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SCALING LIMITS FOR MORAN PROCESSES ON METRIC STRATEGY
SPACES: AN EULERIAN DERIVATION OF PURE REPLICATOR AND
FLEMING-VIOT MEASURE-VALUED PDES
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AND FRANCESCO SOLOMBRINO

ABsSTRACT. We study the large-population limit of a discrete-time Moran process featuring
multiple strategies, drawn from a possibly infinite strategy space V (a metric space), under
both weak and strong selection. In the Eulerian density formulation, the limiting dynamics
depend critically on the relative scaling of population size, mutation rate, and selection intensity.
Depending on these scalings, the limit behavior is governed either by a purely deterministic
replicator-type continuity equation or by a diffusion-enhanced PDE. In the latter case, the
diffusion operator recovers the classical Fleming—Viot operator and the Kimura equation as
special instances. Methodologically, we derive the limit by reinterpreting the discrete process in
Fulerian coordinates, constructing interpolating curves that satisfy an approximate PDE, and
establishing convergence via a compactness argument in a suitable topology on the space of
probability measures over probabilities over V.

1. INTRODUCTION

Predicting the macroscopic behavior of large systems of interacting agents is crucial in a
number of scientific areas and applications, including biology [38, 39|, population dynamics and
opinion formation [22, 40|, optimization and robotics [2, 11, 12, 15, 35, 36|, artificial intelli-
gence [26], and economics [22, 27|. In such systems, a set of strategies (for instance, genes within
a population or portfolios in stock markets) is often provided that agents may choose and change
over time, in order to optimize the individual outcome. Evolutionary games offer a solid mathe-
matical framework to describe this kind of competing dynamics, going beyond the static notion
of Nash equilibria [33]: strategies are selected by each agent based on (i) interactions among
themselves and with the environment and (7i) certain instantaneous optimization principles.

From the biology point of view, evolutionary games based on fitness embody the Darwinian
principle of natural selection [19], which drives the evolution at the macroscopic scale. At the
microscopic scale, instead, Kimura’s neutral theory of molecular evolution [29] postulates that
most evolutionary changes at the molecular level are selectively neutral: evolution is largely
driven by random chance (genetic drift diffusion). A relevant analysis goal is to bridge these
two scales: the interplay of selection and diffusion effects will emerge in a prototypical discrete
evolutionary process through the identification of a suitable underlying time scale. To clarify
our goal, we start by reviewing the two involved evolutionary mechanisms, namely the replicator
dynamics (a time-continuous dynamics) and the Moran process (a time-discrete process).

Replicator dynamics and the Moran process. The replicator dynamics is a paramount ex-
ample of an evolutionary game, where strategies replicate aiming at instantaneous maximization
of a given payoff function. In its simplest form, the replicator equation writes as

A=b(\),  bi(\) = ((AN); — AN-M\)N; fori=1,..., M. (1.1)
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The ODE system (1.1) describes the evolution of the frequency A = (A1,...,Ayr) of pure strate-
gies U = {uy,...,up} in a population of N individuals, namely \; = %#{agen‘cs with strategy w; }.
In classical applications to evolutionary biology, the selection of pure (or mixed) strategies is me-
diated by how their payoff relates to the average within the population. The entry a;; of the
matrix A € RM*M denotes the payoff of the strategy u; against uj, and each component b;(\)
compares the payoff of a single strategy with the average payoff, represented by AX - A. If the
payoff of the individual strategy wu; is larger than the average one, its frequency in the popula-
tion rises (hence the replication); if the payoff of the individual strategy w; is smaller than the
average one, the strategy is progressively suppressed. It is important to notice that the replicator
dynamics described by (1.1) is deterministic. Diffusion effects are thus neglected, as they are
typically slower than the transport term in (1.1) (see, e.g., [5, 14, 25, 31, 41]).

In |13, 14, 31| the replicator equation (1.1) has been linked to the Moran process [30] for a
finite number of pure strategies. The Moran process is a time-discrete stochastic process which
models the evolution of strategies within a population of N individuals. For time steps equally
spaced by 7 > 0, at a given time step t;, = h7 an agent is selected to replicate their strategy,
at the expenses of a randomly selected agent that must abandon their own. The probability of
being chosen for reproduction is expressed in terms of fitness of the strategy, which in turn is a
function of the payoff. To better understand the involved parameters and scalings, let us present
the simplest scenario M = 2 (in the original, biological interpretation, two alleles u; and wug
competing for dominance). The probability of reproduction is of the form

]P’(“a ui-individual is chosen for reproduction”) = _ Nifw , (1.2)
)\lful + )\2fu2
fu; denoting the fitness of strategy wu;. A typical choice [34] is to write f,, as a convex combi-
nation of the constant 1 and the payoft m,, of the strategy u;, i.e.,

Ju; = (1—w)+ WTy; w € [0,1], (1.3)
where, recalling the payoff matrix A from (1.1), m,, may be expressed as
Ty, = a1l + ajpAa, 1=1,2. (1.4)

The extreme case w = 0 is called neutral selection and corresponds to uniform probability
in (1.2); on the contrary, if w = 1, then the fitness is solely determined by the payoff. Small
values of w model a weak selection regime, whereas large ones indicate strong selection.

The discrete process is fully described by the stochastic evolution of the vector AV:7(t) =
()\iv’T(th), )\éV’T(th)) collecting the proportions of strategies at discrete times ¢, = h7. Since its
components add up to one, AV'7(#3) is a random point in the simplex A!' C R2?. It has been
shown in [31] that the law AN7(t) € P(A!) of the piecewise affine interpolant A7 (t) converges
to the (unique) solution to an Eulerian version of the replicator equation (1.1) in the form

oA + div(bA) =0, A€ C([0,T]; P(AY)), (1.5)

with the vector field b as in (1.1). The result has been obtained under suitable scaling assump-
tions of the three involved parameters: the vanishing weak selection parameter w, the vanishing
time step 7, and the diverging number of agents N. The analysis hinges on two main simplifi-
cations. On the one hand, agents only rely on a finite number of pure strategies. On the other
hand, the chosen scaling allows one to neglect higher order terms (specifically, diffusion effects),
leading to a pure replicator dynamics. In order to quantify such scalings, let us mention (see
[31, Proposition 4.4] and Corollary 5.4 below) that the curve ¢ — A™'7(¢) solves in the sense of
distribution the (approximate) equation

AN + %div(bAN’T) ~0, (1.6)

with an error of order O(1/7N?), involving second-order derivatives of the test function. Thus,
assuming 1/7N? — 0 eliminates the diffusion terms in the limit.
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Our goals: including diffusion and extending to infinitely many strategies. We de-
velop an analytical framework to achieve a twofold goal. On the one hand, we include diffusion
effects in the model. Indeed, the natural guess is that in the weak selection regime, under the
scaling suggested by the previous discussion (which includes a vanishing selection parameter w),
competition between the driving principles of natural selection and genetic drift diffusion may
arise, generating a richer dynamics than a pure replicator equation.

We also show, instead, that if w remains positive (as in the strong selection regime) and the
payoff function is non-negative (see Remark 3.3 and Theorem 3.12), selection prevails and the
limit dynamics results in a pure replicator-type evolution with a modified field b.

On the other hand, it is highly desirable to encompass an infinite number of strategies varying
in a compact metric space (V,d) in our analytical framework. This corresponds to a well-
established point of view in many relevant applications. For instance, Nash’s approach [33] to
equilibria in non-cooperative games builds upon von Neumann’s notion of mixed strategy. In this
setting, for the set of pure strategies U = {uy,...,up} as above, mixed strategies are represented
by probability distributions in ¥V = P(U). Elements of V represent, for instance, the probability
that players have of choosing a pure strategy or, in a financial context, a portfolio of investment
options [24], or also the degree of influence exerted on other players [1]. In evolutionary biology,
a model of particular interest takes (V,d) to be the continuous spectrum of acoustic frequencies
available to birds. Here, fitness measures the reproductive returns of each frequency (or song),
capturing its behavioral effectiveness [37]. We further refer to [9, Introduction| and the references
therein for a discussion on dynamic models for continuous strategy spaces.

Summarizing with the present work we aim at developing the analytical framework to encom-
pass infinitely many strategies in the Moran process and to treat different mutual scalings of w,
7, and N that allow for second-order effects. To the best of our knowledge, the analysis in the
proposed setting is uncovered. Dealing with an infinite number of strategies will result in working
with infinite dimensional spaces lacking linearity, with the typical structure of Wasserstein over
Wasserstein |1, 3, 4, 5, 32|, that we are going to describe below.

Novel contribution. In order to be more precise on this aspect, let us briefly introduce the
Moran process with an infinite pool of strategies, denoted by a compact metric space (V,d).
At time t;, = h7T the N agents have strategies o, € V for n = 1,...,N. The distribution
of strategies is represented by the empirical measure AV (t),) = % 27]1\[:1 0o, € P(V). Follow-
ing (1.3)—(1.4), the fitness of the n-th agent to replicate its strategy o, is given by the convex
combination

Fyner ) (0n) = (1 = w) + wmyner gy, (0n) (1.7)

where the payoff function 7: V x P(V) — R is only assumed to be continuous with respect to
(o,A) € V x P(V). Hence, the strategy o, will replicate with probability

F)\Nv"'(th) (O’n)
S v (1) (0w)

P(“strategy o, is chosen for reproduction”) =

Passing to the law A7 (¢) of the piecewise affine interpolant A™V-7: [0, 7] — P(V) of AN (t1,), we
are left to work with continuous curves of probability measures A™N7: [0, T] — P(P(V)), which
reveal the Wasserstein over Wassertein structure. We refer to Section 2 for further discussions.
The natural domain of our model is the mixed-strategy set ¥V = P(U). Crucially, the underlying
analysis imposes no further restrictions beyond compactness and metrizability. We put this
latitude to use in Section 4.3, where the strategy space is the continuous circle ¥ = S' for an
alignment problem in spin systems. This example, coupled with the ones preceding it, underscores
that our framework cohesively unifies fitness-based interactions, regardless of whether strategies
are discrete, continuous, or randomized.
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To reveal the significant scalings of w, 7, and N, we prove in Theorem 5.1 and Corollary 5.4
that, in the case of vanishing selection parameter, AN>™ solves in distributional sense the approx-
imate equation

divy (divy (B(AN)ANT)) ~ 0, (1.8)

N7T i 3 N,T — 1
O AT + 7_Ndlv(b(/\)A ) e
where
b(A) = (mx = TA)A, T = / (o) d\(o) for A € P(V)
%

and, at least formally,

(diva (diva (BOVA)), (8, ) = %(B(A)A, D2(t, \)

_1 e
- 2/7>(V)/\J/]/D>\w(t’ Moo = b5 . 85 — 05 dA(0) dA(@) dA(N).

