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SELECTION AND MUTATION IN
A SHIFTING AND FLUCTUATING ENVIRONMENT*

SUSELY FIGUEROA IGLESIAST AND SEPIDEH MIRRAHIMI!

Abstract. We study the evolutionary dynamics of a phenotypically structured population in a
changing environment, where the environmental conditions vary with a linear trend but in an oscillatory
manner. Such phenomena can be described by parabolic Lotka-Volterra type equations with non-local
competition and a time-dependent growth rate. We first study the long-time behavior of the solution
to this problem. Next, using an approach based on Hamilton-Jacobi equations we study asymptotically
such long-time solutions when the effects of the mutations are small. We prove that, as the effect of
the mutations vanishes, the phenotypic density of the population concentrates on a single trait which
varies linearly with time, while the size of the population oscillates periodically. In contrast with the
case of an environment without linear shift, such dominant trait does not have the maximal growth rate
in the averaged environment and there is a cost on the growth rate due to the environmental shift. We
also provide an asymptotic expansion for the average size of the population and for the critical speed
above which the population goes extinct, which is closely related to the derivation of an asymptotic
expansion for the Floquet eigenvalue in terms of the diffusion rate. By mean of a biological example,
this expansion allows to show that the fluctuations on the environment may help the population to
follow the environmental shift in a better way.
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1. Introduction

1.1. Model and motivations. The goal of this article is to study the evolu-
tionary dynamics of a phenotypically structured population in an environment which
varies with a linear trend but in an oscillatory manner. We study the following non-local
parabolic equation

On—c0n=nlale(t),z—ct)—p(t)], (t,z)€[0,+0) xR,
pit) = [ e (L1)
n(t=0,z)=ng(z).

This equation models the dynamics of a population which is structured by a phenotypic
trait « € R. Here, n corresponds to the density of individuals with trait . We denote
by a(e(t),z —¢t) the intrinsic growth rate of an individual with trait = at time ¢. The
term —ct has been introduced to consider a shifting of the fitness landscape with a
linear trend. The function e(t):R; — E, represents the environmental state at time ¢
(for instance, the temperature) and is assumed to be periodic, with E corresponding to
the set of the states of the environment, for instance an interval corresponding to the
possible temperatures. The variation of the environmental state e may have an impact
on the optimal trait (the trait that maximizes a(e,z)) or other parameters of selection as
for instance the pressure of selection (corresponding to the curvature of a(e,z) around
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1762 ADAPTATION IN A TIME-VARYING ENVIRONMENT

its maximum point, see Section 6 for some examples). The term p which corresponds
to the total size of the population represents a competition term. Here, we assume
indeed a uniform competition between all the individuals. The diffusion term models
the mutations, with ¢ the mutation rate.

A natural motivation to study such type of problem is the fact that many natural
populations are subject both to a directional change of the phenotypic optimum and
fluctuations of the environment [13]. Such fluctuations may be periodic, due, for in-
stance, to seasonal effects, or stochastic due to the random change of the environment.
Here we consider a deterministic growth rate that varies with a linear trend but in an
oscillatory manner. Our study also provides insights for the case of random environ-
ments since it is based on some homogenization techniques that could also be used to
study the random case. However, the study of the random fluctuations would still need
considerable work and is out of the scope of this article.

Will the population be able to adapt to the environmental change? Is there a
maximal speed above which the population will get extinct? How is such maximal
speed modified due to the fluctuations?

1.2. Related works. The impact of changing environments on the evolution of
quantitative traits has been studied using closely related quantitative genetics models in
the biological literature (see for instance [11,22,23,26,27]). In these works one usually
assumes that the growth rate a has a particular form of quadratic type and that the
environmental change has only an impact on the optimal trait. However, the environ-
mental variations may also modify other parameters of selection, as for instance the
pressure of selection [17]. Finally, the works studying a periodic environment, consider
only a particular sinusoidal form of periodic variation [23,27].

Models closely related to (1.1), but with a local reaction term and no fluctua-
tion, have been widely studied (see for instance [6-9]). Such models are introduced to
study dynamics of populations structured by a space variable neglecting evolution. It
is shown in particular that there exists a critical speed of environment change c¢*, such
that the population survives if and only if the environment change occurs with a speed
less than ¢*. We also refer to [10] where an integro-difference model has been studied
for the spatial dynamics of a population in the case of a randomly changing environ-
ment. Moreover, in [1], both spatial and evolutionary dynamics of a population in an
environment with linearly moving optimum have been studied. While in the present
work, we don’t include any spatial structure, we take into account oscillatory change of
environment in addition to a change with linear trend.

The evolutionary dynamics of structured populations under periodic fluctuations
of the environment has been recently studied by [2,16,25,29]. The works in [2,25] are
focused on the study of a particular form of growth rate a and in particular some semi-
explicit solutions to such equations are provided. In [16,29] some asymptotic analyses
of such equations for general growth rates are provided. The present article is closely
related to [16] where a periodically evolving environment was considered without the
linear trend. The presence of such linear trend of environment change leads to new
difficulties in the asymptotic analysis. Moreover, we go further than the results in [16]
and provide an asymptotic expansion for the average size of the population in terms of
the mutation rate. Such expansion is closely related to an asymptotic expansion of the
Floquet eigenvalue for the linear problem. Furthermore in a very recent work [12] the
authors study a closely related model, but without the linear change of the environment,
and study the impact of the different parameters of the model on the final population
size.
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In this article, we use an asymptotic approach based on Hamilton-Jacobi equations
with constraint. This approach has been developed during the last decade to study
the asymptotic solutions of selection-mutation equations, assuming small effect of the
mutations. Such equations have the property that their solution concentrate as Dirac
masses on the fittest traits. There is a large literature on this approach. We refer to [5,
14,30] for the establishment of the basis of this approach for homogeneous environments.

1.3. Mathematical assumptions. To introduce our assumptions, we first define

We then assume that e:R, — E, a periodic function, and a € L>=°(E,C3(R)) are such
that:

e(t)=e(t+T), VteRy, and 3do>0:ale,)||pom <do VeckE, (H1)
and that the averaged function @ attains its maximum and

max a(z) >0, H2a
nas () (112)
which means that there exist at least some traits with strictly positive average growth
rate.

Moreover, for some of our results (Theorem 1.2 and Theorem 1.3) we assume that
this maximum is attained at a single point x,,; that is

3! xm:meaﬂé(a(a:) =a(zm), (H2b)
and also
2
N T<ap; a(f)+4—:a(xm). (H3)
o

Let us explain the role of the trait T in our results. We will show in Theorem 1.2 that,
as the mutation rate o vanishes and when the speed of the environmental change ¢ is
not too high, the phenotypic density n concentrates around a single trait which moves
linearly with the same speed ¢. The population density concentrates indeed around the
trait T+ct and follows in this way the optimum of the average environment, that is
ZTm +¢t, with a constant lag.

Finally, we make the following assumption on the initial data:

0<Tg(z)<eS =l vreR, (H4)

which indicates that the initial density of individuals with large traits is exponentially
small.

1.4. Preliminary results. To avoid the shift in the growth rate a, we transform
our problem with a change of variables. We introduce indeed n(t,x) =n(t,x +¢t) which
satisfies:

Oyn—cOyn—o0yn=nlale(t),z) —p(t)], (t,z)€[0,400) xR,
p(t)= /]Rn(t,:v)alx7 (1.2)
n(t=0,z) =no(x).
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Next, we introduce the linearized problem associated to (1.2). Let m(t,z)=
n(t,z)efot P(s)ds for m the solution of (1.2), then m satisfies

Oym —cOym —o0zm=ale(t),z)m, (t,z)€[0,+00) xR,
mt=0,z) =7io(x), rER. (1.3)
We also introduce the corresponding parabolic eigenvalue problem as follows
atpc _Eaa:pc - anzpc - a<e(t)7m)pc = >\'cv,apca (tal') S [07 +OO) X R7 4
0<pei pelta) =pe(t+7,), (ta)el0 o) xR (Y

For better legibility, we omit the tilde in the index of p., while we still refer to the
problem with constant ¢. We also define the eigenvalue problem in the bounded domain
[-R,R], for some R >0,

Otpr — COPR —0024DR _a(e(t),x)pR:ARpRv (t,l’) € [07+OO) X [_RvR]v
pr=0, (t,l‘) € [07+OO) X {_R7R}a (15)
0 <PR; pR(t,I) :pR(t+Ta$)a (t,ﬂj) € [07+OO) X [7R7R]

It is known that problem (1.5) has a unique eigenpair (Ag,pr) with pr a strictly positive
eigenfunction such that [[pr(0,-)|| L (=r,r)) =1, (see [19]). Another fundamental result
(see for instance [21]), for our purpose is that the function R+ Ap is decreasing and
AR Az a8 R— +00.

