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Preface

These notes serve for an advanced course on the mathematical theory of stochastic population dynamics, in
particular adaptive dynamics.

This course is first offered at the Goethe-Universitdt Frankfurt in the summer semester of 2024, where
I am spending one month as a guest lecturer, which is part of the International Campus Program of the
university. Since one of the goals of this program is to build and reinforce connections between the Goethe-
Universitidt Frankfurt and foreign academic institutions (just like the Budapest University of Technology
and Economics, where I am currently working), I will present a rather personal view of the area, focusing
on some concrete biological examples, some of which belong to the subject of my own research with Jochen
Blath and other coauthors.

There are various lecture notes of past courses by other authors on this subject, e.g. by Bansaye and
Mé¢léard [BMI5] and by Bovier [B21], and these also represent somewhat personal perspectives of the area.
These are great sources of knowledge about various general (and often abstract) models of the field, any they
also include particular examples and applications from the authors’ own particular research area. In order
to be able to fit the particular biological examples that we are interested in into the time frame of my course,
I need to provide lecture notes with a restricted amount of general theory compared to the aforementioned
references. We will nevertheless get to know some relatively general models as well (such as the individual-
based models of adaptive dynamics scaling to a trait substitution sequence, introduced by Champagnat [CO6]
right at the beginning). Still, these lecture notes should not be seen as an exhaustive reference on adaptive
dynamics and population dynamics, neither from the biological nor from the mathematical perspective. The
main goal of the lecture notes is to cover and sort the material of the course, including a small number of
exercises.

Taking into account that some of the readers may and some other readers may not be familiar e.g. with
the theory of multitype branching processes or qualitative systems of ODEs, I will sometimes present the
methods for the concrete examples that we are interested in, without a general formalism but in a way that
hopefully clarifies how to treat further examples. To some extent, my inductive approach will be similar
to the way how my coauthors and I got to know this subject, coming from the related but different area
of mathematical population genetics. But I also intend to be precise in presenting the technical details
of at least some of the crucial steps, and for didactic reasons I will often provide more details than the
corresponding articles.
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1 Invasion models of adaptive dynamics and convergence to a trait
substitution sequence

1.1 Introduction: a few words about population dynamics and adaptive dy-
namics

In population dynamics, we model populations of living creatures (or sometimes also viruses etc.) and
investigate the fate of phenotypic traits (types). The population size is regulated by logistic competition
between individuals, which does not allow the number of individuals to grow larger than constant times the
carrying capacity of the population. This contrasts with population genetics (which the reader might be
familiar with from e.g. Jochen Blath’s courses), where the population size is often assumed to be constant,
one investigates genotypes (often determined by a difference at one single genetic locus).

In simple invasion models of population dynamics, a frequently studied scenario is that the population is
described by a continuous-time Markov chain with values in Ng for some n > 2E| there is initially a resident
population of a single type or multiple coexisting types, and a mutant arrives. We are interested in the fate
of the mutant: Will it survive with asymptotically positive probability as the population size (equivalently,
the carrying capacity) tend to infinity? If yes, what happens after a successful invasion: Will the mutant
fix, making the previous resident population go extinct, or will it coexist with (some of) the former resident
types?

We will soon see that due to classical results by Ethier and Kurtz [EK86], if the sizes of all subpopulations
are of the order of the carrying capacity, one can approximate the subpopulation sizes divided by the carrying
capacity via deterministic systems of ordinary differential equations (ODEs) on compact time intervals. In
this field, we often refer to these systems of ODEs as dynamical systems, although they do not have too much
to do with the (measure-preserving) dynamical systems known from ergodic theory. Understanding the qual-
itative behaviour of these systems (existence and local/global stability of its equilibria, possible bifurcations
etc.) provides valuable information on the behaviour of the stochastic population models themselves when
the carrying capacity is large, and in fact, many models of population dynamics were first introduced in the
form of a system of ODEs. However, one should emphasize that this approximation is true without rescaling
time, only on finite time intervals, and only if all subpopulation sizes are sufficiently large.

The invasion of a mutant in a single-type resident population in a stochastic individual-based model often
consists of (up to) three phases. At the moment when a single mutant arrives into the population, the mutant
subpopulation is clearly not large enough for an ODE approximation. In chance, if one can guarantee that
the resident population size stays close to its equilibrium (in a well-defined sense) for a sufficiently long time,
one may be able to approximate the mutant population size via a branching process (in continuous time)
as long as it either dies out or becomes macroscopic, which ends the first phase out of three phases of the
invasion.

If case the branching process is supercritical, the mutant may survive the first phase with nonvanishing
probability, and afterwards the second, shorter phase starts, where now the dynamical system approximation
is applicable. Depending on the properties of the dynamical system, the second phase leads the rescaled
resident population size of the former resident close to extinction, or it leads the rescaled system to the
vicinity of a stable coexistence equilibrium between resident and mutant, and there are also other possibilities
(namely, periodic or chaotic behaviour). The third phase occurs in case the former resident has already gone
almost extinct by the end of the second phase. Now the mutant stays close to its equilibrium population size
for a long time, while the former resident can be approximated by a subcritical branching process, which
tends to decay exponentially fast and dies out after an amount of time that is of the same order as the
duration of the first phase.

One usually says that in population dynamics one observes populations in the ecological time scale (which
contrasts with the evolutionary time scale studied in population genetics, where one typically rescales time by
the constant population size in order to obtain interesting scaling limits such as the Wright-Fisher diffusion

IWe write Ng = {0,1,2,...} and N = {1,2,...} throughout these lecture notes, for which we apologize to the Hungarian
readers.
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or the Kingman coalescent). In some cases, the approach of the areas of population genetics and population
dynamics can be united in some sense, so that a series of consecutive mutations can be studied and via
a suitable scaling of time a (deterministic or random) scaling limit can be obtained. This is the goal of
adaptive dynamics, which is a simplified theoretical approach to meso-evolution, i.e., the study of phenotypic
traits under the assumption of a separation of the time scales of ecology and evolution, i.e., a low rate of
trait-changing, beneficial mutations (see [B21, Section 1.3] for more details).

While the biological motivation of the stochastic individual-based (or microscopic) models informally
sketched above is clear, in the 1990s it became popular to study a different kind of models in adaptive
dynamics: the so-called trait substitution sequence (TSS) models. See e.g. [M96, [DLIG, [CFBO1] and the
references therein. In the latter type of models, under the assumption that no coexistence is possible
between different traits, most of the time the population consists of one single resident trait, and at random
times the trait of the population jumps to a new, randomly chosen value. This kind of model had no clear
microscopic interpretation before the work by Champagnat [CO6], which explained TSS models as the limit
of individual-based models in the limit of a large carrying capacity coupled with rare mutations. Taking
the consecutive limit of mutations of small effects, the TSS converges to the so-called canonical equation of
adaptive dynamics (CEAD) [CFBO1]. Many common proof techniques in population dynamics and adaptive
dynamics are based on Champagnat’s paper [C06], whence it will be the starting point of these lectures.
Another fundamental work on stochastic adaptive dynamics was the (even earlier) paper by Fournier and
Meéléard [FMO04], which we will also often refer to in these lecture notes, but we will not consider its model
directly.

Our last caveat before turning to the mathematics is that often, our models will be biologically oversimpli-
fied or even caricaturistic compared to the complexity of living creatures, even in the case of microorganisms.
We do not intend to make the impression that real-world living organisms are as simple as assumed in and
suggested by these models, since this would be wrong, but we believe that even such simple models may be
suitable for predicting the evolution of microbial traits or in some cases even traits of much more complex
species of creatures in certain situations.

1.2 Organization of these lecture notes

In the rest of Section [I] we lay the groundwork of individual-based stochastic models of adaptive dynamics, we
state the main result of [C06], and we sketch its proof, going into details regarding some proof techniques that
are also essential for many other population-dynamic models, in particular regarding stability of equilibria of
dynamical systems, the Poissonian construction and coupling methods, the problem of diffusion exit from a
domain and Freidlin—Wentzell type large deviations, and some basic properties of one-dimensional branching
processes.

Sections[2|and [3explain the behaviour of more concrete examples of stochastic individual-based population-
dynamic models based on the papers [BT20, [BK98| [BT23] and relying heavily on proof techniques of the
papers [CCLS18, [CCLLS21]. These sections investigate the effect of dormancy (see the beginning of Sec-
tion for an explanation) in two different models: a competitive Lotka—Volterra type model and an epidemic
model where viruses attack microbial hosts. In these sections, we study only one single mutation and we
can rely on some methods from Section [I} but we still need to expand our toolbox of proof techniques. In
Section [2| the main novelty will be the multitype nature of the hosts, which brings techniques related to
multitype branching processes (e.g., the Kesten—Stigum theorem) into play, and particular methods will also
be needed to show global stability properties of the dynamical system. Multitype branching processes are
also important for Section [3] while that section is rather heavy on methods related to systems of ODEs. In
addition to the basic tools from Section [I} here also Hopf bifurcations, the Routh—Hurwitz criterium, and
Lyapunov function type arguments will play a role.

In Section [4] we will again study the scaling limit of an individual-based model with multiple muta-
tions [CMT21], in a regime where the frequency of mutations decays much slower than in [C06|] as the
population size diverges. Here, the main new biological feature is horizontal gene transfer, and the sizes
of subpopulations converge to a deterministic and piecewise affine function under a logarithmic scaling of
population sizing and a suitable scaling of time. The subarea of adaptive dynamics where such piecewise
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affine limiting processes emerge has been researched very actively in the last 15 years. Here, proof techniques
are based on branching processes, also logistic ones and ones with immigration. The description and analysis
of the behaviour of the limiting process is also interesting and somewhat involved.

Section [4] is essentially independent of Sections [2] and [3] and hence the sections can also be read in the
order 1 — 4 — 2 — 3. We might follow the latter order in some editions of this course.

1.3 Champagnat’s individual-based model

Champagnat [CO6] considered a finite number of quantitative traits in a population of one-cell organisms
with asexual and haploid reproduction (in other words: clonal reproduction, binary fission) and assumed
that the trait space X is a compact subset of RY, [ > 1.

Champagnat’s microscopic model involves the three basic mechanisms of Darwinian evolution: heredity,
which transmits traits to new offsprings, mutation, driving a variation in the trait values in the population,
and selection between these different trait values. The selection process in this model is a consequence of
the competition between individuals in the population for limited resources or area. The model is defined
as follows?]

For any x,y € X, we introduce the following biological parameters:

e \(z) > 0 is the rate of birth from an individual with trait z,
e u(x) > 0 is the rate of natural mortality (death by age) of an individual of trait z,

e a(x,y) > 0 describes the competitive pressure exerted by an individual with trait y affecting an
individual of trait x,

e a(z) € ]0,1] is the probability that a mutation occurs when an individual with trait = gives birth,

o M(x,dh) is the law of h = y — x where the mutant of trait y is born from an individual of trait z.
M(-,dh) is a probability kernel from R’ to the Borel o-algebra B' of R! to R, i.e., z + M(x, A) is
measurable for all A € B! and A ~ M (x, A) is a probability measure for all 2 € Rlﬂ Since y must
belong to the trait space X, the support of M (x,-) must be a subset of

X—z={y—xz:ye X}

e K € N is the carrying capacity of the population. In this model, it will serve as a parameter rescaling
a(-,-), and later we will see that large K means a large population (provided that the initial condition
is proportional to K).

e uy € [0,1] is a parameter depending on K rescaling the probability of mutation a(-). Small ux means
rare mutations.

At any time ¢t > 0, we consider a finite number N; of individuals, each of them having a trait value in X.

Let us denote by x1,...,zy, the trait values of these individuals. The state of the population at time ¢ > 0,
rescaled by K, can be described by the following empirical measure:
1
vl = ?;5% (1.1)
1=

2Here we follow Champagnat’s paper [C06|, often word by word, but our notation will be somewhat different from his one
in order to align with the notations of certain further models better.

3If you are not familiar with probability kernels, think about M (z, A) = P(the mutant trait is in A| the parent trait is z).
E.g. if the parent trait has an absolutely continuous distribution, this is formally defined via the usual conditional distribution
function/conditional density.
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where d, is the Dirac measure at x. This is a random element of the set of finite nonnegative measures (in
other words, finite point measures) on X defined as

1 n
MK:{?Zéyi:nZO,yl,...,ynEX}.
i=1

Then, somewhat informally speaking, our individual-based model is defined as follows. It is a continuous-
time Markov chain with (exponential waiting times and) the following transition rates: In the population
v,

e an individual with trait x gives birth to another individual with rate A(xz). The newborn has the
same trait value as its progenitor’s one with probability 1 — uxa(x), and with probability uxa(z), the
newborn is a mutant whose trait value y is chosen according to y = x 4+ h where h is a random variable
with law M (z,dh).

e an individual with trait x dies with rate

Ny

w(z) + /a(m,y)utK(dy) = p(z) + %Za(m,xi).

i=1

The parameter K scales the strength of competition, thus allowing the simultaneous presence of more
individuals in the population.

More formally, the process (v/);>¢ is an M%-valued Markov process with infinitesimal generator (Q-matrix)
defined for any bounded measurable function ¢: M% — R by

L¥o0) = [ (907 + %) = 60)) (1 = ualo) @) Kv(c)

+ /X /R (¢(u + 69?) - ¢(V)>uKa(at)M(:c,dh))\(x)KV(d:c) (1.2)

+ [ (o= 3= 00) (4 + [ alzpwian))Kr(da).

When the measure v is of the form , the integrals with respect to Kv(dx) in correspond to sums
over all individual in the population. The first (linear) term describes the births without mutation, the
second (linear) term corresponds to the births with mutation, and the third (nonlinear) term accounts for
the deaths by age or competition. This logistic density-dependence models the competition in the population
and hence drives the selection process.

1.4 Equilibrium population sizes, invasion fitnesses, and convergence to a TSS
model

Let us denote by (A) Champagnat’s following three assumptions.

(A1) @ = Az), x = p(z), and (2,y) — a(z,y) are measurable functions, and there exist A, fi, @ < 0o such
that
AC)

(A2) For all x € X, M(x,dh) is absolutely continuous with respect to the Lebesgue measure on R! with
density m(z, h), and there exists a function m: R! — [0, 00) such that m(z,h) < m(h) for all z € X
and h € R, and [ m(h)dh < occ.

IA

Aow()<n, a(zy) <a.

(A3) For all z € X, a(x) > 0 and A(x) — p(z) > 0, and there exists a > 0 such that a(-, ) > a.
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Let us introduce the notation (v, f) for the integral of the measurable function f against the measure v, and
let 1 denote the constant 1 function. Let further Mg denote the set of finite nonnegative Borel measures
on X.

Then, for fixed K, under (A1) and (A2) and assuming that E((v{, 1)) < oo, the existence and uniqueness
in law of a process with infinitesimal generator L was proven in another, even earlier pioneering work on
stochastic adaptive dynamics by Fournier and Méléard [FM04]; we omit the details here. (When K — oo,
they also proved, under more restrictive assumptions and assuming the convergence of the initial condition,
the convergence on the space D([0, 00), M) (of cadlag paths on Mg with the usual Skorokhod topology H)
of the process v to a deterministic process being solution to a nonlinear integro-differential equation. Here
we will only use particular cases of some of their results, stated in Section [I.7] below, that can be proved
under assumptions (Al) and (A2).)

[CO6] focused on the case where the coexistence between two different traits is impossible on the long
time scale. To state this assumption mathematically, we first introduce and interpret a couple of further key
quantities. For x € X', we denote by

@) - ul)

* a(z, )

the equilibrium population size of trait x. Vaguely speaking, it is called equilibrium population size because
under suitable conditions (which we will spell out later), in absence of mutations, the size of a monomorphic
population consisting only of individuals of trait  divided by K converges on any fixed finite time interval
to the solution to the logistic ODE

M (t) = na () (A(@) — p(@) — alz, 2)n.(1)). (1.3)

If A(z) > p(x) (which we assume in (A3)), then this quadratic ODE has two equilibria (i.e., points where the
right-hand side becomes zero and thus the solution started from the point stays there for all times), namely
0 and 7, > 0. We will see that in this case, 0 is unstable, and 7, is globally asymptotically stable in the
sense that any solution with a positive initial condition converges to it as t — oo.

Exercise 1. 1. Prove that this convergence is monotone in t for any positive initial condition.
2. Solve the ODE (1.3)) via a separation of variables.

Next, we put
B(x) = a(x) (). (1.4)

This can be interpreted as the mutation rate in a population of trait x living in equilibrium. Finally, for
xz,y € X we define

fly, ) = My) — uly) — aly, z)n,. (1.5)

In more recent works in stochastic adaptive dynamics and population dynamics, this quantity is commonly
referred to as the invasion fitness of a mutant of type y in a monomorphic resident population of type x
(although this expression did not yet appear in [C06]). To interpret this quantity, imagine that K is very
large and there are K (1 £ o(1))7, residents of trait « in a population living close to equilibrium, and now
a mutant of trait y emerges. Then, the progeny of this mutant will have birth rate A(y) and natural death
rate u(y). Further, since the competitive pressure exerted by one single individual on another individual is
of order 1/K, mutants feel essentially no competitive pressure coming from each other but only from the
residents, whose population size rescaled by K is nearly constant equal to n,. This competitive pressure is
expressed by the term a(y, z)n,. Hence, f(y, x) is the approximate net growth rate of the mutant population.

The approximation described here (resident population divided by K nearly constant, mutant population
competing only with residents) will be the basis of the branching process approximation of the mutant
population during the initial phase of an invasion, which we will get to know soon. We will see that the

4Here we mean the usual Skorokhod topology on the space of cidlag paths on Mg, see e.g. [EK86, Section 5.3 for the
definition and main properties of this topology and the Skorokhod J1 metric generating it. See also [K23| for “a gentle and
informal introduction to the Skorokhod topologies”.
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positivity of the invasion fitness is often equivalent to a positive probability of mutant invasion. Under
a further assumption excluding coexistence, invasion will also lead to fixation, i.e., mutants will reach a
population size of K (1 + o(1))@, and residents will die out. Let us now provide this assumption.

(B) Given any = € X, Lebesgue almost any y € X satisfies one of the following two conditions:

cither (A(y) — u(y))alz,x) — (M) - u(@))aly,z) <0, (L6)
or (A(y) — p(y))alz, ) — (M) - p(@))aly, 2) > 0 and (M) - p(2))aly, y) — Ay) - u(y))alz,y) 0

Exercise 2. Check that condition (1.6)) is equivalent to f(y,z) < 0, whereas condition (1.7)) is equivalent to
fly,z) >0 and f(z,y) < 0.

The TSS (trait substitution sequence) model of evolution that we obtain from this individual-based model
is a Markov jump process in the trait space X with infinitesimal generator

z+h,x

Apta) = [ (et = ol LD, an (18)
for any bounded measurable function ¢: X — R, where (b) = [b]+ denotes the positive part of b € R, and
where 8(z) and f(y,x) are defined in and , respectively. The existence and uniqueness in law of a
process with generator A holds as soon as 8(z)(f(y,x))+/A(y) is bounded (see [EKS86]), which is true under
assumption (A) (which yields (f(y,z))+/A(y) < 1). In biological terms, thanks to the positive part function
in , the TSS process can only jump from a trait « to traits « + h such that f(z + h,z) > 0, i.e. to traits
fitter than x.

For any two functions f,g: (0,00) — R, we write f(K) < g(K) (or g(K) > f(K)) if and only if
f(K)/g(K) — 0 as K — co. In terms of standard Landau notation, this is expressed as f(K) = o(g(K))
(or g(K) = w(f(K))), but it is often convenient to use the notation involving the “<” or “>>” symbols. We
further write [n] = {1,2,...,n} for n € Ny, in particular, [0] = (. We are now able to state the main result
of [CO6].

Theorem 1.1 ([C06]). Assume (A) and (B). Fiz a sequence (ux)xen in [0,1]N such that

1
YV >0 VK —_—. 1.9
>0, exp( )<<uK<<KlogK (1.9)
Fiz also v € X, v > 0, and a sequence of N-valued random wvariables (vi)xen such that (Yi/K)ken
converges in probability to v and is bounded in L*. Consider the process (VX )i>o with generator (L.8) with
initial state (Y /K)0. Then, foranymn >1,e>0, and0 < t; <t < ...<t, < 0o, and for any measurable
subsets I'y, ..., I',, of X,

I(IEIIOOP(W € [n], Jz; €Ty supp(yff/(KUK)) = {x;} and ‘<V5/(KUK)7 1) — ng,| <e) =P(Vi € [n], X1, € )
(1.10)

where for allv € Mg, supp(v) denotes the support of v and (X;)i>0 is the TSS process with generator (|1.8))
and initial state x.

Remark 1.2. Let us interpret certain ingredients of Theorem [I.1}

(i) The time scale 1/(Kug) is the time scale of the mutation events for the process v (the population
size is proportional to K and the individual mutation rate to u).

(ii) The second inequality in Assumption leads to the separation of the ecological time scale (i.e., the
time scale of birth and death events) and the evolutionary one (i.e., the one of mutations). This will
guarantee that each mutation goes to fixation or extinction with high probability before the appearance
of the next mutant. Such a rareness of mutations ensures that in the scaling limit, clonal interference,
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i.e., the competitive interaction between multiple beneficial mutations fighting simultaneously for sur-
vival plays no role. For population-dynamic models with some outlook to a possible scaling limit in
the case of recurrent mutations, we refer the reader to [BS17, [BS19]. We will discuss mutation regimes
with less rare mutations in more general in Section [41]

(iii) The limit in means that, when this time scale separation occurs, the population is monomorphic
at any time with high probability, and the transition periods corresponding to the invasion of a mutant
trait in the resident population (between the appearance of a mutant that invades successfully and the
extinction of the former resident) are infinitesimal on this mutation time scale.

(iv) Unlike in classical population-genetic models like the Wright—Fisher or the Moran model, in our model
the population size is not constant. This leads to an almost sure extinction of the population in the
case of any (finite) initial condition, and the typical time scale until extinction is exponential in K. The
first inequality in is needed (unlike in the case of a constant population size) in order to ensure
that mutations do not come so rarely that the population is likely to die out between them. We will
discuss this assumption in more detail in Remark

(v) Note also that the convergence in (1.10]) is a convergence of finite-dimensional distributions.
Theorem has the following corollary.

Corollary 1.3 ([CO6]). Assume additionally in Theorem [1.1] that (vkx/K)ken is bounded in LP for some
p > 1. Then the process (Vi/(kuy))t>0 converges in the sense of finite-dimensional distributions for the
topology on Mg induced by the functions v — (v, f) with f bounded and measurable on X, to the process

(Y2)i>o0 defined by
Y, = Yoz, th =0,
"_LXt(SX“ if t > 0.
This corollary is a consequence of the following long-time moment estimates:

Lemma 1.4 ([C00]). Assume (A) and that sup g, E((§*,1)P) < oo for some p > 1, then we have

sup sup E((v{*,1)?) < oo,
K>1t>0

and therefore, if p > 1, then the family of random variables ({(vf, 1) k>1.4>0) is uniformly integrable.

The proof of this lemma can be found in Appendix [A] Based on the lemma, the proof of the corollary
goes as follows.

Proof of Corollary[1.3. Let T’ be a measurable subset of X. Let us prove that
Kh_{noo]E(Wff(KuK)a]lﬂ) =E(fix,Lix,ery)- (1.11)
Fix € > 0, and observe that by Assumption (A) we have i, € [0, \/a]. Write [0,\/a] C UL, I;, where ¢ is

the smallest integer greater than \/ea and I; = [(i — 1)e,ig). Define I'; = {x € X: n, € I;} for 1 <i < g,
and apply (1.10) to the sets ' NT'y,...,I'NT; with n = 1, t; =t and € as above. Then, by Lemma
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there exists C > 0 such that

lim sup E(<V5(KUK), 1r)) < limsup E((V{f(KuK), Ir)iy,

K—oo K—oo

y<cy) e

K
Vij(rug)t

q
< Zlimsup]E((VtIf(KuK), ﬂmriﬂl{(u

K—oo

5<Ku;<>’1>50}) te

.
=

-

s
Il
-

<Y (+1DeP(X eTNTy) 4 ¢

M=

(E(ﬁXt]l{XtGFﬁFi}) + QEP(Xt € FJ) +e€

~.
Il

S =

< E(nx,Lix,ery) + 3¢

A similar estimate for the lim inf finishes the proof of (L.11)), which implies the convergence of one-dimensional
laws for the required topology (is the latter conclusion clear?). The same method gives the required limit
when we consider a finite number of times t¢1,...,t,. O

Remark 1.5. It is not claimed in Corollary that the convergence holds in distribution in the space of
cadlag paths from [0,00) to Mg w.r.t. the Skorokhod topology, and that assertion is actually not true.
The problem is the missing continuity of the limit at time 0+. Regarding this, we do not go into detail
here; we refer the interested reader to [CO6, Proposition 1| and its proof. We find the interpretation of this
discontinuity more important: Started at any initial condition vk /K tending to v > 0 in probability, the
process reaches an arbitrarily small (fixed) neighbourhood of the equilibrium fix, = 71, in o(Kug) time.

Remark 1.6 (The canonical equation of adaptive dynamics). In Theorem the TSS model is obtained
in the limit of a large carried capacity combined with rare mutations from the individual-based model. As
mentioned earlier, taking the limit of small mutational effects in the T'SS model, under suitable additional
assumptions, we obtain the canonical equation of adaptive dynamics (CEAD), see [CFBO1], Theorem 2]. The

canonical equation reads
ds . 08(3) . S
© o u® 20, 9),

where s denotes a scalar trait, 5(t) denotes the mean of the distribution of the trait value s at time ¢t > 0,
u(s) is the probability that a birth from an individual of trait s gives rise to a mutation, 02(s) denotes the
variance of the distribution of the mutant trait s’ born from an individual of trait s, whose probability density
function is denoted by m(s, s’—s) and supposed to be symmetric with respect to s’ —s, n(s) is the equilibrium
population size (which is supposed to exist and be positive) in a population composed only of individuals
of trait s, 01 f(s, s) denotes the first partial derivative of the fitness function f(s’,s) of a mutant individual
of trait s’ in a population composed only of individuals with trait s. Fixed points of the canonical equation
are the points where the fitness gradient 0, f(s, s) vanishes, these are called evolutionary singularities. The
CEAD appeared first in [DL96]. To obtain the aforementioned convergence in [CEB01], the authors rescaled
time so that the variation of trait values in one unit of time is unchanged (without this factor, the process
would be constant in the limit). In other words, as written in [CEBOI], making the mutation step variance
small requires that one tracks the process over sufficiently long times so that a sufficiently large number of
mutations compensates for smaller mutation steps.

While [C06] gave a clear microscopic interpretation to the T'SS model, the relation between the original
individual-based model and the CEAD was still not that clear based on his paper because of the two
separate, consecutive limits. Later, in a paper by Baar, Bovier and Champagnat [BBCI17] it was showed
that the two consecutive limits in [C06] can be coupled in order to obtain the same convergence in one step.
In models with multiple mutations and coupled limits, the traces of methods based on dynamical systems
and branching processes can still be found, but the approximating objects often become more complex than
in single-mutation models.
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1.5 Stability of equilibria of the dynamical systems

In order to explain the idea of the proof of Theorem we need to introduce some further definitions
and notations. While the theorem tells about the empirical measure (v )i>0 scaled properly, the following
definition provides the necessary notation for the corresponding birth-and-death processes.

Definition 1.7. (a) For any K > 1, A\,u,a > 0 and for any N/K-valued random variable Z, we will
denote by PX(\, u, o, Z) the law of the N/K-valued Markov birth-and-death process with initial state

Z and with transitions
i/K — (i+1)/K at rate i\,

i/K — (i —1)/K at rate i(p + ai/K).

(b) For any K > 1, A, ik, g > 0 with k,1 € {1,2}, and for any N/K-valued random variables Z; and
Zs, we will denote by
QN (A1, A2, 1, 2, 011, 12, 1, (a2, Z1, Z2)
the law of the (N/K)2-valued Markov birth-and-death process with initial state (Z,Z,) and with
transition rates

(i/K,j/K) = (1 +1)/K,j/K) at rate i\,
(i/K,j/K) — ((i —1)/K,j/K) at rate i(u1 + (a117 + a127)/ K),
(i/K,j/K) = (i/K,(j +1)/K) at rate jAg,
(i/K,j/K) = (i/K,(j — 1)/ K) at rate j(us + (a21i + az2j)/K),

These two Markov chains have absorbing states at 0 and (0,0), respectively. Observe also that, when
a = 0, the Markov process of point (a) is a continuous-time binary branching process divided by K. Similarly,
if each a;; equals zero, the two coordinates of the Markov process of point (b) are independent binary
branching processes divided by K. Now we make the connection between the rescaled birth-and-death
processes appearing in Definition and (systems of) logistic ODEs precise. The proof of the following
results can be found in [EK86, Chapter 11].

Proposition 1.8 ([EKS86, [C06]). Let T > 0.

(a) Assume that a = 0 and vl = NX(0)8,. Then, for any t > 0, vl = NX(t)6,, where NX has the law

x

PR (@), u(@), oz, ), N (0)).

Assume that NX(0) — n,(0) in probability when K — oo. Then, the sequence (NX)g>1 = (NE(t))i>0)k>1

converges in probability in [0,T] in the uniform norm (supremum norm) when K — oo to the deter-
ministic function ny = (ng(t))i>o0 that is solution to the ODE (L.3) with initial condition n(0).

(b) Assume that a = 0 and vl* = NF(0)6, + N<(0)d,. Then, for anyt >0, vf* = NE(t)6, + NJ (1)
where (NS, NJ) has the law

Yy

QX (M), Ay), (), u(y), az, x), oz, ), a(y, ), oy, y), NS (0), N,S(0)).

Assume that N (0) = n,(0) and NJ(0) = ny(0) in probability when K — co. Then, (NS, NJ) con-

verges in probability in [0, T] in the uniform norm to the deterministic function (ng,ny) = ((ng(t), ny(t))e>o0

when K — oo with initial condition (ng(0),n,(0)), which is the solution to the two-dimensional com-
petitive Lotka—Volterra system

S
8
—

~+
=

Il

(A@) = () — alz, 2)n. (1) — alz, y)ny (8)na(t),

(AMy) — (y) — aly, 2)n, (1) — aly, y)ny ())ny (¢). (1.12)

3
<
—
~
=
I

It is easy to see that the corresponding positive orthant is positively invariant under both systems, i.e., if
the initial condition is coordinatewise positive, so is the solution at each positive time. If this did not hold,

Lecture notes on population dynamics by Andras Tobias, version: July 19, 2024 11



the system would not be biologically reasonable because (rescaled) population sizes could eventually turn
negative. This property will be true for all systems of ODEs that appear in these lecture notes as large- K
limits of rescaled population sizesﬂ

We have already discussed the question of (global) stability of the equilibria (0 and 7,) of the ODE (TL.3).
The system has at least three equilibria: (0,0), (7,0), and (0,7,). The reader may already be
aware of the fact that for higher-dimensional systems of ODEs, local and global stability may not coincide.
The question of local stability can often be determined via linearization: One determines the Jacobi matrix
consisting of the partial derivatives of the right-hand sides of the equation w.r.t. all variables and writes it
in matrix form. For example, in the case of , the Jacobi matrix around an equilibrium of the form
(M, My) € [0,00)? reads as

~ o~ [ AMx) = plx) = 20(z, )Ny — oz, y)ny —a(x,y)n,
A7) = ( —a(y, ), o)) — ey sagy) O

The following summary of (Lyapunov) stability theory may also be a repetition for some readers.

e We say that the equilibrium is (locally) asymptotically stable if there exists e > 0 such that started
from anywhere in an e-ball around the equilibrium, the solution converges to the respective equilibrium
as t — oo.

e We say that the equilibrium is unstable if there exists € > 0 such that for any § > 0 there exists an
initial condition within the J-ball around the equilibrium starting from which the solution eventually
leaves the e-ball forever.

e Finally, the equilibrium is (locally) stable if for any e > 0 there exists § > 0 such that if the initial
condition lies within a §-neighbourhood of the equilibrium, then the solution will be within the e-
neighbourhood of the equilibrium for all sufficiently large timesﬁ

If all eigenvalues of the corresponding Jacobi matrix have negative real parts, then the equilibrium is asymp-
totically stable. If all eigenvalues have nonzero real parts and there is an eigenvalue with positive real part,
then the equilibrium is unstable. Finally, if the equilibrium is non-hyperbolic, i.e., at least one eigenvalue has
zero real part (otherwise we call it hyperbolic), then both stability and instability are possible. In the case
of stability, it may also be the case that the equilibrium is asymptotically stable, but unlike for hyperbolic
stable equilibria, the convergence to the equilibrium typically does not happen at an exponential speed but
slower. Finally, (in the non-hyperbolic case) stability does not imply asymptotic stability[]

Summarizing, for hyperbolic equilibria, the local stability of equilibria can be determined by linearization,
and the linearized version of the system, i.e., the linear system of ODEs with the same Jacobi matrix at the
given equilibrium, exhibits the same local stability properties. If the equilibrium is non-hyperbolic, then the
stability properties of the linearized and the original system may not be the same. Further, local asymptotic
stability is necessary but not sufficient in order to guarantee the convergence of solutions to the system
started from distant initial conditions (which is an assertion that one often needs in population dynamics,
as we will see).