Once again, equation (1.8) is solved up to an error of order O(1/N?2). We remark that one
needs to be very careful in giving a meaning to equation (1.8), as it is formulated on the state
space P (V). Here we make use of the infinite dimensional calculus rules on convex sets developed
in [5], which can be iteratively employed to define C*-functions over P(V) endowed with the
Bounded-Lipschitz norm. We refer to Section 2 for more details.

The approximate equation (1.8) reveals the relevant scalings of the involved parameters. Under
the assumption

w 1
- >0 —_— >0 1.9
TN—VY_ TN2_>V_ (1.9)

with 7, non-simultaneously 0, we will show in Theorems 3.9, 3.11, and 3.12 that AN" con-
verges to a continuous curve A: [0,7] — P(P(V)) which solves the replicator equation with
genetic drift diffusion

B + v divy (b(\)A) — v divy (diva(B(\)A)) = 0. (1.10)

On the technical side, we remark that the crucial step in proving Theorems 3.9, 3.11, and
3.12 is the compactness of the curve AM7. As pointed out in [31, Remark 5.2] for the pure
replicator dynamics, we cannot expect A™M7 to be equi-continuous, calling for a more refined
analysis. Moreover, differently from [31], the presence of the second order term in (1.8) and (1.10)
forces us to endow P(P(V)) with a distance dz constructed, in the spirit of the 1-Wasserstein
distance W7, by duality with test functions in

Z = {3y € C*(P(V)) : Lip(y) + Lip(Dy¢)) < 1}.

We refer to (2.1) and Lemma 2.2 below for the definition of dz and for some basic compactness
properties of the metric space (P(P(V)),dz).

We conclude this introduction with a brief comparison of our result with the existing literature
concerning the Moran process and replicator dynamics. First, we notice that the analysis of [31]
is obtained as a byproduct of Theorem 3.11 when V = U is finite and

w 1

Moreover, the scalings detected in [14] are in agreement with (1.9) and the convergence results
in Theorems 3.9, 3.11, and 3.12. Indeed, setting

N~717% and w e~ 78 for « > 0 and 5 > 0, (1.11)
we deduce that AN'™ converges to solutions to a pure replicator equation if a+3 =1 and « > %,
while we obtain a replicator equation with genetic drift for a = 5 = % In this setting, our result

may be seen as the rigorous counterpart of [14] for a finite number of pure strategies. Such a
scenario is discussed in detail in Section 4.2, where we show how our abstract setting reduces to
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the classical Fleming—Viot operator with M competing pure strategies [20, 21, 23| and to the
Kimura equation if M = 2 [16, 18, 28, 29]. We summarize our findings on the reciprocal scales
on w, 7, and N in (1.11) in the following table.

] Scaling Parameters \ Asymptotic Rates \ Macroscopic Model ‘

a+p=1 v > 0 (Selection) Pure replicator dynamics

a>1/2 v = 0 (No Drift) Deterministic selection dominates. Diffu-
sion vanishes.

a=1/2 ~ > 0 (Selection) Replicator with drift diffusion

g=1/2 v > 0 (Drift) Darwinian selection and Kimura’s drift are
perfectly balanced.

a=1/2 v = 0 (No Selection) | Pure genetic drift diffusion

B>1/2 v > 0 (Drift) Selection is too weak; pure random fluctu-
ations drive the population.

Outline of the paper. The paper is organized as follows: in Section 2, we collect the mathe-
matical preliminaries concerning function spaces, differential calculus in P(V), and introduce the
distance dz between elements of P(P(V)). In Section 3, we describe the time-discrete Moran
process and state the main convergence Theorems 3.9, 3.11, and 3.12. We devote Section 4 to
explicit examples that are of relevance in some applied contexts. In particular, we show that
our framework fits with the theory of Fleming—Viot operators [23| for a finite or a continuum
set of pure strategies V. In the case of 2 sole competing strategies, we recover the well-known
Kimura equation [28, 29]. Furthermore, we present in Section 4.3 an application to spin systems.
The proofs of Theorems 3.9, 3.11, and 3.12 are contained in Sections 5 and 6. Precisely, in
Theorem 5.1 and Corollary 5.4 we rigorously prove (1.8). In Section 6 we show compactness of
the time-discrete curves and recover the replicator equation with genetic drift diffusion (1.10).

2. PRELIMINARIES

We fix (V,d) a compact metric space. We denote by P(V) the space of probability measures
over V. We will always endow P(V) with the metric induced by the Bounded Lipschitz norm

| 1l|BL := sup {<u, @)+ € Lip(V), |l¢lluip < 1} for every u € (Lip(V))",

where [|¢||Lip := [|¢|loc + Lip(¢) and Lip(y) denotes the Lipschitz constant of ¢, namely,

. — ap [P2) — 0]

We further denote by F(V) the so-called Arens—Eells space

FV) = span(PV) 1® € (Lip(v))*.

In view of [5, 7], (F(V), |- |lBL) is a separable Banach space. Since V is compact, (P(V), || -|/BL)
is a convex compact subset of F(V). Moreover, denoting with dpy, the distance on P(V) induced
by the Bounded Lipschitz norm, thanks to the compactness of V, we have that dgr, and the 1-
Wasserstein distance are equivalent. Thus, (P(V), ||-||r) and (P(V), W;) are the same topolog-

ical space. We further denote by Ep(y the closed vector space Epy) :=R(P(V) — P(V))H'”BL,
i.e., the closure with respect to the BL-norm of the set {a(A; — X2) : a € R, A\;, A2 € P(V)},
which is a vector subspace thanks the convexity of P(V). Notice that (Ep(yy, ||-||BL) is a closed
subspace of (F(V),| - [lBL), and therefore is Banach and separable. We denote by (Epn))* its
dual space.
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Following [5], given (Y,|| - |ly) a normed space, we say that a function ¢: P(V) — Y is
C-differentiable if for every A € P(V) there exists Di(\) € L(Ep(y);Y) such that
P(N) = $(A) = DY) [N = Al
AN = H/\,—)\HBL
We say that ¢ € CH(P(V);Y) if ¢ is C-differentiable and the map Dip: P(V) — L(Ep(y);Y) is
continuous, where L(Ep(y);Y) is endowed with the standard norm for linear operators between

=0.

normed spaces. Arguing recursively, we are able to define C*-functions from P(V) to Y for
every k € N. In the sequel, we will often deal with 1 € C%(P(V)) (real-valued functions). In
this case, Dip: P(V) = (Eppy))* and D?*¢: P(V) — L(Epy); (Eppy)*) are well-defined and
continuous. As shown in [3, Lemma 4.4] it holds that

DY epvy < Lip(y)  and  ||D*Y||peo(pryy) < Lip(Dip)

for every ¢ € C%(P(V)). As we will often consider test function v € C2([0,7] x P(V)) also
depending on time, we will denote by Dy (¢, \) and D31(t, \) the C-differentials of the map
W(t,-) for fixed t € [0,T].

Later in this work we will further consider the set P(P(V)). Notice that P(P(V)) can be
endowed with the 1-Wasserstein distance

W1(Aq, Ag) := sup {/73(\)) e(A)d(A1 — A2)(N) = ¢ € Lip(P(V)) with Lip(p) < 1}

where the Lipschitz constant is computed with respect to the BL-norm. Notice that (P(P(V)), W)
is a compact metric space.
We denote by Z the set

Z:= {1 € C*(P(V)) : Lip(¢)) + Lip(Dy) < 1}.
We introduce in P(P(V)) the following function dz: P(P(V)) x P(P(V)) = [0, +00):

dz(Al, Ag) = sup {
POV

PN d(AL — A)(\) : € z} for Ay, Ay € P(P(V)).  (2.1)

In the next two lemmas we prove that dz is indeed a distance on P(P(V)).
Lemma 2.1. The space C*°(P(V)) is dense in Lip(P(V)) with respect to the L>(P(V))-norm.

Proof. We may consider the algebra A of functions of the form

Pler(A), - en(V) AEPY),

where @1,...,¢0, € (F(V))* and v is a polynomial of n variables. Notice that such functions
belong to C*(P(V)) (even to C>*(F(V))). Clearly, A contains constant functions. Moreover,
A separates the points of P(V). Hence, a direct application of Stone-Weierstrass implies that
A is dense in the set of continuous functions C(P(V)) in the L*(P(V))-norm. This concludes
the proof of the lemma. O

Lemma 2.2. The space (P(P(V)),dz) is a compact metric space. Moreover,
dz(Al,Ag) < Wl(Al,Ag) fOT every Al,AQ S P(P(V)) . (2.2)

Proof. Inequality (2.2) is a direct consequence of the definition of dz and of Wj. The map dz
is clearly symmetric and satisfies the triangle inequality. If A, A2 € P(P(V)) are such that
dg(Al,AQ) = 0, then

PY(A)d(Ar — A2)(A) =0 for every ¢ € Z. (2.3)
PV)

Hence, (2.3) is satisfied for every ¢ € Span(Z). Notice that, since P(V) is compact, Span(Z) =
C%(P(V)). Therefore, (2.3) holds for every ¢ € C%(P(V)). Thanks to Lemma 2.1, we may
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extend (2.3) to test functions ¢ € Lip(P(V)). This in turn implies that also Wi(A1,A2) =0
and A; = Ay. Hence, dz is a metric on P(P(V)). The compactness of (P(P(V)), W;) yields
the compactness of (P(P(V)), dz). O

3. DESCRIPTION OF THE TIME-DISCRETE PROCESS AND MAIN RESULTS

This section describes the abstract Moran process for a finite number of agents N with a
possibly infinite pool of strategies V', as well as the main results of the paper concerning its
asymptotic behavior in terms of the reciprocal scalings among the diverging number of agents
and the vanishing time-step 7 and selection parameter w.

3.1. Time-discrete process. In this first subsection we describe the time-discrete Moran pro-
cess. We start by introducing the initial conditions, as well as the fitness and payoff functions.
In the last paragraph we describe the death-birth process.

Initial condition. Let us fix A9 € P(P(V)) as initial datum. By Skorokhod representation
theorem (see, e.g., [8, Section 6]), there exists a probability space (Q2,[P, ) and a measurable
map Ag: 2 = P(V) such that Ag = (A\g)xP. We consider a finite time horizon 7" > 0. For every
k€ N\ {0} we define 7, = % and let t£, = m7, for every m € {1,...,k}. We approximate the
initial condition thanks to the following lemma.