To announce our first result we introduce another assumption. We assume that a
takes small values at infinity in the following sense: there exist positive constants ¢ and
Ry such that

ale,z)+ Ao <=9, Ve€FE and |z| > Ry. (Hce)

PROPOSITION 1.1.  Assume (H1), (H4) and (Hc). Then for problem (1.4) there exists a
unique generalized principal eigenfunction p. associated to Az,o, with ||pe(0,-)| o @) =1.
Moreover, we have p.= Rlim pr and

— 00

pe(t,x) <||pe||pee v UFI=F) (it x) €[0,400) X R, (1.6)

forv=-£+y/2+3 ()"
Finally, the eigenfunction p.(t,x) is exponentially stable, in the following sense;
there exists a >0 such that:

[m(t,x)e**e —ape(t,z)| L&) —0 ezponentially fast as t— oc. (1.7)

The proof of this proposition is based on the results in [16].
We next define the T—periodic functions Q.(t) and P.(¢,x) as follows:

— fRa’(e(t)’x>pc(t7l‘)d.’E
prc(tJ?)dx ’

pe(t,x)
Jppe(t,z)dz’

Qc(t) Pc(t’x): (18)

and we recall a result proved in [16].
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PROPOSITION 1.2.  There exists a unique periodic solution p(t) to the problem

{j’f —51Q(B)—7], te(1), (1.9)
5(0)=p(T),

T
if and only Zf/ Q.(t)dt>0. Moreover this solution can be explicitly expressed as
0

exp[/Qc ] |
exp[ / Qus ] / expu ch)de]ds

1.5. The main results and the plan of the paper. We are interested in deter-
mining conditions on the environment shift speed ¢ which leads to extinction or survival
of the population. In the case of the population survival we then try to characterize
asymptotically the population density considering small effect of the mutations.

follows:

(1.10)

To present our result on the survival criterion, we define the “critical speed”.

DEFINITION 1.1.  We define the critical speed ¢ as follows

- {2\/700, if Xo,o <0, (1.11)

€o otherwise,

where Ao, corresponds to the principal eigenvalue introduced by Proposition 1.1, in the
case c=0.

The next result shows that ¢ is indeed a critical speed of environmental change
above which the population goes extinct.

PROPOSITION 1.3 (Long-time behavior). Let n(t,z) be the solution of (1.2). Assume
(H1), (H2a), (H4) and (Hc). Then the following statements hold:

(i) If ¢>¢, then the population will go extinct, i.e. p(t)—0, as t— 0.

(i1) If c<c, then |p(t) —p(t)| =0, as t— o0, with p the unique solution of (1.9).

n(t,z) .
TORE

—0, as t—o0. Consequently we have, as
LOC

(#ii) Moreover,

t—o00:
In(t,) = ) Polt, )| Lo —0,ifE<T  and |n|L~—0,ife>c5.  (1.12)

REMARK 1.1. Note that if Ag, >0, then ¢ =0, which means that the population goes
extinct even without environmental linear change, that is ¢=0.

Proposition 1.3 allows to relate extinction/survival of the population to the envi-
ronmental change speed and shows that if the change goes “too fast” the population
will not be able to follow the environment change and will get extinct. However, if the
change speed is “moderate” the phenotypic density n converges to the periodic function
ne(t,z) = p(t)P.(t,x), which is in fact the unique periodic solution of (1.2).

Next, we are interested in describing this periodic solution n., asymptotically as
the effect of mutations is small. To this end, with a change of notation, we take o =¢2
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and ¢=ec¢, and we study asymptotically the solution (ne,pe.) as € vanishes. For better
c; ~ " —~

legibility, we also define ¢ := =2 where cr» stands for the critical speed ¢ with o =e2.
€

Note that, in view of Proposition 1.3, to provide an asymptotic analysis considering

o =¢? small, a rescaling of the environmental shift speed as ¢=¢c is necessary (see also

Theorem 1.3). The population can tolerate only an environmental shift with small speed

if the mutations have small effect.

In order to keep the notation simpler we denote (nec,pee) = (ne,pe), which is the

unique periodic solution of the problem:
O —ecOpn. —e20pane =nclale(t),r) — p(t)], (t,x)€[0,4+00) xR,
plt)= [ nelt.a)da, (113)
R
ne(0,2) =n.(T,x).

To study asymptotically this problem we perform a Hopf-Cole transformation (or WKB

ansatz), i.e we consider
1 Y
Ne = exp| — |. 1.14
€ \/% p( e > ( )

This change of variable comes from the fact that with such rescaling the solution n.
will naturally have this form. While we expect that n. tends to a Dirac mass, as ¢ =0,
e will have a nonsingular limit. From this transformation (1.14) we deduce that .
solves:

2 2
oo+ 5| +ale(t)) -5

4—p5(t), (t,z) €]0,+00) xR.  (1.15)

1atwe - 58:6:51/}5 =
13

Here is our first main result:

THEOREM 1.1 (Asymptotic behavior). Assume (H1), (H2a) and (Hc) and also that
c< limigfc:. Then the following statements hold:
E—r

(1) As e—0, we have ||p-(t) —o(t)||L~ — 0, with o(t) a T—periodic function.

(i) Moreover, as € =0, ¥:(t,x) converges locally uniformly to a function (x) €
C(R), a viscosity solution to the following equation:

2 2

O+ 5| =alx)—p-, zeR,

20 ! (1.16)

maxt)(z) =0,

— Az = Sa— Ay << ¢ —eplal,

with

for some positive constants Ay, Az,c1 and co=—5+1/6+ %

The above theorem is closely related to Theorem 4 in [16]. A new difficulty comes
from the drift term. To deal with the drift term we use a Liouville transformation
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(see for instance [7,8]) that allows us to transform the problem to a parabolic problem
without drift.

To present our next result, let us consider the eigenvalue (1.4) for 0 =¢? and ¢=ce,
that is:

(1.17)

atpcs *605}2%5 *528951]905 7a(6(t)7x)pce :pcs)\c,sa (tax) € [0,+OO) xR,
0<pcs; pce(tax):pce(t+T7x)v (t,$)€[07+OO)XR

Here we denote A, the eigenvalue \z, with o= €2 and ¢ = ce for better legibility.

THEOREM 1.2 (Uniqueness and identification of the solution). Let A, be the principal
eigenvalue of problem (1.17) and assume (H1), (H2b), (H3) and (Hc). Assume in
addition that c< limigfc:, then the following statements hold:

E—r

(i) Let p. =+ fOT pe(t)dt, then p.=—Acc.
(ii) The viscosity solution of (1.16) is unique and it is indeed a classical solution
given by

vy =@+ [Vt —awiy-| [ Vi a1

where T < Ty, is giwen in (H3). Moreover, as € =0, p, converges to p=1a(xT).
(#ii) Furthermore, let n. solve (1.13), then

ne(t,x)—o(t)o(x —T)—0, ase—0, (1.19)

pointwise in time, weakly in x in the sense of measures, with ¢ the unique
periodic solution of the following equation

{ 2 dlate(t). )2l te(.1) (1.20)
60) = a(1).

REMARK 1.2. The statement (¢4¢) in Theorem 1.2 implies, for the solution 7. to the
initial problem (1.1) with 0 =¢? and ¢=cz, that

ne(t,x)—o(t)o(x —T—ct)—0, ase—0, (1.21)

pointwise in time, weakly in z in the sense of measures. This implies that the phenotypic
density of the population concentrates on a dominant trait which follows the optimal
trait with the same speed but with a constant lag z.,,, — 7.

