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CHAPTER 1

Introduction

Population models with seed-bank have, in addition to an active population, a dormant pop-
ulation that resides in the seed-bank. Dormancy refers to a reversible state of low metabolic
activity, which may last for any amount of time (see Lennon and Jones [11]). This type of
behaviour is observed in a wide range of taxa, both in macro-organisms and in micro-organisms.
It occurs as a response to unfavourable environmental conditions, allowing dormant individu-
als to become active again under more favourable conditions. It is not a cost-free strategy, as
for instance organisms must invest resources in the transitioning into and out of the dormant
state. Despite these costs, such a strategy has been shown to positively influence maintenance
of genetic variability and stability of ecosystems. It is this importance that led to attempts at

modelling seed-banks from a mathematical perspective.

The Wright-Fisher model with seed-bank to date has been studied in several ways, one of which
involves a coalescent process. Kaj, Krone and Lascoux [10] considered an extension of the
classical Wright-Fisher model, in which each individual in a population of fixed size N selects
its parent from the population as it existed a random number of generations B in the past. The
number of generations between an offspring and its parents is the time the offspring spends in
the seed-bank. The authors show that if B is bounded, then after the usual scaling of time
by N, the model converges to a delayed Kingman coalescent where the rates are multiplied by
1/E(B)2. As the structure of the coalescent is unchanged, this is referred to as a weak seed-bank
effect.

Blath, Gonzalez-Casanova, Kurt and Spano [3] showed that a sufficient condition for convergence
to the Kingman coalescent in this model is E(B) < oo, with B independent of N. A further
extension in [3] allows for strong seed-bank effects. Under the assumption that the seed-bank
age distribution p of B is ‘heavy-tailed’, i.e., u(B > k) = L(k)k™, k € N, where L is slowly
varying as k — 0o, the authors show that for a > % the most recent common ancestor (MRCA)
of two randomly sampled individuals exists with probability 1. However, the expected time to
the MRCA is infinite for a < 1. Moreover, for 0 < a < % with positive probability a common
ancestor does not exist at all. As this behaviour is very different from the Kingman coalescent,

one can indeed speak of strong seed-bank effects.

As such extreme behaviour may seem artificial, Gonzalez-Casanova et al. [7] and Blath, Eldon
et al. [2] considered the case in which B scales with the population size N, and assumed the
seed-bank age distribution p to be p = (1 —¢)d; + edys with > 0 and € € (0,1). This means
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1. INTRODUCTION 3

that, in each new generation, a fraction (1 — &) of the total population obtains its genetic type
from the previous generation, while the remaining fraction ¢ obtains its type from generation
N# in the past. The authors show that after rescaling time by the nonclassical factor N'+27, the
model converges to the Kingman coalescent. Apparently, this choice of u significantly increases
the time to the MRCA. However, it leaves the coalescent structure unchanged and therefore one

speaks again of weak seed-bank effects.

Blath, Gonzélez-Casanova, Kurt and Wilke-Berenguer [4] considered a model that does not
require artificial scaling assumptions and gives rise to a new coalescent structure. Individuals
can enter and exit the seed-bank at each generation, and dormant individuals suspend their
resampling and preserve their type. The authors showed, in particular, that the seed-bank
coalescent does not come down from infinity and the expected time to the MRCA of an n
sample is of asymptotic order loglogn as n — co. Den Hollander and Pederzani [9] considered
a multi-colony version of the model in [4], where individuals can migrate between colonies, each
containing a seed-bank, and are subject to mutation. The quantity of interest is the probability
that two individuals drawn randomly from two colonies are identical by descent, i.e., share a
common ancestor without mutation affecting their ancestral lines. The authors, in particular,
derived a formula for this probability as a function of the two colonies on a discrete torus, stated
in Fourier language, and were able to derive explicit scaling expressions when mutation is slower

than migration.

Finally, Blath, Buzzoni, Gonzélez-Casanova and Wilke-Berenguer [1] investigated several scaling
limits of the seed-bank diffusion, the limiting object that is obtained by letting the population
size go to infinity and rescaling time appropriately, and commented on the relation with the
two-island Wright-Fisher diffusion. In particular, they showed that under a certain rescaling of
time the seed-bank diffusion converges to a new coalescent-related ancestral process, called the
ancient ancestral lines process. Let ¢ denote the rate of exchange between the active and the
dormant population. By assuming that ¢ goes to zero while time is speeded up by a factor 1/c,
the authors showed that in the limiting diffusion that arises in the scaling limit, migration still
happens at rate 1 while coalescence occurs almost instantaneously. This ensures that at any
positive time there is at most one active line.

The goal of this master thesis is to study a population model with seed-bank to which selection
is added. In Chapter 2 we determine diffusion limits of several models. We consider the Moran
model with seed-bank and extend it to include selection in resampling, selection in exchange, and
migration. We also consider the Wright-Fisher model with seed-bank and selection in resampling

and show that it gives rise to the same diffusion limit as in the Moran model.

In Chapter 3 we consider a multi-colony Moran model on a discrete torus, with migration and
mutation. Note that while there is no seed-bank in this model, it does develop a benchmark to
which we can later refer. We obtain a recursion relation for the probability of being identical

by descent as a function of the distance between the two colonies the two individuals are drawn
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from. After that, we turn to Fourier analysis, which allows us to obtain a closed form expression
for the Fourier transform of this probability. We show that, under certain circumstances, it is
possible to apply Fourier inversion and express the probability of being identical by descent in
terms of the Green function of a simple random walk.

In Chapter 4 we extend the previous model, by adding a seed-bank. In particular, we consider the
model in [9] with selection added, namely, the rate at which individuals migrate between colonies
depends on their type. We again obtain a recursion relation for the probability of being identical
by descent as a function of the distance between the two colonies the two individuals are drawn
from, and are able to obtain a closed form expression for its Fourier transform. To get a more
tangible expression, we consider weak exchange between the active and the dormant population
and weak mutation, for which we obtain an expansion of the Fourier transform. Under certain
circumstances, it is again possible to apply Fourier inversion and obtain an expansion for the
probability of being identical by descent in terms of the Green function of a simple random walk.
Finally, we offer two examples for which a closed form expression of the Green function exists:
the infinite torus and the finite torus, both in dimension d = 1.



CHAPTER 2

Diffusion limits of several models from population dynamics

In this chapter we introduce five models from population dynamics and determine to which
diffusion they converge after space-time rescaling. In Section 2.1, we consider the Moran model
with seed-bank. We extend this model to include selection in resampling, selection in resampling
and exchange, and migration in Sections 2.2 through 2.4. In Section 2.5, we consider the Wright-
Fisher model with seed-bank and selection in resampling, and show that it gives rise to the same

diffusion as in the corresponding Moran model, up to a factor two in time speed.

2.1. Moran model with seed-bank

In this section we introduce the Moran model with seed-bank, by adapting to continuous time
the Wright-Fisher model with geometric seed-bank component introduced in [4]. We show that
after space-time rescaling the Moran model with seed-bank converges to the same diffusion limit,

up to a factor two in time speed.

We define the model as follows. Consider a haploid population where each individual carries
a genetic type from state space E = {A,a}. The total population is divided into an active

population of size IV and a seed-bank of size M containing the dormant population.

Given N, M € N, let € € [0, 1] be such that e N < M and set § = eN/M. Assume for convenience
that e N = M is a natural number. The dynamics of the model are as follows:

e An active individual at rate 1 either:
(1) with probability (1 — ) produces another active indivual which uniformly at ran-

dom chooses a parent among the previous active population and adopt its type;

(2) or with probability e produces an individual that becomes dormant in the seed-
bank.

e A dormant individual at rate 1 either:

(1) with probability (1 — J) remains dormant in the seed-bank;

(2) or with probability § leaves the seed-bank and becomes active.

Let XN and Y denote the number of individuals of type A at time ¢, in the active and
the dormant population, respectively. Here, we add upper indices to exhibit the underlying
dependence on N and M. Then (X}, Y;M);>¢ is the continuous-time Markov process on state
space

{0,1,...,N} x{0,1,..., M} (2.1.1)

5



6 2. DIFFUSION LIMITS OF SEVERAL MODELS FROM POPULATION DYNAMICS

with transitions

(i—1,7+1) at rate ic
(i4+1,7—1) at rate jo
(1,7) — ‘ (2.1.2)
(i—1,7) at rate i(1 — ¢) (554)
[ (i+1,7) at rate (N —i)(1 — €)%.

We thus either have an exchange between the active and the dormant population, or a death or
birth of an active individual. Note that in the latter case the birth and death rates are identical.
For notational convenience, write

A = je, c?orm =36, =" = <1 - ]i7> (1-¢). (2.1.3)

As we are interested in the limiting diffusion process, we consider the space-time rescaling
<N M
(X7 = < XN MY[Nﬂ> t>0, (2.1.4)

which represents the fraction of individuals of type A at time ¢t on time scale N, in the active
and the dormant population, respectively. Define

= {f € C3([0,1]%) | all partial third order derivatives of f are bounded}. (2.1.5)

—N M . . :
Then (X, ,Y; )i>0 is the continuous-time Markov process on state space

1 2 1 2
INXIM—{O,N,N,...,l}X{O,M,M,...,].} (216)

with infinitesimal generator Ly acting on f € B given by

i) (5o q7) =N (|1 ( ,

(2.1.7)

act | p(CEL TN (2 T
(50 31) - ()]
Henceforth, we write xny = i/N and yy = j/M.

As in [4], we obtain an interesting limiting structure after the parameters of the model are scaled
with the population size N. Assume that there exist ¢, K € (0, 00) such that

M= M(N) = (2.1.8)

e=¢(N) = I

<
N7
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Note that N K
€ c

0=0(N)= — = —.
(N =37=7%

The parameter c is the average number of active individuals in each generation that becomes

(2.1.9)

dormant, or equivalently, the average number of dormant individuals that become active. The
parameter K represents the relative size of the seed-bank with respect to the size of the active

population.
PROPOSITION 2.1.1. Assume that (2.1.8) holds. For all f € B and (xn,ym) € IN X I,

lim (Lnf)en, o) = (D)(y) i Jim (o) = (e,y) € 0,17, (21.10)

N—oo

where L is given by

2
W o)+ a1 -2 L

(Lf)(z,y) = c(y — ) 3y

() K (e~ ) 2L (ey).  (2111)

0

PROOF. We use Taylor expansion up to second order around (zy,yas) of the functions given in
(2.1.7), obtaining

fz':Fljjzl
N ' M

1 1 1
+me($zv,yM) Nfoy(fBN,yM) mfyy($N7yM) (2.1.12)

N [iFL GEL\ (F1\* [+l

) R < N M )\N M
a:ﬁeNO
a+pB=3

and

f (Z 1 j) = flen,ym) F %fx(-TNayM) + ﬁfwx(xNayM)

N M
<z¢173> (T&)a(o)ﬁ» (2.1.13)

« ,BEN
a+p=3

where we use the notation

aa+bf
fa}ayb = W’ a,be {0,1,2,3} (2114)
We call the summations in (2.1.12) and (2.1.13) the remainder term.
For z,y € [0,1]? and «, 8 € N such that a + 3 = 3, we have

a+p
alp!

1 33
(1- t)a+ﬁ—18$a25 (zn — tlay — 2),yar — tyar — ) dt. (2.1.15)

RY s(z,y) =
Because f € B, we have that all third order derivatives of f are bounded. Since we have a finite
integral, we can thus bound RY B(m y) uniformly for all z,y € [0,1]2. It is then clear that the
remainder term in each of the expansions is of order O(1/N?). Next, note that we can express
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the rates in terms of zn,yys and ¢, namely,

. 1
A =je =eN— = cay,

! N

dorm __ ¢ j _
Cjo —]5—5MM—C:I/M,

d?“zb?‘*:z‘(l—]i[) (1—5):]\7% (1-}3) (1—) = Nan(1—an) (1- ).

We thus see that all rates are at most of order O(NN), and hence we can bound the total error

term in our Taylor approximation by O(1/N?).

These results can be substituted into the generator given in (2.1.7), so that we can write down

the generator in terms of the partial derivatives of f. It follows that

(LN )N, ym) = fo(on, ynm)c(yn — N ) + %fy(xvaM)c(xN —Ym)

+ %f:m(xNayM) [C(ZL‘N +ym) +2Nzny(l — zn) (1 — %)]
) N (2.1.16)
+ foy(l‘N’ ym)e(—xN —ym) + mfyy(xm ym)e(rn + yur)
1
+0 (N> |
Since M = N/K, it follows that
(Lnf)(@n,ym) = felxn, ynr)clynr — 2n) + K fy(en, ym)e(zn — yur)
+ %fzx(xvaM) [C(H?N +ym) +2Nan(1l —zn) (1 — %)}
> (2.1.17)

K K
+ foy(xN7yM)c(_xN —ym)+ ﬁfyy(xvaM)C@:N +ym)

1
Oo|—=).
Taking the limit N — co, we now easily get

lim (Ly f)(zn,ym) = c(y — @) fo(@,y) + cK(z — y) fy(2,y) + 2(1 — @) fax(z,y)  (2.1.18)

N—oo

and the right-hand side is exactly (Lf)(z,y). O

The state space Iy x I of the frequency chain can be embedded into the unit square [0, 1]2, so
by standard arguments we obtain tightness and convergence on path-space (cf. [6], Chapter 4,
Theorem 8.2). We recognize the limit of the process as a pair of SDEs, uniquely defined by the

limiting generator.
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COROLLARY 2.1.2. Under the conditions of Proposition 2.1.1, if imy_ s Yév =z a.s. and
limy o 784 =y a.s., then

N —M
i (X Y ) — (Xy,Y))i>o0- 2.1.19
w— lim (XY, 0 (Xt, Y30 ( )

The process (Xt, Yy)i>o is the two-dimensional diffusion on [0,1]? solving

dXt = C(Y;g — Xt) dt + 2Xt(1 — Xt) th,

(2.1.20)
dY; = cK(X, - Y;) dt,

with initial conditions Xo = x, Yo =y and where (Wy)i>o is standard Brownian motion.

Note that w — lim stands for weak limit, namely, convergence in distribution on path space. To
formally prove Corollary 2.1.2, we must show that L is indeed the generator of a Markov process
and use the fact that convergence of the generator on a dense class of test functions implies
convergence of the Markov process (cf. [6], Chapter 8, Proposition 2.4).

Comparing Corollary 2.1.2 with Corollary 2.5 in [4], we see that after space-time rescaling we
obtain the same diffusion limit for the Moran model with seed-bank. The sole difference is
that the Moran model with seed-bank runs at twice the speed of the Wright-Fisher model with
seed-bank.

2.2. Moran model with seed-bank and selection in resampling

We next consider an extension of the model introduced in Section 2.1 by adding selection in the

resampling mechanism.

Let s € [0,1]. Consider the same dynamics, only now assume that individuals of type A in
the active population resample at rate 1 — s rather than at rate 1. Define X}V and YV, as
before. Then (X}, Y,M);>¢ is the Markov process on state space {0,..., N} x {0,..., M} with

transitions
i—1,j+1) at rateie

(2.2.1)

(
(i) (t+1,j—1) at rate jo
i,j) —
(

i—1,7) atrate i (1 — %) (1 —¢)(1—s)

1—
1-—%)(1—e).

(i+1,9) at rate i (
Note that if s # 0, then b2 £ d2° for all .

