =w(0),  w(0) = {({1hme)s- -, ({nhime)}s Measeee e, €S, (430)
The n-spatial seed-bank coalescent is the Markov process that evolves according

to the following two rules (see Figs. 4.5)).
(a) Each partition element moves independently of all other partition elements ac-

cording to the transition kernel

ay (gan)a if RE = Rn = A,
Ko s ifé=mn, Re=A, R, =D, form e Ny,

Qn _
b ((f,Rg),(n,Rn)) B %, lfg:n7 Rg:Dm, R77 :A, fOI'mENO,
0, otherwise,
(4.31)

where a‘?¥(-,-) is the migration kernel defined in ([4.6)), K,,, m € Ny are the
relative sizes of the m-dormant population and the active population defined in
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Figure 4.5: Picture of the evolution of lineages in the spatial coalescent. The purple blocks
depict the colonies, the black lines the active lineages, and the coloured lines the dormant
lineages. Blue lineages can migrate. Two black lineages can coalesce when they are at the
same colony. Red dormant lineages first have to become black and active before they can
migrate or coalesce with other black and active lineages. Note that the dual runs backwards
in time.

, and e,,, m € Ny are the coefficients controlling the exchange between the
active and the dormant population defined in . Thus, an active partition
element migrates according to the transition kernel a*~(-,-) and becomes m-
dormant at rate K, 1%, while an m-dormant partition element can only become
active and does so at rate <.

(b) Independently of all other partition elements, two partition elements that are at
the same colony and are both active coalesce with rate d, i.e., the two partition
elements merge into one partition element.

Fig. gives a schematic overview of the possible transitions of a single lineage,
while Fig. gives an example of the evolution in the dual. The spatial seed-bank
coalescent (C(t))¢>o is defined as the projective limit of the n-spatial seed-bank coales-
cents (C™(t));>0 as n — oo. This object is well-defined by Kolmogorov’s extension
theorem (see [12} Section 3]).

For n € N we define the block-counting process (L(t));>o corresponding to the
n-spatial seed-bank coalescent as the process that counts at each site (§, R¢) € Qn X
{A, (Dn)men, } the number of partition elements of C(™)(t), i.e.,

L(t) = (L(&A) (t)’ (L(S-Dm)(t))mENo )SEQN’

Lg.ay () = Lieay (€™ (8 Zl{m (t)=(&,4)}> (4.32)

Li¢.p,) (1) = Lg.p,» (C™ (1) = Z Lnt)=¢,0,)}, M€ No.
(=1

The state space of (L(t))¢>0 is S’ = (Ng x Nj°)?®~. We denote the elements of S’
by sequences (me, (ng,p,, Jmen, )¢y, and define 0(, g,y € S” to be the element of S
that is 0 at all sites (&, R¢) € Qn X {A, (Dm)men, }\(7, Ry), and 1 at the site (1, Ry).
From the evolution of C(™)(¢) described below we see that the block-counting
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process has the following transition kernel:

(me, (ne.D,, Jmen, Jeean —

(mg, (ng Do )mENo)EGQN — 5(.,7 A) —+ 5((714), at rate mna(n, C) for 7, C S QN,
(me, (g, D, )meN, )econ — (5(,] A)> at rate d("y) for n € Qu,
(me, (e, D,, JmeNo Jecn — O(n,A) + 0,0y, at rate m, K, 3 for n € Qy,
( ¢ ( )mENo)SEQN + 5 (n,A) 6(17,Dm)7 at rate nmm% for n e Qp.
(4.33)
The process (Z(t))¢>0 defined in is dual to the block-counting process
(L(t))t>0 with duality function H: S x S” — R defined by

H((.’L’g, (yﬁ,m)mENo)geng (m§7 (nﬁ,DyzL)mEN[))EEQN) - H H yns o 4 34)
£eQn meENy

Proposition 4.2.7 (Duality relation). Let H be as in (4.34)). Then, for all
(1‘5, (y&"n)mENo)&EQN €5 and (m€7 (n§7Dm)meN0)€eQN €S,

me,\N¢,D,,

(et menteeny)]
(zg,@s,m)vne%)gew[ (2e(t), (Yem () meno) g (Mg, ne) ey

[ ((@e: (Wem)merio) ecay » (Lt B (L0, (O)mems) ceay )]

(4.35)
with E the generic symbol for expectation (on the left over the original process, on the
right over the dual process).

(mév<"§,Dm>meNo)gegN

Proposition was proved in [43] Section 2.4]. Since the duality function H cap-
tures all the mixed moments of (Z(t));>0, the duality relation is that of a moment
dual.

Remark 4.2.8 (Duality relation in terms of the effective geographic space).

Interpreting (Z(t)):>0 as a process on the effective geographic space

S =Qn x {A, (Dm)men, }, we can rewrite (4.20]) as

dze.roy(t) = D D ((& Re), (0, Ry))[2(n, 1) (8) = 2(e,re) (B)] i
(€.Re)€S (4.36)

+ 1re=a1\/9(2(,re) (1)) dwe(t), (& Re) €S

where bV (-,-) is the transition kernel defined in (#.31). If g = dgpw, then we can
write its dual process as follows. Let (L(t));>0 = (L(C(t))¢>0 be the block-counting
process that at each site ({,R¢) € S counts the number of partition elements of C(t),
ie.,

L(t) = (Lig.ro (e o) e

(4.37)
Lig,re)(t) = Lig,re) (C( Zl{ne(t) (6.Re)}
=1
Rewrite the duality function H in (4.34) as
L re)
H<(z(§»R§)’l(E,Rg))(E,Rg)ES) = II =crd- (4.38)

(&,Re)esS
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Then, for z € S and | € S’, the duality relation in (4.35)) reads

E.(e,re) [H (2(6,re) (1) e, re))] = Euge, re) [H (2(6,re) Lig,re) ()] (4.39)

Interpreting the duality relation in terms of the effective geographic space S, we see
that each ancestral lineage in the dual is a Markov process moving according to the
transition kernel b(-,-) defined in . Interpreting the duality relation in terms
of the geographic space )y, we see that an ancestral lineage is a random walk on
Oy, with internal states A and (Dy,)men,. Both interpretations turn out to be useful
when we analyse the long-time behaviour of the system. |

01 T1 02 T2 g3 73

Figure 4.6: Renewal process induced by a lineage in the dual moving according to the trans-
ition kernel b(-,-). For k € N, oy denotes the kth active period and Ty the kth dormant
period.

Remark 4.2.9 (The renewal process induced by the dual process). The par-
tition elements describing the dual process give rise to a renewal process on the active
state A and the dormant state D = UmENo D,,. Since the only transition a dormant
lineage can make is to become active, irrespectively of its colour, each dual lineage in-
duces a sequence of active and dormant time lapses. Let (oj)ren denote the successive
active time periods and (7y)ken the successive dormant time periods (see Fig. [4.6).
Then (o )ren and (7%)gen are sequences of i.i.d. random variables with marginal laws

(recall (4.13))

K efm =
Ploy >t)=e X, P(r >t)= N ot t>0. 4.40
(o1 >1) (11 >1) Z N (4.40)

meENy

Remark 4.2.10 (Wake up times). The renewal process in Fig. is key to un-
derstanding the long-time behaviour of the model (as we will see in Section. Note
that

T=T7 (4.41)

represents the typical wake-up time of a lineage in the dual. By choosing specific se-
quences (K, )men, and (€, )men, we can mimic different wake-up time distributions.
In particular, if we allow p = >y Km = oo (recall (4.14)), then 7 may have a
fat-tail (examples are given in Section |4.3). In other words, the internal structure of
the seed-bank allows us to model fat-tailed wake-up times without loosing the Markov

property of the evolution. |

Note that even when there is no dual, i.e., g € G with g # dgpw, we can still define
T by , since 71 in is a random variable that depends only on the sequences
(Km)men, and (em)men,, and we can still interpret 7 as the typical wake-up time of
an individual in the population. |
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§4.2.5 Clustering criterion

e Clustering criterion for Fisher-Wright diffusion function

In [43] we showed that the system exhibits a dichotomy between coexistence (= locally
multi-type equilibria) and clustering (= locally mono-type equilibria). The clustering
criterion is based on the dual and requires the notion of colour regularity. We call a
law translation invariant when it is invariant under the group action.

Definition 4.2.11 (Colour regular initial measures). We say that a translation
invariant initial measure ((0) is colour regular when

lim E,0)[yom]  exists. (4.42)

This condition is needed because, as time progresses, lineages starting from slower
and slower seed-banks become active and bring new types into the active popula-
tion. Without control on the initial states of the slow seed-banks, there may be no
convergence to equilibrium. |

The key clustering criterion is the following.

Proposition 4.2.12 (Clustering criterion). Suppose that 11(0) is translation in-
variant. If p = oo (recall ), then additionally suppose that 11(0) is colour reg-
ular. Let d € (0,00). Then the system with g = dgew clusters if and only if in the
dual two partition elements coalesce with probability 1.

The idea behind Theorem [£:2.12]is as follows. If in the dual two partition elements
coalesce with probability 1, then a random sample of n individuals drawn from the
current population has a common ancestor some finite time backwards in time. Since
individuals inherit their type from their parent individuals, this means that all n
individuals have the same type. A formal proof was given in [43 Section 4.3]. The
proof is valid for any geographic space given by a countable Abelian group endowed
with the discrete topology, of which Qy is an example.

e Clustering criterion for general diffusion function

For g € G with g # dgrpw no dual is available and hence we cannot use the clustering
criterion in Proposition However, as shown in [43], we can argue by duality
comparison arguments (see [43] Lemma 5.5 and Lemma 6.3]) that the system evolving
according to with g € G clusters if and only if the system with g = dgpw for
some d € (0,00) clusters. In particular, for g = dgrw, d € (0,00), whether or not the
system clusters does not depend on the resampling rate d.

§4.3 Main results: N < oo, identification of cluster-
ing regime

In this section we identify the clustering regime, i.e., the range of parameters for which
the clustering criterion in Proposition [4.2.12[ is met. In [43] Section 3.2, Theorem
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3.3] we derived a necessary and sufficient condition for when clustering prevails, for
any geometric space given by a countable Abelian group endowed with the discrete

topology. Recall x in (4.13)), p in (4.14) and 7 in (4.41),. From (4.40)) it follows that

Ejr]= ) Bm _ 2, (4.43)

m&ENy X X

and hence the mean wake-up time is finite if p < oo and infinite if p = oco. In
Section we look at p < oo and in Section [£.3.2] at p = co. In Section we
summarise our findings and identify the clustering regime.

§4.3.1 Finite mean wake-up time

Suppose that the system evolving according to (4.20]) has a translation invariant initial
measure p(0) with density 6 € (0,1). Then [43, Theorem 3.3] says that for p < oo
clustering occurs if and only if

/ dt a$™ (0,0) = oo. (4.44)
1
It is known that (4.44]) holds for the hierarchical migration defined in (4.6|) if and only

if [19, Section 3]
> 1 (4.45)
keNg Ck

Hence, for p < oo, the clustering criterion depends on the migration kernel only and
the seed-bank has no effect.

01 T1 02 T2 g3 73

Figure 4.7: Successive periods during which the two random walks are active and dormant
(recall (4.40) and Fig. @) The time lapses between successive pairs of dotted lines represent
periods of joint activity.

In view of Proposition [1.2.12] if g = dgrw, then clustering prevails if and only if
two lineages in the dual coalesce with probability 1. Recall that two lineages in the
dual can only coalesce when they are at the same site and are both active. Since
the rate of coalescence is d € (0,00), each time this happens the two lineages have
a positive probability to coalesce before moving or becoming dormant. Therefore,
clustering prevails if and only if two lineages meet infinitely often while being active.
This happens exactly when holds. The fact that the seed-bank plays no role
can be seen from the dual. Each lineage in the dual moves according to the transition

kernel b(-,-) (recall (4.31))). Looking at the renewal process induced by the dual

process (recall Remark and Fig. [1.7), we see that for p < oo the probability

that a lineage in the dual is active at time ¢ is approximately ﬁ for large t. The
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total activity time of a lineage up to time ¢ is therefore approximately ﬁt for large
t. Hence the total time the two lineages in the dual are at the same site and are both

active is approximately
(o] 1 2
\/; dt (]_—f—p) GQﬁt(()? 0)7 (446)

By Polya’s argument, if the integral in is infinite, then two lineages in the
dual meet infinitely often while being active. After a variable transformation,
becomes the integral in up to a constant. (For a formal proof of the criterion in
(4.44]), we refer to [43].) By the above argument, we can think of the integral in
as the total hazard of coalescence of two dual lineages. To get the result for general
g € G we must invoke the duality comparison arguments mentioned in Section

In terms of the degree of the random walk (recall Remark[4.2.1)), (4.44) corresponds
to hierarchical migration with degree 0~. The same criterion as in (4.44) was found in
[36] for interacting Fisher-Wright diffusions on the hierarchical lattice without seed-
bank (p = 0). Hence we conclude that for p < oo the seed-bank does not affect the
dichotomy.

§4.3.2 Infinite mean wake-up time

If p = oo, then the seed-bank does affect the dichotomy. To apply the criterion
in [43}, Theorem 3.3], we assume that the system evolving according to has a
translation-invariant initial measure p(0) with density € € (0, 1) that is colour regular.

The criterion for clustering that was derived in [43] for p = oo applies to wake-up

times 7 (recall (4.41))) of the form
P(r € dt)
d¢
with ¢ slowly varying at infinity. Define
p(t),  7ve(0,1),
{ E[rAt] v=1

~ )Tt s0, 4 e (0,1] (4.47)

p(t) = (4.48)

As shown in [8, Section 1.3], every slowly varying function ¢ may be assumed to be
infinitely differentiable and to be represented by the integral

)

for some ¢: [0,00) — R such that lim, o [¢)(u)| = 0. From (4.47) we see that ¢(t)
is also slowly varying. If we assume that |1 (u)| < C/logu for some C' < oo, then the
system clusters if and only if (see [43] Section 3.2])

o(t) = exp [ /( | ffw(w] (4.49)

/ d+ @(t)—l/’Y t— A=/ &t(()7 0) = 0. (4.50)
)

Note that v in (4.47) is the tail exponent of the typical wake-up time 7 (recall Remark
4.2.9) and depends on the sequences e, K in (4.10) governing the exchange with the
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seed-bank. If g = dgpw, then in view of Theorem the criterion in
determines whether two lineages in the dual coalesce with probability 1.

In Section [5| we will use the renewal process induced by the dual (recall Re-
mark to show that indeed gives the total hazard of coalescence of two
dual lineages. Therefore the integral in is the counterpart of . The rate
of coalescence again does not affect the dichotomy: in [43] a duality comparison ar-
gument was used to show that gives the clustering criterion also for g € G with
g # dgrw. The effect of the seed-bank on the dichotomy is embodied by the term
@(t)~1/7¢=(1=9/7 in ([£50). The criterion in shows that there is a competition
between migration and exchange with the seed-bank.

For the special case where ¢(t) =< 1, the criterion in says that (recall Re-

mark [12.1)

11—

1—
clustering <= either §~ < — Tor 6t < -1, (4.51)
Y

Condition (4.50) implies that for v € (0, %) no clustering is possible: the typical wake-
up time has such a heavy tail that with a positive probability two dual lineages do
not meet, irrespective of the migration.

Definition 4.3.1. In what follows we will focus on the following two specific para-
meter regimes:

o Asymptotically polynomial, i.e.,

Ky ~Ak™®, e, ~Bk™3, ¢, ~Fk™?, k— oo,

(4.52)
A7B’F 6 (O7m)7 a’lB7¢ ER'
e Pure exponential, i.e.,
Kpn=K* e =¢€" c.=c, keNy K,e ce (0,00). (4.53)

Note that both (4.7) and (4.12) are satisfied for N — oco. Also note that an infinite
seed-bank corresponds to « € (—o0, 1], respectively, K € [1, 00). O

The scaling of the wake-up time and the migration kernel in these parameter
regimes are as follows.

Theorem 4.3.2 (Scaling of wake-up time and migration kernel). Suppose that
p=o0c. Then

(a) Subject to (4.52)),

. (t) = (log ) o (logt)=%, «a € (—o0,1),

vy=1, t) < (logt)™®, @) <

v i loglogt, a=1, (4.54)
a$™ (0,0) < t~1log?t.

(b) Subject to (4.53),

B _log(N/Ke)
T g (NJe)

ag™ (0,0) < ¢~ 10N,

p(t) =<1, ¢(t) <
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where I
B ogc
ON,c = 710g(]\7/c). (4.56)

Theorem [£.3:2) will be proved in Section [5]

Note that, by , YNk, = 1 for all N when K = 1, while yn x . < 1 for all
N When K > 1, but with yn,x, T 1 as N — oco. Also note that, subject to 7
says that the degree of the random walk is 0~ for ¢ > —1 and 07 for ¢ < —1,
Whlle subject to ), by - the degree of the random walk is dy ., which is 0
for all N when ¢ = 1 and tends to 0 as N — oo from above when ¢ > 1 and from
below as ¢ < 1. Thus, both ( and - ) with NV — oo correspond to a critically
recurrent migration and a critically infinite seed-bank.

§4.3.3 Clustering regime

Summarising the above discussion, we can now identify the clustering regime for both
finite and infinite seed-banks.

Theorem 4.3.3 (Clustering regime). (1) If p < oo, then clustering prevails if
and only if
1
Y — =0 (4.57)
keNg Ck
(2) If p = oo, then clustering prevails for N large enough
(a) Subject to (4.52)) if and only if
—¢p<a<l. (4.58)

(b) Subject to (4.53) if and only if
Ke<1<K. (4.59)

Also Theorem will be proved in Section

Note that for p < oo the clustering regime follows by combining (4.44)) and 7
while for p = oo the clustering regime follows by substituting into (4.50) the scaling
of the wake-up times and the migration kernel stated in Theorem [£.3.2]

Remark 4.3.4. Note that subject to (4.52)), respectively, (4.53), p < oo implies that
a > 1, respectively, K < 1, and so the clustering regime is —¢ < 1, respectively, ¢ < 1

(recall (4.57))), which are less stringent than (4.58)), respectively, (4.59)). [ |

§4.4 Main results: N — oo, renormalisation and
multi-scale limit
This section contains our multi-scale hierarchical limit theorems. The multi-scale hier-

archical limit theorems analyse the evolution of the block averages defined in Defini-
tion [£:2.3] In Section [f.4.1] we recall a path topology referred to as the Meyer-Zheng

151

¥ 4HLdVH)D)



CHAPTER 4

4. Models and main results

topology, which we will need in part of our multi-scale hierarchical limit theorems. In
Section [£.4.2) we present the conceptual ingredients needed for our theorems. In Sec-
tion |4.4.3| we state two versions of the hierarchical multi-scale limit (Theorems {4.4.2
and [4.4.4), and comment on how they are related to each other. In Section
explain how they arise from a heuristic analysis of the SSDE in .

§4.4.1 Intermezzo: Meyer-Zheng topology

Recall the block averages defined in and their evolution equations in .
In the limit as NV — oo, some of the pre-factors in diverge as a result of
the speeding up of time. This makes the processes increasingly more volatile: paths
becomes rougher and rougher during rarer and rarer times. Therefore we cannot work
with weak convergence on path space C([0,00), E) w.r.t. the topology generated by
the sup-norm on compacts, or on path space D([0,00), E) w.r.t. the Skorohod metric
on compacts. Rather we must follow the methodology used in [23] pp. 792-794]
and employ the so-called Meyer-Zheng topology on pseudopaths, (see [59]), which is
based on the following idea. Consider functions f: [0,00) — E, with (E,d) a Polish
space, and sequences of functions (f,)nen that are cadlag paths, i.e., functions in
the Skorohod space D([0,00), E). Then (f,)nen converges to f in the Meyer-Zheng
topology if and only if

lim bdt [LAA(f(E), fa(t)] =0 VO0<a<b<oo. (4.60)

n—r oo a

However, the topology induced by the metric in does not turn D([0,00), E)
into a closed space (while in order to apply the classical theory of weak convergence
of probability laws on path space we need the path space to be Polish).

To turn the idea from into a manageable topology, we proceed by defining
a space of pseudopaths equipped with the Meyer-Zheng topology. If (E,d) is a Polish
space and s — v(s) is a measurable map from [0,00) to E, then the pseudopath 1,
is the probability measure p on [0,00) x E, defined by

b
p((a,b) x B) = / dse™* 1p(v(s)), B e B(E), (4.61)

a

Hence 1, is the image measure of e~‘dt under the mapping ¢ — (¢,v(¢)). In other
words, we consider the weighted occupation measure of the path in F in order to
describe paths that are regular representatives in the space of functions once we
take into account . Note that a piece-wise constant cadlag path is uniquely
determined by its occupation measure. So is a continuous path with continuous local
times. The space of all pseudopaths is denoted by W.

Since pseudopaths are measures on [0,00] x E, convergence of pseudopaths is
defined as weak convergence of probability measures on [0, 00] x E. A sequence (vp,)nen
of measurable maps from [0, 00) x E is said to converge in the Meyer-Zheng topology to
a measurable map v if lim,, o0 ¥, = ¥y, i.€., lim, o0 ¥, f = 9, f for all continuous
bounded functions f on [0, 00] x E.
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Remark 4.4.1 (Pseudopaths). The space ¥ of pseudopaths endowed with the
Meyer-Zheng topology is Polish, but the space D(]0,00), E') endowed with the Meyer-
Zheng topology is not Polish (see [59, p. 372]). [ ]

In what follows, each time convergence holds in the Meyer-Zheng topology we
will say so explicitly. If no topology is mentioned, then we mean convergence in
Cs([0,00), [0,1]). In Appendix [B.2] we collect some basic facts about the Meyer-Zheng
topology taken from [59] and [53].

§4.4.2 Main ingredients for the hierarchical multi-
scale limit

Recall the definition of §, and 6,,, in (4.21). Define

O+ Yo Kby,

Ui
1+ Zfﬂ:O Km

s k € Np. (462)

For p < 0o, and for p = oo under the additional assumption of colour regularity (recall

Proposition |4.2.12)), we have
lim ¥ =6 for some 6 € [0, 1]. (4.63)

k—o0

Define the slowing-down constants (Ey = 1)

1
Ey=——7——, k € Np. (4.64)
1+ 20 Km
For | € Ny, let
(97 (ym,l)meNo) (465)
be a sequence of random variables taking values in [0, 1], and let
(zl’(07(ym,,l)7n€No)(t)>t>0 = (‘/'El(t)7 (ym,l(t))meNg)t>0 (4‘66)

be the full process evolving according to

d.’L‘l(t) =FE |fl [9 — .Z'l(t)} dt + (f(l)g)(xl(t)) dw(t) + Ke [yu(t) — .’L‘l(t)] dt‘| ,

Ym, 1 (t) = 21(2), 0<m<l,
dyii(t) = e [v1(t) — ya ()] dt, m =1,
ym,l(t) = Ym,l» m > 1.

(4.67)
where Fg is an element of G, (recall ({#.15)), that will be defined in ([&.76) below.
By [72] the above SSDE has a unique solution for every initial measure. For [ € Ny,
let

(55 ()e=0 = (277 (1), 571 (1)) 5 (4.68)
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be the effective process evolving according to

dzf(t) = Ey | [0 — 2fT (1) dt + [ (FOg) (257 (1)) dw(t) + Kieg [yf] (1) — 2T ()] dt |,

dyfi (t) = e [a§ (1) — y7g (1)) at.

(4.69)
Comparing with , we see that the effective process looks at the non-trivial
components of the full process.

Apart from (4.66]) and (4.68), we need the following list of ingredients to formally
state the multi-scale limit:

(a) For Il € Ny and t > 0, define the estimators for the finite system by

QN
6(1)7QN(t):il Z ( )+Z m fm(t),
N £eB; I+ Zm:O
1
02N (1) = i Z x?”(t), (4.70)
£eB;
1
o0 ()= L Y 0. mens
£eB;
and put
(OBY — (10 (OBY
OV () = (BN 1), (0N O ey,

@2 (1) = (O (1), @2~ (¢)).

We call (@12~ (1));5¢ the full estimator process and (@°T1N(1)),54 the

effective process. Note that @(l) N (t) is the empirical average of the active
components in the [-block, while @SmeN (t), is the empirical average of the m-
dormant components in the [-block, both without scaling of time. Note that
ey (N't) = a:lQN (t). The level-l estimator ©W-2N (t) will play an important
role in our analysis. Using , we can derive the evolution equations of
012N (N't). We see that in the evolution of @)~ (N't) no rates appear that
tend to infinity as N — oco. However, in the evolution of I (N't) and
6‘5,17)“ A (N't) for m < [ the rates describing the interaction between the active
and the dormant population tend to infinity as N — oo.

(b) For I € Ny, consider time scales N't; such that

L£[OW2x (N — L(N)N'=Y) — @D (N (4.72)

for all L(N) satisfying limy . L(IN) = o0 and limy o LNV )/ = 0, but not
for L(N) = N. In words, N't; is the time scale on which (@12~ (N't;)),~¢ is
no longer a fixed process.

(¢) For | € Ny the invariant measure for the limiting evolution of the [-block aver-

ages in (4.67) is denoted by

FEIQ)7yl)a Yy = (ym,l)mENo- (473)
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(The existence of and convergence to this equilibrium will be proved in Sec-

tion ) Note that Fgl&yl) depends on choice of the rates Fy, ¢, Kj, e; in (4.67)).

The invariant measure of the limiting evolution for the effective [-block process

in (4.69) is denoted by

e, (4.74)

Also FZH’U) depends on the choice of the rates Ej, ¢;, Kj, ;.

For | € Ny, let FEvev.Kuer denote the renormalisation transformation acting on
G defined by

(FPreckieeg)(g) = /[ L96) rg V(de),  6elo1] (4.75)
0,1
(In Section we show that Fg € G.) For k € Ny, define the iterate of the

renormalisation transformation as the composition

]_—(k) = FBr-1ch-1,Kk-1.6k-1 o ... o5 FEo.co.Koseo (4.76)

For k € Ny, define the interaction chain [25]
(Mﬁl)flzf(k+1),fk,...,0 (4.77)

as the time-inhomogeneous Markov chain on [0,1] x [0, 1]Y0 with initial state

k+1 times
MF = (D5, Drer 3 Oy O ys Orerns - 4.78
7(k+1)_( ks Vk, » Vks Yyr19 Yyp429 ) ( )

that evolves from time —(I + 1) to time —! according to the transition kernel
QY on [0,1] x [0,1]N0 given by

QU (u,dv) = TV (dv). (4.79)
(See Fig. ) For k € Ny, define the effective interaction chain
(Miflf)k)flzf(kJrl),fk ,,,,, 0 (4.80)
as the time-inhomogeneous Markov chain on [0, 1] x [0, 1] with initial state
Mifflﬁl) = (ﬂk70yk+1) (4.81)

that evolves from time —(I 4+ 1) to time —! according to the transition kernel
Q" on [0,1] x [0,1] given by

Qeﬁ,[l] (u,dv) = F'ij(l) (dv), (4.82)

where u, denotes the first component of u = (ug, uy).(See Fig. |4.8l) We denote
the components of (Mfflfk) by

METE = (METE ey (4.83)

— —lx> —ly
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k,eff
j\/ff(lH»l) = (l?;‘, 9k+1)

QMW (]V[f’f,iw (du, dv)) = F%If(du, dv)
L 2

MEET = Yk k(L))

Q-1 (Mffﬂ, (du, dv)) =T (du,dv)

L 4
ME"&H,D = (wp—1(tp—1), Yo—1,k—1(te—1))

c— k,eff e
QA (MM (duydo)) =TS8 (du,dv)

& 000 &—

M = (21(t1), y11 (1))
l Q[O] (]\fﬁ’fﬁ, (du, d’L))) = F;ff(tl)(du, d’U)

MY = (zo(to), yo,0(to))

Figure 4.8: Effective interaction chain.

§4.4.3 Hierarchical multi-scale limit theorems

First we present and discuss the scaling of the effective process. Afterwards we do
the same for the full process.

e Effective process

We present one of our main theorems, the hierarchical mean-field limit for the effective
process. We will use the process and notation introduced in Section [£.4.2]

Theorem 4.4.2 (Hierarchical mean-field: the effective process). Suppose that
the initial state of the hierarchical system is given by . Let L(N) be such that

limy 00 L(N) = 00 and limy 0o L(N)/N = 0. For k € N and ty,...,tg € (0,00),

set T = NFL(N) 4+ F_ N™t,,.

(a) For k € N,

lim £ [(@TO@), L= L[ ey ko] (480)

N—oc0
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(b) For k €N,

T [ eff,(1),Qn (F k _
[>k: lim E_(@ O (F 4 N t))bo]é(wy,),

N—o0

l=k: lim £ |(©@FW2y ¢ Nt =L|(zf . t
N e ( (t+ ))t>0 Z’“Mffklinr() >0l

<k Jim £|(@TON G NY) =L (0, t :
N i (t+N9) >0 le(fzinm() 50
(4.85)
where the initial laws of the limiting processes are given by (see Fig. @

eff eff,(k)
=T
£ [ k ME —(k+1), T(O)] Mi<k+1>,m7
eff eff (k)
L [ 2, M* LAPU (0)] Iy, ME L (4.86)
eff (l) eH (k) d . Feﬁ (1+1) d Feﬁ [©)
f(z+1) /0 ,1]2 /[O 1]2 7(k+1J Uk) iz ( ) it

Theorem can be interpreted as follows. The statement in (a) shows that if
we look at the effective process on multiple space-time scales simultaneously, then
the joint distribution of the different block averages is the law of the two-dimensional
interaction chain defined in and depicted in Fig. Note that the process
(@ (2N (14 N't)),+ ¢ has at each level a different colour seed-bank average as second
component, which is called the effective seed-bank. The statement in (b) describes the
law of the path on different time scales.

e On time scale ¢ + N*t the I-block averages with [ > k are not moving, i.e.,
(@°F (DN (f 4 N¥t)),~0 converges to the constant process taking the value
(01, 0y,) = ©°12x(0).

e On time scale £ + N*t the k-block averages have reached equilibrium. The full
k-block average feels a drift towards the full (k + 1)-block average, which is still
in its initial state 9. Therefore migration between the k-blocks in the hierarch-
ical mean-field limit is replaced by a drift towards ¥y, and the k-blocks become
independent. This phenomenon is called decoupling (or ‘propagation of chaos’).
The resampling function for the full estimator converges to F*)g (see )7
the average diffusion function of the k-blocks. Finally, the full k-block exchanges
individuals with the k-dormant population. Hence the k-dormant population is
the effective seed-bank on space-timescale £ Both the migration and the renor-
malisation are qualitatively similar to that of the hierarchical system without
seed-bank [2I]. However, the seed-bank still quantitatively affects the migration
and the resampling through the slowing-down factor Ej. (In Section we
will see how the latter arises.)

e On time scale £ + N't the I-block averages with [ < k are in a quasi-equilibrium.
The full I-block averages feel a drift towards the instantaneous value of the
(I + 1)-block average at time ¢. Therefore also the I-block averages decouple.
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The (1+1)-block average is not moving on time scale t+N't, and so for t = L(N)
we see that the I-block averages equilibrate faster than the (14 1)-block averages
moves. The resampling function is given by F()g, which is to be interpreted as
the average diffusion function of the [-blocks. The full average interacts with
the [-blocks of the I-dormant population, which is the effective seed-bank on
level [. Again the full I-block average feels a slowing-down factor Ej.

Note that Theorem [£.4.2] only describes the limiting process of the combined block
average O and the effective seed-bank @(yll)’QN . It does not provide a full de-
scription of the system, which is in Theorem below. We will see later that
Theorem does describe all the non-trivial components of the system.

Remark 4.4.3 (Quasi equilibria). Note that Theorem does not depend on
the choice of tg,...,ty € (0,00). Since at each level 0 < [ < k we start from time ¢,
the [-block averages have already reached a quasi-equilibrium. ]

k + 1 times
—_———

ME(I@-H) = Uk, O, -+, Oy ‘gykﬂv 0y1«+2v )
QW (M- oy pdu) =Ty (du)
k times
Alﬁk _'( 7xk(tk)7"' 7mk(tk)v 79yk+179yk+27"')

QU= (M, du) =T px (du)
k — 1 times

]Wf(k,l) = (wh—1(to—1)s p—1(tr—1), - s Tpo1(tr—1)s Yr—1.h—1(tr—1), )0

Yk417 kau? B )

Qlk- (Mk . 1),du> =Tape,_, (dw)

Mflz(ml(t1)7561(?51)7?/1,1(?51),yz,z(tz)’ C o Yk—1,k— l(fk 1) 79yk+170yk~+27"')

QU (M, du) =T e (du)

!
:
!

M= ( vy (), yze(ta), -+ s yk—1 o1 (th—1), ,0

Yk+17

6

’yk+21"')

Figure 4.9: Full interaction chain.

e Full process

To state our second main theorem, we will again use the process and the notation as
defined in Section [4.4.2)

Theorem 4.4.4 (Hierarchical mean-field: full process). Suppose that the ini-
tial state is given by (4.21)). Let L(N) be such that limy_,oc L(N) = oo and
limy oo L(N)/N = 0. For k € N and ty,...,tg € (0,00), set t = NFL(N) +
Sk N,
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(a) Fork € N,

lim £ {(@(l )N (t))l_k+1,k,...,0:| = L[(M*) e (k1) —k...0] - (4.87)

N—o00

(b) Fork €N,

b 0,98 (T2 Nk _
[>k: lim L (6() N(t+N t))t>0:| _5(ME(1¢+1))’

N—00
JCTOME

l=Fk: lim L (@)WQN(HN%)) 0]
L t>

N—o00

(4.88)
. : [ (l),QN T l —
I <k: lim L _(@ (t—i—Nt))Do} L {(ZIM (Hl)(t))bo} ,
in the Meyer-Zheng topology,
where the initial laws of the limiting processes are given by (see Fig.
_ 1)
£ [ Zk M*(kJrl) I(O)} - FME(’C+1)
_ (l)
L { k ME —(k+1), x(O)} o F —(z+1)
(k) (k—1) o i+ 1)
—(z+1) / //F —(k+1) du}c)ruk (dUkil) Fl+2 (d )FuH'l
(4.89)

Remark 4.4.5 (Convergence in the Meyer-Zheng topology). Note that The-
orem b) is stated in the Meyer-Zheng topology. This topology is needed because
at time-scales N't rates occur in that tend to infinity as N — co. In Section
we define the Meyer-Zheng topology and explain why it is neeeded. |

The statement in (a) shows that if we look at multiple space-time scales simul-
taneously, then the joint distribution of the different block averages behaves like the
infinite-dimensional interaction chain defined in . The statement in (b) describes
the law of the path on different times scales.

e On time scale N*¥t, the I-block averages with I > k are not moving, i.e.,
(@M2N(f 4 N*¥t));50 is a constant process. However, there is a difference
between seed-banks with colour m > k and seed-banks with colour 0 < m < k
in the way they interact with the active population. For m > k, even the m-
dormant single colonies have not yet moved at time £ + N*#, and hence are
still in their initial states, with expectations (6,,,)7%_; ;. Therefore, also the
l[-block averages of m-dormant populations are still in their initial states, with
expectations (6,,,)70_; ;. For [ <k the m-dormant single colonies with m < k
at time £+ N*t have already interacted with the active population. Due to this
interaction, for [ > k the [-block averages of m-dormant populations with m < k
are in state ¥, instead of their initial state 6, . However, on time scale £+ N*t
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[-block averages of m-dormant populations are not moving. (In Section m
we explain how the shift from 6, to ¥5 occurs.) Also the I-block averages of
the active population are in state .

e On time scale £ + N*t, the k-block averages have reached equilibrium. We
see that the active k-block average and the k-dormant k-block average evolve
together like the effective k-block process in Theorem [£.4.2] Therefore the evol-
ution of the active k-block average is slowed down by a factor Ej, the active
k-block feels a drift towards 9 (the value of the active (k + 1)-block average at
time ), resamples with diffusion function F (k) g, and exchanges individuals with
the k-dormant k-block. The k-dormant k-block average evolves only via inter-
action with the active k-block. The m-dormant k-block averages with colour
0 < m < k equal the active k-block average and hence follow their evolution.
The m-dormant k-blocks with colour m > k are still in their initial states, since
on time scale £+ N*t even single colony seed-banks with colour m > k have not
yet started to interact with the active population.

e On time scale £ + N't, for 0 < [ < k, the [-block averages are in a quasi-
equilibrium. Again, the active [-block and the I-dormant I-block average, which
is the effective seed-bank, behave as the effective process in [£.4.2] Hence, the
active [-block average feels a drift towards the instantaneous value of the active
(I 4+ 1)-block average, which is given by the first component of the interaction

chain M* (141 resamples according to the renormalised diffusion function F*)g,

and exchanges with the [-block of the [-dormant population. The evolution of

the active [-block average is slowed down by a factor E;. The [-block of the

[-dormant population exchanges individuals with the active population. The

I-blocks of the m-dormant population with colours 0 < m < [ follow the active

population. The states of the m-dormant population with colour m > [ are given

by the corresponding components in the interaction chain M* 1+1)- Hence the

[-block averages with colours m > k are still in their initial states 0, , because

on time scale £ + Nt even the single dormant colonies with colour m > k have

not yet interacted with the active population. However, something interesting
is happening with the colours | < m < k: they are in a state obtained on the
time scale in which they where effective, i.e., for I < m < k the m-dormant

I-block average is in state y, ,(t). This happens because at time ¢ the single

colonies have already interacted with the active population, but on time scale

N't they do not interact anymore with the active population. (Also this effect

will be further explained in Section [4.4.4])

Remark 4.4.6 (Comparison to system without seed-bank). Comparing The-
orem [£.4.4) with the multi-scale limit theorems derived for the hierarchical system
without seed-bank [21], [20], [25], we see that the seed-bank affects the system both
quantitatively and qualitatively. First, the active population is slowed down by the
total size of the seed-banks it has interacted with, represented by the slowing-down
factors (Ej)en,. Second, the interaction with the effective seed-bank on each space-
time scale is special to the system with seed-bank. Still, the decoupling of the active
component and the renormalisation transformation for the diffusion function are sim-
ilar as in the system without seed-bank.

160



§4.4. Main results: N — oo, renormalisation and multi-scale limit

Remark 4.4.7 (k — oo limit of the interaction chain). The result in ([4.85)
raises the question how the hierarchical multi-scale limit behaves for large k. We find
the following dichotomy:

lim £ [(ME i)y, 0)] = £1MP)kez- ] (4.90)

k—o0

where in the clustering regime
L [(Ml?o)kez—] = 95(1’11\10)2— + (1 - 9)5(0’0%)2— (4.91)

and in the coezistence regime M = (Mp°),cz- is arealisation of the unique entrance
law of the interaction chain at time —oo with

lim M = (6,6). (4.92)
l—o0

In the latter case, M corresponds to the equilibrium vector of block averages around
site 0, whose law agrees with that of the equilibrium block averages for the mean-field
model after we take the limit N — oo (see [25, Proposition 6.2 and 6.3]). |

Remark 4.4.8 (Interaction field). Theorem looks at the tower of block av-
erages over a fixed site, namely, 0. In order to study the cluster formation in the
clustering regime or the equilibria in the coexistence regime, we must analyse the de-
pendence structure between the towers of block averages over different sites. We can
show that, in the limit as N — oo, an interacting random field emerges, indexed by a
tree with countably many edges coming out of every site at every level. This random
field has the property that the averages over any two points 1,7 with d(n,n’) = [,
follow a single interaction chain in equilibrium from k + 1 until [ (or from —oo until
[ in the entrance law) and, conditional on the state in I, evolve independently as the
interaction chain beyond [. This corresponds to what is called propagation of chaos of
the (I —1)-block averages given the I-block average. For the model without seed-bank
such results are described in [25, Section 0(e)]. Using our results for the model with
seed-bank above, we can in principle follow an analogous line of argument. We refrain
from spelling out the details. |

§4.4.4 Heuristics behind the multi-scale limit

The proofs of Theorems [1.4.2] and [£.:4.4] written out in Sections [6.1H9] are long and
technical. In order to help the reader appreciate these proofs, we provide the heuristics
in this section.

e Evolution of the block-averages

Recall the block averages introduced in Definition [£.2.3] and their evolution defined
in (4.24). In the limit as N — oo, we heuristically obtain from the SSDE in (4.24)
the following results for the k-block process

(@2 (), Y (8 menis ) 0. (4.93)

161

¥ 4HLdVH)D)



CHAPTER 4

4. Models and main results

e Migration. Recall that the migration is captured by the first term of the first
equation in , i.e., the first term of the evolution of the active part of the
population. Letting N — oo, we see that in the sum over [ only the term [ =1
contributes. Hence we expect that the effective migration felt by the active
k-block average is towards xgjrvl (0), the initial state of the active (k + 1)-block
average. Note that the migration term in can be written as

Ni-1

Ckti-17 0 - Q Crri-1 | 1 Q Q
> Nl (T — e (0] = S | 2w () e @)
leN leN k=0

(4.94)
The drift towards the (k + 1)-block average is therefore also a drift towards the
current average of the k-blocks in the (k+ 1)-block. In the limit as N — oo, the
latter can be approximated by E[zy(t)]. Effectively, as N — oo, the k-blocks
become independent given the the value of x%ﬁl (0), i.e., there is decoupling.

e Resampling. Recall that the diffusion term in the evolution equation of the
active population represents the resampling. Therefore we see that the active
k-block resamples at a rate that is the average resampling rate over the k-
block. For k = 1, the resampling rate of the 1-block is the average of the
resampling ratse of the single colonies. Therefore, in the limit N — oo, due to
the decoupling described above, we expect that the resampling rate for the 1
block is given by E[g], where the expectation is w.r.t. the quasi-equilibrium of the
single colonies. This expectation is exaclty the renormalised diffusion function
Fg (see ) For the k-block, we may interpret the diffusion function to
be the average of the diffusion function for the (k — 1)-blocks. By “induction”
we assume that the (k — 1) blocks resample at rate F*~1g. Hence, due to
the decoupling of the (k — 1)-blocks as N — oo, we expect the resampling
rate for the k blocks to equal E[F(*~Yg], where the expectation is w.r.t. the
quasi-equlibrium of the (k — 1)-blocks. This yields another iteration of the
renormalisation transformation (see (4.76)). Hence, we expect the diffusion
function for the k-blocks to converge to F*)g.

e Exchange with the seed-bank. Recall that the last term of the first equation
in and the second equation in together describe the exchange of the
active k-block with the m-dormant k-block. To describe the limiting behaviour
as N — oo, we distinguish three cases: 0 <m <k, m =k, m > k.

— If 0 < m < k, then we see that the rate of exchange between the active
k-block and the m-dormant k-block tends to infinity as N — oo. We
therefore expect them to equalise, i.e.,

N—o0

lim £ {(m%N (t) — yﬁfk(t)>t>0} = o, (4.95)

where 0 should be interpreted as the process equal to 0, (0)¢~q. Hence we
see that m-dormant k-block follows the active k-block immediately. (To
formalise this fact, we need the Meyer-Zheng topology [59].)

— If m = k, then there is a non-trivial exchange between the active k-block
and the k-dormant k-block.
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— If m > k, then the exchange rate between the active k-block and the m-
dormant k-block tends to zero as N — oo.

Thus, only the k-dormant k-block has a non-trivial interaction with the active
k-block. We express this by saying that on space-time scale k the k-dormant
population plays the role of the effective seed-bank.

e Limiting evolution of the block-averages

To determine the limiting evolution of the full block-averages process, we first have a
look at the limiting evolution of the effective process.

The effective process. To determine the limit as N — oo of (4.24), we need
to get rid of the diverging rates. Instead of only looking at the k-block process
(2N (1), (Y5 (£))men, )e>0, Which evolves according to ([&24)), we look at the effective
k-block process defined as

(5 @2y ®) . (4.96)

t>0

where we abbreviate

Q k—1 Q
2V () + SR KON (

1+ an;loK

By (4.95) and the heuristic discussion given above, the process in (4.96) equals
(2N (1), 25 (t))¢>0 in the limit as N — oo, i.e., it describes the joint distribution
of the active k-block and the effective dormant k-block, which is the k-dormant k-

block. Using (4.24)), we see that the process in (4.96]) evolves according to the SSDE

_ Cl+1— 1 _
dzg™(t) = Bx Y A; N (N ) — 2 ()] de

leN

FE g O olee(Nh) dun(y)
§€BK(0) (4.98)

+ B, Z N* Kmem N (1) — 22V ()] dt,

7

dyjey (8) = ex[a?™ (1) — gy (1)] dt.

In (4.98) no infinite rates appear anymore. In the limit as N — oo, by (4.95)) we can
approximate

x?” (t) =~ yf}lNk (1), 0<m<k, (4.99)

such that
N () = TN (2). (4.100)
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We can therefore approximate (4.98)) by

Az (1) = By Y AL [0 (N 1) — a2 (1)) dt

Ni-1
leN
1 _
+ Br | or > g(ze(Nk)) dwg(t)
£€Bk(0) (4.101)
> K,e
EBmCm 0 _Q
+ Ej Z:k N Nm [ mj,vk (t) - ka(t):I dta

Ay (1) = ex [T (1) — g ¥ (1)) dt.

Hence, in the limit as N — oo, the process in (4.96) becomes autonomous. Moreover,
assuming that limy_ .o s’c?ﬁ (0) = ¥, we see that (4.101]) approaches the effective
process defined in (4.69)), with

0=9, E=E,, c=c, e=c¢;, K=K, g:}"(k)g. (4.102)

In particular, we see that the slowing-down constant E} arises because the active
population is the only part of the first component of . Note that therefore only
a part, the active part, from the first component migrates, resamples and exchanges
with the seed-bank. Due to the infinite rates, the active population “drags along all
the fast seed-banks with total size Z}:n;lo K.,,,”. This causes the slowing down factors
Ey.

Since there are no infinite rates in the evolution of the effective process, we can use
the classical path space topology. This allows us in the proof in Sections[6.1}{9] to build
on techniques developed for the hierarchical mean-field model without seed-bank in
[20], [25]. It turns out that the effective process is very useful in our analysis.

From the effective process to the full process. For large N, by (4.99) and

(4.100), the evolution of our original process (x?” (1), (yf}lNk (t))meng )t>0 can be ap-
proximated by

Az () m By, Y L [0 (N 1) — 2808 (1)) de

N1
leN
1 _
+ By NE Z 9(Te(NF1)) dwy(t)
£€ B (0)
= Km m
FBY NFEEE N () g ()], (4109)
m=k
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By the ergodic theorem for exchangeable measures, we can assume that

. Q
A}gnoo 7,7,(0) = Vg a.s. (4.104)
We expect that (4.103) approaches (4.67) with
0=v,, E=E, c=c, e=e,, K=K, g=]:(k)g. (4.105)
To prove that
. On 1 _On < _
D LHES W] = lm LEOL 0<m<k-1 (4106)

we need the Meyer-Zheng topology explained in Section [f.4.1] In the proof in Sec-
tions 9| we show how the above approximations can be made rigorous.

Conserved quantities. Note that, by (4.24]) and (4.94)), for each k € Ny

[JJSN (8) + Dmen, Kmyi™ (1)

=0, t>0, (4.107)
1+ ZmGNo Km ‘|

is a conserved quantity. For each k € N we obtain that for [ > k

QN l QN
t Ky, t
N—o0 1+ Zm:O Km

is a conserved quantity. For the effective process, (4.101]) implies that

d
dt
d

SEWEY (0] = ex (Bl (0] - EWY (0))-

E[e™ ()] = BxKner (Bl ()] - Elzf™ (0],
(4.109)

Recall that

xSN (0) + Zﬁz_:lo Kmyﬁ’fk(o)
14+ 300 Km

Elz, (0)] =E[ 1 =1, Efyp¥ (0)] =6,. (4.110)

Therefore we can solve (4.109)) explicitly as

ELK
' (4.111)
L - e
E[yks:),g (t)} = ﬁk - m(ﬁk,1 — ka) e (ExKp+1) kt.

The above computation shows what happens to E[ng (t)] if we move one space-
time scale up in the hierarchy, namely, a new seed-bank starts interacting with the
active population. This causes that ¥;_; is pulled a bit towards 6,,, so that also
E[a’;?N (t)] changes a bit. Each new seed-bank that opens up changes the expectation
of the active population, which results in the sequence (0,9, ¥:1,7s,...) for the
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expectation of the active population on space-time scales {0,1,2,3,---}. From (4.94)
we see that the drift of 532” (t) is towards

T (NTH) = ]\}.k > AN () ~ Bz (1), (4.112)

where the last approximation can be made because the k-blocks decouple. Hence, in
the limit as N — oo, once the k-blocks are in a quasi-equilibrium we can replace the
drift towards jgi’l(N_lt) by a drift towards E[Z;™ (t)] = U

Shifting averages. Recall the full estimator process (@SN (t));5q defined in

(4.71). Equation implies that the evolution of the estimator process is given
by
oo
A0 (1) = 37 (O (1) — el () dr

Nn— Nn—1
n=I[l+1

% > g(ae(t)) dw(t)
¢eB (4.113)
£ 3 TEmmeon(h - el (p)]dt

mENg

A0 (1) = L[V (1) — 0N (1)) dt, m € No.

Looking at the estimator process (@)%~ (£)),5¢ on time scale N*t, we see that

oo

d@g)7QN (th) _ % |:(_)(wn),QN (th) _ @(wl),QN (th):| dt
n=Il+1
Nk‘
teB (4.114)
Kiem
+ Y S [een (Nt — o0 (NF)] at,
meENg
d@;lr)n,QN (th) W |:9(l ),.QN (Nk ) @(yl,zl’QN (th):| dt, m € N,.