In the case of the system , we have

(M=) — p(z) 0
A(0,0) = ( 0 Ay) —u(y)~>

5Tt is well-known that in general for one-dimensional ODEs (like ), local stability of an equilibrium and global stability
of the same equilibrium on a positively invariant set containing the equilibrium coincide. It is also classical that a nonnegative
solution to a one-dimensional ODE under which [0, 00) is positively invariant either tends to +oo or to an equilibrium.

6Formally, the definition of stability is not exactly the opposite of the one of instability, but in practice it can be thought of
like that.

7A typical example is given by the linear system #(t) = y(t),y(t) = —wz(t), w > 0, where at (0, 0) the Jacobi matrix has two
purely imaginary eigenvalues, and trajectories of the system not started from (0, 0) are concentric circles around (0,0). Such an
equilibrium is called a (stable) center. Note that the aforementioned example is nothing but the reformulation of the harmonic
oscillator ODE #(t) = —wx(t) as a two-dimensional system of ODEs.
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By Assumption (A3), A(z) > wp(z) and A(y) > u(y), and hence (0,0) is unstable. (The eigenvalues are of
course the diagonal entries and hence they are real. An equilibrium of a two-dimensional system with two
positive real eigenvalues for the Jacobi matrix is called (locally) a source.)

The question of stability of the other eigenvalues depends also on the competition parameters. If we have
symmetric competition, i.e., a(z,z) = a(z,y) = a(y,x) = a(y,y) = a > 0, then A\(z) — p(z) = AM(y) — p(y) is
a critical case. Then, it is not only the case that (72,,0) and (0,7,) are non-hyperbolic equilibria, but even
any convex combination of these two eigenvalues is again a non-hyperbolic equilibrium. We will typically
exclude this case, and the case of zero invasion fitnesses is difficult to treat in general. In the hyperbolic
case, the following assertion of [I00] (mentioned also in [C06|) guarantees instability resp. a certain sense of
global stability for some of the equilibria.

Proposition 1.9 ([I00]). If z and y satisfy (1.6, then (fi;,0) is a stable equilibrium of (1.12). If x and y
satisfy (L.7), then (75,0) is unstable, (0,7y) is stable, and any solution to (1.12)) with initial condition in
(0,00)? converges to (0,7,) when t — co.

Exercise 3. Assume that both invasion fitnesses f(x,y) and f(y,x) are nonzero. Under what conditions can
both equilibria (g, 0) and (0,7n,) be simultaneously stable? Under what conditions can they be simultaneously
unstable? Can the latter happen in the case of symmetric competition?

Exercise 4. Verify that in the case of symmetric competition, (1.12)) cannot have any coordinatewise positive
coezistence equilibrium apart from the critical case M(x) — p(x) = My) — pu(y). This assertion is known as
competitive exclusion principleﬂ

1.6 Outline of the proof of Theorem the three phases of an invasion

The main ideas of the proof of Theorem in [CO6| are based on two ingredients. First, when a = 0 and
v{€ is monomorphic with trait x, it follows from Proposition [1.8| (a) that ¥ converges to n(t)d,, where n(t)
is the solution to . Any solution to this equation with a positive initial condition converges to n, as
t — 0o. We will employ Freidlin-Wentzell type large-deviation arguments [FW84] to this convergence in
order to show that the time during which the stochastic process stays in a small neighbourhood of its limit
is of order exp(KV) for a certain V > 0. Now, when ug is small, the process ¥ with a monomorphic
initial condition of trait x equals the same process with a = 0 until the first time a mutant occurs. Thanks
to the first inequality in , we will be able to prove that with high probability, the first mutation event
(occurring on the time scale t/(Kug)) occurs before the total density drifts away from 7.

The second ingredient of Champagnat’s proof is the study of the invasion of the mutant trait y that
has just appeared in a monomorphic resident population of trait z. This invasion can be divided into three
stepd] as follows.

e Phase I: Firstly, as long as the mutant population size (1, 1,;) (initially equal to 1/K) is smaller
than some fixed but small € > 0, the resident dynamics is very close to what it was before the mutation,
so (vf, 1(,) stays close to fi,. Then, as already anticipated, the death rate of a mutant individual is
close to the constant u(y)+a(y, x)n,. Since its birth rate is constant equal to A(y), we can approximate
the dynamics of the (non-rescaled!) mutant population size K (v[, 1¢,y) by a binary branching process
(whose transition rates are linear in the number of individuals). Hence, the probability that (1<, Tiay)
reaches ¢ is approximately equal to the probability that this branching process reaches ¢K, which
converges when first K — oo and then € | 0 to the probability of non-extinction of the branching
process.

One computes the survival probability of a continuous-time branching process using the same first-step
analysis as one does it for a Galton—Watson process in discrete time (since the latter is the embedded
discrete-time chain of the former), and hence this probability equals [f(y, x)]+/A(y), which is positive

81t can also be shown that if (1.7) or the same set of inequalities with the roles of # and y swapped holds, then the
system ([1.12]) cannot have any coordinatewise positive equilibrium.
9See |CO6, Section 3] for references to similar results in population-genetic settings.
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whenever the first inequality of is satisfied; see Section for a proof sketch. In that case, the
branching process is supercritical. In case holds, the branching process is (strictly) subcritical.

Due to the aforementioned large-deviation results, it will follow that the resident population stays close
to equilibrium at least until the mutant population size reaches e K or 0. In the presence of mutants,
in the case of a successful mutant invasion, the rescaled resident population size will leave the vicinity
of fi; in ©(log K) time, due to the competitive disadvantage of residents compared to the mutants (cf.

the first equation of (1.7)).

e Phase II: Secondly, once (v, 1,,) has reached ¢, by Proposition (b), for large K, v¥ is close to
the solution to ((1.12]) with initial state (7i,,e) with high probability. By Proposition this solution
will be shown to reach the e-neighbourhood of (0, 7,) in finite time.

e Phase III: Finally, once (vf,1y,,) is close to i, and (v, 1(,y) is small, one can approximate the
resident population size K (vf<, 1,y) by a binary branching process, which is subcritical whenever the
second inequality of (1.7)) holds, and thus it gets extinct almost surely.

We will see that the first phase takes ©(log K') time; the precise prefactor of log K does depend on ¢ but it
can be chosen uniformly bounded over all sufficiently small € > 0, and the prefactor converges to a positive
number as € | 0. Where does this log K come from? Conditional on survival, the approximating branching
process grows roughly exponentially at a certain rate, and hence reaching a size of order K takes an order of
log K time. The same time scaling (with a possibly different limiting prefactor) applies to the third phase;
there, a subcritical branching process with initially order K individuals decays exponentially and then dies
out.

The time scale of the dynamical system is finite (independently of K), but the common folklore
statement that Phase II takes O(1) time is not entirely correct because even though the duration of Phase
IT stays bounded as K — oo for any fixed € > 0, it tends to infinity as € | 0. Taking K — oo (with ug | 0
according to ), the total duration of a successful invasion is O(log K) with a precise limiting prefactor,
and unsuccessful invasions take o(log K) time (in fact, even o(h(K)) time for any h: (0,00) — (0,00)
increasing that tends to infinity as K — 00).

Vaguely speaking, thanks to the second inequality of , all mutants will reach fixation or go extinct
(leaving the current resident untouched) until the birth of the next mutant with high probability as K — oo,
i.e., clonal interference plays no role in the limit. Scaling time by 1/(Kug), the duration of the three phases
of an invasion (where both the resident and the mutant are present) vanishes, and we indeed obtain a jump
process, namely the TSS model, as scaling limit.

Remark 1.10 (More general initial conditions). It was observed in [M96] that the biological heuristics leading
to the T'SS model extend to the case of a polymorphic initial condition where the population is composed of a
finite number of distinct traits. The mathematical methods of [C06] can also be extended easily to n-morphic
initial conditions, expect for one difficulty: One has to replace assumption (B) with another assumption
stating that, for n under consideration, any solution to the n-morphic logistic system generalizing
converges to an equilibrium (as in Proposition , and that the equilibria of these systems are hyperbolic,
in the sense that the branching processes in the first and third steps above are not critical, or, equivalently,
that a first-order linear analysis of these equilibria allows to determine their local stability. Then, one could
construct a polymorphic T'SS model in which the number of coexisting traits is not fixed. However, the
asymptotic analysis of n-dimensional logistic systems is non-trivial and may exhibit cyclic behaviour or
chaos, except when n =1 or n = 2, and analytical assumptions ensuring the condition above are difficult to
find.

Remark 1.11 (More frequent mutations and clonal interference). According to the above observations re-
garding scaling, if one wants to study the effects of clonal interference, the most interesting scaling regime is
when ug < 1/(K log K). Then, the duration of a successful invasion is of the same order as the time between
two consecutive mutations. Therefore, the number of mutants trying to fix in the population is typically
of finite order, but not almost always 0 or 1. A mutant surviving initial fluctuations may still not become
resident in case there is an even fitter mutant who “overtakes” it and reaches the size e K earlier. Further, a
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mutant who has become resident may as well be wiped out from the population by another mutant who is
fitter but was born too late to become resident first. Such effects were investigated in [BS17], also in the case
of asymmetric competition, where the interaction between three traits was studied. The authors showed that
under certain conditions, one can e.g. observe a “rock—paper—scissors cycle”, where three mutants of traits are
periodically resident. Such a cycle requires the lack of transitivity of competitive relations, where transitivity
means that f(y,z) > 0 and f(z,y) > 0 implies f(z,z) > 0 for all z,y,z € X. Indeed, a rock—paper—scissors
cycle starting with the residency of, say, =, and followed by first y and then z, requires that f(y,z) > 0,
f(z,y) >0, and f(x,2) >0 (and further conditions).

In [BS19] it was mentioned that ux < 1/(K log K) is the relevant mutation frequency regime in order to
see an interesting scaling limit, but the case of a diverging number of mutations was not studied there. We
will analyse settings with even more frequent mutations and arising interesting effects in Section

The proof of Theorem [I.1] is too long and technical to present it completely at our course, but apart
from this overview, we will also go into detail regarding the large-deviation estimates, important properties
of branching processes (e.g., their growth rate, which determines the prefactor of log K at an invasion), and
some other key techniques. Interested readers can find the (greatly written) proof in [CO6].

1.7 Comparison results and Poissonian construction

To provide the results on comparison and coupling of birth-and-death processes that are essential for the
proof of Theorem let us first introduce the necessary notation and definitions. For any K > 1 and
v € ME | we will denote by PX the law of the process with generator with initial state v, and by EX
the expectation with respect to PX. The law of a stochastic process Z = (Z;);>0 will be denoted by £(Z).

Definition 1.12 (Stochastic domination of laws in the context of [C06]). We will denote by < the following
stochastic domination relation: If Q; and Q2 are the laws of R-valued processes, we will write Q; =< Qs if
we can construct on the same probability space (Q,F,P) two processes X' = (X});>0 and X2 = (X?)i>0
such that £(X%) = Q; (i = 1,2) and Vt > 0, Yw € Q, X} (w) < XZ(Q).

Definition 1.13. If X' = (X});>¢ and X? = (X?):>0 are two stochastic processes and 7T is a random time
constructed on the same probability space as X!, we will write “X} < X? for t < T” if we can construct a

process X2 = ()A(f)tzo on the same probability space as X!, such that E()?Z) =L(X?) and Vt < T, Vw € 9,
X} ) < R2(w).

The following theorem provides various stochastic domination results.

Theorem 1.14 ([C06]). (a) Assume (A). For any K > 1 and any integrable initial condition vl of the
process v,

LW, 1)) < PE(2X,0,q, (v, 1)),
where we recall the law P from Definition .

(b) Under the same assumptions as in (a), let AK denote the number of mutations occurring in v% between
times 0 and t, and let a,a1,az > 0. Then, for t <inf{s > 0: (vX 1) > a},

Al < B,

where BE is a Poisson process with parameter KugaX. If further v = (v 1)5,, define 7 = inf{t >
0: AKX =1} (the first mutation time). Then, for t < 7 Ainf{s > 0: ( K1) ¢ [a1,ad]},

B 2 A 2 CF, (1.14)

where BX = (BE);>0 and C¥ = (CF);>0 are Poisson processes with respective parameters Kugaya(x)\(x)
and Kugaza(x)\(z).
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(¢) Fix K > 1 and take A\, u, 0, z as in Deﬁm’tion (a). Then, for any e1,e2,e5 > 0 and any N/ K -valued
random variable €4,
]P)K(Aa M+ E2, 0+ €3, Z) = PK(/\ +enp o2+ 84)'

Let (Z',2?) = ((Z}, Z}))i>0 be a stochastic process with law

K
Q ()\1) A27M17M27 11,012,021, (22, 21, ZQ)

where the parameters are as in Deﬁm’tion (b). Fiz a >0 and define T = inf{t > 0: Z} > a}. Then,
fort<T,
M} =z} < M?,

where L(M?') = PE(\y, u1 + acia, a1121) and L(M?) = PE (A, p1, 11, 21).

(d) Take (Z',Z?) as above, fixr 0 < ay < as and a > 0, and define T = inf{t > 0: Z' ¢ [a1,as] or Z? > a}.
Then, fort <T,
M} =72 < M7,

where ﬁ(Ml) = IP)K()\Q, 125 + asra1 + ag, 0, Zg) and ﬁ(MQ) = PK()\Q, 125 + ajaay, 0, 22).

Remark 1.15. Point (a) explains why it is necessary to combine simultaneously the limits K — oo and ug | 0
in order to obtain the TSS process in Theorem The limit K — oo taken alone leads to a deterministic
dynamics (which had already been shown in [FM04] before [CO6] was written), so taking the limit of rare
mutations afterwards cannot lead to a stochastic process. Conversely, taking the limit of rare mutations
without letting the population size diverge would lead to an immediate extinction of the population on the
time scale of mutations, because the stochastic domination of Theorem [I.14] (a) is independent of ux and
because the process Z with law PX (2,0, a, vx/K) goes extinct a.s. in finite time.

Before proving Theorem let us mention that Lemma can be derived from part (a) of the theorem.
The proof can be found in Appendix [A] (or in [CO6l Section 4.1]).

Proof of Theorem[I.1]} The proof is essentially intuitive if one computes upper and lower bounds of the
birth and death rates for each process considered in the statement of the theorem. We will simply give an
explicit construction of the process v, commonly known as the Poissonian constructioﬂ of the process v,
and we will give the precise proof of as an example. We leave the proofs of the remaining comparison
results to the reader (as it was also done in [C06]). We start via recalling the notion of Poisson point measure

and Poisson point process.

Definition 1.16. Let (S,S,v) be an arbitrary o-finite measure space, and (2, F,P) a probability space.
Let P: § — {0,1,2,...} U {oc} be such that the family {P(A): A € S} are random variables defined on
(Q,F,P). Then P is called a Poisson random measure or Poisson point measure on S with intensity measure
v if

(i) for any n € N, for mutually disjoint Ay, Ag,..., A, € S the random variables P(4,),...,P(A,) are
independent,

(ii) for any A € S, P(A) is Poisson distributed with parameter v(S) € [0, OO]E

(iii) P-almost surely, P is a measure.

10For readers familiar with the content of population-genetic courses given by Jochen Blath, such a construction may be
known from the topic of A-coalescents and their moment duals.

1 Here, a Poisson(0) distributed random variable is defined to be almost surely equal to 0, and a Poisson(oo)-distributed
random variable is defined to be almost surely equal to co.
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Let us consider the case when S is a topological space with Borel o-algebra S, and v is a measure
on S, which is not only o-finite but also locally finite, see e.g. [BB09, Section 1.1]. When S = RY, this
automatically implies that v(K) < oo, and therefore P-a.s. N(K) < oo, for any bounded and measurable
K C RY. In this case, almost surely there exists a (random!) collection of points I = (X;);cs (for some
possibly also random index set I) such that for all A € S, N(A) = |{i € I: X; € A}|, which we call a
Poisson point process (or in some sources simply Poisson process). A Poisson point process on R? is called
homogeneous if the intensity measure p has a constant density w.r.t. the d-dimensional Lebesgue measure,
i.e., p(dz) = X dx for some A > 0. A homogeneous Poisson point process on [0,00) with intensity A > 0 is
just the usual Poisson process with intensity measure equal to A times the Lebesgue measure. For classical
coursebooks on Poisson (point) processes, we refer the reader to [K93l [LP17].

For the process vX | a Poissonian construction was first given by Fournier and Méléard [FM04] as follows.
Let (92, F,P) be a sufficiently large probability space, and on this space consider the following five independent
random objects:

(i) a M¥E-valued random variable v{ (the initial distribution),

(ii) a Poisson point measure Ni(ds,di,dv) on [0,00) x N x [0,1] with intensity measure ¢;(ds,di,dv) =
Ads >~ 0x(di)dv (the Poisson point measure of birth without mutation),

(iii) a Poisson point measure Nz (ds, di,dh,dv) on [0, o) xNxR!x [0, 1] with intensity measure g (ds, di, dh, dv) =
Ads >y~ 0k(di)m(h)dhdv (the Poisson point measure of birth with mutation),

(iv) a Poisson point measure on N3(ds,ds, dv) on [0,00) x N x [0, 1] with intensity measure g3(ds,ds, dv) =
fids Dy, 0k (di)dv (the Poisson point process of natural death),

(v) aPoisson point measure Ny(ds, di, dj,dv) on [0, 00) xNxNx [0, 1] with intensity measure q4(ds, di, dj, dv) =
(a/K)ds Yy 51 0k(di) 32,5, Om(dj)dv (the Poisson point process of death by competition).

We will also need the following function, solving the purely notational problem of associating a number
to each individual in the population: For any K > 1, let H = (H',H? ..., H*, ...) be the map from M¥

into (RY)™ defined by
( 25 ) xgl),...,xg(n),0,07...)7

where 7,(1) X ... X x,(n) for the lexicographic order < on R!. For convenience, we omitted in our notation
the dependence of H and H* on K.
Then a process v¥ with generator LX and initial state v can be constructed as follows: For any t > 0,

K K k ! 6Hi(VI(_) .
Ve =1 +/ // ]l{igK(z/SK_,l)}i]l{ <[kuKu(m(ugi>>1A<Hi<u§<,>>}Nl(dsvd%dv)

A

O Wk )ih .
. Il~{1<K YT Il{vi[uKu(H7(uK DINHE (W )y m(Hi (WK ), h) N2<d57dla dh,dv)

Y m(h)

(SHz( )
]1{Z<K } K ]1{ #(HI(,/K ))}Ng(ds d’L dh)

5HL<VK> o
]1{2<K<uf< yilg<rer 1) { <a<m<u§£>,m<u5,)}N4(ds7dz,dj,dv)-
(1.15)

As written in [C06], although this formula is quite complicated, the principle is simple. For each type of
event, the corresponding Poisson point process jumps faster than vX has to. We decide whether a jump of
the process v occurs by comparing v to a quantity related to the rates of the various events. The indicator
functions involving i and j ensure that the i-th and j-th individuals are alive in the population at time ¢
(because K (vf<, 1) is the number of individuals at that time). Here, for brevity, we do not provide the formal
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definition of the stochastic integral of a random integrand against a Poisson point measure, which can e.g.
be found in [E19]. (For example, the stochastic integral of a deterministic integrand against a Poisson point
measure that corresponds to a Poisson point process just means summing the values of the function over the
points of the Poisson point process.)

Under (A1), (A2), and the assumption that E((vf, 1)) < oo, Fournier and Méléard [FM04] prove the
existence and uniqueness of the solution to 7 and that this solution is a Markov process with infinitesimal

generator (|1.2)).
Now, let us prove (I.14). The process AX can be written as

t 1
K .
Ay :/ // / ﬂ{igK(ugi,m}]l upe p(HEwE DAE @ E ) mHIWE ), R) Na(ds,di,dh, dv).
0 JNJR!JO {vé X

m(h)

In the case where v = (v, 1)6,, as long as t < 71, we have vX = (1, 1)§,. Therefore, for t < 7 Ainf{s >

0: <V§K71> ¢ [a17a2]}7
t 1
/ / / / ]l{igKal}ll{v< uga(@)A(2) m(z,h)}NQ(dS,di7dh, dv) < AtK
o JnJr Jo STOX m(h)

t 1
< ILZ a ]1 upra(x x) m(xz, N d ,d'7dh7d .
_/0 /N/Rl/o {i<Kaz} g, < e o) ) 2(ds, di v)

Since the intensity measure of Ny is

(1.16)

q2(ds, di, dh, dv) = Ads Y _ 6 (di)m(h)dhdv,
E>1

the left-hand side and the right-hand side of (1.16]) are Poisson processes with parameters Kugaja(z)A(x)
and Kugasa(z)\(x), respectively. O

1.8 The problem of exit from a domain and a crash-course on large deviations

Points (a) and (b) of the following result on the birth-and-death process with law PX (), u, o, 2) (cf. Defini-
tion (b)) strengthen Proposition while point (c) studies the problem of exit from a domain.

Theorem 1.17 ([CO6]). (a) Let o, T > 0 and A,u > 0, let C' be a compact subset of (0,00), and write
PE = PE(\, u, , 2) for a deterministic initial condition 2 € N/K. Let ¢, denote the solution to

b= (A= p—ad)s (1.17)
with initial condition ¢.(0) = z. Then

r:=inf inf |¢.(t)| >0 and R:=sup sup |¢.(t)| < oco.
z€C te[0,T] |¢ ( )| zeC te[O,T}| ( )|

Moreover, for any § <r,

lim sup PX( sup |w — ¢.(t)] > 6

K—=o0 0 (te[O,T] ) =0 (1.18)

where (wy)i>o0 @8 the canonical process on D([0,00),R) (i.e., wi(w) = w(t) for w € D([0,00),R), which has
distribution PX under the probability measure PX (2)).

(b) Let T,a;; > 0 and N, p; > 0 (for i,j € {1,2}), let C be a compact subset of (0,00)2, and write

fhzz = Q& (A\1, A2, 11, a2, 11, 12, 21, g, 21, 29) for deterministic initial conditions 21,22 € N/K.

Let ¢z, 2y = (9, ., 02, .,) = (@', ¢%) denote the solution to

21,22

' = (M — 1 — and' — a12¢?)e!,
¢* = (g — p2 — 919" — an9¢?)¢?
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with initial conditions ¢ . (0) = 21 and ¢?. , (0) = zo. Then

21,22 Z1,22

r:= inf inf 21 20 (T >0 and R :=sup su 120 ()] < oo,
z€C tel0,T] H(b b 2( )H ZEEte[OPT] ||¢ 1 2( )”

where || - || denotes an arbitrary norm on R?, which we fix for the rest of Section , Moreover, for any
d<r,
lim sup QZ@( sup ||Wy — @z, 2, (1) > 5) =0,
K—o0 e te[0,T]
where Wy = (W}, W3)t>0 is the canonical process on D((0, 00), R?).

(c) Let \yao > 0 and 0 < p < A. Observe that (A — p)/« is the unique stable equilibrium of (1.17)). Fiz
m € (0,(A—p)/a) and 2 > 0, and define on D((0,00), R)

TK:inf{tzozwtgé [%—n17A;“+nZ}}. (1.19)

Then, there exists V > 0 such that, for any compact subset C of (’\;—“ — i, R n2),

«

lim sup ]P’f (TK < eKV) =0.
K—o00 ;e
Proof. First, we prove (a). Since ¢ < 0 as soon as ¢ > (b — d)/a, any solution to (L.3) with positive initial
condition is bounded, which implies R < co. Moreover, a solution to (|1.3)) can be written as

() = o0)exp [ (3= 11— a0()ds) = 0(0) exp((A — e~ @)

from which it follows that r > 0.

Equation is a consequence of large-deviation estimates for the sequence of laws (PX)~;. Choose
functions p, ¢: R — (0, 00) that are Lipschitz continuous, bounded and uniformly bounded away from 0 and
we consider the Z/K-valued Markov jump processes with transition rates

i/K — (i+1)/Kat rate Kp(i/K),
i/K — (i—1)/Kat rate Kq(i/K),

Note that the process with law (PX)x>; does not satisfy these assumptions, but its following variant with
truncated rates does:
p(z) = Ax(2) and q(2) = px(2) + ax(2)*,

where x(z) = zif z € [r—0,R+4], x(z) =r—4difz<r—90; x(z) =R+ if z> R+ 4, then p and ¢
satisfy the assumptions above, and if RE denotes the law of this process with initial condition z, then we
have RE = PX on the time interval [0, 7], where 7 = inf{t > 0: w; ¢ [r — §, R + 4]}

For the sequence of laws (RX)x ¢y, thanks to [DE97, Chap. 10, Theorem 10.2.6], the large deviation
principle holds with good rate function I given as follows: For ¢: [0,T] — R? cadlag,

Ir(6) = {fOT L(o(t), (1)) dt if ¢ is absolutely continuous on [0, T, (1.20)
00

otherwise,

for a certain function L: R? — [0, 00) such that L(y,z) = 0 if and only if z = p(y) — q(y). See Appendix
for the precise form of L. Therefore, I7(¢) = 0 if and only if ¢ is absolutely continuous and

¢ =p(¢) — q(9). (1.21)

What does the above assertion mean? A rate function I is a mapping from a given topological space
M (here, M =D([0,T],R) equipped with the Skorokhod J1 topology, cf. footnote 4) to [0, co] that is lower
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semicontinuous, i.e., the (sub-)level set {z € M: I(z) < a} is closed in the topology of M for all z € R.
I is called a good rate function if the aforementioned level sets are all compact in the topology of ME A
good rate function always attains its infimum over closed sets. Let us note that if M is a metric space (more
precisely, its topology is induced by a metric), then lower semicontinuity is equivalent to the assertion that

liminf I(z,) > I(z), Vze M.
Zn—2

The large deviation principle states, very roughly speaking, that for certain measurable sets A C M, we
have

RE(4) ~ exp (— K(1£0(1)) inf Ir(v)),

or in other words,

1

& e RE(A) ~ — inf Ir(y).
That is, if the set (event) A includes some 1 such that Ir(¢)) = 0, then the RE-probability of A does
not decay exponentially, whereas if A contains no such ¢, then A is a rare event whose probability decays
exponentially in K with rate approximately infye 4 I7 ().

Let us make this more precise now: By definition, the assertion that the large deviation principle with

good rate function I7 holds for the sequence of probability measures (RX)x <y means that for all open sets
G C M =D([0,T],R), the lower bound

R >
lim inf IOg Rz (G) dl}nf IT (’w)

is satisfied, whereas for all closed sets F' C M, we have the upper bound
1

li — logRE(F) < — inf Ir(1).

imsup - log = (F) < — inf Ir(y)

In our particular case, it also follows from [DE97] that this large deviation principle is uniform with respect
to the initial condition in the sense that for any compact subset C of R and F, G as above, we have

... 1 . K .
> .
R o8 RO 2 T 6 g 1Y) 122
and 1
lim sup — log sup RE (F) < — inf I . 1.23
P gzeg - (F) < eF: ¥(0)eC r(¥) (1.23)

Therefore, by (1.23)),

1
lim sup = lo Rf( sup |wy — b, (t za)g— inf Ip(y),
Ko K° te[O%]‘ e <) YEF? r(¥)

where
F° = {1/1 e D([0,T],R): ¥(0) € C and 3t € [0,T]: |v(t) — byo) ()] > 5}.

By the continuity of the flow z — ¢, (¢) of (which is a consequence of the fact that z — p(z) — ¢(2)
is Lipschitz and Gronwall’s lemma), the set F° is closed. Since It is a good rate function, it attains its
infimum on F° at some function that cannot be a solution to , and thus is non-zero. This finishes the
proof of . The proof of (b) is very similar.

12Hence, if the topological space M is Hausdorff, then every good rate function is a rate function (is that clear?).
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Let us now prove (c). Define the function y on R by

z, if z € [(A—p)/a—m, (A= p)/a+mnl,
X(z) =qA=p)/a—m, ifz<X—p)/a—mn,
—p)/a+mn, ifz>A—p)/atn.

As in the proof of (a), using the functions p(z) = Ax(z) and q(z) = px(z) + ax(z)? a family of laws (RE)
such that RK = PX on the time interval [0,7%] (cf. (1.19)), and such that the uniform large-deviation

estimates and - hold for the good rate function I defined analogously to ((1.20)).
Observe that all solutions to ([1.21)) are monotonous and converge to (A — p)/a when t — co. Therefore,

the following classical estimates for the time of exit from an attracting domain [FW84l, Chapter 5, Section
4] apply: There exists V' > 0 such that for any § > 0,

lim inf RK( K(V-0) o 7K < eK(‘A/'HS)) =1, (1.24)
K—oozel

and hence in order to finish the proof of (c), it suffices to show that V > 0.
Now, the constant V is obtained as follows (see [FW84], pages 108-109]): for any y, z € R, define

14 f I(p).
W2) = o o d . %)

Then

)\u)\u

(In physical terms, e.g. V( — 771) can be interpreted as the work that needs to be invested in order to

move a point of unit mass froni the attractive equilibrium AT of (1.21] - ) to T — 11 against the “potential”
attracting the mass point towards %)

Now, [FW84] Theorem 5.4.3] states that, for any y, z € R, the infimum defining V' (y, z) is attained at some
function ¢ linking y to z. This means that either there exists an absolutely continuous function ¢ defined
on [0,7] for some T > 0 such that ¢(0) =y, ¢(T) = z, and V(y,2) = Ir(¢ fo ¢(t))dt, or there
exists an absolutely continuous function ¢ defined on (—oo, T) for some T € R such that hrn,g_> 0 P(t) =y,
d(T) =z, and V(y, z f Lo ( ))dt. Since any solution to is decreasing as long as it stays in
(A= u)/moo) a function (;5 deﬁned on [0,7] or (—o0,T') linking (/\ u)/a to (A —p)/a+ 72_cannot be a
solution to , and thus V(A;—“, % + 772) > 0. Similarly, V(A_—”7 Aa“ — ) > 0, hence V> 0, which
concludes the proof of Theorem

O

Remark 1.18. We see in that in case the resident population is type x, one needs the first mutation to
appear in at most e®Y(1+°(1) time with high probability in order that the resident population is still close to
its equilibrium 71, at the time when the mutant emerges. The value of V' of course also depends on the value
of A — u and may tend to zero as A — i | 0, and hence in the left inequality of for simplicity we assume
that the first mutant appears in subexponential time. But for example, if we assume that A(z) — p(z) only

changes by a uniformly bounded number over all z if an individual of trait x suffers a mutation, then we
can find a suitable V' > 0 such that assuming exp(—VK) < ug instead of exp(—VK) < ug for all V> 0
suffices in order for Theorem to hold (with all other assumptions unchanged).

1.9 Some results on branching processes

Although we do not provide all the details of the proof of Theorem [I.1] the following collection of assertions
on branching processes plays a crucial role in this proof, and it is also applicable for many other models of
stochastic population biology or even other fields of probability theory.
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Let Q,, denote the law of a binary branching process with initial state n € N, with individual birth rate
A and individual death rate pu. Regarding this process, we have the following theorem, where we recall the
canonical process (w¢);>o from part (a) of Theorem

Theorem 1.19 ([CO6]). Let A, > 0. Define, for any o € R, on D(]0,00),R), the stopping time
T, = inf{t > 0: w, = g}.

(In particular, Ty is the extinction time of the process.)
Finally, let (tx)k>1 be a sequence of positive numbers such that tx > log K.

(a) If X\ < p (subcritical case), then for any € > 0,

Klgnoo(@l (TO <tk /\TLEKJ) =1 (125)
and
lim Q\_EK] (TO < tK) =1. (126)
K—o00
Moreover, for any K, k,n > 1,
1
Qn(Thkn <Tp) < T (1.27)
(b) If X > u (supercritical case), then for any e > 0,
lim Qi (T < tx ATjexy) = & (1.28)
K—o0 - [eK1 A
and
lim Q(Tpegy < t) =1-— 5. (1.29)
K—o0 [eK] = A

Proof. Let ¢ = Q1(Tp < o0) denote the extinction probability of the branching process started with one
individual. Then it follows from classical first-step analysis (for the embedded discrete-time Galton—Watson
process where each individual has 2 offspring with probability ﬁ and 0 offspring with probability ﬁ“#)
that ¢ is the smallest solution to the quadratic equation

A
A Atp

q 1.

