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Abstract

Consider a two-type Moran population of size N with selection and mutation, where
the selective advantage of the fit individuals is amplified at extreme environmental
conditions. Assume selection and mutation are weak with respect to N, and extreme
environmental conditions rarely occur. We show that, as N — oo, the type frequency
process with time sped up by N converges to the solution to a Wright-Fisher-type SDE
with a jump term modeling the effect of the environment. We use an extension of the
ancestral selection graph (ASG) to describe the genealogical picture of the model. Next,
we show that the type frequency process and the line-counting process of a pruned ver-
sion of the ASG satisfy a moment duality. This relation yields a characterization of the
asymptotic type distribution. We characterize the ancestral type distribution using an
alternative pruning of the ASG. Most of our results are stated in annealed and quenched
form.
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1. Introduction

The Wright—Fisher diffusion with mutation and selection describes the evolution of the
type composition of an infinite two-type haploid population, which is subject to mutation and
selection. Fit individuals reproduce at rate 1 + o, 0 > 0, whereas unfit ones reproduce at rate 1.
In addition, individuals mutate at rate 6 to the fit type with probability vg € [0, 1], and to the
unfit type with probability v; := 1 — vg. The proportion of fit individuals evolves forward in
time according to the stochastic differential equation (SDE)

dX(1) = (Ovo(1 — X(1) — Ov1X(1) + o X(1)(1 — X(1))) dz

+/2X(®)(1 — X())dB(t), t=>0, (1.1)
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where (B());>0 is a standard Brownian motion. The solution to (1.1) arises as the diffusion
approximation of (properly normalized) continuous-time Moran models and discrete-time
Wright-Fisher models. In the neutral case, it also appears as the limit of a large class of
Cannings models (see [33]). The genealogical counterpart to X is the ancestral selection graph
(ASG), which is a branching—coalescing process coding the potential ancestors of an untyped
sample of the population at present. It was introduced by Krone and Neuhauser in [29, 35]
and later extended to models evolving under general neutral reproduction mechanisms (see
[2, 15]), and to general forms of frequency-dependent selection (see [1, 12, 19, 34]).

For 6 = 0, the process (R(f));>o that counts the lines in the ASG is moment dual with 1 — X,
i.e. foreveryn e N, x € [0, 1], and r > 0 we have

E[(1 - X(1)" | X(0)=x] =E [(1 — 0RO | R(0) = n] . (12)

This relation yields an expression for the absorption probability of X at O in terms of the
stationary distribution of R. For 6 > 0, there are two variants of the ASG that dynamically
resolve mutation events and encode relevant information about the model: the killed ASG and
the pruned lookdown ASG. The killed ASG was introduced in [3] to determine whether a
sample consists only of unfit individuals. Its line-counting process extends Equation (1.2) to
the case 6 > 0 [3, Proposition 1] (see [13, Proposition 2.2] for a generalization). This allows
one to characterize the stationary distribution of X. The pruned lookdown ASG in turn was
introduced in [31] (see [2, 11] for extensions) as a tool for determining the ancestral type
distribution, i.e. the type distribution of the individuals that have been successful in the long
run.

In many biological situations the strength of selection fluctuates in time. The influence of
random fluctuations in selection intensities on the growth of populations has been the object of
extensive research in the past (see e.g. [8, 9, 18, 25-27, 36]), and it is currently experiencing
renewed interest (see e.g. [4, 7, 10, 20-22]). In this paper, we consider the scenario where
the selective advantage of fit individuals is accentuated by exceptional environmental condi-
tions (e.g. extreme temperatures, precipitation, humidity variation, abundance of resources,
etc.). As an example, consider a population consisting of fit and unfit individuals which is sub-
ject to catastrophes. Assume that only fit individuals are resistant to the catastrophes. Hence,
shortly after a catastrophe the population may drop below its carrying capacity and subse-
quently grow quickly. Since fit individuals have a reproductive advantage, it is likely that their
relative frequency will grow fast after a catastrophe. One may also think of a population con-
sisting of individuals that are specialized to high temperatures, as well as wild-type individuals
accustomed but not specialized to them. The environment is characterized by moderately high
temperatures, present most of the time, and short periods of extreme heat. It is then likely that
specialized individuals have a (slight) reproductive advantage under moderate temperatures,
and a more prominent advantage at extreme temperatures.

To model the previously described scenario we use a two-type Moran population with
mutation and selection, immersed in a varying environment. The environment is modeled
via a countable collection of points ¢ := (%, pi)ie; in (—00, 00) x (0, 1), satisfying that
> eps.g Pi < oo for all s <t. Each #; represents the time of an instantaneous environmental
change; the peak p; models the strength of this event: at time #; each fit individual independently
reproduces with probability p;. Each offspring replaces a different individual in the population,
so that the population size remains constant. The summability of the peaks ensures that the
number of reproductions in any compact time interval is almost surely finite. In this context,
we show that the type frequency process is continuous with respect to the environment. The
proof uses coupling techniques that uncover the effect of small environmental changes.
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Next, we consider a random environment given by a Poisson point process on (—00, 00) X
(0, 1) with intensity measure df x pu, where dr stands for the Lebesgue measure and p is a
measure on (0, 1) satisfying f xu(dx) < oo. Then we let population size grow to infinity, and
we show that, in an appropriate parameter regime, the fit-type frequency process converges to
the solution to the SDE

dX (1) = Ovo(1 — X)) — O X(8)) dt + X(t —)(1 — X(t —))dS(?)
+2X(O(1 = X()dB(t), >0,  (1.3)

where S(t) := ot + J(¢), and J is a pure-jump subordinator with Lévy measure u, independent
of B, which represents the cumulative effect of the environment. We refer to X as the Wright—
Fisher diffusion in random environment. We prove the convergence in an annealed setting, i.e.
when the environment is random. For environments given by compound Poisson processes, we
show that the convergence also holds in a quenched sense, i.e. when a realization of the envi-
ronment is fixed. For & = 0, Equation (1.3) is a particular case of [4, Equation 3.3], which arises
as the large-population limit of a family of discrete-time Wright—Fisher models [4, Theorem
3.2].

Next, we generalize the construction of the ASG, the killed ASG, and the pruned lookdown
ASG to incorporate the effect of the environment. In the annealed case, we establish a relation
between X, the line-counting process of the killed ASG, and the total increment of the envi-
ronment; we refer to this relation as a reinforced moment duality. The latter is a central tool
for characterizing the asymptotic type frequencies. We also express the ancestral type distribu-
tion in terms of the line-counting process of the pruned lookdown ASG. Analogous results are
obtained in the more involved quenched setting.

As an application of our results, we compare the long-term behavior of two Wright—Fisher
diffusions without mutations, the first one having parameter o = 0 and an environment with
Lévy measure u, and the second one having parameter o = f(O,l) yu(dy) and no environment.
We prove that the probability of fixation of the fit type is smaller under the first model than
under the second one, provided that the initial frequency of fit individuals is sufficiently large;
see Proposition 2.2.

The analysis of a more realistic scenario where environmental changes are not always favor-
able to the same type cannot be done via the methods presented in this paper. The main reason
is that in such a setting the frequency process does not admit a moment dual. To circumvent
this problem one has to take into account the whole combinatorics of the ASG, which is a
cumbersome object. This is the object of a forthcoming study.

We would also like to mention the parallel development by Gonzdlez Casanova et al. in [20].
They study the accessibility of the boundaries and the fixation probabilities of a generalization
of the SDE (1.3) with 8 = 0. The paper [20] makes use only of the ASG and does not cover the
case 6 > 0, where the killed and the pruned lookdown ASG play a pivotal role. Moreover, the
reinforced moment duality and all the results obtained in the quenched setting are to the best
of our knowledge new.

This article is organized as follows. An outline of the paper containing our main results
is given in Section 2. In Section 3 we prove the continuity of the type frequency process in
the Moran model with respect to the environment, that (1.3) is well-posed, and that it arises
in the large-population limit of the type frequency process of a sequence of Moran models.
In Section 4 we give more detailed definitions of the ASG, the killed ASG, and the pruned
lookdown ASG. Section 5 is devoted to the proofs of (i) the annealed moment duality between
the process X and the line-counting process of the killed ASG, (ii) the long-term behavior of
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the annealed type frequency process, and (iii) the annealed ancestral type distribution. The
quenched versions of these results are proved in Section 6. Section 7 provides additional
(quenched) results for environments having finitely many jumps in any compact time interval.

2. Description of the model and main results

Notation. The positive integers are denoted by N, and we set Ng := N U {0}. For m € N,
[m]:={1,....,m}, [mlop:=[m]U{0}, and ]m]:=[m]\ {1}.

For x, y € R, we define x A y := min{x, y}, x V y := max{x, y}, and (x)+ :=xV 0. Fors < ¢,
we denote by Dy, (resp. D) the space of cadlag functions from [s, ¢] (resp. R) to R, which is
endowed with the Billingsley metric inducing the J1-Skorokhod topology and makes the space
complete (see Appendix A.1). For any Borel set S C R, denote by M(S) (resp. M (S)) the set

of finite (resp. probability) measures on S. We use @ to denote convergence in distribution of

. d e NN
random variables and g for convergence in distribution of cadlag processes.

For n € Ny and k, m € [n]p, we write K ~ Hyp(n, m, k) if K is a hypergeometric random
variable with parameters n, m, and k, i.e.

. n—m\ (m n .
P(K:l):(k_i)<i)/<k), i € [k A m)o.

For x€ [0, 1] and n e N, we write B~ Bin(n, x) if B is a binomial random variable with
parameters n and x, i.e.

P(B =)= (r.l>xi(1 — 0" ielnlo.
i
Relevant notation introduced in the next sections is collected in Appendix B.

2.1. Moran models in deterministic pure-jump environments

Consider a population of size N with two types, 0 and 1, subject to mutation and selection
influenced by a deterministic environment. The latter is modeled by an at most countable col-
lection ¢ := (, pr)ker of points in (—oo, 00) x (0, 1) satisfying for any s, r € R with s < that

> pe<oo. 2.1)

1k€ls,1]

We refer to py as the peak of the environment at time t;. The individuals in the population
undergo the following dynamic. Each individual independently mutates at rate Oy > 0 with
probability v € [0, 1] (resp. v :=1 —vp) to type O (resp. 1). Reproduction occurs indepen-
dently from mutation. Individuals of type 1 reproduce at rate 1, whereas individuals of type 0
reproduce at rate 1 + oy, ony > 0. (The subscript N in the parameters oy and 6y emphasizes
their dependence on N. In Theorem 2.2 we will require that they are asymptotically propor-
tional to 1/N.) Thus, we refer to type O (resp. type 1) as the fit (resp. unfit) type. In addition, at
time #; each type-0 individual independently reproduces with probability pg. At reproduction
times, (a) each individual produces at most one offspring, which inherits the parent’s type, and
(b) if n individuals are born, n individuals are randomly sampled without replacement from
the population present before the reproduction event (including the parents) to die, keeping the
size of the population constant.
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FIGURE 1. Left: a realization of the Moran IPS; time runs forward from left to right; the environment
has peaks at times 7y and #;. Right: the ASG that arises from the second and third lines (from bottom to
top) in the left picture, with the potential ancestors drawn in black; time runs backward from right to left;
backward time B8 € [0, T'] corresponds to forward time t =5+ T — B.

Graphical representation. In the absence of environmental factors (i.e. ¢ = ), it is classical
to describe the evolution of the population by means of the graphical representation as an
interacting particle system (IPS). This decouples the randomness of the model due to the initial
type configuration from the randomness due to mutations and reproductions. We now extend
the graphical representation to incorporate the effect of the environment (see Section 3.1 for a
more detailed description).

In the graphical representation, individuals are represented by horizontal lines at levels
i € [N] (see Figure 1). Time runs forward from left to right. Potential reproduction events are
depicted by arrows, with the (potential) parent at the tail and the offspring at the tip. We dis-
tinguish between neutral and selective arrows. Neutral arrows have a filled arrowhead; they
occur at rate 1/N per pair of lines. Selective arrows have an open arrowhead; they occur in
two independent ways: first, they occur at rate o /N per pair of lines, and second, at any time
tx, k € I, a random number n; ~ Bin(N, py) of lines shoot selective arrows to ny individuals in
the population. Furthermore, beneficial (deleterious) mutations, depicted as circles (crosses),
occur at rate fyvg (at rate Oyvy) per line.

Note that for any s < #, the number of non-environmental graphical elements present in
[s, £] is almost surely finite. Moreover, thanks to Assumption (2.1), we have

E| Y m|=NY_ pi<oc. (2.2)
]

trels,t] tels,t

Hence, }_, [, % < 00 almost surely, i.e. the number of arrows in [s, 7] due to peaks of the
environment is almost surely finite.

Once the graphical elements in [s, ] x [N] are drawn, we specify the initial conditions by
assigning types to the N lines at time s and propagate them forward in time according to the
following rules: the type of a line right after a circle (resp. cross) is 0 (resp. 1). In particular, if
the type before the circle (resp. cross) is O (resp. 1), the mutation is silent. Type O propagates
through neutral arrows and selective arrows; type 1 propagates only through neutral arrows.

Reading off ancestries in the Moran model. The ancestral selection graph (ASG) was intro-
duced by Krone and Neuhauser in [29] (see also [35]) to study the genealogical relations in the
diffusion limit of the Moran model with mutation and selection. In what follows, we briefly
explain how to adapt this construction to the Moran model in deterministic environment.
Consider a realization of the IPS associated to the Moran model in the environment
¢ := (t, pi)ker in the time interval [s, s + T]. Fix an untyped sample of n individuals at time
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FIGURE 2. The descendant line (D) splits into the continuing line (C) and the incoming line (I). The

incoming line is ancestral if and only if it is of type 0. The true ancestral line is drawn in bold.

s+ T and trace backward in time (from right to left in Figure 1) the lines of their potential
ancestors (i.e. the lines that are ancestral to the sample for some type-configuration at time s),
ignoring the effect of mutations; the backward time g € [0, T corresponds to the forward time
t=s4 T — . We do this as follows. When a neutral arrow joins two individuals in the current
set of potential ancestors, the two lines coalesce into a single one at the tail of the arrow. When
a neutral arrow hits a potential ancestor from outside the current set of potential ancestors, the
hit line is replaced by the line at the tail of the arrow. When a selective arrow hits the current set
of potential ancestors, the individual that is hit has two possible parents, the incoming branch
at the tail and the continuing branch at the tip. The true parent depends on the type of the
incoming branch, but for the moment we work without types. These unresolved reproduction
events can be of two types: a branching event if the selective arrow emanates from an indi-
vidual outside the current set of potential ancestors, and a collision event if the selective arrow
links two current potential ancestors. Note that at the peak times, multiple lines in the ASG
can be hit by selective arrows, and therefore, multiple branching and collision events can occur
simultaneously. Mutations are superposed on the lines of the ASG.

The object arising under this procedure up to time B =7 is called the Moran-ASG in
[s, s + T] under the environment ¢ . It contains all the lines that are potentially ancestral (ignor-
ing mutation events) to the lines sampled at time r = s + T; see Figure 1. Note that, since the
number of events occurring in [s, s + 7] is almost surely finite (see (2.2)), the Moran-ASG in
[s, s + T is well-defined.

Given an assignment of types to the lines present in the ASG at time = s, we can extract
the true genealogy and determine the types of the sampled individuals at time t = s + T'. To this
end, we propagate types forward in time along the lines of the ASG, taking into account muta-
tions and reproductions, with the rule that if a line is hit by a selective arrow, the incoming line
is the ancestor if and only if it is of type 0; see Figure 2. This rule is called the pecking order.
Proceeding in this way, the types in [s, s + T] are determined along with the true genealogy.

Evolution of the type composition. Consider the set D* of non-decreasing functions w € D
satisfying the following:

(1) foralls <teR, Aw(t) :=w(t) — w( —) € [0, 1) and ZME[M] Aw(l) < o0;

(il) w is pure-jump, i.e. forall s <t, () = w(s)+ > | Ao(u).

ue(s,t

Note that the set of environments ¢ := (#, pi)kes satisfying (2.1) can be identified with
the set of functions w € D* with w(0) = 0. Indeed, for any w € D*, the collection of points
{(t, Aw(1)) : Aw(t) > 0)} is countable and satisfies (2.1) (the same collection is obtained if we
add a constant to w; this is why we set w(0) =0). Conversely, for any ¢ := (f, pi)ker, the
function w : R — R defined via

o= Y p fort=0,and o@:=— > p fort<0,

t€(0,1] 1€(1,0]
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belongs to D*. For this reason, we often abuse notation and refer to the elements of D* as
environments. In addition, an environment @ € D* is said to be simple if w has only a finite
number of jumps in any compact time interval. We denote by 0 the environment corresponding
to ¢ = @ and refer to it as the null environment.

We denote by Zy(f) the number of fit individuals at time ¢ in a Moran population of size N
subject to the environment w € ID*. We refer to Zy := (Zy(1))1>0 as the quenched fit-counting
process. In particular, Z}\’] is just the continuous-time Markov chain on [N]y with infinitesimal
generator

n(N — n)
N

A f(n) = [(1 + o) + Onvo(N — n)} (f(n+1) — f(n))

+ [%n) + GNvln] f(n— 1) — f(n)).
Note that if w has a jump at time ¢, the number n(¢) of individuals placing offspring is a binomial
random variable with parameters Zy(t —) and Aw(tf). Since the n(¢) individuals that will be
replaced are chosen uniformly at random, the additional number of fit individuals after the
reproduction event is a hypergeometric random variable with parameters N, N — Zy (¢ —), and
n(t). Therefore, the dynamic of Zy is as follows. Recall that in any finite time interval, the
number of environmental reproductions is almost surely finite. Thus, we can define (S;);eN
as the increasing sequence of times at which environmental reproductions take place. We set
So := 0. By construction, (S;);cn is Markovian and its transition probabilities are given by

PSip1>t]Si=9)= [] 0—Aao@)", ieNp.0<s=<t.

ue(s,t]

If Zy(0)=ne[N]y, then Z evolves in [0, S]) as ZR, started at n. For ieN, if
Zy(Si—)=k, then Zy(S)=k+HN,N—k, Bi(k)), where the random variables
H(N,N —k,b) ~Hyp(N, N —k, b), be[k]o, and 1§’,~(k) are independent, and Bi(k) is a
binomial random variable with parameters k and Aw(S;) conditioned to be positive. Then, Zy
evolves in [S;, Si+1) as ZI(\), started at Zy;(S;).

Letus fix T > 0. We end this section with our first main result, which provides the continuity
in [0, T of the fit-counting process with respect to the environment. Note that the restriction
of the environment to [0, 7] can be identified with an element of

D} = {w €Dy r:w(0)=0, Aw() €0, 1)forallt€[0, T], wis

non-decreasing and pure-jump} . (2.3)

Moreover, we equip D7 with the metric d defined in Appendix A.1, Equation (A.3).
Theorem 2.1. (Continuity.) Let w € D} and {wilreny C DY be such that dy(wy, w) — 0 as
k— oo. If Zy}(0) = Z2(0) for all k € N, then

(d)
(Zy(D)iet0,11 == (Z{()rel0,1]-
k— 00

Theorem 2.1 is proved in Section 3.1.
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2.2. Moran models in subordinator-driven environments

In contrast to Section 2.1, we consider here a random environment given by a Poisson point
process (;, pi)icr on (—oo, 00) x (0, 1) with intensity measure df x w, where dr stands for the
Lebesgue measure and u is a measure on (0, 1) satisfying

/ xpu(dy) < . 2.4)
0,1)

The latter implies that (#;, p;)ie; almost surely satisfies Assumption (2.1). In particular, setting
J(@) := ZIiE(O,l] pi fort>0and J(t) := — Zz,-e(t,O] pi for t <0, we have J € D* almost surely.
Moreover, by the Lévy-Itd decomposition, (J(¢));cr is a pure-jump subordinator with Lévy
measure w. If the measure p is finite, then J is a compound Poisson process, and thus the
environment J is almost surely simple.

We will see in Section 3.1 that, using the graphical representation, one can simultaneously
construct Moran models for any w € D*. Now, consider an independent pure-jump subordi-
nator (J(#));>0, with Lévy measure p on (0, 1) satisfying (2.4). Thanks to Theorem 2.1 the
process Z]{, = (Z]{,(t)),zo is well-defined. We refer to ZI{, as the annealed fit-counting process.
By definition, we have

P(Z} €)= / P(Z € )P(J € dw).

In other words, P(Zy; € -) is the law of Z]{, conditionally on a realization w of the environment
(ie.P(Zy e )= ]P’(ZIJV € - | J = w)) and is classically referred to as the quenched measure, while
IP’(Z,J\, € -) integrates the effect of the random environment and is classically referred to as the
annealed measure.

