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Abstract

We study stochastic evolutionary game dynamics in a population of finite size.
Individuals in the population are divided into two dynamically evolving groups. The
structure of the population is formally described by a Wright-Fisher type Markov
chain with a frequency dependent fitness. In a strong selection regime that favors one
of the two groups, we obtain qualitatively matching lower and upper bounds for the
fixation probability of the advantageous population. In the infinite population limit we
obtain an exact result showing that a single advantageous mutant can invade an infinite
population with a positive probability. We also give asymptotically sharp bounds for
the fixation time distribution.
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1 Introduction

Evolutionary game theory [28, 35, 40, 46, 53] is a mathematically accessible way of modeling
the evolution of populations consisting of groups of individuals which exhibit different forms
of behavior. It is commonly assumed within this theoretical framework that individuals
reproduce or adopt their behavior according to their fitness, which depends on the population
composition through a parameter representing utility of a random interaction within the
population. The fundamental interest of the theory is in understanding which forms of
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behavior have the ability to persist and which forms have a tendency to be driven out by
others.

In the language of game theory, behavior types are called strategies and the utility is
identified with the expected payoff in an underlying game. The basic biological interpretation
is that each strategy is linked to a phenotype in the population and more successful types
of behavior have higher reproductive fitness. In applications to the evolution of social or
economic behavior, the propagation of strategies can be explained by an interplay between
cultural inheritance, learning, and imitation [42, 46, 50, 51].

In the case of finite populations, the evolutionary dynamics is typically modeled by a
discrete-time Markov process such as Moran and Wright-Fisher processes [24, 29, 34, 48, 49].
In this paper we focus on the evolutionary game dynamics of the Wright-Fisher process
introduced by Imhof and Nowak in [29]. In this discrete time model, there are two competing
types of individuals in a population of fixed size whose fitness depends, up to a certain
selection parameter, on the composition of the population (type frequencies). During each
generation every individual is replaced by an offspring whose type is determined at random,
independently of others, based on the fitness profile of the population. The resulting model
is a discrete-time Markov chain whose states represent the number of individuals of one of
the two types present in the current generation.

The Markov chain has two absorbing states corresponding to the situation where one
of the two types becomes extinct and the other invades the population. The study of the
probability of fixation in an absorption state representing a homogeneous population thus
becomes a primary focus of the theory [3, 34, 36, 37, 44]. Following common jargon in the
literature, we will occasionally refer to the evolution of the Markov process until fixation as
the invasion dynamics of the model. For recent progress in evolutionary game theory on
graphs, we refer the reader to [12, 18, 20, 23] and the references therein.

Formally, the Wright-Fisher process introduced in [29] can be seen as a variation of the
classical Wright-Fisher model for genetic drift [17, 19, 21, 25] with a frequency-dependent
selection mechanism. Throughout the paper we are concerned with the generic case of the
selection that systematically favors one of the two population types. We thus will impose
a condition ensuring that the local drift of the Markov chain (i.e., the expected value of
the jump conditioned on the current state of the Markov chain) is strictly positive at any
state excluding the two absorbing states. Since the fitness in Imhof and Nowak’s model
is determined by the payoff matrix of a game, this condition turns out to be essentially
equivalent to the assumption that one of the strategies in the underlying 2 x 2 game is
dominant.

The main goal of this paper is to derive qualitatively matching upper and lower bounds
for the fixation probability of the model. The bounds become sharp in the limit of the
infinite population, but even for a fixed population size they have similar mathematical form
and thus capture adequately the invasion dynamics of the model. The core of the paper is
an exploration of Moran’s method [38] and its ramifications in our framework.

The rest of the paper is organized as follows. The underlying model is formally introduced
in Section 2. Our results are stated and discussed in Section 3. Conclusions are outlined in
Section 4. The proofs are deferred to Section 5. Finally, an analogue of our main result for a
related frequency-dependent Moran model, which has been introduced in [41, 48], is briefly
discussed in the Appendix.



2 Mathematical model

The Wright-Fisher Markov process introduced in [29], which we now present, describes the

evolution of two competing types of individuals in a population of fixed size N evolving in

discrete non-overlapping generations. Individuals of the first type follow a so-called strategy

A and those of the second type follow a so-called strategy B. The underlying 2 x 2 symmetric
game is described by the payoff matrix
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where a, b, ¢, d are given positive constants. The matrix entries a, b, ¢, d represent the utility
of an interaction of (the individual of type) A with A, A with B, B with A, and B with B,
respectively, for the first named individual in the pair.

We denote by Xt(N) the number of individuals following strategy A in the generation
t € Z,. Here and henceforth Z stands for the set of nonnegative integers NU {0}, where N
denotes the set of positive integers. With each of the two strategies is associated a fitness,
which, when Xt(N) = 1, is given respectively by

fy@)=1—w+wr,(i,N) and g¢,(i)=1—w+wnr,(i,N),
where w € [0, 1] is the so called selection parameter, while

a(i — 1) + b(N — i)
N -1

ci+dN—i—1)

(i, N) = N 1

and 7,(i, N) =

are expected payoffs in a single game with a randomly chosen, excluding self-interaction,
member of the population. The selection parameter w is a proxy for modeling the strength
of the effect of interactions (governed by the payoff matrix) on the evolution of the population
compared to inheritance.

Given that Xt(N) = 7, the number of individuals in the next generation adopting strategy
A is described by N independent Bernoulli trials with success probability given by

ify ()

(1) = )
Thus, conditionally on Xt( N), the next generation Xt(fl’ is a binomial random variable
BIN(N7 v (Xt(N))) centered around N¢, (Xt(N)) ;

W) _ oy (N W1 e ()
P(xY) = jix| —z)—(j)(sm)) (1- () @)

for all 0 < 7,5 < N. The Wright-Fisher Markov chain with transition kernel in the form
(2) comprises a class of classical models of population genetics [17, 19, 21, 25]. Under the
assumptions on the underlying game stated below in this section, the most mathematically
related case is a model of genetic drift in a diploid population with favorable selection and



without mutation, which formally corresponds to choosing a payoff matrix with a =6 > 1
and c=d = 1.

Note that the Markov chain has two absorbing states, 0 and N, which correspond to the
extinction of individuals using one of the two strategies. Our primary objective in this paper
focuses on the estimation of the following fixation (absorption at N, or yet alternatively,
invasion) probability:

. N N .
py(i) = P(XY = N|xM =), (3)
where
T=min{teN: XM =0o0r XV = N}. (4)

Throughout the paper we are interested in the dependence of p, (i) on i and N while the
parameters a,b,c,d and w > 0 are maintained fixed. We make the following standing
assumption.

Assumption 2.1. We assume that w > 0, a > ¢, and b > d.

We remark that in the notation of [48], Assumption 2.1 reads w > 0, £ > 0, and ¢ < 0.
Moreover, under Assumption 2.1, A is the strictly dominant strategy in the underlying
game, and the implementation of strategy A by both players corresponds to the unique Nash
equilibrium and the unique evolutionary stable strategy. Strictly speaking, an evolutionary
stable strategy is a stationary distribution or an absorbing state of the process identified with
the corresponding Dirac measure. In particular, the unique evolutionary stable strategy is
the state where all players follow strategy A [28, 53].

A canonical example of a game satisfying Assumption 2.1 is the prisoner’s dilemma where
b > d > a > ¢, in which case strategy A represents defection and strategy B represents
cooperation. Examples of games with b > a > ¢ > d (Time’s sales versus Newsweek’s
sales and cheetahs and antelopes, respectively) are considered in [15, Section 3.2] and [30,
Section 3.2]. Another version of the cheetahs and antelopes discussed in Section 3.2 of [30]
provides an example of a game where b > ¢ > a > d. The invasion dynamics for two examples
of a frequency-dependent Moran process with an underlying game such that a > ¢ > b > d
is analyzed in [48].

A connection between Assumption 2.1 and the structure of the local drift of the Markov
chain XN which is crucially important for our agenda, is discussed in Section 3.3. In the
rest of this section we focus on more technical aspects and immediate implications of this
assumption.

