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Abstract

We study the asymptotic behaviour of an integro-differential equation describing the

evolutionary adaptation of a population structured by a phenotypic trait. The model
takes into account mutation, selection, horizontal gene transfer and competition. Previous
works, based on the numerical studies or theoretical study of the corresponding stationary
problem, have shown that the dynamics of the solutions are rich and we may expect
several qualitative outcomes. In this article, we characterize the dynamics of the solution
in two regimes: 1) a situation where the solution concentrates around a dominant trait,
evolving gradually to a trait determined by a balance between selection and horizontal
gene transfer; 2) a situation where the solution concentrates around a dominant trait
which evolves gradually to a maladapted trait such that the population becomes extinct
(a situation known as the evolutionary suicide).
Our analysis is based on an approach involving Hamilton-Jacobi equations with constraint.
Previously, the solutions to such equations were characterized for globally concave growth
rates. Here, we extend this approach to situations where the growth rate is not globally
concave.

Keywords: Asymptotic behaviour of nonlocal PDEs, Hamilton-Jacobi Equations, Small
Diffusion Regime, Adaptive evolution, Horizontal gene transfer
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1 Introduction

1.1 Model and question

The exchange of genetic material between individuals of the same generation is known as
horizontal gene transfer (HGT), in contrast to vertical gene transfer, which involves the trans-
mission of genetic information from parent to offspring. This genetic information may be
altered during birth events due to mutations. Populations are also often subject to selection
and competition. Selection corresponds to the fact that the individuals with traits better
adapted to their environment will have a higher reproduction or survival rate, with the con-
sequent effect on the distribution of traits in the population. The death rates of individuals
may also be increased due to competition for instance for a limited resource. The combination
of the growth rate of an individual or a trait, taking into account selection and competition,
and the interactions between them is called fitness. Fitness refers to the overall growth rate



of an individual or trait, shaped by the processes of selection and competition, as well as the
interactions between these factors, determining the ability to survive and reproduce in a given
environment.

We consider the following integro-differential model describing the dynamics of the phe-
notypic density of an asexual population subject to mutation, selection, competition and
horizontal transfer:

An(t,z) = 0d2.n(t, z) + (R(2) — wp(t)) n(t, z) + Tn(t, 2) /R ”[(fzt ?)J)H(K(z —y) dy
n(0,z) = no(z),

n(t,z) >0,

p(t) = /Rn(tvy) dy.

\

A variant of this model was derived from a stochastic individual based model in [7]. Here,
n(t, z) stands for the phenotypic density of a population, with ¢ € R* and z € R corresponding
respectively to time and a phenotypic trait. The diffusion term models the mutations which
generate phenotypic variability in the population. Individuals grow at rate R(z), also referred
to as the selection term, and are regulated by a uniform competition for resources with intensity
k. The last nonlinear and nonlocal term in the right hand side of the equation corresponds
to the horizontal transfer term. More precisely, the positive value 7 denotes the transfer rate
and H(K(z —y)) denotes the transfer flux from trait y to trait z, with K a positive steepness
parameter for the transfer flux (see Section 1.5 to better understand its role).

In this article, we will provide an asymptotic analysis of (1) considering a small mutation
rate o and large times. We show that the asymptotic behaviour of the solution can be described
via a method involving Hamilton-Jacobi equations. This method has been widely used to study
models of evolutionary adaptation considering mutation, selection and competition [5, 9, 13,
24, 29]. We next use this Hamilton-Jacobi formulation of the problem to characterize the
dynamics of the solution in two scenarios: (1) a situation where the population converges in
long time to an optimal trait, determined by a balance between selection and horizontal gene
transfer, (2) a situation where the population converges in long time to unfit traits leading to
its extinction. This situation is known as the evolutionary suicide. Our analysis also provides
insights on the dynamics of the solution in more complex situations where we expect oscillatory
behaviours and emergence in long time of several dominant traits.

A by-product of our analysis is the extension of previous regularity and uniqueness results
within the Hamilton-Jacobi method [24, 29] considering globally concave fitness functions, to
the case with only locally concave fitness functions. We present such a uniqueness and regu-
larity result considering fitness functions with a constant local concavity zone, independently
of the rest of the paper in Section 2, since it can be useful for applications to other models.
The situation in this paper is however more intricate since the local concavity zone of the
fitness function evolves with time. In Section 4, we show, via the asymptotic analysis of (1),
how to apply the method to such a situation. We believe that this method will have many
applications in the asymptotic analysis of models from evolutionary biology.

1.2 Biological motivation and the expected outcomes

Bacterial plasmids are a typical example of horizontal transfer mechanisms that influence
the genetic distribution of a population, see [32, 33]. Plasmids are small circular doubly



stranded DNA, physically separated from the chromosomal DNA, which may be replicated
and transferred from one cell to another, when they are in contact, independently of the
chromosome. They can modify strongly the fitness of their hosts, since they carry factors that
can be beneficial for the survival of the bacteria and lead to a selective advantage, as for genes
for antibiotic resistance, but they also convey certain fitness costs, like reduced reproduction
rate. The question that rises is the following: what is the outcome of the trade-off between
the fitness costs of the plasmids and their advantage by their accelerated spread?

Even though these exchanges of genetic information, intra and intergenerational, are not
mutually exclusive, the models that consider only selection and mutation, where the popula-
tion is usually driven to the fittest traits, have received more attention in the past, see for
example [5, 11, 13, 24]. However, HGT has a major role in the evolution and adaptation of
many organisms, as for instance in the evolution of bacterial virulence or antibiotic resistance
[31]. Recent studies have shown that the interplay between mutation, HGT and selection
may lead to new behaviours when compared to models considering only selection and muta-
tion [6, 7, 8, 17]. In [6, 7, 8|, three phenomena were observed numerically. First, similarly to
the behaviour of most models without horizontal transfer, we have the convergence in long
time of the genetic distribution to an optimal trait which, in general, may not coincide with
the optimal trait of the selection term of the model, due to the effect of the HGT. Second,
the horizontal transfer might drive the population to unfit traits, leading to its extinction,
a situation referred to as ewvolutionary suicide. Third, the population can be driven to un-
fit traits leading almost to its extinction but a re-emergence of an apparently extinct trait
with positive fitness can ensue; this is known as evolutionary rescue. Such behaviour is then
repeated in a cyclic fashion. Note that, for example, in the case where one is studying a pop-
ulation of a pathogen the third scenario may for instance be interpreted as a re-emergence of
antibiotic resistance, while the second one may correspond to a successful treatment where the
pathogen is eliminated. A possible fourth outcome of this interplay was characterized more
recently in [17] via a theoretical study of an integro-differential model. In this scenario, the
steady population distribution concentrates around not one but several traits, depending on
the strength of the HGT relative to the selection term. The numerical investigations in [17]
and the present article, show however that the long time convergence of the solution to such
steady distribution may arise via transitory oscillations of the phenotypic distribution close
to the cyclic scenarios numerically observed in |6, 7, 8]. This suggests that the third and the
fourth scenarios mentioned above may correspond to the same scenarios. The mathematical
identification and description of these complex scenarios has been the main motivation for the
present article.

1.3 State of the art

Our study stems from a series of works based on stochastic individual based models motivated
by the eco-evolutionary dynamics of bacterial plasmids [6, 7, 8, 10, 17]. More specifically, in
[7] a stochastic individual based model was introduced considering a quantitative trait. The
authors showed that in the limit of large populations their model converges to an equation close
to (1), where the mutation term is modelled via an integral kernel rather than a Laplace term.
The three types of behaviour discussed earlier (convergence to a certain trait, evolutionary
suicide and cyclic evolutionary rescue) were identified in the numerical simulations in |7]. In
[8] similar types of behaviour were observed, when the stochastic simulations were compared
with the numerical resolution of an integro-differential model derived in [7], considering small
mutational effects. In [10] a stochastic model with a finite number of strains was studied
theoretically. In the particular case of three strains, a periodic behaviour was captured for a



certain range of parameters.

In [17] the authors investigated the existence and the shape of equilibria of (1). The small
diffusion regime was studied using an approach based on Hamilton-Jacobi equations, proving
the convergence, as ¢ — 0, of a logarithmic transformation of solutions of the elliptic version
of problem (1) to the solution, in the viscosity sense, of a Hamilton-Jacobi equation with a
constraint. The authors proved the existence of equilibria where the population concentrated
around one, two or more traits. Notice that this scenario was not captured in the previous
studies discussed earlier. In this case, the population seems to initially undergo an oscillatory
phase close to the cyclic behaviour observed in [6, 7, 8] and to eventually concentrate around
the expected dominant traits. The equilibria with one or two concentration points were fully
characterized and several numerical simulations were conducted, depicting convergence of the
solution to these complex states, with one, two or more concentration points.

Less closely related to our work, [21, 33] study a model considering a finite number of traits
and using ordinary differential equations. Models in a population genetics context without
ecological concern were considered in [30, 34|, and finally some integro-differential models of
horizontal transfer have been inspected in a different context than our work in [19, 25].

In this article, we provide an asymptotic analysis of solutions of (1) considering small
mutational effects, i.e. with ¢ small, and long time. Our analysis provides a partial theoretical
description of the behaviours observed numerically in |7, 8, 17]. Note that here the effect
of the mutation has been modelled using the Laplace operator, instead of an integral kernel
as in |7, 8|, to reduce the technicality of the analysis, but we believe that this choice would
not modify the qualitative behaviour of the solution in the limit of vanishing mutations. To
perform our analysis, we use an approach based on Hamilton-Jacobi equations. This approach
was first introduced in [13] and then widely developed to study models of quantitative traits
from evolutionary biology (see for instance [3, 4, 5, 24]). A closely related approach was
also previously used in the geometric optics approximation of solutions of reaction-diffusion
equations (see for instance [14, 16]). In the case of models with horizontal gene transfer this
approach was used in [8] which provides some heuristic computations of the problem and
in [17] which studies the steady solutions of (1). Here, we treat the time dependent problem.
To this end, we extend previous regularity and uniqueness results within the Hamilton-Jacobi
method in |24, 29|, which consider some global concavity assumptions of the growth rate, to
situations where the growth rate is only locally concave.

1.4 An adimensional parameterization of the problem

We introduce a dimensionless parametrization of the problem via the following change of
variables

- - K i z oK? . R(£) T
t = t z = s n t’~ = —. —, = s 2 = s R z) = K R T = -,
ret, zZ=Kz, n(t?2) n <5r K) € " (2) " =

where r is defined as

7= max R(z).



The problem (1) is then written (we drop the tildes for the sake of readability) as
(e0ine(t,2) =e*02,ne(t, ) + (R(2) — pe(t)) ne(t, 2)

+ 7 - ne(t, ,z)/]R n;it(;f?;) H(z—y)dy

ne(0, 2) = neo(2) > 0, (2)
ne(t,z) >0,

o) = /R ne(t,y) dy.

Note that in this new version, the selection term is re-normalized such that

max R(z) = 1.

In the particular case where R(z) = r — gz%, which we will study in detail later, we also
consider the following change of variable

g
rK?’

g=
which leads, again after dropping the tilde for the sake of readability, to
(O (t,2) =202 n.(t, 2) + (1- gz — pe(t)) ne(t, 2)

+ 7 ne(t, 2) /R n;it(’t)y)H(z —y) dy,

1.5 Assumptions

We provide the first set of assumptions on the growth term R(z). We will assume that
R € C%(R) and that there exists a set of positive constants K7, ..., K5 and K, Ko such that

K3 — K422 < R(2) < K1 — Ko22,
~K, < R'(2) < —Ko, (HR1)
|R"[| Lo () < K5.

We define

Dr={z€R : R(z)> 0}

From Assumption (HR1) we deduce that Dp is a bounded open interval. Let us also define
2, € R as the unique point such that

T+ R'(z,) = 0.

For some of our results we also suppose that

2, € Dp. (HR2)



A typical example of such growth term R is given by
R(z)=1-g2?, with 72 <4y, (3)

which, as commented, will be studied in detail later on in the article.

We make the following assumptions on the transfer term H:

(1) H € C3(R), with bounded derivatives, is odd and monotone increasing from -1 to 1.
(2) H(0)=0,H'(0)=1and H"(z) <0 for all z > 0.
(3) There exists a positive zg such that for all |z| > zy, H" (2) > 0,
while for all |2| < 2z, H"(2) < 0.
(HT)
Two examples of functions satisfying these assumptions are
H(z) = tanh(z) or H(z) = %arctan(z).

One can think of this kernel as H(z —y) = a(z —y) — a(y — z) with a a smooth function that
behaves like a Heaviside step function. Then, one would consider that the transfer arises only
from larger traits y to smaller traits z, with z < y and the transfer rate between y to z would
be given by a(z — y). This choice of transfer term is motivated by the example of plasmids
which are transmitted from one bacterium to another by cell-to-cell contact. Next, the value
7, which is understood as the strength of the transfer, is considered to be strictly positive, i.e.,

7> 0.

We next provide the conditions on the initial datum. We consider an initial datum n. o(z) >
0, a continuous function such that
ue0(2) = eIn(nep(2))

satisfies, for all € € (0,¢) for a certain g9 > 0, for a set of positive constants Ay, Az, By, Ba,
Cl, CQ and C3,

— A1 — B12® <ueg(2) < Ay — By2?,
—Cy < 92, uc0(2) C1,

maﬁcuao(z) Ue 0(22,0) for a unique z. o € D,
ze

IN

(HO)

IN

C3, and

uo(z) (locally uniformly),

||8§zzu€,0||L°°(R)

lim wu. o(2)
e—0

with I;léiﬂé(uo(z) = up(z0) =0

for a certain zg € Dg. A classical example of such an initial datum is given by

1 (z=29)®
neo(2) = %676 ="~ meaning that 21_1% us0(2) = —c(z — 20)?,
for any ¢ > 0. The condition z. g € Dg ensures that the initial population is not maladapted.
It implies indeed that the phenotypic distribution is initially concentrated around a trait that

has a positive growth rate.

Finally, we assume that the initial population size p. satisfies, for two positive constants
Pms PM,
{0 < pm < pe(0) < par for all € € (0,1), (M)

p(0) = po = R(z0) >0, ase— 0.