The process ZI{, is a continuous-time Markov chain on [N]p with generator

Anf(n) = ARf () + /(o N (E[f( +HWN, N —n, Byw))] = f(m)) u(du),  n € [Nol,

where B,(u) ~ Bin(n, u), and for any i€ [n]g, HN,N —n,i)~Hyp(N, N —n,i) are
independent.

The dynamic of the graphical representation is as follows. For each i, j € [N] with i #j,
selective (resp. neutral) arrows from level i to level j appear at rate o) /N (resp. 1/N). For each
i € [N], open circles (resp. crosses) appear at level i at rate Oyvg (resp. Oyv1). For each k € [N],
every group of k lines is subject to simultaneous potential reproductions at rate

ON k= / Y — N u(dy),
©.1)

resulting in the appearance of k selective arrows from the lines of this group (of potential
parents) to the lines of a group of size k (the potential descendants) that is chosen uniformly
at random among subsets of size k of the N individuals. The k selective arrows are drawn
uniformly at random from the k potential parents to the k potential descendants. Recall that
only type O propagates through selective arrows, while both types propagate through neutral
arrows. The appearance of a selective arrow is therefore silent when the potential parent at its
tail is of type 1.
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Zo

FIGURE 3. An illustration of a path of the process X in the interval [0, T]. The grey vertical lines
represent the peaks of the environment w; 1, t2, #3, and #4 are the jump times of .

2.3. The Wright-Fisher diffusion in random environment

In this section we are interested in the Wright-Fisher diffusion in random environment
described in the introduction as the solution to the SDE (1.3). In Section 3 we will see that,
indeed, for any xg € [0, 1], this SDE has a pathwise unique strong solution starting at xo (see
Proposition 3.3).

Consider a pure-jump subordinator J = (J(s))s>0 With Lévy measure satisfying (2.4) and an
independent standard Brownian motion B = (B(s))>0. For any 7 > 0, the solution to (1.3) in
[0, T] is a measurable function of (B(s), J(s))se[0,77, Which we denote by F(B, J). A regular
version of the conditional law P(F(B, J) € - | J = w) of F(B, J) given J is classically referred
to as the quenched probability measure. It is defined for almost every realization w of J.
P(F(B, J) € -) integrates the effect of the random environment and is classically referred to
as the annealed measure. As before, the quenched and annealed measures are related via

P(F(B,J)e ) :/]P’(F(B, NHe | J=w)PJ cdw).

We write X and X for the solutions to (1.3) under the annealed and quenched measures,
respectively. For w simple, the process X® starting at xo can be alternatively defined as fol-
lows. Denote by 7] < - - - < f; the consecutive jump times of w in [0, T], and set 79 :=0 and
X?®(0) :=xp. In the intervals [f;, t;+1), X® evolves as the solution to (1.1) starting at X“(¢;).
Moreover, if X“(t; —) = x, then X“(¢;) := x 4+ x(1 — x) Aw(t;); see Figure 3 for an illustration.

The next result states the convergence of the type frequency process in the Moran model to
the Wright—Fisher diffusion in random environment, as population size grows to co and time
is suitably accelerated.

Theorem 2.2. (Convergence.) Assume that Noy — o and NOy — 6 as N — oo, for some
o, 0 > 0 (weak selection, weak mutation).

1. Let J be a pure-jump subordinator with Lévy measure i in (0,1), and set Jy(t) := J(t/N),
d
t > 0. Define the process (Xn(t))i=0 via Xn(t) := Z,(,N(Nt)/N, t>0. If Xy (0) N(—)> X0,
— 00
then
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(O ()20 == (X(D)r0.

where X is the unique pathwise solution to (1.3) with X(0) = xo.

2. Let w € D* be a simple environment and set wy(t) := w(t/N), t > 0. Define the process
d
(X&(0))=0 via XS(1) = Z2¥ (N1) /N, 1> 0. If X2(0) N(—)> xo, then
— 00

(20 == X“(D)iz0.

with X® starting at x.

The proof of Theorem 2.2 is given in Section 3.2. The reason for using the environment Jy
or wy is to compensate for the fact that time is sped up by a factor of N. In this way, Xy and X
share the same environment.

Remark 2.1. The result analogous to Theorem 2.2(1) in the context of discrete-time Wright—
Fisher models without mutations is covered by the fairly general result [4, Theorem 3.2] (see
also [20, Theorem 2.12]).

Remark 2.2. If J is a compound Poisson process, then almost every environment is sim-
ple. In this case, according to Theorem 2.2(2), the quenched convergence holds for almost
every environment (with respect to the law of J). We conjecture that this is true for gen-
eral J. In Proposition 3.4 we show that the sequence (Xj)y>1 is tight for any environment .
Hence, it would suffice to prove the continuity of w > X* to obtain the desired convergence.
Unfortunately, since the diffusion term in (1.3) is not Lipschitz, the standard techniques used
to prove this type of result fail. Developing new techniques to cover non-Lipschitz diffusion
coefficients is beyond the scope of this paper.

2.4. The ancestral selection graph in random/deterministic environment

The aim of this section is to associate an ASG to the Wright—Fisher diffusion in ran-
dom/deterministic environment. In contrast to the Moran model setting described in Section
2.1, it is not straightforward to set up a graphical representation for the forward process. To
circumvent this problem, we proceed as follows. We first consider the graphical representation
of a Moran model with parameters o /N, 6 /N, vy, v, and environment wy(-) = w(-/N), and we
speed up time by N. Next, we sample n individuals at time 7 and we construct the ASG as in
Section 2.1.

Now, replace @ by a pure-jump subordinator J with Lévy measure p supported in (0,1).
Note that the Moran-ASG in [0, T] evolves according to the time reversal of J. The latter is the
subordinator J7 := (JT(B))gejo,r) with J7(B) := J(T) — J(T — B) —), which has the same law
as J (its law does not depend on T'). A simple asymptotic analysis of the rates and probabilities
for the possible events leads to the following definition.

Definition 2.1. (The annealed/quenched ASG.) The annealed ancestral selection graph
G :=(G(B))p=>0 with parameters o, 8, vg, v, and environment driven by a pure-jump subor-
dinator with Lévy measure i, associated to a sample of size n of the population at time 7 is the
branching—coalescing particle system starting with n lines and with the following dynamic:

(i) Each line independently splits at rate o into an incoming line and a continuing line.

(i) Every given pair of lines independently coalesces into a single one at rate 2.
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FIGURE 4. Illustration of a path of the process X“ (grey path) and the killed ASG Gf (black lines)
embedded in the same picture. Forward time ¢ runs from left to right; backward time g :=7T — ¢ runs
from right to left. The environment w jumps at forward times 1y, 1, and #;.

(iii) If m is the current number of lines in the ASG, every group of k lines independently
experiences a simultaneous branching at rate

Ok = / Y =) u(dy), 2.5)
0,1)

i.e. each line in the group splits into an incoming line and a continuing line.
(iii) Each line is independently decorated by a beneficial mutation at rate 6 vy.
(v) Each line is independently decorated by a deleterious mutation at rate 6v;.

Let w : R — R be a fixed environment. The quenched ancestral selection graph with parame-
ters o, 0, vp, v1, and environment @ of a sample of size n at time T is a branching—coalescing
particle system G7 := (GF(B))p=>o starting at B = 0— with n lines and evolving as the annealed
ASG but with (iii) replaced by the following:

(iii") If at time B we have Aw(T — B) > 0, then any line splits into two lines, an incoming line
and a continuing line, with probability Aw(T — B), independently from the other lines.

See Figure 4 for an illustration of the type frequency process X“ and the killed ASG G7.
The branching—coalescing system Gf is clearly well-defined for w simple. The justification
of the previous definition for general environments is more involved and will be given in
Section 4.1.

Remark 2.3. In the Moran model, a neutral arrow appears from line A to line B at rate 1/N
and from line B to line A at the same rate. Two lines are thus connected by a neutral arrow at
rate 2/N, which explains the rate of coalescence events in (ii).

2.5. Type frequency via the killed ASG

The aim of this section is to relate the type-0 frequency process X to the ASG. To this
end, assume that the proportion of fit individuals at time 0 is equal to x € [0, 1]. Conditionally
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on X(7T), the probability of independently sampling » unfit individuals at time 7 equals (1 —
X(T))*. Now, consider the annealed ASG associated to the n sampled individuals in [0, 7], and
randomly assign types independently to each line in the ASG at time § =T according to the
initial distribution (x, 1 — x). In the absence of mutations, the n sampled individuals are unfit
if and only if all the lines in the ASG at time § =T are assigned the unfit type (because at
any selective event a fit individual can only be replaced by another fit individual). Therefore, if
R(T) denotes the number of lines present in the ASG at time 8 = T, then conditionally on R(T),
the probability that the n sampled individuals are unfit is (1 — x)®7). We would then expect to
have

E[(1 — X(T7))"|X(0) = x] = E[(1 — )*D|R(0) = n].

Mutations determine the types of some of the lines in the ASG even before we assign types
to the lines at time 8 = T. Hence, we can prune away from the ASG all the sub-ASGs arising
from a mutation event. If in the pruned ASG there is a line ending in a beneficial mutation, we
can infer that at least one of the sampled individuals is fit. If all the lines end up in a deleterious
mutation, we can infer directly that all the sampled individuals are unfit. In the remaining case,
the sampled individuals are all unfit if and only if all the lines present at time 8 =T in the
pruned ASG are assigned the unfit type. We use this idea in Section 4.2 to construct, for a
given sample of the population at time 7 = T, branching—coalescing systems G := (,C';(,B)),gzo
and g';) = ((j‘T"(,B)),gZo in the annealed and quenched settings, respectively. Both processes
have a cemetery state T. The main feature_of G (resp. g})) is that for any 8 > 0, the individuals
in the sample are all unfit if and only if G # T (resp. G7 # 1) and all the lines present at time
B in G (resp. Q‘T") are unfit. We refer to G and G as the annealed and quenched killed ASGs
(k-ASGs), respectively.

Moment dualities. We will now establish duality relations between the process X and the
line-counting process of the k-ASG. For each g > 0, we denote by R(8) the number of lines
present in the annealed k-ASG at time §, with the convention that R(8) =1 if g_(ﬂ) =T.
The process R :=(R(B))g>0, called the annealed line-counting process of the k-ASG, is a

continuous-time Markov chain with values on N(T) :=Np U {7} and infinitesimal generator
matrix Q% := ( ", ) defined via
0, qT( ) N

ije
ii— 1)+ 6 ifj=i—1,
(D (0ix + 0 1=ty ifj=i+k i>k>1,
gl =" L (2.6)
i6vg ifj=+1,

—i(i—1+0+0)— [0, (1= —y)uy) ifj=ieNo,

where the coefficients o, x are defined in Equation (2.5). All other entries are zero.

Similarly, for T € R and a fixed environment @ € D*, we denote by R? :=(R7(8))g=0
the line-counting process associated to the quenched k-ASG Q_‘T" . The process R%, called the
quenched line-counting process of the k-ASG, is a continuous-time (inhomogeneous) Markov
process with values in Ng. It jumps from ieN to je Ng \ {i} at rate q(T)(i,j), where q? is
the matrix defined in (2.6) with u = 0. In addition, at each time 8 > 0 with Aw(T — B) > 0,
conditionally on {R?(8 —) =i}, i € N, we have RZ(B) ~ i+ Bin(i, Aw(T — B)). If 6 > 0 and
vp € (0, 1), the states 0 and T are absorbing for R and R%.

Let J be a pure-jump subordinator with Lévy measure u supported in (0, 1). We write here
X’ instead of X to stress the dependency of the (strong) solution to (1.3) on the environment
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J. Similarly, we write X for its quenched version (as introduced in Section 2.3). Since, in
the annealed case, backward and forward environments have the same law, we can construct
the line-counting process of the k-ASG as the strong solution to an SDE involving J and four
other independent Poisson processes encoding the non-environmental events. We denote it
by (R! (B))p=0. The next result establishes a formal relation between X/ and R': a reinforced
moment duality, which allows us to derive moment dualities in the annealed and quenched
settings (see Figure 4 to visualize forward and backward processes in the same picture).

Theorem 2.3. (Reinforced, annealed, and quenched moment dualities.) For all x € [0, 1], n €
N, and T > 0, and any function f € C*([0, o0)) with compact support,

E[(1 — X/ (T))'f(J(D)) | X’ (0) = x] = E[(1 — )X Df(T)) | R (0) = ], 2.7)

with the convention (1 — x)" =0 for all x € [0, 1]. In particular, if f = 1 we recover the moment
duality (we will often drop the superscript J when using this relation, unless we want to
emphasize the dependency on J):

E[(1 - X/(T))" | X' (0) =x] =E[(1 — ¥ D | R/ (0) =nl. (2.8)
For almost every (with respect to the law of J) environment w € D*,
E[(1 - X“(T))"| X*(0)=x] =E [(1 — R T R0 —) = n] ) (2.9)

We prove (2.7) and (2.8) in Section 5.1. The proof of the quenched duality (2.9) is given in
Section 6.1. Moreover, Theorem 7.1 extends (2.9) to any simple environment.

Remark 2.4. For 0 =0, (2.8) is a particular case of [20, Lemma 2.14].

Asymptotic type composition. Assume now that & > 0 and vy, v; € (0, 1). In particular, the
processes X and X are not absorbed in {0, 1}. We will describe the asymptotic behavior of
these processes using Theorem 2.3. The quenched case is particularly delicate, because for
a given environment w, X“(¢) strongly depends on the environment in the recent past, and
only weakly on the environment in the distant past (see Figure 3). Hence, unless w is constant
after some fixed time fg (i.e. w has no jumps after #g), X“(¢) will not converge as r — oo (see
Remark 2.6 for the case of periodic environments). In contrast, for a given environment w in
(—o0, 0], we will see that X“(0), conditionally on X“(— t) =x, converges in distribution as
T — 00, and we will characterize its law; the setting is illustrated in Figure 5 (compare with
Figure 3). To this end, for n € Ny define

7, =P@EB =0:R(B)=0|R(0)=n),
y(w) :=P(EB > 0:RF(B) =0 RGO —) =n), (2.10)
and set 4 := 0 and I1{(w) := 0. Clearly, 7o = 1 and ITg(w) = 1.
Theorem 2.4. (Asymptotic type frequency.) Assume that 0 > 0 and vg, v1 € (0, 1).

1. The process X has a unique stationary distribution nx € M ([0, 1]), and letting X(c0)

be a random variable distributed according to nx, we have X(t) @) X(00) as t — 0.
Moreover, for alln € N,
E [(1 - X(00))"] = 7. @.11)
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FIGURE 5. An illustration of two paths of X®: the black (resp. grey) path is defined in the interval [— (7 +
h), 0] (resp. [— t, 0]) starting at X (— (t + h)) = x (resp. X®(— 7) = x). The peaks of the environment @
are depicted as grey vertical lines.

and the absorption probabilities (70,),>0 satisfy

(c+0+n—m,=0mps1 +Ovy +n— Dm,—g
55 (Mo ), neN 2.12)
" £ k On k(TTptk — TTp), nen, .

where the coefficients ok, k € [n], n € N, are defined in Equation (2.5).

2. For almost every (with respect to the law of J) environment @ and for any x € (0, 1),
the distribution of X®(0) conditionally on {X“(— t) = x} has a limit distribution L as
T — 00, which does not depend on x. Moreover,

1
/ (1 =y)"Ldy) =(w), neN, (2.13)
0

and the convergence of moments is exponential, i.e.

|E[(1 —X“(0)" | X*(— 1) =x] — ()| <7, neN. (2.14)

The setting of Theorem 2.4(1) is illustrated in Figure 3, and its proof is given in Section 5.1;
the setting of Theorem 2.4(2) is illustrated in Figure 5, and its proof is given in Section 6.1.
Moreover, Theorem 7.2 extends Theorem 2.4(2) to any simple environment. A refinement of
Theorem 2.4(2) is given in Theorem 7.3 for simple environments under additional conditions.

Remark 2.5. Simpson’s index is a popular tool for describing population diversity. It represents
the probability that two individuals chosen uniformly at random from the population have
the same type. In our case it is given by Sim(f) := X(£)*> + (1 — X(£))>. If the types represent
different species, it gives a measure of bio-diversity. If the types represent two alleles of a
gene for a given species, it measures homozygosity. As a consequence of Theorem 2.4, one can
express the moments of Sim(oo) in terms of the coefficients (7,,),>¢. In particular, we have

E[Sim(co)] = E[X(oo)2 +(1— X(oo))z] —1— 27 + 27,
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FIGURE 6. An illustration of two paths (thin and thick) of x/®n® in [— 7, 0] starting at x. Both paths are

subject to the same deterministic environment  in [— 7,, 0]; the vertical lines in (— t,, 0] represent the
peaks of w. The environment in [— 7, —7,) is random and driven by J; the peaks of the realization of J
giving rise to the thick (resp. thin) path in [— 7, —7,) are depicted as solid (resp. dotted) vertical lines.

Remark 2.6. If » is a periodic environment on [0, o0) with period 7, > 0, the proof of
Theorem 2.4(2) yields that, for any x € (0, 1) and r € [0, T}), the distribution of X“(nT), + r),
conditionally on {X“(0) = x}, has a limit distribution £Z, when n goes to infinity, which is a
function of w and r and does not depend on x. Furthermore, £ satisfies fol (I =y"L2(dy) =
IT,(w,), where w, is the periodic environment in (—oo, 0] defined by w,(?) :=w(r+1t+
(L=t/Tp] + 1)T,) for any t € (—o0, 0]. The convergence of moments is exponential as in
(2.14).

Mixed environments. We present now an application illustrating the advantage of studying
both quenched and annealed settings. We consider a population evolving from the distant past
in a (stationary) random environment and analyze the effect of a recent perturbation of the
environment on the type composition at present. To this end, we assume we only know the
distribution of the environment before the perturbation.

In the absence of perturbations, the environment is given by a pure-jump subordinator J in
(—o0, 0] with Lévy measure w satisfying (2.4). The perturbation occurs in (— t,, 0] (for some
7, > 0) and is given by a deterministic environment w. Let X’ be the solution to (1.3) under
the environment J ® , @, which coincides with J and o in (—oo, —7,] and (— 7,, 0], respec-
tively; see Figure 6 for an illustration. Recall that (R (B))gel0,z,) is the line-counting process
associated to the quenched k-ASG (see Section 2.5). We are interested in the distribution of
XJ®’*“)(O). The next result provides the moments of this random variable.

Proposition 2.1. Assume that 6 > 0 and v, vi € (0, 1). For any t, >0, ne N, x € [0, 1], and
almost every (with respect to the law of J) w € D*, we have

lim E [(1 — X’® 00 | X/ (— 1) = x] —E [nRg(f*_) |RS(0—) = n] . @15)

T—>00

Proposition 2.1 is proved in Section 6.1; a refinement of this result is given for simple
environments under the additional condition o = 0 in Proposition 7.2.
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2.6. Ancestral type via the pruned lookdown ASG

In this section we are interested in the type distribution at present of the individuals that
will be successful in the long run. This distribution may differ substantially from the type
composition at present and may show a bias towards the fit type.

Consider a sample of n individuals at some time 7 in the future and trace their ancestral
lines using the ASG. We will see in Section 5.2 that the number of lines in the ASG is positive
recurrent (see Lemma 5.2). Hence, the ASG has bottlenecks, and if T is sufficiently large, the
n individuals share a common ancestor at time 0. Assigning types to the lines in the ASG at
time 0 and propagating the types along using the pecking order, we determine the types in the
sample as well as the true genealogy. In particular, we obtain the type of the common ancestor
of the sample. What it means for T to be sufficiently large depends on » and on the realization
of the ASG, but this dependency vanishes as T — oo. Because we are interested in the type of
the individual that is successful in the long run, we can work under this limit consideration. In
what follows we formalize this idea.

Consider a realization Q[O’T] :=(G(B))gefo, 1 of the annealed ASG in [0, T] started with one
line, representing an individual sampled at forward time 7. If # denotes forward time, we set
B =T — t to denote the backward time (see Figure 4). For g € [0, T], let Vg be the set of lines
present at time S in Q[O 7- Consider a function ¢ : V7 — {0, 1} representing an assignment of
types to the lines in V7. Given G (0.7] and ¢, we propagate types (forward in time) along the
lines of Gyo, 17, keeping track, at any time 8 € [0, T, of the true ancestor in V7 of each line in
Vg. We denote by ac(g[o,r ) the type of the ancestor in V7 of the single line in V. Assume
that, under Py, ¢ assigns independently to each line type O with probability x and type 1 with
probability 1 — x. The annealed ancestral type distribution at time T is

hr(x) :=Px(ac(Go,r) =0), x€[0, 1].