We again consider the rescaled process (Yﬁv ,?i‘/[ )t>0 on state space Iy x Iy and with infini-
tesimal generator Ly given by (2.1.7), with rates as specified above. In addition to (2.1.8), we
also assume weak selection, i.e., the selection parameter scales with N. Namely, we assume that
there exists a o € (0, 00) such that

5= (2.2.2)

We look at the effect that adding weak selection has on the model.
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PROPOSITION 2.2.1. Assume that (2.1.8) and (2.2.2) hold. For all f € B and

(xn,ym) € In x Ing,

i (L f)(en,yar) = (Lf)(2,y) - if ngnoo(xN,yM)Z(%y)E[Ovl]Qa (2.2.3)

where L is given by
2

(L) = ey~ 2) g (w9) + 02(1 = 2) 5L (0.9) + Ko = 9) 3 (2.0) +2ll = )55 (w,0).

(2.2.4)
PROOF. The proof is done in the same way as the proof of Proposition 2.1.1. Namely, we use
Taylor expansion to derive an expression for (Lyf)(zn,yn) expressed solely in terms of zy,

yu and the parameters.

Note that we only change the rate d2*. Since this rate corresponds to a transition in the z-value
of f, we only see a change occurring in the terms for the derivatives of f in the z-direction. As
to the remainder term, the expressions for Ré\i ﬁ(x, y) are still valid for this model and so again
the remainder term in each Taylor expansion is of order O(1/N?). We do change the rate d2°t,
but since this rate is still of order O(N), this has no significant effect on the error term. It
follows that

(Lnf) (@, ymr)

= fa(zN,ynr) {C(?JM —zN)+ %NﬁN(l —xN) (1 - %)} + K fy(xn, ym)c(rn — yumr)

- %fxm($N,yM) [C(CBN +ynm) + (2 - %) Nzy (1 —zy) (1 - 3)}

N (2.2.5)
K K?
+ < fey(@n, ynm)e(—2zn — ynm) + s fyy(on, yar)e(zn + yur)
N 2N
1
O— |-
~o(x)
If we take the limit N — oo, then it is clear that we get (Lf)(x,y). O

The limiting generator again uniquely defines a Markov process, defined by the following system
of SDEs.

COROLLARY 2.2.2. Under the conditions of Proposition 2.2.1, if limy_ Yév =z a.s. and
limpy 00 Yéwy a.s., then

w— lim (Yﬁv,?ﬁ”)tm = (X1, Y)iso0- (2.2.6)

N—oo
The process (Xy, Yy)i>0 is the two-dimensional diffusion on [0,1]? solving
dXt = C(Yt — Xt) dt + O'Xt(l - Xt) dt + / 2Xt(]. - Xt) th, (2 9 7)
dY; = cK (X, - Y;) dt o

with initial conditions Xo = x, Yo =y and where (Wy)i>o is standard Brownian motion.



2.3. MORAN MODEL WITH SEED-BANK AND SELECTION IN RESAMPLING AND EXCHANGE 11

Contrary to Corollary 2.1.2, the differential equation for X; now contains both a deterministic
and a random part due to the resampling mechanism. In the presence of selection, there is a

drift term pushing the system to ‘all A’ in the active population.

2.3. Moran model with seed-bank and selection in resampling and exchange

We extend the model of Section 2.2 by also adding selection in the mechanism that deals with

the exchange between active and dormant individuals.

Let r € [0, 1]. Consider the same dynamics, but additionally assume that individuals of type A
in the dormant population become active at rate 1 —r rather than at rate 1. Then (X}, Y, M)

is the continuous-time Markov process on state space {0,..., N} x {0,..., M} with transitions
i—1,7+1) atrate ic
(2.3.1)

%) (L=2)(1 —s)
x) (1=e).

(

(i+1,7—1) atrate jo(1 —r)
(i—1,5) at rate i (1 —

( 1-

i+1,5) at rate i (

We again consider the rescaled process, and determine the effect that adding selection in ex-
change has on the limiting structure. Contrary to the two previous models, we now do not
consider weak selection since this would have little effect in the limit N — oo.

PROPOSITION 2.3.1. Assume that (2.1.8) and (2.2.2) hold. For all f € B and
(N, ym) € In X In,

(L) @nsym) = (L) (xy) if - lm (2n,ym) = (2,y) € [0, 1%, (2.3.2)

lim
N—o0

where L is given by

_ of of of
(L) y) = cly = 2) 52 (@y) + 721 = 2) 52 (0,9) = ery'Sh (2,9)
of of 9 (2.3.3)
+ cK(z — y)@(w,y) + cKry@(w,y) +a(l-2)5-5(2,y).
PROOF. As the new selection parameter changes the rate c;-iorm, which corresponds to transitions

in the z- and y-value of f, we will see changes in all partial derivates of f. Using the same
methods as before, we get
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(Lnf) (N, ym)

= fo(zn,ym) [C(ZJM —aN) —eryu + %N‘“’(l — ) <1 B %)}

+ K fy(zn,ym) [c(xn — yar) + crywm]

+ %fm(:c]v,yM) [c(mN +ynm) —crynm + (2 - %) Nzn(1—zN) (1 - %)} (2.3.4)

K K2
+ foy(fEN,yM) le(—xN — yar) + crymr] + ﬁfyy(xNa ym) [e(xn + yamr) — erym)

1
Taking the limit N — oo, we obtain (Lf)(z,y). O

We recognize the following set of SDEs from the limiting generator.

COROLLARY 2.3.2. Under the conditions of Proposition 2.3.1, if limy_,o Yév =z a.s. and
im0 ?(])VI =y a.s., then

N —M
_ i <X Y ) — (X, Y))i>0- 2.3.5
w Nl—r)réo t t >0 ( t t)tZO ( )

The process (Xt, Yi)i>0 is the two-dimensional diffusion on [0,1]? solving

dX; = (Y, — X;) dt + o X, (1 — Xy) dt — erYy dt + /22X, (1 — X;) dWi,

(2.3.6)
dY; = cK(Xy — Yy) dt + cKrY; dt,

with initial conditions Xo = x, Yo =y and where (Wi)¢>0 is standard Brownian motion.

2.4. Moran model with seed-bank and migration

In this section we consider a spatial version of the models introduced so far, by considering
multiple colonies and migration between colonies. We do not allow individuals to actually
migrate, but rather their genetic types, namely, individuals will be allowed to choose an ancestor

from another colony. We adapt only the simplest model introduced in Section 2.1.

Consider an arbitrary undirected graph G = (V, E), where V' denotes the set of vertices and F
the set of edges. Without loss of generality, we may assume that G is connected. Each vertex
of the graph contains a colony, which consists of an active population of size N and a seed-bank
of size M. For u,v € V, let p(u,v) be a transition kernel on V that determines the migration.

Consider ¢ and § as before.

The dynamics of the model are as follows:

e An active individual in colony u € V at rate 1 either:
(1) with probability (1—¢)p(u, v) produces another active individual which first chooses
a colony v € V' and then an ancestor in this colony uniformly at random;
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(2) or with probability & produces an individual that becomes dormant in the seed-
bank.

e A dormant individual in colony u € V' at rate 1 either:
(1) with probability (1 — ) remains dormant in the seed-bank;

(2) or with probability § leaves the seed-bank and becomes active.

Note that in the resampling mechanism we allow the chosen colony v to be equal to u itself.
Furthermore, migration only occurs in the active population and hence the dynamics for the
seed-bank individuals do not change.

For each u € V, let Xt(u)’N and Yt(u)’M be the number of individuals of type A at time ¢ in
colony w, in the active and the dormant population, respectively. Then (Xt(u)’N, Y;(u)’M)tZO is
the continuous-time Markov process on state space {0,...,N} x {0,..., M}, with transitions:
(t—1,j+1) at rate ic

(i4+1,7—1) at rate jo

(Z7J) — . . . N—X(U>’N (241)
(i—1,7) at rate i(1 —¢) > oy [p(u, v) (1\?)]
) . ) x )N
| (1+1,7) at rate (N —1i) (1 —¢) ) v [p(u,v) L ] .
We consider the transition kernel
p(u,v) = (1 =)0y +vq(u,v), u,velV, (2.4.2)

where v € [0, 1] is the migration parameter, d,, = 1{u = v} and ¢(u, v) is a prescribed transition
kernel. Here we may assume that q(u,u) = 0 for all w € V. Thus, with probability 1 — v an
active individual chooses its own colony u, while with probability v it chooses a different colony
v according to q(u,v).

To obtain a limiting distribution, we now also assume weak migration, i.e., we assume that there
exists a w € (0,00) such that

V= (2.4.3)

We again consider the rescaled process and determine the limiting generator, as in the previous
sections. Since we consider multiple colonies, we obtain a rescaled process and a generator for

each u € V. This will eventually lead to a system of coupled SDEs.

(u)

g:“;) and y,, for the fractions of individuals of type A in colony u, in the

For u € V, write x

active and the dormant population, respectively. We obtain a generator for each u € V, given
by (2.1.7).
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PROPOSITION 2.4.1. Assume that (2.1.8) and (2.4.3) hold. For all f € B and

(ngfb),yz(\?) € Iy x Iy,

Jim (LEV“)) <x§”;>y§\j)) - (L(“) f) (;N),y(“)) . uevV (2.4.4)
f
Z A}gnoo (a:%),yﬁ)) = (:c(“),y(“)> €[0,1?, uweV. (2.4.5)

The limiting generator L' is given by

( L@ f) (x(“), y<u>)

- [c (v = 2) =20+ 37 (1 = w)duy + walu, v)):v(”)] % (=®.9%) (246

veV

b K <$<u) _ y(u>) gi (xw), y<u>) 4 2@ (1 _ x(m) gifg (x(“),y(“)> .

PRrROOF. If we compare the multi-colony model with the Moran model introduced in Section 2.1,
we note the following;:

(i) We do not change the rates ¢2°* and c?orm
these rates has the same limit as in the single-colony model. The only difference is that we

, so any term in the generator consisting only of

obtain this limit for each colony u € V.

(ii) The remainder term in the Taylor expansions is again of order O(1/N?3), and the rates are
again at most of order O(N). It follows that the total error term in the approximation
is of order O(1/N?). As we multiply the generator with a factor N, this becomes order
O(1/N) and converges to zero in the limit N — oo.

We thus only have changes in the rates d2* and b2°*, which leads to a change in the derivatives
of f in the z-value. It follows that
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(197) () -
Ja (xN ’yf(‘/f)) [c (ynr —2n) + (1 - *) <_$N + Z 1 —w)dyn + wy(u, v))ng,’))]
+ K f, <xN ,y%?) (ac(“) y](\z))
+ %fm (xﬁ):yyj)) [C (xg\q;) + yg\lj)) + 2Nm§\?) (1 — ng;)) <1 — %) (1 — %)

(1) [ Dt (1) (1) Dt |

v#u vFEU
e () e (=) o) 4 g (00 (50 + )
1
e <N> .
(2.4.7)
If N — oo, then we obtain the limit (L(“)f) (x(“),y(“)). O

As we now have a limiting generator for each colony u, that may depend on the state in the

other colonies v, we obtain a system of coupled SDEs.

COROLLARY 2.4.2. Under the conditions of Proposition 2./.1, if, for each u € V,

limn o0 Yéu) =2 q.s. and limy_ o0 VE)U) =y® a.s., then

w— lim (X§ “) YE“))M - <X§“),1@(“))t>0. (2.4.8)

N—o00
The process (Xt(u), Yt(u))tzo is the two-dimensional diffusion on [0,1]? solving
dx™ = ¢ (Yf“) - Xt(“)) dt — x™ at
+> ((1 — )0y + WQ(U7U)>X15(v) dt + \/2Xt(U) (1 - Xt(U)) dWr, (2.4.9)

veV

dv," = cK <Xt(“) - Y;(“)) dt,

with initial conditions Xéu) = x(“), Yo(u) = y(“) and where (Wy)i>0 is standard Brownian motion.
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One natural choice for the transition kernel g(u,v) is to let the migration from colony to colony
happen with equal probability between neighbours. This corresponds to

{ ﬁ if (u,v) € E,

(2.4.10)
0 otherwise,

Q(U7U) =

where d(u) denotes the degree of vertex u in G. As a consequence, the system of coupled SDEs

given in Corollary 2.4.2 simplifies to

dx™ = ¢ (Y;“‘) - Xt(")) dt — x™ at

v (v) (u) ()
+( Z)IGE ((1 — )0y, + d<u)> X, dt + \/QXt (1 — X ) AW, (2.4.11)

av," = cK (Xt(“) - Yt(“)) dt.

2.5. Wright-Fisher model with seed-bank and selection in resampling

Adding selection in resampling to the model is relatively straightforward in continuous time, as
seen in Section 2.2. However, it is also possible to do this in a discrete-time setting. In this
section we adapt the Wright-Fisher model with seed-bank from [4] by adding selection, and we

show that we obtain the same diffusion limit as in Corollary 2.2.2, up to a factor two time speed.

We again consider a haploid population where each individual carries a genetic type from
E = {A,a}. The population consists of an active population of size N, and a seed-bank of size
M. Given N, M € N, let ¢ € [0, 1] be such that eN < M and set § = eN/M. Let s € [0,1]. The

dynamics of the model are as follows:

e The N active individuals produce (1 — ¢)N active individuals in the next generation.
Each new individual chooses a parent from the previous generation according to p; and
adopt its type. Here, p; is the probability that an individual in the next generation
chooses a parent of type A from the current generation, given that there are ¢ individuals

of type A in the current generation, i.e.,

(1+s)i
= . 2.5.1
P T s)i+N—i (2:5.1)
e The remaining eN = JM individuals from the active population become dormant in

the seed-bank.

e From the seed-bank, §M = ¢N individuals become active and leave the seed-bank.

e The remaining (1 — §)M individuals remain inactive in the seed-bank.
Thus, in the next generation, the active population again consists of (1 — )N +eN = N

individuals. Similarly, the dormant population again consists of M 4 (1—§)M = M individuals.

Let XY and Y, denote the fraction of individuals of type A in generation n, in the active and

the dormant population, respectively. Then (X,]LV , Y,f‘/f Jnen, is the discrete-time Markov chain
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with state space Iy x Ip;. Abbreviate
Poy() =P(- | X =2, YM =vy), (x,9) €Iy x I (2.5.2)

If x € In and « = i/N for some i € {0,..., N} then (2.5.1) becomes

o (1+s)i/N _ (1+s)x (L4 s
PP 0 s)i/N+1-i/N (+s)z+l-=z 1+sz (2.5.3)

From now on we will denote this probability by p,. Note that Xév ', 1 is binomially distributed
with parameters N and p,, given that X,]LV = x. Denote by Z ~ D that the random variable Z

is distributed according to distribution D. We have the following transition probabilities.

PROPOSITION 2.5.1. Let c=eN =dM. For (z,y),(Z,y) € IN X Iy,
Poy(XY =2,V =9) =) Poy(Z =i)Psyy(U=2N—i)Py(V =(§—y)M+i), (25.4)
=0

where Z, U,V are independent under Py, and Z ~ Hypys . ar, U ~ Biny_cp, and V ~ Bing .
Here, Hypyy . m denotes the hypergeometric distribution with parameters M,c and yM, and

Biny_.p, denotes the binomial distribution with parameters N — ¢ and p,.