From (4.114)) we get that, on time scale N*¢, for all | > k + 1,

@g(vl),QN (th) + 257:;0 Kmeg(j,z,’QN (th)
1+ Zi;:lo K

is a conserved quantity in the limit as N — oo, and for ¢ > 0,

o .2n (N*t) = , t>0, (4.115)

K eyrn

lim ©W (k) = O + e

i = Zm: =1J;, in probability. (4.116)

166



§4.4. Main results: N — oo, renormalisation and multi-scale limit

For m > k, also © l)lQN (N*t) is a conserved quantity, and

Jim oV (N*) =9, .  t>0. (4.117)
— 00

However, for I > k+1, @g)’QN(Nk t) and (Oy,); (G (Nk )k _y are not conserved quant-
ities in the limit as N — co. Note that from [£.24] we heuristically see that the full
I-block estimator process (@)~ (N*1)),5 With [ > k converges to the process

(e (e20), ., ). (1.118)
which evolves according to
A0V (t) = Er_1Krex[OP) () — O (¢)] dt,
O () = O, m <k, (4.119)
deyl(t) = exl®F(t) ~ Oyl dt, m=*t,
o) = 0,., m > k.
This system can be explicitly solved as
e (t) = 04 (0) + Ey_1 K04 (0)
z 14+ FEr 1Ky
Ek*lKk (l),QN (l) 7(Ek71Kkek+ek)t
oy (1) = (1), m <k,
0 oM (0)+Er_1K,0)(0)
Gy’“ (t) = 1+Er_1 Ky -
1),Q l — erte
e (087 (0) = O (0)] e (FrorKucten)t i — ,
el(lel (t) = Qym, m > k.

(4.120)
The latter shows that, each time we enter a new space-time scale, all the large active
blocks interact with the large effective dormant blocks until they equalise. Thus, on
each space-time scale, all the active [-blocks and the dormant [-blocks of colour m <
move for a short period of time. As a consequence, the value of @S)(o) depends on
the scaling we choose. To illustrate this, we note that

lim O (0) =0,

N—o0
lim O~ (L(N) +t) = do, (4.121)
N—o0
Jim OWSIN ((L(N)N™ + N™)) =9, 0<n<k.
—00

Hence under the scaling N*t the limy_, 0 W = 0 and therefore for consist-

entcy one would like to have

lim ©F*¥(0) = lim O~ (N’“L(N)+t>

N—o0 N—o0 Nk (4 122)
n n :
— lim @(l) Qn Nkw 0<n<k,
N—>oo Nk
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but this contradicts with (4.121)). Hence, if (¢(IV))nven iS a sequence such that
limy oo N¥t(N) = 0, then the value of the limit

lim OV (NFH(N)) (4.123)

N—oc0

depends on (t(N))nen. Moreover, to obtain a limiting process for (@1~ (N¥t));~
we need convergence also at time 0, while it is not clear what N¥¢ | 0 means. To
circumvent these subtleties, we look at the process at times ¢ > 0 and use as starting
time # defined in Theorem [4.4.2]

From it follows that, for [ > k,

lim OV~ (£) = ¢, in probability,

N —o00

th @QLQN(E) 95, m <k, in probability, (4.124)
—00

]\}lm © mQN (t)=1#0,,, m >k in probability.
—00

Note that the shifting of averages mentioned earlier is closely related to the conserved
quantities discussed in Section [£:4.4] because, for large N,

lim OW2 (1) ~ E[zV], (4.125)
N —o00

where the expectation is taken in the quasi-equilibrium the k-blocks have attained
after scaling with time %.

e Formation of the interaction chain

In Section [£:4.4] we saw how subsequent space-time scales are connected via the mi-
gration term. In this section we show how the interaction chain arises from this
connection. We first show how the effective interaction chain arises for the effective
process. Then we show how the full interaction chain is formed, by studying the slow
seed-banks.

Connections between different space-time scales Let t be as in Theorem[4.4.2
From (#.113) it follows that the process (© "2~ (£ + N't));~¢ evolves according to

d@;l)VQN(t*_,'_ Nlt) — Z NC:711 l[@(n) QN (t+Nl ) @gjl)(f+Nlt)} dt
n=I[+1
1 _
+ 7 2o 9l + N')) duw(t)
§EB;
K,, em _
+ Z = l (l) QN(t+Nl ) 9(11)7QN(t+Nlt)} dt,
mENg
AOWEN (T4 N't) = <2 (0095 (7 4 N't) — 00 (T4 N'pJdt,  m e Ny,

(4.126)
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Therefore, in the limit as N — oo, the active population O~ (t+ N't) feels a drift
towards the (I + 1)-block average TN (t+ N'*'4). If I = k, then

lim L[@*DEN(F 4 NF)| = lim L[@F+HD)ON (7)), (4.127)
N—o00 N—o00

since the (k + 1)-block has not yet started to move at time £ + N*¢. From (4.124)) it
follows that

Jim O+ N (7 4 N*t) = 99y in probability. (4.128)

— 00

Therefore the drift of the active population @g)’QN(er N't) is towards 9. Since
t > L(N)N*, the process © ¥}~ (£ + N¥¢) has, in the limit N — oo, already reached
its equilibrium, which is denoted by Ty, , where

k+1 times

— /_H
T = (00, Dr -+ 0k 0y 0 (4.129)

Y419 yk+27"')7

so that we recognise (Jz) = Mf(k+1). From with [ = k + 1 we see that
(Ur) = Mf(kﬂ) represents the state of @*+1):0n (7).

If we look on time scale  + N¥~1¢, then we see that the active (k — 1)-block
averages feels a drift towards the active k-block average. The active k-block does not
move on time scale N¥~1, but it has already moved at time £. At time £ the active
k-block has even reached its quasi-equilibrium, given by 1"1(9]1). Thus, the drift of the
active (k — 1)-block average is towards the instantaneous state of the active k-block
average, which has distribution FE}Z). This explains the first step in the interaction
chain.

For 0 <l < k, the active I-block average feels a drift towards the (I + 1)-block
average. The latter does not evolve on time scale N't, but it has already moved at time
t. Therefore it is no longer in its initial state, but in a quasi-equilibrium I‘g +2), where
u is the value of the active (I+1)-block averages determined via the interaction chain,
recall Figure This explains how the different space-time scales are connected via
the active block averages. The states of the different seed-bank averages is a little bit
more complicated. Below we give a very short heuristic explanation of the different
seed-banks in the interaction chain.

For the effective process (@°F:(1:2~ (1)), o instead of the full process (@12~ (1)),

we can consider in (4.113)) only the active block average and the effective seed-bank
average with m = [ (recall that the full block average equals the active block average).

According to the above explanation, we have to replace ng) by Fffi’(k) and Fgf ) by

1" Hence we find the effective interaction chain defined in (4.80) and depicted in
Figure

Slow seed-banks. From we see that if [ > k and we use the scaling ¢,
then all [-blocks of seed-banks with colour 0 < m < k equal ¥, and all [-blocks of
seed-banks with colour m > k equal their initial values 6,, . Something interesting
happens when we choose 0 < [ < k and use the scaling £ + N't. The single colonies of
seed-banks with colour 0 < m < [ on time scale t + N't follow the active population,
and hence their [-block averages equal the [-block average of the active population.
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The [-block average of the seed-bank with colour [ has a non-trivial interaction with
the active I-block. The I-blocks of seed-banks with colour m > k have not yet moved
and hence are still in their initial states (6,,,)o_; . However, implies that
the single colonies of the seed-banks with colour k¥ > m > [ are not moving on time
scale £ + N't, even though they had already moved at time . Therefore the [-blocks
averages of seed-banks with colour [ < m < k are no longer in their initial state at
time £. Note that they are also not in the state ¥y, since this is the state of their
k-block averages and not of their I-block averages. The single colony seed-banks with
colour [ < m < k are in the state given by

t
n 67”
mol0) = [ ds T [o0(5) = pmals), (4.130)
0
Hence, for large N,
L(N)N*4+N¥*t 4.+ N™t,, e
ym,O(E) ~ / ds #[$0(8) — ym,o(s)]. (4131)
0

Similarly, for the [-block average with colour m we have
t

F €m
@Z(}L’QN (t)= ; ds W[@g),m(s) _ 61(121,’01\[(8)]

/L(N)N’“-i-N’“tk-i-m—i-N’"tm (4.132)

ds %[eg%ﬂfv (5) — OV (5))].
0

~
~

Thus, we see that the state of G).,(,QL’QN (f) is completely determined at time L(N)N* +
NF¥t,+---+N™t,,, ie., the last time before £+ N't that the single colony seed-banks
of colour m had an opportunity to move. Up to time L(N)N* + N*t; + ...+ N™t,,,
the single colony seed-banks with colour m interact at a very slow rate with the active
single colonies, and similarly for the [-blocks. Therefore effectively the colour-m seed-
bank interacts with a “time-average on scale N™t,,” of the active population. On
time scale N™t,,, a single active colony migrates very fast in its (m — 1)-block. As a
consequence at time £+ N™t,, individuals that start from a particular colony, e.g. site
0, are spread uniformly over the m-block containing this site. Hence the interaction of
a single m-dormant colony with the active population can be intuitively interpreted
as an interaction with the active m-block, and similarly for an m-dormant [-block.
Once we move to lower time scales, the m-dormant single colonies do not interact
with the active colony anymore. In the detailed proofs we show that one consequence

of this is that, for [ < m,
O (F 4 N't) & OO (L(N)N* + NFy + - + N™t,,) (1133)
~ O™ (L(N)N* + NEty, + -+ N™,,). '

Thus, the I-block averages of colours | < m < k equal the state of the corresponding
m-block. This is the (m + 2)-th component of the interaction chain at level [.

Conclusion. Combining the intuitive descriptions in Sections we see

how Theorems and Theorems [£.4.4] come about. Their proofs will rely on coup-
ling techniques and a detailed analysis of the SSDEs. This analysis will be done in
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several steps. In Sections[6.1}{6.3] we first deal with a simplified system, the mean-field
model, for which we derive the McKean-Vlasov limit and the mean-field finite-systems
scheme. In Sections [THI]| we extend our analysis to finitely many hierarchical levels.
In particular, we go through the following list of systems of increasing complexity,
each being a simplified version of the system defined by and each capturing a
key feature:

(a) Two-colour mean-field finite-systems scheme (Section [7.1]).
(b) Two-level hierarchical mean-field system (Section [8.1]).
(c) Finite-level mean-field system (Section [9.1)).

In Section [9] we put the pieces together to prove the multi-scaling for the infinite-level

system given in Theorems and

§4.5 Main results N — oco: Orbit and cluster forma-
tion

In the hierarchical mean-field limit we say that the system clusters when the colonies
gradually form larger and larger mono-type blocks. In Section we determine
whether, in the hierarchical mean-field limit, the system clusters along successive
space-time scales. How this happens is captured by the interaction chain. We intro-
duce a sequence of scaling factors (Ax)ken,, where Ay, is defined in terms of the rates
(ck)keNgs (€k)keNgs (Kk)ren, and the factors (Ek)ken,. Using these scaling factors,
we analyse the orbit of the renormalisation transformation and establish universality:
AR F® g converges as k — oo to the Fisher-Wright diffusion function, irrespective of
the choice of g. In Section [4.5.2] we show how the scaling factors Ay are connected to
the growth of mono-type clusters. In Section we identify the asymptotics of A
as k — oo in terms of the model parameters.

§4.5.1 Orbit of renormalisation transformations

To determine whether clustering occurs, we start from larger and larger time scales
and use the interaction chain to see whether mono-type clusters are formed in the
single colonies. Recall the kernels introduced in that describe the connection
between subsequent hierarchical levels in the interaction chain. Define the following
composition of kernels (see Fig. |4.10)):

QM = Qo ...0QM n € N. (4.134)

In words, Q™ (z,,dz) is the probability density to see the population of a single
colony in state zg given that the (n + 1)-block average equals z,.

In Section [4.3] we identified the clustering regime for fixed N < co. In this section
we identify the clustering regime in the hierarchical mean-field limit. In the clustering
regime, in the hierarchical mean-field limit, an interesting question is to determine
how F("g (recall ) scales with n. We identify the scaling and show that it does

not depend on g (see Fig. [4.11)).
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n+1 ]—'("'“)gekil Dy
) QM (zn11,dzn) ;
n k)g d k Dy,
) QM"Y (zn, dzn 1) I
n—1 FEDe k-1 Dy_1
Q™ (2n+1,dz0) g
1 Fg CY 1 1
) Q[O] (21, dz0)
0 9 CJ 0 0

Figure 4.10: Left: The interaction chain that connects successive hierarchical levels down-
wards. The arrows on the right correspond to , the arrow on the left corresponds to
(4.134). Right: The renormalisation transformation that connects successive hierarchical
levels upwards. The vertical arrows correspond to . The horizontal arrows represent
the interaction with the effective seed-bank. The arrows on the left represent the resampling
driven by the renormalised diffusion function.

To state the clustering result, abbreviate

n+1 times

— ——
D = (9, 0y -+ 0, 0 Oypins ) (4.135)

Yn+10

Theorem 4.5.1 (Renormalised scaling). Let ¢ be as in (4.5), ex and Kj as in

(4.10) and Ey as in (4.64)). Define

1 — Ek Ekck —i—ek)
- N. 4.136
2 g Ekck + Gk) + EkKkek ne ( )
Then -
nll)ngo Q (19 ) == (1 - 0) 5(070N0) + 05(171N0) (4.137)
if and only if
lim A, = oco. (4.138)
n—oo
Moreover, if (4.138|) holds, then for all g € G,
li_>m A, F Mg = gpw  pointwise, (4.139)

with gew (z) = (1 — z), x € [0,1].

The proof of Theorem [4.5.1] is given in Section The scaling factors A,, can be
interpreted as clustering coefficients: in Section we will show that the faster the
A, grow to infinity, the faster we expect to see clusters grow. The property in
corresponds to the clustering regime. According to (4.139), even though A,, depends
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on the choice of the sequences K, e, ¢ in and , the limit A, F(™gasn — oo
is universal: irrespective of the choice of g € G, the limit is the standard Fisher-Wright
diffusion function gpw. Thus, gpw is the global attractor of the renormalisation
transformation (see Fig. [4.11]).

Agf(2)g Agf(g)g

A, FMg A FByg

9

Figure 4.11: Flow of the iterates ]-'<”)g, n € No, of the renormalisation transformation acting
on the class G. After multiplication by A, the flow is globally attracted by grw.

§4.5.2 Growth of mono-type clusters

In the clustering regime we are interested in how fast mono-type clusters grow in
space over time. For the system on Z¢ and Qy without seed-bank the growth rate
has been studied in detail. Different growth rates were found for strongly recurrent
and critically recurrent migration. Typical examples on 2y are migrations with
coefficients ¢, = cF with ¢ € (0, 1), respectively, ¢z = C with C € (0,00). Typical
examples on Z, respectively, Z? are migrations with zero mean and finite variance.
For these models the following behaviour occurs.

e In the strongly recurrent case, mono-type clusters grow fast and cover a volume
that increases at time ¢ at a rate that is given by the Green function up to
time ¢ of the underlying random walk, times a certain random constant that
can be determined explicitly and that is independent of the diffusion function
g € G [33], [51]. The cluster growth is monitored by considering families of balls
growing in time at such a speed that, starting from a translation invariant and
ergodic initial state, the mean of the configuration in the ball is still close to
the starting mean but begins to move. Fuast clustering means that the cluster
covers multiples of a scale that eventually lies in every finite family of balls with
the above property.

e In the critically recurrent case, the volume grows only moderately fast, like
NO=Ut a5 t — oo, with U € [0,1] a random variable. In other words, the
cluster sizes have random orders of magnitude, an effect known as diffusive
clustering. For ¢, = C € (0,00), k € Ny, the distribution of U can be identified
by studying the fraction of active individuals of type 1 in a ball of size N(1—»)t,
which can be shown to converge to V(log 12-) as t — oo with (V(s))s>0 the
standard Fisher-Wright diffusion, irrespective of the choice of g € G [35], [36].
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e For more general migration it is possible that mono-type clusters grow slower
than any positive power of ¢ as ¢t — co. This occurs for recurrent migration in
which the Green function up to time ¢ grows like o(logt). For this regime only
few results are available [25].

From the perspective of explaining universality in g € G in the hierarchical mean-
field limit N — oo, the above type of behaviour has been studied in detail in [25] and
[41] for the Fleming-Viot model, respectively, the Cannings model without seed-bank.
The renormalisation analysis for the model with seed-bank allows us to study how
the seed-bank affects the cluster growth. In what follows we give a sketch of three
regimes of cluster growth.

Types of clustering. If a ball in Qp lies in a mono-type cluster, then the block
average of the active and the dormant components in this ball are all close to either 0
or 1. We can therefore analyse the growth rate of mono-type clusters by analysing at
which hierarchical level block averages hit 0 or 1 in the limit as N — oco. To that end,
we look at the interaction chain Mfz(k) for k — oo, where the level scaling function

l: Ny — Np is non-decreasing with limy_,, (k) = oo and is suitably chosen such that
we obtain a non-trivial clustering limiting law, i.e.,

lim £[M*, ] =L[0], (4.140)

k—o0
where the limiting sequence of random frequencies 0 satisfies
0<P(fe {0, 1%}) <1. (4.141)

In line with [25] and [22], in order to analyse the growth of mono-type clusters on
multiple space-time scales in the hierarchical mean-field limit, it is natural to consider
a family of non-decreasing functions [, : Ny — Ny, x € I C [0,00), called the cluster

scales, satisfying (4.140[)—(4.141)):

(1) Fast clustering: limy_, o 1, (k)/k =1 for all x € I.

(2) Diffusive clustering: limy_,o Iy (k)/k = £(x) for all x € [0,1], where x — k(x)
is continuous and non-increasing with x(0) = 1 and (1) = 0.

(3) Slow clustering: limy_, o I, (k)/k = 0 for all x € I. (This regime borders with
the regime of coexistence.)

We write (M°)yer with MP° = limy._, Mflx(k) to denote the cluster process.
Remark 4.5.2. Examples are:

(1) T =Ny, ly(k) =k — x.

(2) T=10,1], 1y (k) = [(1 = x)k].

(3) I=10,1], I, (k) = | L(k'™X)] with L(0) = 0, L non-decreasing and sublinear.
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In words, the clusters cover blocks of level: (1) k—x; (2) [(1—x)k]; (3) L(k*~X). For
the model without seed-bank and with migration coefficients ¢, = ¢* with ¢ € (0, 1),
case (1) is realised with a Markov chain (M°);en, as scaling limit, while for ¢, = C,
case (2) is realised with a time-transformed Fisher-Wright diffusion in x as scaling
limit. (For finite N, this corresponds to the first and the second example given in the
first paragraph of this section.) For the model without seed-bank, these scales have
been shown to satisfy the required conditions. Case (3) also appears for the model
without seed-bank, but detailed information on scales and scaling limits is lacking. As
we will see below, seed-banks can slow down cluster growth, so case (3) is worthwhile
to be studied in more detail. ]

Recall . Fast clustering corresponds to Ay > k, diffusive clustering to
Ay < k, and slow clustering to Ay < k for large k. Theorem below shows that,
subject to and , all three regimes are possible for the model with seed-
bank. The regimes are the same as for the model without seed-bank when p < oo,
but different when p = co.

For systems without seed-bank, examples of the three types of clustering can be
found in the literature: diffusive clustering in [2], [I6] (voter model on Z, respectively,
Z?) and in [20], [35], [25], [51] (interacting Fleming-Viot processes on Q0 with N < oo,
respectively, N — 00), all types of clustering in [22], [52] , [71] (interacting Feller
diffusions on Qy with N — o00) and in [41], [42] (interacting Cannings processes on
Qu in non-random and random environment with N — c0).

For the model with seed-bank we have to use the asymptotics of (Ax)gen to identify
the set I and the family (I,(-))yer, and show that (Mflx(k))xef converges as k — 00
to a Markov process, which we want to identify.

Computations. In the following we demonstrate how we can carry out the above
task. The key idea is to study first and second moments of the interaction chain, as
well as sums of variances in order to get a handle on the quadratic variation process.
To that end we calculate

V¥, = the conditional variance of the active part of M*, given Mf(l_H) (4.142)

and consider the sum of random variables Ay, , = Z_(k+1)<_l<_n Vfl, n € Ny. In
order for the system to cluster, we must have limy_,o, Ak, = 0 for every n € Ny. The
volatility profile is given by

(Px (k) xef0.15 Px(k) = Ak 1)/ Ar0- (4.143)

This profile is a random variable that depends on the interaction chain up to Mflx(k).
Since Ary (k) = Aro — Ar (k)—1,0, We have py (k) = (Aro — A (k)-1,0)/Ak,0. For
diffusive clustering, for instance, we want to show that

lim p, (k) =1—k(x), X € [0,1], (4.144)
k—o0
while for fast clustering the limit is 0 and for slow clustering the limit is 1. From

[@.139) we know that the scaled renormalised diffusion function A, F()(g) tends to
the standard Fisher-Wright diffusion function as n — oco. Since the latter hits the
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boundary {0, 1} after some finite time, the coefficients A,, describe the speed at which
the interaction chain hits this boundary. We next make this idea precise and show
how it can be used to obtain information about the growth of mono-type clusters.

The kernels defined in Section allow us to compute the first and second
moments of all the block averages, which will be done in Section m (Propositions
. In particular, using the interaction chain starting between at —n and
running until —m with —n < —m < 0, and considering the m-block averages on time
scale Nt in the limit N — oo, we find that the variance of the active component 7},
of M, equals

Var(el) = B [(a7, — 0,)2] = A7, (FOg)(8,), (4.145)
where
1 < Ej (Exck + ex)
Al = = — . 4.146
"2 Z ek (Excr +ex) + EpKrep ( )

k=m

(Note that 4, = Ap~'.) On the other hand, since 27, € (0,1) we have Var(z?,) €
(0,1) and A™ (F™+D)(9,,) € (0,1). Taking m = 0, we get (F"+tVg)(9,,) € (0, Alg)
This implies that

(F ). = |

(Fg)(@m) QU (O, Oy,),dzm) € (0,45) . (4.147)
[0,1]2

Since lim,, ;o0 An (F™ Y g) = gpw, for large enough m, n we can approximate F (™) g ~
grw/Ay". Therefore

Jrw
T @) QD (s By0). dzm) € (0.4). (4.148)
or, equivalently,
/ T (1 = 2) Q) (O, Oy ), dy) € (o, ﬁl) . (4.149)
[0,1]2 0

Hence, if Af'/A} < e with € > 0 small, then we know that with high probability
the system on time scale n has clusters with a radius of size m. (Note that for the
interaction chain this means that the variance is almost entirely centred between n
and m.) Therefore the speed at which AJ'/Af converges to zero as m,n — oo says
something about the speed at which monotype clusters form.

To capture the cluster growth, we must decide how we let m,n — oco. For this we
look for clusters of radius I, (n) with x € I. Put

Aéx(”)
Fr(n)) = = (4.150)
0
and define, for € > 0,
XM =inf{x € I: f"({,(n)) < e}. (4.151)

Then the three types of clustering correspond to:
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(1) Fast clustering: lim, o lxn(n)/n = 1.

(2) Diffusive clustering: lim, o lx»(n)/n = R for some random variable R taking
values in (0, 1).

(3) Slow clustering: lim, o lxn(n)/n = 0.

In terms of the interaction chain starting from —k with k& — oo, in view of (4.145|)
this corresponds to the variance in the interaction chain being concentrated near the
beginning, being spread out or being concentrated near the end.

§4.5.3 Rates of scaling for renormalised diffusion func-

tion

For the system without seed-bank, we have K = e, = 0 and E; = 1 for all £ € Nj.
Hence

i
L

A, = (4.152)

N -
B
I
=}
o
w"—‘

and (4.137) holds if and only if
1
Y — =0 (4.153)

C
keNy k

Various subcases were analysed in [5]. For the system with seed-bank because Fy = 1

and Ej, <1 (see (4.64)), it follows from (4.136)) that
1
Ay <= —. (4.154)

Thus we see that the seed-bank weakens clustering, i.e., enhances genetic diversity,
even in the hierarchical mean-field limit.

We identify the clustering regime in the setting where the coefficients are asymp-
totically polynomial, as in , or are pure exponential, as in . It turns out
that there is a delicate interplay between the migration and the seed-bank, result-
ing in 4 different scalings for asymptotically polynomial coefficients and 8 different
scalings for pure exponential coefficients.

Theorem 4.5.3 (Rates of scaling for diffusion function). Let p be as defined

in @13,
(I) If p < oo, then (4.138)) holds if and only (4.153)) hold, and
k—1
1 1
Ay~ — N 4.155
2(1 + ,0) mz::() C ( )
(I1) If p = oo, then (4.138) holds in the following cases:
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o Subject to (4.52)) if and only if —p < a < 1, with

—p<a<l: A, ~Cn*?,
—¢p=a<l: A, ~Cslogn,

1+¢ 4.156
*¢<Oé:1: AnN03n 3 ( )

logn

—p=a=1: A, ~ Cyloglogn,
where
1-a 1 1
Ci = QQF ate) Co=gar(l—a), Cs3= 2AFﬁ7 Cy= QjF

(4.157)

The values of B, 3 play no role for the clustering, nor for the asymptotics.
e Subject to (4.53) if and only if Kc <1< K, with
c<Ke, Ke<1: A, ~C(Ke)~"Y,
c<Ke,Kc=1: A,~Cin,

c=Ke,Ke<1: A, ~Cy(Kc)~(m1),
c=Ke, Kc=1: A, ~Cyn,

R (n—1 (4.158)
c>Ke,Ke<1: A, ~Cs(Ke)~(m1),
c>Ke, Kc=1: A, ~Csn,
c<1=K: Anwéln_lc_("_l),
c=1=K: Anwé’glogn,
where
A K- A (K—1)? A K-
= 21{(1&(5)’ Oy = 2(2K71)(1)7Kc)’ Cs = 2(171&)7
_ _ 12 _
Cy = 7@}1, Cr = 2((12(1(1_‘)1)" O3 = Kglv (4.159)
Cr= 2(1170)’ Cy = %

The value of e plays no role for the clustering, but does for the asymptotics.

The proof of Theorem is given in Section Part (I) shows that for p < oo
the clustering regime is the same as for the system without seed-bank. The scaling
of A,, is controlled by the migration and is reduced by a factor 1/(1+ p) with respect
to the seed-bank. Part (II) shows that for p = oo the clustering regime is different
from that for the system without seed-bank. Clustering is harder to achieve: since
limg_, o, Fr = 0 the growth rate of A,, is strictly smaller than without seed-bank.

Furthermore, subject to , if —p < a < 1, then the growth rate of A,
drops down from = n'T® without seed-bank to = n®t? with seed-bank, while if
—¢ = a = 1, then it drops down from =< logn to =< loglogn. Similarly, subject
to , if Kc <1 < K, then the growth rate of A,, drops down from = ¢~ to
= (K¢)™™, while if ¢ = K = 1, then it drops down from =< n to < logn.
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Returning to the observations made in Section we see that the three clus-
tering regimes also appear in the model with seed-bank, both for p < oo and p = oo,
and in the latter case are accompanied by different migration coefficients. The scaling
results mentioned in Section [4.5.2] can in principle be deduced from the asymptotics
of A, as n — oo in Theorem It would be interesting to work out the details
and to identify the limiting processes that control the cluster growth.
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CHAPTER

Prootfs long-time behaviour N < oo

In this chapter we prove Theorems [{.3:2H4.3:3] The integral criterion for p = oo
in ([4.50) is explained in Section [5.1 Theorem is proved in Section [5.2] and
Theorem [£3.3] in Section [(£.3]

§5.1 Explanation of clustering criterion for infinite
seed-bank

Recall Fig. [£.6] Suppose that g = dgrw, so that we have a dual. We will show that
the integral criterion in determines whether or not two dual lineages coalesce
with probability 1. Since two lineages in the dual can only coalesce when they are
active at the same site, we need to keep track of the probabilities that the lineages are
active at a given time. Because the lineages can only migrate when they are active,
we also need to keep track of the total time they are active up to a given time.
Recall the renewal interpretation of the dual process (see Remark. We argue
heuristically as follows. If p = oo, then the activity times o are much smaller than
the sleeping times 7, and we may assume that 7, + o < 7%, k — 00. Discretising
time, we can use the results from [I] for the intersection of two independent renewal
processes. Then the integral criterion in (4.50) can be interpreted as follows:

e If v € (0,1), then the probability for each of the lineages to be active at time s
decays like < ¢(s)~1s~(1=7) [I]. Hence the total time they are active up to time
sis < (s)71s7. Because the lineages only move when they are active, the prob-

ability that the two lineages meet at time s is =< M) (0,0). Hence the total
p(s)~1s7

hazard is < floo ds[p(s)71s (1= 7)]2 (]z;)) 145(0,0). After the transformation
t = t(s) = ¢(s)~1s7, the latter turns into the integral in (4.50)), modulo a con-
stant. When carrying out this transformation, we need that s¢’(s)/p(s) — 0
which follows from (4.49)), and (t(s))/e(s) < 1, which follows from the bound
we imposed on 9 in together with the fact that log¢(s)/logs — 0. This

computation is spelled out in Appendix

e If v = 1, then the probability for each of the lineages to be active at time
s decays like $(s)~! [1], and so the total time they are active up to time s is
= sp(s) L. Recall from (4.48) that $(t) = E[r At] is also slowly varying.) Hence

the total hazard is < [~ ds [@(s)’l]zafo(s)) .(0,0). After the transformation
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t = t(s) = p(s)~ts (for which we can use the same type of computation as in
Appendix [B.1)), the latter turns into the integral in (4.50)), modulo a constant.

§5.2 Scaling of wake-up time and migration kernel
for infinite seed-bank

We can prove Theorem [4.3.2) “ by direct computation via assumptions -
We start by computing . Afterwards we compute $(¢) and a$* (0,0).

Computation of 7. Recall (4.40), which reads

P(r > t) Z K, 6”‘ (em /Nt (5.1)

mGNo

Since we are interested in the asymptotic behaviour of P(r > t) as t — oo, we need
to consider only large values of ¢t. For large values of ¢, only large values of m (for
which &2 is small) contribute to the sum in . Hence we can estimate the latter
by an 1ntegra1 and insert the assumptions made in 7. Subsequently, using
the change of variable s = $# and taking the logarithm to express m in terms of s,
we obtain the following values of «y after extracting the t-dependence:

@.52) = ~v=1, ¢t)=<(ogt)™“,

log(N/Ke) 3 (5.2)
ogv/e) ~ PO =L

In order to guarantee that p = oo, we must require that « € (—oo, 1], respectively,
K € [1,00) (while 8, respectively, e play no role). Subject to (4.52)),

@53) = v=IwEKe=

. (logt)'=%, «a € (—o0,1),
2t) = (5.
loglogt, a=1,
while subject to (4.53),
o 1, K e (1,00), (5.4)
p(t) < 5.
v logt, K =1.

Computation of a{*¥(0,0). To compute ai*™(0,0), we first rewrite the migration

kernel a’~ (-, -) in as

Tlinl|
O = SN T (5:5)
with
Cl—1
Tlimll = Z NI-1 Ni— HnH (5:6)
>|inll

182



§5.2. Scaling of wake-up time and migration kernel for infinite seed-bank

where D(N) is a renormalisation constant such that » ; yr; = 1. For transition

kernels of the form (5.5)), the time-¢ transition kernel a$*™ (-,-) was computed in [35]
with the help of Fourier analysis, see also [19]. Namely,

hj(N)t
N(0,n) = ZK e}{pNij()], t>0, neQy: day(0,n) =k €Ny,
ji>k
(5.7)
where
0, j=k=0,
Kjy(N)=4 -1, j=k>0, J,k € Ny, (5.8)
N —1, otherwise,
and N
h(N) = 5 (V) + S m(N), G EN, (5.9)
i>]

The expressions in (5.6)—(5.9) simplify considerably in the limit as N — oo,
namely, the term with ¢ = j dominates and
Cj—1

hj(N) ~1;(N) ~ W,

jEN,  D(N)~cp. (5.10)

We show why this is true for h;(N) (the argument for r;(N) and D(N) is similar).
Write

hi(N) = N]ilrj<N>+Zri<N

1 -1
~ D(N) Z;l 11 N TN W =D Nz i (5.11)

1>j 1>j z<_]<l

1 Cj—1 1 Ci—1 -1 Cl—1
- Yt iy h+0(= ( i )
D(N) Ni—1 + [ * <N)] Ni—1 ;N”l
J
Hence it suffices to show that

: ¢j—1\! -1 _ ,
hjzfn_il)lop (Nj—l) Z =0, jeN (5.12)

To do so, note that, since limsupy,_, . %log ¢ < log N by (4.7)), for N large enough

we have
sup c,lc/k < N. (5.13)

keNy
Let N = inf{N € N: sup;y, ck/ < N}. Then
: cj—1\ ! Cl—1 . 1 Ni-L
lim sup (ijq) Z NI < limsup — Z lelN] 1

N—oo N—oco Cj—1

. b e (5.14)
NI— ~N

= limsup —¥— =0, 7 €N,
Cj—1 N-ooco 1— %
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which settles ([5.12)).
To understand what (5.9)) gives for finite N, note that for asymptotically polyno-
mial coefficients (recall (4.52]))

cj—1\ ! c— Ni-1 F(l-1)"¢
(Njfll) ]\;1711 = [1 + 0(1)] F(j— 1)745 (lel)
1>j >3
_ =17 -
Sl e 519

B\ ?
= [1 4 o(1)] 1+—) N7*% jeN
E>1 j—1

For ¢ > 0 the right-hand side is bounded from above by Zk21 N-F = ﬁ and
for ¢ < 0 by N1 Des (14 k)*‘bN’(k*l) < N*10¢. On the other hand, for pure

exponential coefficients (recall (4.53))),

(Jffjj_fll)il 2 Jffll_jl =2 (%)% = NC_ - (5.16)
>J k>1

Hence, for both choices of coefficients we have the following:

For N — oo the quantities h;(N),r;(N) are bounded from above
and below by positive finite constants times the right-hand side of (5.17)

(5.10) uniformly in j € N.
Picking n =0 (k = 0) in (5.7), we obtain

expl—h; (N

a(0,0) = 3o (N - 1) =P

jEN

(5.18)

Since we are interested in the asymptotic behaviour of a?N (0,0), only large values
of j are relevant and we can estimate the sum in (5.18) by an integral. To do so,
we change variables by putting s = h;(IV) and expl. Take the logarithm to
express j in terms of s, compute ds/dj, and extract the ¢-dependence. This gives

@E52) = ™ (0,0) <t log?t,

(5.19)
@33 = ™ (0,0) <t 70N,
where )
ogc
ONe = — . 5.20
Ve = og(N/e) (>20)

§5.3 Hierarchical clustering

In this section we prove Theorem by substituting the results of Theorem [4.3.2
into the clustering criterion in (4.50]).

Combining (4.51)), (5.2)—(5.4) and (5.19)—(5.20]), we find the following clustering

criterion for fired N and infinite seed-bank:
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e Subject to (4.52)), clustering prevails if and only if

—p<a<l. (5.21)

e Subject to (4.53)), clustering prevails if and only

1- e
Oy o< ———NKe (5.22)

In view of (5.2)) and (4.56]), the condition in ([5.22)) amounts to

log N x log(Kc) < logc x log(K?e), (5.23)
where we use that ¢ < N and Ke < N (recall (4.7) and (4.12)). The condition in
(5.23) holds for all N when

c=1, KZ? € (0,00),
Ke=1with { ¢>1, K2e>1, (5.24)
c<1l, KZ?e<1.

It also holds for N large enough when K¢ < 1 and fails for N large enough when
Ke > 1. Thus, for infinite seed-bank, clustering prevails for NV large enough if and

only if
Ke<1<K, (5.25)

which is the analogue of (5.21)).
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Mean-field system

§6.1 Preparation: N — oo, McKean-Vlasov process
and mean-field system

To analyse the scaling of our hierarchical system in the hierarchichal mean-field limit
N — oo, we first need to understand simpler systems. In this section we consider the
mean-field system consisting of a single hierarchy, and introduce the following:

(a) McKean-Vlasov process (Section |6.1.1)).
(b) Mean-field system and McKean-Vlasov limit (Section [6.1.2]).

For each we derive a key proposition that will play a crucial role in our analysis of the
truncated system with finitely many hierarchies in Sections and the full system
with infinitely many hierarchies in Section [0] The proofs of the propositions stated
in this section will be given in Sections [6.1.3] and [6.1.4]

§6.1.1 McKean-Vlasov process

In this section we introduce the McKean-Vlasov process, which will play an important
role in our analysis of the mean-field system to be introduced in Sections [6.1.2H6.2.1]
(In the full system the effective process introduced in will be seen to be an
example of a McKean-Vlasov process.)

For g € G and ¢, K, e € (0,00), consider the single-colony process

2(t) = (x(t), y(t)) >0, (6.1)

taking values in [0,1]%, with initial law L[(x(0),y(0))] = p and with components
evolving according to

da(t) = c[E[z(t)] — z(t)] dt + /g(x(t)) dw(t) + Ke [y(t) — z(t)] dt, (6.2)
dy(t) = elx(t) - ()]dt,

where E denotes expectation with respect to u. With the help of It6-calculus we can
compute the expectation E[z(t)]. Indeed, from (6.2]) we get

S En(t)] = Ke [E[y(o)] - Efz(t)]

SBly(1) = ¢ [Elr(t)) ~ Ely(1)]

(6.3)
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Define

6, =B/ [2(0), 6, =E'[y(0)], 6—E {W] L6

Note that (6.3) implies that 6 is a preserved quantity, i.e.,

- {I(O) - Ky(O)] o [w(t) + Ky(t)

=0 t>0. 6.5
1+ K 1+ K ] ’ - (6.5)

Solving (6.3)), we find

K
_ N _ —(K+1)et
Elz(t)] =0 + e K(Hx 0y)e ,

1 o (6.6)
Ely(t)] =6 — m(ew —0,)e :
In particular, from we see that
lim (E[z(t)], E[y(?)]) = (6,0). (6.7)

t—o0

Hence, in equilibrium we can replace E[z(t)] in by 6. After inserting
into (6.2), we can use [72, Theorem 1, Remark on p.156] to show that for every
deterministic initial state (x(0),y(0)) € [0,1]? the SSDE in has a unique strong
solution. We will refer to this solution as the McKean-Viasov process.

Remark 6.1.1 (Self-consistency). To prove uniqueness of the solution to (6.2]) we
can also use [38], where self-consistent mean-field dynamics are treated in detail. The
solution has the Feller property. ]

Proposition 6.1.2 (McKean-Vlasov process: equilibrium). For every initial
law p € P([0,1]%) satisfying

- {W] —0, e, (6.8)

the process in (6.1) converges to a unique equilibrium,

Jim £[(x(1). y(1))] = T, (6.9)
and
Ty € P([0,1]%), (6.10)
satisfies
0= /[0’1]2 xTy(dz,dy) = /[0’1]2 yLo(dz,dy). (6.11)

The proof of Proposition is given in Section Note that 'y = Fg’c’K’e
depends on all the parameters appearing in (6.2)). In Section we will see that I'g
is continuous as a function of 6.
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Remark 6.1.3 (Non-linear Markov process). Note that is a mon-linear

Markov process: the evolution not only depends on the current state z(¢), but also on
the current law L[z(t)] via the expectation E[z(t)] appearing in the SSDE (6.2)). This
is different from the model without seed-bank, where the non-linearity is replaced by
a drift towards 6 that is constant in time. In equilibrium we can replace E[z(t)] by
¢ in (6.2)), but before equilibrium is reached we cannot, because ¢ — E[z(t)] is not
constant, as is clear from (.111). Note that E[z(¢)] is a linear functional of z(0). This
fact will play an important role in the renormalisation analysis in Section [I0] |

§6.1.2 Mean-field system and McKean-Vlasov limit

In this section we consider a simplified version of the SSDE in (4.20]), namely, we
restrict to the finite geographic space

[N]={0,1,...,N—1}, NeN (6.12)

In this simplified version, the migration kernel a®~(-,-) is replaced by alM(€,7) =
cN~! for all (&,n) € [N], where ¢ € (0,00) is a constant. The seed-bank consists
of only one colour and the exchange rates between active and dormant are given by
Ke,e. The state space is

S=sM " s=10,1? (6.13)
the system is denoted by

ZM(t) = (xN(2), YV (1)) (X @), Y™ (1)) = (M), 4 1))

t>0’ i€[N]’
(6.14)
and its components evolve according to the SSDE
N c N N N
()= 5 7 [0 — M 0] de +\/g(@ (1) dui(t)
JE[N]
7 (6.15)

+ Ke [y (1) — M @) at,

dy™M @) = e [Nty — M 0)] dt, i e [N,

i

which is the special case of obtained by setting a®*~ (1, ) = 0 if d(n, &) > 1 and
K,, = ey =0 for m > 1. It is natural to take an exchangeable random initial state,
because the evolution preserves exchangeability. According to De Finetti’s theorem,
there is no loss of generality in taking an i.i.d. initial state, i.e.,

£[X™N(0), YIN(0)] = p&IM, peP([0,17). (6.16)

By [67, Theorem 3.1], the SSDE in is the unique weak solution of a well-
posed martingale problem. By [67, Theorem 3.2], for every deterministic initial state
(XN(0), YIN(0)), has a unique strong solution. We are interested in the limit
N — oo. For the limiting process we define

(Z())z0 = (X(1), Y (£))iz0 = ((i(t), yi(t))iens ), (6.17)
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with components evolving according to (6.2, i.e.,

dz;(t) = ¢ [Efz;(t)] — zi(t)] dt + /g(xi(t)) dw(t)
+ Kely;(t) — z;(t)] dt, (6.18)
dy;(t) = elzi(t) —yi(t)]dt, i€ Ny,
with £ [(X(0),Y(0))] = u for some exchangeable u € P(([0,1)?)®MNol. Note that

consists of i.i.d. copies of the single-colony McKean-Vlasov process in (6.1)), labelled
by i € Np.

Proposition 6.1.4 (Infinite-system McKean-Vlasov limit: convergence).
Suppose that L[(XM(0),YINI(0))] = N is exchangeable and

o =g [W] (6.19)

Then
lim ﬁ[(x[m(t),ywl(t))tzo} = L[(X(), Y (t))=0] (6.20)

with
LI(X(0),Y(0)iz0] =p,  p= lim pV, (6.21)

N —o0

where the limit is the McKean-Vlasov process in (6.1])—(6.2)).

The proof of Proposition [6.1.4]is given in Section For the system without seed-
bank the McKean-Vlasov limit was proved in [38]. The fact that the components
decouple is a property referred to as propagation of chaos.

§6.1.3 Proof of equilibrium and ergodicity
In this section we prove Proposition [6.1.2

Proof. Note that, by (4.111]), we can rewrite (6.2]) as
K
dz(t) =c |0+ 1—1-7.7((037 —0,) e”EFVE _ ()| dt + /g(x(t)) dw(t)
+ Kely(t) — z(t)] dt,

dy(t) = e[z(t) —y(t)] dt.
Existence and uniqueness of a strong solution is again standard (see e.g. [72, Theorem
1] and recall Remark [6.1.1). We start by proving existence and uniqueness of the
equilibrium. Afterwards we show that the solution converges to this equilibrium.

Consider two copies (z1,y1) and (z2,y2) of the system defined in (6.22), with
L[(21(0),y1(0))] = p1 and L[(22(0),y2(0))] = p2, where 1 and ug satisfy

o [AOLKRO) g [ 220 K]

(6.22)

(6.23)

for some 6 € [0,1]. Write

Oz, = B [21(0)], Oy, = B [52(0)], O, = E2[22(0)], 0y, = E**[y2(0)]. (6.24)
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Couple the two systems by coupling their Brownian motions. Denote the coupled
process by

(ZM)iz0 = (21(1), 22(8) )10, 21(t) = (21(2),91(2)),  22(8) = (22(2), (1)), (6.25)

L(2(0)) = p1 x p2,
which has a unique strong solution. Put
A =21() —ast), 3(t) = ya(t) — (). (6.26)
To show that the equilibrium is unique, it is enough to show that
tlipgoE [J[A(t)]+ EK|4(t)]] = 0. (6.27)
Using a generalised form of 1t6’s formula, we find
d|A(t)| = (sgn A(t)) dA(t) +dL?

= (sgn A(t)) c [14[—(K

(sen A(t (\/g — Vg(xa(t)) ) dw(t)
+ (sgn A(t)) Ke[d(t) — A(t)] dt,
(6.28)
where we use that the local time LY (see [63, Section IV.43]) of A(t) at 0 equals 0,

since g is Lipschitz (see [63, Proposition V.39.3]). Again using It&’s formula, we also
find

Op. —0,.) — (0, —0,.)) e ETDet _ A()| dt
1 2 Y1 Y2

d[6(t)] = (sgn 8(t)) do(t) = (sgn 6(t)) e [A(t) — 6(t)] dt. (6.29)

Taking expectations in (6.28])—(6.29)), we get
d
—E[A®)]+ KI[6(t)]]

= E e [(smn AW) 2 (00, — 02,) — (B, — 0,,)) =K D)
o [t s |

+ KeE | (sgn A(t) — sgn 6(1)) (3(t) - A1) (6:30)
=k {C (sgn A<f>>1+LK((0m —02,) = (0, — 0y,)) emnﬂ
- cE[[A®)]]
— 2KeE [1ogn s(t)san a0y (6] +[A@)])] -
Define
h(t) = cE[|A®)[] + 2KeE [1isgn s1))2sen a(} (16(8)] + [A@)])] - (6.31)

Then h(t) satisfies
(a) h(t) > 0.

b) 0 < fooo dt h(t) < 1+K+c|(9m1 - 912) - (9y1 - eyz)‘ Kiﬂm [1 - e_(K+1)Et]'
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(c) h is differentiable with A’ bounded (see [43, Appendix D).
Hence it follows that lim;_, o, A(t) = 0, which implies that

tlggoE [|A(t)]] = 0. (6.32)
We are left to prove that lim;_, o, E[|0(¢)]] = 0. To do so, we define
f&) =E[6@)]],  G(t) = eE[(sgn 6(¢))A(t)]. (6.33)
Note that G is bounded and continuous. Taking expectations in (6.29)), we find
d
/) =—ef(t) +G@), (6.34)

Solving (6.34)) explicitly, we find that

t
O =1e 4 [(ase IGE),  nteRtsrzo. (03

r

By (6.32)), for each € > 0 we can find an r € R such that E[|A(s)|] < € for all s > r,
and hence sup,.,,. |G(t)| < e. Therefore

Ft) < fr)e 77 4e (6.36)

and, since |f| < 1, we find, for each € > 0,

tll)rgo ft) <e (6.37)
Therefore lim;_, o, E[|6(¢)|] = 0, which completes the proof of uniqueness of the equi-

librium for given 6.

To prove existence of the equilibrium, let (¢,)n,en be any increasing sequenc eof
times such that lim, o t,, = 00. Let u = L[(x(0),y(0))] be any initial measure of the
system in with E#[ZOEVO) — g and let p(t,) = L[(x(ta), y(t,))]. Since the
state space is compact, the sequence (u(t,))nen is tight, and by Prohorov’s theorem
we can find a converging subsequence (u(ty,))ken. Put v = limy_ o0 pi(ty, ). We will
show that v is invariant. To that end, recall from Section that

g [20 0

= > 0. .
Sy } 0, t>0 (6.38)

Hence we can use the coupling in to show that the system starting in p and the
system starting u(t) converge to the same law as ¢ — oo, from which it follows that
limy o0 f4(t + ty, ) = v. Let (Sy);>0 denote the semigroup of the system in (6.22)). By
the Feller property for semigroups,

S = lim Siu(ty,) = lim Si, (Sip) =v, (6.39)
k—o0 k— o0 k

where in the last equality we use the uniqueness of the equilibrium given 6. Thus,
v is an invariant measure. To exhibit its dependence on 6 we write vy. Using the
same coupling as in , and starting from p X vy with vy the invariant measure just
obtained, we see that for every € the system in ([6.2)) converges to a unique equilibrium
measure vg, and so is immediate from . O
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§6.1.4 Proof of McKean-Vlasov limit

In this section we give a sketch of the proof of Proposition In Chapters 9| we
encounter more difficult versions of Proposition [6.1.4] There we will give the proofs
in full detail.