In the quenched setting we proceed in the same way, but using gf‘é,n = (G7(B))selo,1], the
quenched ASG in [0, 7] in the environment w of an individual sampled at time 7', instead of
Q[O.T]. The quenched ancestral type distribution at time T is

7)) =Py (ac(gféj]) = 0) . x€]0, 1],

where, under P, ¢ assigns independently to each line present in gf‘(’)’n at time =T type 0
with probability x and type 1 with probability 1 — x.

In the absence of mutations, the ancestor of the sampled individual is fit if and only if
there is at least one fit line in the ASG having type O at time 8 =T. In the presence of
mutations, determining the type of the ancestor is more involved. In [31] the ancestral type
distribution was obtained for the null environment using the line-counting process of a pruned
version of the ASG, called the pruned lookdown ASG (pLD-ASG). In Section 4.3 we gener-
alize this construction to incorporate the effect of the environment. The main feature of the
pLD-ASG is that the type of the ancestor at time =0 of the sampled individual at time
t=T is 0 if and only if there is at least one line in the pLD-ASG at time 8 =T that has
type O (see Lemma 4.3). Hence, hi7(x) and h%(x) can be represented via the corresponding line-
counting processes (which can easily be 1nferred from the description of the pLD-ASG given in
Section 5.2).
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The line-counting process of the annealed pLD-ASG, denoted by L:=(L(8))g>0, is a
continuous-time Markov chain with values on N and generator matrix Q" :=(¢"(i, )i jen

given by
i(i—1)4+ (G —1)0v; + 0y ifj=i—1,
i(o +0i1) ifj=i+1,
@G, )= ()oix ifj=i+k i>k>2,
o ifl<j<i—1,
—(i— 1)(i+0)—io — [, (1= (1 =y)udy) ifj=i,

(2.16)
where o,k is defined in (2.5); all other entries are 0.

The pLD-ASG associated to w € D* is well-defined and almost surely contains finitely
many lines at any time; we show this in Section 5.2. The corresponding line-counting pro-
cess (LP(B))p=0 started at time 7 is a continuous-time (inhomogeneous) Markov process with
values in N. It jumps from i € N to j € N\ {i} at rate ¢°(i, j), where ¢° is the matrix defined in
(2.16) with u =0, and in addition, at each time 8 > 0 such that Aw(T — B) > 0, conditionally
on {L7(B —) =1}, i e N, we have L?(B) ~ i + Bin(i, Aw(T — B)).

We now state the main result of this section, describing the asymptotic behavior of 7 (x)
and Af(x).

Theorem 2.5. (Ancestral type distribution.) The following assertions hold:

1. The process L admits a unique stationary distribution nr. Moreover, if L(c0) is a ran-

d
dom variable distributed according to ny, then L(T) Q> L(co) as T — oo. In particular,
h(x) := limy_, o h7(x) is well-defined, and

h(x)=Y " x(1 —x)"ay. (2.17)
n>0

where the coefficients a, := P(L(c0) > n), n € Ny, satisfy the following recursion (which
is known as Fearnhead’s recursion when = 0):

l n

(0 +0+n+ 1) ay=0ay 1+ +n+1an+ Y Yar1j@1—a). neN,
j=1

(2.18)

where y; j := /,;:ifj ({C)aj,k if1 <j<i<2jandy,;:=0 otherwise.

2. Assume that Ovg > 0. For any neN, the distribution of L7(T —) conditionally on
{LF(0 =) = n} has a limit distribution u® € M(N) as T — oo, which does not depend
on n. In particular, h® (x) := limy_, o h7(x) is well-defined and

K@) =1-"Y " u’((n))d —x". (2.19)

n=1
Moreover, for any x € [0, 1] and t > 0,

|h(x) — h(x)| < 2e70™T. (2.20)
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The proof of Theorem 2.5(1) is given in Section 5.2; Theorem 2.5(2) is proved in Section
6.2. Theorem 7.4 extends Theorem 2.5(2) to the case Ovy = 0 for simple environments under
additional conditions. A refinement of Theorem 2.5(2) is given in Theorem 7.5 for simple
environments under additional conditions.

In the case 6 =0, Theorem 2.5 yields the following result about the boundary
behavior of X.

Corollary 2.1. (Accessibility of the boundaries.) If 6 = 0, then for any T > 0 and x € [0, 1],
hr(x) = E[X(T) | X(0) = x].

Moreover, conditionally on {X(0) = x}, X(T) converges almost surely as T — 00 to a Bernoulli
random variable with parameter h(x). In particular, the absorbing states 0 and 1 are both
accessible from any x € (0, 1).

Remark 2.7. Corollary 2.1 is not a direct consequence of [20, Theorem 3.2], whose statement
does not cover SDEs with a diffusion term (the term /2X(¢)(1 — X(¢))dB(t)). We close this
section with an application of our results to the comparison of the (isolated) effects of the
environment and of (genic) selection. To this end, we fix a non-zero measure w on (0, 1)
satisfying (2.4) and we consider two models, both without mutations. The first model has
selection parameter

o =0, = / yi(dy), .21)
©,1)

and no environment (i.e. in (1.3) we take S(f) := o,,1). The second one has selection parameter
o =0 and an environment given by a subordinator with Lévy measure u (i.e. in (1.3) we take
S(t) :=J(1)). We will use the superscript ‘sel’ (resp. ‘env’) to refer to the first (resp. second)
model.

Forn e N, set p.™ :=P(L*"(0c0) = n) and ,of'lel :=P(L*¢!(c0) = n). Consider the probability
generating functions

o o
PN =) pN and pMl)i= ) e zelo, 1.

n=1 n=1
Note that p(z) = 1 — k(1 — z) and p*l(z) = 1 — A*°I(1 — 2).

Proposition 2.2. For any non-zero measure i on (0,1) satisfying (2.4) we have

o penv eon? — 1
pfnv - piel — - 13 and anV(Z) < ﬁpsel(z) — pfnv , z€ [07 1]_
eon —1 o Ou

In particular, there is x. € (0, 1) such that, for x € [x., 1),

RN ) = ]P’( lim XS™(1) = 1]X°™(0) = x) < ]P’( lim X () = 11X°°(0) = x) =1 (x).
—0o0 —0o0

Remark 2.8. As a consequence of Proposition 2.2 one recovers the classical result of
Kimura [28],
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Remark 2.9. Consider a Wright-Fisher diffusion with no mutations and selection parameter
o, evolving in an environment with Lévy measure 1. The quantity o, in (2.21) corresponds
to the quantity as in [20]. As shown there, o is not sufficient to fully describe the strength
of the environment; one also needs to know the shape of rare selection, which is defined as
at = f(o, 1 log(1 4+ y)uu(dy)/as. The joint action of weak selection and the environment is then
described by the quantity oesf := 0 + ase™, which is called the effective strength of selection.
The main result in [20] establishes that both boundaries are accessible if and only if cefr is
smaller than a quantity 8* coding for neutral reproductions (8* = oo in our case).
The proofs of Corollary 2.1 and Proposition 2.2 are given in Section 5.2.

3. Moran models and Wright-Fisher processes

This section is devoted to the proofs of Theorem 2.1 and Theorem 2.2 and other related
results.

3.1. Results related to Section 2.1

Graphical representation. We start by making more precise the description of the graphical
representation of the Moran model as an IPS. This will allow us to decouple the ran-
domness of the model coming from the initial type configuration, the randomness coming
from mutations and reproductions, and the randomness coming from the environment. Non-
environmental events are as usual encoded via a family of independent Poisson processes
A={10,1), {125 AR VetV vy diervy, where (a) for each i, j € [N] with i # j, (Af(1))er and
(Aifj(t))teR are Poisson processes with rates oy /N and 1/N, respectively, and (b) for each
i €[N], (A?(r))teR and (A}(t)),eR are Poisson processes with rates Oy vg and Oy vy, respectively.
We call A the basic background. The environment introduces a new independent source of
randomness into the model, which we describe via the collection

X = {(Ui(0)ie[N),reR> (T4 (L, ))AcIN],reR}

where (c) (Ui(?))ie[n),ter 18 an [N] x R-indexed family of independent and identically dis-
tributed (i.i.d.) random variables with U;(f) being uniformly distributed on [0, 1], and (d)
(ta(t, ))Ac[N],teRr 18 a family of independent random variables with t4(%, -) being uniformly
distributed on the set of injections from A to [N]. We call X the environmental background.
We assume that the basic and environmental backgrounds are independent, and we call (A, X)
the background.

Recall that in the graphical representation individuals are represented by horizontal lines at
levels i € [N] (see Figure 1). The random appearance of selective and neutral arrows, circles,
and crosses is prescribed by the background as follows. At the arrival times of )»fj (resp. Aifj),

we draw selective (resp. neutral) arrows from level i to level j. At the arrival times of A? (resp.
A} ), we draw an open circle (resp. a cross) at level i. Given an environment ¢ := (¢, Pi)kel
satisfying (2.1), we define, for each k € 1,

I (k):={i € [N]:Ui(tx) <px} and ng(k):=|I; (k)
and we draw, at time #, for each i € I; (k) a selective arrow from level 7 to level 7, (k)(t, i).

Continuity with respect to the environment. Now we embark on the proof of Theorem 2.1,
which states the continuity of the type composition in a Moran model with respect to the
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environment. The paths of the fit-counting process are considered as elements of Do 7, which
is endowed with the J-Skorokhod topology, i.e. the topology induced by the Billingsley metric
dg defined in (A.2). Recall also that the restriction of an environment to [0, T] is described by
means of a function in D7 (see (2.3)), which is endowed with the topology induced by the
metric dy defined in (A.3).

Let us denote by py(w) the law of (Z{(1))ej0,7 (recall that Zy () is the number of fit
individuals at time ¢ in a Moran population of size N subject to environment w). Theorem 2.1
states the continuity of the mapping w — uy(w), where the set of probability measures on
Dy, 7 is equipped with the topology of weak convergence of measures. We will use the fact that
the topology of weak convergence of probability measures on a complete and separable metric
space (E, d) is induced by the metric o defined in (A.6).

First, we get rid of the small jumps of the environment. To this end, we introduce the
following notation. For § > 0 and w € D7, we define o, ws € D7 via

@ (t) = > Aw() and ws(t):= > Aw(u). (3.1)
uel0,t]:Aw(u)>48 uel0,t]:Aw(u)<s

Clearly, ® is simple and @ = w® + ws. Moreover, ws — 0 pointwise as § — 0, and hence for
any 7 € [0, T,

d* § _ ) — .
fo,0) = Y 180w — Ao’ @] = oy(T) —0
uel0,7]

In addition, for w € D}, n €N, and 7 := (r;)ie) € [0, T]", we denote by Mf\,(a)) the law of
(Zyn(ri)iern)» where [0, N1" is equipped with the distance d defined via

A ((xDiemn)s ODiem)) == Z lx; — yil. (3.2)

i€[n]

Proposition 3.1. Let w € D}. Assume that for any 8 > 0 we have Zﬁa (0) =Zy(0); then

0.1 (W (%), (@) < nN ws(r)e 00 W7 e [0, T]", n e N, (3.3)
where ry := max;e[n] ;. Moreover,
0p, (i (0°) . un(@)) < Nos(T)el T T+ed, (3.4)

In particular,

5 @
(Zy (O)eero,11 o (Zy(®)rel0,17-

Proof. For § > 0, we couple in [0, 7] a Moran model with parameters (on, 6, vo, V1) and
environment w to a Moran model with parameters (on, O, Vo, V1) and environment ® (both
of size N) by using the same initial type configuration, the same basic background, and the
same environmental background. For any 7 € [0, T] and 4, b € {0, 1}, we denote by Y;\’,’b(t) the
number of individuals that at time ¢ have type a under the environment w and type b under the
environment ?°. Clearly, we have

7z W - Z50| = |00 - i 0| = 0 + Yy 0= 0.
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Note that Y K,é () is the number of individuals that have different types at time ¢ under @ and

@®. In particular, we have Y K,é (f) <N almost surely. Let us assume that at time ¢ a graphical
element arises in the basic background, i.e. ¢ is an arrival time of one of the Poisson processes

in the family A. If the graphical element is a mutation, then Y, Xf (1 <Y, Z,é (t —). If the graphical
element is a neutral arrow, we have

1 1
E[Y{0 Y56 2)] = ¥ 2+ ¥ N = Y0 =) = SV = Y =Y -)
=Y (1)

If the graphical element is a selective arrow, then Y, Z,é (t) can increase by 1 only if the individual
at the tail of the arrow has a different type at time 7 under  and ’. Thus

1
E[Fo1vie-)]= (1 + N) Y7t -).

Now, let 0 <s <t <T and assume that there are neither jumps of w® nor selective events in
(s, t). In particular, in (s, t) only the population driven by w is affected by the environment.

Moreover, since neutral reproductions and mutations do not increase the expected value of Y#,
we obtain

E[Yi(t—)lYi (s)] <Y () +N > Aw).

ue(s,t)

In addition, if at time 7 the environment w® jumps (there are only finitely many of these jumps),
then

E [Y;j(t) \YEG —)] < YE( -1+ Aw(n),

Let0 <t <---<t, <T be the jump times of w’. The previous discussion yields
# = 9 (2
E[¥{ s |70 <E (1 - ]—V> (Y@ +Na@®) (1 + 2o, G5)

where €;(§) := Zue(,i fia1) Aw(u) and K; is the number of selective events in (;, fi+1). Note
that K; has a Poisson distribution with parameter Noy(#+1 — ;). Hence,

E[ Y7 e |5 00)| = 017 (Y70 4+ Nei®)) (1 + Aw(tis)
Iterating this formula and using that Yz,é (0) =0 yields

E [ (0] = ™ Nes) [T (1 + M) =N ws(@) ™ Xuon 200 G.6)

i<t

Recall the definition of the space BL(E) in Appendix A.2. We equip [0, N]" with the distance
dj defined in (3.2). For any n > 1 and F € BL([0, N]"), we have

‘ [ ra @) - [ quiv(w‘ = [E[F(@ tpjen] — E[F@yem)]|.
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Hence, if ||F|jgL <1 (see (A.5) for the definition of ||-||gL) and we couple Zﬁa () and Zy(¢) as
before, we get that

‘]E [F((Zﬁa("j))je[n])] —-E[F ((Zz”v’(rﬂ)fe[n])]’

$
< ‘E [dl((ZI“v’ (r))jetn (Zﬁ(rj))je[n])” =E [ Y 150yl
j€ln]
aNr_,'+Zu€[o_,j] Aw(u)

< Z Nws(rj)e ,
Jj€ln]
where the last bound comes from (3.6) applied at r;, j € [n]. Taking the supremum over all
F e BL([0, N]*) with ||F||pL. <1 and using the definition of the distance g[o n}* in (A.6), we
get (3.3). Now, define Y(7) := sup,¢(9. Y, ;\,é (u). If at time ¢ a neutral event occurs, then

1
E[Yy(@®) | Yyt —)] < <1 + N) Yy(t—).

Other events can be treated as before, leading to (3.5) with K; being this time the number of
selective and neutral events in (#;, ti+1). Hence, Equation (3.4) follows similarly to (3.3). The

8 . .
convergence of Zy towards Zy is a direct consequence of (3.4). (]

Proposition 3.2. Let w € D} and {wi}reny C DY be such that dy(wy, w) — 0 as k — 00. If w is
simple and, for any k e N, Z3(0) = Zﬁ" (0), then

(d)
(Zy ()eelo, 1) — (Zy(®)rero,1)- (3.7

Proof. The proof consists of two parts. In the first part, we construct a time deformation
Ak € C; with suitable properties. In the second part, we compare Zﬁk o Ag and Zy under an
appropriate coupling of the underlying Moran models.

Part 1: We assume, without loss of generality, that dj.(wi, w) >0 for all ke N. Set
€k :=2d7(wg, w), so that dj(wi, w) < €. By definition of the metric d} in (A.3), there is
@ € C; such that

loell <ex and Y |Aw() — Alwk o gr)(w)] < &,
uel0,T]

where ||-||(% is defined in (A.1). Denote by r| < - - - < r,, the consecutive jump times of w in [0,
T]. We assume without loss of generality that O < r; <r, <T. The case where @ jumps at T’
can be reduced to the previous case, by extending wy, k € N, and w to [0, T + €] as constants
in [T, T+ ¢]. Set y :=T /e — 1. In the remainder of the proof we assume that k is suffi-
ciently large, so that y; < min;e[,), (ri+1 — 7i)/3, where ro := 0 and r,,1 :=T. This condition
ensures that the intervals If‘ ‘= [ri — Y&, i + Yk, i € [n], are disjoint and contained in [0, T7].
Now, define A : [0, T] — [0, T7] via the following:
(i) Foru¢ UL 1% : M(u) :=u.

(ii) Foru € [r; — vk, ril : AM(w) := @i(ri) + mi(u — r;), where m; := (i(ri) — ri + Vi) / V-
(iii) Foru € (r;, ri + vil : A(u) := @p(ri) + mi(u — r;), where m; := (r; + vi — @r(ri))/ V-
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For k sufficiently large, so that ¢; <log?2, we can infer from ||§0k||(% < ¢, and from y =

T /e« — 1 that m; and m; are positive. It is then straightforward to check that A4 ECT,
M%) =1¥, i € [n], and that

> Ao — Adw)| < &,

uel0,T]

where @ := wy o Ax. Moreover, since ||gg||% < e, we infer that gp(r;) € [e=%r;, eri]. It
follows that, for k sufficiently large,

1—2Vek —1<m <1+4+2Vek—1, i€l[n],

and the same holds for m;. Note that we can write Ai(f) = fot pr(w)du, with pg : [0, T]— R
taking only the values (m;)ic[n], (M:)ic[n], and 1. In particular, we have |pi(u) — 1] <2+/e% — 1
for all u € [0, T]. Thus, for any s, t € [0, T] with s # t, the slope (Ar(s) — Ar(?))/(s — ) belongs
to [1 — 24/efk — 1, 1 4 2+/efk — 1]. Therefore, for k sufficiently large, we have

Ai(s) — (D) s—1t - .
Py ’)»k(s)—)\k(t)§1+3vek_1’ i€ [n].

Hence, using that log (1 + x) < x for x > —1, we obtain for k sufficiently large
I3ll7 < 3v/eck — 1. (3.8)

Part 2: For § > 0, we couple in [0, T] a Moran model with parameters (oy, Oy, Vo, V1)
and environment @ to a Moran model with parameters (on, 6y, Vo, V1) and environment wy
(both of size N) by using (1) the same initial type configuration and (2) the same basic back-
ground, and (3) by using in the second population the environmental background of the first
one, time-changed by Ak_I. Under this coupling and by construction of the function Ak, the
Moran model associated to w and the Moran model associated to wy (time-changed by Aj)
experience the same basic events out of the time intervals I{c . Moreover, at the times r;, the suc-
cess of simultaneous environmental reproductions is decided according to the same uniform
random variables.

Forte[0,T], letY Xf (#) be the number of individuals that have different types at time ¢ for

w and at time A(7) for wy, and set Yy (1) := SUP,c(0.1] Yli,é(u).
Consider the event E := there are no basic events in U,-E[n]lf‘ , and note that

P(ES) <n (1 _ e—2N<1+“N+"NWk) . (3.9)

Moreover, on the event Ej, only the population driven by wy can change in (r;, r; + yx], and
this can only be due to environmental events. Hence,

ELY;(ri + yole ] <EYRDIg]+N Y Adi(w). (3.10)
ue(ri,ri+yl

A similar argument yields

E[Y3(ripn =) 5] <EWyGin —yolgl+N > Adw).  (3.11)

UE(Tip1 =Yk Tit1)
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Since in the interval J{‘ := (ri + Yk, rix1 — yx] there are no simultaneous jumps of the two
environments, we can proceed as in the proof of Proposition 3.1 to obtain

E[Yi(rivt — volg] < TV DRI Gi 4 y)lg 14N Y Adrw) | (3.12)

uell{‘

Moreover, at time r;y1, there are two possible contributions to take into account: (i) the contri-
bution of selective arrows arising simultaneously in both environments, and (ii) the contribution
of selective arrows arising only on the environment with the biggest jump. This leads to

E [Y{(rign) 15| SEYy(ris1 =) 1] + Ao(rip1) A Adg(ris))
+ N|Aw(riy1) — Awr(riy)|. (3.13)

Using (3.10), (3.11), (3.12), and (3.13), we obtain

ELY3(rig1) 1g] < TN L BIYE (1) 15, ]

AN Y [Aow) — Adw)] | (14 Ao(rig).

ue(ri,rit1]

Iterating this inequality, using that Y3,(0) = 0, and adding the contribution of the interval (r,, +
Yk, T], we obtain

E [Y3(T) 1g,] < Nexe oM T+ Lucon Ao, (3.14)

Using (3.9), (3.14), (3.8), and the definition of dg in (A.2), we obtain for k large enough
E [dg(Z‘”, Zﬁk)] <2nN (1 — e_ZN(l+UN+9N)Vk>
+3ek — 1 v (Nek FONTHY e,y Aw(u)) .