For an integer N > 2, let 2 and Qf denote the state space and the set of transient
(non-absorbing) states of X™)| respectively. That is,

Q,={0,1,...,N} and Q0 ={1,...,N—1}. (5)

It has been pointed out in [48] (for a related frequency-dependent Moran process which we
discuss in the Appendix) and [29] (for the Wright-Fisher process considered in this paper)
that, to a large extent, the invasion dynamics of the model for a given population size N



can be characterized by the behavior of the sign of the function h (i) = f, (i) — g, (i), and
that the latter is entirely determined in the whole range i € Q% by the pair

{sign(h,(1)),sign{h, (N —1))}.

Using the linear structure of f, (i) and g, (7), it is straightforward to verify that Assump-
tion 2.1 is equivalent to the following.

Assumption 2.2. We assume that the parameters a,b,c,d,w > 0 are chosen in such a way
that there exist an integer Ng > 2 and real constants o and v such that

0<a<®W o0 1 N> Ny andieQ. (6)

f@@)

Assumption 2.2 can be thought of as a uniform over N version of the A-dominance
condition h,(0) > 0 and h,(N) > 0 introduced in [41, 48] (¢ > 0 and ¢’ < 0 in their
notation).

As alluded to above, for a fixed N € N, both f, (i) and g, (i) are linear functions of i,
and hence their graphs are straight segments. It follows that, if Assumption 2.2 is satisfied,
one can set

No=min{N >2:a(N —1)>cN —d and b(N —1) > d(N —2) + ¢},

and

a_mln{gNO(l) gNo(NO B 1) lim gN(l) lim gN(N_ 1)}
nJ,

fNO(l)ijO(NO_l)’N_)OO fN(l)jN_)OO fN(N_ )
i) (oD 0Dy, 01y
fNo(l)’fNO(NO_1)’N_>OofN(1)7N—>OOfN<N_1) 7

in order to obtain «,~y and N, explicitly in terms of the basic data a,b,c,d and w. Also,
notice that

(7)

v = max{

)

. gN(1> d . gN<N —1 c
1 = ¢ lim I 72 &
Noeo f(1) b and - lim FN—-1) a

Remark 2.3. We emphasize that (6) is assumed to hold for a given specific choice of the
(strictly positive) parameters a,b,c,d and w. In fact, by continuity, (6) remains true within

some interval of values w > 0 bounded away from zero, but ultimately fails when w approaches
an (7')
I (@)
fixed and is not varied.

zero because

=1 for w = 0. However, throughout the paper, the parameter w remains

3 Results and discussion

The organization of this section is as follows. The section is divided into five subsections,
the first two contain a preliminary discussion and the other two present our main results.
Section 3.1 aims to provide a brief background and a suitable general context for our approach
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and results. It also contains a summary of our main results, which consist of Theorems
3.4 and 3.9. Section 3.2 discusses relevant results of [29] from the perspective outlined in
Section 3.1. In Section 3.3 we state our results for a fixed finite population of size N, and
in Section 3.4 we discuss their asymptotic counterparts in the infinite population limit and
some implications. Finally, in Section 3.5 we illustrate our results with a numerical example.

3.1 Preliminary discussion

In [29] it is shown, among other results, that under Assumption 2.1 the selection in the
Wright-Fisher process favors A in that p, (i) > ¢/N for all i € Q° . Notice that i/N is the
probability that A wins in the absence of selection, i.e., when w = 0. Our goal is to obtain
a further insight into the behavior of the fixation probability p, (i) as a function of ¢ and N.
Our main contribution can be partially summarized as follows:

Theorem 3.1 (Main results in a nutshell). Let Assumption 2.1 hold. Then, for the Wright-
Fisher process defined in (1) and (2), there exist constants p,0 € (0,1) such that

<py(i) < TN for all N > Ny, i € Q7. (8)

Furthermore, there exists a constant q € [0, p| such that

lim p, (i) =1— ¢, VieN. (9)
N—o0

The first part of the above theorem is the content of Theorem 3.4, and the second one
in a more detailed form is stated in Theorem 3.8. Notice that the limit in (9) has the same
form 1 — ¢ for some ¢ € (0,1) as the asymptotic of the lower and upper bounds in (8). In
intuitive accordance with the fact that A is the unique Nash equilibrium and evolutionary
stable strategy in the underlying game, (9) implies that a single advantageous mutant has a
non-zero probability of invasion even at the infinite population limit.

The Wright-Fisher Markov chains with directional selection (i.e. favoring one of the
no
more general one with the frequency dependent selection mechanism introduced in [29],
are known to exhibit complex multi-scale dynamics. We refer to [17, Section 6.3.1], [21,
Section 1.4.3], [8, Section 3], and [10, 52| for a description of several possible scaling schemes
and limiting procedures for these models. Due to the high likelihood of big jumps and space-
wise inhomogeneity of the local drift, obtaining a quantitative insight into a mechanism of
transforming a relatively simple structure of the transition kernel into the global dynamics of
these Markov chains turns out to be a challenging task. The usual approach to overcome the
difficulty is to implement a small parameter expansion which, although often formally not
limited to any particular drift structure, ultimately leads to the (conceptually undesirable)
comparison of the model to stochastic processes without drift.

When w is small—a regime commonly referred to as weak selection—the fitness of indi-
viduals plays little role on the dynamics of evolution, and rather it is simply the proportions
of the previous generation which play the primary role in determining the next generation.

two population types), either the classical one with constant selection bias or the



The main content of our work is an alternative method, which is in essence equivalent
to an indirect coupling of the Imhof-Nowak model with an “exponential submartingale”. In
particular, this method allows us to considerably improve the previous work in [29] and obtain
qualitatively matching lower and upper bounds for the fixation (absorption) probabilities in
this model.

Using explicit formulas available for the Moran chain, it can be verified that if

;ﬁg =q€(0,1) for all N € N and i € Q2 (4), then

i

Py (i) (10)

This example formally corresponds to the payoff matrix a = b =1+ %%q and c =d = 1.

The expression for the absorbtion probability in the form p, (i) = 11_qu is universal for finite-
state Markov chains X; with a space homogenous transition kernel and positive average drift
for which a constant ¢ € (0,1) can be found such that M; = ¢** is a martingale (see, e.g.,
[16]). Fixation probabilities for the diffusion approximation of the classical Wright-Fisher
model with selection are in the form p(x) = %, which is similar. This form of the fixation
probability is believed to be universal for a large class of evolutionary models in structured
populations [1]. Results similar to (10) for the Wright-Fisher process were obtained by
Kimura via diffusion approximations (see also [21]). However, these results are only valid
for large population sizes and Markov chains that move by small steps, i.e. w =1 —r is
sufficiently small.

The proof of the bounds for a given population size relies on identifying “exponential sub-
and super-martingales” dominating the process (we remark, for instance, that for a linear
Brownian motion B; + ut, ;1 > 0, the proper choice is p = e~?* by virtue of Theorem 8.5.6

in [16]).

3.2 Comparison to the neutral Wright-Fisher process

In the regime of neutral selection where w = 0, Xt(N) is a martingale, and the precise
computation p, (i) = i/N readily follows. When w > 0 the situation is more difficult due
to the space inhomogenity of the transition kernel combined with the large amplitude of
one-step fluctuations. The latter is compared here to the nearest-neighbor transitions of a
Moran process, for instance the companion Moran model introduced in [41, 48]. By using
a comparison with the neutral selection case, it is shown in [29] that if Assumption 2.1 is
satisfied, then

py(i) > i/N, VN2> Ny, i€ Q. (11)
This result holds for any w > 0 and is an instance of the following general principle.

Proposition 3.2. Let X = (Xi)iez, be a Markov chain on 2 for some N > 2. Fori € Q,
let

(i) = E(Xpp1 — X4| X = 9) (12)

denote the local drift of X at site ©. Suppose that:

7



1. 0 and N are absorbing states.
2. If i € Q% and j € Q, then P(X,, = j|Xo =1) >0 for some m € N.
8. (i) >0 for any i € QF.

Let p (i) = P(X absorbs at N|Xo = 7). Then p,(i) > i/N for any i € Q. Furthermore,
the inequality is strict if and only if u(i) > 0 for at least one site i € Q9.