PRrROOF. The interpretation of the random variables introduced above is as follows:

e 7 is the number of active individuals in generation 1 that originate from a dormant
individual (or seed) of type A in generation 0. The total size of the seed-bank is equal
to M, and the number of seeds in generation 0 of type A is equal to yM. There are
0M = c seeds that become active, so this indeed corresponds to a hypergeometric
distribution with parameters M, c and yM.

e U is the number of active individuals in generation 1 that are offspring of active indi-
viduals of type A in generation 0. There is a total of (1 —&)N = N — ¢ individuals that
are offspring of active individuals in generation 0. As each of these individuals chooses
a parent of type A with probability p,, it follows that U has a binomial distribution

with parameters N — c and p,.

e V' is the number of dormant individuals in generation 1 that originate from active
individuals of type A in generation 0. There are e N = ¢ active individuals that become
dormant, and with probability x each of these individuals is of type A. It thus follows

that V is binomially distributed with parameters c and z.

By construction, we have that

U+72 V-7
XN = yM= . 2.5.
As the random variables Z,U and V are all independent under P, ,, the claim follows. [l

We now consider the same space-time rescaling of the process and the same scaling of the
parameters as before, and show that the process converges to the diffusion limit from Corollary
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2.2.2, up to a factor two time speed. The generator of the process acting on f € B is now given

by

(Lnf)(@Nn,ym) = NEgy g, [f (XD YY) = flanv,ym)] s (@n,ynm) € In X g (2.5.6)
PROPOSITION 2.5.2. Assume that (2.1.8) and (2.2.2) hold. For all f € B and

(N, ym) € IN X I,
dm (L )@ ya) = (L) (@y) if - lim (an,yar) = (2,y) € [0, 1%, (2.5.7)
where L is given by
1 0?
(@,9) + 321~ )25 (..
(2.5.8)

0 0
L (2,0 + o2l = 2) oL (2,) + e w — )

(Lf)(z,y) = cly — x) g}j

PrOOF. We use Taylor expansion of f(X{V,Y{") around (xx,ya) up to second order, and
substitute this into (2.5.6). This yields

(Lnf)(@n,ym) =N [f$(xN7yM)]ExNay]\{ (XY — 2]+ fy (N, yn) Eay g [YE — yud]

+ %fmm(xNv yM)ECCvaM [(Xi]v - xN)Z]
+ foy (@n, yan)Eay ga (XL — 23) (Y] = yar)] (2.5.9)

1
+ §fyy(.%']v, yM)EJUN,yM [(YlM - yM)Q]

+ Eay iy [ > RYXY M)(XY —an) (Y - yM)B]] -
Oé,ﬁeNO
a+5=3

For z,y € [0,1]? and «, 8 € N such that a + 3 = 3, we have

a+p 1(1 _ t)a-i-ﬁ—l 83f
alp! o Oxyb

We next calculate and bound all the moments. Before doing so, we first state some basic facts

«,

(xny —tlzny —x),ymr — t(lymr —y)) dt. (2.5.10)

that will be used in the calculations. By Proposition 2.5.1, we have that

1 1
—U+2), YM=—(@yuM+V -2 2.5.11
where Z ~ Hypps ey, v, U~ Biny_cp, - and V ~ Bing s, . It immediately follows that

Xy =

EmN,yM [Z] = CYMm, EzN,yM [V] = CTN, (2.5.12)
and

1-— 2p:1:
Eznyu [U] = (N - C)pxz\m Varg gy, [U] = (N - C)pxzv(l _pwzv)a SkeWIN,yM [U] = =

/Var[U]

(2.5.13)
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Here, the skewness of a random variable X is defined as

E[(X — E[X])3
Skew[x] = EL X)) (2.5.14)
Var[X]2
As s =0 /N and N — oo, we can use Taylor expansion of 1/(1 + sz) around s = 0. For x € Iy,
we have
1
Pe = (112? = (1+s)z(1 — sz +0(s%) = z — s2° + sz + O(s?). (2.5.15)

Finally, we have that 0 <V < cand 0 < Z < ¢. It follows that |Z — czxy| < cand |V — Z| < ¢,

and hence for every a € N,

EmN:yM[(Z - CxN)a]‘ <c, ExvaM[(V - Z)a]‘ <. (2-5-16)
For every «, 8 € Ny we therefore have
Eﬂw\hyM[(Z —czn)*(V - Z)Bw < P, (2.5.17)

We are now ready to calculate the terms in the generator. We will do this per partial derivative

of f. For the first moments, we have
NEJCN,yM [X{V - xN] = EﬂfN»y]M [U + Z] — Nay
_ _ o2 2 _
= (N —c¢)(xny — say + szn +O(s7)) + cyyr — Nan (2.5.18)

=c(yy — xzn) +ozn(l —2n) + O (]17) ,

where we use (2.5.11), (2.5.12), (2.5.13), (2.5.15) and (2.2.2) consecutively, and

N
NEq o (V1" = ynt] = 3B [V = 2] = cK (@n = yr), (2.5.19)

where we use (2.5.11), (2.5.12) and (2.1.8).

To calculate the second moments, note that from (2.5.15) we also have
Eoyyn Ul = (N = ¢)pzy = (N = )z + O(1). (2.5.20)

From this, and the fact that X{¥ —zy = (U — (N — ¢)an) + +(Z — czn), it follows that

B (XY = 28)?] = B [(U — (N = )]

2
1
+ NExMyM[(U - (N - C)"EN)(Z - CxN)]
1
+ o Bevan|(Z — can)’] (2.5.21)
1 1 1 ,
= ﬁvarmw,w U] +0 ~ )/t ﬁEINyyM[(Z —czN)7]

1 1
= ﬁVarxNyM [U] + 0] <N> s
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where we use (2.5.12) in the second to last equality and (2.5.17) in the last equality. Using
(2.5.13) and (2.5.15), we conclude that

N = %V&rm,w [Ul+0 (Jt) = %x(l —z)+0 (&) - (25.22)

N
EEQCN,yM[(Xl - :L'N)
As these are the only terms we expect to see in our limiting generator, it remains to show that

the other moments converge to zero as N — oco. First,

NEq 0 [(XT = 23) (VM — yar)]
_ %EWW[(U — (N = )an)[Eay s [V — 2] + %EIM,M (Z =)V =2)] (3593
K K
(U = (N = e By IV = 2) 4 BB (2 = can)(V - 2),
where we use (2.5.11) and the fact that X{¥ — 2y = 1/N(U — (N — ¢)an) + 1/N(Z — cxy).

Using (2.5.17) and (2.5.20), we easily find that

1
NE$N7yAI[(X{V - xN)(YlM - yM)] =0 <N> (2.5.24)
Next,
N K? 1
EEINJ/M[(YIM - yM)2] = ﬁEwN,yM[(V - Z)z] =0 <N> s (2'5‘25)

where we use (2.5.11), (2.5.17) and (2.1.8).

Lastly, we have to bound the remainder term in the Taylor expansion. Since f € B, all third
order derivatives of f are bounded, and hence we can bound Ré\{ 3 uniformly. It thus remains to
be shown that the mixed moments NE,, ,,, [((X{¥ —2)%(Y}™ —)#] are bounded, for all o, 8 € Ny
such that a + 8 = 3. Let «, 8 € Ny be such that o + 8 = 3. Then

NEqy o [(X1 = 23)* (VM = yar)”]
e /g A . 2.5.26
= o S (D Baral 0~ (8 = ) B (2 — ey =v - 2y O
1=0

Note that, for all a, 8 and i, the mixed moments of Z — cxy and V' — Z are of order O(1), due
to (2.5.17). We thus have to check the moments of (U — (N — ¢)zn)® for o € {0, 1,2, 3}.

If & = 0, then it is trivially of order O(1). For a = 1, it is also of order O(1), due to (2.5.20). If

a = 2, then using the previous calculations we have
Euyyn (U — (N = ¢)zn)?] = Vargy 4, [U] + O(1) = O(N). (2.5.27)
If o = 3, then using (2.5.13) we find
3
ExmyM[(U - (N - C)xN)s] = SkeWJ?N,yM [U] (VaeryM [UD 2+ 0(1)
= (1 — 2pgy ) Varg, 4, (U] + O(1) (2.5.28)
= O(N).
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We thus see that the leading term in the mixed moments is of order O(N). It follows that

. N 1

NEoy (06— 2020 ] = O =0 (). @529

where we use the above bounds and the scaling of M in (2.1.8).

Combining all the previous computations, we get
lim (L f)(xn,ynr)
N—r00
1 (2.5.30)
= cly —2)fo(z,y) + ox(l —2) falz,y) + cK(z = y) fy(,y) + 521 = 2) fau (@, y)-

|

Thus, we see that, up to a factor two in time speed, we indeed obtain the same limiting generator
as in Proposition 2.2.1.

COROLLARY 2.5.3. Under the conditions of Proposition 2.5.2, if limy_o Yév = x a.s. and
limpy 00 734 =1y a.s., then

w— lim (Yﬁv,?tM) = (X1, Y)is0- (2.5.31)

N—oo >0
The process (Xt, Yi)i>0 is the two-dimensional diffusion on [0,1]? solving
dXt = C(th — Xt) dt + O'Xt(]. - Xt) dt + Xt(]. - Xt) th, (2 5 32)
dY; = cK (X, - ;) dt, o

with initial conditions Xo = x, Yo =y and where (Wt)¢>0 is standard Brownian motion.

A similar extension may be done for the models introduced in Section 2.3 and Section 2.4,
by adding selection in resampling and exchange and by adding migration to the Wright-Fisher
model with seed-bank.



CHAPTER 3

Multi-colony Moran model with migration and mutation

In this chapter, we consider a model with simpler dynamics, namely, without seed-bank, to
develop a benchmark to which we can refer in Chapter 4. We consider a multi-colony Moran
model on a discrete torus with sequential dynamics consisting of resampling, mutation and
migration. If an individual does not mutate, then it may resample from another colony, which
we refer to as migration. We are interested in calculating the probability ¥(z,y) at equilibrium
that two individuals from colonies x and y are identical by descent, i.e., they share a common

ancestor without encountering a mutation in their ancestral line.

In Section 3.1 we define the model. In Section 3.2 we define ¥(x,y) and relate it to Fi(z,y),
t > 0, the probability density per unit of time that the two individuals from colonies z and
y share their most recent common ancestor at time t. We then derive a recursion relation for
Fy(x,y) in Section 3.3. This implies a relation for ¥(z,y), which allows us to compute its Fourier
transform @(9) in Section 3.4. In Section 3.5 we show that, for a special choice for the migration,
we can apply Fourier inversion on ¥() to obtain a closed form expression for ¥(z,0). It follows

that W(z,0) can be expressed in terms of the Green function of a simple random walk.

3.1. Definition of the model

For L € N, consider the discrete torus T = Z? N [0, L]¢ in any dimension d € N, with periodic
boundary conditions. Each site contains a colony of N individuals. Define the base-types
{A,a}. A mutation changes the type of an individual into a new type. In absence of mutation,

an individual may migrate and resample.

Formally, let u,v € R be the rate of the mutation and migration, respectively. Let p(z,y) be
a translation-invariant transition kernel on T. The dynamics of the model are as follows. An
individual in colony z mutates to a new type at rate u and migrates at rate v. In the event
of migration, it chooses a colony y with probability p(z,y), from which it chooses an ancestor

uniformly at random.

3.2. Probability of being identical by descent

Fix z,y € T. Define ¥(x,y) to be the probability at equilibirum that two individuals from
colonies z and y are identical by descent, i.e., they share a common ancestor without encountering
a mutation in their ancestral lines. If x = y, then we assume that the two individuals drawn are

distinct.

22
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Consider the model in which we only allow migration at rate v, and let Fy(x,y) be the probability
density per unit of time that two individuals drawn from colonies x and y share their most recent
common ancestor at time ¢. In the model with mutation, an individual undergoes mutation at
rate u € R-g. The probability that the two individuals do not encounter a mutation up until
time ¢ is therefore equal to e™2#

Ft(xvy)a t Z 0:

. We thus obtain the following relation between ¥(z,y) and

U(z,y) = /000 e M Fy(x,y) dt. (3.2.1)

Note that, as the rates of the model only depend on the distance between x and y, the same is
true for Fy(z,y) and ¥(z,y), i.e., Fi(z,y) = Fi(x —y,0) and ¥(z,y) = ¥(z —y,0).

3.3. Recursion relation

We can derive a recursion relation for Fi(x,y) by reasoning as follows. We integrate over the time
interval [0,t] and consider the event in which only one of the individuals undergoes a change in
this time interval. Say that this happens at a time s, and that the individual in colony x changes
to colony z (possibly x = z). If coalescence of the two ancestral lines does not happen at time
s, then it is clear that we should subsequently consider F;_¢(z,y). Note that it is sufficient to
consider the event in which only one of the individuals changes. Indeed, if both do not change,
then nothing happens, while the event of them both changing at the same time has probability

Zero.

Before we start, we state some basic facts that we use throughout the calculations. Write Z ~ D
when the random variable Z has distribution D. Let X1, ..., X, be independently exponentially
distributed with parameters Aj, ..., A, , respectively, i.e., X; ~ Exp()\;). Denote the distribution
function and the density function of X; by G; and g;, respectively. We have that

P(X; >x)=1—Gi(x) =e % gi(z) = \e ™%, 2 € Ry (3.3.1)
Using this, we obtain the following recursion relation.

ProrosiTiON 3.3.1. For z,y € T andt >0,

/ V€_2V8 (]l{z 75 y}Ft—s(zay) + ]l{z = y}N]\_], lFt_s(y, y)) ds
0

Ft(xay) = Zp(xv z)

z€T

1
+1{z = y}NVe_Q”t]

t (3.3.2)
+ Zp(y, z) [/0 ve s (]l{z #a}F_s(z,2) +1{z = x}N]\_f 1Ft_s(w,:c)> ds

z€T

1
+1{z = a:}Nz/e_Q”t] .
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PrOOF. Note that we have the same sum twice, with the roles of z and y reversed. It thus
suffices to explain the first sum. The only change occuring for individuals is through migration,
but we must keep track of whether or not coalescence occurs. The three terms in the sum can
be explained as follows:

e In the first term, the probability of one individual not changing before time s is e,
while the probability density of the other individual changing at time s is ve™%. The
product of the two equals the probability in the integral. If the z-individual migrates
to a colony z # y, then no coalescence occurs, and we continue from colonies z and y.

e In the second term, we have the same probability. If the z-individual migrates to colony
z =y, then with probability (N —1)/N it does not coalesce with the y-individual, and
we continue with both (distinct) individuals from colony y.

e In the third term, we account for coalescence occurring. If the x-individual migrates
to colony y, then with probability 1/N it does coalesce with the y-individual. Recall,
however, that we are interested in the existence of the most recent common ancestor at
time ¢. If coalescence occurs at time s € [0,¢), then the most recent common ancestor
cannot occur at time t. We thus only get a positive contribution when the coalescence
happens exactly at time ¢, which gives the same probability as in the second term,
except at time ¢.

[l
Using (3.2.1), we see that Proposition 3.3.1 in turn implies a recursive relation for ¥(z,y).
ProrosiTioN 3.3.2. For x,y € T,
() = —2— | = pla, ) — —plr, ) 9(0,0) + Z (2,9) + 2p(y, )0 (x, ) |. (3.33)
pw+v|N N 2

zeT

Note that there is some inductive reasoning behind this equation. Namely, m T is the probability
that migration occurs before mutation. In the first term, we consider the situation in which we
coalesce. In the second term, we have to account for the situation in which we migrate to the
same colony but do not coalesce. In the final two terms, we consider the situation in which we
migrate to a different colony.

PROOF. Recall that Fi(z,y) consists of twice the same sum, with the roles of z and y reversed.