Proof. Since we start from a distribution p(0) that is exchangeable, Aldous’s ergodic
theorem gives

1
m (0) = E~0) -
Jim > ;(0) =E*O[z] Peas. (6.40)

JE[N]

By Toffe’s theorem [25, Egs. (1.1)—(1.2)], tightness of the associated sequence of pro-
cesses (uniformly on the state space) follows from boundedness of the generator as an
operator. To apply the generator criterion in [49] we must show propagation of chaos
and prove the weak law of large numbers

. 1
Jim %ij] x;(t) = Elzo(t)). (6.41)

The propagation of chaos and the weak law of large numbers for ¢ > 0 therefore
follows from [38, Section 4]. Since the martingale problem is well-posed [38] Section
2], the limiting process exists and is unique. O

§6.2 Proofs: N — oo, mean-field finite-systems scheme

In Sections we introduce the so called mean-field finite-systems scheme for the
mean-field system introduced in Section[6.1.2] In Section[6.2:2] we outline the abstract
scheme behind the proof behind the mean-field finite-systems scheme. The computa-
tions in the proof of the abstract scheme are long and technical, and are deferred to

Section

§6.2.1 Mean-field finite-systems scheme

In this section we describe the limiting dynamics of the finite system in from a
multiple space-time scale viewpoint. To do so, we need the following limiting SSDE for
the infinite system Z(t) = (zi(t))ien, = (i(t), yi(t));en,» With initial law L[Z(0)] =
u®No | evolving according to

da;(t) = c[f — x; ()] dt + /g ) dw;(t) + Key;(t) — z;(t)] dt, (6.42)
dyz(t) =e [.’El(t) — z( )] dt, 1€ NQ,

where 6 is defined in (6.11)). Note that each component of (6.42)) is an autonomous
copy of the McKean-Vlasov process in (6.2]) in equilibrium.
For the multiscale analysis we will need the following ingredients:

(a) The estimator for the finite system is defined by

2N [N]
6w (t) = oW (ZIN (1)) :% P < )ﬂin ) (6.43)
1€[N]
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and its active and dormant counterparts

oM (1) = + mem (t),

) - (6.44)
5Nl (4) — ~ N
N =5 X uMo

i€[N]

(b) The time scale N, on which limy_ss L[OINI(L(N)) — 6IN(0)] = & for all
L(N) such that limy_oo L(N) = oo and limy_y0o L(N )/N = 0, but not for
L(N) = N. In words, N is the time scale on which OIVI(.) starts evolving,
ie., (@[ ](Ns)) . is not a fixed process. When we scale time by N, putting

s>0
t = Ns, we view s as the “fast time scale” and t as the “slow time scale”.

(¢) The invariant measure, i.e., the equilibrium measure of a single component in

(6.42) written

Ly, (6.45)
and the invariant measure of the infinite system in l-j written vy = F?NO,
with 6 € [0,1] controlled by the initial measure (recall (6.4)-([.111)).

(d) The renormalisation transformation F: G — G,
(Fg)(0) = /[ 9@ (e dw). € [0.1] (6.46)
0,1

where vy is the equilibrium measure of Note that F is the same trans-
formation as defined in (4.75)), but for the truncated system. Note that we can
also write

FoO) = [ g@Tedzdw). o<1 (6.47)

where Ty is as defined in (6.45]).
(e) The macroscopic observable (C:)(s))s>0 satisfying the SSDE

~ 1

46(s) = 1V E"= g(u)) du(s) =

eV FDO@) duls),  (6.43)
To obtain the multi-scale limit dynamics for the system in (6.14]), we speed up

time by a factor N and define the process

N N
(o)) = (eM(ws), M (Ns)) (6.49)
s>0 s>0
which is the analogue of the 1-block average in (4.22]). We use the lower index 1 to
indicate that the average is taken over [N] components. Using (6.15]), we see that the
dynamics of (6.49)) is given by the SSDE

M) = |+ 3 gles)) duls) + NEe [y (s) — ol ()] ds,
i€[N] (6.50)

ayf¥(s) = Ve [l (s) = 1M (s)] as.
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block average

0 1 N-2 N-1

Figure 6.1: Given the value of the block average, the N > 1 constituent components equi-
librate on a time scale that is fast with respect to the time scale on which the block average
fluctuates. Consequently, the volatility of the block average is the expectation of the volatility
of the constituent components under the conditional quasi-equilibrium.

In (6.50), in the limit as N — oo infinite rates appear in the exchange between
the active and the dormant population. However, looking at the process

(V] (N]
x7 ' (s)+ Kyi '(s) (A
( 1 1 >S>0 - (@[N](Ns))s>o (6.51)

1+ K

we see that the terms carrying a factor N in front cancel out. Consequently, for the
process in (6.51) we can use ideas from [20] to prove tightness as N — oo in the
classical topology of continuum path processes. We will show in Section [6.3.3] that

lim £ {([a:[lN](s) - ygN](s)DpO} = L[(0)s>0]

N—o00

(6.52)
in the Meyer-Zheng topology.

Combining (6.51) and (6.52)), we obtain the multiple space-time scaling behaviour of
the system in (6.14)).

Proposition 6.2.1 (Mean-field: finite-systems scheme). Suppose that the SSDE
in (6.15) has initial measure L[ZN(0)] = u®IN! for some p € P ([0,1]%). Let

z + Kyo
0=FE' | ——|. .
k)
(a) For the averages in (6.49)),
. [N] [N] _ No No
Jim £ | (@) | = | (@) L]
in the Meyer-Zheng topology,
where the limit process is the unique solution of the SSDE
1
dxlfo(s) = 1+ K (Fg) (331?0(5)) dw(s), (6.55)

N N
Y0,1(s) = 21°(s),
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(b)

(c)

with initial state

(#5°(0). 554(0)) = (0,6).. (6.56)
For the weighted sum of the averages in ,
} = £[(0()) 2] - (6.57)

where the limit is the macroscopic observable in (6.48)) with initial state

0(0) = 0. (6.58)

N—o0

lim £ [(C:)[N](Ns))

s>0

Define
vo(s) = / Qu(0,0') vy € P(0,12), (6.59)
[0,1]
where Q4(0,-) is the time-s marginal law of the process (©(s))s>o starting from
6 € [0,1] (note that v9(0) = vg). Then, for every s € (0,00),

N—o00

lim £ [(X[Nl(NsH),Y[N](NsH)) ] :L[(Z”e(s)(t))bo} (6.60)

>0
where, conditional on ©(s) = 0, (2°©)(t));>0 is the random process in (6.42)
and 2*°()(0) is drawn according to vg(s) (which is a mizture of random processes
in equilibrium,).

The proof of Proposition [6.2.1] is given in Section [6.2.2]
The result in Part (a) shows that the limit dynamics of the averages follows a
similar type of diffusion as a single colony, but with four important changes:

196

For the limit of the time-scaled average in the diffusion function g is
replaced by a renormalised diffusion function Fg, defined by (recall
Fig. [6.1)). In section we will show that FG C G, i.e., F preserves the
class of diffusion functions defined in .

The average of the dormant population is the same as the average of the act-
ive population, and hence the term that accounts for the exchange between
the active and the dormant population wanishes. This happens because when
time is speeded up by a factor IV also the rates of exchange between active
and dormant are speeded up by a factor N (see (6.50)). Hence the exchange
rates become infinitely large, which implies that the active and the dormant
population equilibrate instantly in the Meyer-Zheng topology.

Since we take the average over all the components, the migration terms in (6. 15|
cancel out against each other.

Comparing the system in with the system of interacting Fisher-Wright
diffusions in the mean-field limit studied in [21], we see from that the
single-colour seed-bank slows down the average by a factor 1/(1+ K), but does
not change the system qualitatively. This is a direct consequence of the fact
that the averages of the active and the dormant population equilibrate (due to
the infinite rates), while only individuals in the active part of the population
resample.
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The result in Part (b) shows that the limit dynamics of the averages in follows an
autonomous SDE, with convergence in the classical topology, i.e., in Cy([0, ), [0, 1]).
The Brownian motion in is taken to be independent of the initial state. The
result in Part (c) says that, on time scale 1 and starting from time Ns with N —
00, the system has a McKean-Viasov limit, i.e., exhibits propagation of chaos, with
components that are versions of a McKean-Vlasov process with a random initial state
whose law depends on s. So, in particular, the components become independent, and
we see decoupling The proof of Part (c) will use Part (b). The proof of Part (a) will
follow from Part (b) after we use the Meyer-Zheng topology.

Remark 6.2.2 (Basic multi-scale). Note that Proposition already reveals
several phenomena that we encountered in Theorems [£.4.2] and [£.4.4] capturing the
hierarchical multiscale behaviour. Even for the one-layer mean-field system we find
decoupling of components, the occurrence of a renormalisation transformation, equal-
isation of the seed-bank with the active population, and the need for the Meyer-Zheng
topology. Later we will see that the role of the macroscopic observable © is the same
as that of the effective process. |

Remark 6.2.3 (Interchange of limits). The notation xll\lo,ygi"l indicates that the
limit arises from taking averages over [N] and letting N — co. Note that, for i.i.d.
initial states,

1
2)°(0) = lim 2M(0) = lim 5 S a(0)=0, Poas (6.61)

On the other hand, picking any sequence of times L(N) such that limy_ oo L(N) = 0o
and limy_,o0 L(N)/N = 0, we get
1

N i AL Y s _
2°(04) = lim (Nt)—#gnw‘%]xi(L(N)t)—H P-as.  (6.62)

The mismatch between (6.61) and (6.62) indicates that we must be careful with
interchanging the limits N — oo and s | 0. This is why (6.54), which lives on the
fast time scale, is restricted to s > 0. |

§6.2.2 Abstract scheme behind finite-systems scheme

To prove Proposition we follow the abstract scheme outlined in [25] p. 2314—
2315] and based on [21], [20]. Below we state the abstract scheme for our model. The
scheme consists of 4 steps, each of the steps consists of a series of propositions and
lemmas. The proofs of these are given in Section [6.3

Step 1. Equilibrium of the single components. This step fixes the one-
dimensional distributions of the single components when ¢, N — oo in a combined
way, and is the equivalent of [2I} Proposition 1]. Recall that O[] is defined in (6.43).
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Proposition 6.2.4 (Equilibrium for the infinite system). Let (Ny)ren be a se-
quence in N. Fiz s > 0. Let L(N) be such that limy_,o, L(N) = co and
limy 00 L(N)/N =0, and suppose that

lim £ [(:)[N"](Nks)} — P,

lim £ sup
k=00 lo<t<L(Ny)

(:)[N’“](Nks) _ é[Nk](Nks — t)"| = Jp, (6.63)

lim £(XW(Ngs), YIV (N s)) = v(s).

k—o0
Then v(s) is of the form
v(s) :/ P, (d0) vy, (6.64)
[0.1]

where vy is the equilibrium measure of the process defined in (6.42)).

Proposition[6.2.4] follows from the following seven lemmas, which are the analogues
of the five lemmas used in 21| p. 477-478] for the system without seed-bank.

The first lemma establishes convergence of the infinite system in (6.42)) to its
equilibrium.

Lemma 6.2.5 (Convergence for the infinite system). Let p be an exchangeable
probability measure on ([0,1]%)No. Then for the system (Z(t))i>o0 given by (6.42) with
L(Z(0)) = p,

Jim L[Z(8)] = ve, (6.65)
where vy is of the form
v =T, (6.66)

with Ty the equilibrium of the single-colony process defined in (6.45). Moreover, vy is
ergodic.

The second lemma establishes the continuity of the equilibrium with respect to its
center of drift 6.

Lemma 6.2.6 (Continuity of the equilibrium). Let P([0,1]Y0) denote the space
of probability measures on [0, 1]N0. The mapping [0,1] — P([0,1]N0) given by

0 — v (6.67)

is continuous. Furthermore, if h is a Lipschitz function on [0, 1], then also Fh defined
by

(Fh)(0) = B [h()] = / vo(dz) h(zo) (6.68)

([0,1]2)%

is a Lipschitz function on [0, 1].

The third lemma characterises the speed at which the estimators o™ and @?[,N]
converge to each other.
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Lemma 6.2.7 (Comparison of empirical averages). Let (@EEN] ()0

and (C:)LN] (t))i>0 be defined as in (6.44)), and define

AL (1) = M(t) — el (1), (6.69)

E HAgV}(t)H <\/E [(AQ(O))T e~ (Kete)t | N(}J{iue). (6.70)

Remark 6.2.8 (Key estimate for Meyer-Zheng convergence). The estimate in
(6.70) in Lemma will be the key estimate to show convergence of the active and
dormant 1-block in Meyer-Zheng topology. Note that if we look at times Ns for s > 0,

then (6-70) shows that E[|AL(Ns)|] is O(/1/N). |

The fourth lemma compares the finite system with an infinite system. To that end
we construct both the finite and the infinite system on the same state-space by con-
sidering the finite system (XIN1(¢), YINI(2)) as an element of ([0, 1]?)N° via periodic
continuation. Let L(N) be such that limy_, oo L(N) = oo and limy_, oo L(NV)/N =
0, and define the distribution puy by continuing the configuration of (XINI(Ns —
L(N)),YIN(Ns — L(N))) periodically to ([0, 1]?)Ne. Define

Then

6Nl = eINl(Ns — L(N)). (6.71)
Note that
v _ N Lgem ) (Ns = LIN) + § e 9" (Vs = LV))
N 1+ K o
Z )+ Kyt (0) (6.72)
N = 1+K

Thus, OV is a random variable whose law depends on
L[XW(Ns—L(N)),YWI(Ns — L(N))] = pn. The infinite system with initial law
1N is denoted by

(XP¥ (0, Y (1)) im0 = (@Y (0,857 (1) g (6.73)

and evolves according to

At () = c[OW] — 2™ (1) dt + | [g(ah™ (1)) duw; () + Ke [y~ (t) — a4 (t)] dt,
dyf™™ (t) = e [N (t) — '™ ()] dt, 1 € Np,

K2

(6.74)
where {w; }ien, is a collection of independent Brownian motions.

Lemma 6.2.9. [Comparison of finite and infinite systems] Fix s > 0 and assume
that, for any L(N) satisfying imy_,oo L(N) = 00 and limy_,oc L(N)/N =0,

lim su OWI(Ns) — OWNI(Ns — )| =0 in probability.
N—oo o<t<£)(1v)| (V) ( )| b Y (6.75)
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Let
(XHN (1), YN (1)) (6.76)

be the infinite system defined in starting in the distribution py, where puy s
defined by continuing the configuration of (XW(Ns— L(N)),YIN(Ns— L(N))) peri-
odically to ([0,1]2)No. Similarly, view (XN (t), YIVI(t)) as an element of (]0,1]?)No
by periodic continuation. Then, for all t > 0,

t>0

lim [E[F(XP¥ (), Y% (1)) = f (XIVI(Ns = LN) +1), YIVI(Ns = L(N) +1)) ] = 0

v fec(([0,1*)",R). (6.77)

Before we can prove that the infinite system (X#V(t),Y#N(t));>0 converges to
some limiting system as N — oo, we need the following regularity property for the
estimator OV, This is stated in our fifth lemma.

Lemma 6.2.10 (Stability of the estimator for the conserved quantity). Define

pn as in Lemma |6.2.9  Let (xi,yi)ic|n) be distributed according to the exchange-
able probability measure py on ([0,1]2)N0 restricted to ([0,1]2)V.  Suppose that
limpy oo v = p for some exchangeable probability measure p on ([0,1]>)No. Define
a random variable ¢ on (u, ([0,1])%)N0) by putting

.1 xz; + Ky;
=1 — _ 6.78
o= tm Ly HEEY (6.78

and a random variable ¢n on (un, ([0,1]%)N0) by putting

1 x; + Ky;
o = % _Z K (6.79)
1€[N]
Then
Jim L[on] = L[g]. (6.80)

In the sixth lemma we state the convergence of the law L[(X#N(t), Y~ (t))] to
the law of a limiting system as N — co.

Lemma 6.2.11 (Uniformity of the ergodic theorem for the infinite system).
Let puy be defined as in Lemma . Since (UN)NeN 18 tight, it has convergent sub-
sequences. Let (Ny)ren be a subsequence such that pn = limy_ oo iy, . Define

in La(p), (6.81)

and let (X*(t),YH(t))i>0 be the infinite system evolving according to
daf(t) = c [0 — 2 ()] dt + \/g(}' (1)) dw;(t) + Ke [y} (1) — 2} (t)] dt,
dyf(t) = e[zt (t) — yi'(t)] dt, i € Np.

Then

(6.82)
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(a) For allt >0,

Jim [E[f (X% (1), Y#% (1) ] = E[F(X¥(0), Y#()]| = 0,
i (6.83)
v fec(((0, 1), R).

(b) There exists a sequence (L(N))nen satisfying limy oo L(N) = oo and
limy oo L(N)/N =0 such that

klln;J]E[f(X[N’“](Nks — L(Ng) + L(Ng)), YR (N s — L(Ng) + L(NR)))

— F(X" (L(Nk)), Y (L(N)) []
+ [E[f (X" (L(Ng)), YN (L(NW)))] = E[f (X*(L(Ng)), Y*(L(NR)))]| = 0

v fec((0,1]*)", R). 65

Remark 6.2.12 (Existence of ©). Note that the limit in (6.81]) is well-defined by
the ergodic theorem in Lo, since y is the limit of translation invariant measures and
hence is itself translation invariant. |

In the seventh lemma we provide a coupling of two copies of the finite system
starting from different measures.

Lemma 6.2.13 (Coupling of finite systems). Let (XN YINLYY pe g finite sys-
tem evolving according to and starting from some exchangeable measure. Let
pNY be the measure obtain by periodic continuation of the configuration of
(XWVL1(0), YINLY(0)).  Similarly, let (XINV2 YINL2) be q finite system evolving ac-
cording to and starting from some exchangeable measure. Let N2 be the
measure obtain by periodic continuation of the configuration of (XV12(0), YIVI2(0)).
Let i be any weak limit point of the sequence of measures {M[N]’l X ,u[N]’Q}NeN. Define
random variables O on (uN11 ([0,1]2)N0), OWV2 on (uN1 ([0,1]2)N0) and ©,
and 85 on (11, ([0, 1)) by

[N],1 (N1 [N],2 [N].2
v _ 1 5w TAKy o gve 1 3 T Ky
N 1+ K ’ N 1+ K ’
1€E[N] 1€[N] (6 85)
_ .1 x} + Ky} ~ .1 a; + Ky; .
61=lim =5 " Ge=lm ) S
i€[n] i€[n]

and let (O (1))1>0 and (ON12(1)) >0 be defined according to (6.43)) for (X{N] , Yl[N]),

respectively, (XQ[N},YQ[N}), Assume that

lim  sup ‘(:)[N]’k(O) - (:)[N]’k(t)’ =0 in probability, k€ {1,2}, (6.86)
N—=00 g<t<L(N) )

and suppose that ({01 = ©3}) = 1. Then, for any sequence t(N) — oo,

lim E[|xN]’1(t(N)) M2 (V)| + K|y (N))fyl[Nm(t(N))u = 0. (6.87)

N—o00
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Step 2. Convergence of the estimator. This step is the equivalent of [211
Proposition 2]. We first prove the tightness of the estimator 6!Vl in path space.
After that we settle convergence of the finite-dimensional distributions and identify
the limit.

Proposition 6.2.14 (Convergence of average sum process).

Jim 2] (6%vs) | = 210060l (6.59)
where (O(s))s>0 evolves according to
(s) = ﬁ (Fg)(B(s)) du(s). (6.89)

Proposition [6.2.14 follows from the following three lemmas, which are the equival-
ent of the three lemmas used in [21), p. 488-493] for the system without seed-bank.

Lemma 6.2.15 (Martingale property of average sum process).

(1) The process (ON(Ns))sso is a square-integrable martingale with continuous
paths and increasing process

<(:)[N](Ns)> = (1+1K)2/05 dr% Z g(xEN](Nr)). (6.90)

s>0
i€[N]

(2) Let L(N) be such that limy_co L(N) = 00 and impy_yoo L(N)/N = 0. Then

lim  sup ’(:)[N] (Ns) — ON(Ns — t)| = 0 in probability. (6.91)
N—=00 9<t<L(N)

(3) (E[(C:)[N](Ns))s>0])NeN is tight as a sequence of probability measures on
C([0,00),10,1]).

Lemma 6.2.16 (Martingale property of limit process). Let (Nj)ren be any sub-
sequence such that

lim £ [(é[Nkl(Nks))M} = L[(6(5))ss0]- (6.92)
Then (O(s))s>0 5 a square-integrable martingale with continuous paths, and
_ s 1
©%(s —/ dr —————= Ko™ [g(xq ) 6.93
(80— [ ar e e lateol) (6.93)

s a martingale.

Lemma 6.2.17 (Uniqueness). The following martingale problem has a unique solu-

tion: B
(Os)s>0 s a continuous martingale with values in [0, 1],
_ 1 s (6.94)
6%(s) — 7/ dr E¥e [g(xo)]> is a martingale.
(1+K)? Jo 450

The solution of (6.94) is given by the diffusion generated by E¥» [g()]aa—j2
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Step 3. Convergence of the averages in the Meyer-Zheng topology. Recall
the definition of the Meyer-Zheng topology in Section We have to prove the
following proposition.

Proposition 6.2.18 (Convergence in Meyer-Zheng topology). If

lim £ [((:)(Ns))s>o] -y [(é(s))s>0] , (6.95)

N—o00
then
Jim £ [(m[lN] 1),y (t))tzo} -y {(f}‘o (1), 31° (t))tzo}

in the Meyer-Zheng topology,

where (9:11\10 (t),y?o (t))e>0) evolves according to (6.55)).

To prove Proposition [6.2.18] we will use Lemma [6.2.7] in combination with the fol-
lowing three general lemmas about the Meyer-Zheng topology, which are proven in

Appendix

(6.96)

Lemma 6.2.19 (Convergence in probability in the Meyer-Zheng topology).

Let ((Zn(t))e>0)nen and (Z(t))i>o0 be stochastic processes on the Polish space (E,d).
If, for allt >0,
lim E[d(Z,(t),Z(t))] =0, (6.97)

n—oo

then,

lim (Z,,(t))i>0 = (Z(t))e>0 in probability in the Meyer-Zheng topology.  (6.98)

n— oo

Lemma 6.2.20 (Convergence of the joint law). Let ((X,,(t))t > 0)nen,
(Yn(t))t=0)nen, (X(t))it > 0] be stochastic processes on a metric space (E,d) and
let ¢ € E be a constant. If lim, o L[X,] = L[X] in the Meyer-Zheng topology and
for all t > 0, lim, o0 E[d(Yy(t),c)] = 0, then lim, o L[(X,,Y,)] = L](X, ¢)] in the
Meyer-Zheng topology.

Lemma 6.2.21 (Continuous mapping theorem). Let f: E — E be a continu-
ous function and x € Mg|0, 00).

(a) The function
h: U — v, % — wf(m), (6.99)

18 continuous.

(b) If the stochastic processes (Xp)nen, X on state space (E,d) satisfy

ILm L[X,] = L[X] in the Meyer-Zheng topology, (6.100)
then
lim L[f(X,)] = L[f(X)] in the Meyer-Zheng topology. (6.101)

n—oo

Note that Lemma [6.2.21] allows us to use the continuous mapping theorem in the
Meyer-Zheng topology.
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Step 4. Mean-field finite-systems scheme. Use Steps 1-4 to prove Proposition
0.2 1l

Having completed the abstract scheme of steps 1-4, we set out to prove the con-
stituent propositions and lemmas.

§6.3 Proofs: N — oo, mean-field, proof of abstract
scheme

In Sections[6.3.1 we prove the propositions and the lemmas stated in Steps 1-4
in Section [6.2.2

§6.3.1 Proof of step 1. Equilibrium of the single
components

We start by proving Proposition with the help of the seven lemmas stated in
Step 1 of Section [6.2:2] Afterwards we prove each of the lemmas.

e Proof of Proposition [6.2.4]

Proof. We use an argument similar to the one used in [2I] Section 2 (i)]. Let
(L(N))nen be any sequence satisfying limpy o0 L(N) = 00 and limy 00 L(N)/N =
0. Let un be the measure on ([0, 1]?)No obtained by periodic continuation of
LIXW(Ns — L(N)),YINI(Ns — L(N))]. Note that ([0,1]?)N is compact. Hence,
letting (Nk)ken be the subsequence in Proposition we can pass to a further
subsequence and obtain

lim pyn, = p. (6.102)
k—o00

Since we assumed that £[ XV (0), YIN1(0)] is exchangeable and the dynamics preserves
exchangeability, the measures uy, are exchangeable and also the limiting law p is

exchangeable. Define ¢ as in (6.78]) in Lemma [6.2.10, Then we can condition on ¢
and write

p= [ mdaie) (6.103)
[0,1]

where A(-) = L[¢]. By assumption we know that

lim £[OWH(Nys)] = P, (6.104)
k—o00
and
lim £ sup  |ONH(Nys) — OIVH (N s — t)‘ = do. (6.105)
k=00 |0<t<L(Ny)
Hence
lim £ [(Z)[NkJ(Nks - L(Nk))] =P, (6.106)
—00
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Recall that

n (u, ((0,1]%)"). (6.107)

By Lemma [6.2.10} if ¢, = Nik D ie(Ny) %@y? on (i, ([0,1]2)N0), then
limy o0 LN, | = L[¢]. Taking the subsequence (un, )ken, we get A(-) = Ps(+), and
hence

uz/ ftp dPs(p). (6.108)
[0,1]

Let L(N) be the sequence constructed in Lemma [6.2.11]b]. We can require that
L(N) < L(N) for all N € N. Write

L{XWH(Ngs — L(Ng) + L(Ny)), YN (Nys — L(Ny) + L(Ny))]

= L[X™H(Nys — L(Ng) + L(Ng)), YN (Nys — L(Ng) + L(Ng))]

— L[X"¥e(L(Np)), YN (L(Ng))], (6.109)
+ L[XF (L(NE)), Y (L(Ny))] = L[X*(L(Ng)), Y*(L(Ng))]

+ L[XM(L(Ng)), Y*(L(Ng))].-

By Lemma [6.2.11] the first and the second term tend to zero as k — co. Hence
L[XWE(Nys — L(Ng) + L(Ng)), YV (Nys — L(Ny,) + L(Ny))] (6.110)

tends to £[X*(L(Ny)), Y#(L(Ny))] as k — cc. By (6.108),

LIXP(L(NG), Y ML) = /[Ol]c[xw (N), Y (L(N)] dP.(p).  (6.111)

Since limy_, o L(Ny) = 0o, by Lemma we have

lim £[X7 (L(NR)), Y (L(NR))] = v, (6.112)

Therefore, by (6.109) and Lemma
lim L[XWN(Nys — L(Ny) + L(Ny)), YN (Nys — L(Ny) + L(Ny))]

k—o0
(6.113)
- [ naro
[0,1]
To show that
lim £[ XM (Nys), YINE (N s)] = / v, dPq(p). (6.114)
k—o0 [071]

we invoke Lemma [6.2.13 Let (X[V11 YINL1) be the finite system starting from

L[XWHNs— L(N)),YW(Ns - L(N))], (6.115)
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and let (L(N))nyen be the sequence such that (6.113) holds. Let (X2 Y IV]:2) he
the finite system starting from

L[XWN(Ns — L(N)),YIN(Ns — L(N))]. (6.116)

Choose for the sequence ¢(N) in Lemma [6.2.13| the sequence L(N). Let uV:! be

defined by periodic continuation of (X[N]_(Ns — L(N)), YV (Ns—L(N))), and ptvl:2

by periodic continuation of (XIN(Ns — L(N)),YIN|(Ns — L(N))). Defining ©; and

O, according to (6.85), where for ;M2 we replace L(N) by L(N), we get

Jim O —63"| = lim [©V*(Nys—L(Ni))— O™ (Nis—L(Ni))| = 0 in probability
—00 —00

(6.117)
by the assumptions in (6.63). Hence, if p is any weak limit point of the sequence
(uINEDY 5 pNL2) o, then o

M(@l = @2) =1. (6118)

By passing to a further subsequence, we can now apply Lemma [6.2.13] to obtain

tim B [ (L) — 25 (LN + Ky (D) - 5 (E(N)]] = 0. (6119)

k—o00
Note that
L[X1(L(Ny), Y1(L(N)))]
= L[XWH(Ngs — L(Ng) + L(Ng)), YN (Nys — L(NR) + L(N)))], (6.120)
L[X2(L(Ng), Ya(L(Ny)))] = L[XH(Nys), YN (Ns)].
Moreover, we know from that

lim £ [X[Nkl(Nks — L(Ny) + L(Nw)), YV (Nyus — L(Ny) + E(Nk))}

k—o0

(6.121)
:/ v,Ps(dp).
[0,1]
Combining (6.119)(6.121)), we find that
L[XWN(Ngs), Y IV (N s)] :/ v,Ps(dp). (6.122)
[0,1]
O

In the remainder of this section we prove Lemmas [6.2.5H6.2.11| and [6.2.13]

e Proof of Lemma [6.2.5]

Proof. Since the components of the infinite system in (6.42)) evolve independently, it is
enough to show that each component converges to I'g. This convergence follows from

the proof of Proposition (see Section [6.1.3]). Hence the infinite system defined by
(6.18) converges to vy = F Yo Ergodicity of vy with respect to translations follows
from Kolmogorov’s zero-one law. 0
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e Proof of Lemma
Proof. Using the definition of O (t), GLN] (t) in (6.44) and the SSDE in (6.15), we

find the following evolution for the averages:

de Z Vo(@i(t) dw;(t) + Ke [N (1) — 0N (1)) dt,
N e (6.123)
doiM(t) = e[©M (1 ( ) — N (1)) dt
Consequently,
d(al1)? =22 )dAW]( t) + 2d<ALN]>( £)
= 2ol Z V(@i(®)) dw,(t) — (Ke +e) (AN (1)) at
N ™ (6.124)

1
+2ﬁ Z g(mz(t)) dt
1E[N]

and hence
d 2
—E [(Ag“(t)ﬂ — 9(Ke+e)E {(Agv](t))z} + 5 > o) (6.125)
€[N
and
t
- e+e — e+e —-Tr 2
E[(a81®)°] =B [(al(0))"] em2er >t+/0 dr e XK= N7 glay(r).
i€[N]
(6.126)
Therefore we get the bound
(V) [N] /1) 2] e (Kete)t 2|igll
E[|A@ (t)ﬂ < E[(Ae (0)) }e A\ Nk (6.127)
O

e Proof of Lemma [6.2.9]

Proof. To compare the systems in (6.15)) and (6.74)), we couple them via their Brownian
motions. Therefore for all ¢ € [N] we assume that the evolution in (6.15) and
(6.74) is driven by the same Brownian motion, w; = w;. If i ¢ [N], then we set
w; = w; for j =i mod N. We denote the coupled process by Z(t) = (Z;(t))ien, =
(2"1(6), 21 (0) e, where 27 (6) = (2(1). 3, (1)) and 2 (1) = (™ (£), 51 (1)).
The tilde indicates that we are considering the coupled process, and
L) = X NS LN YN O
= L[XN(Ns — L(N)), YIN(Ns — L(N))]*. '

Define
AN =aMy -z @), oN ) =g @) - ). (6.129)
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To prove that the coupling is successful, we show that, for all ¢ > 0,
Jim E[|AY (0] + K57 (8)]] =0 Vi€ No. (6.130)
— 00

From now on we will only consider sites ¢ € [0, N] for which both infinite systems
have the same Brownian motion.

From (6.15) and (6.74) it follows that

d[laf @]+ K6 (#)]]
= (sgn AN (1)) dAN (t) + dL? + K sgn 6N (¢) A6 (1)
= —c (sgn AY (1)) AN (t)dt + ¢ (sgn A (1)) [(:)[N] (t) — (:)[N]} dt
+e(sgn AN (1)) [@;M () — 6w (t)} dt

+ (san AN (1 < o™t \/T) dwi (t

+ (sgn AN (1) Ke [6) (1) — A¥ ()] dt
+ (sgn 0} (1)) Ke [AT (1) — o) ()] dt,

?

(6.131)

where we use that the local time LY is zero, since g is Lipschitz (see [63, Proposition
V.39.3]).

Taking expectations in ((6.131f), we find

LEIAN (1) + K16¥ (0] = —cE [|AN (1))
+CE [(sgn AN (1) [0 (1) - 61M]]
+ cE | (sen AY (1) [N (1) - 6V (1)]|
+ KeE [(sgn AN (t) —sgn 6, (¢)) [0V (¢) — AN ()] -

(6.132)
Note that we can rewrite (6.132]) as

LEIAN (1)) + KI5 (1)) = —cE [|AY (1)]

—2KeR [1sgn AN (&)sgn 68 () 1GF ()] + IAfV(t)I]]
+cE [(sgn AN (1)) [61M(1) — @[N]H
+ B [(oan AY (1) [OL(1) - 61 (]

(6.133)
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It therefore follows that

E[AN (6)] + K16¥ (1)) = E|AN (0)] + K57 (0)]
—c/o dTE[|AZN(r)H
— 2Ke / U [Lgy AN (rysgn ooy 167 (0] + 1A ()]
trc sgn AN (r)) [6WV] (1) — 6]
+ [ areE [(sam AN () [61(r) - 6]

+ / ar e [(sgn AV (1) [01(r) - 0 (1)]].

Note that, by the choice of initial distribution for the coupling, we have N
E[|AY(0)| + K|5;Y (0)[] = 0. (6.135)
Therefore we get
0 <E[AY (1) + K15} (t)]]
< —/ arE (AN ()]
2K [ arE Ly o v 19701167 0]
+/0t drcE “(:)[N](r) _(:)[N}‘] (6.136)

+ /Ot drcE [{@QN](T) - é[N](T)|:|

<t ( sup ¢ E UC:)[N](T) —(:)[N]” +cE UOQN](T) —(:)[N](r)‘]> .

0<r<t

Hence, by the assumption in (6.75)) and Lemma (recall (6.128))) , we see that,

for all £ > 0,
lim E[JAN(t)| + K|6 ()[] = 0. (6.137)
N—o00

Therefore, for every Lipschitz function f € C(([0,1]),R) of z;(t),

lim [E[f (@Y (0) = f@* @) < Jim LipfBJIANL(V)] =0, (6138)

n—oo

and the same holds for Lipschitz functions of y;. Using that the Lipschitz func-
tions are dense in C (([0,1]),11%)7 we obtain that the result actually holds for all
fe C(([O, 1]2)N0,R) depending on finitely many components. This in turn implies
that the result holds for all f € C(([0,1]*)Ne, R). O

e Proof of Lemma [6.2.10]
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Proof. Define

1 z; + Ky; . .
p¥(z)y=+ Y JHiKyf D(2) = lim DY(Z) in Ly(p). (6.139)
Je[N]

Since p is translation invariant with f[o,lP :”(’;;Kyo dp < 1, the Lo(p)-limit D(Z)
exists by the ergodic theorem. Since, by assumption, uy — u as N — oo for all fixed
M € Ny, we have

Jim Ly [DM(2)] = £,[DM(Z))]. (6.140)
— 00
Therefore, in order to prove Lemma we are left to show
: M{p\ N _
Jin_sup [D¥(2) =~ DY (2)] ) =0 (6.141)

This can be done by using Fourier transforms and spectral densities, and to do so we
follow the same strategy as in [2I, Lemma 2.5].
Define

g — Er [”“"0 i Kyo] .

1+ K

Since pp is translation invariant on Ny, by Herglotz’s theorem there exists a unique
measure Ay such that, for all j, k € Ny,

4Ky - K _ o
o [ -) (=)= L e o
(77‘—777]

For N € Ny, define

(6.142)

DN (u) = % ‘Z el (6.144)
JEIN]
By , it follows that
[IDY(Z) = DY(Z)| 1,y = IPY (@) = DY ()], 51 - (6.145)

Polynomials of the type D (u) are called trigonometric polynomials and satisfy:
(a) Hmy_oo DV (u) = 110y (u).
(b) For 6 > 0 and M < oo there exists an €(M,d) such that, for all N > M,

\DN(u)—l{o}(uﬂ < 1(,575)\{0}—|—€(M, 5) with G(M, 5) — 0 as M — oo. (6.146)

Hence it follows that

1D () = DY ()[[7 ) < 22N (=8, 0)\{0}) + 2¢(M, ). (6.147)
Now let M — oo, to obtain
Sup DM (u) = DY ()| Ly(an) < 2AN((—6,8)\{0}). (6.148)
Subsequently let § — 0, so that (—4,6)\{0} — 0 and
Jm sup DM (u) = DX (W)[|7, (2 ny = O- (6.149)
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e Proof of Lemma [6.2.11]

Proof. We first prove Lemma [1] Afterwards we construct (L(N))yen to prove
Lemma [6.2.11]2].

Since limy 00 N, = K, Lemma implies that limy_,., £L[OMN*] = £[O]. For
ease of notation we drop the subsequence notation in the remainder of this proof.
By Skohorod’s theorem we can construct the random variables (z{)yey and 2z

1
on one probability space such that limy_, 2V = z; a.s. Then, as in the proof of
Lemma [6.2.10] we obtain

lim E[|6N — @8[] =o. (6.150)
N—o0

To prove the claim we couple the two infinite systems, namely,

Ao (1) = ¢ [OIN — & (1)) dt + \Jg(al™ (1)) dwi(t) + Ke [y (¢) — ai™ (8)] at,
dy;™ () = efi™ (t) —y; ™ (D) dt, i€ No,

K2

(6.151)
and

dat (t) = ¢ [0 — 2 (t)] dt + ¢/ g(= (t)) dw; (t) + Ke [yl (t) — 2t (1)] dt, (6.152)
dyf'(t) = e[z}(t) =y ()] dt, i €N,

%

are coupled by using the same Brownian motions in (6.151)) and (6.152). Like before,
define AN = '™ — 2" and 6N = y/'V — y!'. By the construction with Skohorod’s
theorem, we have that

Jim E[|AY(0)] + K[54~ (0)]] = 0. (6.153)
— 00

To prove that, for all t > 0,

lim E[|APY ()] + K[68Y ()] =0, (6.154)

N—oco

we proceed as in the proof of Lemma By Ito-calculus, we find that
E[JAPY (1)) + Ko}~ (t)]]
=E[JA!Y(0)] + K16/ (0)]]

—c/dMWAwwm
0

t i o (6.155)
= 2K [ ArB (1, s g st ) 10V (0] 148 0]
t — —
+/ drcE U@m - @”
0
< E[|AM(0)] + K847 (0)]] + te E[|OY — O]
From ([6.155) it the follows that, for every ¢ > 0,
lim E[|AYN(t)] + K|6/N ()] = 0. (6.156)

N—oc0
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We next construct the sequence (L(N))ney. From (6.137) and (6.156)),we have

Jim E[AN (0] + KI5 ()] + E[JA (1)) + K|~ (1)]] = 0. (6.157)

Let (tx)ren be an increasing sequence such that limy_, o tx = 0o and limy_, oo t/k = 0.
By (6.157), we can for each k find an Ny, € N such that, for all N > Ng,

1
E[|AN (te)| + K6, (te)|] + E[|ALY (t)| + K68 ()] < T (6.158)
Requiring that Nyy; > Ni, we obtain a strictly increasing sequence (Nj)ren that
partitions N. Set

LIN) =Y thlgn N -1y (V). (6.159)
keN

We show that L(N) satisfies the required properties:

o limy_oo E[|AN(L(N)[+K[6] (L(N))[|+E[AF™Y (L(N)) [+ K6 (L(N))[] = 0.
To proof this, we fix € > 0 and let K be such that % < €. Then, for all N > Ny,

E[JAY(L(N))] + K5 (LN)|] + E[JAFY (LN)] + K87~ (L(N))]]

=Y E[AN ()] + K16 (te)[] + E[JALY (t)] + K62 (t:)]] 1w, N1} (V)
keN
1
< ? < €.
(6.160)
We conclude that

NliglooE[IAfv(i(N))\+KI55V(E(N))H +E[JAY(L(N))|v+ K5/~ (L(N))]] = 0.
(6.161)

e limy_ oo L(N) = oco. By (6.159), for each k € N there exists an N € N
such that, for all N > N, L(N) > t; and ¢, — oo. We conclude that
limpy 00 L(N) = 0.

e limy_,oo L(N)/N = 0. Recall that limg_,~ tx/k = 0 and N > k by construc-

tion. Hence limy ;00 L(N)/N < Imy o0 Y pen(tr/E)] 1y, N3 (V) = 0.
Choosing (tg)ren = (L(N))nen, we complete the proof of Lemma [6.2.11 O

e Proof of Lemma [6.2.6]

Proof. The goal is to prove that vy is continuous in 6. To do so, let (6,)nen be a
sequence in [0, 1] (note that 6,, is not a random variable) such that lim, . 6, = 6.
Couple the two infinite systems

daj' (t) = c[0n — 7 (D)] di + 1/ g(7 (1)) dwi(t) + Ke [y (t) — 27 (¢)] dt,

(6.162)
dy;'(t) = e[af (t) =y (H)]dt, i€ N,

212



§6.3. Proofs: N — oo, mean-field, proof of abstract scheme

and
(1) = ol = 2, (0] dt + o, (0) dus(0) + Kelue) a0t oo
dy;(t) = e[z;(t) — y;(¢)] dt, i € Np,

via their Brownian motions, like in the proof of Lemmal6.2.11] Let L[(2}(0), y?*(0))] =
3(0,,,0,) and L[(x;(0),y;(0))] = d(g,0). As before, define A} = x7 —x; and 6" =y’ —y;.
Note that

nan;OE[|A?(O)| + K167(0)]] =o. (6.164)

By a similar argument as in the proof of Lemma|6.2.11] we obtain that, for all £ > 0,

lim E[JA7(6)] + K]67(2)]] = 0. (6.165)
n—o0
Hence we can construct a sequence (L(n))pen satisfying lim, ., L(n) = oo and

lim,,_, o L(n)/n = 0 such that

lim E[JAT(L(n))| + K|5} (L(n))[] = 0. (6.166)
To prove the continuity of the equilibrium vy in 6, we reason as follows. First note
that we can couple the system in starting from dg, g,y With the system in
starting from vy, . By the uniqueness and convergence to equilibrium (see
Lemma [6.2.5)), we see that this coupling is successful. Similarly, we can couple the
system i starting from §(g ¢y with the system in (6.163)) starting from vp,,
and see the coupling succesful. Finally, we use (6.166|) to obtain

lim EVB"XVBHATL( (n))] +K|5:L(L(”))H

< nlggo EY0n X0(0n.0n) [|A"( (n)] + K|5zn(L(n))H
(6.167)
+ nlggo ES6.6) %86 0m) HA”( (n))] + K|57(L(n))|]

+ lim E"000 [|AT(L(n))] + K|67 (L(n))]] = 0.
Let f be a Lipschitz function. Then, by the equilibrium property of vy, and vy,

lim B [f(2"(0))] — B [£(2(0))]]

- nlim [Eon [f(2™(L(n)))] — E [f(2(L(n)))]|
= lim |E”9n><”"[ (z (L(n))) f(z(L(n))) ”

n—oo

< hm (Llpf ) EVon Xve U(l’n n))) — (17([1(”)))H

(6.168)

We can also show this if f is a Lipschitz function of the y component. Hence vy is
indeed continuous as a function of 6. |

e Proof of Lemma [6.2.13]
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Proof. Note that for all N € N fixed, by It6-calculus we find from (6.15)) that

d NJ, N NJ,
SE [0 — M2+ KM ) - M )]
= 22N g oW — oM
N et J)1 72 {sgn (zgz\;] (t)fzyy\;](t));ésgn (IEN]'I(t)szN]’z(t))}

- 2K6E[|x[N]’l(t) — M2y

[NLL gy _ o [V):2
Tl O =0 O (291012 1)) (yEN]*l(w—yEN]'z(t))}]
(6.169)
Therefore, for each N € N,

t E [|x[N] L) — ™2 (1)) + Ky ) — N 2(t)|] is decreasing.  (6.170)

Fix any t(N) — oco. By the assumption in Lemma @}, the proofs of Lemma
and Lemma |6.2.11] imply that holds for both (X1, y V] d

(XIN1.2 Y IN2) “Using the construction in the proof of Lemma we can con-
struct one sequence (I(N))nen, satisfying [(N) < ¢(N), th_,Oo (N) = oo and

l
limy o0 [(N)/N = 0, such that (6.161)) with L(NN) replaced by (V) holds for both
the systems arising from (X1 YINLT) and (X V]2 y'[NV]:2),

Write

E |2 ) = 22 )]+ Ky aa) - M2 amn))|
<E [|of* a(N) = 2t V)] + Kl ) - gt )|

+E [Jaf () = 2l (UN)) 4+ Kyl (1) = g AN ]

+E [l (V) - oM )+ Kl an) - 2| -

Note that in the right-hand side of the inequality the first and the third term tend to
zero by (6.161). The second term tends to zero because u{©; = O2} = 1, and hence
Lemma [6.2.5] can be applied. Therefore

(6.171)

lim E o a() = 22 @) + Kl aan) - oM )] = 0. 6.172)

N—o0 i
Using the monotonicity in (6.170]), we get
Jim E [ (V) = a2 )]+ Ky ) -y )|

< tim E [z (V) =22 )|+ Ky aov) - g el = o.
(6.173)
g

Combining the proofs of Proposition Lemma[6.2.11| and Lemma [6.2.13] we ob-
tain the following corollary. This corollary turns out to be important in Section [6.3.2
in the proof of Lemma [6.2.16] to obtain the limiting evolution of the 1-blocks.
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Corollary 6.3.1. Fiz s > 0. Let uy be the measure obtained by periodic configura-
tion of
L[XWHNs— L(N)),YW(Ns - L(N))], (6.174)

and let p be a weak limit point of the sequence (un)nen. Let

ST i L2 (). (6.175)

and let (XVe,Y"Ve) be the infinite system evolving according to and starting
from its equilibrium measure. Consider the finite system (X[N],Y NY as a system

n ([0,1] x [0,1))No obtained by periodic continuation. Construct (X, YIN) and
(Xve,Y"e) on one probability space. Then, for all t >0,

lim E Ua?EN](NS—i-t) - mi""(t)‘] + KE [|y£N](Ns +t) — y:’@(t)” =0, Vi € [N].
o (6.176)

Proof. By Proposition we have that limy_, L[X NV (Ns) + YINE(Nys)] =
v(s) = vg. Let vy, be defined by periodic continuation of the configuration of
(XIWVE(Nys), YIVEL (Nys)) and let v = limyg o v, , 50 v = vg. Construct the process
(X)), YINI(1)) g0, (XVNe (L), YNk (8))¢>0 and (X¥(t), YV (t))¢>0 on one probability
space and use for all processes the same Brownian motions. Then the couplings in

the proofs of Lemma and Lemma [6.2.11| imply (6.176). O

§6.3.2 Proof of step 2. Convergence of the estimator

In this section we prove the three lemmas stated in Step 2 of Section Afterwards
we prove Proposition [6.2.14] with the help of these lemmas.

e Proof of Lemma [6.2.15]
Proof. Recall the definition of ©V(¢) in - It follows from the SSDE in
that
[N] (4 [N]
deWNl(t) = Tk +KN dw (6.177)

Hence we see that ¢ — ©[V](#) is a continuous martingale. By Itd’s formula we have

SN 27 _ QN 2 1 [N]
B[(670)’] = E[OM0)°] + gz [ 4 5z 2 olel¥)
i€[N] (6.178)
L lgll
< — I
St Nt Ky
Since g is a bounded function, we get that ¢ — ©INl(#) is square integrable. Tt follows
that,
(((:)[N] (Ns +t) — 6] (Ns))2) (6.179)

t>0
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is a sub-martingale. Therefore, defining the stopping time
SN — inf {t >0: (OM(Ns+t) — OIN(Ns))? > e} A L(N), (6.180)

we find, by the continuity of ¢ — O] (Ns+t) and the optional sampling theorem,
that

P (S € [Ns,Ns + L(N))) < ;21@ (6™ (Ns + (V) ~ M (N5)*] . (6.181)

Combining (6.178)) and (6.181)), we find

lim  sup |OW(Ns+t) — OW(Ns)| = 0 in probability. (6.182)
N—00 0<t<L(N)

To obtain the increasing process, note that by Ito-calculus it follows from (6.177)) that
_ 1 s 1
[N] - L [N]
(OWNI(Ns)) L = L /O dr A€§[Nj] gz (NT)). (6.183)

We are left to show that the sequence of processes ((OV/(Ns))s>0)nven is tight.
Note that (6.183]) implies that, for all N € N and s > 0,

(8NI(Ns)) < Tt EP L|Lg|f|()2 s (6.184)
and q
£<6W1 (Ns)) < (11|Lg|1|()2' (6.185)

Hence the sequence ((OV(Ns)) >0)nen is equicontinuous. Therefore, by the Arzela-
Ascoli theorem (see e.g. [7, Theorem 7.2]), for each T' > 0 the set
((BINI(Ns))g<s<r)nen is relatively compact in C([0,T],R), the space of continu-
ous functions from [0,7] — R. Therefore the set of laws (L(OWI(Ns))o<s<r)nen
is tight in P(C([0,T],R)). Hence it follows that (L(OWN!(Ns))s>0)nen is tight in
P(C([0,00),R)), the set of probability laws on C([0, ), R).

