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Abstract

We consider a system of interacting Fisher-Wright diffusions with seed-bank. Individuals live in
colonies and are subject to resampling and migration as long as they are active. Each colony has a
structured seed-bank into which individuals can retreat to become dormant, suspending their resampling
and migration until they become active again. As geographic space labeling the colonies we consider
a countable Abelian group G endowed with the discrete topology. The key example of interest is the
Euclidean lattice G = Z¢, d € N. Our goal is to classify the long-time behaviour of the system in terms
of the underlying model parameters. In particular, we want to understand in what way the seed-bank
enhances genetic diversity.

We introduce three models of increasing generality, namely, individuals become dormant: (1) in the
seed-bank of their colony; (2) in the seed-bank of their colony while adopting a random colour that
determines their wake-up time; (3) in the seed-bank of a random colony while adopting a random colour.
The extension in (2) allows us to model wake-up times with fat tails while preserving the Markov property
of the evolution. The extension in (3) allows us to place individuals in different colony when they become
dormant. For each of the three models we show that the system of continuum stochastic differential
equations, describing the population in the large-colony-size limit, has a unique strong solution. We
also show that the system converges to a unique equilibrium depending on a single density parameter
that is determined by the initial state, and exhibits a dichotomy of coexistence (= locally multi-type
equilibrium) versus clustering (= locally mono-type equilibrium) depending on the parameters controlling
the migration and the seed-bank.

The seed-bank slows down the loss of genetic diversity. In model (1), the dichotomy between clus-
tering and coexistence is determined by migration only. In particular, clustering occurs for recurrent
migration and coexistence occurs for transient migration, as for the system without seed-bank. In models
(2) and (3), an interesting interplay between migration and seed-bank occurs. In particular, the dichotomy
is affected by the seed-bank when the wake-up time has infinite mean. For instance, for critically recur-
rent migration the system exhibits clustering for finite mean wake-up time and coexistence for infinite
mean wake-up time. Hence, at the critical dimension for the system without seed-bank, new universal-
ity classes appear when the seed-bank is added. If the wake-up time has a sufficiently fat tail, then the
seed-bank determines the dichotomy and migration has no effect at all.

The presence of the seed-bank makes the proof of convergence to a unique equilibrium a conceptually
delicate issue. By combining duality arguments with coupling techniques, we show that our results also
hold when we replace the Fisher-Wright diffusion function by a more general diffusion function, drawn
from an appropriate class.

Keywords: Fisher-Wright diffusion, resampling, migration, seed-bank, duality, equilibrium, coexistence
versus clustering,
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1 BACKGROUND AND OUTLINE 3

1 Background and outline

1.1 Background and goals

In populations with a seed-bank, individuals can become dormant and stop reproducing themselves, until
they can become active and start reproducing themselves again. In [BGCEKI15] and [BGCKWBI16], 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 suspend 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 [BGCKWB16] 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 conditions. The dormant state of an individual is
characterised by low metabolic activity and interruption of phenotypic development (see e.g. Lennon and
Jones [LJ11]]). After a varying and possibly large number of generations, dormant individuals can be resus-
citated 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 en-
vironmental variability. The importance of this evolutionary trait has led to several attempts to model seed-
banks from a mathematical perspective, see e.g. [KKLO1]], [BGCKS13], [GCAvWE™"14], BBGCWB19]. In
[BGCKWB16] 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 [BGCKWB16].

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 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 [Shi80]], [Daw93],
[DGI3], [DGVIS], [DGI6I, [EF96], [HS9S], [Hol06], [DGdH™08]l, [GAHKK14]. 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 [dHP17]], 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 [LJ11]]. 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 coexistence (= convergence towards locally multi-type
equilibria).

(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 pre-
vails when it is transient. This is the classical dichotomy for populations without seed-bank
[CGY94]. The critical dimension is d = 2.
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(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 dimensionis 1 < d < 2.

(2c) Show that if the wake-up time has infinite mean with very fat tails, then the dichotomy is con-
trolled by the seed-bank only and the migration has no effect. The critical dimension is d = 1.

We focus on the situation where the individuals can be of two types. The extension to infinitely many
types, called the Fleming-Viot measure-valued diffusion, only requires standard adaptations and will not
be considered here (see [DGV9J[). Also, instead 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 components 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.

1.2 Outline

In Section [2] we introduce three models of increasing generality, establish their well-posedness via a mar-
tingale problem, and introduce their dual processes, which play a crucial role in the analysis. In Section 3|
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 population and their rates of exchange. In par-
ticular, 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 are devoted to the proofs of the theorems stated in Sections In Appendix |A] 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 exchange with
dormant individuals, i.e., for each active individual that becomes dormant a dormant individual becomes
active. In Appendix [B]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 [C|and[D]contain
the proof of technical lemmas that are needed in the proof of the convergence to equilibrium.

In three upcoming companion papers [GHO20b|, [GHO20c], [GHO20a] we deal with three further
aspects:

(D In [GHO20b] 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, prop-
erly 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 univer-
sality 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.



2 INTRODUCTION OF THE THREE MODELS AND THEIR BASIC PROPERTIES 5

(II) In [GHO20c] we consider the special case where the colonies are organised in a hierarchical 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 analyse 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.

) In [GHO20al] we 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 Introduction of the three models and their basic properties

In Section [2.1)we give a formal definition of the three models of increasing generality. In Section we
comment on their biological significance. In Section 2.3| we establish their well-posedness via a martingale
problem (Theorem [2.4). In Section [2.4] we introduce the associated dual processes and state the relevant
duality relations (Theorems [2.5] 2.8] and 2.10). In Section [2.5] we use these duality relations to formulate a
criterion for clustering versus coexistence (Theorems [2.11) and 2.13).

2.1 Migration, resampling and seed-bank: three models

In this section we extend the model for a population with seed-bank from [BGCKWB16] 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 i € G. Individuals in the active part of a colony i € G can resample, migrate and
exchange with a dormant population. Individuals in the dormant part of a colony i € 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

2.1) ai, j) = a0, j— i) Vi, jeG, Za(O, i) < 0.
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 exchanges
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 |A] we discuss the individual-based models
underlying the continuum models described below.

Remark 2.1. [Notation] Throughout the paper we use lower case letters for components and upper case
letters for systems of components. |
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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}. For i € G and ¢ > 0, let x;(¢) denote the
fraction of individuals in colony i of type © that are active at time ¢, and y;(¢) the fraction of individuals in
colony i of type © that are dormant at time #. Then the system is described by the process
2.2 (Z(®)r=0, Z(1) = (zi());ec zi(0) = (xi(0), yi(1)),
on the state space
23)  E=(0,11x[0,1D%,
and (Z(?)):»0 evolves according to the following SSDE:
2.4 dxi(t) = Z a(i, ) [xj(0) = xi(O] dt + dx;(D[1 = xi ()] dw;(r)
jeG
+ Ke [yi(t) — x(1)] dr,
(2.5) dy;(1) e [xi(n) — yi(n]dr, i €@,

where (w;(1))»0, i € G, are independent standard Brownian motions. As initial state Z(0) = z we may pick
any z € E. The first term in (2.4) describes the migration of active individuals at rate a(i, j). The second
term in (2.4) describes the resampling of individuals at rate d € (0, o). The third term in (Z.4) together with
the term in describe the exchange of active and dormant individuals at rate e € (0, o).

resampling
e d
migration n exchange
A\ YA
Ke
— _—
— A (e_ D

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

The factor K € (0, o0) is defined by

2.6) K= size dormant population

size active population ’

and is the same for all colonies i € 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 [A).
In Fig.[I|we give a schematic illustration of the process (2.4)—(2.3)). A detailed description of the underlying
individual-based model, as well as a derivation of the continuum limit (2-4)—(2.5) from the individual-based
model following [BGCKWBI6], can be found in Appendix [A] The continuum limit is also referred to as
the frequency limit or the diffusion limit.

Remark 2.2. [Interpretation of the state space.] Note that the state space of the system can also be
written as

.7) E =10, 1], S = G x{A, D)},

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

(2.8) Z)z0,  Z(1) = (2u(1)es

with z,(t) = x;(t) if u = (i, A) and z,(r) = y;(¢) if u = (i, D). To analyse the system we need both interpreta-
tions of the state space. O
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resampling

migration ‘ ’ d exchange
A4 Koeg i

—— Do

Kie i

e

—1 A

Figure 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 € Nj. 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. 2]
for an illustration). As will be explained in Section[2.2] this captures the different ways in which individuals
can enter into the seed-bank. In Section 2.4l 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 i € G a colony now consists of an active part A and a whole sequence (D)) e, of dormant
parts, labeled by their colour m € Ny. Therefore in this model the effective geographic space is given by
G x {A, (DWL)WIENQ}'

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

(2.9) (Z()20, Z(t) = (zi()) e zi(H) = (%), Qi) meryy)»
on the state space
(2.10)  E =([0,1] x [0, 1770)C.

Suppose that active individuals exchange with dormant individuals with colour m at rate e,, € (0, c0), and let
the factor K,,, € (0, co) capture the asymmetry between the size of the active population and the m-dormant
population, i.e., similarly as in (2.6),

@2.11) K. = size m-dormant population

. - " me NO9
size active populatlon

where K, € (0, 00) is the same for all colonies. Then the process (Z(f));>0 evolves according to the SSDE
(2.12) dx;(r) = Z a(i, j) [x;(1) — x)()] dt + Vdx;(D)[1 — x;(1)] dwi(2)
JjeG

+ ) K yin(®) = x(0] db,

meN,

(2.13) dyim@® = en[xi(D) —yim(®]ds, meN, i €@,
where we have to assume that
214 > Kpew <o,

meN

since otherwise active individuals become dormant instantly. Comparing 2Z.12)—(2.13) with the SSDE of
model 1 in (Z:4)-2.3), we see that active individuals migrate (the first term in (2.12))), resample (the second
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term in (2.12)), but now interact with a whole sequence of dormant populations (the third term in (2.12) and
the term in (2.13)). As initial state Z(0) = z we may again take any z € E.

Remark 2.3. [Interpretation of the state space.] Note that, like in Remark the state space of the
system can also be written as

(2.15)  E=1[0,17°, S = G X {A, (D), -
With this interpretation, the process is denoted by

(2.16)  (ZM)z0,  Z(1) = (2u(D)) s>

with z,(t) = x:(?) if u = (i, A) and z,() = yim(?) if u = (i, D,y) for m € Ny O

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 a,,(-, ), m € Ny, satisfying

@17 anli.)=an©.j—i) VijeG Y a,0.i)=1 VmeN,,
i€G

and replacing (Z.12)—(2.13) by

(2.18) dx;(1) Z a(i, j) [xj(®) — xi (D] dr + Vdxi(D[1 — x; ()] dw;(1)

jeG

£ 20 Knw (o) [yin(D) = 501 d,

j€G meN,

(2.19)  dyim( Z em am(i, ) [xj(6) = yim(©]dt,  meNy, i €G.

jeG
Here, the third term in (2.18) together with the term in (2.19) describe the switch of colony when individuals
exchange between active and dormant. Namely, with probability a,,(i, 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 i. The state space E is the same as in (Z.10). Also 2.9),

(2-11), -14) and (2.16) remain the same.

Two key quantities. In models 2 and 3 we must assume that

(220) y= Z Kpen < 00

meN,

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

. i
2.21) o= Z K, = 51Z'e dorn.lant popu a'tlon.
size active population

meN,
It turns out that p and y 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 = oco.

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 ¢y = e, Ko = Kande,, = 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 [A] we explain how

Z4-2.5), @I12)-@2.I3) and @.I8)—2.I9) arise as the large-colony-size limit of individual-based
Fisher-Wright models.
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(@)

3)

“

)

23

As geographic space G we allow any countable Abelian group endowed with the discrete topology.
Key examples are the Euclidean lattice G = 74, d € N, and the hierarchical lattice G = Qy, N € N.
In this paper we will focus G = Z%. The case G = Qy will be considered in more detail in [GHO20c].

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 [LJ11]).

In model 3, the seed may even be blown elsewhere. Individuals that displace before becoming dor-
mant are observed in plant-species as well as in bacteria populations (see [LJ11]).

In Appendix |B| we comment on what happens when the rates to become active or dormant are de-
coupled, 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, c0), where
(2.22) grw(x) = x(1 — x), x € [0,1],

is the Fisher-Wright diffusion function, by a general diffusion function in the class G defined by
(2.23) G = {g: [0,1] = [0,00): g(0)=g(1)=0,g(x)>0Vxe(0,1), g Lipschitz}.

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 [Bre68, 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)/x(1 = x), x € (0,1). An example is the Kimura-Ohta diffusion function g(x) = [x(1 — x)],
x € [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.

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 [Daw93| p.62]. We use a martingale problem, in the sense of [EK86,

p-173], to characterize the SSDE. Let

(2.24)

F = { f € Cy(E,R): f depends on finitely many components
and is twice continuously differentiable in each component}.

The generator G of the process acting on # reads for model 1 (Z.4)-2.3)),

(2.25)

i+ (x)a_z
ox; & 'axf

G=) ([Z a(i. j)(xj = x)

i€G jeG

0 0
+Ke(yi - xi)(?_x,- +e(x - yi)a_yi)’
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migration

S

Figure 3: Transition scheme for an ancestral lineage in the dual, which moves according to the transition kernel b(:, -)
in (Z:3T)). Two active ancestral lineages that are at the same colony coalesce at rate d.

/) coalescence

active

e

= === dormant

for model 2 (212)-(2:13)),

. B 6_ 2
(2.26) : 9 2
+ Z [Kmem ()’i,m ~ i) ox; +em (% = yiJVl) ayf,m ])’

meN,

while for model 3 (2.I8)—(2.19)) the last term in the right-hand side of (2.26) is to be replaced by

0 0
@2y Y [Kmem A (e1) O = 50— + € i ) (5 = y,»,m>—] :

i,jeG meN, Xi OYim

Theorem 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, o), E). Its law is the unique solution of the (G, F, 6,)-
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.

2.4 Duality

For g = dgpw 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 [BGCKWBI16| 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 [BGCKWBI6] to the spatial setting.

Model 1. Recall that for model 1, S = G X {A, 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 their location. A state is written as mr, where

T= ((ﬂl’ 771)9- ..,(71',7,, 77:‘1)), n= |ﬂ'|,
(2.28) m, C{l,...,n}, and {7y, --- 73} is a partition of {1, ...,n},
nesS, ¢ell,...,n}, 1<n<n.

A marked partition element (1, 7¢) is called active if n, = (j, A) and called dormant if n, = (j, D) for some
J € G. The n-spatial seed-bank coalescent is denoted by

(229  (€C"(®)ss0,
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Figure 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.

and starts from

(2300 C™©0)=n0),  #O0) = {{1}ne), .- Ankne))s Moo, €S.

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

1. Each partition element moves independently of all other partition elements according the kernel

a(i’ .])’ if Ri = R] = A7

Ke ifi=j Ri=A, Ri=D

Wi P (1 R — , J Ri=A R;=D,

@310 BOGRLGRY =8 T T R D R A
0, otherwise,

where a(-, -) is the migration kernel defined in (2.I), K is the relative size of the dormant population
defined in (2.6), and e is the rate of exchange between the active and the dormant population shown
in (Z:4)—(2.3). Therefore an active partition element migrates according to the transition kernel af(:, -)
and becomes dormant at rate Ke, while a dormant partition element can only become active and does
so at rate e. In (Z.31)), 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.

2. 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(7)),»o is defined as the projective limit of the n-spatial seed-bank co-
alescents (C™(f));s0 as n — oo. This object is well-defined by Kolmogorov’s extension theorem (see
[BGCKWBI16, Section 3]).

For n € N we define the block-counting process (L(f))»o corresponding to the n-spatial seed-bank
coalescent as the process that counts at each site (i, R;) € G X {A, D} the number of partition elements of
C™),ie.,

L(®) = (Lia(®), Li.py(®)eq-

(2.32) L n
Lia(®) = Lin(C7 @) = Z Linen=.4))» Lipy(® = Lip(C™(@) = Z Linen=G,0y}-
= =

Therefore (L(t)):»0 has state space E’ = (N X Np)®. We denote the elements of E’ by sequences (m;, 1;)icc,
and define 6;r;) € E’ to be the element of E” that is 0 at all sites (i, R;) € G X {A, D}\(j, R;), but 1 at the site
(j, R;j). From the evolution of C™(t) described below 229) we see that the block-counting process has the
following transition kernel:

(m;i, ny)iec — 6(1',14) + 0.4), atrate mja(j, k) for j,k € G,
(mi, ny)iec — 6(ja)s at rate d(';f) for j € G,

2.33 m;, n;)icc —
( ) (i, Padies (mj, ny)icc — 6(j,A) + 6(j,D), at rate mjKe for ] € @G,

(m;, ny)icc + 6(]',14) - (5(]',1)), atrate nje for j € G.
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The process (Z(1))r»o defined in 2.4)—(2.3)) is dual to the block-counting process (L(#));>0. The duality
function H: E X E’ — R is defined by

(2.34) H ((Xi, YidieG, (M, ni)ieG) = n X
i€G

The duality relation reads as follows.

Theorem 2.5. [Duality relation: model 1]. Ler H be defined as in 2.34). Then for all (x;,y;)icc € E and
(mi, n)icg € £/,

(2.35) By [H ((Xi(f), yih)iea, (mi, ni)ieG)] = Enimies [H ((Xi, Vidiea» (Li,a) (1), L(i,D)O‘))ieG)]

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(¢)),»0, the duality relation in Theorem@]
is called a moment dual.

Remark 2.6. [Duality relation in terms of the effective geographic space] Interpreting (Z(f))»o as a
process on the effective geographic space S, recall Remark [2.2] we can rewrite the duality relation. Let the
block-counting process (L(#))>0 = (L(C());»0 count at each site # € S the number of partition elements of
C(), i.e.,

L(t) = (Ly(D)yes>
2.36 4
G L = e = Y lirea

=1

and rewrite the duality function H in (2:34) as

@37)  H(Gulowes) = | |2l

ues

Then, for z € E and [ € E’, the duality relation reads
(2.38)  E[H(zu(1),1,)] = E[H(zy, Lu(1))].

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 »V(-, ). 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. O

Remark 2.7. [Wake-up times] Define (see Fig.

(2:39) o = typical time spent by an ancestral lineage in state A before switching to state D,
' 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[5.2]and Fig.[3]) It follows from (2.3T))
that

P(o > 1) = e K4,

(240) P(r>1) =e“.

An ancestral lineage in the dual of the spatial seed-bank process behaves as an ancestral lineage in the dual

of a spatial Fisher-Wright diffusion without seed-bank (see e.g. [FG96]), 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 [3that the effect of the seed-bank on the long-time behaviour of the ancestral lineages 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. O
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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, (Dy,)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 e,,, respectively,
K, e,n. The spatial coalescent (C(1)),»0 in (2.29) starts from an initial configuration like (2.30) and evolves
according to the same two rules, but the transition kernel b(-, -) must be replaced by

a(i7j)’ Ri :Rj:A7

Kyen, i=]J, Ri=A, Rj=D,, forme Ny,
Cm> i=j, Ri=Dy, Rj=A, form € Ny,
0, otherwise.

241 b2, R), (,R)) =

The corresponding block-counting process becomes

L(t) = (L(i,A)(f), (L(i,Dm)(t))meNo)iE@ )

(2.42) u L
Lia(® = Liny©0) = )" Vinwians  Laow® = Liny €)= D Lngo=ioans m € No.
=1 =1

. . G "
The state space is now given by E’ = (No X NONO) , and the transition kernel becomes

(mj, Mim)meny)iec — 0¢j4) + Owa),  atrate mja(j, k) for j, k € G,

QA3) Oy (e e — | O imImerw)ies = Oy atrate d(3)for j & G.
(mi, Mim)menyiec — 0¢j4) + O(ip,). atrate m;Kye,, for j € G,

(mi, (Mim)meny)iec + 0(j.4) — O(jp,), atratenj,ey, for j € G.