It thus suffices to consider the first sum. First, we simplify:

S U{z#ytFou(z,y) + 1{z = y} 'h () =) Fuzy) —1{z= y}%Ft—s(y,y)-
z€T z€T
(3.3.4)
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To obtain an expression for ¥(z,y), we use (3.2.1). As the integral is a linear operator, it suffices

to apply this relation to the following three quantities:

t
S plen2) [ ve o F ey ds (3.3.5)
z€T 0
! 1
=S plene) [ e POz = g} Feu) ds (33.6)
0 N
2€T
1
Zp(:c, 2)1{z = y}ﬁue_m’t. (3.3.7)
zeT

For (3.3.5) we have

0 t
/ 6_2‘”2]9(30,2) / ve ?SE,_ (z,y) ds| dt
0 zeT 0

= Zp(x’ z) / ve2ptv)s [/ 6_2“('5_5)}71575(2, Y) dt] ds (3.3.8)
zeT 0 s
v
= s> p(,2)¥(z,y).
2( * y) zeT

For (3.3.6) we have

00 t 1
/ e N " p(x, 2) [/ ve 1{z = v F-s(y,y) ds] dt
0 2€T 0

1 o0 0o
= Np(x, y) / ye—Q(lH-V)s [/ e‘le(t_S)ths(y, y) dt] ds (3.3.9)
0 s

1 v

T N2(u+v)
where in the last equality we use that ¥(y,y) = ¥(0,0) by translation invariance. Similarly, for
(3.3.7) we have

p(x,y)¥(0,0),

1 v

N2(u+v)
The second sum in (3.3.2) produces the same terms, only with the roles of x and y reversed.
The equivalents of (3.3.8), (3.3.9) and (3.3.10) for the y-individual are hence given by

(2,9). (3.3.10)

v 1 v 1 v
A L4 —_— v —_— . 311
Note that by symmetry, p(z,y) = p(y, z). Adding all terms, we get the desired result. O

As it is not obvious how to determine a closed-form expression for ¥(z,y) from Proposition

3.3.2, we consider its Fourier transform.
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3.4. Fourier analysis

For any dimension d € N, let T = {0, %, ceey %}d. For f: T x T — R, define the Fourier
transform f by

FO.m) =>" O f(py), OneT, (3.4.1)
z,yeT
(cf. [8], Chapter 2, Table 2.1). Here, 6 - = denotes the inner product of § and x. Conversely, the
function f can be retrieved from f by using the Fourier inversion formula, defined by

1 —27mi(0-z+n-y) f
f(ar,y) = T~ Z € 2mi0-+n y)f(ean)u T,y € Tv (342)

T2 <~
O,neT

(cf. [8], Chapter 3, Equations 3.13 and 3.14).

As mentioned before, the rates of the model only depend on the distance between x and y and
hence the same holds for ¥(z,y). It follows that \11(9,7)) also only depends on one parameter,
so it suffices to consider W(6) :== ¥(, —6). We thus write:

V()= > Oz —y,0), 0eT. (3.4.3)
z,yeT

Using Proposition 3.3.2, we now find an expression for ¥(0). Write ¥(0) = ¥(0,0).

PROPOSITION 3.4.1. For 0 € T,

v 1 v 1

mwiwr—ﬂ+yﬁmmwwr+ﬂ+yﬁmm. (3.4.4)

LS v

lp(e):,u—ky

PROOF. As the Fourier transform is linear, it suffices to apply the Fourier transform to each of

the four terms in (3.3.3) separately. For the first term, we have

Z p2mi(0-(z—y)) v Z 1p(:z: —2,0)¥(z — y,0)

v 2
z,yeT K + z€T

1 ; ‘
sy 2 2T p(e 2 )Tz g 0) (3.45)
H z,y€T z€T

1 v

= 5O I0),

In the second term, the roles of  and y are reversed. By symmetry, we have that p(y — z,0) =

p(z — y,0), so for the second term we also have

1 v ., -
5# n Vp(&)\ll(e). (3.4.6)

For the third term, note that ¥(0) is a constant, and so

omi(0-(a—y)) | _ ¥V Lo _ ~ 5
ge:; M_'_VNp(x y,0)T(0) 5(0)T(0). (3.4.7)
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Similarly, for the last term we have
v

w+v
Adding all terms, we get the desired result.

;9(0).

From Proposition 3.4.1, we obtain a closed-form expression for W().

THEOREM 3.4.2. For 0 € T,

with

PRrROOF. From (3.4.4), it follows that

v - v 1,
[1 - L50) | #(0) = L)1 - 9(0)
al’ld henCe 1 \I](O) 1 1 \I’(O) A(e)
A — v A~ — vp
Vo) =—x Wu+up(9): N ptv—vp(6)

To determine ¥(0), note that by the Fourier inversion formula (3.4.2) we have

1 A
T(0) = e > w(h).

9eT
Substitution of (3.4.12) into (3.4.13) yields

_ 1 1-%(0) vp(9)
\P(O)_ﬁr\? N Zu+v—vﬁ(6)'

oeT

Solving this expression for ¥(0) we get (3.4.10).

27

(3.4.8)

(3.4.9)

(3.4.10)

(3.4.11)

(3.4.12)

(3.4.13)

(3.4.14)

O

With the help of the Fourier inversion formula, it is in principle possible to find an expression

for U(z,0) by inverting (3.4.9). In reality, however, this is not always easy as the degree of

difficulty depends on the model chosen. In the next section, we invert (3.4.9) for a special choice

of p(z,y) and show that it can be written in terms of the Green function of a simple random

walk.
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3.5. Fourier inversion

In this section, we consider a special choice of p(z, y) for which we are able to invert the expression
found for ¥(#) in Theorem 3.4.2, and express it in terms of the Green function of a simple random
walk. Define the function B :T> R by

Aoy vP(0)

)= 3.5.1
o) = (351)
and let 8 be its Fourier inverse function.
THEOREM 3.5.1 (Simplification of Theorem 3.4.2). For 6 € T,
A 1—U(0) 4
with
~5(0)
W(0) = Nf (3.5.3)
14 —
+8(0)

It is clear that to invert (3.5.2) and to determine (3.5.3), we only have to determine the inverse
function S.
Let A € [0,1]. For the random walk transition kernel p we consider

p(z,y) = (1= Moy + Aq(2,y), z,y€T, (3.5.4)

where 0, = 1{z = y} and with ¢ the transition kernel of a simple random walk. Let || - ||

denote the lattice norm, then

s e —yll=1,

0, otherwise.

q(z,y) = (3.5.5)

Note that p is indeed translation invariant, so we may consider p(z) := p(z,0). It follows that
B(0) = (1 — A) + Ag(0). (3.5.6)

For z € T and [ € Ny, let ¢;(x) be the probability that a simple random walk starting from the
origin is at site x at time [. The Green function of a simple random walk at site x is

Gz(z) = Z q(x)?, |z < 1. (3.5.7)
1eNg
PROPOSITION 3.5.2. Let p as in (3.5.4). For xz € T,

Bx) = ! 5 Ge <1 f b) — 02,0, (3.5.8)

1—

with a = =X and b = M—f"_y(l —A).
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PrOOF. First, note that as p,v > 0,

a VA

O<1—b:,u+1/)\<1' (3.5.9)
Next, we have that
1 ‘ .
B(x) = _ 6727rz(9-x)5(9)
|T|?
geT
1 —omi(6-x) e P(0)
=T~ € T U 3.5.10)
2 QT (
|T| oct u+up( )
1 , 1
-5 . Z 6—271'2(9~:c)
’ 2 1—-2-p(6)’
’T’ ocT ,u—l—up( )

where we use that the Fourier inverse of the constant function 1 is the delta function 6,. It
follows that

1 —2mi(6-z) 1 1 —27i(6-z) v g
= = — m 0
”]I“2 Ze 1_715(9) ”]I"2 Ze Z 'u_|_yp( )

oeT ptv oeT k€Ng

_ 1 e—27ri(9~a:) NI\
-2 <u+l/> TP 4 Z P(®)

keNp

k k
1 .
k Iy! —27i(0-z) ~1 n\!
<u+v) Z() "N e |2Ze 1)
keNy =0

0eT

k K

lz;() NN (z)

:qu ali(éf)bkl
b)~

( v
keNp ,u—{—y

leNg l

k—
= qx)d(1-

1eNg

1 a
B <1 —b) |
(3.5.11)

We conclude the proof by combining the two equations. O

It now only remains to invert the expression in Theorem 3.5.1, to obtain the expression for
U(z) := ¥(x,0).
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THEOREM 3.5.3. For p as in (3.5.4) and for z € T,

w(w) = Y00 (35.12)
with
~L500)
T(0) = Nf (3.5.13)
1+ +8(0)

We now have an expression for the probability of being identical by descent expressed in terms
of the Green function of a simple random walk. In Chapter 4 we present two examples for the

Green function.



CHAPTER 4

Multi-colony Moran model with seed-bank, selection, migration

and mutation

In this chapter, we consider a multi-colony Moran model on a discrete torus with sequential
dynamics. The dynamics consist of exchange between the active and the dormant population,
resampling, mutation and migration. We consider two types of mutation: a harmless mutation
and a deleterious mutation. Migration between colonies is dependent on the type of the indi-
vidual. Consequently, we consider four reservoirs in each colony: A-active, a-active, A-dormant
and a-dormant. We are interested in calculating the probability ¥(x,y) at equilibrium that two
individuals from colonies z and y share a common ancestor without encountering a deleterious

mutation in their ancestral lines.

In Section 4.1 we define the model. In Section 4.2 we define ¥(x,y) and relate it to Fi(z,y),
t > 0, the probability density per unit of time that the two individuals from colonies x and y
share their most recent common ancestor at time ¢. In Section 4.3 we derive a recursion relation
for Fi(x,y), which implies a relation for ¥(z,y). Using the latter, we compute its Fourier
transform \f/(ﬁ) in Section 4.4, from which we are able to gain more insight into its properties
as a function of x,y and the underlying parameters. In Section 4.5 we consider a special case
of the parameters, namely, weak exchange and weak harmless mutation, for which we obtain a
more explicit expression for W(#). We invert this expression in Section 4.6 and show that ¥(z)
can be written in terms of the Green function of a simple random walk. We conclude by offering
two examples for which a closed form expression of the Green function exists: the infinite torus
and the finite torus, both in dimension d = 1.

4.1. Definition of the model

For L € N, consider the discrete torus T = Z? N [0, L]¢ in any dimension d € N, with periodic
boundary conditions. Fach site contains a colony, consisting of an active population of size N
and a dormant population of size M that resides in the seed-bank. Define { A, a} to be the base-
types. Harmless mutations can only affect active individuals, and cause an active individual to
change base-types. Deleterious mutations can affect both active and dormant individuals, and
change the type of an individual to an entirely new type. Only active individuals can migrate
and resample. We consider selection in migration, i.e., the migration rate is dependent on the
type of the individual.

31
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Formally, let u, x € Rsg be the rate of the deleterious and the harmless mutation, respectively.
Let p € R5( be the rate of the exchange between the active and the dormant population. For
x,y € T, let ka(z,y), ka(x,y) € Rsg be the rates of the migration from colony x to colony vy, for
individuals of type A and type a, respectively. We assume that the migration rates only depend
on the distance between the colonies x and y and not on their position, which makes our system

translation-invariant.

We consider the following dynamics (in colony x):
e An active individual of type A or of type a:
(1
2

) mutates to a new type at rate y;

(2) becomes dormant at rate p;

(3) mutates into type a or type A, respectively, at rate x;
(4)

4) migrates to colony y and chooses an ancestor uniformly at random at rate k4(z,y)

or rate kq(x,y), respectively.

e A dormant individual of type A or of type a:

(1) mutates to a new type at rate p;

(2) becomes active at rate p.

Note that the only difference in the dynamics for active individuals of type A and a is the
migration rate, and that dormant individuals obey the same dynamics, regardless of their type.
We give an overview of the rates for the active and the dormant individuals in Table 4.1.1. We
also illustrate the dynamics of the model in Figure 4.1.1, by displaying all different incoming
and outgoing rates for individuals in a colony.

Rate Explanation Active Dormant
P exchange between active and dormant v v
7 deleterious mutation v v
X harmless mutation v X
ka(z,y),kq(x,y) migration from colony x to colony y v X

TABLE 4.1.1. Overview of the rates for the active and the dormant individuals

in colony .
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[ P [

A-active a-active | A-dormant a-dormant |

A\ I T I

LI I |

colony z

X
ka(z,y) ka(z,y)
colony y | | |
| active | dormant |
population population

FIGURE 4.1.1. Illustration of the dynamics of the model. The dynamics that
occur within colonies are illustrated in colony x, while the dynamics that occur

between colonies are illustrated between colony x and colony y.

4.2. Probability of being identical by descent

Fix x,y € T. Contrary to the model in Chapter 3, the migration rate depends on the type of
the individual. We are hence interested in ¢ ((x,?), (y,j)), the probability at equilibrium that
two individuals drawn uniformly at random from colonies z and y in states i, j € {0,1}? share
a common ancestor without encountering a deleterious mutation in their ancestral lines. The
states ¢ and j denote the four reservoirs specified, where we use the allocation given in Table

4.2.1. If z = y, then we assume that the two individuals drawn are distinct.

Reservoir ‘ A-active a-active A-dormant a-dormant
State |00 01 10 11

TABLE 4.2.1. Allocation of the states 7,5 € {0,1}? to the four reservoirs.

We want to find an expression for the 16-vector
W(a,y) = (¥((.), (1.9)))

which is ordered as a list of increasing binary numbers, i.e., the first element of the vector
represents the state (i, 7) = (00, 00), the second element represents the state (i, ) = (00,01) and
so on, ending with the 16th element representing the state (i,7) = (11,11).

€T 4.2.1
7:7]‘6{071}27 ‘T7y ) ( )
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Consider the model from Section 4.1 without the deleterious mutation and define f;((x, 1), (y,7))
to be the probability density per unit of time that two individuals drawn uniformly at random
from colonies = and y in states i, j € {0, 1}? share their most recent common ancestor at time
t. Consider the 16-vector

Fy(a,y) = (full@,1), (4.)))

with the same binary ordering as in ¥(z,y). We obtain the same relation between ¥(x,y) and

ey DY €T, t>0, (4.2.2)

Fy(x,y) as in Chapter 3, namely

U(z,y) = /OOO e Ey (2, y) dt. (4.2.3)

Note that as the rates of the model only depend on the distance between x and y, the same is
true for Fy(z,y) and ¥(x,y), i.e., Fi(z,y) = Fi(x —y,0) and ¥(z,y) = ¥(z — y,0).

Finally, throughout this chapter, we will assume the migration rates to be

ka(x,y) =vap(z,y), ka=vap(z,y), z,y€T, (4.2.4)

with v4,v, € Ryg given rates and p a given translation-invariant transition kernel on T.

4.3. Recursion relation

In this section, we obtain an expression for ¥(z,y) in terms of ¥(w, 2), w,z € T. We first derive
a recursion relation for each of the terms fi((x,1), (y,4)), i,5 € {0,1}2. This in turn implies a
relation for ¢((x,1), (y,j)). From these relations, we define matrices with which we can write

the expression for ¥(z,y).