The result follows from letting k — oo and using that yx — 0 and ¢, — 0 as k — oo. U

Proof of Theorem 2.1 (continuity). If @ has a finite number of jumps, the result follows
directly from Proposition 3.2. In the general case, note that for any é > 0,

op, ,(kn(@w), un(@)) < ep, (1v(@0), un ()
+op,, (v (@), v (%)) +op, (n(@). uy(@).  (3.15)

where @ is as in (3.1) and, similarly, w,’z(t) = ZHE[O, 1 Awp(y>s Dor(). Recall the definition
of d7 in (A.3). We claim that, for any é € A, :={d > 0: Aw(u) #d for any u € [0, T]}, we
have

Hwf, 0°) — 0. (Claim 1)
k— o0
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Assume that Claim 1 is true and let § € A,,. Note that for any A € C;, we have

os(Mi= Y Aopu) = o) — 0)(T) = ox(MT)) — o) (M(T))
uel0,T]: Awy(u)<s
< k() — (T)| + |(T) — @*(T)| + |0*(T) — @ (MT))]
< dNw, W) + ws(T) + dNw}, ©°) < A, W) + ws(T) + d(w}, ),

where we used the definition of d(} in (A.2) and then Lemma A.1. Combining this with Claim 1
and Proposition 3.1, we obtain

lim sup QD (/LN(a)k) N (wk)) < NwS(T)e(1+ON)T+a)(T)
k— 00
roposition an aim 1 in turn yield lim sup 0 un (0°), uy(@®)) = 0. Hence,
F 3.2 and Claim 1 1d lim sup; . €5, 9). uv(@®) =0. H
letting kK — oo in (3.15) and using Proposition 3.1, we obtaln
limsup op, _ (un(@r), uv(@)) < INaws(T)eHHomT+a(T)

k— 00

The previous inequality holds for any § € A,,. It is plain to see that inf A,, = 0. Hence, letting
6 — 0 with § € A, in the previous inequality yields the result.
It remains to prove Claim 1. Let § € A,,. Since d}(wy, @) — 0 as k — oo, we see from the

definition of d7 in (A.3) that there exists (Ax)ren With Ay € C} such that

4l ——0 and = Y |Alwk o l)(w) — Aw(u) —> 0.
k— 00 wel0.T] k— 00

Set @i :=wk o rg. Clearly, Awp(u) <e€r+ Aw(u) and Aw(u) <e; + Awr(u), uel0,T].

Therefore,
o) =’ ()= Y Adru)— Y Ao < Y Adpw)— Y Aw(u)
uel0,t] uel0,t] uel0,t] uel0,t]
Aw(u)>8 Aw(u)>§ Aw(u)>5—¢; Aw(u)>§
= ) (A& - Ao@)+ Y Aew) Sdion o)+ Y Aww).
uel0,t] uel0,t] uel0,7T]
Aw(u)>5—ey Aw(u)e[d—eg,d) Aw(u)e[d—eg,0)

Similarly, we obtain

D) = RO)= Y Aow)— Y Adpu)

uel0,1] uel0,7]
Aw(u)>8 Awp(u)>8
< D Ao+ Y (Aew) - Adiw) < Y Ao)+ di(ok, o).
uel0,r] uel0,r] uel0,T]
Aw(u)els,5+¢€x) Awr(u)>8 Aw(u)els,5+¢€x)

Thus, using the definition of dg in (A.2), we deduce that

d) (@}, 0°) < (o, @)+ > Aovw).

uel0,T]
Aw(u)e(§—ek,6+€x)

Smce 8 € Ay, letting k — oo in the previous inequality yields limy_, oo d% (wk, %) =0. Since
® has a finite number of jumps, Claim 1 follows using Lemma A.1. t
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3.2. Results related to Section 2.3: the Wright—Fisher process as a large-population limit
We start this section by proving that the SDE (1.3) is well-posed.

Proposition 3.3. (Existence and uniqueness.) Let o, 6 > 0, v, v1 € [0, 1] with vg + v = 1. Let
J be a pure-jump subordinator with Lévy measure yu supported in (0,1), and let B be a standard
Brownian motion independent of J. Then, for any xg € [0, 1], there is a pathwise unique strong
solution (X(t))s>0 to the SDE (1.3) such that X(0) = xo. Moreover, X(t) € [0, 1] for all t > 0.

Remark 3.1. The Wright-Fisher diffusion defined via the SDE (1.3) with 6 = 0 corresponds
to [20, Equation 10] with Ky, y € (0, 1), being a random variable that takes the value 1 with
probability 1 — y and the value 2 with probability y.

Proof. We prove the existence and pathwise uniqueness of strong solutions to (1.3) via [32,
Theorems 3.2 and 5.1]. To this end, we first extend (1.3) to an SDE on R and write it in the
form of [32, Equation 2.1]. Note that by Lévy—It6 decomposition, the pure-jump subordinator
J can be expressed as J(f) = f(o, 1 x N(t, dx), where N(ds, dx) is a Poisson random measure
with intensity measure . We define the functions a, b: R — R and g : R x (0, 1) — R via

a(x):=+/2x(1 —x), bx):=0x(1 —x)+0vp(l —x)—0vix, g, u):=x(1 —x)u,

for xe[0,1], ue(,1); ax):=0, glx,u):=0 for x¢[0, 1]; b(x):=6vy for x <0 and
b(x) := — Qv for x > 1. Thus, Equation (1.3) can be extended to the following SDE on R:

t

t t
X()=X(0) +f a(X(s))dB(s) +f / g(X(s —), w)N(ds, du) + / b(X(s))ds. (3.16)
0 0 J(0,1) 0

Thus, any solution (X(#));>0 of (3.16) such that X(¢) € [0, 1] for any 7 > 0 is a solution to (1.3),
and vice versa. Note that the functions a, b, g are continuous. Moreover, b = b| — by, where

bi(0):=6vp+a(xAl)y and by(x):=0@xA )y +oxAl).

In addition, b is non-decreasing. Thus, in order to apply [32, Theorems 3.2 and 5.1], we only
need to verify the sufficient conditions (3.a), (3.b), and (5.a) therein. Condition (3.a) in our
case amounts to proving that x — b1(x) + f(o, 1 g(x, u)u(du) is Lipschitz continuous. In fact, a
straightforward calculation shows that

Ibl(x)—bl(y)|+/ b lg(x, u) — g(y, w)|u(du) < (0+/(0 N uu(du)) lx=yl, x,yeR,

(0,
and hence (3.a) follows. Condition (3.b) amounts to proving that x — a(x) is 1/2-Hoélder, which
is already shown in the proof of [19, Lemma 3.6]. Therefore, [32, Theorem 3.2] yields the
pathwise uniqueness for (3.16). Condition (5.a) follows from the fact that the functions a, b,
X f(O,l) g(x, u)?*u(du), and x — f(o,l) g(x, w)p(du) are bounded on R. Hence, [32, Theorem
5.1] ensures the existence of a strong solution to (3.16). It remains to show that any solution
to (3.16) with X(0) € [0, 1] is such that X(¢) € [0, 1] for any ¢ € [0, 1]. Sufficient conditions
implying such a result are provided in [17, Proposition 2.1]. The conditions on the diffusion
and drift coefficients are satisfied; namely, a is 0 outside [0, 1], and b(x) is positive for x <0
and negative for x > 1. However, the condition on the jump coefficient, x + g(x, u) € [0, 1] for
every x € R, is not fulfilled. Nevertheless, the proof of [17, Proposition 2.1] works without
modifications under the alternative condition x + g(x, u) € [0, 1] for x € [0, 1] and g(x, u) =0
for x ¢ [0, 1], which is in turn satisfied. This ends the proof. U
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Lemma 3.1. The solution to the SDE (1.3) is a Feller process with generator A satisfying, for
all f € C3([0, 11, R),

Af () = x(1 — x)f"(x) + (ox(1 — x) + Ovg(1 — x) — Ov1x)f'(x)
" f(o 1 (F (4 x(1L = 2u) —f(x)) pu(du).

Moreover, C*°([0, 1], R) is an operator core for A.

Proof. Since pathwise uniqueness implies weak uniqueness (see [6, Theorem 1]), we infer
from [30, Corollary 2.16] that the martingale problem associated to A in C2([0, 1]) is well-
posed. Moreover, an inspection of the proof shows that this is also true in C*°([0, 1]). Using
[37, Proposition 2.2], we deduce that X is Feller. The fact that C*°([0, 1]) is a core then follows
from [37, Theorem 2.5]. O

Now we will prove the first part of the main result of Section 2.3, i.e. the annealed
convergence of a sequence of Moran models towards the solution to the SDE (1.3).

Proof of Theorem 2.2(1) (annealed convergence.) Let A}, and A be the infinitesimal gen-
erators of the processes (Xy(#));>0 and (X(#));>0, respectively. Note that (Xy(#));>0 has state

space
En:={k/N :k € [N]p}. (3.17)
We will prove that, for all f € C*°([0, 1], R),
sup |Anf(x) — Af(x)] —— 0. (Claim 2)
x€En N—o0

Provided Claim 2 is true, since X is Feller and C°°([0, 1], R) is an operator core for A (see
Lemma 3.1), the result follows from applying [24, Theorem 17.25]. Thus, it remains to prove
Claim 2. To this end, we write A as A' + A% + A3 + A%, where

Al () = x(1 — )" (v),
A2f(x) == (ox(1 — x) + Ovo(1 — x) — Ov10)f (v),

A= (f (x+x(1 —)u) — f(x)) pn(du),

(0.en)

A ()= (f (x +x(1 = x)u) — £(x)) pu(du).

(en, 1)

We also write Ay = A} + A% + A3 + A}, where
AN := N1 =0 [A @+ A1)
A= N2l =)+ Owvo(1 =) [ &1 70| + N oyvie [A_ ]

Af () = f E[f (x + En(x, )] — f0(du).

0,ey)

Af () = / E[f (x + En(r. u)] — FCon(du),

(eys D
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where Apf(x) :=f(x + h) — f(x), and éx(x, u) := H(N, N(1 — x), Byx(u))/N, with H(N, N(1 —
x), k) ~Hyp(N, N(1 — x), k), and Bpn,(u) ~ Bin(Nx, u) being independent; ey > 0 will be
chosen later in an appropriate way.

Let f € C*°([0, 1], R) and note that

4

sup [ Ayf(x) — Af() < ) sup [Apf(x) — AF (). (3.18)

xeEy i=1 xeEy
Taylor expansions of order three around x for f(x + 1/N) and f(x — 1/N) yield

sup |ANF(x) — Al < 7 A',"’O (3.19)
xeEn

Similarly, the triangle inequality and appropriate Taylor expansions of order two yield

Noy + N6, "o ,
sup A2 () — A2fy) < DOV 2NN)”f loo | (1o = Now| + 16 = Noy DI loo. (3.20)
XeELy

Since Noy — o and N6y — 6, the right-hand side in (3.20) converges to 0 as N — oo. In
addition, since E[&y(x, u)] = x(1 — x)u, we have

|AZF @] < (1 oo / up(du),  x€[0, 1],

(0,en)

and hence,

sup [ALF(0 — A3 < 211f oo f upa(du). 3.21)

xeEN (O,SN)

For the last term, note first that

|E[f(x+Ev(x, ) —f+x(1—0w]| < If oo [EN G, 1) — x(1 — x)ul]
< Ilf’IIOO\/]E [EnCr, u) —x(1 —0uw)?] < ”f/Hoo\/%,

where in the last inequality we used that

x(1=x)2u(l—u) N2 —x)u® u

E[ L) —x(1 — 2]: <2, 3.22
(En(x, u) — x(1 — x)u) N + NMN—D) =N (3.22)
which is obtained from standard properties of the hypergeometric and binomial distributions.
Hence,
sup | AYf() — Al < Il ,/ iy < wpw.  (3.23)
xeEy N * (gN A/ NS

Now, choose ey := 1/+/N. Since fo 1 up(du) < oo, Claim 2 follows from plugging (3.19),
(3.20), (3.21), and (3.23) into (3. 18) and letting N — oo. U

Before embarking on the proof of the second part of Theorem 2.2, we prove the following
estimates for the Moran model with null environment.

Lemma 3.2. For any x € Ey (see (3.17) for its definition) and t > 0, we have

E [(X}'V(t) _ x)2 1X%(0) :x} < (% + N(oy + 39N)> 1
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and
—Noyvt <E [X,"v(t) — x| X%0) = x] < N(ow + Onvo)t.

Proof. Fix x € Ey and consider the functions f, g : Exy — [0, 1] defined via fi(z) :=
(z—x)* and ge(z):=z—x, z€Ey. The process X1(\)/ is a Markov chain with generator

AI*\}O = A}, + A%, where A}, and A% are defined in the proof of Theorem 2.2. Moreover,
for every z € Ey, we have

A5 fi2) = 22(1 — 2)

N [(oNszuo)(l I, (2<z — 0+ 11\1) + Oy (2(x—z) + }V)}

< —1 N [3 (—N %) ) 36, :I < —1 N( 36, )
+ —+6nvo ) + 1% + N(ony + R
) ! NVO NVl [ = 2 N 'N

and
A5%g.(z) = N [(onz + Oyvo)(1 — 2) — Oyviz] € [— NOyvi, N(ow + Oyvo)l.

Hence, Dynkin’s formula applied to X](i, with f; leads to
E [(X}’V(t) — x)2 1X%(0) = xi| - [0 'E [A;\}Oﬁc(X}\),(s)) 1 X%(0) = x] ds
- (% + N(oy + 39N)> t.
Similarly, applying Dynkin’s formula to X/(\), with gy, we obtain

t
E [ x4 —x1 X0 =] = /O E [ A3 2,065 | 30 =] ds
€ [— NOyvit, N(oy + Onvp)t],

which ends the proof. O

Proposition 3.4. (Quenched tightness.) Assume that Noy — o and N6y — 6 as N — oo. For
any w € ID*, the sequence (Xy)n>1 is tight.

Proof. Let (F, fv )s>0 denote the natural filtration associated to the process Xj. To prove the
tightness of the sequence (X3;)y=1, we use [5, Theorem 1]. For this we need to show that the
following conditions hold:

(A1) Foreach T, ¢ > 0, there exists a compact set K C R such that
liminf P (Xy() €K, Vi<T)>1—¢.
N—o0
(A2) There exist a >0 and non-decreasing, cadlag processes Fy, F such that Fy is
JFo-measurable, Fy g F,and forany N> 1 and every 0 <s <t,

E [1 A X3 — Xp(9)|*] < Fn(t) — Fn(s).
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Since, for all >0 and N > 1, Xy(¢) € Ey C [0, 1] (see (3.17) for the definition of Ey),
Condition (A1) is satisfied. Now, we claim that there are constants ¢, C > 0, independent of
N, such that

E [(Xﬁ(t) — X2(s))? | FV ] <c Y Ao +Ct—s), forall0<s<r.  (Claim3)

uel(s,t]

If Claim 3 is true, then Condition (A2) is satisfied with o =2 and Fy(t)=F() =
€ > uef0.q Aw(u) + Ct, and the result follows from [5, Theorem 1]. The rest of the proof is
devoted to proving Claim 3.

For xe Ey and t>0, we set Yy(w, 1) :=E[(Xy (D) —x)2]. For s>0, we set ws(-):=
(s + ). From the definition of X%, it follows that for any 0 <s <1,

E [0 - Xg(s)?

F¥] = g 1= ). (3.24)
Let 0 < s < t. We split the proof of Claim 3 into three cases.

Case 1: » has no jumps in (s, 7]. In particular, w; has no jumps in (0, # — s]. Hence, restricted
to [0, t — s], X3 has the same distribution as X$. Using Lemma 3.2 with x = X{(s) and plug-
ging the result into (3.24), we infer that Claim 3 holds for any ¢>1 and C> C;:=1/2+
supyen (N(on + 36w)).

Case 2:  has n jumps in (s, f]. Let 71, ..., #, € (s, ] be the jump times of w in (s, #] in
increasing order. We set fp :=s and #,41 =t. Forany i € [n + 1] and any r € (#;_1, t;), ® has no
jumps in (¢;—1, r]. In particular, (#;_1, 7] falls into Case 1. Using Claim 3 in (¢;—1, ] and letting
r — t;, we obtain

E [ ) = X0 | 7Y, | < €t — ).

Moreover,
N 2
E [ - Xy 0| AL ] <B [(M) } < Ao,

where By(Aw(t;)) ~ Bin(N, Aw(t;)). Using the two previous inequalities and the tower
property of the conditional expectation, we get
E [0 — X502 | FY | £2C16 = 1) + 280(0). (3.25)
Now, note that
n 2
(Xfo(r) — Xy (s)* = (Z (Xfotir) — Xﬁ(n)))
i=0

= (Xti) = XR)Y +2) (Xytiy1) — Xp) Xy t) — Xy (s).
i=0 i=0

Using Equation (3.25), we see that

E [Z X5 (tiv1) — X ())* | FY } <201 =942 Aw(t).

i=0 i=1
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Moreover, we have
E [(X3(tiy1) — XguNXi() — X)) | Fi' | = exoes xo @, tist — 1),

where for x, y € Ey and 1 > 0 we set ¢y y(w, 1) := (y — X)E[X}(#) — y | Xjy(0) = y]. Since, for
any r € (t;, ti+1), w; has no jumps in (0, r — #;], we can use Lemma 3.2 to infer that for any
x,y€Ey,

Oxy(g, T — 1)) < N((on + 0Onvo) V Onv)(r — ;).

Note that (y — x)Ey[X;’i (tix1 — ;) — X;ti((l‘i+1 —t;) —)] < Aw(ti+1). Hence, letting r — fi41,
we get

Ox (g, tir1 — 1) < N((on + Onvvo) V Onv)(Eir1 — 1) + Aw(tiy1),

for any x, y € Ey, hence in particular for x = X3(s) and y = Xy (#;). Altogether, we obtain

B[00 - Xge)? 1 FY | < Gt -9 +3 Y Ao,
i=1

where C; :=2C + supycy N((ony + 6nvp) V Oyv1). Hence, Claim 3 holds for any C > C; and

c>3.

Case 3:  has infinitely many jumps in (s, f]. For any 8, we consider »’ as in (3.1) and

) . ..
couple the processes Xy and Xy as in the proof of Proposition 3.1. Note that @® has only a
finite number of jumps in any compact interval; thus w® falls into Case 2. Moreover, we have

Ya(o, 1) = 2B R0 — X5 0]+ 2E: [ 0 — 27
< 2EAIXR0 — X5 01+ 2Bx [ X3 1) — 27]

< zeNUNH-w(t) Z Aw(u) + 2E, I:(Xﬁa (1) — x)2:| ’

u€el0,1]
Aw(u)<s

where in the last inequality we used Proposition 3.1. Now, using Claim 3 for Xﬁa and the
previous inequality, we obtain

E[ (X0 - X)) | FY | < VM09 N As(u) + 2G5 = ) +6 ) Aw(w).

u€ls,t] u€ls,1]
Aw(u)<s

We let § — 0 and conclude that Claim 3 holds for any C > 2C> and ¢ > 6. U

Now we proceed to prove the quenched convergence of the sequence of Moran models to
the Wright-Fisher diffusion, under the assumption that the environment is simple.

Proof of Theorem 2.2(2) (quenched convergence). Let B:=(B(t))>0 be a standard
Brownian motion. We denote by X° the unique strong solution to (1.3) associated to B and the
null environment. Theorem 2.2(1) implies in particular that XI(\), converges to XY as N — oo.
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Now, assume that w # 0 is simple. We denote by T, the (discrete but possibly infinite) set
of jump times of w in (0, co0). Moreover, for 0 < i < |Ty| + 1, we denote by ¢; :=t;(w) € Ty, the
time of the ith jump of w. We set 7o := 0 and 7|41 := 00. We need to prove that

(d)
Xy®)r=0 —— X“())s=o0.
N—o0o
Recall that the process X® starting at xo can be constructed as follows:
@ HX“(0) =xo.
(ii) For i e N with i <|T,| + 1, the restriction of X® to the interval (¢;,_1, t;) is given by a
version of X? started at X“(;_1).
(iii) For 0 <i < |T,| + 1, conditionally on X“(t; —),
XO(t) =Xt =) + Xt —)(1 = X“(t; =) Ao (t).
Since the sequence (X§)nen is tight (see Proposition 3.4), it is enough to prove the con-

vergence at the level of the finite-dimensional distributions. More precisely, we will prove by
induction on i € N with i <|T,| 4 1 that for any finite set I C [0, t;), we have

(XS OMer, X5t =) > (X Orer, Xt ).