The duality function H: E X E” — R is defined by

(2.44)  H ((Xi,yi,m)ieG,meNo, (mi,ni,m)ieG,meNU) = n n Xy

i€G meNy

Theorem 2.8. [Duality relation: model 2] For (x;, i m)iccmen, € E and (m;, 0; y)icc.men, € E',

B yimieome [H ((xi(l ) Yim(1)ieG,meny» (M, ni,m)ieG,meNo)]
(2.45)

= Bmnimyicc mery [H ((Xi s Yim)ieGmenys (Lii.a) (1), L, (1))iec men, )]

By rewriting the block-counting process as in Remark [2.6] the duality function can be rewritten as

(2.46) H((zy, L)yes) = 1_[ ZL“

ues

and the duality relation reads

247)  BlH(@u(O)ues, (ues )| = B[ H((@uues, (Lu(t)ues))]

Remark 2.9. [Fat-tailed wake-up times.] Recall the definition of y in (Z.20) and the definition of p in
(2:21). Define

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

(2.48) before switching to a dormant state U,yeiy, Do,
’ T = typical time spent by an ancestral lineage in the dormant state Uen, Dy

before switching to the active state A.
Note that 7 does not look at the colour of the dormant state. It follows from 2:4T)) that
P(o > 1) = e,

Km m —
(2:49) P(r>1) = Z Zmm o enl

meN,
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independently of the colony i € G. Hence
2500 E[r="~.
X

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 % of the time in the dormant
state. Like in model 1, an ancestral lineage in the dual behaves like an ancestral lineage in the dual of
interacting Fisher-Wright diffusions, but is slowed down by a factor 1%' However, if p = oo, then 2.41)
together with (2:30) imply that each ancestral lineage in the dual behaves like a null-recurrent Markov chain
on {A, (Dim)men, ), and consequently the probability to be active tends to 0 as + — oo. Therefore we may

expect that the long-time behaviour of the system is affected by the seed-bank. In particular, choosing

—a _
Ky~Am™®, en~Bm™?, m— oo,

(2.51)
A,Be(0,00), a,BeR: a<l<a+p,

we see that (2.49) implies
252) Pa>H~Cr?, - oo,

with y = %H and C = )% B'"7T'(y), where I is the Gamma-function. The conditions on a, 8 guarantee
that p = o0, y < oo (recall (Z.20) and (Z.21))). Examples are: @« = 0,8 > landa € (0,1),8 > 1 — .
Thus, for p = co 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. O

Model 3. The effective geographic space is again S = G X {A, (Dp)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 (2.17). Therefore each lineage in the dual evolves according to

a(i’ ,])’ Ri =R] =A,
(2.53) b(3)((i, R), (J, RJ)) = Kpenan(j,i), R;i=A, Rj =D,,, form € Ny,
ey (i, J), R; =D, Rj = A, form e Ny.

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 kernel

(mi, (i m)men, Diec — 0(ja) + Ok,a),  at rate mja(j, k) for j k € G,
(mi, (Nim)meny)iec — 6(jA)s at rate d(";') for j € G,
(mi, (Mim)meny diec — 0(ja) + Okp,)»  atrate m;Kyenan(k, j) for j € G,

(mi, (N m)meny iec + Ok,a) — O(ip,)» atrate nj,e,a,(j, k) for j € G.

(2.54) (m;, (M m)men,iec —

Theorem 2.10. [Duality relation: model 3] The same duality relation holds as in (2.43)), where now the
dual dynamics includes not only the exchange between active and dormant but also the accompanying
displacement in space.

2.5 Dichotomy criterion

For g = dgrw the duality relations in Theorems and provide us with the following criterion
to characterise the long-term behaviour. If, in the limit as ¢ — oo, 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 2.11. [Dichotomy criterion: model 1] Suppose that u(0) is invariant and ergodic under trans-
lations. Let d € (0,00). Then the system with g = dggw clusters if and only if in the dual two partition
elements coalesce with probability 1.
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The idea behind Theorem 2.1T]is as follows. If in the dual two partition elements coalesce with proba-
bility 1, then a random sample of # 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[d.3]

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

Definition 2.12. [Colour regular initial measures] We say that 1(0) is colour regular when

(2.55) 1\%1_120 Eﬂ(o) [yon] exists,

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

Thus, colour regularity is a condition on the deep seed-banks (where deep means m — oo). 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 2.13. [Dichotomy criterion: models 2-3] The same as in Theorem |[2.11|is true for p < co, but
for p = oo additionally requires that u(0) is colour regular.

Remark 2.14. [Clustering criterion general g € G] In Section 3| we will see that the dichotomy criterion
in Theorems 2.1T]and [2.13|for g = dgrw does not depend on d, the rate of resampling. We will use duality
comparison arguments to carry over the dichotomy criterion in Theorems 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 grw
exhibits clustering. O

Remark 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'?(-, -) satisfies the following two conditions:

(1) Timyeo 34 RYEGKIA Dy mer, b (i, Ry, (ks R) Eplzero] = 6,

(2) 1My eo Xk R (1R)EGKIA Dy merty ) b2 (i, Ry), (k, R)) B2 ((, R;), (L R)) Bulzerzamy] = 62

These are precisely the conditions in [Lig85] 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 u(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 {A, D} and h(-,-) is replaced by »'V(-,-). 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. O

3 Long-time behaviour

In this section we study the long-time behaviour of models 1-3. In Sections [3.1H3.3| 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[3.1H3.6)).

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 function: g = dgpw, d € (0,0), with
grw(x) = x(1 — x), x € [0,1]. We use the following notation (with P(E) denotes the set of probability
measures on E):

T ={u e P(E): uisinvariant under translations in G},
(3.1) T ={u € T : uis ergodic under translations in G},
I ={u € T: uisinvariant under the evolution}.
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3.1 Long-time behaviour of Model 1

Let a(-, ) be as in (2.I)). Define the symmetrized migration kernel
(3.2) adi, j) = laG, j) + a(j, ], i,j€G,

which describes the difference of two independent copies of the migration each driven by a(-, -). Let a,(0, 0)
denote the time-7 transition kernel of the random walk with migration kernel a(-, -), and suppose that

3.3) t — a,(0,0) is regularly varying at infinity.

(Examples can be found in [Hug95, Chapter 3].) Define
(3.4) I = f dra,(0,0).
1
Note that I; = oo if and only if a(-, -) is recurrent (see e.g. [Spi64}, Chapter 1]). Define

+ K
(35)  6=E, u] .

1+ K

If u(0) is invariant and ergodic under translations, then 6 is the initial density of < in the population.
From the SSDE in (2.4)-(2.3) we see that

1) + Kyo(t
(3.6) Xo(t) + Kyo(1)
1+K 0
is a martingale. In particular,
Xo + Ky()]
3.7 0=E, | ———— Yt>0.
3.7 KOl K =

For 6 € [0, 1], we define

K
G8) T ={ue T B |22 =0}

1+K

Write u(¢) to denote the law of (Z(#))s0, defined in (Z.2). Recall that associated means that increasing
functions of the configuration are positively correlated, i.e., if f: E — Rand g: E — R depend on only
finitely many coordinates and are coordinate-wise increasing, then

(3.9) By, [f(0g(0)] = By, [f (O] Ey, [g(x)].
Theorem 3.1. [Long-time behaviour: model 1] Suppose that 11(0) € T,".
(a) (Coexistence regime) If a(-, -) is transient, i.e., I; < oo, then

(3.10)  lim () = v,

where

(3.1D vy is an equilibrium measure for the process on E,
(3.12) vy is invariant, ergodic and mixing under translations,
(3.13) vy Is associated,

(3.14) E,,[x0] = Ey,[yo] = 6,

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

(3.15)  lim p(r) = 0150115 + (1 = 6) [60.0)1%C.
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The results in (3. I0)—(3.13) say that the system converges to an equilibrium whose density of type ©
equals 0 in (3.3)), a parameter that is controlled by the initial state x(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 (2.23)). 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[2.11} if ¢ = dgpw, then I; = co implies that with
probability 1 two ancestral lineages in the dual coalesce. Therefore I; = co 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 [CG94]): clustering prevails for recurrent migration; coexistence prevails for transient migration;
for G = Z? the critical dimension is d = 2. From the proof in Section 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 3.2. [Ergodic decomposition] Because 7 is a Choquet simplex, Theorem [3.1] carries over from
u(0) € 7% to u(0) € 7, after decomposition into ergodic components. O

3.2 Long-time behaviour of Model 2

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

Note that a,(0,0) = a,(0,0) because of (3.16). Below we comment on what happens when we drop this
assumption. Recall (2.20)—(Z.2T). It turns out that the long-time behaviour of model 2 is different for p < co
and p = oo.

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

3.17) 6=E
(3.17) 41(0) T+p

Xo + ZmeNn K, yO,m}

which is the counter part of (3.5) in model 1. Like in model 1, it follows from the SSDE in (Z.12)—@2.13)
that

(3.18) (XO(’) + Tty K yo,m(t))
>0

1+p

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 (3.4) for model 1.

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

Ky~Am™®, e,~Bm®P, m— o,
(3.19)

A,Be(0,00), a,BeR: a<l<a+p,
for which
(3.20) Pr>0)~Ct7?, t— oo,

with y = M‘# € (0,1)and C = % B yI'(y) € (0, 00), where I' is the Gamma-function. In addition, we
assume that the initial measure u(0) is colour regular (recall Definition [2.12)), and define

(3.21) 6 = lim E[yg,].
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This ensures the existence of the initial density

Xo + Z%:o K, Yo,m
1+ 3™ K,

(322) 6= lim Eyq

It turns out that the dichotomy is controlled by the integral
(323) L, = f dr 177 4,(0,0)
1
instead of the integral 7, for p < co.
For 6 € (0, 1), define (both for p < co and p = o0)

X0+ Yo KmyO,m} B 9}

3.24 TR =Ly eT: limE
(3.24) P {/l i, B | = ST K,

Theorem 3.3. [Long-time behaviour: model 2]

() Let p < oo. Assume (3:3) and (3:16). Suppose that u(0) € T,

(a) (Coexistence regime) If I; < oo, then

(3.25) tlim u(t) = ve,

where

(3.26) Vg is an equilibrium measure for the process on E,
3.27) vy is invariant, ergodic and mixing under translations,
(3.28) vy Is associated,

(3.29) Ey,[x0] = By, [yom] =6 ¥V m € Ny,

with E,, denoting expectation over vg. Moreover,

liminfe, > 0: liminf Var,,(yp,,) > 0,
m—oo m—oo

(3.30) limsupe,, = 0: limsup Var,,(yon) = 0.

(b) (Clustering regime) If I, = oo, then
(3.31) thjg/i(t) =0 [5(1,1No)]®G +(1-6) [6(0’0N0)]®G,
(I) Let p = oo. Assume (B3), (3-16) and B19). Suppose that u(0) € T¢ and, in addition, is colour

regular with initial density 0 given by (3.22). Then the same results as in (1) hold after I in (34) is
replaced by I, in (3.23). Moreover,

M
Xo + _0 K Yom
(332)  lim E,, |~ Z'"*M" Yoml_ g,
M—s00 L+ 30 Kn

and vy is colour regular.

The result in part (I) shows that for p < oo the long-time behaviour is similar to that of model 1. Like in
model 1, the results in (3:25)—(3-3T) say that the system converges to an equilibrium whose density of type
© equals 6 in (3.3), the density of © under the initial measure u(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 kernel a(-, -), the sequences of parameters (e, )men,
and (K,,)men,, and the diffusion function g € G (recall 2.23)). Again, the dichotomy itself is controlled by
I; only, and the resampling rate given by g € G plays no role. Therefore if g = dgpw, in view of Theorem
[2.T1] 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 [CG94]).
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Therefore part (I) of Theorem 3.3]indicates that, as long as the dormant periods of the ancestral lineages in
the dual have a finite mean (here 1pr; recall Remark , the seed-bank does not affect the dichotomy of
the system.

Even so, (3:30) indicates that there is interesting behaviour in the deep seed-banks. Indeed, when the
exchange rate e,, between the m-dormant and the active population 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 asymptotically 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 = co.

For p = oo the system again converges to an equilibrium whose density of type © equals 6 in (3:22),
the density of © under the initial measure u(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
(3:23)), where 1y 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 (3:19)—(3-20).
If g = dgFw, 7y is the parameter of the tail of the wake-up time of an ancestral lineages in the dual (recall
(2.9)). Therefore if g = dgp,, in view of Theorem [2.13] 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 (3.23) shows a competition between migration and exchange. The
smaller y 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 = 74 the critical dimension is 1 < d < 2 for y € [%, 1]and d = 1 for y € (0, %). The
seed-bank enhances genetic diversity. Note that y T 1 links up with the case p < oo, where coexistence
occurs if and only if the migration is transient. Also note that for y € (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, v depends on the migration kernel a(-, -), the sequences of parameters (e,,)mengs (Kim)menys
and the diffusion function g € G. Since we assumed (3.19), we have limsup,,_,, e = 0, and so we are
automatically in the second case of (3.30). Hence the deep seed-banks are asymptotically deterministic,
i.e., the m-dormant population converges in law to a deterministic state 6 as m — co. Roughly speaking,
in case g = dgrw, 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, = oo, 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.

Like for model 1, also here 7 is a Choquet simplex, and Theorem carries over from 7 °€ to 7, 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, 4,(0,0) < t~!, t = oo, and so coexistence occurs for all y € (0, 1).

e For G = Z, 4,(0,0) < t~'/2, t — o0, and so coexistence occurs if and only if y € (0, %).
In both cases the migration is recurrent, so that clustering prevails in model 1.

Corollary 3.4. [Three regimes] Under the conditions of Theorem[3.3] the system in @ 12)-2.13)) has three
different parameter regimes:

(1) y € (1, c0): migration determines the dichotomy.
2) ye [%, 1]: interplay between migration and seed-bank determines the dichotomy.

3) y € (0, %): seed-bank determines the dichotomy.
Role of symmetry in migration. Unlike in model 1, it is not possible to remove the symmetry assumption

in (3.16), as the following counterexample shows. We consider model 2 with p < oo under assumption (3.3)),
but we do not assume (3.16).
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e Counterexample: Let G = 72, and for n € (0, 1) pick
1(L+m), j=i+1,0) 0ri+(0,1),

(3.33) a(i,j):{] o .
L=m), j=i-(1,0)0ri=(0,1),

i.e., two-dimensional nearest-neighbour random walk with drift upward and rightward. Suppose that
7 in (3.20) has a one-sided stable distribution with parameter y € (1,2) (obtained from (3.I9) but
with @,8 € R: 1 < a < 1 + ). Then coexistence occurs while /; = oco.

Recall that for the two-dimensional nearest-neighbour random walk without drift we get clustering accord-
ing to Theorem [3.3] independently of the distribution of 7. The key feature of the counterexample is that
it corresponds to E(t) < oo and E(1?) = co. Hence the central limit theorem fails for 7. We will see
in Section [6.5] 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 3.5. [Dichotomy criterion and degrees of random walk] We can read the condition /;, < co
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 irreducible random walk on a countable Abelian group. Then the degree ¢ of
a(-,-) is defined as

(334) d=sup {g >-1: fw dr# 4,(0,0) < oo}.
1

The degree is defined to be 6* when the integral is finite af the degree and 5~ when the integral is infinite ar
the degree. Hence we can rephrase the dichotomy criterion in Theorem 3.3]as

I-vy

1—
(3.35)  clustering <= either — >5 or — —2 55"
Y

For further details we refer to [DGWO04], [DGWO05], which relate the degree of the random walk to the tail
of its return time to the origin. O

Modulation of wake-up time with slowly varying function. Under weak conditions it is possible to
modulate (3.20) by a slowly varying function. Assume that

P(t e dr)

(3.36) -

eIt oo,

with ¢ slowly varying at infinity. Define
@(0), y €0, D),
flt dse(s)s™, y=1.

As shown in [BGT87, Section 1.3], without loss of generality we may take ¢ to be infinitely differentiable
and to be represented by the integral

(337 ¢ = {

!

d
(3.38) ¢<r>=exp[ f —”wo]
o U

for some ¢ : [0, 00) — R such that lim,,_, [f(#)| = 0. If we assume that ¢ eventually has a sign and satisfies
lr(u)| < C/logu for some C < oo, then (3.23)) needs to be replaced by

(339) Ly, = f dt o017 £ 4,00, 0).
1

A proof is given in Section [6.6] The modulation of the wake-up time by a slowly varying function appears
naturally for the model on the hierarchical group, analysed in [GHO20c]. There the integral criterion for
the dichotomy in (3.39) is needed to apply Theorem [3.3]
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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.,

(340)  an,)=d'(,") ¥ m e Ny,

with af(:, -) an irreducible symmetric random walk kernel on G x G. Let &j(~, -) denote the time-f transition
kernel of the random walk with symmetrised displacement kernel &' (-, -) (= a'(-, -)) and jump rate 1. Assume
that (compare with (3.3))

(3.41) t— (G, * &2')(0, 0) is regularly varying at infinity,
' (ac * a)(0,0) = (a, * a})(0,0) as 1 — oo for every C € (0, o),

where * stands for convolution. Let

(342) Ly = f dr (a, * a})(0,0)
1

and

(3A43)  Lay = f de 7 (4, % a7)(0,0).
1

Theorem 3.6. [Long-time behaviour: model 3] Suppose that, in addition to the assumptions of Theo-

rem[3.3| both (3:40) and (3:41) hold. Then the same results as for model 2 hold: (1) for p < oo after I in

(B.4) is replaced by L., in 3.42); (II) for p = oo after I, in (3.23)) is replaced by I, ,, in (3.43).

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

An interesting observation is the following. Since &,(-,-) and aj'(-, -) are symmetric, we have (by a
standard Fourier argument)

(3.44)  a(i,j) <a(0,0),  aGj)<a0,00 Vi jeGVYr>0.

Hence, I, < lay A I, Consequently, the extra displacement in model 3 can only make coexistence
more likely compared to model 2, which is intuitively plausible.

If a(-,-) = af(., ), then (a, * aj)(O, 0) = ax(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 < co, 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,x) = a’(0,—x) ~ D|x[™°, D € (0,), § € (1,2), then I; = oo, I;; < 0o and I,;+ < oo [Spi6d} Section 8].
Therefore there is clustering in model 2, but coexistence in model 3.

4 Proofs: Well-posedness and duality

In Section [.1] we prove Theorem in Section[4.2] Theorems and[2.10} and in Section 4.3] Theo-
rems2.1Tland 2.13]

4.1 Well-posedness
In this section we prove Theorem [2.4]

Proof. (a) We first prove Theorem [2.4[a): existence and uniqueness of solutions to the SSDE. We do this
for each of the three models separately.
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Model 1.  Existence of the process defined in (2:4)—(2.5) for model 1 is a consequence of the assumptions
in 2:I), 2:17) and (2:20), in combination with [SS80, Theorem 3.2], which reads as follows:

Theorem 4.1. [Unique strong solution] Let S be a countable set, and let Z = {z,}ues € [0, 11°. Consider
the stochastic differential equation

(4.1) dz,(1) = @u(zu()) dBy (1) + fu(Z(1)) dt, UES,

where a,: [0,1]1 > Rforallu €S, f,: [0,11° = [0,1] forall u € S, and B = {B,}yes is a collection of
independent standard Brownian motions. Suppose that:

(1) The functions a,, u € S, are real-valued, L_Hélder continuous (i.e., there are C,, € (0, 00) such that
|, (x) — a, ()| < Cylx — yI% for all x,y € [0, 1]) and uniformly bounded, with a,(0) = a,(1) = 0,
u€es.

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

o There exists a matrix Q = {Qy}uves such that Qy, > 0 for all u,v € S, sup,cs 2.ves Qur < 0,
and

42) @)= FZ <Y Q=2 for  Z' = {elhes € [0,1F°, 22 = {hyes € [0, 11°.

ves
o ForZe[0,11° and z, = 0,
(4.3) fu(Z) = 0.
o ForZe[0,11° and z, = 1,
44 fu(Z) <0.
Then @) has a unique [0, 1]°-valued strong solution with a continuous path.
To apply Theorem 1] to model 1, recall that
4.5) S =Gx{A,D},

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 x; 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 = {z,}yes = {x;: i € G} U {y;: i € G},
and z, = x; when u = (i, A) and z, = y; when u = (i, D). We can rewrite (Z.4)-(2.3) in the form of @I) by
picking

(4.6) %QD:{VﬂmL u=(i,A),

0, u = (i, D),

and
) XjegaCi, ) (xj— x;) + Ke(yi — xi), u=(i,A),
@n- o= {e (i = Y, u=(i,D).

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

ZjEG Cl(i, J) + Ke’ u= (l»A)’ V= (l»A)’

a(i, j)s u=(=,A),v=_(jA),
4.8) Quv = Ke, u=(=UA),v=_=~UD),
e, u=(=GD),v=(>G(D)oru=(iD),v=_~>1A),

0, otherwise.
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Then

@ Do -[tesi e vmi

2e, u = (i, D).

ves
Since we have assumed that ) e a(i, j) = X jeg a(0, j — i) < oo, it follows that sup,cs 3 es Quy < 0. 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 It6’s formula, the law of the strong solution solves the martingale problem. Uniqueness of that
solution follows from [RY99, Theorem IX 1.7(i)]. This in turn implies the Markov property.