Note that under Assumption 2.1, we have the following relation for the local drift of the
Wright-Fisher Markov chain X )

() = E(X5) = XX =) = Ne, (i) -
_ Z(N_Z)(fN( ) _gN( ))

The proof of the proposition is in essence the observation that X is a bounded submartin-
gale, and hence E(Xr|Xy) = Np, (Xo) > Xo by the optional stopping theorem [16, Theo-
rem 5.7.5].

In the weak selection regime, [29] provides a nearly complete analysis of p, (i) and in
particular obtains a version of the so-called one-third law of evolutionary dynamics for the
model. The results of [29] for the fixation probability under weak selection are further refined
and extended in [34]. In particular, [34] derives a second order correction term to i/N for the
fixation probability p,, (7). In this paper, we concentrate on the case of directional (beneficial
for type A) selection as postulated in Assumption 2.1, but we do not make the assumption
of weak selection.

> 0, Vie Q. (13)

3.3 Moran’s bounds and a coupling with the classical Wright-
Fisher chain

Intuitively, it is clear that in the framework of Proposition 3.2, the local drift u(7) defined

in (12) is a characteristic of the Markov chain X; which is mtlmately related to the value of

the fixation probabilities. Notice, for instance, that if Xy = ¢ and T is the absorbtion time
of the Markov chain X, then by the monotone convergence theorem we obtain that

" By (X0) = B(Xr - Xo) = Npy (i) -
t=0

The general heuristic assertion of a close association between the local drift and the fixation
probabilities is especially evident in the particular instance of the Wright-Fisher process,
since according to (13),

(1) = -+ ot (i), (14)

and, by virtue of (2), (&, (i)>ieQ°

in view of the inequality in (13), in order to study the shape of p, (i) as a function of i it may

is the sequence defining the dymamics of the model. Thus,

8



be conceptually desirable to compare X ) with a suitable stochastic process with positive

drift, for which the solution to the gambler’s ruin problem is explicitly known (see, e.g., [16]).
It has been emphasized in the work of [29, 48] that the fitness difference h (i) = f, (i) —
gy (1), and in particular its sign, is a major factor influencing the invasion dynamics of the
model. Note that by virtue of (13), the sign of h, (i) coincides with the sign of the local
drift u, (7). Moreover, (13) can be rewritten as
i(N —i)(1—
1, (3) = (v = fN“)), Vieqo, (15)

i+(N—i)‘}f;8

showing that the value of y (i) is in fact determined by the ratio g, (i)/f, (i). From this
perspective, Assumption 2.2 together with (7) can be thought of as a tool establishing lower
and upper bounds for the drift in terms of the selection parameter w and payoff matrix of
the underlying game. In fact, (15) yields

iV = 0)(1 =)
i+ (N —i)y

i(N —i)(1—a)
i+ (N—i)a ’

< (i) < VieQ, (16)

where the lower and upper bounds have the form of the local drift of the Wright-Fisher
9N (i
FuGi
a comparison of our model with the classical Wright-Fisher process of mathematical genetics,

and furthermore indicate, at least at the level of heuristic argument, that the dynamics of
X @) should be similar to that of the Wright-Fisher process with constant selection.

The following lemma, whose proof is included in Section 5.1, is the key technical obser-
vation we use to derive Theorem 3.4, our main result regarding the fixation probability in
finite populations.

process with a constant selection

%. These bounds suggest in particular the possibility of

Lemma 3.3. Let Assumption 2.1 hold. Then:

(a) There exists a constant p € (0,1) such that E(pXt(JIrV1>|Xt(N) =1i) < p' for any N > Ny,
i € Q2% and integer t € 7.

(b) There ezists a constant § € (0,1) such that E(QXt(iVl)\Xt(N) =) > 6" for any N > Ny,
i € Q% and integert € 7.

(¢) Furthermore, in the above conclusions one can choose, respectively,

2(1—a)

p=e 2077 and 0=e o . (17)

The lemma is a suitable modification of the ideas of Moran [38, 39] adapted to the present
model with a frequency-dependent selection. The values of p and 6 suggested in (17) are
obtained from the corresponding estimates of Moran for the classical Wright-Fisher chain
with a constant selection [38]. Slightly better bounds can be obtained based on Arnold’s
elaboration of Moran’s original approach [5, 9].

X,SN))

. . . . . )
Lemma 3.3 implies that the sequence (p is a supermartingale while (HXt(N )

teZ teZ

. . . (N) (N) . .
is a submartingale. Since both pX¢ ~ and 6%:  are non-negative random variables bounded

9



from above by one, Doob’s optional stopping theorem [16, Theorem 5.7.5] implies that with
probability one,

P55 > B X)) = py (XN + (1 - py (X))
and
6" < BO XY = py (XY + (1= py (V).
This yields the following exponential bounds of the form (10) for the fixation probabilities.

Theorem 3.4. Suppose that Assumption 2.1 holds. Let constants p € (0,1) and 0 € (0,1)
be determined by (17). Then

1—pt . 1—6
~ S py(i) < TN

Jor all N > Ny and i € QF,.

Since % < I_T.pl for all i € Q°, the linear bound in (11) can be recovered as a direct
implication of Theorem 3.4. The upper bound suggested in the theorem indicates that the
exponential lower bound captures correctly the qualitative behavior of p, (i) as a function
of the initial state i.

Theorem 3.4 can be strengthened to the following coupling result. In what follows we refer

ﬁ
to a Markov chain on 2, with transition kernel given by (2) as an (N & N) —binomial process,
%
where £, = (SN(O),S’N(l), o ,{N(N)) is the vector of conditional frequency expectations
with £, (0) = £, (N) =0 and &, (i) € (0,1) for any i € Q° .
Theorem 3.5. Suppose that Assumption 2.1 is satisfied. Let

-1 — a4

07 (i) = r an 1) = .
nN(Z)_7—1i+(N—i) 4 G0 ati+ (N —i)

(18)

Then, in a possibly enlarged probability space, for any N > Ny and @ € (2 there erists a

Markov chain (Xt(N’l),Xt(N’2),)(',5(]\7’3))tez+ on Q, x Q. x Q. such that the following holds
true:

1. (Xt(N’l))teZ+ is an (N, 77)-binomial process.
— —
2. (Xt(N’Q))tEL s an (N, fN)-bz'nomz'al process with €, given by (1).
: =
3. (Xt(N’s))teZ+ is an (N, C, )-binomial process.

4o XD = xV = XV = gpg XY < XV < XYY for il t € N, with
probability one.

10



The theorem utilizes in our setting the idea of comparison of a Markov process to a
similar but more explicitly understood one (see, for instance, [13, 14, 32, 43, 47] and refer-
ences therein for early work in this direction). Ignoring the technicalities, the theorem is
a particular case of a more general coupling comparison result due to O’Brien [43] (see in
addition, for instance, Theorem 2 in [32] and Theorem 3.1 in [47] for related results). In
Section 5.2 we give a simple self-contained proof of Theorem 3.5, specifically exploiting a
particular structure of binomial processes.

Theorem 3.5 asserts that there exists a coupling such that for almost any realization of
the triple process (Xt(N’l), Xt(N’Q), X,fN’B))tez . the entire trajectory of the frequency-dependent
model (Xt(N’Q))teZ .» whose distribution coincides with the distribution of the chain (Xt(N))th N
studied in this paper, is placed between trajectories of two Wright-Fisher models with con-
stant selection. The result suggests that the qualitative behavior of (Xt(N))th . in a macro-
scopic level is similar to those of classical Wright-Fisher models with a constant selection.
Furthermore, the hierarchy of the Wright-Fisher models allows to derive lower and upper
bounds for important characteristics of our model in terms of the analogous quantities for
standard Wright-Fisher models with selection. We remark that Theorem 3.4 can be deduced
from Theorem 3.5 combined with results of Moran in [38] which show that the fixation prob-
abilities of (Xt(N’l))tez . are dominated from below by 117_% while the fixation probabilities

of (Xt(N’S))tez . are dominated from above by %, where p and 6 are defined in (17).