We derive a recursion relation for Fy(z,y), by applying the approach of Section 3.3 to each of
the 16 terms fi((z,1), (y,7)), i,5 € {0,1}2. Recall that the general approach is as follows. We
integrate over the time interval [0, ] and consider the event in which only one of the individuals
undergoes a change in this time interval. Say that this happens at a time s, and that the
individual with state i in colony = changes to state k in colony z (possibly 2 = z or i = k). If
coalescence of the two ancestral lines does not happen at time s, then it is clear that we should
subsequently consider f;—s((z, k), (y,7)). Note that it is sufficient to consider the event in which
only one of the individuals changes. Indeed, if both do not change, then nothing happens, while

the event of them both changing at the same time has probability zero.

Before we start, we state some basic facts that we use throughout the calculations. Let
X1,...,X, be independently exponentially distributed with parameters Ai,..., A, , respec-
tively, i.e., X; ~ Exp(\;). Denote the distribution function and the density function of X; by
G; and g;, respectively. In addition to (3.3.1), we make use of a well-known fact about the

minimum of independent random variables with an exponential distribution, namely,
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n
s
min{X1,..., X,} ~ Exp X)i,mﬁ&:mmmwaﬁ}:ﬁ#fﬂzL””n
- 2'21 >\i
=1 7
(4.3.1)
We are now ready to derive the recursion equations. We will not do so in the order of the vector
Fy(x,y), but rather in four groups of states that have similar equations. We consider the four

groups specified in Table 4.3.1, where we also provide an overview of where the results can be

found.

Group Combinations of states States Results

First Dormant states (10,10),(10,11), Proposition 4.3.1.
(11,10), (11,11).

Second Active and dormant states (00,10), (00,11), Proposition 4.3.2 - 4.3.4.
(01,10), (01, 11),
(10,00), (10,01),
(11,00, (11,01).

Third  Active states with different types (00,01),(01,00). Proposition 4.3.5.

Fourth Active states with identical types (00,00),(01,01). Proposition 4.3.6 - 4.3.7.

TABLE 4.3.1. Specification of the four groups considered for the recursion equations.

PROPOSITION 4.3.1 (First group). For x,y € T,

o100, (5:10)) = [ e (@000, (5:10) + fims{(2.10). (1.00))) ds. (432)

ft((x7 10)7(y711>) _/0 pei2ps(ft—8<(x700>7(y711))+ft—s((x7 10 y701 ) dS, (433)
) (4.3.4)

il 11),(:10)) = [ e (0,011, (0. 10) + fis (22 1), (5,00)
ft((x711)7(y711)) :/0 pe_QpS(ft—s((xﬂol)v(y>11))+ft—s((x711)7(y701))) ds. (4'3'5)

PRrROOF. It suffices to give the proof for (4.3.2), as the other relations can be proven similarly.
The reasoning is as follows. A dormant individual can only change states by becoming active,
with rate p. The probability of one individual not changing state before time s is e 7”9, while the
probability density of the other individual changing state at time s is pe™”°. The product of the
two equals the probability in the integral. We multiply this probability with the corresponding
ft—s. In the first term, the z-individual changes state from i = 10 to ¢ = 00, i.e., from A-
dormant to A-active. The y-individual does not change. In the second term, we observe the

same behaviour but with the roles of x and y reversed. (Il
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For the second group, note that the equations for the first four and the last four combinations,
as given in Table 4.3.1, will be identical with the roles of x and y reversed. As the equations for

¢ = 00 and ¢ = 01 are also similar, we first state and prove the equations for ¢ = 00.

PROPOSITION 4.3.2 (Second group, i = 00). For z,y € T,

ft((xv 00), (ya 10))

:/Ot

t
v - vaA)S
+Z]’(I’Z)/o Al (2,00, (4, 10)) ds
zeT

t
+/0 pe”CrxtvAs £ (2,00, (y,00)) ds,

14 —2ps X — s
mpe 2p ft—s((xa 1O)a(y7 10))+mxe () ft—s((xvol)v(yv 10)) ds

(4.3.6)
ft(($v 00), (yv 11))

:/Ot

t
v — va)S
£ 300.2) [ e (2,00), (3. 1D) ds

z€T

P —2ps 10 11 +$ —(pt+x)s 01 11 d
P+X+VApe ft*S((l‘v ),(y, )) P+X+VAX€ ft*S((xv )7(ya )) S

t
+ / peGrxtuas £ ((2,00), (y,01)) ds.
0
(4.3.7)

PROOF. We only give the proof for (4.3.6), as (4.3.7) can be derived in a similar way. The
y-individual can only change state by becoming active. However, the z-individual has three
possibilities to change state. Namely, it can become dormant with rate p, mutate to type a
with rate y, or migrate with rate v4. Consider the first integral. Due to (3.3.1) and (4.3.1), the
x-individual becomes dormant with probability p/(p + x + v4) with corresponding probability
density pe~?°. The probability for the y-individual to remain in the same state is e7?°. We
multiply these terms and multiply them with the corresponding f;_s;. The same reasoning
applies to the second term in the first integral, and to the second integral, where we must also

sum over the possible states z € T.

In the last integral, we consider the event in which the y-individual changes state at time s and
the z-individual does not change state before time s. The former has probability density pe™*%,
while the latter has probability e~ (PTXFva)s by (4.3.1), as this corresponds to the minimum of

exponential random variables with rate p, x and v4 being larger than s. O

It is clear that we obtain similar equations for ¢ = 01, with v4 replaced by v, and with the

states updated correspondingly. Hence, we state these without proof.
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PROPOSITION 4.3.3 (Second group, i = 01). For z,y € T,
ft((xv 01)7 (yv 10))

:/Ot

t
Vq — Vg )8
+Zp(:v,z)/0 e (2,00, (5:10)) ds
zeT a

t
+/ pe_(2p+X+Va)sft78(($aOl)a (y,00)) ds,
0

B pem2 f (@, 11), (y, 10)) + ————xe™ @0 £, ((2,00), (y,10)) | ds

p+ X+, p+ X+

(4.3.8)
ft((x7 01)7 (Z/, 11))

:/Ot

t
Va —(p+va)s
+ Zp(xgz)/o Wyae (p+ a) ft_s((Z,O].),(y71].)) dS
zeT @

t
+/0 pe” BrEXEIS i ((,01), (y,01)) ds.

b pe ™ fi (2, 11), (3, 11)) + —— e 0% (2,00), (y, 11)) | ds

pt+X+g p+X+Va

(4.3.9)

Finally, we obtain identical equations for 7 = 00 and j = 01 as in Propositions 4.3.2 and 4.3.3,
respectively, with only the roles of z and y reversed.

PROPOSITION 4.3.4 (Second group, j = 00 and j = 01). For xz,y € T,
ft(<m7 10), (yv 00))

:/Ot

t
v - VA)S
+Zp(y7 Z)/o p+X7A+VAVA€ (ptvalsf, ((x,10),(z,00)) ds

zeT

b e fi (2, 10), (y,10)) + ————xe~HOf,_((,10), (3,01)) | ds

p+x+va p+Xx+va

+ /t pe”Crixtea)s g, ((x,00), (y,00)) ds,
0 (4.3.10)
ft((xv 10)? (y,Ol))

:/Ot

t
Va — Va)S
30 p02) [ e O i (2,10), (2,01) ds

z€T @

B pe2 f, ((w,10), (y, 11)) + ————xe™ @H05 £, ((x,10), (y,00)) | ds

p+ X+, P+ X+l

t
+ / pe= RS £, ((2,00), (y,01)) ds,
0
(4.3.11)
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ft(($v 11)a (yv 00))
-,

t
v — 14 S
+Zp(y, Z)/O [)—|—X7A—|—1/AVA€ (ptva) ft_s((x,ll),(z,()(])) ds

z€T

P pe fio((2,11), (9,10)) + ————xe Ty ((x,11), (y,01)) | ds

prX+va prX+va

N / e GRS (2,01), (1, 00)) ds,
0 (4.3.12)
ft((m7 11)7 (ya 01))

:/Ot

t
Vq — Vg )S
+ Zp(yaz)/o mwﬂ (prtva) fi—s((z,11),(2,01)) ds

zeT @

B pe2 f (@, 11), (y, 11)) + ————xe @05 f, (2, 11), (y,00)) | ds

pt+Xx+va Pt XtV

t
+/0 pe”Grxtvas f ((2,01), (y,01)) ds.
(4.3.13)

For the third group, we consider the combinations of active individuals with different types.
Each of the individuals now has three options for changing state, so we get a total of six terms
within the recursion relation. The separate terms can be derived by using reasoning similar to

that for the second group and hence we state the equations without proof.

ProPOSITION 4.3.5 (Third group). For xz,y € T,

t
fi((x,00), (y,01)) = /0 Wﬁpe-@ﬁxwﬂs fis((2,10), (y,01)) ds

t
X —(p+2x+va)s
+ _ _s((x,01), (y,01)) d
/OP X VAX€ fi—s((z,01), (y,01)) ds

t
VA —(p+x+vatva)s
+ p(%Z)/ vae PTXTATY fi_o((2,00), (y,01)) ds
z€T 0 PEXTVA

t
[ e R (@.00), (5. 10)

t
+/0 M%ng(P‘FQX‘FVA)Sft_S((i’00)7 (y700)) ds

t

Va — vaAtve)s

X p09) [ e A (0, 0), (2, 01) .
zeT a

(4.3.14)
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t
fi((w, 01), (y,00)) = /0 M%pe—@ﬂ*”“”ft,s((m, 1), (y,00)) ds

t
+/0 M%Xe_(P-FQX-FVA)Sftis(('I’00), (y’ 00)) ds

t
Vg — vaA+Ua)s
F Y p,2) [t ORI (2,01, (5, 00)
zeT a

t
P —(2ptxtva)s
+ [ — —s((z,01), (y,10)) d
/OPJFXJFVApe Ji—s((2,01), (y,10)) ds

t
X —(p+2x+va)s
+ [ —— —s((z,01),(y,01)) d
/OP+X+VAxe Ji—s((x,01), (y,01)) ds

t

v —

#30p02) | e P (2, 0), 2, 00) ds
z€T

(4.3.15)

For the fourth group, we consider the combinations of active individuals with identical types.

The main difference with the other groups is that we now have an opportunity of coalescence

occurring. We first state and prove the result for (i, 5) = (00, 00).

PROPOSITION 4.3.6 (Fourth group, (4,5) = (00,00)). For xz,y € T,

ft((wv 00)7 (ya 00))

t
_ | P —(2ptxtva)s 10 00)) d
/0 p+X+I/Ape ft*S((:m )7(y7 )) S

t
X —(p+2x+va)s
+ _s((x,01), (y,00)) d
/0P+X+VAX6 fios((,01), (4,00)) ds

t
va —(ptx+2va)s
+ T,z ——— v e 1{z _s((2,00), (y,00
Sotea)| [ o {2 # yhe-o((2,00), (3,00))
N-—-1 1 VA _ u
Tz =y ft—s((y,OO),(y,OO))> d8+1{z=y}ﬁmme (Prxt2va)t

t
P —(2p+x+va)s
+ _s((x,00), (y,10)) d
/op o fi—s((x,00), (y,10)) ds

t
+ / X e eEa)sy ((2,00), (y,01)) ds
0

p+X+va
t
va —(p+x+2va)s
+ , 2 vae 1{z # z}fi_s((z,00), (2,00
Sra)| [ o ({ # abfies((2,00), (2,00)
N -1 1
+1{z =a}— fts((x,OO),(x,OO))> d.s+]1{z:x}ﬁwiﬁme—@ﬂ“mt.

(4.3.16)
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PROOF. We only explain the first three integrals, in which the z-individual changes state. In
the last three integrals, the y-individual changes state which yields similar results. The only
difference compared to the third group is in the part concerning the migration. Indeed, we must

now keep track of whether or not coalescence occurs and what the effect is of coalescence:

e If the z-individual migrates to a colony z # y, then coalescence never occurs, so we
continue from colonies z and y.

e If the x-individual migrates to colony y, then with probability (N — 1)/N it does not
coalesce with the y-individual and we continue with both (distinct) individuals from
colony y. These two cases account for the third integral.

e If the z-individual migrates to colony y, then with probability 1/N it does coalesce
with the y-individual. As we are still interested in the most recent common ancestor
at time ¢, we only get a positive contribution when the coalescence happens exactly at
time t. This accounts for the extra term.

O

It is clear that for (4, j) = (01,01), we obtain a similar equation with v4 replaced by v, and with
the states updated correspondingly.

PropPoOsSITION 4.3.7 (Fourth group, (i,5) = (01,01)). For z,y € T,
ft((ﬂf, 01)7 (y7 01))

t
e # _(2P+X+Va)s 11 01 d
/0 IEEAS fims((@,11), (3,01)) ds

t
+ A M%XG_(I)—HX—FW)SL&—S((% 00)’ (y, 01)) ds

+ Zp(:c, z)

zeT

t
_ Yo —(ptx+2va)s
/0 prx+va (1{2 7 Yhfi=s((z,01), (v, 01)

N -1
+ 1{z =y} ~

1 v
— - Ya —(ptx+2va)t
fis((9,00), (3, 01>>) s 1{z =yt

t
[ e O (w00, (5.11) s

t
+/0 e R (2, 01) (3, 00) s

+Y p(y.2)

g P+ X+ Ve,

/t Lz/ae*(’”rx””“)s (]l{z # 2} fi—s((x,01), (2,01))
0

N -1
+1{z ==z} N

1 v
L 1 1 =g} > 4, —(p+x+2va)t |
ft ((:an ))(x70 ))) d5+ {Z x}N,O‘i‘X‘i‘VaV €

(4.3.17)
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Using (4.2.3), we see that the previous propositions in turn imply relations for ¢ ((z, 1), (y,7)),
i,j € {0,1}2. We again determine these relations according to the four groups specified in Table
4.3.1. Combining these relations, we then find a recursive relation for ¥(z,y) itself. An overview
of the results according to the groups can be found in Table 4.3.2.

Group Results

First Proposition 4.3.8.

Second Proposition 4.3.9.

Third  Proposition 4.3.10.

Fourth  Proposition 4.3.11 - 4.3.12.

TABLE 4.3.2. Overview of the results for relations for 1 ((x, 1), (y, 7)) per group.

PRrROPOSITION 4.3.8 (First group). For z,y € T,
p

9(2,10),(5,10)) = 5L (912, 00). (5, 10)) + w((, 10), (5, 00) ). (4:318)
9(,10), (4, 11)) = 5L (912, 00), (3, 11)) + (2, 10), (4, 01) ). (4.3.19)
9 11), (3,10)) = 5 L (91 01),(3,10)) + (@, 11), (4, 00) ). (4:3.20)
9 11), (5, 11)) = 5 L (90, 01), (3, 11)) + 9 ((, 11), (5, 01) ). (4:3.21)

PRrROOF. It suffices to prove (4.3.18); the other equations follow similarly. We apply the relation
in (4.2.3) to (4.3.2). As the integral is a linear operator, we can consider the two terms separately.
Since they are similar, we only consider the first term. We have that

/OO e~ 2t [/t pe” 2% f,_o((x,00), (y, 10)) ds] dt
0 0

= /OO p672(M+P)s [/OO 672#(1?75)ft_s((x7 00)7 <y, 10)) dt] ds (4322)
0

S

_ .
= 5y (#:00), (4.10)).