Model 2. To apply Theorem [4.1|to model 2, recall that
(4.10) S =G Xx{A, (Dm)men, }-

Pick
A.11)  az) = Ve(x), u=(,A),

ul\Zu 0, u=(i,D,,), m € Ny,
and

(412) fu(z) — {ZjeG a(ia ]) (xj - )C,') + ZmENU Kmem (yi,m - X,‘), u= (l, A)’

€m (xi - yi,m)7 u= (15 Dm)-
Set
2 jec Al J) + Xmen, Kmem, u=(i,A), v = (i, A),
a(is ])s u = (l’A)’ V= (],A), ]7& i’
(413) Qu,v = Kmem9 u= (l9 A)» V= (l9 Dm)>
€m; u=(i,Dy), v=_(>,Dy,)oru=/(i,D,),v=_>A),
0, otherwise.

Then, by assumptions (2.1) and (2.20), Q, f and « satisfy the conditions of Theorem .1}

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 Q
must be adapted accordingly and, by assumption (2:17), the conditions of Theorem [.T]are again satisfied.

(b) The proof of Theorem [2.4[b) is the same for models 1-3. The Feller property can be proved by using
duality if g = dggw, d € (0, ). For general g we use [SS80, Remark 3.2] (see also [Lig85) Theorem 5.8]).
The Feller property in turn implies the strong Markov property. O

4.2 Duality
In this section we prove Theorems [2.5] [2.8 and 2.10}

Model 1: Proof of Theorem 2.3

Proof. We use the generator criterion (see [EK86, p.190-193] or [JK14, 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 read as a function of the second sequence only.
Then

(FH)((mj,n))jec) = Z [ Z mja(i, k) [H((mj, n)) jec — 8.4y + Owa)) — H((mj,nj)jec)]
i€G ~ keG

(4.14) + d(n;i) [H((mj,n})jec — 0ia) — H((mj,n;)jec)]
+ miKe [H((mj, nj)jeg - 6(i,A) + 6(1',D)) - H((mj, nj)jeg)]

+ nie[H((mj,n))jec + 6.4y — 6i.py) — H((mj, 1)) jec)]|-
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Recall that G is the generator of the SSDE (recall (2.24)—(2.23)). Let Dg denote the domain of G and Dp
the domain of F. Let (S;);»o denote the semigroup of the process (Z(¢));»o in @) and (R;)s>0 the semigroup
of the process (L(1)):o in 232)). Since

d2
(4.15) E(RIH)((xjxyj’ nj,mj)jeg) = (FZRIH)((xj»yja nj,m;)icc),

we see that H((x;,yj,nj,mj)jec) € D¢ and (RH)((xj,yj,nj,mj)jec) € Dg. It is also immediate that
H((x;,yj,nj,m)jec) € Dr and (S H)((x;,yj,nj,m;)jec) € Dp. Applying the generator G in (2.25) with
g = $grw to 2:34), we find

(GH)((x},¥))jec)

S| Bl

keG jeG
lig m; n; m n]
+2xl(l ')(9x.2(l_[xj yj)+Ke(YI_ X;) l_[
i jeG jeG
+e(x —yi)i(nxmjynj)
6y,- .
jeG
= Z{[Zm,a(l k)l_[x y”’ ("™ ]y"’xzwl =y yk)}
icG \LkeG G
(4.16) €6 e e
itk
+ l_[x y] zm,(m, D"y ! P = XY Ly
jeG
i

+miKe [ [0y Gyt — i
e
+ nje n Xy (0 Hymt x:""y;“)}
s
= (FH)((mj, nj) jec).

Consequently, it follows from the generator criterion that

@17)  E[H((Xi(0), Yi(0), mi, nies) | = B[ H(Cxi yio Mi®), Nit)ies )|

This settles Theorem O

Model 2: Proof of Theorem 2.8

Proof. Theorem [2.8]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. m
Model 3: Proof of Theorem [2.10)

Proof. Theorem [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. i

4.3 Dichotomy criterion

In this section we prove Theorems [2.11]and 2.13]
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Model 1: Proof of Theorem 2.11]
Proof.

“4=" The proof uses the duality relation in Theorem [2.5] Define 6, = E,)[x0] and 6, = E,)[y0]. Note
that, since p(0) is invariant under translations, we have E,)[x;] = 6 and E,)[y;] = 6, for alli € G. We
proceed as in [BGCKWB16, Proposition 2.9]. Let (m;, n;);cc € E’ be such that }’;.s[m;(0) + n;(0)] < oo,
and put

(4.18) T:inf{tZO: Z[mi(t)+ni(t)] = 1}.

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

lim E []—[ xl-a)'"fy,-(t)"f]

icG

T mi(1) | ni(t)
1%Eﬂ%yf]

LieG

1 KO (z)
=lmE|| ]+
(4.19) LieG

— limE l—[ m(z) n(t)

e LieG
+HmE|[ [ Oyr®
b K
1+K 71+K’
where in the last step we use that a single lineage in the dual behaves like the Markov chain with transition
kernel bV(-, -) defined in 231). It follows from (@.19) that, for all i, j € G,

E[Xi(l) + Kyi(1) (1 X+ Ky]'(t))} o
1+K 1+K

T < T = oo

1—[ m; (r) n; (t)

icG

P(T < )+ E

P(T = o)

T < co, m(t) = 1, n(f) = ] P(m(t) = 1, n(t) = 0)

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

=6,

(4.20)  lim

t—o0

Hence, either lim,_,.(x(?), y(#)) = (0,0) or lim,_(x(?), y()) = (1, 1)¢. Computing lim,_,., E[x;(¢)] with
the help of (4.19), we find

@21 limu() = (1-6) [600]%° +6[50.1)]%°

. +K 0,+K0,
Wlth9=Ey(o) I:JC()1+K}’0:| = 1+K’ b

“==" Suppose that the systems clusters. Then (@.20) holds for all i, j € G, which means that
4.22) tlim Elz,(H) (1 =z,(0)] =0 Yu,ves.

which means that the system clusters.

Let
4.23) Lo = ) L),

uesS

be the total number of lineages left at time ¢. Applying the duality relation in (2.38) to @.22)), we find
0= lim E [z,(1)(1 = 2,(1)]

= }fg Euo) [Eéu l_[ Zﬁ“m” Euo) [Eé +6, [l_[ ZL“(Z)”

ues ues
(4.24) 0, + K6, .
= 22 1= lim s, (L] = 1)

— lim By IE(SM- [1_[ 2

uesS

IL(D)] = ZH Ps,+5,(IL(O] = 2).
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As to the last term in the right-hand side of (@.24), we note that

lim By o) [EM [ [z 1mon = 2”
ues

_ 1 ! L. _ »
= t]gg mE I:l;sl 2y L(t) = 6(,’A) + 5(},A), 1, ] € G

2K
(4.25) +lim ———F []_[ Z®
uesS

e (1+ K)2
1_[ Zﬁu(t)
uesS

0, Ko, + K6,  K*6,  0.+Kb,
< + + = =0
(1+K?  (1+K?  (1+K? 1+K

L(t) = 6(,"A) + 5(]"1)), i,j € G]

K2
+ lim ———FE
oo (1 + K

L(t) = 6(,‘,1)) + 5(j,D)a i,j € G}

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 {4, D}. Hence (4.22)) holds if and only if lim,_,c Ps,+s, (IL(#)| = 2| |L(0)| = 2) = O for every
u,v € S. Therefore every pair of lineages coalesces with probability 1.

Thus, we have proved Theorem m

Model 2: Proof of Theorem

Case p < co. Like for model 1, we define

_ 9x + Z:::() ngy,m

(4.26) 6, = Eyplxol, Oy.m = Euoy yoml, 0 T+p

For p < oo, a lineage in the dual moves as a positive recurrent Markov chain on {A, (D,;)men, }. Therefore
the argument for “<=" given for model 1 goes through via the duality relation, which gives

i /1 7 | | | | [ 0 - § meN, ng,
i 1 E Ll — 14 QO — X €No y,m
( . ) t]l [ Zu(t) ] }lm E |: Zu ] = .

uesS ues 1+ ZmENO Km

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

Case p = co. For p = oo, a lineage in the dual moves as a null-recurrent Markov chain, which has no
stationary distribution, and so (#.27) does not carry over. However, from [Lin92, Section 3] it follows that,
for all u;,u; €S,

(4.28)  lim [P, (L(0) = 6y | L(t) = 1) = Py (L(1) = 6y | L(t) = D)||,, = 0.

Moreover, by null-recurrence,
lim P(L(t) = 6(43,4)) =0,
t—o00

(4.29) lim B(L() = 6¢.p,) =0 Ym €N,

lim ZMIP(L(t) =6.py) =1 YMeN,

“=" By duality, we have

0.P(L(t) = 6.4) + Z 0y.mP(L(2) = 6¢.p,)) | >

mENQ

. Z“ 1 L”(f) 1
@30 JimE HZu(ﬂ]—mE[ﬂzu ]—}zg

ues ues



5 PROOFS: LONG-TIME BEHAVIOUR FOR MODEL 1 27

where we follow an argument similar as in (4.19) and use that P(T' < o) = 1. Because the initial measure
is colour regular, we know that lim,,_,« 6y,, = 6 (recall Definition [2.12). But (4.29)—(4.30) imply that all
moments tend to 6. In particular,

4.31) tlim E[lxi(1)] =6 = }im Elyim(D], i€ @G, meNy.

“==" By the duality relation in and the assumption of clustering, we find

(4.32) tlim E [z,()(1 = z,()] =0 Yu,v € S.

Therefore

tllglo E [Zu(t)(l - Zv(t))]

= tll)rg’ E#(()) lEé“ |:1_[ Zlbzu(f):H _ E}l(o) [E&ﬁ(s\, |:]_[ Z{;u(f)j”

ues ues

(4.33)
= o[t~ lim Py, (200 = 1)

L,
Es,+s, 1_[ 7

ueS

- lim B

IL()] = ZH Ps,+5,(IL(OI = 2) = 0.

Suppose that lim,_m P§“+5V(|L(l‘)| = 2) # 0. Then lim,_)o@ E5,:+5.» [HueS Zﬁu(t) | |L(t)| = 2] = 6. However,

IL(t)| = 2” < Euo) [E(W, []_[ 7

ues

(4.34) tllglo E.0) [Eﬁms‘, l_[ ZL®

ues

IL(0)] = 1” =0,

because we start from a nontrivial stationary distribution.
Thus, we have proved Theorem [2.13]

Model 3: Proof of Theorem[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.

|

4.4 Outline remainder of paper

In Sections [5H7|we prove Theorems[3.1] [3.3]and [3.6] respectively. For each of the three models we split the
proof into four parts:

1. Moment relations.
2. The clustering case.
3. The coexistence case.

4. Proof of the dichotomy.

S Proofs: Long-time behaviour for Model 1

In Section [5.1] we relate the first and second moments of the process (Z(1));o in 2.4)—@2.5) to the ran-
dom walk with internal states {A, D} that evolves according to the transition kernel bV (., given in (2.31))
(Lemmabelow). These moment relations hold for all g € G. In Section we deal with the clustering
case (Lemmas below), in Section[5.3| with the coexistence case (Lemmas [5.7H5.13| below). In Sec-
tion [5.4] we prove Theorem [3.1] In Sections [5.2] and [5.3] 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 6,, z € E.
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5.1 Moment relations

Lemma 5.1. [First and second moment] For z € E, t > 0 and (i, R;), (j,R;) € G X {A, D},

5.1 Elwmy®l= DL PG R, Kk Ro) o
(k,Ri)EGX{A,D}
and
Elzir)Ozmp® = >0 b6 R), (kRO B (G Ry, (U R) 2ero 2y
(k,Ri),(L,R))eGX{A,D}
(5.2)

+2 f ds Db (G, R, (kA B (R, (K, A)) B [gCxe(s))]-
0

keG

Proof. We derive systems of differential equations for the moments and solve these in terms of the random
walk. Let (RW,),so denote the semigroup of the random walk with transition kernel V(- -), and recall that
the corresponding generator is given by

53)  GrwH@RY= > BO(GR), GRY)[£G.R) - FG.R)].

(.Rj)EGX{A,D}

Applying the generator (2:23) of the system in (Z.4)—(2.3) to the function f;r,): E — R, fir)(2) = Zir,)»
we obtain by standard stochastic calculus

54 W =1 > ali, ) Bl - Eolx(0)]) + Ke Belyi()] — ELxOD)]| Ty

jeG
te (Ez[xi(t)] - Ez[y,'(t)]) 1(Ri:D)'

Hence, denoting by (S,),»0 the semigroup of the system in (Z.4)—(2.3)), we see from (5.4) and the definition
of bV(-,-) in @3T) that (S, f;ir,)) solves the differential equation

(5.5) F'(1) = (Grw F)(@).

On the other hand, for each f € C,(G x {A, D}), RW,f also solves (]3;5]) In particular, for z € E define
f:: Gx{A,D} > Rby f,(i,R) = z(i, R;) for z € E, then RW,f; is a solution to (3.3). Since

(5.6) (RWof), R) = z(i, R;) = (Sofi.r)(2),

we see that (3.1) holds. To prove (3.2), 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: E — R be given by
f(2) = zir)2(iry- Using the generator (2.23)), we obtain via Itd-calculus that

d
&Ez[Z(i,R[)(t)Z(j,R/)(t)] = Z a(i, k) (B [xe(Dz(r,) (0] = Eo[xi(Dz(jr,)(D]) Lig=a)
keG

+ Ke (E;[yi()z(jr (O] = Ec[xi())z(jr (D]) 1(r,=4)
+ e (B [xi(Dz(ir) (] = Eclyi()z(jr)(D]) 1ir:=D)

5.7) + Z a(j, D) (B [xi(Dz.ry ()] = B [xj()zi - (D]) 11r;=A)
1eG

+ Ke (B.[y;(Ozi.r) (O] = B [x;(Ozi.r)(D]) 1ir,=4)
+ e (B:[xj(0z.r) ()] = E:lyj(Dzi.r)(D]) 1ir,=D)
+ 2B [g(xi(0)] Vji=jy Liri=r;=4)-

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

(Uh)(G, R, (J,R)) = Z a(i, k) [h((k, A), (j, Rj)) = h(G, R, (j, R)] 1 ri=a)
keG

+ Ke [h((i, D), (j, R)) — h((i, R)), (j, R)] Vi r.=a)
te [h((l’ A)’ (]’ Rj)) - h((lv Ri)7 (]’ Rj))] 1{i,R;:D}
+ Z a(j, 1) [h((G, R, (1, A)) = h((, R, (o R)] Lir;=a)

leG
+ Ke[h((i, R)), (j, D)) — h((i, R), (j, R)] 1{r;=a)
+e[h((i, R), (j,A)) = h((, R), (j, D)] 1 g =)

Let F(¢) = Ez[Z(i,Ri)(t)Z(j,R_,-)(t)] and H(r) = ZEZ[g(xi(t))]I([:j;1[R1:RJ:A}. Then we can rewrite (5.7) as

(5.8)

d
(5.9 5F(t) =(UF)(t) + H(?).
Denote by (RWt(z)),Zo the semigroup corresponding to U. Applying [Lig85, Theorem 1.2.15], we obtain
!
(5.10)  F(t) = RWPF(0) + f ds RW2 H(s).
0

Hence

Ez[Z(i,Ri)(t)Z(_j,Rj)(t)] = Z bﬁ”((i, R), (k, Ry)) bf')((j, R, (, Rp) E: [z ryzar)]
(k.Ri).(L.R))€GX{A,D}

+2 fo ds ) BV (G R). (k A) B R)), (ks A)) B gD

keG

5.11)

O

Remark 5.2. [Density] From Lemma [5.1| we obtain that if u is a translation invariant measure such that
E,[x0(0)] = 6, and E,[yo(0)] = 6, then

(5.12)  Bulzary®1=6c > BGR). RO+ 0 > BV R, (6 Ro),
(k,Ri)eGx{A} (k,Ri)eGx{D}

0,+K0,
1+K

in particular, lim,—,c E, [z r)(0)] = = 6, recall (3.5)), and

Bylza.ryOz(ir) 0]
= D BPGR) (6 RO)B (G R, (0 RD) Bulzro 2y )
(5.13) (k,Ri),(LR)EGX{A,D}
!
+2 f ds ) B R). (k) B (G R)). (k, A) Bulg ()],
0 keG
|
Remark 5.3. [First moment duality] Note that (5.1) shows that even for general g € G there is a first

moment duality between the process Z(¢) and the random walk RW(¢), that moves according to the kernel
bV(-,-). The duality function is given by

(514 H:ExGx{A,D} >R,  H(GR)) =iz

Equation (5.I) in Lemma 5. tells us that E[H(Z(r), RW(0))] = E[H(Z(0), RW(1))].

5.2 The clustering case

The proof that the system in (2:4)—(2.5) 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 [5.4).
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 (Lemmal[5.5).



5 PROOFS: LONG-TIME BEHAVIOUR FOR MODEL 1 30

e Case g = dgrw.

Lemma 5.4. [Clustering] Suppose that u(0) € 7T, He '® and g = dgpw. Moreover, suppose that a(-,-) defined
in 32) is recurrent, i.e., I; = co. Let u(r) be the law at time t of the system defined in @4)-2.5). Then

(5.15)  lim () = 0[60.0)]° + (1 = ) [500)]°°

Proof. Since g = dgpw, we can use duality. By the dichotomy criterion in Theorem [2.11] it is enough to
show that in the dual two partition elements coalesce with probability 1. Recall from Section [2.4]that each
of the partition elements in the dual moves according to the transition kernel 5V(-, ) on G x {A, D} defined
by (Z3T) (see Fig.[3). Recall from Section (Z4) that 5)(-, ) 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/[}. jez« 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 »V(-,-), both
starting at O and in the active state. Let

(5.16) (T, (T kens
denote the successive time lapses during which they are active and let
(5.17) (Trews (T kens

denote the successive time lapses during which they are dormant (see Fig. [3)). These are mutually indepen-
dent sequences of i.i.d. random variables with marginal laws

P(oy>1 = Pl >1) e Kt t>0,

P(ry > = P(ry>1 = e 1t>0,

(5.18)

where we use the symbol P to denote the joint law of the two sequences.

Figure 5: Successive periods during which the two random walks are active and dormant. The time lapses between
the dotted lines represent periods of joint activity.

Let a,(:, ) denote the time-# transition kernel of the random walk with migration kernel a(-, -). Let

k k
&k, 1) = {Z(U'L’"‘TZ) <t< Z(O'e+Tf)+0'k+1},
=1 =1

K ¥
&K, = {Z(o"[ +71;) <1< Z(o"[ +7)) + 0',’<+1} ,
=1 =1

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) = ZO’[+[[Z—Z(U[+T[)]/\O'](+]],
=1

=1

k k'
T'(K, )= o)+ [(r - Do+ T;)] A 0'k+1],
=1 (=1

(5.19)

(5.20)
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be the total accumulated activity times of the random walks on the events in (5.19). Note that the terms
between brackets in are at most o1, respectively, o7, ,, and therefore are negligible as k, k" — oo.

Given the outcome of the sequences in (5.16)—(5.17), the probability that at time ¢ both random walks
are active and are at the same colony equals

52 ) [Z ar (0, 1) ar e (0, i)) Lo Lew.n,

kk'eN \ ieG

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

(5.22) I= f dr Z E0,4),0,4) [(Z arn(0,1) ar @ (0, i)] Lsks 18’(k’,t)},
0

kk’eN i€G

where E is the expectation over the sequences in (5.16). Let

k kK
(523)  N() = max {k eN: Z((r[ +70) < z}, N’(#) = max {k' eN: Z(@ +70) < z},

=1 =1

be the number of times the random walks have become dormant and active up to time 7. Let
(524) T =T(N@®,1», T'O=TN@®),n, &@1=EN®,n, &@)=EN®,,

be the total accumulated activity times of the random walks up to time ¢, respectively, the events that the
random walks are active at time 7. Then we may write

(5.25) I= f dt Eo.4),04) [(Z ar(0, i) ar (0, l')) Lea 18’(1)}-
0

icG
We know that coalescence occurs with probability 1 if and only if = co.
2. Fourier analysis. Define
(5.26) M@ =TH AT (1), A =[TOVT O1-[T® AT ()]
Then
527 D arw(©.Darw©,) = ) (0, ) arn(0).

icG j€G

Indeed, the difference of the two random walks at time M(¢) has distribution (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(7), it must bridge this difference in time A(¢). To work out (5.27)), 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 [Rud62|
Section 1.2]. For ¢ € [-m, 71]¢, define

(528) a(@) =) ¢“a0.j),  a(@)=Rea(@), @) =Ima(@).

jezd

Then

1 oo R
2,0, /) = dp &) g-1l1-a@N,
a0.)= 7 f[ s

a;(j,0) = f d¢/ el@".)) o—tl1-a(¢")-ia(d )]’
(271')(1 [-m,7]d

(5.29)

where we use that a(¢) = a(¢) + ia(¢). Inserting these representations into (5.27)), we get

630 Y ara.0aro0) = g [ doe IO cosava),

ie7d [~
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where we use that 3} jczs €@ %) = 2m)76(¢’ — ¢), with 6(-) the Dirac distribution (Folland [FoI92, Chapter
7).