1.6 Main results

We expect the solution n. to concentrate, as € — 0, around certain dominant traits, forming
Dirac’s delta functions in the limit. In order to identify such singular limits, we use an approach
involving Hamilton-Jacobi equations [3, 5, 13]. The main ingredient in this approach is to
perform the following Hopf-Cole transformation

us(t,z) :==e-In (nc(t, 2)), (4)

which allows us to unfold the singularity of the problem. Indeed, while n. tends, as € — 0, to
a singular measure, u, converges to a continuous function u which solves a Hamilton-Jacobi
equation. The main idea is to first study the limit of u., which we call u, and next to use
some information on the function u to identify n.

Replacing (4) in (2) we obtain the following equation on u,

Opuc(t, z) = €02, uc(t, 2) + (0,uc(t, 2))? + R(2) — pe(t) + ®c(t, 2),
ue(0, 2) = ug0(2),

pet) = /R ne(t,y) dy.

where

D (t,2) == 7'/]R n;it(’t)y)H(z —y) dy.

Then, passing formally to the limit in the equation on u., we obtain

{@u(t,z) = |0.u(t,2)]2 + R(z) — p(t) + ®(t,2), t>0,z€R,
u(0, 2) = up(2), z eR.

with,

D(t,z) := 7'/]R n,it(’tij)H(z —y)dy, and p(t)= /Rn(t,y)dy.

Let
Pmaz = max{max R(z), par}-
zeR

We prove the following.

Theorem 1.1. Let conditions (HR1), (HT), (HO) and (HM) be satisfied. As e — 0 and along
subsequences, n. converges in L°°(w * (RT); MY(R)) to a measure n € L°(RT; ML(R)), p.
converges in L= (w*(R1)) to a function p € L®°(R*) and ®. converges in L (wx(R*); C?(R))
to a function ® € L>(R*; C%(R)) with

p(t) = /Rn(t,y)dy, 0 < p(t) < pmazs and |®(t, 2)| < . (6)

The solutions u. converge locally uniformly to a continuous function u that is a viscosity
solution of the Hamilton-Jacobi equation (5). Moreover the solution u is given by the Dynamic
Programming Principle

u(t, z) = sup {ft(fy)  with v € WY2([0,4] : R)}, @
(v(s),s)ERX[0,8],y(t)=2



with

t (s 2
) =) + [ (= P55 4 —G ) - o) + 05550 ) .

We also have

u(t,z) <0 and supp(n(t,-)) C{ze€R : u(t, z)=0}. (8)

Note that for any ¢y € [0,¢), we also have

ult,2) = sup {£12), with v € W2([to. 1) : R) |,
(v(s),8)ERX[to,t],y(t)=2
with . o
) = attourtto)) + [ (=P R = pls) + s 50 s

Notice that if the set of zeroes of u is a set of discrete points, then n is a sum of Dirac’s delta
functions supported in such a set. The focus of this article is, in particular, on the so-called
monomorphic situation, where there is a unique function z(¢) such that, for a.e. t > 0,

Z(t) = supp(n(t,-)) = {z € R : u(t,z) =0} and wu(t,z) <O for all z # Z(t).

In this article, we will say that n or uw are continuous monomorphic iff Z(t) is continuous for
all t > 0 and, n and u will be called discontinuous monomorphic iff there exists a t;1 > 0
such that Z(¢) is discontinuous at ¢;. Consequently, we will say that n and u are continuous
monomorphic on [t;, t;] iff Z(t) is continuous for all ¢ € [t;, ¢;].

We next focus on the specific growth rate R(z) = 1 — gz? and define

T

=5 (9)

I

This quantity will determine the behaviour of n in the following sense. We expect that there
is a positive constant py such that if u < pg then the limit solution n remains continuous
monomorphic. This threshold corresponds indeed to the one below which the solution of the
elliptic version of (2) is monomorphic, see [17].

We introduce the following function
F(t,z) = R(z) — p(t) + ®(¢, 2),

which corresponds to the right-hand side of (5) minus the gradient term. We will refer to
F(t,z) as the fitness function. Briefly, if we consider a monomorphic regime (implying that
®(t,z) =T7H(z — z(t))), then we can prove that F(¢,Z) converges, as t grows, to the function

Fu(z) = —g(* = p*) + TH(z — pp).
We define then pu; as
p1 i=sup{p >0 : F,(z) <0 for all z# p, Fj,(n) = 0}.

It is proved in [17, Section 4.2] that this value can be computed by finding the unique positive
value dy such that
2H(d) = di(1+ H'(dv)), (10)



which is well defined thanks to (HT'), and then we have that

M= Ty

When p = p1, the function F),; is still non-positive but it has two zeroes, one at z = p; and
the other at pu; — di. Finally, if u > pq, then F,(2) > 0 for some z < p.

It was proved in [17| that when p € [0, 1], then the stationary solutions of (2) are
monomorphic. Here, we prove that in this regime the solution of the time dependent problem
is continuous monomorphic for a wide range on initial data. This dominant trait evolves and
converges, as time grows to infinity, to the unique monomorphic stationary solution of (2).
We recall the definition of zp in (HO) as the point where the initial datum ug attains its max-
imum. Note that under the particular choice of R(z) = 1 — gz? hypothesis (HR1) is satisfied
automatically.

Theorem 1.2. Assume (HT), (HO) and (HM), zo < p and let R(z) = 1 — gz2.
(i) Assume that 0 < p < pg and 7 < 2,/g. Then, there exists an open set C C Rt x R, such
that u. converges, as € — 0, to a continuous function u, with ulc € LﬁOCWi’lﬁ(C) Nnce),
which is the unique viscosity solution of

{atu(t, 2) = |0sult, )2 + g22(t) — g2 + TH(z — 2(t)), inRT xR an
Z(t) = (=0zult, (1)) 7L (7 — 292(1)), in RT,

with (t,2(t)) € C. The function u(t,-) has a unique mazimum point at z € CY(RY), with
u(t,z(t)) =0 and z2(t) — p as t — co. Moreover, u is strictly concave with respect to z in C.
Furthermore, as e — 0 and along the same subsequences as in Theorem 1.1, p. and ®. converge
pointwise to

p(t) =1—gz(t)> >0, ®(t,2) =7H(z — 2(t)), (12)

and n. converges weakly in the sense of measures to

n(t, z) == p(t) - 6z1)(2),

implying that n is continuous monomorphic.
(ii) Assume that 0 < p < py and 7 > 2,/g. Then, the statements of the previous point hold
true until a time T, at which p(T,) =0, 2(T,) = 1/,/g.

Remark 1.3 (The globally concave case). In the particular case where R(z) is such that hy-
pothesis (HR1) and (HR2) are satisfied and the fitness function F (¢, z) is globally uniformly
and strictly concave, which would hold for 7 small enough, then we are in the framework of [29]
and we obtain almost immediately the same results of Theorem 1.2 under the same hypothesis
plus the concavity condition.

Remark 1.4. In Section 5 we present a result similar to Theorem 1.2 regarding the case zg > pu,
which is derived analogously to the case zp < p under an extra hypothesis over F(0, z), where
we assume that F(0, z) may take positive values only in a set of the form (zg, zg + ¢) for some
d > 0. The set of positive values of F(0,z) may indeed contain other points for some values
of zg > p, in which case our result may not hold anymore.

Remark 1.5. Notice that the theorem above implies that when 7 > 2,/g, the population gets
extinct, in finite time if 7 > 2,/g, and as t — oo if 7 = 2,/g. In this case, the horizontal
transfer drives the population to unfit traits, leading to its extinction, a situation referred to
as evolutionary suicide.

10



Several difficulties arise in the proof of Theorem 1.2. First, we lack time regularity estimates
on p. and ®.(¢, z) to obtain their pointwise convergence as € — 0. Moreover, in order to derive
(11) , we need regularity and concavity estimates on u. Such estimates were previously proved
in [29] in a situation where the fitness function is globally concave, which is not the case here.
In order to overcome these difficulties, we extend the method introduced in [29] to situations
where the fitness function is only locally concave, with its local concavity zone possibly evolving
with time. In this way, we obtain the required regularity and concavity estimate on u which
we next use to obtain the pointwise convergence of p. and ®..

Notice that the fitness function F(t, z), when considering R(z) = 1 — gz? and a monomor-
phic density n(t, z) = p(t)d(z — z(t)) at the limit € — 0, is given by

F(t,z) =1—gz> — p(t) + TH(z — 2(t)).

Moreover, we expect that F(t, 2(t)) = 0 and hence, similarly to (12), we have p(t) = 1 —gz(t)2.

We deduce that
F(t,2) = —g2° + gz(t)*> + TH(z — 2(t)).

Therefore, F(t,z) can be written as follows
F(t,z) = G(z.2(t),  Glzy) = —g2" +gy° + TH(z — ). (13)

Notice that G is a continuous function. The possible discontinuity in time of F' would come
from the discontinuity of z(¢). Moreover, one can verify that

G(y,y) =0, for all y € R.

In many models from evolutionary biology, the fitness function can be written in this form
(see e.g. |28, 29, 15]).

Indeed, as a product of our analysis, we obtain in Section 2 some new results of independent
interest regarding the existence, uniqueness and regularity properties, of a family of Hamilton-
Jacobi equations posed in R? of the form

ow(t,z) = |Du(t, 2)|? + G(z,2(t)), t€[0,T],z€ R4,

max,cg v(t, 2) = v(Z(t),t) =0, te[0,T7, (14)
v(0, 2) = vo(%2), z € RY,
vo(z0) =0 for some zp € R, vp(2) < 0 for all z # zp,

where, among other conditions, G satisfies a concavity estimate in a local sense; namely that
there exists a domain €2y and a couple of constants K; > K; > 0 such that for all ¢t € [0, 7]
and w € R?,

—2K1|w|2 <w D2G(Z,§) wl < —2F1|w|2 <0, forzeQy, ze .

Here and in the rest of the article Dv stands for the gradient of v and D?G for the hessian
matrix of G, all with respect to the z variable.

The situation in this article is however more complex than the case above since the local
concavity zone of the fitness function evolves over time. We show in Section 4 how to deal
with this more complex situation. In Section 6 we additionally explore insights beyond the
monomorphic scenario.

11



1.7 To what extent can the assumptions be relaxed?

Let us discuss briefly the relevance of the hypotheses in (HT) and (HR1) in order to provide
some insight into a more general theory. The regularity required for R and H is essential in
our analysis, see Sections 2 and 4. Less regularity is needed if we are only interested in
Theorem 1.1.

Concerning the function R, the assumptions in (HR1) are classical but not fundamental
in our study. The first hypothesis could be replaced by other forms of local control, while the
second assumption is there to ensure that the fitness function F'(t,z), defined in Section 1.6,
is at least locally concave in a certain set, again see Sections 2 and 4. Both these assumptions
can indeed be weakened, as long as we ensure that the fitness function satisfies the conditions
of Section 2. The specific choice of R in (3), that we impose for Theorem 1.2, together with the
choice of H, is however fundamental in order to properly define the quantity u that determines
the long time behaviour of the solution, see (9) and the subsequent explanation.

The oddness of H (which implies H(0) = 0) and its monotonicity property are not only
biologically relevant but fundamental in many of our computations. The rest of the hypotheses
in (HT) are there, again, to provide the local concavity of the fitness function, but they also
play other roles. In particular, they determine, alongside the choice R(z) = 1 — gz2, the value
of p in (9) (which would be replaced by = H'(0)7/2g if we remove the condition H'(0) = 1)
and they ensure that the equation that determines the monomorphic range given in (10) has
a unique positive solution; see the explanations before Theorem 1.2 and [17, Section 4.2].
As long as we can ensure the local concavity of the fitness function and the existence and
uniqueness of the positive solution of the equation determining the monomorphic range, these
assumptions can also be weakened.

1.8 Organization of the article

The article is organised as follows. In Section 2 we present some useful results for Hamilton-
Jacobi equations in R? of the form (14) that we will use later in the one-dimensional case.
Section 3 is devoted to proving Theorem 1.1, while in Section 4 we will prove Theorem 1.2. In
Section 5 we comment on the case Z(0) > u, which is not covered by Theorem 1.2, presenting
a partial result when the fitness function satisfies a certain condition. Finally, Section 6 offers
some insight in the case p > p1, where monomorphism is lost, even though this case lies
beyond the scope of this article.

2 Uniqueness and regularity for the Hamilton-Jacobi equation
with constraint under a local concavity assumption

Since the theory that we develop in this section is interesting on its own for the study of
Hamilton-Jacobi equations with constraint, we will consider the more general problem (14).
It has been proven, under global concavity assumption on G and vy, that this problem can be
reduced to a non standard PDE-ODE system, see [29]. Our objective is to extend this result
to a more general framework, where we only assume local concavity on G. Notice that, with
respect to the problem that we have in mind, we are this time working in dimension d > 1 and
in a possibly bounded time interval. It is also important to highlight here that in Section 4 we
will see how the ideas from this section can even apply to the case where the fitness function
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is not positive and locally concave in the same set for all times. Indeed, in our model, this set
of concavity will change continuously over time.

Focusing on the propagation of the local concavity and regularity properties, we will first
study the following problem

O(t, 2) = |Du(t, 2)]? + F(t,2), t€][0,T],z€R%

max,er v(t,z) =0, te[0,T], (15)
v(0,2) = vo(2), z e RY,
vo(20) =0 for some zp € R, wvp(2) < 0 for all z # zo,

with zg a real constant, vg a nonpositive continuous function and 0 < 7' < co. We consider v
a solution in the viscosity sense to (15).

Assumptions on F' and on the initial condition vg
We assume that
Fe L2 (0, 7] xRY), DF e C(]0,T] x RY) (16)

and that there exists a non-empty, open, convex and smooth set ¢ C R? such that, for all
t€[0,T],

— 2K |z|* < & D?F(t,2) 2T < —2K|z|*> <0, for any z € Qq, for all z € R, (17)

Ve € R\ Qo,Vy € Qo F(t,z) < F(t,y), (18)
DF(t,z) # 0, for all z € 99y, (19)

and
ID?E(t, )|l oo (00) < Ka- (20)

We make the following assumptions on the initial condition

20 € Qo, (21)

Ve e R\ Qo,Vy € Qo, wvo(z) < vo(y), (22)

— 2@1\x|2 <z DZUO(Z) 2T < —231|x\2 <0, forany z € Qq, forall x € ]Rd, (23)
100l ey < L (24)

We next state the main results in this framework.