The roots of this equation are given by 1 and £, hence the smallest solution is 1 in the subcritical case and
£ in the supercritical casem
Assertion ([1.29)) follows easily from the extinction time for binary branching processes when A # u (cf.

[ANT2] p. 109]): For any ¢t > 0 and n € N,

/’L(l _e_()‘_u)t) n
<0 = (5 o) -

Since tx — o0, Q1(To < tx A Tiex7) — Q1(Th < 00) = 1, which yields and .

The inequality follows from the fact that if (Z,);>0 is a branching process with law Q,,, then
(Zy exp(—(A — n)t),~ is a martingale (see [ANT2l p. 111]). Applying Doob’s optimal stopping theorem to
the stopping time Ty A Ty, writing IE,, for the expectation w.r.t. Q,, we obtain

E, (kne—()\—u)Tkn ]I{Tkn<TO}) = n.

I3Note that this also applies in the critical case A = p, where 1 and p/\ coincide, although we do not treat this case here.
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(This is the version of the optimal stopping theorem where the stopping time is a.s. finite and the stopped
martingale is bounded; in this case between 0 and kn.) Therefore, when A < u, knQ,, (Tin < Tp) < n, and
thus we conclude E
The limiting assertion (|1.29)) follows from the fact that if (Z;);>¢ is a branching process with law Q,
then the martingale (Zte*( )50 converges a.s. when t — 0o to a random variable W, where W = 0 on
the event {Tp < oo} and W > 0 on the event {Ty = oo} (see [ANT2, p. 112]). Hence, when A > u, on the
event {Tp < oo} we have
log Z,
t

a.s. Therefore, since tx > log K, for any € > 0, Q1(Tp = 00, T1.x7 > tx) — 0 when K — oo. Thus, using
the above observation that Q;(7p = oo) =1 — &, we conclude (1.29) O

S A—p>0 (1.30)

Remark 1.20. We did not provide detailed proofs for the martingale property, the positivity of the almost
sure limit W of the martingale on {Ty = oo}, and the fact that the limit is zero on {Tp < co}; the interested
reader can consult [AN72]. Nevertheless, we would like to emphasize that also has a more elementary
proof based on the fact that a binary branching process is nothing but a time-changed random walk on Z,
and we only need to use that this random walk is a martingale in the symmetric case A = p. Indeed, the
nearest-neighbour random walk on Z in continuous time that jumps one step up at rate A and one step down
at rate p has generator L defined via

Lf(n) = A(f(n+1) = f(n)) + u(f(n—1) = f(n))

for all bounded measurable functions f: Z — R. Now, the binary branching process with individual birth
rate A and individual death rate p has generator £ acting on all bounded measurable functions f: Ng — R
via
Lf(n) =nA(f(n+1) = f(n)) + u(f(n = 1) = f(n))).

This is indeed a time-changed version of the random walk; the time change becomes zero (time stops, the
process gets absorbed) at the state 0, and thus the state can never get negative. Now, let us consider the
critical case A = p. Then it is clear that the random walk (S;):>¢ is itself a martingale and thus by Doob’s
optimal stopping theorem, defining the stopping time T' = inf{¢t > 0: S; € {0, kn}}, we have

n = E[S7|So = n] = knP(St = kn),

which yields (1.27) for A = p. Now, for A\ < p, the probability under consideration can only get smaller.
Remark 1.21. Since (1.30]) holds in the supercritical phase, we actually have that for any ¢ > 0,

TI_EKJ Ki>>o 1
log K A— U

a.s. on {Tp = oo}. Therefore, part (a) of Theorem also applies when tx % log K but there exists § > 0
such that tx > ()\flu + 0)log K for all sufficiently large K, while it does not hold if there exists § > 0 such

that tx < (/\% — ) log K for all sufficiently large K. The factor ﬁ of log K is the reciprocal of the mean
growth rate ofH the branching process, and this will be similar in the case of multitype branching processes
(see Section . Similarly, part (b) of Theorem also applies for the aforementioned choice of tx for
which part (a) applies. In the subcritical case, we have exponential decay instead of exponential growth.
When starting with [e K] individuals, reaching extinction takes approximately H—i)\ log K time.

Below (1.5)) we already interpreted f(y,x) as the net growth rate of a mutant population of trait y
in a resident population of trait x when the mutant population is small compared to K. These mutants
have birth rate A(y) and death rate approximately u(y) + a(y, )@, per individual. The branching process

Of course, this martingale property also holds in the critical case A\ = pu; in this case, the process (Zt)1>0 is itself a
martingale. Therefore ((1.27) is also true in the critical case.
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approximating the mutant population is the binary branching process precisely with these parameters, which
is supercritical if and only if f(y,x) > 0. This branching process corresponds to Phase I of the invasion of
trait y against trait x. In case the branching process is supercritical, we have a nonvanishing probability of
a successful invasion of trait y, which also implies fixation (i.e. extinction of the former resident trait) due
to our non-coexistence assumption (B). Now, in Phase III, when the trait y population size rescaled by K is
close to 1, and the population of the former resident trait x is small compared to K, the resident population
has birth rate u(z) and death rate close to u(y) + a(x, y)ﬁym Hence, it can be approximated by a binary
branching process with precisely these parameters, which is subcritical if and only if f(z,y) < 0. Under (B),
f(z,y) <0 is satisfied whenever f(y,x) > 0.

Remark 1.22 (The case of symmetric competition). Assume that a(z,y) equals the same positive number «
for all z,y € X. Then, we have

Hence, the larger the “absolute fitness” (i.e., net growth rate) A(x)—p(z) of a trait «, the higher its equilibrium
population size. The invasion fitness of a mutant of trait y reads (cf. (1.5]))

fy;x) = My) = ply) — an(z) = Ay) — ply) — (Mz) — p(@),

i.e., mutants can invade with positive probability (the corresponding branching process is supercritical) if
and only if their net growth rate is positive. In other words, the invasion fitness is the difference between
the absolute fitness of mutant and resident. The later a mutant with a given absolute fitness comes, the
higher typically the resident fitness is, and therefore, the invasion of the mutant (if it is still possible at all)
will typically take a longer and longer time. This case is also antisymmetric w.r.t. the invasion fitnesses,
which by definition means that f(y,x) = —f(z,y), and transitive in the sense of Remark Thanks to
the observations of Remark [I.21] antisymmetry implies that Phase I and Phase III of any invasion take the
same amount of time on the log K time scale. Without antisymmetry, the same is not true in general (see
e.g. the example presented in Section .

Remark 1.23. Apart from the nice connection of to random walks, we should also explain at least
intuitively the role of this assertion in the proof of Theorem even if we do not spell out all details of
this proof. Assertion implies that for k£ > 0 fixed, subcritical branching processes started from an
arbitrarily large initial condition n will go extinct before reaching size kn with probability at least 1 — 1/k
as n — oo. In the setting of the invasion of trait y against trait x, this branching process consists of the
leftover individuals of trait = after the rescaled population size of trait y has already reached a vicinity of its
equilibrium population size n,. Now, one first has to show that the trait ¥ mutants are sufficiently close to
a process to which the large-deviations machinery of Section is applicable, as long as their population is
not too large, and then one has to prove that the trait = residents will go extinct with high probability before
their population could become too large or the population of the mutants could leave a small neighbourhood
of equilibrium. For the first item, an estimate like ([1.27)) is very useful: e.g. one can start with e K residents
and guarantee that with high probability, the resident population never goes beyond /K before dying out,
and one can allow an error term of order \/eK in the transition rates of the mutant and still apply the
Freidlin-Wentzell type large-deviation results (see [CCLLS21] for a similar argument).

Remark 1.24. Tt is also worth observing that for z,y € X, the Jacobi matrix (cf. (1.13))

z) — Mz —a(x,y)ng
) (u( P ag),@(k(@_;@n)

a(z,z)

has a positive eigenvalue if and only if the first inequality of ([L.7]) holds, while it has two negative eigenvalues
if (1.6) holds, and A(0, 7, ) has two negative eigenvalues if and only if the second inequality of (1.7)) holds,
whereas it has a positive eigenvalue if and only if (1.6) holds with the roles of x and y swapped. In other

150f course, with a suitable initial condition, this branching process also approximates a type x mutant population born
when type y is resident.
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words, A(7z,0) is unstable (resp. asymptotically stable) if and only if the branching process approximating
the population of a trait ¥y mutant when trait « is resident is supercritical (resp. subcritical), and A(0, 7)) is
asymptotically stable (resp. unstable) if and only if the branching process approximating the population of
a trait  mutant when trait y is resident is subcritical (resp. supercritical). Certainly, A(7,,0) and A(0, 7ty,)
are very simple matrices whose eigenvalues are their diagonal entries, but actually we will also see such
correspondences between the critical behaviour of branching processes and the stability of equilibria of ODE
systems in the sequel, see Remark below.

2 Example 1: an invasion model with competition-induced dor-
mancy

2.1 Motivation

Champagnat’s work [C0O6] laid the fundament for analysing the invasion of mutants in the scaling regime of
rare mutations in adaptive dynamics without a coexistence between multiple traits. In this section as well as
the following one, we will incorporate further biologically relevant and interesting phenomena into the model
and explain how Champagnat’s methods can be extended to these cases. In particular, the approximating
branching processes will often be multitype, and in some cases we will be able to treat some questions of global
stability of equilibria of the underlying dynamical systems. Since in the rare mutation regime, mutations
are separated from each other in time as K — oo, it is possible to study the fate of one single mutation,
starting with a resident population near its equilibrium size and one single mutant (or a few mutants) at
time 0, excluding further mutationsE The particular examples that we will focus on in these two sections
will not include multiple mutations but rather just one single invasion step. The same approach is of course
not applicable if we expect that the population that we want to model is substantially affected by clonal
interference.

In this section, we focus on dormancy, which is an evolutionary trait that has emerged independently at
various positions across the tree of life. It describes the ability of a microorganism to switch to a reversible
and metabolically inactive state that can withstand unfavorable conditions. However, maintaining such a
trait requires additional resources that could otherwise be used to increase e.g. reproductive rates. Examples
include among others winter sleep of mammals, sporulation of bacteria, or dormancy of cancer cells that
may eventually lead to therapy resistance and metastases. The reactivation of dormant individuals/cells is
referred to as resuscitation. For an overview on various forms of dormancy, see the survey article by Lennon,
den Hollander, Wilke Berenguer, and Blath [LdAHWB21].

In what follows, we summarize the results and proofs of the paper [BT20], sometimes making excursions
to classical works that are necessary for the proofs of these results. To introduce the model of the paper infor-
mally, imagine that we have a resident population consisting of identically fit one-cell individuals performing
asexual and haploid reproduction (i.e., binary fission), death by age and by competition among individuals,
living close to its equilibrium population size, just as one typical trait in Champagnat’s model, and now a
mutant (or migrant) emerges. This mutant is able to switch into a dormant state under competitive pressure
(we will see in a moment what this mathematically means), and in chance it reproduces slower but it is still
fit when being on its own. Dormant mutants cannot reproduce, but they are not affected by competition,
eventually they will either die naturally or resuscitate. This should ease competition for dormant individuals.
The main questions are then the following:

e Are there choices of the parameters when the mutant can invade the resident population (with an
asymptotically positive probability as K — 00)?

e If yes, what is the asymptotic probability of a successful invasion and how much time does it typically
take the mutant population to become macroscopic?

161n this sense, the mutant could as well be interpreted as a migrant arriving from somewhere else in the case of models
involving an underlying geographic space.
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e What happens after a successful invasion? Will the mutant fix, making the former residents die out,
or will it coexist with the residents?
2.2 The base model for competition-induced dormancy

Let us now introduce the stochastic individual-based model of [BT20]. We have two traits (types), the
resident one (1) and the mutant one (2). Mutant individuals can have an active (2a) and a dormant (2d)
state. As an interpretation, we will sometimes say that the dormant individuals are in the seed bank.
Informally speaking, the model is defined as follows.

e A resident individual gives birth to another such individual at rate A; > 0.
e An active mutant individual gives birth to another such individual at rate Ay € (0, A1).

e Any active individual has a natural death rate p € (0, A1).

/Af@ © ) (2

®
i

e K > 0 is the carrying capacity of the population.

e The competitive pressure felt by an active individual from another active individual is /K > 0, where

a > 0. For any ordered pair (z;, ;) of active individuals, at rate o/ K > 0 a competitive event affecting
x; happens. We fix p € (0,1). At a competitive event, in case x; is a resident individual, it dies. If x;
is a mutant individual, it dies with probability 1 — p and becomes a dormant (mutant) individual with
probability p.
In other words, in a population with n; € Ny (active) resident individuals and nq, € Ny active mutant
individuals, writing n, = ni + ng, for the total number of active individuals, a resident individual
dies by competition at rate an,/K, an active mutant dies by competition at rate (1 — p)an,/K and
switches to dormant mutant at rate pan, /K.

QO+ HO® O

@ 2a
2a @4 2a 4
(1% © (1—m;\.

2
e For some k > 0, a dormant (mutant) individual dies at rate n,um

2a

e A dormant (mutant) individual becomes an active (mutant) individual at rate o > 0.

17From a biological point of view, it is reasonable to assume that dormancy reduces natural death rate too, i.e., x < 1, but
% > 1 does not make a big difference mathematically and neither does x = 0.
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Further necessary conditions on the parameters will be specified later in the sequel. Note that the
behaviour of trait 1 in absence of trait 2 fits into the framework of [C06] with a monomorphic initial state
and with mutations excluded. Actually, in Champagnat’s setting we were only describing the model in
terms of empirical measures because those are the right objects to study if one wants to prove some kind
of convergence to a TSS. In our model without further mutations, it will suffice to focus on frequencies of
subpopulations (rescaled by K if needed). To define the model more precisely, we consider, for ¢ > 0, a finite
number N; € Ny of individuals {z;: ¢ € [Ny]}, where for all i € [IV;] we have x; € {1, 2a,2d}. We define the
triple of frequency processes

(N¢)e>0) = ((N1,t, Naat, Nadt))e>o0,
where for z € {1, 2a,2d},
Ny =#{x;: i € [Ny],z; = x}.

We will often consider the triple of rescaled frequency processes

(Nf)tZO = ((N1K7t7N2Ig7t7N2I§7t))t207

where for x € {1, 2a,2d},

1
K
is the number of individuals of type x rescaled by K. We also write

K K K
Nay = Nag s + Nag,t, Niy = Nogt + Nagy

K
N:Lt = Niﬂﬂf

for the non-rescaled resp. rescaled total population size of mutant individuals and
Ny

Ny = N1+ Naog, N[ N1t+N2t N

for the total population size resp. 1/K times the same. Hence, (NF);>¢ is a (%No)s—valued Markov process
with transitions

(n1 + K,TLQa,TLQd) at rate KniAq,

(n1,n2q + K,ngd) at rate Knog Ao,

(n1 — %, n2q,M24) at rate Kny(u+ a(ny + na,)),

(n1,naq, nog) — (n1,m2q — %, M2q) at rate Knoq (1 + (1 — p)a(ng + nag)),
(n1,n2q — %,’ngd + %) at rate Knogpa(ny + nag),
(

n1,Nog, Nag — ) at rate Knogkp,

(n1,M2q + K,nzd ) at rate Knogo.
The rates of (N;);>0 can be described in an analogous way.
Exercise 5. Write down the infinitesimal generator of (NK)i>o (acting on all bounded measurable functions
3

£ (EN)® = R).

The condition A\; > Ay > p above implies that both residents and mutants are fit, i.e., they exhibit no
rapid extinction, when being on their own, but mutants have a lower reproductive rate than residents. We
have seen that A\; > pu is equivalent to the long-term survival of residents if the initial condition is of order

K, and because of the dormancy it is not a priori clear that Ay > p is also necessary and sufficient for the
same for the mutants, but we will soon see that this is indeed the case.
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2.3 The dynamical system(s)

From Section [I] we already know that if all subpopulation sizes are of order K, then the population size
process rescaled by K converges to the solution to the corresponding system of ODEs on any finite time
interval of the form [0, 7], given convergence of the initial conditions. This is also true for the model with
competition-induced dormancy; let us first investigate the situation when only one of the two traits is present
in the system, and only afterwards the joint dynamical system of the two traits.

(1)

In absence of mutants, for large K, the rescaled resident population N{ft can be approximated by nq (¢),
where n4(-) solves the quadratic ODE

i (t) = 1 (1) (M — p— ana (1)), (2.1)

which is again the logistic equation (cf. (1.3])) with parameters adapted. Recall the equilibria of this
system and their (global) stability properties from Section For A; > pu, the unique positive (and
stable) equilibrium of this system is given as

:)\1_“
a .

ny
Else, there is no stable positive equilibrium, and 0 is always an equilibrium of the ODE.

Similarly, in absence of residents, for large K, the rescaled mutant population (N3f ,, Ny ,) can be
approximated by (ng24(t), n2q(t)), where (n2q(+), n24(-)) solves the two-dimensional system of ODEs

Noq(t) = noa(t) (A2 — p — angg (b)) + onog(t),

. ; (2.2)
Noq(t) = pansa(t)* — (ke + o)naa(t).
The Jacobi matrix at (ns4,n24) € R? is given as
A(ni20, n124) = (Arzg;s;nza _RZ—o) . (2.3)

Clearly, the system has no equilibrium of the form (0,-) or (-,0) apart from (0,0). Further, we have

4(0,0) = (A%’“ _,@Z_(,) : (2.4)

Let us now show that for Ay > p© we have a unique (coordinatewise) positive equilibrium, which is
asymptotically stable. For an equilibrium (ng,, neq) with na, # 0, dividing both equations in by
Nog, We obtain

Nad A2 — [ — QNgq _ PNy

Nag o kp+ o

(2.5)
From ([2.5) we obtain that there is precisely one such equilibrium, with coordinates

(M —w)’plpt o)
0 = 0.
Zh T e+ (L=

(A2 — p)(kp + o)
a(kp+ (1= p)o)

N2q =

It is worth emphasizing that since p > 0, fig, is strictly larger than ’\"’a—_“ For p =0 (and A2 > p), (figq,0)
would be the only coordinatewise nonnegative equilibrium apart from (0,0), in accordance with .
Thus, we see that even if we disregard the seed bank and consider only the active population size, the
equilibrium population size of the mutant population is increased by competition-induced dormancy.
The above precise formula for ns4 will be used less frequently; what is most important is that it is
positive whenever 7o, is positive.

Let us now analyse the local stability of the equilibria (for Ay > u) via linearization. As before, we want
to identify the signs of the real parts of the eigenvalues of A(0,0) and A(naq, nog). It is clear from ([2.4)
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that the eigenvalues of A(0,0) are its diagonal entries Ao — > 0 and —ku — o < 0. Hence, (0,0) is an
unstable saddle point. As for the stability of (7iaq, i2q), by (2.3) and (2.5), we obtain

det A(figg, Tiag) = (kip + o) (A2 — p).

Since Ay > p, the right-hand side is positive. Further, the trace Tr A(7i2q, iaq) is negative, which follows
from the fact that ng, > Ao — p and xku + o > 0. Hence, the product of the two eigenvalues is positive
and their sum is negative. Therefore, if both eigenvalues are real, both must be negative, and if they are
complex, they have to be conjugate and hence their real parts must be negative. We conclude that both
eigenvalues have a strictly negative real part, which implies that (fi24, 7iaq) is asymptotically stable.

Exercise 6 (Open problem because we have never checked it, but it should not be too difficult.). Are
the eigenvalues of A(Tiag, fiag) always real?

In fact, the equilibrium (fig,,724) exhibits some more global stability properties, in some cases in a
certain sense even in presence of the residents, as we will see below.

Exercise 7. Show that for Ao < p, the system (2.2)) has no coordinatewise positive equilibrium. (For
A2 < 11, (0,0) is of course asymptotically stable.)

Given the above observations, it is not surprising that if all non-rescaled subpopulation sizes are of order
K, NK can be approximated by the solution (n(t)) = (n1(t), n24(t), n24(t)) to the system of ODEs

n1(t) = n1(t) (M — p— a(ni(t) +n2a(t)),
fi2a(t) = naa (D) (A2 — 1 — a(ni(t) + nag(t)) + onag(t), (2.6)
N2dq(t) = panga(t)(n1(t) + n2a(t)) — (kp + o)naq(t).

If we put p = 0 and n24(0) = 0, (n1(t),n24(t))t>0 would be a classical two-type competitive Lotka—

Volterra equation with symmetric competition. It is a well-known result that in that system, (’\1(;“ ,0) =

(71, 0) is asymptotically stable and (0, A%“) is unstable if A; > A2 > p and the roles of asymptotic
stability and instability are swapped if Ay > A; > p. This way, intuitively speaking, for Ay < A; there
is no chance for a mutant invasion in absence of competition-induced dormancy, whereas for Ay > \;
mutants can invade even in absence of dormancy. Hence, we see that Ay < A; is indeed the interesting
case to study in our system, where dormancy will actually have a new effect.

To see this, let us study the coordinatewise nonnegative equilibria of the system (2.6]) (for p > 0). Clearly,
(0,0,0) is an equilibrium of the system.

Exercise 8. Show that (0,0,0) is unstable whenever Ay > (1 or Ay > p (even without the assumption
that Ay > Ay or that both A1 and Xy are larger than ). Show further that for Ao # A1, the system
can have no equilibrium of the form (-,0,0) apart from (7i1,0,0) and no equilibrium of the form (0, -,-)
apart from (0, iaq, iaq).

Moreover, we easily derive from our previous observations that (i1, 0,0) and (0, 7124, fiaq) are both equi-
libria of the system. The interesting question is what we can say about their stability and whether the
system can have further coordinatewise nonnegative equilibria. According to the statement of Exercise|[g]
such an equilibrium must be coordinatewise positive. However, we have the following lemma.

Lemma 2.1 ([BT20]). Assume that

g
pto

A=Az # p(Ar — ) — (2.7)

Then, (2.6) exhibits no coordinatewise positive equilibm’umm

18 This lemma is only partially included in [BT20], but extending it does not requires any new ideas or computations.
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Proof. Assume that there exists a coordinatewise positive equilibrium, say (ni, neq, n2q). Expressing n;
from the first line of (2.6)) and substituting it into the second and third line divided by ns, yields

Naq Al — )\2 1
2 — Ay —
Mo o mu—l—ap( 1 :LL)a
but the last inequality contradicts (2.7). We conclude the claim. O

Exercise 9. Determine all equilibria of (2.6) in the degenerate case Ay — A1 = p(A1 — p) .5 (in case
our usual assumptions all hold).

To provide a biological interpretation to Lemma the competitive exclusion principle applies for the
system (if holds): Only one of the two subpopulations can remain asymptotically positive,
and the other has to vanish. This is in a certain sense not only true for the deterministic dynamical
system but also for our stochastic individual-based model (NX);>¢ in the limit K — oo, as we
will see below; the interpretation with that respect is that invasion implies fixation, i.e., there is no
macroscopic coexistence between types 1 and 2. The competitive exclusion principle holds in general for
classical two-dimensional Lotka—Volterra systems with symmetric competition (without dormancy) apart
from some degenerate cases, but asymmetric competition may lead to a coexistence between the two
types. (This is also the reason why in Section [I] we needed Assumption (B) to exclude coexistence.) This
way, the advantage of type 2 gained from competition-induced dormancy does not qualify as asymmetric
competition (or the above interpretation is not valid for our model, which is strictly speaking not a
Lotka—Volterra model).

Given Lemma the next question is which of the two equilibria (71,0, 0), (0, fige, Tiaq) are (asymptot-
ically) stable. The following lemma will be crucial for our analysis.

Lemma 2.2 ([BT20]). Assume that the condition

(2

AL — A2 <p(A1 —p)

= pang (2.8)

K+ o K +o
holds. Then, (n1,0,0) is unstable and (0, noq, Nag) is asymptotically stable. On the other hand, if

AL — A2 > p(A —p) 7

= pan 2.9
il e eyl (2.9)

then (11,0,0) is asymptotically stable and (0, oy, Mag) is unstable.

Proof. Let us first assume that (2.8 holds. At any equilibrium (n1, nae, n2q), the Jacobi matrix is given
as

Al — 0 — 2ani — anag —ani 0
B(ni,naq,nag) = —QMNag A2 — o — 2ama, — ang o
pan2, 2panza + pani —(kp+0)

At (711,0,0), since any = Ay — p, the Jacobian matrix is

“Atp At 0
B(#1,0,0) = 0 A2 — Mg o . (2.10)
0 p(A—p) —(kp+o)

We see that —A; + p < 0 is an eigenvalue of this matrix (with eigenvector (1,0,0)). The determinant of
the matrix is

det B(711,0,0) = —(A1 — ) (A2 — M) (—kp — o) — p(A1 — pn)o).
Now, since A; > p, further, thanks to (2.8)),

()\1 — )\2)(I€M + O') — p()\l — ,u)a < 0. (2.11)
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Since —A\1 4+ 1 < 0 is an eigenvalue of B(n1,0,0), the left-hand side of is equal to the product of
the two other eigenvalues of B(7i1,0,0) and also to the determinant of its last 2 x 2 block. Since it is
negative, this implies that the eigenvalues of that 2 x 2 block are real, and thus one of them must be
positive. This implies that (71,0,0) is unstable. Finally, let us consider the equilibrium (0, figq, Ti24)-
We have

)\1 e Qanog 0 0
B(O, N2q, ﬁZd) = 0 Ao — pt— 2aiig, o
paﬁ?a 2170”72(1 _(H/J/ + 0)
Now, note that
o
figg > 71 & Ae—p> O —p)(1- ﬁp+a)
. (2.12)
S A =A< (A — < (2.8).
1= A2 < (M M)perU (2-8)

Thus, Ay — 4 — ang, < 0 under condition , and this quantity is clearly an eigenvalue of the matrix
B(0, 724, 724). The other two ones are the eigenvalues of the last 2 x 2 block of the matrix, which is
the same as A(724,724) defined according to (with ng, = g, and nog = n2q). We have already
seen that these eigenvalues have negative real parts for Ay > p. We conclude that B(0,7ia,, fiag) has
three eigenvalues with negative real parts and hence the equilibrium (0, Tia,, fi24) is asymptotically stable

under condition (2.8)).
The proof in the case when (2.9) holds is analogous ((2.9) is equivalent to ng, < 71). O

Under the assumption (2.8)), the equilibrium (0, 724, fiaq) turns out to be not only locally asymptotically
stable, but it even attracts solutions with certain coordinatewise positive, more distant initial conditions,
see Lemma 2.T§ below.

2.4 Overview of the three phases of an invasion

Thanks to Lemma there are choices of the parameters such that (0,72,,724) is asymptotically stable
and (7i1,0,0) is unstable, in other words, when thanks to dormancy, type 2 is fitter than type 1 despite
Ao < A1, namely precisely the choices of parameters satisfying ([2.8]). This is a strong indication that for
such choices of the parameters, if we start our stochastic individual-based model with approximately Kn
residents, one active mutant, and no dormant mutant, invasion and complete fixation of type 2 should be
possible with asymptotically positive probability as K — oo, and we will soon be able to provide a biological
interpretation for condition in terms of our stochastic process.

Since our main question is whether the probability that a mutant population started with a single mutant
individual is able to invade a resident population living in equilibrium is asymptotically positive as K — oo,
we will be interested in initial conditions N = (N, N3j o, Nag ) such that N{$, ~ 7, (in a sense that will
be clarified later) and (Ngg o, N3y ) = (1/K,0), i.e., there is one active mutant and there are zero dormant
mutants at time zero. From the following analysis it is straightforward to derive how to handle the case
when one starts with one dormant mutant instead of one active one, see Exercise [I0] below.

The analysis is then similar to what we have seen in Section [I]in the case of one single invasion, with the
main difference being that the mutant population is two-dimensional:

(I) The rescaled resident population size N1K7t stays close to its equilibrium 72; for a sufficiently long time,
thanks to Freidlin—Wentzell type large-deviation results [FW84] analogous to Section Given this,
we can approximate the two-type (non-rescaled) mutant population size process (Nag i, Nag,t)r by a
two-type linear branching process until the total mutant population size Nag: + Naog,: reaches 0 or
eK for some small ¢ > 0 (chosen independently of K). We will see that the latter happens with
asymptotically positive probability (i.e., the branching process is supercritical) under condition (2.8))
and it happens with vanishing probability (the branching process is subcritical) under condition
the limit K — oo followed by € | 0. (We will ignore the critical case when neither of the aforementioned
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two conditions hold).

In the case of a successful invasion, reaching eK for fixed £ > 0 small takes ©(log K) time as K — oo;
in the limit € | 0 we will also be able to identify the asymptotic prefactor of log K. In the case of an
unsuccessful invasion, mutant extinction takes o(log K) time, and the rescaled resident subpopulation
size will stay close to i until this extinction with high probability.

(IT) In the latter case, once Naq + + Nag ¢ has reached €K, the three-type rescaled population size process
(NE); can be approximated by the dynamical system . Our aim is to show that started from a suit-
ably chosen initial condition that (N{Z’t, N2I§z,t)t reaches with high probability conditional on the sur-
vival of the branching process, the solution to the dynamical system converges to (0, fiag, iaq). Given
this, starting from such an initial condition, the dynamical system reaches a fixed e-neighbourhood of
this equilibrium within O(1) time@

(III) After Phase II, (Ngy ;. N{g)t) is close to (Mi2q,Ti2q) and Ni; is at most €K for some € > 0. Similarly
to the rescaled case of the resident population during Phase I, we show that (N{g’t, N{gyt) stays close
to (figq, Ti2q) for a sufficiently large amount of time. Given this, N7, can be approximated by a
branching process, which is subcritical under condition . This branching process does not become
much larger again before it dies out (cf. Remark, and its extinction takes ©(log K) time starting
from the end of Phase II, where we will again be able to identify the prefactor of log K in the limit
€ | 0 following K — cc.

2.5 Multitype branching processes I: general theory and particular heuristics

The key principles of the analysis of multitype branching processes (in continuous time) [ANT2] are very
similar to the ones of single-type ones explained in Section [[.9] but some important new objects arise that
were trivial in the one-dimensional case, which are associated to the mean matriz of the branching process.
The principles of the branching process approximation of a small mutant population are also unchanged: We
assume that the resident population size divided by K stays close to its equilibrium and ignore non-linear
interactions among the mutants, which makes the transition rates for the mutant population linear in the
number of individuals. In this section, instead of presenting general results on multitype branching processes,
we will focus on the case of our particular example, hoping that given this and the general one-dimensional
theory presented in Section [I.9] the reader can also treat the case of other, mathematically similar examples.

The way these branching processes approximate our mutant subpopulation in Phase I resp. our resident
subpopulation in Phase III will be similar to the case of branching process approximations in Section [l} We
will not fully explain the couplings, but at least we will provide some crucial details in Section [2.7] below.
For the moment being, let us now provide a heuristic description of the branching process approximations
in Phases I and III.

Assuming that V. 1Kt is close to 71, the principle of the branching process approximation is that we assume
that N1K¢ is constant equal to n;. As long as Nog ¢ and Nag are small compared to K, self-competition
of active mutant individuals can be ignored because competitive events involving two active mutants arise
at rate a%, which is small compared to the approximate rate alNoq 71 of competitive events
affecting active mutants and caused by residents. Thus, the dynamics of the mutant population size process
(Nag,t, Nag,t) can be approximated by a two-type linear branching process (Za,(t), Z24(t)) with rates

(naq + 1,n24) at rate nagAa,

(n2q — 1,m24) at rate naq(p + ang (1 — p)),
(nag, neg) — (noa — 1,n2q + 1) at rate na,iyap,

(noq + 1,n2q — 1) at rate ongg,
(

Naa, N2q — 1) at rate kKunag.