3. Limit theorems. By the strong law of large numbers, we have

k k
1 1 1
(531 lim o Z o Fas.  Jlimo D= S Pas.
Therefore, by the standard renewal theorem (Asmussen [AsmO03, Chapter I, Theorem 2.2]),

1
lim — N(t) = hm N H=A P-as,

=00
l l
(5.32) tlim " T = tlim " T't)=B P-as,,
lim P(E(1) = lim P(E'(1) = B
with

1 K % 1
(5.33) A= 47 = e, B=_Ke _
=t 1+K 1

Moreover, by the central limit theorem, we have

(Z,7Z") in P-distribution as t — oo

(5.34) (T(t)—Bt T’(t)—Bt)

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

(535 ?=A[(1 - B) Var(o) + B> Var(r))]

(see [Smi55] or [Asm03, Theorem VI1.3.2]). Since T'(¢), &(¢) and T’ (), E'(¢) are independent, and each pair

is asymptotically independent as well, we find that

~B (1), 1o,

(5.36)  Epa04) [[Z ar(0,1) ar (0, i)] Ll e

iezd
with
o) = o f[ ) dgp e~ 11+0(D12B111-)] ]E[cos ([1 +o(Ne(Z-2) \/?Ez(d:))]

_ 1
IO ST [

(5.37)
do e—[1+o(1)] 2Bt [1-a(¢)] e—[1+0(1)] czt&(qb)z,

where we use that cos is symmetric, Z — Z' = V227" in P-distribution with Z” standard normal, and
E(e#Z") = /2, u € R. From and we have that I < o if and only if # = £(¢) is integrable.
By Cramér’s theorem, deviations of 7'(¢)/t and T'(¢)/t away from B are exponentially costly in . Hence
the error terms in (5.37)), arising from and (5.34), do not affect the integrability of 7 — f(r). Note
that, because a(-, ) is assumed to be irreducible (recall (2.1)), a(¢) = 1 if and only if ¢ = 0. Hence the
integrability of  — f(¢) is determined by the behaviour of a(¢) and éa(¢) as ¢ — 0.

4. Irrelevance of asymmetric part of migration. We next observe that a(¢)> < 1 — a(¢)*> < 2[1 — a(¢)].
Hence, tZl(¢)2 < 2t[1 — a(¢)]. Therefore we see from (5.37) that for sufficiently large T € R we can bound
t — f(t) on [T, o) from above and below by functions of the form ¢ — g¢(f) with

1 -Ct[1-a
(5.38) &m=@yl>mwe“‘@k C € (0, ).

From (5.29) we have

(5:39)  gc(® = aci(0,0) =< a,(0,0),
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where the last asymptotics uses that ¢ — a,(0,0) is regularly varying at infinity (recall (3.3)). Combining

(5-23), (5.36) and (5.38)—(5.39), we get

(5.40) =00 & =

with [; = flm dra,(0,0). Thus, if a(-, -) is recurrent, then I = oo and the system clusters. Moreover, we see
from the bounds on f(¢) (recall (3.37)) 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. O

e Case g # dgpw. For g # dgprw the proof of Lemma @] does not go through. However, the moments
relations in Lemma[5.1]hold for general g € G. Using these moment relations and a technique called duality
comparison (see [CG94]), we prove Lemma[5.4]for general g € G.

Lemma 5.5. [Duality comparison] Suppose that 1(0) € T," and g € G. Moreover, suppose that a(-,-)
defined in (3.2) is recurrent, i.e., I; = co. Let u(t) be the law at time t of the system defined in 2.4)—(2.5).
Then

(541 lim p(e) = 0[51.0)]°° + (1 = 0) [§00)1°"

Proof. We proceed as in the proof of [CG94, Theorem]. First assume that u(0) = ¢, for some z € E, and
satisfies

(542 lim > BPGR), (6 R) Zak = 6.

(k,Ry)eGx{A,D}

By Lemmal[5.1] we have

(543)  Elwr®l= D, BGR), K RO) k-
(k,Ri)eGx{A,D}

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

(5.44) tlgg E; [zir) ()] = 6.

Since we have clustering if, for all (i, R)), (j, R;) € G x {A, D},

(545)  lim B, |20y (0(1 = 2, (0)] = 0,

we are left to prove that

(546)  lmE, |26.0020) | = 6.

Since implies that limsup, ., E-[z(.r)2(ir)] < 6, we are left to prove that
(5.47) lig glf E.lzir)Z(irp] 2 0.

Like in [CG94], we will prove by comparison duality.

Fix € > 0. Since g € G we can choose a ¢ = c(¢) > 0 such that g(x) > g(x) = c(x — e)(1 — (x + €)),
x € [0, 1]. Note that g(x) < 0 for x € [0, €) U (1 — €, 1], so we cannot replace g by g in the SSDE. Instead we
use g as an auxiliary function.

Consider the Markov chain (B(?));»0, With state space {1,2} X (G X {A, D}) X (G X {A, D}) and B(¢) =
(Bo(1), By (1), Bx2(1)), evolving according to

(1, R), (i,R)) — (1, (k,Ry), (k,Ry)),  atrate b'V((, Ry), (k, Ry)),

(2, (k, Rk)s (]3 Rj))9 at rate b(l)((ls Ri)a (k9 Rk))’
(27 (l’ Ri)’ (J? R])) - (29 (l9 Ri);(l’ Rl))» at rate b(l)((.}’ R])’ (l, Rl))s
(1, G, R), (i, R)),  atrate cli=jlir=r;=4)-

(5.48)
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This describes two random walks, evolving independently according to the transition kernel V(-, ), that
coalesce at rate ¢ > 0 when they are at the same site and are active. We put By(#) = 1 when the two random
walks have already coalesced by time ¢, and By(r) = 2 otherwise. Let P g, (jr;) denote the law of the
Markov Chain B(?) that starts in (2, (i, R;), (j, R;)). Note that

(549)  PogryGry Bi() = (k,RY) = b (1, R), (k, Ry)),

and similarly

(5.50)  PogryGry B0 = LR)) = B ((.R)), (L R)).

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

5.5 im Por. gy (Bo(®) =2) = 0.
We can rewrite the SSDE in (2.4)-(2.3) in terms of b'V)(-, -), namely, for all (i, R;) € G x {A, D},

(5.52)  dzary® = Y. BOGRY, GRDzGr) () — 2iry @1 dE + V3GiR (D) Ligi=a) dwio).
(k,Ry)eGX{A,D}

Using (5.52) and It6-calculus, we obtain

(5.53) ”

bV, Ry), (ky RO E [(zary (D — €) — (2ir) (1) — ©)]
(k,R;)eGX{A,D}

and
dE;[(zi.r) (1) — €)(z(jir) (D) + €)]
dr

= D> VG R, U ROYE: (i) (@) + €)ro(D) = ) = iz (1) + ziry (1) - ©)]
(k,Ri)eGx{A,D}

(5-54) 0 BYGR). (k RO)E: [ aro () = ©@aro(®) + ©) = Qi (D) — @iy (@) + €)]
(I,R))eGx{A,D}

+E; [C(Z(i,R,-)(l) — o = (zgrp® + 6))1{i:j}1{R,-:R‘,:A}]

+E; [(g(Z(t,R,-)(f)) = 8(ziry (1) Lii= j}l{R,-:R‘,:A]] .

For t > 0, define F,: {0, 1} X (G x {A,D}) X (G x {A,D}) = R by

F(1,(i,R), (i, R)) = E; [zir) () — €]
Fi(2.(,R)). (. R)). = E: [z (0) - Oy (@) + €]

and H,: {0,1} X (G x {4, D}) x (G x {A, D}) > R by

(5.55)

Ht(ls (ls Ri)9 (lv Rl)) = 05

(5.56) . . .
H;(2,(i,R), (,R))) = E; [(g(z(i,R,v)(t)) — 8(zir)®)) Lii=jy l(R,:R,-:A}] .

Let B denote the generator of (B(f))r>0, and let (V;);»o the associated semigroup. Then
dF
(5.57) d—t’ = BF, + H,.

Hence, by [Lig85, Theorem 1.2.15], it follows that

t
(5.58) F, = VFy +f ds V(,_S)Hs.
0
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Since H; > 0 for all r > 0, we obtain

Ft(zs (lv Rl), (.]’ R])) > VZFO(Z, (ls Rl)7 (.]9 R]))
= Eq gk [Fo(BD)]
= E.i.r)Giry) [Fo(BO) syn=1y + Fo(B()1(5,)=2)]

= Z Po,iryGiry [Bo(t) = 1, Bi(1) = (k, Rl (z@r,) — €)
(k,Ry.),(L,R;))eGX{A,D}

+ B iRy Giry) [Fo(BI)By1)=2]

(5.59) PairyGiry [B1(t) = (k, R)] (zger,) — €)
(k,Ro).(LR)EGX{A,D)
- Z Pairy .Gk [Bo(®) = 2, Bi(1) = (k, R)] 2wy — €)
(k,R0),(LR)EGX(A,D)
+ B, GiR) [Fo(B0)5y0=2)]
> Z bﬁ”((i, R), (k, Rp)) (zkry — €) — (1 + EZ)P(Z,(i,R;),(j,R,)) [B1(?) = 2].
(k,R)eGx{A,D}
Hence, by (5.51), we obtain

(5.60)  liminf F,(2, (i, R, (J,R) = liminf E; | ey (1) — )y (1) +€)] 2 6= €.

Letting € | 0, we get (5.46).
To get rid of the assumption 1(0) = 6., note that for (0) € 7, we have (recall Remark

(56D lim > bR, (ks RO)Bulzeny] = 6.

t—o0

(k,R;)eGx{A,D}

Hence, by the above argument,
B, [y () = O, () + )] = f E: [(2.00(0) — €z, (1) + €)| du(2)

(5.6 > [ WGRG Ry - ©

(k,Ry)eGX{A,D}
— (1 + €)Peir)iky) [Bi(1) = 2] du(z)

Letting first + — oo and then € | 0, we find that
(5.63) tlgg E, [(Z(i,R,-)(l) — €)(z;r, () + 6)] =0,
and, for all (i, R)), (j,R;) € G X {A, D},

(5.64) tli)rglo E, [Z(i,R‘-)(t)(l - ZJLR/([))] =0.

5.3 The coexistence case

For the coexistence case we proceed as in [CG94] with small adaptations. For the convenience of the reader
we have written out the full proof. The proof relies on the moment relations in Lemmal5.1]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.
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1. Properties of measures preserved under the evolution. Let 0 be defined as in (3.5)) such that § =

xo+Kyo | _ 9x+K9y
E#(O)[ +K ]_ +K °

(1)
6

Definition 5.6. [Preserved class of measure] Let R, denote the set of measures u € 7 satisfying:

(1) Forall (i,R;) € G x {A, D},
(565 lim Bylzi ()] = 6.
(2) forall (i, Ry), (j;R)) € G x{A, D},
(5.66)  lim )y b (LR, (ks R) B (G R, (1L R)) Eylzeryzary] = 6.

© (RO.(LR)EGX{A, D)

Clearly, if 4 € Rél), then (1) and (2) together with Lemmaimply

2
(5.67)  limE, V(G R, (K, RO) 2eryy — e] ] =0,

((k,Rk)er{A,D}

and so lim, e z;,(f) = @ in L(u).
On the other hand, suppose that holds for some (i, R;) € G X {A, D}. Then, by Lemma (5.1)), we
can rewrite as

(5.68)  limE, |(B.lzur)(0)] - 6)°] = 0.
This implies

(5.69) ,152, Eulzir)(®] =6,

and hence, by translation invariance,

(5.70) ,lgg E, [z r)(®H] = 6 VkeG.

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 (5.70) holds both for R; = A and for R; = D. Hence (5.63) holds.

Combining and (3.67), we see that also holds.
Lemma 5.7. u € Rél)for allu e ‘Tgrg.

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 14 and Ap such that,
for all j,k € 74,

B[00 -] = [ 0an ),
(-mx)d

(5.71)
B oy - o= = [ e ann).

(=m.n]
Let a(¢) = Yieze €%a(0, k) be the characteristic function of the kernel a(-, -) (recall (5.28)), and T'(z) the
activity time of the random walk up to time ¢ (recall (5.20))). Then

-T(1) n —T(1) n
572 Y ang© et = 3 e Irml S a0, = 3 e NMT@WadI" _ roa-aey

n! n!
kezd neNy kezd neNy
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Let E(1) be defined as in (3.24). Then, for fixed ¢ > 0, P(9.4)(E(1)) = Yieze bP((0,A), (k, A)) > 0 and hence

[W kZZdb‘”((o A, (k, A~ ﬂ
W%ﬁmﬁo LAY, (k, A) b1 (0, A), (1, A) B, [(6 = 0.)(xs — 6,)]
573 W“Zwbm((o A, (kA B((0,4), (1, 4)) f( )
= Wkéd E.4).04) [aro(0, k) ar (0, lew lew) f(_ i kD40, ()
m " Bomon [é]“”’) ei(k’@(oak)lsa);Zdamn e (0, l)lsr(t)} dAa(d)
1

~T(H(1~ ~T'(H(1-a
= P &) dE(O’ A404) [e TO0-a@) g, e T O0-2 ], @] dAa(@).
0.4) (=77}

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

2
(5.74) tlggE [m Z bV (0, A), (k, A))xi — ] ] = 1,.({0)).
kezd
Similarly,
2
(575  limE, (W 2. (. 4). (k. Dy - ] } = Ap({0}).
kezd
Hence
2
A1 B { >, 0.4, (kR 2k, —9] ]
(k,Ry)EZ4x{A,D}
. bV((0, A), (k, A)) 0,
) }LTOE“[(P“”A)(S@) ,é Pon@0) © T+K
b1((0, A), (k, D)) Ko, \’
P (E° Lot -
576 + Pro.a( (f))]é o (@ @) Yk 1+K) ]
. V(0. A). (k. A)) 0, Y
= 1 Foa ©O)E, [,% Poa@0) T 1+ K) Bon@0)
. b'"((0, A), (k, D)) K6, 1 ’
OGO, [,% Poa@@) ' T+ K Fon@&0)
1
=13 K/IA({O}) + m(/lu({o})-

Hence, if 14({0}) = 0 and Ap({0}) = 0, then u € R'". We will show that 2,({0}) = 0 and Ap({0}) = 0 for
peTyE
Let Ay = [0, N)? nZ4. By the L'-ergodic theorem, we have, for u € 7 ¢,

[ALN > x- exﬂ = 0.

JEAN

(577 limE,

(For general G not that countable groups endowed with the discrete topology are amenable. For amenable
groups G, (Ay)yen must be replaced by a so-called Fglner sequence, i.e., a sequence of finite subsets of G
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that exhaust G and satisfy limy_.« [sANyAAN|/|An| = O for any g € G [Lin99]. ) Using the spectral measure,
we can write

2
1 1 .
li _ L = lim — i(j—k.$)
B {AN ; % 9"” N A2 ; f(mde e
(5.78) S .
1 - 1 .
 jim {_ 5 ew][_ 5 e—«kw] iy = 2,101
N—oo (7] AN jehn AN keAn

In the last equality we use dominated convergence and

1. Forall ¢ € (-n, x1]¢,

. S
(579 fim = ) Y = 1),

2. For all § > 0 there exist (N, &) > 0 such that if Js = (=6, §), then
630 |1 3 e - 1) < 1,@) + o)
JkeAy
where €(N,6) | 0 as N — 0.
We conclude that 24({0}) = 0. Similarly we can show that 1,({0}) = 0, and hence u € ’Rél). |
Recall that (S ). is the semigroup associated with (2:4)-23).
Lemma 5.8. [Preservation] If b(-,-) is transient and u € Rél), then the following hold:
() uS; € Rél)for eacht > 0.
(b) Ift, — oo and uS,, — p(co), then (o) € R\

Proof. Our dynamics preserve translation invariance. To check property (1) of ‘R(Hl) (see (3.63)), set f(z) =
ZiR)- Since 4 € Ré,l), applying Lemmamultiple times, we obtain

}gg Bus, [zir) ()] = Shj?o Z bV ((i, Ry), (ks Ry)) Bs, [2erp)]
(k,R)eGX{A,D}

= lim Z BV((i, ), (k, R)) Eylzgery (]

(5.81) 7%k ROEGR(A,D)
=tim > B R, (K, Re)) Bulze ]

(k".R;, )eGX{A,D}

= li_>m Eulzir)(t + $)] = 6.

To check property (2) of Rgl) (see (5.66)), we set f(z) = z(ir,Z(jk,- Then, again by applying Lemma
we find

im > B R, (6 RO) DGR, U R)) Bus, [z 2y ]
7% (R, (LRDEGX(A,D)

=lim ) BO(G R, (6 RO)B(G R, (U R) Bulzery (D200 (D]
7% (ko ROLRDEGR(A,D)
(5.82)

= lim b (G, Ry), (K, Ri)) b2 ((, R), (', Ry)) Bulz k)2 )]

§—00

[ (k" Ry ),(I' Ry )eGx{A,D}

+2 fo dr Y b0 (R, K AN B (G R ), (K AN g Cxe ()] .

k'eG
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Since u € ‘R;l), we are left to show that

(5.83)  lim f ' du Z B, Ry, (K, A) B((,R)), (K, A) Byl (t + s — u))] = 0.
S k'eG

Using the notation of Section[5.2] we get

lim f d D B R K A B R ), (K A Bulgie (¢ + 5 = w)]

§—00
k'eG

1+s
< ligl Tim f du > (G R), (K, ) BV ((, Ry, (K, 4))

§—00 s G
(5.84)

I+5
=lgll }ggf du E(i,R,-),(j,Rj)
h s

Z aruw (i, k") 1w ar oy (. k') 18'(:4)]
k'eG

t+s
<llll }ggf du Eo.4),0.4) [Z arqy (i, k') Lewy arw(j. k') 18’(u)] =0,
’ s k'eG
where the last equality follows from the assumption I; < oo in Theorem 3.1} (3:22) and (5.40). 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
uS; € R(el) forall r > 0.
To show that p(c0) € R we proceed like in (5.81)), to obtain

(5.85) Ah_)rg By lzary($)] = Yll_{g lim Bys, [zgr) ()] = lim lim B, [z r)(t + $)] = 6,
and so (5.63) is satisfied. To get (5.66), we note that, by Lemmal[5.1]
b (G R), (ks RO) By (G R)), (1 RD) Bulzero 2]

(k.R).(LRDEGX(A.D)
< Eulzi.r)tn)zir,) ()]
(5.86) < Z b, Ry), (k, R0) B (G, R ), (1, RD) Elzero 2.k ]

(k,Ri),(I,R))eGx{A,D}

+ 2lgl fo Cds DB (R, (kA B (R ). (. A)).

keG
Letting n — oo, we see that, since u € Rg),
0 < By lzi.r)2(8))]

<6 + 2l f s 3 B0 R). O AD V(R K, A))
0

keG

(5.87)

Inserting into (5.66), we see that it is enough to show that

im Y B R, (RO BV R, (U RD)
7% (kRo).(1LRDEGXIA.D)

(5.88) x 2llgll f dr " bk, Re), (K, AN BV R, (K, A))
0 k'eG
= lim 2| f dr Y B R), (K A) DGR, (K, 4)) = 0.
* 0 kee
However, from the assumption I; < oo in Theorem[3.1} (5.22) and (5.40), we have

tim gl [ dr " 2GR (D DY, (G R ' )
§—00 0 >
(5.89) vee

= }LI?OHgHI dr Bgry.Gir)) [Z are (i, k) lgmar e (j, k) lew | = 0.
’ s k'eG
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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 in [CG94]]. Consider two copies of the
system 24)-2.3) coupled via their Brownian motions:

D ati, ) ¥ = 01 d+ \Jg(k0) dwi(t) + Ke [yf(1) - o) dr,

jeG

(5.90)  dx¥(»

(591)  dyf e[x(t) — i) de, ke({l,2}.

Here, k labels the copy, and the two copies are driven by the same set of Brownian motions (w;(#))»0, i € G.
As initial probability distributions we choose u'(0) and ,u2(0) that are both invariant and ergodic under
translations.

Let

(5.92) ()=, 71), L) =),y @), ke(l,2).

The coupled system (Z;(¢));eg has a unique strong solution [SS80, Theorem 3.2] whose marginals are the
single-component systems. Write [P to denote the law of the coupled system, and let A;(¢) = xl.l ) - x?(t)

and §,(1) = y! (1) — y(1).

Lemma 5.9. [Coupling dynamics] For every t > 0,

d . o

T E[IA: 0] + Kl6:(D)]] = -2 E a(i, DE [|Aj(t)| 1{sgnA[(z)¢sgnA/(t)]]
t -

(5.93) =

- 2KeE [(|Ai(f)| +10:(0)) l{sgnAi(t)isgné,»(t)]] .