Note that while in [16] the uniqueness of the viscosity solution to the corresponding
Hamilton-Jacobi equation with constraint was immediate, here to prove the uniqueness
of the viscosity solution more work is required. In particular, in order to prove such
result the constraint is not enough and we use also the bounds on 1, given in (1.16).
More precisely we introduce a new function u(zx) =1 (x)+ §2 which solves

~|0pu]? =a(z)-p— 5, zER,
maxgeru(z) — 52=0, (1.22)

—Aq|z)? = Ay <u(z) <cp —caolz + £,

where the constants A, As, ¢, ¢co are the same as in (1.16).
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The main idea comes from the fact that any viscosity solution to a Hamilton-Jacobi
equation of type (1.22) but in a bounded domain €2 can be uniquely determined by its
values on the boundary points of € and by its values at the maximum points of the
RHS of the Hamilton-Jacobi equation [24].

Finally, in our last result we provide an asymptotic expansion for the Floquet eigen-
value which leads to an asymptotic expansion for the critical speed ¢} and the average
size of the population p..

THEOREM 1.3 (Asymptotic expansions). Let A.. be the principal eigenvalue of prob-
lem (1.17) and assume (H1), (H2b) and (Hc). Assume in addition that C<limi(131fcz,

E—r
then the following asymptotic expansions hold

02

ﬁez—/\c,gza(xm)_z_g _axm(xm)/2+o(5)> (1'23)
ct=2\/a(zy)—¢ —%—&-0(8)- (1.24)

Note that the expansion for the Floquet eigenvalue is indeed related to the harmonic
approximation of the ground state energy of the Schrodinger operator [18]. However,
here we have a parabolic, non-self-adjoint operator.

In Section 6 we study an illuminating biological example and show, thanks to the
above result, that the fluctuations of the environment may help the population to follow
the environmental shift.

The paper is organized as follows: In Section 2 we deal with the long-time study of
the problem and prove the preliminary results Proposition 1.1 and Proposition 1.3.
Next in Section 3 we provide an asymptotic analysis of the problem considering small
effect of mutations and we prove Theorem 1.1. In Section 4, we obtain the uniqueness
of the viscosity solution to (1.16) and prove Theorem 1.2. Section 5 is devoted to
the approximations of the principal eigenvalue (average size of the population) and
the critical speed, given in Theorem 1.3. In Section 6 we study a biological example
and discuss the effect of the fluctuations on the critical speed of survival and on the
phenotypic distribution of the population. Finally, in Appendices A and B, we provide
some technical results and computations.

2. The convergence in long time

In this section we provide the proofs of Proposition 1.1 and Proposition 1.3. To
this end, we make a change of variable which allows us to transform the problem into a
parabolic equation without the drift term.

Let m(t,z) satisfy the linearized problem (1.3), we denote Py and P. the linear
operators associated to problem (1.3), for ¢=0 and ¢> 0 respectively, that is:

Pow := 0w — 00w — ale(t),x)w, Pew := 0w — COpw — 00w —ale(t),z)w. (2.1)

In Subsection 2.1, we introduce the Liouville transformation and provide a relation
between Py and P, which allows us to obtain a relationship between ¢ and Az ,. Next
in Subsection (2.2) and (2.3) we provide the proofs of Proposition 1.1 and Proposition
1.3 respectively.

2.1. Liouville transformation. Here, we reduce the parabolic Equation (1.2)
to a parabolic problem without the drift term via a Liouville transformation (see for
instance [7,8] where this transformation is used for an elliptic problem).
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Let M(t,z) be given by
M(t,x) ::m(t,x)e%z, (2.2)

for m(t,x) the solution of the linearized problem (1.3), then M satisfies:
2

M — 00, M = [a(e(t),x) - %U] M. (2.3)

We denote P the linear operator associated to the above equation, i.e.

Puw = 0w — 00ppw —ac(e(t), z)w,

T 4o

where a.(e(t),z) = [a(e(t),x) s ]

We establish in the next lemma the relation between the principal eigenvalues as-
sociated to the operators Py, P. and P.

LEMMA 2.1. Let A\(P,D) denote the principal eigenvalue of the operator P in the
domain D, it holds
Ao =A(Pe, Ry xR) = A (73,R+ x R) :

Moreover, let Ao, o = A(Po, Ry xR), then Az 5=, + %'

Proof. The proof follows from the definition of the eigenfunction and eigenvalue
and the fact that

Pw= (’P,; (we‘ﬁx)) 37,
0

2.2. Proof of Proposition 1.1.  Proposition 1.1 can be proved following similar
arguments as in the proof of Lemma 6 in [16]. Note that the argument in [16] is based
on an exponential separation result for linear parabolic equations in [21] that holds for
general linear operators of the form

wy=L(t,z)w, in [0,400) xR,

with L(¢,z) being any time-dependent second-order elliptic operator in non-divergence
form, i.e:

L(t,x)w=a;;(t,z)0;0;w~+ B;(t,x) 0w+ A(t, r)w,
where the functions B;, A€ L>°(R; xR) and a;; satisfies
azg(t7x)§l§] 2a0|€|2a (t,.’E‘)ERJ,_ XR7

(see Section 9 in [21] for more details).

Here, we only provide the proof of the inequality (1.6) which is also obtained by an
adaptation of the proof of Lemma 6 in [16]. Let a.(e(t),z) =ac(e(t),z)+ Az, then p. is
a positive periodic solution of the following equation:

Otpe — COzpe — 00zzpe =Detc(e(t),z), IMRxR. (2.4)
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Note that we have defined p. in (—o00,0] by periodic prolongation. We denote
[PellLoe rxr) =T and define:

¢(t,x) =Te 90tt0) 4 pe=v(izl=Fo)
for some v to be found later and §, Ry given in (Hc). One can verify that
I'<((t,x) if|z|=Rgort=ty.
Furthermore if |z| > Ry or t > tg evaluating in (2.4) shows:

0:¢ —C0,C — 00,,C — Cacle(t),x) = Te 0t=t) (5 —G.(e(t),x))
+Te¥(Izl—Fo) <El/i —ov? —60(6(25),3:)) >0,

||

since a.(e(t),z)+ f—g =a(e(t),z)+ Az» < —0 thanks to assumption (Hc) and choosing v

conveniently such that the inequality holds. Indeed, since —1 < “;’;—l <1, we have:

_ 9 ~ _ 9 c?
v —ov° —ac(e(t),x) > —cv—ov +5+4—20
o

]

for

—Cc—V400 +2¢2 << —Cc+V4d0 +2¢2
_— <y —
20 - 20

Thus ( is a supersolution of (2.4) on:
Ao ={(t,x) € (to,00) xR;|x| > Ro},

which dominates p. on the parabolic boundary of Ag. Applying the maximum principle
to ( —p¢, we obtain

pe(t,x) <Te 9(t—t0) +F67V(|x‘7RO), |z| > Ro, t € (tg,00).
Taking the limit {5 — —oo yields
pe(t, ) <Tev(el=FRo) |z| > Ry, t < 400,

—C+ V4o +2¢2
20
2.3. Proof of Proposition 1.3.  The proof of Proposition 1.3, is closely related
to the proof of Proposition 2 in [16] but we need to verify two properties before applying
the arguments in [16]. To this end we prove the following lemmas. The rest of the proof
follows from the arguments in [16].

in particular, for v= . We conclude that p. satisfies (1.6).

LEMMA 2.2.  Let Az, be the principal eigenvalue of problem (1.4). Then, Az, <0 if
and only if c<cp.

Proof. Follows directly from the definition of ¢. a0
LEMMA 2.3.  Assume (H1) and (H4) and let C3=Co(cCo+7¢)+dg then the solution
n(t,z) to Equation (1.2) satisfies:

n(t,xz) <exp(Cy —Calz|+Cst), V(t,z)€(0,400)xR.
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Proof. We argue by a comparison principle argument. Define the function
n(t,x) =exp(Ch — Ca|x| +Cst).
We prove that n<n. One can verify that for C3 defined as in the formulation of the
lemma, we have the following inequality a.e:
O — €0t — 0O0peTi— [ale(t),z) — p(t)] 70
= (e [ — 6 CF + G — ale(t),2) +p(t) | 20,
Moreover, we have for t=0, n(0,z) <7

apply a maximum principle to d(t,z)
we conclude that:

(0,z) thanks to assumption (H4). We can then
n(t,x) —n(t,z), in the class of L? functions, and

0<d(t,z)=n(t,x) <na(t,x), Y(tx)e(0,+00)xR.