O

For the second group, note that the only difference is that we now have a term in which we sum
over z € T. However, this does not change anything about the evaluation of the two integrals,
so results for the second group can be found in exactly the same way as for the first group. We
thus state the results for the second group without proving them.
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PROPOSITION 4.3.9 (Second group). For xz,y € T,

¥((z,00), (y, 10))
_ P P
p+x+va2(p+p)

VA VA
+ z, 2)¥((z,00), (y,10)) +
T T s T 2P (00, 10)

X X

.10), (y,10)) +
O((@.20), (0 10) 4 XX

¥((z,01), (y,10))

P
2u+2p+x+va

¥((=,00), (y,00)),
(4.3.23)

P((2,00), (y,11))

P p X X

= z,10), (y, 11)) + x,01), (y, 11

p+x+m2(u+p)w(( )+ e ATt ot x (@ 0L (0 11)
VA VA P

¥((z,00), (y,01)),
(4.3.24)

- ;Tp(x’ 2)Y((2,00), (y, 11)) +

+
pt+x+va2u+p 2u+2p+x+va

¥((x,01), (y,10))
_ P p
p+ X+ va2(p+p)

Vg Vg
+ z, 2)9((z,01), (y, 10)) +
TR T T S (00, (410)

X X
pPHX+va2u+p+x

¥((z, 11), (y,10)) +

¥((,00), (y,10))

p
2u+2p4+ x4+ v,

¥((z,01), (y,00)),
(4.3.25)

¥((z,01), (y,11))
_ . p p
P+ X+ Va2(p+p)

Vg Vg
+ p(x, 2)Y((z,01), (y,11)) +
p+X+Va2M+p+VazeZT (@, 2)¢(( )+ )

X X
p+x+ve2u+p+x

P((2,11), (y,11)) + ¥((,00), (y,11))

p
20+ 2p 4+ X + vV

¥((x,01), (y,01)),
(4.3.26)
¥((,10), (y,00))

_ P p
p+xX+va2p+p)

va v
T ;p(y, 2)Y((x,10), (2,00)) +

X X
P+ XF+va2u+p+x

¢((,10), (y,10)) + ¥((,10), (y,01))

P
2u+2p+x+va

¥((x,00), (y,00)),
(4.3.27)

_|_
p+XxX+va2u+p

P((2,11), (y,00))

P p X X

= z,11), (y,10)) + x,11), (y,01

P+X+VA2(,UJ+P)w(( W S T T (1 (5 01)
VA VA p

¥((,01), (y,00)),
(4.3.28)

2u+2p+x+va

+ , 2 x,11), (2,00)) +
P+X+VA2u+p+VA;Tp(y y((, 11), (2,00))
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¥((,10), (y,01))

___ P p X X
= g2t ) V@10, ) + s e (10, (3, 00))
Va Vaq p
e ZEZTp(y, 2U((,10), (2,01)) + 5 Em (2, 00), (3, 01)),
(4.3.29)
¥((x,11), (y,01))
_ P P X X
= i 2(u+p)w((f£,11),(y,11))+ X 2H+p+xw((x,11),(y,00))
Va Va 1%
LiPTe— 2M+p+ya;p(y,z)w((x,ll),(z,()l)w o (@ 0, (5,00),
(4.3.30)

For the third group, note that we again obtain similar results to those of the first and the second

group, only with more terms, as each individual now has three possibilities to change state.

PROPOSITION 4.3.10 (Third group). For z,y € T,

_ P P
1[)((1‘,00),(@/,01)) - p+X+VA 2M+2P+X+Vaw(($710)7(y,01))

X X
z,01), (y,01
DX T vAZat pt 2 d (0L (0 0L)

VA VA
+ z, 2)1((z,00), (y,01
P+X+VA2M+p+X+VA+Va;p Jo(( ) (y,01))

p p
.00), (y, 11
p+X+1/a2,u+2p+X+uA¢((x ) (v, 11))

X X
.00, (,00
p+X+Va2,u+p+2x+VA¢((m ), (,00))

v, Vg
+ , z,00), (z,01)),
P"‘X"‘Va?,u—i—p-i-x—i—l/,q—i-l/a;py 2 ((x, 00), (z,01))

(4.3.31)

_ P P
¥((z,01), (y,00)) = P —— 2M2/)+X+VAw((:c,11),(y700))

X X
x,00), (y,00
p+X+Va2,u+p+2x+1/Aw(< ), (4,00)

Vg Vg
+ x,2)Y((z,01), (y,00
P+X+Va2,u+p+x+u,4+yaz€;p J¥((z01), (4,00))

14 p
z,01), (y, 10
p+X+VA2u+2p+X+ua¢(( )(y ))

X X
+ z,01), (y,01
p+X+VA2M+p+2X+Va¢)(( ) (4,01))

VA
01), (z,00)).
P+x+u,42u+p+x+m+uazzpy’ (,01), (2, 00))

(4.3.32)
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For the fourth group, we will see a difference compared to the other groups. Namely, in these
equations we encounter coalescence, which will also be represented in the relation obtained for
Y((z,1), (y,7)). We first state and prove the result for (¢, 5) = (00, 00).

PROPOSITION 4.3.11 (Fourth group, (¢,7) = (00,00)). For x,y € T,

_ P P
¥((x,00), (y,00)) = pE—— 2M+2p+X+VAw((x, 10), (y,00))

X X
2,01), (,00
p+x+I/A2u+p+2x+l/A¢(< ), (v,00)

VA
00 00
p+x+uA2u+p+x+2qupmz (2,00), (3,00))

VA VA 1
o ? 700, ,OO
T x T Az ot x5 A NP@)P((,00), (4,00))
VA VA 1
+ —p(z,
p+X+I/A2,u+,O+X+2I/ANp( v)

P p
a2t roa (@00 (5,10))
¥((=,00), (y,01))

X X
prx+va2u+p+2x+uva
12\ VA
, 2 z,00), (2,00
X A T e Y ¥ P (00, (00
VA VA 1
a T y L 33700,113,00
PEX T At ot x g ava NP DY 00), (2,00))
VA VA 1
+ il
p+x+VA2,u+p+X+21/ANp(y )

(4.3.33)

PRrROOF. We only focus on the terms in (4.3.16) that concern the z-individual. Note that for the
first two terms, we obtain similar results to those of the first three groups. For the third term,

as in the proof of Proposition 3.3.2, first rewrite

S0z £ g} fino((2,00), (3,00)) + 1z = g} fi (5,00, (4, 00))
et X (4.3.34)
= Z ft—s((zﬂ 00)7 (y7 OO)) - ]I{Z = y}th—s((:% 00)7 (y7 00))'

z€T

It follows that we only have to apply the relation between W(xz,y) and F;(z,y) to the three

seperate terms

t
VA —(ptx+2va)s
T,z ———————vge _s((2,00), (y,00)) ds, 4.3.35
Sortes) || fies((2:00), (3,00)) (4.3.35)
- ip(a: Y) /t ViAVAef(p+X+2VA)sft_ ((y,00), (y,00)) ds (4.3.36)
N ) 0 p + X + VA S b ) ) )
ip(ac,y)]/7’4V,Lle*(’ﬂ”ﬁz”f“)t. (4.3.37)

N ptX+ra
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As these are again similar to the terms in the other groups, the desired result follows. O

It is clear that we obtain a similar result for (¢,7) = (01,01). Note that by symmetry, we have
p(z,y) = p(y, ), so the final term for the z-individual and for the y-individual are identical.

PROPOSITION 4.3.12 (Fourth group, (i,5) = (01,01)). For x,y € T,

D, 01), (4, 01)) = e (1), (5, 01))
¥((x,00), (3,01)

X X
S pla, 2)6((2,01), (3, 01))

PHX TV 20+ p+2x + v,
z€T

Vg Vg
+
pHx+ve2u+p+x+2v,

o+ ;a+ Vo 201+ p :ax o, %p(fﬂ, ) ((y,01), (y,01))
ot :a+ Va 24+ p iax +2u, %P(x, y) (4.3.38)
p+ >5+ Va 200 + gpi o, P, 00, (g, 11))

* p+ ;-i- Vo 20+ p -|>-<2X T Va¢((x’ 01), (y,00))

Vaq Vq

+ ,2)((2,01), (2,01
P+x+ua2,u,+p+x+2ua;rp(y Joll( ) )

Vg Vg, 1

To formulate the expression for ¥(x,y), we first introduce some notation. For a € {4, a}, define

fla) =p+ X+ va, gi(a) =2u+p+ X + 2va,
hi=2pu+p+x+va+ve g2(a)=2u+2p+ X+ Va, (4.3.39)
hy =2+ p+ X, g3(e) = 20+ p + 2x + va, .
hs = 2p + 2p, ga(@) =20+ p + V.
Next, for a, 8 € {A, a} define
va _ 2 _
Pi(0) = srgayy QU@ B) = sidamy @ = i
V2 2
PZ(a) = f(cghl’ QZ(a) = ggl()a)’ Rl (azﬁ) = f(a§<g3(ﬁ)v (4340)
l/?, o 2 _ 2
Ps() = sygar @@ = wam, Fa2l0) = maym

Let ®,, be the vector of length 16 and let A, , be the 16 x 16-matrix with elements given by

2P3(A), k=1,

[Poylk = %p(m,y) 2Ps(a), k=6, (4.3.41)

0, otherwise,
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(4.3.42)
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(4.3.46)
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It is clear that we obtain the vector and the matrices by combining all equations from Proposi-

tions 4.3.8 through 4.3.12. Using these definitions, we thus obtain an expression for ¥(z,y).

COROLLARY 4.3.13. Let 05, = 1{x =y}. Forz,y €T,

U(z,y) = Py + Ay ¥(0,0) + Y By TU(w,2) (4.3.47)
w,z€T
where
Bu,: = 0w,202,yC + 0uwzp(y, 2)D + 6. yp(z, w)E (4.3.48)
with
C=0C,+Cy. (4.3.49)

As it is not obvious how to obtain a closed-form expression for ¥(x,y) from Corollary 4.3.13,
we consider its Fourier transform.

4.4. Fourier analysis

Consider the Fourier transform and the Fourier inversion formula given by (3.4.1) and (3.4.2),
respectively. Recall that the dynamics of the model are translation-invariant, so we may consider

() :=0(0,-0)= > ™ VY(z —y,0). (4.4.1)
z,yeT

Write U(0) = ¥(0,0). Using Corollary 4.3.13, we find a relation for ¥(#).

PROPOSITION 4.4.1. For 6 € T,

T(0) = p(O)® + p(O) AT(0) + [C + p(0)(D + E)|(6), (4.4.2)
where
C=C,+Cy (4.4.3)
with ® the vector of length 16 and A the 16 x 16-times matriz with elements given by
2P3(A), k=1,
@h:% 2P3(a), k=06, (4.4.4)
L0, otherwise,
2P3(A4),  (k,1) = (1,1),
[sz—% 2Ps(a), (k,1) = (6,6), (4.4.5)
0, otherwise.

PRroOOF. First, note that the Fourier transform is a linear operator, so that we may determine
the Fourier transform of each of the terms in the sum separately. Second, note that ¥(0) and
the matrices C, D and E are all constant, so that they will not be affected. Finally, note that
the vector ®,, and the matrix A, , are not constant, but we may take the Fourier transform
per element of the vector and the matrix, respectively.
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Consider the first term of (4.3.47). For any non-zero element of ®, ,, we have that

, 1
Z 62#1(9'(96—11)) Np(g;‘ -, 0)2P3(Oé) =
z,yeT

P(0)2Ps(cv). (4.4.6)

=1

Define @ to be given by (4.4.4). Then it is clear that ®,, = p(#)®. For the second term, note
that the elements of A, , are similar to those of ®, ,. It follows immediately that flx,y =p(0)A,
where A is defined by (4.4.5).

For the third term, we have that

> e%i("'(zy))[ > 5w7x5z,y0‘11(w—2,0)] =Y MOV (z—y,0) = CU(0). (4.4.7)

z,yeT w,z€T z,yeT

For the fourth term, we have that

3 eniloay) [ > Suwap(y — 2,0)D¥(w - z,0)

z,y€T w,z€T
_ Z ZeQTri(G-(z—y))p(y _ 2, 0)627ri(0-(m—z))D\I,(l, —2,0) (4.4.8)
z,y€T 2€T
=p(O)DY(0),
where we use that, by symmetry, p(y — z,0) = p(z —y,0). Similarly, for the fifth term we obtain
PO)ET(0). (4.4.9)
Adding all terms, we get the desired result. (Il

From Proposition 4.4.1, we obtain a closed-form expression for ¥(6).

THEOREM 4.4.2. Let I1g be the 16 x 16-identity matriz. For 0 € T,

T(0) = p(0) X (0)(® 4+ AT(0)), (4.4.10)
where .
W(0) = | Lo — == S HOXOA] =Y pO)X ()0 (4.4.11)
] oeT ] oeT
with
X(0) = [, — C —p(0)(D+ E)| L. (4.4.12)
PROOF. From (4.4.2), it follows that
(16 — C — p(0)(D + E)|¥ () = p(0)(® + AT(0)). (4.4.13)

Write

X(0) = [l —C —pO)(D+ E) L. (4.4.14)



4.5. SPECIAL CHOICE OF PARAMETERS 49

Then (4.4.10) follows. It remains to determine the value of ¥(0). For this we use the Fourier

inversion formula (3.4.2), which yields

T(0) = — > ¥(h). (4.4.15)

T(0) = — S p(0)X(0)(@ + AT (0)). (4.4.16)

Solving for ¥(0), we obtain

-1
1

TP

1

U(0) = |Iig — e

> B(0)X(0)A S 0(6)X(6)2. (4.4.17)

oeT
O

We found a closed-form expression for @(9) However, to obtain an explicit expression, we
have to invert several matrices. As these are all 16 x 16-matrices, determining the inverse is
computationally complex. In the next section we consider a special regime of the parameters

for which it is possible to derive a more tangible expression for \i’(@)

4.5. Special choice of parameters

In this section, we consider a special regime of the parameters for which we can determine an
explicit expression for ¥(f). First, we consider (p,x) = (0,0), i.e., no exchange between the
active and the dormant population and no harmless mutation. We show that Proposition 4.4.1
simplifies to a result similar to Proposition 3.4.1. Next, we expand ¥(6) around (p, x) = (0,0)

to analyze the effect of the seed-bank and of harmless mutation.

We denote all quantities in the case that (p, x) = (0,0) with subscript 0. We obtain the equivalent
of Proposition 4.4.1 for ¥o(6).

PROPOSITION 4.5.1 (No seed-bank and no harmless mutation). Let p = x = 0. For 0 € T,

YA Lp(0) — KA Lp(0)[Wo(0)]k + HA-p(0)[To(0)]r, k=1,

ptva pntva pntva
[Po(O)]k = § 22 D(O) — 25 4p(0)[Vo(O)k + 24-p(0)[Fo (O], k=6, (4.5.1)
0, otherwise.

PrRoOOF. By multiplying the matrices and vectors involved, we first find that [@0(9)] r = 0 for
all k ¢ {1,6}. Indeed, this is what we would expect. The only opportunity for coalescence is
when an active z-individual migrates and chooses the same ancestor as the y-individual (or vice
versa). The z-individual then chooses an ancestor with a type identical to itself, the y-individual
has an identical type as well. As p = 0 corresponds to no exchange between the active and the
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dormant population, it follows that the corresponding probability is zero for any combination
of states involving a dormant individual. As xy = 0 corresponds to no mutation between the
types A and a, the corresponding probability is also zero for any combination of states with an

individual of type A and an individual of type a.

Hence the only non-zero probability occurs for active individuals of identical types, i.e., the
states (4,7) = (00,00) and (i,7) = (01,01). These correspond to k = 1 and k = 6, respectively.
So we indeed should have that [Uo(6)]x = 0 for all k ¢ {1,6}.