Proof. Let f(x) = |x|, x € R. Then f’(x) = sgnx and f”(x) = 0 for x # 0, but f is not differentiable at
x = 0, a point the path hits. Therefore, by a generalization of It6’s formula, we have

d|A; ()] = sgn A(r) dA;(F) + dL?,

(594 MO = Xl DA - A1+ | oGl 0) = Ve | dwico

jeG

+ Ke [6;(t) — Ai(n)] dt,

where L? is the local time of A;(¢) at 0 (see [RWO00, Section IV.43]). Next, we use that A;(¢) has zero local
time at x = 0 because g is Lipschitz (see [RWO00, Proposition V.39.3]). Taking expectation, we get

d . X N
(595 ElA)] = ]Z(; ati, ) B[sgn A [A (1) — A0)]] + Ke B[sgn Air) [6:16) - M) .

Similarly, we have

dls;(n)] = sgn 6;(r) ds(n),

(596) dé‘l(t) =e [Al(l) - 510)] dr.

Taking expectation, we get

d . R
(597 L ElIo0l] = eBlsgnoi0) [0~ 5,0]]
Combining (5.93) and (5.97), we get

d . .

< ELIAGI + KIS0l] = ) ati, ) Esgn A0 [A,(0) = A(0)]
(5.98) JjeG

+ K e B[[sgn A1) — sgn (0] [61(1) — A0)]]-

Note that

(5.99)  sgn A0 [Aj(1) — Ai(O)] = 1A;(O] = |AD] = 21A (D] 1isgn Aiyesgn a0}
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By translation invariance, E[|A;(#)|] is independent of i. Hence the first sum in the right-hand side can be
rewritten as

(5.100) =2 " ai, NE[IAO] Lisgn s,rssgn |-
jeG

Similarly, the second sum in the right-hand side can be rewritten as
(5.101) -2KeBE [(lAi(l‘)l +16:(O1) 1isgn air) £ sgn 6,-(t)}] .

Combining (5.98)) and (5.100)—(5.10T)), we get the claim. m|

Lemma tells us that ¢ +— E[IA,-(t)I + K]6;(#)]] is a non-increasing Lyapunov function. Therefore
lim,_,o B[A/D)] + KI6:(0)]] = ¢i € [0,1 + K] exists. To show that the coupling is successful we need the
following lemma.

Lemma 5.10. [Uniqueness of equilibrium] If a(-,-) is transient, then ¢; = 0 for all i € G, and so the
coupling is successful, i.e.,

(5.102)  lim E[|A:()] + K|5;(0)]] = 0.
Proof. Write —h;(t) to denote the right-hand side of (5.93). We begin with the observation that 7 > h;(7)

has the following properties:

(a) h; = 0.
(b)0 < [Tdrhi(r) < 1+K.
() h; is differentiable with i bounded.

Property (a) is evident. Property (b) follows from integration of (5.93):
!
(5.103) f ds hi(s) = E[|A(0)] + Kl6:(0)I] — E[IA:(®)] + Klo:(D)I]-
0

The proof of Property (c) is given in Appendix [D} It follows from (a)—(c) that lim,_,, 4(r) = 0. Hence, for
every € > 0,

Vi, je Gwitha(i, j) > 0:
lim P(1A(0) < €, A1) > e U (A1) > €, Aj(r) < —€}) =0,

YieG:
lim I@’({Ai(t) < =€, 6:(t) > €} U{A(D) > €, (1) < —e}) =0.

(5.104)

In Appendix [C]we will prove the following lemma:

Lemma 5.11. [Successful coupling ] For all i, j € G and € > 0,

(5.105)  lim B({A(r) < —€, A1) > e U{A(D) > €, Aj(1) < —€}) = 0.
—00

The proof of this lemma relies on the fact that a(-, -) is irreducible. Let

Egx Eg={z2€ EXE: z;p)(t) 2 2 (1) Y(i, R;) € G X {A, D}

(5.106)
U € EXE: g (1) 2 2 (0) V(i Ry) € G x {A, D}}.
Then Lemma together with imply that lim,_., P (Ey x E¢) = 1, which we express by saying
that “one diffusion lies on top of the other”.

Using Lemma [5.11] we can complete the proof of the successful coupling. Let #, — oo as n — oo and
suppose, by possibly going to further subsequences, that lim,,_,e u' (1,) = v} and lim,,_,eo ?(t,) = v3. Let ¥g
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be the measure on E X E given by ¥y = vé, X vg. Using dominated convergence, invoking the preservation of
translation invariance, and using the limiting distribution of bﬁl)(-, -yon {A, D}, we find

f a7y 1A + K1
EXE

=(1+K) d lim Z [0 R, o)) x] = 21+ B(G R, G DY) Iy} = 3]
EoxE n—oo =
= lim(1 + K) dvy b(l)((i,RA),(j,R)) @ =)
(5.107) neo EoxEs ng;;,D} A N GEGry = %Ry

< lim(1+K) | dv}

n—oo

Z bg,,l)((l, Ri)’ (.]9 R])) Z(]j,R,-) - 0
jEGX{A,D} ’

+ ’}i_)mo(1+K) f dv2 Z bgnl)((i,Ri),(j,Rj))z?j‘R/,)—9 =0.
E i€Gx(A,D)

Here, the last equality follows because both vé and vz are in RS) by Lemma Thus, we see that ¥y
concentrates on the diagonal. Suppose now that there exists a sequence (,),en such that lim,,_,., B[|A;(#,)] +
K|5:(t)l] = 6 > 0. Since {L(Z(t,))}nen is tight (recall (3.92)), by Prokhorov’s theorem there exists a
converging subsequence {£L(Z(t,,))}ken- Let ¥g denote the limiting measure. Then, by Lemma and

(5.107),

(5.108) 6 = lim E[|A;(7a)] + Kl6i(ta)l] = f dve [IAi| + Kl6i[] = 0.

—e EXE
Thus, lim,—,. E[|A;(#)| + K|6;(¢)]] = 0, and we conclude that the coupling is successful. Hence, given the
initial average density @ in (3.3)), the equilibrium measure is unique if it exists. O

3. Stationarity of v, and convergence to v;.

Lemma 5.12. [Existence of equilibrium] Let (0) € 7,". Then lim,_,o pu(t) = vg for some invariant
measure vg.

Proof. To prove that the limit is an invariant measure, suppose that u(0) = p = d4. Since the state space
of (Z(1))r>0 is compact, each sequence {L(Z(t,))}qen is tight. Hence, by Prokhorov’s theorem, there ex-
ists a converging subsequence such that lim,_,. 99S;, = vy. Since 6y € Rél), Lemma tells us that
lim, e 065+, € Rél). To prove that v, is invariant, fix any sop > 0. Let u = 34S,,. Then, by Lemma
uEe Rél) and, by Lemma we can find a further subsequence such that limy_,c 1(t,,) = vg. By the Feller
property of the SSDE in (2.4)—(2.3), we obtain

(5.109)  voS,, = lim 5,8, S, = lim 648 ,, S, = lim S, = va.

Hence, vy is indeed an invariant measure.
To prove the convergence of u(f) to vy, note that vy € Rél) by Lemma Let v = vy. Then, by the
invariance of vy, we have lim,_,., vS; = v4. By Lemma[5.10] we have lim,_,. uS, = lim,_, vS; = vy for all
(1)
HER,. O

4. Ergodicity, mixing and associatedness.

Lemma 5.13. [Properties of equilibrium] Ler u(0) € Rgl) be ergodic under translations. Then vy =
lim; o u(t) is ergodic and mixing under translations, and is associated.

Proof. After a standard approximation argument, [HP91, Corollary1.5 and subsequent discussion] implies
that associatedness is preserved over time. Note that §y is an associated measure and lies in Rg”. Hence, by
Lemma[5.12} vy = lim,_, 8¢S, and therefore vy is associated.
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We prove the ergodicity of v4 by showing that the random field of components is mixing. To prove that
v 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

5.110) Yo = Z CiZ(jR;)> Y= Z diZ(i+k Rivy)-

jeB ieB’

Note that Yy and Y; are associated under vy because (z(i ) ),r)eGx(a,p} are associated. Therefore, by [NW81),
Eq.(2.2)], it follows that for 5,7 € R,

(5.111) B, [¢7*")] — B, [¢"7°] E,,["]] < |st] Covy, (Yo, V).
Since u € R;l) by Lemma ,

(5.112)  Cov,(Yo. ¥ = > > csd; lim Covu(zay (0: Zisrn (1)

JjEB ieB’
< 2glh )] eid f dr >0 B R, (1A BV(G + K, Riss), (1 A)).
jeB icB' 0 (LR)EGX{A}

The last integral gives the expected total time for two partition elements in the dual, starting in (j, R;) and
(i + k, Ri1x), to be active at the same site. To show that this integral converges to O as ||k|| — oo, we rewrite

the sum as (recall (5.26)—(5.27))

Btk Rin).GiR)) l[z argy(J, D) ap (i + k, l)) L 18’(r)]
leG

= Bk R iR arpn i+ k=, 1) aney(@',0) | 1g e
(5113) (i+k,R, k)(JR_)[(% M(r) A(r) (r) (r)

< BskRi.GiR) [(Z aomen (i + k= . 1) [aaiy(I', 0) + any (0, l')]] Lee 18’(r)}
I'eG

= Evkrin. iRy [@2mye2a0 (@ + k= J,0) gy 1en] -
Because a(-, -) is symmetric, we have dauy+2a0) (i + k = J,0) < Gapy+2a09(0, 0). Since
G014 T@+T' () <2M(r) +2A0) <2(T() + T' (1)),

and the Fourier transform in (3.36)—(5.37) implies that
(5.115) f dr Bk .m0k [@2m)+287 (0, 0) Ly lern] < 0.
0

if and only if I; < oo. Since we are in the transient regime, i.e., I; < oo, we can use dominated con-
vergence, in combination with the fact that limyy e @:(i + £k — j,0) = 0 for all i, j,¢, to conclude that
lim”k”Hm COVVH(Y(), Y =0. O

5.4 Proof of the dichotomy

Theorem [3.1{(a) follows from Lemmas [.12]and [5.13] The equality E,,[xo] = E,,[o] = 6 follows from
the evolution equations in (2.4)—(2.5), the fact that v, is an equilibrium measure, and the preservation of 6

(see (3.6)). Theorem [3.1(b) follows from Lemmal[5.5]

6 Proofs: Long-time behaviour for Model 2

In Sections we show that the results proved in Sections carry over from model 1 to model
2. In Section [6.5] we show that symmetry of a(-, -) is needed. In Section [6.6] we show what happens when
for infinite seed-bank the fat-tailed wake-up time is modulated by a slowly varying function.
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6.1 Moment relations

Like in model 1, we start by relating the first and second moments of the system in (2.12)—(2Z.13) to the
random walk that evolves according to the transition kernel b@(.,-) on G x {4, (Dy)men, ) given by Z.A4T).
Also here these moment relations hold for all g € G. Moreover these moment relations holds for p < oo
as well as for p = co. Below we write E, for E; , the expectation when the process starts from the initial
measure 9,, 7 € E.

Lemma 6.1. [First and second moment] For z € E, t > 0 and (i, R;), (j, Rj) € G X {A, (D) mer, }»

©6.1)  Edlzry(0)] = D BPGR), (6 RO) 2k
(kR )EGXIA(Dy ety )
and
E.[28) (D208 (1)] = > b2 (G, Ry, (k, RO B (G R, (4 R)) 2k Zam)
(k.R)(LRNEGX{A (D )mervy }
(6.2)

+2 fo ds DT bY (G, R, (k AN B (G, Ry), (K, A) B [g(xe(s))]-

keG

Proof. The proof follows from that of Lemma|5.1|after we replace b"(-, -) by b@)(-, -) and use @-12)~2-13)
instead of 2.4)—(2.3). m

Remark 6.2. [Density] From Lemmawe obtain that if i is invariant under translations with E,[xo(0)] =
0, and E,[y,,(0)] = 6,,, for all m € Ny, then

63)  EBulzamy®1=6c D, BPGR), RO+ D O D B R, (6 RY)

(k,Ri)eGx{A} meN, (k,R)EGX{D,,}
and
Bulziry(®z(ir)®)]
= > b2 (i, R), (k, R)) b (G R, (1 R)) BulzwryZ.ry)]
(6.4) (k.Ry).(LR)ECK{A (D merry
+2 fo t ds ) B R, (k, A) B R, (k, A)) By [g(ri(s)).
keG

e For p < oo, the kernel H?(-, ) projected on the second component (= the seed-bank) is a recurrent
Markov chain. Therefore, by translation invariance in the first component, we have

gx + ZmENO Kmey,m _
1+ ZmENo Km

(6.5) tll{g E.lzir) (D] =

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

6:6)  lim > bP((i. R, (k, D)) = 0.
keG

Since for p = co we assume not only that € 7, but also that y is colour regular, it follows that, for

all M € Ny,
lim B, [y (0] = 1im 0, 3" b7 R). ROV + D O D BP(GR), (6 RY)
keG meN, (k,R)EGX{Dy}
(6.7) .
=lim > 6 > BP(GR), (6 R).
UMM (kROEGXID,)
Therefore

(6.8) ;lgg E,ulzir)(D] = 6.
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6.2 The clustering case

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

Case g = dgrw. We start by proving the equivalent of Lemma([5.4] which is Lemma[6.3]below.

Lemma 6.3. [Clustering] Suppose that u(0) € 7, and g = dgpw. Let (1) be the law at time t of the
system defined in Z12)—(2.13). Then the following two statements hold:

e [fp<ooandl; = oo, ie., a(-,-) is recurrent, then

.9 lim pu() = 5,1m0)]°° + (1 = 6) [§09)1°°

o [fp=o0andl;, = oo then

(6.10)  1im u(t) = 161 1y 1°° + (1 = 6) [§000) 1%
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
(Z20)-@221), 2.30)). Indeed, the argument in (5.31)—(5.40) 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 (3.16) we have a(¢) = 0. Hence only
the law of large numbers in (5.32) is needed, not the central limit theorem in (5.34), which may fail (see

Section|[6.3)).

Case p = co. When the average wake-up time is infinite, we need the assumptions in (3.3) and (3:19). By
the standard law of large numbers for stable random variables (see e.g. [Fel71, Section XIII.6]), we have

k k

1 . 1 . ..
—  P-as., kh—{?o o Z 70 =W in P-probability,

1
610 lim - > o =
= X =1

k—

with W a stable law random variable on (0, co) with exponent y. Therefore

1 1
lim — N(t) = }im - N’(f)y = W™ in P-probability,

t—oo 1V
1 N 1 . ..
(6.12) lim — T(t) = lim — T'(t) = — W77 in P-probability,
t—oo 1Y t—oo Y X
1
lim 7 P(E(r)) = lim 1! P(E' (1)) = — E[W ], t > oo.
1—00 t—00 X

For the last statement to make sense, we must check the following.
Lemma 6.4. [Finite limits] E[W™"] < .

Proof. Let Wy, = k™1/7 Zle 7;. Then W 7 < k(max<ick ‘z';’)‘1 and, since 7; are i.i.d. random variables,

00 -1 00
(6.13) E[Wk‘y] < f de(k(maX‘riy) > x) = f de(TT < %)k
0 1<i<k 0
To estimate the integral in the right-hand side of (6.13), we introduce three constants, 7, C;, C,. Let
€ € (0,1) and choose T € R, such that, for all t > T, |[P(t > 1)/(Ct7")] — 1| < €. Since P(r < 1) =
1- )(’1 ZmeNa Knen e ', we note that, under assumption @I) 7 admits a continuous bounded density.
Hence there exists a C; € R, such that P(t < r) < C;t. Finally, choose C; € R, such that C, > max(l, Cl/).
Split

00 % k/T E kC> ‘ 0 '
(6.14) f dxP (7] < %) =f dxP (7] < %) +f dxP (7] < %) +f dxP(7] < &)
0 0 k

/T kC
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We estimate each of the three integrals separately. For the first integral, we use the estimate (1 — ]P’(TT >
é))k < eXP[—kP(TT > f)] to obtain

61 */T S k/T ) Ay k/Td oc 1
. dxP ) = d - P( >\ )] < f T ———
(6.15) f(; X (‘r1 < X) j(; X exp T (A) | xe d-oc

For the second integral, we note that ¢ — tIP’(TT > ) is a continuous function on [Clz, T1], and hence attains

a minimum value C3 € R, on [Ciz, T1]. Therefore

kC; ' kCs X kCs k 1
(6.16) f dxP (7 < £) = f de[1-P(7] 2 4| < f dx exp [—x(-P(r{ > ';i)) < —.

k/T k/T k/T X 3
For the third integral, we compute

k
o . L ple ko Clk (Ccry!

(6.17) f dxP (7] < &) < f dx (C7E) = f dv £(CTvyr = (_1) ,

kC» kCs 0 -1\
where in the first equality we substitute v = § Since C, > C7, we see that the right-hand side tends to zero
as k — co. Hence

1 Clk (e

6.18) E[W, 1< ———+—+— (—‘)
o HN =T aem e TG
and by dominated convergence it follows that E[W™] = limy_,« E[W,;y] < 0. |

By (3:16), we have a(¢) = a(¢) and a(¢) = 0 in (5.28), and so (5.36) becomes, with the help of (6.12),

(6.19)  E0.4),0.4) [[Z arw(0, i) ar: (0, i)] Lew 18’(1)] = 72 1), t — oo,
i€G

with (recall (5.30))
(6.20) f(@®) =a.»(0,0)

for some ¢ € (0, c0). Here we use that deviations of T(¢)/¢" and T’(¢)/t" away from order 1 are stretched
exponentially costly in ¢ [EJU19], and therefore are negligible. Since ¢t — a,(0,0) is regularly varying at
infinity (recall (3:3)), it follows that

(6.21) a.»(0,0) < apx(0,0), t — oo.
Combining (3.23) and (6.19)—(6.21)), we get

622) I=o0 & I,=oc

with Iy, = [ d 72079 2,(0,0). Putting s = ¢, we have
623) I, = f ds s~1/74,(0,0),
1
which is precisely the integral defined in (3.23). m

Case g # dgrw. To prove that the dichotomy criterion of Lemma [6.3] holds for general g € G we need
the equivalent of Lemmal5.5] Replacing Z-4)-23) by @-12)-Z-13), replacing 5 by 5 in the proof of
Lemma[5.5] and using the moment relations in Lemma [6.1] instead of the moment relations in Lemma [5.1]
we see that Lemma[6.3]also holds for g € G.
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6.3 The coexistence case

In this section we prove the coexistence results stated in Theorem Like for model 1 the proofs hold for
general g € G and we need not distinguish between g = dgrw and g # dgpw. For p < oo, the argument
is given in Section [6.3.1] and proceeds as in Section [5.3] It is organised along the same 4 Steps as the
argument for model 1, plus an extra Step 5 that settles the statement in (3:30). For p = co, the argument is
given in Section [6.3.2] 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.

6.3.1 Proof of coexistence for finite seed-bank

1. Properties of measures preserved under the evolution. For model 2 with p < oo, the class of
preserved measures is equivalent to R;l) for model 1 and is now defined as follows.