Lemma 3.1. Let (Q,P,F), Ao: Q — P(V) measurable, and Ay = (Xo)#P. Then, there exists
a sequence of measurable maps Uon Q—=V, ne{l,...,N} and N € N, such that, defining

= Nan O,y € P(V) and AY = (N))4P € P(P(V)) it holds W1 (A, Ag) — 0 as
N — 00. ’

Proof. Let us fix D a dense and at most countable subset of V. For N € N we assume that Vv
is endowed with the distance function dy: VY x YV — [0, +00)

- 1/2
dn(0,0) := <Z(d(0n, an))2> for every 6,0 € V.

n=1

Thus, the set DY is dense in V. We consider the map Gy: Q — [0,+00) defined by

Gny(w):= inf Wi | A ) = min Wy [ A ) .
~n(w) nf 1(0 nz:len) Join, 1<0 Zen>
Notice that the second inequality follows by continuity of W and density of D. The function G
is measurable over 2, since it is the infimum of a sequence of measurable functions.

We define the multi-function T : Q@ — VN a
1N
Tn(w) = {QEVN Wl( NZ: ) Gn( )}-

For every open set A C VIV we have that

eDNNA

{weQ:TN(w)ﬁA;&@}:{wGQ: inf ( Zég) Gn( )} (3.1)

Hence, the set {w € Q: Ty(w)N A 75 (D} is a measurable subset of 2. By [17, Theorem III.6],
there exists a measurable selection o (w) € Ty (w).

Let us set A (w) := & LS 6~ and A} := (\))#P. To conclude, it is enough to notice

nlaw

that (see, e.g., [32, Step 2, Proof of Theorem 3.5])

N
. . 1
A}gnoo 0161be %% ()\o(w), N ; 59n> =0 for w € O
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and that, by compactness of V, Wi (Ao(w), \)' (w)) < 2diam (V). Hence,

WA Ao) = sup{ [ oA~ 8 p € Lin(PV), Linle) < 1}

)

= sup {E(2(ho) = (\})) : ¢ € Lin(P(V)), Lip() < 1}
<E([|Ao — A 1lBr) < E(Wi(Xo, A))) -

By the Dominated Convergence Theorem, we conclude that W1 (AY,A¢g) -0 as N - oc. O

We fix from now on a sequence of initial data A}" € P(P(V)) as in the statement of Lemma 3.1.

Fitness and payoff functions. In order to describe the Moran time-discrete process, we intro-
duce the following fitness function. For A € P(V), we define Fy: V — R as

Fi(o) =14 w(m\(o) — 1) for o € V and X € P(V), (3.2)

where w € [0, 1] is the selection parameter and 7y: V — R represents the payoff function. We
will consider both the fitness and the payoff function as functions of the pair (o,A) € V x P(V)
and denote F(o,\) = Fy(0) and (o, \) = my(0). For A € P(V) we further set

= /v m(0)dA(0)  and Ty = /V Fy(o) dA(o) (3.3)

The only assumption we need in view of our scaling limits is the following:
(m.1) The map 7:V x P(V) — R is continuous.

Notice that this implies, together with the compactness of V x P(V), that there exists a constant
Cx > 0 such that

|TA(0)] < Cr for every (o,\) € V x P(V). (3.4)

Remark 3.2 (On the strict positivity of the fitness function). For the discrete Moran process to

be mathematically well-defined and biologically meaningful, it is crucial that the fitness func-

tion satisfies F(o) > 0 for any strategy o € V and any population distribution A € P(V).

Indeed, in the Moran process, the probability of an individual being selected for reproduction

%EA(U) (
F

is proportional to its relative fitness, namely see below). If the fitness were allowed to

vanish, there could exist specific population states A where all agents simultaneously achieve
zero fitness. In such a scenario, the average population fitness Fy would drop to zero, leading
to an undefined 8 transition probability. Bounding the fitness strictly away from zero guaran-
tees that the denominator is always strictly positive, ensuring that the transition matrix of the
Markov chain is well-defined at every discrete time step. It follows from (3.2) and (3.4) that, if

w e [0, ﬁ) , then F)\(o) > 0 for every o € V and A € P(V). However, since we are interested

in a vanishing selection parameter w, this assumption on w is naturally satisfied in our main
results (Theorems 3.9 and 3.11).

Remark 3.3 (The non-vanishing selection case). Notice that in the case of non-vanishing selection
parameter (Theorem 3.12), i.e. w € (0,1], then the positivity of the fitness function is strictly
related to the non-negativity of the payoff function. More precisely, rewriting the fitness as
Fy(0) = (1 —w) +wmy(o), it follows that, if

either w € (0,1) and 7 > 0 orw=1andm>0 (3.5)

then the fitness F' is strictly positive in V x P(V).



SCALING LIMITS FOR MORAN PROCESSES ON METRIC STRATEGY SPACES 9

Time-discrete process. Assume that either w € [O, ﬁ) or (3.5) holds. We consider the

following time-discrete process. For m € {1,...,k} and n € {1,...,N} welet oY (tk _): Q =V
be the strategy of agent n at time t*_,. We let o™V (tk_|) = ( Ntk ). ..,a%( _1)) be the
state of the system at time ¥ , and we consider the correspondlng empirical dlstrlbutlon of
strategies )\N : 0 — P(V) defined by )\N LN Z 10y ¢k ), and Ai:,fn = ()\N )#IP.

The dlstrlbutlon of strategies at time step tm 1 is conditional on the random state o (tm 1) as
described in the following. The probability that the agent n € {1,..., N} is chosen to abandon

their strategy JN(tfn 1) is % The probability that the agent n’ € {1,..., N} is chosen to

replicate their strategy o (tF ) is instead expressed in terms of the relative fitness given by

m—1
%FA; N Py @NE)
m—1 . m—l
NZF)\N tm 1)) t'lrgnfl
tm—1

Thanks to Remarks 3.2 and 3.3, this transition is well-defined. Therefore, at time t]fn the
strategies oV (tF _|) are updated as follows:

m—1
op (th) = o) (th,_y)  for L #n,

on (t) = on (th 1)

Such an update occurs with conditional probability

P(afj(t’:n) = oN(th ‘ Ntk 1)) - m_1 . (3.6)

Then, we set )\% =+ 7]:7:1 on (k) and Az]f\ﬁi = ()\%)#P e P(P(V)).
For t € [tk Ttk | we define the affine interpolation

—1>'m
N _\N t—th 1N N
A\ = )\tk B + T(Atk — Ak 71) ePV) (3.7)
AY = (NP e P(P(V)). (3.8)
We further define
N ~N N
>\ —)\m 1, At = ()\t )#]P):At,lfnil
for t € [tk _,tF).
Lemma 3.4. For every t € [0,T] and N € N\ {0} it holds
N 2
Wi(AYA,) < ¥
Proof. The thesis is clearly true for ¢t = tfn_l for some m € {0,...,k}. Let us assume that
te (tk | tk). Then,
WA, ) = sup { / SOYAAY —E)(N) ¢ ¢ € Lip(P(V)) with Lip() < 1}
t—tho N _\N
< TE (H)‘tfn o )\t’fnilHBL> ’

k

By construction, for o™ (t5 ) 4P-a.e. o, conditional on o (t£_|) = o, we have that

1 2

ek, =2k e, = 37100 = doullsr, < 7+
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with probability ﬁF \(oy)/Fx (where A = % ZnN:1 o, ). Therefore, summing over n and n’,
we deduce that

2
H)‘i\ffn o )\i\]i 71HBL < N’

with probability 1, whence

E(IIN =AYy | oV () <1 P-as,

which implies
2
]E(H)\fén - AgnJ]BL) :E(E(Hx,{gn — 2%l ‘ o™ (ty,_ 1))) <5

3.2. Notions of solutions and main results. In this subsection we give the notion of solutions
to the replicator equation, the replicator equation with genetic drift and the pure genetic drift
diffusion equation. We then state the convergence results of the Moran process to the three
equations, depending on the scalings of the parameters Ny, 73, and wy.

In what follows, b: P(V) — Ep(y).

O

Definition 3.5 (Weak solution to the replicator equation). We say that a curve A: [0,7] —
(P(P(V)); W1) is a weak solution to the replicator equation (with parameter v > 0) with initial
condition A(0) = Ag € P(P(V)) if for every v € C*([0,T] x P(V)) it holds

/P(V)ib(T, A)dA7(N) —/P(V)@b(o,)\) dAp(A / / Op(t, N) dA¢(X) dt (3.9)

+ /0 /P " Daib(t, N [BN)] dA, () dt .

Definition 3.6 (Very weak solution to the replicator equation with genetic drift diffusion). We
say that a curve A: [0,T] — (P(P(V)); W1) is a very weak solution to the replicator equation
with genetic drift diffusion (with parameters v,v > 0) with initial condition A(0) = Ag €
P(P(V)) if for every v € C%([0,T] x P(V)) it holds

D(T, ) dAr(\) — $(0, ) dAg(N) = / A (t, \) dA,(\) dt (3.10)
PV) PV) PV)

+7// Dy, \B(V)] dAs(A) dt

/ / / / D3¢(t, N[ — 05 , d — 85] dA(0) dA(T) dAg(X) dt.

Definition 3.7 (Very weak solution to the pure genetic drift diffusion equation). We say that
a curve A: [0,T] — (P(P(V)); Wh) is a very weak solution to the pure genetic drift diffusion
equation (with parameter v > 0) with initial condition A(0) = Ay € P(P(V)) if for every
Y € C?([0,T) x P(V)) it holds

/ W(T, \) dAp(X) — (0, A) dAg(\) = / Arp(t, \) dA,(\) dt (3.11)
PV) PV) PV)

T
v . e b e e A
+ 2/0 /77(])) /‘)ADAw(t7A)[5U 50 ) 50 50] dA( )d)\( )dA ()\) dt

Remark 3.8. In Section 4 we will consider the case V = P(U) for a finite set U = {uq,...,up}
of pure strategies, where we identify P(V) with the simplex AM~1 of RM . In such a frame-
work, we will see that the right-hand side of (3.10) involves a Fleming—Viot operator (cf. (4.10)
and [23]) and the strong version of (3.10) writes as in (4.11) using the tangential divergence in the
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simplex AM~1 For M = 2, equation (4.11) reduces to the Kimura equation [28, 29] (see (4.12)),
and Definition 3.6 can be compared with the corresponding notion given in [18, Definition 3.1].
As also discussed in [18], the Definition 3.6 of very weak solution for the replicator equation with
genetic drift does not carry any extra boundary conditions. In contrast to [16], where a no-flux
condition is imposed, this can lead to extinction and fixation effects, i.e., concentration effects
on the boundary of AM~1 in finite time.

We are now in a position to state the convergence results concerning the replicator equation
with or without genetic drift and the pure genetic drift diffusion equation. The proofs of the
next two theorems are postponed to Sections 6.1 and 6.2, respectively. We recall that 7, = %,
so 7, — 0 as k — +oo.