Let C(p, x) be the 16 x 16-matrix given by (4.3.49) and put Cy = C(0,0). Let D(p, x) be the
16 x 16-matrix given by (4.3.45) and put Dy = D(0,0). Let E(p, x) be the 16 x 16-matrix given
by (4.3.46) and put Ey = E(0,0). For k € {1,6}, the k-th element is given by

16 16
(W0 (0)]x = D(0)[Rolk + H(0) > _[Ao]kr [Lo(0)] + > _[Co + H(0)(Do + Eo)lke[To(0)]y.  (4.5.2)

r=1 r=1

We determine all elements. First,

VA — 1
1 Hiva? ’
[Pole =« \ wten: k=6 (4.5.3)
0, otherwise,
and
| k) =10,
[AO]]W‘ = _N MiaVa’ (ka T) = (67 6)’ (454)
0, otherwise.

Next, [Colrr = 0 for all k and r. As Dy and Ey are diagonal matrices, we have that [Do+ Eo|x, # 0

if and only if » = k, and hence

16 ) ) ) VA 7 — 1’
> [Co+D(0)(Do + Eo)lkr [¥o(9)] = H(6)[Do + ol [Po(0)] = HO) [ To(O)]k ¢
= W k=6
(4.5.5)
Combining these terms we get the desired result. O

Observe that we obtain a decoupled system, where the A-active and the a-active individuals
behave as independent systems with mutation rate p and migration rate v equal to v4 and v,
respectively. As we considered this model in Chapter 3, it is no surprise that we find the same

relation for W(0) as in Proposition 3.4.1.

We next determine an expression for @(9) when p and y are small and compare it to the
expression found for (p, x) = (0,0). Let 0 < p, x < 1 be such that

pPX L py o pX K X (4.5.6)
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We use Taylor expansion up to first order around (p, x) = (0, 0) of the functions given in (4.3.40),
obtaining for « € {A,a},

Vo 2(p + va)

Pi(a) = — —-x+o )

1 () itve T2t X (px)
Va 2M+VA+V(J,+V0(

Pla)=—"%  _(p+ + o(py), 4.5.7

5 () S (p+x) Gt it (px) (4.5.7)
Vo 2M+3Va

Pa(a) = — & _ _EH T Ve ,

3(cv) it v (p+x)(2ﬂ+2ya)2 +o(px)

Furthermore, for a, 5 € {4, a},

Ql(avﬁ) = 0(pX)7 QQ(QHB> = pQuil/a + 0(pX)7
Qs(a) = o(px); Qs = pgy; + o(px),

(4.5.8)

and

Ry, B) = o(px), Ra(a) = o(px). (4.5.9)
Using these expansions, we can split the vector ® and the matrices A,C, D and F into inde-
pendent terms, terms depending on p and on Y, and terms of higher order. Define ®; to be the
vector of length 16 and A; to be the 16 x 16-times matrix with elements given by

| [Peii k=1
[@1]k =5 2% k=6, (4.5.10)
0, otherwise,
| (2o kD=,
[Ailes = =5 | 2aiiznses (kD) = (6,6), (4.5.11)
0, otherwise.

\

Consider &g and Ay given by (4.5.3) and (4.5.4), respectively. It follows that

O =y + (p+ x)P1 + o(px), (4.5.12)
A=Ay + (p+x)A1+ o(px). (4.5.13)

Define C; to be the 16 x 16-matrix with elements given by

s (k1) €{(3,1),(4,2),(9,1),(13,5)},

)
[Cilu = e (kD) €{(7.5),(8,6),(10,2), (14,6)},
3

i, (k,1) € {(11,3),(11,9), (12,4), (12,10), (15,7), (15,13), (16, 8), (16, 14) },
0, otherwise.
(4.5.14)

It follows that
C = pCi + o(px). (4.5.15)
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(4.5.19)
(4.5.21)

)
)

2143vq
(2u+2va)?”

(@)

*
3

2ut+va+vat+va
(2H+VA +Va)2 ’

Dy + pDy + xD2 + o(px),

E = Ey + pE1 + xE2 + o(px),

5 (@)

D

2(ptva)
(2utva)?’
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Before we determine the remaining expansions, we introduce extra notation. For a € {A,a},

define
Let Dy and Ey be defined as in the proof of Proposition 4.5.1. It follows that

where D1, Do, E1 and FE5 are the 16 x 16-matrices given by

D) =
B, =
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Py(A) 0 0 0 0 0 0 0000000O0O
0 P;y(A) 0 O 0 0 0 0000000O0O
0 0 -10 0 0 0 0000000O0O
0 0 0 -1 0 0 0 0000000O0O
0 0 0 0 Pi(a) O 0 0000000O0O
0 0 0 0 0 Pf(a) O 000000000
0 0 0 0 0 0 -1 000000000O0

b = 0 0 0 0 0 0 0 -100000000 (4'5‘22)
0 0 0 0 0 0 0 0000000O0O0
0 0 0 0 0 0 0 0000000O0O0
0 0 0 0 0 0 0 0000000O0O0
0 0 0 0 0 0 0 0000000O0O0
0 0 0 0 0 0 0 0000000O0O0
0 0 0 0 0 0 0 0000000O0O0
0 0 0 0 0 0 0 0000000O0O
0 0 0 0 0 0 0 0000000O0O

Using these expansions, we can also expand X (#) and ¥(0) around (p,x) = (0,0) to find an
expansion for \11(9) We first state and prove a useful fact that we will need throughout the
calculations.

LEMMA 4.5.2. Let My, My and My be n X n-matrices such that My is invertible. Then
[Mo — pMy — xMo] ™! = My ' + (pMy ' My + xMy ' Ma) My + o(px). (4.5.23)
PRroOOF. Let I, be the n X n-identity matrix. It is easy to verify that
[T, — pMy — xMo) ™t = I, + pMy 4+ xMs + o(px). (4.5.24)
It follows that
[Mo — pMy — xMa] ™! = [Mo(I,, — pMy ' My — x My ' M) ™!
= [I,, — pMy "My — x My My] P M (4.5.25)
= (I + pMy "My + xMy ' Ma) My + o(px).

We state and prove an expansion for X ().

PROPOSITION 4.5.3. Let X (0) be given by (4.4.12). Define
Mo (0) = I — p(0)(Do + Eo),
My(0) = C1+p(0)(D1 + En), (4.5.26)
M;(0) = p(0) (D2 + Ez).

Then

~

X(0) = Xo(6) + pX1(6) + xXa(0) + 0(px), (4.5.27)

where

X1(0) = My (0) M ()M, *(6), (4.5.28)

Note that X(6) is indeed the expression we obtain when we substitute (p, x) = (0,0) in (4.4.12).
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PROOF. Since Dy and Ej are non-zero diagonal matrices, My(#) is invertible. We have that
X(0) = [Iis — pC1 — H(0) (Do + pD1 + xD2 + Eo + pE1 + xE2)] ™! + o(px)
= [Mo(6) — pMi(8) — xMs(6)] ! + o(px) (4.5.29)
= My '(6) + (pMy (0) M (6) + x My (8) M2(8)) My (8) + o(px),
where we apply Lemma 4.5.2 in the last equality. ]
Next, we obtain an expansion for W(0). First, observe that, due to (4.4.11), ¥(0) consists of
two terms multiplied by each other. Second, the expansion for the second term is clear, as we

already have an expansion for X (f) and ®. It remains to determine an expansion for the first

term. Abbreviate .

Y = |I1ig — W > p(0)X . (4.5.30)
0eT
PROPOSITION 4.5.4. Define
No =l — — > 5(8)Xo(6) Ao,
| oeT
M= ZXO ) A1 + X1(6) Ao, (4.5.31)
’ ’ 0eT
Ny = T2 A1 + XQ(H)A
’ ’ 0eT
Then
Y =Yy + pY1 + xYa2 + o(px), (4.5.32)
where
Yo=Ny', Yi=Ny'NiNg', Yo = Ni'NoN; L (4.5.33)

Note that Yp is indeed the expression we obtain when we substitute (p, x) = (0,0) in (4.5.30).

PROOF. Since Xg (#) and Ap are non-zero diagonal matrices, Ny is invertible. We have that

- -1

Y = o=z 300 ($o(0)+ p5000) 41 50)) (0 + (o +041) | +olox)
9cT

-1

=l LS50 ) [K0(6) 40 + p(Xo(0) A1 + X1(6)40) + x(Ko(0) A1 + X>(6)4) ) |
L oeT

+ o(px)
= [No — pN1 — xN1] ™" + o(px)
= Ny '+ (pNy 'N1 + XNy ' No) NGt + o(px),

(4.5.34)
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where we again use Lemma 4.5.2 in the final equality. U

Using Proposition 4.5.4, we obtain the expansion for ¥(0).
PROPOSITION 4.5.5. Let U(0) be given by (4.4.11). Then
U(0) = Yo+ p¥1 + xV2 + o(px), (4.5.35)

where

6eT

v, = YOH;P S 8(0) (Xo(0) 81 + X1(6)20) + Y|ﬂ’l}| S 5(0) %o(0) o, (45.36)
oeT oeT

W, = YOH;P S 0(0) (X0(0)@1 + Xa(0)20) + Yo 3 2P0 Ko(0)20
6eT oeT

Note that ¥y is indeed the expression we obtain when we substitute (p, x) = (0,0) in (4.4.11).

Proor. Using the previous expansions, we have that

Xo(0) + pX1(6) + xX2(6) ) (@0 + (p+X)01))

T2 T
0eT 0eT
x| Yoy S0 5(0) (Ro(0)®1 + Xa(0)@0) + Yo > 5(0) Xo(0)®0 | + o).
IT] geT ITI geT
(4.5.37)
U

We now have all the terms that are necessary to derive an expansion for \11(9) around
(p,x) = (0,0), which we state in the following theorem.
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THEOREM 4.5.6. For 6 € T,

A A

B(9) = Wo(0) + p1(8) + xW2(6) + o(px), (4.5.38)

where

A

Wo(6) = 5(0)Xo(6) (%0 + Aoy ).

B1(0) = p(6) (Xo(0) (@1 + AU, + Alxyo) + X4(0) (@0 + onyo)>, (4.5.39)

s (0) = p(0) (Xo(0) (1 + AgWs + A1Wy ) + Xa(0) (@0 + Ao ) ).

Note that W (6) is indeed the expression we obtain when we substitute (p, x) = (0,0) in (4.4.10).
By considering W () — ¥ (), it is clear that we obtain the influence of the seed-bank and of the
harmless mutation. The influence of the former is reflected in @1(0), while the influence of the
latter is reflected in Wy(6).

Proor. We have that

A~

U (8) = p(6) X (6)(® + AV (0))

DO [Xo(0) + pXi1(0) + xXa(6)] [@0 + 1 + X

+ (Ao + (p+ X)Al) (‘I’o +p¥1 + X‘I’zﬂ + o(px)

) (4.5.40)
= 5(6)Xo(6) (o + Aoy
+pp(0) (XO(H) (@1 + Ag¥y + Al‘Po) + X1(0) <‘I’o + AO‘I/()))
+ Xﬁ(e)( Xo(0) (‘1’2 + Ao + Al‘l’o) + X5(0) (‘1)0 + Ao‘l’f))) + o(px).
(|

By inverting the expansion found for W(6), we obtain an expansion of ¥(z) := ¥(z,0) around
(p,x) = (0,0). However, as in Section 3.4 in Chapter 3, the degree of difficulty depends on the
model chosen. In the next section, for a special choice of p(x,y), we invert (4.5.38) and show

that it can be written in terms of the Green function of a simple random walk.

4.6. Fourier inversion

In this section, we consider a special choice of p(z, y) for which we are able to invert the expression
found for \11(9) in Theorem 4.5.6. The inverse can be expressed in terms of the Green function of
a simple random walk. We first simplify the expression found. For i € {0, 1,2}, consider X;(0)

as defined in Proposition 4.5.3. Define
£(6) = p(O)X:(0), (4.6.1)

with X; and X; their respective Fourier inverses. Next, recall that the Fourier inverse is defined
by (3.4.2). Then, for any f : T — R with Fourier inverse f, we have
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1 o

F0)= 25 3 70) (4.6.2)
9eT

It is now possible to simplify the expressions given in Propositions 4.5.4 and 4.5.5, and in

Theorem 4.5.6. Note that this simplification is not dependent on p and indeed is true for any
choice of p. Recall that ®; is given by (4.5.12) and A; is given by (4.5.13).

PROPOSITION 4.6.1 (Simplification of Proposition 4.5.4). Define
No = 11 — XQ(O)AQ, Ny = X()(O)A1 + X4 (O)Ao, Ny = Xo(O)Al + XQ(O)AD. (463)

Then
Y = Yo+ pY1 + xY2 + o(px), (4.6.4)

where
Yo=Nyb, Yi=N'NINGY, Yo =Ny NN, (4.6.5)

PROPOSITION 4.6.2 (Simplification of Proposition 4.5.5). Let ¥(0) be given by (4.4.11). Then
U(0) = Wo + p¥1 + x P2 + o(px), (4.6.6)

where
Vg = YpXp(0)®g

Uy = Yo(Xp(0)@1 + X1 (0)Dp) + Y1X(0) P (4.6.7)
Uy = Yo(Ao(0)®1 + A2(0)@g) + Y2, (0)Po.

THEOREM 4.6.3 (Simplification of Theorem 4.5.6). For 6 € T,

U(9) = To(8) + pL1(8) + x2(6) + o(px), (4.6.8)

where

Wo(6) = Xo(0)(Po + Ao W),

U1 (0) = Xo(0)(@1 + Aoy + A1Tg) + X1 () (P + Ag¥o), (4.6.9)
Wy (0) = Xo(0)(®1 + AgWa + A1 W) + Xa(6)(Do + AgWo).

It is clear that to invert (4.6.8) and to determine all constants involved, we only have to determine

the Fourier inverse functions X; and Aj, i € {0,1,2}. We introduce several functions and

constants, which we use to determine expressions for the functions X; and X; and their respective

inverses.
First, consider two basic functions. For 6 € T and ¢ € R, let

1 5oy cP(9)
a0 T o)

with a, and S, their respective Fourier inverses. From this, we construct three more functions.

Go(6) = (4.6.10)
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For § € T and ¢,d € R, let

ea(6) = : 20 = (72O Gt = Y
“ (1—ep(0))(1 —dp())” ~° L—cp0)) > % (1 —cp(8))(1 — dp(0))’
(4.6.11)
with Fourier inverses 7. 4, €. and (. 4, respectively. Finally, for o € {A, a}, define
Vg VA 41, Vg 2(pu+ vy)
cl(a) - 2,“_'_ Vav Cy = 2M+ va n Vav 03(04) - H+ Va’ C4(Oé) - _(2/,L—|— Va)Q?
2u 4+ 3va + 3y, 2p + 3y, 1
“= CQCutvatra)? co(c) = C2p+ va)? er(@) = ditre T 24
(4.6.12)

It is now possible to express X; and X, solely in terms of these functions and constants.

PROPOSITION 4.6.4. Let Xo(0) be given by Proposition 4.5.3. For 6 € T, Xo(0) and Xo(0) are

the diagonal matrices with elements given by

.