For i=|T,| 4+ 1 < oo we remove the components Xy (#; —) and X“(¢; —) since they do not
make sense. Since Xy (] —) = Xg,(tl) and X“(t) —) = Xo(n) almost surely, the result for i =1
follows from Theorem 2.2(1). Now, assume that the result is true for some i < |T,| + 1 and
let I C (0, tiy1). Without loss of generality we assume that I ={sy, ..., Sk, ti, F1, ..., 'm}
with s1 < - <sp<ti<r; <---<ry We also assume that i < |T,|; the other case, i.e.
i=|T,| < oo, follows by an analogous argument.

Let F: [0, l]k‘H — R be a Lipschitz function with ||F||gL <1 (see (A.5) for the definition
of ||-||gL). Note that

B[P (X () X500) | =B [FO ()1, - Xt )+ Eviia ), Ao

where for xe€En (see (3.17) for the definition of Ey) and ue€(0,1), we let
En(x, u) :=H(N, N(1 —x), Bny(u))/N  with  H(N, N(1 — x), k) ~Hyp(N, N(1 —x), k), ke
[N]o, and Bpy(u) ~ Bin(Nx, u) being independent of each other and independent of X3.
Now, set

Dy = [F((X§ (5)))-, - X5t =)+ EvOX -, Ao
— B[RO ()1 X0 )+ X§0 -1~ X506 ) Ao

Using that || F||pL < 1 and (3.22), we see that |[Dy| < /Aw(t;)/N — 0 as N — oo. Therefore,
the induction hypothesis yields

E[F (% () - X0w)
=Dy +E [FC(XG (7)) 1y » X300 =) + X0 =)L = X5t ) Aw()]

—— B[R () oy, X901 =)+ X2 )1 = X° (6 =) Aa(r)]

N—o00

=5 [ (0 )y )]
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Therefore,

(5 ()i X3000) = (2 () - X200 (3:26)

Let G : [0, 1]7¥*"+2 — R be a Lipschitz function with |G|/ < 1. For x € Ey, define
Hy(z, x) :=E,[G(z, x, (X]?/(”j — )Ly, XY (tip1 — )], Vze R
Note that

ELGC (X5 ()1 + X800, RO Xt =) =E | Hy (X5 () - Xi@)
(3.27)
Similarly, for x € [0, 1], define

H(z, ) =BGz, x, X°(rj — )Ly, X (i1 — 1)), z€RE,
and note that
EIG(X” (57) )y X0, X)Ly X2t - =E [H (X” (5)))_, . X)) | (3:28)
Using (3.26) and the Skorokhod representation theorem, we can assume that the random

variables ((X]‘(? (sj))] . ,Xﬁ(t,)) and ((X“’ (s]))] L Xe (t,)) are defined on the same prob-
>

ability space and that the convergence holds almost surely. In particular, we can write

B [ay (x5 ()i, X)) | =B [H ((° (9), x°w) || <Ry + R}, 329)
where
Rly:= [ [Hy (x5 (), X500 | = B [Hvxe ()l X |
R = ‘IE [HN((X“’ (s}) )j’;l,xﬁ(t,-))] _E [H (( “ (s)), ,X“’(t,))]‘ .

Using that ||G||pL < 1, we obtain

k
V<) E[XY (s;) — X (s 0. 3.30
Ry = 21: (X (s1) (s7) 1 o (3.30)
J=
Moreover, since Xy(#;) converges to X“(#;) almost surely, we conclude using Theorem 2.2 that,

for any z € [0, 11%, Hy(z, Xy (1)) converges to H(z, X“(t;)) almost surely. Therefore, using the
dominated convergence theorem, we conclude that

RN —> 0. (3.31)
N—oo
Plugging (3.30) and (3.31) into (3.29) and using (3.27) and (3.28) yields the result. O

4. The ASG and its relatives

In this section we formalize the definition of the quenched ASG, and we provide definitions
for the k-ASG and the pLD-ASG.
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4.1. Results related to Section 2.4: the quenched ASG
The aim of this section is to prove the following result.

Proposition 4.1. (Existence of the quenched ASG.) Let w € D*. For any n€ N and T >0,
there is a branching—coalescing particle system (G7(B))g=0 starting at p = 0— with n lines,
that almost surely consists of finitely many lines at each time B € [0, T, and that satisfies the
requirements (i), (ii), (iii'), (iv), and (v) of Definition 2.1.

Proof. 'We will explicitly construct a branching—coalescing particle system (G7(8))g=0
with the desired properties. The main difficulty is that the environment « may have infinitely
many jumps on each compact interval. Fix T > 0 and n € N (sampling size) and define

Amut:= [X?’ )Lil}izl ’ Asel = {)L"A}izl ’ Acoal := {)\Aj}zj>l i%’

where AO Al AA and k‘j are independent Poisson processes on [0, 7] with parameters 0 vy,
Ovy, o, and 1, respectlvely For B €[0, T], let o(B) :=w(T) — (T — B)—) and I; :={B €
[0, T]: Aw(B) > 0}; I; is the countable set of jump times of @. Let U := {Ui(B)}i>1,per, be
an i.i.d. family of uniform random variables on (0, 1). Assume, without loss of generality, that
the arrival times of ko Al A#, and Al ., I, j €N, i #j, are countable, distinct from each other,
and distinct from the jump times of @. Let Loy (resp. Is]) be the set of arrival times of Ao
(resp. Asel).

We first construct a set V¥ C N x [0, T'] of virtual lines, representing the lines that would
be part of the ASG if there were no coalescences. In particular, once a line enters this set, it
will remain there. The set V* is constructed on the basis of the set of potential branching times
Toran := I U I as follows. Consider the (countable) set

Soran == {(B1. ... B) k€N, 0= 1 <--- < By, Bi € Ioran, i € [K]},
and fix an injective function i, : [1n] X Spran — N\ [1]. The set V* is determined as follows:
1. For any i € [n] (i.e. in the initial sample) and B € [0, T : (i, B) € V*.
2. Forany (B1, ..., Pr) € Sbran.Jj € [n], and B € [Bk, T1: (i, B1, - .., Br), B) € V¥ if and

only if
o forany ¢ € [k] with B¢ € I3, Ui, p;.....p,—1)(Be) < Ad(Be) (or Uj(B1) < Ad(By) if
£=1),

e for any ¢ € [k] such that B¢ € I, B¢ is a jump time of )‘ié(i b1 po_y (o Of AJ-A if
=1,

and these are all possible virtual lines; see Figure 7.

Let V¥(B):={ie N: (i, B) € V*}. According to Lemma 4.1 below, V*(8) is almost surely
finite for all B € [0, T]. Now, for B € I.oal, let (aﬂ, bg) be the pair (i, j) such that 8 is an
arrival time of A‘] Since the Poisson processes A , I # j, have distinct jump times, (ag, bg) is
uniquely defined. Let

Icoal ={B €leour: ag, bg € V®(p)} and 7bran = {B € loran : V(B —) S V“(B))}.

Since V®(T) is independent of ACOdl and almost surely finite, it follows that Teoa and
Thran are almost surely finite. Let §; <--- < B, be the elements of Teoal U Tbran (set Bp:=0
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FIGURE 7. Illustration of the construction of the quenched ASG. The environment w has jumps at forward
times 1y, t1, t2; backward times By, . .., B5 belong to the set of potential branching times Toran. Virtual
lines are depicted in grey or black; active lines are black. The ASG in [0, T] consists of the set of active
lines together with their connections and mutation marks.

and Bp41:=T for convenience). We define V3 (8) C V¥(B), the set of active lines at
time B, as follows (see also Figure 7). For § =0 we set V§,(0):=V®(0), and for g€
(Be, Bes1) we set Vg (B) := V5, (Be). For =By € lcoa, we set Vi, (Be) := Vg, (Be —) \ {ag, }
if {ag,, bg,} CV$(Be —), and V5 (Be) := V(B —) otherwise. Finally, for =8¢ € Torans
we set V& (Be) := V5 (Be —)UJg, where the set J, consists of the integers i€ V®(B)\
V®(By—) such that i = i,(j, B¢) for some j € [n] N VE(Be —), or i=i,(j, B1. . ... Pr. Be) for
some (j, B1, ..., Pr) € i:l(Vg‘;(ﬂg =)\ [n]) with B < B¢.

The ASG on [0, T1] is then the branching—coalescing system starting with n lines at levels
in [n], consisting at any time B € [0, T] of the lines in V{, (8), and where the following hold:

(i) For B € Ipran such that V§ (8 —) C Ve (B) and ie VE (B)\ V(B —), either there is

G, B, ..., Br) € [n] X Spran With Bx < B such that i =i,(j, A1, ..., Pr. B), or there is
Jj € [n] such that i =i,(j, B8). In the first case, line i.(j, ,31, RN Bk) branches at time 8
into ,.(j, ,31, e, 3k) (continuing line) and i (incoming line). In the second case, line j
branches at time § into j (continuing line) and i (incoming line).

(ii) For B € lcoa such that V3 (8) C VG (B —) and i€ Vo (B =)\ V5 (B), i=ag and bg €
Vin(B). Thus, lines i and bg merge into bg at time B.

(iii) Ateach g € [0, T] that is an arrival time of X? (resp. )Lll) for some i € V&, (B), we mark

line i with a beneficial (resp. deleterious) mutation at time S.

Clearly the branching—coalescing particle system thus constructed satisfies the requirements
(i), (ii), (iii"), (iv), and (v) of Definition 2.1. This ends the proof. O

It remains to prove the following lemma.

Lemma 4.1. The set V¥(B) is almost surely finite for any § € [0, T].
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Proof. 'We keep using the notation introduced in the proof of Proposition 4.1. For § > 0, we

. . . . . 3§
consider the environment «® defined via (3.1). We couple the sets of virtual lines V* and V*
associated to @ and %, respectively, by using the same random sets A and U (note that for

B € I with A&(B) < 8, A&’ (B) =0 < Ui(B)). Let N(B) := [V*(B)| and N (B) := [V ()],
B €10, T]. Since B — N7 (B) is non-decreasing, it is enough to prove that N7 (T) < oo almost

surely. From the construction of the set of virtual lines, it follows that N‘T"é (B) increases
almost surely to N7(8) as § — 0. By the monotone convergence theorem, for all g € [0, T]
we get

lim E[N (8) | NY' (0) =n| = E [N§(8) | N (0) =] . (4.1)

Recall that @*(B) := 0®(T) — @* (T — B) —), B € [0, T1, and that &° has finitely many jumps
in [0, T]. Let T} <- - - < Ty be the jump times of @°. The process (N%’(S (ﬂ))/S 011 has the

€lo,
following transitions:

1. On (T;, Tiyy) : N%’a jumps from k to k + 1 at rate ko.

2. At time T; : N%’s jumps from k to k4 By(A&®(T;)), where Bi(A&(T;))~
Bin(k, A& (T))).

Note that for each T; we have A@®(T;) = A&(T;). This yields in particular
5 5 » 5
E[N7 (T) | N7 (T; —)] = (1 + Aa(T))NT (T; —). 4.2)
Successively using Lemma 4.2 (see below) and (4.2), we get
B[N @ ING @ =n]<ne™ ] (+a60),
Be[0,T:A@(B)=8

In particular, we have

E[N%)S(T) |N§‘38(0) =n]< ne’’ l_[ (14+ Ad(B)) < oo. 4.3)
BelzN0,T]

Letting 6 go to 0 in (4.3) and using (4.1), we get

E[NZ(T) | N$(0) =n] < ne®” ]_[ (1+ A&(B)) < 0.
Bel;N[0,T]
This concludes the proof. O

Lemma4.2. Let 0< B <po <T be such that &° has no jump times on (B1, f2). Then
we have

EINY (B2) | N2 ()] < e” B=PONE (B)).

Proof. Since @° has no jump times on (81, B2], on this interval N‘T"S is the Markov chain
on N with generator Gnf(n) =on(f(n+ 1) — f(n)). Let fyy(n) :=n A M. Note that, for any
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M, n>1, we have Gnfy(n) < ofy(n). Applying Dynkin’s formula to N?S on (B1, B2] with
the function fj;, we obtain

B2 s
E [fnV¢ (B2) | NF (BD)] =fu V¥ (1) + E [ /B Gnfu(Ng (BB | NY (ﬂo]
1
o P o o
<fu M B0 + 0B | o ag g @]
1

Ll)(3 /32 C(){S Cl)(S
= @)+ [ B v 0 18 0] a5,

Bi

Thus, Gronwall’s lemma yields E[fy (N2 (82)) | N (B1)] < e B2=P i, (N%" (B1)). The result
follows from letting M — oo and using the monotone convergence theorem. U

4.2. Definitions related to Section 2.5: the killed ASG
The k-ASG as a branching—coalescing system of particles is defined as follows (see
Figure 4).

Definition 4.1. (The annealed/quenched k-ASG.) The annealed k-ASG with parameters
o, 0, vg, v1, and environment driven by a pure-jump subordinator with Lévy measure p, of
a sample of size n is the branching—coalescing particle system G := (g_(ﬁ))ﬁzo starting with n
lines and with the following dynamic:

(i) Each line splits into two lines, an incoming line and a continuing line, at rate o .
(i) Every given pair of lines coalesces into a single line at rate 2.

(iii) Every group of k lines is subject to a simultaneous branching at rate o, ; (defined in
Equation (2.5)), where m denotes the total number of lines in the ASG before the simul-
taneous branching event. At the simultaneous branching event, each line in the group
involved splits into two lines, an incoming line and a continuing line.

(iv) Each line is killed at rate Ovy.
(v) Each line sends the process to the cemetery state T at rate 6vy.

Let w € D*. The quenched k-ASG with parameters o, 0, vy, vi, and environment w, of a
sample of size n at time T is the branching—coalescing particle system Q_‘T" = (Q_‘T"(ﬂ))lgzo start-
ing at § =0— with n lines and evolving according to (i), (ii), (iv), and (v) of the previous
definition, with (iii) replaced by the following:

(iii") If at time B we have Aw(T — B) > 0, then any line splits into two lines, an incoming line
and a continuing line, with probability Aw(T — B), independently from the other lines.

Remark 4.1. The branching—coalescing system underlying the quenched k-ASG is well-
defined, because it can be constructed on the basis of the quenched ASG.

4.3. Definitions related to Section 2.6: the pruned lookdown ASG

In this section, we give a detailed construction of the pLD-ASG, which incorporates the
effect of the environment.
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FIGURE 8. LD-ASG (left) and its pLD-ASG (right). Backward time g € [0, T] runs from right to left.
In the LD-ASG, levels remain constant between the dashed lines; in particular, they are not affected by
mutation events. In the pLD-ASG, lines are pruned at mutation events, where an additional updating of
the levels takes place. The bold line in the pLD-ASG represents the immune line.

First, we construct the (annealed/quenched) lookdown ASG (LD-ASG). The latter is the
ASG equipped with a numbering of its lines encoding the hierarchy given by the pecking
order. This is done as follows. Consider a realization of the (annealed/quenched) ASG in
[0, T] starting with one line, which is assigned level 1. When the line at level i coalesces
with the line at level j > i, the resulting line is assigned level i; the level of each line hav-
ing level k > j before the coalescence is decreased by 1. When a group of lines with levels
i1 <ip <...< iy experiences a simultaneous branching, the incoming (resp. continuing) line
of the descendant line with level i, gets level iy +k — 1 (resp. ix + k); a line having level j
before the branching, with iy <j < ir41, gets level j + k; a line having level j > iy before the
branching gets level j + N. Mutations do not affect the levels. See Figure 8 (left panel) for
an illustration. The pLD-ASG is obtained via an appropriate pruning of the lines of the LD-
ASG. Before describing the pruning procedure, we identify a special line in the LD-ASG: the
immune line. The immune line at time B is the line in the ASG present at time f that is the
ancestor of the starting line if all the lines at time g are assigned the unfit type. In the absence
of mutations, the immune line changes only if it is involved in a coalescence or branching
event. If it is involved in a coalescence event, the merged line is the new immune line. If it is
involved in a branching event, the continuing line is the new immune line.

In the presence of mutations, the pLD-ASG is constructed simultaneously with the immune
line as follows. Let 81 < - -- < B, be the times at which mutations occur in the LD-ASG in
[0, T]. In the time interval [0, B1), the pLD-ASG coincides with the LD-ASG and the immune
line evolves as before. Now, assume that we have constructed the pLD-ASG together with its
immune line up to time B;—, where the pLD-ASG contains » lines and the immune line has
level kg € [n]. The pLD-ASG is extended up to time B; according to the following rules:

(i) If, at time B;, a line with level k # ko at B;— is hit by a deleterious mutation, we stop
tracing back this line; all the other lines are extended up to time S;; all the lines with level
j >k at time B;— decrease their level by 1, and the others keep their levels unchanged;
the immune line continues on the same line (possibly with a different level).

(i) If, at time B;—, the line with level kg at B;— is hit by a deleterious mutation, we extend
all the lines up to time f;; the immune line gets level n, but remains on the same line;
all lines having a level j > k¢ at time 8;— decrease their level by 1, and the others keep
their levels unchanged.
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(iii) If, at time B;, a line with level k is hit by a beneficial mutation, we stop tracing back all
the lines with level j > k; the remaining lines are extended up to time S;, keeping their
levels; the line hit by the mutation becomes the immune line.

In [Bi, Biy1), i€ [m—1], and [B,, T], the pLD-ASG evolves as the LD-ASG, and the
immune line as in the case without mutations. The next result states the main feature of the
pLD-ASG.

Lemma 4.3. If we assign types at (backward) time T in the pLD-ASG, the true ancestor of the
single line at (backward) time 0 is the line of type O with smallest level, or, if all lines have
type 1, it is the immune line.

Proof. The proof is analogous to the proof of [31, Theorem 4], which covers the null
environment case. (]

5. Annealed results

5.1. Annealed results related to Section 2.5
We start this section by proving the first part of Theorem 2.3, i.e. Equations (2.7) and (2.8).

Proof of Theorem 2.3 (Part I: reinforced and annealed moment duality). Define the func-
tion H : [0, 1] x Ng x [0, 0o) via H(x, n, j) := (1 — x)"f(j). Let (P;);>0 and (Q;);>0 denote the
semigroups of (X, J) and (R, J), respectively, i.e.

Prg(x, j) = E[g(X (), J(1) +)) | X(0) =x],
Qih(n, j) = E[A(R(®), J(1) +)) | R(0) =n].

Let (R, j) be a copy of (R, J), which is independent of (X, J). A straightforward calculation
shows that

PAQ,H)(x. n, j) =E[(1 — X(O)ROLU (1) + T(s) +)) | X(0) =x. R(0)=n]
= Oy(PH)(x, n, j). (5.1)

Let G and G, be the infinitesimal generators of (X, J) and (R, J), respectively. Clearly, for any
x € [0, 1], the function (n, j) — P:H(-, n, -)(x, j) belongs to the domain of G,. Hence, Equation
(5.1) yields

P.G,H(x, n, j) = G.P:H(x, n, j). 5.2)

We claim that
GH(-, n, )(x, )= G,H(x, -, -)(n, j). (Claim 4)

Assume that Claim 4 holds. Define the functions u(t, x, n,j):=P:H(-, n, -)(x,j) and
v(t, x, n, j) == Q:H(x, -, -)(n, j). The Kolmogorov forward equation for Q yields

d

36X ) =G, - (. ). (5.3)
Moreover, using the Kolmogorov forward equation for P, Claim 4, and (5.2), we get
d . . : :
_u(t9 X, n, ,]) = PIGH('a n, ')(x’ ,]) = PZG*H(x7 y ')(na,]) = G*M(.x, y ')(n7,])’

dt
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Hence, u and v satisfy Equation (5.3). Since u(0, x, n, j) = (1 — x)"f(j) = v(0, x, n, j), Equation
(2.7) follows from the uniqueness of the initial value problem associated with G, (see [14,
Theorem 1.3]). Equation (2.8) is obtained using f = 1 in Equation (2.7). It remains to prove
Claim 4. Note first that

GH(-,n, )(x, j)=(1 —X)"/ [(1 = x2)"f( +2) — ()] w(da)

0,1]
+ [n(n — Dx(1 —x)" ! = (6x(1 = x) + Ov(1 — x)— Ov1x) n(1 —x)”_l]f(j).
(5.4)
In addition,
G H(x, -, )(n, j) =n((n — 1)+ 6vD[(1 —x)" 1= (1 — )" |f()
+on[(1 — )" — (1 = )"If () — nfvo(1 — x)"F(j)

0,1

+) (Z) /< ) Y =" A = 0™ G+ 3) — (= 0" () a(dy)
k=0

= [0 = Dx(1 = "™ = (@21 =)+ Bup(1 =9 — Oy n(1 = 5"~ | £G)

n

+1-0"Y (Z) f( L= =0 4 ) = £,

k=0
(5.5)
Moreover, using Fubini’s theorem, we obtain
n
n _ . .
> (k> f Y = )" A = 085G+ y) — F(DI(dy)
= \K Jou
-/ =G+~ O] i)
O,1
Hence, Claim 4 follows after comparing (5.5) with (5.4). O

We now prove Theorem 2.4(1), which characterizes the asymptotic type frequency in the
annealed setting.