Definition 6.5. [Preserved class of measure] Let R;z) denote the set of measures ¢ € 7 satisfying, for all
(i’ Ri)’ (‘]’ R]) € G X {A7 (Dm)mENg}’

(1) limye0 By lzi gy (0] = 6,

(2) im0 35 Ry).(1R)ECKIA Doty | b (G, R), (k, R)) B ((, R ), (L R)) Bulza ko 2ry ] = 6%

Like for model 1, properties (1) and (2) of Deﬁnition@hold if and only if
2

oo NmE, D BP0, A), (kR 24k = 0| | = 0
(6.24) (kRi) (LRDEGX A, (Din)meny }

for some (i, R;) € G X {A, (D) ey, }-

Also for model 2 with p < co we have 7, C Ré]). To see why, note for all # > 0 and m € Ny, (xi())ica
and (y;,(?))iec still are stationary time series. Hence with the help of the Herglotz theorem we can define
spectral measures A4, Ap, for m € Ny as in (3.71). Let (RW,),»0 be the random walk evolving according to
b®@(., ). Introduce the sets

&(1) = {at time ¢ the random walk is active},

6.25
(6:25) Em(t) = {at time 7 the random walk is dormant with colour m}.
Note that
2
,ll,r?o E, { b2 (0, A), (k, Ri)) 2y — 9]
(kR (LRNEGX{A (D) meryy }
2
b2 ((0, A), (k, A)) 1 0
(6.26) < lim P 4 (E@) E A A ad
pmeo TR ,; Fon@&D) " Boan@E®) 1+p
2
b (0, A), (k, (D)) I Kubom
+ Z P0,4)(Em () Ey (Z - P (& Yem = p—= 7 2 .
T = ©0.4)(Em(1) 0 Em®) 1+p

Hence we can use the same argument as in the proof of Lemmato show that 7'; ®c 7%22).
Also Lemmacarries over after we replace b''(-, -) by (-, ) and R;l) by Rff), as defined in (6.3).
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2. Uniqueness of the equilibrium. To prove uniqueness of the equilibrium for given 6, we use a similar
coupling as for model 1 in Section[5.3]in Step 3. Consider two copies of the system in Z.12)—~2.13) coupled
via their Brownian motions:

D ali, ) [0 = O] de+ e O)dwi) + D Kuew [, () = )] dr,

jeG meN,

(6.27) dxk(r)

6.28) vy, (0 en [ -y, 0]d,  meN,,  ke{l,2}

Here, k labels the copy, and the two copies are driven by the same Brownian motions (w;(1));»0, i € G. As
initial measures we choose ' (0), u%(0) € 7~aerg_
Let

629  z()=EO.20), 20 =@, 00, Omear),  kef{l,2)

By [SS80, Theorem 3.2], the coupled system (Z;(%));ec has a unique strong solution whose margmals are the
single- component systems Write P to denote the law of the coupled system, and let A;(f) = x; (1) - xz(t)
and 0; ,(t) = ;,m(t) yl,m(t) m € Ny. The analogue of Lemmanreads

Lemma 6.6. [Coupling dynamics p < oo] For everyt > 0,

—BlA@I+ Y Kmléi(t)|] =2 at, ) B [IA O] 1 sgn a2 5em 01

(6.30) meN, jeG
-2 Z Kmem |A ®)] + 10; m(t)D l{sgnA (t)#sgné,m(t)}]
meN,
Proof. Note that the left-hand side of (6.30) is well defined because p < oo. The proof of Lemmal6.6|carries
over from that of Lemma 5.9]after replacing (Z.4)—2.3) by -12)-2-13). m

The analogue of Lemma(5.10|reads as follows.

Lemma 6.7. [Succesfull coupling p < o] If a(-, -) is transient, then the coupling is successful, i.e.,

63D HmE[AMI+ ) Kaldin®] =0, VieG.

mGNn

Proof. This follows in the same way as in the proof of Lemma5.10} by defining —/;() as in the right-hand
side of (6.30). Using that the second line of now holds for ¢;,,(¢) and all m € Ny, we can finish the
proof after replacing b{"'(-, ) in (5.107) by b""'(-, ) and summing over the seed-banks D,,, m € Nj. i

3. Stationarity of the equilibrium v, and convergence to vo. Lemma holds also for u € 7{;2). This

follows after replacing u € RS) by u e Réz) in the proof of Lemma , using the equivalent of Lemma
and invoking Lemma [6.7]instead of Lemma

4. Ergodicity, mixing and associatedness. Also Lemma holds, after replacing b(V(-, -) by 6@, -).
The proof even simplifies, since we can invoke the symmetry of a(:, -) in (5.113).

5. Variances under the equilibrium measure v,. If limsup,,_,, e, = 0, then the claim in (3:30) is a
direct consequence of the proof of Lemma [6.10]for p = co. If liminf,, . e, > 0, then the claim follows
from the fact that u € Ry and

(6.32)  Var, (o) = f ds ) B0, D), (k, A) B0, D), (K, A) Bylg(xi()].

keG

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 € N, there exists a
constant ¢ > 0 such that

(6.33) Var,,(yo,m) = cVar,,(xp).

Since vy is a non-trivial equilibrium, we have Var,,(xg) > 0.
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6.3.2 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 (recall Definition . We show that if i € 7, is colour regular, then u € R\ Let
the sets &,,(¢), r > 0, m € Ny, be defined as in (6.23)), and define 24 and Ap,, analogously to (5.71)), like for

p < co. The equivalent of (5.73) is

2
1
Ey [[— Z bP((0, A), (k, A)xi - ng ]
(6.34) P(0.4)(E(D)

keG
1

"~ Poay(E0)? Jinn

Using that T(¢), T'(f) — oo as t — oo (see (6.12)), that T(¢), T'(¢), E@), & (¢) are asymptotically
independent and that a(:, -) is irreducible, we still find

d Eo.0.4) [ e TOU-a@) o =T (O1-a0) | (t)] da,.

I 2
: 1 ) _ _
(635  limE, »(—P&A) ) ébf ((0, A), (k. A)x ex] } = 24({0})

and, similarly,

= Ap, ({0D).

r 2
. 1 o) _
(6.36) ,15?0 E, (—P(O,A) G ) %b, ((0,A), (k, A))yim Gy,m]

Since u is ergodic, we have 44({0}) = 0 and Ap,({0}) = O for all m € Ny (recall (5.78)). By the colour
regularity,

(6.37) tlgg 0:P0.4)(E()) + Z 0y.mP0,4)(Em(®) = 6.
meN,
Therefore we can rewrite (6.26)) as

lim E,

t—o0

2
b2 (0, A), (k, R)) 2y — 9] ]

[(kka)v(lle)EGX{A,(Dm)meNU }

20, A), (k, A ’
< tlgg Po.4)(E®) E, (Z 2 (0.4) (6 2) (X — Gx)] }

(6.38) = Poa&)
bP((0,4), (k, (D)) ’
P 8’” E : m 0 m
+mZN:0 0.4)(En() By (1;24 PonEn®) O = Oym)
= 1im P (&0) (0D + D PoayEn(0) An,(10) = 0.
meN,

We conclude that indeed p € Rz).
Like for p < oo, Lemmacarries over after we replace bV(-, ) by (-, -) and RS) by Réz).

2. Existence of invariant measures v, for p = co.  Since the dynamics for p = co and p < oo are the same,
we can still use the coupling in (6.27)-(6.28). Also Lemma [6.6] holds for p = oo, but if p = co, then the
left-hand side of (6.30) 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 u;, u € ﬁrg. However,
we can prove the following lemma.

Lemma 6.8. [Successful coupling] If u1, u € Teerg are both colour regular and satisfy

(639)  BIAO+ ). Knli(O)l| < o,

meN,

then the coupling in (6.27)—(6.28) is successful.
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Proof. We proceed similarly as in Step 3 for p < co. Note, in particular, that /;(r) (recall (6.30)) is bounded
from above by E [IAi(O)I + Ymen, Kmlé,-(O)I] (compare with (3.103)). Also for p = oo we obtain Lemma
Like for model 1, if we define

E() X E() = {Z e EXE: Z(li,R’)(l‘) > Z(zi,R‘.)(t) v(l9 Rl) e Gx {A, (Dm)meNo}}

(6.40) } ) | '
U {Z €EEXE: Z(i,R[)(t) 2 Z(,‘,R[)(t) Y(i, R;) € G X {A, (Dm)mENo}} >

then we find lim,_,., P(Ey X Eg) = 1 and hence the coupled diffusions (Z'(#)),s0 and Z* )0 lay on top of

each other as t — co. However, in (5.107) the limiting distribution of bgnl)(‘, -) was used “to compensate”

the factors K, in |A;| + Xery, Kinl0iml. Since, for p = oo, bg:)(-, -) 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 (#,),en be a subsequence such that v}, = lim,e L(Z'(1,))
with £(Z'(0)) = x' and vg = lim,_,0 L(Z%(1,)) with £(Z?(0)) = p>. For G = Z%, let Ay = [0, N)YNZ¢, N €
N. (As noted before, for amenable groups G, (Ay)nen must be replaced by a so-called Fglner sequence.)
Note that

2
641) E,

1
Al 20

JEAN

Since ' is colour regular and u' € 7%, we have u' € R'”. Hence, by Lemma

Covvé (xi, xj) = lim Cov,1 (x;(t,), x(t,))

IA

In
lim 2[g| f ds 3BT (G A), (kA B (i A), (K, A))
" 0 G
(6.42)

IA

2ligll f ds > Baga [are) i 0 Le ari (0 1o
0 keG

IA

2||gll f ds Ega)a) (a1 = J,0) e Les] -
0

Since I, < oo, we see that the last integral is finite. Since limy;_jj—c @,(i — 7,0) = 0 for all # > 0, it follows
by transience and dominated convergence that limy;_ e Cov,1(x;, x;) = 0. Since Cov,i (x;, x;) < 1 for all
i, j € G, for all € > O there exists an L € N such that

2
1 1
lim E, || — x,—e] = lim — Cov,i1(x;, x;)
v || T JZA W 1A JZA 9
. 1 1
(643) = ]\1]1_r>rolo |AN|2 Z COVV:;(xi,Xj) + m Z COVV};(X"’ )Cj)
i,jeAn i,JEAN
lli-jli<L lli=jlI>L
,jeAy: |li—J| <L ,jeAy: |li—J|| > L
< lim Hi,jeAy: |li—jll < L} + e lim Hi,j€An: |li = jll > L} e
N—oo |AN|2 N—oo |AN|2

We conclude that

(644)  lim B,

SRR

JEAN

and the same holds for v4. Let lim, o L(Z(1,)) = ¢ such that lim, e, £(Z'(1,)) = v, and lim, e L(Z*(1,))
= vé. Then by translation invariance of vy and the fact that ¥y(Ey X Ep) = 1, we find

1 1 f 2
— x: — 0|+ dv
|Anl Z J P

JEAN
Letting N — oo, we see by translation invariance of vy that E;, [|A;|]] = O for all i € G.

l 2
A 2% 0

JEAN

1
(6.45) dvglA| = f dip— Y |xt—x%| < f dv)
EXE 0 EoxEy “1AN] Z I o

JEAN Eo
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The result in (6.44) holds also for x; replaced by y;,,, m € Ny, since the integral in (6.42)) can only
become smaller when we start from a dormant site. Replacing |A;| in by |0;m|, we obtain, for all
m € Ny,

(6.46)  Ey, [16iml] =0, ¥V m € Np.
We conclude that the coupling is successful. O

Let (S,)=0 denote the semigroup associated with (2.12)-(2.13). To prove the existence of an invariant
measure, note that £ X E is a compact space. Hence, if #, — oo, then the sequence S, has a convergent
subsequence. In Lemma [6.9] below we show that each weak limit point of the sequence S, is invariant

under the evolution of Z.12)-2.13).

Lemma 6.9. [Invariant measure] Suppose that u € R~ and that u is colour regular. If t, — oo and
S, — Vg, then vq is an invariant measure under the evolution in Z12)-@2.13).

(2)
6

Proof. Fix s > 0. Let uy = p and yup = uS,;. We couple y; and u, via their Brownian motions (see

(6.27)—(6.28)). Note that, by the SSDE in (2.12)-(2.13)),

E|IAO)] + Y Knloim(O)l| = E

meN,

1x:(0) = xi(s)] + Z Konlyim(0) _yi,m(s)|:i

meN,

=EH fo Za(i,j) [xj(r) = xi(r)] dr + fo V& (xi(r)) dwi(r)

(6.47) ’fG
Km m im — Al d
+f0§N] e [yim(r) = x(r)] dr
> |em[yi,m(r)—xi(r)]|dr].
meN 0

Using that all rates are finite and that, by Knight’s theorem (see [RY99, Theorem V.1.9 p.183]), we can write
the Brownian integral as a time-transformed Brownian motion, we see that E[IAi(O)I + Dmen, Kml6im(0)l] <
co. Hence, by Lemma we can successfully couple ,u1 and ,uz, and lim,,_, ,qu f = 1My 00 S 684, = V.
By the Feller property of the SSDE in (2.12)—(2.13), it follows that

(6.48) veSs = lim u(t,)S s = lim uS, S5 = lim uSS,, = vo.

We conclude that v, is indeed an invariant measure for the SSDE in (Z.12)-@.13). o

3. Invariant measures have vanishing covariances in the seed-bank direction 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 6.10. [Deterministic deep seed-banks] If vy = lim, ., uS ,, for some colour regular 1 € 72((92) and
t, — oo, then

(6.49) lim Var,,[yin] =0 Vie@G.

Proof. Since vy is translation invariant, it is enough to show that lim,,_,., Var,,[yo,,] = 0. Since u(0) € Réz),
it follows from Lemma [6.1] that

m—00 n—00

. . . 2
Tim Var,, o] = Jim 1im B, | (vomt2) = Eulyon (1)’ |

(6.50) o h o o
= fim fim 2 | ds 7 b0 (0. D) (ks AN B (0, Do, (ks AD Eelgi(5)

m—00 n—00
keG

Since g is positive and bounded, it is therefore enough to prove that

651)  lim lim f Cdu Y B0, D). (ks ) 6P (0. D). (k, A)) = 0.
0

m—00 n—00
keG
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Recall (see e.g. (6.42)) that B2((0, Dyy), (k, A)) BP((0, D,y), (k, A)) is the probability that two random walks,
denoted by RW and RW’ and moving according to b@(., ), are at time u at the same site and both active.
Define
(6.52) T={t>=0:RW() =RW'(t) = (i,A) for some i € G}.
Then we can rewrite the left-hand side of (6.51) as
A
lim fim | du ) 6P(0, D). (k, A) b (O, D). (k. A))

m—00 n—00 0
keG

In
lim lim [ duE,p,).0.0,) [Z Lirwa=k Lirw =k Lew 16’(4
0

m—00 n—00
keG

In

lim lim [ duE,p,).0.0,) [Z Lirwi=t Lirw w=k Lew 1ero (ir<oo) + I{T:m})}

m—00 n—00 0
keG

(6.53)

lim lim E(O,Dm),(O,D,,,) Liz<co}E0.0,).0.0,,) [ f duz Lirwa=k) Lirw =k Lew Lera | “ﬁ”

m—oo n—
keG

lim lim E(O,D,,,),(O,D,,Z) 1 {r<oo} E(O A),(0,4) [f dM Z 1 {RW(u)=k} l{RW/(u) =k} 16(14)18/04)”

m—00 n—00
keG

lim lim E p,,)0.0,) | lir<colB(0.4).0.4) [ f duz Lirw =y LW )=k} 18(u)18’(u)”

m—00 n—00
keG

IN

n%lg)lq P.p,).0.0,) (T < oo) Loy

where we use that /;, < oo, the strong Markov property, and the fact that for T = oco the product of the
indicators equals O for all u € Ry. Therefore (6.49) holds if

(654) yll_I}l;} P(O,Dm),(O,D,,,) (T < oo) =0
Define
(6.55) 7" =inf {r > 0 : both RW and RW’ are active at time ¢}.

Note that 7" < 1. Theorefore we can write (recall that in model 2 the random walk kernel a(, -) is assumed
to be symmetric),

lim P.p,,)0.0,) (T < )

,},‘_{Eo E0.0,).0.0,)[Lir<co}]

lim E,p,,),0.0.) [I[T*<oo} Eo.0, [Lr<co) | 7:7]]

lim E,p,),0.0,) [BRVEORYE 1 ]

= hm Z P0,0,,0.0,) (RW(T*) = (k, A),RW' (%) = (I, A)) E.a)0.4) [1{r<c0]

k leG

= lim Z E0.0,).0.0,0[ar¢(0, k) a7+ (0, D1E0.4) 1-k.4) [1{r<co ]
k,leG

(6.56) = lim Z E0.0,0),0.0,0[87¢(0, k) ar-+y(=k, I = )1 E(0,4),0-k,4) [Lr<c0}]

k,leG

= lim Z E0,0,).0.0,) (@70, =k) ey (=K, DIE©.4).(j) [1{r<co ]
k,jeG

= lim Z Ewo.p,0.000lar) 1@ 0, D1 E.a).04) [Lr<oo)]
jeG

= lim Z E0.0,0.00mla1) 1@ (0, N E.a)(i) [Lir<oo)]
JjeG
Il

+ lim Z E0.0,0,0.0,0[87) 70y N E,4),04) [Liz<oot] -
JjeG
I17lI>L
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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 lim,, e . jcc >z Eo.0,02 @10+ 70, D1 E0.4),(i4) [Lr<eo)] < 5+
Using the symmetry of the kernel a(:, -) in model 2, we find

E0.4).G.4) [Lir<eo}] = E0.4).(4) f dS1€Teds}}
/O

< Ewoa).ii4) f ds Z 18(&)18’(s)1{RW—k]l{RW’_k}}
0

(6.57) ke

< Eoa)Ga) f ds Z&T@)(O,k)&r(s)(j,k) Legs) lsm}
[0 keG

< E.a).a) | I) ) ds ars+1(s)(Us 0)18(3)18’(3)} :
The last integral in the right-hand side is dominated by I, (recall (3.43)). Since, for all # € Ry,
(6.58) ”jll}gloo a0, ) =0
it follows by dominated convergence that for each € > 0 we can find an L such that, for all || j|| > L,

(6.59)  Ea).ja) [Lr<e)] <

Hence, for L sufficiently large, we find

NIm

Z E0.0,0.0.0,) @1+ 7:)(0, )] [E<0A) G [1 r<oo>]]
* jeCllL

< lim 3 Z Ew.p,.0.0mar@ )+ (0, )] < 5.
JEGIIjlI>L

(6.60)

Claim 2: For L given as in Claim 1, lim,_.c 3 jec i<z Bo.0,2 (87 )+1 (0, DJECVUD[1 )] < 5.
For the first sum, note that

lim Z E.0,0.0.00 8w @)s1@) (0 DI E©.a)Gi) [Lr<oo)]

JjeG
i<z

< lim Z Ew,0,.0.00a1r)+17()(0, )]

JjeG
lljll<L

= 11m Z E0,4),0,0,) a1+ (0, DI,

I\szL

6.61)

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 — oo. Recall that we
assumed (3:19): e,, ~ Bm™ for B > 0. Note that, in order for the random walks to be both active at the
same time, the random walk starting in (0, D,,) has to become active at least once. Hence, for all 7 > 0, we
have

(6.62) hm P((] D), (()A)(T <H<lml-e —eml — (),

m—oo

By (6.12) and [EJU19], we also have for the random walk starting in (0, A) that
(6.63) lim T'(¢) ~ ct”.
t—o0
Fix € > 0. Since lim,_,, &,(0, j) = 0 for all j € G, we can find a T* such that, for all # > T*,

6.64) > a0,)) <&
JeG
lljll<L
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By (6.63), we can find a 7 € Ry such that P )(T(7) > T*) > 1 - £. By (6.62), we can find an M € Ny such
that for all m > M,

(665) lim P(O,D/,,),(O,A)(T* < f) < 5,
m—oo

and hence

(6.66) nlljrolo ; Eoano0onlaray ey O, DI < e+ e+£=5.

i<z

4. Uniqueness of the invariant measure vy when p = co.

Lemma 6.11. [Uniqueness of and convergence to vy.] For all 6 € (0, 1) there exists a unique invariant

measure vg such that lim,_,., u(t) = vy for all colour regular u(0) € 7';rg.

Proof. Suppose that v}) and vg and are two different weak limit points of u(#,) as t, — oo, and that u € Réz) is
colour regular. Let (Z(£))z0 = (Z'(£), Z*(1))120 be the coupled process from (5.90)—(5.91) with £(Z(0)) = ¥,
L(Z'(0)) = v} and L(Z*(0)) = v2. Define the process Y' by

1_ (yl
Y= (Y (m))me|—1}uNo’
Y1) = (5 Oieas  Y'0m) = (3],,(0))ieg for m € N.

Thus, Y! has state space [0, 11 and LYY = £L(Z'(0)) = v;. We can interpret Y'asa process that describes
the states of the population in the seed-bank direction. Similarly, define the process Y2 by

¥? = (Y2(m))

(6.67)

me{~1)UN, ’

Y2(=1) = (57 (0)ieg,  Y2(m) = (77,,(0))ie for m € No.

Thus, Y? has state space [0, 1]% and £(Y?) = L(Z*(0)) = vg.
Define the o-algebra’s B}, and B', respectively, B3, and 8° by

6.69) B =0ya,By, By =0(¥,: i€cG m>M), ke{l2}
Here, B! and B are the tail-o-algebras in the seed-bank direction. By Lemma|6.10] we have
(6.70)  lim L,1(yin) = lim L (i) = 6.

(6.68)

Hence, B' = 52, both are trivial, and vel, and vg agree on B. Therefore Goldstein’s Theorem [Gol79]
implies that there exists a successful coupling of Y' and Y?. Consequently, there exists a random variable
T ¢ {—1} U Ny such that, for all m > T, Y'(m) = Y?(m), i.e., [0;m(0)] = O for all i € G and
P(T*°"P < o0) = 1. Hence

=B

©7)  BIAOI+ ) Knl6i(0)]

meN,
However, we cannot conclude that the left-hand side of (6.71) is finite. Therefore, let Vg|(rcow7) denote the
restriction of the measure ¥, to the set {T°°“P? < T}. Since {T°"P < T} is a translation-invariant event in the
spatial direction, the measure vy|rew<7) is translation invariant. Moreover,

Teoup
MO+ Km|6,»(0)|}.

m=0

A

(6.72) E 1A (0)] + Z K|6i(0)]

meN,

Volreoup 7y

T
= Boy e, [|A,-(0)| > Km|6,»(0>|} <.

m=0
Therefore we can use the dynamics in (6.30) and conclude that, forall 7 € N, I@’M(
(6.40)). Since limy_,e Vglireow<ry = Vg, it follows that

(6.73) By, (Eox Ep) = 1.