Theorem 3.9. Let N, — oo and wy — 0 as k — oo. Let ANk € C([0,T); P(P(V))) be the
curves defined in (3.7)—(3.8). Assume that (7.1) holds and that

=72>0, lim =v>0. (3.12)

k—o0 Tkle
Let b(\) = (mx — TA)A. Then, there exists A: [0,T] — P(P(V)) such that, up to a not relabeled
subsequence, Wl(AiV’“, At) = 0 as k — oo for every t € [0,T], and
o if v >0, A is a very weak solution to the replicator equation with genetic drift in the
sense of Definition 3.6,

o if v =0, A is a very weak solution to the pure genetic drift diffusion equation in the
sense of Definition 3.7.

In particular, t — Ay is Lipschitz continuous in the dz-metric and continuous in the Wi -metric
of P(P(V)).
Remark 3.10. Let us notice that Theorem 3.9 with v = 0 also includes the case of neutral

selection, in which w = w, = 0 for every k € N.

Theorem 3.11. Let Ny — oo and wy — 0 as k — oo. Let ANy € C([0,T); P(P(V)) be the
curves defined in (3.7)-(3.8). Assume that (7w.1) holds and that

=0. (3.13)

Let b(A) = (mx —TA)X. Then, there exists a weak solution to the replicator equation A: [0,T] —
(P(P(V)),W1) such that, up to a (not relabeled) subsequence, Wi(AN*, A;) — 0 as k — oo for
every t € [0,T]. Moreover, A is Lipschitz continuous with respect to the Wy -metric of P(P(V)).

Finally, we also state the result in case of non-vanishing selection parameter w (as in the case
of the strong selection), in which w € (0, 1]; the proof is postponed to Section 6.3.

Theorem 3.12. Let Nj, — oo as k — oo. Let ANv € C([0,T];P(P(V)) be the curves defined
in (3.7)—(3.8). Assume that (w.1) and (3.5) hold, and that

li = 0. 3.14
e (3.14)
—TA)A
Let b(\) = wlm = T)A . Then, there exists a weak solution to the replicator equation A: [0,T] —

Cltw(m - 1)
(P(P(V)),W1) such that, up to a (not relabeled) subsequence, Wi(AN*, A;) — 0 as k — oo for
every t € [0,T]. Moreover, A is Lipschitz continuous with respect to the Wy -metric of P(P(V)).

3.3. Remarks on the notions of solution. We conclude the section with a few comments
concerning the Definitions 3.5 and 3.6, focusing on uniqueness and/or comparison with previous
literature.
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Structure of solutions to the replicator equation. We start with the structure of solutions
to the replicator equation (3.9). We remark that a weak solution A: [0,7] — P(P(V)) to the
replicator equation solves the following continuity equation in a distributional sense

BN+ divy (b(A)A) = 0. (3.15)

Under the sole continuity assumption (7.1), we deduce from [6, Section 8.1] that A has a
continuous representative. Furthermore, an application of the superposition principle [5, The-
orem 5.2| guarantees that there exists a probability measure n € P(C([0,T]; P(V))) such that
Ay = (er)¢m, where for ¢t € [0,T] the evaluation map e;: C([0,T]; P(V)) — P(V) is defined by
et(A) = A for every A € C([0,T]; P(V)). Moreover, n is supported on curves A € C([0,T]; P(V))
solutions to the ODE

At =vb(\p), Ao € spt(Ag) . (3.16)

Notice that [10, Section 1.3, Theorem 1.4, Corollary 1.1] yields the existence of solutions to the
Cauchy problem (3.16) for any initial condition Ag € spt(Ag). This provides the relation between
the notion of weak solution to the replicator equation and the classical replicator dynamics (1.1)
and (3.16). Indeed, Definition 3.5 and the continuity equation (3.15) are the Eulerian counterpart
to the (Lagrangian) replicator dynamics (3.16).

Whenever 7: V x P(V) — R is assumed to be Lipschitz continuous in V x P(V) endowed with
the product metric, we further infer that the solution to (3.16) is unique for any initial condition
Ao € P(V). In that case, letting W: [0,T] x P(V) — P(V) be the corresponding flow map, we
have that Ay = (¥(t,-))xAo.

Replicator equation with genetic drift and cylindrical tests. We briefly comment on the
notion of very weak solution to the replicator equation with genetic drift (3.10), as the second
order term has no explicit form in general (we refer to Section 4.2 for some explicit examples for a
finite number of pure strategies). We consider a special class of test function made of cylindrical
tests (see for instance [6, Definition 5.1.11]) of the form

for A € P(V), m € N\ {0}, go € Cz(Rm) and g1,...,9m € C(V). In (3.17) we have introduced
the short-hand notation (g;, \) := [, gi(¢)dA(c). Then, ¢ € C*(P(V)) with
D/\Q/) Zaz@ gla )a<gma)‘>)<g’mu>7 (318)
D3p(A Z 050((g1, A, -+ (gms M) (i, 12) (g5, 0) (3.19)
i,j=1

for every p,0 € R(P(V) —P(V)).
If p=>b(\)=(mr(:) =TA)A € R(P(V) —P(V)), (3.18) writes as

DA = D0hp (1.2 9m: ) /V 6i(0) (ma(0) — ) dA(0)
If u=0=9,— 05 for 0,0 €V, (3.19) becomes

DY(N)[6 — 05,05 — 5] = D> 050 ({91, A)s -+ (gms M) (9i(0) — 9:(@)) (95(0) — 95(@)) -

ij=1
Therefore, equation (3.10) for the tests (3.17) reads

[ vdar - a0 = (3.20)
PV)
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T m
’Y/O /P(V);aﬁﬁ«gl,)\),...,<gm,>\))/Vgl-(a)(m(a)—WA)dA(g)dAt()\)dt

T m )
+V/0 /p(v) > el A (gms A)) (9695, A) = (9, A) (g, A)) dAL(N)dt .

1,j=1

In particular, the resulting equation (3.20) coincides with the Fleming—Viot equation considered
in [23, Section 5| for a general compact metric space V of strategies. We refer to Section 4.2 for
simplified expressions of (3.10) for a finite set of strategies V.

4. RELEVANT EXAMPLES AND APPLICATIONS

In this section, we briefly discuss a few model cases fitting the presented theoretical framework.
The general setting we consider is that of multi-agent multi-label systems, introduced in [5, 32]. In
our case the limit dynamics can be decomposed into two fundamental components: the replicator
term, which accounts for natural selection (where strategies with higher-than-average fitness
increase their prevalence in the population), and the Genetic Drift term, which represents the
stochastic variations or errors that effectively diffuse the population density across the strategy
space.

4.1. Mixed strategies. The starting point is a Moran process, which is a stochastic model
introduced to describe mutations and genetic drift in a finite population [34], for which any
agents in a population of N -elements adopt a mixed strategy. Mathematically, the evolution
consists of a Markov chain, where, at each discrete time step, one of the N agents is selected to
replicate their strategy with a probability proportional to the fitness of their strategy, while one
of the N agents is chosen uniformly to abandon their strategy.

We fix (U,dy) a compact metric space of pure strategies and P(U) the associated space of
probability measures over U which represents the set of mixed strategies. We endow P(U) with
the metric dpp, induced by the space (F(U),| - |lsL) (see Section 2 for the definition of the
Arens-Eells space F(U)). This setting makes P(U) a compact and convex subset of F(U) (see
Section 2.1 of [5]). In comparison with Sections 3-6, we remark that P(U) plays here the role
of the compact metric space V.

For A € P(P(U)), we define the payoff function 7y: U — R as follows

ma(u) == /P(U)/UJ(u,ul)d&(u’)d)\(ﬂ, (4.1)

where J: U x U — R is a continuous function. The associated fitness function f) : U — R is
defined by

fA(u) =14 w(fm\(u) - 1).
It follows that the fitness function defined in (3.2) and the related payoff function are given by

Fu(o) = /U Ado(w)  and  my(0) = /U 7y (w)dor(w). (4.2)

Note that, since J is continuous, since P(U) x P(P(U)) is compact, and since the BL norm
induces the weak-star topology in P(U), then 7: P(U) x P(P(U)) — R defined by w(c, ) :=
m(o) is continuous, whence (7.1) holds. Thus, we can apply Theorems 3.9 and 3.11 to study
the limit as N — 400 of the number of agents.

4.2. Finite, pure strategies: Fleming—Viot operator and Kimura equation. To have
a better comparison with the existing literature and with the analysis of [31], we present the
equation obtained in Theorem 3.9 and Definition 3.6 in the particular case where the set of pure
strategies U = {uy,...,up} is finite and each agent can only have a pure strategy u; € U at
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disposal. For simplicity, we assume 7 = v = 1. We endow U with the metric dyy: UxU — {0, 1}
defined by

dy (ui, uy) :55 for every 4,5 € {1,..., M},
where 5g denotes the Kronecker delta. This setting is simpler compared to that described in
Section 4.1: the compact metric space V identifies now with U itself, rather than with P(U), as
only pure strategies are allowed, which would corresponds with Dirac deltas in P(U) centered

in the pure strategies u; € U. The distribution of strategies inside the population is represented
by A € P(V) =P(U), which we may as well identify with the simplex

M
i=1

Notice that the components \; of A € AM~1 represent the frequency of the pure strategy u;.
We further remark that if 1 € C'(AM~1) is the restriction of a map 1 € C'(RM) to the

simplex AM~1 then the C-differential Dyt writes as
Dyib(\) = PVy(\)  reAM-L (4.3)

where V1) stands for the usual gradient of ¢ in R™ and P € MM denotes the projection over
the hyperplane parallel to AM~1 and passing through the origin. Namely,

1
1
P:I—Mf(@g, Withf::

Similarly, if ¢ € C?(RM) then
D3p(\) = PVZp(\) P e AML) (4.4)

where V21 is the Hessian of 1.
As done in [31], we represent the payoff function J introduced in (4.1) with a matrix A € MM

Hence, for A € AM=1 and u; € U the payoff my(u;) takes the form
M
ma(u;) = ZAij)\j = (AN);.
j=1

The fact that we only allow for pure strategies spares us two integrations with respect to o, as
it has been done in (4.1) and (4.2). We further notice that for A € AM~1 we have that

M
T = Z Aij)\i)\j = AN\,
ij=1

which stands for the average payoff associated to A. For simplicity of notation and in agreement
with [31] we write b(A) € RM as the vector with components

bi(\) :== ((AN); — AX-A)N;  for every A € AM~L, (4.5)

With this notation at hand, we rewrite the last two terms on the right-hand side of (3.10) for
A € C([0,T); (P(AM=1); W7y)). Precisely, for ¢ € C2([0,T] x AM~1) we have that

T T
[ [, Dt Nim - moNaade= [ [ Dy svaade (49
0 JAM-1 0o JaM-1

T T
- / / VOt A) - PO dAy(\) dt = / / V(t ) - b(\) dA (A dt,
0 JAam-1 o Jam-1

where in the last equality we have used that b(\)-& =0 for A € AM-1,
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As for the last term on the right-hand side of (3.10), we once again recall that ¢ can only
take values in the finite set U. In view of the identification P(U) = AM~1  we notice that for
every i € {1,..., M} we are identifying d,, with the i-th vector e; of the canonical basis of R
Hence, we have that