3. Regularity estimates

In this section, we prove Theorem 1.1. To this end we first provide some uniform
bounds for p.(t). Then, in Subsection 3.2, we prove that ¢ is locally uniformly bounded,
Lipschitz continuous with respect to x and locally equicontinuous in time. Finally in
the last subsection we conclude the proof of Theorem 1.1 by letting € go to zero and
describing the limits of ¢, and p..

3.1. Uniform bounds for p.. We have the following result on p..
PROPOSITION 3.1.  Assume (H1), (Hc) and let c=ec with c<limi(1)1fc:. Then for all
E—

0<e<eyp, there exist positive constants p,, and ppr such that:

0<pm <pe(t) <pm, Vt=>0. (3.1)
The proof of this result follows similar arguments as in [16]. For the convenience of

the reader, we provide this proof in Appendix A.

3.2. Regularity results for .. In this subsection we prove some regularity
estimates on 1. which give the basis to prove the convergence of 1. and p. as € —0 in
Subsection 3.3. We claim the following theorem.

THEOREM 3.1.  Assume (HI), (H2a) and (Hc). Let 9. be a T—periodic solution to
(1.15). Then the following items hold:
(i) The sequence (. )e is locally uniformly bounded; i.e.

— Ay |z)* — gx—Ag <y <c1—eolz], Y(t,x)eRy xR, (3.2)

.y . - 2
for some positive constants Ay, Az,c1 and co=—35 o+5.

(i) Moreover, the sequence (¢ =+/2c1 —e)e, is uniformly Lipschitz continuous
with respect to x in (0,+00) x R.

(1ii) Also, (1<) is locally equicontinuous in time in [0,T) xR and satisfies
[ (t,x) — e (s,2)] =0 ase—0, V0<s<t<T. (3.3)

In the next subsections we provide the proof of the lower bound in (3.2) and the
uniform Lipschitz continuity of ¢.. The proof of the other properties can be obtained
by an adaptation of the arguments in [16]. For the convenience of the reader we provide
them in Appendix A.
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3.2.1. Lower bound for .. To obtain the lower bound for . we use the
bounds for a in (H1) and for p. in (3.1) and we obtain for Dy =do+ pas

Oy — ceOypne — £20ppne > —Don.

Let n} be the solution of the following Cauchy problem
{ Oynt —cedyn’ —20yen’ + Don? =0,

nZ(0,z) =ng,

we define N* analogously to (2.2) by the Liouville transformation of n} as follows
NZ(t,x):=n}(t,x)e®=".
Then, IV} solves the heat equation
{ O N* —20,,N* + Dy N* =0,
N2 (0,2) =n0(z)e="

for D1 =Dy+ %. The solution to the latter equation is given explicitly by the Heat
Kernel K,

—D1t lo—y|2
NZ(t,x)=e P (NZ(0,y) x K) = /N* (0,y)e” SR dy, >0,

Note that NX(0,z) from its definition can be written as follows

e e o8

We recall that pc. is uniquely determined once ||pec(0,2)[|zocr) =1 is fixed. Then, one
can choose z. such that p..(0,2.)=1. From an elliptic-type Harnack inequality in a
bounded domain we can obtain

N (0,2):=

pca(t07$5)§ Sl(lp )pce(t()vy)gcpca(t()ax)a V(t0,$)€[60,2T] XB(Z‘E,E), (35)
yeB(xc,e
where &y is such that 0<dy <T and C' is a positive constant depending on §y and dy
(we refer to Appendix A - Proof of upper bound, for more details on this inequality).
We then use the T'—periodicity of p.. to conclude that the last inequality is satisfied for
all te]0,T].
From (1.6), (3.4) and (3.5) we deduce that

pe(0,7)e2?
" [ap<(0,2) dz

for some positive constants Dy and D3 depending on ||pe|/ro, pm, 0, and the constants
of hypothesis (Hc). Then, for all (¢,z) € (0,+00) xR

1 _&4_ g
e " Doe” = <pm NZ(0,x), Vze€B(zc,e),

T oe2\/4mt
, DalBlosc) o (s e ooy Durbie)
e2/4Axt 2te? 2 €

D Dg+eDyt c le—y|?
N (t,x) > 2 e ex¥e” w2 dy
B(z.,e)
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By the definition of n and the comparison principle we obtain that nX(¢,z) <n.(t,x)

and hence
T e2\/4rt 2 € €

ng(t,x)>D2|B(xE’€)|ex {_ml2+étx;|+s)2 ;(aze—xq)_w}.
13

This, together with the definition of ., implies that

Ds|B(xc,e)| |22+ (x| +€)% ¢
! - = —x—e)—(D Dite) < t Yt > 0.
“g( 2 /At bre o (@e—w—e)=(Ds+Dite) <ye(t,z), V>

In particular, we obtain that Vt€[1,1+¢T].

Ds|B(ze,e)|\ | +(|ze| +€)* | ¢ t
1 - “(we—x—¢e)—(Ds+Dit) <t [ =
€ 0g< £3/2\/Art 2% +2($5 r—¢)—(D3+Dit) <. 671‘

Note that x. is uniformly bounded in & thanks to (1.6). Then we can conclude by using
the periodicity of ©¥.. We obtain a quadratic lower bound for 1. for all t>0; that is,
there exist A1, A2 >0 and eg small enough such that for all € <egq,

—Ay|z2— gx—Ag <y.(t,z), V0. (3.6)

3.2.2. Lipschitz bounds. In this section we prove the Lipschitz bounds for ¢..
To this end we use a Bernstein-type method closely related to the one used in [5,16].

Let ¢ =+/2¢1 — e, for ¢q given by (3.2), then ¢ satisfies

£ _ a(e(t), =) — pe(t)

d)s _2¢5

Define ®. =9,¢., which is also T—periodic. We differentiate the above equation with
respect to x and multiply by %, ie.,

éat%*cax%*sam%* ( 2¢E) |ar¢e|2:

L0 00, Dc| — 00| @ | -2 (£ — 20 ) @ -] @c |+ (55 +2) |22

< (ale(t),x) = pe(t))[Pe| _ Dza-®e
B 2¢2 20 |Pc|’

From (3.2) we deduce that

\/a§¢€§\/A1|x|2—l—;x+A3, V>0, zeR,
for A3 =As+2c;. It follows that
€
‘2 ( —2¢e> ’ < Aylz|+ As,
e
for some positive constants A4 and As. From here, we deduce for 9 large enough
1
gat|<1>5|—cagc|<1>8|—ga,m|c1>€\—(A4|g[,’|+145)y<1>5.agﬂ|q>a|y+2(|c1>€\_19)3go. (3.7)

Let Th > 2T and Ag be chosen later, define now, for (¢,z) € (O,TTM] x [-R,R]

1 AgR?
6 4

GE(tw):Z\/E—FRQ*kL‘P .
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We next verify that © is a strict supersolution of (3.7) in (O,TTM} X [-R,R]. To this
end we compute

1 2A6R? 24+ R2 A R2| 2|2
0O =———=, az@s:%v 0220 = — 6R2 2 ° 26R |$2‘ )
atvis (B2 —|z[?) (R2—|z[2)2  (R2—|z|?)3

and then replace in (3.7) to obtain

10,0, —¢0,0. —£0,,0. — (As|z|+ A5)|0. - 0,0, +2(0. V)

1
= T Iove (R[22 €

1 AgR? 2A6 R |z 1 Asr? \3
—(A4|£C|+A5) (2\/5"‘ Rzimz +'l9> (R26_|m|2$)2 +2 (42\/5+ Rzimz’)

2cAs Rz 246 R +8A632|x\2
(R*—[z[?)? © (R?—[z]?)®

2A¢R*d 8A¢R* 1 Ag R’ 246 R
> <[l + | — (ARt 45) (505 + i +0) el

Rl (715 + \/3543623—2|w\2)> + B (Rﬁl\f"’\ *C) ’
where, for the inequality, we have used that |z| < R.
One can verify that the RHS of the above inequality is strictly positive for R> 1, ¢ <
1, and Ag >>+/Tys. Therefore, O, is a strict supersolution of (3.7) in (0, %} x [-R,R]
and for e <1.
We next prove that

T—M} x [-R,R].

|B.(t,2)| <O.(t,z) in (o, :

To this end, we notice that ©.(¢,x) goes to +oo as |x|— R or as t—0. Therefore,
|D.|(t,2) — O (t,x) attains its maximum at an interior point of (O,TTM} x [-R,R]. We

choose tiax < T2 the smallest time such that the maximum of |®.|(t,2) — ©.(t,z) in the
set (0,tmax] X [— R, R] is equal to 0. If such ¢y, does not exist, we are done.