Since (OIN(Ns) — ©IN(0)),50 is a stochastic integral, we can represent it as a
time-transformed Brownian motion (see e.g. [62, Chapter 5]):

((:)[N] (Ns) — (:)[N](O))SZO — w(<@[N] (N3)>)520' (6.186)

Let x be a standard normal random variable. Then

E | (w(©0v9)) - w(@))) | < B | (©Me) - (@) | 2 1

<o s m ).
- (1+K)4
(6.187)
Hence it follows from Kolmogorov’s criterion for weak compactness (see e.g. [62]
Chapter XIII, Theorem 1.8]) that the sequence (L[(OMN(Ns)) >o0])nen is tight in

P(C(]0,0),R)). O
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e Proof of Lemma [6.2.16]

Proof. For ease of notation we will suppress the subsequence notation and assume
that
lim c[(@ W(Ns)) . } = L[(6(s))s>0). (6.188)
N—o00
The processes (ON1(Ns)),>q are martingales, see (6.177), measurable w.r.t. the
canonical filtration (F;)s>0 and so are there weak limit points. Therefore also the
weak limit point (©(s))s0 is a martingale, (see [2I} Section 3]). To obtain (6.93)), we
use the following strategy. Recall from the proof of Lemma that the sequence
{(BINI(N's)) =0} nven is tight. Hence, in order to prove that

tim £ [(©N(Ns)s0] = £ [( /O ) drﬁ Evec) [g(xo)]>s>0}, (6.189)

N —o0

it is enough to prove that the finite-dimensional distributions of ((BINN(N's))s=0)Nen
converge to the finite-dimensional distribution of ([ dr (1+K) 5B [g(20)])s>0. We
will prove a slightly stronger result, namely,

lim E H<@[N](Ns)> — /0 dr ﬁiﬁ@w [g(xo)]H =0. (6.190)

N—o00

Once we have obtained (6.190) and hence (6.189)), by Skohorod’s theorem we can
construct the processes ((OVI(Ns))s=0) yen on a single probability space, to obtain

lim (OV(Ns)) >0 = </Osdr (1+1K)2E”e<r>[g(a:o)}> L (6.191)

N—00

Using the continuity of Brownian motion, we get that (recall (6.186))

fim_(8M(Ns)),..y = Jim_[w((OM(N )., +61(0)]

N—o0 N— 00
s ) (6.192)
= d 7Eyé("‘) 'l9 .S.
w </0 r 1+ K)2 [g(IO)])wo +vo a.s
Therefore we can choose a version of (O(s)),¢ such that
. AN . ~
]\}gnoo (9[ ](Ns))s>0 = ngnoo (@(s))s>0 a.s. (6.193)
and
J\iiirim ((:)[N} (Ns), (6N (Ns))) 550 = = (6(s), (é(s)>)8>0 a.s. (6.194)

By the continuous mapping theorem, (6.93)) follows. The martingale property follows
from the fact that (OIV(Ns)2 — (O ](Ns)>) 4~ are martingales. Therefore, to finish
the proof of Lemmam we are left to prove (6.190)).

To prove , define the empirical measures on [0, 1] by

UN(Ns) Z 8y (Ns)- (6.195)
zE[N]
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Note that we can write

B H«am o - [ ar ﬁx& o(aol |
1+K {/ dr BV (V) / dr BYetn[g xo)}H (6.196)
1

< g ), e <N’”>[g<zo>l—EVWg(axonH.

Hence, to prove (6.190)) it is enough to prove that, for all » > 0,

Jim E [[EY™ 0 [g(aq)] - Boe [g(a0)]| | = 0 (6.197)
and apply the dominated convergence theorem.

To prove , we will use the coupling arguments from Section as well
as ergodicity and invariance under the evolution of vg. As before, let 2IV(¢) denote
the [N]-component system (z!V(2), 5!V (£))s>0 evolving according to (6.15), viewed
as a system on Ny obtained by periodic continuation and with initial law £[zI¥(0)] =
Lz, N (Nr L(N)),y [N] (Nr — L(N))]. Let (2#~(t)):>0 denote the infinite system
(m””( )y YN (8))e>0 evolvmg according to with initial law ux obtained by peri-
odic continuation of the configuration of (xEN] (Nr—L(N)), yZ[N] (Nr—L(N))), and let u
be a weak limit point of the sequence py. Note that, for all » > 0, by Lemmal6.2.10| we
have that limy_,o, ON(N7) = O(r) for O(r) = 1,00 7 D ic ) zlill({y in Lo(p).
Let L(N) be the sequence constructed in Corollary Then we can write

E [[E" 0 [g(w0)] — B [g(z0)]

<E |5 3 o) - 5 3 (e @)

_iG[N] i€[N]
+E % > g(a T (L(N))) — Ee [g(x0)] (6.198)
L i€[N] |
< (Lipg)E ]:c([f” () — e O L)||

o Z ue(r) E ))) —E¥em [g(l‘o)] )

where in the second inequality we use the Lipschitz property of g and the translation
invariance of the system. Note that the first term tends to 0 as N — oo by Corol-
lary Finally, note that by Lemma[6.2.5] (z;);en, is a sequence of bounded i.i.d.
random variables under vg(,). Hence the last term tends to zero by the law of large
numbers. d

e Proof of Lemma
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Proof. Note that, since g is Lipschitz, the function
0 — E"[g], (6.199)

is Lipschitz by Lemma Hence, by [72], Theorem 1], the SDE

dd(s) = ﬁ Ev+(5)[g] dw(s) (6.200)

has a pathwise unique solution (see ite[p315-317]KS91) and a unique solution in law
(see [72, Proposition 1]). This implies that the martingale problem with generator

1 d

arrr Ve

(6.201)
has a unique solution. In particular, choosing f(®) = ®2, we see that the martingale
problem implies that

(9260~ g ) wElteol) (6:202)

is a martingale.
Since (O(s))s>0 is a continuous bounded martingale, it could be written as a time
transformed Brownian motion. The uniqueness of the martingale problem in (6.94))

now follows from the fact that the quadratic variation of a martingale is unique. [

e Proof of Proposition [6.2.14

0 YALJVH)

Proof. Combining Lemma/6.2.16{6.2.17} all converging subsequences of (L[(OV(Ns))s>0]) ven

converge to the same limit, which is the unique process satisfying the martingale prob-

lem in ([6.94). O

§6.3.3 Proof of step 3. Convergence of the 1-blocks
in the Meyer-Zheng topology

In this section we prove Proposition [6.2.18] stated in Step 3 of Section [6.2:2] The
Lemmas [6.2.19] [6.2.20] and [6.2.21] are proven in Appendix [B.2]

e Proof of Proposition [6.2.18

Proof. By Proposition [6.2.14] we have that

Jim LION(Ns)] = £[(6(s))s0) (6.203)
— 00
in the normal topology and therefore (see Lemma

lim L[OW(Ns).so] = L[(©(s))s>0] in Meyer-Zheng topology. (6.204)

N—o0
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By Lemma for s > 0,

lim E H(Z)[Nl (Ns) — 2N (s) } —0 (6.205)
N—o00
and therefore, by Lemma [6.2.19
lim dp(vgiv, 1 v) = 0 in probability. (6.206)
N—oo Ty

To apply the above results to our model, we recall the following basic result (see [7]
Chapter 1]), which also holds for the Meyer-Zheng topology.

Lemma 6.3.2. Let X, Y, be random variables. If

lim £[X,] = £[X] (6.207)
and
li_>m d(X,,Yn) = 0 in probability, (6.208)
then
lim L[Y,] = £(X). (6.209)
n— oo

Applying Lemma (6.3.2]) to our case, we obtain

lim L[z (s))ss0] = L[(O(s))s>0] in the Meyer-Zheng topology.  (6.210)

N—oc0

The argument for

lim £[(y£N](s))s>0] = L[(6(s))s>0] in the Meyer-Zheng topology (6.211)

N—o00
follows in the same way. By Lemma [6.2.20] we obtain

lim L'[(x[lN] (s), ygN](s)—x[lN](s))Do] = L[(0(s),0)s=0] in the Meyer-Zheng topology.

N —o0
(6.212)

Applying Lemma [6.2.21| with f(z,y) = f(x,y + z) and the continuous mapping the-
orem, we obtain

lim £ [(x[lN](s),ygN] (s)) o} = L[(6(s),0(s))s>0] in the Meyer-Zheng topology.
s>

N —oc0
(6.213)
O

§6.3.4 Proof of step 4. Mean-field finite-systems
scheme

e Proof of Proposition [6.2.1
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Proof. Proposition b) follows directly from Propostion [6.2.14, The proof of

Proposition [6.2.1|(a) follows from Proposition [6.2.1(b) and Proposition
To prove Proposition c) fix t > 0. Consider the processes
(XIVI(sN + 1), YINI(sN +1));>0 as processes on ([0, 1]2)No by periodic continuation.
Since ([0, 1]?)™ is compact, the sequence (XM (sN+t), YINI(s N +1)) yen is tight and
hence has a converging subsequence. Let (O(s)),~¢ be the limiting process obtained
in Proposition . This has continuous paths and is the unique solution of a
well-posed martingale problem, and hence is a Markov process. Denote by @ the
time-s semigroup corresponding to (©(s))s>o. Combining Proposition Propos-
ition and Lemma we get that, for each converging subsequence,

lim £ [XlNﬂ(st + 1), YIVEl (s IV, +t)] = / Qs (0,d0") vgr = v(s), (6.214)

k—o0

and hence it follows that, for all ¢ > 0,

Jim £ [X[NJ(SNH),Y[N](SNH)} = /QS (0,d0") vy = v(s). (6.215)
e el
Let (X (t),Y()(t));>0 be the infinite system defined in (6.18)), starting from initial
measure v(s). Then it follows from Corollary that we can construct the processes
(XWI(sN +1), YIN(sN +1))i>0 and (X¥) (), Y*)(t));>0 on one probability space
such that, for all ¢ > 0,
. v(s N .
Jim E [|z(i€}%i)(t) — AN (N + t)” —0 V(i,R)eZx{AD}.  (6216)

Hence we see that the finite-dimensional distributions of the process
(XWI(sN +1), YINI(sN 4 t));>0 converge to the finite-dimensional distributions of te
process (X7 (¢), YY) ())>0.

Since we want that

Jim £ [(X[N] (sN+1), YIN(sN 1) _ | =£ [(X”(S) (1), yv<s>(t))t20} . (6.217)

t>0}
we are left to show the tightness of L[(XNV(sN +t), YINI(sN +t))¢>0] nen in the path
space C([0,00), ([0,1] x [0,1])°). Since ([0,1]2) is endowed with the product topo-
logy, it is enough to show for all sequence components (xEN] (t))t>0 and (yl[N] (t)t>0
that they are tight in path space (see [7, Theorem 7.3)).

To prove that the components are tight, we use a tightness criterion for semi-
martingales by Joffe and Metivier, [49, Proposition 3.2.3]. To use this criterion,
we have to show that for all ¢ € [N] the components (xEN] (t),yl[N] (t)) are D-semi-
martingales as defined in [49} Definition 3.1.1]. To do this, let C* C C; ([0, 1]?) be the
set of polynomials on [0, 1]?, and define the operator

G (e % 0,12 % [0,00), Q) - R (6.218)
by
N] e N] B e
GT (f7 (Qf,y),t,W) - N Z [xj (t7w) ‘T] + K[y m] or
JEIN] (6.219)
1 0% f of
+ 59(90)@ +elr - y]@~
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We use the subscript 1 to emphasize that GErN] is the operator of a D-semi-martingale
and not a generator. Below we check in 4 steps that the component processes
(mEN] (1), y}lN] (t))t>0 are indeed D-semi-martingales.

(a) The functions
fi(@i, ys) =z fomi,ui) = v, (6.220)
are in C*, and so are fZ, fifo, f3.

(b) For every ((z,y),t,w) € ([0,1]% x [0,00) x ), the mapping
e GELN](f, (z,y),t,w) is linear on C* and G%N](f, S t,w) € C*.

(c) Let (Fs)s>0 be the filtration generated by the Brownian motions ((w;(s))s>0)ie[n]
and let P be the o-algebra generated by the predictable sets, i.e., sets of the
form (s,t] x F for F € F,. Since the component processes (zLN] (t))e>0 are con-
tinuous, ((z,y),t,w) — GELN](ﬁ (z,y),t,w) is B([0, 1]*) ® P measurable for every
f € C*, where P is the o-algebra generated by the sets of the form (s,t] x F for
F e Fs.

(d) Applying It&’s formula to the SSDE in (6.15]), we obtain, for every f € C*,

£ @),y @) = £(2M(0), 5 (0))
+ /t ds — Z [:C[N](s w) — :r[N](s)] g(:r[N](t) y[N](t))
0 N J ’ g 6$ v T

JE[N]

BN
+ [ asglas) % CONI0)
(6.221)
Therefore
ML (¢ w) = £ (2Nt w), y N (1 w)) = £(2N(0,0),5(0,0))
(6.222)

_ /t ds GELN] (f($£N] (S, LU)7 yz[N] (Sa W)), S, (U)

0

is a square-integrable martingale on (€, (Fs)s>o0,P).

To check that the sequence of component processes ((xEN] (t), yZ[N] (t)))ven is tight,
we need the local characteristics of the D-semi-martingale, which are defined in [49]
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Definition 3.1.2] as (recall (6.220))

oM ((2,y), t.0) = GV (1, (2, y), tw),
b (. y),t.w) = G (fa, (2,9), 1 w),
b (), t.w) = G (L, (2,9). 1, w) — 22 by ((2,9), 1),
aE]2V:]1)(<x?y))t7w> g' (flan(x y) )_$b2(<xay)7t7w>_ybl((x7y)7t7w)7
Y ((2.9),1.0) = @) (@,9). t,w),
aEIQ\t]Q)((xMy)) t,CU) = G-[rN](foQ? (-T, y)7taw) - 2y bQ((l‘,?j),t,W)-
(6.223)
Hence c
b (@, y) tw) = 5 D [ (tw) — o] + Kely — .
JE[N]
b[QN]((xuy)vtvw) = €[$ - y]7
' (2,9).t,w) = 2g(2), (6.224)
agjl\g)((xa y)vtaw) = a(2,1)(( ay) ) - 0
G’EJQV,]Q)<($’ y)vtaw) = O

Here, b[ I and aE J], i,7 € {1,2}, are called the local coefficients of first and second

order. We check that the hypotheses [49, H1, H2, H3 in Section 3.2.1] are satisfied.

Hiy: For all N € N,

S M@y )P+ Y (ol ().t w)? < (et Ke+e)? +2]|g].

ie{1,2} i,j€{1,2} ( )
6.225

Hence, choosing as positive adapted process the constant process 1 and letting
the constant be equal to 4(c + Ke + e)? + 2||g||?, we see that H; is satisfied.

Hs: Since the component processes are bounded by 1, also Hs is satisfied.

Hj: Since the increasing cadlag function (ANV)(#));>¢ in 49, Definition 3.1.1] is in
our case AINI(t) =t, also Hj is satisfied.

Since Hy, Hy, Hs are met, [49, Proposition 3.2.3] implies that ((z; [N] (t), ylm (t))t=0) Nen
are tight in the space of cadlag paths D((0, o0], [0,1]?). Hence (6.217) indeed holds.
O
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CHAPTER

Two-colour mean-field system

In this chapter we extend the results obtained in Section to a mean-field system
where the seed-bank consists of two colours, one colour that interacts on the slow
time scale and one colour that interacts on the fast time scale. To do so we follow the
set-up used in Chapter [£.4] In particular, we highlight the role of the second colour.
Section [7.1] builds up the setting and states the main scaling result: Proposition [7.1.2]
Section provides the proof of this proposition based on a series of lemmas, which
are stated and proved first.

§7.1 Two-colour mean-field finite-systems scheme

Setup. In this section we consider a simplified version of our SSDE in (4.20) on the
finite geographic space

[N]={0,1,...,N — 1}, N eN. (7.1)
The migration kernel a*¥ (-, -) is replaced by the migration kernel a/Vl(i, j) = coN~1
for all 4,5 € [N], where ¢y € (0,00) is a constant. The seed-bank consists of two
colours, labeled 0 and 1. The exchange rates between the active and the colour-0

dormant population are given by Kpeg,eg. The exchange rates between active and
the colour-1 dormant population are given by £ > 5 The state space is

S=sN s=10,1] % [0,1]? (7.2)
and the system, consisting of three components, is denoted by

2M(1) = (X0, (5N 0. ¥ 1)) 15,

(7.3)
(XMI0), (g™ 0,7 (0) = (@), 95,00, 961(D)) e
The components of (ZIV)(t));>0 evolve according to the SSDE
[N] iy _ © [N] [N]
da; (1) = ;jgw[x;v (1) =2 (O] dt + /g™ (1) dwi (1)
+ Koeo [3(0) — 2l ar + B0 —alMear, (7
dyy (8) = eo [V (1) - y%} (t)] dt,

dyiy (1) = 5 M) -y ), e (],
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P([0,1]3). The SSDE in (7.4) has a unique weak solution coming from a well-posed
martingale problem [67, Theorem 3.1]. By [67, Theorem 3.2], . has a unique
strong solution for every deterministic initial state Z[¥1(0). Therefore the solutino of
is Feller and Markov for any initial law. The SSDE in can alternatively be

written as

dat™(t) = ¢ % ST @My — 2N | dt+ /g (1)) dwit)

which is a special case of (4.20). The initial state is u(0) = u®NT for some p €

JE[N]
T Koeo N (0) — a0 at + 1 N0 - oM ] a,  (75)
dyiy (1) = eo [ (1) — y%% )] dt,
ai o = 5 MO -y @l i)

So the migration term for a single colony can be interpreted as a drift towards the
average of the active population. We are interested in L[(Z[NV)(#)));>0] in the limit as
N — o0, on time scales t and Ns. Heuristically, analysing the SSDE in , we can
foresee the following results, which are made precise in Proposition [7.1.2}

e On time scale 1 = NY (space-time scale 0), in the limit as N — oo the colour-1

dormant population (Yl[N] (t))t>0 in converges to a constant process, since the
single components ¥; 1 do not move on time scale t. The components of

(XINI(#), YO[N] (t))1>0 converge to i.i.d. copies of the single-colony McKean-Vlasov pro-
cess in , where in the corresponding SSDE the parameters c, e, K are replaced
by cg, €9, Ko and E = 1. So on time scale ¢t we only see the colour-0 dormant popu-
lation interacting with the active population, and the colour-1 dormant population is
not yet coming into play. Therefore the colour-0 dormant population is the effective
seed-bank on time scale 1, and the process

20 = @V (8), 40 ()eso (7.6)

is called the effective process on level 0. Note that the active population has a drift
towards + > jen %5 (t), which in the McKean-Vlasov limit is replaced by E[x(t)]

given by (4.111] m

e On time scale N (space-time scale 1), we look at the averages

()0 = (a1¥(9), (0 (s >,y£{vﬂ<s>>)

s>0

Z:v[N] Ns), Zylo (Ns), Zy

16 [N] 1€[N ] $>0
(7.7)
Again the lower index 1 indicates that the average is the analogue of the 1-block

average defined in (4.22)). Using (7.4), we see that the dynamics of the system in ([7.7))
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is given by the SSDE

1
daf"(s) = | & D2 9@ s)) du(s) + NEoeo [3Y (5) = 2t (s)| ds
1€[N]

+ Kiey [y (s) = 2i¥(5)] s, (7.8)

dy([ﬁ](s) = Neg {:c[lN] (s) — y[N](s)] ds,

ayiY(s) = ex [21(s) = i ()] as.

Thus, as in the mean-field system with one-colour, on time scale N infinite rates ap-
pear in the interaction of the active population with the colour-0 dormant population.
Therefore in the limit as N — oo the path becomes rougher and rougher at rarer and

rarer times. Using the Meyer-Zheng topology we can prove that limy_, y([ﬁ] (s) =

limn 00 x[lN](s) most of the time. On the other hand, on time scale N, x[lN](s) has
a non-trivial interaction with yy\i] (s), and therefore we say that on time scale N the

colour-1 dormant population is the effective seed-bank. Note that for the evolution of

w[N](S)JrKoy[N](s) . . .
% the rates with a factor N in front cancel out. We will use

M () + Koyh (s)
1+ K,

(N] [N]

e x (8) + KOZU (S)

(ZENL ff(s))s>o = ( ! e oL ,y1,1(5) (7.9)
s>0

the average

the quantity to obtain results in the classical path-space topology.

We call

the effective process on space-time scale 1. We will call space-time scale 1 also level
1.

Scaling limit. To describe the limiting dynamics of the system in (|7.4), we need
the infinite-dimensional process

(Z(t))e=0 = ((2:(1))120) ;er, = (@i (8, Wi,0(1), 91,1 (1)) e20) e, (7.10)
with state space ([0, 1]*)No that evolves according to

dZL’Z(t) = 00[9 — Zl(t)] dt =+ 1/ g(xl(t)) dwl(t) -+ K060 [y170(t) — £L’Z(t)] dt,
dyi70(t) = €0 [.Z‘i(t) - yi70(t)} dt, (711)
yi1(t) = vi1, i € No.

Here, 6 € [0,1] and y; 1 € [0,1] for all i € Ng. We will also need the limiting effective
process

(Z°F()ez0 = (" (1)e=0) jen, = (@ (1), 556 (0)e20) e, (7.12)

with state space ([0, 1]2)No that evolves according to

da$(t) = co[0 — 25 ()] dt + (/g (27 (1)) dw(t) + Koeo [y5h (£) — x5 (¢)] dt,

dyso(t) = eo [a5T(t) —y55 ()] dt, i € No.

(7.13)
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Like for the one-colour mean-field finite-systems scheme, we need the following list
of ingredients to formally state our multi-scaling properties:

(a) For positive times ¢t > 0, we define the so-called estimators for the finite system

228

by:

[N] [N]
oMV (p) :% o (t) + Koyio (1)

iG[N] 1+ Ky

o INI (¢ Z M),

16“\’ (7.14)
OV Z YN
ZE[N
1 N
O N(1) = = D wh(®).
i€[N]

We abbreviate
O M) = (M), o) M (1), 0 N1 )
@ (DN 4y — <@<1>,{N1(t)7@u)m(t)).

Y1

(7.15)

We refer to (@°T(D:INI(1)),5 as the effective estimator process and to
(©@W:INI(1)),5¢ as the estimator process.

The time scale N's is such that L[OIV(Ns — L(N)) — OIN(Ns)] = &y for all
L(N) satisfying limy 0o L(N) = oo and limy_,0o L(N)/N = 0, but not for
L(N) = N. In words, Ns is the time scale on which ©/V](.) starts evolving, i.e.,
(OINI(Ns))g>0 is no longer a fixed process. When we scale time by Ns, we will
use s as a time index, which indicates the “fast time scale”. The “slow time
scale” will be indicated by ¢. Thus, the time scales for the two-colour mean-field
system are the same as the time scales for the one-colour mean-field system.

Remark 7.1.1 (Notation). The upper index 1 in O™ and G)?(,ll) is used to
indicate that we are working with a system of level 1, so the system that lives
on space-time scale 1. This can later be easily generalized to levels 2 and k. W

The invariant measure (i.e., the equilibrium measure) for the evolution of a

single colony in (7.11)), written
L6.6,4, (7.16)

and the invariant measure of the infinite system in (7.11)), written vggy, =
F?I}’y with § € [0,1] and y; € [0,1]Y a random variable. The existence of
the invariant measure vy and the convergence of L[Z(t);>o] towards vy will be
shown in the proof of Proposition [7.1.2

The invariant measure of the effective process in (|7.13)),
et (7.17)

and the invariant measure for the full process, vg = (I'§T)®No,
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(e) The renormalisation transformation F: G — G,
FOO = [ gl o dia), O€DY, (19
([0,1]2)No

where T is the equilibrium measure of (7.16). Note that this is the same
transformation as defined in ({.75)), but for the truncated system. Since vg is
a product measure, we can write

FoO) = [ a@ridndw), o< (719)

(f) The limiting 1-block process (z1(s))s>0 = (z1($), (¥0,1(5),41,1(5)))s>0 evolving
according to

[ (Fg) (21(5)) dw(s) + Kuex [y (s) — o1 (s)] ds] .
(7.20)

where Fg is defined in (7.20). The effective process
(2% (5)) 550 = (xﬁﬂ(s),yfl (8))s>0 on space-time scale 1,

(7.21)

We are now ready to state the scaling limit for the evolution of the averages in (7.7,
which we refer to as the mean-field finite-systems scheme with two colours.

Proposition 7.1.2 (Mean-field: two-colour finite-systems scheme).

Suppose that L[ZN(0)] = p®N for some p € P ([0,1] x [0,1]2). Let

0, = E* [y1]. (7.22)

190 = EM |:$ + K0y0:|

1+ Ky
(a) For the effective estimator process defined in (7.15)),

N—oc0

lim £ [(@efﬂ(l%[N](Ns))DJ -y [(z‘fﬁr(s))wo}, (7.23)

where the limit is determined by the unique solution of the SSDE ([7.21)), with
initial state
217(0) = (2§7(0), 5" (0)) = (Yo, 6y,) - (7.24)

(b) Assume for the 1-dormant single components that

lim £ [Yl[N] (Ns)’G(l)’[N] (Ns)] = PR, (7.25)

N—o0
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Define
ro o ) (s) = /[O ; Su((00,0y,), Atz u,)) T € P[0, 1]2), (7.26)

where Ss((9o,0y,), ") is the time-s marginal law of the process (2% (s))s>o start-
ing from (89, 0,,) € [0,1]% and TS is the equilibrium distribution of the system
in [TI3) with § = u, (note that T, (0) = T9T). Let (2°T T @00u () (1)),54

be the process with initial law zeﬁ’r("o"’yl)(s)(O) drawn according to F?§076y1)(8)

(which is a mizture of random processes in equilibrium) that, conditional on
2$%(s) = 0, evolves according to (7.13). Then, for every s € (0,00),

N—00

lim £ [(zgff’[N] (N's +t)) } -y [(zr?goﬂw(s)(t))tzo} . (7.27)

t>0

(¢) For the averages in ,
lim £ [(ZEN] (S))m] = £[(21(5)),m0]

N —oc0

(7.28)
in the Meyer-Zheng topology,

where the limit process is the unique solution of the SSDE in (7.20) with initial
state

21(0) = (#1(0),90,1(0), 41,1(0)) = (Yo, Vo, by, ) - (7.29)
(d) Assume and define

v(s) = /[0 " Ss((Y0,90, 0y, ), d(tg, tg, uy,)) / pl(/?(z;)uz7Uy1)(dy1) Vag gy »

[0,1]%0

(7.30)
where Ss((Jo, 0,0y, ),-) is the time-s marginal law of the process (21(s)) s in
(7:20), starting from (9o,90,0y,) € [0,1]3, and vy, 4, is the equilibrium dis-
tribution of the system in (]E with 0 = uy, and (Y;1)ien, = Y1, (note that
v(0) = vy, (ys 1 (0))icry )- Let (2¥ ()0 be the process on ([0,1]3)No with ini-
tial measure z*)(0) drawn according to v(s) (which is a mizture of random
processes in equilibrium) that conditional on x1(s) = 0 and Y1(s) = y; evolves

according to (7.11)) with 6 = uy and (yi1)ien, = Y. Then, for every s € (0, 00),

N—o0

i [N] = v(s)
lim £ [(z (Ns+t))t>0] c [(z (t))tzo]. (7.31)
Remark 7.1.3 (Law of 1-dormant single components). Note that

(c [yl[N](Ns)‘ ((:)[N] (Ns), 0N (Ns))DNENO (7.32)

is a tight sequence of measures. Hence there exist weak limit points. In Section [§] we
will see that if there is a higher layer in the hierarchy, then we can show that all weak
limit points of are the same and we can identify the limit. For Theorems m
and [£:4.4] we do not need this assumption, since there will alwyas be multiple higher
levels. |
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§7.2 Proof of the two-colour mean-field finite-systems
scheme

The proof of Proposition the finite-systems scheme with one level and two
colours, follows the strategy used in Section [6.3] for the proof of Proposition [6.2.1]
Like for the one-colour finite-systems scheme, we denote the slow time scale by t and
the fast time scale by s. The proof consists of the following 6 steps:

1 Tightness of the effective estimator processes defined in ([7.15]).

(@M IVI(N$))i50) yen (7.33)

2 Stability property of (@°TULINI(Ns + )0, i.e., for L(N) satisfying
limpy 00 L(N) = 00 and limpy o0 L(N)/N =0, and all € > 0,

lim P| sup ’@(1)’[1\[] (Ns) — 0W:INI(Ng — t)‘ >e€| =0. (7.34)
N—oo  |o<t<L(N)
and
lim P| sup ‘@5}1)»““ (Ns) — 0 IN(Ng - t)‘ > el =0. (7.35)
N—oo  lo<t<L(N)

3 Equilibrium of the infinite system and the one-dimensional distribution of the
effective single components (Z(Ns + t));>0, analogous to Proposition

4 Limiting evolution of the effective processes ((@°%1:IN(Ns))so)nen.
5 Evolution of the 1-blocks in the Meyer-Zheng topology.
6 Proof of Proposition [7.1.2]

Step 1: Tightness of the 1-block estimators.
Lemma 7.2.1 (Tightness of the 1-block estimator). Let
(9657(1)a[N] (Ns))s>0 (7.36)

be defined as in ([7.14). Then (L[(O°TWIN(Ns)) so])Nen is a tight sequence of
probability measures on C((0,00), [0, 1]?).

Proof. To prove tightness of ((@°T(1:IN(Ns)),s0)nen, we will prove for all € > 0
that the set of measures ((©°F-(1):[N] (Ns))s>e)nNen is tight. To do so, fix e > 0. We
will again use [49, Proposition 3.2.3]. From (7.4) we find that the 1-block averages

231

), MILAVHD)



CHAPTER 7

7. Two-colour mean-field system

(@°F-(INI(Ns)),0 evolve according to

. 1 1
46 NI(Ns) = - - 5 2l INI(Ns)) duw(s)
0 i€[N]
1
N [V]
+ Kie; 91(111)[ I _ N _GE[N] z; ' (Ns)| ds|, (7.37)

@(1) N(Ns) = ey Z xN] Ns) @l(/ll)’[N](Ns) ds.

To use [49, Proposition 3.2.3], we define C* as the set of polynomials on ([0, 1]?). Note
that (('-)eﬂ’(l)’[N](Ns))sz6 is a semi-martingale. Applying It6’s formula, we get
f (@efh(l),[N] (Ns)>

—f (@eff,u),uv] (Ne))

+ / dui(r) 1 e J 3 Z oM () (e ()

s K1€1 (1) [N] 1 [N] 8f £.(1),[N]
(N1) N e° N
+ "1+ K, r) Nzgw i (N7) ( ( 7“))
[ Care N (N — 0N () 5f @¢T. (DN ()
Y1
¢ ZG[N]

s 1 62
+ | R > ol o) gz ()
¢ N]

(7.38)
for all f € C*. Hence, if we define the operator
GV [0,1)2, [e,00), ) = R,
(1).[V] _ FKe |1 (V] of
GT (f7 (xay)vsvw) - 1 +KO Y N Z (NS w) ax
i€[N]
7.39)
1 0 (
+e; [NZ al ](Ns w)—y 8;
i€[N]
1 1 [N] 0*f
—_— N
+2(1+K0)2NZQ(1 ( SW))al,Q

€[N

then we see that the process (@°T(NINI(Ns)) 5, is a D-semi-martingale for all € >
0. For all ¢ > 0 the conditions Hy, Hy, Hj3 are satisfied as before. Therefore we
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conclude from [49, Proposition 3.2.3] that the sequence ((@°T(MINI(Ns)) s )nen is
tight. Since this is true for all € > 0, we conclude that (£[(@°FM:INI(Ns)).~0])ven
is tight. |
Step 2: Stability of the 1-block estimators.

Lemma 7.2.2 (Stability property of the 1-block estimator). Let @°(1):.[N](¢)
be defined as in (7.14). For any L(N) satisfying imy oo L(N) = 00 and
limy_00 L(N)/N =0,

lim  sup ‘(:)(1)’[1\’] (Ns) — W N(Ng — t)’ = 0 in probability (7.40)
N—=00 0<t<L(N)

and

lim  sup ‘@7(411)7[1\’] (Ns) — @7511)’[]\” (Ns— t)’ = 0 in probability. (7.41)

N—oo g<t<L(N)

Proof. Fix € > 0. From the SSDE (7.4]) we obtain that, for N large enough,

)

=P sup ! /NS dr @ o(),N] (r) — 1 Z 2V (r)
o<t<i(N) L+ Ko | Jns—t N ot N eIV ’
+/ dw; (r ]

Ns—t ZG[N]

(| E@ 2 1 / e

N(1+ Ko) 1+ Ko Jnes mm
oo [ o 05 3 o) >

o<t<rL(N) |1+ Ko il ZE[N

1

<P su / dw; (r

<O<t<L(N) 1+ Ky )

(7.42)

Applying the same optional stopping argument as used in the proof of Lemma [6.2.15

we find (7.40)). For (7.41), note that
> 6)

P sup
0<t<L(N)
M e | g ! [N]
dr = |10, W(r) — — z; (1)
[ P

OMIN(Ns) — OWIN(Ns —¢)

P sup
0<t<L(N)

[N

[N]

IN

+ sup
0<t<L(N)

2K1€1
1+K®

ZE[N]

O W(Ns) — e N(Ns —t)

=P sup
<O<t<L(N) 1+ Ko

261L(N)
P((l—i—KO)N > e).

IN
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Let N — oo to obtain (|7.41]). O

Step 3: Equilibrium for the infinite system. To derive the equilibrium of
the single components in the infinite system, we derive the following analoque of
Proposition Recall that the finite system is denoted by ZV+l in 7 and
recall the list of ingredients in Section

Proposition 7.2.3 (Equilibrium for the infinite 2-colour system). Let (Ng)ken
be a sequence in N. Fixz s > 0. Let L(N) satisfy imy_,o0 L(N) = 0o and
limy oo L(N)/N =0, and suppose that

lim £ _G')eff’(l)’[Nk](thS)] = P@cf'f(s)a

k—o0
. r o ©°f. (1) (4
Jim £ [V (Nys) | @ DN () | = PP,
lim £ sup  |OMH(Nys) — OV (N s — t)‘ + }@LJY""](N;CS) — 0, N (Nys — t)‘
koo | 0<t<L(Ny)
= 603
lim E[Z[N’“](Nks)] = v(s).
k—o0
(7.44)
Then v(s) is of the form
0,0,
u(s) = / Po(3)(d6,d6,) / P09 (dg,) vy, (7.45)
[0,1)2 [0,1]%0

where Y, = (Yi,1)ieN, 5 a sequence with elements in [0,1], and vy 4, is the equilibrium

measure of the process in (7.10) evolving according to (7.11)) with (y;1)ien, given by
the sequence y, =.

Preparation for the proof of Proposition The proof of Proposition [7.2.3]
follows the same line of argument as used in the proof of Proposition We
need lemmas that are similar to Lemmas but this time in the setting
of the two-colour hierarchical mean-field finite-systems scheme. Afterwards we prove

Proposition [7.2.3]
Lemma 7.2.4 (Convergence for the infinite system). Let u be an exchangeable

probability measure on ([0,1]*)No. Then for the system (Z(t))i>o0 given by (7.10) with
L[Z(0)] = p,

Jim £{Z(t)] = vy, (7.46)
where vy, is of the form
Vg’yl = H FG,yi,1 (7.47)

1€Ng
with Ty,  the equilibrium of the ith single-component process in (7.11)).

Proof. For each component of the infinite system in (7.10]) the 1-dormant single com-
ponent process (y;1(t))i>0 does not move on time scale t. Hence, given the states
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of 1-dormant single components, we can use a similar argument as in the proof of
Proposition (see Section [6.1.3)) to show that the single components converge to
an equilibrium measure I'g , ,. Since the single components do not interact, the claim

in Lemma [7.2.4] follows. O

The second lemma establishes the continuity of the equilibrium with respect to 6,
its center of drift.

Lemma 7.2.5 (Continuity of the equilibrium). Let P(([0,1]*)N0) denote the
space of probability measures on ([0,1]*)Ne. The mapping

[0,1] x [0, 1]% — P(([0, 1]*)™)

(7.48)
(97 yl) = V@,?h

is continuous. Furthermore, if h is a Lipschitz function on [0, 1], then also Fh defined
by
(Fh)(0) =E"un[h(-)] = / Vo,y, (dz) h(zo) (7.49)

([0,1]2)%o

is a Lipschitz function on [0, 1], whose values are independent of y, .
Proof. Lemma follows from the proof of Lemma (|

The third lemma characterises the speed at which the estimators (@QN] (t))e>0 and
(@LN] (t))e>0 converge to each other when N — oo and t — oo.

Lemma 7.2.6 (Comparison of empirical averages). Let (99)’“” (t)i>0 and

O MN(1)),50 be defined as in (T14). Then

E[|o M) — o) M)|| < \/ E {(@S“N] (0) - O (0))1 e~ (Kocoteo)t

2 4K
N lgll, 4k1er]
K060+€0 N N

(7.50)
Proof. From (7.4)) it follows via Ito-calculus that
d 2 2
—E [(@gwl (t) — O (t)) ] = —92(Koeo +eo) E [(@g%m (t) — O] (t)) ]
+ RN (1),
(7.51)
where
2Ke
A0 =B | 2 (el¥(0) - o)) [ e) — o)
2 (7.52)
+ 57 2 Blo(@M )]
1€[N]
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Hence
E [(@gwl (1) — O (,5))1 R [(ggmm (0) - BN (0))2] o—2(Koeoteo)t

t
+ / dr e 2Kocoteo) (t=r) pIN] (1)
0

(7.53)
Take the square root on both sides and use Jensen’s inequality to get (7.50). g

Like for the mean-field system with one colour, we need to compare the finite
system in with an infinite system. To derive the analogue of Lemma let
L(N) satisty limy 00 L(N) = 00 and limy_,o0 L(N)/N = 0. Define the measure py

n ([0, 1]*)No by continuing the configuration of

ZWN(Ns — L(N)) = (X[N](Ns — L(N)), (YO[N] (Ns— L(N)), iV (s — L(N))))
54

(7.54)

periodically to ([0, 1]%)No. Let

) 1 2N (Ns — L(N)) + Koy (Vs — L(N))
QLIN] — = g[;v] e 0 : (7.55)
Let
(ZM(1))iz0 = (XM (1), (Vg™ (1), Y{* (1)) 10 (7.56)

be the infinite system evolving according to

dal™ (1) = co [OWINT — 2™ ()] dt + /g (21 (1)) dwi(t) + Koeo [yl'y (1) — 2™ (1)] dt,
dyig (t) = eo [2f (t) — yig (H)] dt,
yi”l\’ (0) i € Np,

yz 1 (t)

(7.57)

starting from initial distribution py. Then the following lemma is the equivalent of
Lemma for the two-colour mean-field system.

Lemma 7.2.7 (Comparison of finite and infinite systems). Fiz s > 0, and let
L(N) satisfy imy_00 L(N) = 00 and limy oo L(N)/N. Suppose that

lim  sup ’@(1) I(Ns) —0WIN(Ns — t)‘ =0 in probability. (7.58)

N—oog<t<L(N

Then, for allt > 0,

lim B [£(2(0) = f(ZM(Ns = LIN) +0) || =0 v f ec((0,1]°)",R).
(7.59)
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Proof. We proceed as in the proof of Lemma We rewrite the SSDE in as
de;M(t) = co [0 — (8] dt

+ ¢ [@(1 w (t) — WM dt + ¢o [0 N (1) — 6W-IN(1)] at

+ /(" (1)) duwi(t)

+ Koeo [yl () — M (0)]dt + =L
Ay (1) = eo [ (5) — i (0] .
ayl () = 5 N0 -y @] atie )

Kie, (7.60)

[V] [V]
N [yi,l (t) —=; (t)]dt,

As before, we consider the finite system in (7.60) as a system on ([0,1]*)Ye by
periodic continuation, and we couple the finite system in (7.60) and the infinite
system in (7.59)) via there Brownian motions. We denote the coupled process by

2t) = Glt))iewy = (N0, 2% (1) )ieny, where 200 (1) = (@M @), g @), 3N 1))
and 2 () = (T (1), 7 (), 27 (t)). We define

N ~[N ~
AT (1) = &N () — &~ (1),
N ~[N ~
sty = gy — gty (o), (7.61)
N ~[N
sty = Ny — gy ().
As in the proof of Lemma [6.2.9] we have to show that, for all ¢ > 0,
~ [N (4[] = ; [N (4[] — , [N (1 —
lim EfAM @) =0, 1im Elsi @) =0 tim Ef5 @) =0. (7.62)

To prove the third limit in (7.63)), note that, by (7.57)), (7.60) and the choice of

the initial measure in the coupling,

W0 =0+ 5 [ -o0) =4 [ ar o)
(7.63)

Hence
lim E[|sIY(L(V))[] = 0. (7.64)
N—o0 ’

To prove the first two limits in (7.63]), we argue as in the proof of Lemma
but we need to add extra drift terms towards the first seed-bank. Using It6-calculus,
we obtain

dt
= —cE[AM )]

— 2600 E [[|AP )] + 07 (1) 1

E[aM @) + Ko 1))
[

(V]
{sgn A&7 (t );ésgnzi (t)} (765)
+ csgn AN (1) [0 ] () — §D:IN]

+ csgn A[N]( )[(:)501)7[N] (t) — 6] ®)]

K
+ s AN @[ @) - aM ).
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This can be rewritten as

0 < E[AN (6)] + Kol (1)]]

< E[aP )+ Kaf )] ¢ [ Bl
0

t
N N
_2KO€O/0 arE [JAP ]+ 185 ) L 19 ) pogmal

to (7.66)
Lo / dr [N () — @ IN]]
0
t
+c / dr |0 N () — @ INT ()
0
K t
+ = [ ar [l o) - alMe)|.
N 0 ’
By the construction of the measure py, we have
lim E[|AN (0)] + Kol (0)]] = 0. (7.67)
N —o00
Therefore, for all ¢ > 0,
dim E[AM 6] + Kol (1)) = o. (7.68)

Combine this with (7.64) and use that Lipschitz functions are dense in the set of
bounded continuous functions. Then, as in the proof of Lemma [6.2.9] we get the

claim in ((7.59). O

Before we can prove that the infinite system (X#~(t), Y3V (¢),Y{"™ (t))t>0 con-
verges to a limiting system as N — oo, we need the following regularity property for
the estimators (O], @5:[]).

Lemma 7.2.8 (Stability of the estimator for the conserved quantity). Define
un as in Lemma m Let (va,y%,yfyl)iew] be distributed according to the ex-
changeable probability measure puy on ([0,1]*)No restricted to ([0,1]*) V). Suppose that
limpy oo v =  for some exchangeable probability measure p on ([0,1]%)No. Define
the random variable ¢ on (1, ([0,1]3)N0) by putting

¢ = (¢17 ¢2)7
L 1 x; + Kyw T 1 (7.69)
hsmn 2 Tirx o et Mmg e

and the random variable ¢ on (ux, ([0,1]2)N0) by putting

oM = (6", o)
N N
v _ L zi + Kyio v 1 N (7.70)
1 _NZWv ?; _Nzyi,l'
i€[N] i€[N]
Then
lim L[o™)] = £[¢]. (7.71)
N—o00
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Proof. We can use a similar argument as in the proof of Lemma [6.2.10] Define

1 i+ Koyio 1

[N] | = L3 T 0550 - )

D(2) = NZ 1+ K, ’Nzy“l : (7.72)
JE[N] JEIN

Then we can proceed as in the proof of Lemma |6.2.10] using Fourier analysis for both
components of DIV(Z) separately. O

In the fifth and final lemma we state the convergence of
LI(XHN (), Yg™ (¢), Y]V (t))] to the law of a limiting system as N — oo.

Lemma 7.2.9 (Uniformity of the ergodic theorem for the infinite system).
Let un be defined as in (7.56)). Since (un)nen is tight, it has convergent subsequences.
Let (Ni)ken be a subsequence such that p = limg_,o0 fin, . Define

1 zf + Kyi'y )
6= lim & % “Tx W (7.73)

Let Z1(t) = (X#(1), Y§'(£), YI'(t)) ., be the infinite system evolving according to

da (t) = [0 — z} (t)] dt + 4/ g(z} () dw;(t) + Ke [y;', (¢) — 2} ()] dt,
dy;o(t) = elaf (t) — yi, (V)] dt, (7.74)
dy;', (t) = yi'1(0), i € No.

and let ZPNk(t) = (XHN (1), Yo M (1), Y™ ()10 be the infinite system defined in
(7.56). Then
(a) Forallt>0,

Jim [E[f (2 ()] —E[f(2"1))]| =0 ¥ [ec(([0,1)™,R). (7.75)

(b) There exists a sequence L(N) satisfying limy oo L(N) = oo and
limy oo L(N)/N = 0 such that

lim [E[£ (2N (Nis = L(N)) + LINW)) = £(2" (L(NW)) ]

+[E[f (2"~ (L(Nk)] — E[f(Z2"(L(NW)))]| =0 ¥ fec((0,1]*)" R).
(7.76)

Proof. As in the proof of Lemma|6.2.11} we can construct (z/V);en, and (z);en, on
one probability space. Then

lim 3!V (0) = y¥,(0) as. (7.77)
N—oo 7 ?
and
lim E[|6 — 0[] = 0. (7.78)
N—o00
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Combining (7.64)), (7.68)), (7.77) and (7.78)), we obtain, via a similar construction as
in the proof of Lemma [6.2.11} a sequence L(N) such that

Via a similar coupling as in Lemma ((7.2.7)), it follows via It6-calculus that (7.75]) holds.

Jim E[JAY(L(N))] + Kold7o (LIN)] + Ko7y (V)]

_ _ _ (7.79)
+E[JAFY(L(N)] + Kolofg (L(N))[] + K677 (L(N)[] = 0.

As in the proof of Lemma [6.2.11] we can again use Lipschitz functions to conclude

(7.76)). O

Lemma 7.2.10 (Coupling of finite systems). Let
ZINIE = (X INLL y VDL y [N (7.80)

be the finite system evolving according to (7.4) starting from an exchangeable initial
measure. Let N1 be the measure obtained by periodic continuation of the configur-
ation of ZWNI1(0). Similarly, let

ZIN12 = (xIN12 y N2y V)2 (7.81)

be the finite system evolving according to starting from an exchangeable initial
measure. Let pN2 be the measure obtained by periodic continuation of the con-
figuration of Z[N]’Q(O). Let i be any weak limit point of the sequence of measures
(uNB 5 N2 e, Define the random variables OV and QW12 on (([0, 1]%)No x
([0, 1]3)No, uINLL s uIN12Y gnd ©4 and ©4 on (([0,1]2)Ne x ([0,1)2)Ne, i) by

NJ,1 N],1 N1,2 N1,2
QN1 — 1 Z x£ ] +K0y,[,o] QN2 _ 1 Z x£ ] +K0yz[,0]
N 1+ Ky ’ N 1+ Ky ’
€[N 1E[N] (7.82)
- 1« 2!+ Koylo . 1« 2 + Koyl
6! = lim — AR 6% = lim — Zi T 0%0
Jm =) Jm > R

1€[n] 1€[n]

and let (O INLL(#))50 and (OM:INL2(1)),50 be defined as in ([T.14) for ZINL1 re-
spectively, ZIN12. Suppose that

lim  sup (‘(:)[N]’k(O) - (:)[N]’k(t)‘) =0 in probability, k € {1,2}, (7.83)
N—=00 g<t<L(N)

and suppose that ({01 = Oy, Y{! = Y?2}) = 1. Then, for any t(N) — oo,

lim E[Jal™ (V) — 22 (V)] + Kolyly " (#(V)) — 2 (e (V)]

+ Ky (V) — oA )] = o.

K2
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Proof. Via standard Ité-calculus we obtain from (7.4)) that

SRl (1) — 22 0) 4 KolyfSP () — o820+ Kl () — o2 0) ]

2c [N],1 [N],2
=-5 2 E [|%’ (&) =25 (O fogn (09911 (1) 22 (1)) g <x£N]'1(t>—x£N1'2<t)>}}
JEIN]

 2Beo B[l 0) = 20 + KB 0 - 52 0)

Lsgm (o (1) 212 (1)) gn Wil (0 =iy (@)} |
Kieq N], 1 N],2 N], 1 N],2
— 250 B a0 - o0+ K0 - o0
x 1 [N],1 [N],2 [N],1 [N],2 .
{sgn (277 () =27 (D)) #sgn (v (D=yi17 (D)} |
(7.85)
Therefore, for all N € N,
NJ,1 N],2 N, N],2 N, N,2
t E |21 0) = 220+ Kol (0 = o201+ Ky ) - v 2 0l
(7.86)
is a decreasing function. Hence we can use the same strategy as in the proof of
Lemma [6.2.13] to finish the proof. O

e Proof of Proposition

Proof. We follow a similar argument as in the proof of Proposition Let L(N)
satisfy limy_ 0o L(N) = oo and limy_yo0o L(N)/N = 0. Let py be the measure

n ([0,1])No obtained by periodic continuation of £[ZINI(Ns — L(N))]. Note that
([0,1]*)No is compact. Hence, letting (N}, )ren be the subsequence in Proposition
we can pass to a possibly further subsequence and obtain

lim pn, = p. (7.87)
k—o0

Since we assumed that £[ZIN1(0)] is exchangeable and the dynamics preserve ex-
changeability, the measures py, are translation invariant and also the limiting law p
is translation invariant.