Proof of Theorem 2.4(1) (asymptotic type frequency). We first show that X(¢) has a limit in
distribution as t — oo. Since 6 > 0 and vg € (0, 1), Equation (2.8) in Theorem 2.3 implies that,
for any x € [0, 1], the limit of E[(1 — X(¢))" | X(0) = x] as t — oo exists and satisfies

lim E[(1 — X(9))"|X(0) =x] =m,, neNy, (5.6)
t— 00
where 7, is defined in (2.10). Recall that probability measures on [0, 1] are completely deter-
mined by their positive integer moments and that convergence of positive integer moments
implies convergence in distribution. Therefore, Equation (5.6) implies that there is ny €

M1 ([0, 1]) such that, for any x € [0, 1], conditionally on {X(0) = x}, the law of X(¢) converges
in distribution to nx as t — oo and

Ty :/ (1 —-2)"nx(dz), neN.
[0,1]
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Using dominated convergence, the convergence of the law of X(#) towards nyx as r — oo extends
to any initial distribution. As a consequence of this and the Markov property of X, it follows
that X admits a unique stationary distribution, which is given by nx.

Finally, a first step decomposition for the probability of absorption in 0 of R yields

n n
n n
|:n(a +60+n—1)+ E (k)an,k:|7[n: nom,+1 +nvy +n— D1 + E <k>0n,k77n+k~

k=1 k=1

Dividing both sides in the previous identity by n and rearranging terms yields
Equation (2.12). O

5.2. Annealed results related to Section 2.6

In this section we prove Theorem 2.5(1) and Corollary 2.1. Before that we prove the fol-
lowing lemma relating the ancestral type distribution at time 7 to the number L(T) of lines in
the pLD-ASG at time 7.

Lemma 5.1. For all T > 0 and x € [0, 1], we have

hr(x) =1—E[(1 —x)*D | L0) =1]. (5.7)

Proof. Since types are assigned to the L(T') lines present in the pLD-ASG at (backward)
time 7T according to independent Bernoulli random variables with parameter x, the result
follows from Lemma 4.3. O

The next result is crucial for describing the asymptotic behavior of Ar(x) as T — oo.
Lemma 5.2. (Positive recurrence.) The process L is positive recurrent.

Proof. Since L is irreducible, it is enough to prove that the state 1 is positive recurrent. This
holds if 8vp > 0, because in this case the hitting time of 1 is bounded above by an exponential
random variable with parameter 6vy. Now, assume that & =0 (the case fvg =0 and 6v; >0
can easily be reduced to this case). We proceed in a way similar to the proof of [16, Lemma
2.3]. Define the function f : N — R via

n—1

1 1
f(n)::Z;ln(l—k?),

i=1

with the convention that an empty sum equals 0. Note that f is bounded. Note also that, for
n>1,

n(n—D(f(n—1) = f(n)) = —nln (H—nil) <-1

This follows from using x = 1/n in the inequality ¢* < 1/(1 — x), which holds for x < 1. For
any € > 0, set ng(e) := | 1/e] + 1. Note that for n > ny(¢),

. n-H—l1 1 1 ‘ ’
n(f(n+i)—f(n))=n Z 71n(1+;>§n1n<1+;) ie <ie.

j=n
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Hence, for n > ng(e),

n n 1 -
Guf(n) < —1 + 2 ; ('Z>an,,~i+ae =1 +8/Z (’l’_ 1>y’(1 W' i(dy) + o6

(0‘1)1=1

=—l+¢ / yu(dy) +oe,
©.1)

where oy, ; is defined in (2.5). Set mg := no(e,), where &, := 1/(2 f(o 1 yu(dy) + 20) (and we
set mo := 1 in the particular case ; = 0 and o = 0). In particular, for n > mg, we have Grf(n) <
—1/2.

Define T}, := inf{ > 0: L(B)< mp}. Applying Dynkin’s formula to L with the function f
and the stopping time 7, A k, k € N, we obtain

Ty ANk
E [f(L(Tpmy AK) | LO) =n]=f(n)+E [/0 ’ Grf(L(B))dB | L(0) = n} :
Therefore, for n > mg, we have
1
0 <E [f(L(Tmy AK)) | LO) =n] < f(n) — EE[Tmo Ak | L) =n].

In particular, we have E[T,,, A k| L(0) = n] < 2f(n). Thus, letting k — oo in this inequality
yields E[T,,, | L(0) = n] < 2f(n) < oo. Since L is irreducible, the result follows by standard
arguments. U

The first part of the proof of Theorem 2.5(1) builds on the previous two lemmas. The
system of equations (2.18) characterizing the tail probabilities P(L(co) > n) is obtained via
Siegmund duality. More precisely, consider the continuous-time Markov chain D := (D(8))g>0
with values in N := N U {+} with rates

(i—D(o+oi-11) ifj=i—-1,i>1,
. (—DOv +ii—1) ifj=i+1,i>1,
ap(i, j) = . .
Vij— Vij—1 ifl<j<ii>?2,
(i — DBy ifj=1ti> 1,

where 1 is a cemetery point, and where y;;:= ZJ,I{:FJ. ({;)aj,k if 1<j<i<2and y;;:=0
otherwise (see Theorem 2.5). The states 1 and 1 are absorbing for D. The next result relates L
and D via duality.

Lemma 5.3. (Siegmund duality.) The processes L and D are Siegmund dual; i.e.

PLB)>d|LO0)=¢=P@«>DQPB)|DO)=d)  foralll,deN, t>0.

Proof. Define H:N x NU {{} — {0, 1} via H({, d) :=1{4>q) and H({, 7):=0, £, d e N.
Let G1 and Gp be the infinitesimal generators of L and D, respectively. By [23, Proposition 1.2]
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we only have to show that GLH(:, d)(¢)=GpH({, -)(d) for all ¢,d eN. From (2.16),
we have

GLH(-, d)(£)
-1 L
=0l lypr1=qy — (€ — D + Ov1) 1(g=gq; — Ovo 21: Lij<d<ey + ; (k>(7£,k Li<da<e+iy
j= =
=0l 141=qy — (€ — D+ 0v1) 1g=aqy — Ovo(d — D1a<ey + Va.e Lig<a)- (5.8)

Similarly, we have

GpH(, Y d)=0(d— 1) 1g—1=¢) — (d — 1)(d 4+ Ov1) 1g=aqy — Ovo(d — 1)1 {4<p)
d—1

+ Z (vaj — vaj—1) lj=e<a)- (5.9)
j=1

Summation by parts yields Zjdz_ll (yd,j — yd,j_l) Lij<¢<ay=vd,elig<a). Thus, the result
follows from comparing (5.9) with (5.8). O
Now we have all the ingredients to prove Theorem 2.5(1).

Proof of Theorem 2.5(1) (ancestral type distribution). Since L is positive recurrent, L(T)
converges in distribution as T — oo towards the stationary distribution 7. In particular, we
infer from Equation (5.7) that A(x) := limy_, o A7 (x) exists and satisfies

h(x)=1—E[(1 —x)H1=1- Z P(L(00) = £)(1 — x)*
=1

o o0
=Y P(L(c0) > O)(1 =)' — (1 —x) Y P(L(c0) > £ — (1 —x)* ",
£=0 =1
and Equation (2.17) follows. It remains to prove (2.18). From Lemma 5.3 we infer that a,, =
dy+1, where
dy:=PEB>0:DB)=1|D0)=n), n=>1.

Applying a first step decomposition to the process D, we obtain, for n > 1,

((n=1D(0 + 6 +n)+ Yun—1) dn
n—1
=(n—Dody_1 + 0 — 1O +n)dur1 + Y Vuj— Vaj-1)d;. (5.10)
j=1

Using summation by parts and rearranging terms in (5.10) yields

1 n—1
(0 + 0 +)dy = 0duy + OV +1)dyst +—— > yujdi—dip). n>1. (S.11)

n—1+4
J=1

The result follows. t
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Proof of Corollary 2.1. Since 6 = 0, the line-counting processes R and L have the same
distribution. Hence, combining Lemma 5.1 and (2.8) (from Theorem 2.3) applied to n = 1, we
obtain

hr(x) =E[X(T) | X(0) =x], (5.12)

which proves the first part of the statement. Moreover, for 6 =0, X is a bounded submartin-
gale, and hence X(T') almost surely has a limit as 7 — oo, which we denote by X(00). Letting
T — oo in the identity (5.12) yields

h(x) = E[X(c0) | X(0) =x]. (5.13)
Moreover, using (2.8) (from Theorem 2.3) with n =2, we get
E[(1 - X(T))* | X(0) = x] =E[(1 = 0" | L(0) =2].
Letting T — oo and using that L is positive recurrent, we obtain
E[(1 — X(00))* | X(0) =x] = 1 — h(x).
Plugging (5.13) into the previous identity yields the desired result. U

Proof of Proposition 2.2 Using Equation (2.18) in Theorem 2.5 for the two models, we
obtain, for n € N,

1 n
(n+ l)p;ﬁl = gupzel’ and (n+1p,}| = - Z Vntlj p;?nv'
j=1

Separately multiplying these equations by 7%, ze€[0, 1], and summing over neN,
one obtains

o0
P*N@=pi" + 0¥, and G @=p{" + ) oM gi().
j=1

sel

with gi(z) := ZZJ;/] yn+1,j§. Solving the ordinary differential equation for p> via variation

of constants, and using that p*°'(0) and p*!(1) = 1, we obtain the desired formulas for ,ofel and
pse] (see also [13, Theorem 6.1]). Now, using the definitions of the coefficients y;, 1 ; (defined
below Equation (2.18)) and oy, (see (2.5)) followed by a straightforward calculation, one

obtains

j . Z i1 k+i—1 Z i1
Wl — ki W .
gj(Z)ZZG{)C’j,k/#dM:/dul_u f u(dy) (1= (1= y(1 = ).
0 0 0,1)

k=1

Since (1 —hY > 1 — jh for h € (0, 1), we infer that g;(z) < 0,2/, with equality only if z=0 or
Jj = 1. We conclude that

@)@ < pi™ + 0. p™ (@), z€(0,1].
Letting f(2) := p$™ + 0, p®™(2), we then have f'(z)/f(z) <oy, so, after integration,
log (f(2)/f(0)) < o,z. Since p*™(0) = 0, this yields

eont — 1) _ anv

P @ < ™ ( o P

I
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Moreover, since p*™(1) = p*!(1) = 1, we conclude that p{™ > pi°l. Assume now that p{™ =
p‘l“’l. It follows that p*™(z) < p*!(z) for z € [0, 1]. Hence,

1 1

1 1
1= / P™) @z <[ (o™ + 0, p™ @)z <[ (05 + 0, P (2))dz = / @ (@dz=1,
0 0 0 0

which is a contradiction. Thus, p{™ > p?e]. In particular, for z # 0 sufficiently small, p¥(z) >

p*l(z). Hence, the last statement follows from the fact that 4°™(z) =1 —p*™(1 —z) and
hse](z) =1 _psel(l _ Z). O

6. Quenched results

6.1. Quenched results related to Section 2.5

In this section we prove the quenched parts of the results stated in Section 2.5. We start with
the proof of the second part of Theorem 2.3, which establishes the quenched moment duality
(2.9) for almost every environment w.

Proof of Theorem 2.3 (Part II: quenched moment duality). Since both sides of (2.9) are
right-continuous in 7, it is sufficient to prove that, for any bounded measurable function
g: D7 =R,

E[(1 — X/ (T))"g((Jy)sero.rDIX’ (0) = x1=E[(1 — xYXrTg((y)seio.r)IRIO =) =nl.  (6.1)

Let H :={g:D} — R: such that holds}. Thanks to the annealed moment duality, Equation
(2.8), every constant function belongs to H. Moreover, H is closed under increasing lim-
its of non-negative bounded functions in H. We claim that (6.1) holds for functions of the
form g(w) = g1(w(t1)) - - - grlw(ty)), with 0 < 1] < - - - < 1 < T and g; € C2([0, 00)) with com-
pact support. If the claim is true, then thanks to the monotone class theorem, H will contain
any measurable function g, which will then complete the proof.

We prove the claim by induction on k. For k = 1, we need to prove that for ¢; € (0, T),

E[(1 — X/ (T))"g1(J(t)IX’ (0) = x]=E[(1 — x)fT g, (J(11)|RH(O —) = n]. (6.2)

Note first that, using the Markov property for X7 in [0, 1], Equation (2.8), and the fact that #;
and T are almost surely continuity times for J, we obtain

E[(1 - X/ (1)"g1(J(11)) | X/ (0) =x]
=E |q10)E [ =& T =)' | X0 =X 1) | 1X'0)=x]

=F [810(:1))1@ [U — X )fra T BT (0= ”} 1 X7 (0)= x} :

where the subordinator J is defined via ](h) :=J(t1 + h) — J(1). The processes )A(j and ij_tl

are independent copies of X’ and R§_t1, which are driven by J (which is in turn independent
of (J(4))ue[o,771)- Using first Fubini’s theorem, then Equation (2.7) in Theorem 2.3 and the fact
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that O and #; are almost surely continuity times for J, we find that the last expression equals
: [ [81001))(1 — xRt @09 X 0) = x] 1R, 0-)= ”]

= E[E [21000)1 =0 | R0 ) = Rf_, (7 = 1) )] 1R, 0 ) =n] .

The proof of the claim for k = 1 is achieved using the Markov property for R‘; in the (backward)
interval [0, 7 — #1]. Let us now assume that the claim is true up to k — 1. We proceed as before
to prove that the claim holds for k. For j € [k], define G/‘-‘,’k(z) = ]_[fzj gi(z+ w(t; — t1)). Using

the Markov property for X/ in [0, #;] followed by the inductive step, we obtain

k
E [(1 — X!y [T e @nIx! ©0) = x}

i=1
=E [q10)E[(1 =X (T = )" 61,0’ 0 =X 1) | 1X 0 =x]

—E [gl Uk [(1 —x! ) frn T G IR, 0 —) = n} X7 (0) = x].

By Fubini’s theorem, the reinforced duality Equation (2.7), and the fact that O and #; are almost
surely continuity times for J, the last expression equals

[ [(1—X’(t Daaiaaialer k(J(n))|X’<0>—x]|RT 4O —)=n]

= B[E[(1 = 0" 6] IR0 =) = Rp_ (T = 1) )|k}, 0 =) =n].

The result follows from applying the Markov property for RJT in the (backward) interval
[0, T — 1] O

Proof of Theorem 2.4(2) (asymptotic type frequency). Let @ be such that Equation (2.9)
holds between —t and 0. In particular,

E[(1 - X“(0)"|X*(— ) =x] =E [(1 — )RTIRE(0 —) = n] . 6.3)

Since we assume that 6 >0 and vp, v € (0, 1), the right-hand side converges to IT,(w)
(defined in (2.10)), which proves that the moment of order n of 1 — X“(0) conditionally on
{X?“(— t) = x} converges to I1,(w). Since we are dealing with random variables supported on
[0, 1], the convergence of the positive integer moments proves the convergence in distribution
and the fact that the limit distribution £% satisfies (2.13).

It remains to prove (2.14). For v € M (Nb) with finite support, let v{’ denote the distribu-
tion of R (s —) given that Rj(0 —) ~ v. Let T“’T be the absorption time of R at {0, T}. Note
that T(‘;’L is stochastically bounded by an exponential random variable w1th parameter Avg.
Therefore,

v?(N) =P, (R§(t =) eN) =P, (T§, > 1) <e 7.
Hence, we have

Py (3r2 054 Rj(s) =0) =vrlOD + Z Py (RG(t =) =k & 3s > 1 s.t. R{(s) =0)
k=1
< v2({0}) + v2(N) < v2({0}) + 0¥,
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Thus, we obtain
vP{0h <P, (Els >0 s.t. Rg’(s) = 0) <v?{0}h) + e, (6.4)

Similarly, we have

E, [(1 —X)Rlé)(ff):l — g (1 —x)kug"({k}) < U?({O}) + U?(N) < U;’)({O}) + et

Hence,
v2({0}) < By [(1 — )R] < v2({0)) + e 0%, (6.5)

Recall from Section 2.5 that IT,(w) :=P(3s > 0 s.t. Rj(s) = 0 | RF (0 —) = n). Choosing v = 4,
in (6.4) and in (6.5) and subtracting both inequalities, we get

B[ =% | RgO0 =) =n] = My@)| = e,

This inequality together with (2.9) (i.e. the quenched moment duality) yields the desired
result. O

Proof of Proposition 2.1. Let w € D* be such that (2.9) holds. Let J, :=J ®;, w. Consider
the process X’ in [— 7, 0] with T > 7,. Using the Markov property, we obtain

E[(1 — X/ (0)" | X/ (— 1) =x]
1
= /0 E[(1 —X“(0))" | X“(— 7,) = y] PX(—7,) € dy | X(— 7) = ),

where X is the solution to (1.3) with subordinator J. Combining the previous identity with (2.9)
for X* in (— 74, 0), and using the translation invariance of X, we obtain

E[(1 — X/(0)" | X'o(— 1) =x] =
1
[ [0 =9 1 R0 ) =n] Pext(r ) e v X0 =)
0
Hence, letting T — oo and using Theorem 2.4(1), we get
lim E[(1 — X7 (0)" | X" (- 1) = x]
T—>00
1
= B[ =% R0 ) =n] Pexio0) e ay)
0

and the result follows from Equation (2.11) in Theorem 2.4(1). U

6.2. Quenched results related to Section 2.6

This section is devoted to the proof of Theorem 2.5(2), which describes the asymptotic
behavior of the ancestral type distribution.

Lemma 6.1. Forall T >0, x € [0, 1], and w € D*, we have

) =1—E[(1 — 0TI | L20 ) =1]. (6.6)
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Proof. The proof is analogous to the proof of Lemma 5.1. O
Now we proceed to prove Theorem 2.5(2).

Proof of Theorem 2.5(2) (ancestral type distribution). Recall that vy > 0 by assumption.
For v € M(N), we denote by u7(8) the distribution of L7(8 —) given that L7(0 —) ~ . Let
t > s > 0. Note that we have uf(t) = (u{(t — )9 (s), so

dry (g (@), g’ (8)) = dry (g’ (1 = $) (), w5 (), (6.7)

where dry(1, (2) stands for the total variation distance between w1 and .

Assume now that L7(0 —) ~ u. By construction, L7 jumps from any state i to the state 1 with
rate qo(i, 1) > 0vg > 0 (see (2.16)). Let lAf; be a process with initial distribution u, evolving as
L, but jumping from i toAl at rate ¢°(i, 1) — Ovg > 0. We decompose the dynamic of LP as
follows: (1) L7 evolves as LT on [0, £], where £ is an independent exponential random variable
with parameter vy, (2) at time &, L7 jumps to the state 1 regardless of its current position, and
(3) conditionally on &, L% has the same law on [£, 0o) as an independent copy of L‘;_g started
with one line. This idea allows us to couple L% to a copy of i, L%, with starting law [, so
that the two processes are equal on [£, 00). Since L7(T —) ~ u7(T) and I:‘})(T —)~ ,&%(w), we
have

dry(u(T), BHT)) <P (LUT =) #LYUT =) <P (5 > T) =e "7 (6.8)
This, together with (6.7), implies that for any u € M(N) and any 7 > s > 0,
drv( (), pf(s)) < e "0 (6.9)

In particular, (u{’(f));o is Cauchy as t — oo for the total variation distance. Therefore,
(P ()0 has a limit ©u® € M(N). Moreover, (6.8) implies that u“ does not depend on p,
and the first part of Theorem 2.5(2) is proved. The identity (2.19) then follows by Lemma 6.1.