191t is not entirely correct to say that Phase II takes O(1) time in total, for the same reason as what we wrote in Section
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The continuous-time Markov chain with these rates is indeed a (two-type) branching process because every
individual gives birth to individuals reproducing according to the same rules independently of all the other
individuals (where the rates are linear in no, resp. nag). By classical results on multitype branching processes
[ANT2l Section 7.2], the process is supercritical, i.e., there is no almost sure convergence to (0,0), if and only
if the following mean matriz has a positive eigenvalue

J </\2 —p—ans  pai > _ ()\2 - A p(A— u)) ’ (2.13)

o —Ki— O o —Ki— 0O

In general, the j-th element of the i-th row of the mean matrix of a multitype branching process with n
types is the expected number of type 4 individuals created by the actions of a type j individual (taking also
deaths into account). Note that these rates may be negative in some cases, e.g. the diagonal entries Ao — Ay
and —ku — o are negative in our model. (If there are negative off-diagonal elements, certain classical results
of the theory of multitype branching processes are not always applicable, but this is luckily not the case in
our model.)

In the interesting case Ao < A1, it is impossible that we have two positive eigenvalues because Tr J < 0
follows from the definition of 72;. To describe the condition that J has a positive eigenvalue more explicitly,
let us first consider the sign of det J. In case there is precisely one positive eigenvalue, the determinant must
be negative, which is equivalent to

g

AL — A2 < p(Ar — ) = pan

K+ o ! KU+ o
which is precisely the condition (2.8]) (under which (71,0, 0) was an unstable and (0, figq, 724) an asymptot-
ically stable equilibrium of (2.6))).

Indeed, since k > 0, the characteristic equation in the variable A corresponding to the matrix J in ([2.8)
is

AN+ (N =X+ rp+o)X+detJ =0.

This quadratic equation always has two different real solutions if det J is negative, and hence one of the
eigenvalues of J must indeed be positive if (2.8]) holds. The condition (2.8) turns out to be necessary and
sufficient for the invasion probability to be asymptotically positive.

Remark 2.3. The biological interpretation of the supercriticality condition is that the selective advantage
A1 — Ao of trait 1 due to its higher reproduction rate (and thus by the same amount higher net growth rate
since the natural death rates of both traits equal ) is smaller than the selective advantage 71 'wi-rr of trait
2. The latter quantity is the mean amount of mutant (trait 2) individuals surviving competition with the
(trait 1) residents when the mutant population is small. Indeed, the per capita death rate of competitive
events is an; per mutant individual. While competitive events always cause instantaneous death for the
residents, mutants survive them with probability p and then with probability o/(kp + o) they manage to
resuscitate before they would die in a dormant state, hence their aforementioned selective advantage.

It is also remarkable that is equivalent to 7y > na, (cf. (2.12)), ie. that the active equilibrium
population size of the mutants is larger than the one of the residents. One interesting aspect of this is
that the dormant mutant equilibrium size na4 plays no direct role here. From the analogue of Section [I] it
is now at least intuitively clear that in our model there is no coexistence between residents and mutants
(apart from possibly some critical cases), and hence the probability of a successful mutant invasion stays
asymptotically positive as K — oo if and only if holds, and from Lemma one can also suspect that
such an invasion will also imply the fixation of mutants and the extinction of residents. Thus, a successful
mutant invasion always increases the active equilibrium population size, just as in the case of the model
of [CO6] with symmetric competition (see Remark [1.22)).

In the case k = 0 of no death in the seed bank, condition reduces to

Ay — _
1 M<)\2 3
1 1—p
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where 1 — p is the probability that a mutant affected by a competitive event dies. On the complementary
event, this mutant will eventually become active again

We further note that the largest eigenvalue of the matrix J defined in (2.13)) is given as follows:

~ 1

A= 5(()\2 — A —Kku—o0)+ \/()\1 — X+ rp+0)?— 4(()\1 — X)) (kp+0) —p(A — ,u)o)). (2.14)

According to J[ANT2, Section 7], \ s equal to the mean exponential growth rate of the approximating
branching process (Zaq(t), Zog(t)). What this precisely means will be clear when we have discussed the
Kesten—Stigum theorem (T heorem; right now we just enlighten that conditional on survival, as ¢t — oo,
(Zaa(t), Zog(t)) behaves approximately like e times a deterministic vector with positive coordinates, modulo
subexponential correction terms. This way, the time it takes for the branching process to reach a population
size of order e K (where € > 0 is small but independent of K') is about (% + ¢(e)) log K, where ¢(¢) is some
positive and increasing function tending to 0 as € | 0. Thanks to our branching process approximation, Phase
I of a successful invasion for our original stochastic individual-based model will also take approximately the
same amount of time conditional on survival. On the other hand, conditional on extinction, (Za4(t), Z24(t))
tends to (0,0) almost surely, and hence in our model, an unsuccessful invasion will take o(log K) time as
K — oco. All this is similar to Remark [I.2T]in the case of single-type setting, where the largest eigenvalue of
the 1 x 1 mean matrix is of course equal to its only entry.

Using our multitype branching process approach, now we can compute the extinction probability under
condition ([2.8) with Ay > Ag > p. Define

Sa = P(3t < 00t Zog(t) + Zoa(t) = 0[(Z24(0), Z24(0)) = (1,0)). (2.15)
By [ANT2l Section 7], s, is the first coordinate of the unique solution to the system of equations

Aa(sg = sa) + P — 1) (sd = sa) + (0 + (1= p)(Ar = ) (L = sa) = 0, (2.16)

0(8a — 84) + kp(l — sq) =0, .
in [0,1]2\ {(1,1)}, while the second coordinate of the same solution is the extinction probability given that
the branching process is started from (0,1). The system of generating equations (2.16) is obtained via
the same first-step analysis as the extinction probability of a one-type branching process (cf. the proof of

Theorem [1.19).

e E.g., the term A\y(s2 — s,) is obtained as follows. If one starts the branching process with one active
individual and it reproduces first (which happens at rate As), then it will create another identical
individual, so that from the new state one has to kill two independent copies of the original process in
order to make the branching process extinct, which has probability s2.

e The term p(A1 — 1) (Sq — s4) expresses that if the first action an active individual takes is going dormant
(which happens at rate p(A; — 1), then in the resulting state one has to kill a dormant individual instead
of an active one, which has probability s4.

e Finally, the term (1 + (1 — p)(A1 — p))(1 — s,) explains that if the first action the active individual
takes is death, which happens naturally at rate p or via competition at rate (1 — p)(A; — ), then the
process immediately goes extinct, so the probability of extinction becomes 1.

The rates in the second line of (2.16]) are obtained similarly, now starting with one dormant individual
instead of an active one.

20Note that Ay > p automatically follows from (2.8)) given that A1 > u. Thus, our model is free from evolutionary suicide:
mutants who are not able to survive on their own will not make the resident population go extinct with asymptotically positive
probability. Models involving the possibility of evolutionary suicide will appear in Section @

Lecture notes on population dynamics by Andras Tobias, version: July 19, 2024 34



Remark 2.4. Tt is worth observing that the mean matrix J (cf. ) is identical to the transpose of the
last 2 x 2 block of the Jacobi matrix B(7i1,0,0) of the dynamical system at the equilibrium (71,0, 0)
(cf. ) This is not a coincidence; in general the following is true in models of population dynamics.
Put a mutant into a (possibly multitype) resident population whose size rescaled by K is initially close to
an equilibrium whose projection to the resident coordinates is asymptotically stable w.r.t. the subsystem of
the corresponding dynamical system consisting of the resident types (here the equilibrium is (n4,0,0), its
projection is 77 and the sub-system is ) Then, the mean matrix of the branching process will be equal
to the transpose of the submatrix of the Jacobi matrix of the entire dynamical system at this equilibrium
given by the indices corresponding to the mutant types. The same was of course also true in the setting of
Remark [T:24] where the mean matrix was 1 x 1.

In general, apart from critical cases, the linearization of the dynamical system around the equilibrium
(consisting in deriving the Jacobi matrix at the equilibrium and determining its local stability) can be seen
as the same linearization as the transformation of the corresponding stochastic population process to the
branching process with the resident subpopulation sizes fixed and nonlinear interactions between mutants
ignored. Since the projection of the equilibrium was asymptotically stable, eigenvalues of the Jacobi matrix
corresponding only to the resident types all have negative real parts, and hence all eigenvalues of the Jacobi
matrix have negative real parts if and only if the branching process is subcritical, whereas there exists an
eigenvalue with positive real part if and only if the branching process is supercritical.

We should however emphasize right at the beginning that this is only a local correspondence between
the world of dynamical systems and stochastic individual-based models, which does not allow one to draw
any conclusion e.g. about the global stability of equilibria of the dynamical system or the corresponding
convergence of the rescaled stochastic process to the equilibria starting from distant initial conditions for
large K.

As for Phase III, after the second phase of invasion, the population rescaled by 1/K is close to the
equilibrium (0, fige, T124). To be more precise, the resident population size is of order e K for some £ > 0 small.
It remains to show that for large K, with probability tending to one, the resident population dies out within
O(log K) time, while the mutant population stays close to equilibrium, and to identify the corresponding
prefactor of log K. Now, as long as (NQKayt,Nfg)t) is near (724, 724) and the resident population is small
compared to K, the competitive pressure that the resident individuals feel comes essentially only from the
mutant population. This implies that N7 ; can be approximated by a branching process Z; (t) with rates

ny + 1 at rate n1>\1,
ny — .
ny —1 at rate nq(pu + angg)

In order to show that this branching process goes extinct almost surely, we have to verify that it is subcritical,
i.e., the rate n — n + 1 is smaller than the rate n — n — 1. But this assertion is equivalent to the inequality
E3). )

The branching process decays approximately like 21(0)e’>‘t, where

~

)\:OZ’FLQQ+M—)\1 :a(flga—ﬁl) >0 (217)
can also be interpreted as the only element of the 1 x 1 mean matrix of the branching process. Hence, it
takes about 1/X time for the branching process (and the resident population in the individual-based model)
to go extinct, again with e-dependent correction terms.

Summarizing, we expect that under condition (2.8, the duration Tgx of an entire successful mutant
invasion until complete fixation of the mutants and extinction of the residents satisfies

Tie 11

li ==+ =
KgnoologK P

in probability (note that here, there is reference to ¢ anymore), and the probability of success of the invasion
tends to 1 —q € (0,1). In the next section, we will state our main results, which include a somewhat stronger
version of this assertion and also treat the case of a failed mutant invasion.
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Remark 2.5. Continuing Remark it is again not a coincidence that all eigenvalues of the Jacobi matrix
B(0, figq, fiaqg) have negative real parts if and only if the branching process (Z1(t))¢>0 is subcritical, and
similarly, it is true that the Jacobi matrix has an eigenvalue with positive real part if and only if the
branching process is supercritical. In general, the conclusions of Remark [2:4] are also true for Phase III of
an invasion, with the caveat that linearization does not tell about global stability, and it is only reasonable
to study Phase III if Phase II indeed leads the dynamical system/the stochastic individual-based model to
the vicinity of the corresponding equilibrium. It could happen for example (not in the model of [BT20]
but in other ones) that the resident and the mutant stably coexist, whence with high probability, a small
neighbourhood of the one-type equilibrium of the mutant will never be reached.

Of course, one could always study the reverse invasion direction, e.g. in the case of the competition-
induced dormancy model one could ask whether a trait 1 mutant can invade a trait 2 population initially
living in equilibrium. Then, Phase I would correspond to the original Phase III and vice versa, and therefore
it is straightforward to conjecture when invasion would be possible and when not. However, this invasion
direction was not studied in [BT20], and handling Phase II of the reverse invasion direction presumably
requires additional ideas that are not included in [BT20] (but likely follow from ideas of [BT21] corresponding
to the reverse invasion direction in an extended version of the model with the additional feature of horizontal
gene transfer).

2.6 Main results of [BT20] and discussion

Recall that we have assumed A1 > Ao > u > 0, and recall also the stable equilibrium (g, Ti24), which is the
unique solution to the system of equations (2.5) under the assumption Ay > u. For 8 > 0 define the invasion
set

S = {0} x [n2q — B, 724 + B] X [2a — B, 724 + B], (2.18)

a stopping time at which NX reaches this set:
Ts, := inf{t > 0: Nf € Sz}, (2.19)
and the first time when the rescaled mutant population size reaches a threshold z > 0 (from below or above):
T2 :=inf{t > 0: Ny; = |zK]}. (2.20)

In particular, T¢ is the extinction time of trait 2. Recall also the eigenvalue X defined in (2.14) and the
extinction probability s, from (2.16). The first main result of [BT20] characterizes the probability of mutant
invasion in the large-population limit.

Theorem 2.6 ([BT20]). Assume that (2.8]) holds. Assume further that

K—oo

in probability and
(N34 (0), N3g(0)) = (%,0)-

Then for any 0 < B < min{fia,, fiaq}, we have

lim ]P’(TSB < Tg) —1—s,.

K—oo

Next, we identify the time of fixation of mutants in the case of a successful invasion.
Theorem 2.7 ([BT20]). Under the assumptions of Theorem we have that on the event {Ts, < T3},

T 1 1 1 1
im Spg - - =4 (221)
Kooolog K )N p+afisga—A A A

in probability.
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Finally, we show that in case of an unsuccessful mutation, with high probability, the extinction takes a
sub-logarithmic time (in particular, the extinction happens during the first phase of the invasion), and at
the time of extinction the resident population is close to its equilibrium population size.

Theorem 2.8 ([BT20]). Under the assumptions of Theorem [2.6, we have that on the event {T§ < Ts,},

1m T _ 0 (2.22)
K—oo log K
and
Lirs, >123 Nzlfoz - (flho’o)‘ o0 (2.23)
both in probability, where | - | is the Euclidean norm on R3.

Now we can see the precise meaning of “invasion implies fixation” in our model: With probability tending
to 1 as K — oo, we either have a complete fixation of mutants and an extinction of residents (which happens
with probability tending to 1 — s,) or a rapid extinction of mutants with nearly unaffected residents (which
occurs with probability tending to s,).

Exercise 10 (Starting with one dormant individual). Using the equation (2.16|), provide the analogoues of
Theorems andfor the case when limg o Ny = 0y in probability and (N33, 5, N3y o) = (0,1/K)
(and express sq in terms of sg).

Remark 2.9. We have seen that the two-type mutant population is able to survive on its own if Ay > p,
and if holds, then the mutants will invade the population with positive probability even if Ao < Aj.
We also noted that without the mutants having a dormancy trait (i.e., for p = 0), even though mutants can
still survive on their own as soon as Ay > pu, invasion is not possible (because the branching process remains
subcritical) as long as Aa < A1.

For k > 0, it is not even the case that mutants are fit on their own if the switching from activity
to dormancy is not competition-induced but spontaneous, i.e., if an active mutant individual switches to
dormancy at some fixed rate ¢/ > 0. There, in absence of residents, for large K, the rescaled mutant
population is approximated by the system of ODEs

’flga(t) = nga(t)()\g i O[Tlga(t) — 0'/) + 0n2d(t),

) (2.24
fiaq(t) = 0'nag(t) — (kK + o)naq(t). )
Hence, the origin is asymptotically stable if and only if (Ay — p — 0’)(—kp — o) — oo’ <0, i.e.,
kuoc’
Ao < . 2.25
2 <+ P (2.25)

Le., there are values Ay > p such that the mutant population dies out with high probability if K — oo.
The right-hand side of (2.25) is the effective death rate: indeed, an active individual dies at rate p, but

additionally at rate o’ it becomes dormant, where it dies with probability K;”ia before ever becoming active

(and capable of reproduction) again.

2.7 Outline of the proof

The general strategy of the proof of the above three theorems is very similar to the treatment of the three
phases of one invasion step within the proof of [C06]; for example, the Freidlin—-Wentzell type large deviations
and results on diffusion exit from a domain in Phase I are applied in a way that is similar to Section [I.8]
This leads to the following proposition, where for ¢ > 0 we define

R. =inf{t > 0: [N{S, — ny| > e},

the first time when the resident population leaves an e-neighbourhood of its equilibrium size 7.
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Proposition 2.10 ([BT20], based on methods of [CCLLS21]). Assume that [2.8) holds. Let K — m be a
function from (0,00) to [0,00) such that m¥ € %NO and limg oo m& = n;. Then there exists a function
f:(0,00) = (0,00) tending to zero as € | 0 such that for any & € [1/2,1],

. T 1 1
tim sup HD(Tg5 < T2 A R, @ - i’ < f(e) ‘N? = (m{(,?,())) — (1 - s4)| = 0:.(1) (2.26)
and )
lim sup P(Tg < T2 A Ry [NE = (mE, ?,0)) — 54| = 0.(1), (2.27)

K—oo

where o.(1) tends to zero as € ] 0.

We refer the reader to [BT20] for a proof; many of the proof techniques applied here are borrowed
from Coron, Costa, Leman, Laroche, and Smadi [CCLLS21], who studied a mathematically similar invasion
model with a different biological motivation (namely, the emergence of homogamy in a two-loci stochastic
population model), given that the multitype setting of their paper is much more convenient to adapt than
the single-type methods of [C0G]. A major step in the proof of Proposition is the following lemma.

Lemma 2.11 ([BT20], based on methods of [CCLLS21]). Under the assumptions of Proposition[2.10} there
exists a positive constant g9 such that for any & € [1/2,1] and 0 < € < g,

limsupP(Ro. < T% AT) = 0.
K—o0
The proof of this lemma ([BT20, Lemma 4.2]) can be found in [BT20]. The first step of the proof is to use

the bound €K on the mutant subpopulation sizes in order to couple the resident population size between
two (e-dependent) birth-and-death processes scaling to two (e-dependent) ODEs with qualitative behaviour
analogous to . Given this, we can perform a large-deviation analysis similar to Section to show
that the rescaled resident population size stays close to equilibrium for a sufficiently long amount of time.
Having this, we borrow some additional moment estimates and arguments of linear algebra from [CCLLS2]1|
to finish the proof. Given the lemma, we can finally (at least informally) explain how the branching process
(Zga(t),ZQd(t)) approximates (Naq ¢, Naog) on [O,ng A T§] on the event {Ry. > ng ATE}. We define
branching processes (Z;Z’;’*, Zﬁ’jﬁ) and (Zéi’j’+, Zﬁ’j’ﬂ on NZ depending on K and ¢ such that for all
v € {a,d},

K,e,— 4 K,e,+
ZQv,t < ZZU(t) < ZQU,t

K,e,— K,e,+
Z2v7t S N2’U7t S Z2U,t .

)

(2.28)

That is, we do not directly compare (Naog i, Nog,) with (Zga(t),z\zd(t)), but we sandwich both of them
between the two auxiliary branching processes, which are also supercritical for large K and small €. Using
standard methods by [ANT2] we can finish the proof of Proposition [2.10] (see [BT20, Section 4.1] for details).

Even if we do not present the full proof of Proposition 2.10] and Lemma [2.1T} we would like to draw the
attention to the exponent & € [1/2,1] of € in their statements. The assertion of the proposition tells that
one can even guarantee that the resident population size rescaled by K stays within a neighbourhood of size
at most 2¢ of fi; as long as the total mutant population size is not yet extinct but still below /e K, which
is substantially larger than the bound 2K on the error term of the resident population size (and similarly
for the lemma). It is not stated in the proposition but will also be important that the branching process
approximation of mutants is valid on the entire time interval [0, T3 AT \QE] on the event {T§ < T% A Ra.}.

Our multitype setting increases the dimension of the system ODEs to three. This makes it more difficult
to show global stability properties of equilibria that are strong enough to guarantee that given a successful
mutant invasion in Phase I, NX will reach a small neighbourhood of (0, fig,, fi2¢) in Phase II. We need to
find some set A of initial conditions (n1, neg,naq) such that the following two assertions are satisfied:

(i) The solution (nq(t), na2q(t), n2q(t))i>0 to (2.6) started from A converges to (0,724, 124), further, ¢ <
Noa + N2g < Ve, |n1 — | < 2e, and for large K, for any (ng,naq, n24) € 4, and
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(ii) on the event {T\2/E < T3}, NK reaches A with probability tending to 1 as K — oo followed by ¢ | 0.

The idea of [CCLLS21] is to use the Kesten—Stigum theorem for the approximating branching process to
identify a set of initial conditions satisfying (i). As we will see below, this theorem guarantees that the
proportion between the number of active and dormant mutants gets close to a certain deterministic, positive
number at some time between 72 and T \2/5 with high probability on the event {T \2/5 < Tg}. Then, in order
to guarantee (i), we shall show that if we have this total size and active/dormant proportion of mutants and
residents are still close to equilibrium, then the dynamical system started from a corresponding initial
condition tends to (0, fia,, fiaqg) as t — oo. This convergence result was the part of the proof of [BT20] that
required some novel ideas, as we will explain below.

The analysis of the third phase, where (N{fm7 Nzlg’t) stays close to (figq, Tiaq) and the former residents
go extinct, is rather similar to the one of the first phase. Here, apart from [CCLLS21], we also use some
proof techniques from the same authors without Laroche [CCLS18] on a stochastic individual-based model
for speciation via mating preferences. The main result of [BT20] corresponding to Phase III, the proof of
which we will also omit, is the following, where we recall the number X defined in .

Proposition 2.12 ([BT20], based on methods of [CCLSI8|). There exist €9,Coy > 0 such that for all
e € (0,e9), under condition (2.8)), if there exists n € (0,1/2) that satisfies

‘NQIZ(O)_'FZQQ‘ <e and |N2]§(O)—ﬁ2d| <e and ne/2 < NE(0) <e/2,

then
VC > A 4 Coe, P(Ts, < Clog K) L
—00
VO < C <A = Coe, P(Ts, < Clog K) 0.
— 00

2.8 Multitype branching processes 1I: the Kesten—Stigum theorem and its ap-
plication for our model

The Kesten—Stigum theorem can be found in various forms in the literature, let us now cite the variant
[GB03|, Theorem 2.1] that was also cited by [CCLLS21]. Let (Z;)i>0 = (Zit)ies,t>0 be a continuous-time
supercritical branching process where the types of individuals are elements of a finite set S, and for i € §
let P* denote the probability measure under which Zy = (0, ..., O,\l/_/7 0,...,0), i.e., at time O there is one
i-th

single individual, which is of type i, and let E? denote the expectation associated to P’. For i,j € S, let Ny
denote the expected number of type j offspring of a type ¢ individual. We say that the mean matrix J of the
branching process (or any square matrix) is irreducible if it is not similar via a permutation to a block upper
triangular matrix (i.e., there exists no permutation matrix P and block upper triangular matrix U such that
J = PUP™1). The interpretation of irreducibility here is similar to that of irreducibility for Markov chains:
If the branching process is irreducible, than individuals of any type can create individuals of any other type
(perhaps indirectly, i.e. using multiple parent—child steps).

As we have seen, in the supercritical case, if Ty = inf{t > 0: Z; = 0} denotes the extinction time of the
process, we have P*(Ty, < co) < 1, and the mean matrix has a positive eigenvalue A > 0. Then it follows
from general Perron—Frobenius theory that J has a coordinatewise positive left eigenvalue m = (;);es and a
coordinatewise positive right eigenvalue h = (h;);es associated with A, i.e., 77 J = AT and Jh = Ah, which
are by convention normalized as

Zﬂ'i =1= Zﬂ'ihi-

i€S €S

The first equality here makes it possible to interpret 7 as a probability distribution of S. It is related to the
asymptotic proportion of types conditional on the survival of the branching process as follows.

Theorem 2.13 (Kesten-Stigum). Let us consider the supercritical case A > 0 and assume that J is irre-
ducible.
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(a) For alli,k € S we have

Zi(t) ;
= — T, P'-almost surely on {Tp = oo}.
> jes Zi(t) tooo

(b) There exists a nonnegative random variable W such that

lim Z(t)e ™ = Wx, Pi-almost surely,

t—o0
and PY(W > 0) > 0 for all i if and only if
E(N;jlog N;j) < oo for alli,j € S. (2.29)
In this case {W > 0} = {Ty = oo} holds Pi-a.s., and h; = EX(W).

See the references in [GBO3| for a proof.
Remark 2.14. In the one-dimensional case, of course m; = h; = 1 is the right choice. Given the proof of
Theorem it is no surprise that ¢ — Z(t)e™* is a nonnegative martingale. Under the condition (2.29),
started from one individual, we have that its almost sure limit W has expectation 1, which is exactly Z(0).
This means that the martingale converges in L', equivalently, it is uniformly integrable. Thus, a consequence
of the Kesten—Stigum theorem is that uniform integrability holds if and only if is satisfied.

Ezample 2.15. In the case of our approximating branching process (Zga(t)7 ng(t)), we have S = {2a,2d},

P(Naa2a = 2, Noa2d = 0) = 5pbans, P(Nag 0 = 0, Nagag = 0) = BEEP PNy, o) = 0, Nag 00 =
1) = %, P(Ngd,ga = O,de’gd = 0) = nsia’ P(Ngd)ga = 17N2d,2d = 0) = n/;zro" Since all these

random variables take finitely many values, condition (2.29) is of course satisfied. In the supercritical case,
the normalized coordinatewise positive left eigenvector m = (724, m24) is characterized by (with A given as in

@2.14))
Toa(A2 — pt — @ity) + T2q0 = ATraq,
Toapany — Tog(kp + o) = XWQda
Toq + Tog = 1.

Proposition 2.16 ([BT20]). There exists C > 0 sufficiently large such that for § > 0 such that wa, £ 0 €
(0,1), under the same assumptions as Proposz'tion

K
néninfp(at e [12,12], Ec < Npy < VEK,
— 00
2.30)
Nag, ¢ 2 2 (
R L 6’T T2 A Ry.) > 1— o.(1).
Up) <N2a7t+N2d7t<7T2+ \/g< 0 2)_ 0()

Note also the factor of 1/C' in the term %: One cannot guarantee that after the total population size of

mutants has reached K, it will never drop below it, but for C' > 0 sufficiently small (and independent of &
and K) one can guarantee it with high probability as K — oo followed by ¢ | 0.

The full proof of this proposition ([BT20, Proposition 4.4]) uses a Poissonian construction similar to the
one that we saw in Section [[.7] and some ingredients of stochastic analysis for processes with jumps; it can
be found in Appendix Let us provide an informal outline of the proof here. The proof employs many
arguments from the one of [CCLLS21l Proposition 3.2]. It is based on the Kesten—Stigum theorem, but to
employ that theorem for the original individual-based model (and not just the approximating branching pro-

K

N2a,T2

cess), one needs to use a semimartingale decomposition of the proportion N INE o This decomposition
2a,T2 2d,T2
is of the form X
K
Noo 12 Nag v

+ My (t) + Va(t), t>T2

K K NK K
Nza,Tg + de,Tg Nagt + Nag s
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where t — Ms(t) is a martingale and ¢ — V5(¢) a finite-variation process, see Appendix |§| for the precise
form of My (t) and V(t) as well as an informal explanation regarding how this decomposition is obtained.
One first controls the predictable quadratic variation of the martingald**| between times 77 and T\Q/g, which
guarantees that with high probability, the martingale only fluctuates by at most € on these time intervals.
On the other hand, the finite-variation process is deterministic and for large K close to the solution of a
one-dimensional ODE, whose unique equilibrium is precisely given by 7ms,. From this we can derive that with
high probability (as K — oo followed by € | 0), the proportion of active individuals will enter [ma, — 9§, T2 +9].

2.9 Convergence of the dynamical system

A particularly useful result in the context of the qualitative behaviour of two-dimensional autonomous sys-
tems of ODEs is the Bendizson criterion (see e.g. [DLAOG, Theorem 7.10]), which tells that if the divergence
of a two-dimensional autonomous system of ODEs has constant and nonzero sign on a simply connected
domain of R?, then on that domain the system has no periodic orbit. (If the system is of the form

then its divergence at (x,y) € R? is given as %(m,y} + g—g(x,y), and for the assertion to hold, one has to

assume that f,g: R? — R are totally differentiable.) It is also a classical result that solutions to any two-
dimensional autonomous systems of ODEs will always converge to +o00, to an equilibrium or to a periodic
orbit as t — co. On the other hand, solutions to three-dimensional ones can already show chaotic behaviour.
Therefore, before attacking the system directly, it may be a good idea to learn about the global
qualitative behaviour of the sub-system

N9g (t) = Nog (t)()\g — [ — QNag (t)) + O"Ilgd(t)7
Naq(t) = pan%a(t) — (kp + o)naq(t), (2.31)

corresponding to types 2a and 2d, which we introduced in (2.2). Let us recall that this system has an
asymptotically stable equilibrium (724, 7i24) and an unstable one (0,0) under the assumption that Ao > p.

Lemma 2.17 ([BT20]). In case (n2,(0),n24(0)) € [0,00)%\ {(0,0)}, we have

tliglo(nza(t), n24(t)) = (R2a, N2q)-

Proof. Observe that the active coordinate of the stable equilibrium,

ﬁmz(h—umw+o)>o

a(kp+ (1 —p)o)

satisfies

)‘27ﬂ<7—7]2 < )\27[1,

a > (1—]))0(7

21Quadratic variation. Let (Nt)¢>0 be any square-integrable martingale (in continuous time). Then,

2
W)= Jlim, 32 (Mo =Ny
k<n-—1

(2.32)

is called the quadratic variation of (N¢)¢>g. On the other hand, (N¢), the preditable quadratic variation is defined as the unique
process that is increasing and predictable (i.e. adapted to the filtration generated by the left-continuous processes) and such
that (N2 — (N)¢)¢>0 is a martingale. (Its existence follows from the Doob-Meyer decomposition.) If the martingale (Nt);>¢ is
continuous, then so is ([V]¢)¢>0, which is of course also adapted to the same filtration as the martingale itself, so that it is also
predictable. In this case, we have (N)¢ = [N];. This footnote originates from Nicolas Perkowski’s lecture “Interacting particles
and stochastic PDEs” at HU Berlin in 2017/18.
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where the second inequality is an equality if and only if x = 0. Further, the dormant coordinate nsy is
positive. Note further that the divergence of the system is given as

A2 — p— 2ama,(t) — (kp + o).

This is certainly negative if ng, > ’\"é;“ , nog > 0, and at least one of the latter two inequalities is strict.

In particular, the Bendixson criterion implies that there is no nontrivial periodic solution in the open and
simply connected set

U= {(nga,ngd) e R?: ny, > Ag;“,nzd > 0}.

Since this is a two-dimensional system and all solutions of the system with coordinatewise nonnegative
initial conditions are bounded, this implies that any solution starting from U converges to the equilibrium
(N2a,724) € U. It remains to show that any solution started from [0,00)?\ ({(0,0)} UU) will enter the open
set U after finite time.

Now, observe that if na,(0) > 0 and n24(0) > 0, then ny, is positive and bounded away from zero until

Ng, reaches ’\22;“, hence ng, will reach this level. If noq(0) > 0 and ng,(0) = 0, then there exists § > 0 such

that no4(8) > 0 and ngy(d) > 0, and hence ny, will also reach the level % in finite time. Further, for
t >0, if no,(t) = % and ngq(t) > 0, then plugging in the first inequality of (2.32) to the first equation of
(2.31) implies that 7124(¢) > 0. This implies that if ng4(t) > 0, then

(n2a(t +€),noq(t +¢)) €U, Ve > 0 sufficiently small. (2.33)

Else, naq(t) = 0 but ngq(t) > 0, and hence the observations of the previous case imply that ng.(t +¢) > 0
for all sufficiently small € > 0, thus (2.33)) also holds. O

Now, we show convergence of the original 3-dimensional system to (0,7iaq,fiaq) as ¢ — oo for initial
conditions corresponding to Proposition In other words, we verify some global attractor properties of
this equilibrium, which are not as general as for the two-dimensional system but sufficient for the present
invasion analysis.

Lemma 2.18 ([BT20]). Let us consider the system of ODEs (2.6)). If the initial condition (n1,naq,Nag) =
(n1(0), n24(0),n24(0)) satisfies

pa(ni +neq) _ Mo _ 1 — A2+ a(ng + nag)
= s =S ,

>0 as >0, 2.34
fpt o e . ni1 2 YU, N2q,N24 ( )
then
lim (n1 (t), nza(t), ngd(t)) = (0, N2g, ﬁgd). (235)
t—o0

Before proving this lemma, let us mention how it corresponds to Proposition [2.16

Lemma 2.19 ([BT20], based on methods of [CCLLS21]). Let C' be chosen according to Proposition [2.16}
further, ny,noq,nog > 0 such that nq € (N1 — 26,71 + 2€),n2q + N2g € (¢/C,/€), and Z—Z‘: = :—;Z Then, if
e > 0 is sufficiently small, then (ny,naq,n2q) satisfies (2.34)).

The proof of Lemma [2.19] is elementary and therefore we only present it in Appendix [C] Let us now
proceed with the proof of Lemma [2.18]

Proof of Lemma[2.18 Let us assume that for some t > 0, (n1(t), n2q(t), n24(t)) = (n1,n2q4,n24). Then the
first inequality in is equivalent to the statement that n44(¢) > 0 and the second one is equivalent to the
statement that 19, (t) > 0. Hence, as long as holds, t — 1o, (t) and ¢ — nog(t) are strictly increasing.