Let ¢ = (¢1,¢p2) be defined as in in Lemma Then we can condition
on ¢ = (¢1, ¢2) and write

n= / tp dA(p), (7.88)
(0,1]2
where A(-) = L[¢] = L[(¢1, ¢2)] and p = (p1, p2). By assumption we know that

lim £ [@eﬂ’(l)’[Nk](Nks)} — Poerr(5)(") (7.89)

k—o0
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and
lim £ |: sup AWkl (Ny.s) — Ok (N s — ‘ ‘@ (Nis) — Oy, Ve (N5 — t)‘:|
k=oo |0<t<L(Ng)
= do.
(7.90)
Hence
lim £ {@eﬁ(l%[Nd(Nks - L(Nk))] = Pt () (*)- (7.91)

Recall that

A= £ | im (i I 2. ) on (1, (0,11%). (7.92)

1€ [n]

By Lemma [6.2.10] if

1 $Z+Ky10
A G ADE (Nk 2 ik Nk > ouh ) (1w, ([0, %)),

1E€[Ny] 1€[Ny]

93)
then limy_,o L[¢p™N*] = L[p]. Taking the subsequence (un,)ren, We get A() =
Pgete(5)(+), and hence

p= [ mdro). (7.94)
[0,1]

Let L(N) be the sequence constructed in Lemma [b] By construction we can
require that L(N) < L(N) for all N € N. Write
£[ZMN) (Nis = L(N) + L(Vi))]
= L[ZWK(Nys — L(Ny,) + L(Ny))] — £[ 2" (L(Ny))],
+ £[7 (V)] — £[Z4(E(N)]
+ L[Z"(L(Ny)]-

(7.95)

By Lemma the first and second differences tend to zero as k — oo. Hence

lim L[ZV(Nyes — LN + L(NW)] = £[2*(L(NW)]- (7.96)
By (7.89),
L[ZH(L(N)] = /[O £l T P (dp). (7.97)
For the infinite system (Z/#(t));>0 = (X"¢(t), Yy (t), Y{" (t))tzo we have
YH(t) = YI(0) a.s. (7.98)
and hence, since limy_,o L(Ng)/Nj, = 0 by (7.44),
lim L[V (L(NW))] = LY (0)] ¥ p € [0,1]. (7.99)
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Therefore
lim £[V{" (L(NK))] = P, (") (7.100)

k—o0

and _
L[X"(L(Ny)), Yy " (L(Nk)), Y{"" (L(Ny))]

_ _ (7.101)
— [ LD E0), Y (L) TP, ()
Hence, since limy,_, o, L(N},) = oo, by Lemma we have
Tim £[2% (V)] = Tim £[X7(L(N)). Y (LN Y (E(V)]
(7.102)
:/prylp{;l(s)(dh)
Therefore, by (6.109)), (7.97) and Lemma
lem L[ZWNH (Nys — L(Ny) + L(Ny))] = [ ]P@eff(s)(dp)/VpﬁylP{il(s)(dyl).
o) 0,1
(7.103)

To finish the proof, we proceed as in the proof of Proposition and invoke
Lemma [7.2.10, Let ZIV1 = (XN y NI yINLLy 16 the finite system starting
from

L2 Ns = L(N))] = £[XNs — L)), Y™ (Ns = L(N)), ¥ (Vs — L(V))].
) (7.104)
Let (L(N))nen be the sequence constructed in Lemmal[7.2.9] Let

ZIN2 = (x N2 yINL2 yINL2) e the finite system starting from

L[XMI(Ns— L)) = £ [ XMV = L)), YN (Vs = L)), vV (vs = L))

(7.105)

Choose for ¢(N) in Lemma the sequence L(N). Let ul™! be defined by the

periodic continuation of the configuration of ZINI(Ns — L(N)) and u™? be defined

by periodic continuation of the configuration of ZIN(Ns — L(N)). Define ©; and

O4 according to7 where under ;M2 we replace L(N) by L(N). Then, by the
[7.44),

assumptions in (|7.44

lim [@WNel:1 _ @ [Nul.2) — Jim |ONE(Nys — L(Ny,)) — ON% (Nys — L(Ny))|
— 00

k—o00
= 0 in probability.
(7.106)
Using we see that also, for all ¢ € [N],

lim [y} (0) =y Y2 (0)] = lim [y} (Nes — LNL)) = /Y (Wis = L(N)]

k—o0
= 0 in probability.
(7.107)

N1 plNsl2) o then

Therefore, if p is any weak limit point of the sequence (,u

p({0 =0,, Y = Y32} =1. (7.108)
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Hence, by possibly passing to a further subsequence, we can now apply Lemma
to obtain, for all 4,

lim B |2l (L) — 2N (E(V))

1 K3
k—o0

+ Ko [y (L)) — ol 52 (L)) (7.109)
+ K Y L) = g YT )| =o.

Hence
lim_(£[ZM(LV)] - £ZVATN))]) = b (7.110)
N—o0
and therefore
lim £(ZNH(Nys)) = / Pgert (s (dp) / Vo PY (o (dy1)- (7.111)
k—o00 [071] 1
This concludes the proof of Proposition [7.2.3 d

Like for the one-colour mean-field system, Proposition [7.2.3] and Lemmas [7.2:4}-
[7-2.10] give rise to the following corollary, which will be important to derive the evol-
ution of the 1-blocks on time scale Ns.

Corollary 7.2.11. Fiz s > 0. Let uy be the measure obtained by periodic continu-
ation of

ZW(Ns—L(N)) = (XNM(Ns—L(N)), YN (Ns—L(NV)), M (Ns—L(N))), (7.112)
and let p be a weak limit point of the sequence (un)nen. Let

o— I 1 o + Kyt
= l1im — —_—
i€[N]

in Lo(p), (7.113)

and let (Z7°(t))i>0 = (X0 (1), Yy® (), Y"® (¢))e>0 be the infinite system evolving ac-
cording to starting from its equilibrium measure. Consider the finite system
ZINT as a system on ([0,1]3)No by periodic continuation. Construct (ZN(t))i~o and
(Z¥@(t))t=0 on one probability space. Then, for all t > 0,

lim E H:cEN](Ns i) - m;’@(t)H + Ko |

N—o0

N v
ul (Vs +0) g )]

(7.114)
W (Ns+ ) -y =0 vie )

+K11E[

Proof. Proceed as in the proof of Corollary but use the setup of the two-
colour mean-field system and therefore replace Proposition Lemma [6.2.11] and

Lemma [6.2.13] by, respectively Proposition Lemma [7.2.9 and Lemma [7.2.10} O

Step 4: Limiting evolution of the 1-blocks.
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Lemma 7.2.12 (Limiting evolution of the 1-blocks). Let (25%(s))sx0 be the pro-
cess defined in (7.21)) with initial state

27(0) = (9o, 6,,)- (7.115)

Then
Jim £ [(@eﬁv“)’[m (Ns))s>0] = L [(25%(s))ss0] - (7.116)

Proof. By [72], the SSDE in (7.21) has a unique strong solution. Therefore the process
(25%(5)) 550 is Markov. Its generator G is given by

K161 8 8 1 82

G- WD gt al -V g+ Gy PO 5 (1)

and hence (2§ (s))s>0 solves the martingale problem for G. We will use [49, Theorem
3.3.1], to prove that ((7.116) holds.
Define

WY 9Ny = (@u) INI(0), @511),[N1(0)), (7.118)

0 Yy1

Since we start from an i.i.d. law, by the law of large numbers we have that

lim @eﬁv“)iN](o):Nlim (95, 9)) = (90,0y,)  a.s. (7.119)
— 00 ©

N —o0

By the SSDE in ([7.37) and an optional sampling argument, we have, for all N € N,

liﬁ}((:)(1)’[N](Ns),9(1)’[N](Ns)> @Y, 9N)  as. (7.120)

Therefore we can continuously extend the process (@°T(1):INI(Ns)),oq to 0 and, in
particular,

lim £ {@eﬁv“)v[’\”(o)} = £ [5%(0)] . (7.121)

N—oo

Since we already showed that the processes

(@ IN(Ns)) (7.122)

s>0

are D-semimartingales, and are trivially bounded, we are left to show that

lim [ arE[|GV N (7, @O NN, 1) — (G ) (@M () || <o

N—oo Jg
(7.123)
Here, Ggl)’[N] is the operator defined in ([7.39)). Since we are working on the space C*

of polynomials on [0, 1]2, all derivatives of f € C* are bounded. Hence, by dominated
convergence, it is enough to prove that, for all s > 0,

lim EW] HG(” (@ MDIN(Ng) 5, ) — (Gf) (@ )[N](NS))H = 0. (7.124)

N—oc0
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Note that

EHG§1)’[N] (. °(WIN(Ng), s, ) = (Gf) (@eff,(l),[zv] (Ns))H

Kie;
1+ Ky

=E

1 Of | e
[9;11)’[N](Ns) % Z mi(N&w)} %(9 H’(l)’[N](NS))

i€[N]

ror[x Y aNaw) - @&)’[N](Ns)}%(@eﬂ*”mws))

ie[N]
PR S Z «(Ns,w)) aif(@effv“)»[m(zvs)) (7.125)
(1+ K¢)2N < D2 '
Klel

Y [@é?’[NMNs) oMM (N5)] I (@) ()
0

5 Of (g
— e [@(1)7[N] (Ns) — 93(111)’[N] (Ns)] 87/(@ ff, (1), [N] (Ns))

1

— (Fg) (W IN(Ns)) aif(@efﬂ(l),[N] (NS))H_
(1 +K0)2 Ox?

Hence

lim E HGS),[N] (f, 0O N(Ng) 5.) — (Gf) (@TIN (Ns))u

N — oo

K
< lim E |21

N—o0

WV (Ns) - % Z zi(Ns,w)

i€[N]

0

|

; 1 . 5(1),[N]
+A}£nOOIE [el N Z zi(Ns,w) — © (Ns)

i€[N]

‘%(@efw)w] (Ns)) ']

¥ 2 9@ (Ns,w) — (Fg) (61 (Ns)

i€[N]

o)

. 1
+ J\}gnooE [(1 + Ko)?

(7.126)
Note that each of the derivatives is bounded by aconstant because we work on C*.

The first and the second term tend to zero by Lemma For the third term we

can use a similar argument as used in ((6.198]), since we showed Lemmas [7.2.4H7.2.10
for the single components in the mean-field system with two colours. 0

Step 5: Evolution of the averages in the Meyer-Zheng topology. In this
section we prove the following proposition

Proposition 7.2.13 (Convergence in the Meyer-Zheng topology). Suppose that
the effective estimator process defined in (7.15) satisfies

Jim £ [(@efﬂ(l)m (Ns))m} -y [(zfﬁ(s))m} . (7.127)
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Then for the averages in (7.7)),

Jim 2] (:96) | = £ 1Gat),00)

(7.128)
in the Meyer-Zheng topology,

where the limiting process (21(s)),< is defined as in (7.20)).

To prove Proposition [7.2.13] we need the following characterisation of continuous
functions in the Meyer-Zheng topology

Lemma 7.2.14 (Convergence of marginals in the Meyer-Zheng topology).
Let (E,d) be a Polish space with metric d. Suppose that (X, (s),Yn(s))s>0 is a
stochastic process with state space E?. If

lim L£[(Xn(5),Yn(s))s>0] = L(X(5),Y(s))s>0] in the Meyer-Zheng topology,

n—oo
(7.129)
then the marginals also converge in the Meyer-Zheng topology, i.e.,
lim L£[(X,(5))ss0] = L[(X(5))s>0] in the Meyer-Zheng topology,
n—oo
7.130
ILm L[(Yn(9)s>0] = LY (8))s>0] in the Meyer-Zheng topology. ( )
The proof of Lemma [7.2.14] is given in Appendix
Proof of Proposition|7.2.15 By Lemma we have that, for all s > 0,
lim E H(:)W (Ns) — x[lN](s)H =0 (7.131)
n— oo
and - N
lim E H@[N](Ns) — i (S)H —0. (7.132)

Applying Lemmas [6.2.19] [6.2.20] and [6.2.21] like in the proof of Proposition [6.2.18
we obtain

T I:(x[lN] (8)7%[)17\;](8), OM(Ns), 91[;]:/,]1 (Ns))s>0}

N—o0 (7.133)
=L [(w‘l’ﬁ(s), 25T (s), 25 (s), yfﬁ(s))wo} in the Meyer-Zheng topology.
Applying Lemma [7.2.14] we get the claim. O

Step 6: Proof of the two-colour mean-field finite-systems scheme.

Proof. The proof of Proposition [7.1.2a) follows directly from Lemma [7.2.12] The
proof of Proposition [7.1.2(b) is a consequence of Proposition [7.1.2(d). The proof of
Prosition (c) follows from Proposition a) by applying Proposition
The proof of Proposition (7.1.2)(d) follows by the same argument as used in the
proof Proposition [6.2.1fc) in Section |6.3.4, In this argument we have to replace the
two-component system ZIN/(Ns+t) = (XIN|(Ns+t), YINI(Ns+t));>0 by the three-
component system ZV(Ns + 1) = (XIM(Ns + 1), YV (Vs + 1), VY (Ns 4 1))is0
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and use the infinite system defined in [7.11] instead of the infinite system defined in
(6.42). We now use the two-dimensional transition kernel in ([7.30)), which controls the

transition probabilities of the two-dimensional process (O (s), @éll)(s))sw, instead
of the one-dimensional transition kernel in (6.59)). O
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CHAPTER

Two-level three-colour mean-field
system

To get a proper understanding of how the migration comes into play on different
space-time scales, we next look at a two-level mean-field system where the geographic
space consists of two layers and the seed-bank consist of three layers, corresponding
three colours 0, 1, 2. In Section we give the set-up of the two-level three-colour
mean-field model. In Section [8.2] we give a scheme to prove the analysis of the two-
level three-colour mean-field model. Finally, in Section we prove the steps of the
scheme given in Section [8:2}

§8.1 Two-level three-colour mean-field finite-systems
scheme

We consider a restricted version of the SSDE in (4.20) on the finite geographic space
[N?] ={0,1,...,N? — 1}, N eN. (8.1)

This space should be interpreted as grouping the N-blocks consisting of N colonies

together, i.e.
N—-1

IN?*| = ([ J{NLNI+1,--- NI+ N —1}. (8.2)
=0

With this interpretation we can use the metric djy2) that is induced by the metric
dq, on the hierarchical group Qy (recall (4.4))). The migration kernel a®*¥(-,-) is
restricted to [N?] by setting all migration rates outside the 2-block equal to 0, i.e.,
¢, = 0 for all k¥ > 2. Hence the migration kernel is given by

C1

21,. . Co
a™' (i, j) = Hapo sty 3y + N3 (8.3)
where ¢, c1 € (0,00) are constants. The seed-bank of the restricted system consists

of three colours, labeled 0 1 and 2, with exchange rates given by Kyey, eq, K}Vel e

Kae2 <2 respectively. The state space of the restricted system is

and 37, %

S=sM1 s=10,1] x [0, 1], (8.4)
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and the restricted system is denoted by

(Z[N2](t))t20 _ (X[NZ](t)7 (YO[NZ}(t%K[NzJ(t),y;Nzl(t)) ) )

t>0

[N?) [N?] (N?] [N?] _ (N7 [N?] [N?] [N?]
(™, (7 0.0, 0) ) = (@0, (0 0.6 0.0 0))
(8.5)
The components of the restricted system (Z’] (t))e>0 evolve according to the SSDE

2 C N2 2
da™ (1) f;;EjleﬂwKH[[%w—xP%wmt

JEIN?]
+ 45 2 B -]+ g™ ) dwi)
JEIN?]
+ Koeo [y (1) — al¥ ()] dt
+ I ) — o) at (36)

Kse 2 2
+ o iy (0 =2 ),

Ay () = eo [N (1) — g (1))

a0 = S -l o) ar,
€2
N2
which is a special case of (4.20). By [67, Theorem 3.1], the SSDE in is the
unique solution. It is important to note that we can write the SSDE also

a0 = 2 b0 Y@l e v

1
Az (#) = ¢ 5 3 2Ny — M) | ar

JEIN]
C1 ]. N2 N2 N2
+ N | N2 Z wﬁ ](t) - 90£ ](t) dt + g(frg ](t))dwi(t)
JE[N?]
N2 Kie 2 2
+ Kopeg [ [ ]( t) — Z‘EN ]( t)] dt + ]1\[ ! [yz[f\li ](t) _ ‘TEN ](t)] dt (87)
Kses

+ 222 0 () — 2N ) a,

N2
Ay () = eo [ ) — g (1)) at,

ay ) = SN - o o) ar,

e 2 2 .
s [0yl @l e [N,

dyy () =

where [N]; denotes the set of colonies in the 1-block around site i € [N?]. Therefore
the migration term for a single colony in the two-level mean-field system can be
interpreted as a drift towards the 1-block average of the active population at rate
co and a drift towards the 2-block average of the active population at rate . We
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are interested in on time scales N°, N and N2. On time scale N° we will look
at the single colonies, i.e., space-time scale 0. On time scale N we will look at the
1-block averages, i.e., space-time scale 1 and on time scale N? we will look at the
2-block averages, i.e., space-time scale 2. In the sequel we will focus on site 0, the
1-block around site 0 and the 2-block around site 0. We will suppress this site from
the notation, but instead use subscripts 0, 1, 2 to indicate when we look at a single
colony, a 1-block average or a 2-block average. We will use the convention that in
the subscript of a dormant population the first subscript denotes the colour and the
second subscript denotes the level of the block, so yp 1 is the 1-block average around
site 0 of the dormant population with colour 0, while y; o is the 1-dormant single
colony at site 0. Heuristically, we can read off the following results from the SSDE in

B.7).

e On time scale 1 = N° (i.e., space-time scale 0) in the limit as N — oo, the
colour-1 dormant population and the colour-2 dormant population do not yet move.
Hence

2

N2 N
(W% (1), 50 () 1, (8.8)

converges as N — oo to the constant processes on time scale ty. Therefore the colour
1-dormant population and the colour 2-dormant population are both slow seed-banks
on space-time scale 0. The components ((x([)NQ](tO),y([,]\gQ](to)))tUZg converge to i.i.d.
copies of the single-colony McKean-Vlasov process in (6.1]), where in the corresponding
SSDE the parameters e, K, ¢ are replaced by cg, eg, Ko and E = 1. So, on time scale 1
we only see the colour 0-dormant population evolve. Therefore the colour-0 dormant

population is the effective seed-bank on time scale ty. The process

2 2 2
(20" (t0))eoz0 = (5" (F0). u6p | (f0))e0. (8.9)
will be called the single colony effective process.

e On time scale N! (i.e., space-time scale 1), we look at the averages

2 2 2 2 2
(7 (00))e50 = (200, (w6 00 0 0008 1)),
1

i€[N] ZE (N] 16 (N]

( Zm[N]Nt ( Zy Nt1 Zylj\{]Nt Zy2 Nt1>> .
t1>0

i€[N]

(8.10)

(Recall Remarkto appreciate the notation.) We use the lower index 1 to indicate
that the average is the analogue of the 1-block average defined in (4.22)). Using (8.6),
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we see that the dynamics of the system in (8.10)) is given by the SSDE

1
m Z a:j(Ntl)—xl(tl) dt1 + Z ml Nt1 dw(tl)

JE[N?] zE[N

2 2
+ NKoeo [y (01) — o1 (11)] ata

2
dZE[lN ](t1) =C

2
+ Kiex [yl ) - ](tl)] dty

Kae 2
22 [h ) — o) s,

2 2 2

ayy ! (0) = Neo 287 () = o ()] s,
2 2 2

ayl (1) = ex [2lV(00) — )| at,

€2

2 2 2
ayi () = 52 [2lV ) = oY (1) da.

(8.11)
+

In the limit N — oo we expect that the colour 2-dormant population does not move,

since it only interacts with the active population at rate 2. Therefore we expect

(yg\f](t))wo to converge to a constant process and hence we say that the colour 2-
dormant population behaves like a slow seed-bank. The colour 1-dormant population,
however, has a non-trivial interaction with the active population and therefore is the
effective seed-bank on space-time scale 1. The colour 0-dormant population has, in the
limit as N — oo, an infinitely strong interaction with the active population. Therefore
we expect that, in the limit as N — o0, its path becomes rougher and rougher at
rarer and rarer times. We will need to use the Meyer-Zheng topology to prove that

lim y([)]\f](tl) = lim x[lNz](tl) for most ¢;. (8.12)
N—oo 7 N—o0

Therefore the colour 0-dormant population equalizes with the active population, due
to its infinitely strong interaction with the active population. Hence at space-time
scale 1, the colour 0-dormant population behaves like a fast seed-bank. If we look at
the active population, then we see that it feels a drift towards the 2-block average
of the active population, and resamples at a rate that is the 1-block average of the
resampling rates in the single colonies. Furthermore, in the limit as N — oo, it feels
an infinitely fast drift towards the colour 0-dormant population, has a non-trivial
interaction with the colour 1-dormant population, and its interaction with the colour
2-dormant population cancels out. As long as we focus on the combination

[N ](tl) + Koy([) 1 ](tl)
1+ Ky ’

we see that the colour-0 terms with the factor N in front cancel out. This will allow us
to do most of the analysis in the path space topology, without using the Meyer-Zheng
topology. The process

[N](tl)'i'Koyt[n]( t) N7
1+ Ky Y1

t1>0
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will therefore be called the effective process.

e On time scale N? (i.e., space-time scale 2) we look at the equivalent of the 2-block

averages in (4.22)),

1 1 2 1 2
<N2 S W) o D0 u (W) 15 D ulE ]<N2tz>)> ,
t2>0

i€[N?] i€[N?] E(N?]
(8.13)
which evolves according to the SSDE
N? 1
dai" 1) = |55 D0 9(wi(N?t2)) du(ta)
i€[N?]
2 2
+ N*Koeo [y([)]\é l(ta) — 2" ](tZ)} dio
2 2

+ NEer [ (t2) = o8 (t2) |

(8.14)

2 2
+ Kjes [yéNz }(tz) — m[gN }(tz)] dta,
2 2
iy (1) = N2eq [af" 1 (t2) — by (12)] ate,
2 2
dy’y (t2) = Nex [o8(t2) — % (02) e,

2 2 2
Ay (1) = ez [ab" ) (12) — by (12)] ate,

In this case we see that migration in the active component cancels out and the res-
ampling rate is given by the average over the complete population. In the limit as
N — o0, we see that the active population interacts at an infinitely fast rate with
the 0-dormant population as well as with the colour 1-dormant population. Hence
both the colour 0 and the colour 1 seed-banks are fast seed-banks and we expect
equalisation of the active population and the colour 0-dormant population and the
colour 1-dormant population in Meyer-Zheng topology. The active population, in the
limit as N — oo, has a non-trivial interaction with the colour 2-dormant population,
and hence the colour 2-dormant population is the effective seed-bank on time scale
N?2. Looking at the quantity

2
2 (1) + Kokl () + Kyl (t2)
1+ Ko+ K, ’

(8.15)
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for which we find

2 2 2
d $[2N ](t2) + Koy([)],\g }(tz) + Kly% ](t2)
1+ Ko+ Ky
- L L N2ty)) dw(ts) + K V2 (¢ N (1) at
TN Kyt Koy N2 .6%;2]9(%( 2)) dw(ta) + Kaez |ys5 ' (t2) — x5 *(t2) | dta,
(8.16)
we see that the infinite rates cancel out. We will call
(N?] [N?] [N?]
'1:2 (t2) + K0y072 (tQ) + Klyl,Q (tQ) [Nz](t ) (8 17)
].+K()+K1 ay2,2 2 .

to>0

the effective process. Using the effective process we can analyse our system in path
space.

> Scaling limit. Let (20(t))i>0 = (20(t), (0,0(t), y1,0(t), ¥2,0(t))):=0 be the process
evolving according to

dzo(t) = co [0 — zo(t)] dt + /g(z0(t)) dw(?)
+ Kopeg [y070(t) — X (t)] dt,

dyo’o(t) = €9 [370 (t) — yo,o(t)] dt, (818)
Yy1,0(t) = v1,0,
Y2,0(t) = y2.0,

where 0 € [0,1], y1,0 € [0,1] and y20 € [0,1]. The process (zo(t))i>0) will be the
limiting process for the single colonies. The corresponding single colony effective
processes are given by

dz§(t) = col — g™ (8)] dt + \/ g(x§ (¢)) dw(t) + Koeo [ygo(t) — 2§ ()] dt,

(8.19)
dysio(t) = eo [2§7 (1) — y5lh (1)) dt, i € No,

where 6 € [0,1]. By [72], (8.18) and (8.19) have a unique strong solution. Like for the
one-colour mean-field finite-systems scheme, we need the following list of ingredients
to formally state the multi-scale analysis:

(a) For positive times t > 0, we define the following 1-block estimators for the finite
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system:

N2 N2
OV = L 37 7 ) + Koy (1)
N 1+ K, ’

1€[N]
o ¥y = % > o),
iE[N]
zE[N]
QNI (4 Z oVt
ZE[N]
0, N oy L (V2]
O 1N = % E% vy (1)

We abbreviate
2 2 2 2 2
OWIN () — (@g),w (1), (@1310>,[N I(t), 0D IN*I (1), @ IN }(t))) ,
2 = 2 2 2
@ (DIN*] 4y — (@u),[zv I(t), 0 NI (), @DV ](t)) ’
2 — 2 2
©°H (I (4) = (@(1),[N I(t), OV ](t)) _
(8.21)
We call ((9(1)’[N2](t))t>o the 1-block estimator process, (@a‘lx’(l)’[NQ](t))t>o the
auziliary 1-block estimator process and (QEH’(l)’[NQ](t))t>O the effective 1-block

estimator process. The auxiliary 1-block estimator will be useful in the proofs.
For t > 0, we define the following 2-block estimators for the finite system:

2@ + Koy (1) + Ky (1)

s nng — Z
2 )
1€[N2] 1+ Ko + K,
2 1 N?Z
egf%“wt):m >« ),
i€[N2?]
2 N2
05 NIt = 57 Z il (8.22)
1€[N?]
[NQ]
9351) - 2 Z
i€[N?]
2 N2 [NQ]
@?(Jz) - 2 Z
1€[N?]

We abbreviate
O (1) = (6 (r), (021N (r), 00 (r), 02 (1)) )

IV (p) — (@<2>,[N2](t)’ @(2>,[N2](t)) ,

Y1

(8.23)
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256

We call (@°F-2:IN*I(1)),_ ¢ the effective 2-block estimator process and
(@(2)’[1\’2] (t))t>0 as the 2-block estimator process.

The time scale N for which L[@WN1(Nt; — L(N)) — (:)(1)’[]\72](]\7151)] = J
for all L(N) such that L(N) — oo and limy_,o0 L(N)/N = 0, but not for
L(N) = N. In words, N is the time scale on which ©():I¥](.) starts evolving,

ie., (@(1)’[N2](Nt1))t1>0 is no longer a fixed process. When we use time scale
N, we will use t; as a time index, which indicates the “faster time scale”. For
the “slow time scale” we use tp as time index.

The time scale N? for which £[0®V*1(N2t, — L(N)N) — 0@V I(N21,)] = 6,
for all L(N) such that L(N) — oo and limy_,00 L(N)/N = 0, but not for
L(N) = N. In words, N2 is the time scale on which ©@@-[N’1() starts evolving,
ie., ((:)(2)7[N2](N2t2))t2>0, is no longer a fixed process. When we use time scale
N2, we will use t, as a time index, which indicates the “fastest time scale”.

The invariant measure for the evolution of a single colony in (8.18)), written

0
Fé,;o’ Yo = (0,y1,0,Y2,0); (8.24)

and the invariant measure of the level-0 effective process evolving according to

(8.19), written
), (8.25)

The renormalisation transformation F: G — G,

FoO) = [ o@ T, 0cp1, (620)

where FZH’(O) is the equilibrium measure in . Note that this is the same
transformation as defined in , but defined for the truncated system. Later
we will study iterates of the renormalisation transformation. Therefore we will
write F('g = Fg, to indicate that we apply the renormalisation transformation
only once.

The limiting 1-block process is given by

(21(t))e>0) = (21(1), (0,1(1), y1,1(£), y2,1(t))) >0 (8.27)

and evolves according to

1

dlL’l(t) = 1 —|—K0

c1f — z1(t)] dt + \/ (FWg) (21 (t)) dw(?)

+ K161 [yl,l(t) — Il(t)] dt y

(8.28)
Yo1(t) = z1(),

dy1,1(t) = e [x1(t) — y1,1(2)] dt,
y2,1(t) = y2.1,
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where 6 € [0,1], and y21 € [0,1], and F() is the renormalisation transforma-
tion defined in . The limiting 1-block process for the auxiliary estimator
process is given by (21"(t))i>0 = (z1™(2), y1'1°(2), y55°(¢))t>0 and evolves ac-
cording to

Qo™ (1) = T3 |6 — 2™ (O]t + [(FO9) a1 (1) du(t)
+ Kren [R5(E) — 22(0)] dt], (5.29)

dyiy () = ex [27™(8) — w7 ()] dt,

Y21 (t) = Y21,

for 6 € [0, 1]. The auxiliary estimator process turns out to be important in the
next section. The effective limiting 1-block process is given by (25%(¢))s~0) =
(a5 (t), 5" (t))¢>0 and evolves according to

1
1+ K,

da§(t) = ar[f — 2T ()] dt + [ (FO g) (257 () dw(?)

T Kae [ (8) — 257 () dt] , (5:30)

dysT (1) = ey 257 (1) — 5T (1)) dt,

for 6 € [0,1]. By [72], (8.28)), (8.29) and (8.30) have a unique strong solution.
The invariant measure of the infinite system in (8.28)), written

Tone v =(0,0,921), (8.31)

and the invariant measures of the level-1 limiting estimator process evolving
according to (8.29)) and the level-1 effective process evolving according to (8.30)),

aux,(1 eff,(1
rawe) pef), (8.32)

The first iteration of the renormalisation transformation,

(F®g)(6) = /[ FO@ T V), o<1 (63
0,1]2
Hence
(F@g)(0) = / M (du, do) / 9(2) T (dz, dy). (8.34)
[0,1]2 [0,1]2

(h) The limiting 2-block process (z2(t))i>0 = (z2(t), (Y0,2(t), y1,2(£), y2,2(¢))) >0
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evolves according to

dry(t) = ﬁ [ (F@g)(2,(t) dw(t) + Kaea [y o(t) — zo(t)] dt |,
yo,Q(t) = ( )

dym(t) = ( )

dyQ,Q(t) = €2 [%( ) — y2,2(t)] de,

(8.35)
where F(®)g is defined as in (8.33). The limiting effective 2-block process on
space-time scale 2 is (25% (#))¢s0) = (257 (¢), ygfg(t))bo and evolves according to

e VP 0) du) + Kaea 500 - 15700

dys (1) = ez [a57 (1) — y55(1)] dt.

dag’(t) =

(8.36)
We are now ready to state the scaling limit for the evolution of the averages in

(7.7).

Proposition 8.1.1 (Two-level three-colour finite-systems scheme). Suppose
that 11(0) = p®WN’1 for some p € P ([0,1] x [0,1]%). Let

z + Koyo z + Koyo + K11
N v L R :
0 [1+K0] ! [ 1+ Ko+ K,
Hyle'u [y1]7 QyzzE# [?JQ]

(8.37)

and recall the limiting process (z2(t))i>o0 in (8.35) and the limiting process (z1(t))t>o0
in (8.28]). Assume for the 2-dormant 1-blocks that

lim £ [Y[ (Nty) ’@ 2.V (N%)} = pa(t) (8.38)

N —o0

and for the 2-dormant 0-blocks (= single colonies) that

Jim £

TNty + Ntl)‘@eﬁ (WINTT (N2, 4 Ntl)] = pat), (8.39)
Then the following hold:

(a) For the effective 2-block estimator process defined in (8.23)),

lim £ [(@eﬁ’(Q)’[NQ](NQtQ))t >0} =L [(Zgﬂ(tg))t2>0:| : (8.40)

N—oc0

where the limit is determined by the unique solution of the SSDE (8.36|) with
initial state

251(0) = (257(0), 45 (0)) = (V1,6,,) . (8.41)
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(b) For the effective 1-block estimator process defined in (8.21)),

lim £ [(@eﬂ’(l)’[N2](N2t2 + Nt1))

N—o00

}=cW?mmp¢ (8.42)

t1>0

where, conditional on x5 (to) = u, the limit process is the unique solution of the
SSDE in (8.30) with 0 replaced by uw and with initial measure ret )

(c) For the single colony effective process defined in ,

lim £ [(zgff*[Nﬂ(N?tQ + Nty + to) )

N—00

}=cW$%de, (8.43)

to>0

where, conditional on x$% (1) = v, the limit process is the unique solution of the

SSDE in (8.19) with 6 replaced by v and with initial measure et

(d) For the 2-block estimator process defined in (8.23)),

N—o0

lim £ {(@(2)7[N2](N2t2)>t2>0} =L [(22(t2))t2>0] (8.44)

in the Meyer-Zheng topology,

where the limit process is the unique solution of the SSDE in (8.35|) with initial
state

22<0) = (1917 (1917 191’ eyz)) . (845)
(¢) Fizty > 0. Assume (8.38). Define

NWﬁ:/4$ﬂwmmﬁmm»awmwmwm»
(0.1] (8.46)

Ug Uz, U Uy 1
o P Q) T oy € PO

where Fga,(um,um,yz,l)) is the equilibrium measure in (8.31) and

S}Q]((ﬁl, (01,71,0y,)),-) is the time-ta law of the limiting process (22(t2))t,>0 in
(8.44) starting from (91, (91,91,0,,)) € [0,1] x [0, 1]>.

Let (zr(l)(tQ)(tl))tlzo be the random process that conditioned on

zo(t2) = (6, (0, 0,y2,2)) moves according to (8.28) with 6 = 6 and y21(0) = ya21

and with sz(tQ)(O) be drawn according to T')(t2) (which is a mizture of random
processes in equilibrium). Then for the 1-block estimator process defined in

B-21).

lim £ [<®(1)’[N2](N2t2 + Nt1)>

N—o0

| = £ [ 0o

in the Meyer-Zheng topology.

t1>0

(8.47)
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(f) Let z1(t1) be the limiting process obtained in (e). Assume (8.39). Define, for
to € (0, OO),

0 _ 1 z (0)
" )(tQ) - /[o 1]4 a )(tQ)(dZI) /[0 1] P duo) F(zh(zl,yl,byzo))’ (8.48)

where F(l)(tg) is as defined in Let ( F(O>(t2)(t0)>t020 be the random

process in with 2 )(tQ)( 0) dmwn accordmg to TO)(ty) which is a mizture
of mndom processes in equilibrium. Then

J\}flooﬁ[( Yty 4+ N to)) } =L [(ZF<O)(t2)(f0))tozo - (8.49)

t0>0
Remark 8.1.2. Note that Proposition uf ) does not depend on the choice of ¢y,
because T'M(t,) is already a mixture of equilibrium measures of the 1-block process.
|

Remark 8.1.3. Note that in Propostion [8.1.1(f) Fgg)l (#1,91.1,92.0)) is the equilibrium

measure of (see also (8.24)), where y10 = y1,1. This means that all colour
1-dormant single colonies equal the current state of the colour 1-dormant 1-block.
We say that given the state of the 1-dormant 1-block, the 1-dormant single colonies
become deterministic. This effect occurs once a slow seed-bank, in this case the colour
1 seed-bank, is already in equilbrium on the space-time scale where it is effective, in
this case space-time-scale 1. Since we start at times N?2ty, the 1-dormant 1-blocks
are already in equilibrium. This will turn out to be the reason that the single colour
1-dormant colonies are equal to the current value of the 1-dormant 1-block averages.
Note that at time N2¢, the 2-dormant 2-blocks do not yet have reached equilibrium.
Hence the colour 2-dormant 1-blocks and the colour 2-dormant single colonies do not
equal the instantaneous value of the 2-dormant 2-block averages. In the Section [8.3.§
we will treat this effect in detail. |

§8.2 Scheme for the two-level three-colour mean-
field analysis.

In this section we give a scheme to prove Proposition [8.1.1] The proof of the steps
in the scheme will be written in Section To analyse the two-level hierarchical
mean-field system we use the results obtained in Sections and

The scheme for the two-level three- colour hierarchical mean-field system comes in
11 steps. Recall the estimators defined in and -

1 Tightness of the effective 2-block estimator processes
((6037(2)’[N2](N2t2)) ) . (8.50)
t2>0 NEN
2 Stability property of the 2-block estimators, i.e., for L(N) such that
limy 00 L(N) = 00 and limpy o L(N)/N =0,

lim  sup ‘@ (N2 2) — OV (N2t2 — Nt ‘ = 0 in probability
N—=00 0<t<L(N)
(8.51)
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and

lim  sup ‘@1(/22)’[1\/2] (N?ty) — @;22)7[N2](N2t2 - Nt)‘ = 0 in probability.
N—=oog<t<n(n) ! -

(8.52)
Tightness of the effective 1-block estimator process (recall (8.21)),
(<®aux,(1),[N2](N2t2 —|—Nt1)> > ) (853)
t1>0 NeN

Stability property of (@*>W:IN’I(N2¢y + Nt1)),,50, i-e., for L(N) such that
limpy 00 L(N) = 00 and limpy o0 L(N)/N = 0, for all € > 0,

lim  sup ‘@(1)’[]\[2](]\72152 + Nt1) — (:)(1)’[N2](N2t2 + Nt1 — t)’ =0
N—=00 0<t<L(N)

in probability,

(8.54)
lim  sup ‘@&LW] (N?ty + Nty) — O NNt + Nt — t)’ -0
N—oo 0<t<L(N) (855)
in probability,
lim  sup ‘@&LW] (N*ty + Nty) — O NN, + Nty — t)’ -0

in probability.

Recall that there are N 1-blocks in [N2]. Since tightness of components implies
tightness of the process, step 3 implies that the full 1-block process

<(®?“"’<”’[N2] (N?ty + Ntl)) (8.57)

t1>0,i€[N]> NEN

is tight. From the tightness in steps 1 and 3 we can construct a subsequence
(Ng)ken along which

fim £ |:<®€H,(2)7[N§](N]?t2)>t2>0:| ’

k—o0
, (8.58)
lim £ [(@?ux’(l)’[N’“](N,ftg + Nit1)) ]
k—o00 t1>0,i€[Ng]
both exists. Define the measure
vO(ty) = T[ I\ (ta). (8.59)

1€Np

Show that along the same subsequence the single components converge to the
infinite system, i.e.,

lim £ [(Z[NA?](N,ftz + Nty + to))

k—o0

| =@ o)) (560

to>0
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10

11

Here, (Z”(O)(tQ)(to))tUZO is the process starting from v(9)(ty) with components
evolving according to (8.18]), where 6 is now a random variable that inherits its
law from

lim L@ WN(N2ty + Nit1))ieqnz], (8.61)

k—o0

and, similarly, the laws of y; ¢ and y2 ¢ in the limiting process (Z”(m(tz)(to))tozo
are determined by

lim L@ WN(N2ty + Nit1))ieqnz]. (8.62)

k—o0

Use the limiting evolution of the single colonies obtained in step 5 to identify
the limiting 1-block process along the same subsequence, i.e., identify the limit

lim £ [(@aux7(1)’[N’§](N,ft2 + thl)) (8.63)

k—s 00 t1>0,i€[Nk]:| '

Identify the limit limg_, o0 £[(@°T@-INEI(N2£5)),,50] with the help of the limit-
ing evolution of the single colonies obtained in step 5 and the limiting evolution
of the full 1-block process obtained in step 6.

Prove that the 1-dormant single colonies at time N2t, + Nt; equal, in the limit
as N — oo, the 1-dormant 1-block averages. The proof of this step shows how
the evolution of the slow seed-banks must be analysed.

Show that the convergence in step 8, step 7 and step 5 actually holds along each
subsequence. Therefore we obtain the limiting evolution of the single colonies,
the auxiliary 1-block process and the effective 2-block process.

Use the Meyer-Zheng topology to describe the limiting evolution of

(%”’“VQ] (N2ts + Nt1), 00 NI (N2, 4 Nty), 0 IV (N2, + Nty),
2 (8.64)
O INI(N2g, + Ntl))

t1>0

and

(0@ INI(2ty), O IV (N21,), 2 NI (N2,), 0 NI (N23)) . (8.65)

t2>0

Combine the above steps to complete the proof of Proposition [8.1.1

§8.3 Proof of two-level three-colour mean-field finite-

systems scheme

In this section we prove the steps in the scheme given in Section [8:2]
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§8.3.1 Tightness of the 2-block estimators

In this section we prove step 1 of the scheme.
Lemma 8.3.1 (Tightness of the 2-block estimator). Let
TN (N2y) = (ODINVI(N24y), 02N (N?1,)) (8.66)

be defined as in [8.22). Then (L[(©°T@:IN*I(N2t,)),,<0])nven is a tight sequence of
probability measures on C((0,00), [0,1]?).

Proof. To prove the tightness of the 1-blocks, we use [49, Proposition 3.2.3]. From
we find that (@eff’(z)’[N2](t))t>o evolves according to

2),[N? N2
dO@INVI() = 1+K0+K1N2 Z VI )) duwi(t

LBl S I - Y ) ar,

+ 2 2 2 4
I+ Ko+ Ky N N 1€[N?] N 1€[N?]
e = 22 | 1 1 V7] 4
P =5 5 D *72%2
i€[N?] €[N2]
(8.67)
Therefore the process (@°T2:N’1(N21,)), <o evolves according to
~ 1 1 2
A0 WNIN )y = — | — IN*1(N2ty) ) dug (¢
(V) = e | 2 o) du )
i€[N?]
1 [N?] /A2 [N 1/ ar2
+ Y o N N tg dts,
1+KO+K1 1EZN2] 2zG[ZNZ]
2 1 N?
A0 INT(N?ty) = ey 2 S Vv 2 Z TN2t) | dto.
i€[N?] i€[N?]
(8.68)

To use [49, Proposition 3.2.3], we define C* as the set of polynomials on ([0, 1]?). Since
(@eﬂ’@)’[NQ] (N?t3))4,>0 is a semi-martingale, by applying It6’s formula we obtain that
(@°T(2IN*I(N2t,)),. < is a D-semi-martingale with corresponding operator

263

Q YALIVH))



CHAPTER 8

8. Two-level three-colour mean-field system

GV (%, 10,17, (0,00), Q) — R,

(2),[N?] Kaes 1 [N?]( pr2 of
tw)= ——22 |y N (N2 27
G @) te) = e [V ,Z v ()| 5
i€[N2]
1 [N?] Ar2 of
+ ez ﬁz z; (N°t,w)—y 3
1€[N?]
1 1 [N?], 72 an
— S (N=t —.
N 2(1+ Ko + K1)? N2 IG[ZNZ]Q(% (N,)) 2
(8.69)
The conditions Hy, Hy, Hj in [49, Proposition 3.2.3] are satisfied. Hence tightness
follows from [49, Proposition 3.2.3]. O

§8.3.2 Stability of the 2-block estimators

Lemma 8.3.2 (Stability property of the 2-block estimator). Let (©°F-(2):[N(¢)),.,

)t
be defined as in (8.23)). For any L(N) such that limy o L(N) = oo and limy_,oo L(N)/N
0,

lim  sup ‘(:)(2)’[1\[2] (N%ty) — (:)(2)’[N2](N2t2 — Nt)| = 0 in probability  (8.70)

N—=00 g<t<L(N)

and

lim  sup @1(,22)’[N2](N2t2) - @;22)’[]\72} (N?ty — Nt)| = 0 in probability.  (8.71)
N—00 0<t<L(N)
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Proof. Fix € > 0. From the SSDE in (8.67)) we obtain that, for N large enough,

P| sup @(2)’[N2](N2t2) 6@IV* l(N?ty — Nt)
0<t<L(N)
1 N2ty
O<t<L(N) L4 Ko + K1 | Jn2e,—nt ZN
Ntz Koe 1
+ / dr =22 @(2) ~3 > €
NZ2to—Nt N2 N? XN:
1 NZ2t,
<P sup / dw; (r \/7
o<t<r(N) 1+ Ko+ Ki| Jn2e,—ne
S Kses L(N)N
“TI1t Kot K N
1 N2ty N2 €
<P sup / dw;(r \/[7 20
[O<t<L(N) 1+K()+K1 NZ2t5—Nt lE[NQ] 2

(8.72)
By a similar optional stopping time argument as in the proof of Lemma [6.2.15] the
above computation shows that (8.70]) holds. Equation (8.71)) holds by a similar argu-
ment as given in the proof of Lemma [7.2.2 |

§8.3.3 Tightness of the 1-block estimators

Lemma 8.3.3 (Tightness of the 1-block estimator). Let

@&ux,(l),[NQ] (N2t2 + Nt1)

) (8.73)
= (O@MWWI(N2ty 4+ Nty), 00 IV (N2ty + Nty), 00N (N2t5 + Nty))

be defined as in (8.20). Then (L[(@*W:INI(N2ty + Nt1))s,>0])Nven is a tight se-
quence of probability measures on C((0,00), [0, 1]?).

Proof. To prove the tightness of the 1-blocks, we again use [49, Proposition 3.2.3].
From (8.11)) we find that the effective process (@*W(IN’I(N2t, + Nt,)),, 0 evolves
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according to

5(1),[N2] _ 1 1 [N?] 1 [N?]
de (Nt1) = A [N2 > (V) - ~ > a N (Nt) | dt

JE[N?] i€[N]
Z Nt1 dwi(t1)
7.6 [N]
Kie; (1),[N?]
ZG[N
(8.74)
Kaez (1),[N?] 1 (V2]
— @ Nt Nt dtq,
+N(1+K0) [ l;\qw 1) 1

2 2
de?(lll)’[N ](Ntl) =eée |: Z T, Nt1 6191)’[]\] ](Ntl)] dty,

i€[N]

A0 NI (Ny) = [ Sl — 0N (N, )] dt,.

i€[N]

To use [49, Proposition 3.2.3], we define C* as the set of polynomials on ([0, 1]?). Since
(@2 (1)’[N2](N2t2 + Nt1))i,>0 is a semi-martingale, by applying Itd’s formula we

obtain that (@w():IN*I(N2t, 4 Nt1)),, 5 is a D-semi-martingale with corresponding
operator

GV (%, (0,1, (0,00), Q) — R,

(1),[N?] __a 1 (V2] 1 (N?)
GT (fa(xay17y2)at7w)* AT Z o (Ntaw)fﬁ Zx (Ntaw)

1+ Ky | N2 J v
o JEIN?] i€[N]
Kie; 1 (N?] of
1+ K, | Z T (Nbw)| 5o
1€[N]
Kseo [N?] of
_ N | =L
1€[N]
(V2] of
ter N Z €Z; (Ntv ) Y1 5y1
1€[N]
es | 1 [N?] of
+% | ¥ Z VN (Nt w) — ya (Nt w) o
ZE[N]
1 N2] >*f
+ > Z (Nt,w)) =5
(1 + Ko) N i€[N] ox
(8.75)
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The conditions Hy, Hz, Hj in [49, Proposition 3.2.3] are satisfied as before. Hence
we conclude that the sequence (L[(@* (W IN*I(N2t, + Nt1));,50])nen is tight. O

§8.3.4 Stability of the 1-block estimators

Lemma 8.3.4 (Stability property of the 1-block estimator). Let
@aux7(1)’[N2](t) be defined as in (7.14). For any L(N) such that limy_, oo L(N) = o0
and limy_,0o L(N)/N =0,

lim sup ‘@(1)’[1\]2](1\72752 + Nt1) — @(D’[Nz](NQtz + Nt, — t)’ = 0 in probability,
N—=00 0<t<L(N)
(8.76)

lim  sup ‘Gm W(N?ty + Nty) — @éll)’[N2](N2t2 + Nt1 — t)’ = 0 in probability,
N—=00 0<t<L(N)
(8.77)

lim sup ‘6(1) (N2t2 + Nt1) — @(1) (V2 ](N2t2 + Nt; —t) ’ =0 in probability.
N—00 g<t<L(N)

(8.78)
Proof. Define
U= N2t2 + Ntq. (879)
From the SSDE in (8.7)) we obtain that
]P){ sup é(l)’[NQ](u) - (:)(1)’[N2](u —t)| >e€
0<t<L(N)
1 “ C1 1 [N?) 1 [N?)
=P su / dr — | — o) - = z; r
Lgﬁfm) Lr Kol Jue o N [N2 je%\f:Q] ;0 NiGX[;V] "
[ ar B e - 5 3 o)
u—t
i€[N]
Koe 1 2 1 2
+ Nz [N Suh -5 Dl %r)]
i€[N] i€[N] (8.80)
“ 1
+/ dw;(r) i g(a:ENz](r)) > €
u—t i€[N]
1

<P

sup
o<t<r(n) 1+ Ko

[ a5 ¥ Vel '

L(N)2(c1 + Kier + 122;2)]

>€—
N(1+ Ko)
<P sup ! / dw; (
T | o<e<ivy 1+ Ko il ZE[N
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Via the same optional stopping time argument as in the proof of Lemma [6.2.15] the
above computation shows that (8.76) hOldb Note that the extra drift term K2P2 does
not have any influence. Equations (8.77] - hold by a similar argument as given
in the proof of Lemma [7.2.2 g

§8.3.5 Limiting evolution for the single components

Proposition 8.3.5 (Equilibrium for the infinite system). Fiz t5,t; > 0. Let
(Nk)ken € N and let L(N) be any sequence satisfying imy_oo L(N) = oo and
limy 00 L(N)/N =0 such that

kli)rrolo‘c {@aux,(l)v[Ng](ngtQ + thl):| = Pthtz’
lim £ [(Yffg’?](Nth + Nyty), YQ[fgf](N,ftQ)) )@aux%l)iNf](N,Etz + thl)}
— leff(tl)

lim ﬁ[ sup
k=00 lo<t<r(nVy)

+ ‘@ (N2ty + Nyty) — ©,, V6 (N2ty + Nty — t)‘

OWIl (N2t + Nyty) — ONE(NZty + Nyty — t)\ (8.81)

+ ‘@ th2+th1) @yZ[N’g](N/?tQ-i-thl —t)H = Jg,
hm ,C( Nk (N2t2 +th1) ) = l/(tl,tg).

Then v(t1,ta) is of the form

(1) (1)
U(ty,ts) = Pyy 1 (A0, dg() / POV (dy) vy, (8.82)
[0,1]2 [O,l]NO
where
.00 = | ] Ttouwo.) (8.83)
i€Np

with Ty, .y the equilibrium measure for the i’th single colony defined in (8.24)).