T
/0 /pm /v/vDiw(t’ Moo — 85, 86 — 85] dA(0) dA(@) dA,(A) dt

is identified with

T M
/0 /AMl Z A D3 (t, Nlei — e, €5 — €] dAy(A) dt. (4.7)
~

)=

Rearranging the terms on the right-hand side of (4.7), using the fact that A € AM~! and the
relation (4.4) we deduce that

T M
/0 /AM_l D NNDIY(E Nei — €5, e — €] dAy(N) dt (4.8)

J=

T M
B / [ 2NV N P, Pe AN d
AM-1

=1

/ / 2 Z Ai\;V24(t, \)[Pe;, Pej] dAy(\) dt
AM-1

1,j=1

T
= NV WA v2 ' '
- 2/0 /AMliZI(Azaz NV (E, A)[Pes, Pej] dAy(V) dt

We define B: AM=1 — MM by
Bij(A) == (M6 = \i)j)  ford,je{l,...,M} and A € AM7L,

Then, we rewrite (4.8) as

/ /A L Z NN D3 N e: — e — e dAy(A) dt (4.9)
1,7=1
:2/ / PB(N)P : V2(t, A) dAy(A t—2/ / V(8 ) dA (V) dt
A AM-1

where, in the last equality, we use that PB(A\)P = B()), as a direct computation shows. We
define

L(¢)(A) = Drd(A) - b(A) + Dig(A ):B(A) (4.10)
M
=Y bi(N)Drd(N)[ei] + Z A)D3o(N) e, 5]
i=1 i,j=1

and notice that if ¢ € C2(RM), then
L(B)(N) = Dad(N) - b(A) + DR6(N) : BOY) = Vo(N) -b(A) + V26(A) - B(A)

M M
=D BN + Y (Nib] = XiA)2id6(N)
i=1 i,j=1

so that £(¢) defines the Fleming—Viot operator in the form of [23, Eq. (2.1)].
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Then, combining (3.10), (4.6), (4.7) and (4.9), we infer that in the interior of AM~! the curve
t — A solves (in the sense of Definition 3.6) the equation

Ny + divy [b(A)A¢] — divy[divy(B(M\)A)] =0, (4.11)

obtained as the adjoint of the Fleming—Viot operator (4.10). Here, divy denotes the tangential
divergence on AM~1! defined as the adjoint operator to the C-differential (or tangential gradient)
D). We further notice that div,div) is the adjoint to D%\ and corresponds to applying twice
the tangential divergence.

The particular case M = 2 leads to the well-known Kimura equation [28, 29|, which we
can directly deduce from (4.10) and (3.10) after identification of the C'-differential Dy¢ given
n (4.3). Assume that the test function ¢ is the restriction to A! of a C2-function of the wholel
space R?. Then, the tangential gradient Dy¢ writes for A = (A1, A2) € Al as

1 ([ 016(\) — Dap(N)
Drg(A) = 5 ( 8;¢>(>\) - afdw ) ’

where 0; denotes the usual partial derivative with respect to A;. Similarly, we have that

1 200N — 01006(\) 000N — 026(N)
Dt = 5 (oot 2o S o) )

Further notice that defining ¢(A1) := ¢(A1,1 — A1) for Ay € [0, 1], then, using the constraint
Ao =1—X\ in Al, we get that
L @) 2 LO@"(A) —¢"(\)
Dyo(AM,1— X)) == Dyo(A,1— X)) =~ .
A¢( 1, 1) 2 ( *80/()‘1) )\(25( 1, 1) 4 *90”()\1) 80”()\1)
Hence, recalling (4.5), we write (4.10) as
L(¢)(M,1—=X\1)

1
— §A1¢’(A1)(a11A1 + a12(1 = A1) — a11Af — apA (1= A1) — azn A (1 — A1) — ase(1— A7)
1

2

+ A1 (1= A" (M)
=M (1= M) (A1) (a1 A1 4+ a12(1 = M) — agihs — age(1— A1) + A1 — A" (M)

Taking H: R — R such that H'(r) = a1 + a12(1 — r) — ag1r — age(1l — r), equation (4.11)
reduces to the Kimura equation

NNy + Ox, [M (1 — M) H' (A)A] — 03, (Mi(1 — A1)Ay) =0, (4.12)

(1= 2)¢' (M) (agidr + aza(1 — A1) — ani A — appAi (1 — A1) — agidi (1 — A1) — aga(1 — A7)

where A; can be identified with a curve of probability measures over P([0,1]).

Equation (4.12) has been studied, for instance, in [16, 18]. As noted in Remark 3.8, we are
considering here the same notion of very weak solution given in [18]|. Hence, (4.12) comes with
no additional boundary conditions and concentration effects in A\; = 0 and A; = 1 may happen,
corresponding to extinction and fixation effects. The characterization of such effects has indeed
been considered in [18] as a consequence of mass conservation over the interval [0, 1].

4.3. Spin systems. In this section, we present an example of a discrete-time process with a
genuinely infinite set of strategies, borrowing ideas from the theory of spin systems in statistical
mechanics.

We consider a Moran process in population of N agents with a set of pure strategies given by
VY =S', where S! is the unit circle in R%. The set of strategies V is endowed with the geodesic
distance dg1, which makes (S!',dg1) a compact metric space.
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In the discrete Moran process, at time t* , each agent n € {1,..., N} adopts a (random)

strategy oY (tﬁl) € S'. The distribution of strategies within the finite population is represented
by the empirical measure )\i\,i € P(S') defined by

N
1
Nk, = 37 2 o) € P8
n=1

As described in the general setting, the probability of replication of a strategy ¢ € S' in a
distribution of strategies A is mediated by the fitness F)\(o) defined in terms of the payoff
function as in (3.2). We consider a payoff function given by, for every A € P(S') and o € St,

71')\(0):/ 0-0dA(@) =0 -my, (4.13)
St
where
my :/ 7d\(7) € R?
St

is the magnetization. This payoff function favors the replication of strategies that are aligned
with the magnetization, mimicking the behavior of spin systems in statistical mechanics, like
the classical planar XY model, where the local interaction energy between spins is proportional
to their alignment. Here, however, the lattice where agents sit is fully connected, i.e., each
spin interacts with all other spins. The choice of the specific payoff in (4.13) is made for il-
lustrative purposes. Other choices relevant in statistical mechanics models can be made (e.g.,
antiferromagnetic interactions).
A comment about the mathematical relevance of the limit as N — 400 is in order.

Remark 4.1. Let us consider the case where N is fixed. It is very natural to assume that the
initial distribution of strategies A}’ is concentrated on a finite number of deterministic strategies
U=1{01,...,0m} CS! (e.g., when one knows that each agent has adopted one strategy). Since
the Moran process does not allow for the nucleation of new strategies, the evolution is confined
to the finite set of strategies U. This means that, for a fixed N, the dynamics of the Moran
process can be described by a finite-dimensional system, falling into the structure of the discrete
process in Subsection 4.2, even though the underlying strategy space S' is infinite. Nonetheless,
in the limit as N — +o00, the number of strategies can explode, and the dynamics can explore
the entire infinite strategy set S'. This highlights the importance of understanding the limit as
N — 400, as it allows for a richer and more complex behavior that cannot be captured by a
finite-dimensional system.

Let us now discuss the limit model, described in terms of the limit of the curves t — AN €

P(P(Sh).

Remark 4.2. First of all, notice that (7.1) holds, i.e., the function 7: S' x P(S') — R defined
by (o, \) := (o) is Lipschitz continuous, where P(S!) is endowed with the metric induced
by the BL-norm || - ||pr,. Indeed, if 0,0’ € St and A, N € P(S!), then
mA(0) = mx (0)] < |ma(o) = ma(o”)] + |ma(o”) = mx (o)
= ‘O’-m)\—U/-m)\‘—F‘U,'m,\—J/-m)\/‘
< lo = o'l[mal + [o”[lma — my|

< dSl(U, O'/) + 2”/\ — >\/HBL-

In addition, considering the average payoff

= /S m() dA(0) = /S o madA(o) = s,
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we have that A+ |my|? is Lipschitz continuous, since

sl = x| < fma = malma -+ mal = | [ od(x= )
S

(Imal =+ Imal) < 4lIA = Nllpe..

We are in a position to apply Theorem 3.11 to study the limit under the rescaling of the
parameters N = Ny, 7 = 7, (the discrete time step), and w = wy, prescribed by Theorem 3.11.
Thus, there exists a Lipschitz continuous limit curve ¢ — A; € P(P(S!)) which is a weak solution
to the Eulerian replicator equation (3.9), i.e., for every ¢ € C1([0,7] x P(S')) it holds that

T
(T, \) dAr(A) — / (0, \) dAg(\) = /0 /P (Sl)8t1/1(t, A) dA,(N) dt (4.14)

P(sh) P(sY)

T
i 7/0 /73(81) Dyip(t, N)[(mn —Ta)A] dA(N) di.

As discussed in Section 3.3, the weak formulation (4.14) is the Eulerian specification of an ODE
on the metric space P(S'), endowed with the distance dpy, induced by the BL norm, i.e.,
regarding P(S!) as a convex compact subset of the separable Banach space F(S!) introduced
in Section 2.

In this example, the replicator vector field is the measure b(\) € Ep g1y defined by

/ o (o) db(N) (o) = / (12(0) — maP)p(0) dA(0),  for every € Lip(S").
St St

Remark 4.3. The map A~ b(A) is Lipschitz continuous in Eps1y, since, for every ¢ € Lip(S!)
with |l¢||Lip < 1, using Remark 4.2, for some positive constant C,

[ #@)db0) =63 (0) = [ plo)mlo) ~ lmaP)aNo) ~ [ plo)(mule) ~ lmy )X o)
St St St
= [ #o)mie) = mv(@)axe) + [ olo)mv(a) A - X)(@)

Sl

+ [ ol (mal = ) dr@) + [l d(A = X)(e)

< ClIA=NllsL -
By Remark 4.3 and [10], the flow map W(t,-) related to the ODE in Ep g
At =~vb(\r). (4.15)

is well-defined. The ODE (4.15) is precisely the replicator equation for distribution of strategies
A in the case of a continuum of strategies. As a consequence, there exists a unique solution A
to (4.14) given by Ay = (¥(t,-)) Ao for every initial condition Ag € P(P(S!)), which coincides
with the solution given by Theorem 3.11.