Setting s =T and letting t — oo in (6.9) yields dry(u®, uP(T)) < e~?%T  Since h®(x) =
1-E[(1 —x%] and h2(x)=1-E[(1 —x)?], where Z2 ~(8))® and Z%~ (8)%(T),
we get

|h‘})(X) — hw(x)| < dTv((S])w, (31)(})(T)) < e—evOT’
completing the proof. -

7. Further quenched results for simple environments

In this section we provide, for simple environments, extensions and refinements of the
results obtained in Sections 2.5 and 2.6 in the quenched setting. Recall the quenched diffusion
X® defined in Section 2.3.

7.1. Extensions of quenched results in Section 2.5

First we extend the main quenched results in Section 2.5, which hold for almost every
environment, to any simple environment.

Theorem 7.1. (Quenched moment duality for simple environments.) The quenched moment
duality (2.9) holds for any simple environment.
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The proof of Theorem 7.1 has two main ingredients: a moment duality between the jumps
of the environment, and a moment duality at the jumps. These results are covered by the next
two lemmas.

Lemma 7.1. (Quenched moment duality between the jumps.) Let 0 <s <t < T, and assume

that w has no jumps in (s,t). For all x € [0, 1] and n € N, we have

E[(1-X°C¢—-)"|X“s)=x]=E [( 1 — x)RH(T=99 | Re(T — 1) = n] .

Proof. In (s, 1), the processes X“ and R}’ evolve as in the annealed case with u =0.
Therefore, the result follows from applying Theorem 2.3 with u = 0. U

Lemma 7.2. (Quenched moment duality at jumps.) Assume that w € D* is simple and has a
Jjump at time t < T. Then, for all x € [0, 1] and n € N, we have

E[(1 = X°(0)" | X =) =x] =E[(1 =0T~ | R(T =) =) =n].

Proof. On the one hand, since X“(f) = X“(t —) + X“(t —)(1 — X®(t —)) Aw(t) almost surely,
we have

E[(1=X°@)" | Xt —)=x]=[1 —x(1 + (1 =) Ao(®)]" = [(1 — x)(1 — xAe®)]".
7.1)
On the other hand, conditionally on {R{((T — t) —) = n}, we have R{(T — 1) ~n+ Y where
Y ~ Bin(n, Aw(?)). Therefore,

E [(1 — R0 | R2(T — 1) —) = n] —E[(1—x"]
=1 =-x"[1 - Aw()+ Ao®(1 —0)]"=[(1 —x)(1 — xAw®)]". (7.2)
The combination of (7.1) and (7.2) yields the result. O

Proof of Theorem 7.1. Let @ be a simple environment. Let (¢;){" | be the increasing sequence
of jump times of w in [0, T]. Without loss of generality we assume that 0 and T are both
jump times of w. In particular, #{ =0 and #,, =T. Let (X“(s))s¢[0,77 and (R7(8))ge(o,7] be
independent realizations of the Wright—Fisher process and the line-counting process of the
k-ASG, respectively. For s € [0, T], denote by u{(x, -) and u{(x, -) the laws of X“(s) and
X®(s —), respectively, given that X“(0) = x. Partitioning with respect to the values of X“(t,, —)
and using Lemma 7.2 at t =T, we get

1
E[(1 - X“(T)" |X“(0)=x] = fo E [(1 = X(tn)" | Xt —) = 3] 2 (x. dy)

1
- /0 E [(1— )0 | RO - = n] 1 (x. dy)

—E [(1 — X (1 —)FFO | R2(0 —) = n, X(0) = x] = 12(x, n).
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Fort <T,setqy ():=P (R‘}’(t) =k|R7(0—-)= n) Partitioning with respect to the values
of X“(t,,—1) and R%(0), and using Lemma 7.1, we get

Bom= Y B[ =X ) 1X°0) =] 47,0)
keNj

1
= 42,0 fo E[(1 = X0 =) | Xm0y =3 1, (5, dy)

keNS

1
=" g2u0) / E [(1 — pRrT=in-07 | g2(0) =k] wy  (x, dy)
keNy 0

=E [(1 = X° ()T 07 RO =) =, X*(0)=x]
If m = 2, the proof of (2.9) is already complete. If m > 2, we continue as follows. Partitioning

with respect to the values of RQ((T — f,,—1) —) and of X®(¢, | —), and using Lemma 7.2, we
obtain

1w =Y E[(1 = X211 X70) = x| g (T = 1) )
keNy

1
= Z q,‘ﬁk((T —tm—1) _)/0 E [(1 _Xw(tm—l))k |Xw(tm—1 -) =J’] ﬁ?;f,(% dy)

keNg

1
=Y g2 (T —ty_1)-) /O E[(l — T D|RY(T — tn1) —)=k] fiy(x, dy)
keNj

=E [(1 = X (11 =)0 | RO =) =, X°(0) =x].

Iterating this procedure, using successively Lemma 7.1 and Lemma 7.2 (the first one is applied
on the intervals (#;_1, t;), while the second one is applied at the times #;), we finally obtain

EI(1 = X“(T)" | X*(0) = x] =E [ (1 = 0 TR0 —) =n]

which ends the proof. U

Theorem 7.2. (Quenched asymptotic type frequency for simple environments) The statement
of Theorem 2.4(2) holds for any simple environment.

Proof. The proof is analogous to the proof of Theorem 2.4(2), but using Theorem 7.1 instead
of Theorem 2.3. U

Refinements for o =0. Under this additional assumption, we provide a more explicit
expression for I1,(w) (defined in (2.10)). This is possible thanks to the following explicit
diagonalization of Q? (the transition matrix of R under the null environment).

Lemma 7.3. Assume that 0 =0, and set )»Z = - qg(k, k) for k e Ng and 7/,:f = q?(k, k—1)
for ke N, where q’;(~, -) is defined in (2.6). In addition, let D+ be the diagonal matrix with

diagonal entries (— )Lj) and let Uy 1= (ij)l.jENT and Vi 1= (ij)ijeNT be defined via
J7LJER) J7LJER

SN
ieNy
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i T
I <AJ‘AT> forieNo & j € lilo,
t=j+1 \* e
0 orieNg&j>i,ori=7jeNp,
= i o f J / (1.3)
o Y £ 1 % forieNg&j=t,
k=1 e=k+1 M
1 fori=j=+,
i—1 _Vl-:—l ) . .
I1 T forieNy & j e [i]o,
{=j i e
0 orieNg&j>i, ori=71 jeNp,
sz - o T S 0&)J J 0 (7.4)
—f_:o S k] (ﬂ?ﬁ}‘) forieNg&j=t,
i k=1 {=k i {4
1 fori=j=*,

with the convention that an empty sum equals 0 and an empty product equals 1. Then we have
Q? = U;D; Vi and U+ Vi = Vi Uy =1, where 1 denotes the identity matrix.

Proof of Lemma 7.3. For any i € Ng, let ¢; := (ei’j)jENT be the vector defined via ¢; ;:=1

0

and e; j := 0 for j # i. Order Ng as {,0, 1, 2, ...}, so that the matrix (Q?)T is upper triangular
with diagonal elements (— A+, —Ag, —A1, —A2,...). Forne NS, let v, € Span{e; : i € [n]o U
{t}} be the eigenvector of (Q?)T associated with the eigenvalue —2,, normalized so that its
coordinate with respect to e, is 1. It is not difficult to see that these eigenvectors exist and

that we have vy = e; and vo =eg. For n > 1, writing v, = cye; + coep + ... + ch—1en—1 + €4
and multiplying by %(Q?)T on both sides, we obtain another expression for v, as a linear

combination of e+, e, . . ., e,—1, e,. Identifying the two expressions, we obtain that c; = v:; ©
for k <n — 1. In particular, we have

Vp = vl,TeT + vj;’oeo +---+ Vl—’n_len—l + V};,nen-
Proceeding in a similar way, one obtains that
+
en =1, iVt + "‘Z,OVO —+ -+ “Z,n—lvn—l + Mj,,,,vm

We thus get that V;— U_? = U_? V;_r =1 and (Q?_)TzV_ITDTUJ;r (the matrix products are
well-defined, because they involve sums of finitely many non-zero terms). This ends the
proof. U

Now, consider the polynomials SZ, k € Ny, defined via
k
St =Y v+, xelo.1]. (1.5)
i=0

; — (B . Ty — (bl :
For z € (0, 1), define the matrices B(z) := (B,J(z))[,jeNg and ®'(z) := ((Di,j(z))i,jeNg via

P(i+ Bi(z) =j) fori,jeN,
Bij(z):= {1 fori=je{0, 1}, &0'@):=U] BV,  (1.6)
0 otherwise,
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where Bi(z) ~Bin(i,z). We will see in the proof of Theorem 7.3 that ®'(z) is
well-defined.

Theorem 7.3. Assume that 0 =0, 6 >0, and vy, vi € (0, 1). Let w be a simple environ-
ment. Denote by N := N(t) the number of jumps of w in (—t,0), and let (T,-)f.V:l be the
sequence of the jump times in decreasing order; set T := 0. For any m € [N], define the matrix
Al ()= (Ai}m(w))i’jeNg via

A (@) 1= T (A(T)) exp (Tn-1 — Tw)D+) - (7.7)
Then, for all x € (0, 1) and n € N, we have
2N
E[(1-X“0)" | X“(— 1) =x] =Y C} (0. DS{(1 ), (7.8)
k=0

where the matrix CT(w, T) 1= (C; (o, r))k neNt is given by
’ €]y

- n T
Cl@, 7):=U; [A@A}_y@) - A]@)] exp ((Ty+0)D:), (7.9)
with the convention that an empty product of matrices is the identity matrix. Moreover, for all
neN,
T
_t T T T i T
(@) = C} (@, 00) := lim C} (@, 1)= lim <UT [AN(T)(a)) . -Al(a))] )n . (7.10)

where the previous limits are well-defined.

Proof. Let us first show that the matrix products in (7.6), (7.7), and (7.9) are well-defined
and that C' (w, 1) =0 for all k > n2V. To this end, order N, as {, 0, 1,2, ...}, so that the
matrices U;r and V_}T are upper triangular. Note also that B; ;(z) = 0 for i > 2j. Therefore, for
any n € N and any v = (v;),_: such that v; =0 for all i > n, the vector Vi= UI(B(Z)T(V;FV))

0
is well-defined and satisfies ¥ =0 for all i > 2n. It follows that the matrix ®'(z) in (7.6)
is well-defined. Moreover, since exp ((T;,—1 — T;,)Dy) is diagonal, the product defining the
matrix A (w) in (7.7) is also well-defined. Furthermore, for any n € N and any vector v =
(i), such that v; =0 for all i > n, the vector v ::A;rn(a))v satisfies v; =0 for all i > 2n.

0
In particular, for any m > 1, the product exp (— (Ty + t)DT)A];I(a))A;_ (@) ~AI(a))U;r is
well-defined. Additionally, for » > 1 and a vector v= (v,')l.eN-1- such that v; =0 for all i > n,
0
the vector v:= exp (— (Ty + T)DT)A,T,,(a))ALfl(w) . ~AT(a))U;—v satisfies ¥; =0 for all i >
2"n. Transposing, we see that the matrix C'(w, 7) in (7.9) is well-defined and satisfies
C};k(a), 7) =0 for all k > n2".
5

For s > 0, define the stochastic matrix Pf(a)) = (pij(a), s))[jd\ﬁ via
b kK 0
pi (@, 5):=PRE(s =) =j| RGO —) = ).

Hence, defining p(y) := (v/) y € [0, 1] (with the convention y :=0), we obtain

ieNZ’

E[RT) | RE(0 —) = n] = (P} (@) p()n = (P (@)U+S: (), (7.11)
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where we used that p(y) = U;S+(y) with S+ (y) := (SZ ) e - Thus, Theorem 7.1 and Equation
0
(7.11) yield

E[(1 - X“(0)" | X*(~D)=x]= Y (PI(a))UT)n ) ST = ). (7.12)
k=0 ’

Now, consider the semigroup M; := (M+(s))s>0 of the line-counting process of the k-ASG in
the null environment, which is defined via M (s) := exp(sQ(%). Thanks to Lemma 7.3, M+(8) =

5
U:E+(B)V+, where E;(B) is the diagonal matrix with diagonal entries (e_’\-/' p )j€N+.
0
Assume first that N(t) =0 (i.e. @ has no jumps in [— 7, 0]). In this case, we have
Pl(w)Us = Ms (1)Ut = U+E+(1) Vi Us = U+E+(1) = C' (0, T),

where we used that V; U+ = 1. Hence, (7.8) follows from (7.12).
Assume now that N(t) > 1 (i.e. o has at least one jump in [— 7, 0]). Disintegrating with
respect to the values of RG((— T;) —) and Ri(— T)), i € [N], we get

Pl(w) =Mi(— THBA(T1))M;(T1 — THB(A(T)) - - - BA(TN)Mi(Ty + 7). (7.13)

Using this, the relation M+ (8) = U: E+(B) Vs, the definition of the matrices &' and A:f (see (7.6)
and (7.7)), and the fact that V;U; =1, we obtain
Pl @)U+
= Ui E(—= T)® (A(T)) Ex(T1 — T)® (Aw(T2) " - T (Aa(Tw)) " Ex(Ty + 1)
= UsAl(@) Al (@) " -+ Aj (@) TE+(Ty + 1)
T

—U; [A,TV(a))Alval () - .Af(a))] E(Ty +1)=Cl(w, 1), (7.14)

which proves (7.8) also in this case.

It remains to prove that CZ o{w, T) converges to I1,(w) as T — 0. For w =0 (i.e. the null

environment), on the one hand (7.9) yields c’ olw, T) = e_)‘gruz o» and on the other hand (7.11)

n

together with M;(B) = U+E+(B)V+ and Vi UT’: I yields

n
0/ b +
E[y* | R0 —)=n]=§ e Uy Sp).
k=0

Since )»,t >0 for ke N and )»Z) =0, the desired convergence follows by letting T — oo in the

previous identity. For later use, note that we have I1,(0) = uZ o- The general case is a direct
consequence of the following proposition. (]

Proposition 7.1. Assume that 0 =0, 0 > 0, vg, v1 € (0, 1), and w is a simple environment. We
have

Cl (@, 7) = Ty()| < e 7.

Proof. Let w, be the environment that coincides with w in (— 7, 00) and that is constant
and equal to w(— 1) in (—o0, —t] (which means that @, has no jumps in (—oo, —1]). Since
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PZ(wr) = PZ(w) and w; has no jumps in (—o0o, —7], we obtain
Muwo) =Y pl (e, DBEB = T st Ry (B)=0| Ry (r —) = k)
k>0

= pp @, D IO)= Y p! (. 1) u] y = (Pl (@)U =C} y(@. 7), (7.15)
k>0 k>0

where in the last line we used IT;(0) = ”110 (from the end of the previous proof) and (7.14).
Now combining (7.15) with (6.4) applied to w, with v = §,, yields

Pho(@, D) =P} o(@r, T) < C) (@, T) < ph o(@r, )+ T =pl (@, 1)+ 7. (7.16)
Then, combining (6.4) applied to w with v = §,, and (7.16), we get
Cho(@, 7) — ™7 <Ty(w) < C) o, 7) + e,
and the result follows. O

Remark 7.1. If w has no jumps in (— 7, 0), then Cl(w, 7)= U; exp (tDy). In particular,
M4(0) = u .

Remark 7.2. Under the assumptions of Theorem 7.3, the Simpson index (see Remark 2.5) is
given by

E[Sim®(00)] = E[X”(00)* + (1 — X*(00))*] = 1 — 2C] ((@, 00) +2C} o(w, 00).

Remark 7.3. If w is a simple periodic environment with period T}, > 0, then (7.10) can
be written as I1,(w) = lim,— oo (U+B(w)™),.0 Where B(w) := [AI,(TP)(a)) - Al@)1T. As an
application of Theorem 7.3 we obtain the following refinement of Proposition 2.1 for mixed

environments composed of a pure-jump subordinator J and a simple environment @ (see
Figure 6).

Proposition 7.2. Assume that 0 =0, 6 >0, and vg, vi € (0, 1). For any t. >0, neN, x€
[0, 1], and any simple environment w, we have

n2N [ 2N
: J®s, J®rw(_ .y ] — i i .
rli)rroloIE[(l—X 20)"1X/®=(— 1) =x] =) Cy (@, Tv ;| 7 (7.17)
j=0 \k=j

where N denotes the number of jumps of  in [—Tt,, 0].

Proof. Let w be a simple environment. Proceeding as in the proof of Proposition 2.1, but
using Theorem 7.1 instead of Theorem 2.3, we obtain

lim E [(1 — X/®=2(0))"|X/®=2(— 1) =x] =E [an(,*_) | RSO0 —) = n] ,
T—>00 0
Since UTV' =T and the stochastic matrix 73; (w) = (p:.r j(w, T*))ijeNT defined via
) JeNy

pzj(a), 7.) :=P(Rg(t, —) =j | Rj(0 —) = 1)

satisfies C'(w, 7.) = P (0)Us (see (7.14)), the result follows. O
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7.2. Extensions of quenched results in Section 2.6

In this section we assume that o =0 and extend some of the quenched results stated in
Section 2.6 concerning the ancestral type distribution for simple environments. The next result
allows us to get rid of the condition vy > 0 in Theorem 2.5(2).

Theorem 7.4. (Ancestral type distribution for simple environments.) Assume that o =0, and
let w € D* be a simple environment with infinitely many jumps in [0, 0c0) and such that the
distance between the successive jumps does not converge to 0. Then the statement of Theorem
2.5(2), except for Equation (2.20), remains true.

Proof. The case 6vg > 0 is already covered by Theorem 2.5(2). Assume now that 6vy =0,
o =0, and that w is as in the statement. For 1 € M/ (N), we denote by u%(8) the distribution
of L7(B —) given that L7(0 —) ~ p. We claim that, for all u, it € M(N),

dry(up(T), a7 (T)) m 0, (Claim 5)

where dry(ie1, np) stands for the total variation distance between w1 and wy. If Claim 5 is
true, the rest of the proof follows as in the proof of Theorem 2.5(2). In what follows we prove
Claim 5.

Let 0 <T; <T> <--- be the sequence of the jump times of w, and set T := 0 for con-
venience. On (T}, T;11), L7 has transition rates given by (qo(k, k,jen (see (2.16)). For any
k > [, let H(k, ) denote the hitting time of / by a Markov chain starting at k and with transition
rates given by (4°G, Mijen. Let (82 be a sequence of independent exponential random vari-
ables with parameter (/ — 1)6v; + /(I — 1)/2 and note that S; ~ H(l, [ — 1) for [ > 2. Using the
Markov property, one can easily see that H(k,1) is equal in distribution to Z;(:z S;. Therefore,
for any i such that 7741 < T and any k > 1, we have

k
P (LT —Tp) =) = 1| LT — Tyy1) = k) =P (Z §1 < Tig1 — T,->
=2

o0
>P (Z S < T — Ti) : (7.18)

=2

Clearly Y 72, E[S/] < o0; thus §®:= Y 72, S, <oco almost surely. Moreover, since for
[>2 the support of S; contains 0, the support of $°° contains 0 as well. In particular
q(s) :=1P( Z?iz S; < s) is positive for all s > 0. Thus, we get from (7.18) that

P (LT = T)) =) = 1| LT = Tix1) =k) = q(Tip1 = To), k> 1. (7.19)

Let L7, i?, and L7, i > 0, be independent copies of the line-counting process of the pLD-ASG

with environment o (the subscript indicates the sampling time) and L7(0 —) ~ p, i‘;(O —)~ [,
and LUT),-(O —)=1.Let

i(T):=max{ieNo:Ti < T, L2(T —T;)) =) =LY(T — T;) —) =1},
with the convention that the maximum of an empty set is —oo. Set T_o := — 0o for

convenience. We define (UP(B))g>0 and (f]?(,B))ﬁzo by setting UZ(B):=L7(B) and
Ur(B):=Ly(B) for B<T—Tyr) and Up(B):=Ur(B)=Ly, (B — T —Tr)) for
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B =T — Tyr). Note that U and f]‘T" have the same distributions as L7 and Z‘}’, respec-
tively. In particular, we have UZ(T —) ~ u7(T) and U?(T —) ~ ap(T). Moreover, we have
Ur(w, B) = Ur(w, B) for all B > T — Tjr). Therefore,

dry(UT), (D)) <P (ULT ) # U(T —)) <P (i(T) = —00) . (7.20)

Let N(T) be the number of jumps of w in [0, T]. According to (7.19), for k1, k» > 1 with
k1 # ko we have

P(LY(T—T)—)=1, LY(T —T) =) =1 | LYT — Tix1) =ki, LYT — Tix1) = k)
> q(Tip1 — T))>.