Note that by step 1 and step 3 we can find a subsequence (Nj)ien such that the
first and third line in (8.81)) hold. The second line in follows from assumptions
(8.38) and (8.39). To prove Proposition we proceed as in the proof of Proposi-
tion but with the finite system in (|7.4) replaced by the system in and the
infinite system in replaced by the system in . Note that Lemma
holds also for the system in 7 after adding the non-interacting component s o
to the equilibrium. The equivalent of Lemma will again follow from the equi-
valent of Lemma We will derive the analogue of Lemmas and (see
Lemma’s and below). Lemma[7.2.§ can be extended with an extra colour-2
seed-bank estimator by using the same proof. Since the infinite system for the single
colonies in the two-layer three-colour mean-field system (see (8.89) equals the one
for the one-layer two-colour mean-field system, up to a non-interacting component,
we obtain an equivalent of Lemma[7.2.9] Finally, also the equivalent of Lemma[7.2.10]
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holds under an additional assumption, see Lemma|8.3.8] Finally Corollary states
the equivalent of Corollary [7.2.11] With the help of the lemma’s and the corollary,
the proof of Proposition [8:3.5] follows from the same argument as used in the proof of

Proposition [7.2.3]

Lemma 8.3.6 (Comparison of empirical averages).
2 2
Let (@S)’[N ](to))tozo and (@;i)’[N ](to))tozo be defined as in (8.20). Then

E [[o® (1) - of)M(1)|] < \/]E (6811(0) — O M (0)) e

1 gl Kier  Kaeo
+\/K060—|—60 |:N+ N * N + N2 |

(8.84)
Proof. The result follows by It6-calculus on the SSDE in and the same type of
argument as used in the proof of Lemma [7.2.6] O

Like for the mean-field system with one colour, we need to compare the finite
system in with an infinite system. To derive the analogue of Lemma let
L(N) satisty imy_00 L(N) = o0 and limy_,o0 L(N)/N = 0. Define [N]; to be the
1-block that contains site i € [N?]. Since we start our system in an exchangeable
measure and the dynamics are exchangeable, we will only consider the single colonies
in [N]p, the 1-block containing the site 0 € [N2]. In the rest of the prove, we will

suppress the 0 from the notation i.e., [N]o = [N] and (:)gl)’[NQ] = OW:IN*I, Define
u = N°ty + Nt, (8.85)

and let uy be the measure on ([0, 1]*)No by continuing the configuration of
(7 - ()

= (X2 = £V, (Vi (= £, YN @ = £)), v - L(v)) ) )
(8.86)

periodically to ([0,1]*)No  i.e., we continue the configuration of the single colonies in
the first block to ([0, 1]*)Mo. Let

2w = L(N)) + Koyl N — L(N))

s, _ 1 i i
G N _Z TR, : (8.87)
1€[N]

Let
(ZM ()ez0 = (XM (1), (Y™ (1), Y™ (1), Y3™ (1))

be the infinite system evolving according to

0 (8.88)

dat™ (t) = ¢ [N — 2l (D] dt + /g (™ (1)) duwi(t) + Koeo [yl (£) — 2™ (1)] dt,
dy;g (1) = eo [ (t) — yiig (D)) dt,

yid (1) = yiy (0),

Vi (1) =5 (0), €N,

(8.89)
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starting from initial distribution uy. Then the following Lemma is the equival-
ent of Lemma [7.2.7] for the three-colour two-layer mean-field system. In particular,
the infinite system considered in Lemma [8:3.7] is similar to the infinite system in
Lemma The only difference is that there is one more non-interacting compon-

ent added in ({8.89).

Lemma 8.3.7. [Comparison of finite and infinite systems] Fixt1,t2 > 0, and let u =
N2ty + Nty. Let L(N) satisfy limy_so0 L(N) = 00 and limy o L(N)/N. Suppose
that

lim  sup ‘(:)(1)’[]\[]( ) — oW [N] ‘ =0 in probability. (8.90)
N—=00 << L(N)

Then, for allt > 0,

lim [E[f(2 (1) = £(Z™ = LN + )] | =0 ¥ 7 e (0,17, R).
k—o0

(8.91)
Proof. We proceed as in the proof of Lemma and couple the finite and infinite

systems by their Brownian motion, exactly as was d02ne there. The single components
in the block around site 0 of the finite process (ZV'1(t)) are evolving according to

aal™ (1) = co @IV — oM (1)] dt 4 co (O (t) — ©OINI] at

oo [OP (D) — 0O I(0)] ar L | Lo S ) oY | ar

N | N2 J
i€[N2]
/g 0) dw(t) + Koeo lug | (6) — =, (1)) dt
K 2 K- 2 2
i ARCEE RO e R OEE AR OIED

N N? N
dio]a)—eow (OB y£0]<t>]dt,
N? €1 [N? N
a0 = SN - o)
e 2 2 .

iy 0= 5 B -y el e )

(8.92)
Using this SSDE we can exactly proceed as in the proof of Lemma [7.2.7] to obtain the
result. Note that the colour-2 seed-bank can be treated just in the same way as the
colour-1 seed-bank in the proof of Lemma [7.2.7] since its rate of interaction with the

active population is even slower than the rate of interaction of the colour-1 seed-bank.
O

Finally, we state the equivalent of Lemma [7.2.10] for the three-colour two-layer
mean-field system.

Lemma 8.3.8 (Coupling of finite systems). Let

ZNAY = (VI y Ny VL N (8.93)
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be the finite system evolving according to starting from an exchangeable initial
measure. Let pNb1 be the measure obtain by periodic continuation of the configuration
of ZWLL(0) in the 1-block around 0. Similarly, let

ZW12 = (xIV2, y (V2 y V2 N2 (8.94)

be the finite system evolving according to starting from an exchangeable initial
measure. Let N2 be the measure obtained by periodic continuation of the configura-
tion of Z[Nzl’l(()) in the 1-block around 0. Let fi be any weak limit point of the sequence
of measures (uVh x pNL2) . Define the variables OV on ([0, 1]%, plN1)No),
OINI2 on (([0, 11", 1¥)2) and ©1 and G5 on ([0, 114 x ([0, 1)), 1) by

[N?],1 [N?],1 [ 1,2 [N?],2
GRS Koo T gve_ L o +Koyio
N 1€[N] 1+ Ko 1€[N] 1+ Ko
- 1 i + Koyl - 1 22+ Koy?,
V= lim =) —=——72 2 gy = § e 0%00
O =lim i g O g
1€[n] i€[n]
(8.95)
and let (O INLL(1)),50 and (OMINI2(4)),5¢ be defined as in (7.14) for ZIN.1

[N?],2

respectively, Z . Suppose that

lim  sup (‘(:)[N]’k(O) - (:)[N}’k(t)D =0 in probability, k € {1,2}, (8.96)
N—=00 g<t<L(N)

and suppose that fi({0; = Oq, Y} = Y2 Yy} = Y2}) = 1. Then, for any sequence
(t(N))nen with limpy o0 t(N) = 00,

Jim B[l (0(N)) = 22 (((N)] + Kolyly" (1(N)) — i (V)
+ Ky (#(N) = g2 )+ Kalyl 3 (V) — 3P (V)] =0,
(8.97)

Proof. Like in the proof of Lemma [7.2.10] we can show with It calculus that the
function

t —E[|lzM (V) — M2 (V)] + Koyl (V) — oA (V)]

+ Ky () = iy P EO) -+ Kalygs” ! (1(N)) = ol (1(N))]]
(8.98)
is monotonically decreasing. Hence we can proceed as in the proof of Lemma [6.2.13
to show that is true. (|

From the above couplings we can derive the following corollary, which is the ana-
logue of Corollary [7.2.1] for the two-level three-colour mean-field system.

Corollary 8.3.9. Fiz t1,ty > 0 and set u = N2ty + Nt,. Let pn be the measure
obtained by periodic continuation of

28— L(N)) = (XN = L(V)), YN (= LOV)), VIV = L(N)), VIV (w = L(NV))),
(8.99)
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and let p be a weak limit point of the sequence (un)Nen. Let

0= lim — — i in L?(u), (8.100)

and let (Z7°(t))is0 = (X7 (1), Yy® (1), Y (), Y5® (¢))t>0 be the infinite system with
components evolving according to with 0 = © and y; 1,0 and y; 20 determined by
assumption and starting from its equilibrium measure. Ezxtend the finite system
ZIN*1 as a system on ([0, 1]*)No by periodic continuation. Construct (Z[NQ](t))bo and
(Z¥e(t))i=0 on one probability space. Then there exists a sequence (L(N))nen such

that impy_, o0 L(N) = 00, limy 00 @ =0 and

lim E HILNQ](NS) _gve (E(N))H + Ko |

N—oc0

—s—KlE{

W0vs) 5 L) |

uby (V) = yg (LV))|| = 0. € [N
(8.101)

uiY (V) S (LV))|| + K |

Note that Lemmas and Corollary do not only hold for sites 7 in

the 1-block around 0, but hold for for all sites i € [N?], after we replace @%N]O b,
oM.

§8.3.6 Limiting evolution of the 1-block estimator
process

Proposition 8.3.10 (Limiting evolution of the 1-blocks). Fiz ty > 0. Let
(L(N))nen satisfy imy_yo0 L(N) = 00 and imy_oo L(N)/N = 0. Let (Ni)ken be a
subsequence such that

lim £ K@CH’(Q)’[NE](N&Q)H =P, (),

k—o0

lim L {yg\;’?’](thz)‘@(Q),[N;f](N,th)} — p=(t2)

lim £ {(Yl[ok](thQ +th1) Y[N ](ngtg)) ‘(_)aux,(l)v[Ng](letQ +th1) — Pziff(tl),

k—o0

lim £

su
k—o0 P

0<t<L(Ny)

O INK(N2¢,) — O INEl (N2, — th)’

+ [ M (Et) — 0, N (v, Nt)\} = do.

(8.102)
Then, for the 1-block around 0,
klggoﬁ [@Exux,(l) JINE N2 / / FZU;(Q : P(u U)(dyg 1) Pt2 (du dv)
(0,112 J[0,1]
(8.103)
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aux, (1)

where Ty, is the equilibrium measure of (8.29)) with 0 replaced by u, and

lim £ [<®aux’(1)’[N’§](N13t2 + thl))t >0] = L(z1"™(t1))t1>0)] 5 (8.104)

k—oc0

where (z aux(tl))t1>0 1s the process evolving according to with 0 replaced by the
random variable ©2) (t3) and with initial measure

f[o 1t f[o 1 | (D) p(uv) (dyy 1) P, (du, dv), and yo, is a random variable.

Note that by tightness of the 2-blocks and the assumptions in Proposition [8.1.1] we
can always find a subsequence (N )ken such that holds and also holds.
To prepare for the proof of Proposition [8.3.10], we prove four lemmas: Lemma
shows that the limiting 1-block system has a unique equilibrium, Lemma im-
plies convergence of the active 2-block estimator and the combined 2-block estimator,
Lemma[8.3.14] gives a regularity property for the 2-block estimator, and Lemmal8.3.15
shows the limiting evolution of the auxiliary 1-block estimator process. Lemma[8.3.17]
proves equation . After we derive these lemmas we prove Proposition 8.3.10l

Lemma 8.3.11 (1-block equilibrium). For any im’tial distribution p € ([0,1]3),
the process (23"*(t1)), >0 evolving according to is well defined and converges
to a unique equilibrium measure

lm L[ (¢,)] = Do), (8.105)

t1—00 0,y2,1

Proof. By [72], the SSDE in (8.29) has a unique strong solution. By a similar ar-

gument as in the proof of Lemma the SSDE in (8.29) converges to a unique
aux,(1) 0

equilibrium measure I'y o -

Remark 8.3.12 (Equilibrium measure). Note that Lemma(8.3.11]still holds when
we allow 0 and y2 1 to be the random variables O(t2) and yo.1. Assuming (8.102), we
can derive the distributions of O(t2) and y» 1, and we can write the equilibrium as

Joa2 Jo e () pluv)(dy, 1) P, (du, dv). In what follows we abbreviate

(1) Taux, (u,v)
O(t2),y2.1,s /[O 1o /[O . oA (dy2,1,:) P, (du, dv). (8.106)
|

Lemma 8.3.13 (2-block averages). Define

(2),IN?) (2),[N?]
e Oz (Nt1) + Ko© (Nt1) 2
APV (N) = 11+ P?O vo Y e® N (Nt,).,  (8.107)
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Then
E HA(;)’[NQ](NM)H

< \/]E [(AS“NZ](O))? oo (PG )

ty 1 K, K e, (LEKQHKE s _
+ \// ds2e; (%}K) e 2<1( 1+Ko 1)(t1 ‘)E H@(l)’[NQ](NS) —9561)’[N2](N5)H
0
1

N { Kses gl }
er [N+ Ko+ K1) 2N(Q+ Ko+ K1)’
(8.108)

Proof. For the two-level mean-field system we have the following SSDE for the 2-block
averages:

i€[N?2]

d@)f)'[NZ](Ntl) - \j % Z 9@ (V) da(tr)

2 2
+ N Kopeo [@Ej),[N ](Ntl) — @532)’[1\7 ](Ntl):| dt1

2 2
+ Kiex [@15,21)’[1\[ ](Ntl) — @3(32)’[1\] ](Ntl):| dt1

(8.109)
+ % 02 I(Nt) — 0DV (vt)] ats,
A0 WI(Nt;) = Neg [@f)’[NZ](Ntl) - eéi)’[Nzl(Ntl)] dts,
A0 INI(Nty) = e [953““1(1\&1) - @§,§>7[N21(Nt1)} dty,
A0 NI (Nty) = j\j [eszJ(Ntl) f@;?vw?](ml)] dt1.
Therefore
2 2 2 2 2
d (AP (Ne)) =288 0 (V) AP Y (V) 4+ a (AR (v ) )
1 1 )
:2A(2)’[N2] N [N} N -
) (Nty) 1+ Ko | N3 Z g(x;" "(Nt1))dw(tr)
1€[N2?]
K (& 2 2
oAD' () 1L (9@ N (g, — @@ NI (V)| at
T285 (Nt1) (1+ Ko) [ Y1 (Nt1) P ( 1)} 15 (8.110)

Kse 2 2
AP W (Nt) 22 [9@N)(Nty) — 0@ IN(Ny)| dt
T2 V) Ry o) — eIt dn,

=208 (N) e [ (V) — 0PN (N)| any

1 1 [N?]
T 2 N3 g(l’Z (Ntl))dtl
(14 Ko)* N 2%

+
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Hence

dg [(Ag)’[Nz](Ntl))Q}

dt
o (o s
+ 2e1 (71 +1§O;0K1)
x E Ag)‘[Nz](Ntl) (69’[]\] Yt )1‘:[;0@(2) V7 (Nt1) 9562),[N2](Nt1)>}
0

__Kaex (2),[N?] (2).N%) @
N QE[AZ (Nt1) [% (Nt1) — 6 (Ntl)]]

1 1 [N?]
T ar R []Wig\;z]g(xi (Ntl))] ;
(8.111)

and therefore

E [(Ag)’[NQ](Ntl))Q}

[(A(Z‘ N )} —h(%)tur/h dse 2 (FHRTE) (=) N )
0
(8.112)

where

1+ Ko+ K
h[N ( ) — %, ( 1—’_OK'O 1)
2 0@ WI(Ns) + Koo W (Ns) :
E | AP — ©(2),[N7]
X - (Ns) 11 I S} (Ns)
2Kze: o [A(z)-,[Nz] (Ns) {@(2)7[1\12}(]\[8) _ @(2),[N2](Ns)”
N(1+ Ky) = vz ¢

1 1 [N?]
+mﬂ‘: N3 Z g(z;" (Ns))
1E[N?2]
(8.113)

Therefore

E HA(;)![N2](Nt1)H
< \fe] (a8 o) Jore

14 Ko+ K B
\// ds 261 71 + Ko + Kl) o2 (PG ) (o [l ivi(vs) — e M)

1+ Ko

Y ol ]
61 N(1+ Ko+ K1) 2N(1+ Ko + K1) '
(8.114)
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O
Let p1n, be the measure obtained by periodic continuation of the configuration
ZIN1(N2ty). (8.115)

Since the state space ([0,1] x [0,1]*)N0 is compact, we can pass to a further sub-
sequence, to obtain

p= lim ppy,. (8.116)
k—o0

Lemma 8.3.14 (Regularity for 2-block estimator). Let yu and puy be as defined
above. Let (x;,y1.,i,Y2,i)ien, be distributed according to . Define the random variable

¢ - (¢17 ¢2)7
.1 z; + Koyio + K1y, 1 (8.117)
p1 = RILH;O? Z 1+ Ko+ Ku ; P2 = nlbngo o Z Yi,25
i€[n?] i€[n?]
and the random variable ¢! on (un, ([0,1]2)N0) by putting
2 2 2
o = (o, 05 ),
2 2 2
vy _ 1 ) w )+ Koy + Ky, by = lim — S
1T N2 1+ Ko+ K, : 2T NI N 2 Y2
1€[N?] 1€[N2]
(8.118)
Then )
lim L[p™N1] = £[¢]. (8.119)
N—o0
Proof. Use a similar argument as in the proof of Lemma [7.2.8 d

We will first determine the limiting evolution of (@w(W:INEl(N2ty + Nt1))y, 0.
To do so we consider all the N 1-blocks in [N7Z]. After that we show that

. aux,(l),[N%] 2 _ (1)
lim £ [(91 A (th2)>ie[Nk]:| o H Pé(t2)>y2,1,i’ (8‘120)
i

k—o0
No

The limiting 1-block process for the auxiliary estimator process (recall (8.29))) is
given by
(20" (1)) e>0 = (X7(), y 17 (1), 5.1 (1) )10,
21" () = (217 (0)ieng,  X77() = (2175 (8) )ieno, (8.121)
yir(t) = @ini(@))iena  ¥51 () = (4557 (t))ien,
and its components evolve according to

aux 1 & aux aux
dafif (t) = 1 |10 (k) — adiF (]t + [ (FOg) (i (9) du(t)
+&mwﬁww—ﬁ$mw4, (8.122)

dyi'T5 (1) = e [275°(t) — yils (D] dt,
Y5 (1) = y2,1, i € No,

276



§8.3. Proof of two-level three-colour mean-field finite-systems scheme

where
[N?] [N?] [N?]
_ xT: + Koy; + Kqy;
0@(ty) = lim : 0¥ 1

N~>ooi€[N2] 1+ Ko+ K,

in Lo(p). (8.123)

2
Let ,ug\l,z be the law obtained by periodic continuation of (@?ux’(l)’w’“](N,ftg))ie[Nk],

and let ©™M) = limy_, ,ug\l,z be any weak limit point of the sequence (u%l)keN.

Lemma 8.3.15 (Limiting evolution of auxiliary 1-block estimator). Let
L[(2"(0))] = uV). Then the following hold.

(a) For allt; >0 and i € [Ny],

2 2
lim E| (14 Ko) (x;»y(tl) g N 2y thl))
aux, 2 2
+ Ky (yl,l,i(tl) - @yl,i'(l)7[N"](N,ft2 + N;ctl)) (8.124)

Y20

aux,(1), 2 aux ) 2
+ K> <y2,1,i(1) Wil (1) — @ AN (N2, th1)> ] —0.

(b) For all t5 > 0,

lim £ [(@WNI(NZE, + Nta))i, 0| = LA™ ()50 (8:125)

k— o0

Proof. Abbreviate

AP (Nt = (1) - 07 DR (N2 + N,

2 aux N 2

51(,?,;[]\[’“](1\7@1) =y11,:(t1) — @;i{(l)'wk](N;?tQ + Nit1), (8.126)
2 aux 2

N (1) =y () — @8 DN (N2gy 4 Nty

Extending (©wx:(1):[N{] (Nkt1))t, >0 as a process on Ny by periodic continuation, we
can construct (22" (t1))¢, >0 and (@*"()(N.t1))s, >0 on one probability space such
that

lim @M INEI(N24,) = 220 (0)  q.s. (8.127)

k—oc0

We couple the processes (z5"*(t1))t,>0 and (@a‘l"’(l)7[N§](N,?t2 + Nit1))t, >0 by using
the same Brownian motions for both processes. By It6-calculus we obtain for the
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coupled process (recall (8.74]))

2 2 2 2 2 2
E {(1 + Ky) (Agl)’[N’“](thl)) + K (5&?}”1(%@)) + K, (552}”1(]\1@1)) }

—_F {(1 + Ko) (AS“Nﬁ](c)))2 + K (o) W(O))2 + K, (5“)4N51(0))Q]

Y1,t Y2,

t1 r 2 2
— 201/ E (Az(»l)’[Nk](Nks)) } ds
0 L

t1 2 2
0

UI'L

t1 1
+ 20 / E [ADPE () @(2)(t2)—m 3 oM (N2, 4+ Nis) | | ds
0

L k jelng)
AN
+ (K161 =+ 61)/ E |:Az Tk (Nks)
0
]. aux,
x| 3= alMN2e 4 Nis) = €3O (N2, 4 Nys) | | ds

Ni, e

J i

t1
+2Klel/ E[a(” INE(Ns)
0

Y1,t

= aux,(1),[N2 1
x | ©; M [N’“](N,Stg + Ngs) — N, Z [Nk](th2 + Nis) | | ds

I * jelNili ]
Kyes (1),[N?] (DLINZ] Ar2
e ! “@m (@) = A 21y 4 N
1 [N2] /A2 aux, (1),[NZ]  nr2
< X v ez 4 v | Ja
JE[NK]:
2
t1 1
+(1+K0>2/ E (]:g)( aux(s)) _ N Z g( [N ](N2t2+Nk5>) ds.
0 i€[N]
(8.128)

Note that |A; (1), [N | <1 and |(5(1 [N’“]| < 1. Note that the first term tends to 0
by m We show by domlnated convergence that also all other positive terms in
the right-hand side of (8.128) tend to 0 as k — oo.
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For the third term, we can estimate

Cc1
14+ Ko

lim E
k— o0

1 Z Nk](th2+NkS) @(2)(t2)’:|

N2
kieng)

C1

@(2) J[VE] (N2t2 + Nks)
+ Ko

< lim E

k—oo

@<2 Nk](thz +Nk5) +Ko@(2> Nk (Ngtz +Nks)
1+ Ko

|

0P WE N2ty 1 Nyvs) + Ko 8 (N2t + Nis) + K102 N (N24y 4 Nys)
14+ Ko+ K1

2 2
O I (N2, 4+ Nis) + Ko® P NH (N2ty + Nys)
1+ Ko

C1
1+ Ko

+E

c1 @§?>’[Nk](th2 + Nis) + Ko@<2) [Nk](N2t2 + Nis) + K10y, o Nk](sztQ + Nyis)

+E
1+ Ko+ K1

1+ Ko

— 9(2)(t2)‘:| .
(8.129)
The first term in tends to zero by Lemma the second term tends to
zero by Lemma [8.3.13] while the third term tends to zero by Lemma and
Lemma which is the third assumption in . Hence the third term in
tends to zero by dominated convergence as k — oo.

The fourth and fifth term in (8.128)) tend to zero by Lemma and dominated
convergence. The sixth term in (8.128)) tends to zero because the integral is bounded
by t; and there is a factor f in front. To see that the last term in the right-hand

side in ) tends to zero, recall that the subsequence Ny is chosen such that

lim £ {(eaux WV (N2t +Nt1))t1>0] (8.130)

k—o0

exists. Note that

1 2
5 2 9@ (NPt + Nis))

i€[N]

E (Fg) (™ (s)) —
(8.131)

<E |[(Foai™) - 5 2 o @ (N2t + Nys)) ||

i€[N]

2"_‘ _

and hence we can apply a similar reasoning as in (6.198)) to see that (8.131f) tends to
zero as k — oo. Therefore we obtain

2 2
lim E [(1+ Ko) (A (Net) + K100 (V) + K (005 (ita))?]
k—o0 ,
=0.
(8.132)
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To prove ([8.125)), note that ( m implies convergence of the finite-dimensional dis-
tributions of (@2w%(1); [Nk](N2t2 + Nit1))t,>0 by a similar argument as given below
(6.137). By Lemma [8.3.3] we see that the laws of the processes

(ﬁ |:((,_)aux,(1)v[N1§](‘]\flgt2 + thl))t1>0]> (8.133)
k€N
are tight. Therefore (8.125]) indeed holds. O

Remark 8.3.16. Note that in the proof of Lemma [7.2.12] we could have proceeded
as in the proof of Lemma [8.3.15] instead of using the criterion in [49, Theorem 3.3.1].
|

Lemma 8.3.17 (Proof of (8.103)). Under the assumptions in Proposition|8.5.10

lim £ |@3ws():N;] N2t2 / / raws (D) p(wv)(qy, 1) P, (du, dv).
[0,1]2 J[0,1]

k—o0 U,Y2,1

(8.134)

Proof. For ease of notation, we drop the subsequence notation in this proof. Let
(tn)nen, be any sequence satisfying lim, .o t, = oo and lim, ;e t,/n = 0. For

each t,, let us\l,,)t" be the law obtained by periodic continuation of the configuration

of (©; @ (1[N (N?ty — Nt n))ic|n]- Recall that, since our state space is compact,

the sequence (,ug\l,)t )Nen is tight. Let ,ug ) be any weak limit point of the sequence

1
(Mgv)tn )NEN

Let £[z2""(0)] be the law obtained by periodic continuation of @%W):[N*I( N2, —
Nt,). By Lemma we know that the sequence

(L [(G?me),m?](mw — Nt, + Nt1)>t . E[N]D (8.135)
1 N2

NeN

is tight and hence for each t,, we can pass to a subsequence such that

lim £ [( @ MWNE N2y, Nyt thl)) ] (8.136)
k—o0 t1>0,i€[N]
exists. By Lemmas 8.3.14] we obtain for all ¢,, that
A}lm O[N] (N2ty — Nt,,) = ©@(ty) in probability. (8.137)
— 00
Then, by (8.128) in the proof of Lemma [8.3.15] for fixed ¢,, and all i € [N],
_ 2
lim B | (14 Ko) (57" (bn) - eu e WINE (N2 Ny Nitn) )
k—o0
2 2
+ K, (yf‘;ﬁ”(tn) — oW INE (N2t — Nyt + thn)) (8.138)

Y2,

2
+ K (355 (ta) — O3y O (N — Nyt + Nit)) ] =0.
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By contradiction we can argue that

_ 2
Jim E|(1+ Ko) (g;i“;x "(ty) — O WIN (N2 N 4 Ntn))
— 00
2
+ K (yﬁxz”(tn) —om WV (N2, vy, Ntn)) (8.139)

Y2,

2
+ K (U375 () — O3 (N2, — Nt 4 Nt ] =0.

To see why, suppose that (8.139) does not hold. Then for any § > 0 we can construct
a sequence (IV});>o such that, for [ € N,

—~ aux 2 2
E (1 + KO) ( aux, n(tn) B 61 »(1)7[Nz](Nl2t2 — Nyt + Nltn)>
2 2
+ K, (y?‘ﬁxl”(tn) — oW (NZEy — Nt + Nltn)) (8.140)

aux,n _ @aux,(1), [N?] 2, 2
+ Ko (a1, (tn) — Oy, ; (Nita — Nit, + Nity,) > 6.

However, also the sequence

(£ |:<®?ux,(1)a[Nz ](letQ - Nltn + Nltl))t -0 E[N]:|> (8141)
Ll IS\

is tight. Hence we can pass to a further subsequence (INj);y for which ( m ) holds.
But this contradicts . We conclude that ( m ) indeed holds. Moreover the
argument holds for all tn, SO that m ) holds for all ¢,

Hence for every t, there exists a N, such that, for all N > N,,

_ 2
B |(1+ Ko) (575" (8n) — 03D (n2y) )
2
+ K (5255 (1) — O3 O (21 ) (8.142)

2 1
aux,n ux,(1),[N
+ K (5355 (1) — O3y O (21y) ) ] <
In particular, we may require that N,, > N,,_1. Setting N = N,,, we obtain

_ 2
lim E (1 + KO) (xihuzx n(tn) _ @?ux,(1)7[N72L] (N,,?Ltz))

n—roo

2
+ K (yT“lxz”(tn)—Gylf‘“” nl(v2e )) (8.143)

aux,n aux,(1 2
K (55 () — Oy O (N2 ) ]o.
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If we can prove that
lim L[z (t,)] =T8) (8.144)

n—00 O(t2)

then we are done. To see why, note that, for all f € Cy([0,1] x [0,1]?), f Lipschitz
continuous

’E[f(G?ux,(l),[Nﬂ(N2t2))] E 82@)“]'

< [ELF O™ OV IN)) = flar 5 )] + [BLT 1 0]~ " 7]

(8.145)
Therefore if (8.144]) holds, then for all € > 0 we can choose 7 such that, for all n > 7,

rd®

€
L7 )] - B 1] < (5.146)
By (8.143) we can find a i > 7 such that for all n > n
aux,n €
[E[f(©F(Nit2)) — [z, (ta))]| < 3 (8.147)

Using (8.144)) and the fact that the Lipschitz functions are dense in Cp([0, 1] x [0, 1]?),
8.134)

we obtain (8.134

Proof of (8.144). We use that any two systems (z*!(t1))¢, >0 and (2*"2(¢1))s, >0
evolving according to , and having the same y, ;-components and the same
O(t3), can be constructed on one probability space and can coupled by their Brownian
motions. We obtain, for a component i € Ny,

aux,1 aux,2 aux,1 aux,2 aux,1 aux,2
]E[xu (tn)_xli (t )|+K1|y111 (tn) — Y11, (t )|+K2‘y21z (tn) — Y2,1,i (tn)l]
= B[|2}71(0) — 2772 (0)| + Ka g3 (0) — 97752 (0)] + Kaly3'75' (0) — 5757 (0)]

tn
e / E[[225 (s) — 22%(s) |ds
0
b 1 2 1 2
oKier / E [l (s) — 2322(s)] + K% () — 5252(5)]

{sgn(wiufl(s) o302 (s)) £sgn (7' (s)— y?“ff(s))}]d

Therefore the difference between these two systems monotonically decreases. (5145
Since the state space [0, 1] x [0,1]? is compact, the sequence of laws
(L[ (0)])new (8.149)
is tight. Therefore we can find converging subsequences such that
lim L[z (0)] = (8.150)

k—o0

for some probability measure p on [0,1] x [0, 1]2.
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Let (2250(¢1))¢, >0 be the limiting system evolving according to and starting
from initial distribution . By Skorohod’s theorem, we can construct the sequence of
limiting systems ((22"™ (1)), >0)ren and (22%0(¢1));, >0 on one probability space
such that

lim 227 (0) = 2*9(0)  a.s. (8.151)

k—o0

Use the coupling of Brownian motions to obtain

(|27 (b)) — 2157 (b)) |+ Kalyi 75" (ta) = 9355 (6 )|

aux,ng aux,0

+ K2|y2,1,¢ (tny) — Y2.1,i (tny)l]
aux,ng aux,0 aux,n aux,0 aux,n aux,0
=E[|l27;7"(0) — 27 7 (0)| + Kulyry; " (0) —yi1; (0)] + Kalys 7,7 (0) — yay; (0)]]

t’”.k
—ec / E[J22m (s) — 2250 (s)[]ds
t"k
“amren [ Bl )~ 0] )~ ]

X L fagn (2 (5) a0 (5)) s (57 (5) —y0 (5))} ) 98-

(8.152)
Taking the limit & — oo on both sides of (8.152)), we obtain
Jim B[z 55 () — 15 )|+ KLY (b)) = 91T (B
(8.153)

X, N x,0
+K2|yg}11,ink (tny) — y;ﬁ,z (tn)]l = 0.

Note that hmn_>DO tn, = oo implies that limg_ o0 tn, = 00, SO za“xo is the limiting

system in ) with 6 replaced by the random variable 6(t2) and y2 1,;- Therefore
we can condltlon on @(tg) and ¥2 1, and use the assumption in , to obtain

lim c[ w0 / / rawe(h) plv)(dy, 1) Py, (du, dv). (8.154)
0,1]2 J[0,1]

k— o0

Hence we conclude that

Jim L[z (b, / / rave () pee) (dys 1) Py, (du, do). (8.155)
[0,1]2 J10,1]
Equation (8.155)) holds for all subsequences along which the initial distribution con-

verges,
lim 22" (0) = 22™%(0)  a.s. (8.156)

k—o0

We will show that this implies (8.144)).
Suppose that

lim L[z ( / / rave () Pee)(dyy 1) Py, (du, do). (8.157)
0,12 J[0,1]

n—oo
Then there exist f € Cp([0,1] x [0,1]?) and § > 0 such that for all N € N there exists
ann € N, n > N such that

’E[ﬂzfau’“"(tn))} E 0o [f]] > 4. (8.158)

?
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Hence we can construct a subsequence (z;"""*(t1))t,>0, ken such that (8.158) holds
for each k € N. However, also for this sequence (L£[z]""*(0)])ken is tight. Passing to
a possibly further subsequence of converging initial distributions, we argue like before

to obtain that along this subsequence

@)

Jim [BLf (2 ()] —E" [f]] = 0. (8.159)
—00
This contradicts (8.158]) and so (|8.144)) is indeed true. O

Proof of Proposition [8.3.10]

Proof. Lemma [8.3.17) implies (8.103)). Therefore Lemma |8.3.15 implies (8.104)). O

§8.3.7 Convergence of 2-block process
In this section we derive the limiting evolution of the effective 2-block process.

Lemma 8.3.18 (Convergence of the 2-block averages). Assume that
(Ni)ken C N is a subsequence satisfying

kli—>nolo£ [yg\;g](]\;kb)‘@@)’wi](letQ)} — palt2),

kli_}rn L [(5/1[,](\)[’3] (NZts + Nity), YQ[,](\)[’E](NJEE)) ‘@aux’(l)’[]vg] (Npts + thl)} (8.160)

_ pift(t)
Then, for the effective 2-block estimator process defined in (8.23)),

lim £ [(@eﬂx@%[m (N,ftQ))

k—o0

} =L {(Zgﬂ(tz))t2>0} , (8.161)

to>0

where the limit is determined by the unique solution of the SSDE (8.36)) with initial
state

251(0) = (257(0), 357(0)) = (91,6,,) . (8.162)

Proof. Again we use [49, Theorem 3.3.1]. By a similar argument as used in the proof
of Lemma [7.2.12 we can show that

. e 2
lim £ [@ H’(Q)’[Nk](N,ftg)} = 8(91.0,,): (8.163)

Note that by steps 1-4 of the scheme in Section [B:2] we can choose the subsequence
(Nk)ken such that both (8.81)) and (8.102) hold. Since we already established the
tightness of the 2-block in Lemma [8.3.1] we are left to show that, for all t5 > 0,

. (2),[N7F] eff,(2),[NZ] ( AT2
Jim E[|¢P Y (r,0 (Nita), t2,w)

. (8.164)
NN (@eff«z)’mk}(Nth)) H —0,
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where G (2),INE] is the D-semi-martingale operator defined in (8.69), G(? is the gen-

erator of the process (25%(¢2))r,~0 defined in (8.36]), and both generators work on a
probability space driven by one set of Brownian motions. Note that, for all ¢t > 0,

EHG@[N?] (f, <@<2>,[N§1(N13t2)’ @z(i)’[N’?](NEtz)) ’t%w)

— GO f (8D IH(NEr), 0 N (N2 ) |

K262
14+ Ky + Ky

1
+—
(1+ Ko+ Ky)?

of

E U@@HN%](N%@) . GQZ)’[NE](N]?t%w)’ ‘ i
X

|

1 N ~ 0% f
<B| |5 3 ol 0t0) - 0@ (i) | T
k . 2 xr
716[Nk]
(8.165)
The first and second term on the right-hand side tend to 0 as k — oo by a similar
argument as used in (8.129)) and below. For the third let [IV]; denote the 1-block that

contains site ¢ and let (z ot )(t))t>0 be the limiting single colony system, with drift
towards the random variable ©; and starting from the equilibrium measure Vow-

We construct the single colony system Z[Nk](N,ftg — L(N) + t);>0 and the limiting

V_
system (z &) (t))¢t>0 on one probability space, such that by Skohorod’s theorem, we
can assume that the convergence is almost surely. Note that ©; is the limiting one
block. Then we can write

1 2 = 2 82
E|lgz 2 9@ (Vi,w) — (FPg) (@@ N (N}ty)) \xf
kieng)
1 51 o2
<v LE|x 2 g(@H (NEty, w)) 2 9@ (L) 87{;
" s €[N
1 (1 _ ?
o DB X o e - @) |5k
" ieln) " e
1 _ _ O f
= WO _ (F@ (02| | L
TE || 2 (FU9O) — (FP9)6)) |53
1€[N]
_ _ 52
+E | F 206 - e k)| |55
(8.166)

The first term on the right-hand side tends to zero by Lipschitz continuity for g and
Corollary The second term tends to zero by the law of large numbers, since
the limiting single colonies are i.i.d. given the value of the random variable (:)gl).
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The third term tends to zero since by Proposition [8.3.10] also the limiting 1-blocks
become independent given the value of the 2-block. Hence we can again apply the law
of large numbers. Finally, for the last term, note that since we construct the single
components and the limiting process on one probability space, we can argue like in
the proof of Lemma that

lim E Hé§2> - é§2>(N,§t2)H —0. (8.167)
k—o0
Hence the last term tends to zero by the Lipschitz property of F(2)g. O

Remark 8.3.19. Instead of [49] Theorem 3.3.1] we could have used a similar strategy
as in the proof of Lemma [8.3.15| to obtain Lemma [8.3.18 |

§8.3.8 State of the slow seed-banks

On time scale tg, i.e., space-time scale 0, the colour-1 seed-bank is a “slow seed-
bank,” since it does not move on this time scale. Because we study the two-layer
three-colour mean-field system from time N2t, onwards, the 1-block averages of the
colour 1-dormant population are already in equilibrium. As a consequence we can
exactly describe the single 1-dormant colonies, which turn out to be in a state that
equals the current 1-block average of the dormant population of colour 1. To obtain
the formal result we will first prove the following lemma.

Lemma 8.3.20 (Slow seed-banks). Fix ta,t; > 0, fori € [N?] and all to > 0,

lim [yz[ff] (N2ty + Nty + to) — 0N (N2, 1+ Nty + to)} =0 as, (8.168)

N—o0 Y1t

where @;11)7;[N2] is the 1-block average to which yz[f\lfz] contributes.

To prove Lemma |8.3.20, we need the kernel b[NQ](-, -) defined in which be-

comes in the current setting

Yaps sy v + n, i Ri =Ry = A4,

N2 (i R).(G.R;)) = Ko 555, ifi=j, Ri=A, Rj =Dm,me€{0,1,2},
(GG, Ra), (5, B3)) e if i = j, Ri = Dm, R; = A, m € {0,1,2},
0, otherwise.
(8.169)

The corresponding semigroup of the kernel bV)(-, ) is denoted by b7[5N2] (-, ).
To prove Lemma [8:3:20] we will use the following lemma, which was proved in
[43][Lemma 6.1] and for our setting reads as follows.

Lemma 8.3.21 (First and second moment).
LetE, 2] the expectation if the process start from some state 2N’ € ([0, 1]x]0, 1]3)[Nz].

For z[ e € ([0,1] x [0, 1]2)[N2]7 t>0 and (i, R;), (j, R;) € [NQ] x {A, Do, Dy, D5},
N? N2,
E,ive) (205 ) (D] = ST YNGR (ke RY) (8.170)
(k,Ry)€

Qnx{A,Do,D1,D2}
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and
N? N
RN EARNOEAENG)
N1/ N? N? N?
= > o (0 Ra), (e, Re)) 07 (G, Ry), (1 RY) 2000 o240
(kaRk)a(l7Rl)e
QNX{A Do,Dl,Dz}
. 2 N2
T2 / ds S o )y (b, AN YL (G Ry, (ks AY B [g(alN ) (s).
keEQN

(8.171)

Proof of Lemma|8.3.20, The argument is given in such a way that it can easily be
generalised to more complicated systems, which we treat later. Let t{(N) = N%ty +
Nty + tg. We will show that if 4,j € [N];, i.e., i and j belong to the same 1-block,
then

Jim [ (Y0 - oY ) | <o (5172)

This implies (8.168]). By Lemma [8.3.21] we can write

e [ (370 - o) |

= 5 oL (G, Dy), (k, Ri)) — B (G, Dy, (k, R
= {(N)((Za 1), (k, Rg)) — {(N)((]7 1), (k, Ry))
(k,Ri),(L,Ri)€
[N?]x{A,Do,D1,D2}

[N?] _[N?] (8.173)

x (b] (G D), (1 Ra) = B (G D), (0 R)) ) B 2

t(N) 5 2
+2 / ds > (0w oy (6 D1 O 4)) = bR (G, D1). (1, A)))

ke[N?Z]
x Elg(z[N(s))].

Using a coupling argument, we show that both terms in (8.173)) tend to 0 as N — oo.
To prove that the first term tends to 0, we will show that

. N N? .

A > ‘b£<zv]> Dy), (k, Ry)) = by} (G, Dv), (, Rk))’ =0. (8.174)
(k,Ry)€

[N?]x{A,Do,D1,D2}

To do so, let (RW[NQ](t))tZO and (RW’[Nﬂ(t))tZO be two independent random
walks, starting from RW[NQ]( 0) = (z Dl) and RW'l 2( 0) = (4,D1), where ¢ and
j are in the same 1-block. Let RW!N'] and RW'IN*] both evolve according to the
kernel bl ](~, -), so b£ ](~, -) is their corresponding semigroup. Since RWIN?I and

RW'IN?I both start from the colour 1-seed-bank, we can perfectly couple their switches

between A, Dy, Dy and Ds. Since this implies that both RWIN?l and RW'IV’] are
always simultaneously active, we can also couple the times when they jump due to
migration and the distance over which they migrate. However, we do not couple

their migrations, .e. RW®N"T and RW/V’] jump at the same time and over the same
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distance, but they can jump to different sites. This implies that the coupled process
(RWIN1(2), RW’[N2](t))t20 has transition rates

((Z7R1)> (]7 Rz)) N at rate 1{d 1\/2](Z J)<1} 3\? + 1313’
((3,Dm), (j, Dm)) if Ri = Rj = A at rate £zem m € {0, 1,2},
(2, A), (4, 4)) if R = Rj = Dr, at rate &2, m € {0,1,2}.
(8.175)
Define the event
H[N = = {RWW'] has migrated at least once up to time ¢}. (8.176)

Note that if Ht[N2] has happened, then also RW'IN?] has migrated. Hence

N . .
b (1, D), (k, Be)) = BiN) (. D), (k, Bi)
2 21 ,—
= P(i.py) (RWINIEN) = (B, Br)) = P,y (RWIEN) = (6, Ri))
~ 0 N
= Bi.0y). 00 (BWOCIEN)) = (k. By). HIGY))
+B,p,),6,0) (RWIW) k, Ry), (HNDye
(i-D1),(4,D1) (H(N) = (b, Bx), (i)
N . e
—P,py.G,m0) (BWINIEN)) = (k, Ry), HEYL))
~ 2 —
= Bi.py. 0 (RWIVEN)) = (b, Re), (L))
~ 21 _ 2
= B,0u),.00) (BWNIEN)) = (k, R, (HIY )
~ 27 WEINE
= P,p,).6,m0) (BWIVIEN) = (B, Bi), (HI)C)
(8.177)
where the last equality follows because, once the random walks have just jumped once,

RWW* and RW/IN*! are uniformly distributed over [N] x A if their jump horizon
was 1 and they are uniformly distributed of [N?] x A if they jumped over distance 2.

Hence if HENQ] has occurred, then RW®’ and RW/IN°] have the same distribution.
Therefore

by

(k,Ri)€e
[N?]x{A,Do,D1,D2}

bLZ(VN]) (i, D1), (k, Rg)) — bEJ(VJ\zf]) (G D) (&, Ba))| < 2P((Ht[éx§) )

(8.178)
and we are left to show that

lim B((HL )7 = 0. (8.179)

N—o00
The event (H: g( N;) occurs either when the random walks do not wake up before time

t(N) or when the random walks wake up before time £(/N) but do not migrate. By the
coupling we only have to consider one of the random walks. Therefore the probability
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that RW™’] and RW'™"] do not wake up before time £(N) is given by

€1 (N2ty+Nty+tg)
~

IfD(i,Dl),(j,Dl) (RW[Nz] does not wake up before f(N)) =e NN = ¢
(8.180)
and hence

. 2 _
A}gnoo Pi,py),(j,01) (RW[N I does not wake up before t(N)) =0. (8.181)

The probability that the random walks do wake up, but do not migrate is a little
more complicated, since each time they wake up with positive probability they go to
sleep before they migrate. Define

C'[N2](t) = {# times RWINI gets active before time ¢},
TIE‘NQ](t) = {total time RWIW* is active up to time t}, (8.182)

Tl[:,NQ](t) = {total time RWIN is dormant up to time t}.

2 2
Thus, CV’1(¢) counts the number of active/dormant cycles. Define TXYn], Tgt]n] as
the active respectively, dormant time during the nth cycle. Define
Kie Ke
X = Koeo + 5 + o (8.183)

so  is the total rate at which RW and RW’ become dormant when they are active.
Define

C
c=co+ Nl (8.184)

so ¢ is the total rate at which RW and RW’ migrate when they are active. Then

C[Nz](t) C[Nz](t)

N? N? N? N?

o= Y ) =Y 15, (8.185)
n=1 n=1

2] d 2] d
where TXYH] = exp(x) and Tg\fn] = iKoeo exp(eo)—i—%—K]l\fl exp(%)—i—% K]\"}? exp(+%).
2
Once awake, RW !N migrates at rate ¢ and hence the probability to migrate before
2y _
time #(N) is given by 1 — e=cTa" '(H(N)  Therefore we are left to show that

lim IV EN)) = lim e TN — 0,  as. (8.186)

N—o00

Since TXY: 14 exp(x), it is enough to show that
lim CVIEN) =0 as. (8.187)
N—o0

~ To do so, we assume the contrary, i.e., there exists an R € N such that for all
N € N there exists an NV > N such that

P oy (CVI(E(N)) < R) > 0. (8.188)
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Let L(N) be such that limpy_, oo L(N) = 00 and limpy_, L(N)/N = 0. Note that, by
(8.181]), we can condition on the first wake-up time and estimate

27 {(N) 27 (& el
Piipy (CNIEN)) < R) = / ds P 4y (CVI(#HN) — s) < R) Nle—ws
0

#(N)—L(N) L, e o
-/ APy (CIEN) ) < R) S 0
0

£H(N) 21 ,— €1 €1
+ / dsPi 4y (CVEN) —s) <R) —e ~°
H(N)—L(N) N
< Pyi.a)(CVUL(N)) < RB) + e HTN) [ 1) 1]
(8.189)
Note that the second term in the last inequality tends to 0 as N — oco. For the first
term, note that we are now looking at time L(N), i.e., time scale NY. Since

A}im Pia (RW[N2] jumps to Dq or Dy before time L(N))

—00

8.190

= Jlim 1- o~ (PR +54) L) g, (8190)
—00

we have limy_y00 Pi 4 ({RW[N2](5) € {A4,Dy} for s € [O,L(N)]}) = 1. Hence, con-

ditioned on the event {RW[NQ] € {A,Dy}}, TL]Y:] 4 exp(Kopeg) and T[[)AZ} 4 exp(ep).
We therefore obtain

R
P4y (CYI(L(N)) < R) = Py ) (Z(TL{VJ +Th)) > L(N))
n=1
[N?]

R [N?)
< g (8.191)
— L(N)IE(LA) |:TA,n + TD,n ]

R 1 L 1
o L(N) Koeo €p ’
Taking the limit N — oo in (8.191]) and combining this with (8.189)), we conclude

that (8.187)) indeed holds. Hence also (8.179) and (8.174)) hold.
We are left to show that

#(N) , . 2
Jim 2 / ds 2 (it (0 D). (k. A)) = B (5. D). (k. 4)))
ke[N?2]
x Elg(xk(s))] = 0.

(8.192)
Also here the idea is to make a similar coupling. As soon as the random walks migrate,
they are equally distributed. On time scale N, after waking up from the colour 1 seed-
bank they will almost immediately migrate, since migration happens on time scale 1,
i.e., by time L(N) they have migrated with probability tending to 1. This will again
be the key to show that tends to 0 as N — oo.
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Note that, by (8.173)),

t(N) 2
2 [ s 37 ({30 (D). () =y (G D) ()
REIN?] (8.193)

x Elg(@)(s))]

< 2.