5. APPROXIMATE EQUATION

The goal of this section is to prove the approximate equation contained in Theorem 5.1 on a
single interval of the form (t* _,,tF) for m € {1,...,k}. As a direct consequence, we will get in
Corollary 5.4 an approximate equation on the whole interval [0,7] and a Lipschitz-type estimate
in Corollary 5.5. The estimates of Theorem 5.1 also highlight the scalings of the parameters N,
7, and w involved in the time-discrete process. We use from now on the symbol O(¢}) to denote
a generic function of ¥ € [0,400) continuous in 0 and satisfying

0<O0W) <ad  fordel0,+00),
for some « € (0,400).

Theorem 5.1. Assume that (7w.1) holds. For every k € N\ {0}, every m € {1,...,k}, and
every ¢ € C2([0,T] x P(V)) we have that
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tk,
/ ¢<t5;,x>dAii W= [ whoanasy W=7 [ awenda¥oyar
P(V) " P(V) mt th_1 JPV)
e / Dap(t, N)[(m — )N A, (A)

- : 2/’" / //Diw(tw[éa—éa, 5o — 05] dA(0) AN@) dAL () dt
2T N S Jpoy Sy Sy

+ pm(,l?b? Tk? N7 w) b
where

ot Nyl < O( %Y DUl oo + O o

+O< ! ><mD2w(Tk)+szw<;7>>

and wp2y denotes a modulus of continuity of D* in [0,T] x P(V);
(i1) if (3.5) holds, then

)HD I Pp——

tk,
vl VAN O = [ uth nany = [T [ awendaf oy
P(V) P(V) et th_1 JPOV)
w(my — T)A
TkN / Dl ) [1+w(7r>\—1)} dA A dt+ Gml, N,
where

G2, ) <0( )HD Bl tor oy -

We divide the proof of Theorem 5.1 in several lemmas.

19

(5.1)

(5.4)

Lemma 5.2. Assume that (m.1) holds. For every k € N\ {0}, every m € {1,...,k}, and every

Y € CH[0,T] x P(V)) we have that
(i) if we [O, m} , then

1 [t N
-~ tfn_lE<Dﬂp(t,)\t§n_l)[)\t = J)dt
w

tk
_ v / Dath(t ) [(my — TN dAY (A) dt + BRI (8, 75, N, w)
TN Jik | JP)

where
2
R 7 No0)] < O 5 ) IDbliopoy
(i1) if (3.5) holds, then
1 [tm
~ (Dw(t, NE [ A )dt

Tk

m 1

:TkN / Dyg(t, A) [ufw( A_)M dA; () dt.

(5.5)
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Proof. Let ¢, N, k, and m be as in the statement of the lemma. In the following, given
o= (01,...,0n) €VV, weset \7 := 4 22;1 s, - By the law of total probability it holds that

)
:/ E(Dw(t,v) [Aﬁ —Af’}
. k

= | Dw(t,\)E <[A§X - X’]
- k,

m—1

oVt )=o) doN(th)uPle)  (58)

Ntk ) = ) do™ (1) 4B(o),

where in the second equality we have used the linearity of the mean. By construction of )\i\,i we
have that "

E <[>\i:,§n - X’]

1 N
o™ (tp1) = ") = D_E ([M(tm - 504 ’ o™ (th_1) = 0) (5.9)
n=1

N
— % > (60, —6s,) P (Uév(tf%) — oy |aN(@E ) = U)

m—1
n,n'=1
N 1
1 v e (o)
= 2 O =dn) S
n,n'=1
N
1 1
- NF)\G n,’nZ/:1 (5‘7”/ - 60”) mFAG (Unl)
1 K1 _
= NFA, nlzl N(F)\U(Un/) — F)\cr)éo—n,
1

= — Fo"—Fo‘)\U.
NF,\U()\() »)

Using the expansion (3.2) for the fitness Fyo, we get that Fyo(-) — Fao = w(myo () — Tac).
Then, (5.9) becomes

E ([Agn - )\"]

In particular, we notice that (mxo () — Tas)A7 € Ep(y) since it is a measure with 0-mean.
Combining (5.8) and (5.10) and using that A7 (1) = )\% , we infer that

w

o ) = U) = N Tl 1) ()~ M) (5.10)

E(Dﬂzz(t,)\gnil) [Agn - A%HD (5.11)
= | Py a1 (e ()~ T A7) Ao (1,1 4P (o)
= Jooy PYEN T 1 (MO — TN A0 )4PO)
= Lo, Dyij(t, )\)N(l o D)) ((ma() =mA) AL (A).

Then, we observe that

N1 +w(my — 1))(

(M () = T)A) = (M) = T)A) — =
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Now, if (3.5) holds, by (5.11) we obtain (5.7). Otherwise, if w € [0, m} it follows from
(5.11) and (5.10) that

k
tm

le e (Dt Agm) A N ]) ae= (5.12)
—v s / Dbl A) [(ma () — ) A] AL () d
N /tk /7;0, 1 +7;A7;1_ 1)DW(M) [(ma () — ) A] dAY (A) dt .
We set
R (9, 7k, N, w) TkN /tk /P(v lﬂf;:_ 1)Dw(t,k) [(ma(-) — ") A] dAT (A) dt .

By assumption (7.1), by (3.4) and since w € [0, 2(T1+1)} , we have that for every A € P(V)

Ty — 1 _ TN —
mDﬂp(tv A) [(7")\() - 7")\))\] ’ < ||D>\¢HL°°([O,T]><7>(V)) H-ZU(?T)\' |(mx — TA)AllBL
< 207 (14 Cx) [ DAY Lo (0,17 x P (V) -
Hence (5.5) and (5.6) hold. This concludes the proof of the lemma. O

In what follows, for ¢ € C([0,7]xP(V)) we denote by v, the modulus of (uniform) continuity
of v in [0,T] x P(V).

Lemma 5.3. Assume that (w.1) holds. For every k € N\ {0}, every m € {1,...,k}, and every
Y € C*([0,T] x P(V)) we have that

(i) if w e [0, 5ty | then
th, 1 , v . .
— . 1/0 E(Dw (A Y = ) =AY A =) ) drdt (5.13)
th, B
- 5 / / / / D3t \)[bs — 65,05 — 5] dA(0) AA(@) AR, (A) dt + R (4, 7., N, w),
QTkNQ th _JPWV)JV IV

where

m w
BP0 Nl < O 37 JIDPWl=orpvy (5.14)

+o< ! ><mD2¢(Tk)+sz¢<;]>>;
(ii) if (3.5) holds, then

’ /k / <DA¢ LAY () =AY 1)) [)\iV—AiX ! 1]>drdt‘ (5.15)
t m— m— m m—

< O<NQ)\|D2¢HL°<>([0,T}x7>(V))-

Proof. Let 1,b, N, k, and m be as in the statement of the lemma. By construction of ¥, for
te (th kY and r € [0,1] we have that

ml’

]E<D?\w(t,At N = ) [N AN - AMD (5.16)
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26*tm 1 N N _\N
Tk E(D/\w (t’/\ % >\m 1)> [)\tfn _)\t’ll?n—17>\t )\m j)
t—zt’;;1
. 1E(Dw(t,A ST A 1D
t—thk
# It (PR (1A e - ) DR D) P A )

We now estimate the two terms on the right-hand side of (5.16). As in the proof of Lemma 5.2,
given o = (01,...,0,) € VN, we set \7 1= % Zfil 05, - By the law of total probability we
rewrite the first term on the right-hand side of (5.16) as

t_t];n 1 N N
- E(Dw(t,A LA N - ID (5.17)
t— 1tk
=—m=l / E(Dizﬁ(m") N =7 A =7 ‘ Nk ) = )da (t,_)4P(o).
Tk YN m m

We compute

E<D§zp(t,)\") Mg = A7, A =7 ‘ oN(th ) = a)

)

and we observe that, since only one agent may replace its strategy, if the event o2 (tF) = o,
occurs, then 505(% )~ 05, # 0 only if £ = n. From this and from the fact that A7 = 27]:[:1 O, s
it follows that

E(D,Q\z/;(t,)\") [Agn —a7 LAY —X’} ‘ oN(th ) :0'>

1 N N
= WZZE (Dg\zb(t,/\a) [(50711\7(,55”) — o, s 5(,?1@1;”) - 04] ‘ ol tm 1)

n=1 /(=1

H32

2|

leri E (D30(EA7) 8oyt = O+ Sty = 0| | o (th1) = o)

N

- Ly S DR A) (B — o By — ] P(o) (t5,) = o

n=1n/=1

oV (th-1) =)

1 X 2 o ﬁp/\,(an,)
- m Z Z D)‘w(t7)\ ) [60—71’ - 5Un ) 50'»,7/ - 6O'n] T

n=1n'=1
1 o (o’
. / / DAY s — 0 0r — b0 2277 a1 aN7 (7).
N2 Jy Jy Fye
Inserting this into (5.17), using the fact that A7 Mtm-1) = )\N , and using the explicit expres-
m 1
sion (3.2) of F) and F) we get that
£t — P LE( D3 (AN ) (AN AN AL - 5.18
Tk ,\1/1(, 1)[%_ th Tt ml] (5.18)
t - t F)\d( ) 7
= D3(t,N7) [05r — Ogrr y Ogr — O] —= dM\? (a")dN? de™V (¢ P
—t ] ] preean , | 0 N7 ()X (0") der™ 1, 1) (@)
t - t Fy(o") ’ "
e / //Dw N by =) L AN M) A )4 B0
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7'kN2

_ e (1+w(m( ) =1) (o N
= / //Dwm b =1+ 8 = ) S NS AN AN dAY ()

t tk ( ) / m N
= / — 1 /7 — 1
/(V 7, / / D/\@b (t,\) [05r — Ogrr , 051 — O] dA(o")dA(a") dA; (N)

t—t
D ;) — 7 ;) — 7 " A
TNT / // Rt N[0 = G+ o7 = 3] dA(0") dA(0”) AR, (A)
t_tz / //Dw (t, Ao = b5 5 0o — b5] (mao ): ™) dA(0’) dA(a”) AR (A)
TN PV) (T4 w(m —1))
(t— t _
= N2 / / /DAI/J t )\ 5 5 /= (5011] d)\(O'/) d)\(O'”) dAiv()\) +R§"1(t,¢,7'k,N,w) .
Tk :
Setting
1 [t
RQ l(vaImN 'U}) Tk/ R’gfl(tuvakauw) de
m—1
and combining (5.17) and (5.18), we write
ot —th N N
/tk R (D,\w(t,)\ ) [)\tfn SN LAY A J) dt (5.19)

m—1

= 3 /t / / / m 1D/\¢(t N [0gr — 8o, 81 — Son] dA(0”) dN(0”) ALY (V) dt

+ Rgfl(wv Tk:7N>w) .

We notice that by regularity of ) and by (7.1) (see also (3.4)), if w € [0, m] it holds

m w || D3 || oo (jo. 1% P (v
RS (70, Nyw)| < —2—2 BT 4(Cy +1).