Note both 7, (i) and ¢, (i) in (18) are non-decreasing functions of 4. It has been shown
in [29] (see the proof of Lemma 1 on p. 679) that £, (i) has a similar property for a general
payoff matrix A, namely &, (i) < £, (i + 1) for all i € Q% . With this result in hand, we can
formally prove the intuitively obvious statement that p, (7) is an increasing function of the
initial state ¢, and it is also a smooth and strictly monotone function of each of the five
parameters a, b, ¢, d, and w.

Proposition 3.6.

(i) For a fized n > Ny and i € Q9 consider p, (i) as a function of the parameters w and
a,b,c,d which is defined within the domain

D :={(a,b,¢,d,w) € R>:w € (0,1), a,b,c,d > 0}.

Then the partial derivatives of p,, (i) with respect to any of the parameters a, b, c,d, and
w exist anywhere within D. Furthermore,

ap,, (i) Op, (1) Ipy (4)
ow -0 T 7% e <0

MO > 0 unless N = 2, Ipy(0) < 0 unless N = 2.
Oa od

(ii) For any fired N > Ny, p,, (i) is a strictly increasing function of the parameter i on Q,,.

For the sake of completeness the proof of the proposition is included Section 5.3.

11



3.4 Branching process limit for large populations

In this section we consider the asymptotic behavior of the model when the population size
approaches infinity. In view of Theorem 3.4 we have the following bounds for the limiting
fixation probability:

1—pi<]\}i_r>1(1>op,v(i)<1—0i.
Thus the following result is a direct implication of Theorem 3.4.
Corollary 3.7. Under Assumption 2.1,
(a) liminfy o py (i) >0, Vi e N.

(b) lim p,(iy) =1 for any sequence i, € Q° such that lim i, = +o0.
N—o00 N—o0

The first part of Corollary 3.7 can be refined as follows.

Theorem 3.8. Let Assumption 2.1 hold. Then limy_,o p, (i) exists and is strictly positive
for any i € N. Furthermore,

lim p, (i) =1-— q,

N—o0
where q is the unique in (0,1) root of the equation q = e~ *1=9 with

5\ = 1—w+ wb

- 77 1
1 —w+wd (19)

Theorem 3.8 implies in particular that just one advantageous mutant can invade an
arbitrarily large finite population with probability uniformly bounded away from zero. A
similar result for the frequency-dependent Moran model of [41, 48] has been obtained in [4].

The proof of Theorem 3.8 is based on the approximation of the Wright-Fisher model by
a branching process with a Poisson distribution of offspring. The idea to study the fixation
probability of a Wright-Fisher model using a branching process approximation goes back to
at least Fisher [22] and Haldane [26]. Typically, this approximation scheme is exploited using
heuristic or numerical arguments [21, 25]. The proof of Theorem 3.8 given in Section 5.4 is
rigorous. A small but essential part of the formal argument is the use of a priori estimates
provided by Theorem 3.4.

Once it has been established that a single advantageous mutant has a non-zero probability
of extinction, it is natural to ask how long extinction takes, if at all. This question is
addressed in the following result.

Theorem 3.9. Suppose that Assumption 2.1 is satisfied. Let A\ and q be as defined in the
statement of Theorem 3.8, and introduce

_ 4 — \2¢? e A

d = 20
g w > Ag+e M —1 (20)

S1
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Then there ezist a constant Co > 0 and a function ¢ : (1,00) — (0,00) that depend only on
the payoff matriz (a,b, c,d) and the selection parameter w, such that the following holds true
Jor any real n > 1, k,m € N, and integers N > Ny, J € Q2 :

PT <mX™ k) < (q52(1 - Amqm)>’< AT )
S9 — /\mqm
J3/2
+mCy—— + VAT k™A™ =)

and

P(T<m|x" =k >

(qsl(l — Amgm))’“

S — Amqm
J3/2 —m mo\m __
_mCOT — AT (k™A =T

Remark 3.10. A few remarks are in order.
(i) An explicit upper bound for Cy can be derived from (34) and (35) below.

(it) One can set (n) = min{¢p > 0: e” — 1 < nz for all € [0, A\7!]}. This can be seen
from the proof of Lemma 5.6 below.

(iii) The identity ¢ = e =9 implies A\q < 1 because =% 179 < ¢ for any q € (0,1) and
e M= 45 ¢ decreasing function of . In particular, fori = 1,2, we have

s (L= A"gm)NE
hm< 51 — A™mgm ) -9

m—r0o0

which is, according to Theorem 3.8 and (31) below, equivalent to

1— lim py(k) = lim lim P(T < m,X;N) = 0|X(§N) =k)

N—oo N—00 m—00
= lim lim P(T <m, XM =o|x™ = k).
m—00 N—o0

On the other hand, a suitable adaptation of the heuristic argument given in Sec-
tion 6.3.1 of [17] for a Moran model suggests that

lim P(T < clog N, XM =nNx™M =k =0

—00

as long as ¢ < Cy for some threshold constant Cy > 0. If this heuristic is correct then
the bounds given in the theorem are tight for large values of m and N as long as we
maintain m < clog N for some ¢ < C4.

(iv) The contribution of the correction term e¥MA """ X"=J) s small for large values of
N if, for instance, one sets J = N for some positive real o < 2/3 and maintain
knmA™ < ¢J for some constant ¢ € (0,1).
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The proof of Theorem 3.9 is given in Section 5.5. The main ingredient of the proof is the
branching process approximation which confirms that the first m steps of the Wright-Fisher
model look with a high probability like the first m steps of a branching process with Poisson
distribution of offspring. The first steps are the most important ones since there is little
randomness involved in the dynamics of the process for intermediate values of i, where, with
high probability, Xt(ivl) =&, (Xt(N)) > (14 )X for a small € > 0 (Chernoff-Hoeffding
bounds for a binomial distribution [27] can be used to verify this). Compare also with the
three phases of the fixation process described in detail in Section 6.3.1 of [17]. To estimate the
error of the approximation we use an optimal (so called mazimal) coupling of binomial and
Poisson distributions and classical bounds on the total variation distance between the two
distributions. Finally, to evaluate the extinction time distribution of the branching process
we use bounds of [2] obtained through the comparison of a Poisson branching process to a
branching process with a fractional linear generating function of offspring. We remark that
in the context of biological applications, the approximation of an evolutionary process by
a branching process with a fractional linear generating function of offspring was apparently
first considered in [45].

3.5 Numerical example

Consider the following payoff matrix:

A B
Al4d 2
B3 1

Theorem 3.8 indicates a very limited influence of the population size N on the fixation proba-
bility p, (7) for large values of N. For illustration purposes we consider a fixed population size
N =100 and let the selection parameter vary between 0 and 1. Figure 1 shows a comparison
of numerical and analytical results. The blue line represents the analytically obtained limit-
ing fixation probability p := limy_ py (1) = 1 —q as a function of the selection parameter
w, while the black dots are numerically obtained fixation probabilities of one advantageous
mutant for N = 100, averaged over 10* independent realizations.

We also performed numerical simulations for the fixed selection parameter w = 0.3 and
the initial number of mutants varying through ¢ = 1,2, ..., 10. The results of these simulations
are shown in Table 1. In the case of large populations, Theorem 3.8 suggests that the
fixation probability at zero is given by ¢ = 0.5770. We numerically obtained the fixation
probabilities p, (i) for the above specified parameters and used a nonlinear least squares
routine in MATLAB to find the best fitting ¢, assuming that p (i) = 1— ¢’ . Table 1 shows
the results of this nonlinear fitting ¢, and the differences ¢q,, — ¢ for the specified values of
the population sizes N.

4 Conclusion

In this paper, we considered the fixation probability of symmetric games in Wright-Fisher
processes with directional selection describing evolutionary dynamics of two types. Our anal-
ysis shows the existence of exponential lower and upper bounds for the fixation probabilities

14



—— exact value
® simulation results

00 02 0.4 0.6 0.8 1

Figure 1: The solid blue line represents the fixation probability p.(1) = 1 — ¢ of a single
advantageous mutant in the infinite population limit as a function of the selection parameter
w. The black dots represent numerically obtained fixation probabilities p1go(1) for six different
values of w. Numerical results are obtained by observing 10* realizations of the Markov chain
(2) with the above specified parameters.