Let us assume that condition holds for (n1, naq, neq) = (n1(0),n24(0), n24(0)). We claim that then
it also holds for all ¢ > 0 with (n1,n24,m24) = (n1(t), n2a(t), n24(t)), unless eventually ng4(t) = 7z, and
N24(t) = Neq. Indeed, let us assume that for some t > 0, (n1(t), n24(t), n24(t)) lies on the boundary of the
set

G = {(n1,n24,M24) € [0,00) x (0,00) x (0,00): (n1,n2q,naq) satisfies ((2.34)} (2.36)
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with ngg, mog > 0, in such a way that (nj(s),n24(s),n24(s)) is contained in the set G for all 0 < s < t.
Then na,(t), n2q(t) > 0 holds because naq, n2g > 0 by assumption, moreover, s — na,(s) and s — naq(s) are
increasing on [0,t). Hence, one of the following conditions holds:

(1) M24(t) = 0, 24 (t) > 0,
(ii) n2a(t) =0, fr2a(t) > 0,
(i) 1za(t) = f2alt) = 0.

In case (fi) we have

77.12(1 (t)ngd(t)

0.
n2q (t)2 <

(522)(t) =
The case (ii)) yields
~ N2q(t)naa(t)

G2O="0m7 7"

In case we have (thanks to the condition that nog,nag > 0) that (neg,neq) = (f2a, fieqd). We conclude
that if (n1,n2q, n2a) = (n1(0), n24(0), n24(0)) satisfies (2.34)), then ¢ — (n1(t), n2q(t), n24(t)) never enters the
complement of the closure of the set G apart from (24, Tiaq), which implies the claim.

Now, given that condition holds for (ny,mn2q,n24) = (n1(0),m24(0),n24(0)), t — no.(t) and
t — mnaoq(t) are nonnegative, bounded, increasing, and strictly increasing unless (n24 (), n24(t)) = (7i2q, fi2d)
eventually, in which case both coordinates would immediately become constant. Further, ¢ — nq(t) is also
bounded and nonnegative. Hence, (n1(t),n24(t), n24(t)) converges along a subsequence to (nj, fiag, iaq) for
some n} > 0. Now we argue that n] must be equal to zero. Indeed, taking limits of implies that
pa(ni + fag) > g > w— A2+ a(ny + ﬁga)' (2.37)

KW+ o T o

Observe that (2.37) holds for n{ = 0 thanks to (2.5)). Taking this into account, any subsequential limit has

to satisfy
panj S anj

kp+o o

Since by our assumptions, wﬁo < é, we conclude that nj = 0. Hence, (2.35) follows. O]

3 Example 2: the Beretta—Kuang host—virus model extended with
recovery and dormancy

In this section we will discuss another invasion model with an interesting biological motivation, namely a
host—virus model, also related to (a different kind of) dormancy. The underlying dynamical system has
features that are rather different from the properties of the system , which give a good opportunity to
discuss some further methods of stability theory and a well-known type of bifurcations during this course.
However, the qualitative behaviour of this system is tedious to investigate analytically, and many related
questions are still open.

3.1 The Beretta—Kuang host—virus model (with recovery, without dormancy)

The dynamical system corresponding to the three-dimensional, dormancy-free base variant of the model was
introduced by Beretta and Kuang [BK98|. They did not study its stochastic version, which we will explain
below (and which is derived analogously to the previous sections). We introduced this individual-based model
as well as its full, four-dimensional version with contact-mediated host dormancy in [BT23|. Our agenda
for Section [3] starts with the presentation of the individual-based model scaling to the dynamical system
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introduced by Beretta and Kuang, and to explain some fundamental results on the qualitative behaviour of
this dynamical system as well as heuristics on its branching process counterpart. The full four-dimensional
dynamical system is more difficult to study and we only have partial results with regard to its behaviour;
this is one motivation to start with the dormancy-free model, another is that this way we can investigate the
effect of dormancy compared to the original model. The description of the full model starts in Section [3.5]
and the main results of [BT23| are presented in Section

In the dormancy-free model, there is a host type (type 1) and a virus type (type 2). In absence of viruses,
type 1 only appears in its active form (type la), featuring binary reproduction and logistic competition,
just as in the case of the model of [CO6] with mutations ignored. Type 1 can be thought of as a one-
cell microorganism featuring asexual and haploid (clonal) reproduction. However, type la individuals are
susceptible to an infection by a lytic virus of type 2. If a host meets a free virus particle (also called virion),
it will become infected (type 1i) and the virus will disappear (becoming part of the infected individual).
Infected hosts do not reproduce and do not feel competitive pressure, but they exert competitive pressure
on the active cells, and they will eventually either recover (i.e., become active again), or they will become
a virus factory, eventually ejecting a fixed number m € N of new virus particles and dying. Such a kind
of virus reproduction is called lytic. Finally, virus particles cannot reproduce on their own, but they “die”
(degrade) at a certain rate@

Informally speaking, the definition of the model is the following.

(i) An active (type la) individual gives birth to another such individual at rate A\; > 0.

(ii) A type la individual has a natural death rate uy € (0, A2).

4

@i

(iii) K > 0 is the carrying capacity of the population.

(iv) For some C > 0, for any ordered pair consisting of one active (1a) host cell and one other host cell (of
either type la or 1i), at rate C/K, a death due to competition/overcrowding happens, affecting the
first active individual, which is removed from the population@

0 .10
@T@

(v) For any ordered pair of individuals containing one active (type 1a) cell and one virion (type 2), a virus
attack happens at rate D/K. In this case, the host cell gets infected (i.e. switches from la to 1i) and
the free virus (2) is ‘removed’ (in the sense that it enters the cell).

22We will sometimes also call type 2 particles “individuals” for convenience, even though this is biologically not entirely
correct.

23Note that the competition parameter is now called C. Regarding the infected individuals, the above modelling choice
originates from [BK98, Section 1], where the authors argue that this is a reasonable assumption because the mortality of
infected individuals is almost completely due to lysis. (In contrast, if one considers chronically infected cells, their lifespan is
typically much longer than the one of lytically infected ones, and hence the competitive pressure that they feel is not negligible,
cf. [GW18].)
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(vi) An infected (type 1i) individual recovers (i.e. switches back from 1i to la) at rate r > 0.

vii) An infected individual produces m € N new virions and then gets removed (lysis), at rate v > 0. The

ii) An infected individual prod N iri d th t d (lysi t rat 0. Th
parameter m is called the burst size (a realistic value of m to imagine is several dozens or at most a
few hundreds).

_—®
X

(viii) Virions (type 2) do not reproduce individually (but instead indirectly via infection of a host cell, see
below) and die/degrade at rate ug > 0.
H2

The corresponding population process is formally defined as a continuous time Markov chain N = (IN¢)¢>0
on N}, where

@

m

(N)t>0 = (Niayt, Niit, Not)e>o (3.1)

is interpreted as
N, + = #{individuals of type z; alive at time ¢}, (3.2)

for z; € {1a, 17,2}. According to the above description, N is then the unique Markov process with transitions

niq + 1,114, n2) at rate A\jnyq,

atni;
Nig — 1,n1i, ng) at rate (,U,l + C’%)nla,

Dnlanz
K Y

(n1a7n1i7n2) —
N1, + 1,n1; — 1,n2) at rate rnq;,

(
(
(n1a — 1,n1; + 1,n9 — 1) at rate
(
(
(

N1q,MN1i, M2 — 1) at rate pons.

Its only absorbing state is (0, 0,0), which corresponds to the extinction of all the three types. The underlying
dynamical system is now easily seen to be

d”(llic;(t) = n1a(t) (M1 — 11 — C(na(t) + n1s(1)) — Dng(t)) + rny(t),
dn&;(t) = Dnya(t)na(t) — (r + v)nq(t), (3.3)
dnjt(t) — mvnli(t) - Dﬂla(t)ng(t) - #2”2@)-

The positive orthant of R? is invariant under this system. Note that in [BK98|, recovery was absent (the
authors studied a “microbial virus epidemic with a mortality rate of 100%” E), and the notation was different,

24Note that there are some epidemics in nature that are nearly always fatal, e.g. untreated rabies in humans or dogs, or
certain variants of the African swine pest in swine. Also, the relevance of the case r > 0 is not entirely clear because while e.g.
humans can recover from influenza although some of their cells have died, it is not entirely clear if single cells can also survive
after having been infected, and hence the recovery of one-cell individuals is debatable.
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especially regarding the logistic competition. The qualitative differences between the cases r =0 and r > 0
that we will mention below originate from [BT23].

3.2 The dynamical system I: stability of simple equilibria and existence of a
coexistence equilibrium

(0,0,0) is clearly an equilibrium of the system (3.3]), under which the positive orthant is again invariant, and

since we have assumed that A\; > p1, N1 := “*5%* is also an equilibrium. At (0,0,0) we have the Jacobi
matrix
)\1 — M1 T 0
A(0,0,0) = 0 —(r+v) 0
0 muv — L2

The eigenvalues of this matrix are its diagonal entries, and since Ay — u > 0, it follows that (0,0, 0) is always
unstable.
On the other hand, at (fi14,0,0), the Jacobi matrix is given as follows

—(A1 — 1) r —Dnig
Aa,0,00= [ 0 —@+v)  Da, (3.4)
0 mu —py — Dnqg

We see that —(\; — p1) < 0 is an eigenvalue of A(7i14,0,0) with eigenvector (1,0,0)”, and the remaining two
eigenvalues are the eigenvalues of the two eigenvalues of the last 2 x 2 block of the matrix. Since the trace of
this block is negative, at least one eigenvalue has negative real part, and thus if there is an eigenvalue with
positive real part, then both eigenvalues must be real. This way, A(7114,0,0) is asymptotically stable if and
only if the determinant of this block is positive. Whenever mv > r 4 v, this condition is equivalent to

_ pi2(r + v)
3.5
nla<D(mv—(r—|—v))7 (3:5)
and unstable if and only if this determinant is negative, i.e.,
g > 2 ) (3.6)

D(mv — (r +v))’
Before we give a biological interpretation for condition (3.6)), let us point out that the following.

Lemma 3.1 ([BK98] for » = 0, [BT23] for r > 0). Condition (3.6 together with the condition that mv >
r + v is equivalent to the existence of a coordinatewise positive equilibrium of the system (3.3)). If such an
equilibrium (N14,n14,N2) exists, it is also unique, and its active coordinate is given by

~ pi2(r + v)
= ) 3.7
Mta D(mv — (r 4+ v)) (3:7)
If mv < r + v, then there is no coordinatewise positive equilibrium.
Proof. A coexistence equilibrium (as in the lemma) needs to satisfy
_ Dnyano
, = ———= 3.8
niq r+uv ( )
and o _
~ _ Dnigng — pong
nyy = ———""—""".
mu
This implies that we must have N B
Dnq, _ Dnyg — M2, (3.9)

r+ov muv
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in other words,
p2(r +v)
D(mv — (r 4+ v))

(which is the expression in ), provided that mv > r + v. The right-hand side equals the active (type
la) coordinate of any coexistence equilibrium. It is clear from that for mv < r + v there can be no
coordinatewise positive equilibrium. If mv > r + v, then since ny, > 0, by , n1; and o have the same
sign. Using also the first equation of (3.3)), we obtain

Nia =

@ - —()\1 — Q1 — C(ﬁla +ﬁ12‘) — Dﬁg) - Dﬁg

Na r r+ov

We see that if 1y, > Algf“ = M1, i.e., if the determinant of A(7i1,0,0) is nonpositive, then 7;; < 0 and
therefore there can be no coexistence equilibrium. On the other hand, if n1, < 714, then since by the first

equation of (3.3) we have
ﬁla(>\1 — M1 — C(ﬁla + ﬁh) — DEQ) + Tﬁli = 0,

using also (3.8]) we obtain

~ - n1; 1
A —p1 — C(Myg + 1) — (r+ v)NM 4t — .
Nia Nia
That is, B
~ ~ N1,
M —p1 — C(Rig + nyy) = v—>0l.
Nia

Now, if the left-hand side was negative, this would imply that ny; > 0, but then the equality could not
be true. Hence, it must be the case that the right-hand side is positive, which implies that 1; > 0, and
therefore no is also positive thanks to . (These two coordinates can be expressed with the help of the
model parameters explicitly, but these expressions are rather involved, and therefore we omit them.) O]

Remark 3.2. Note that the last paragraph of the proof implies that if holds, i.e., M1, < M14, then we
even have ni, + nq; < fiie. This can be interpreted as follows: The coexistence with viruses reduces the
total host population, even if we take infected hosts into account. Intuitively speaking, the reason for this is
that the hosts cannot fully invest in their own reproduction but they are forced to use part of their energy
to produce viruses. We have seen that for mv < r + v there is no coexistence equilibrium. Heuristically, this
condition means that the “net growth rate” of viruses is negative due to inefficient lytic reproduction: Each
virus attack leads to the loss of one virus, and the host who gets infected during this attack will produce m
viruses with probability T_iv and 0 viruses otherwise. Hence, the net increase in the number of viruses due
to this attack is on average m 1 — 1, which is positive if and only if mv > r 4 v.

Note also that if all parameters but A1, u1,C are fixed in such a way that mv > r + v, then one can
always make 71, so large (via choosing Ay, p1, C suitably) that becomes true. This can be interpreted
as follows: More host individuals yield more host—virus contacts and hence a higher danger of outbreak of a
large virus epidemic.

3.3 The branching process counterpart of the previous section

Similarly to Proposition the dynamical system describes the limit of the three-coordinate population
size process rescaled by K on compact time intervals. We have seen that the instability of the equilibrium
(fi14,0,0) is equivalent to the existence of the coordinatewise positive equilibrium (714,714, 72), and also to
condition . By now, given the results of Sections[l|and |2} it is not surprising that this is also equivalent
to the supercriticality of the two-type branching process that approximates the type 1i and 2 population
during the first phase of the invasion. The initial condition here consists of ~ Kn, type la individuals,
one type 2 individual, and no type 1i individuals. That is, we start with a large active and susceptible
host population at equilibrium, and we would like to see if one single virus can initiate a macroscopic virus
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epidemic with asymptotically positive probability, and if yes, with what probability this happens and how
much time it takes asymptotically, and how the system will behave after a successful virus invasion. (We
could also start with one type 1i individual and no type 2 ones, cf. Exercise [13| below).

Similarly to the branching process approximation in the previous sections, ignoring the precise details
of couplings, the idea is that the rescaled type la population size Ni,:/K stays close to ny, with high
probability as long as (Ny;¢, N2 ) reaches eK for some small € > 0 or 0, and hence, considering Ny, /K as
constant equal to 714, (N1;,t, N2, )i>0 can be approximated by the two-type branching process (Z1;.4, Z2,1)1>0
with transitions

(n1; +1,ny — 1)  at rate Diygna,
(n1s, n2) — (n1; — 1,n9) at rate rng;,

(n1; — 1,na +m)  at rate vny;,

(n1s,m2 — 1) at rate pono

and with the same initial condition. This branching process has mean matrix

J= <_(T +) m > . (3.10)

Dﬁla _Dﬁla %)

This matrix has at least one eigenvalue with negative real part since its trace is negative. Thus, the matrix
has a positive eigenvalue if and only if its determinant is negative, which is equivalent to the condition ([3.6)),
as wanted. Again, the mean matrix J equals the transpose of the last 2 x 2 block of the Jacobi matrix
A(ﬁlaa 0; 0) :

Remark 3.3. From the point of view of the sub- or supercriticality of the branching process, the burst size
(number of viruses ejected at a lysis event) need not be constant equal to m, we could also have i.i.d. random
burst sizes (independent of everything else in the process) with expectation m and still obtain the same
mean matrix. This would yield a multitype branching process with more possible kinds of transitions, and it
is easy to imagine that all results we list in these lecture notes about the virus model (also with dormancy)
hold in this case as well, but we do not want to spell out any details.

We will focus on other key quantities (largest eigenvalue of the mean matrix, extinction probability etc.)
in Section after introducing the full model with dormancy (there, the dormancy-free model corresponds
to the degenerate case ¢ = 0, to which the results also apply after forgetting the dormant coordinate). Right
now, we will return to the study of the dynamical system, which is substantially easier in the case without
dormancy (due to the lack of a fourth dimension, as already mentioned), having the branching process
counterpart of the deterministic system in mind.

3.4 The dynamical system II: Hopf bifurcations, the effect of recovery, and the
paradox of enrichment

In what follows, we will fix all model parameters but the burst size m, which we keep varying as a bifurcation
parameter. (We will see below why we call it like that.)lﬂ

If m is very small, namely, mv < r + v, then (14,71, 72) does not exist as a coordinatewise positive
equilibrium of while (7214,0,0) is not only locally asymptotically stable but it satisfies some global
attractive properties (the case where this is easiest to see is r = 0, see Section for details).

Let us denote by m* the value of m such that holds with an equality. For m = m*, (fi14,0,0)
formally equals (114,714, 72), and for m > m*, (N14,71;,n2) is coordinatewise positive (while it has a
negative coordinate for m < m*). For m > m™*, (fi14,0,0) is not just not locally asymptotically stable but
repelling in a stronger sense, see Section below. Further, we have the following two lemmas.

25Most results in this section originate from [BK98|, but since they only treated the case r = 0 and the scaling of parameters
was a bit different there, we will often use somewhat different proofs here, which partially come from [BT23]|.
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Lemma 3.4 (|[BK98|). Under condition (3.6]), the Jacobi matrix

A1 — p1 — 2CN1q — N1 — Dng T —Dny,
AN, 14, n2) = Dngy —(r+w) Dny,
—Dﬁg muv —Dﬁla — MU2.

of has negative determinant and negative trace.
Proof. The last 2 x 2 block of A(714, 711, n2) has zero determinant thanks to the definition of 79, (cf. )
Hence, the determinant equals
— DTy ,70 + rDng(Dnig + o) — D?mumiy s + D2%1aﬁ2(r +v) =rDnaus + DQ(T + v — MV)N1aT2
=rDngus — D(r + v)ngus = —pgvng.  (3.11)
This implies that the determinant is negative.

As for the trace, it suffices to show that the first diagonal entry of the matrix is negative. Since
(N14,M1i,N2) is an equilibrium of (3.3) with three positive coordinates, we have

- . _ 15
A —p1—Cnig — Cnyy — Dng = *7’~1l )
Nia
so that _
_ _ ~ n1;
A1 — pp —2Cn1, — Cny; — Dng < P <0.
Nia
We conclude the lemma. O

Lemma 3.5 (|IBK98|). For m* > m sufficiently close to m, (R1q, 714, N2) is locally asymptotically stable.

Proof. In the extreme case m = m* when A(N1q4, 714, 12) = A(i14,0,0), A\q — 1 — CTigg = A1 — p1 — Chigg =
—(A1—p1). This number is negative and an eigenvalue of the matrix (cf. and the paragraph thereafter).
For m = m*, the determinant of the last 2 x 2 block of A(714,0,0) = A(14, 714, 12) has zero determinant
and negative trace, meaning that its eigenvalues are 0 and a negative real number.

Now, as m | m™*, by continuity, all eigenvalues of the Jacobi matrix tend to those corresponding to
m = m”*. The two eigenvalues that are negative and real for m = m* must therefore also have negative real
parts for m > m* sufficiently close to m*. Thus, in order to prove the lemma, the last thing to exclude is
that the real part of the third eigenvalue tends to 0 from above as m | m*. If that was the case, then this
eigenvalue would be real for m > m* sufficiently close to m* (since the other two eigenvalues have negative
real parts). But then, the determinant of A(714,714,72) would be positive, which is impossible thanks to
Lemma [3.41 O

Exercise 11. Using arguments of the proof of Lemma [3.5, show that apart from the special choice of
parameters when the two negative eigenvalues of the Jacobi matriz A(N1q,n1i,n2) coincide for m = m™*, for
m > m* sufficiently close to m* the three eigenvalues have different real parts and must therefore be real.

The value m* is called the transcritical bifurcation point. In general, during a transcritical bifurcation, a
new stable equilibrium branches out of another equilibrium that stays present but loses its stability at this
point.

The crucial question is now whether (714,714, 72) preserves its stability for all m > m*. If we write the
characteristic equation of a 3 x 3 matrix B in variable A as

A+ a A\ + as)\ + a3 =0,

then a; is minus the trace of the matrix, asz is minus its determinant, and as is the coefficient of A in
det(A — B). The Routh-Hurwitz criterion tells that all eigenvalues of B have strictly negative real parts if
and only if a1,a3 > 0 and ajas < as. Further, if a;,a3 > 0 and ajas > as, then there exists an eigenvalue
with positive real part: Since its determinant and trace are negative, the eigenvalue with the largest absolute
value is real and negative, but the two other eigenvalues have positive real parts (they could both be real or
complex and conjugate). We already know from Lemma that a1, a3 > 0 under condition .
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Lemma 3.6 ([BK98| for » = 0, [BT23] for r > 0). Ifr =0 orr > 0 is sufficiently small, then (N14,n14,N2) is
unstable for all sufficiently large m > m*. In contrast, if r > v, then (Ni1q, 14, N2) s stable for all sufficiently
large m > m*.

In words, a virus infection with very high mortality leads to the loss of stability for large m. In contrast,
if 7 > v, i.e. if the mortality is below 50%, then for large m the coexistence equilibrium stays stable. We
will see in the proof of the lemma below that the condition r > v can presumably be relaxed. Hence, we
have identified a qualitative effect of recovery on the behaviour of the model. Having Lemma it is also
straightforward to conjecture that if (7214, 111, 72) is stable for m large, then in fact it is stable for all m > m*,
but such an assertion has not been proven so far.

Proof of Lemma[5.6. Note that according to (3.7), we have lim,,_yoo 114 = 0. For m > m*, letting the
right-hand side of the first equation of (3.3)) be equal to zero, and dividing it with 121, > 0 we obtain

r ~

M — p1 — C(Mg +711i) — Dng = . na.

Hence, it follows that
lim )\1 — M1 — Cﬁh - 7?] Dﬁg = 0,
r+v

m—0o0
and thus in particular
)\1 —H1 T +v

lim sup ng < .
m—00 D v

In particular, 75 is bounded as a function of m. Hence, from (3.8) we conclude that lim,, . 71; = 0 and
thus
— M —p1r+v
lim ng = ———— ——.
m—00 D v

Hence, we obtain

~ r
lim a; = lilnm—(Al—ul—Dng)—i—r—i—v—i—ug:()\1—#1);—1—(7'—1—1))—1—/12>0,

m—r 00 m
further,
. . ~ - r ~ r
mlgnoo as = w}gnoo —(A—p1—Dng)(r+v)— Dnar+ (M —,U,l);/ig +po(r+v) —Dnggmu = (Al—ul);ug, (3.12)

and, using (3.11])

A1 — 1

5 (r4+v)uz >0

lim az = — lim detA(ﬁlmﬁli,ﬁg) = lim Mg’l)ﬁg =
m—o0 m—r o0 m—o0

since A\ > p1.

In the case » = 0 of no recovery, we see that lim,, ;oo a1 = v + po, limy, eoae = 0, limy, o0 as =
(M — p1)vpe, and hence lim,, oo a1as — ag < 0. Therefore for » = 0, for all sufficiently large m > m*, the
Jacobi matrix at (714, 715, 2) has two eigenvalues with positive real parts, and thus (714, 7215, 722) is unstable.
By continuity, the same assertion also holds for r > 0 sufficiently small, as asserted. On the other hand, for
r > v we obtain that

liminfaias —az > ((Ar = p1) + (7 +0) + p2) (A = pa)p2) = (A = ) (r + 0) e
> (r+v)(A = pa)pe — (A — ) (r +v)pz = 0.

Thus, for r > v, for all m > m* sufficiently large, (714,71, n2) is asymptotically stable, as claimed. O
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By Lemma the only way (714,714, 12) can be (hyperbolically) unstable for m > m* is that it has a
negative real eigenvalue and a pair of complex eigenvalues with positive real parts. Indeed, by continuity,
since for m > m™* sufficiently close to m all eigenvalues have negative real parts, to obtain two eigenvalues
with positive real parts, both such eigenvalues need to cross the imaginary axis of C at some values of
m > m*. But if any of these eigenvalues became zero for some m > m*, then the determinant would vanish
for such m, which would contradict Lemma It also follows that for » > 0 sufficiently small (given all
the other parameters including v), there exists some m** > m* such that at m**, the Jacobi matrix has a
negative (real) eigenvalue and a pair of purely imaginary eigenvalues. When this is not the case (since r is
relatively large compared to v), we will put m** = oo.

We say that at m™ < oo the system undergoes a supercritical Hopf bifurcation. That is, a pair
of complex conjugate eigenvalues crosses the imaginary axes from negative to positive at a nonzero speed,
and the corresponding eigenvalue (here: (714,71;,72)) loses its stability, and instead a stable hyperbolic
periodic trajectory@ surrounding the equilibrium emerges and starts attracting solutions started close to
the equilibriumﬂ Right before the bifurcation point, the eigenvalue is locally a stable focus, which means
coordinatewise oscillatory convergence of solutions to started sufficiently close to (7114, 714, M2) as t — 00,
and right after it, the eigenvalue is locally an unstable focus, which means also spiral-like behaviour but
repellence of the equilibrium and convergence of the solutions from any sufficiently small neighbourhood of
the unstable equilibrium to the stable periodic orbit. That we indeed have a supercritical Hopf bifurcation in
this case follows from the fact that aq, as are positive whenever m > m* and ajas — as is a smooth function
of the parameter m (given all the other parameters) in (mx, co) under the conditions of Lemma implying
m** < oo with nonzero derivative at m**, see the proof of [BK98| Proposition 3.1| for details.

This implies in particular that there exists m’ < m** such that the Jacobi matrix for m* < m < m’ the
eigenvalues of the Jacobi matrix of at (N1q,n14,N2) are all real, while for m > m/ two eigenvalues are
complex (and conjugate). This is always true when there is a Hopf bifurcation at m™* < oo, apart from the
critical case when for m = m* two eigenvalues of the Jacobi matrix already coincide (cf. Exercise (11f)). In
that case, it is not known if there is a complex pair of eigenvalues for all m > m*.

Simulations indicate that the periodic behaviour is true for any m > m* whenever (114, 71, 2) eventually
loses its stability, with increasing amplitude and minimal subpopulation sizes within the cycle tending to
0 as m — oo. For r = 0 or » > 0 very small, this is actually also to prove theoretically, as shown by the
following remark.

Remark 3.7. Let us note that ay, as, ag are all increasing as functions of m on [m*, co) (where in the boundary
case m = m* we identify (M14, 714, 72) with (fi14,0,0)). From this together with the fact that a; > 0 and
a3z = 0 holds for m = m* and thus arguments of the proof of Lemma [3.5| imply that as < 0 for this choice
of m, we can deduce that ajas is decreasing in m. But then, if » = 0, since a3 tends to a positive limit as
m — oo but as tends to zero, it follows that ag — ajas as a function of m has a unique zero in (m*, 00),
i.e. there is a unique Hopf bifurcation point, see [BK98 Proposition 3.2] and its proof. By continuity, this
uniqueness also holds for r > 0 sufficiently small.

Although the solution to the autonomous system of ODEs of course never hits 0, in the corresponding
stochastic system this phenomenon comes with an increased risk of extinction of all subpopulations, which
relates our model to the phenomenon of paradoxr of enrichment known from predator—prey models, cf.
Remark 3.8 below.

Is there also m’ > m* such that a pair of eigenvalues becomes complex at m’ also in case m** < oco?
Numerical simulations suggest a positive answer (see Section. This suggests that while we have seen that
for m > m* close to m* the eigenvalues of the Jacobi matrix at (714,714, 72) are always real (and negative)
and therefore the convergence to this equilibrium from nearby initial conditions is eventually coordinatewise
monotone, increasing m leads to oscillatory convergence, which in the case of small r leads to divergence

26We will not define here what hyperbolicity for a stable periodic orbit means, see [K98, Section 2.2.3| for a definition, but we
note that hyperbolicity implies exponentially fast convergence to the periodic orbit started from all initial conditions sufficiently
close to the orbit w.r.t. a suitable notion of distance, similarly to how hyperbolicity of an asymptotically stable equilibrium
implies convergence of solutions started from nearby initial conditions to the equilibrium at an exponential speed.

27 A subcritical Hopf bifurcation would correspond to a situation where right before the bifurcation, there is a stable equilibrium
and an unstable periodic orbit, and right after the bifurcation, there is an unstable equilibrium and no periodic orbit.
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Region L II. II1. Iv.

Characterization 0<m<m* m* <m <m/ m' <m < m** m > m**
Stability of
bty o stable unstable unstable unstable
(112.0.0.0).
xistence o - . : :
(g lab"?i ‘11_)523 does not exist exists exists exists
te 1,
Srablity © - stable stable unstable
(nm,nlm"z)
A{)syhmp.totlc eventually coord. eventually coord. oscillatory convergence L.
ofcpggilt?ilxlzfa monotone convergence monotone convergence N to (ﬁy 5. ﬁg) bpirlo‘dlc
solutions to " to (’Flla,o,o,o) to (ﬁla/ﬁlz‘,ﬁz) la,M1:,M2 enaviour

Table 1: Expected behaviour of the system (3.3)) in the case when r is small compared to v (e.g. r = 0).

Region I. II. I11.
Characterization 0<m<m* m* <m<m m >m’ (m*™ = o0)
Stability of
(110,0,0,0) stable unstable unstable
Existence of(f14,M14,72) does not exist exists exists
Stability of(fi14,71:,72) - stable stable
. . eventually coord. eventually coord. . R
Asymptotic behaviour monotone convergence monotone convergence oscillatory convergence
of positive solutions to (3.3) to (7114,0,0,0) to (Fi1a,7i1i,72) to (M1a,m14,M2)

Table 2: Expected behaviour of the system (3.3) in the case when r is small compared to v (e.g. r > v or
larger).

from the equilibrium and convergence to the stable periodic trajectory above the Hopf bifurcation point.
Summarizing, we expect the behaviour of the system as shown in Tables[I] and [2] under the assumption that
the three eigenvalues of the Jacobi matrix are pairwise distinct for m = m*. We should however note that
we have not proved the existence of m’ > m* such that for all m* < m < m’ the Jacobi matrix has three real
eigenvalues and for m > m’ it has a pair of complex eigenvalues. Simulations still support this conjecture,
see Figure[ll We have merely shown that for m** < oo there is a complex pair of eigenvalues for all m > m™**
and also for m < m** sufficiently close to m**.

Remark 3.8 (Paradox of enrichment). The fact that the coexistence equilibrium can lose its stability is
a variant of the phenomenon called paradox of enrichment in ecology, which was introduced by Rosen-
zweig [R71] and is well-known from the context of predator—prey type dynamical systems (see e.g. [MM90]
for an overview). It rests on a bifurcation that appears in the model studied in [BK98| (and also for » > 0 if
r is small compared to v) in the following way: When the burst size m reaches a critical threshold, the co-
existence equilibrium emerges and is initially stable. However, further increase in the burst size destabilizes
it, giving rise to periodic limiting behaviour.

In the predator—prey context, the analogue of the burst size expresses how much energy the predator can
gain out of a consumed unit prey, and the analogue of the equilibrium population size n1, of active hosts is
the carrying capacity of the prey population. An example for a system where this phenomenon occurs (see
e.g. [M72])

j:—w(l—ﬁ)— °
- K) Y14z

Y =0y

x
1tz Y,
for §,7 > 0, where K > 0 is the carrying capacity of the prey population.

Now, increasing the carrying capacity of the system while keeping all other parameters constant leads
to periodic cycles with increasing amplitudes, where the lowest population size during a period approaches
zero for both for the prey and the predators. This corresponds to an increased danger of extinction due
to small stochastic fluctuations in the underlying individual-based model. The ‘paradox’ consists in the
counter-intuitive effect that increasing carrying capacities may actually increase the risk of extinction for the
whole system.
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Figure 1: Behaviour of the system for various values of m. First two rows: r = 0,v = 1.1. m =1
(mv % r +v): Case I, there is no coexistence equilibrium, coordinatewise eventually monotone convergence
to (fi14,0,0). m = 2: Case II, we have coordinatewise eventually monotone convergence to the stable
coexistence equilibrium (714, 71;,72). m = 3: Case III, (N4, 71, n2) still stable but the convergence is
already oscillatory in each coordinate. m = 20: After (714,714, 112) lost its stability via the Hopf bifurcation,
the limiting behaviour of the system is periodic.