Therefore, we infer that
| Ry (v, T, N, w)| < O <N2> D3| 2o (011 xP(V)) - (5.20)

With a similar argument, if follows from (5.19) that, if (3.5) holds, then

ot — 1 o 'm—1 N N N N
/t;fn 1 Tk £ (D)‘d)(t’A 1) [)\tfn B )\tfnq ’ Atfn N Atfnfli|) dt' (5.21)

<0( )||D)\¢||L°° ([0,T]xP(V)) -

We further estimate the first term on the right-hand side of (5.19) in order to obtain, up to an
additional remainder, the integral term in (5.13). Indeed, we have that

N2 /t . / / / m 1Dvﬁ(t N)[6or — 8o, 8gr — Syn] AN(0") dAA(0”) AR} (M) dt (5.22)
=+ /t / -~ / / =t D2(t5, | N[00 — S, 65 — Sgr] AN(0") dA(0”) dAL (N) dt

+ Rg}2(¢’7—ka Na U])
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1 t B
27, N2 / / / / D3t N = 0, 8 = 0] dA(0) dA(0”) A (A) dl
2rp N th_ JPWV)JV IV
+ Rg?Q(wa Tk, IV, ’UJ) + Rgf?,(q/)v Tk, N, w) s
where

RS (1, T, N, w) Nz/t / // m 1 Dﬂb(t N)[0or = Ot St — S ]

= D3 (1 N = b 0 = dgn]] (o) AA(o") AR, ()

1
Ry53(¢, 7, Ny w) := W/t / // D3 (ty, 1, N[0 — 8, G — G,7]
= D3N = g, 80 = 8] AN(0") AN(o") dA; (N) .

Let us denote by wp2, the modulus of continuity of D2y in [0,T] x P(V). Without loss of
generality, we assume 2, to be increasing and concave. Hence, we estimate

1
R (0 Vo) < O 73 ol (5.29
|RY" 3(1/J,Tk,N w)| < O( >t’0D2¢,(Tk) (5.24)
To conclude for (5.13), we are left to estimate the last term in (5.16). By the law of total

probability, and by the definition of A\}¥ given in (3.7), for every r € [0,1] and every t € (t£,_,,tF)
we may write

'E((D?\w (t,Ai}fnil +r(A{V—A§§H)) —Diw(t,A%%l)) [Agﬂ L 1])' (5.25)

2
D)
< /NE(mD%(HAi,Xn—AHBL)HAi,in—vH%L\ N(thy) = )do< L)#B(o).

v

By construction of )\% and by the concavity of twp2, we continue in (5.25) with

m 1

< E(szw (7| = 2

'E( (D?\d; (t, ML (Y = A 71)) — D3y(t, A%H)) [Agn —AN A - Agm] ) ' (5.26)
< /VN (mpzw ( Z H(SUN th ) 5‘7"HBL> X
2
1
LS by~ 0o [ () = 7) do )4 (o)
n=1 BL

N
1 1
= N2 /N Z 10 D2y, <N||50n/ - 50n”BL) H‘Sanr - 507LH2BLX
v n,n’=1

o™ (ty, 1) = o) do™ (ty,_1)4P(o)

X P(of(tﬁl) =0,
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N
4 1
= /VN wzoom | D llden = Foullm P(on (t,) = ow

nn/=1

4 2
Sﬁmz)w N/

where in the last inequality we use (3.6). We set

t—ztﬁ1
R%(i/mzc,N,w)::/t / 1E<<D§\1/)(t,>\gnl +r(AN — )\m1))

_Diw(t,)\i}fnl)> = A AN A J)drdt.

oty 1) =) | do™(ty, 1) 4P(o)

In view of (5.26) we have that

|RSY (1, T, N, w)| < o( ! )mD2w<]2V> . (5.27)

We conclude by defining
4
R3¢, 7, Nyw) := > Ry'y(¢h, 7, Ny w) .
/=1

Thus, if w € [0, m] , combining (5.19), (5.20), (5.22), (5.23), (5.24), (5.26), and (5.27), we
infer (5.13). Otherwise, if (3.5) holds, combining (5.21), (5.26), and (5.27), we obtain (5.15). O

We are now in a position to conclude the proof of Theorem 5.1.

Proof of Theorem 5.1. For every test ¢ € C2([0,T] x P(V)) and every t € (t£,_,,tF) we have

m—11"m
that
d N N N /\tm M 1
G PEAD] = 0 (8 A0) + Dyt A7) | ————| - (5.28)
Integrating (5.28) over  and over (t k) we get that
[ owthnaai o= [ uthonaay o (529)
PV) " PV) et

th tk
m 1 m
_ / / At \) dAN (V) dt + — E(Dw(t, AM) [At X } >dt.
tk_ JPW) Tk Jtk b1
Hence, we have to estimate the last term on the right-hand side of (5.29). By Taylor expansion,
we have that

Dap(t, AN [/\fk’ - Afﬁj = D(t, ) ) [At X 1] (5.30)
t—thy (1o N N _\N N _\N
+ m/o D3y (LAY O = ) [N - AX AN A
Averaging equation (5.30) over 2 and integrating over the time interval [tX | t£] we deduce
both (5.1) and (5.3) thanks to Lemmas 5.2-5.3 after setting
Pm(T/% Tk, N7 'LU) = RT(wa Tk, N7 U}) + R?(d% Tk, N7 w) .
]

Corollary 5.4. Assume that (m.1) holds. For every k € N\{0}, and every ¢ € C*([0,T]xP(V))
we have that
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T
[ ow@naafo - [ sonaf o= [ [ awenant o (5.31)
PV) PV) 0 PV)
w T o —N
w2 [ [ Dl - mON IR () e
TN Jo  JPw)

1 r 9 —\ %N ~
F g o PR N0 b5y — 0 AN AN AT )t 4 75 7 N, ),

where

w2

0,7, Now)| < 0< " )anumom(w) +0<

N2
1 1
+ O TN2 mD2¢(Tk)+mD2¢ N ;

(i1) if (3.5) holds, then

T
Niyy Niyy _ N
/P LGSR LY / $(0,A) dAY (V) = / /P BEUGVUOTINNCED

>HD Flimomerey  (5:32)

N// Dw“[ = G )A)} A&y (V) dt + (¥, ),

1+’LU7T)\—1

where

Sy 7o, NV >|<0(k )HD Bl om0 - (5.31)

Proof. 1t is enough to sum up (5.1) and (5.3) respectively, for m € {1,...,k}, recall that 7, = %,
and set

k
5(11Z)77—ka Na U]) = Z pm(waTkza Na U]) .
m=1

O

For later use, we also write the following variant of Corollary 5.4, where we take test functions
independent of ¢ and we localize (5.31) and (5.33) respectively.

Corollary 5.5. Assume that (7w.1) holds. There exists a positive constant C > 0 such that for
every k € N\ {0}, every s <t € [0,7T], and every v € C*(P(V)) we have that

(i) if we {0, m} , then
/ B AAY () — / $() AN (V) (5.35)
PV) P(V)

w
< C<MVHD¢‘L°°(P(V)) +

2
N2 HD2¢HL°°(P(V))> [t — s+ u(s,t,9, 7, N,w),

where

2
(s, t, v, 7, N,w)| < O< N >\D¢HL°° P(V))+O<

1 1
#0faam)mo (3)

>HD2w”Loo V)
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(i1) if (3.5) holds, then

/ )N ) — [ () AN () (5.36)
P(V) PV)

1 A
<C (WHDW‘LOO(P(V)O |t —s| + f(s,t, ¢, 7, N),

where

N 1
st V)] = O 1 ) 1Dl

Proof. Let s <t € [0,T) and let m,h € {1,...,k} besuch that s € [tF_,,¢¥) and t € [tF_, t&).

Let us assume that m > h + 1, otherwise the argument is even simpler. Assume the case

(NS [O, m} . Applying Theorem 5.1 to the test 1 € C?(P(V)) (independent of time) we
have that

/ $OVdAY () / POV AAL () = TkN tk"”/ Da(N)[(mx — T)A dAY (A) dr

7n71 —N
+7 / //DQw)\ 05 — 05,05 — 05] dX(0) AA(@) dA, (N) dr
2m N7 7W)VVA()[ JdA(0) dA(o) (M)

+ﬁ(h7m7w77—k7N7w)7

where we have set

m—1
plh,m, b, i, Nyw) i= > pu(th, 7, Nyw).
n=h+1
This, together with (7.1) and (3.4), implies that
/ B(A) dAY / YN dAY (Y (5.37)
m 1

sc(wuwumm Al Doy )tk s~ ]+ 5.

for a constant C' > 0 independent of s,t, 1, 7, N, w. We note that, since 1 is independent of
time, by Theorem 5.1, we get

2

w
ot m, .70, 0] <0( Y 1D epiny + 0

ol o)

Hence, we have to add to (5.37) only the contributions in the intervals [tF,_;,¢] and [s,tF]. We

deal with the interval [tf, | t], as the argument for the second one is very similar. As in the
proof of Theorem 5.1, we have that

/P(ww(A)dAN / v 1(”:71;{/; <Dw(AN)[ Ak 1Ddr
- CE(Dw0d ) - ]) e

Tk
r—tk
/tk/ m1E<Dw(A +OOY — Y >>[Ai§14i¥n,ﬂt )\m1])d9dr.

)\D%um )

. m 1
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By the regularity of the test function and repeating the arguments of Lemmas 5.2-5.3, we infer
that (notice that now v is independent of time)

/ PN dAN(N) — P(V)w(A)dAm (\) (5.38)

1

2
< (5 1PVl + 3 lD* Wl oy )t = thal 4 7ulm,t, N, 0),

for a positive constant C' > 0 independent of s,t,, 7, N, w, where

2
Pt N0 <05 )10 lipon + Oz )16l + 02 Jona ()

A similar argument leads to the estimate

/ B dAY () - / B dAY () (5.39)
P(V) h P(V)

w
< C<W||D¢||Loo(7>(v» +

Dl ) = sl s . N, ),
where p, is estimated as p;. Combining (5.37)—(5.39) and defining
u(87t7¢777€7N7w) = ﬁ+ﬁ1 +ﬁ??

we conclude for (5.35).
Finally, the proof of (5.36) under Assumption (3.5) follows by the exact same argument. O

6. PROOFS OF THE THEOREMS 3.9, 3.11, AND 3.12

In order to prove Theorems 3.9 and 3.11, we fix N € N\ {0} and wy € [0, 2(0 =) )] two
sequences such that N — 400 and wp, — 0 as k& — oo. We recall that 7, = % The
precise scalings are given in (3.12) and in (3.13). Both proofs rely on the expansion obtained in

Corollary 5.5

6.1. Proof of Theorem 3.9. We fix wy, 7, and Nj such that (3.12) holds. We divide the
convergence proof in two steps. The first one concerns compactness of the sequence AMk; the
second one shows that the limit curve A is a very weak solution to the replicator equations with
genetic drift.