Theorem 2.1. Let F satisfy (16)—(24). Then any viscosity solution v to (15) is indeed classical
and strictly concave in the set gy, and we have

vlay € Lise([0,T) : W;i2*(Q0)) 1 C([0, T] x o),

loc

Dv € CH[0,T] x Q) and v(t,-)|q, € C*(Q).

Furthermore, for all t € [0,T], the mazimum of v(t,-) in RY is attained at a single point
Z(t) € Qo, a function of time satisfying z € C*([0,T)).
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Note that we do not claim so far that solutions to problem (15) are unique. In order to
establish uniqueness we need to ask something else to the zero-order term F'; in our case, that
F depends on time only through the trajectory of the curve z(t), i.e., F(t,z) = G(z,2(t)) as
in (13).

We assume that G : R? x R? — R is continuous function which satisfies

G(z,2) =0, Vz e R4 (25)
Translating the hypothesis on F onto G, we need that for all z € Q,
—2K,|z)?> <x-D*G(z,2) - 2T < —2K1|z|*> <0, forall z € Q and z € RY, (26)
Vr e R\ Q,Vy € Q G(z,z) < Gy, 2), (27)
DG(z,z) # 0, for all z € 99y, (28)
oG 0%G 3G —
—(z,Z ——(2,Z ——(2,2)| < K3, f Qo and 4, j, k=1,---,d, (29
9%, (z,z)‘ + 950 (z,z)'—i— ‘8zi82j82k (2,2)| < K3, for z € Qg and i, j, o dy (29)
and
HD3G('>2)HL°O(QO) < Ky, (30)

The symbols D, D? and D3 refer to derivatives with respect to the variable z. Similarly, notice
that when we write DG(Z(t), Z(t)) we refer only to the first set of variables, z € R%; i.e.,

DG(z(t),2(t)) = DG(z,2(t))

‘2:2(75) ’

Theorem 2.2. Let G satisfy (25)—(30). Solving the constrained problem (15) is equivalent to
solving the following ODE-PDE system

duo(t, =) = |Du(t, )2 + G (2, 2(1)), te[0,T],z € RY,
() = (- D2o(t,2(t)) " DG(2(t), 2(t)), te0,T), 51)
U(O, Z) = Uo(Z), A Rda
Z(O) = 2y € Qo,
with initial conditions satisfying
max vg(z) = vp(29) = 0. (32)

z€R

Consequently, there exists a unique viscosity solution v to (15), with F(t,z) = G(z, z(t)). This
solution satisfies
t =v(t,z(t)) =0
max v(t, 2) = v(t, 5(0)) = 0,
where Z € Qq is the unique mazimum point of v and, moreover, the couple of solutions (v, Z)
satisfy
(v]ay, 2) € (Li%(0,T] : W(Q0)) N C([0,T] x Qo)) x C([0,T7),

loc

Dv e CH[0,T] x Q) and v(t,-)|q, € C*(Q).

Note that since G is not globally concave, v is not globally concave and hence we cannot
obtain a global regularity result for v. In particular, (D?v)~! is not defined everywhere and
such differential system cannot be well-defined in general. However, here we prove that starting
with an initial data such that zg € €y, and under the above assumptions on G, the above
differential system will be well-defined for all 0 < ¢ < T. A key argument is that any optimal
trajectory v(-) : [0,7] — R appearing in the representation formula of the Hamilton-Jacobi
equation (15) such that y(7T") € €, has always been in the set €, that is y(t) € Qo for all
te[0,T].
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2.1 Proof of Theorem 2.1

The proof of theorem 2.1 is closely related to the method introduced in [29]. However, here
we have to deal with the difficulty that the fitness function is not globally concave.

Fix t € [0,T] and z € €. Then the value of the viscosity solution v of the Hamilton-Jacobi
equation in (15) at point (¢, z) is given by the dynamic programming principle:

ot 2) = sup { i), where y € W2([0,1] : RY)},
(v(s),8)ERIX[0,t] () =2
with

t -82
ﬁbﬂzvd%®r+A (—Wz)+F@m@»yw

A crucial element that allows us to adapt the proof from [29] is that the optimal trajectories
with ending points (at time t¢) in the set 2y have been in the set Q for all s € [0, ¢].

Step 1. Existence of an optimal trajectory.

Let us take a sequence (7,)n>1, with v, € W12([0,¢] : RY) and 7,(t) = 2 such that
ft(ym) — v(t, z). Since F' and vy are bounded from above and v(t, z) is well defined, there is
a constant C' = C(t, z) such that

t
/I%ch.
0

Notice also that for any s,s’ € [0,¢] it holds that

) =0 < [ Futrlar < Vi( [ FaPar) < ovi (33)

therefore (7y,,) is a 1/2-Holder continuous family of functions. Consequently, using that v, (t) =
z, we deduce that

[ llwrzi < C,

taking a larger C if necessary. In particular, there is some ¥ € W12([0,#] : RY) such that
Y =25 7 strongly in C([0,1] : R%) and weakly in W2([0,] : R%). In particular

w0 (m(0)) = w0 (7(0)), /0 F(s,9n(s))ds — /0 F(s,7(s))ds
and . .
~(s)|?ds imin 'n828.
| Ras < timine [ o)
Thus,

A(s)P?

v(t, ) = v(5(0)) —i—/o ( — h/(4 + F(s,ﬁ(s)))ds. (34)

Step 2. Uniqueness of the optimal trajectory in the set Q; optimal trajectories
remain in the set Q.

Let z € Qg. Let 7 be an optimal trajectory such that F(¢) = 2. We prove that such optimal
trajectory has always been inside the set €g. In other words, trajectories can leave but not
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enter, the set . We prove this by contradiction. Let’s suppose that there exists s; € [0,t)
such that 7(s;) € R?\ Qp, and define

t; = inf{s € [s1,t] : F(s) € Qo}.
Note that by our assumption the infimum above is taken over a non-empty set. Define also
A={s€10,s1] : 7(s) € U}

If this set is non-empty we define
to = sup{s € A}.

By definition, tg < s1 < t1 and for all s € (tg,t1), 7(s) € R%\ Q.

If the set A is empty we define a new trajectory ¥ € W12([0, 7] : R?) as below

{7(5) =5(ty) for s €[0,t],
F(s) =7(s) for s € (t1,t].

7(s) =7(s) for s € [0, to],
F(s) = (=5 (o) + (F22)7(t)  for s € (to, 1],
7(s) = 7(5) for s € (t1,1].

Note that from the convexity of 9 we deduce the convexity of the set [0,] x Qo, and thus
¥(s) C Qg for all s € [tg,t1]. Note also that in both of the above cases, using vo(7(0)) >
vo(7(0)) from assumption (22), since the straight lines are local maximizers of the functional

t ‘é 2
_[(s)]
/0 1 ds,

and thanks to assumption (18), we obtain f;(¥) < f¢(¥) which is in contradiction with the
optimality of 7. We hence obtain that F(s) C Qg for all s € [0, #].

We next prove that such optimal trajectory 7 is unique. To this end, we note that such
trajectory 7 satisfies the following Fuler-Lagrange equation

(s) = =2DF(s,7(s)),
(0) = =2Dvo(7(0)), (35)

(t) = =.

ST

Moreover, y(s) C Q for all s € [0,¢] and hence F and v are strictly concave functions at the
above points. Therefore, the above elliptic equation is coercive and the solution ¥(s) is unique.

Step 3. Local regularity.

Take any (t,2) € [0,7] x Qo and define v,(-) : [0,7] — R? the unique solution of (35)
which is itself, an optimal trajectory for the maximization problem. Note that thanks to Step
2, v.(s) € Qo, for all s = [0,T]. Using the regularity of F' and vy, it follows that the functions

(t,2) = :=(t),  (t2) = =)
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belong to L2, (R* x R%) : W2(Qp)). Now, from (34), we have

loc
t Y (s 2
v(t, ) = v0(1(0)) + /0 (- "Vi)' + F(s,7(5)) ) ds,

yielding

Oru(t, ) = Dun((0) 0. 0) + [ (= ZEEHEE L (s (90006,

integrating by parts in the first term of the integral, using fg udv = [uv]6 — fg vdu with
u(s) = —4.(s) and v = 9;,(s), we obtain

;Yz(t)ai’yz(t) ;)'Z(O)ai'yz(o)

Oiv(t, x) =Dvo(7:(0)) - 0;72(0) — ) + 2
. /0 (L0004 pp(s,7u(5))0res) ) s,

Using now (35) and

0iv:(t) = (0,..., 1 ,..,0), since ,(t) =z,

7\ /)
i—th
it follows that .
Du(t,z) = —722( )

In essence, the function v restricted to Qo belongs to LS, (RT : W3°°(€y)). Finally, thanks
to the compact embedding of W2°°(Qq) in C'(€) and the continuous differentiability of .
with respect to t and z, we have that Dv € C1([0,T] x Qo).

Step 4. Strong concavity.

We prove that v is strictly concave in the set R x Qg. To this end, we show that for all
o €[0,1] and all x,y € Qp it holds that

ov(t,z) 4+ (1 —o)v(t,y) + Ao(1 — o)z —y]? < v(t,oz+ (1 —0)y),

with A to be fixed later. This will lead to an upper bound for the second derivative of v that
is strictly negative and which depends only on D?vg and F.

Let ~y, and 7, be the optimal trajectories, solving (35) with v;(t) = z and ~,(t) = y.
Using (34) we have

t L (812
v(t,x):vo(%(O))—i—/o (—W—I—F(s,’yx(s)))ds,

and . )
9y (s)]

ofto) = o0y (O) + [ (= BT 4 (s (o)) ).
Take o € [0, 1]. Using (34) at the point (¢,07,(t) + (1 — o)y (t)) = (t,cz+ (1 —0)y) we obtain
that
v(t,ox + (1 —o0)y) > vy (O"){T(O) +(1- O‘)’}/y((]))
Yo Re(s) + (1= o) gy (s))?
A

. + F(s,072(s) + (1= 0)7(5)) ) ds.
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Now we use the fact that, thanks to Step 2, for all s € [0,], 7,(s) and ~,(s) lie inside Q.
Moreover, since both vy and F' are strictly concave on that subset, thanks to (17) and (23), it
follows that, for a certain positive constant L1,

ao(72(0)) + (1 = )vo(7(0)) + Lio(1 = 0)[72(0) — 9, (0)|* < vo(072(0) + (1 = 7)7,(0)).
and on the other hand, for a certain positive constant K1,

¢ o t
F(s,7(s))ds + Fro(1 - o) /0 e (5) — 7 (5)?ds

O'/O F(s,’yx(s))ds+(1—a)/0
< [ Ploorate) + (1= oy (s)as.

And combining both inequalities, we get that

o(t, 0w+ (1= 0)y) > ov(t,) + (1= 0)o(ty) + Lio(1 = 0)e(0) = 3 (O)f
Lo Jode(s) + (1= 0)dy(s)[2 B
+/0 (_ +‘7(1_0)K1|%(S)—7y(s)|2>ds

4
2

Finally, recalling that the map —| - |? is strictly concave, we deduce that

v(t,ox 4+ (1 —o)y) > ov(t,z) + (1 — o)v(t,y)

t
+o(t=a)] [ (FHes) = 3R + Ralus) = 1,9 )ds+ Tafs(0) = 2 O]

To conclude, we use Young’s inequality (also known as Peter—Paul inequality) to notice that

o= = 190(0) = 3 OF + [ Tele) = (o) s
< Pal0) =2 O + 42 [ als) =P + 5 [ Fias) ~ (o),

for all positive \. We then choose A = min (fl, \/F1/2) to obtain that
ov(t,z) + (1 — o)v(t,y) + Ao(l — o)z — y|* <v(t,oz + (1 — 0)y).
We conclude, thanks to the regularity of v, that

x D%u(t,z) 2T < —2\z|? for all (¢, 2) € [0,T] x Qp, = € R

Step 5. Semi-convexity.

Let £ C R? be a bounded domain. Then there exists a positive constant S.(E, K, L;)
such that for all ¢ € [0, 7] and for any = € R,

x D*v(t,z)x’ > =S |z* forall z€E,

where K, L; come from hypothesis (17) and (23).
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We will employ the Bernstein Method, and in order to do so we start with a viscous version
of the problem (15), considering a slightly modified equation

O =eAv+ |Dv|? + F(t,z), tel0,T],zecRe (36)

Notice that this solution v will depend on € but the semi-convexity will be uniform.

Let us consider a closed set E such that E C E' C R? and dist(FE,0E’) > 1, differentiate
twice equation (36) with respect to the variables z; and z;, and then multiply it by the square
of a cut-off function ¢ satisfying

t+1

So(t7 Z) = Tiﬁ-lgb(Z)’

where ¢ is a positive function such that, for all € € (0, 1),

()0<p<l,p=1forallze E,¢p=0forall 2 ¢ F,
(ii) [|Dv - D@||poo(mry < 1/4,

/! (¢,)2

(iii) ¢” — 27 €[-1,1].

If we define v* := 0,,v and v := 92, -;V we obtain
vz’japz = aAvi’j<p2 + 2Dt va<p2 +2Dv - Dvi’jch + Fi’jg02,
which we can write down as
0i(D*v)¢” = eL(v)¢” + 2D(v)¢” + 2M(v)@” + D F?,
where we defined the matrices £(v), D(v) and M(v) taking their entries as
L(v);;:=Av™ D(v);j:=Dv'-Dv/ and M(v);; = Dv-Dv".

We choose now an arbitrary vector € R¢ and multiply the equation by x by the left and by
2T (the transposed vector) by the right, obtaining

E oy (D*v) :L‘T] ©? =¢ [z L(v) xT] 042 [2D(v) $T] 0 +2 [z M(v) $T] ©* i
37
+ [z D*F 2]

After this, we define
w(t,z) = [z D?u(t, 2) xT} o(t, 2).
If w attains its minimum at ¢ = 0, then, by assumption (23)
w(t,z) > w(0,2) = [z D?vo(2)a"] (0, 2) > —2Ly|z[*¢(2) > —2L; ||

and the claim is proven. If not, then at a point of minimum of w (which must be attained
inside the support of ¢) we must have wy < 0, Dw = 0 and Aw > 0. Rewriting this in terms
of v and ¢ we obtain

[20:(D*v) 2] o < = [ (D*0) 2] Sy,

D ([ (D?v) mT]) p=—[z (D?v) xT} Dy,

2
|Del® A(p) '
@

[ L(v) xT] o>z (D?v) xT] (2
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We next use the second equation above to obtain that
[z M(v) :CT} = — [z (D) xT] Dv - De.