By (6-43) and (6.46)), we conclude that v} = v; and hence that all weak limit points of (u(f))zo are the
same. Suppose now that u'(0) € 7, and p*(0) € 7, are two different colour regular initial measures.
By the above argument, we know that lim,_,., u'(¢) = vé and lim;_,, pz(t) = vﬁ. By Lemma we know
that vé and vé have the same trivial tail-o-algebras in the seed-bank direction. Hence, repeating the above
argument, we find that Vé = vg. We conclude that for each colour regular initial measure u € ‘T; " the SSDE
in 2.12)—2:13) converges to a unique non-trivial equilibrium measure vj. m

(Eg X Ep) = 1 (recall

TCOUP<T}
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5. Ergodicity, mixing and associatedness. The equivalent of Lemma for p = oo follows in the same
way as for p < oo.

6.4 Proof of the dichotomy

Theorem [3.3[I)(a) follows from Lemma and Steps 3-5 in Section [6.3.1} The equality E,,[xo] =
E,,lvoml = 6, m € Ny, follows from 2.12)-(2.13), the fact that v, is an equilibrium measure, and the
preservation of 6 (see Section[3.2)). Theorem [3.3[I)(b) follows by combining Lemma [6.3] with the analogue
of Lemmal[5.5] Theorem[3.3{1I) follows from Lemmas the analogue of Lemma[5.3] and Step
6 in Section The equality E,,[xo] = E,,[yom] = 0, m € Ny, follows from in Step 1 of Section
6.3.2]

Corollary [3.4(1) corresponds to y € (1, ) and p < oo, and migration dominates. Corollary [3.4(2) cor-
responds to y € [%, 1] and p = oo, and I;, shows in interplay between migration and seed-bank. Corollary
3) corresponds to y € (0, % 1) and p = oo, and the seed-bank dominates: I, < co because 4,(0,0) < 1.

6.5 Different dichotomy for asymmetric migration

It remains to explain how the counterexample below Theorem 3.3]arises. We focus on the case when p < o,
which implies E(1) < oo, but we assume E(r2) = co. Therefore the central limit theorem does not hold for
T(t), T'(t), and A(f) > M(¢). Hence (5.37)) must be replaced by

1 .
(6.74) f@) = W \f[ﬂﬂ]d dge [1+o(1)] 2Br [1-2(4)] [COS (A(t)a(gb))] )
The key observation is that if @(¢) # 0 (due to the asymmetry of a(-, -); recall (5.28)), then the expectation
in (6.74) can change the integrability properties of f(7).

Under the assumption that 7 has a one-sided stable distribution with parameter y € (1,2), we have
with A = /(1 +p) and B = 1/(1 + p), while there exists a constant C € (0, o) such that (see [Fel71}
Chapter XVII])

(6.75)  E[cos(A()a(g))] = e IHowranca@r

Substituting into (6.74), we see that for large ¢ the contribution to f(r) comes from ¢ such that
a(¢) — 1 and a@(¢) — 0. By our choice of the migration kernel in (3.33), this holds as ¢ = (¢1, ¢2) — (0,0).
Using that 1 — a(¢) ~ 3(¢7 + ¢3) and @(¢) ~ 3n(¢1 + ¢2) for (41, ¢2) — (0,0), we find that (6.74) equals

6.76)  f(1) = (21)2 f dgpe11oD)] {Bl(fﬁf*(ﬁ%)#\t[l%Cn(¢1+¢z)\]7}’ t = oo,
T [=7,7]?
Hence the integral in is determined by ¢ such that

677) B} +63) + AlCngs + )l < <.

for ¢ a positive constant, and we find that f(¢) =< t_(%%). Since y € (1,2), f(¢) is much smaller than
a;(0,0) = 1/t, valid for two-dimensional simple random walk. Thus we see that r — f(¢) is integrable,
while ¢t — a,(0,0) is not.

6.6 Modulation of the law of the wake-up times by a slowly varying function
The integral in (3:39) is the foral hazard of coalescence of two dual lineages:

o If v € (0,1), then the probability for each of the lineages to be active at time s decays like <
@(s)"'s~1= [[AB16]. Hence the expected total time they are active up to time s is < ¢(s)~'s”.
Because the lineages only move when they are active, the probability that the two lineages meet at
time s is = ag;),,ﬂ(o, 0). Hence the total hazard is = flm ds @(s) 25721V a%,,ﬂ(o, 0). After the
transformation ¢ = #(s) = ¢(s)”'s?, we get the integral in (3:39), modulo a constant. (When carrying
out this transformation, we need that lim,_,. s¢’(s)/¢(s) = 0, which is immediate from (3:38), and
o(t(s))/¢(s) < 1 as s — co, which is immediate from the bound we imposed on ¢ together with the

fact that lim,_,. log ¢(s)/log s = 0.)
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e Ify = 1, then the probability for each of the lineages to be active at time s decays like ¢(s)~' [ABI6].
Hence the expected total time they are active up to time s is < s@(s)~!. Hence the total hazard is

= [ ds@(9)afy) , (0,0). After the transformation = 1(s) = ¢(s)™'s, we get the integral in (3:39),

modulo a constant.

7 Proofs: Long-time behaviour for Model 3

The arguments for model 2 in Section[6]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 [6]

7.1 Moment relations

Like in model 1 and 2, we can relate the first and second moments of the system in ZI8)-2-19) to the
random walk that evolves according to the transition kernel b3(,-) on G x {4, (Dim)men, } given by (2.53).
Replacing in Lemmathe kernel b?)(-,-) 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 < co as well as for
p = 0.

7.2 The clustering case

To obtain the equivalent of Lemma [6.3] we need to replace the kernel a(-,-) by the convoluted kernel
(@ % 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
(3:40)). Therefore the expression in needs to be replaced by

1 1= f At >0 T Bow|arwn(© b ara (0,1l Day @ ) lewn lown]
0

kk'eNii'eG jeG

where &Z(~, ) is the step-k transition kernel of the random walk with displacement kernel &' (-, -). Using the
symmetry of both kernels, we can carry out the sum over j, i and write

I= f dt > > Bow|arwrwn©. ) a0, ) lewn lown|
0

kk'eN jeG

(7.2) = f dr > Eou[aroero(0. 1) o0 0) lew Lo
0 "
jeG

= L dt E(O,A)[(&T(tHT’(t) * flj\,(m,v,(,)) (0,0) 1gq 18’(t)]~

The last expression is the analogue of (5.25)).
For p < oo, following the same line of argument as for model 2, we find with the help of (3.41) that

(7.3) I = f " dr (@, * a))(0,0).
1

For p = oo, with the help of the Fourier transform we compute

. 1 , . ,
— —(TO+T"O)1-a(P)] AT £ \NO+N' (1)
Eoml(@rmsro * ayene) 001 = Eon [(27r)d f<] dpe TR A @™

(7.4) — ! f d¢ e [1+o(D]2er7 [1=a()] o~[1+o(1)] 27 [1-a"(4)]
(27T)d (-m,m]d

= (@err % 4f,)(0,0) = (@, *a[,)(0,0),
where we use (3.41), (6.12) and the fact that deviations of T(¢)/” and T'(¢)/¢" away from order 1 are
stretched exponentially costly in ¢ [EJU19]. Hence

(7.5) I = f de 2@, = a,)(0,0).
1



A DERIVATION OF CONTINUUM FREQUENCY EQUATIONS 57

Putting s = #¥ we obtain, instead of (6.22)),

(76) 1 = 0 — Ifl*fl?,y = 0

with
(7.7) Lty = f ds s~ @, « al)(0,0),
1

which is precisely the integral in (3.43).

7.3 The coexistence case

The coexistence results in Theorem [3.6 follow for both p < co and p = oo by the same type of argument
as the one we used for model 2 in Section We replace (Z.12)—@2.13) by @.I8)—@.19), replace b>(-, -)
(see by b3(-,-) (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 [,,;+ < oo, while for p = co we have
I[I*a)‘,y < 00,

7.4 Proof of the dichotomy

This follows in exactly the same way as for model 2.

A Derivation of continuum frequency equations

Model 1. We give the derivation of (2:4)—(2.3) as the continuum limit of an individual-based model when
the size of the colonies tends to infinity. We start with the continuum limit of the Fisher-Wright model with
(strong) seed-bank for a single-colony model as defined in [BGCKWB16]. 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 [BGCKWB16] con-
sists 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 such that €N is integer and eN < M. Put§ = % 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, 6M = €N 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 — )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.

Let c = eN = 0M, i.e., c 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 &k) = (£;(k))jen; € 10, 1}V 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 (k) = (17;(k)) jern € {0, 1! be the random vector where 7 (k) = 1if the j’th individual is of type
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Figure 6: 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 0 = % 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 ¢ = 2, but returns in generation ¢ = 3 via the
seed-bank.

© at time k and 5;(k) = 0 if the j’th individual is of type ¢ at time k. Let v = {0,

M =1{0,4,2,2 ... 1}. Define the variables

..., 1} and

1
XNk) = v Z Ligweo on Y,
JEIN]
(A.1)

1
YN(k) = N Z l{nf(k)qu} on IM.
JEIN]

Let P, denote the law of
(A2) XY, YY) = (XN, YN () ke,
given that (XV(0), YV(0)) = (x,y) € IN x IM. Then, as shown in [BGCKWBI6]],

Pry(£3) =Pry(X) = £ Y =)
(A.3) ¢ ) o ) )
= Z Py (Z = ") Puy(U = XN — ¢ ) Pyy(V = M — yM + ¢).
=0

Here, Z denotes the number of dormant ©-individuals in generation O that become active in generation 1
(L+y(Z) = Hypyeym)» U denotes the number of active individuals in generation 1 that are offspring of
active V-individuals in generation 0 (L, ,(U) = Biny_.), and V denotes the number of active individuals
in generation 0 that become dormant ©-individuals in generation 1 (L,,(V) = Bin, ).

Speed up time by a factor N. The generator GV for the process (X" (LNk]), YV (INk]))ien, equals

(G )(x,y) = NE,, [f(XV (D), YN(D) = f(x, )],
(A.4)
(x,y) e IV x 1M,

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 XV(1) = % and YV(1) = ’MJ'#

N — oo, we end up with the limiting generator G given by

and letting

2

0 > 0 0
sy @@ == 0F e+ p-nF )+ x0T,

(x,y) € [0,1] x [0, 1],
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where K = % 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 [EK86, Section 7.8]. It follows from the form of G
that this limit is described by the system of coupled stochastic differential equations

dx(t) = ¢ [y(®) — x(O)] dt + /x(B)(1 = x(1)) dw(?),
dy(n) = % [x(1) = y(1)] dz.

This is the version of (Z4)—(2.5) for a single colony (no migration) and exchange rate

(A7)  e= %

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, Jj) 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 (Z:4)—(2.3)) 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 [Moj18].

Model 3. To get (Z.18)—([2.19), also extend Step (3) by adding a displacement via the kernel a'(-,-) for
each transition into the seed-bank.

B Alternative models

In this appendix we consider the Moran versions of models 1 and 2. What is written below is based on
[Moj18]l. 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 [B.THB.2] 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 [B.3] Migration can be added in the same
way as is done in Appendix [A]

B.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 ¢.

X(#) is the number of ©-individuals in the active population at time ¢.

Y(?) is the number of ¥-individuals in the dormant population at time .

Z(t) is the number of individuals in the active population at time ¢ (either © or ¢).
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In the Moran model with seed-bank each active individual resamples at rate 1, each active individual be-
comes dormant at rate € and each dormant individual becomes active at rate 6. Hence the transition rates
for (X(1), Y(¢), Z(¢)) are:

o (i,j,k) > (i+1,j k) atrate (k — i)i.
o (i, jk) = (i— 1, j,k) at rate i =2,

e (i,jk) > (@{—-1,j+1,k—1) atrate €i.
e (i,jk) > ({@+1,j—1,k+1)atrate 9j.
e (i, k) > (i, jyk— 1) at rate €&

o (i, j,k) = (i, jk+ 1) at rate =~/

For the scaling limit we consider the variables
- 1 - 1 _ 1
B.1 X() = =X(N1t), Y@ ==Y(N1, Z({t) = —=Z(Nt).
(B.1) ()N()()N()()N()
Hence
B2) X, Y0, Z®) e x 1V x IV, V={o.4. 2. )

Since in (B.I)) 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 A, cP e (0, ) such that (see [BGCKWBI6,

p- 8]
(B.3) Ne = ¢4, N6 =P, N e N.

We can then write down the generator GV:

Nl L Y v bl (it 1 kY (i ]k
@ f)(N’N’N)_N(k Dy f( N ’N’N) f(N’N’N)]
k=i i-1 j k i j k
TN f(T’N’ ﬁ) _f(ﬁ’ ﬁ’ﬁ)}

L .

B4

(GNf)(N v ]f,)—i(kk_i) [( )Zif 0[(
+CAZ[( )Z{Z ( )0y+ 2
(¥ )Zﬁ ()5 (35 el(5] )

(B.5) +cPj
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Next, suppose that
.0 ] .k
BO Jmyex o Jmgen g gec

Letting N — oo in (B.3)), we obtain the limiting generator G:

d? 0 0 0
(B.7) (GH(x,y,2) = zg (1 - g)(#;) +[cPy-cA ]6_£ +[cAx - ch]a—;c +[PA-2)-ct z]a—f

Therefore the continuum limit equals

dx(¢) = \/z(t) 20 (1 Z([)) dw(®) + [¢” y(2) — ¢ x(2)] dr,

dy(0) = [¢* x(t) — P y(1)] dt,
dz(r) = [P (1 = 2(0)) — c* z(1)] dt.

(B.8)

Since z(?) is the fraction of active individuals in the population, 1 —z(?) is the fraction of dormant individuals
in the population. Therefore the equivalent of the parameter K in Appendix [Alis K(¢#) = (1 — z(¢))/z(?).
Moreover, x(7)/z(¢) is the fraction of ©-individuals in the active population at time ¢ and y(¢)/(1 — z(?)) is
the fraction of ©-individuals in the dormant population at time z. The last line of (B.8) is an autonomous
differential equation whose solution converges to

B.9) = !

exponentially fast. After this transition period we can replace z(f) by z*, and we see that K* = ¢4/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 © « number of dormant individuals of type
y =

b}

(B.10) x(f) =

total number of individuals 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

o A t o A\ (P t
(B.11) x(t)—(1+C—D)x(l+z_g], y(t)_(1+c_D)(c_A)y[1+§_g]'

After a short transition period in which z(f) tends to z*, we see that by setting

A D CA D
« C Cc C
(BlZ) K=K ZC—D, €=c—Am,

we obtain
dx(z) = Vx()(1 = x(2)) dw(?) + Ke [§(t) — x(1)] dt,
dy(n) = e [x(1) — ()] dt,

which is the single-colony version of (Z.4)—(2.5) but without migration. Migration can be added in the same
way as was done in Appendix [A]

(B.13)

B.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(7) is the number of ©-individuals in the active population at time .
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e Y|(¢) is the number of ©-individuals of colour 1 in the dormant population at time .
o Y,(¢) is the number of ©-individuals of colour 2 in the dormant population at time .
e Zp,(2) is the number of dormant individuals of colour 1 at time # (either © or ¢).

e Zp,(2) 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 Z,(t) = N — Zp, (t) — Zp, (?).
Since the number of individuals N is constant during the evolution, Z4(¢) can be derived from Zp, (¢) 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 p,, where py, p, €
(0,1) and p; + p» = 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 €, = € p,. A dormant individual with colour 1
becomes active at rate 0, a dormant individual with colour 2 becomes active at rate §,. Thus, the transition
rates for (X(¢), Y1(2), Y2(1), Zp, (1), Zp, (1)) are:

o (i, j,k,l,m) — (i+1,j,k,1I,m) at rate (N—l—m—i)#;m.

(i, jk.l,m) = (i — 1, j,k,I,m) at rate i 5-52"=0,

@, jk,I,m) — (i—1,j+ 1,k, [+ 1,m) at rate 1.

G, jk,I,m)— (i+1,j—1,k,1—1,m)atrate 0,].

@, jk,I,m) > (i—1,j,k+1,l,m+ 1) at rate 1.

G, jk,L,m) — (i + 1, jk— 1,1, m — 1) at rate &-k.

@, jk,I,m) — (i, jk, I+ 1,m) atrate ¢,(N — [ — m — 7).

G, j.k,l,m) = (i, jk,lm + 1) atrate (N — [ — m — i).

(i’ js k, l, m) - (l9 j’ k’ I- l’m) at rate 61(1 - .])
o (i, )k I,m)— (i, j,k,I,m— 1) at rate 5,(m — k).
Proceeding in the same way as for the 1-colour seed-bank, we define the scaled variables
- 1 - 1 - 1
X() = =X(N1), Y(t)==Yi(Nt), Ya(t)=—=YaNt),
O = SXWND), Y1) = ZHiN), - D) = SV

(B.14) ) ) ) 1
ZD] (t) = NZDI (N[)9 ZDz ([) = NZDI (Nt)

We assume that there exist ¢/, ¢4, c?, ¢2 € (0, %) such that

(B.15) Ne=c}, Ne=c), Né=c, N&=c), NEeN,
and further assume that

L . i .
lim — = x, hmizyl, ]gl_r)rgoﬁzyz,

N—»ooN N—>00N
(B.16) i N-l-m _ . N-l-m _ . N-l-m _
N TN B A T TN =

Using the same method of converging generators as for model 1, we obtain the following continuum limit:
— x(7) x(¢
dx(t) = \/ZA@)ZATm” 22 v
+ [ePyi0) - et xn)] de + [Dyatr) - S x(r)] d,

dyi (1) = [efx(t) = Py ()] dr,

dya() = [ x(0) = ya(0)] i,

dza(t) = [Pz, (1) = 24 () + 2, (1) — Hza(®)] dr,
dzp, (1) = [efza(t) = Pz, (1)] dt,

dzp,(1) = [CE‘ za(t) = c5zp, (t)] dr.

B.17)
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Note that the equation for z4(f) = 1—zp, (f)—zp,(¢) follows directly from the equations from zp, (¢) and zp, (¥).
It is therefore redundant, but we use it for notational reasons. Again, we see that z(t) = (z4(t), zp, (¢), 2p,(t))
is governed by an autonomous system of differential equations. Solving this system, we see that

“ &

. 1 . Pl . &
(B.18) ,lim zA(t) = pra— }Lm zp, (1) = ' - }1m zp, (1)) = ﬁ.
® 1+5+2 ® 1+5+2 7% 1+ 5+ 2
o D St D

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

_ o 4 t
x(t) =1+ ;) + ) X ,
Y 1+35+2
1 53
) ci g\ t
B.19) O =|l+F5+5 || —=—=|
G G J\G 1+%+2
< =
A A D
C fos c t
_ _ 1 2 2
O =|1+—5+—5 (7)}’2 p—
. GJ\G 1+ +3
< =
Defining
i n
(BZO) Km = C_D, €nm = s me {1$2}’
m

L'A CA
1+5+%
Sl @

we see that, after a short transition period, the system becomes
dx(®) = VX1 — () dw(?) + Kie; [72(0) — X(D)] df + Kzea [y1(1) — X()] ds,

(B.21)  dyi(1) = ey [%(1) — y1 (1] dr,
dy2(2) = ez [X(1) — yo(1)] dt,

which is the single-colony version of (Z.12)—(2.13) with 2 colours and without migration. Note, in particu-
lar, that after z(¢) reaches the equilibrium point in (B-I8)), we have

(B.22) K - number of dormant individuals with colour m

e {1,2}.
number of active individuals > mell2)

It is instructive to show how the above result can also be derived with the help of duality. The ar-
gument that follows easily extends to an n-coloured seed-bank for any n € N finite, to be considered in

Appendix B3] Recall from (B-T7) that
dza(®) = [Pz, (1) = ¢} 2a(0) + B2, (1) — Hza(0)] i,
(B23)  dap,(t) = [} za() - Pzp, (0] dr,

dzp, (1) = [S2a(t) — Dz, (1)] dr.

Let
_ .49
za) =1+ ? + g za(0),
B.24) zZp@) =1+ i + ﬁ (i]m ()
‘ of )]
_ a.,a\2
o, =1+ ? + g [gJZDZ(l‘).
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Substitute (B:24) into (B:23)), to obtain
dza() = ¢} [2p, () — 2a(D] + &5 [Zp, (1) — Za(®)] dt,
(B.25)  dzp,(t) = P [za(0) — Zp, (D] dt,
dzp, (t) = 5 [2a(D) = Zp, (1)] dt.