Last two rows: Same choice of the parameters apart from r, whose value is now 0.55 = v/2. m = 1: case L.
m = 2: still case I. m = 3: (still) case II. m = 20 (and any m > 20): (still) case III. We see that the effect of
recovery is not just hindering Hopf bifurcation but also increasing m* and m’, leading to a better scenario
for the hosts and a worse one for the viruses (not surprisingly).
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In our model, for r small compared to v and g not too close to 1, a similar high-amplitude periodicity
(with low minimum value) can be observed. While varying 71, (which can e.g. be achieved via fixing
A1 — 1 and varying C, or the other way around) would be analogous to the predator—prey setting, we used
m as a bifurcation parameter. Nevertheless, we know from [BK98| Sections 3 and 5] that under suitable
assumptions on the other parameters that we fix, a Hopf bifurcation can also be observed while varying 71,
(more precisely, the analogue of 71, in a rescaled variant of the system for r = 0). Note that if we use
T1q as a bifurcation parameter, fixing m, it is crucial to assume that mv > r 4+ v, otherwise the coexistence
equilibrium will never exist and thus it cannot lose its stability.

It is further remarkable that as long as the coexistence equilibrium exists, its active coordinate 71, does
not depend on Ay, p1,C (which are the only parameters 71, depends on) but on the other parameters of
the model. This is in analogy to the fact that in certain predator—prey models, the prey coordinate of the
coexistence equilibrium between predators and prey does not depend on the carrying capacity of the prey,
see e.g. [KC0Y, Section 2.

There are further, finer, and more global stability results regarding the system . However, at this
point we will not continue with these, but we will incorporate dormancy into our model and present the
main results of [BT23| regarding the full model, which will include some additional (partial) results about
the qualitative behaviour of the extended, four-dimensional version of the dynamical system, which will also
have some implications regarding the original system.

3.5 The full model of [BT23] with contact-mediated host dormancy

The form of dormancy that we will consider in an extension of the Beretta—Kuang model (with recovery)
is contact-mediated host dormancy. Informally speaking, this means that the host may inactivate due to a
contact with a virion. In mathematical terms, not all virus attacks will successfully lead to the infection
of the affected host cell, but with probability ¢ € (0,1) they will make the host cell dormant, while the
virus particle will not be lost. Dormant cells can later resuscitate or die, but they cannot get infected before
resuscitation. Similarly to the infected cells, they do not reproduce and they feel no competitive pressure
from the other host cells, but they exert competitive pressure on the active hosts.

In the biological literature, it has been reported that infected bacteria can enter a dormant state as part
of a CRISPR-Cas immune response, thereby curbing phage epidemics (cf. [JF19] resp. [MNM19]). Moreover,
it has been suggested that dormancy of hosts may even be initiated upon mere contact of virus particles with
their cell hull, so that the dormant host may entirely avoid infection, cf. Bautista et al [BZW15]. Indeed, in
experiments, Bautista et al observed that Sulfolobus islandicus (an archeon) populations may switch almost
entirely into dormancy within hours after being exposed to the Sulfolobus spindle-shape virus SSV9, even
when the initial virus-to-host ratio is relatively small.

We now modify the model of Section [3.1]in order to introduce dormancy as follows. We keep (i)-(iii) and
(vi)-(viii) unchanged, whereas (iv) changes to

(iv’) For some C > 0, for any ordered pair consisting of one active (1a) host cell and one other host cell (of
either type la or 1i or 1d), at rate C'/K, a death due to competition/overcrowding happens, affecting
the first active individual, which is removed from the population@

@®-1N® @@®T1® @01

Moreover, (v) changes to

28While the model presented in this section can be seen as an extension of the model of [BK98] with dormancy and recovery,
ODE-based preliminary models featuring contact-mediated dormancy and some other properties of the ODE correspond-
ing to the full model were already considered in [GW16), [GW18|. In [BT23| we opted to follow [GW16] in including competition
with dormant host individuals in order to stay close to their modeling frame, even though from the biological point of view this
is debatable.
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(v’) We fix a number ¢ € (0, 1). For any ordered pair of individuals containing one active (type 1a) cell and
one virion (type 2), a virus attack happens at rate D/K. In this case, independently of the pre-history
of the process, with probability 1 — ¢ the host cell gets infected (i.e. switches from 1la to 1i) and the
free virus (2) is ‘removed’ (in the sense that it enters the cell), whereas with probability ¢ the host cell
becomes dormant (i.e. switches from la to 1d) and the free virus (2) stays unaffected.

K
D

qK\

Finally, we extend the model with the following two points on the fate of dormant individuals:
(ix) A dormant (type 1d) individual resuscitates (i.e. switches back from 1d to la) at rate o > 0.

(x) For some k > 0, a dormant individual dies at rate xu; (where we recall that p; is the natural death

rate of the active host population).
/a'

w
Kp1

Note that there is no competition-induced dormancy here; the presence of type 1d is merely due to the virus
attacks.

The corresponding Markov chain will still be denoted by (IN:);>o, but now it has four coordinates:
N; = (N1a,t, N1a,ts N1it, Na,t), where Ni4 4 is defined analogously to (3.2)) (it denotes the number of dormant
individuals at time t). It has state space N§ and transitions

n1q + 1,114,114, n2) at rate A\jny,,

Nig — 1,n1d,n1i,n2) at rate ([Ll + 07n1a+n1éd+n“ )nla,

1—q)Dnign
Nia — 1,n14,n15 + 1,m2 — 1) at rate (q)%,

Dnign
N1q — 1,114 + 1,115, n2) at rate q%,
Nia,N1d, N1 — 1,2 +m) at rate vny;,
N1a,N1d, N1i, N2 — 1) at rate pong,

N1q + 1,114 — 1,115, n2) at rate onyq,

(
(
(
(
(N1asM1d, Mg, N2) — (n1q + 1,m14,m1; — 1,m2) at rate rny;,
(
(
(
(

Nia,N1d — 1,M14,M2) at rate kpinig.

Its only absorbing state is (0,0, 0,0), which corresponds to the extinction of all the four types. We will write
Nf = (N{§ ., N{§ ., Nf§ ,, N3%) for the rescaled process, where NS, = N, /K for « € {la,1d,1i,2}. The
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underlying dynamical system is clearly

D) (1) (0 — 11— Clma(t) + maslt)) — Do) + () + omaa(t)

d”;‘i(t) = qDnaa(t)na(t) = (K + 0)naa(t), (3.13)
dn:l;(t) = (1 — q)Dnia(t)na(t) — (r + v)nui(t), |
2 _ g (6) ~ (1 - ) Drsa (s (6) - el

which gives back for ¢ = 0 after ignoring the dormant coordinate n14(t), given that n14(0) = 0. The posi-
tive orthant of R* is obviously invariant under this system. We write (n(t))i>0 = (n14(t), n1a(t), n1i(t), na(t))i>o0
for the unique solution to (given the initial condition). Arguing very similarly to Section we obtain
the following result (for the missing bits of the proofs see [BT23]).

Proposition 3.9 ([BK98|). Let ¢ = 0 and consider the dynamical system (3.13)).
1. (0,0,0,0) is always an unstable equilibrium of the system.

2. (N14,0,0,0) is asymptotically stable if the determinant of the Jacobi matrix at (f14,0,0,0) is positive,
which is equivalent to

_ p2(r + v)
N1g < 3.14
! (1-=¢q)D(mv — (r+wv)) (3.14)
and unstable if the determinant is positive, i.e.,
Nig > pa(r £ v) (3.15)

(1= g)D(mv — (r+v))’

3. If (3.14) holds, the system has no coordinatewise positive coezistence equilibrium. If (3.15) holds, there
is a unique coordinatewise positive equilibrium (N14,N14, M1, N2), whose active coordinate satisfies

pa(r 4+ v)
(I =q)D(mv — (r+v))

Nig =

(3.16)

In the initial phase of the epidemic, considering Ni,,./K as constant equal to 714, (N1a,t, N1it, Not)i>0
can be approximated by the two-type branching process (Z14¢, Z1it, Z2,+)t>0 With transitions

(n1g,n1; +1,n9 —1)  at rate (1 — g)Diigne,
(n1g + 1,m14,n2) at rate ¢Df1ane,
nid,n1; — 1, M2 at rate rnq;,
(1 s 2) = Enldanli - 17712)—1- m) at rate vni, (3.17)
(n1d,n1i,m2 — 1) at rate pana,
(n1a — 1,m14,n2) at rate (kp1 + 0)nig

and with the same initial condition. This has mean matrix

—Ki] — O 0 0
J = 0 —(r+v) mu
qDnie  (1—=q)Dnig —(1—q)Dnhig — piz

We immediately see that —ku; — o < 0 is an eigenvalue of the matrix (with left eigenvector (1,0,0)).
The other two eigenvalues are therefore the eigenvalues of the last 2 x 2 block, which itself has a negative
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trace, so that at least one eigenvalue is always negative. Not surprisingly given the results of Section
and Proposmon the third eigenvalue of J is positive if and only if (| - ) holds, i.e. if and only 1f
the system ([3.13] has a coexistence equilibrium and (714, 0,0,0) is unstable, while the third eigenvalue is
negative if and only if holds, i.e. the system has no coexistence equilibrium and (714, 0, 0,0) is locally
asymptotically stable.

Remark 3.10 (The effect of contact-mediated host dormancy). Note that condition implies that large
reproduction rates A; can be hazardous when facing a virus infection (with or without dormancy mechanism).
This is analogous to the case ¢ = 0, and the quantitative difference is that for ¢ > 0, the threshold for 71,
above which the branching process is supercritical (i.e. there is an asymptotically positive chance of a major
epidemic) is 1% times the same threshold for ¢ = 0.

At first glance, there may be hypothetical scenarios where a population threatened by recurring virus
invasions might not realize its full reproductive potential in order to avoid persistent epidemics. The way
to maximize its long-term average fitness in the face of virus epidemics could then be to invest remaining
resources into a dormancy-defence, which allows for higher carrying capacities during infections, and the
‘reproductive trade-off’ vanishes (at least to some degree). However, such a self-constraining strategy might
be vulnerable to the invasion of selfish cheaters, i.e. of other species investing in a higher reproduction rate
instead of dormancy. Investigating the balance of classical fitness (in competition with other species) and
strategies (e.g. dormancy-based) reducing reproductive rates in order to cope with recurring infections could
be a topic for future work.

Nevertheless, there are also some qualitative differences between the case ¢ = 0 and the one ¢ > 0.
Namely, the mean matrix J is not irreducible, unlike J and the last 2 x 2 block of J which we will denote by
Jo. This can be interpreted as follows. Starting the branching process (where we fix the active population
size and consider resuscitations as deaths) from an initial condition where there are dormant individuals only,
no infected individuals and no viruses will ever be created and the population size of the branching process
will tend monotonically to 0. Hence, one has to be careful when one wants to perform an invasion analysis
including a multitype branching process approximation similar to the one in Section[2] Indeed, e.g. knowing
just that the branching process reaches total population size e K, one cannot be sure if these individuals are
not all dormant, and therefore one cannot guarantee that the risk of extinction of the invading types (1d,
1i, and 2) is over on the short term.

Instead, we will work with the projection (Z1;, Z2,4)i>0 of the branching process on its infected and virus
coordinate. Thanks to the fact that transitions in depending on the value of n14 only influence the
transition rates in the dormant coordinate and that dynamics of the dormant individuals does not influence
the one of infected individuals and viruses, (Z1;¢, Z2.¢)1>0 is an autonomous Markov chain and itself a 2-type
branching process. Its mean matrix is the last 2 x 2 block J; of f, which is the same as J in but with
D replaced by (1 — q)D everywhere. Thus,

the three-type branching process is supercritical (resp. subcritical) if and only if this two-dimensional
projection is supercritical (resp. subcritical).

If we can guarantee that this branching process approximates (Ni;¢, Not) well until the latter dies out
or reaches total size =~ €K, then we have a good chance for a useful branching approximation similarly
to Section [2| and the number of dormant host individuals will also reach the same order of magnitude as
the one of infected host individuals and virions. (Note however that such an autonomy is only true for
the branching process approximation, due to the assumption that the active population size is fixed. For
example, the behaviour (Ny;, Nay) is influenced by the one of Nig; because the latter has an impact on
Ny, via competition and resuscitation.)

Whenever J, has a positive eigenvalue, we will denote it by A (there will be no clash with the same
notation in Section [2] ).

Exercise 12 (easy). In case Jo has no positive eigenvalue, what is the largest eigenvalue of J?
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The survival probability of the branching process (either the full three-dimensional one or its projection
on the infected and virus coordinates) started with one single virus and no dormant or infected hosts will be
denoted by s3. Of course, sy < 1 if the branching process is supercritical, i.e. holds, whereas s, = 1 if
the branching process is subcritical, i.e. holds.

Exercise 13. Using a first-step analysis, derive the system of generating equations (analogous to (2.16))) for
S1d, S1i, and so, where s1q (resp. s1;) denotes the survival probability of the branching process started with
one single dormant (resp. infected) individual.

1. Convince yourself that s1q = 1 follows from your system of equations.

2. Show that so < 1 if and only if s1; < 1, and show that these conditions are equivalent to (3.15)).

3.6 The dynamical system III: some global properties

Before stating the main results of [BT23|, it is useful to formulate some related assertions on the global
behaviour of the dynamical system (3.13]). This system is more difficult to study than due to the extra
dimension, and in some cases we will have to restrict to partial results. E.g., is clear by continuity that for
r =0 or for r > 0 very small compared to v the system also exhibits a Hopf bifurcation, whereas for
r > 0 large enough compared to v it does not, but specifying which choices of parameters belong to which
of the two cases is tedious even numerically. Consequently, after a successful virus invasion, we will not
be able to fully determine the fate (stable coexistence vs. periodic behaviour) of the stochastic host—virus
system. Nevertheless, we have some global results (based on assertions of [BK98| for » = ¢ = 0) that hold
regardless of the presence or absence of a Hopf bifurcation. The first one tells us that starting from an initial
condition with only positive coordinates, the mono-type equilibrium (74,0, 0, 0) will never be reached under

the coexistence condition (3.15]).

Proposition 3.11 (Non-extinction of the virus epidemic; [BK98, [BT23|). Consider the dynamical system

(B:13). Assume that (3.15) - ) holds, and (n14(0),n14(0),n1;(0),12(0)) € (0,00). Then (n14(t), n14(t), n1i(t), na(t))
does not tend to (14,0,0,0) as t — oo, not even along a diverging subsequence of time-points.

Before we prove this proposition, let us mention some of its consequences. Since coordinatewise nonnega-
tive solutions of (3.13) are bounded, Proposition together with a simple compactness argument implies
that started from any initial condition (114(0),714(0),71;(0),12(0)) € (0, 00)%, there exists a o > 0 such that

llglogf H (’I’Lla(t), nld(t), ni; (t), no (t)) — (ﬁla, 0, O7 0) H1 > 0. (318)

This assertion is known as (7i14,0,0,0) being a uniform strong repeller; cf. [BK98, Corollary 4.2] for its
analogue in the recovery- and dormancy-free three-dimensional case. The following corollary is analogous
to [BK98, Lemma 2.3 and Theorem 4.2|, but since that paper provides no explicit proof and our setting is
more complex, we present a proof for completeness in Appendix [E]

Corollary 3.12 (Population bounds; [BK98, [BT23|). Consider the dynamical system (3.13). Assume that
(3-18) holds, and (n14(0),n14(0),n1;(0),n2(0)) € (0,00)*. Then

liminfn;(t) >0

t—o00

holds for all j € {1a,1d, 17,2}, and

limsup n14(t) + n1a(t) + n1i(t) < f1q.

t—o0

Further, ~
mun

lim sup ng(t) < ——=.
t—o0 H2
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The positivity of the lim inf’s of the coordinates n14(t), n1;(t), n2(t) is called the uniform strong persistence
of the system . By our uniform approximation result, in this case, the macroscopic virus epidemic will
also be present for long times (with high probability conditional on a successful invasion) in the stochastic
model with large enough carrying capacities K.

Exercise 14 (Initial conditions in Corollary [3.12). Coordinatewise positivity cannot be replaced by n1,(0)
and at least one of the coordinates n14(0),n1;(0),n2(0) being positive. To see this, determine whether
liminf; o nj(t) > 0 holds for all j € {la,1d,1i,2} in case

1. if n14(0) > 0, n14(0) > 0, but nq1;(0) = n2(0) =0,
2. and if n1,(0) > 0 and (n14(0),n1;(0),n2(0)) € [0,00)3 is such that max{ny;(0),n2(0)} > 0.
Now we proceed with the proof of Proposition

Proof of Proposition[3.11] Proposition is the analogue of the assertion [BK98, Lemma 4.1] that treated
the case without dormancy or recovery and slightly with different competition. Our proof (which originates
from the proof of Proposition 2.4 in [BT23]) is indeed the analogue of the one in [BK98]|, which relies on the
idea of Chetaev’s instability theorem [C61].

Let V: [0, 00)4 — R, (ﬁlaaﬁld, ﬁu,ﬁg) — wi;N1; + wanlp for some w1, w2 > 0. Let us write the system
(3.13) as n(t) = f(n(t)) and fix € > 0. Then, the standard Euclidean scalar product of the gradient of V
and f at (N1q,N14, 14, M2) € [0,00)* with 71, > fi1e — € equals

(VV, P (Braiirasiining) = Wii((1 = @)Dy — i (r 4 v)) + wa(—(1 — ) DRiyaia + mony; — poiia)
= ﬁu [mvwg — wli(r =+ U)] + ﬁg [(1 — q)Dﬁlawu — (1 — q)Dﬁlan — ‘LLQ'LUQ}

> Ny [mvwg —wyi(r + U)] + g [(1 —q)D(7114 — €)w1; — (1 — q)Dnjqwy — ugwg].

Hence, (VV, f)|(f1.,510,71:,70) 18 Positive (in other words, V' is positive definite w.r.t. the dynamical system)
once

mowsy > (1 + v)wy; and (1= Quw1;D(fi1g — &) > (1 — ¢)D(R1a — €) + p2)wa, (3.19)

in other words,

R v H2
Wy > Wi > W “ =wso|l+ — }
rtov 7 2 1-¢q ? (1 -¢)D(n1q —€)

Since wy; > 0,ws > 0, this requires

pi2(r + v)
(1= g)D(mv — (r+v))’

Nig — € >

which holds whenever ¢ € (0,714, — n1,), where we recall that i1, > 71, under the condition . Then
we can indeed choose wy;, wo > 0 satisfying , and thus we can find d > 0 such that for such a choice
of wy;, ws, and €, we have

VV >dV  on B.((R14,0,0,0)) N (0,00)* (3.20)

where for z € R* and ¢ > 0, B,(z) denotes the open ¢2-ball of radius ¢ around .

Now, let us assume that (n1,(0),n14(0),n1:(0),n2(0)) € (0,00)%. Then it is clear that for all ¢ > 0,
n1;(t) # 0 and na(t) # 0. Now, if lims oo (n14(), n14(t), n1:(t), n2(t)) = (N14,0,0,0), there exists to >
0 such that for all t > 0, (n14(t),n1a(t),n1i(t),n2(t)) € Be((N14,0,0,0)) N (0,00)%. Hence, by (3.20),
limy 00 V(114(t), n14(t), m14(t), m2(t)) = oo, which contradicts the assumption that lim; o (n1:(t), n2(t)) =
(0,0).

From this it is in fact easy to derive that (n14(t), n14(¢), n1:(£), n2(t)) cannot even converge to (714, 0,0, 0)
along any diverging sequence of times, but let us provide the details for completeness. Since V is positive
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definite on B := B.((fi14,0,0,0)) N (0,00)*, the w-limit set 2y of any solution to (3.13) (i.e., the set of
subsequential limits of the solution as t — 00) started from B satisfies

QoNBC {(VV, f) =0}

where B is the closure of B. In terms of these objects, we have already verified that (7214, 0,0,0) € {(VV, f) =
0} and that (7214,0,0,0) # Qo N B.

Using the definition of V and the fact that [0,00)* is positively invariant under , we conclude that
Qo N B contains only points of the form (714,714,0,0), where N1,, 714 > 0. However, if a coordinatewise
nonnegative solution to started from (0,00)* is such that its infected and virus coordinate tend to
zero, then its dormant coordinate must also tend to zero and hence its active coordinate to n1,. We conclude
that Qo N B C {(714,0,0,0)}. But since (n14,0,0,0) # Qo N B, it follows that Qo N B = (), and thus the
proposition is proven. O

To get a flavour of using Lyapunov functions to verify stability of an equilibrium, the reader can solve the
following exercise, which also explains the definition of a Lyapunov function and a strong Lyapunov function.
(The solution to this exercise can be found in [BK98|, but it is presumably more tedious to reproduce that
proof than to solve the exercise independently.) The assertion in the exercise implies that the equilibrium
(14,0, 0) of the 3-dimensional system is globally asymptotically stable on (0,00)3 for ¢ = r = 0.

Exercise 15 (Global stability of (714,0,0) for ¢ = » = 0 in case there is no coexistence equilibrium).
Consider the set

munig }
M2 ’
It was shown in [BK9S, Proposition 2.2/ that the set ) is a global attractor on [0,00)3 in the sense that any

solution to (3.3)) started from [0,00)® will eventually either enter the interior Q° of Q or converge to a point
on . Using this, for wy;, wy > 0 consider the function V: (0,00)% — R,

Q= {(nm,nu,nz) € [0,00)3: Nia + N1 < Mg, N2 <

V(nia,n1i,n2) = Cnig — (A1 — p) log nig + wiiny; + wang
Assume that holds. Show that there exists a choice wy;,ws > 0 such that
(A) (VV, f) <0 onQ°, and
(B) V has a unique strict global minimum w.r.t.  in (714, 0,0).

The two properties are the defining properties of V being a Lyapunov function (corresponding to the equilib-
rium (f1q,0,0)), which implies that (fi14,0,0) is (Lyapunov) stable. Of course, we have already known this
before, but now observe that (VV, f) = 0 holds only in the point (ﬁla,0,0)@ Thus, thanks to the positive
invariance of 1, Lyapunov’s stability theorem (a.k.a. Lyapunov—Le Salle theorem ) implies that (fi14,0,0) is
globally asymptotically stable on Q° (see also [BK98, Section 4]). Thanks to the above mentioned attractivity
of Q, it follows that (fi14,0,0) is globally asymptotically stable on (0, oo)?’ﬂ

3.7 Main results of [BT23] and discussion

What do we expect from the stochastic system started from =~ Knj, active hosts and one single virus
under the condition , i.e. when has a coexistence equilibrium and the branching process is
supercritical? The first phase of the virus invasion should work similarly to the first phase of the invasions
studied in Sections [1| and Dormant hosts, infected hosts, and virions should either die out rapidly (in
o(log K) time) or they should start growing exponentially and the total population size of infected hosts and

29When properties (A) and (B) hold with strict inequality in A apart from the corresponding equilibrium, we say that V is
a strong Lyapunov function.

300f course, solutions started from certain points of the boundary of [0,00)3 also tend to (fi14,0,0). From which points
precisely?
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virions should reach eK (for K large and ¢ small) in %(1 + 0(1))log K time, where we recall that X is the
only positive eigenvalue of the mean matrix J in the supercritical case.

What happens after this first phase is less clear than in the case of Section [2] because we do not know
when precisely (114,714, 11, 12) is asymptotically stable and how global this stability is, and similarly, in
the phase above the Hopf bifurcation point m** (preserving the notation from the three-dimensional case),
how global the stability of the stable hyperbolic periodic orbit is. However, based on Corollary the
following three properties should also be satisfied with high probability (as K — oo followed by € > 0). After
the end of the first phase, within an additional amount of time 7', which can be chosen arbitrarily large but
not depending on K, for 8 > 0 sufficiently small,

e the rescaled sizes of all the four subpopulations should be bounded from below £,

e the rescaled total (active+dormant-+infected) host population size should stay bounded by some num-
ber strictly smaller than 71, — 8 from above,

e and the rescaled virus population size should be bounded by %’?“ —B.

Hence, for 8 > 0 let us introduce the persistence set

Sp = {(ﬁmﬁw,ﬁuﬁz) € (0,00)*: n, > B,Yv € {la,1d,1i,2}, 714 + M1 + N1i < g — B,
(3.21)

~ mun
Tio < la _ }
M2

Note that Sg is always well-defined and non-empty if 8 € (0,71, min{1, %}) (since we assumed that

A1 > ). Further,
Ts, == inf{t > 0: (N ,, N{y,. N{; ,, N3%) € S5} (3.22)

is the hitting time for the persistence region Sp (it is again a stopping time for the canonical filtration).
Define also
T2 :=inf {t > 0: Ny + Noy = K]}, (3.23)

€

for e > 0. Then, in particular, T¢ is the extinction of the total population of infected individuals and viruses.

Finally, there should be no third phase of the invasion, since thanks to Corollary [3.12] after a successful
virus invasion no subpopulation should go extinct on the short term in the stochastic system either. Thus,
on the log K scale, an entire successful invasion should take about 1/X time.

Indeed, we have the following results (see [BT23| Section 2.5]). Our first theorem states that the proba-
bility of a succesful invasion of the virus particles, i.e. of reaching the set Sg for some 3 > 0 before extinction
of the invaders, converges to the survival probability 1 — s > 0 of the approximating branching process as
K — oo.

Theorem 3.13 ([BT23]). Assume that X # 0. Assume further that

N{fl(O) Kj N1q

oo

almost surely and
(N{3(0), N5 (0), N3 (0)) = (0,0, )

Then for all sufficiently small B > 0, we have

lim IP(TSB < TOQ) —1— s (3.24)

K—oo

The next theorem shows that in case of a macroscopic/persistent epidemic, the time until reaching the
set Sp (which includes the coexistence equilibrium (714, 714, 714, 2) of the dynamical system) behaves like

log K/X.
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Theorem 3.14 ([BT23|). Under the assumptions of Theorem in case (3.15)) holds (equivalently, so <
1), for all sufficiently small B > 0 we have that on the event {Ts, < T5},
TSﬁ _ 1

li == 2
Kl—I>noo logK A (3 5)

in probability.

The final theorem provides information on the time of extinction of the epidemic and implies that with
high probability, the rescaled active population size stays close to its virus-free equilibrium 77, and the
dormant population stays small until this extinction (after which it decreases to 0 if it is not yet extinct).
This theorem also holds for A\ > 0 where both persistence and non-persistence of the epidemic have a positive
probability.

Theorem 3.15 ([BT23|). Under the assumptions of Theorem for all sufficiently small 8 > 0 we have
that on the event {T§ < Ts,},

m 0 _ (3.26)
im = .
K—oo log K
and
Lizg, >723 | (NY 722 Nig r2) = (114, 0)[| — 0, (3.27)
both in probability, where || - || is an arbitrary (but fized) norm on R2.

These theorems do not tell about the fate of our rescaled stochastic population process after time T, , and
as already anticipated, we expect that the fate of the process will depend on the stability of the coexistence
equilibrium and possible Hopf bifurcations. While we already sketched in Section [3.4 what we expect for
g = 0, we will provide some additional simulations and conjectures (also for ¢ > 0) below in Section

Nevertheless, by virtue of Corollary we can still provide an assertion on the long-term behaviour
of our stochastic system. Namely, if T, < T2, then for T > 0 sufficiently large, with high probability, at
time Ts, 4+ T' the process will again be situated in Sz. This is true because [EK86, Theorem 2.1, p. 456]
guarantees that (NTsB +t)tefo,7) is well-approximated by the solution (n).eo, 1 of given convergence
of the initial conditions, and Corollary implies that started from anywhere in Sg, ny will be situated in
Sg for all T' > 0 large enough. More precisely, we have the following result, whose proof is now immediate.

Corollary 3.16 (|BT23|). Assume that (3.15) holds. Then for all sufficiently small 8 > 0 and sufficiently
large T > 0, we have
Kli_{noolP’(NTsﬁJrT € Sp|Ts, <Tj) =1. (3.28)

Note that (3.28) is equivalent to the fact that the assertions

: K K K = 2\ __
Jim P(NYory, v+ Niary, 1 + Niirg, 7 < ta = B|Ts, <T5) = 1,

munig
H2

. K 2
KIEI})OIP’<N2,TSB+T < - ﬂ‘TSB < TO) —1,
and

. K 2 .
IggnooP(NU’TsﬁT > B|Ts, <T§) =1, Yo € {la,1d, 17,2}

hold. Le., we have persistence of the epidemic on intervals starting at Ts, whose length does not scale with
K.

Remark 3.17 (The reproduction number, relation to stochastic epidemic models). The distinction between
an initial stochastic phase, where an invader can be described by a branching process, followed by determin-
istic behaviour, where the whole system is well-described by a dynamical system, is of course reminiscent
of stochastic and deterministic epidemic modelling. In stochastic epidemic models like the standard SIR
(susceptible-infected-removed) model, the basic reproduction number Ry of the epidemic is defined as the
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expected number of infections generated by one infectious individual in a large susceptible pop-
ulation,

cf. [ABO0) Section 2.1]. Despite not treating pathogens as individuals and assuming that the population size
is constant (or decreases only due to deaths caused by the infectious disease), the quantity Ry can already
be introduced in the basic SIR model the same way as in our model.

Note that we can define Ry in our model in such a way that it still fulfills the heuristic definition of
[ABO0] (where we always assume that A\; > p1). In order to obtain ‘a large susceptible population’, we will
have to assume that K is large, since the equilibrium population size scales like K (71, + 0(1)) as K — cc.
Then, similarly to the branching process approximation of types 1d, 1i, and 2 during the initial phase of
the epidemic, we will assume that the rescaled susceptible population size is fixed as 71, (ignoring also the
question of whether this number is an integer). Let us now look at an infected individual in this situation. It
either recovers with probability r/(r + v) or dies due to lysis, giving rise to m new virions, with probability
v/(r+wv). Each of these new virions will eventually either degrade, which happens at rate ua, or successfully

attack a susceptible individual. Since there are Kni, susceptibles, the probability that the latter event
(1-g)Dniq

(1—g)Dniatps

average number of infections generated by the originally infected individual. Thus, we obtain the expression

occurs is . The number of infected individuals emerging from attacks by these m viruses is the

mv(1 — q)Dfigg
(r+v)((1 = ¢)Dna + p2)

for the reproduction number in our model. Note that Ry depends on g but not on k and u, and in particular
it is the same as for a dormancy-free epidemic with lower infectivity if we replace ¢ by 0 and D by (1 —¢)D.
This gives a rather natural interpetation of the effect of dormancy from an epidemiological point of view.
Indeed, Ry > 1 holds if and only if

Ry =

(mv — (r4+v))(1 — q)Dniag > (r 4+ v)pa,

which is precisely our coexistence condition .

Note further that Ry can also be interpreted as the average number viruses who are the ‘offspring’ of a
single given virus, obtained via infection of a susceptible individual producing secondary viruses via lysis.
We see that Ry > 1 is equivalent to condition , which we interpret as the average number of ‘offspring’
of a given virus being at least 1. This provides a heuristic reason why si; # 1 is equivalent to sy # 1
(cf. Exercise [13]).

3.8 A few words about the proofs in [BT23]

Similarly to Sections [I] and [2] unfortunately we will once again not be able to provide the full proof for our
main convergence results. On the other hand, if we had seen the full proof of the results in Section [2.6] seeing
also the one of the results of Section [3.7 would not be that interesting anymore, given that many parts of
this proof again rely on techniques from [CCLLS21| and adaptations of these techniques first used in [BT20]
or [BT21]. But there are also some substantial differences between the competition-induced dormancy
model and the virus model. One issue is the richer and more complicated behaviour of the underlying
dynamical system, even in absence of dormancy (and recovery). The other one is strongly connected to
the phenomenon of contact-mediated dormancy, and we already mentioned it at the introduction of the
approximating branching processes: The mean-matrix J of the full three-type branching process is not
irreducible.

To adapt the techniques of [CCLLS21] and their previous adaptations, we need to work with a branching
process that survives with positive probability from any initial condition with at least one positive coordinate,
and this is the original branching process restricted to the infected and dormant coordinates. Regarding the
first phase of the invasion, we then have the following analogue of Proposition [2.10] from the competition-
induced dormancy model, where we define the stopping time

Q- =inf {t > 0: (N5, N ,) & [f1a — €, P14 + €] x [0,¢]},
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Table 3: Default choice of the parameters for the simulations of the dynamical systems (3.13)) and ( .7
where ny(0) = n14(0) + n1,(0) 4+ n2(0).

the first time when the rescaled type la population leaves a neighbourhood of radius € around the equilibrium
N1, or the rescaled 1d population reaches size €.