We also compute, using the symmetry of the matrices (z x) and D?v,

2

[z (D*v) 2] = [z (D?*v) (27 2) (D*v) 2]

=[x (D) (D%) (2T ) QST}

= [z (D*v)*z" (z-2T)].
Next we use the identities
(D*v)? =D(v) and z-zT = |z|?
to obtain that
s (D?v) xT]Q = |z|? s (D?v)? xT] = |z|? [ D(v) xT] .

We deduce that )
[2D(v) l‘T} = [:L"(D2v)xT] || 2.

Substituting all this into equation (37) we obtain

D 2
—wpp > —ewAp + QEwﬂ + 2w?|z| % — 2wDv - Dy + [ac -D*F . a:T] ©°.
®

We can rearrange here, recalling that by hypothesis (17) the last term is bounded below by a
negative constant —2K, to obtain

’ 2

D
2wz < <—g0t +elAp — 25’ L L opy- Dgp) w+ 2K |z
P

With the properties of ¢ in mind one can see that, at least for € small enough,

1

2w* < fOlefw+ 2K ot with (1) 2 =1 = 7=,

implying that w > |z|?(f — \/f2+ 16K ,)/4 > —C(E, K,)|z|? for a certain positive constant
C. Therefore
w(t, z) > min{—2L,, —C}|z|?

We define S.(FE,K;,L;) to be the minimum above. The result follows for a fixed & since
©(T,z) =1 for all z € E, and then we let ¢ — 0.

Step 6. v(t,-) has a local maximum in .

From Step 4 we know that v(¢,-) is strictly concave in €. Consequently, for all ¢ € [0, 7],
v(t,-) has a local maximum point z(t) in €y. Moreover, the continuity of v implies that Z is
also continuous. We prove by contradiction that for all ¢ € [0,7], we have indeed zZ(t) € .
Define t; as the first time in [0, 7] such that z(¢) € 9. Thanks to (21) and the continuity of
Z we obtain that ¢; > 0. We show that ¢; cannot exist.

We use the regularity of v in €y obtained in Step 3 to differentiate the equation in (15)
with respect to z and evaluate it at z(t):

Or(Dv)(t, Z(t)) = 2D%v(t, Z(t)) Du(t, Z(t)) + DF(t, 2(t)).
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We also note that since Z(t) is a maximum point of v, we have
Du(t,z(t)) = 0, (38)

and hence

Ou(Dv)(t, 2()) = DF(t,5(1)).
We next differentiate (38) with respect to t to obtain
Or(Dv)(t, 2(t)) + D?v(t, 2(t)) 2(t) = 0.
We then combine the equalities above and the strict concavity of v in g to obtain
. 2 _ —1 _
zZ(t) = (— Dv(t, 2(t)))  DF(t,2(t)),  Vte[0,t1). (39)

Now let’s assume that 1 < T, with z(t1) € 0. We multiply (39) by DF(t,z(t)), for
t € [0,t1), to obtain, thanks to the strict concavity of v in 2, that there exists A > 0 such that

DF(t,z(t)) - 2(t) > AIDF (t,2(t))|?,  Vte [0,t1).

We then notice that since z € C([0,T] : Qo), DF(t, 2(t)) is a continuous function. Therefore,
thanks to (19) and the continuity of z, there exists to and a v > 0 such that 0 < t5 < ¢; and

DF (tg,2(t)) - 2(t) > v, Vt € [ta,t1).
We then integrate the above inequality with respect to ¢ in the interval (t2,¢1) to obtain
F(t2,z(t1)) — F(t2,2(t2)) > v(t1 —t2) > 0.
This is in contradiction with assumption (18) and the facts that z(t1) € Qo and z(t2) € Q.

We highlight that, up to this point, we have not made use of the constraint maxwv = 0

z€R
from (15).

Step 7. The unique local maximum Zz(t) of v(¢,-) in €y is indeed a global maxi-
mum.

We have already proven that, for all ¢ € [0, 7], v(¢,-) has a unique local maximum point in
Qo attained at z(t) € C1([0,T] : ), though we might run into the case where v(t,2(t)) < 0
for some ¢ € [0,7]. In this case, in view of the second equality in (15), there must exist
t3 € [0, T] and a point w(t3) € R?\ Qg such that

v(t,Z(t3)) <0 and wv(t,w(t3)) =0.
Then, since v is in particular a viscosity subsolution of (15) and

t — t 0 t —
(t,z)rerﬁ);“]xmv( 2) = vlts, (ts)) =0,

we can choose a constant test function ¢ = 0 to apply the subsolution criterion at (3, w(t3)).
We obtain indeed that

0 =0yp(ts, w(ts)) — |0:(ts, w(ts))]* < Fts, w(ts)).
Consequently and thanks to (18), we obtain

0< F(tg,if}(tg)) < F(tg, z(tg)). (40)
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Furthermore, using the regularity of v in [0, 7] x £y we can evaluate the first equation in (15)
at Z(t3) to obtain that
F(tg, 2(153)) =0

which is in contradiction with (40).

Note however that we still have the possibility of having a second simultaneous maximum
point outside g, but we will prove it false on the next step.

Step 8. The maximum of v(¢,-) is attained only at the point z(t) € Q.

By the strict concavity of v(¢,-) in Qg and the fact that z(t) € Qy we deduce that there
is no other maximum point in Qy. We prove that this also holds in R?\ Q. Let us argue by
contradiction. Let ¢; € (0, 7] be the smallest time such that there exists a point w € R\ Qg
such that v(t;,w) = 0, and let v,, be any continuous curve (which may not be unique) such

that _ )
[ (5)]

ot w) = vo(yw(0)) + /Otl (— e F(s,’yw(s)))ds. (41)

Since v and 7, are continuous, it means that there must exist a time tg such that for all
t € [to,t1], yw(t) € R\ Qy and v(tg,Yw(to)) < 0. Moreover, since F(s,z(s)) = 0 for all
s € [to,t1], and in view of Assumption (18), we obtain that for all s € [to, t1],

F(s,vu(s)) <0.

Then, using (41) we obtain that v(t;,w) < 0, a contradiction.
Step 9. Bounds on D3v.

We prove that D3v is bounded uniformly in z € Qg and locally in ¢. The proof of this
bound follows from similar arguments to [29]. We set w(t,z) = D3v(t, ), which solves

oyw — 2Dw - Dv = S(t,z,w) = 6w - D*>v + D3F (s, z),

where Dw denotes the column of tensors (1w, ..., d;w) and w - D?v denotes the column of
matrices (01D%v - D?v,...,0;D%v - D?v). This is a linear transport equation with bounded
coefficients in [0,7] x € (thanks to the bound on D?v). Moreover, the characteristics corre-
sponding to this equation with ending point in [0, 7] x Qo have always remained in €y thanks
to step 2 (i.e. y(s) € Qg, for all s € [0,7]). Hence the desired bound on ||D3U||LIOOOC(R+XQO).

2.2 Proof of Theorem 2.2

Theorem 2.2 can be proven thanks to the properties obtained in the previous section and
following similar arguments as in [29]. We only comment the proof of the uniqueness of the
solution to (15), with F'(t,z) = G(z,z(t)), which requires an additional small argument. The
main ingredient for the uniqueness of the viscosity solution to (15) is indeed the equivalence
of (15) with (31). Then, the uniqueness follows using a fixed point argument which relies on
the following technical lemma.

Lemma 2.3. Let v;, for i = 1,2, be the viscosity solution to

Oi(t, z) = |Dui(t, 2)|* + G(z, z:(t)), (t,z) € (0,T) x R?
Zl(t) = (—DQUi(t, Zi(t)))_l DGZ(Zz(Tf), Zi(t)), te (0, T),
v;(0,2) = vo(2), z € RY,
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Then, we have

[v1 = V2|l Loe (0,6) w38 +o0 (9) < ClIZ1 — 22|l Loo((0,4) + Clllvo,1 — vo,2]lws.+o0 (020)-

Proof. The proof of this lemma follows from similar arguments as in Lemma 4.2 in [29]. We
only provide an additional argument which is needed in our case. Let r = v; — va. Then, r
satisfies

Oyr = (D1 + Duy) - Dr + G(z, 21(t)) — G(z, 22(t)).

This is a linear transport equation. Notice also that thanks to Assumption (29), we have
1G(z 210 — G, 22ty 2y < sl (8) — 22(0).

In order to obtain the result, it is hence enough (see the proof of Lemma 4.2 in [29] for more
details) to show that the characteristics, defined by

V(t) = —Du, (t’ ’7) - DUQ(t, 7)7
y(t) =z, with x € Qq,

has never left the set g, that is y(s) € Qo, for all s € [0,¢]. This property holds true thanks

to the strict concavity of v; and vy in [0,¢] x €y and since the maximum of v; is attained in
Qo thanks to Theorem 2.1. ]

3 Proof of Theorem 1.1

Replacing the Hopf-Cole transformed function (4) into equation (2) we obtain

Opue(t, z) = e02,uc(t, 2) + |0:us(t, 2)]* + R(z) = pe(t) + De(t, 2),

pe(t) = /R no(t, 2)dz, (42)

where

D (t,2) := 7'/R n;it(’t?)H(z —y) dy.

Note that thanks to Assumption (HT), ®.(t, z) € [T, 7], 0.®-(t,2) € [0,7] and 02,®.(t,2) €
[—7-sup H”, 7 - sup H"].

3.1 Regularity estimates

Let us begin by presenting an initial convergence result for p. and ¢..

Lemma 3.1. For all € € (0,1) we have that
0 S pe(t) S Pmaz and —7< (I)5<t, Z) < T, (43)

with
Prmaz ‘= max{rileaﬁ R(z), pam} = max{1, par}.
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As a consequence, there exist functions p(t) € L®°(R") and ®(t,z) € L®(R*;C?*(R)) such
that, as € — 0 and along subsequences,

p=(t) = p(t) € [0, pimaal,
weakly-* in L (Ry) and ®(t,2) converges to ®(t,z) in L™ (w * (RT); C*(R)) with

O(t,z) € [-71,7], 0,B(t,2) €[0,7] and 0%,8(t,2) € [~7-sup H", 7 -sup H"|.

Proof. Integrating the equation (2) in the whole R (this integration should be done via a test
function, but we omit the details) we obtain

epl(t) = —pe(t)* + /IRng(t,z)R(z)dz+ /Rng(t,z)q)g(t,z)dz.

However, the last integral is equal to 0 due to the symmetry of the kernel H, let us see how.
We have

/Rnf(t’ 2)®s(t, 2)dz = ﬁ /]R /R ne(t, 2)ne(t,y) H(z — y)dydz
—ﬁ /R/Rne(t, 2)ne(t,y)H(y — z)dydz
= —p(Tt)/R/Rne(t, z)ne(t,y)H(y — z)dzdy
= —m \/R/Rne(t?y)na(tu Z)H(Z - y)dde = _/l‘{na(t’ z)(I)E(t’ Z)dZ,

where we used first the symmetry of H, then applyed Fubini’s Theorem, and finally renamed
z as y and vicerversa. Since x = —x if and only if x = 0, we conclude our claim. Therefore

pL(t) < max R(2) - pe(t) — po()°,

This differential inequality yields the upper bound for p in (43). The rest of the lemma follows
from the fact that p. and ®. are bounded respectively in L>(R*) and L*(R*; C3(R)). O

For the study of equation (42) we will need the following regularity estimates.
Proposition 3.2. Let conditions (HR1), (HT) and (HO) be satisfied. Let u. be a solution
of (42) and e < ey <1 for a certain gy € (0,1).

(i) There exist positive constants C1 and Cy such that, for e small enough,
— A} — B12? — Cit < uc(t,z) < Ay — Boz? + Chat, (44)
with By = max(B1,vK4/2) and By = min(Bs, vVK2/2).

(ii)) Let D C R be a bounded domain and T > 0. Then there exists a positive constant
C(R, 1, D) such that for all € € (0,1),

|0.us(t, 2)| < C(R,7,D) forall te[0,T], z€ D.
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(iii) Let D C R be a bounded domain. Then there exists a positive constant S.(R, T, D,C2)
such that for all e € (0,1), t >0,

2 uc(t,z) > —Se(R,7,D,Cy) forall z€ D,

where Cy comes from hypothesis (HO). In other words, the family u. is locally uniformly
Semi-Conver.

(iv) Let T > 0. Then the functions ue are uniformly locally equicontinuous with respect to
time for all t € [0,T1].

All of this together means that, if the initial datum u. o is reqular enough, the family of functions
{ue}e is locally uniformly equibounded and equicontinuous with respect to z and t, and locally
uniformly semi-convexr with respect to z.

Proof. Proof of Proposition 3.2 ():

The result follows simply from a comparison principle applied to (2). Notice that, thanks
to assumptions (HR1), (HT) and Lemma 3.1, we have

ne(K3 — K42° — pmax — 7) < €0inc(t, 2) — 20%,ne(t, 2) < ne(t, 2)(K1 — Ko2° + 7).

Combining these inequalities with the hypothesis (H0), we can apply the comparison principle
to deduce that, there exist positive constants C7 and Cs such that, for € small enough,

);

—A1 — §122 — Clt
3

with El =S max(Bl, vV K4/2) and EQ = min(Bg, vV K2/2)

Ay — §222 + Cot
g

)Snegexp(

exp (

Proof of Proposition 3.2 (ii):

Let us apply the Bernstein Method and start by choosing a closed set E such that D C
E C R and dist(D,0F) > 1, and a finite time 7. We will study the equation in the set
Er:=10,T] x E. Let m and M be the minimum and maximum possible values of u. on Er
respectively. These constants can be chosen independently of € thanks to (44). We define the
auxiliary functions

M-m 2+3(M—m)
oAz ¢ 2A

with A > max(3(M — m),2), a big enough constant. The idea here is to work with the
function w instead of the function u. We will indeed derive an equation on w that we will
differentiate with respect to z. We then obtain the desired estimate after some computations
on this equation and using the maximum principle. The function 6 has the advantage of
introducing a term of order (w’)* with definite sign in equation (46), that would not appear in
the computations otherwise (consider §(w) = w to verify this). This term is crucial to obtain
the desired estimate.