To define a dual for the process (Z4 (1), Zp, (1), Zp, (t)))=0, let (M(1));»o be the continuous-time Markov chain
on {A, Dy, D,} with transition rates

A — Dy atrate ch, me{l,2},
(B.26) IS
D, — Aatratec,, mec{l,2}.

Consider / independent copies of (M(?))»0, evolving on the same state space {A, Dy, D>}. Let (L(#));»0 =
(La(®), Lp, (1), Lp,(1))>0 be the process that counts how many copies of M() are on site {A}, {D;} and {D>}
attime z. Let / = m + nj + ny. Then (L(#)),»0 is the Markov process on Ng with transition rates

(m—1,n +1,n,) at rate mc,

B27)  (mnpny) — (m-1,n;,n+1) at rate mc%,
Y m+1,n; —1,m) at rate nyc?,
(m+1,n;,n—1) at rate npc’ .

Note that Ly (r) + Lp, (t) + Lp, (t) = Lx(0) + Lp,(0) + Lp,(0) = m+ny +ny = I. Define H: R* xN; — R by
(B28)  H((Za.Zp,.Zpy), (m.ni,mo) = a7 25

Using the generator criterion [JK14| Proposition 1.2], we see that, for all # > 0,

(B.29)  E[H(za(1),Zp, (D), Zp, (1), (m(0), n1(0), n2(0))] = E [H((Za(0), Zp, (0), Zp,(0)), (m(t), n1 (1), n2(1)))] -

Therefore (L(?)):>0 and (Z(#));>0 are dual to each other with duality function H.
Since (M(1)),s¢ is a irreducible and recurrent, we can define

1
7 = lim B(M(1) = A) = ————,
—oo 1 N % R %
ey b
A
%
(B30) 7o = ImP(M(@) =Dy) = a,‘] -
1 2
g
np, = im P(M(¢) = D;) = &) '
D f—oo ( ( ) 2) 1 R ﬁ . ﬁ
P b

Using the duality relation in (B.29) together with (B230) and (B:24), we find

}Lrglo E[z4a(®)] = 74Za(0) + 7p,Zp, (0) + 71p,Zp, (0)

o )
B.31 L . CAE
(B.31) = T 20) + a0+ o 0,(0)
L p L =2 L p
1+C?+c? 1+C?+c§ 1+c?+c§

24(0) +zp,(0) + zp,(0) = 1.

Using the duality relation in(B.29) once more, we get

(B.32)  lim E[zy(0] = lim Ezp, (] = lim E[zp,(®)] = 1.

Computing the limiting second moment lim,_,., E[Z4(f)*] by duality, we obtain

(B33) WmEEAY]=lim ) BM} =DZOPGM = )70 = ) x&0) Y, 770 =1
" gjeD ] i€{A,D1,D>} JEIAD1,Dy}
1,2
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Similarly, we find lim,,e E[Zp, ()*] = 1 and lim,, E[Zp,(#)*] = 1. Combining (B.32) and (B:33), we find
(B34)  lim 24(0) = lim 2p, (1) = im 2,0 = 1.

Hence we conclude that

a a9

. <t . <
(B.35) lim z4(¥) = —, limzp, (1) = ~ —, limzp,(r) = ~ —
e 1+%5+3 = 1+5+3 7 1+5+32
o g o o e

Continuing as in (B.19), we again find the single-colony version of (Z.12)-2.13) with 2 colours and no
migration.

B.3 Alternative for Model 2: Three or more colours

The argument in Appendix [B.2]can be extended to an m € N-colour seed-bank, by introducing sequences
of variables (Y,,(1)),_, and (Z,,(?)),,_, that count the number of ©-individuals in the colour-m seed-bank at
time ¢, respectively, the total number of individuals in the colour-m seed-bank at time 7. Let € > O be the
total rate at which an active individual becomes dormant, and define a probability vector (p,,)),_, such that
€n = €py 18 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 [B2] we see

that the equivalent of (B:17) reads

— x(1) x(t)
dx(r) = \/on XORENG! <)+Z[ nym(®) = cpx(0)] dt,
dyn() = [epx(t) = chyn(0)] dt,

dza()) = > [cha, (1) - chza] dr,

m=0

(B.36)

dzp, (1) = [chza(t) = chzp, (O] dt,  0<m < N.

Solving the autonomous system describing z(f) = (za(?), (zp, (t))m o) via duality, and subsequently substi-
tuting into (B236)) the variables

m L‘A) t
)_C(I)Z(l x| ——|,

Zoc,ll) 1+Z;ln=0%

o A ) (P t
ym(t)_[1+ZcD)(c_A)ym[l—md3]’ 0<m<N,

=0 ‘n + 2n0 D

(B.37)

we find the single-colony version of (2.12)-(2.13) with N-colours and no migration. Migration can be
added as in Appendix [A]

It is straightforward to derive the version (Z-12)—(Z.13) with N-colours and M colonies. Afterwards we
can let N,M — oo and use convergence of generators, to find (Z.12)—@213). The limit is unproblematic
because we are interested in finite time horizons only.

C Successful coupling

To prove Lemmal[5.11|we proceed as in [CG94], with minor adaptations. The notation used in this appendix
is the same as in Section[5.3] 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, Z.I8)-2.19).

Proof of Lemma[5.11} The proof consists of 5 steps.
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Step 1. If z € E with x; = 0 and x; > O for some k # i, then
(C.1)  P,@Af > 0such that x;,(f) = 0 ¥ ¢ € [0,]) = 0.
Proof. Suppose that z is such that x; = 0, but x; > 0 for some i,k € G. By 2.4),
! ! !
€2 x)= f Z a(i, Plxj(s) = xi(s)]ds + f Kelyi(s) — xi(s)] ds + f V& (xi(s)) dwi(s).
04 0 0
jeG

Suppose that there exists a T > 0 such that x;(t) = 0 for all ¢ € [0, T'], and therefore g(x;(r)) = 0. Then we
obtain for all ¢ € [0, T'] that

(C.3) f Za(i, Nxj(s)ds + f Key(s)ds = 0.
0 0

jeG

Hence, by path continuity of (Z(#));»0, we see that y;(t) = O for all € [0, T], as well as x;() = 0 for all
Jj € G such that a(i, j) > 0. Repeating this argument, we obtain by irreducibility of a(:,-) that x;(r) = 0
for all k € G and hence y(t) = O for all k£ € G. By path continuity, this contradicts the assumption that
x1(0) > 0. We conclude that (C.I)) holds. O

Step 2. IfZe E X E and g(x}) # g(x?), then for all j,
(C4)  P:(3r >0suchthat Aj(r) =0V €[0,]) = 0.
Proof. Note that the SSDE in (2.4)—(2.3)) can be rewritten as

dzry(0) = Z BV, R, G R)z(ir ) () = 26ry (D] dE + 828y (D) 1ig,=a) dwiD),
(C.5) (JR;)EBX(A,D}

Y (i, R) € Gx{A, D},
with bV (-, -) defined as in (2:31).
Suppose that 7 is such that g(xl.') * g(xl.z). Suppose there exist a T > 0 such that A;(r) = 0 for all

1 € [0, T]. Then also \/g(x}.(r)) - \/g(xg(t)) = 0 forall £ € [0, T]. Using (C3) on A(r) = 2}, 4/(1) — 22, ().
we obtain

C6) 0= fo l Z bV A), (K RO (2l 0 (9) = ZGern(9)) = (20 (9) = 23, (9))] dis.

(k,Ri)eGx{A,D}

Hence

(C.7) Do B A, K R (2lero® = oo ®) = (el = i) ®)] =0 Ve [0,T].
(k,R;)eGX{A,D}

Using (C.3), we can write the SDE for

(C.8) Do BV A, G R (2l ® = 2 ®) = (2 = iy @)
(k,R;)eGXx{A,D}

which yields that, for all ¢ € [0, T],

- f D G AL RO (el ()~ (G (D) ) Lo dwis)
(C9) 0" (k.R\)EGX(A.D}

13
B f D, BGA. CRD (sl 0 = ) D) = (2l O = Foy0)] s
0 (k,R0)EGX(A,D}

where h(D2(-, ) is the 2-step kernel of bV(-, ).
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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

(C.10) fo > a0 (e - e )2 ds.

keG

Since a square-integrable martingale of bounded variation is constant, it follows that (C.10) equals 0. Hence,
for all k such that a(j, k) > 0, it follows that g(x,i 1) = g(xi(t)) for all ¢ € [0, T']. Moreover, the right-hand
side of (C.9) is equal to 0. Iterating the right-hand side of (C.9) further, we find by the irreducibility of a(-, -)
that g(x} (1)) = g(x?(r)) for all ¢t € [0, T], which contradicts the assumption on Z that g(x!(0)) # g(x2(0)).
Hence we find that there does not exist a 7 > 0 such that A;(#) = O for all # € [0, T']. O

Step3. Ifze EXE, i,ke Gand g(xil) = g(xiz) with A; < 0 and A > 0 for some k # i, then

(€11 B (I €041 Ar) < 0, Ar) > 0, g(x] (1) # g(x} (1)) > 0.

Proof. Note that by assumption we have x} < 1 and x]i > 0. Let 7y € [O, i]. If x} > 0, then set zy, = 0.
Otherwise, by Step 1 and path continuity, we find with probability 1 a ty € [0, i] such that xi1 (t9) > 0,
Ai(ty) < 0 and Ar(fp) > 0. Let Z = Z(fp). By the existence of ¢y and the Markov property, it is enough to
prove that

(C.12) Ps (3 €10, 11 A(r) <0, Ap(r) > 0, g(x} (1)) # g(x?(t*))) >0

in order to prove (C.IT). Define the following two martingales:

fot \/dei(s),
fot ( () - \/Zg(x%(s))) dwi ().

Their corresponding quadratic variation processes are given by

(C.13) M;(1)

(C.14) My

(C15)  (Mi(1) = fog(xi(S))ds,

fo (el - s )2 ds.

By Knight’s theorem (see [RY99, Theorem V.1.9 p.183]), we can write M;(¢) and M(¢) as time-transformed
Brownian motions:

C17)y M) = wi(M®)),

(C18) M) = wi((Mp(®D)).

(C.16) (M (1))

We may assume that g(fcil) = g(fciz), otherwise we can set * = 0. Recall that 0 < )”cll <1,A; <0and A; > 0,
and, since 0 < g(x}) = g(?), also ¥ < 1. Choose an € € (0, 5) such that &}, X? € [S¢, 1 - 5¢], —A; > 5€ and
Ar > Se. Let € € (0, €) be such that g(¢) < min{g(u): e <u <1—-¢€},and set c; = min{g(u): E <u <1-¢}
and ¢; = ||g||. Then we can make the following estimates:

(C.19) (Mi(t))y < cot (Mp(t)) < cat, t 20,

(C.20) (Mi(d)) cit for > 0 such that x;(s) € [¢,1 — &] Vs € [0,1].

Define ¢z = min{ ¢ é—:}. Fix T € [0, c3] and define

\%

m7
(C21 Qy = { min_ w;(f) < =1, max w;(t) <€, max |wi(?) <e},
t€[0,c1T] t€[0,c,T] t€[0,c,T]
(C22) Q = {az* € [0, 1] such that Ai(r") < 0, Ac(") > 0, g(x} (") = g(x (1))}

Note that P(Qy) > 0. Therefore it suffices that Qg C Q;.
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We start by checking the conditions A;. Using (2.4), we can write

Ax(t) = Ay(0) + f Z a(k, (A(s) — Ar(s)) ds + f Ke [0r(s) — Ar(s)ds]
(C.23) 0 kG 0

+ jo‘t(\/g(xli(s)) - \/Zg(x,%(s)))2 dwy(s).

Since |A)(?)| < 1, |0x(f)| < 1 for all £ > 0, and M (¥) = wi({M(¢))) for t € [0, T], we may estimate
(C24) Ay(t) > 5€ — 2¢3 — 2Kecs — € = 2e.

So, on Qg, Ai(f) > 0 for all t € [0, T]. By expanding x} (1), we find

(C25)  x/(t)=x/(0)+ f D ali, Dix)(s) = x{ () ds + f Ke(y} (s) — x}(5))ds + My(1),
0

0 G
so that on Q, we have, for ¢t € [0, T],
(C26)  x(t)<1-10e+c3 +Kec; +e=1-8e.

To check the conditions on x} (t) and A;(¢), we define the following random times:

o=inf{t>0: xil(t) = £},

(C.27) , | ,
7=inf{t > 0: g(x; (1)) # g(x; ()}

We will prove that, on €, we have o < 7 and xl.z(‘r) > x} (1) + 3€e. To do so, we first prove that o < T.
Assume the contrary o= > T'. Then by (C.26) we have xi1 (t) € [£,1 — €] for all ¢ € [0, T], which implies that
ming ) M(f) < —1. Hence there exists a « such that, by (C.23),

(C28) x(W)<1-10e+e-1<0.

However, this contradicts the fact that x} > 0 for all # > 0. We conclude that o < T. Now suppose that
7 > 0. Expanding A;, we get, for f < 7,

(C.29) Ai(t) = A(0) + fot ;}; a(i, D(A)(s) — Ai(s))ds + fot Keld;(s) — Ai(s)] ds,

which can be rewritten as

(€C30)  x[(0) = x;(1) = x;(0) + x}(0) fo t ,ZG; a(i, DIA((s) = Ai(s)]ds — fo ' Keloi(s) — As)]ds.
By (C30), we obtain, for ¢ € [0, o],

()< 1—5e+2e+2e=1-¢

C.31
(31 x2(0) = x} (1) + 5 — 2€ > 3e,

SO x%(t) € [e,1 — €] for t € [0,0]. But then g(x}(o-)) =g < g(xiz(t)) by the definition of £&. Hence we
obtain a contradiction and conclude that 7 < ¢. From (C.3I)) we obtain that A;(r) < 0 for all 7 € [0, 7],
which concludes the proof that Qy C Q. |

Step4. Ifze€ ExEand A; <0,A; =0, Ay > 0 for some i, j, k, then
(€32)  B:(Ir €011 Alr) < 0,A,(%) # 0, Ae(t") > 0) > 0.
Proof. Suppose that Z satisfies A; < 0, A; = 0, Ay > 0. Define

Ih={Z€e EXE:A; <0,A; #0,A; > 0},

(C.33) ~ ) 5
IN={Z€e EXE: A <0, g(x;) # g(x;), A > 0}.
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By Step 3 and path continuity, there exists a 7" € [0, %] such that P* (z(T') € I'y) > 0. By the Markov property,

(C34) P:3r €[0,1]: z(t") e Tp) > f P-x(T) € d)B:(Ar" €0, 1]: 2(") € Ty).

I

By path continuity, we can find for 7 € I'; a ¢’ such that, for all r < ¢/, A;(¥) < 0, Ax(¥) > 0 and g(x} 1) #
g(xl.z(t)). By Step 2 there exists a t* < ¢’ such that z(¢*) € I'y. Hence both probabilities in the integral on the
right-hand side of (C.34) are positive. i

Step 5. Proof of Lemma[5.11]

Proof. Suppose that (5.105) holds for the pair i, j, and a(j, k) > 0, but (5.105) fails for the pair i, k. This
implies that there exist ¢ > 0, 6y > 0 and a positive increasing sequence (,),ecy Of times with #, — oo, such

that
(C.35) tlim B: ({Ai(1) < €, Ar(t) > &} U {A(1) > €, Ax(t) < &) > bo.

By compactness of E X E, there exists a subsequence #,, such that £(z(z,,)) converges and (C.33) holds. Let
v = limy_,e0 L(Z(t,,)). Then

v({A,» <A >l U{A > 6,A; < 60}) =0,
(C36)  ¥(1A) < ek > @) U{A; > e, A < &)) = O,

v({A; < &, Ar > 6} U{A; > &, Ar < €}) > 0.
Assume without loss of generality that ¥ ({A; < &, Ax > &}) > 0. Hence, by (C.36),
(C37) V(A < &, Ak > @) = V(1A < €, A} € (—€0, &), At > &}) > 0.
Foreachz € {A; < &, A € (-, &), Ax > €}, Step 4 implies that
(C38)  P:(Ir €011 Ar) < 0,A,(r") # 0, A(t") > 0) > 0,
and therefore, by (C.37),
(€39) By (3r €[0.11: Alr") < 0,A;(") # 0, A(*) > 0) > 0.
By path continuity, we can find T € [0, 1] and € > 0 such that
(C40) By (AAT) < —€, |A(T)|, AUT) > €) > 0.
Let fi(t,) = L(Z(t,)). Then, by the Markov property and (C.40),

lim inf 5, (AT < =€, [A[T)| > & AKT) > €)

(C.41) X
= lim inf Py, (A,»(T +1,) < —€ |A(T +1,)]| > €& AT +1,) > E) > 0.

However, this violates (5.103) for either i, j or j, k. We conclude that (C.35)) fails and that (C.35)) holds for
i, k. By irreducibility, (C.35)) holds for all i,k € G. O
D Bounded derivative of Lyapunov function

Recall from Section[3.3] that

DD k) =2 al, NE[IAO] s #sena )| + 2Ke B{IAD] + 160D Tisgn o #senion] -
jeG

In this section we show that /'(¢) exists for all # > 0 and is bounded. To do so, we need to get rid of the
indicator in the expectations.
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Let
D2) I (0 =E[IA[O] Lisgna o 25m 0]
and
(D3)  hat) = 2Ke B [(A(D] +18:0)1) Lisgn a0 2 sensi01 | -

Then h(t) = 23, jea a(i, Phy j(0) + ha(¢). We show that hy ;(7) is differentiable with bounded derivative for
J € G. The proof of the differentiability of A, (¢) is similar. Fix ¢ > 0. Note that

E [|Aj(t)| llsgnA,-(t);tsgnA,-(t)}]
D4) =B [IA/0 Lgnamsenam HAD] # 0,1A0] # O] P (1A0] # 0, 1A,(1)| £ 0)
+ B 1A (O] isgn a0 #senan 1 1ACD] = 0 0r [A;(0] = O] P (1A(0)] = 0 or |A ()] = 0).

Since A;() and A () have zero local time, the second term vanishes and P(|A;(#)] # 0,]A;()] # 0) = 1. By
continuity of A;(f) and A;(¢), we can define sets

D.5) B, ={|A(r)] > 0 and |A;(r)] > 0,Yr € B(z, %)}
Then
(D6) ”'CBnCBn+ICBn+2C"',

SO

(D.7)  B,= U B:
i=0

and we define

(D8) B —UB = lim B,.

n—oo
i=0

Since P(|A;(1)| # 0,]A;(9)] # 0) = 1, it follows that P(B) = 1.
For each B,,, we have

D9  B,=C,UC:, Ch ={w € Byt Liggnaqnzsenamy = 1, Yr € B, L),
and, by the definition of B,,

(D.10) v CcC,cCp1CcCyuypCe-- ecC,cCr cCy,Cee
Let C = |2, C; and C¢ = | J72, C{ be such that B = C U C*. Using (5.94), we obtain

1
- (hl,j(f +5) - hl,j(f)) [ [|A (O] Lisgn Ai(r+5) # sgn A +5)) ] [|A {(O Lisgn Ai(r) # sgn A, (z)}“
s
1
= ; [E [|Aj(t + S)l l{sgnA,-(Hs)#sgnA,v(t-f—s)} - |Aj(t)| ltsgnA,-(t);tsgnAj(t)} | BH

= L[&[1a+ 91~ 18,001 €] BCO)

l
=8| ati.) f sen (AIA() — A1 dr | C| B(C)
jeG
1 . 1+
.11 +<B f sen (A) | (el (1) = g o) | dwio)| C] B(C)
+ %E Ke f ' sgn (A;(N)[6:(r) — Ai(r)] dr | C] P(C)

= Za(l ])E[ f sgn (Ai(r)[A(r) = Ai(r)] dr | C} P(C)

jeG
1 . I+S
+ B f sen ()| el ) = e | dwin | C] P(C)
+E|Ke é f ' sgn (A;(N)[6:(r) — Ai(r)] dr | C] P(C).
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In the last equality, the first and third term are bounded, because A;(?), 6;(t) and A(¢) are continuous func-
tions of 7, 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,

(D.12)  sen (A Vel = e |

is a continuous function, we can rewrite the stochastic integral as a time-transformed Brownian motion:

%E [ ft " sgn (Ai(r)) [ \/g(xi' ) - \/g(xiz(r)) ] dw;(r) | C]

= EE[W( fo et - \/g(x%(r)>]2dr) - W( fo N \/g<x,?<r>>]2dr) | C].

Since the normal distribution is differentiable with respect to its variance, we are done.

(D.13)
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