N 10 20 20 100 500 1000 10000
N 0.6979 0.6567 0.6090 0.5909 0.5812 0.5792 0.5776
gy —¢q 0.1209 0.0797 0.0320 0.0139 0.0042 0.0022 0.0006

Table 1: ¢, is the value obtained from the nonlinear least squares fitting of numerically
obtained fixation probabilities starting with ¢ = 1,2, ..., 10 individuals. Up to N=1000, we
realized the Markov chain (2) 10? times and for N = 10000 we used 5 x 10* realizations.

for any population size N € N. Using these facts one can draw the following biological
conclusions.

1. The fixation probabilities of an advantageous or a deleterious mutant in a population
of size N depend on both population size and the relative fitnesses of the phenotypes.

2. In the case of advantageous mutants, the dependence on the population size is weak,
i.e. the lower bound on the fixation probability is bounded below by a positive constant
depending only on the fitness of the two phenotypes.

3. The fixation probability ¢, (i) of i deleterious mutants is an exponentially decreasing
function of N.

In addition, we studied the asymptotic of the fixation probability as the population size
goes to infinity. We showed that

15
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4. A single advantageous mutant can invade an arbitrarily large finite population with
probability uniformly bounded away from zero.

5. Whenever the initial population X(gN) of advantageous players is unbounded as N goes

to infinity (even if its proportion XéN) /N vanishes to zero asymptotically), the fixation
probability p (7) is asymptotically zero for deleterious players and one for advantageous
players.

5 Proofs

This section, divided into five subsections, contains proofs of the results stated in Section 3.
The proof of Lemma 3.3 is given in Section 5.1. The proof of Theorem 3.5 is included
in Section 5.2. Section 5.4 is devoted to the proof of Theorem 3.8. Finally, the proof of
Theorem 3.9 is given in Section 5.5.

5.1 Proof of Lemma 3.3

First, observe that if X is a binomial random variable BIN (N, §), then it follows from the
binomial theorem that for any constant p € R,

B = S} )Ea- 9"~ @ r1-9” (21)

k=0
Thus, in order to prove part (a) of the lemma we need to show that the following inequality
holds for some p € (0,1) and all N > Ny and i € Q9 :

(pE (i) +1 =€, (D))" <o

Using the notation z = ¢/N, the above inequality can be rewritten as

1= (1=p)&(Nz) < p.
It follows from (1) and Assumption 2.1 that &, (Nz) > 07 Thus, it suffices to show
that for some constant p € (0,1) and all € (0, 1),

z 1—p*
— > 0. 22
x4+ (1—-z)y 1—p — (22)

Similarly, in order to prove part (b) of the lemma it is sufficient to show that for some

constant 6 € (0,1) and all z € (0,1),
x 1 -6

— <0. 23

r+(1l—2z)a 1-0 — (23)

Inequalities (22) and (23) have been analyzed in a similar context by Moran [38] (see specif-

ically the bottom of p. 488 in [38]) who found the feasible solutions given in (17). More

precisely, the last paragraph on page 488 in [38] asserts that, for s,¢ € (0,1), we have

Wts)r o 1=e 22" 60 [0,1] if ¢ > s and S22 < 11__6612;:? on [0,1] if ¢ < s(1+s)~!. To obtain the

1+sz 1—e—2¢ 1+sz
formulas in (17) we use this observation by Moran first for the pair v = 5 and p = e %9,
and then for the pair o = -~ and 6 = e~2?. The proof of the lemma is complete. O]

1+s
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5.2 Proof of Theorem 3.5

The proof relies on a standard coupling argument. Fix any N > Ny. It follows from As-
sumption 2.1 that

My (1) < &y (1) < Cu(d), Vi€ QL. (24)

Let (Uuk) teZ, ke be a double-indexed sequence of independent random variables, each
one distributed uniformly on the interval (0,1). Using the interpretation of the binomial
random variable as a sum of independent Bernoulli random variables, the Markov chain

(Xt(N’l),XgN’Q),Xt(N’?’)) can be constructed inductively in the following manner. For

teZ
each t € Z, define Bernoulli random variables (bg e bt b b(3))1 <pey as follows:
by = LU < (X)), b = 10 < 6,(5)
by = (U < G (X)),

where we use the notation 1(A) to denote the indicator function of the event A. Then set

N N
N3
Xt =00 XY =00t X =D 00 (25)
k=1 k=1 k=1
It follows from (24) and the fact that both 7, (i
(

and ¢, (7) are monotone increasing functions
of i, that the inequality Xt( ) < Xt(N 2) <X, 3

2\/

implies that
N,2 N,2 N1
Eo (XD > (X)) > (XYY

N, N, N, N, N, N,
and &, (X;™?) < ¢, (™) < ¢ (XY), and hence 5, (X;™Y) < €, (G™%) < ¢, (X)),
By virtue of (25), the latter inequalities along with X, -1 < Xt(N’Q) < Xt(N’S) imply

N1 N2 N3
Xt(+1 ' < Xt(+1 ' < Xt(+1 ),

and the claim follows by induction on .

5.3 Proof of Proposition 3.6

Fori,7 € Q, let Qg}[) = P(Xfivl) = j|Xt(N) = z) Then, by the Markov property,
:ZQUPN -|-QZN, Vie Q.

Given N and i, j, consider Qg) as a function R®> — R of the five independent variables
a,b,c,d, and w. The existence of the partial derivatives of p,, (i) with respect to these variables

follows from the implicit function theorem applied to the smooth functions Qi,j and the
function f = (f1,..., fxv_1) : R%"V=1 — RV=1 where

=

-1

fi(a7b7 ¢, dawapN(1)7 s 7pN(N - 1)) = pN(Z) - ngj)pN(]) - ng]\i/’)

1

<.
Il
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We remark that the functions QE’J;) are smooth by virtue of (1) and (2). To apply the implicit
function theorem one needs to check that a certain Jacobian is invertible. This condition is
equivalent to the claim that one is not an eigenvalue of the (N — 1) x (N — 1) matrix (ij;]))
It can be shown (see, for instance, Section 1.5 in [33]) that, since the finite-state Markov
chain Xt(N) is irreducible, the Perron-Frobenius eigenvalue of this matrix is strictly less than
one, and hence the conditions of the implicit function theorem are satisfied.

The monotonicity of p, (i) on each of the parameters a, b, ¢, d, w, and i follows then from
the corresponding monotonicity of &, (7) [29, p. 679] and the following version of O’Brien’s
results in [43]:

Proposition 5.1. Let 77, = ()Y, and 5_; = (&)X, be two vectors in RNTY such that

(i) no=E& =0,ny =&n =1, and 0 <n; <& <1 for anyi € QF.

(ii) Either n; < niy1 for all i € Q% or § < &y for all i € Q.
Then for any 1,5 € Q. i < j, there exists a Markov chain (Xt(N’l),Xt(N’Q))teZJr on Q, xQ,
with the following properties:

1. (Xt(N’l))teZ+ is an (N, 77)-binomial process.
%
2. (Xt(N’2))t€Z+ is an (N, §N)—bmomial process.

3. With probability one, XéN’l) =1, X(SN’Q) =4, and Xt(N’l) < Xt(N’Q) forteZ,.

We remark that Theorem 3.5 and Proposition 5.1 are two variants of the same result,
and a self-contained proof of the latter can be obtained using a coupling argument similar
to the one we employed in the proof of the theorem. O

5.4 Proof of Theorem 3.8

Throughout the argument we formally treat the process X"V) as a Markov chain on
Z, = NU{0} with absorbtion states at 0 and N, N + 1, N + 2,..., and assume that all
chains XN N > Ny, have a common initial state, a given integer iy € N.
First, observe that for any fixed i € N,
lim &, (1)N = \i,
N—oo

where A is defined in (19). Therefore, for any fixed pair of integer states i > 0 and j > 0,
and an integer time t € 7,

ngr;oP(X;f = j|x =i) = e (26)
Let Z = (Zt) — be a Markov chain on Z, with absorption state at zero and Poisson
transition kernels
()7
P(Zn=jlzi=i) =2 ienandj >0
4!
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Assume that the Markov chain Z has the same initial state Z, = i as any XN, N > N,.
Since the sum of two independent Poisson random variables is a Poisson random variable with
the parameter equal to the sum of their parameters, we can assume without loss of generality
that Z is a Galton-Watson branching process with a Poisson offspring distribution. More
precisely, we assume that (cf. [21, Section 1.4])

Zt
Zi =Y Vi (27)
k=1

for some independent random variables Y, ;, t € Z,k € N, each one distributed as
Poisson(A), namely

N

P(n7k:j):€ ﬁu

J =0,
for all t € Z, and k € N, with the parameter A introduced in (19). As usual, we convene
that the sum in (27) is empty if Z; = 0.