Let xpax be such that |®.|(¢,2) — O (t,2) <|Pe|(tmax, Tmax) — Oc (Emax; Tmax) =0 for
all (t,2) € (0,tmax) X [~ R, R]. At such point, we have

O S 8t (|(p5| - 65) (tmaxvxmax)7 O S 76.75:5 (|(I)s‘ - @6) (tmaxwrmax)v

|(b€ | (tmaxa xmax)ar | ¢€ | (tmax; xmax) = eE (tmaxa xmax)az @E (tmax ) xmax) .

Combining the above properties with the facts that |®.| and ©. are respectively sub-
and strict super-solution of (3.7), we obtain that

(‘(D8|(tmaxyxmax) _19)3 - (@E (tmaxvxmax) _19)3 < O = I(ba|(tmaxaxmax) < @e (tmaxaxmax)a
which is in contradiction with the choice of (tmax,Zmax). We deduce, then that

1 N AgR?
2vet  R?*—|z?

T
B (t,2)| < +9 for(ta)e (07M} « [~R,R],¥R>1.
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We note that for € <y small enough we have % > % > % +T > % Letting R — oo we
deduce that

1 1 TT
< < -z ,
|<I>E(t,m)|_2\/gt+A6+19_2ﬁ+A6+19 for (t,x) € L,E +T} xR

Finally we use the periodicity of ®. to extend the result for all t € [0,400) and rewriting
the result in terms of ¢. we obtain for some positive constant A

|0z¢:| < A7, in [0,+00) xR. (3.8)

3.3. Derivation of the Hamilton-Jacobi equation with constraint. In
this section we derive the Hamilton-Jacobi equation with constraint (1.16) using the
regularity estimates in Theorem 3.1.

3.3.1. Convergence along subsequences of ¢, and p.. According to Section
3.2, {¢.} is locally uniformly bounded and equicontinuous, so by the Arzela-Ascoli
Theorem after extraction of a subsequence, ¥, (t,x) converges locally uniformly to a
continuous function ¢ (t,z). Moreover from (3.3), we obtain that ¢ does not depend on
t, i.e ¥(t,x) =y (z).

Furthermore, from the uniform bounds on p. in (3.1) we obtain that |d£f\ is also
bounded. Then we apply the Arzela-Ascoli Theorem to guarantee the locally uniform
convergence along subsequences of p.(t), to a function p(t) as e —0.

3.3.2. The Hamilton-Jacobi equation with constraint. Here we use a
perturbed test function argument (see for instance [15]), in order to prove that, ¥ (z) =
lim. 0% (¢,z) is in fact a viscosity solution of the following Hamilton-Jacobi equation.

Do

2
Outh+ 5| =alw)—p— (3.9)

where p= % fOT o(t)dt. We prove that 1 is a viscosity sub-solution and one can use the
same type of argument to prove that it is also a super-solution.

Let us define the auxiliary “cell problem”:

dp=a(e(t),r) —o(t) —a(x) +p, (t,x) €[0,4+00) x RY,
¢(0,2) =0, (3.10)
¢: T — periodic.

This equation has a unique smooth solution, that we can explicitly write:
t
o(t.5) =t{ale) =)+ [ (alelt). ) B(e))dt
0

Let ¢ € C*°(R) be a test function and assume that ¢ —¢ has a strict local maximum at
some point xg € R, with ¢ (xg) =¢(xg). We must prove:

2
8190(330)—1—;‘ —6(m0)+z+ﬁ§0. (3.11)

We define the perturbed test function ¥, (¢,x) = p(x) +eé(t, z), such that 1. — ¥, attains
a local maximum at some point (t.,x.). We note that ¥, converges locally uniformly
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to ¢ as € =0 since ¢ is locally bounded by definition, and hence one can choose x. such
that z. =z as € >0, (see Lemma 2.2 in [3]). Then U, satisfies:

2

1 2
gat\lle(tsaxs) _gaquje(t@xs) - aije(teaxe) + g‘ - a(e(te)axs) + CZ +p6(t5) S 07

since e is a solution of (1.15). The above line gives:
2
Orp(te,xe) — 68135%02(335) _526x1¢(t57338) - ’8190(378) +€0:9(te, )+ %‘
—ale(te), ) + G +pe(te) <0.

Using (3.10), this last equation becomes:

cl?
axQO(xs) +56x¢(tsyxe) + 7‘

758363:(;0(-776)75283636@25(755,555)7 D)

[ )

F(pe—0)(t) —a(x) + 7+ < <. (3.12)

4
Next we pass to the limit as € — 0. We know from Subsection 3.3.1 that p. — ¢ locally
uniformly as € — 0. Moreover ¢ is smooth with locally bounded derivatives with respect
to x, thanks to its definition. Using these arguments and letting ¢ -0 in (3.12) we
obtain (3.11) which implies that v is a viscosity sub-solution of (3.9).

Furthermore, note that v is also bounded from above, by taking the limit as € =0
in (3.2), i.e.,

(x) <ep—ealxl, (3.13)
and attains its maximum. We claim that

Tevi) =0
Indeed, from the upper bound for p. in (3.1), the definition of ¢, in (1.14) and the
continuity of 1, we obtain that ¢(x) <0. Moreover, from the locally uniform convergence
of ¥ to ¥, as e =0, and (3.2) we deduce that max,eg 1 (x) <0 implies that . (z) < -4,
for all x €R and £ <gg and some positive constant 5. This is in contradiction with the
fact that p. is bounded by below by a positive constant p,, (we refer to Section 4.3
of [16] for more details).

4. Uniqueness of the viscosity solution to (1.16) and explicit identifica-
tion

In this section we provide the proof of Theorem 1.2. To this end, we first derive an
equivalent Hamilton-Jacobi equation to (1.16) by means of the Liouville transformation
and prove some properties of the eigenvalue A. .. We then prove the uniqueness of the
viscosity solution to such equivalent equation. This allows us to establish the uniqueness
of the solution to (1.16) and to identify it explicitly. Finally, we provide the proof of
the convergence of n. to the Dirac mass given by (1.19).

4.1. Derivation of an equivalent Hamilton-Jacobi equation. In this sub-
section, we define a new function

u(e)i=v(2)+ 52, (4.1)
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which solves the following Hamilton-Jacobi equation in the viscosity sense

[ V)

_ _ <

f\aqu:a(x)fpr. (4.2)
Note that the transformation (4.1) is indeed analogous to the Liouville transformation
presented in Section 2.1. We have the following boundedness result for w.

LEMMA 4.1.  The function u(z), defined by (4.1), is locally bounded and satisfies
—Aj|z|? - Ay §u(x)§cl—02|x|+§x, YV zeR, (4.3)

where the constants Ay, Aa, ¢1 and co are given in (3.2).

Proof.  From Subsection 3.2 we got uniform bounds for 9. in (3.2), which lead to
bounds on . That is

c
—Aq|z|* - 51‘—142 <y(x)<cp—calz|

Then, the bounds (4.3) follow directly from the definition of u(x) in (4.1). d

Therefore, we conclude that the function u satisfies (1.22). In Subsection 4.3 we will
prove a uniqueness result for (1.22) which will imply the uniqueness of v, the solution
to (1.16).

4.2. Some properties of the eigenvalue A... In this subsection we prove
Theorem 1.2-(i). We also establish that A. . is uniformly bounded above and below by
negative constants and derive some properties of the limit, along subsequences, of A. .