Gey(a)(0), k=1,

ey (0),  k€{2,5},

) (@), ke (3,4,9,13),

(0), k=6,

), ke {7,810, 14},
ke {11,12,15, 16},

(4.6.13)

( i Pes) (0), k=1,

L Be,(0), ke {2,5),

¥ _ cl(lA)Bcl(A)(e)7 ke {3,4,9,13},
LBy (0), k=6,

(4.6.14)

c3(a)
s Ba@(©), ke {7,8,10,14},
(6), ke {11,12,15,16}.

3>

PROOF. As defined in Proposition 4.5.3, we have that
Xo(0) = My (0) = [Ii6 — p(0)(Do + Eo)] L. (4.6.15)

Since Dg and Ej are diagonal matrices, it follows that XO(H) is again a diagonal matrix with
elements given by
N 1
X 9 - ~ )
Ol = 1 =500 Do + Eolla
Using the definitions of Dy and Ejy, and the notation introduced, (4.6.13) follows. By definition,

ke{l,...16}. (4.6.16)

[X0(0)]kx = [D(O)Xo(O))x, k€ {1,...,16}. (4.6.17)
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Observe that for all ¢ # 0,

p(0)de(0) =

and hence (4.6.14) follows.

Ls.00

Cc

(4.6.18)
O

PROPOSITION 4.6.5. Let X1(6) be given by Proposition 4.5.3. For 6 € T, X1(0) and X1(0) are

the matrices with elements given by

4 C A A~
ciﬁAi Ces(A).es(4)(0),

%602702 (0))
c7(A) ey (A),e5(4)(0),

)

ca(A

c?EAg Cer(A),e1(A) (9),
)

(X1(0)] = { @@ es(a),es(a)(0),

c7(@) e, (a),e5(a) (0),
cglic, (4)(0),

CSdcl (a) (9) )

(4.6.19)

(4.6.20)

otherwise.

PROOF. As defined in Proposition 4.5.3, we have that

X1(0) = Mg (0) M1(0) Mg (6).

(4.6.21)
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Here, My ' () = X((#) and hence is given in (4.6.13). Further, we have that
Mi(0) = C1 +p(0)(D1 + Er). (4.6.22)

Using the definitions of (1, Dy and E7, the notation introduced and by multiplying the three
matrices, (4.6.19) follows. By definition,

(X)) = PO X1(D)]r, (k1) €{1,...,16} x {1,...,16}. (4.6.23)
Observe that in addition to (4.6.18), for all ¢ # 0 and for all d,
P 1, S 1.
p(e)CC,C(e) = 258(9)7 p(e)’)/c,d(e) = ECC,d(e)a (4'6'24)
and hence (4.6.20) follows. O

PROPOSITION 4.6.6. Let Xo() be given by Proposition 4.5.3. For 6 € T, Xo(0) and X5(0) are
the diagonal matrices with elements given by

(C A) 2
C§EA§ CCS(A),C;;(A) ), k=1,

% Copren (0), ke {2,5),
(Xa) ] = Al (), ke {3,4,9,13},

, k=6,
. ke {7,8,10,14},
0, ke {11,12,15,16},

(4.6.25)

\
>

%ECS(A)(% k=1,

G (0), ke {25},
—zée(a)(0), k€ {3,4,9,13},

), k=6,

), k=1{7,8,10,14},
L0, ke {11,12,15,16}.

(4.6.26)

PRrROOF. As defined in Proposition 4.5.3, we have that
Xo(0) = My (0) Mo (0) M (6). (4.6.27)
Here, My () = Xo(6) and given by (4.6.13). We also have that
M (0) = p(0)(D2 + E3). (4.6.28)

Using the definitions of Dy and FEs, the notation introduced and by multiplying the three ma-
trices, (4.6.25) follows. By definition,

[X2(0)]kr = [D(O)X2(0))w, k€ {1,...,16}. (4.6.29)
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Observe that (4.6.24) is true and hence (4.6.26) follows. O

Our objective is to find the inverse functions X; and Aj, ¢ € {0,1,2}. In Propositions 4.6.4
through 4.6.6, we expressed X; and X; solely in terms of the functions &, BC, Ye,ds Ec and (Ac,d.
As the Fourier inversion formula is applied to each element of a matrix seperately, it suffices to
determine the inverse functions o, B¢, Ved, €c and (. 4. As in Chapter 3, we consider a special
choice of p, for which we are able to determine the inverses in terms of the Green function of a

simple random walk. We briefly recall our choice for p.
Let A € [0, 1] and consider

where 6., = 1{z = y} and with ¢ the transition kernel of a simple random walk (see (3.5.5)).

Note that p is indeed translation invariant, so we may consider p(x) := p(z,0). It follows that
p(0) = (1 —X) + Ag(0). (4.6.31)

For z € T and ¢ € Ny, let ¢;(z) be the probability that a simple random walk starting from the

origin is at site x at time [. The Green function of a simple random walk at site x is

Go(2) =) a()s, |2/ <1, (4.6.32)
1eNg

Note that while the functions A&, Bc, Ye,ds €c and éc,d are defined for all ¢,d € R, the Green
function is only defined for z such that |z] < 1. In determining the inverses, we only consider

the appropriate values for ¢ and d.

PROPOSITION 4.6.7. Let p as in (4.6.30). Forz € T and 0 < ¢ < 1,

1 Qe
aclr) = 75,0 <1 —bc> ’

(4.6.33)
Bu(z) = ——ap (2 ) 5
c _1_bc T 1_bc z,0y
with a. = e\ and b. = ¢(1 — \).
Proor. Note that if 0 < ¢ < 1, then
Qe cA
O<1—bc_1—c+c>\<1' (4.6.34)

To derive the claims, we refer to the proof of Proposition 3.5.2, where they are shown to be
true for the fixed constant ¢ = v/(u + v). All steps used are valid for any constant ¢ such that
0 < ¢ < 1, so this concludes the proof. O

Before we invert the remaining functions, we state the convolution theorem for Fourier inverse

functions (cf. [5], Chapter 6, Section 6) and prove a property for convolutions of Green functions.
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THEOREM 4.6.8 (Convolution Theorem). Let f,g : T — R and let f,g9: T — R be their respective
Fourier inverses. Let h(0) = f(0)§(0). Then the Fourier inverse of h is given by

h(z) =Y fl@—ygy) =D fWglz—y). (4.6.35)

yeT yeT

LEMMA 4.6.9. Let G/, be the derivative of Gy. For x € T and for any |z, |z2| < 1,

1
S Gy ()G () = { 1O TG A F (4.6.36)

veT Gz(zl) + zlG;ﬂ(zl), 21 = 29.
PROOF. For any |z1], |22] < 1, we have that

Z foy(zl)Gy(ZQ) = Z Zil Z? Z qi1, (:E - y)qu (y)

yeT l1,l2€Np yeT
_ l1 12
- Z <1 % auy+15 (%)
l1,l2€Ng
_ qu(x) Z AL (4.6.37)
keNy l1,l2€Np:
l1+1ls=k
k
k—la 1
=D al@) Yoy
keNg 1o=0

If 21 # 29, then we continue on from (4.6.37) as

k l2 kE+1
z 1—(29/%2
SawhY (2) - ¥ a8
21 1 — 2/
keNg l2=0 k€eNo (4.6.38)
1
= 71— 23 [Zle(Zl) — ZQGQ;(ZQ)].
If 21 = z9, then we continue on from (4.6.37) as
Sk + D)t = - | Y gl b
dZ1 1
keNp k€eNg
d, (4.6.39)
dz [21G2(21)]
= Go(21) + 211G (21),
which concludes the proof. [l

Using these convolutions, the remaining inverse functions can be determined.
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PROPOSITION 4.6.10. Let p as in (4.6.30). For z € T and 0 < ¢,d < 1,

(T aal1=5) [13%6@6 <13%c) 1%, G (1 b ﬂ , c#d,

cd(@) = (4.6.40)
T e () + et (5250)] -
ee(z) = (1_15)2 [(1 —2(1 = b.)G, (1 ib) + icbcggc <1 ibﬂ + 82,0, (4.6.41)
Cea(x) = ac(l_bd)iad(l—bc) [1g€chz (1%’6) 1a%dG (1 bdﬂ - 1—15de (1%4) , c#d,
T e o () e ()] - s (155)
(4.6.42)

with ac. = ¢\, be = c¢(1 — N), ag = d\ and bg = d(1 — X).
Proor. We have that

Ye,a(x) = de(0)@a (). (4.6.43)
By Theorem 4.6.8, it follows that

Yed(®) = el — y)aaly) = (1_b)1(1_bd Zny<&)Gy<1idbd> (4.6.44)

yeT

We then apply Lemma 4.6.9 to the convolution of Green functions. If ¢ # d, then

1 1 ac ac ad aq
FYCd< ) e - [ Gl: ( ) - G:L, ( >:|
(1—b)( bd)l—ibc_l—%d 1—bc 1—bc 1—bd 1—bd

(4.6.45)
— 1 Gc G Gc _ aq G aq
" ae(1—bg) —ag(l —b.) [1—b. "\ 1—b 1—bg “\1-bg/)]"
If ¢ =d, then
1 Qe Qe , Qe
=—— |G; . 4.6.4
To obtain the claims for . and (. 4, note that
Ec(0) = (B(0))",  Leal®) = Be(B)aa(0), (4.6.47)
and apply Theorem 4.6.8 and Lemma 4.6.9 consecutively. ([

Using Propositions 4.6.4 through 4.6.6, we need to determine the inverse functions with constants
c1(a), c2 and c3(a). For the definition of all constants, see (4.6.12). As pu, v, > 0, it is clear that

0 < c1(a), e, c3(a) < 1. (4.6.48)

The inverse functions X; and X; now follow immediately.
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COROLLARY 4.6.11. For p as in (4.6.30) and x € T, Xo(z) and Xy(x) are the 16 x 16 diagonal
matrices with elements given by

(

Qeya)(®), k=1,
A, (), ke {2,5},
Oley (A) (SU), ke {3, 4,9, 13},

[Xo(@)]kr = (4.6.49)
Ccs(a) (.’E), k=6,
Olc (a) (x), ke {7, 8, 10, 14},
8.0, ke {11,12,15,16},
atBes(n (@), k=1,
=B (2), k€ {2,5},
—L_3. . ke{3,4,9,13},
[Xo(2)]kke = (e () ¢ J (4.6.50)

cs»itu)ﬁc?,(a) (‘T)7 k=6,
o Pa@(®@), ke {7,8,10,14},
p(x), ke {11,12,15,16}.

COROLLARY 4.6.12. For p as in (4.6.30) and x € T, X;(x) and X1(z) are the 16 x 16 matrices

with elements given by

i e (@), (k1) = (1,1),
& egyen (), (k,0) € {(2,2),(5,5)},
c7(A)Ver(A).es() (@), (k1) € {(3,1),(9, 1)},
ey (@), (k1) €{(3,3),(4,4),(9,9), (13,13)}
c7(A) Ve, (A),e2 (T)5 (k,1) € {(4,2),(13,5)},
(X1 ()]0 = B@temaw@, (kD) =60, (4.6.51)
( a)Vey (a),e2 (), (k,0) € {(7,5),(10,2)},
@@, (k1) €{(7,7),(8,8),(10,10), (14,14)}
c7(a) Ve (a),es(a) (@), (K1) € {(8,6),(14,6)},
8ty (4)(2), (k,1) € {(11,9),(12,4), (15,13)}
80, (a)(2), (k,1) € {(15,7),(16,8), (16,14)}
0, otherwise,

\



ce(A
EEes(a)

By (2),
2
c7(A)

ca(A
e
c7(A)

ce(a)
c3(a)
)

cr(a

(X1 (@)]k =

ca(a)

cr(a)

0,

COROLLARY 4.6.13.

matrices with elements given by

[Xo2(2)]kr =

c1 (A) Ccl (A),C3

er(a) Ser(a),ea(
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(),

(1) (@),
(),

e () Cer(4) 00 (2),
7Ec3(a) (),

o1 (a) Ser(a),e2 (),
c(a)ZCei(a) (z),

) (@),
et Bea (@),
iy Ber(a) (@),

(co (A)

(k, 1) = (1,1),

(k,1) € {(2,2),(5,5)},

(k,1) € {(3,1),(9, 1)},

(k,1) € {(3,3),(4,4),(9,9), (13,13)},
(k,1) € {(4,2),(13,5)},

;1) = (6,6), (4.6.52)
(k,1) € {(7,5),(10,2)},

(k, 1) € {(7,7),(8,8),(10,10), (14, 14)},
(k,1) € {(8,6),(14,6)},

(k1) € {(11,9), (12,4), (15,13)},

(k,1) € {(15,7), (16,8), (16,14)},

otherwise.

For p as in (4.6.30) and x € T, Xa(x) and Xo(x) are the 16 x 16 diagonal

b)) (@), k=1,
%462,62 (), ke {2,5},
i Sa)am (@), ke {3,4,9,13}, Lo
ce(a) ( .6.5 )
c3(a) C03(f1)703(¢1) (x), k=6,
@ le@am@), ke{7,810,14},
0, ke {11,12,15, 16},
%503@4)(@’ k=1,
%ECQ(ZL'), ]f S {2,5},
2
;1(: , ke€d3,4,9,13},
e k) { } (4.6.54)
(@2 Ces(a)(T), k=6,
Sta @),k ={7,8,10,14},

0,

k€ {11,12,15, 16}.

Since we have determined X; and Aj, all the constants in Propositions 4.6.1 and 4.6.2 are now

known. It only remains to invert the expressions in Theorem 4.6.3.
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THEOREM 4.6.14. For p as in (4.6.30) and = € T,

W(a) = Vo) + pi () + xWala) + 0o, (4.6.55)
where
Uo(x) = Xo(z)(Po + Ao¥p),
\111(:6) = Xo(x)(®1 + A0 + Al\I/o) + X1(:E)(CI)() + AO\I’()), (4.6.56)
\Ilg(x) = Xo(x)(fbl + AgWs + Al\I/()) + XQ([E)(CI)O -+ AO\I/()).

Recall that the inverse functions X; are used in the constants ¥;, as can be seen in Propositions
4.6.1 and 4.6.2. For our choice of p, we thus obtain an expansion of ¥(z) around (p, x) = (0,0)
in terms of the Green function for a simple random walk. Note that for (p, x) = (0,0), we again

«

obtain the expression for ¥(x) found in Theorem 3.5.3

The Green function has been studied extensively, both for the infinite and the finite torus. For
an overview of properties of the Green function, see den Hollander and Pederzani [9], Section
4.2. In dimensions d > 2, no closed form is available but some asymptotic formulas exist. In
dimension d = 1, closed forms do exist. To conclude, we present the closed form for the Green
function on the infinite and finite torus in dimension d = 1. This will give an impression of the

form that the expansion of ¥(x) will take in dimension d = 1.

EXAMPLE 4.6.15 (Finite torus in d = 1). Pick L < oo and T = {0,...,L — 1}. Then the Green
function has the closed form

Y HUD T

Gl ="

, 2€{0,...,L—1}, 0<|z| <1, (4.6.57)

where
1— (1 _ 22)1/2

- (4.6.58)

y(2)

With these formulas and Propositions 4.6.7 and 4.6.10, the functions o, B¢, Ye,d, €c and (. q are
explicitly computable. This in turn yields an explicit expression for the expansion of ¥(x) in
(4.6.55).

EXAMPLE 4.6.16 (Infinite torus in d = 1). Pick T = Z. Then the Green function has the closed
form

Go(2) =yl =272, zez, 0<]z <1, (4.6.59)
where y(z) is given by (4.6.58).

With these formulas, it is again possible to get an explicit expression for the expansion of ¥(x)
in (4.6.55).
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