The convergence of the transition kernels in (26) implies the weak convergence of the
sequence of Markov chains X() to the branching process Z (see, for instance, Theorem 1
in [31]). Since A > 1 under the conditions of Theorem 3.8 (recall that w > 0 and b > d), it
follows that

P(tliglo Zy = +oo) > 0. (28)
Let T3 = inf{t > 0: X" = 0} and Ty = inf{t > 0 : Z, = 0} be the first hitting time of
zero by the Markov chains X™) and Z, respectively. Convene, as usual, that the infimum of
an empty set is +00. T is the extinction time of the branching process Z, and in this notation
(28) reads P(Tp < 00) < 1. In fact (see, for instance, [21, Section 1.4]), ¢ = [P(Tp < oo)]l/ZO
is the unique in (0, 1) root of the fixed-point equation ¢ = e~*1=9 whose right-hand side is
the moment-generating function of Y, evaluated at ¢ € (0,1).

Since the transition kernel of (Xt(N))teZ+ converges to that of (Z;)iez,,

lim P(T\" < K)=P(T, < K), VKEeN (29)

N—oo

Therefore, by the monotone convergence theorem,

lim lim P(TyV) < K) = P(T; < o). (30)
Remark 5.2. The indicator 1(Ty < 00) is not a continuous function of the stochastic process
in the appropriate topology. This can be understood intuitively by the fact that the equality
of two processes during an arbitrarily large but finite interval of time does not guarantee
that the corresponding two indicators have the same value. Hence, no standard continuous
mapping theorem [7] seems to apply in order to derive (29) with K = +oo directly from the
results of [31].
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We conclude the proof of Theorem 3.8 by showing that we can interchange the limits in
the above identity, and hence

lim P(T\N < o0) = lim lim P(T{N < K) = P(T; < o). (31)

N—o0 N—o0 K—o00
To this end, write
|P(TY) < 00) — P(Ty < o0)| < |P(TY) < o0) — P(TSY < K)|
+|P(1Y < K) = P(Ty < K)| + |P(Ty < K) — P(Tjy < o0)|
= A (N, K) + As(N, K) + A3(N, K), (32)

where the last line serves to define the events A;(N, K), i = 1,2, 3.
Pick any € > 0. First we will estimate

AN, K) = |P(T)Y < 00) = P(TY < K)| = P(K < T < o).
It follows from Assumption 2.2 that for all i, N € N we have

1 1
, , , ~ < .
i+ (N —i)g,(@)/fy (i) — aN

Therefore, using the strong Markov property and the lower bound in Theorem 3.4, we obtain
for any m € N and N sufficiently large,

&y (i) =

AN, K) = P(K < T3V < o0)

= P(K < TO(N) < 00, Jnax lXt(N) < m)

+ P(K <T™ < 00, max XM > m>
0<t<K-1

< P(X{N) £0,. X #0, max XV < m>

. (33)
+ Z P<0SII€I%E}§<71X§N) = j) (1 =py())

< 1= PR = 0™ = )]+ (1= pym)

<[-(-30) 1

Choose now mg € N so large that

. €
lim sup =,
N—o0 —p 6

and then K; so large that for any K > K,

N1 K K
limsup[l— (1—m) ] = [1—exp<—@>] <
N—o0 alN



Then, for any K > K,

limsup 4, (N, K) <

N—oo

Wl M

Find now K5 € N such that for any K > K, we have
Ay(N,K) = |P(Ty < K) — P(Ty < o0)| < %

Finally, pick any Ky, > max{K;, K}, and then using (30) choose N; such that N > N,
implies

Ay(N, Ko) = |P(T"Y) < Ko) — P(Ty < Ko)| <

Wl M

It follows from the above estimates for A;(N, Ky), ¢ = 1,2,3, and the basic inequality (32)
that

limsup|P(T0(N) < o0) = P(Ty < o0)| <e.

N—oo

Since € > 0 is an arbitrary positive number,

lim |P (74" < 00) — P(Tj) < o0)| = 0.

N—oo

This establishes (31), and therefore, since P(T, < oo) = ¢%, it completes the proof of
Theorem 3.8. ]

5.5 Proof of Theorem 3.9

The proof of the theorem is broken up into a series of lemmas. Throughout the argu-
ment we continue to use notations introduced in Section 5.4. We will use a certain optimal
coupling between the branching process (Z;)icz, and the Wright-Fisher model (Xt(N )iez., -
By coupling we mean constructing in the same probability space a joint distribution of a
pair of processes such that their marginal distributions coincide with those of (Z;),cz, and
(Xt(N))tGZ+. With a slight abuse of notation we will denote by (Xt(N)7 Zy)iez, the process of
pairs constructed below, thus preserving the original names for the two marginal components
of the coupled process. The construction specifically aims to minimize (and also enable us
to estimate) P(Xt(N) # Z;). We fix k € N and assume throughout the proof that N > k and
XM =27y = k.

To explain the coupling construction, we need to recall the following general result (see,
for instance, Appendix Al in [6]):

Proposition 5.3. Let X and Y be two random wvariables and §(X,Y) > 0 be the total
variation distance between their distributions. That s,

§(X,Y) = sup|P(X € A) = P(V € )],

where the supremum is taken over measurable subsets A of the real line. Then there exists a
probability space and a random pair (X,Y) defined on the same probability space such that

22



1. X is distributed the same as X.
2. Y is distributed the same as Y.
3. P(X #Y) =4(X,Y).

If X and Y are defined on the set of non-negative integers, the total variation distance
§(X,Y) is equal to 2 3 |P(X =n)— P(Y = n)]| (see [16] for more properties of the total
variation distance). The coupling described in Proposition 5.3 is often called a mazimal
coupling of random variables X and Y.

We will also use the following coupling inequalities from the literature (for the first
assertion see, for instance, Theorem 4 in [11] and for the second one Theorem 1.C(i) in [6]):

Proposition 5.4.

(i) Let X = BIN(N,p) be a binomial random variable with parameters N € N and p € [0, 1]
and Y = Poisson(Np) be a Poisson random variable with parameter A = Np. If A > 1, then
6(X,Y) <4

(i1) Let X and Y be two Poisson random variables with parameters X > 1 and p > 0,
respectively. Then 6(X,Y) < f|,u Al

Using the above results, we can construct a coupling of the Wright-Fisher Markov chain
(Xt(N))tez . and the branching process (Z;)icz, as follows. The resulting joint process

(Xt(N), Zi)iez, will be a Markov chain, and we are now in position to describe its transi-
tion kernel. Suppose that the random pairs (X§N), Zs) have been defined and sampled for all
s < ¢t and that XS(N) = Z, for all s <. Let 4; be the common value of Z, and Xt(N). Then,
using the above results and at first approximating Xt( +1) by a Poisson random variable with
parameter N&, (i¢), we can construct the pair (XtJrl , Z1+1) in such a way that

P( t+1 7A Zt—l—l‘Xt Zy = ’Lt)

< §§N(it) + ﬁW&v(it) — iy (34)
0 Iy JO L RG,
TS Y, vl R R o & RS v PR A

A bit tedious but straightforward calculation shows that in this coupling construction

3/2
iy
P(X\) # Zu|Xy = Zy = i) < Co- N (35)
where Cj is a constant which depends only on the payoff matrix (a, b, ¢, d) and the selection
parameter w, but is independent of i; and N.
Once Xt(N) # Z; occurs for the first time, we can continue to run the processes (X §N))52t
and (Zs)s>¢ independently of each other. The above discussion is summarized in the following
lemma.
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Lemma 5.5. There exist a probability space and a constant Cy > 0 which depends on the
payoff matriz (a, b, c,d) only, such that the processes (Xt(N))tGZJr and (Zi)iez, can be defined
jointly in this probability space and the following holds true:

1. The pairs (Xt(N), Zy) form a Markov chain.
2. The inequality in (35) is satisfied for any i; € Q.
3. For any i, j,k,m € Q0 such that i # j, we have
P(Xt(ivl) =k, Zip1=m|X; =14,7Z; = j)
= P(XY) = kX, = i) - P(Zisy = m|Zy = §).