From the Equation (1.17) we can integrate in R, divide by prcs (t,z)dz and inte-
grate again in t € [0,7] and obtain

1 T
)\c,e = _T/O ch(t)dt~ (4'4)

where Q.c(t) is defined analogously to (1.8) from the periodic eigenfunction p... We
next use the relationship between the solution n. to (1.13) and the eigenfunction p.. to
obtain the first claim of Theorem 1.2. Indeed, from Equation (1.13) after an integration
in x € R we obtain:

d@f)=4ﬁ4uwddﬂwmw—@0}

We divide by p.(t) and use the relation between n. and p.. inside of the integral, that
is:
prce(tair)a(e(t)vx)dir

Jppee(t,y)dy

Note that the RHS is exactly Q... We then integrate in [0,7] and using (4.4) and the
T —periodicity of p. we deduce that

d
pe(t) + < Inpe(t) =

png)\c,s, (45)
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We next prove that A . is uniformly bounded above and below by negative constants.
Combining 4.4 and (H1) we obtain that

_dO < )\C,E'

*

*, we can find a positive constant 7 such

Moreover, since we are in the case ¢ < limigf c
E—r

that for every € <egg, with ¢ small enough we have ¢ <cf —7. Then from the definition
of ¢ we deduce that

2
c<2y/=Xg 2 —T=2 *)\c,er%*Ta

which leads to

2

T T
Aee<————,
< 2 4
and hence, for A\, = 5 + %2 we obtain
Ace <—Ap <0. (4.6)

Thus (Ac,e)e is uniformly bounded above and below by negative constants. This implies
that we can extract a subsequence, still called A.., which converges as e —0 to some
negative value \;. Moreover passing to the limit as € — 0 in assumption (Hc) we obtain,
for all such limit values A1,

a(z)<—6—X1, Y|z|>Ro. (4.7)

Note that passing to the limit of p, as ¢ -0 along the same subsequence, we obtain
that

5=\ (4.8)

4.3. Uniqueness and explicit formula for u(xz). In this subsection we prove
the uniqueness of the viscosity solution of the Hamilton-Jacobi Equation (1.22). To this
end we consider the Hamilton-Jacobi equation as follows

—|0zul* =h(z), x€Q, (4.9)

where h € C'(R). Note that this corresponds to our problem for h(x)=h(z):=a(x)—

_ 2
P—7T-

We divide the proof of the uniqueness result into several steps. We first prove that,
in the case where () is an open bounded domain and A <0 in 2, a viscosity solution
to (4.9) can be uniquely determined by its values on the boundary of 2. We then use
this property and (4.3) to prove that in our problem it is not possible that h(z)<0
for all z€R. We prove indeed that maxh(r)=0 and this maximum is attained only
at the point x,,. Finally we use these properties to conclude that u is indeed uniquely

determined by an explicit formula.

Step 1: If h<0 and  is bounded then the viscosity solution to (4.9)
is uniquely determined by its values on the boundary of 2.  Suppose that
h(z) <0, for every x € Q. For this problem we obtain uniqueness of the viscosity solution
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thanks to a representation formula for the function u. Indeed, for €2 bounded we define
L(z,y) as follows

L(w,y) = sup{ [ —/HED)dt/(To,€) such that £(0) =z, £(To) =y,

4.10
41 <1 aein [O,TO]}, (4.10)

g(t) € 97Vt € [OvTO]v dt

and in [24]-Chapter 5 the following is proved.

PROPOSITION 4.1. Assume that h(x) <0, Ve €Q, with Q a bounded domain. The
function

u=yi€rg9[so(y) + L(z,y)],

is the unique viscosity solution of

|Dul=+/—h(x) in Q; u=¢p on .

Step 2: maxzecrh(z)=h(z,)=0 and the maximum is only attained at this
point. We assume on the contrary that max,crh(z)<0. We consider Q= Bpr =
(—R',R’) for R’ >0, to be chosen later. According to step 1, we can express the value

}.

of the viscosity solution of (4.9) at the point 0, for h(z)=h(z), as follows:

S A IR L Y

Note that thanks to (4.7) and (4.8), we obtain that

[. 2 -
0+ T <4/ —h(y), Vyl>Ro.

We deduce that, for all R’ > Ry,

/OR/\/T(y)dy>m(R/—Ro), and /OR/\/T@)dy>\/@(R/—RO)~

Next we combine the above inequalities with the third line of (1.22) to obtain

) <max {er - 0[5 5 - (- Ro) o+ 5

for ¢; given in (1.22). This implies that, taking R’ arbitrarily large, u(0) is arbitrarily
small which is a contradiction. Therefore the assumption on h(z) of being strictly
negative in € is false.

su(R) —

We have proved that h(x) vanishes at some point € R. Note also from (4.2) that

¥

C

d(x)—p—zgo,

and max,eg h(7) is attained at the unique maximum point of @, which is z,,.
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Step 3: Identification of u in R. ~ We now prove that the solution u is uniquely
determined by its value at the maximum point of h(x). That is, for all z€R

h(y)dy'Jru(xm). (4.11)

To this end we choose 0 <R, and 0 < 1?’ such that R << R’ and we consider the domain
Br =[-R',zm|U[zm,R]. Note that h<0 in the sets (—R',z,,) and (z,,,R’). We can

thus apply Proposition 4.1 in these domains:
/ v/ — dy‘ }, Vo € (—R,xm),
Tm

u(z) =max< u(—R')— ’/ dyl;u
|
u(:r):max{u(R’ - / \/ —h(y)dy|; y)dy'.}, V€ (zm, R),
We next prove the following inequalities for R’ large enough,

—hydy’—u T S‘/ —hydy‘—u —-R), Vre(—-R,xnm),
| Vrwy —ua <| [ Ry —uR), vee (R
/ \/ - ’ () / \/ = dy‘ w(R'), Vze&(zm,R).

and combine them with the above lines to obtain (4.11) for all x €[—R,R]. Since R is
arbitrary we thus obtain (4.11).

()

u(Tp,) —

Suppose that ,, <z < R. We prove the second inequality (the first one follows from
an analogous argument). We claim that, for R’ large enough

—/: 1/—B(y)dy+u(xm)+/j/ \/T(y)dy—U(R/)ZQ (4.12)

Indeed, for x € [x,,, R] we have

- [ Vhwarz- [ R (4.13)

Moreover, from the upper bound for u in (4.3) we obtain for all z € Br/ (z,),
u(m)§01—02|m|+ga€, :>u(R’)§cl+gR’. (4.14)
Furthermore, following similar arguments as in the previous step we obtain that:
- c2
V=hy) =0+, Vye(Ro. ). (4.15)
Finally, putting together (4.13), (4.14) and (4.15) we obtain:
T — R’ —
[ Ryt + [ Ry ()
> —/ \/ —h(y)dy+u(zy,)+ (R — Ro)y/ 0+ i §R’ —c
ZO, T
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for R’ large enough.

Step 4: Uniqueness of u. We finally determine the value of u at x,, which leads
to the uniqueness and an explicit formula for w thanks to (4.11).

Replacing the value of A in (4.11), we obtain

T 2
[ \Jp+ S -atay
Tm

This directly implies that u is in fact a classical solution for z € R which attains its
maximum at x=x,,. We also recall the second property in (1.22), that is

u(z) =u(rm)— , VzeR. (4.16)

c
Iilea]é(u(a:) —5t= 0.

We denote the set of maximum points of u(x) — 2 by X*, ie
X*:={z* €R such that u(z*)— gx* =0}.

Let x* € X*, we evaluate the above formula of u at * in order to obtain an expression
for w(x,,). This implies

[ Vit

c
u(z)= ix* +

/w va(rm)—a(y)dy|, VYreR. (4.17)

Moreover, we have

which implies that

g(ac* — ) <0,

and hence z* <z,,. Note also that we have a(z,,)=p+ % from step 2 and a(z*)=p
thanks to (1.16). Combining these properties with assumption (H3) it follows that
x* =7, and hence u is uniquely determined. As a consequence we obtain the explicit
formula (1.18) for ¢(x). This ends the proof of Theorem 1.2-(ii).

4.4. Convergence to the Dirac mass. We deal in this subsection with the
result for the convergence of n., that is Theorem 1.2-(iii).

t
Call f.(t,x)= n;((;j), then f. is uniformly bounded in L>°(R,,L!(R)). Next, we
(>

fix t>0, and we prove that f.(t,-), converges, along subsequences, to a measure, as
follows

fe(t,)—=6(-—z) as e—0,

weakly in the sense of measures.

Indeed, we already know that

maxy(z) =9(z)=0 and Y(z)<ci—eafz],
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for z given in Theorem 1.2. This implies that for any ¢ >0, there exists 8> 0 such that
P(x) < —p for every z € R\ [Z—(,Z+].