We will again use the coupling in (8.176f). Define
7N = inf{t > 0: RWINI(8) = (k, A) for some k € [N?]}. (8.194)

Then, for all | € [N?],
Pup,)(fVT <t) =1-e 7", (8.195)

Setting s = {(IN) — s, we can rewrite the integral in (8.192)) as

() )
2/0 ds > (ngl)(wl) (RW[NQ](S):(’“’AD

k€E[N?Z]

ke[N?Z]
(B (R =) = (0. )) = BT ) (R = 1) = (1 0)) )
< (B D o (BWI() = (k) = B0y (RWs) = (. 4)) )

x Elg(zfN 1 (EN) - 5))]. (8.196)

In what follows we will abbreviate

PA[{V2] ) (t7((Z7Rl)7(.ijj)))
G (8.197)

2] ~ 2 .
=Pi a4 (RW[N () =( Rl)) —P,a),G,4) (RW/[N I(t) = (J,Rj)) ;
and similarly, for m € {0, 1, 2},

P vz (tv((l7Rl)7(jaRj)))

A Dm), (G, Dim)

~ 2 ~ 2 .
= P(i,Dm),(j,Dm) (RW[N ](t) = (lle)) - P(i,Dm),(j,Dm) (RW/[N ](t) = (J,Rj)>
(8.198)
By (8.193)), we can use Fubini to swap the order of integration and subsequently
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substitute v = s — r, to obtain

I(N) 5 t(N)—
T P T[N I = =T v [N2] s 5 ;
2/0 dr P( / "d kez[N:2]P e A) v, ((k, A), (k, A)))
X Pyv2 (v, ((k, A), (k, A)Elg(alN T EN) — r —v))]

(4,D1),(4,D1)

H(N)
= / dr]P’(T[NQ] =r)
0

S (Pipyy (BW ) = (1 R)) = P,y (BN () = (1 1)) )

(I,Ry)e
[N?]x{A,Dg,D1,D2}
t(N)—r
></ dv Y P w2 v, ((k, A), (k, A)))
kE[N2] <1 A) G A)

x By (RW(0) = (, 4)) Elg(al™ EN) - 7 — )],

(8.199)
where in the last equality we use that the random walks move according to the same
kernel b(-, -).
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We can continue by writing

()
2/ drI@’(HNﬂ =r)
0
> (szzﬁ]l (RW[N I(r) = (Z,Rl)> - ]P)E?fgl) (Rwl[N2](7n) _ (Z,Rl)))

(lL,R)e
[N?1x{A,Do,D1,D2}

t(N)—r )
N )
X /0 dv Z (PEZ',A]),(j,A) (RW[N Jv) = (k‘,A))

k€E[N?Z]

NG SN2
- ]PJEi,.A}),(j,A) (RW (v ](U) = (k7A)> )

x BV (RWII(0) = (k, 4)) Blg(al (HN) = v = o))

t(N) 5 ) r B ,
= 2/ drIP’(T[N I = T)/ du]P’(T[N I = w) Z
0 0

(L,Ry)e
[N?]x{A,Do,D1,Dz2}

(]@E]i\,,;]),(j,A) (RW[NQ](T —u)= (I, Rl)) P[NA}) (,A) (RW’[NQ] (r—u) = (I, Rl)) )

t(N)—r )
N )
X /0 dv Z (PEZ',A]),(j,A) (RW[N Jv) = (k‘,A))

k€E[N?Z]
~ N2 SN2
- ]PJEi,A]),(j,A) (RW v ](U) = (k»A)> )

x Bl (R0 0) = (k, 4)) Blg(ef* EN) = 7 = o))

Ny ) R 2
+ 2/ drP(rIV = PN > )
0

t(N)—r
X / dv Z
0

ke[N?2]
~ 2 2
- IP’EJX A])’(J.,A) (RW’[N l(v) = (k, A)) )

x (PYp,) (RWINI) = (k, 4)) = () (R (0) = (8, 4)) )
v
L

~ (N2 2
(PEI‘,A]),(]‘,A) (RW[N ](U) = (k?,A))

@@

x Elg(al N #N) —r = v)].

(8.200)

We will show that both terms in the last equality of (8.200]) tends to 0 as N — oco.
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For the first term note that, by (8.171)), (8.173]) and (8.195)), we have

wy e
2/ dr P(71V) :'r)/ duP(V = )
0 0

~ 2 2
* l 2 B A). 1. (RW[N lr—u) = (i, Rz))
(

I,Ry)€e
[N?1x{A,Do,D1,D2}

~[N2] 2 _
= Pha).G.a) (RW/[N lr —u) = (1, Rl))

t(N)—r )
BN N2 N
% /0 dv ) (P(LA),(j,A) (RW[ Jw) = (k,A))

ke[N?Z]
~ N2 2
- PEZ‘,A]),(j,A) (RW/[N ](U) = (k’A)) )
< B (RWII(0) = (k, 4)) Bl (i (H(V) — = o))

wy v
< 4/ drP(rIV = 7")/ duP(rIN] = u)
0

0
=[N?] 2
8 Z PEAAMJ;A) (RW[N lr —u) = (i, Rz))
(I,Ry)€e
[N?]x{A,Do,D1,D2}
~[N2] N2 B
—PL A G (RW/[ r—u) =, Rl)) ‘ (8.201)
awy r—L(N)
< 4/ drP(rIV] = 7«)/ duP(rV) = )
0 0
~[N2] N2 B
% > Pli.4).6.4) (RW[ lr —u) = (Z,Rz))
(I,R))€e

[N?]x{A,Do,D1,D2}

~ N2 2
- PEi,A]),(j,A) (RW/[N r =) = (LRl)) |

N S/t(N) dr B(rIV*] = 1) B(rIV) € [r — L(N), 7)) + 8P[rIN] € [0, L(NV)]]

L(N)
(wy r—L(N)
0 0
=IN?] 2 B
8 Z PEZ’»A),(J}A) (RW[N lr —u) = (I, Rz))
(I,R))e

[N?1x{A,Do,D1,D2}

~ N2 2
- PEi,A]),(LA) (RW/[N (r—u) = (Z’Rl)) ‘
+16[1 — e~ ¥ EN)],
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Hence the last term in the last inequality tends to 0 as N — oo.

To show that the first term in the last inequality tends to 0 we use the coupling
2
again. Recall the definition of Ht[N Vin 8.176]). Note that we can rewrite the sum as

SIN?) BN
2 Bl o (BRI 0 =) = (1 Ry) = B gy (R0 =) = (0. 10)
(L,R))€e
[N?1x{A,Dg,D1,D2}
N 2
< > > (V%) (RWIN L)) = ' BY)
(LRy)€e (l,,Rll)E

[N2]x{A,Do,D1,D2} [N2]x{A,Dg,D1,D2}

2
x PLy IL{,) (RW[N I(r —u— L(N)) = (4, Rl))

2 2
< > (P (RWIVIn) = @R ) 207 (RWINI (V) = (1, R)) )
(V',Ry)e
[N?]x{A,Dg,D1,D2}
~ N2 2 N
= Z (B oy (RWNI@n) = ', B, (Y 1))
(V',Ry)e

[N2]x{A,Dg,D1,D2}
~ 2 2 2
=B oy (RN = (¢, RY), (Y T)e))
(V2] (V?]yc
<2P[ ) ) (@)
(8.202)
To show that

2 2
lim BV ((H}N ])C) —0, (8.203)

n—oo

we can use a similar strategy as between (8.189) and (8.191)), but note that we now
start from two active sites instead of two 1-dormant sites. Therefore directly
follows from (8.190) and (8.191).

To show the second term in tends to 0, we write it as

N e _ N2
2/ drIP(T[ I = r)IP(T[ I> T)
0

t(N)—r N
[ a > (B (BWI@) = (ko)) = BETL ) (R 0) = (k. )
kE[N

x [BYR,) (BW™w) = (b, 4)) = () (BWN0) = (k, 4)) | Elg(el EN) = 7 = v)

N e _ g2
= 2/ dTIF’(T[ I = T)P(T[ I'> )
0

t(N)—r 5
></0 dw Y (IP’EJZ.V’Z]MJ.A) (RWW]() (k, A)) BV oy (RW’[NZ](U):(k,A)))

ke[N2]
X /v du I@[N2](7'[N2] =u)
0
N N2 /[N?
(Ph A]) (4,A) (RW[ ](’U - u) (k A)) (z A]) (3,4) (RW [ ](U - u) = (k7 A)) )

x Elg(zN I EHN) — 7 —v))). 200
8.204
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Changing the order of integration and setting w = v — u, we obtain

W o
2/ dT‘P(T[ I = T)P(T[ > r)
0

HN)—r TH(N)—r
X/ duIP’[Nz](T[NQ] = u)/ dv
0 u

> [B o (R ) = (k. 4)) -

kE[N2]
x [@E’]j]) oy (B0 =) = (k, 4)) -
x Elg(al (V) — 7 — v))]
=2 / " dr (- = )BT > )
0

N

(7. A]) (4,A) (RW,[NQI(U) = (k,A))]

N

P, A]) (,4) (RW'[N2](U —u) = (k, A))]

t(N)—r - tH(N)—r—u
></ duIP’[NZ](T[NZ] = u)/ dw
0 0

kE[N2]

Z [PEZ?),(]’,A) (RW[NZ](IU-FU) (k, A))

B 6. (RW/[N (w+u) = (k, A))]

x [P g (B = () = By (R ) = (k)

x Elg(¥ N (#(N) —

r—u—w)).

296

(8.205)



§8.3. Proof of two-level three-colour mean-field finite-systems scheme

This can be rewritten as
t(N) - -
2/ drIP’(T[Nz] = ’I“)]P(T[N2] >r)
0
t(N)—r
/t( ) du]fD[NQ](T[N2] =u)
0

Y [IPZVA) o) (RW[NQ]() a, Rl)) B (RW/[NQ](u):(l,Rz))]
(LRDEIN?]

X/OE(WH dw 3 [E (RN w) = (k, 4))]

kE[N?]
[PE\’A) (4, A) (RW[NQ](W) = (sz)) ]P’EVA) (o A) (RW'[NZ](w) = (k,A))]
x Elg(efN N EN) =7 - u - w))]

HN) e _ 2
< 8/ dTIP’(T[ I= r)IF’(T[ I'> )

L(N)
t(N)—r
/ du PV ( (V2] =u)
L(N)
xS B (RWW]( )= R)) BV (RWWl( )=l R))
(i,A),(5,A) )=\ (i,4),(5,A) )=\
(LR)EIN?]

N e L N2
+ 8/ drP(r = 1) P > )
L(N)

L(N
/ ( >duI~P’[N2](T[N2] =u)
0

< 3 [PEJ,VA]) " (RW[N2]() a, Rl)) B (RW/[NZ](U):(I,Rz))]
(LRDE[N?]

LIN) o S
+ 16/ drP(rN = )BT > ).
’ (8.206)
This tends to 0 by (8.202)) and the reasoning below (|8.203]). |

§8.3.9 Limiting evolution of the estimator processes

In this section we show that the results along the subsequences used in steps 5-
8 of the scheme for the two-level three-colour mean-field system actually hold for
all subsequences. Therefore the limiting evolution holds for N — oo. Recall that
Lemma tells us that all single 1-dormant colonies equal the value of the 1-
dormant 1-block average. Therefore the second assumption in in Proposi-

tion (8.3.5)) can be replaced by
2
lim £ (vl () ‘@a“&(l)’w?](zv,ftg + Nety)| = P, (8.207)
since, by Lemma [8.3.20] the limiting law

lim £ [(Yl N ](N,ftg)ﬂ (8.208)
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is completely determined by the first line in . Hence, the assumptions in Pro-
position [8:3.10] and Lemma [8:3.1§] can be weakened in the same way. Using that in
Proposition @ we assume @ and , we find that the 2-block convergence
stated in Lemma holds along all subsequences we choose in Step 5. We con-
clude that Proposition 8.1.1](a) is indeed true. Combining Proposition 8.1.1a) with
steps 1-4 of the scheme and Lemma [8.3.20) we find that the assumptions in Proposi-
tion [8.3.10] are true for all subsequences, and we obtain the limiting evolution of the
1-block estimator process. Projecting this limiting evolution onto the active 1-block
average and the 1-dormant 1-block average, we obtain Proposition [8.1.1{(b). Finally,
combining Proposition (a), stepsl-4, and the fact that Proposition is true
along all subsequences, we obtain Proposition [8.1.1fc) and (f).

§8.3.10 Convergence in the Meyer-Zheng topology

In this section we show how the results on the effective and estimator processes can
be use to show convergence of the full 1- and 2-block processes.

Lemma 8.3.22 ([Convergence of 1-process in the Meyer-Zheng topology]).
Assume that for the 1-block estimator process defined in (8.21))

lim £ {(@a“v“*wz](N?tQ + Ntl))

N—o00

t1>0] = L[(z8"(t1))t,>0] s (8.209)

where, conditional on 5% (to) = u, the limit process is the unique solution of the SSDE
in (8.30) with 0 replaced by u and with initial measure Fiﬂ’(l). Then

N—o00

. 2 M) (¢,
i e[ (O0 v ), e[ Vo]

in the Meyer-Zheng topology,

e
where TM (ty) is defined as in (8.46) and (zf ' (tz)(tl))tl>0 is the process moving
according to (8.28) with initial measure T (t,).

Proof. By assumption [8.209] and Lemma [8.3.6] we can proceed as in the proof of

Proposition [7.2.13 to find (8.210j). U

Lemma 8.3.23 ([Convergence of 2-process in the Meyer-Zheng topology]).

Assume that for the effective 2-block process defined in (8.23))

lim £ [(@eﬂ’@w<N2t2>)t2>0} L ()], (8.211)

N—o0

where (258 (t2))s,>0 is the process evolving according to (8.36) and starting from
(91,08y,). Then for the 2-block estimator process defined in (8.23)

N—o0

lim £ {(@(2)’[]\[2}(]\72252)) } =L [(2(t2)),,50]

t2>0

(8.212)
in the Meyer-Zheng topology,
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where (25(t2)),,~q 5 the process evolving according to (8.35) and starting in state
(ﬂlaﬂ17191)0y2)'

Proof. Combining Lemmas [8:3.6] and [8:3.13] we find for to > 0

]JE%OEH@ ) - 0P I(N) | =0
NninooEH@ I(N2y) — 0@HN (N2, H (8.213)
i E[|80 (N2 ) - 6 (82 | =0

Therefore we can again proceed as in the proof of Proposition [7.2.13| to find (8.212]).
O

§8.3.11 Proof of the two-level three-colour mean-
field finite-systems scheme

In Section we already proved Proposition a),(b),(c) and (f). The proof of
Proposition d) follows from Proposition a) by applying Lemma|8.3.23] The

proof of Proposition e) follows from Proposition(8.1.1{b) by applying Lemma/|8.3.22
This completes the proof of Proposition [8.1.1
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CHAPTER

Proofs of the hierarchical multi-scale
limit theorems

In this chapter we prove the hierarchical multi-scale limit theorems stated in The-
orem and Theorem 4.4l In Section we first introduce the finite-level
mean-field finite-systems scheme. In Section [0.2] we given an outline of how to prove
the finite-level mean-field finite-systems scheme. In Section we show how Theor-
ems[£.4.2H4.4.4) can be obtained by a simple generalisation of the finite-level mean-field
finite-systems scheme. The proof of the finite-level mean-field finite-systems scheme
follows a similar line of argument as in Section [8.2] once we incorporate more levels.
Since the proofs for the finite-level mean-field systems scheme are similar as the proofs
in Section [8.3] we will not write out the full proof, but only give an outline and a
sketch.

§9.1 Finite-level mean-field finite-systems scheme and
interaction chain

In this section we extend the two-level three-colour system to a k-level (k + 1)-colour
system with an “outside world” for any k£ € N. This outside world allows also the
highest level, the k-block, to start from equilibrium. It is also needed to generalize
the results in this subsection to the infinite hierarchical group.

» Definitions. To set up the system, fix £ € N and consider the geographic space
Q]fvﬂ obtained by truncating the hierarchical goup Qn (recall ) after hierarchical
level k + 1, ie., Q5 = Byy1(0) the (k + 1)-block centred at the origin (recall
, and Fig. . Note that the k + 1-block consists of N k-blocks i.e.,
Bj+1(0) = Uilio By (i) and By11(0) = [N**1]. The seed-bank in this model consists
of the k + 2 layers corresponding to colours {0,---,k} U {k + 1}. On this space we
again consider a restricted version of the SSDE in to the geographic space Q’fvﬂ.
The migration kernel a‘*¥ (-,-) is restricted to Q’fvﬂ by setting all migration outside
By+1(0) equal to 0, i.e.,

k+1
Cy 1

] — _a -
(&n) = ; l{dﬂw(g,n)sz} NI-1 N (9-1)
= N

k+1
a2
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where dgr+1 is the hierarchical distance dg,, restricted to the space Q]fv“. The colour-
N
[ dormant population exchanges individuals with the active population at rates 4

NI
% for all 0 <1 < k. We set the interaction of the active population with the colour

(k + 1)-dormant population equal to 0. This seed-bank is only needed later, namely
for the “outside world”.

The state space of the finite-level mean-field system is
S = (MW SR = [0,1] x [0,1]5+2, (9-2)

and the system is denoted by

k+1 k+1 k41 Qk+1
ZQN — (ZQN (t))tZ()v ZQN ( ) (Zf (t))feﬂﬁfl’
Qk+1 Qk+1 Qllc\,+1 Kl (93)
Z§ (t) (xg (t)’(yfﬂn (t))m:O)'
The components evolve according to the SSDE
Qk+1 k Qk+1 Qk+1
=Y fEw O A0 0]
=1 WGBL(f)
Qk+1 mem Qk+1 Qk‘*'l
+g(ze™ (1) dwe(t) + Z A [ Yem () =2 (B)] dt, (g )
k+1 k+1 k41
@%AﬂZﬁﬁP?(ﬂ—ﬁm(ﬂ&,Oéméh
Qk«l»l

dy % ()=0,  £eQf,

with Bj(€) the ball of radius I around ¢ € Q5.

Note that this system is the hierarchical SSDE in with all interactions
at distance > k switched off (i.e., ¢ = 0 for [ > k + 1), and also the exchange with
dormant populations of colour m > k is switched off. As before, by [67] the martingale
problem associated with is well-posed, and for every initial state in S the SSDE
has a unique strong solution. We will analyse on time scales 1, N, N2, ...  N¥.
If for 0 < I < k time runs on time scale N, then we write N'¢; with ¢; > 0.

To study the k-level mean-field system, we analyse the equivalent of the block
averages defined in (4.2.3]). For the k-level mean-field system these are given by

Qk+1 1 Qkt1
(1) = N Z ay ™ (N't),
n€B(0)
Qk+1 ]_ Qk+1 . (95)
Uy ()= Yo (N'),  0<m<k+1, 0<I<k
n€B(0)
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For 0 <1 < k these block averages evolve according to the SSDE

k41 k—(—1) k41 k41
Qn Qn QU

Cl4n—1 -n
dz; ™ (t) = ]\;_n—l [z (N7 — 2™ ()] dt
n=1
1
+ 7 D 9(@i(N)) dwy(t) (9.6)
1€ B (0)
k
K. k+1 k+1
O NSEE  (0—a (] dr,
m=0
k41 k+1 k41
dyy () = N'ZE[N O -y ]d, 0<m<k (97)
Qk+1
dykfl,z(t) = 0, (9-8)

In the limit as N — oo, the active I-block average feels a drift towards the active
(I 4+ 1)-block average, which is not moving on time scale N', at rate ¢;. The diffusion
term for the [-block average becomes the average diffusion over the I-block. The drift

of the active [-block average towards the [-block average of m-dormant populations
k+1
yf@”l with m > [ vanishes in the limit as N — co. Therefore, the m > | m-dormant
populations are slow seed-banks on space-time scale [. The I-block average of the
k41
colour-/ dormant population lelN has a non-trivial drift towards the active I-block
k+1
average, written x?N . Therefore the I-dormant population is the effective seed-bank
k+1
on space-time scale . For the colour m-dormant populations yf}%’\; with m < [, we see
that infinite rates appear. Therefore the m-dormant populations with m < [ are fast

seed-banks on space-time scale [. We again need the Meyer-Zheng topology to show
k+1 k+1
that limy 0¥, = limy oo leN . On space-time scale [, the colour-l dormant

population is the effective seed-bank. To get rid of the infinite rates we again look at

combinations. From the above discussion and the SSDE in 7, we see that if
we consider the quantity

Qk+1 l*l Qk+l
N () 4 Yo Kmyy g (1) (9.9)
1+ Z:io K ’ '
then all infinite rates cancel out. Therefore
k+1 k+1
g () + L Ky (1) g
-1 Y (t) (9.10)
14+> -0 Km

t>0

is called the effective process on space-time scale [. Like in the simpler mean-field
finite-systems scheme, the effective process allows us to analyse our system in path
space.

An important difference between the finite-level mean-field system in f
and the two-level three-colour mean-field system in Section is that in the finite-
level mean-field system also the highest level £ has a drift towards the outside world.
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This outside world is the active k + 1-block average, which does not evolve on time
scale N*. This drift allows the finite-level mean-field system to equilibrate to a non-
trivial equilibrium. In the two-level mean-field system, the highest level, i.e., the
active 2-block average, does not feel a drift due to migration. Consequently, the
2-block averages will eventually cluster.

» Scaling limit. To state and prove the finite-level multi-scale limit, we need the
following three limiting processes. Recall (4.64]) and (4.62)). For 0 <1 <k, let

(21,00, (g 0yt 1y ())e20) = (@1(8)s (Y 1 ()0 )e0) (9.11)

be the process evolving according to

d(L’l(t) =FE|qg [9 — l’l(t” de + ]:(l)g(xl(t)) dw(t) + K¢ [yl,l(t) — .’[l(t)] de¢ s

Ymi(t) = z1(t), for0 <m <1 (9.12)
dyri(t) = e [z(t) —yia(t)] dt,

Ym 1 (t) = Ym 1, forl <m<k+1,

where 0 € [0,1] and yy,; € [0,1] for I <m <k + 1.
For 0 <1 <k, let

(0 s (O)iz0 = @0, T ()5 ro (9.13)

be the process evolving according to

alf — 2™ ()] dt + /[ FOg(§™(t)) dw(t)

+ Kieg [y (t) — "™ (t)] dt} , (9.14)

dx?“x (t) = El

yri (@) = e [z7™() — gy (0)] dt,

aux

Yt (1) = Yt forl<m<k+1,

where 0 € [0,1] and yp'f € [0,1], for [ <m <k + 1.
For 0 <1 <k, let

(=5 (®)ez0 = (@50, 577 (1)) 1 (9.15)

be the effective process evolving according to
e (t) = By e [0 — 2§ (1)) dt + \/(FOg) (a7 (1)) dw(t) + Kieg [yf] (8) — 27" ()] dt |

Ayt (8) = e [o5 () — i (0)] d.
(9.16)
Comparing with , we see that the effective process looks at the non-trivial
components of the full process. The auxiliary process in looks at the active
population, the effective seed-bank and the slow seed-banks.
To state and prove the finite-level multi-scale limit, we need the following list of
ingredients:
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(a) For t > 0 and for 0 <1 < k, define the [-block estimators

R L RORD Yoy S ()
ORI () iy g
l )
1€EB; L+ KO
k41 k+1
eg)’QN N Z Q (9.17)
i1€B;
k+1 k41
CH NlZyQ @), 0<m<k+1,
1€B;
and put
& k+1 k+1 k
OV (1) = (952)’% (t), (0™ (t))m+_10> :
k+1 k+1
@aux,(l),&]lf\;rl( ) <@(l 2k+1 (t), <®?(Jll)’QN (t)) , (918)
m=l

OOy (1) = (eum’fv“(t), @é?’wl(t)) '

We call (6(1)*Q?V+l(t))t>o the I-block estimator process, (@aux’(l)’g?v+l(t))t>o the
auziliary l-block estimator process and (@em(l)’ﬂ?\fﬂ(t))bo the effective I-block
estimator process.

(b) For 0 <1 < k, define the time scales N' such that
L[OWON" (N, — L(N)N'™Y) — W2 (Nt))] = 6, (9.19)

for all L(N) such that limy_ 0o L(N) = oo and limy_0o L(N )/N = 0, but
not for L(N) = N. In words, N is the time scale on which ©(1):¢ () starts
evolving, i.e., (@(l QHl(Nltl)) , is no longer a fixed process.
t; >0
(¢) The invariant measure for the evolution of the I-block average in ((9.12)), denoted
by

l
Tonr o= (ma)hs. (9.20)

The invariant measures of the auxiliary I-block process in (9.15)) and the effective
I-block process in (9.16]), denoted by, respectively,

l),aux
F‘(g7)111 ! ) Y = (ym l)ﬁj I+1 (9.21)
and
Ty (9.22)

(d) For 0 <1<k, let FEuenKier denote the renormalisation transformation acting
on G defined by

(FEenKictg) () = / g(o) T (A (), 6efo.1],  (923)
[0,1]2
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and define the iterates F (”), 0 < n < k, of the renormalisation transformation
as the compositions

]:(l) = FBn-1en-1.Kn-1.8n-1 5 ... o ]:EO,CO,KO,EO’ 0<I<k. (9'24)

(Recall (4.76).)

(e) To give a detailed description of the multi-scale behaviour of the SSDE in (4.20)),
define the interaction chain

(Mfz)—zz—(kﬂ),—k,...,o (9.25)
as the time-inhomogeneous Markov chain on [0, 1] x [0, 1]**! with initial state

k41 times

M* = (9%, O, -+ , 0%, 0 9.26
Zoerny = W, ks oo+ 0k, Oy geg1) (9.26)

that evolves according to the transition kernel Q¥ from time —(I + 1) to time

—[ given by
QU(u,dv) =TV (dv), 0<I<k. (9.27)
(Recall ({4.77).)
We are now ready to state the scaling limit for the evolution of the averages in

(7.7).

Proposition 9.1.1. [Finite-level mean-field: finite-systems scheme] Suppose that the
initial state of the system in is given by u(0) = 12N for some p € P([0,1] x
[0,1]5+2). Let L(N) be such that limy_,oo L(N) = 00 and limy_,o, L(N)/N =0, and
for ti, ... to € (0,00) set t = L(N)N* + ZZ:O t,N™.

(a) For everyty, ...ty € (0,00),

N—oc0

. k+1
lim £l<@(lm” (ﬂ) ] = L[(ME) e (hs1) k0] s (9:28)
I=k+1,k,...,0

where (Mfl)_l:_(k+1)7_k7___,o is the interaction chain in (9.25)) starting from

k+1 times

MF = (O, Op,- -+ , U, 0 9.29
—(k+1)7( kyVk, sy Vks y,k—i—l)' ( )

(b) For all0 <1<k,

) 0,05+ 7 . _
N £ {(@ Vo aN ))tl>0] £ |:<ZZ’ME(Z+1)(tl))tl>O:| ’

in the Meyer-Zheng topology,

(9.30)

where
(Zl,Mﬁ(l+1)(tl))tl>o (9.31)
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is the processes defined (9.12)) with 6, (y,ml)ﬁj;ll+1 given by the corresponding
components in ME(Z_H) and with initial measure

(1)
£ [zl’Mk(lH) (0)} FM —(+1)
(l) / / / (k) duk)rgi_l)(dukfl) e 'stz-'—l)(dul+2)rgz)+1'
—(l+1) sk+1 sk+1 Jgk+1 —(k+1)
(9.32)
In Part (a), the limit does not depend on the choice of the times ¢, ..., to, since we

let time start from a time larger than L(N)N*, so that in the limit as N — oo all the
I-block averages with | < k are already in quasi-equilibrium. In Part (b), for I < k the
center of the drift for the active population is random and is determined by the first
component of the interaction chain. Also the states of the m-dormant populations
with [ <m < k 4 1 are determined by the interaction chain.

Remark 9.1.2. In contrast to Propositions there are no assumptions on
the seed-bank behaviour in Proposition [0.1.1} This is because all the block-averages
that we consider are in equilibrium at time ¢. Consequently on space-time scales
[ < 'm the m-dormant [-block average will equal the state of the m-dormant m-block
average at time ¢. Therefore we say that the state of the slow seed-banks is determined
by the space-time scaleon which this seed-bank is effective. Hence the state of the
slow seed-banks is determined by the interaction chain. |

The proof of Proposition will be given in Section

§9.2 Proof of the mean-field finite-systems scheme:
finite-level
We give a sketch of the proof Proposition The proof uses a similar scheme as

the proof of Proposition We state the scheme and indicate at each step how it
can be proved.

1 Tightness of the auxiliary I-block estimator processes, for 0 <1 < k,
<(®aux,(l)7Q’;V+l (Nltl)) ) . (9.33)
>0/ NeN

Proof. For each 0 < [ < k we use the tightness criterion in [49, Proposition
3.2.3.]. O

2 Stability property of the 2-block estimators, i.e., for L(N) such that
limpy 00 L(N) = 00 and limpy o0 L(N)/N =0,

lim  sup (:)(l)’Qlfc\fH(Nltl) - (:)(l)’Q?VH(Nltl — N'"1¢)| = 0 in probability
N—=00 0<t<L(N)
(9.34)
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and, forall ] <m <k + 1,

k+1 k+1
lim  sup @?(j,l’ﬂN (N't) *@;liﬂN (

N't; — N'=1t;)| = 0 in probability.
N—=00 0<t<L(N)

(9.35)
Proof. Use a similar computation as in the proof of Lemma [8:3.4] O
We analyse the behaviour of the slow seed-banks by proving the following
lemma.

Lemma 9.2.1. [Slow seed-banks in the multi-level system] Let 63(121 denote the

m-dormant [-block average containing colony i € Q’]“VH. Then for all i € Q?V'H,
m<k+1,1<mandt; >0,

- okt - Ly am)akt - Ly
A}lm Yim E+NHG)—0O, TN (E+Nt)| =0 as. (9.36)
—00 ’ me
and hence
k+1 m).Qk+l
lim {@;27% (F+ N't) — oy (t+Nltl)} ~0 as. (9.37)

Proof. We can proceed as in the proof of Lemma after adapting the
kernel b[NQ](-7 -) to the kernel I)QIZCVH(-7 -). Then we can use that, from each of
the m < k + 1 m-dormant populations, individuals wake up before time ¢ with
probability 1. For individuals starting from an m-dormant state, we define the
coupling event
m, QR+t QF+1 . . .
H,”™ ={RW"~ has migrated over distance m at least once up to time ¢}.
(9.38)
The migration over distance m is needed because we need m-dormant individuals
to be uniformly distributed over the m-block in order to almost surely equal the
state of the m-block. O

We prove the convergence of the single components. Recall that there are
NF+1=1 [ blocks in Q’]“VH. Since tightness of components implies tightness of
the process, step 1 implies that for 0 < < k the full [-block processes

k+1
((@j“"’(”’% (it Nltl))

are tight. From the tightness in steps 1 we can construct a subsequence (N, )nen
along which, for all 0 <1 < k,

(9.39)
t;>0,i€[Nk+t1-1] NEN

n—oo

. aux,(l),Q’;;,+1 _ 1
lim £ |(© " (T+ NLt) (9.40)
>0, ie[NET1=1
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exists. Note that ¢ depends on the subsequence. For example, along the sub-

sequence (Np)aen,
k

t=L(N)N*+> t,Np. (9.41)
n=0

Y =T rd@. (9.42)

1€Np

We define the measure

where
Q; € s (9.43)

In this step we show that along the same subsequence the single components
converge to the infinite system. We show that if

lim_£[(© VO (5)r] = PO, (9.44)
then y o o - Zu“”(f)
Jm £[(29% () L= £[@ O] (9.45)
where

0 / 2O PO (dy). (9.46)

Here, (Z”(O)(t_) (to))ty>0 is the process starting from v(9)(f) with components
evolving according to , where 6 is now a random variable that inherits its
law from

lim £[(@ M (7)), k] (9.47)

n—oo
and, similarly, the laws of yp, 0, 1 <1 < k+ 1 in the limiting process
(Z"(O)(t2)(to))t020 are determined by

lim £[(@ M (7)), vil- (9.48)

n—oo

Note that we choose the subsequence (IV,, )nen in such a way that we know that

the law P in ([9.44) exists.

Proof. Proceed as in the proof of Proposition Note that the assumptions
on the seed-banks in Proposition [8:3.5] follow from the choice of the subsequence
and Lemma [0.2.7] O

Using the limiting evolution of the single colonies obtained in step 4, we can
identify the limiting [-block process along the same subsequence. For 1 <1 < k,
we show that if

lim £[(© ) (0) ] = PUTY, (9.49)
n—oo
then
. aux,(1),Q l _ aux
nh—>Holo£ [(@ (t + N, tl))tpo,ie[N’é“’]] =L [(Zl @(l+1)(t))t20:| )
(9.50)
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where (1) = (O, (@)1, 1) € [0,1] x [0, 18+ 4D,

aux l),aux
L [%@(z)(o)} = F(@)uim

(1),aux 1 1+1 (951)
F@(7z+1) :/ F;)yauxp( + )(du)
[0,1]x[0,1]k+2=(+D)

and (zz‘g‘(Hl) (t))s>0 is the process evolving according to (9.14)) with 6, (y,, )+

m=l
replaced by the random variables @SEZH), (@;lyjll))fj:ll Note that by the choice

of the subsequence (N, )nen we know that for 1 < | < k the limiting laws in

(19.49) exist.

Proof. The proof goes by induction. Using the convergence of the single com-
ponents, we can proceed as in the proof of Proposition [8.3.10| to prove the
convergence of the 1-blocks averages

aux k1
lim £ <®j (D, (t+Nnt1)> (9.52)
o t1>0,i€[NFT17Y
Then, assuming that we have the convergence for all 0 <[ < L, we get
aux,(l ,Qk’+1 —
lim £ (@i O (7 4 Nﬁbtl)> , (9.53)
nee >0, i€[NET1)
and we prove the convergence of
aux, ,Qk+1 _
lim £ (@i EADEN Ty N,SL“)t(LH))) . (9.54)
n—o00 t(L+1)>O,i€[N§+17(L+1>]

This is done using a similar proof strategy as in the proof of Proposition [8.3.10]
In particular, we need to derive the I-level equivalent of Lemma [8:3.13] Since
this lemma is also key to proving convergence in the Meyer-Zheng topology, we
state it explicitly below. O

Lemma 9.2.2 (I-block averages). Define

kit B
ALY (NI )
k+1 k+1
O (N ) + 3002 KOt (N ) mekt
- 11y K -0y N (N 1)
m=0 m
(9.55)
and
-1
1 K,,
R =~ Zm=oBm 2750 . (9.56)
1+Zm:O Km



§9.2. Proof of the mean-field finite-systems scheme: finite-level

Fort >0 set ) (t) = ol (t) = zo(t). Then, for 1 <1<k,

2
(Ag),ﬂlfvﬂ(o)) ]e_elmt“

ty
4 \/ / ds 26y Re~2et i (11 —9)E H@u-n,ammls) — ol (i1
0

|

k

1 1 Cn—1 mem
Z Jrz +Ez—1||g||]~
n—(1 m—I1
N 2e;(1+ Em 0 Km) L_l+1 Nr=(HD N
(9.57)

Proof. Proceed like in the proof of Lemma [8.3.13] using the SSDE in (9.4))
instead of the SSDE in . ]

We obtain the following useful corollary from Lemma [0.2.2]

Corollary 9.2.3. Forall1 <1<k, s>0 and l~2 l,

_ - _ k41
lim EHe“l)’Wl(N”s)—@Ef DT (NI )

N—o00

} =0. (9.58)

Proof. We proceed by induction. The result for [ = 1 is trivial. Suppose that
the result holds for [ = L. Then for [ = L + 1 we obtain

|

N—1
_ : 1 _ k41
OO (NLs) — ¥ O N (NEs)
=0

— k+1
E H@@%Q?v“(zv%) — e (NLs)

<E

] (9.59)
] |

Note that the second term in the right-hand side of ((9.59)) tends to 0 as N — oo
by the induction hypothesis. For the first term in the right-hand side of (9.59)),

N-1

1 k+1 _ k+1
]EH EDENT (NEg) — @D (L)

1=0
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note that
(L),Qk+1 oL 1= 5(L—1),Q8" L
Ell© (N¥s) = & > 6, (N*s)
i=0
o | (O ) + S KO0 ()
IAPMIEES (9.60)
+1 k+1 .
O (NLs) + L2 K, 0N (NLs)
L—2
1 + Zm:O K
B Kr_1 (L)% op 5(L),Q5 (ArL
—m ®yL 1 (N S)—@ N (N 8) .
m=0

Invoking Lemma and using the induction hypothesis, we see that for s > 0
and [ > L indeed

_ 1 - k+1 -
lim E H@@W?v+ (N's) — @~ (le)H =0. (9.61)

N—o0

O

6 Show that the convergence in step 4 and step 5 actually holds along each sub-
sequence. Therefore we obtain the limiting evolution of the single colonies,
the auxiliary 1-block process and the effective 2-block process. This follows
from the fact that the auxiliary k-estimator process converges to the same limit
along every subsequence. Consequently, the same holds for the auxiliary k£ — 1-
estimator process. In this way we can traverse back through the levels to obtain
that all [-estimator process converges as N — oo.

Define, for 0 <1 < k,
sith =10,1] x [0, 1]k (9.62)

We obtain, for 0 <[ <k —1,

lim L@ DO (B)]] = TGl

N—o00 et+2)
N X (9.63)
Fél)-(*'li)z)au /H—l / F(k) X () - FSLIZJr?)’aUX(dul+2)rg;?’aux

l+2

Therefore by step 5

. aux,(l),Qﬁfrl T 1 — au
fm £ [(9 (t+ Nntl))tl>0,i€[Nk+1l]:| £ {(zl 9(’“)“))’20} ’

N—o00
(9.64)
where @(+1) = (@UH) (@;lvﬁ))ﬁ;ll) € sl(k+1) are random variables with law
L {@WU} IR (9.65)
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The initial state of the limiting process in (9.64) is given by
aux 1),aux
L {Zl,(-)(l) (0)] Fga)wm
(1),aux (k),aux 1+2),aux 1+1),aux
Fedrn = / / P2 (dug) - T2 (duy DD
l+2
(9.66)

and (2] (1))e=0 is the process evolving according to with 6,

(ym7l)51+=11+1 replaced by the random variables @™ (@g:l))ﬁfllﬂ Recall
that, by Lemma we have, for [ +1 < m <k+1,

I+1) _
et =e(m. (9.67)

Use the Meyer-Zheng topology to obtain Proposition b).
Proof. Note that Lemma [9.2.2) and Corollary [0.2.3] together imply

N—o00

— 1 k+1
lim E H@UW%+ (N't) — o (Nltl)H —0,
. . (9.68)
lim E H@“Ww (N't)) —©,~ (Nltl)H =0, for0<m<I1—1.

N—o0

Combining the result obtained in step 6 with the proof strategy followed in
Section [8.3.10] we get the claim. O

Finally, we prove Proposition a).

Proof. Step 6 and step 7 yield the laws of the components E[Mlk] of the inter-
action chain (M*))?,_ ;). Note that the state space ([0,1] x [0, 1]*7%)"*? is
compact, and therefore the sequence of random variables

<®(l>79?v“ (t‘)) (9.69)
l=k+1,k

NeN

is tight. For any
£ ([0,1] x [0,1]F2)"*? 5 R,

=[] fit=o), (9.70)
i=1
fi S Cb([o, 1] — R),

we can use conditioning on the previous block average to obtain

lim E |f <®<l o <f>> =E |7 (5% 1)) ]
l=k+1,k,...,0

N—o0
(9.71)
Using that the set of functions of the form (9.70) is separating, we obtain the
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§9.3 Proof: of the hierarchical multi-scale limit the-
oremns.
In this section we prove Theorems[{.4.2]and [£.4.4] We start by proving Theorem [£.4.4]

Theorem will follow from Theorem [£.4.4] by projection onto the effective com-
ponents.

Proof of Theorem [4.4.2]

Proof. Recall the estimators in (4.70]). Like for the finite-level hierarchical mean-field
system, we can define the auxiliary estimator process by

@A (1) — (é(l)7QN (t), (@(Z)VQN (t))‘” ). (9.72)

Ym m=l

For [, k € N the processes (@128~ (F4 N¥1)), o evolve according to (recall, (4.114)))

_ i Cp— n
detax (th) = E Z Nn—11_k [egc )’QN(th) - @:(El)7QN (th)} dt
n=I[+1
Nk
+ B |5 > 9(ze(NFt)) dw(t)
£EB (9.73)

+Ei Z Sl [ (N*r) — 02 (V1) dt,

e
dO- (NFt) = Nme [egmw (N*t) — egym(m)} dt, 1<m<oo.

Therefore, for [ > k and all € > 0,

P sup  |©WN(F) — W2 (F 4 NFY)| > €
0<t<L(N)
t+N"t 0 Crt
=P sup E; / dr "‘71 [@;n),ﬂzv(r) _ @;l),QN(T)}
0<t<L(N) i Bl N7

Nt — Kme 1,9 1,9

m=l

TN (9.74)
+/, dw;(r N2l Z 1
t £eB;
I+NFt
<P sup Ej / dw;(r
0<t<L(N) T N2 gl

- Cn—1 mEm
>€_tl Nn1k+ZNmk]]

n=Il+1
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Note that, since | > k,

. - Cn—1 mEm
hmt[Zank—i—ZNm k]:o. (9.75)

N —o0
n=Il+1

Hence, like in the proof of Lemma [8.3.4] we can use an optional stopping argument
to obtain

lim  sup |O@ON(F) - 0WN (F 4 NFt)| =0 in probability.  (9.76)

N—=00g<t<L(N)

Using a similar computation as in (9.74)), we can show

lim  sup [0 (F) — 01N (F+ N*)| =0  in probability.  (9.77)

N—=00 g<t<L(N)

Hence we obtain that, on time scale N* as N — oo, the process (@120 (f 1
NF¥t))¢s0 does not evolve and therefore is still in its initial state(@®®)-2w2n (7)),
Using that the l-auxiliary estimator processes do not move for [ > k, they function
like the “outside world” for the finite-level mean-field system in Section[9.1] Therefore
we can proceed as in the proof of Proposition [0.1.1] to prove the second and third line
in in Theorem The I-block estimator process (@ 122N (£ 4 Nt)), 0
evolves according to (9.73) with [ = k. Note that the extra interactions due to
migration over larger blocks | > k and exchange with deeper seed-banks m > k in
are of order O(1/N). Therefore these terms vanish as N — oo, and we can
just proceed as in the scheme of Section [9.2] to obtain the second and third line in

in Theorem 2l Using these results, we obtain that, for [ > k,

OWAON (7) = 6 (9.78)

—(kt1)

]
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CHAPTER ]. O

Orbit of the renormalisation
transtformation

In this chapter we analyse the orbit of the renormalisation transformation and show
that it has the Fisher-Wright diffusion as a global attractor. In Section [I0.1] we
write down moment relations for the equilibrium defined in (4.67)) for single colonies
(Proposition and for block averages (Proposition [10.1.2). In Section [10.2| we
derive the iterates of these moment relations for single colonies (Proposition [10.2.]]

and for blocks (Proposition [10.2.2). In Section [10.3] we prove clusterlng Pr0p051-

tions [10.3.1H10.3.2)). In Section we prove Theorems [4.5.1] and [4.5.3} and work

out the dichotomy of a finite seed—bank (p < 00) versus infinite seed—bank (p = ).

§10.1 Moment relations

We use Ito-calculus to compute the mixed moments. Recall 6, (6,,,) as defined in

[@21), 9, as defined in ([#62) and 9*) [@.135). Also recall Ej as defined in (&.64).

Abbreviate

1< E} (Ekck + ek)
Al = — — , n €N, 10.1
0 2 kZ:O (Ekck + e;c) + ELKpey ( )

and
B3

51
07 2 (Eoco + o) + EoKoeo'

(10.2)

In the following proposition, the first five equations are first and second moment
relations, while the last equation is the definition of the renormalisation transforma-
tion. Later we will see that this set of equations can be iterated.

Proposition 10.1.1 (Moment relations: single colonies).

Let Yo be as defined in (4.62)), and let I’Eﬂ)o W = I‘%Cofif)o,Ko,eo be the equilibrium of

(4.67) measure defined in (4.73) with k =0, with g € G, ¢y € (0,00), Eg € [0,1] and
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Ky, eqg € (0,00). Then the following moment relations hold:

/[0 11x[0 1]]\'0 ?ﬂfoyzc)o HHoco (dzo) = 9o, (10.3)
/[o 1[0, 1]No gﬂnylC)o o) = W, (10.4)
/[o xioafo 00 Tloay ™" (o) = /[o 1)x[0,1]% Y0 Doy (o), (10.5)
/[O R 25 Doy 0% (d20) = 05 + AG(Fg) (Do), (10.6)
/[0 o Y00 Do 70 (@20) = 96+ (45 = Bo)(Fo) (Do), (10.7)
/[O x(o] 9(wo) Tty ™0 (dzo) = (Fg)(Do). (10.8)

Proof. For ease of notation we write x, yo instead of xg, yo,0 for the single colonies. We
use It0’s formula to compute the first and second moments, and invoke the equilibrium
condition to get the above formulas, except for the last formula, which is the definition

of F in (4.75)).
1. We begin with the first moments of x and yo. For £ = 0, (4.67) becomes

de(t) = E [co[ﬂo—x(t)] dt + \/g(x(t)) dwo(t) (10.9)
+Koeo [yo(t) — z(t)] dt],
duo(t) = eolalt) — wo(t)] (10.10)
dym(t) = 0.
In equilibrium the distribution of x(t) is constant in time, and so LE[z(t)] = 0,

where E denotes expectation w.r.t. T9 050 " Integrating (10.9) and taking the
expectation, we get

Efz(t) — z(0)]

o [E { /0 s co[do — 2(5)] + Koeo /0 " ds [yo(s) — x(s)]” ,
Eo [/t dsE[eo[io — a(5)] + Koeo[yo(s) - x(s)]H . (10.11)

0

where in the second equation we use Fubini. Turning back to differential notation,

we see from (10.11]) that
d
dt
and it follows that

E[z(0)] = 0 = E, {E[CO [90 — (t)] + Koeo[yo(t) — z(t)}] } , (10.12)

]E[CO [’190 — ZIZ] + Koeg [yo - Z‘H =0. (1013)
In the same way it follows from that

E [eo [z — yo]} —0. (10.14)
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Therefore we obtain from (10.13])—(10.14)) that

Elz] = Elyo] = vo. (10.15)

2. We next compute the second moments. By It6’s formula,

d(z(t))? = 22(t) dz(t) + (da(t))? (10.16)

= 2cox(t) Eo[do — z(t)] dt + 2x(t) Eg+/ g(x(t)) dwp(t)
+ E() [2K()€() x(t)yo(t) — 2K0€0 .T%] dt + Egg(x(t)) dt.

Taking expectations and using that we are in equilibrium, we get
0 = 2co¥% — 2¢E[2?] + 2KoeoElzyo] — 2KoeoE[2?] + EoE[g(z)]. (10.17)
Using E[g(z)] = (Fg) (), we find

Co Koeo
E[z?] = 2 E
[27] (co + Koeg) ° * (co + Koeo) [yol +

—(Fg)(¥o).  (10.18)

In the same way we find
E[ys] = Elzyo), (10.19)

and for the mixed second moment

(10.20)

Substituting (10.20) into (10.18)), we find E[z?] and hence also E[y] and E[zgyo]. This
finishes the proof of Proposition [10.1.1 g

Similar moment relations can be derived for the equilibrium measures of the block
averages. Define

1 FE Erer +e
Ay =5 ,;n ?: (Ekck(+ke:)tr EkiKkek’ m € Np, n €N, (10.21)
and
B, = %(Emcm n emE)?n—i- B Koo m € Np. (10.22)
Recall the definition of F(™ in .
Proposition 10.1.2 (Moment relations: blocks).
Let 9,, be as defined in , and let I‘Eglﬂ)“ym) = I’g:));j)”“Em’K"“em be the equi-

librium measure of (4.67) with k = m, with g € G, ¢y € (0,00), Ey € [0,1] and

319

0T YELIVH)



CHAPTER 10

10. Orbit of the renormalisation transformation

Ky, eqg € (0,00). Then the following moment relations hold:

(m) Crms e
/[le[o1] m Dty (dzn) = O, (10.23)
X0 Ymm p@(:f;:f;mvcm,Km,em (dzm) = Dpm, (10.24)
s 1 X

(m)
T, Ty, Smemtomen (dz,,) (10.25)
1x[0,1]%o ’

_ 2 F™ g B o Ko sem
_/[ oo P @) " (dzm),
0,1]x[0,1

/ 2 ]:( )g Epmycm,Km,em (dzm) (10.26)

1x[0,1]"% (ﬁm,ym)

=92 + Am(f<m+1> ) (9 ), (10.27)

m

[0,1]N F@(m',)ygr’g"“c"“}{m)em (dzm) (10.28)
>< 0
= 02, + (A2 = Bp)(F" ) (01n),
/ (FOg) ) Tg, e e (dzp) - (10.29)
[0,1]x[0,1]No e
_ (}.(m+1)g)(19m). (10.30)

Proof. The proof follows the same line of argument as the proof of Proposition [10.1.1
O

§10.2 Iterate moment relations

Recall the kernels deﬁned 1n , the iterates of the kernels defined in (4.134) and
9™ Recall that Q™) (J(" dzo) is the probability density to see the population of a
single colony in state zo given that the (n + 1)-block averages equal 9,

Proposition 10.2.1 (Iterated moment relations: single components). Forn €

N07
/ 2o QMW@™ dz) = W, (10.31)
(0,11%[0,1]
/ Yoo QMW dz) = Un, (10.32)
[0,1]x[0,1]
/ 22 QI dz) = 02+ AR (FOHg)(0,), (10.33)
(0,1]x[0,1]

/[ g W0 @O a2) 92 + (A} — Bo)(F™g)(9,),  (10.34)
0,1]x[0,1

/ Zoyo0 Q™ dzo) / Yo Q™) (9,,dz),  (10.35)
(0,1]x[0,1] [0,1]x[0,1]

/[ Ix[0.1]" 9(z) QM@ dz0) = (F" ) (@) (10.36)
0,1 0,1]70
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Proof. We prove the claim for x3 only. The other relations follow in a similar way.
The proof proceeds by induction. The result for n = 0 follows directly from Proposi-
tion [I0.1.1} Assume the result holds true for n = n, for n = n + 1 we write

/ 22 Q) (9 FD dz) (10.37)
[0,1]x[0,1]No
N / 23 (Q 1 0 QM) (9, dz)
[0,1]x[0,1]N

:/[0 1% [0,1]" /[o xoo 0 o QU@ dzp41) Q) (241, d20)
;1 X 10, ;1 X0,

-/ [ / 23 Q<”>(zn+1,dzO)] QHIE™ D, dz, i)
(0,1]x[0,1]% |./[0,1]x[0,1]%

= L [+ 48 PO @) [Py (@)
X No

=051+ A (FU9)(01) + AT (FODg) (0ni1)
=01 + AT (FODg) (D).