Proposition 3.18 ([BT23], partially based on methods of [CCLLS21]). Assume that X # 0. Let K — mi
be a function from (0,00) to [0,00) such that mi, € %No and limg_,oo m¥, = ny,. Then there exists a
constant b > 2 and a function f: (0,00) — (0,00) tending to zero as € | 0 such that

2

lim sup P72 < T3 A Qie, ok —’ < f(e) \Ng = (mX,0,0, K)} (- 52)’ = 0.(1) (3.29)
and
lim sup P[Tg <T2AQpe |NK = (mK 0,0, )} - 32) = 0.(1). (3.30)
K—oo K

The most important change compared to Proposition 2.10]is the change of roles in the invasion. Now,
even though naturally one would consider only type la as “resident” and types 1d, 1i, and 2 all as “invaders”,
due to the issues with the three-type branching process we will also consider type 1d as “resident”, with its
initial “equilibrium population size” being zero. We can then adapt the Freidlin—-Wentzell type large-deviation
techniques so as to guarantee that N 1a,¢ Stays close to 0 (while Nla . stays near fi1,) until Nq; , + No ¢ reaches
eK or goes extinct. See [BT23| Section 4. 3] for details.

3.9 Further simulations and conjectures related to the dynamical system

To gain an understanding of the concrete behaviour of the dynamical system and to analyse the
quantitative and qualitative effect of contact-mediated dormancy and its combination with recovery, we
provide a few more simulations of the solutions for some concrete choices of the parameters, following the
ones in Figure|l|for ¢ = 0. The critical burst sizes m*, m’, m** will have the same meaning as for the three-
dimensional system , with m*™ = oo if there is no Hopf bifurcation. We will work with the choice of
parameters presented in Table 3| (abbreviating n(0) := n14(0) +n1;(0)+n2(0)), apart from those parameters
that we vary in the given simulation.

Here, w14, 14, and 72 are the dormant, infected, and virus coordinates of the coordinatewise positive
(‘Kesten—Stigum’) left eigenvector of the mean matrix J associated to the eigenvalue A normalized so that
T4 + 71 + w2 = 1 (cf. Section . Heuristically, the reason why this initial condition is natural is that
for A > 0, conditional on survival of the approximating branching process (N(t))tzo, the proportions of its
dormant, infected, and virus coordinates converge to the corresponding proportions of (w14, 714, m2) thanks
to the Kesten—Stigum theorem (Theorem [2.13)).

Exercise 16. Using the irreducibility of the mean matriz Jz, show that the assertion of the Kesten—Stigum
theorem holds for the three-dimensional branching process with mean matriz J too (despite the lack of irre-

ducibility J ).

Ezample 3.19 (Varying r for fixed ¢). With the default choice of parameters apart from r, in Figure [2| we
plot the transcritical bifurcation point m*, the point m’ where a pair of eigenvalues of the Jacobi matrix
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of at (N1q,M1d, N14, N2) becomes complex, and the Hopf bifurcation point m**, as functions of r. Note
that the recovery-free case r = 0 is also included in the images (for this particular choice of ¢). Given that we
have fixed all other parameters, m* is a linear function of r (indeed, m* corresponds to m in the case when
we have an equality in ) Assuming that the assertions in Tables|l|and [2| hold true, we know that there
is precisely one value of m > m*, namely m = m/, where a pair of eigenvalues of the Jacobi matrix becomes
complex, and for m** < oo there is a unique value of m > m/, namely m = m**, where these eigenvalues are
purely imaginary, while for m** = co the real part of these eigenvalues remains negative for all m > m’. We
evaluate m’ and m** in a discrete set of points, and we conclude that the dependency of m’ on r also seems
linear. As expected, there exists ro(q) > 0 such that for » > r¢(q), the Hopf bifurcation point m** explodes
and becomes infinite, i.e., (T14, 714, W14, N2) stays locally asymptotically stable for all m > m* (despite the
fact that ¢ is relatively small, while it is not necessarily small enough to deduce the lack of Hopf bifurcation
for large r from the case ¢ = 0 by continuity). In this case we have r¢(¢q) = 0.69, given that for r above
this value, as one increases m, the real parts of the two complex eigenvalues seem to converge to a strictly
negative value. We know from Lemma [3.6] that such 74(0) also exists for ¢ = 0 and we have ro(0) < v. It is
not included in the images, but its value is about 0.73 (so it is roughly two thirds of v).

Ezample 3.20 (Varying q for fixed r). With the default choice of parameters apart from ¢, in Figure [3| we
plot m*, m’, m** as functions of q. Note that the dormancy-free case ¢ = 0 is also included in the images (for
this particular choice of r). The equation with an equality again gives an explicit formula for m* as
a function of ¢, which is finite for all ¢ € [0,1), monotone increasing in ¢, and tends to co as ¢ 1 1. Also m/
seems to only explode in the limit ¢ T 1. In contrast, for ¢ = 0.93, the Hopf bifurcation point m** already
seems to be infinite.

This provides numerical evidence that choosing the dormancy initiation probability ¢ € (0, 1) sufficiently
large eliminates the Hopf bifurcation, although recovery is relatively weak so that for ¢ = 0 the Hopf
bifurcation is present. It is not included in the images, but we also checked the recovery-free case r = 0
with otherwise unchanged parameters, and for ¢ = 0.97 we also found m** = oo there. In other words,
dormancy can help avoid Hopf bifurcations even in the absence of recovery, albeit this may require ¢ to be
unrealistically high.

We complement our precise numerical results from Figure [3] with a schematic illustration of the critical
burst sizes m*, m’, and m** as functions of ¢ € [0,1) with all parameters but m and ¢ fixed, for r small
resp. large compared to v (in the left resp. right picture of Figure [4). Note that this illustration is based
on our conjectures listed in Tables [I] and [2] while we have justified some of the properties of the curves
q — m*(q),m'(q¢),m**(q) for ¢ = 0 in Section and most of those results generalize to the case g > 0.
The shape of the curves is not meant to be precise, but qualitatively correct, in particular we expect them
to be convex (and thus lower semicontinuous) as [0, co]-valued functions.

Finally, let us comment on the case of quick resuscitation of dormant cells, that is, diverging o.

Ezample 3.21 (Effects of large o). The case of a very large o corresponds to almost instantaneous resuscitation
of dormant individuals after falling dormant. Thus, it is plausible to think that the qualitative behaviour
of the active, infected, and virus coordinates of the system behaves very similarly to the case where
there is no dormancy but the parameter D of virus attacks is reduced by a factor of 1 — ¢. In Figure [5| we
consider a solution to with the default choice of parameters, apart from o which we choose as very
large (o = 100, as opposed to the default value o = 2), also in comparison to the value of k (being equal
to 1). We see that the behaviour of this solution is very similar to the one of with the same initial
condition and with the same choice of the parameters apart from ¢ being altered to 0 and D to (1 — q)D.
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Figure 2: Values of the critical burst sizes m*, m**,m’ as functions of r with all other parameters (in
particular ¢) fixed. At r ~ 0.69 (orange dotted line) m** explodes and becomes infinite.
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Figure 3: Values of the critical burst sizes m*,m’,m*™* as functions of ¢ with all other parameters (in
particular r) fixed. At ¢ ~ 0.93 (orange dotted line), m** explodes and becomes infinite.
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Figure 4: Left: The case when r is small compared to v (e.g., r = 0). The Hopf bifurcation point m** reaches
+00 at some value ¢ € (0,1), Right: If r is large compared to v, m**(q) = oo holds for all ¢ € [0, 1), thus
(N1q, M1d, M1i, N2) is stable for all m > m*(q). In both cases, m* only diverge as ¢ 1 1, and the same seems
true for m/. In the coloured regions, we expect the behaviour explained in the tabular below the images.
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Figure 5: Solution to (3.13]) with large o (¢ = 100) (top) and the one of the corresponding solution to (3.3))
(bottom), for m = 5. In the solution to (3.3) there is no dormant coordinate, whereas the dormant coordinate
of the solution to (3.13)) stays very close to zero.
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4 The polynomial mutation regime and its piecewise affine scaling

4.1

limits

Introduction: different mutation regimes and horizontal gene transfer

Let us recall that the key features of the rare mutation regime of adaptive dynamics characterized ux <

1
Klog K

(plus the lower bound in ([1.9)) are the following, assuming that the competitive advantage of the

mutants is independent of K (the analogue of which is referred to as strong selection in the population-genetic
context).

@

(1)

(I11)

(Iv)

Clonal interference plays no substantial role: A mutant subpopulation that eventually becomes resident
sees typically no other mutant subpopulation before its fixation. If a mutant ever becomes resident,
it will also fix or reach long-term coexistence with some of the former resident traits eventually.

Unique potential parent: Most of the time there is a unique resident, and every birth with mutation
originates from the current resident with high probability.

Random genetic drift plays a significant role: The probability that a beneficial mutation becomes
resident /fixes stays below one in the limit K — oo. However, stochasticity is only important at the
very beginning of Phase I of an invasion (which is followed by exponential mutant growth in the case
of survival).

No mutants of mutants: Before a mutant subpopulation fixes, with high probability none of its indi-
viduals suffer an additional mutation.

What happens if the mutation rate is higher?

If ug < #gK, the duration of invasions of mutants surviving random genetic drift (i.e., initial
fluctuations) will be of the same order ©(log K) as the typical waiting time between two mutations
surviving drift. Hence, clonal interference will play a crucial role. Even in the case of transitive
competitive relations, mutants may outcompete each other, and thus surviving drift will not imply
ever becoming resident, while ever becoming resident will also not imply fixation (i.e. all individuals in
the population carrying the mutation from some point in time on). Still, the “no mutants of mutants”
and the “unique potential parent” assertions will remain true. The total mutation rate in the entire
population still tends (slowly) to zero. Such a behaviour was conjectured in [BS19].

The case ux =< 1/K was analysed in [S17]. In this model, mutations with the same selective advantage
occur repeatedly, as well as mutations back from this mutant type to the wild type, and hence among the
arising mutant families, evolution acts neutrally. The author showed that asymptotically as K — oo,
there is a countably infinite family of potential parents for each mutation. However, there are still no
mutants of mutants. The total mutation rate in the population is essentially constant in K.

Assume now that ug =< K~ for some « € (0,1). Then, the mutation rate per individual still tends to
zero but the total mutation rate in the population diverges. Now, if we assume a fixed countable set of
traits and a fixed mutation graph telling which trait can mutate towards which trait, we will observe
that mutant subpopulations of order K?, 8 > « already give rise to mutants of mutants whose order
is increasing polynomially in K, their amount is about the order KA.

To analyse this process, we will look at the logarithms of subpopulation sizes. This transformation
makes exponential growth/decay linear, and thus we will obtain a piecewise affine scaling limit as
K — oo via a suitable scaling of time and subpopulation sizes. In particular, the “continuous flow of
mutations” will wipe out the effect of random genetic drift, and the scaling limit will be deterministic.
Such a scaling limit was first obtained by Durrett and Mayberry [DM11] in a population-genetic model
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with a very similar choice of parameters (but with a constant or exponentially growing total population
size) ]

In this section we will study the lastly mentioned mutation regime, the so-called polynomial or power-law
mutation regimﬂ with the additional effect of horizontal gene transfer (HGT), following the paper by
Champagnat, Méléard, and Tran [CMT21|. Horizontal gene transfer is a phenomenon where non-parental
individuals of a bacterial population exchange genetic information during their lifetimes. Horizontal gene
transfer is a main factor of bacterial evolution, which helps the spread of beneficial genes within the popula-
tion, instead of e.g. a sexual reproduction, which is absent in their case. HGT can help e.g. the spread of a
bacterial epidemic and the development of antibiotic resistances. For mathematical models involving HGT
in the rare mutation regime prior to [CMT21], we refer the reader to [BCFMT16, BCFMTIS].

Remark 4.1. In [BT21] we studied an extension of the competition-induced dormancy model that we saw in
Section[2] where the subpopulation lacking dormancy can additionally transform individuals of the dormancy
trait to ones lacking this trait via transferring additional genetic material to them. Due to the particular
form of HGT studied there (which is somewhat different from the one introduced in [CMT21] that we will
get to know in this section), HGT can in some cases change the direction of the evolution. Indeed, there
are some parameter regimes when instead of the fixation of the dormancy trait, the other trait coexists with
it or even makes it go extinct. Stable coexistence of the two traits is in some cases possible even when the
trait benefiting from HGT is not fit enough to survive when being on its own. Further, there are instances
of founder control (a term borrowed from ecology), i.e. fixation of the initial resident and extinction of the
invader regardless of their types. Addendum to Ezercise[3: Are there cases of founder control in the setting
of the exercise?

4.2 The Champagnat—Méléard—Tran model

The authors of [CMT21| studied a stochastic individual-based model for a population with individuals
characterized by some trait. The population features asexual and haploid reproduction (binary fission,
as before), death by age and due to logistic competition, one-sided transfer of traits between individuals.
K > 0 will denote the carrying capacity, as usual. The trait space is a grid of mesh size § > 0 of [0, 4]:
X =[0,4]NéNg ={0,4,...,Ld}, where L = |4/5]. The population is described by the vector

(NE@),...,NE(t),...,NE(®))

where N (t) is the number of individuals of trait # = £§ at time ¢ > 0. We define the total population size
NE as

The population process then evolves as a continuous-time Markov chain with the following transition rates.

e An individual with trait = 0 gives birth to another individual with birth b(z) = 4 — . With
probability
px = K™¢ with a € (0,1),

a mutation occurs and the offspring carries the mutant trait (¢41)6. With probability 1 —px = 1-K ¢,
the new individual inherits the ancestral trait.

31Let us note that e.g. for ur < 1/(K log K) one can also obtain a piecewise affine scaling limit of the logarithmic population
sizes, but this will be random due to the effect of drift, and also due to the sizes of mutations in case they are random.

32Since the probability of a mutation during birth still tends to zero in this regime, it is somewhat confusing not to call
mutations rare here. Some authors therefore (rightfully) call what we and many other authors colloquially called the rare
mutation regime here the regime of very rare mutations, see e.g. [EK23].
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e An individual with trait x transfers its trait to a given individual of trait y in a population of total
size N at rate r

T(x7yaN) N]l{;v>y}7
for some parameter 7 > 0.

e An individual with trait © = ¢0 in a population of total size N dies with natural death rate dg (z, N) =
1+ %, where C' > 0.

Remark 4.2 (Interpretation of the trait value). The trait  may be interpreted in the biological setting as
a phenotypic value quantifying e.g. the pathogenic strength of bacteria or their antibiotic resistance. Such
a setting was first studied in [BCFMTIS] (in the regime of rare mutations). However, direct advantages of
a higher trait do not appear in the model. The trait x may be assumed to be related to the quantity of
plasmids held by a bacterium. At a HGT event, the donor transfers plasmids to the recipient, thus increasing
its trait. This explains why an individual can only be a recipient if the donor has a higher trait value. The
recipient receives the donor trait, which is called conjugation in the biological setting (see [CMT21l Section
1] and the references therein). Reproduction favours small values of , a reason for which could be that the
copying of plasmids and their maintenance requires additional resources, which could otherwise be used e.g.
for better reproduction. This explains why reproduction favours small values of z. Finally, mutation also
increases the value of the trait, which is beneficial from the point of view of HGT but disadvantageous from
the point of view of reproduction.

Remark 4.3 (Unfit traits and evolutionary suicide). Traits x > 3 are not fit enough to survive when being
on their own since they satisfy b(z) — d(x) < 0. We will see that there are scenarios when such a trait can
become the trait with the largest population of the system, so that the total population starts decaying
exponentially. If no other trait can take back the lead from this trait, the entire population will become
extinct, which we will refer to as evolutionary suicide. Such a phenomenon was also observed in [BCEMT18],
whereas in the setting of [BT21] (without mutations, cf. Remark it cannot occur.

Remark 4.4. Because of the factor 1/K, competition is governed only by traits with population size of order
K. Therefore, density-dependence of the death rate disappears when the total population size is negligible
with respect to K.

We need to consider in the sequel two different situations: Either there is a unique trait  with population
size of order K, which we will call the resident trait, or the total population size is o(K), mostly consisting
of one trait. In the latter case, the trait with the largest population size will be called the dominant trait.
When the trait = is the (unique) resident trait, we know from Section [1] (cf. [EK86]) that as K — oo,
the total population size divided by K can be approximated on compact time intervals by (n(t)):>0, which

is the unique solution to the ODE
n(t) = n(t)(3 —x — Cn(t)),

which has the unique nonnegative and stable equilibrium
_ 3-z)Vvo0
a(r) = ——.
(0)=C=2
The notion of invasion fitness that we know from Section [I] can be adapted to our setting. The invasion
fitness of a mutant individual of trait y in a resident population of trait = is given by

S(y,.%) = b(y) - dK(:Ua K’ﬁ,(l‘)) + 7—]l{z<y} - T]I{a:>y} =r—=Yy—-T Sgn(y - .’17) (41)

Indeed, the total transfer rate from x to y is given by %
from y to x. Note that S(z;x) =0, and for all x,y € X, S(y;x) = —S(z;y). This implies in particular that
there is no long-term coexistence of two resident traits. We also define the fitness of an individual of trait
y in a population of negligable size (0(K)) with dominant trait z. As already mentioned, in this case the

density-dependency vanishes, and since NX(t)/NX ~ 1, the fitness is now

Tgyszy ~ 71{y>ey when K — oo, and similarly

~

S(yiz) =3 =y + TLizey) — Thizsy)- (4.2)
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The study of [CMT21] of the evolutionary dynamics of the model is based on a fine analysis of the order of
magnitude of size, as power of K, of each subpopulation corresponding to the different trait compartments.
These powers of K evolve on the time scale log K, as we already saw in the case of branching processes in
Section but we will also cite a finer result in this direction later (see Lemma . We define B (t) for
0 < /¢ < L such that

log(14+ NX(tlog K
NE(HogK) = KH O e K= 28 +lo;I<(0g ) (43)

We assume that the trait @ = 0 is initially resident, with density (i.e. population size normalized by K) equal
to 3/C. The initial condition is

3K
NE () = (155 ) LK LK1 K20 o, o).
Due to mutations, this is close (on the logarithmic scale) to the population state reached instantaneously on
the time scale log K when the initial population is only composed of L%J individuals with trait () With
this initial condition, we have

K J—
B (0) = (1= La)Ljo<r<t/ay- (4.4)

The main result of [CMT21], Theorem below, provides the asymptotic dynamics of the system of func-
tions B (t) when K — oo. This limit is a system of deterministic, continuous, piecewise affine functions,
which can be described along successive phases determined by their resident or dominant traits. When
the resident/dominant trait changes, the fitnesses governing the slopes are modified. Moreover, inside each
phase, other kinks, i.e. changes of slopes are possible due to a delicate balance between mutations, transfer,
and growth of subpopulations. The aim of [CMT2I] was to cover all the possible cases: local extinctions
of single traitﬂ re-emergence of subpopulations, changes of slopes due to mutation and selection (compe-
tition), dynamics when the total population size is o(K), extinction of the total population... The paper
provided from the asymptotic dynamics of 5% (t) explicit criteria for the occurrence of the different evolu-
tionary outcomes (see Theorem below) and provided a detailed study of the case of three traits. We
now present the main results on the paper and then we provide an outline of its proof.

4.3 The main convergence result of [CMT21]

The first result characterizes the asymptotic dynamics of (8% (t))i>0 = (8K (1), ..., BE(t))i>0 (When K — o)
by a succession of deterministic time intervals [sy_1, sg], & > 1, called phases and delimited by changes of
resident or dominant traits. The latter are unique except at times s, and denoted by ¢;;6, k& > 1. The
asymptotic result holds until a possibly infinite stopping time Ty, which guarantees that there is neither
ambiguity on the resident/dominant traits (Point (a) below) nor on the extinct subpopulations at the phase
boundaries (Point (c) below). See Figure [6] for simulations of the limiting process for three different choices
of the parameters.

Theorem 4.5 (J[CMT21]). Assume that o € (0,1), 6 € (0,4), 3/6 ¢ N, =2 ¢ N, and ([&.4)) holds.

(i) For oall T > 0, the sequence (,BK(t))te[O’T,\TO] converges in probability in D([0, T ATy, [0, 1]%) to a deter-
ministic piecewise affine continuous function B = (Be)o<i<iz) = (B(t))i=0 = (B1(L), - -, BL(t))tefo,7AT0)»
such that Bg(0) = (1 — La)ljo<i<i/ay- The functions B and T — 0 are parameterized by «, &, and T,
defined as follows.

(i1) There exists an increasing nonnegative sequence (sk)r>o0 and a sequence ({5)x>1 i {0,..., L} defined
inductively as follows: so = 0, 7 =0, and for all kK > 1, assuming that sp—1 < Ty and ¢} have been

33For a precise formulation and proof of the corresponding assertion, see [CMT21), Lemma B.4].
34Traits £5 for £ > 0 may go extinct and get “resurrected” via incoming mutations from their left neighbour (£ — 1)d; this is
what we mean by local extinctions. In contrast, if trait 0 ever goes extinct, it will be lost forever.
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constructed and that B(sk—1) # 0, we can construct si > Sp—1 as follows:
Sk = inf{t > Sp_1: W 75 EZ 55(15) = 5[;@)}
We then decide whether we continue the induction after time sy (i.e. Ty > s ) or not as follows:

(a) If Bz (sk) > 0, we set

1 = arg E&%i‘ Be(sk)

if the arg max is unique, or otherwise we set Ty = s and we stop the induction;
(b) if Bz (s) = 0, we set sp41 =T = o0 and B(t) =0 for all t > s;

(c) if in one of the previous cases, we have for some £ # £} that S¢(sk) = 0 and Be(sy —e) > 0 for
all € > 0 small enough, then we also set Ty = s, and stop the induction; otherwise, the induction
proceeds to the next step.

(1i1) In (i), the functions B¢ are defined, for all t € [sk—_1, Sk], by

Bo(t) = []l{go(sk,lpo} (50(8#1) + /St §5,k(0;626)d5>} V0 (4.5)

and, for all ¢ € {1,L},

t

5ut) = (Belsu-) + [ Bon(68:6i8)ds) v (Beoa(t) — ) v (46)
to—1,k
where, for all traits x,y € X,
Ser(y;z) = Lig,. (n=1yS(y; ) + g, <135 (y; 7) (4.7)

and
o {inf{tESk-lrﬁe_1<t>=a}, if Belsk—1) =0,
-1,k =

Sk—1, otherwise.

In addition, for all £ and a < b < Ty such that the time interval [a,b] is included in the interior of the

zero set of By, we have
Jim P(Nf(tlog K) = 0,Vt € [a,b]) = 1.
—00

Remark 4.6. 1. It follows from the definition of s3 and £}, ; that max, Be(t) = Be: (t) for all ¢ € [sg—1, Sk)-

2. In (4.7), when S: (t) = 1 for t € (sg—1, k), there is a single resident trait £;,6 with population size of
order K and the function S defined in (4.1) is used. In the case where S (t) < 1, there is a single

dominant trait, the total population size is of order o(K), and the fitness function is S defined in (4.2)).

During each phase, the function §t7k is actually constant, equal to S or S as above, expect when a
dominant population becomes resident in the same phase. In the first case, for all ¢t € [sg_1,sk),

Equations (4.5)) and (4.6) take the simpler form

Bo(t) = (150 (sk_1)>03 (Bo(sk—1) + §(€5;f}§5)(t —s-1))] VO, if Ber (sp—1) =1,
(L g0 (sn_1)>0} (Bo(sk—1) + S(£8; £3.6)(t — sx—1)) | VO if Ber (s1-1) < 1

and for all £ € [L],

By(t) = (Be(s—1) +S(06; Gi0) (¢ — te-14)+) V (Be—1(t) = @) VO if g (s-1) = 1,
‘ (Be(sk—1) + S(£0: £58)(t — te—1x)+) V (Be—1(t) — @) VO if Bgz (s5—1) < 1.

Lecture notes on population dynamics by Andras Tobias, version: July 19, 2024 74



Otherwise, gt’k switches from S to S at the first time when maxy B (t) = ﬂgz (t) = 1. Therefore, since
S50, £56) = 0, we obtain in all cases

By (1) = 1, if Bez (sk-1) = 1,
0 () = {(ﬁzz(sk_l)+§(€Z5;€Z§)(t—sk_1))/\1}\/0, if By (s51) < 1.

3. It follows from the previous formula that max, 8,(t) < 1 for all ¢t € [0,Tp) (and even for ¢t = Ty if
Ty < OO)

4. When B(si—1) = 0, the time ;1 corresponds to the first time when the incoming mutation rate in
subpopulation £ (coming from subpopulation (¢ —1)d) becomes significant. Therefore, for £ = 0 there
is no such time defined.

5. Note that Theorem keeps track of populations of size K” for 0 < 3 < 1, but not of populations of
smaller order, which go fast to extinction on the time scale log K.

It is instructive to look at [CMT21l Section 3], where the process 5(t) is studied in detail in the case of
three traits 0,9, 20. There, one can see examples of:

1. In case 7 < 4, there is no evolution: Neither § nor 2§ is advantageous compared to 0, and therefore
trait 0 will stay resident forever.

2. For 7 > §, there will be multiple phases. Possible scenarios are:

(a) fixation of one of the traits, i.e. one trait stays resident forever,

(b) evolutionary cyclic behaviour, i.e. after some time, 3(t) becomes periodic (and not constant) in
each coordinate. See e.g. Figure |§| (a). There are cases when this occurs in such a way that
there is always a resident trait, but it is also possible that there are (possibly also infinitely often
repeated) phases where there is only a dominant trait, and in that case, trait § may go extinct
and then arise again thanks to incoming mutations from trait 0 (see Figure[f] (c)),

(c) evolutionary suicide (see e.g. Figure [f] (b)).

Exercise 17. What are the possible evolutionary outcomes in the case of two traits (L = 1)? At most how
many times can the resident change? Is cyclic behaviour possible? Is evolutionary suicide possible?

With a larger number of traits, it was also observed in [CMT21] numerically that the system may show
cyclic but not periodic behaviour (see [CMT21l Figure 2.1 (c)]).

Remark 4.7. Evolutionary cyclic behaviour implies infinitely many resident changes in 8(t) given finitely
many traits. As already pointed out in Remark [I.11] such a behaviour is impossible if the mutation rate per
individual is o(1/K log K), but it may occur when it is weakly asymptotically equivalent to 1/K log K (cf.
the “rock—paper-scissors cycle” in [BST7] and the speculations of [BS19] about the case of multiple mutations,
which were mentioned in Remark . What is interesting here is that the cyclic behaviour is not due to
asymmetric competition (like in [BS17, BS19]) but to an interplay of the advantage of higher traits due to
horizontal gene transfer and incoming mutations and the one of lower traits due to better reproduction.
Symmetric competition with additional horizontal gene transfer is in fact not very far from asymmetric
competition, and in different settings it may also lead to a coexistence between different traits (see e.g.
[BT21]).

It is not clear whether Ty = +oo holds for almost all parameters «,d, and 7. However, the authors
of [CMT2I] performed simulations of the limiting process (see [CMT21, Appendix D] for a description of
the algorithmic construction of the slopes B¢(t)), and they did not encounter any case when T < oo in the
simulations. In Theorem below, we will see that T is larger than the time of extinction or of first
re-emergence (i.e. returning to residency, see below for a precise definition) of a trait.
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Figure 6: The processes Bo(t) (blue), 81(t) (orange), and B5(¢) (green) for different choices of the parameters
with three traits (L = 2). (a): 6 = 1.4,a = 0.6,7 = 2. We see a periodic behaviour showing re-emergences
of all traits, in particular also of trait 0, the fittest one. (b): 6 = 1.9, = 0.4,7 = 3.7. The population is
directly driven to evolutionary suicide. (c¢): same choice of parameters as in the middle, apart from the fact
that 7 now equals 3.43. When trait 2§ = 3.8 > 3 becomes dominant, the population size is of order o(K).
We see a re-emergence of trait 0 after a phase of apparent macroscopic extinction (i.e. a total population
size of o(K)). Although trait § goes extinct while 24 is dominant, it is recreated by mutations from trait 0.
The choices of parameters (a), (¢) with corresponding images first appeared in [CMT21]. Here we reproduced
them via a code written by Tobias Paul, which was also used for creating the simulations in his master’s
thesis and the related paper [BPT23].
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Remark 4.8. Coquille, Kraut, and Smadi [CKS21] studied a model similar to the one of [CMT21], on a
general mutation graph, i.e. with a general finite trait space as vertex set and the possible mutation directions
between the traits as the set of (directed) edges. Their model did not contain horizontal gene transfer, which
excludes evolutionary suicide and even the existence of phases where there is no resident trait, but in chance,
they also considered asymmetric competition, which gives rise to coexistence between multiple traits (which
does not occur in the original model of [CMT21]). In [CKS21, Theorem 3.6] they observed an interesting
example where the induction goes through over all £ € N because the stopping conditions in Theorem
part (ii) cases (a) and (c) do not occur, and the resident traits follow each other (eventually) cyclically, but
the times of resident changes s; accumulate towards a finite time Ty. That is, in the scaling limit, the whole
history of the population happens within a finite time interval. Certainly, this is not possible for the original
individual-based model, and thus the convergence to 3(t) is not valid for ¢ > Tj.

It is still generally believed that in the model of [CMT21|, such an accumulation should not occur.
However, it does occur in an extension of the model where competition-induced dormancy is incorporated
along the lines of Section [2| studied in the paper [BPT23|]. In one example ([BPT23l Example 3.2]) it
was shown rigorously that the times of resident changes accumulate towards a point Ty < oco. In fact,
the fact that time points where the slopes change may have a finite accumulation was already observed
in the model of [DMII], see Lemma 1 of that paper. Moreover, [BPT23, Example 3.7] shows (at least
numerically) that it is also possible that Tp is an accumulation point of times of changes of dominant traits
and max lim sup;yp, Be(t) < 1. In this case, the total population may be considered as unfit since it is not
able to maintain a size of order K at least periodically.

In the model of [BPT23|, there are also choices of parameters (see e.g. [BPT23, Example 3.3]) where Tj
seems infinite, but the behaviour of the system does not only look non-periodic (like in [CMT21] Figure 2.1
(¢)] in the original model), but it is not even clear if the consecution of residents ever becomes cyclic.

4.4 Analytical and biological properties of the piecewise affine limiting process

The next theorem characterizes 8 as solution of a dynamical system.

Theorem 4.9 ([CMT21]). Under the assumptions of Theorem[{.5, we set

) =D il s (1) and Si(y; @) = Lp,. , —13S(y: @) + g, , <1 S (3 7).
E>1

The function B(t) is right-differentiable on [0,Ty) and satisfies

Be(t) = Ze()Li,(6)>0 or (Be(t)=0 and o1 (t)=0)}> (4.8)

where Xy is defined recursively by So(t) = Sy(0;66*(t)) and VI > 1

() = %(%;f*(tw) VEr_1(t), if Be(t) = Be—1(t) — o,
¢ Sy (£5; 6% (t)6), if Be(t) > Bea(t) —

Remark 4.10. One may wonder if the system of ODEs actually characterizes the function . For
this we first need to characterize ¢ — £*(t) as an explicit function of 3(t). One would like to define it
as (*(t) = argmaxo<s<r, Be(t) and take it right-continuous. This is correct if there is a single argmax.
Otherwise, there are by definition of Ty two choices £ and ¢’ and there is a single admissible choice in the
sense that the corresponding affine solution to on [t, t+¢] satisfies £*(s) = arg maxo<¢<y, for £ > 0 small
enough. Indeed, if maxg<¢<r, B¢(t) = 1, since S(¢'9, £5) = —S(£5,£'5), one of the two fitnesses is positive, for
example S(£0;¢'5). If one takes the wrong choice £*(t) = ¢/, then X,(t) = S(£5;¢'6) > 0, hence the solution
to gives f(s) > 1 for s > ¢ locally. If maxg<e<r Br(t) < 1, a similar argument with S consists in
choosing the trait with higher invasion fitness. Therefore, can be expressed as an autonomous ODE
system and there is a unique admissible solution.
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Exercise 18. Verify the statement of the penultimate sentence of Remark[{.10

By re-emergence of a trait £0, we mean that S(s) = 1 on some time interval [t1,¢s] with non-empty
interior, then 8;(s) < 1 on some non-empty interval (¢2,¢3), and then 8¢(s) = 1 again on some interval [t3, t4]
with non-empty interior. We would like to predict the evolutionary outcome depending on the parameters
a,d,7. According to the case of three traits (L = 2) studied in [CMT21l Section 3|, there are so many
possible situations that we are not able to fully characterize the outcomes. Therefore, [CMT21) Section 2.2]
focused on the beginning of the dynamics until either global extinction or re-emergence of one trait.