Since u. = f(w) and € is monotone increasing, it is clear that w : Ep — [0, A]. Moreover, we
have that

O(x) = z+m forx€0,A], w(t z):=0(ult,z2)),

00 — (9")2 "
# 97 + ¢
(02 o'

A bound for d,w will yield immediately a similar bound for d,u.. For the rest of this section
we will use the prime notation w’ instead of d,w for the sake of brevity.

10| <1, < —0" and <1
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Finally, let us take a cut-off function ((¢, z) such that

C(t,2) : t+1

= ﬁ@(z),

where ¢ is a positive smooth, compactly supported cut-off function such that
p(z)=0forall ze R\ E, ¢(z)=1forall ze D
and

<1, ¢ oo +1¢"]00 < Cop,

where C, is a positive constant.

We substitute u. = 6(w) in (42) to obtain

i
wy = (52, + 0’) (w')? 4 ew” + h,

where

h(t,z) := %( — pe(t) + R(2) + (1, 2)).

Let us differentiate this equation with respect to z and multiply by w’¢* in order to obtain
9"y — (9//)2 "

w/w£<4 — (5 (9/)2 _’_9//) (w/)4§-4 + 2 <€09/ 4 9/) (w/)Qw//CZI +€w/w///<-4 + h/w/€4'

We next look for a maximum of the function v := |w/¢|. This maximum should be attained
at an interior point of E that we denote by (¢, 2r,). If it is attained at ¢,, = 0, then by the
assumption (HO) there must exist a constant

kp = sup |00 ¢(2)]
z€D, e€(0,1)
such that 3
|ul(t,z)| < kp for all (2,t) € [0,T] x D, (45)

which is the desired result.

If, on the contrary, the maximum point is attained at a positive time ¢,, > 0, since the
maximum of v must coincide with the maximum of v2, on such a point we must have

[(w'C)Q]'(tm, 2m) = 0= W (tm, 2m)C(tm, 2m) = =W (tmy 2m)C (tm 2m),
and
[(w/C)Q]" <0= w”’w’(zm)CQ < (2(C/)2 _ CCH) (w/)Q’

and also
O[(w'¢)?] > 0 = w'wjC® > —(w')*(¢.

We omitted the point (¢, z,,) for the sake of brevity. Replacing this in the previous equation
we obtain that, at the maximum point (¢, zm),

maor (2 1
~wpet < (50 ST o) whict -2 (5 40 ) e

+ (2(2(¢")? = ¢¢") (w')?¢* + B¢t

(46)
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meaning that

(0 2R (it <6+ (a6 - Sl + !
(0)? B t

9// 3.3

/
Due to the properties of 8, the factor on the left-hand side can be bounded below by a positive
constant ¢; since € < g9 < 1, and the factor on the right-most term can be bounded above by

a positive ca. We deduce that, at the maximum point, and for a constant C' depending on co
and C,,

cifv]* < el Mol + (1¢C] + £12(¢) = ¢¢") [o]* + A ¢Plo] < 2C(Jo]* + o)) + K vl
where

B = max | (z,1)].
z€E,te[0,T)

Note that i/ depends only on the domain E, but since E has been chosen freely depending on
D, it actually depends on the domain D, the function R(z) and 7.

The last inequality implies that there must exist a positive constant k(R, 7, D) such that

sup  [w'C| = [w'¢(tm, 2m)| < k(R, 7, D).
(t,Z)GET

We next compare w’ and w'( as follows

sup |w'| = sup |w'¢| < sup |w'¢| < k(R,T,D),
(t,2)€[0,T]x D (t,2)€[0,T]x D 2€Br

and thus, since u. = §'w" and |0'| < 1,
luL(t,2)| < k(R,T, D) for all (z,t) € [0,T] x D.
We conclude by taking as our desired bound the maximum between this bound %k and kp
from (45).
Proof of Proposition 3.2 (%i2):

This part can be proved similarly to the proof in Step 5 of Section 2.1, where the Bernstein
Method is applied, but in the specific case of one dimension.

Proof of Proposition 3.2 (iv):

Once the locally uniform bounds and the uniform Lipschitz bound with respect to z are
obtained for u, then the equi-continuity in time follows using standard arguments, see [2].

O

3.2 Convergence to the Hamilton-Jacobi equation

At this point, even though we obtained regularity estimates for u. that assure its convergence,
as € — 0 and along subsequences, to a continuous function u, we do not have enough regularity
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in time of the limits p and ® in order to pass to the limit in ¢ directly in equation (42). To
by-pass this complication we define the auxiliary function

wnt2) =t 2) + [ o) ds = [ o)

Notice that w.(z) := ws(0,2) = uco(z). With our previous estimates, we can pass to the
limit in the equation satisfied by w;,

2
Oywe(t, z) = €0%,w.(t, z) +

¢ t
O we(t, 2) —i—/ Pl (s,z) ds| + R(z) + 8/ (s, 2) ds,
0 0

to obtain the existence of a continuous function w that is a viscosity solution of

2

Ow(t, z) = 8zw(t,z)+/0 ®'(s,2) ds| + R(z)

with initial datum wg = ug. Notice that using the notion of viscosity solutions for Hamiltonians
with L' dependence with respect to ¢ [20, 23], this also implies that u is a viscosity solution to
(5). Following the Dynamic Programming Principle, see [1, 22], a variational solution of the
previous equation is given by the formula

t
w(t,z) = sup {wo(’y(O)) —|—/ L(s,%,7) + R(v(s)) ds},
(v(s),s)EREX[0,t],7(t)== 0
2}

This infimum of the functional above is attained at the value p = —q/2 — fg @’ and thus

where v € W12([0,¢] : R), with

t
L(t7Q) Z) = ;gé{qp+ ‘p—l-/o (b/(S,Z) ds

q2 t
L(t,q,Z) = _Z - q/ (I)l(r, Z) dr
0

SO

t (s 2 S
wit.) =swp fualr0) + [ =265 <509 [ (ra0) dr ROy (9)as).

However, exchanging the order of integration we have that

// (s)®'(r,v(s) drds—//—’y ,7(s)) ds dr

- / —0(r, (1)) + B(r,4(r)) dr.

Using that v(t) = z and that

t t
w(t, z) = u(t, z) +/0 p(s) ds —/0 D (s,z) ds,

we obtain the formula given in Theorem 1.1.
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3.3 The inequality u < 0 and the convergence of n

We first notice that n. is uniformly bounded in L>°(R*; L!(R)). This implies that, as € — 0
and along subsequences, n. converges in L™ (wx(R*); M!(R)) to a measure n € L>®(R*; M(R)).
Moreover, pe is uniformly bounded in L>°(R™). Hence, it converges as € — 0 and along subse-
quences, in L>®(wx(R™1)) to a function p(t) € L>°(R™). Furthermore, ®. is uniformly bounded
in L°(R*; C3(R). Therefore, it converges, along subsequences, in L (w * (R*); C%(R)) to a
function ® € L>®(RT; C?(R)). Moreover, from the bounds in (43), we obtain the bounds in

(6)-

We next obtain the bound v < 0. Let u be the limit of u. along a subsequence, that we will
fix and consider our arguments along this subsequence. We argue by contradiction. Suppose
that at a certain point z; we have u.(¢,z1) — u(t, z1) > 0. Then by the equicontinuity of the
family we, there exists § > 0 such that u(¢,z) > 0 for all z € (21 — d,21 + d). We next notice
that

ue (t,2)

pe(t) :/Resdz. (47)

The Fatou’s Lemma would then imply that p(t) = oo, which is a contradiction with the upper
bound on p(t) given in (6).

Finally, let us prove the second statement in (8). Suppose that z; ¢ {z € R : u(t, z) = 0}.
Then, by the inequality u < 0 and the continuity of u we deduce that there exists an open set
D such that z; € D and

lim u.(¢t,z) <0 forall zeD.

e—0

Choose now any f € C.(R) such that supp(f) C D. Then,

/n(t, 2)f(z) dz = / lim (eus(st’z)) f(z) dz=0.
R R&—)O

This implies that n(t,z) = 0 for all z € D and, in particular, z; ¢ supp(n(t,-)), proving our
claim.

4 Proof of Theorem 1.2.

In this section we will use similar ideas from Section 2 to obtain the result, but the adaptation
of the arguments to our problem requires some work. In particular, given a general T' > 0,
we may not necessarily have a set {0y where the fitness function F' is positive, greater than its
values outside €y and concave in [0, 7] x .

The form of ug and the concavity of the fitness function around the value zg can indeed
assure that the solution u remains concave for small times, but as time goes by u may lose its
concavity. New local maximum points can appear that may reach the value u = 0. We will
show that, as long as p € [0, u1] and 29 < p, this cannot be the case, and while u may become
non-concave in a global sense, it will still have a single global maximum corresponding to a
continuous monomorphic situation. We recall the definition of

Z(t) as the unique point where max u(t, z) = u(t, z(t))
ze
whenever this value is unique and well defined. Let us discuss briefly the structure of this
section.
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In Section 4.1 we prove that u remains monomorphic at least for some small times ¢ €
[0,¢]. First, we will see that it remains uniformly concave after the initial time, then we will
characterize the maximum point with an equation of the form (39), and then we will prove
that, at least for small times, p(t) > 0, which will lead to the constraint maxu = 0. All this
imply the existence of a positive time T, until which the solution is continuous monomorphic,
and the next two sections are devoted to proving that T,, = co. Some more properties of the
fitness function F' are also studied at the end of this subsection.

Section 4.2 treats the simpler case where 2(0) = p < p1, and Section 4.3 with the case
Z(0) < p < p1, which is more convoluted; we will integrate both analytic and geometric ap-
proaches to extend the ideas from Section 2 to this case, though with significant modifications.
This is where the analysis of the problem becomes more intricate and demanding.

4.1 Structure of the Fitness Function

Let us now study the general structure of the fitness function. Its formula, even if the solution
u is not monomorphic, is given by

F(t,z) = R(z) — p(t) + T/R n/()t(;g);) H(z —vy) dy.

Thanks to the regularity properties of the kernel H this function is differentiable in the z
variable, so we can compute

H'(z —y) dy.

R

Clearly, again by the regularity of R and H, this function is continuous in the z variable. On
the other hand, while /' may be discontinuous in time, it is bounded by

R(2) — pmaz — T < F(t,z) <1+ .
This is enough to adapt most of the arguments of Section 2.1.

Lemma 4.1. Let conditions of Theorem 1.2 hold. If at a time tg > 0 the solution u has a
unique zero Z(to), then for all z € R the functions 0,F(t,z) and 02, F(t, z) are continuous in
time, uniformly with respect to z, in a neighbourhood of tg.

Proof. Recall that, by proposition 3.2, u is continuous in time. Fix z € R and choose now any
o > 0. Since the measure n is supported in the set of zeroes of u, and thanks to the continuity
of the solution u and the uniform bounds (44), we have that, given this o, there must exists
a 0 > 0 such that, if [tg — t| < 26, then

supp(n(t, ) C [5(to) — o, Z(to) + o],

This means that given any o > 0 there exists a § > 0 such that, if |to—t| < 20 and |tp—s| < 29,
then

|0, F(t,z) — 0,F(s,2)| <7

2(t0)+0n(tvy) 1, N A
Lo S dy e ()

A0 (s, y)
+T/ "L H (z—y) dy — H' (2 — Z(tg
g pla) T
<27 sup ‘H’(z —Z(to) +n) — H (2 — E(to))| < Cro,
ne(—o,0]
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since "((tt’i) integrates to 1 and H’' is a Lipschitz continuous function. We deduce that the

function 0,F is continuous in time in a neighbourhood of %y, at any point z € R. The
continuity of 92, F can be proven following similar arguments.

O

Having established the previous lemma, let us define

T, = sup {t > 0: for all s € [0,¢], u(s, z) has a unique maximum point at z(s),
(48)
83,2“(5’2(5)) < 07 2() € Cl([oat])v and Z,(t) = m(” - Z(t)) in [O)t]}

We next prove that 7, is greater than 0.

Lemma 4.2. Let conditions of Theorem 1.2 hold. Then T, > 0.

Proof. The function u is continuous in time, implying that in small times no new maximum
points can appear at a positive distance of zy thanks to (H0). However, it could happen that
immediately after the initial time, the maximum point at zy divides into several, or that the
maximum point extends itself into a flat interval. In both cases the number of maximum
points of u would augment in a neighbourhood of the point (¢,z) = (0,2p). Our goal is to
show that this cannot be the case and we will do so by following the same ideas from Steps 1,
2 and 4 of Section 2.1 in order to conclude that wu is strictly concave.

At the initial time, due to (HO), uo has a unique maximum point at zy and thus
D2 F(0,2) = =29+ TH" (2 — 2).

Moreover, by Lemma 4.1 we notice that, even though F' may be discontinuous in time, there
exists a time to > 0 small such that 92, F is continuous for all (¢,z) € [0,%y) x R. Now we
note that, by hypothesis (HT) and due to the fact that 92, F(0, z) = —2g < 0, there exists a
point z, < 2o such that 02, F(0,z) < —3g for all z > z,. Since 92, F(t, z) is continuous for all
(t,z) € [0,t9) x R we conclude that there exists a time t; < ¢y and a continuous curve z4(t)
such that

24(0) = 24, 2,(t) < 2 for all t € [0,¢1] and 92, F(t,z) < —g for all z > z,(t),t € [0,1].

and, moreover, since u is locally equi-continuous and initially strictly concave, we can choose
t1 small enough such that

z¢(t) < Zi(t) ;== inf{z e R:u(t,z) = maﬁgu(t,w)} for all ¢ € [0,t4],
we

i.e., z; is the smallest maximum point. For convenience, let us define the set
S(t1,9) ==A{(s,2) € [0,t1] x R: 2z > z4(s)},

The strict concavity of ug and F' in the set S(¢1, g) will indeed lead to the strict concavity of
u in a certain set.

Now we adapt the arguments of Section 2.1 to prove the strict concavity of u in a certain
set. We first notice that F' is continuous in the z variable and bounded from above by 1 + 7.
Therefore, we can apply similar arguments from Step 1 of Section 2.1 to prove that, given
(t,z) € S(t1, g) there exists a trajectory 7, such that v,(t) = z and u(t,z) = fi(7y.), where f;
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comes from (7). Moreover, this trajectory satisfies the system (35) from Step 2 of Section 2.1,
which is coercive whenever F is strictly concave, and thus ~y, will be unique if z > 24(t), t < t1,
as long as v,(s) > z4(s) for any s € [0,t]. The idea now is to follow Step 4 of Section 2.1 to
prove strict concavity, but in order to apply the same ideas we have to ensure that v, (s) > z4(s)
for all s € [0,¢]. To prove this property, we cannot rely entirely on the ideas presented at Step
2 of Section 2.1, since (18) is not satisfied in general. We will obtain the desired property by
constructing suitable left barriers for these trajectories instead.