The first and second equality use the definition in (4.134)), the third equality uses
Fubini, the fourth equality is the induction step, the fifth equality uses Proposi-

tion [10.1.2} in particular, (10.26)) and ([10.29). O

Similar iterate moment relations hold for blocks. Define, for m,n € Ny with
n >m,

Qgs) = Q[n] 0---0 Q[m]_ (10.38)

Proposition 10.2.2 (Iterated moment relations: blocks of components). For
n,m € Ng with n > m,

/ T QU (07 dzm) = Oy, (10.39)

[0,1]x[0,1]No

/ Ymm Q) (0™, dzp) =, (10.40)
(0,1]x[0,1]

02 + A, (F D g) (9,), (10.41)

/ x Q(")( q(n) ,dzm)
[0,1]x[0,1]No

/ W QO (B, dzn) 92 + (A%, — B )(F) g)(9,),(10.42)
[0,1]x[0,1]

/ T Ym,m Q4 (0, dzm) / Yrm QD (0™, d2,,10.43)
[0,1]%[0,1] [0,1]%[0,1]

/M o (F ) (@m) Q™ dzp) = (F"g)(0). (10.44)

Proof. Follow a similar induction argument as in the proof of Proposition [10.2.1] O

§10.3 Clustering

To prove Theorem we proceed as in [5]. The following clustering property holds
for the kernels associated with single colonies.

321

0T Y4LdVHD)



CHAPTER 10

10. Orbit of the renormalisation transformation

Proposition 10.3.1 (Clustering: single colonies). Assume

lim 9, = 6. (10.45)
n—oo
Then ~
ll)m Q(n) (19(71)’ {(x()?y(0,0)) = (07 0)}) =1- 97
e ") () (10.46)
nh—>HoloQ " (19 " a{(any(0,0)) = (la 1)}) = 9)
if and only if
nh_)rréo A = oo. (10.47)
Consequently,
nh—>Holo Q(n) (19(71)7 { (2o, 9070)}’ ¢ {(0,0), (1, 1)}) =0. (10.48)

Proof. The proof exploits the iterated moment relations. First assume (10.47))
1. By Proposition

/[ 1x[0.1] o(1 = 20) QU (9™, dzg) = D (1 — V) — AGF(F"HVg)(9).  (10.49)
0,1]x[0,1]No

Because zo(1 — zg) > 0 for = € [0,1], we have
(1 —0,) > AN(FPYg)(9,)  VYneN. (10.50)

Since lim,, oo A} = 00, it follows that lim,, . (F"*Yg)(d,) = 0. On the other
hand,

F )0, = [ 0) Q) (91", dz0) (10.51)

[0,1]x[0,1]No

and, because g(z) > 0 for z € (0,1), Q" (9,,,dz) puts all its mass on 2y = 0 and
2o = 1 in the limit as n — co. Let

Q(n) (5(71)’ {xO =0or Ty = 1}) = / 1{.’1)0:0 or zo=1} (ZO) Q(n) (Qg(n)a dZO)a
[0,1]%[0,1]%0
(10.52)
then
lim QM (W™ {zg=0or z; =1}) = L. (10.53)

The first moment of x¢ converges to (recall (4.63]))

lim 20 QM (W™, dz) = lim ¥, = 6. (10.54)
n—oo [O,l]X[O,l]NO n—oo
Hence ~
lim QM (9™ {xy=0})=1-06,
e _ (10.55)
lim QM (W™ {zo=1}) =0,
n—oo
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and
lim 22QM W™ dz)
=90 J10,1]x[0,1]No
= hm iEg (1{1} (QIJO) + 1{0} ({,C()) + 1{(071)}(‘10)) Q(n) (’5(")7 dZ[)) = 9
=0 J10,1]x[0,1]No (10.56)
On the other hand,
lim 22 QM W™ dzo) = 02 4+ lim AZ(F"Vg)(9), (10.57)
n— 00 [0,1]x[0,1]No n—00
and so, combining (|10.56))—(10.57]), we obtain
lim AR(FHg)(0) = 6(1 —6). (10.58)
2. We know also that
lim z0y0.0 Q™ (9™ dzp) (10.59)
n=20 J10,1]x[0,1]No
= lim 92 + ( Aj — Eo (F D g)(9,)
n—oo 0 FEycg + eg + EgKpeg "
=0°+0(1-0)=0
and
lim 2y0 QU (9™ dzg) (10.60)
n=20 J10,1]x[0,1]No
= lim Z0Y0,0 (1{1}(950) + 10y (w0) + 1{(0,1)}(%)) QM (9™, dzo)
n=2 J10,1]x[0,1]No
= lim Y00 113 (20) Q™ (9™, dz).
n=2 J10,1]x[0,1]No
Therefore
nh—>Holo [0,1]x[0,1]M0 boo 11y (@) Q@™ dz) = nh—>nolo Un =6, (10.61)
and hence
lim (1= y(0,0) L1} (20) QM (9™, d2p) = 0 — 0 = 0. (10.62)

n= J10,1]x[0,1]No

Since 1 —y(0,0) = 0, we conclude that if z¢o = 1, then QM (9™ dzy) puts all its mass
on yo,0 = 1 in the limit as n — oco. Hence

lim Q™ (9™, {(29,0,0) = (1,1)}) = 0. (10.63)

n—oo
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From Proposition [10.2.2] it also follows that

lim (1 —20)(1 = yo,0) QU™ (9™, dzp) (10.64)

77799 J[0,1]%[0,1]%
12
Eoco + ep + EoKoeg

=1-60-0+6>+ lim (Ag

n— oo

) (FO g)(0,)
=1-20.

On the other hand,

lim (1 —20)(1 = y0,0) Q™ (9™, dzp)
=0 J10,1]x[0,1]No
= lim (1 —20)(1 - yo,0) (1{1}(960) + 140y (20) + 1{(0,1)}(960))
n=%0 J10,1]x[0,1]No 10.65
~ Q(n) (g(n), dzo) (10.65)
= lim (1 — y()’()) 1{0}(17()) Q(n) (6(n), dZ())
=0 J10,1]x[0,1]No
=1-0.
Since y € [0, 1] and
lim 110y (20) Q™ (9™, dzg) = 1 - 0, (10.66)
=0 J10,1]%[0,1]No
it follows that
lim Y0,01 0y (20) QM (9™, dzo) = 0. (10.67)

=0 J10,1]x[0,1]No

This implies that if 2o = 0, then QU (9™ dz) puts all its mass on oo = 0 in the
limit as n — co. Hence

lim Q™ (9™, {(z0,50,0) = (0,0)}) =1 -9,
_ 10.68
lim Q(n) (19(71), {(l‘o,y()’()) = (1, 1)}) = 9 ( )

n—oo

Now assume ((10.46]). Then (10.56) still holds. On the other hand, also (10.57) still
holds by Proposition [10.2.1} Therefore we obtain ((10.58). On the other hand, by

(110.46])

lim F g = lim 9(20)Q™ (9™ dzy) = 0. (10.69)
n— 00 n—00 [0,1]x[0,1]Yo
Hence ((10.47)) holds. O

A similar clustering property holds for the kernels associated with blocks.
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Proposition 10.3.2 (Clustering: blocks). Assume

lim 9, = 6. (10.70)
n— o0
Then B
) (3 ) (10.71)
Jim Q) (07 {(@ms Ymmy) = (1, 1)}) = 6,
if and only if
lim A} = oco. (10.72)
n—o0
Consequently,
lim QY (9, {(@m, ym.m)} & {(0,0), (1,1)}) = 0. (10.73)
Proof. We can proceed exactly as in the proof of Proposition O

Finally, we can prove Theorem

Proof. Note that (10.47) implies (10.72)). Recall that single colonies of deep seed-
banks that have already interacted and reached their quasi-equilibrium equal the
block average of the level on which they interact (see Theorem |4.4.4)). It follows that,
for m € Ny,

lim Q™ (9, (20, yo.m) = (1,1)) =0,

n— oo

lim Q™ (9™, (20, yo,m) = (0,0)) =1 — 6.

n— oo

Therefore, for N € Ny,

(10.74)

N
lim Q™ <q§(n)7 ﬂ {(xo,yo,m) = (1,1) or (zo, Yo,m) = (0,0)})

n—oo
m=0

N
=1- lim Q" (9™, | {(z0,y0.m) € 0, 1]2\{(070),(1,1)}}>

n—oo
m=0

m=0
(10.75)
Note that
B N
lim Q™ (W, (M {@o,yo.m) = (1.1) or (0, y0.m) = (0,0)}>
m=0
, N 10.76
= 1im Q) (9, {(zo, (yo.m)o<men) = (0,07*) (10.76)
or (o, (Yo,m)o<m<n) = (1, 1N+1)}) =1
On the other hand,
lim Q" (ﬁ(n)’ {(z0, (Yo,m)o<men) = (1, 1N+1)})
nreo ~ (10.77)
< lim Q(n) (ﬁ(n)> {(:L'Oa Z/0,0) = (1, 1)}) =0
n— o0
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and
lim Q™ (@(n), {(x0, (Yo,m)o<m<n) = (070N+1)})
n—veo i (10.78)
< lim Q™ (9™, {(x0,50,0) = (0,0)}) =1 - 6.
Hence we conclude that
i Q™ (’?(n)v {(zo, (Yo.m)o<men) = (1, 1N+1)}> =0 (10.79)
and ~
lim Q) (9%, {(zo, (yom)o<msn) = (0,0N+1)}) =1-0. (10.80)

We can do the same for all finite-dimensional distributions. Since [0,1] x [0, 1] is

compact, the process zg = (o, (Yo,m)men, ) is tight. Therefore, by (10.79)—(10.80) we
find for every converging subsequence

lim Q) (Wk), ) — (1= 6) 50,0 + 061,17 (10.81)
We conclude that

lim QM (9™, dz) = (1= 0) 80,0 + 05117, (10.82)
which is the claim in (4.137)). O

§10.4 Dichotomy finite versus infinite seed-bank

In this section we prove Theorem

Proof. We investigate for what choices of the sequences ¢, K, e defined in (4.5) and
4.10) we meet the clustering criterion lim, ., A, — oo in (4.138]). Recall from
4.64) and (4.136) that

n—1
1 E FErci + e 1
=3 e e P T
ek (Excr + ex) + EpKrep L+ >0 Km

(10.83)
k=0
We distinguish between three regimes as k — oco:
(a) Eyxck +er > EpKpeg.
(b) Excr + er < ErKyey.
(¢) Excp + ex < ExKyey.
These regimes correspond to the following scaling for A,, as n — oo:
(a) An~ 3 X000 -
(b) An = 345 2.
(c) An~ § Y52y Hegptes,

Recall from that (4.14]) that
p=> K. (10.84)

m&ENy

Different behaviour shows up for finite seed-bank (p < oo) and infinite seed-bank
(p=00).
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(I) p < co. Note that k — FEj is non-increasing and converges to 1/(1 + p) > 0.
Since Fy < 1, we have limg_,, Fx K = 0 and hence we are in regime 1. Therefore

1
Apv s> —, n o0, (10.85)

21+ p) =

and clustering occurs if and only if keNo i = 00, which is the same criterion as for
the system without seed-bank.

(II) p = co. We focus on the settings in (4.52)) and (4.53), which fall in regimes 1
and 2.

Asymptotically polynomial. Suppose that

Ky~ Ak~ k— 00, A€ (0,00), a € (—00,1). (10.86)
Then
l—« _(1_0{) 11—« —1
Ep ~ k 7y Ep Ky ~ k s k — oo. (1087)
Hence we are in regime 1. Suppose that
ek ~Fk™®, k— o0, Fe(0,0),¢cR. (10.88)
Then )
10N~ 1rate
Ap ~ e kZ:lk . n— oo, (10.89)

and clustering occurs if and only if —¢ < a < 1. In this case

11—«
—¢p<a: Anwin(”‘ﬁ7

fAF (a+9) (10.90)
-«
—¢o=a: Anwm logn
The case o = 1 can be included. Then (10.87) becomes
1 1
By~ — Ey Ky ~ ———— k 10.91
™ Alog k'’ R g b = %0 (10.91)
so that we are again in regime 1. Now (10.89)) becomes
n—1
k®
n~ﬁ2ﬂ7 n — oo, (10.92)
=1 08
and clustering occurs if and only if —¢ < 1. In this case
1 ntte
— ¢ <1: A, ~ )
" 2%11F(1 +¢) logn (10.93)
—¢p=1: A, ~ ——= loglogn.

2AF
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Pure exponential. Suppose that

Kp,=K" keNy, K € (1,00).

Then
B 1 1 K-1
1_,_2:;:10[(771 1+f§('”:11 Kk4+ K —2

Suppose that
er=¢e" cx=c" keNyece (0, 00).

Then
K-1 . . K-1 k k
Brevten=qaig o T e = e e

and so

k
&%+%~UF4N%)+&7 ExKpen ~ (K —1)e*, k- .

For ¢ < Ke we are in regime 2, and hence

1 D)
~ 5; ><§'C+Kek’ e

which simplifies to

n—1 1 1
Ke < 1: ~ Ke)=(=b),
¢ pors (Kc)k 1—Kc( 2
n—1
1
Kc=1: ~ 7.
c (Ko n
k=0

n — oo,

for which we can again use ((10.101]).
The case K =1 can be included. Then Ej = 1/k and (10.98) becomes

1 1
Eicp +ep ~ %ck +e”, E.Kiey, ~ Eek, k — oo,
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we are again in regime 1. Hence

1 1
A, ~ 3 E ok n — 00, (10.104)
and clustering occurs if and only if ¢ < 1. In that case

1 1
c<1l: A, ~ 31— n (=),
(L=¢)n (10.105)

1
c=1: An~§ log n.

|
In the above computations, only regimes 1 and 2 arise. Regime 3 arises, for

instance, when

lim — log K, = lim Kpep/cx = 0. (10.106)
k k—o00

k—o0

Indeed, the first condition implies that Ey ~ 1/Kji_; and EpK; > 1, while the
second implies that Ey Krer > Erci. There are two subcases:

. 1
K qer < cp: ~ 5 E
k=0 k‘](k 16k‘

n—1

(10.107)

1
Ki_qep>cp: A, ~ % Kka.

By picking, for instance, e, = 1/K,Kj_1, we find that A, ~ n in the first subcase
and A, > n in the second subcase. By picking, alternatlvely, ¢, = 1/K}, we find
that A,, > n in the first subcase and A,, ~ %n in the second subcase.
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APPENDIX B

Appendix Part [[I

§B.1 Computation of scaling coefficients

In Appendices we spell out a technical computation for the tail of the
wake-up time defined in (4.40)—(4.41)) in the two parameter regimes given by (4.52))—

(4.53)). In Appendix we carry out a computation that is needed in Section

§B.1.1 Regularly varying coefficients

In (4.40)), note that for large ¢ in the sum over m only small values of e,,, /N™ contrib-
ute, which means large m. Hence, by the Euler-MacLaurin approximation formula,
we have

o 1 E€m _(em/Nm,)t 1 > €Em —(6m,/N”L)t
P(T>t)—; > Ky @ ) dm Ko7 e . (B.1)
meNy g

where c is a constant that identifies from which value of m onward terms contribute
significantly. Make the change of variable s = . Since e, ~ Bm=F and K,, ~
Am~% as m — 0o, we have

s~Bm PN"™ (B.2)
and hence

log s ~ log B — flogm — mlog N,

1 B Blogm (B.3)
g T mios ( mlog N mlog]\fJr > [1+o(1)]m log N,
which gives
log(3)
m=[14 o(1)] og N’ (B.4)
Thus,
1 ds I3
;%——logN—%——[l-i-o(l)} log N, (B.5)
which implies
d
ﬁ = —[1 + o(1)] slog N, (B.6)
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so that s(m) is asymptotically decreasing in m, and

dm

ds

Note that if ¢ < m < oo, then asymptotically 0 < m~ PN~ < ¢ "#N—¢ = (5. Doing
the substitution, we get

—[1+0(1)] (slogN)™". (B.7)

1 [ !
P(r > t) ~ f/ ds K,,s(slog N)™ " e %t
X Jo

1 [ .
~ 7/ ds Am~*(log N) ™ e 5
X Jo

1 2 IOg(%) - -1 —st
N?/o dSA<logN (logN) " e

Al 1 atl rC _
Ak ety
0

Next, put st = u, so s = ¥ and ds = % and 0 < u < tCs. Then

A 1 a+1 1 Cot o
P(r>1t)~ (logN) Z/o du log (L)% e™". (B.9)

We will show that

—a+1 Cat —at1 Ot
A L 1/ dulog (L)% e™™ x 4 ! 1/ du logt™“e ™.
x \log N tJo w x \log N tJo

(B.10)
For a = 0 this claim is immediate. For a € (—o0,0), note that log (1) is a
decreasing function on (0, Cat). Therefore we can reason as follows:

Cot
/ du log (£) " e™

0

1 Cat
:/ du log (%)_ae_“—i—/ dulog (L)% e™
0 1

1 B Cot
S/ du log (£)™° +/ du logt™%e™"
1

. (B.11)
<27« / dulog ()" + 2_“/ du logt™* +logt™* [1 —e™ "]
1
<27°T(—a+1)+2 %logt™* [1 — 1] +1logt™[1 —e_l]
=logt ™™ [2711M+2 *[1-1]+[1-e ]]
= logt™ .
For the lower bound, note that
Cot _ 1 Cot
/ dulog ()" e ™ > log (t)fa/ due™ + log(c%)*a/ due ™
° ’ Lean (B.12)
1 log(ﬁ) “
=logt ™ |1l—e 4+ ——| x<logt™ .
logt—«
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For a € (0,1], note that the function log (%)70‘ is increasing in u. For the lower
bound estimate

Cgt
[ duton (&) e > tiylog (5 - e b loge et e

=logt ™ [0+e ! —e ] xlogt™™.

For the upper bound estimate

Cot
/ du log (%)ﬂl e !
0

. o\ Vet 1\~
<logt 1 —e ']+ log [ —— due ™ +log [ =
- tne{t)[ e (3)

=logt™*[1—e '+ (3) “log <(§2> {efl — e*\/@}

+ log <012> [e*\/CT’t - efczt}

logt —1 -
—logt™® [1 —e 4 (L) (Og Ogcz) [t —emverr]

Czt
/ due™
vV Czt

logt
e~V Caot efcgt:|

+1lo A [ = logt™®
& Cy logt— —ost

(B.14)

§B.1.2 Pure exponential coefficients

In order to satisfy condition in (4.12), we must assume that Ke < N. Since K > 1
for p = oo, we also have e < N. We again use that for large ¢ only large m contribute
to the sum. Hence, again by the Euler-MacLaurin approximation formula, we have

P(r >t) Z K ~(em/N™)t e~ (em/N™)  (B.15)

mGNo

Again we put s = £ . Hence

e log s dm 1
log s = m1 (7) - I L B.16
085 =M0s \y mn log % ds slog & ( )
and
log s 1254 b B
K,~Km"~e¢ N ~glsn, (B.17)

Since s(m) is decreasing in m, putting C = ()" we obtain

c s 1 C log K
P(r >t) ~ / ds Kpy————e % ~ - / dssls® e 5L, (B.18)
0 slog ~ log ~ Jo
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Substitute u = st, i.e., ¥ = s, to get

q_losK Ct log K
]P)(T > t) ~ = log £ ~ duulogW ef’u,
log 0
1 les(ilee K Ot log K 1 _les(gp) Ot tog K
~—t R / duu™F e ™~ ——t s / duu™ % e
log N 0 lOg ~N 0
(B.19)
The last integral converges because kl)‘;g(f) > —1, and
N
Ct log K log K 10 K
duu'=~ e_“</ duu's~ e~ —F( ge +1>. (B.20)
0 los(%)

§B.1.3 Slowly varying functions

Return to Section Note that t(s) = ¢(s)~'s7. Since this is the total time two
lineages are active up to time s, ¢(s) must be smaller than s. By (4.49), we have

zg)) — exp [— /t() OZ‘zp(u)] . (B.21)

Since we are interested in s — oo, we may assume that s > 1 and t(s) > 1, and
estimate

o) - o V du_C

t(s) w logu
log s ~vlog s — log ¢(s)
—exp |Clog [ ——22 )| = exp |-C1 .
o |08 (o )| = eov [-ooe (TR
A similar lower bound holds with the sign reversed. Using that lim,_,. 2620 — 0,

log s
we get
t t
79 < liminf () < limsupM <~ C.
s2oo o(s) T smeo @(s)

= exp [C(loglog s — loglogt(s))]

(B.22)

(B.23)

Both bounds above are positive, so indeed “"Etg = 1.

§B.2 Meyer-Zheng topology

§B.2.1 Basic facts about the Meyer-Zheng topology

In the Meyer-Zheng topology we assign to each real-valued Borel measurable function
(w(t))s>0 a probability law on [0, 0c] x R that is called the pseudopath t,,. Note that
the Borel-o algebra on [0, 0] x R is generated by sets of the form [a,b] x B for B € B
and 0 < a < b. For A = [a,b] x B, set

b
%(A):/lA(t,w(t))e*tdt:/ 1p(w(t))e tdt, (B.24)
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i.e., 1, is the image measure of the mapping ¢ — (¢,w(t)) under the measure
A(dt) = e~tdt. The set of all pseudopaths is denoted by ¥. Note that a pseudo-
path corresponding to (w(t))¢~o is simply its occupation measure. The following
important facts are stated in [59]:

o If two paths w; and ws are the same Lebesgue a.e., then 1, = ¥n,.

e Denote by D the space of cadlag paths on [0, 00] x R. The mapping
Yv: D = ¥, w1, is one-to-one on D and hence gives an embedding of D
into the compact space P, the space of probability measures on [0, 0o] x R.

e Note if f is a function on [0,00] x R and w € D, then

Yo (f) = /OOO flt,w(t)) e tde. (B.25)

Therefore we say that the sequence of pseudopaths induced by (w,,) C D con-
verges to a pseudopath w if, for all continuous bounded function f(t,w(t)) on
[0,00] X R,

lim Oof(t,wn(t))e*tdt = /OO flt,w(t)) e tdt. (B.26)

n—oo 0

Since a pseudopath is a measure, convergence of pseudopaths is convergence of
measures.

e D endowed with the pseudopath topology is not a Polish space. ¥ endowed
with the pseudopath topology is a Polish space.

e According to [59][Lemma 1], the pseudopath topology on ¥ is convergence in
Lebesgue measure on D.

§B.2.2 Pseudopaths of stochastic processes on a gen-
eral metric separable space

In [53] the results of [59] on state space R are generalised to a general metric separable
space E. Let (Z(t))¢=0 be a stochastic process with state space E. Then we assign a

random pseudopath to (Z(t)) as follows: for w € Q and A = [a,b] x B, 0 < a < b and
B e B(E),

b
D(z(tw))ise(A) = / 15(Z(t,w)) e dt. (B.27)

Hence ¢(z(1)),-, is a random variable with state space ¥, i.e., ¥(z(1)),», € M(T), the
set of probability measures on pseudopaths. Note that

E [¢(Z(t))t>0 |:/ f t Z t W) _tdt:| |:/ f t Z _tdt . (B28)
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Weak convergence in the Meyer-Zheng topology. Let (Z,,(t)):>0 and (Z(t))i>0
be stochastic processes with state-space . We say that

LU Z,(t))t>0] = LI(Z(t))>0] in the Meyer-Zheng topology (B.29)

if, for all f € Cp(V),
Jim E[f (dzn1))0)] = BIf ($(z(0))150)]- (B.30)

Let Cpn,([0,00) x E) C Cp([0,00) x E) be the set of functions of the form

Con([0,00) x E) = { F € Cy([0,00) x E) : F(t,x(t)) = " F(t 2())dt,
(0.0 % ) = {F €€o0.00) B Fita(t) = ] [ it o0 .

meN, V1 <i<m, fiECb([(),oo)xE),Ti>0}.

Note that C,, is an algebra. Let Mg[0, c0) be the space of measurable processes from
[0,00) to E, so D C Mg[0,00). Note that C,, separates points in Mg[0,00). By
[53][Proposition 4.5], the set Cy, is separating in the set of measures on Mg[0, o).
This means that if two stochastic processes (Z1(t))i>0 and (Z2(t)):>0 satisfy

E[F(Z1)] =E[F(Z;)]  VF €Cp, (B.32)
then ['[Zl] = [,[ZQ]
Define m o
Fw) = [ ]l | e (B.33)

Recall that a pseudopath 1 is associated with a path w € Mg[0,00). Hence this
becomes

m T;
o) =1 [ ftuwe)ar (B.34)

Since each pseudopath ¢ € W is associated with a path in Mg[0c0), C,, also separates
points on ¥ and hence C,,, separates measures on ¥. This implies that if

E[F(¢z,)] = E[F(¢Yz2,)]  VF €Cn, (B.35)

then L[Yz,] = L[Wz,]. Therefore L[Z1] = L[Zs] if and only if L[z, ] = L[V z,].
The Meyer-Zheng topology is a weaker than the Skohorod topology.

Lemma B.2.1. Let (Z,(t))i>0 n € N and (Z(t))i>0 be stochastic processes with
Polish state-space E. If

le L(Zy(t)i>0] = L(Z(t))i>0] in the Skohorod topology, (B.36)
then
1Lm L(Zn(t))i>0] = L[(Z(t))e>0] in the Meyer-Zheng topology. (B.37)
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Proof. Since we do not know whether ¥ is compact, the set C,, does not have to be
convergence determining. Therefore, via Skorohod’s theorem we construct the process

Z"™ and Z on one probability space, such that £[Z"] = L[Z"] and L[Z] = L[Z], and
lim Z, =2  a.s. (B.38)
n—oo

This implies
ILm Yon =105 a.s. (B.39)

Consequently, for all f € Cy(D),

Tim E[f(¥7.)] = EF(0)]. (B.40)
Note that, since £[Z"] = L[Z"] and L[Z] = L[Z], we can use (B.32)) and (B.35) to
see that the latter implies L[Yyzn] = L[t 5,.] and L[] = L[ ;]. Hence (B.40)) indeed
implies that

lim LRize] = Ll (B.41)

O

Convergence in probability in the Meyer-Zheng topology. Let (S,d) be a
metric space, B(S) denote the Borel-o algebra on S, and P(S) the set of probability
measures on B(S). Recall (see e.g. [32, Chapter 3]) that the Prohorov metric dp on
the space P(S) is given by

dp(P,Q) = inf {e > 0: P(A) < Q(A°) +eVAeC), (B.42)

where C C B(S) is the set of all closed sets in S and A = {z € S: infycad(z,y) < €}.
Recall the following theorem (see e.g.[[32, Theorem 3.1.2]])

Theorem B.2.2. Let (S,d) be separable and let P,Q € P(S). Define M(P,Q) to
be the set of all p € P(S x S) with marginals P and Q, i.e., u(A x ) = P(A) and
u(S x A) = Q(A) for all A € B(S). Then

dp(P,Q) = inﬁp inf{e > 0: p({(z,y): d(z,y) > €}) <e}. (B.43)

peEM(P,Q)

Moreover, [32] Theorem 3.3.1] states that convergence of measures in the Prohorov
distance, lim, o dp(P,,P) = 0, is the same as weak convergence P,, = P. Hence,
since convergence of pseudopaths is weak convergence, we can endow the space of
pseudopaths ¥ with the metric dp.

Let (U,dp) be the pseudopath space metrized by the Prohorov distance. Let
(Z™(t))t>0, (Z(t))r>0 be stochastic processes on the state space E, where E is endowed
with the metric d(-,-). Note that convergence in probability in the Meyer-Zheng
topology means that

Vd > 0: ILHI ]P)[dp (’(ﬁzn,ﬂiz) > (ﬂ = 0. (B.44)
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Tightness. Define the conditional variation for an R-valued process (U(t));>o with
natural filtration (F(¢))¢>o as follows. For a subdivision
T: 0=ty <ty <- - <t, =00, set

ViU) = Y E|[EU(tis) — Ut | Ft)]|] (B.45)
0<i<n
(with U(o0) = 0) and
V(U) =sup V,(U). (B.46)

If V(U) < oo, then U is called a quasi-martingale. Note that we can always stop the
process at some finite time and work with compact time intervals.

Lemma B.2.3 (Tightness in the Meyer-Zheng topology).

If (Pp)nen is a sequence of probability laws on D([0,T],R) such that under P, the
coordinate process (U(t))i>0 is a quasi-martingale with a conditional variation Vy,(U)
that is bounded uniformly in n, then there exists a subsequence (Pp,)ken that con-
verges weakly in the Meyer-Zheng topology on D([0,T],R) to a probability law P, and
(U(t))e>0 is a quasi-martingale under P.

(See [59, Theorem 7] for the identification of the limiting semi-martingale.)

§B.2.3 Proof of key lemmas
e Proof of Lemma [6.2.19]

Proof. Fix § > 0. Then

lim Pdp(vz,,%z) > 0]

n—oo
= lim P inf inf{e > 0: r,y): dlz,y) >€e}) <e} >4
Jm Pl e 00 (@) d(e) > o) < o )

= nan;OP[Vu € MYz, ,vz), inf{e > 0: pu({(z,y): d(z,y) > €}) < e} > ]
= nll)r{.lop[vﬂ € M(iﬁznﬂbz)’ ,U,({(S(},y)l d(l’,y) > 6}> > 6]

Let pin € P(([0,00] x E)?) be the measure defined by
) = [ LA Z0) (0 Z0)) et A€ B0, x B, (B
such that, for B € B([0,00] x B),
(B 5) = [ Tt Za)1s(( Z0) et = vpe(B), (BAY)

and similarly p, (S x B) = ¢z(B). Hence p, € M(¢z,,%z) for all n € N, and we
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obtain from (B.47]) that
nlLH;O]PJ [dp(l/)zn,wz) > 5]
< lim P lp,({(2,y) : d(z,y) > 6}) > ]

< lim P |:/ 1{(a:,y):d(z,y)25} ((t7 Zn(t))a (t7 Z(t))) etdt >0
0

n—oo

. * - B.50
< lim P [/ La(Za(0).2(0) 20 € dE > 5] (5:50)
n o0 0
1 > ¢
< nh%rrgo EE [/0 d(Z,(t), Z(t)) e dt}
N Y e —t
= 11_>m - E[d(Z,(t), Z(t))] e~*dt = 0.
n o0 0
O
e Proof of Lemma [6.2.20]
Proof. We have to show that
Jim L[, vl = £ [$ece] (B.51)
Hence we must show that, for all f € C,(P),
lim E[f (e, )] = E[f (¥x0))- (B.52)
We can write
|E[f(1/}(xn,yn)) - f(w(x,c))“ (B.53)

<IEf(Yix,.v) = F@x, )l + B (Y(x,.0) = F(ix.e0)ll-

Since lim,, o, E[d(Y,,(¢),¢)] = 0 implies lim,,—, o E[d((X,(¢), Yo (1)), (X, (t), )] = 0,
it follows from Lemma [6.2.19] that, for all 6 > 0,

nlL)H;OP [dp (Q;ZJ(X,I,,Y”)"I/}(X”,C))} =0. (B54)
Hence, for all f € Cp(),
im[E[f(x, v,) ~ Fbce, o)l =0 (B.55)

To see that the second term in the right-hand side of (B.53)) tends to zero, note that
we can define

fWz) = f(Ya,c). (B.56)

We show that f is continuous.

Recall that convergence in the Meyer-Zheng topology is simply convergence in
Lebesgue measure. Hence, for two paths (¢,2,(t)) and (¢, 2(t)) € Mg[0oo) we have
Yy, — Uy if and only if, for all 6 > 0,

oo

lim l{d(mn(t),w(t))>6} e tdt = 0. (B.57)

n— oo 0
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Therefore 1, — 1, implies that, for all § > 0,

lim Lid((an (1),0), (a(t),c)) >y € dt =0, (B.58)

n—oo 0

and hence ¥, . — ¥z .. Therefore

i
—00
and we conclude that f € Cp(¥). Since L[X,] = L][X] in the Meyer-Zheng topology,
we have, for all f € Cy(P),

lim [E[f(4(x,,.0) = [($x.)ll = lim E[f(4x,)) — f(x)]| = 0. (B.60)

n—oo

Therefore also the second term on the right-hand side of (B.53]) tends to 0. O

e Proof of Lemma [6.2.27]

Proof. For part (a), suppose that lim,, o %,, = .. Then, since convergence in
pseudopath space is convergence in measure, we have, for all § > 0,

o0

lim l{d(a;,,L(t)7:v(t))>6} e tdt = 0. (B.61)

n—oo 0

Since f is a continuous function, this implies that, for all € > 0,

o0

lim Lia(f (on(0)), fa(t)) >y € dE = 0. (B.62)

n—oQ 0

and we conclude that lim, ;o ¥z, ) = ¥y2)- Hence h is indeed continuous.
For part (b), recall that

lim £[X,] = L[X] in the Meyer-Zheng topology (B.63)

n—00

implies that, for all g € C,(¥),

lim Elg(¢x, )] = Elg(¢x)]- (B.64)

n—oQ

Since h: ¥ — ¥ is continuous, we have for all g € C(¥) that go h € Cp(¥). Hence

lim Elg(¢px,)] = lim E[goh(¥x,)] = Elg o h(yx)] = Elg(¢y(x))]- (B.65)

n—oo

We conclude that
lim L[f(X,)] = L[f(X)] in the Meyer-Zheng topology. (B.66)

n—oo

O
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e Proof of Lemma [7.2.14]

Proof. Suppose that lim, cc ¥ (s, y,) = Y(a,y)- Since convergence of pseudopaths is
convergence in Lebesgue measure, we have

I L, ). ) >aye At =0 (B.67)
and, consequently,
. —tap _
nll}n;o . 1{d[$m$]>5}e dt = 0. (B68)

Therefore lim,, ;o ¥z, = 9. Suppose that f € Cy(¥(E)), so f is bounded continuous
function on the space of pseudopaths on [0,00] x E. Define the function f on the

space of pseudopaths on [0,00] x E?, i.e., f is a function on ¥(E?), by

Then f € Cy(¥(E?)) and
Hm f(Wa,g) = Hm @) = fW) = F@e, 0.): (B.70)

Hence f is indeed a continuous function on \I/(EQN) Moreover, since f is bounded, it
follows that f is bounded and we conclude that f € Cp,(¥(E?)).
Therefore, if X,,,Y,, are continuous-time stochastic processes on F and

lim L£[(Xn(s),Yn(s))s>0] = L(X(5),Y(s))s>0] in Meyer Zheng topology, (B.71)

n—oo

then for all f € C,(¥(E?)) we have

lim E[f(¥(x, v,))] = Elf (¥x,v)]- (B.72)

n— oo

Since for each f € Cp(¥(E)) we can construct a function f € Cy(¥(E?)) as in (B.69),
we obtain for all f € Cp(¥(E)) that

lim E[f(¢(x,))] = lim E[f(¢(x, v.)] = E[f(¢x.v))] = E[f (¥x)]- (B.73)

n—oo n—oo

We conclude that

lim L[(X,(s))] = L](X(s))s>0] in Meyer-Zheng topology (B.74)

n—oo

and, similarly,

lim L[(Y,(s))] = L[(Y(s))s>0] in Meyer-Zheng topology. (B.75)

n—roo
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Samenvatting

Samenvatting

Stel je een weide voor met rode en paarse klaprozen. Je kunt je afvragen of er een
moment komt dat er alleen nog maar rode klaprozen zijn of juist alleen nog maar
paarse klaprozen, of dat er altijd zowel rode als paarse klaprozen zullen zijn. En als
er na vele generaties alleen nog één kleur klaprozen overblijft, met welke kans zijn dit
dan de rode klaprozen en met welke kans zijn dit de paarse klaprozen?

Bovenstaande vragen gaan over de genetische evolutie van een populatie klaprozen.
Als er na een aantal generaties nog maar één kleur klaprozen overblijft, zeggen we dat
de genetische diversiteit van de populatie verloren is gegaan. In dit proefschrift be-
studeren we genetische evolutie in populaties. Een wiskundig model om de genetische
evolutie in een populatie te beschrijven is het Fisher-Wright model. Het Fisher-Wright
model kan uitgebreid worden met verschillende evolutiemechanismen, zoals mutaties
van genen of de selectie van sterkere genen. Ook bestaat er een model met meerdere
kolonién, waarbij individuen in verschillende kolonién leven die elk door het Fisher-
Wright model beschreven worden en waarbij de individuen kunnen migreren tussen
de verschillende kolonién.

Een recente uitbreiding van het Fisher-Wright model is de toevoeging van een
zaadbank aan de populatie. In een populatie met een zaadbank kan een individu
voor een zekere tijd stoppen met zichzelf voort te planten. We zeggen dan dat het
individu gaat “slapen”. Alle slapende individuen samen vormen de zaadbank. Na
een aantal generaties wordt het individu wakker en begint zich weer voor te planten.
De klaproos is een soort die een zaadbank heeft. Als een zaadje van een klaproos
in de grond belandt, maar door een storm met een dikke laag zand bedekt wordt,
dan kan het gebeuren dat dit zaadje niet de volgende lente ontkiemt, maar pas vijf
lentes later. Het zaadbank fenomeen wordt ook bij bacterién waargenomen. Wanneer
de omstandigheden voor een bacterie slecht zijn, bijvoorbeeld door te weinig voedsel
of te lage temperaturen, dan kan een bacterie zich omvormen tot een zogeheten en-
dospore. Een endospore kan overleven in moeilijke omstandigheden, maar kan zich
niet voortplanten. Als de omstandigheden verbeteren dan kan de endospore weer
terug transformeren in een bacterie en opnieuw zichzelf voortplanten.

In dit proefschrift bestuderen we het Fisher-Wright model waarbij individuen een
van twee (gen)types kunnen zijn, tussen verschillende kolonién kunnen migreren, en
in een zaadbank kunnen gaan slapen voor een bepaalde tijd. We nemen aan dat
in elke kolonie oneindig veel individuen leven. Het bijbehorende wiskundige model
heet het “multi-kolonie continutim Fisher-Wright model met zaadbank”. Doel van
het proefschrift is om te bepalen of na zeer lange tijd de diversiteit in de populatie
behouden blijft (in het geval van de klaprozen of er altijd rode en paarse klaprozen
blijven bestaan) of dat de diversiteit verloren gaat (of na lange tijd er alleen nog maar
rode of alleen nog maar paarse klaprozen bestaan). In het bijzonder proberen we het
effect van de zaadbank op de genetische diversiteit vast te stellen.
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We bestuderen dit vraagstuk in verschillende geografische ruimtes. In het eerste
deel van het proefschrift zijn de kolonién waarin de individuen leven geplaatst in
een algemene geografische ruimte. Het belangrijkste voorbeeld van zo’n geografische
ruimte is het rooster Z?. In het tweede deel van het proefschrift zijn de kolonién
waarin de individuen leven geplaatst volgens de hiérarchische groep. Intuitief kan de
hiérarchische groep als volgt geinterpreteerd worden. Elke kolonie is een huis, een
aantal huizen samen vormen een straat, een aantal straten samen vormen een stad,
een aantal steden samen een provincie enzovoort. Individuen bewegen (migreren)
veel vaker tussen de huizen in de straat, dan tussen de verschillende straten in stad.
Een niveau hoger bewegen individuen veel vaker binnen hun eigen stad dan tussen de
verschillende steden binnen de provincie, en nog minder vaak tussen de verschillende
provincies. Deze structuur komt vaak voor in de ecologie. De hiérarchische groep
beschrijft deze structuur op een wiskundige manier.

Het proefschrift bestaat uit twee delen voorafgegaan door een introductie in het
vakgebied in Hoofdstuk[I] In deel[l] van het proefschrift bestuderen we drie varianten
van “het multi-kolonie continuiim Fisher-Wright model met zaadbank”. In elk van
deze drie varianten zijn er twee (gen)type individuen, aangeduid met type © en type
¢$. In het eerste model bestaat de populatie in elke kolonie uit actieve individuen
en slapende individuen. De slapende individuen samen vormen de zaadbank. De
actieve individuen kunnen zich voortplanten, migreren naar een andere kolonie, en
gaan slapen. De slapende individuen kunnen alleen wakker worden: ze planten zich
niet voort en migreren ook niet. Het tweede model is een uitbreiding van het eerste
model waarbij we de zaadbank een interne structuur geven. Door de interne structuur
kan een individu op verschillende manieren gaan slapen, langer of korter. In het derde
model heeft de zaadbank dezelfde interne structuur als in het tweede model, maar
kunnen individuen gaan slapen in verschillende kolonién. In elk van de drie modellen
kan de voortplantingssnelheid afhankelijk zijn van de diversiteit in de populatie.

In hoofdstuk [2] stellen we voor elk van de drie modellen een stelsel van stochas-
tische differentiaalvergelijkingen op. Deze stochastische differentiaalvergelijkingen
beschrijven de frequentie van gentype © in de populatie. We tonen aan dat de pro-
cessen die deze differentiaalvergelijkingen beschrijven goed gedefinieerd zijn en de
Markov eigenschap hebben. Door de interne structuur van de zaadbank in het tweede
en derde model heeft de tijd die een individu in de zaadbank doorbrengt een verdeling
met een dikke staart, maar gaat de Markoveigenschap van het model niet verloren.

In hoofdstuk 2] tonen we ook aan dat, in het bijzondere geval dat de diffusie functie
in de stochastische differentiaalvergelijkingen de Fisher-Wright diffusie is, er een duaal
proces bestaat. Dit duale process stelt ons in staat voor elk model het lange termijn
gedrag van het stelsel van stochastische differentiaalvergelijkingen te analyseren.

Tenslotte bepalen we in hoofdstuk [2| voor elk van de drie modellen of op de lange
termijn de diversiteit in de populatie verloren gaat of dat deze altijd behouden blijft.
Het blijkt dat in het eerste model enkel de manier waarop individuen migreren bepaalt
of de diversiteit in de populatie verloren gaat of niet. In het tweede model blijkt
dat als individuen lang genoeg slapen, zowel de manier waarop individuen migreren
als de manier waarop individuen gaan slapen bepaalt of de genetische diversiteit
behouden blijft. De interne structuur van de zaadbank zorgt ervoor dat de zaadbank
kan voorkomen dat de diversiteit in de populatie verdwijnt. Als in het tweede model de
individuen heel erg lang slapen dan blijkt dat de genetische diversiteit altijd behouden
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zal blijven, onafhankelijk van de manier waarop de individuen migreren. Voor het
derde model vinden we dezelfde resultaten als voor het tweede model. Hoofdstuk
bevat de bewijzen van de stellingen in hoofdstuk 2]

In deel [[T] van dit proefschrift bekijken we het tweede model in het specifieke geval
dat de geografische ruimte de hiérarchische groep is. Het eerste doel van deel [T is
om de resultaten uit deel [I] toe te passen. Het tweede doel is het analyseren van
de genetische diversiteit in de zogeheten “hiérarchische gemiddelde veld limiet”. In
hoofdstuk 4 geven we een formele beschrijving van het model op de hiérarchische
groep. Daarnaast geven we de resultaten volgend uit deel [[] van het proefschrift en
beschrijven we de “hiérarchische gemiddelde veld limiet”. Hoofdstukken [5| tot en met
bevatten de bewijzen van de stellingen in hoofdstuk 4] Opnieuw blijkt dat als de
individuen lang genoeg slapen de zaadbank kan voorkomen dat de diversiteit in de
populatie verdwijnt.
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Summary

Imagine a meadow with red and purple poppies. You might wonder whether there
will be a moment when there are only red poppies left or only purple poppies left,
or whether there will always be both red and purple poppies. And if, after multiple
generations, only one colour is left, then what is the probability that there are only
red poppies left and what is the probability there are only purple poppies left?

The above questions concern the genetic evolution of a poppy population. If after
a number of generations only one colour of poppies is left, then we say that the ge-
netic diversity in the population is lost. In this thesis we study genetic evolution in
populations in a broader setting. A mathematical model that describes the genetic
evolution in a population is the Fisher-Wright model. Different evolutionary mech-
anisms can be incorporated into the Fisher-Wright model, for example, mutation of
genes or selection of stronger genes. There also exists a model where individuals
live in multiple colonies, each evolving according to the Fisher-Wright model, and
individuals are allowed to migrate between different colonies.

A recent extension of the Fisher-Wright model is the addition of a seed-bank to
the population. In a population with seed-bank, individuals can stop reproducing
themselves for awhile. We then say that these individuals become dormant. The
repository of the dormant individuals is called the seed-bank. After a number of
generations individuals resuscitate and reprise reproduction. The poppy is a species
that has a seed-bank. If a poppy seed drops on the soil, but due to a storm gets covered
with a thick layer of sand, then it may happen that the seed does not germinate next
spring, but only five springs later. The seed-bank phenomenon is also observed in
bacteria. When environmental conditions are bad, for example, the nutrition level is
low or the temperature is low, a bacteria can produce an endospore. An endospore
can survive difficult conditions, but cannot reproduce itself. When the environmental
conditions improve, the endospore can transform itself back into a bacteria and reprise
reproduction.

In this thesis we study the Fisher-Wright model with seed-bank in which indi-
viduals carry one of two gene types, the individuals can migrate between different
colonies, and can become dormant in a seed-bank for a certain amount of time. We
assume that in each colony there are infinitely many individuals. The corresponding
mathematical model is called the “multi-colony continuum Fisher-Wright model with
seed-bank”. The goal of this thesis is to determine whether on the long term the
genetic diversity will be maintained (in case of the poppies, there will always be both
red and purple poppies) or whether genetic diversity is lost (there are after a long
time only red or only purple poppies). In particular, we try to determine the effect
of the seed-bank on the genetic diversity in the population.

We study this question in different geographical spaces. In the first part of the
thesis the colonies in which individuals live are placed on a general geographical space.
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The most important example of such a space is the lattice Z¢. In the second part of the
thesis the colonies are placed on the hierarchical group. Intuitively, the hierarchical
group may be interpreted in the following way. Each colony is a house, a couple of
houses together forms a street, a couple of streets together forms a city and a couple
cities together form a province, and so on. Individuals move more often between the
houses in the street, than between the different streets in the city. One level up,
the individuals move more often between the streets in their own city than between
the different cities in the province, and even less often between different provinces.
In ecology for instance, this multi-layer structure is natural. The hierarchical group
describes this structure in a mathematical way.

The thesis consists of two parts, preceded by an introduction to population genetics
in Chapter [} In part[[] of the thesis we consider three versions of “the multi-colony
continuum Fisher-Wright model with seed-bank”. In each of these three versions
individuals carry one of two gene types, denoted by type © and type <. In the first
model the population in each colony consists of active and dormant individuals. The
dormant individuals together form the seed-bank. The active individuals reproduce
themselves, migrate between different colonies, and become dormant. The dormant
individuals can only wake up: they do not reproduce themselves and also do not
migrate. The second model is an extension of the first model in which the seed-bank
has extra structure, which allows individuals become dormant in different ways, so
that they can sleep shorter or longer. In the third model the seed-bank has the
same structure as in the second model, but when an individual becomes dormant it
is allowed to do so in a different colony then where it resides. In each of the three
models the reproduction rate is dependent on the genetic diversity of the population.

In Chapter [2] we set up a system of stochastic differential equations for each of
the three models. These systems describe the frequency of the gene type © in the
population. We show that the processes described by these systems are well defined
and have the Markov property. Due to the internal structure of the seed-bank in
the second and third model, the time an individual spends in the seed-bank can be
fat-tailed, while the Markov property of the system is maintained.

In Chapter [2| we also show that, in the special case where the diffusion function
in the system of stochastic differential equations is the Fisher-Wright diffusion, there
exists a dual. This dual enables us to describe the long-time behaviour of the system
of stochastic differential equations.

Finally, in Chapter [2] we determine for each of the three models whether the
genetic diversity is lost on the long term or not. It turns out that in the first model
only the way in which the individuals migrate determines whether genetic diversity is
preserved or lost. It turns out that in the second model if individuals are dormant long
enough, then both the way in which the individuals migrate as well was the amount
of time individuals are dormant determine whether genetic diversity is preserved or
lost. The internal structure of the seed-bank can prevent the loss of genetic diversity.
If in the second model individuals become dormant for a very long term, then the
genetic diversity in the population is always preserved, independently of the way in
which the individuals migrate. In the third model we find similar results as for the
second model. Chapter [3| contains the proofs of the theorems stated in Chapter

In part [[ of the thesis we consider the second model in the specific case where
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the geographical space is the hierarchical group. The first goal of Part [T is to apply
the results obtained in Part [ The second goal is to analyse the genetic diversity in
the so-called “hierarchical mean-field limit”. In Chapter [d] we formally describe the
model on the hierarchical group, state the results that follow from Part[[Jand describe
the “hierarchical mean-field limit”. Chapters contain the proofs of the theorems
stated in Chapter ] Again, it turns out that if individuals can become dormant for
a long enough period, then the seed-bank can prevent the loss of genetic diversity
within the population.
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