We denote O =R\ [Z — ¢{,Z+ (] and choose x € C.(O), such that supp x C K, for some
compact set IC, then it follows that

1 Ye(tx) 1 Ye(t.a)
/fa(tfv)x(fv)dxﬁf / 2 [y (o) lde < / ¢ |y () do.
(@) Pm JoO Pm JKC

From the locally uniform convergence of ¢, to 1(z), we obtain that there exists g9 >0
such that Ve <eq, ¥ (t,x) < —g, Vz € K, and hence

/e%(am) |X(x)|dx§/e*%\x(x)|dxﬁO ase—0,
K K

since y is bounded in K. Therefore, thanks to the uniform L' bound of f., we obtain
that f. converges weakly in the sense of measures and along subsequences to ud(x — )
as € —0. Then to prove that in fact, p=1 we can proceed as in Section 4.3 in [16].

4.5. Identification of the limit of p.. In order to identify the limit of p. we first
write, thanks to Proposition 1.3 and Proposition 1.2, the following explicit expression

for p.:
T
1—exp [_/O ch(s)d8‘|

exp l— / : ch<s>ds] / e [ / SQCE(e)de} i

where Q.. is defined analogously to (1.8), using the periodic eigenfunction p.. of problem
(1.17).

We then compute the limit of Q. as £—0. We know that pe(t,z)=
’I’Lg(t,l‘)

pe(t)

pe(t)=

(4.18)

/ Pee(t,y)dy. Replacing p.. by this quantity in the formula for Q.. we obtain
R

ne(t,x)

o /R ole(t) Dpeslta)ds /R afelt) )" /R P (b)) dydz

/Rpcs(t,x)dw /Rpcg(t,x)dm
. /]R a(e(t),)ne(t,z)dx

pe(t)
From the previous subsection we deduce that:

gig(l)ch(t):gijr%)/ﬂkfg(t,x)a(e(t),x)dx:a(e(t),f).

Finally we can pass to the limit in the expression (4.18) for p., to obtain the following

explicit formula for o
T
1—exp [—/ a(s,x)ds]
0

exp [— /0 Ta(s,x)ds] /t " e { /t sa(G,x)dﬁ] ds

o(t)=

, (4.19)
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which is in fact the unique periodic solution of the Equation (1.20) thanks to Proposition
1.2. Therefore using the convergence result for p. we deduce finally (1.19) and this ends
the proof of Theorem 1.2.

5. Approximations of the eigenvalue
In this section we prove Theorem 1.3, i.e., the asymptotic expansions (1.23) and
(1.24). Note that the first equality in (1.23) has been already obtained in Section 4.2.

To this end we develop an asymptotic approximation of order ¢ of the eigenvalue
Ace given by the eigenvalue problem (1.17). To obtain such asymptotic expansion we
construct an approximate eigenfunction p. corresponding to an approximate eigenvalue
Ae which solves an equation close to (1.17). We then use Proposition 1.1 to prove that
XE approximates \. . with an error of order £2.

To construct an approximate eigenfunction, we first try to approximate w,, obtained
from the Hopf-Cole transformation of p.. as follows:

1 we (t,@)

Dee(t,z) = \/%ef. (5.1)

One can verify that w, solves:

62

Z.
We can obtain similar bounds for w, as for 1., which guarantee the convergence along
subsequences of w, to certain function w=w(x), which is in fact the limit of the whole
sequence we, and satisfies the following Hamilton-Jacobi equation in the viscosity sense

2
3xwe+g’ +a(e(t),z) + Aee — (5.2)

1
*atws — eamwe =
g

=)+ M~ T (5.3)

i :

C

REMARK 5.1. Note that in order to obtain the limit Equation (5.3) we can argue exactly
as for 1. in Section 3.3.2, by a “perturbed test function” argument, (see also [16]).

Note that, thanks to Theorems 1.1 and 1.2, A\; =—p and () is a solution to (5.3).
We then, write (formally)

we(t,7) =(z) +ed(t,x) +*w(t,z) +o(e?) and A..=—-p+era+o(e), (5.4)
for some T'—periodic functions ¢ and w, and we construct the following approximated
eigenpair:

Vo=p+ed and Ae=—p+eNs. (5.5)
We then substitute this pair (%,XE) into (5.2) and obtain:
O — Cthy — CE0yp — Egg — E20pad = |thy + €0, ¢|° +ale(t),x)—p+eXa+0(e),  (5.6)

where the notations v, and 1, correspond respectively to the first and second derivative
of 1.
Regrouping the terms with similar powers of € we obtain the following system for

b,

2

2
0= |vut 5| +ale(t),2)~ -7,

T
7@[).%1 = [21/)1 +C]%/O am¢(t,$)dt+>\2.

(5.7)
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We remark that the previous system has a unique solution ¢ up to addition by a con-
stant. Indeed, from Equation (1.16) we obtain

p=ale(t),x) —a(z).
Integrating in [0,t] leads to

gb(t,x):d)((),x)Jr/O a(t,x)dr —ta(x),

and the value of ¢(0,z) can be obtained from the second equation in (5.7) once we fix
@(0,2,,). Note that here we use the fact that 21, + ¢ vanishes only at the point z,.

\/2171_—66 el , and use the system (5.7), to obtain the equal-

We now define p.(t,x) :=
ity:

Pepe = Aepe =~ (020 +0200) P (5:8)
for P, the following parabolic operator
P.p=0;p—ce0pp—20pep—ale(t),z)p.
We denote
A+ = 462K, and M- =\ —£2K,
with
K =10:¢1* + 0026 o, (5.9)

where the well definition of K is guaranteed by the next lemma which is proved in the
next subsection.

LEMMA 5.1.  The constant K given in (5.9) is well defined. Moreover the function ¢
computed above solves (5.7) with Ag =1/ =0z (Tm)/2.

We then deduce from (5.8) that
56>\6* < atﬁs - Ceamﬁe - 52azzﬁ5 - a(e(t);x)ﬁs Sﬁf-:)\ﬁr'
We next define the functions
QE(tvx) :ﬁe(t7x)6_w\57 , Qe(taff) :5€(t7x)6_t>\5+ .

One can verify that g. and ¢_ are super- and sub-solution of the linear problem (1.3)
with o0 =¢? and ¢=ce, that is

Orq_—c£02q_ 7526”% <gq_a(e(t),),

0¢q. — €0, — 52830165 Zq@“(e(t)vx)'

We then apply a comparison principle and obtain that the solution g.(t,x) to the fol-
lowing linear problem

(5.10)

Orqe — €0y qe — €% 0ppq- = geale(t),z),
qe (va) :ﬁe (0,$),
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satisfies
0 (t2) Sq(ta) <T(ta), V(ta)ERy xR.

From the proof of Proposition 1.1 in Section 2.2 (see Equation (1.7)), applied to the
case 0 =¢? and c=ce we know that ¢. converges exponentially fast as t — 400 to the
periodic eigenfunction in (1.17), (see also [21]); that is, we can write for some positive
constants a and S,

lgee™*= — apee|| L <e " (5.11)

We recall that g.e**e< can indeed be written as

tAee

ge€ E]VE,I +i]ve,27

with gz 1(¢,-) €span{pc (£,-)}, ¢e.2 — 0 exponentially fast and

/ q~a,2(t,$)ng (t,.%‘)d$ =0,
R
where p}, is the principal eigenfunction to the adjoint problem

~ 0l + c202p — €*Onaioe = (ale(t),2) + Ac,e Dl (5.12)

(see Theorem 2.2 in [21] and the proof of Lemma 6 in [16]). The positivity of « is then
derived from the fact that ¢.(0,x) and p%. are positive functions.

On the one hand Equation (5.11) implies that,
0<peel At Frecdt <qp e P,
Since p.. and p. are time-periodic functions, then necessarily
Ace — At <0,
otherwise we get a contradiction as ¢t — +o0o. Therefore
Aee —Ae <Ke?, (5.13)

where K is defined in (5.9).
On the other hand, from (5.11) we obtain
586(_)\2— +Ac,£)t Z apce _ e_/Bt.