In the rest of the proof of Theorem 3.9 we will consider the Markov chain (Xt(N), Zi)ez.,
as described in Lemma 5.5. For k € N we will denote by Py the distribution of the Markov
chain (Xt(N), Z4)iez, conditioned on X(()N) = Zy = k. We will denote by E}, the corresponding
expectation operator.

Let 7, > 0 be the first time when the path of the Wright-Fisher model diverges from the
path of the branching process, that is

7, =inf{t e N: XV £ 7.}, (36)

In the above coupling construction, as long as Z; = Xt(N) the next pair (Xt(fl)  Ziv1) is
sampled using the maximal coupling, and after the first time when it occurs that Z; # Xt(N)
we continue to sample (Z;)s>,, and (XS(N))SETN independently. We remark that the third
property in the conclusion of Lemma 5.5 (eventual independence of the marginal processes)
will never be used in our proof and is needed only to formally specify in a certain way the
construction of the coupled Markov chain for all times ¢ € Z,. In fact, we are going to
observe and study the properties of the coupled chain only up to the time 7.

Fix now any m € N and n > 1. We will consider only large enough values of N, namely
we will assume throughout that N > (An)™. Recall T' from (4). Similarly, for the branching
process Z; define

oy =inf{teN:Z,=0o0r Z; > N}.

Recall 7, from (36). To evaluate the distribution function of 7" we will use the following
basic inequalities valid for any k,m € N :

P(T <m) < P(T <m,7, >m)+ P(t, <m)
< Piloy <m)+ P(r, <m) (37)
and
P(T <m) > PB(T <m,7, >m)
> Pi(ony <m)— Py(t, <m). (38)

In the next two lemmas we estimate P(o,, < m). For ¢t € N let

W; = max Z;. (39)

0<i<t

First, we will establish the following inequality:
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Lemma 5.6. For all n > 1 there exists 6, > 0 such that for any 0 € (0,6,] and k, J,;m € N
we have

Pk:(Wm Z J) S e@)\*'m(kn'mk'm_(])'

Proof. Let U, := \"tZ,. Then (Ut)iez, is a martingale with respect to its natural filtration.
For any 6 > 0, f(z) = €® is a convex function and hence the sequence eV, t € Z ., form a
sub-martingale. Hence, by Doob’s maximal inequality (see, for instance, Theorem 5.4.2 in

[16]),
Pk(Wm > J) — Pk (01,<r}€a<X eHUk > 69J)\7m) < G_OJ)\imEk (eeUm)
_ e—é)J)\*mEk (Elc (€0>\*7”Zm |Zm—1))
= e """ "Ep(exp(AZpo1 (e — 1))). (40)

Pick now 6 > 0 so small that e* — 1 < nz for any positive z < AL, It follows then from
(40) that for any J,m € N,

P(Wy, > J) < eV E, (Genwilz’"*l)-
Applying induction, we obtain that
Pk(Wm > J) < e—GJ)\mek (6977mZO) — 6—91])\7"1 . eeﬂmk7

as required. 0

Recall now the notation Ty = inf{t € N : Z; = 0}. It follows from the results of [2] that
for any k € N,

<q31<1 — A"q™)

gsa(1 — /\mqm)>k
51 — Amg™ ’

k
< P(Ty < m|Zy =k <<
) < P(Ty = mlZ )= 59 — g™

(41)
where s; and sy are introduced in (20). Combining these inequalities with the result of
Lemma 5.6 for J = N we arrive to the following result:

Lemma 5.7. Let s; and sy be defined by (20). Then, for any real n > 1 and integers
k,J,m,N € N, the following holds true:

m,m k —-m mym . .
(i) Py(o, <m) < (%) + eInA RN =N) phere 6, is the constant introduced

in the statement of Lemma 5.6.

k
.. 1—\"Mgm
(ii) Peloy <m) > (#E2000)

Notice that the identity ¢ = e *1~9 implies A\¢g < 1 because e™¢ (179 < ¢ for any
q € (0,1) and e *(1=9 is a decreasing function of .
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Recall 7, from (36). In view of (37) and (38), in order to complete the proof of Theo-
rem 3.9 it remains to evaluate Py(7, < m). To this end, recall W; from (39), fix any J € N,

and write using the Markov property of (Xt(N), Zi)iez, and the estimate in (35),

Py(1, <m) < B, <mand W, < J)+ P,(W,, > J)

(Tx
(O t(l) Zy_ 1<JX #Zt})‘i‘Pk(WmZJ)

=S XV £ 2| XN =2y < J) - PU(XN) = Zioy < )

< P( #Zt‘X 1—Zt1<J)+Pk(W > J)

J3/2

Using the result in Lemma 5.6 we can deduce from (42) the following:
Lemma 5.8. For any real n > 1 and integers N,m € N, J € QF , we have

J3/2 o
Pi(t, <m) < mCOT + VAT (kA=)

where Cy is the constant introduced in (35) and ¥(n) is the constant 6, introduced in the
statement of Lemma 5.6.

The claim of Theorem 3.9 follows now from the bounds in (37) and (38) along with the
estimates given in Lemma 5.7 and Lemma 5.8. [

6 Appendix A: Moran process

The goal of this section is to obtain an analogue of Theorem 3.1 (i.e., of the results stated
in full detail in Theorem 3.4 and Theorem 3.8) for the frequency-dependent Moran process
introduced in [41, 48]. The main result of this section is stated in Theorem 6.2.

For a given integer N > 2, the Moran process which we denote by Yt(N), telZ, isa
discrete-time birth and death Markov chain on 2, with transition kernel

P = Py = v\ =)

defined as follows. The chain has two absorption states, 0 and N, and for any i € 27,

Nete (i) if j=i+1
p_ ) (- ~ (1)) ifj=i—1
m 1 - Pz(i\i)l - Pz(i\—[&-)l if j=1
0 otherwise.
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The process in this form, with a general selection parameter w € (0, 1], was introduced in

[41]. We remark that even though [48] formally considered only the basic variant with w = 1,
their main theorems hold for an arbitrary w € (0, 1].

Similarly to (3), we define

Py (i) = PN = N =),
where 7 = inf{t >0: Yt(N) =0or Y;(N) = N}. Since the Moran model is a birth-death pro-

cess, the fixation probabilities are known explicitly [41, 48] (see, for instance, Example 6.4.4
in [16] for a general birth and death chain result):

i—-1 175 9n(R)
(z’ 1"‘2;’:1 2:1%

_ , 43)
N-1 j (k) (
T4+ =1 ?fz &)

In what follows we however bypass a direct use of this formula.

The result following is an analogue of Lemma 3.3 for the Moran process.

Lemma 6.1. Let Assumption 2.2 hold. Then for any N > Ny and i € QS

BN =iy <91 and By =) 2 ot (44)

Proof. We will only prove the first inequality in (44). The proof of the second one can be
carried out in a similar manner. We have:

(N) , i N —1i P .
By = i) = 4 g () 49 5 (1= 600)

N —1 , ? :
N6 = (1= 6(@)

=7+l - 7)% -1 - v)éN(i)<7+ (1—7) i )

N .
Since by virtue of (2.2) and Assumption 2.2,

+7i<1—

N —fN(l)<7+ (1 —7)N> <0,
we conclude that E(7Yt<+N1) |Yt(N) =) <AL

O

In the same way as Lemma 3.3 implies Theorem 3.4, the above result yields the following
bounds for the fixation probabilities in the Moran process:

T (45)
More precisely, we have:

Theorem 6.2. Let Assumption 2.1 hold. Then:
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(i) For any N > Ny and i € Q°,, the inequalities in (45) hold true.