Step 1: Compactness of AV+. We divide the proof into two sub-steps.

Step 1.1: Construction of a limit curve. We notice that in view of (3.12) and of Corollary 5.5,
there exists a constant C' > 0 such that for every k € N\ {0}, every s <t € [0,7T], and every
¥ € C%(P(V)) we have that

/ Y(N) dANE (X / Y(N) dANE(N) (6.1)
P(V)

1
< C(IDY L pvy) + D%l oo (pvyy) [t = 8] + Cropayy <]Vk> .

We select a dense and at most countable subset D of [0,7]. By Lemma 2.2 and by a diagonal
argument, we may find a subsequence independent of ¢ € D (not relabeled) and A; € P(P(V))
such that

khm dz(ANs Ay = hm Wi(AN: Ay) = forte D.
—00
Notice that we exploit the compactness of ( (V), |l - llsL) for the convergence in Wj. For every
s <t € D and every ¢ € C%(P(V)) we pass to the limit in (6.1) as k — oo, obtaining
(V) d(Ae = A)(N) < C(IDY ]| oo pvy) + ID*0]| oo ooy It — 51 (6.2)

PV)
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In particular, (6.2) holds for 1) € Z. Hence,
dz (A, As) < CJt — 5| for s,t € D. (6.3)

We now have to extend (At)iep to the whole interval [0,7]. For ¢ € [0,7]\ D, we define
Ay € P(P(V)) as limit in dz of A4, for a sequence t; € D such that t; — t. First we show
that such a definition is well-posed. Indeed, by Lemma 2.2 we have that, for every t; € D with
t; — t, there exists ¥ € P(P(V)) such that, up to a not relabeled subsequence,

lim dz (A, %) = lim Wi(A,, %) =0. (6.4)
j—)OO ‘]%OO

Let s; € D and ¥ € P(P(V)) be such that s; — ¢ and
lim dz(Ay;,X) = lim Wi(A,,, %) =0.
j—o0 j—o0

By (6.3) we have that
dz(%,%) = lim dz(Ay;, Ay;) < lim Clt; —s;] = 0. (6.5)
j—oo

Jj—00
Thus, it must be ¥ = . This implies that A, € P(P(V)) is well-defined for every ¢ € [0,7].

Step 1.2: Pointwise convergence and continuity. We now show that

Jim dz(ANE Ay) = Jlim Wi(AN A)) =0 for every t € [0,T]. (6.6)
—00 —00

Notice that (6.6) holds for ¢ € D by construction. Let us fix ¢t € [0,7]\ D and let t; € D be
such that t; — ¢ and A¢; — A¢ both in dz and in W;. We may further assume that, along a
not relabeled subsequence,

lim dz(AM, A) = lim Wi(AM A)=0  for some A € P(P(V)).
k—o0 k—o0
In view of Corollary 5.5 and of (3.12) we have that for every ¢ € C?(P(V)) it holds
1
[ SOV~ ) < DYl posy + Dl eIt =11+ Cropa (v)- ©0
Passing to the limit as k — oo in (6.7) we deduce that for every 1 € C%(P(V))

/P o, PVAE =)0 < CDY~ oy +ID i)l — 8- (69)

Thus, we infer that
dg(K,Atj) < Clt —tj]. (6.9)

Passing to the limit as j — oo in (6.9) we conclude that A = A;. Hence, (6.6) holds.

We further notice that (6.3) can be extended to every s,t € [0,7], which implies that ¢ —
A is Lipschitz continuous from [0,7] with values in (P(P(V)),dz). This, together with the
compactness of (P(P(V)), W1) implies that ¢ — A; is continuous in the Wj-metric as well. This
concludes the proof of the compactness step.

Step 2: The limit equation. For ¢ € C%([0,T] x P(V)) we pass to the limit term by term
in (5.31). In view of the Wj-convergence of Aiv’“ to Ay for ¢ € [0,7], by the Dominated
Convergence Theorem we immediately deduce that

T T
. ANk: — A . .
lim /0 /7> o Op(t, N) dA,*(N) de /0 /p o Aph(t, ) dAy(\) dt (6.10)

k—o0

We notice that, by Lemma 3.4,
lim Wl(Kin,At) =0  foreveryte[0,7T].

k—o0
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Moreover, A — (m\ — ™)\ is continuous from (P(V),| - |lBL) into (Epn),| - [[BL) in view of
(w.1) and of (3.4). Hence, the Dominated Convergence Theorem yields
T
lim % / / Datb(t A)[(my — ) A dAE () dt (6.11)
k—o0 Tk-Nk 0 P(V)

T
=7 [ [ DawleN){m — mN A de.
0 PV)
We prove that for every ¢ € [0,7] the map
A / / D39(t, \)[65 — — 0z d\(0) dA(T) (6.12)

is continuous from (P(V), || - ||gr) into R. If this is the case, the convergence of Kiv ¥ to A; in
the 1-Wasserstein distance and the Dominated Convergence Theorem yield

T
lim — / / / / D2t N[0 — 65,00 — 05 dA(0) dA@) AAN (N At (6.13)
k—oo 27’ka 0 PV)JV IV
T
=2 [ [ [ 52005, ~ b6 — 5l aA0) dAE) AN
2Jo JpoyJv )y
For Aj, A € P(V) such that ||A; — A||gr, = 0 we estimate

/ D2 (t, N[0y — 05,05 — 05) dN(0) AA(@) — / / D3(t, A\)[05 — 05,65 — 05] dX;(0) AN, (@)
vJy vJy (6.14)

[ (DRute. ) = D30 N)) 8s 85,8, = 55) s (o) A, (@)
vJY

/ D3(t, N[0 — 05,05 — 5] d(N; — ) () AN ()
vJy

[ DR, = 8.6, — 5] N0 A0 ~ V@)
vJY
The first term on the right-hand side of (6.14) can be estimated by

< 4wp2,([[Aj — AllL) - (6.15)

[ [ (D300 = DRt ) 5, = b5, ] ddy () Ay )
As for the second term on the right-hand side of (6.14), we notice that the map
o = DXY(t,\)[05 — 07,8 — 5] (6.16)

is Lipschitz continuous from (V,d) into R, with uniform Lipschitz constant with respect to & €
V. Indeed, for every 01,02, € V we have that

’D§¢(t, /\) [501 - 657 501 - 55] - Diiﬂ(t, /\) [502 - 557 502 - 65]

< ‘Diw(t, N[do1 — 8500y — 03] — D2, N[0y — G5 0y — 03]

+ ‘D?\l/f(t, )\)[(502 - 55; 601 - 55] - Di"‘ﬁ(t, A)[(502 - 657 502 - 55]
< 1Dl oo o 1P 1001 = oL (195, — dallpr, + 19, — dslex.)

< A D3|l Lo 0,71 P(v)) (01, 02) -
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In particular, the Lipschitz constant of the map defined in (6.16) is controlled from above by
4| D39 || o (jo,77xP(v)) - This implies that

‘ / / D2t )| 5,0y — N (o) A\ (@) (6.17)
< 8| D3¢ || Lo o1 xPvy) 1A — AllBL -
In the same way we deduce that
| DR N5 — b6 = 851 AN — (@) (6.15)
vJy

< 8 D30 || oo o 11wy 1A — AllBL -

Combining (6.15), (6.17), and (6.18) we conclude the map in (6.12) is continuous and (6.13)
holds.
Finally, passing to the limit in (5.31) we infer (3.10). This concludes the proof of Theorem 3.9.

6.2. Proof of Theorem 3.11. Under the scalings (3.13), we now prove the convergence of AN
to a solution to the replicator equation (3.9). The proof is similar to that of Theorem 3.9. Below
we remark the main differences.

The compactness argument follows the line of the proof of Theorem 3.9. We fix D C [0,T]
dense and at most countable. We select a not relabeled subsequence and, for every ¢t € D,
a probability measure A; € P(P(V)) such that Wi(AN*, A;) — 0. For every s < t € D we
write (5.35) and pass to the limit as k — oo. In view of (3.13) we obtain that there exists C > 0
independent of s,t € D such that for every ¢ € C%(P(V))

Y(A) d(As — As)(N) < CIDY || poopvy)lt — 5] - (6.19)
PV)

By Lemma 2.1 it is possible to extend (6.19) to functions ¢ € Lip(P(V)) in the form

(N d(Ay — A)(\) < CLip(y)|t —s|  for s <t e D. (6.20)
PV)

Then, (6.20) implies that
Wi(As, As) < C|t — s for every s,t € D. (6.21)
With (6.21) at hand, it is enough to repeat the argument of (6.4)—(6.5) to construct a limit curve
t — Ay with values in P(P(V)), simply by replacing dz with the WWj-distance.
The pointwise convergence of AV to A is obtained reasoning as in (6.7)(6.9). Precisely, for
t € D we have that Wy (AN, A;) — 0 by construction. For ¢ € [0,T]\ D, let tj € D be such
that t; — ¢ and assume that W, (AN A) — 0 for some A € P(P(V)) (which holds up to a

subsequence by compactness). We write (5.35) for ¢;,¢ and ¢ € C?*(P(V)). Pass to the limit as
k — oo, by (3.13) we infer, similarly to (6.19),

[ A = 2,)0) < Dy 1. (6.22)
PV)
for some constant C' > 0 independent of 1, t, and j. As before, we can extend (6.22) to tests
Y € Lip(P(V)) and thus conclude that

Wi(AAy,) < Clt—t].
By construction of Ay, this implies that A = Ay and Wi (AN, A;) — 0 for every ¢ € [0,T]. The
Lipschitz continuity of ¢t — A with respect to the W;-distance follows from (6.21).

Repeating the arguments of (6.10) and (6.11) we infer that A is a weak solution of the
replicator equation (3.9). This concludes the proof of Theorem 3.11.
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6.3. Proof of Theorem 3.12. Let N, € N\ {0} such that N; — 400 as k — co. Assume
the scaling (3.14). Then the proof for the non-vanishing selection parameter case (Assumption
(3.5)) follows along the same lines as the proof of Theorem 3.11 noting that (3.14) implies

1
lim —— =0.
k=00 T N[
It is worth emphasizing that the sole modification consists in checking the continuity from
(P(V), |l - IIL) into (Ep(yy, | - [IBL) of the following function given by Corollary 5.4

w(m\ — ﬁ)\))\

A'_}—l—i—w(ﬁ,\—l)'

This property is a direct consequence of (7.1) and of (3.4). Recalling that (P(V), || - |lsL) is
compact in F(V), we further infer that

in (1+w(@ —1)) > 0.
Agﬂplgj)( +w(m — 1))
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