Again, since z4(0) < %;(0) and both curves z, and Z; are continuous at ¢t = 0, we can choose
t1 small enough such that

inf z(s) — sup z(s) > 2CVt, (49)

0<s<t; 0<s<t1

with C the constant given in (33). In particular, if we define the intermediate point

1 . _
m = < sup zg(s) + <1nf zz(s)> ,

0<s<ty 0<s<t1

then, given any time ¢ € [0, ¢;], any trajectory ~,,, such that v, (t) = z,, satisfies, due to (33)
and (49), that

sup 2g4(r) <7z, (s) < inf Zi(r) forall se]0,t].

0<r<t 0<r<t
As a consequence, (-, (-)) C S(t1,9) and it is the unique optimal trajectory that passes
through its points. Therefore, if z > z,,, then v,(s) > 7., (s) for all s € [0,¢], t < t;. In
particular, (-,7.(-)) C S(t1,9) and thus, following Step 4 of Section 2.1, u(t, z) is strictly
concave in the set [0,%1] X [z, 00), with 82, u(t,z) < —C < 0 in [0,%1) X [2m, +00). Moreover,
the continuity and the strict concavity of the solution imply that u(¢, -) has a unique maximum
point Z(t) for all ¢ € [0, #1].

By adapting the ideas in Step 6 of Section 2.1, see also [29], we can derive the formula (39)
and prove that
_OP(t2(Y) 29
s e OO0, T.)), with FZult, 2(2) ~ 10%u(t, 2(0)]

G-

We omit the details for the sake of brevity, but we highlight that one do not need to assume
maxu = 0 (which is a condition appearing in problem (15)) in order to develop the analysis
leading up to formulas (39) or (50). We hence conclude that T, > t; > 0. O
Notice from the ODE in (50) that
z(0) < z(t) <p and Z'(t) >0 forallte (0,T.).
Moreover, from (8), we conclude that, for all t € [0,7),
Bt 2) = plt) - 8y (2) with  p(t) € [0, puaa).
The next step is to characterize the quantity p(t).

Lemma 4.3. Let conditions of Theorem 1.2 hold. Then p. converges pointwise in (0,T;)
to p(t) = max(R(2(t)),0) = max(1 — gz(t)?,0). Moreover, as long as p(t) > 0, we have
maécu(t, z) =u(t,z(t)) = 0.

ze
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Proof. Let t € (0,T¢). Integrating in the whole R in (2) and by arguments similar to the ones
in Lemma 3.1, we have

(0) = po0) + [ nelt, )Rz
R
From the convergence of n. we deduce that, for € small enough,
epe(t) = —p=(1)” + p=(t)(R(2(t)) + o(1))

and we recall that 0 < p: < pPraz

We define now the auxiliary quantity

Je(t) == In(pc(t)).

Replacing this in the previous equation, we obtain that
eJI(t) = R(2(t)) — e’ 4+ o(1).
We study the behaviour of p. by studying the one of J.. To this end, we define the function
J(t, z) as the unique solution of the ODE

05T (5,2) = R(z) — 7 (52) for all z € D, s >0
J(0,2) =T for all z € Dp.

A solution of such ODE is of the form
J(s,2) =In(R(2)) + R(z)s — In (R(Z)G—Jo + eh(2)s _ 1)

and, moreover,

{j(s, z) = In(R(z)) as s — oo and if R(z) > 0, (51)

J(s,2) = —o0 as s — oo and if R(z) <0.

The proof of the previous claim is rather simple and we omit it for the sake of brevity. We are
ready now to compute

e 0, [J <§7z<t>) - w} = 0~ IT(E=0) L e2(1) - 0,7 <§’z<t>> +o(1),
but, by (50), the term z'(¢) is uniformly bounded, meaning that we have, in fact,
L Jo(t) _ T(tz)
€0 |J g,z(t) —J ()| = et —ed e +o(1).
Multiplying by the sign of the term between brackets we obtain

£ 0 |J <z,z(t)> - Ja(t)' = ‘erm _ J(%é(t))‘ +o(1)

< k|7 (L0 = 20)] + o)

for a certain positive constant k. Notice that using the bounds for p. which lead to J. €
(=00, In(pmaz)], we are allowed to use the Lipschitz nature of the exponential function. From
this last inequality and the definition of J.(¢) we deduce that

In(p.(t)) = 7 (t <t>) ] < n(p=(0)) — 7 (0,2(0))] e~ < + o(L).
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Combining this inequality with (51), we conclude that
pe(t) — p(t) := max(R(2(t)),0) forallte (0,T.), ase — 0.

We hence proved that p(t) is a continuous function in [0,7;). From (HM) and z(0) = zp € Dg
we deduce that, at least for small times, 0 < p(t) < ppaz- We then pass to the limit € — 0 in
the the relation (47) and use the upper bound in (44) to deduce that

?eaﬂé(u(t, z) =wu(t, z(t)) = 0.

We can therefore define
T, := sup {t > 0 : for all s € [0,t], u(s, z) has a unique maximum point at z(s),

u(s, 2(s)) = 0, 02, u(s, 2(s)) < 0, z(-) € C*([0,t]), and

2(t) = gy (1 — 2(6) n 0,4},

and deduce that T,, > 0. For t € [0,T,,], u(t,-) is locally strictly concave with respect to
z in a neighbourhood of its maximum point located at the continuous curve z(t), satisfying
the constraint maxwu(t,z) = 0. Moreover, since Z(t) is the unique maximum point of u(t,-),
for all t € [0,7},), and supp n(t,-) C {z : u(t,2) = maxyeru(t,y) = 0} = Z(t), we obtain
that n(t,z) must be a Dirac delta with mass p(t) located at the point z(¢), and therefore
O(t,z) = 7H(z — Z(t)). We deduce that, for t € [0,7},),

Oru = (0,u)? + F(t, 2),

with
F(t,z) = —g(z% = 2(t)?) + TH(z — Z(t)).

Note that thanks to the continuity of z in [0,7},), F(t, z) is continuous with respect to t for
t € [0,T},,). We then focus on the following problem

Owult, z) = (O.u(t, 2))? — g(2% — 2(t)?) + TH(z — 2(t)), te[0,Tn),z €R,

?elﬂgu(t, 2) =u(t, z(t)) =0, t €[0,Tom), (52)
u(0, z) = up(2), z € R.

We will prove that, if for all ¢ € [0,T,,], p(t) = R(z2(t)) > 0, then T,,, = co. We will do so
by assuming that T, is finite and proving that, indeed, there are posterior times, after T,,
where z(t) is well-defined, unique and continuous with respect to ¢, which is in contradiction
with the definition of T,. Also, since for these times the curve z(¢) is unique, we will write
Z(0) or zp indistinctively. We prove below, under a strict concavity assumption at T, that
the only possibility for loosing monomorphism is that new zeroes of u appear at time T, far
away from the old one. Note that by equation (50) we have that the value

Z(Ty) == tl/ir%lm Z(t)

is well defined.

Lemma 4.4. Let conditions of Theorem 1.2 hold and assume that Ty, < oo, that 02,u(Ty,, )
—C <0 in (zm, +00), for some zy, < Z(T),), and that for all t € [0,T,,], p(t) = R(Z(t)) >
Then, u(Ty, ) has a new zero point at a positive distance of Z(T),).
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Proof. We will argue by contradiction and in a similar way to Lemma 4.2. Suppose that
T, < oo and that no new zeroes appear at a positive distance from z(75,) at time T,,.

In this case, at time T, the value z(T},,) is the only zero point of u, implying that
02 F(Tm,2) = —2g9+7H" (2 — 2(Tp)).

Notice that by Lemma 4.1 this function is continuous in time, and hence negative, in (7, —
8, Ty + 0) % (2],,+00) for some constants z,, < z(T,,) and § > 0. Moreover, u(T)y,,-) has
a single maximum point at z(7,,) and it is strictly concave with respect to z in (2, +00),
with z,, < Z(T),). We can hence argument analogously to Lemma 4.2 and prove the required
properties in the definition of 7, in (48) for a small interval of time after 75,,. Moreover, since
R(z(T},)) > 0, and thanks to the continuity of Z in such an interval, we deduce, thanks to
Lemma 4.3, that p(¢) > 0, and hence u(¢,2(t)) = 0, in such an interval, making it smaller
if necessary. This implies that T}, could have been extended to higher values, which is a
contradiction. O

Let us recall now some properties of the function H obtained in [17, Section 4] leading to
the quantification of p1. Hypothesis (HT) implies, after some analysis, that
there exists a unique positive value dy solving di(1+ H'(d1)) — 2H (d1) = 0. (53)
Then, the threshold pu; is given by

2H (dy) d
(I-H(d)(A+H(d) 1-H(d) "

We recall that it was shown in [17, Section 4.2| that p; corresponds to the threshold on
below which there exists a monomorphic stationary solution of (2). Let us define the auxiliary
function

o(t,z) == F(Qt;]z)’ (54)

which has the advantage of simplifying certain computations. Now we define z(t) := p — 2(t).
Notice that ¢(t, u) = f(x(t), n) with

flow) = pH (@) 2 (n-3).

Lemma 4.5. Let conditions of Theorem 1.2 hold.

(i) Then, f(x,pu) >0 for all p < py and x > 0. The equality holds only for x =0 or x = dy
and @ = p1.

(11) Let t < T,. Then F(t,u) > 0 except when Z(t) = p or Z2(t) = pu1 —di and p = pyi. In these
last two cases, we have F(t, ) = 0. Consequently, F(t,u) >0 for allt € [0,T,,], 1< pi.

Proof. We notice, thanks to assumption (HT), that f(0, ) = 0, 3, f(0, ) = 0 and 2, f (z, ) =
pwH"(x) +1 > 0, for all x > 0 and small values of p. This implies that, for all > 0 and
for small values of u, f(z,u) > 0. We define py = inf{y > 0|3z > 0, f(x, ) = 0} which
is necessarily positive in view of the previous arguments. The following system of equations
must then be satisfied at a point zy > 0

X
{MOH(%) = X0 (Mo - ;) ;
poH' (x0) = po — wo.
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From the second equation we deduce that 29 — xg = po(1 4+ H'(29)), and substituting this in
the first equation provides zo(1 + H'(x0)) = 2H (z0), implying thanks to (53) that xo = dj.
Since from the second equation we can deduce also that zo = po(1 — H'(z9)) we deduce that

B dy _ 2H (dy) _
MOZTTH ()~ - B ()1 +H(d)) "™

It follows that f(z,u) > 0 for all 4 < py and > 0. Moreover, the equality holds only for
x =0orz =d; and p = p;. Translating this to our variables (¢, z(t)), and using the fact
that z(t) = p — Z(t) > 0, we deduce that, in the range u € [0, u1], ©(t, ) > 0, and hence
F(t,u) > 0, and the only moment when (¢, 1) = 0, and hence F'(¢t,u) = 0, is when g = g
and Z(t) = p1 — dy, or when z(t) = p. O

In what follows we will focus on the case where

0 € (-7
z —— 1] -
V9
Since the limit case zZ(0) = p can be regarded as a special, simpler case, we will deal with it
first.

4.2 The case z(0) = p < iy

Suppose for now p < p; and assume that z(0) = p and ugp(z) < 0 for all z # u. Notice that
Assumption (HM) implies that 7 < 2,/g and that pg =1 — g > 0.

We also notice that F(0,2) = g( — 2* + p* + 2uH (2 — p)) = —2gf(p — 2, ). Thanks to
Lemma 4.5 we deduce that F'(0,z) < 0, for all z # . Moreover, we have

F(0,p) =0, 8.F(0,p) =0, O2F(0,p)=—2g.

We deduce then from the previous analysis, i.e. Lemmas 4.2 and and 4.3, that 7, > 0 and
that equation (50) is satisfied. Therefore, zZ(t) = u for all ¢ € [0,T5,,) and

F(t,z) = F(0,z) forallte[0,T),).

We next apply Theorem 2.1 to obtain that no new zeroes of u appear far away from the point
(Tyn, ) and that 82,u(Ty,, 2) < 0 in a neighbourhood of the point (7}, it). By Lemma 4.4 we
conclude that T,, = oco.

On the other hand, if we suppose that 4 = p; the same argument holds true except
for the fact that this time the fitness function F attains two zeroes, with the second one
located at p; — dy, with dy given by (53). However, the fact that wo(u1 — di) < 0 ensures
that w(t,u — dy) < 0 for all ¢t > 0 again by (7). This is enough to conclude the results of
Theorem 1.2 in the case z2(0) = p < p;.

4.3 The case z(0) < p < g

Once again, our goal is to study the problem up to time 7;, assuming that 7}, < co, and to
conclude thanks to a contradiction on the definition of T}, that, in fact, either p(T},) = 0 or
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T, = oo. In what follows we hence assume that T, < co. Note that, by equation (50), we
can assure that z(t) < p for all t < T),. In view of Lemma 4.4, in order to prove the result,
it is enough to show that no new zero point of u(7),,-) appears far away z(7),,) and that
02,u(Ty, ) is strictly negative around z(T},). In order to do so we follow the ideas presented
in Section 2.2. However, we cannot apply the results of Section 2.2 directly since this time
the fitness function changes over time and all the conditions on F' might not be satisfied in a
fixed convex set [0,7T] x €. In order to circumvent this difficulty we need to study the fitness
function and the evolution of the system in more detail.

Lemma 4.6. Let conditions of Theorem 1.2 hold and that T,, < co. Given (t,z) € [0, T, xR,
there exists a curve v,(s) € WH2([0,t],R) such that z = ~,(t) and

t :(s)I2
u(t, z) = up(v2(0)) —i—/o (— WZ(4) +F(S,7z<8)))d8.

The proof is similar to the one of Step 1 in Section 2.1, using only that F' and wug are
bounded from above and that u is well defined and locally bounded. Note however that this
trajectory may not be unique.