Therefore, using (7.20), we obtain

N(T)
drv (), (T <P (o(T) = —00) < [ | (1= (i = Ti-?) =t 9u(D.

i=1

Note that ¢, does not depend on x and fi. Recall that by assumption the sequence of jump
times 71, T», . . . is infinite and the distance between the successive jumps does not converge to
0. Therefore, there is € > 0 such that, for infinitely many indices i, we have T;;| — T; > €. Thus,
the number of factors smaller than 1 — g(¢)?> < 1 in the product defining ¢,,(T) converges to
infinity as 7 — oo. We deduce that ¢,,(T) — 0 as T — oo, which proves Claim 5, concluding
the proof. O

The following diagonalization of Q¥ (the transition matrix of the process L under the null
environment) will allow us to obtain a more explicit expression for A7(x).

Lemma 7.4. Assume that o =0, and for ke N set Ay := — ¢k, k) and yi:=q°(k, k — 1),
where g* (-, -) is defined in (2.16). In addition, make the following definitions:

(i) Let D be the diagonal matrix with diagonal entries (— Ai)jeN.

(ii) Let U:=(u;j)ijen, where, for all ieN, u;;:=1; u;j:=0 for j>i; when i>2,
uji—1:=yi/(Ai — Ai—1); and the coefficients (u; j)je[i—2) are defined via the recurrence
relation

1 i-2
Ui j = yiio1j+60vo | Y uy | |- (7.21)
A — A =

(iii) Let V :=(v;j)ijeN, where, for allie N, v; ; :=1; v; j :=0 for j > i; and when i > 2, the

coefficients (v; j)je[i—1] are defined via the recurrence relation
-1 !
Viji = Z viir | Ovo+vijr1vist | - (7.22)
(Ai —2) Py

(We adopt the convention that an empty sum equals 0.) Then we have Q = UDV and UV =
VU =1, where 1 denotes the identity matrix.
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Proof. The proof is analogous to the proof of Lemma 7.3. (|

Now we consider the polynomials Sg, k € N, defined via

k
Sk =Y weax'. (7.23)
i=1

In addition, for ze(0,1), we define the matrices B(z):=(B;;(z))ijen and
D(2) := (P;,j(2))i jeN via

Bij@):=Pi+Bi(z)=j), ijeN, and @) :=U"Bx)'V', (7.24)

where B;(z) ~ Bin(i, z). The fact that the matrix product defining ®(z) is well-defined can be
justified similarly as in the proof of Theorem 7.3. The same is true for the matrix products in
(7.25) and (7.27).

Theorem 7.5. Assume that o = 0, and let w be a simple environment with infinitely many jumps
on [0, 00) and such that the distance between the successive jumps does not converge to 0. Let
N be the number of jumps of w in (0,T), and let (T,-)fy: | be the sequence of the jump times
in increasing order. We set Ty :=0 for convenience. For any m € [N], we define the matrix
Am(w) := (A](w))ijen by

Ap(@) := exp (Tin — Tin—1)D) P(Aw(Tw)). (7.25)
Then for all x € (0, 1), n € N, we have
2N
hrx)=1-— Z Cix(w, T)Sk(1 —x), (7.26)
k=1
where the matrix C(w, T) := (Cy i(@, T))k neN is given by
C(w, T):=Uexp(T — Ty)D) [A1(@)Ax(®) - - - An()] . (7.27)
Moreover, for any x € (0, 1),
o
) =1- Z C1 k(w, 00)Sk(1 —x), (7.28)
k=1

where the series in (7.28) is convergent and where
C14(@, 00):= lim (U [A1(@)Ar () - -Am(w)]T) , (7.29)
m— 00 1,k

and the above limit is well-defined.

Proof. We are interested in the generating function of L7(T —). For s > 0, we define the
stochastic matrix PST (w) = (piT/.(a), $))i jeN via

PZj(w, §):=P(LP(s —)=j| LY(0 —) =1i).
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We also define (M(s))s>0 via M(s) := exp (sQ°); i.e. M is the semigroup of O LetT) <Tp <
- - - < Ty be the sequence of jump times of w in [0, T]. Disintegrating with respect to the values
of L2((T — T;) —) and L(T — Ty), i € [N], we obtain

Ph(w) = M(T — Ty)B(AO(Tn)M(Ty — Ty—1)B(A&(Tx-1)) - - - B(A(T)M(Ty).  (7.30)
In addition,
ET T | 120 =) =nl = (PE@)p(0))n,  where  p(y) := ()ien. (7.31)

Thanks to Lemma 7.4, we have M(B8) = UE(B)V, where E(p) is the diagonal matrix with diag-
onal entries (¢ %/ )jeN. Moreover, p(y) = US(y), where S(y) := (Sk(y))ren. Using this together
with Equation (7.30) and the relations M(8) = UE(B)V and VU =1, we obtain

Pr@)p(y)

= UE(T — Ty)®(A(TN)) E(Ty — Ty—1)®(Ao(Ty-1)) " - - @(Aw(T1)) " E(T1)S(y).
(7.32)

Thus, using the definition of the matrices A;(w), we get
Pr(@)p(y) = UE(T — Ty)An(@) " Ay—1(@)" - - Al(@) ' S(v)
= UE(T — Ty) [A|(@)A2(@) - - - Ay(@)]" S() = Clw, T)S().
Now, using the previous identity, Lemma 6.1, and Equation (7.31), we obtain
o
©x)=1—E [(1 — 0H T | 200 —) = 1] —1-Y €1 @, DSK(1 .
k=1

Proceeding as in the proof of Theorem 7.3, one shows that C; x(w, T) =0 for k > 2N and
(7.26) follows.

Let us now analyze C; x(w, T) as T — oo. First note that, on the one hand, from (7.26) we
have

o0
ERH T 1 L20 - =11=) | C1alw, DSi().
k=1
On the other hand, we have
o0
ESHT 1120 —) = 11= Y PUAT —) =k | L0 —) = 1)*.
k=1

Since U is the change-of-basis matrix from (OF)een to (Sk(y)ken, we deduce that

Ciilw, T)= Z uilPLP(T =) =i| L7(0 =) = 1) = Eluror « | L7(0—)=1].  (7.33)
ieN

From Theorem 7.4, we know that the distribution of L% (T —) converges when T — oo.
In addition, according to Lemma 7.5 the function i — u; ; is bounded, and hence C x(w, T)

https://doi.org/10.1017/apr.2022.54 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2022.54

Moran models and Wright—Fisher diffusions in random environment 759

converges to a real number. Recall that 71 < T < - - - is the increasing sequence of the jump
times of w and that this sequence converges to infinity. Therefore

lim Cj (@, T)= lim Cy (@, Tp)= lim (U[Al(a))Az(a))-~-Am(a))]T) ,
T—o00 m—00 m— 00 1,k

where we used (7.27) in the last step. This shows that the limit on the right-hand side of (7.29)
exists and equals lim7_, oo C1 k(w, T).

It remains to prove (7.28) together with the convergence of the corresponding series. We
already know from Theorem 7.4 that /% (x) converges to 1“(x) when T — oo, and we have just
proved (7.26) and that for any k > 1, Cy x(w, T) converges to Cj x(w, 00), defined in (7.29),
when T — oco. Now we claim that, for all ye [0, 1] and T > T7,

|C1.x(@, T)Sk(y)| < 4% x (2ek)kT0/2e=HT1 (Claim 6)

Assume that Claim 6 is true. Then (7.28) and the convergence of the series follow using the
dominated convergence theorem. It only remains to prove Claim 6. As in the proof of (7.33),
one shows that

o0
Pl @)p) = EY TV [ L20 —) = 11= ) Cralw, TIS(),
k=1

where é’lyk(a), T) =Eluror—1).k | L7(0 —) = 1]. Proceeding as in the proof of (7.32), we can
prove that

Plr_rp+(@)p()
= UE(T — T\)®(Aw(Tw) T E(Ty — Tn-1)P(Ao(Ty-1) " - D(Aw(T1)) S(). (7.34)

Since E(T7) is diagonal with entries (e %71 )jeN, we conclude from (7.32) and (7.34) that
Ciix(w, T) = e 11 Cy i (w, T). Therefore

Ci i, T)=e N Eluggr—rya | LFO —) =1].
This together with Lemma 7.5 (see below) implies that, for all k> 1 and ¢ > 0,
ICLi(@, T)| < (2ek) 201,
Combining this with Lemma 7.7, we obtain Claim 6, which concludes the proof. (|

Lemma 7.5. For all k> 1,

sup u; i < (2ek)*+9/2,

J=1

Proof. Let k > 1. By the definition of the matrix U in Lemma 7.4, the sequence (u; x)j>1
satisfies
Vi+1

ujp=0forj<k, gp=1, upp1 0 =—""—,
A1 — Ak
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1 -2

ULk = | Vk+iUk+i—1,k + 610 Z Upyjk | forl>2.
Mt — M pard

Let Mf{ = sup;; Ui k- By the definitions of yj;1, Agy1, Ax (see Lemma 7.4), we have

Vi1 =M1 — (k= DOV > Agq1 — A
This together with the above expressions yields that

)\k+l—(k_1)91}0< Ak+1 _1 Ak

ME 14—
Al — Ak T Akl — Ak Akl — Ak

k+1 _
L, M=

Moreover, for [ > 2, we have

Mk+l 1 Vil + (= 10w _ gkt Mt — (k= Dbvo _ o Y

ULk = % =M —_—
Al — Mk Al — Mk Akl — Ak

Hence, we have

_ _ At _ Ak
MA! = M gy < MEF R ket (1 LMY
Ml — Mk Akl — Ak

As a consequence, we have

sup uy j < =: M*. (7.35)
1= H( /\k+1 k) g

J=1
Since Agy;~ 2 as 1 — oo, it is easy to see that the infinite product M,fo is finite. Then,

e ¢]

o
A " A log (2ek)
M° =exp E log (1+—) <exp E —— | <exp |:— ,
g |:1—1 Myl — Mk = Mt — Ak 2(k—1)

where we used Lemma 7.6 (see below) in the last step. Since Ay = (k — 1)(k + 6) (see Lemma
7.4), the desired result follows. O

Lemma 7.6. For all k e N,

i _ log(2ek)

= Ml — M 20k — 1’
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Proof. Using the definition of A; in Lemma 7.4, we have

e ¢]

1
ZAHI Sl;(kﬂ)(kﬂ—l)—k(k—l)

=1

1 00 1
< +/ dx
Gt Dk—ktk—1 " Ji G+ —kk—1)

1 00 1 1T e 1
N . S—, 1 +lim | ———du
%) exae e T T ), wwr2k—1)
1 , a | a
< 1+ lim / —du—/ S— 1
2k —1 a0\ J| u L ut2k—1

. 1 L+ lim 1o a2k <log(Zek) 0
1| Tt B\aruk—1) S 2= 1y

Lemma 7.7. For all k € N, we have

sup |Sk(y)| < 4*.
y€[0,1]

Proof. By definition of the polynomials Sy in (7.23), we have for k > 1

sup150) <Z Vil (7.36)

y€l[0,1 i=1

Let us fix k > 1 and define SJ’-C = Zg |vi.i|. Note that Sj’-‘ =0 for j > k and that S,’g =1 by the
definition of the matrix (v; j); jen in Lemma 7.4. In particular, the result is true for k = 1. Thus,
we assume that k > 1 from now on. Using (7.22), we see that for any j € [k — 1],

—1

S’-‘ ]+1 + v jl = ]+1 + G Z Vit | Ovo + vk jr1Vi+1
k I=j+2
1 k
<Sf+ =% [ S} 120v0 + (S}, S/+z)7/./+1]

Vit+1 « vy — Yj+1
(1+/\ —)\j>sf+1+—xk i, Sk, .

Note that O—yi/“ <0, because of the definition of the coefficients y; in Lemma 7.4. Thus, for

jelk—1],
SJ (1 + )L:Jirl)L ) SJk+1 (7.37)
By the definitions of yj41, Ak, Aj in Lemma 7.4, and using that j < k, we have
Viel (+ 1)j+jovi +6vg
A=A k(k—1)—jG— 1)+ (k= jOvi + (k — j)Ovo
G+ 1y . JOvi Hvo <2j—i—l

Tjk=D—jG=1 " (k=povi  (k—povo " k—j
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In particular,

Y+l <k+J+2'

1
Tk k)

Plugging this into (7.37) yields, for all j € [k — 1],

Then, applying the previous inequality recursively and combining with S¥ = 1, we get

k k—1 . 2k+1 2k+1
k 2 2k +1 +
S = st = [T A2 2 (2 1Y 2 G P i) eyt
- ’ ! k—j k—1 2
i=1 j=1
Combining with (7.36), we obtain the desired result. U
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Appendix A. J1-Skorokhod topology and weak convergence

A.1 Definitions and remarks on the J;-Skorokhod topology

For T > 0, as in the beginning of Section 2 we denote by D r the space of cadlag functions

in [0, TT with values on R. Let C; denote the set of increasing, continuous functions from
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[0, T] onto itself. For A € C T, we set

A% = sup

0<u<s<T

log <M)' . (A1)

S—u
We define the Billingsley metric d%. in Do 7 via

dMf, g):= inf {IM%V IIf — goAlIT.00), Where |Ifli7.co:= sup |f(s)l.  (A2)
reCh 5€[0,T}

The metric d(% induces the Ji-Skorokhod topology in Dy 7. An important feature is that the
space (Do, T, d(%) is separable and complete. The role of the time-change X in the definition of
d‘% is to capture the fact that two cadlag functions can be close in spite of a small difference
between their jumping times.

For T > 0, a function w € D, 7 is said to be pure-jump if Zue(O,T] | Aw(u)| < oo and for all
te(0,T],

o) —w0)= Y Ao),
]

ue(0,t

where Aw(u) := w(u) — w(u —), u € [0, T]. In the set of pure-jump functions, we consider the
following metric:

di@r, @)= inf YA}V 3 1Awiw) — Alwr o )W) | - (A.3)
reCy uel0,T]

The next result provides comparison inequalities between the metrics d(% and dy.
Lemma A.1 Let w| and wy be two pure-jump functions with w1(0) = w2(0) = 0; then
dy(wr1, ) < dj (1, ).
If w1 and wy are non-decreasing, and w1 jumps exactly n times in [0, T], then

A (w1, w2) < (4n+3)dN w1, w).

Proof. Let A C} and set f := w] and g :=wy o A. Since f and g are pure-jump functions
with the same value at 0, we have, for any 7 € [0, T1,

-0l =] Y (Af@) — Ag)| < > |1Af@) — Agw)l.

uel0,1] uel0,7]

The first inequality follows. Now, assume that w; and w, are non-decreasing and that w; has n
jumps in [0, T]. Let #; < - - - <1, be the consecutive jump times of w;. We first prove that, for
any k € [n],

Z |Af(u) — Ag(u)| = (4k + DIIf — gl 00, (A4

uel0,t]
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where |- ||1.00, ¢ > 0, is defined in (A.2). We proceed by induction on k. Note that

D Iafw) — Mgl = > Aglw) + [Af() — Ag(t)] < gt =)+ 2If — glln.o0

uel0,1] uel0,n)
<3 — &l 00-

which proves (A.4) for k = 1. Now, assuming that (A.4) is true for k € [n — 1], we obtain

D IAf@) = Ag)l = Y |Af@) — Agw)+ Y Aglu)
uel0,tx411 uel0,t] UE(ty,tk+1)
+ A (ter1) — Ag(trt1)]
< @k + DI — gll.00 + &ltir1 =) — 8t + 21 — glliy .00
= (4k+ DI — 8lly.00 + (8(ts1 =) —Fltip1 =) — (8(t) — F(1)) + 21 — llgyr.00
< @k + DIf = glly.oo + 4l = 8lliyr.00 < @+ 1)+ DIf = gl .00

Hence, (A.4) also holds for k + 1. This ends the proof of (A.4) by induction. Finally, using
(A4), we get

DM@ — Agw)l = Y [Afw) — Agw) + Y Aglu)

uel0,7] uel0,1,] uety, Tl
< @n+ DIf —gllty.00 + 8(T) — g(tn) = (4n+3)f — gll7.c0,

ending the proof. U

A.2. Bounded Lipschitz metric and weak convergence

Let (E, d) denote a complete and separable metric space. It is well known that the topology
of weak convergence of probability measures on E is induced by the Prokhorov metric. An
alternative metric inducing this topology is given by the bounded Lipschitz metric, whose
definition is recalled in this section.

Definition 1. (Lipschitz function.) A real-valued function F on (E, d) is said to be Lipschitz if
there is K > 0 such that

|F(x) — F(y)| < Kd(x,y), forallx,yeE.

We denote by BL(E) the vector space of bounded Lipschitz functions on E. The space BL(E)
is equipped with the norm

{IF(X)—F(y)I

TR } F € BL(E). (A.5)

IFllBL := sup [F(x)| vV sup
xeE x,yeE: x#£y

Definition 2. (Bounded Lipschitz metric.) Let p, v be two probability measures on E. The
bounded Lipschitz distance between w and v is defined by

0E(t, v) 1= sup {‘/qu—/de

. F € BL(E), |F|lpL < 1} . (A.6)
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The bounded Lipschitz distance defines a metric on the space of probability measures on
E. Moreover, the bounded Lipschitz distance metrizes the weak convergence of probability
measures on E; i.e.

(d)

0E(n, W) —> 0 < wu, —— .
n— oo

Appendix B. Table of notation

n— oo

Notation Meaning First appears
X=X®)=0 Solution of (1.3) Sec. 1
o, 0, vy, V| Parameters of selection and mutation Sec. 1
J={U®)=0 Pure-jump subordinator Sec. 1
7 Lévy measure of J Sec. 1
¢ =, piiel Collection of jumps of J Sec. 1
S(t) at+J(1) Sec. 1
Dy, D Spaces of cadlag functions Sec. 2
o = (())r=0 Deterministic environment Sec. 2.1
D5/D* Set of environments (o (1))sc[o, 17/@ Sec. 2.1
on, Oy Parameters of Moran model Sec. 2.1
Aw(t) Jump of w at time ¢ Sec. 2.1
0 Null environment Sec. 2.1
(ZyD)i=0 Quenched f of fit individuals Sec. 2.1
(21{/(1));30 Annealed # of fit individuals Sec. 2.2
Ay Generator of (Z]J\,(t)) =0 Sec. 2.2
A, Ay in the case 1 =0 Sec.2.2
X =X1)=0 Quenched version of X Sec. 2.3
JN, N J(- /N), w(- /N) Sec.2.3
Xy, X ZN (NN, ZY¥(N-)/N Sec. 2.3
JT=JT(B))pero.m Time reversal of J Sec.2.4
(G(B))p=0/(GF(B))p=0 Annealed/quenched ASG Sec. 2.4
Om.k Rates of simultaneous branchings Sec. 2.4
(G(B))p=0/(GL(B))p=0 Annealed/quenched killed ASG Sec. 2.5
(R(B))p=0/(R2(B)p=0 Line-counting process of G/G% Sec. 2.5
erb = (qérl(l”j))i,jeNg Generator of (R(8))g>0 Sec. 2.5
T/ (w) Absorption probabilities of R/R} Sec. 2.5
nx/L® Limit distribution of X(¢)/X%(0) Sec.2.5
X(00) Random variable with law ny Sec. 2.5
J®, w Mixed environment Sec. 2.5
hr(x)/h7(x) Ancestral type distribution at T Sec. 2.6
h(x)/h®(x) Ancestral type distribution Sec. 2.6
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Notation Meaning First appears
(L(B))p=0/(LF(B))g=0 pLD-ASG’s line-counting process Sec. 2.6
O* =(q"(i, )))i jen Generator of (L(8))g=>0 Sec. 2.6
nL/u® Limit law of L(T)/L(T —) Sec. 2.6
L(c0) Random variable with law 5y, Sec. 2.6
ay, P(L(c0) > n) Sec. 2.6
Viij Coefficients in recursion (2.18) Sec. 2.6
Un(w) Law of (Zﬁ(l‘))te[()j] Sec. 3.1
w® ws  with small/large jumps removed Sec. 3.1
Ay /A Generator of Xy /X Sec. 3.2
En State space of Xy Sec. 3.2
dd/ds. Metric on Do 7/D3. App. A.1
C} Increasing, continuous f : [0, T] — [0, T App. A.1
||-||(}, 111700 Functional norms App. A.l
BL(E) Bounded Lipschitz functions F : E — R App. A2
[I]lBL Norm on BL(E) App. A2
oe(-, ) Bounded Lipschitz metric App. A2
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