We assume that ¢ < 4/3 (so that L > 3) and only consider the case § < 7 < 3@ Let

T

Fe=[2]  and k= L2§j.

It turns out (it follows from the proof of Theorem m presented in [CMT21]) that, for the first few phases,

ka
=30’

S =

trait k¢ is resident on [sk, skr+1) (i.e. Bx(s) = 1) and for all s € [sg, Sk41),
1—({—-Ka+(r—0)(s—sk)] VO, ifk<t¢<L,
_ 4.9
Bels) {1 — okl Blsy (1 — (k— £)) (s — sp,), f0<I<k. (4.9)

These formulas stay valid until either 5y(s) = 0 (loss of trait 0), or Bo(s) = 1 for some s > s; (re-emergence
of trait 0), or £;6 > 3 (the population size becomes o(K)). The function fy(s) in (4.9) is piecewise affine
and its slope becomes positive at time s;. Hence, its minimal value is equal to

mo = (o) =1 - S D7 1),

Provided that the latter is positive, 5y reaches 1 again in phase [sz, sz,.1) at time

_ oz(l;:—l)ng(;
=S T—08 k§—1"

Theorem 4.11 ([CMT21]). Assume that § < 7 < 3, § < 4/3, and the assumptions of Theorem hold.
Then,

(a) if mg > 0 and ké < 3, then the first re-emerging trait is 0 and the mazimal exponent is always 1 until
this re-emergence time,

(b) if mg <0, trait 0 gets lost before its re-emergence and there is global extinction of the population before
the re-emergence of any trait,

(c) if mg > 0 and kd > 3, there is re-emergence of some trait £ such that £5 < 3 and, for some time t before
the time of first re-emergence, maxy<¢<r, fe(t) < 1.

Biologically, Case (b) corresponds to evolutionary suicide. In Case (a), very few individuals with trait 0
remain, and they manage to return to residency after different traits having been resident, and until their
re-emergence, the entire population size remains ©(K) (albeit possibly with a much smaller prefactor of K
than 72(0)). In Case (c), trait 0 itself may be lost, and there is an intermediate time interval where the total
population size is o(K), and re-emergence occurs after subpopulations with too large traits become small
enough. In the latter two cases, one can expect successive re-emergences. However, it is not known if there
exists a limit cycle for the dynamics. In particular, there are also cases when a trait different from 0 stays

35For 7 < 4, the initial resident stays resident forever, see the case of three traits in [CMT21} Section 3].
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resident forever (see [CMT21l Section 3]). Cases (a), (b), (c) correspond to the examples (a), (b), (¢) in
Figure [} respectively. N

Heuristically, using the approximation that k ~ 7/§, we obtain that mo ~ 1 — 3. Hence, we have
mg > 0 (re-emergence) provided 7 is less than approximately 2§/« and extinction otherwise. Transfer rates
higher than 26/« favour extinction because the population is pushed to higher trait values. Small values of
0 or high values of « give more time for extinction of the small subpopulations. Note that, for mg > 0, the
condition kd < 3 is roughly 7 < 3/2. Hence, for transfer rates smaller than 3/2, 0 re-emerges first, while

otherwise, other traits may re-emerge first and the population size will be o(K) on some time interval.

4.5 Main ideas of the proof of Theorem 4.5

We start from the stochastic birth-and-death process (N (t),..., NE(t));>0 with mutation, competition,
and transfer. Our goal is to study the limit behaviour of the vector-valued function (8{(t),..., B85 (t))i>0

defined in (4.3).

Theore was obtained in [CMT21] by a fine comparison of the size of each subpopulation defined
by a given trait value with carefully chosen branching processes with immigration. The stochastic dynamics
consists in a succession of phases [0} log K, 05 log K] followed by intermediate steps [0f log K, o, | log K.
They proved that 85 converge in probability to si for & > 1. In each phase there is a single resident or
dominant subpopulation. When another trait reaches a comparable size, the intermediate step starts and
ends after the replacement of the resident or dominant trait. In the limit, intermediate steps vanish on the
time scale log K.

To control of the exponents ﬂf (t), the authors proceeded by a double induction, first on the phases,
and inside each phase, on the traits ¢§, from ¢ = 0 to £ = L. The exponents are approximately piecewise
affine. Changes of slopes (kinks) may happen when a new trait emerges, when a trait dies out or when the
dynamics of a trait £ > 1 becomes driven by incoming mutations from the trait £ — 1. The authors used
asymptotic results on branching processes with immigration to control the non-dominant subpopulations
within the phases. During intermediate steps, two subpopulations are of maximal order. The authors used
comparisons with dynamical systems and logistic branching processes for these phases.

Let us now describe in more detail how the stopping times % are constructed. In each phase, this time
may have two different definitions depending on whether the future emerging trait is dominant or resident.
For this, it is convenient to consider X and X where the index is omitted. Consider a phase, starting at
time o X log K with the largest subpopulation of trait £*§. Two cases may occur: Either £*4 is a resident trait
with population size close to its equilibrium size (3 — £*§)K/C, or £*¢ is a dominant trait with population
size o(K).

In the first case, for the k-th step, we have o& = a,ﬁ( — Si—1 in probability when K — oo and £* = (3.
Other population sizes are negligible with respect to K. Given parameters ¢, > 0 and given m > 0 to be
fixed later, we introduce

3—0* 3—0*
— 3¢,)K,
e 3e.) K, ( c

oK :inf{t > ol NE(tlogK) ¢ [( + 3e.)K] or Z NE(tlog K) > ms*K}.

040

Roughly speaking, this is the first time when the trait £* population size rescaled by K leaves a small
neighbourhood of its equilibrium or the total population size of all other traits reaches K times a significant
factor me*.

On the time interval [oX log K, 6% log K], we proceed by induction on the traits. For ¢ € [L], having
proved the convergence of 85 (t),..., 85 ,(t) to Bo(t),. .., Be—1(t), we will bound the population size N/ (t)
for ¢ # ¢* from below and above by branching processes with immigration on each interval where By_; is
affine. Either #X — co when K — oo with probability tending to 1 and in the limit there is no further
change of the resident population. Or, #X has a finite limit s, in probability (s, = sj, for the k-th phase). In
this case, we will show that at time 0, only two traits have sizes of order K and are then competing with
each other, or s, = T and we stop the analysis. In the first case, there is a transition step, with duration of
order 1, leading with high probability to the replacement of the resident population by the new trait.
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In the second case, for the k-th phase, the time o is chosen such that o = o — s,_1 + s for some

small s > 0 in probability when K — co. We proceed similarly as before, replacing #X with

g5 — inf {t > o () & [Be- (1) — ex. B (8) + 2] or Y NE(tlog K) > me.NJ (tlog K)}.
0£0*

The interpretation of the second condition is clear: When the total population size of all other traits £ # £*
in total becomes significant compared to the size NZI: (tlog K) of the dominant population, ¢ must be close
to a time of change of dominant trait for the limiting process 3. The first condition means that 3% (t) leaves
a small neighbourhood of 8y« (t). Given the convergence assertion of Theorem that we want to prove, it
is untypical that this occurs if € is not too small. As long as it has not occurred, Bg (t) is well-approximated
by Be«(t).

The full proof of Theorem 4.5 can be found in [CMT21], Section 5]. It is too long and technical to present
it here, but it is a well-written proof that the reader may be interested to see. In the rest of Section [ we
will present some results on branching processes under a logarithmic scaling together with their proofs, to
provide a flavour of the arguments. For similar (and for the proof of the theorem also essential) results on
branching processes with immigration and logistic branching processes, we refer the reader to the appendix
of [CMT21]. Although from the point of view of the proof of Theorem these are just auxiliary results,
they can be adapted in many other population-dynamic and population-genetic model as well. Their proofs
are also of independent interest; they use the weaponry of stochastic analysis.

4.6 Branching process in continuous time: scaling to a line

The following auxiliary result, [CMT21, Lemma A.1]| is one of the important ingredients of the proof of
Theorem Here, we consider a single population ZX = (ZK )t>0 following a linear birth-and-death
process, i.e. a branching process, with individual birth rate b > 0, individual death rate d > 0 and initial
value Z = |K? — 1] € Ny. According to this initial condition, the population is initially extinct when
B =0, and Z& ~ K? when K — oo if 8 > 0. We denote the law of ZX by BP(b,d, 3). In the sequel, we
denote the net growth rate of this process by r = b — d.

Lemma 4.12 (J[CMT21]). Let ZX follow the law BP (b, d, ) where b,d > 0 and 8 > 0. Then for any T > 0,
K
the process (bg(lltg#;g’())szo converges in probability in L>([0,T],R) to ((+1rs) V 0)s>0 when K tends to

infinity. In addition, if b < d, then for all t > /7,

. K
Jim P(Zfj = 0) = 1. (4.10)

Proof. Some of the ideas of this proof originate from [DMII].

Step 1 (Construction of a martingale). We have

t
Z{f:KMMtKJr/ rZKds,
0

where M ¥ is a square integrable martingale with predictable quadratic variatio (ME), = fot (b+d)ZEds.
Taking the expectation, E(ZX) solves the linear ODE E(ZE) = K” + fg rE(ZX)ds (written in integral
form), which yields that

E(zZF) = KPe™.

Now, we want to use Ito’s formula for semimartingales X = (X¢);>0 and Y = (¥3)¢>0, which in differential
form reads

A(XY); = X;dY; + Vid X, + (X, Y )y,

36See the footnote in Section for a remark on the notion of predictable quadratic variation.
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with ¢ = (X,Y); being their cross-covariation. In our case, this means
d(e ™z ) =e Azl —e "zl dt = e AME + e ez At — rZF e dt = e AM [

(the cross-covariation vanishes because the deterministic process ¢t — e™"* is of bounded variation). Taking

our initial condition into account, we obtain 1 +e " ZK =1+ K# + Z\ZK, where Z\ZK = fot e " dME is a
square integrable martingale with quadratic variation process

t
(MEY = / e 25 (b4 d)ZK ds.
0

Using Doob’s maximal inequality, for any 0 < n < g,

IP’( sup [ "t ZE — KP| > K”) :IP’( sup | MK|> K”) < 4K’2”IE(<MK>T10gK)
t<Tlog K t<Tlog K

L - KT ifb#£d
S 4K,37277(b+d) . r( ) 1 7& )
Tlog K if b=d.

Step 2 (Case r > 0). Fix T'> 0 and n = 23/3. On the event

Qf = { sup ‘e_”ZtK —K6| < Kw/?’},
t<Tlog K

whose probability tends to 1, we have

log<1 + Zt]fogK)

su —(B+rt ’
sup e KK (B+rt)
log(14 ZK Brt Brt Brt
B g tlog K log(1+ KA+)  log(1+ KPtr)  log(KPTrt) ‘
B flglg log K log K log K log K
1 1+ ZK, log(1+ KAt
< sup log tlog K ‘ og(1+ )}
t<7 Llog K 1+ KB+t log K
1 L+ Z8 i vV EPHT KBt
< sup o) = ' }
t<r Llog K L+ Z8 o NPT log K
1 | Z g i — K| K—h-rt
< log| 1 & ‘ }
= er log K Og< +1+Z§§OgK/\K5+” * log K
zZK KBt —B—rt
< sup 1 | tlog K ] ‘ K :|
C<T Llog K 11 + KB+trt KTB+rt log K
K—QB/S Krt
-8B
log Kk yob Bt — K2o/3+rt K™ log K,
2K =8/ + K8
log K ’

where the last inequality holds (only) for K large enough, and in the third and fifth step we used that
log(l+¢) < € for ¢ > 0 small enough. A simple adaptation of the previous argument gives the same
condition for b = d.

Exercise 19. Prove the latter statement.
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Step 3 (Case r < 0). Since the function t — 3+ rt vanishes at time 3/|r|, we need to consider three phases.
We fix € € (0, 8) and set T, = 5:5 and n = 8 —e/3. First we prove that before time T log K, the population
size remains large enough to use the same argument as in Step 2 (to show that the convergence of the
rescaled logarithmic frequency process to the respective line). Second, the population goes extinct with high
probability between times T; log K and (7. + 2¢/|r|) log K, and third, in order to obtain the convergence in

log(1+2k . . .
the L° norm, we prove that the supremum of the process (Og(:)gi}(l"gK))t on the entire time interval under

consideration remains of the order KPoyromial(s) GSince ¢ can be chosen arbitrarily small, the result follows.

Step 3(i). On the set

QK = { sup \e_TtZtK —K’B| < K_B_E/?’}
t<T. log K

whose probability tends to 1, using arguments analogous to Step 2, we have

tog (1+ 255, 1)
sup

[ 1 | Z o e — KT K*ﬂ*”}
t<T. IOgK

—(B+1t)| <
(B+rt)| < sup logK1+(Kﬁ+rt_K%+rt)++ log K

t<T.
K6—8/3 Kt K¢ 2K—6/3 L+ K¢
sup 28 + S )

log K <71+ (KB+rt — K5 +rt) log K log K

with the last inequality again holding (only) for K large enough. The right-hand side also converges to zero
when K — oo.

Step 3(ii). It follows from the previous step that, with probability converging to 1 as K — oo, Z:,Ii log K <
2K¢. Now, it was shown in [M16, Section 5.4.5, p. 180] that the extinction time Tey; of a BP(b, d, 1) satisfies

Tert

P(Text > t) == m, T Z 0.

Hence, for a BP(b, d,2K¢) branching process, thanks to the branching property, we have

rett  \2K®
P(Tone > ¢ :1—(1—7> .
(Texe > 1) bert —d
Thus, for t = ‘275‘ log K,
2e

log K) ol e,
||

d

Since this tends to 0 when K — oo, we have completed the proof of (4.10)).

Step 3(iii). Since the last two steps were true for any value of € > 0, in order to complete the proof, it is
enough to check that

IP(Text >

log(lJrZSKlogK) 2d
sup < —e.
sE[T., To+2¢/|r]] log K |7

For this, we observe that the maximal sizes of families stemming from each individual alive at time T} log K
on the time interval [T, log K, (T. + 2¢/|r|) log K] are bounded by the sum of sizes at time 2¢log K/|r| of

Z:,Ii log K nany independent Yule processes with birth rate b, i.e., i.i.d. geometric random variables G; with

expectation Kb/ |’"| Hence, with probability tending to 1,

2K° 2a
K TTE
sup Zjog ik < G; < K=,
te[Te, Te+2¢/|7|] i=1

37Such a Yule process is defined as a BP(b,0,1), i.e., a binary pure birth process with individual birth rate b, started with
one single individual at time zero. It is a classical result that at time ¢ > 0, the number of individuals of such a Yule process

follows a geometric distribution with expectation ebt.
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Exercise 20 (easy). The last inequality stands without further explanation in [CMT21l, Appendiz A]. Fill
the gaps of the proof and show (using the footnote on Yule processes below) that this inequality is indeed true.
Which known inequality is implicitly used here?

This finishes the proof.
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A Proof of Lemma [1.4]
Proof of Lemma[I.j]. By Theorem m part (a), it suffices to prove that

sup sup E((Z{)?) < oo,
K>11>0

where £(Z%) = PK(2X,0,, 2) when supgs; E((z{)?) < co. Let us define v} = P(Z/* = k/K). Then we
have

d k \pdof
GEEP) =3 () 5
k>1
1 S _ k+1)? v,k
= ﬁ’;kz’)[%\(lﬂ— o1 —I—g( I ) vf Tt — k(2)\+QE)Uf]

(RS SRR (R

Now, for k/K > 4)\/a, the quantity inside the square brackets on the right-hand side can be bounded
from above by —2A[3 — 2(1 — 1/k)? — (1 + 1/k)P], which is asymptotically equivalent to —2\p/k as k —
0o. Therefore, there exists a constant kg € N that can be assumed bigger than 4)\/a such that, for any
k > ko, —2A\[3 —2(1 — 1/k)? — (1 + 1/k)P] < —Ap/k, thanks to Taylor’s formula. Then, using the fact that
(14+z)P —1<x(2° —1) for any = € [0,1], we can write

Kko—1
SE(EY) S Y () ok~ 0 Ap(a) ek <2227 — 1K+ Ak} (2.
k=1 k> Kko

Writing C' = (2(27 — 1) + p)k?f /p, this differential inequality has the solution
E((Z{)) < O+ E((z)" = C)e ™™,

which gives the desired boundedness of the p-th moments.
O

B The function L in the definition of the rate function in Section 1.8

This part of the proof of Theorem was not spelt out in [CO6], but there is an explanation for a somewhat
more general case in [BPT23, Appendix, Section B.1], which we follow here. For y,z € R? we define the
function L(y, z) = sup,cpe ((a, 2) — H(y, o)) with

H.0) = [ (ep((a.a) = 1), do).

where the measures vy, y € R, are defined as follows:

Now, calculating the gradient of the function in the supremum with respect to o shows that L(y, z) = 0 if
and only if z = p(y) — q(y), as claimed in Section
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C Proof of Lemma 2.19

Proof of Lemma[2.19 Since (maq, m2q) is a left eigenvector of J corresponding to the eigenvalue X, we have

Mo — A1)+ 024 =X = p(h — )22 — (kp + o).
T2a 2d

Hence, since 2> 0, given that € > 0 is small enough, we obtain

- N Ar— Ar—
Tad A= A2+ A _)\—)\2+,u+a( 1’1#> —)\2+u+a( a#+3ﬁ) >/‘—)\2+0l(”1+n2a)

>
T2a g g g g
and
A1—p Ai—p
Tad _ pa(*7) <po‘( %)  po(n1 + n2a)
T2a A+ kKp+o kp+o T Kp+to
as asserted. O

D Proof of Proposition [2.16

NK
Proof of Proposition from [BT20]. If mo, — 6 < W@ﬂ < Taq + 6, then there is nothing to show.
Let us assume that ) )
NK
2a,T2 < 5
K K > NM2q — 0,
Noarz + Nog 2

. N a 2 . . .
the symmetric case # > moq + 0 can be treated similarly. Let us introduce the event
2a,TE2+ 2d,T2

Ag = {T% < T3 A Rc}

on which we conditioned in (2.30]). Our first goal is to show that for € > 0 small, with high probability, once
the total mutant population size reaches e K, for sufficiently large C' > 0 it will not decrease to a level lower
than e K/C again before it reaches /eK. To be more precise, for C' > 0 we introduce the stopping time

Tejc =inf {t > T2: N3, < <&}

Then our goal is to show that if C' is large enough, then T\2/g is larger than T2 + loglog(1/¢) and smaller

than T, . c. First of all, for all € > 0 sufficiently smalm [CCLLS21l Lemma A.1] implies that for C large
enough, _
. 2
Aim P(Tee0 < T2 Ac) = 0. (D.1)

On the other hand, note that the total size of mutant individuals is stochastically dominated from above by
a Yule process with birth rate Ao. Thus, by [CCLLS21l Lemma A.2], we have

lim ]P)(T\Z/E <T?+ loglog(l/aﬂ&) < Ve(log(1/e))*2. (D.2)
K—o0
K
Using these, we want to show that the fraction #ﬂf\’tﬁt cannot stay below mg, — ¢ on [Tf,T\z/g] with

probability close to one. Let us define the following five independent Poisson random measures on [0, oc]?
with intensity measure dsdé:

38Here, we skip some details that can be found in [BT20, Section 4.1]: We use that the coupling (2.28) is satisfied on A, and
the branching process (73,7, Z;él_t) is supercritical.
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P} (ds,df) representing the birth events of the active mutant individuals,

Pyl (ds,df) representing the death events of the active mutant individuals,

P35, 54(ds,df) representing the active—dormant switching events,

Pg(ds,df) representing the death events of the dormant mutant individuals (for £ = 0 this measure
can be omitted),

o 5

S i—s2q (dsdf) representing the dormant—active switching events.

The following assertion is often very useful in the context of Poisson point processes.

Theorem D.1 (Colouring Theorem, [K93|). LetII be a Poisson point process on S with intensity measure j. Let the
points of II be randomly coloured by k colours, the probability that a point receives the i-th colour being p; (such that
p; >0, Zle pi = 1), and the colours of different points of 11 being independent (of one another and of the position
of the points). Let II; the set of the points that have the i-th colour. Then Il1, ..., are independent Poisson point
processes on S, and 11; has intensity measure p; = p;pu for all i € {1,... k}.

The set II; is often called a(n independent) thinning of IT with survival probability p;, see e.g. [BB09, Section
1.3.2]. The interpretation for this is that one can consider i.i.d. Bernoulli random variables {I } xen with common
survival probability p;, and then II; equals {X € II|I% = 1} in distribution, for all i =1,..., k.

In our case, the reason why competitive death events can be assumed as independent of active—dormant switches
is that the corresponding Poisson random measures can be obtained as an independent thinning of a Poisson random
measure with survival probability 1 — p respectively the complementary thinning (with survival probability p), which
are independent Poisson random measures according to [K93, Section 5.1]. Let

P? (ds,df) := PP (ds,df) — dsd#, ..., P55, (ds,df) := P35, o, (ds, df) — dsdf

be the associated compensated measures (see the explanation below).

K
The fraction % is a semimartingale and can be decomposed as follows
N2a,t+N2d,t
NQIEL t NZIZ T2
L= e+ My() + Va(t), ¢ > T2,
Nios+Ngge  Nagre + Nag e W " :

with M being a martingale and V5 a finite-variation process such that

t NE _
M(t) = 1{0 < MNE 1 20,5 PP (ds,dh)
72 J[0,00) 2a,s NQ{(S_ (NQ{(S_ + 1) 2a

t
f/ / 1{0 < NE  (u+a(l - p)(NE_ + NE, )
TE2 [0,00)

Né[fi s— D
: Pg (ds,dé
X NQ{(S, (NQ{(S, —1) 5 (ds, d0)

t
1 ~
—/’/ 100 < NE | (ap(NE,_ + NE )} —— D5, 5a(ds, d0)
72 J[0,00) Nojs—

t NK _
+ / / 1{6 < kuNE 20,5 P (ds, df)
72 Jjo,00) { 2d, }N21587(N2[’(87 — 1) 2d

t
1 5%
+/ / ]1{9 < UN{é,s—}NK P2d—)2a(d87d0)
TEZ [0,00) 2,5—
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and

t NK
Va(t) = / {AQN2 — R
T2 “TNE(NE, +1)

NK
“NE (u+a(l —p)(NE + NE )y —2ds
2a,s(,u Oé( p)( 1,s + 2a,5))N2KS(N2KS B 1)
Sas 1

- NQIZ,SO‘p(Nl{(s + N;g,s)) ds + ’QN'NZd sN
2,5

(N3, = 1)

K
NQS +O'N2d,s@}d8.

Further, the predictable quadratic variation of the martingale Ms is given as follows

(Nga,s)®

(N35)?(Ngjy +1)°

t
(M), = / ANy ds
T2

(N3g,.)?
(N3 )2 (Nt — 1)?
( 2a, s)

t
4 [ nNE Gk aQ - p(VE + NE L)
TE

1
+ngsap(NKs+NIgs) d8+l€:U’Nds
2 b 20 (N21<s) ? (N2[,(5(N2{<s - ))2
1
K
+UN2d’37(N2IfS)2dS'

Although we do not want to go into formal details with stochastic integrals against processes with jumps
here (see again [E19| for a great overview), the principle is again simple. In the definition of M(t), the
frequencies of events appearing in the indicators are tuned in such a way that they correspond to our process
NX, and they are multiplied by a factor expressing the change of the fraction of active individuals among
all trait 2 individuals after a given type of jump (exercise!). We integrate against the compensated Poisson
point process, which is a martingale, and thus the stochastic integral will also be a martingale, similarly to
how integrating against Brownian motion (which is a martingale itself) yields a martingale under suitable
assumptions on the integrand. One necessary condition on the integrand is predictability, which is achieved
via taking left limits (i.e. evaluation at time s—, i.e. before the jump) everywhere. The finite-variation
process is similar, but here the additional randomization via the indicator including # is missing, and we
integrate against the Lebesgue measure, so that taking left limits is not necessary. A bit more precisely,
we integrate the aforementioned changes of trait 2a/(2a+2d) fractions against the intensity measure of the
Poisson point process rather than against the Poisson point process itself, where w.r.t. the #-coordinate we
integrate over the whole space. The predictable quadratic variation (see also the corresponding footnote in
Section looks again similar to the finite-variation process, but here the jump sizes are squared, and every
term appears with a positive sign. In the case of integrals against Poisson point processes, it is true that
the predictable quadratic variation is obtained via integrating the squares of jump sizes against the intensity
measure.

This yields that there exists Cy > 0 such that for all ¢ > T2,

1
<M2>t S Co(t — TE2) sup .
T2<s<t N3ty — 1

This implies
Cologlog(1/e)
<M2>(T3+loglog(l/s))/\TSYE/c S K (D3)
C
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and

1imsupIP’( sup |Ma(t)] > E‘AVE)

K—co  NT2<t<T2+loglog(1/e)

< lim sup (IP’( sup |Ma(t)] > 6‘;[5)
K—o0

TfStS(TfJFlOg IOg(l/E))/\TE,E/C

+P(T. .0 < T2+ 1og10g(1/5)|gg)) (D.4)

. 1 o
< limsup ?E [<M2>(T€2+log log(1/e))AT: /o A5i| + \E(log 1/5))\2

K—oo
= Ve(log1/e)*2,
where in the first inequality of the last line we used Doob’s martingale inequality for the first term and (D.1)

together with (D.2)) for the second term, and the last inequality of the last line is due to (D.3).
Let us now consider the finite-variation process V5. This can be written as

Valt) = / t P(Ng’S)iNfs +Q<S>(N£’S)7Nfs +R(S)(—N§”S>ds (D.5)
2 \NN§LJNE 41 N§, /N3 —1 NS, ’

€

with

P(x) = Xoz(1 =), QW(z) = (kp —p— a(l = p)(N{ + Nag )))a(1 - ),
R®(z)=0(1—z) - pa(Nfs + N;;S)x.

For € > 0 small, on [T2, T\Q/E}, Q) and R®) are close on [0, 1], respectively, to the polynomial functions Q, R
given as follows

Q) = (kp — p = a(l = p)nn)a(l —x) = (kp — p = (L= p)(A — p))z(1 — ),
R(z) =o(1 — ) — paiyx = o(1 —x) — p(A1 — p)x.

Thus, for given € > 0, for all sufficiently large K, the integrand in (D.5]) is close to the polynomial function

S() =N +rp—p—(1-p)(M —p)z(l—z)+0o(l—2z)—ph — p)z.

Since S(0) > 0 and S(1) < 0, further, S is of degree 2, the equation & = S(x) has a unique equilibrium
in (0,1). Now, let (w24, m2q) be the left eigenvector of the matrix J defined in corresponding to the
eigenvalue X such that Toq + Mg = 1. A direct computation implies that mo, is a root of S and thus equal
to this equilibrium. Thus, we can choose § > 0 and 6 > 0 such that mo, — 0 > 0 and for all x < my, — 4,
S(x) > 6/2. By continuity, this implies that for all sufficiently small £ > 0 and accordingly chosen sufficiently
large K > 0, on the event /L the following relation holds for all s € [TE2 , T\2/g] and z € (0,72, — 9):

N +1 NI -1 0
2

(s) ) (1) >
P(x) NE, + QY (x) NE. +RY¥W(z)> - >0. (D.6)

Let us define

N,
tg;) := inf {t >T2: — 2= > moq — 5}.
N.
2d,t

From (D.4)) and we obtain that on the event A., for any t € [T2, (T2 + loglog(1/¢)) A th)L

5>N2[g’t>91 log(1 () _ 72
Mo — 6> et > 5 (loglog(1/6) A () ~ T2)) ~ ¢
2.t
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with a probability higher than 1 — \/z(log(1/¢))*2. Since &loglog(1/c) tends to oo as € | 0, it follows that

for £ > 0 small, tgj is smaller than T2 + loglog(1/¢) and thus smaller than T\Q/E with a probability close to

1 on the event ,L, where we also used (D.2).

Lastly, note that each jump of the process Njy ,/N3%, is smaller than (¢K/C +1)~!, and hence smaller
than § for all K sufficiently large (given €). Thus, after the time tg;), the process will be contained in the
interval [mo, — §, T2, + d] for some positive amount of time. Hence, we conclude the proposition. O

E Proof of Corollary (3.12

The following proof is an almost verbatim quote of the proof of [BT23, Corollary 2.5].

Proof of Corollary[3.13 According to the properties of the linearized variant of the system near
(0,0,0,0), if (n14(0),n14(0),71;(0),n2(0)) € [0,00)* with n14(0) > 0, then liminf; ,o n1,(t) > 0. (This
follows from the fact that the Jacobi matrix at (0,0, 0, 0) has a positive eigenvalue with eigenvector (1,0, 0,0).)

Next, note that if n(0) € [0, 00)* with ny,(0) > 0, then there are two possibilities. Either max{n1;(0),n2(0)}
> 0 and hence niq(t), n1;(t), na(t) > 0 for all ¢ > 0, or max{ni;(0),n2(0)} = 0 and hence lim; o, n(t) =
(fi14,0,0,0). Thanks to the invariance of w-limit setﬁ{f|7 this implies that if the w-limit set of (n(¢));>0
contains a point with a zero coordinate (which is necessarily not the type la coordinate), then in fact the
w-limit set contains (714, 0,0,0), i.e. the solution converges to (714,0,0,0) at least along a subsequence of
times. But for a coordinatewise positive initial condition, that would contradict Proposition [3.11] hence the
positivity part of the proposition.

Next, let us verify that limsup,_, o, n14(t) +n14(t) +n1;(t) < fi14. Summing the first three lines of (3.13)),
we obtain

N1a(t) + n1a(t) + 115 (¢) = n1a(E) (A — 1 — C(n1a(t) + n1a(t) + nyi(8)) — kunia(t) — vng,(t).

Let us choose € > 0 such that liminf; , kuniq(t) + vny;(t) > . Then if for some ¢ > 0 we have ni,(t) +
n14(t) + n1;(t) > N14, then we have

d

&(nm(t) + nld(t) + nh(t)) < —€.

Now, solutions of (3.13]) are continuously differentiable thanks to the Picard-Lindel6f theorem, and hence
we obtain that there exists § > 0 such that whenever nq,(t) + n14(t) + n1;(t) > n14 — 6, we have

d
E(nla(t) + nld(t) + nh(t)) < —5/2
This implies the time
thyg—6 = inf {t >0: ’I’Lla(t) + nld(t) + nli(t) < Niq — 5}

is finite, and for all ¢ > 5, _s we have n14(t) + n1a(t) + n1i(t) < Mg — 6 < N1e. Thus, limsup,_, . n14(t) +
nld(t) + nh(t) < Nig-

Finally, the asymptotic upper bound on ns(t) as t — oo is the analogue of [BK98, Lemma 2.3| in our
model. Relying on the already proven parts of Corollary we can now provide a short proof for it. Recall
that under the assumptions of the corollary we have

lim sup n14(t) + n14(t) + n1:(t) < N1q, litm infn;(t) > 0,Vj € {1a, 14,2},
— o0

t—o0

39The w-limit set is the set of points to which n(t) accumulates along a sequence of diverging times, and it is a well-known
result that this set is invariant, i.e. starting from this set at time 0, the solution will stay in this set for all positive and even
for all negative times.
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and hence there exists 5 > 0 such that

limsupny;(t) < g — 6.

t—o00

Thus, we obtain for all ¢ sufficiently large

n2(t) = —(1 — @) Dnag (6)na(t) + mong;(t) — pana(t) < mu(fing — B) — pana(t). (E.1)
This shows that for such ¢, if ny(t) > W, then s — na(s) is decreasing at t. Consequently,
lim sup ny(t) < mu(fie = B) < mvnla’
t—o0 H2 K2
as wanted. O

F Declaration of exercise sheets (Frankfurt, 2024)

For the course in Frankfurt in July 2024, the exercises in these lecture notes have to be grouped into exercise
sheets for official reasons. The content of the six exercise sheets is the following:

1. Basics of Lotka—Volterra type ODEs and invasion fitnesses: Exercises 1-4.

2. The dynamical system corresponding to the competition-induced dormancy model: Exer-
cises 6-9.

3. Stochastic aspects of the competition-induced dormancy model: Exercises 5 and 10.
4. The dynamical system corresponding to the virus model: Exercises 11, 14, and 15.
5. Stochastic aspects of the virus model: Exercises 12, 13, and 16.

6. The piecewise affine limiting process in the Champagnat—Méléard—Tran model and related
convergence results: Exercises 17-20.
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