Lemma 4.7. Let conditions of Theorem 1.2 hold and p < py, 2(0) € (—1/\/§, ,u), and that
T < co. Then
(i) for all t € [0,Ty], z € (2(t),+o0), 0%, F(t,2) < —2g, F(t,z(t)) = 0 < F(t,u) and
0. F(t,z(t)) > 0.
(ii) For all0 <t <Ty, z>pu, 0,F(t,z) <0, and the value

r(t) = {r>z(t) : zegl(?)),(oo)F(Z’t) =F(rt)}

is unique and satisfies Z(t) < r(t) < p.
Proof. We recall from Lemma 4.5 that F'(¢, 1) > 0 except when Z(t) = por g = pq and z(t) =

w1 — dp. Recalling that p > z(t) for all ¢ € [0,T),,], we deduce that F(t,z(t)) =0 < F(t,u) for
all t € [0,T,,,]. The rest of the claims in (i) and (i) come after a brief analysis of F.

Recall the definition of ¢ in (54). One can next verify following simple computations that
02, 0(t,z) = —1 + pH"(z — 2(t)) < —1 for all z > %(t) and

Op(t,2(t)) = u— 2(t) > 0, for all t € [0,T,,) and p € [0, p11).
This provides (3).
To prove (ii) we compute
Doplt, ) = p (H'(p — 2() = 1) <0

since H'(x) < 1 for all  # 0, and since p — z(t) > 0. The concavity of ¢ for all z > z(t)
provides 0,¢(t,z) < 0 for all ¢ > 0,z > p. Since 0,p(t, Z(t)) > 0 > 9,¢(t, 1), again from the
concavity of ¢ we deduce the properties of 7(t).

O]
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The next result is fundamental in the study of the behaviour of the solution in the
monomorphic regime p < pp, since it proves that F(¢,2) > 0 only if z > Z(¢), implying,
as we will prove shortly after, that no new zeroes of u can appear to the left of Z(¢).

Lemma 4.8. Let conditions of Theorem 1.2 hold and that T,, < co. Let p < p1 and z(0) €
(=1/y/9,1). Then F(t,z) < F(t,2(t)) =0 for all t € [0,Tp], z < z(t).

Proof. Since the function Z is continuous, then F', which only depends on time via Z, is also
continuous in time and space. Moreover, since by equation (50) z is increasing towards p
and z(t) € [-1/\/g,p) for all t € [0,T},,] we can express this dependence of F' on Z as a
dependence on a parameter s = z(t) with s € [-1/,/g, 1) and t = z~!(s), where the exponent
—1 represents the inverse function. Let us consider then

F(z71(s), 2) 22— 82

= = — H(z —s).
o(5,2) % ()
We notice that, since ¢(—1/,/g9,—1/,/g) = 0 and 0.¢o(—1/,/g,2) > 0 for every z < —1/,/3,
we obtain that

©(—1/4/g,2) <0 for all z < —-1/,/g. (55)

Notice also that 0,¢(s,s) = pu —s >0 for all s < p.

Let us argue now by contradiction in order to prove the lemma. We assume that at some
s' € [-1/\/g,p) and 2" < s" we have p(s',2') > 0. Increasing continuously s from —1/,/g
up to s’ we deduce, from (55) and the regularity of ¢, that there must exist a previous
s1 € (=1/{/g,s'] and a point z; < s such that ¢(s1,21) = 0 and 9.¢(s1,21) = 0. It could
happen that z; = s1, but since 0,p(s1,21) = 0.¢(s1,51) = p—s1 > 0, we deduce that z; < s;.
In other words, the system

st
—25L + pH(z — s1) =0,
21 =pH' (21 — s1) = pH'(s1 — 21)

must be satisfied.

We define d := s1 — z1. Then by the second equation of the previous system, since s1 < p,
we have

d=s1—2z <u(l—H'(d) and 2z +s1 < p(l+ H'(d)).
Since s1 > z1, this implies that

Aost - a)oban) (= H(@)(1+ H(d)

2 2 2

Substituting in the first equation of the system, rearranging and using that H(—d) = —H(d)
we obtain

2H (d)
1+ H'(d))- (1 - H'(d))

m> (56)
On the other hand, since z; + s1 < u(1 + H'(d)), substituting once again in the first
equation we find
p- (d(1+ H'(d)) — 2H(d)) > 0.

Following the analysis from [17, Lemma 4.2, this implies that d > d;. Let us now check,
thanks to hypothesis (HT), that

2H (x)
(14 H'(z)) - (1 - H'(z))

is monotone increasing for all x > dj. (57)
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We compute

2H () _ o 2H(e)
O I+ H ) 1-H@)] (1-(H@)?2)? o(x),
>0

where we defined
6(x) i= 1 — (H'(2))? + 2H(2) H" ().

We have to check that ¢(z) > 0 for all x > d;.

Since d; is the unique positive root of x(1 + H'(x)) — 2H(x), with some analysis and
hypothesis (HT) one can show that dy > zg (see [17]-Lemma 4.2) and that

z(1+ H'(z)) —2H(z) <0 forall0 < x <d; and z(1+ H'(z))—2H(x) >0 for all z > dy,

implying
[61 [:L‘(l + H'(z)) — 2H(x)] ]r:dl =1—H'(dy) +diH"(dy) >0,
which in turn implies
oyl
H"(dy) > (1) {j(dl)-
1

Therefore,

o) > (1= (@) (1 1) - 252 ) —o

since, again, d; is a root of z(1 + H'(z)) — 2H (z).

Finally, we compute ¢'(z) = 2H (x)H" () > 0 for all x > zp, and in particular for all
x > dj since di > zy. Combining ¢(dy) > 0 and ¢'(x) > 0, for all x > dj, implies that
¢(x) > 0 for all z > dy, which in turn yields (57).

Properties (57) and (56) lead to

2H (dy) Y
L+ H(d) Q- H(d)) 1-H(dy) '

>
(
which is in contradiction with our hypothesis u < p1.

O]

Lemma 4.9. Let conditions of Theorem 1.2 hold and that p < py, 2(0) € (=1/\/9,1),
T, < 0o. Then there exist positive constants 6,0, A such that

20<z(t)<pu—08 foral tel0,Ty],
F(t,z) < =\ forall t€[0,T,)], z € (—00,2(t) — o) and
0.F(t,z) >0 for all te€[0,T,], z¢€[z(t)—o,z(t)].

Proof. Since Z(t) is monotone increasing, we begin by taking § := u — z(7,,). Next, we notice
that the monotonicity of Z(¢) implies

290 =2g9(n — 2(Twm)) < 0:F (L, 2(t)) < 29(n — 2(0))
and thus, since 92, F' is bounded, there must exist a positive constant o such that

0,F(t,z) >0 for all t € [0,T},,], z € [2(t) — 0, 2(t)].
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Define now A1 by

A1 = sup F(t,z).
te[0,Tm], 2<z(t)—0o
From Lemma 4.8 we find that —A; < 0. Choosing A < A; the claim is satisfied. O

This lemma and the fact that §2,F(t,z) < —2g for all z > 2(t), thanks to Lemma 4.7,
allow us to conclude the existence of bounded intervals

Ut) = (wr(t),

satisfying
[Z(t), ) CU(t) for all t € [0, Ty,

0..F(t,z) <0 foralltel0,T,], 2€U(t).

Note however that for now, for each t the set U(t) is not unique. On the other hand, we expect
to have that z(t) — p as t — oo.

In addition, there exists a constant ¢ > 0 such that

—2g—Tsup H"(2) < 0% F(t,2) = 29+ TH"(2 — 2(t)) < —g forallt >0, z > 2(t) — &,
z€R

implying that ¢(¢) can be chosen for each ¢ in a way such that
—Ky <0,,F(t,z) < —-K1 <0 forall ¢tel0,T,], z€U(t),

for a couple of positive values Ki, Ko independent of Z(t). Therefore, the concavity of F' in
the set
U:={(t,z) €R? : t€[0,T)], z€Ut)} (58)

is uniform. Let us then define, with o coming from Lemma 4.9,

o* :=min(o,5)

and define

30"

wi(t) :==z(t) — for all ¢ € [0, T},].

We then notice that

[Z(t),pu] cU(t) forall te]0

0, F(t,n) <0< 0,F(t,wi(t)) forall ¢te€]|0
03 F(t,z)] < K forall tel0,T),
[0, T,

[0

—K9 < 0., F(t,z) <—-K; <0 forall te
F(t,z) > F(t,y) forall te

]
]
|, z€U(t) (59)
], zeU(t) and

]

for three positive values K, K7, K3 independent of Z(t) or t. These properties play a similar
role to the hypothesis (17)-(20) that are satisfied in €y instead of U(t). These sets also have
the advantage of satisfying U(t2) C U(t1) for all ¢ < ta.

However, all the conditions of hypothesis (18) are not satisfied, since by Lemma 4.7 there
are points z to the right of p such that F(¢,z) > F(t,2(t)) = 0. This hypothesis (18) is used
in the following points of Section 2: in Step 2 and Step 6 of Section 2.1 and in the proof inside
Section 2.2 that we omitted for the sake of brevity. In what follows we will show how to deal
with these issues in order to prove similar results as in Section 2.
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In the proof of Section 2.2, the hypothesis (18) is used to prove that z(t) & 9, see [29] for
more details. Here, the analogous property (i.e., zZ(t) & OU(t)) holds thanks to the inequality
w1(t) < z(t) < p, which is true by the construction of w;(¢) and equation (50).

In Step 6 of Section 2.1 the hypothesis is used to prove that the maximum value v = 0 is
always attained inside g (again, in this case Qg should be changed by U(¢)). By the definition
of T,,,, we already know that, for all ¢ € [0,7},) the maximum value of u is only attained at
the point z(t) € U(t). It remains to prove that the value u(T,,, ) = 0 is never attained outside
U(Ty,). The following Lemmata 4.10 and 4.11 will provide this.

But before that, we recall that the value of the viscosity solution u of the Hamilton-Jacobi
equation (52) at point (¢,z) with ¢ < T, is given by formula (7). Note also that, given
(t,x) € RT x R, by Lemma 4.6 there exists an optimal curve -, satisfying

u(t, =) = fi(vz),

and, given the value of u(tg,vz(to)), then we can also work with

ult,z) = sup {1:2), where v € Wh¥([ty, 1] : RY)},
(v(s),8)ERIX [to,t] v (t)=z,7(t0) =" (to)
with . ' )
S
i) = uttoretto) + [ (=804 P o) s
to

Lemma 4.10. Let conditions of Theorem 1.2 hold that and p < py, 2(0) € (=1/1/9, 1),
T < 00. For every z < wi(T),) we have that uw(Ty,,z) < 0.

Proof. Let us argue by a contradiction argument using the representation formula. Let us
suppose that (T}, z) is a point where u(T},,x) = 0, with x < wi(T},), and let v, be any W12
curve (which may not be unique) such that

T L (5)]2
w(Thn, ) = up(72(0)) +/0 (* ‘%EL” + F(s,'yx(s))>ds.

Since u and 7, are continuous, it means that there must exist a time to such that v,(t) <
w1 (t) for all t € [to, T)n] and u(to,vz(to)) < 0. Moreover, since F'(t,z(t)) = 0, by the definition
of U(t), we obtain that for all s € [tg, 1],

F(s,7z(s)) <0
Then, using the representation formula

T : s 2
uTins) = ulto, i) + [ (= B2 s 9)))as,

to

we obtain that u(T,,z) < 0, a contradiction. O

Lemma 4.11. Let conditions of Theorem 1.2 hold and that p < py, 2(0) € (=1/\/g,n),
T < 00. For every z1 > p and t € [0,T,,], we have that u(t, z1) < u(t, p).

Proof. Let z; > p and t € [0,7,,]. We divide the set of all possibles curves v, such that
Yz (t) = 21 into two subsets: those who are always to the right of the straight line v, :=
[0,t] x {z = u} and those who cross it.
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Since straight lines are local maximizers of the functional

t ‘é 2
7(s)]
SR g
/0 VI

from the definition of f, the fact that ug(z) is monotone decreasing for all z > z(0) and the
fact that F'(t,z) is monotone decreasing for all ¢ € [0,T},), z > pu, it is clear that for every
curve 7;, that do not cross the line 7, we have that

fe(va) < fe(h) < ults ).

We look now to the curves 7., that do cross this straight line. Let

ty = sup{t € (0,t) : 72, (t) = p}
and define 7, as
(0 =) x5 € 0.1
Fu(s) = for s € (t,,t].

This curve 7, is an acceptable curve for the functional f, so again, since F'(t, z) is monotone
decreasing for all t € [0,T},,), z > pu, we conclude that

Je(vz) < ft(%ﬁ) < u(t, ),

which proves the claim. O

We deduce that the only possible zeroes of u have to be in U(T},).

Finally, in Step 2 of Section 2.1 the hypothesis (18) is used to prove that optimal trajectories
v(+) with ending points in £ have always been inside €. Since hypothesis (18) is satisfied to
the left of wy(t), it is enough to prove the following lemma.

Lemma 4.12. Let conditions of Theorem 1.2 hold, to € (0,T,,], z1 € U(to) and 7., (+) be any
curve such that 7., (to) = z1 and u(ty, z1) = fi(7z, ). Then v.,(t) < p for all t € [0, to].

Proof. Suppose that there exist ¢ < ¢y such that 7., (¢) > p. Then due to the continuity of
vz, there must exist ¢; < ¢ such that [t1,t2] C [0,%o] and 7., (¢) > p for all ¢ € (t1,t2), with
Yz (t2) = p, and 7y, (t1) = p or t; = 0. Then we can construct a curve 7, (¢) defined as

~ (t) L V21 (t)a for ¢ S [07t1) U (t27t0],
Tt Ky for t € [t1,12],

and, since F'(t,z) is decreasing for all z > p and ug(z) decreases for all z > Z(0), then it is
clear that fi(.,) > ft(72), contradicting the choice of v, . O

Therefore we have results that make up for the lack of hypothesis (18) in the Step 2 and
Step 6 of Section 2.1 and in Step 1 of Section 2.2.

We are almost ready to adapt the ideas from Section 2 to study w in the set U defined
in (58). However, we cannot directly use the set U as the concavity set since U is not of the form
[0,T] x Q. Such a set is convex and thus every straight line joining two points inside it will be
contained in [0, T x Q. These straight paths are used in Step 2 of Section 2.1. To overcome this

42



difficulty we will split [0, 7},,] into the union of a finite number of time intervals. We consider
a finite sequence of times, to be chosen later, {ti}le, such that 0 =t < --- < t; = T}, and
we define

Ri = [tit1,ti] x U(t;).