(ii) Furthermore, for any i € N,

lim p, (i) =1-\", (46)

N—oo

where X\ is defined in (19).

A proof of the limit in (46) is outlined at the end of the appendix, after the following
Remark.

Remark 6.3. The identities for the optimal values of « and ~y given in (7) suggest that in
some cases one of the bounds in (45) might be asymptotically tight for large populations. The
purpose of this remark is to explore conditions for the equalities \™' = o or A\™1 =~ to hold

true. By the definition given in (19), A = limy_ gNég for any i € N. Moreover, for any
N
N Z NO)
fu) 1 —w+wb (47)
gy(1)  1T—w+wd+ (c—d)(N—-1)"1
and
fy(N—=1) 1—w+wa+ (b—a)(N—-1)" (48)
gy(N —1) 1 —w+we '

It follows from (47) that

ORI
)\Zl—w+wb: ;gﬁog]v(l) ifez>d
1 —w+wd inf v if ¢ <d.
N>Ny gN(l)
Furthermore, (48) implies that
fy(N-1)
1—w+wa N>Ny QN(N_l) 1fb>a
— = fn(N-1)
1 —w+we 1\5;11[\)70 g (N=1) ifb<a
and
fy(N=1) .
l—w+wa+ (b—a)(No—1)"" ]%%gﬁ(zvfl) ith=a
1 —w+ we min @1 if b <a.

In principle, the last three identities contain all the information which is needed to iden-

tify necessary and sufficient conditions for the occurrence of either o = A\~! or v = AL
where it is assumed, as in (7), that the optimal bounds o = infy>p, minieg?v ?N—g.; and
- N
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gy (@)

Y = SUPy> N, MaXieqe T aTe employed. For instance, in the generic prisoner’s dilemma
- N

case b > d > a > ¢ one can set

v '=X= inf min I (l)
N>No ier\, gN(Z)

which is equivalent to

: l—w4+wb - 1 —w+ wa
provided that 1—w—|—wd§ T—w T we

(1—-w)(c+b—a—d) <w(ad — be).

(49)

This leads us to consider the following possible scenarios for a prisoner’s-dilemma-type un-

derlying game, that is assuming that b >d >a > c:

1. ad > bc and c+b—a—d < 0 (for instance, b = 4,d = 3,a = 2,¢ = 1). In this case

(49) holds for any w € (0, 1].

.ad >bc and c+b—a—d >0 (for instance, b = 5,d = 3,a = 2,¢c = 1). In this case
(49) holds if and only if

1—w< ad — be N w>(1 ad — be )1
w ~—c+b—a—d - c+b—a—d/

.ad =bc and c+b—a—d >0 (for instance, b = 6,d = 3,a = 2,c = 1). In this case
(49) holds only if w = 1.

.ad <bcand c+b—a—d >0 (for instance, b =7,d = 3,a = 2,¢c = 1). In this case
(49) holds for no w € (0, 1].

. It remains to consider the case when ad < bc and c+b—a—d < 0. We will now verify
that this actually cannot happen. To get a contradiction, assume that this scenario is
feasible and let e = min{b —d,a — c}, d =d+e¢e, =c+e. Then

d+b—a—d=c+b—a—-d<0 (50)
and, since ad < bc and a < b,
ad’ = ad + ag < bc’ = be + be. (51)

But, due to the choice of € we made, we should have either b = d' or a = . In the
former case (50) and (51) imply the combination of inequalities ¢ —a < 0 and a < ¢,
while in the latter they yield b — d' < 0 and d' < b, neither of which is possible.

The limit in (46) has been computed in [4] (technically, in the specific case w = 1), see in
particular formula (39) there. The proof in [4] relies on (43) and involves some semi-formal
approximation arguments. We conclude this appendix with the outline of a formal proof of
this result which is based on a different approach, similar to the one employed in the proof

of Theorem 3.8.
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Toward this end observe first that, provided that both processes have the same initial
state, the fixation probabilities of the Markov chain Y™ coincide with those of a Markov

chain YV = (}Z(N ) sz, On the state space (0, with transition kernel

BY = p7Y) = 7™ = i)

which is defined as follows. Similarly to Y@, the chain Y™ has two absorbtion states, 0
and N. Furthermore, for any i € 27,

P, e
S T ifj=14+1
~ 1,0— 1+ 1,i4+1
pw _ pv
i (N>“‘1(N) ifj=i—1
PP
0 otherwise.

The advantage of using the chain Y™ over Y™ rests on the fact that while both Pl(l , and

N
r )1 converge to zero as N — oo,

1,2+
N—i¢ (; .
==& (7
lim Pl(ﬁ)l = lim f———F N €N( ) = lim fN (©) -
N—oo N—oo N SN (l) + N(l - 51\7 <Z>) N—yoo gN (Z) + N
B A
14
and, consequently, limy_, . ]Bz(fi)l =7 + - In other words, as N' — oo, the sequence of Markov

chains Y& converges weakly to the nearest-neighbor random walk (birth and death chain)
Z = (Z) tez, ON Z . with absorbtion state at zero and transition kernel defined at : € N as
follows:
B B o5 fj=i+1
P(Ziw=jlZi=i)=4 5 ifj=i—1
0  otherwise.

If A > 1, then, similarly to (28), we have P(limt_>C>O Z = —I—oo) > (0. The rest of the proof is

similar to the argument following (28) in the proof of Theorem 3.8, with the processes y @)

and Z considered instead of, respectively, X (M) and Z. The only two exceptions are:

1. P(limHoO Zy = 0|Zt = z) = M for any ¢ € N. This follows from the solution to the
“Infinite-horizon” variation of the standard gambler’s ruin problem [16] (take the limit as

N — o0 in (43) assuming that gN( = A"! for all N,k € N).

2. The last four lines in (33) should be suitably replaced. For instance, one can use the
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following bound:

P(f}l(N) #£0,... ,17[((]2 # 0, max }Z(N) < m)

0<t<K-1

+J§P< max Y,V =j> (1=Dy(4))

0<t<K-1

IN

1-PY™M =m—2 V™ =m—3.. Y&

S _1 i,0—1 :|mfl + Y
i i=1 Pz(i\i)l + Pz(i\Ql L=
m—1 m
o gu (1) }mﬁ L0
- i—1 gN(Z)+fN<Z> 1_,YN

r (e m—l pr—) /y
< 1-( ) } .
L 1+ +1—7N

We leave the details to the reader.

7 Appendix B

In this short appendix we discuss an interpretation of the drift u, (¢) which is not used
anywhere the paper, but it is worthwhile to state it explicitly as it is of independent interest.
ForieQ, and j=1,..., N, let

1 if j<i

SNJ‘(J'):{ 0 it G o FNJ(]'):{ fol@) if g <

gy (@) if 7>

Thus, if one enumerates and labels the individuals at the state Xt(N) = ¢ in such a way that
the first ¢ individuals are of type A and get labeled 1, and the remaining N — ¢ individuals
are of type B and get labeled 0, then Sy ;(j) and Fx;(j) represent, respectively, the label
and the fitness of the j-th individual. Furthermore, using the above enumeration, let (u,v),
u < v, be a pair of individuals chosen at random. That is,

) 2 ) )
Plu=jv=Fk)= NN=T) for any j,k € Q \{0}, j < k.
Let
2i(N — 1)
HN,z‘ = m = E(S]\u(l)) — SNJ(U))

be the heterozygosity [17, Section 1.2] of the Wright-Fisher process X ™) at state i € Q9 , that

is the probability that two individuals randomly chosen from the population when Xt(N) =1
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have different types. In this notation,

| NN =1 fy(i) =g, ()
i) = TH()sz() ¥ = 0

N(N =1) E(Fn(v) = Fy,(u))

2 Zj:l FN,Z‘( )
13 e [Fwa(k) = Fwva()|
2 Z;Vﬂ Fni(J)

suggesting that the drift u, (i) can serve as a measure of heterozygosity that is suitable for
our game-theoretic framework.
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