Since wj (t) is monotone increasing and smooth we have that
U(tipr) < U(ti),
and clearly, for any possible sequence {t;}¥_;, we have that

k—1
Uricu.

=1

A possible sketch of such construction can be found in Figure 1.
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Figure 1: A collection of rectangles {R;}/_,, in grey, that contain the curve z(t), in dashed-
black. Each horizontal black line is a set U(t;), for i = 1, ..., 7. In dotted-black, the curve wy (t)
and the vertical line corresponds to {z = u}.

However, the image of the curves w;(t) and zZ(t) may be very close to each other (if, for
example, 2’(t) approaches 0), so it has to be justified why we can choose such a finite sequence
of rectangles. First, we prove that the distance between the images of the curves wq(t) and
zZ(t), understood as geometrical objects in the space R? endorsed with the euclidean distance,
is finite and strictly positive.

Lemma 4.13. Let T,, < co. There exists a positive constant k > 0 such that

K= t,sei[%,me] dist((t, (1)), (s,wi(s))) = t,sGi[%,me] V(t—5)2+ (Z(t) — wi(s))2 > 0.
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Proof. Since wi(t) < Z(t) < p and both curves are monotone increasing it is clear that both
curves are inside the compact set [0, 7] X [w1(0), 1] and thus x < co. In order to prove that
k > 0 we argue by contradiction. So suppose that x = 0. Then there must exists a point
(to, Z(to)) and a sequence {(t,,wi(t,))} such that

V(to — )2 + (2(to) — wi(tn))? — 0 as n — oc.

This implies that ¢,, — to and wy (t,) — Z(tp). However, since w(t) is a continuous curve, this
implies that wy(t,) — wi(tg) and therefore wy(tg) = Z(tp). But this is a contradiction with
the definition of wi (£), since by construction 2(t) — wi(t) > % for all ¢ € [0, T,). O

Lemma 4.14. Let T,, < co. There exists a finite collection of rectangles {R;}I'_, satisfying
the following properties: there exists a decreasing sequence (ti);‘:ﬁl, with ty =Ty, and 41 =0,
such that

Ri = [tiv1,ti] x U(t;),
(t,2(t)) € UL Ry, for allt € [0,Ty,).

Proof. We begin by taking t; = T, and focus on the point (t1,w;i(t1)). Since the two
curves that we are studying are continuous and monotone increasing, for every value wi(s) €
[2(0),w1(t1)] there exists a time #,, () < s such that z(t,, ) = wi(s). On the other hand, by
Lemma 4.13 the distance between the point (¢1,w1 (1)) and the point (Z,, (), Z(tw, (¢,))) is 00
less than . In particular, (¢,2(t)) ¢ Bs ((t1,w1(t1))) for all ¢ € [0,T,], with By(z) the ball
with radius r and centre x.

Since Z(t1) > wi(t1) and Z(t) is continuous, we have

(t,2(t)) € {tl - g,tl} xU(ty) forall te [tl - g,tl] ,

so by choosing t2 = t; — § and Ry = [t2,t1] x U(t;) we have a first rectangle. Now we consider
U(tz), focus on the point (t2,w:(t2)) and repeat the process, finding a t3 = t2 — § and a second
rectangle. Note that the size of each interval is k/2, strictly positive.

We repeat this process until reaching a point ¢,, > 0 such that w;(¢,) < z(0). Clearly, since
K is defined as the distance between the images of the curves wy(t) and 2(t), t; —t;11 = § >0
for all 4 = 1,...,mn — 1, and since T}, is finite, we reach such a ¢, in a finite number of steps.
We conclude by choosing a last rectangle of the form R,, = [0,¢,] x U(t,). O

We highlight two things. First, the choice of the sequence {t;}? ; satisfying the conditions
of Lemma 4.14 is not unique. Second, we are letting points inside i/ outside the rectangles R;,
but as long as z(t) is inside the collection, we can proceed with the analysis.

Summarizing, we have divided most of the domain U into a sort of pyramid made of
rectangles. We shall study the function u at the points inside U (7},,) by applying the techniques
from Section 2 in succession on each rectangle R;; let us describe how.

We begin by the last rectangle R,,. By the properties of the initial datum, equations (59)
and by Lemma 4.12, we can repeat the usual argument of optimal trajectories based on
formula (7) in order to see that every optimal path v with ending point in the upper base of
R, is inside said rectangle for all times, it cannot take values outside it, not even in other
points of U outside of R,,. This property can indeed be proved using the fact that F (¢, z) is
increasing with respect to z, for all z < z(t). If a trajectory leaves the rectangle, we can hence
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replace the part of the trajectory that leaves the domain by a straight line. Moreover, this path
~ is unique for each point in R,. From the method displayed in Section 2 and with the help
of Lemmata 4.10, 4.11 and 4.12 we deduce that the solution u at time ¢, is a strictly concave
and smooth enough initial datum at the beginning of the next rectangle R, _1, satisfying the
conditions for the initial datum imposed in these notes. If we iterate now on each rectangle
of the collection {R;} we can reach the set U(T},), and, in the process, every point inside the
collection {R;}. Let us define then

Lemma 4.15. Let conditions of Theorem 1.2 hold and that 2(0) < p < p1, T, < oco. The
solution u of equation (52) is C* in time and C? in space in the set C. At each timet € [0,T},],
it attains its mazimum value only at the point zZ(t), with (t,z(t)) € C and for all (t,z) € C, we
have

— S < 0zu(t,z) < =2, (60)

where A is a strictly positive constant depending only on the second derivative of the initial
datum and of the fitness term F', and S. comes from Proposition 3.2. As a consequence, we
have that

s 29 s
Z(t)_(—azzu(t,z(t)))(“ (t)), (61)

2g 9¢

i (i = 2(0))e % < 2(t) < p— (u— 2(0))e 51,

Proof. The idea consists in applying the results of Section 2 on each rectangle R; successively.
We begin by the last one, R,, letting R,, = [0,t,] X [zn, u]. Notice that thanks to (59),
F' is strictly concave in R, F(t,z) > F(t,y) for all (t,z) € R, and y < z,. Moreover,
F(t,p) > F(t,y), for all t € [0,¢,] and y > p, thanks to Lemma 4.7. We hence obtain that
the solution v is C! in time and C? in space in the set R,,. Moreover, at time t,,, the function
u is an admissible initial datum for studying the problem in the next rectangle R,_; and it
satisfies, by Lemma 4.11 and Step 4 of Section 2.1, for all (¢,z) € R,

u(t,y) <u(t,p) forally>p,

1 K
—Sc < 8zzu(t7 Z) < _2)\> where A\ = 5 min <Clv \/71> )

V2
with C coming from Hypothesis (HO) and K coming from (59). Note that these bounds do
not depend on ¢ or z(t). Moreover, following similar arguments to Lemma 4.11, we can also
prove that
u(t,y1) <wu(t,zy), forall y; < z,.

We can then repeat this process in the finite number of rectangles of the collection C up to
time 7T},. On the process, we obtain (60).

To obtain the last result, we use the equivalent of equation (39) for u, that is (61) and we
employ also the bound in (60). O

Remark 4.16. Thanks to the regularity of z(¢) and w(t), given any point (t,z) € int(U), we
can find a finite collection of rectangles {R;}}_; such that (t,z) € R; for some j € {1,..,n},
perhaps by having to take much smaller time intervals and many more rectangles than the
necessary to cover only the curve z(¢). This means that we can exchange in Lemma 4.15 the
set C by the set int(U), although it is not mandatory for the analysis of the dynamics of u.
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It is also relevant that the constant A in (60) is always strictly positive even when the
domain U(t) gets smaller and smaller, since the second derivative of F' is strictly negative in
U by the properties (59).

The proof of Theorem 1.2-(i). Assume that 0 < p < pq, 20 < g and 7 < /2g. From
Lemma 4.3 we obtain that for all s € [0,T,], p(s) = 1 — gz(s)2 > 1 — gu? > 0. We hence
deduce thanks to Lemmata 4.4, 4.10, 4.11, 4.15 that T,, = 4oc0. All the statements of the
theorem concerning u and z follows. The uniqueness of (u, Z) can also be proved following
similar arguments as in the proof of Theorem 2.2, applying the method successively to the
rectangles R,,.

The proof of Theorem 1.2-(ii). Assume that 0 < p < u1, 20 < p and 7 > /2g. Using
Lemmata 4.4, 4.10, 4.11, 4.15, either T,, = +oo or p(t) = 0, for some t € [0,7,,]. Notice
however from (50) that, if T},, = +oo then, as t — 400, Z(t) — p. We next use Lemma 4.3 to
obtain that p(t) = max(0,1 — gz(¢)?). Since 1 — gu? < 0, we deduce that for some t € [0,T},,],
p(t) = 0, hence statement (ii).

5 A special case in the monomorphic range. The case z(0) > u

The situation where z(0) > p, with g < pq, is a special one because one has to consider two
different possibilities depending on the value of z(0). Either F(0, z) has one positivity set or
two, and both cases can produce very different behaviours of the solution, see Figure 2. We
will refer to these cases as F'(0, z) being type one or type two respectively.

\\\\\\\\\\

- ~ 2(0) - ~ 2(0)

(A) 2(0) =1,77. Type one F(0,z2) (B) 2(0) = 1,8. Type two F(0,z2)

Figure 2: Two examples of F(0,z). The second derivative 0,,F (0, z) is in dashed-black, in
order to appreciate concavity sets. As we can see, the value z(0) is to the right of the dotted
vertical line representing z = p. The values of the parameters are 7 = 0,5 and = 1,7. Note
that in both cases u < Z(0) < p1 and there is no remarkable difference between the functions
0..F (0, 2).

Repeating the arguments of Section 4.3 for fitness functions F'(0, z) of type one, one can
obtain a similar result to Theorem 1.2, albeit this time zZ(¢) decreases towards u. For the sake
of brevity, we omit the details and just provide the result.

Corollary 5.1. Corollary of Sections 4.1 and 4.5. Assume (HT), (HO) and (HM), and let
R(z) =1—g2% and 0 < pu < py. Assume also that zg > p is such that F(0, z) is of type one.
Then, the same conclusions of Theorem 1.2 hold.

An open question is whether the same result holds true in the case where F(0, z) is of type
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two. The main obstacle for it is the fact that, if the initial datum is flat enough, then the
second positivity set (the one to the left in Figure 2 (B)) can lead to the emergence of a second
maximum point to the left of Z(¢). The solution may still be monomorphic in the sense that
it has one maximum point for a.e. ¢, but it is not continuous monomorphic.

However, the positivity of the fitness term can be counter-balanced by the speed at which
Z(t) converges to pu, since a very flat initial datum would also imply a very fast convergence,
see formula (61). If Z(t) evolves fast enough, the left positivity set will disappear without
having time to produce a new maximum point.

The study of this question requires a more detailed analysis and goes beyond the scope of
this article.

6 Beyond monomorphism. Open questions

In the case where R(z) = 1 — g2z?%, the monomorphic range p € [0, 1] is well understood.
However, when g > p; the situation is much more complex. Following the results from [17],
the natural next step in the study of this model is to focus on the so-called dimorphic range;
this is, the cases where p € (u1, u2) for a certain po > pq. In [17] it was proven (under an extra
hypothesis quite mild on H) that only in those cases there exists a stationary solution of (2)
consisting of two points. Following this observation, let us describe, formally, the situation
when p > py.

In the monomorphic regime the maximum point z(¢) converges to x and when doing so there
is only one interval I(t) where the fitness function F' is positive, and moreover [Z(t), u] C I(t).
In the limit, when Z(t) = u, we have that

lim (maxF(t,z)) = tli)m F(t,pu) =0.

t—o00 z€R

At any other point, if g < u1, the limit of the fitness function is negative; see Figure 3.

F

Figure 3: Fitness functions F' (red) with Z(t) = p < p1. The point where F' = 0 is where
z = i (green).

The limit case u = p1 has the feature of presenting a second point z,, such that

lim <maX F(t, z)) = ltlim F(t,pu) = tlim F(t,2u,) = 0.
—00 —00

t—o00 z€R

and at any other point the limit in time of the fitness function is negative. However, it is still
true that for all finite time ¢, the only positivity set of F'is the interval I(t); see Figure 4.
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Figure 4: Fitness functions F' (red) with Z(t) = p;. The points where F' = 0 are now z = i
and a second point z = pu; — dj (green), where d; comes from (53).

However, when p > pq and as z(t) converges to p, a second positivity set of F', call it J(¢),
appears, and it is never empty as long as z(t) keeps moving towards p; see Figure 5. Let us
define then

J(t) :={z € (—00,2(t)) : F(t,z) > 0}.

Figure 5: Fitness functions F' (red) with Z(t) = u > p1. A set J (blue) appears where F' > 0,
far away from the point z = p (green).

This, of course, provokes the appearance, sooner or later, of new maximum points of u at
a certain time 7T inside the set J(T'), and when this happens several new questions arise:

1. Is the old maximum point z(¢) still a maximum point after time 77

2. How many new maximum points appear? One, a discrete number of them or a whole
interval?

Next, if only one new maximum point appears, then we can imagine for instance the
following possible behaviors.

1. The old maximum point persists and, for some time, there is dimorphism (the solution
has two maximum points).

2. The old maximum point is no more a maximum point and the solution converges to a
cyclic behaviour, where the new maximum point travels to the position of the old one
and then the pattern repeats.

3. The new maximum travels for a while until a new maximum appears, and a sort of
permanent oscillation between maximum points begin, while the solution is continuous
monomorphic by intervals and converges to a stationary dimorphic solution.
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Stationary dimorphic solutions were studied in [17], and it is known that they exist only
in the range p € (u1, po], for a certain pug > p1. Based on the simulations done for the study
of this problem, it is the third option the one that seems most likely; see Figure 6.

Population dynamics: n_g (t)

E < 06
1 b—
05
N/ 04
03
o 5 10 15 20 = 0 5 1 15 20 =
Time Time
(A) Function n.(t, z) (B) Function p(t)

Figure 6: Solution u. of (42) in the dimorphic case u = 3.84, with values 7 = 0.5, g = 0.065
and € = 5-107°. The oscillations between maximum points stop in a finite time due to the
small parameter £ > 0.
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