Note that if A —A.- <0 we obtain from the T'—periodicity of the eigenfunctions, as
t — 400, that p.. <0, which is also a contradiction. We deduce that

Ace — A= >0.
Therefore we have
Aee—Ae>—Ke2, (5.14)

Combining both inequalities (5.13) and (5.14) we write

|Ace = (—p+eXa)| < Ke?, (5.15)



1786 ADAPTATION IN A TIME-VARYING ENVIRONMENT

which leads, thanks to Theorem 1.2-(ii) and Lemma 5.1, to an approximation for the
eigenvalue of order £2 as follows:

2

Moo = =a(@m)+ T +eV/~a(@n) 2+ 0(e).

The approximation (1.24) for the critical speed ¢ can be derived from the above ap-
proximation and (1.11). Indeed, from (1.11) and the definition of ¢} we obtain

CZQ\/&(xm)e fwﬂ(s):g o) —ey |- dzel@m) oy

2a(xym,)

5.1. Boundedness of K. In this subsection we prove Lemma 5.1. We provide
the proof in several steps.

Proof. (Proof of Lemma 5.1.)

Step 1: |0:¢| is bounded.  An integration in [0, of the first equation in (5.7) gives
us the already known equation for ¢ in (3.9). This allows us to rewrite the equation as
follows:

8t¢:a(e(t)7x)—d(x):>8x¢(t,x):81¢(0,x)+/0 az(e(r),z)dr —ta,(z), (5.16)

where a, and @, denote the derivatives with respect to z of a(e(t),z) and a(x)
respectively. This implies that in order to bound J,¢ we just need to bound the
derivative of ¢ at point ¢t =0 since a(e(t),z) € L= (R4,C3(R)).

Then from the second equation in (5.7) we obtain:

/ B, b(t, wa(m)ﬂ , (5.17)

if the last formula is well defined, i.e., if all the derivatives exist.
Note that, an integration for ¢ € [0,7] in the Equation (5.16) leads to, (after dividing by

7)
/5‘m¢txdtf 0:6(0,2) + //am detfg (),

since 0,;¢(0,z) does not depend on ¢. We then deduce from the last formula and (5.17)

wa(az) +c

0:0(0,z) = +G(x), (5.18)

where

__1 / / au(e(r) x)drdi+ 7 (1), (5.19)

is a regular function. We next prove that the derivatives involved in (5.17) exist. To

this end we claim the following technical result.
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LEMMA 5.2.  The function ¢ (z) is twice differentiable for every x €R and

) C) B
2\/a(x) —a(z) "
Y2z () =9 =/ =Tz (Tm) /2, T=Tpm, (5.20)
o G@
2/a(zm)—a(z)’ "

Proof. Indeed, from the explicit formula (1.18) we differentiate and obtain:

—5+Va(xm) —a(x), v <xm,

Vo()=4 —5, T=Tp, (5.21)
—5—Va(rm)—a(x), T>Tp.
We next compute
lim Ya(2) —ta(Tm) _ lim — a(m)—a(z) _ lim — Y2/ f(x)7
Tz, T—Tm Tz, T—Tm ozt T—Tm

where we have denoted f(z)=a(x,,)—a(x). We write a Taylor expansion of f around
T =Ty, i.€.:
1 _ 2 1 _ 3 3
f(x)= *iam(xm)(x —T) — garﬂcz(xm)(x — ) to((z—2m)”),
since f(x,,)=0 and z,, is a maximum point. It implies that:

m—>m;r,1 T —Tm r—)ffg 2 a

= lim az—(x):f —Agz(Tm) /2.

m) —a(z)

(x
Note that z,, being a maximum point, @(z,,) >a(x), Vz € R and G, (x.,) <0. Following
similar arguments one can prove that

fn LD Velim) oy, B0 e s

Ty, T —Tm LT, 2 C_L(l’m) 7&(1’)

We pursue with the proof of Lemma 5.1.

By substituting the derivatives of ¢ in (5.17) we obtain for every = # x,,:

@y (r)— \/_Zazzc (zm)(@(zm) —a(r))

A(a(zm) —a(x))
0:0(0,2) =G (x)+ (5.22)
ag(z) + \/_QEM (xm)(@(@m) —a(z))

A@(rm)—a(z))

, T < Ty,

, > Ty

We can bound 9,¢(0,z) near to x=u1x,,. We write the limits as = — x,, in (5.22) in
terms of f and its derivatives A=—0y.(2y,)/2 and B = —Gyze (2 ) /6, and compute:

lim 9,¢(0,2)= lim G(z)+ lim /(@) F2VAV T (@)

=zt =zt =, 4f($) )

(5.23)
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if both limits exist. Note that from the definition of G in (5.19) we deduce that the
first limit in (5.23) exists and is equal to G(x,,). We, then, only need to compute the
second one to guarantee the existence of 9,¢(0,z,,). We compute both lateral limits
separately:

—f'(2) - 2VA/f(2)

li -
—lim 7[2A(xf:cm)+33(zfxm)2+o((zfmm)2)]72A\zfzm\\/1+%(z71m)+0((171m))
R e 4(A(z—2m)?+B(z—2m)3+o((z—2m)3))
—lim —2A(a:—a:m)—3B(w—mm)2+o((m—a:m)2)+2A(z—wm)(1+2%(w—a:m)+o((m—a:m))
= T, 4(A(@—2m)2+B(@—2m)3+o((z—2m)?3))
B
24"

Following similar arguments one can prove that

—f'(z)-2VA\/f(z) _ B

Y & IS

From this last computation and formula (5.22) we deduce that 9,¢(¢,x) is bounded for
every (t,z) € Ry xR and

[y (xm)

0:9(0,2,) = G(x4,) — 6 ()

Step 2: |0pe| is bounded. Again in order to bound 9.,¢(t,z) we can bound
022¢(0,2) according to formula (5.16). Note that far from x,, this derivative exists and
it is bounded because of the regularity of a(e(t),z). To verify the boundedness near
Ty, we follow the same arguments as above for the first derivative, that is, we denote
f(z)=a(z,,) —a(x) as before and we compute

lim 0:6(0,7) — 0:6(0,7m) — lim G(z)—G(zm)
=z, T —Tm _1—>17q,:1 T—Tm
(@) FVAf @)+ 2 f (=)
P T e B

if both limits in the RHS exist and are bounded. Note that the first limit in the RHS
of (5.24) exists and is equal to G’ (x,,) because of the definition of G in (5.19) and the
regularity of a(e(t),z). Moreover, using the Taylor expansion for f(z) around z=x,,
the terms in the numerator of (5.24) can be developed as follows

f/(x) = QA(I—ZZ?m) +33(l‘—$m)2 —|—O((1’—-§Cm)3),

WA/ (@) = 2A|x—xm|\/1+§(x—xm)+0((x—xm))2
= 2A|:13—acm|(1—i—%(av—9cm)—I—O((gc—ycm)g))7

2 f(2) = 2B(z—2)* + O((z—2n)°).
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We substitute into (5.24) and it holds that the terms remaining in the numerator are
of order (x—x,,)%. Indeed,

@) - 2VAFE 2 )

T—Tm, 4f($)($ - l‘m)
_ fim —2A(z— ) —3B(z— )2 +2A(z — ) (14 L (x — 21))
P 4A(x— 2 )3 +4B(x — ) * + O((x — 21 )*)
+23(x—xm)2+%(x—xm)uoux—xm)iﬂ)
4A(x — )3 +4B(x — x4+ O((x — 2m)?)
=5

and by an analogous procedure we can obtain

o L@ VAT R @) B
i, 17 (@) (2 — ) .

We then conclude that the second derivative of ¢ at point (0,2,,) is bounded and

—2
aav:c 0 m :Gl m awwz(mm) .
O En) =G o) I3, ()

Step 3: Aa=+/—bgz(Tm)/2. We next evaluate the second equation in (5.7) at
T =1, to obtain Ao =+/—dzs(Tm)/2. 1]

6. An illustrating biological example

In this section we discuss the effect of the periodic fluctuations on the critical speed
of survival and the phenotypic distribution of the population for the following particular
growth rate

a(e,x)=r—g(e)(z—0(e))?, (6.1)

where r is a positive constant corresponding to the maximal growth rate. The positive
function g represents the pressure of selection and the function 6 represents the optimal
trait, both being functions of the environmental state e. As above, we assume that
e(t):Ry — E is a periodic function with period T'=1.

We compute the mean of a(e(t),z)
1
o) = [ ale(t)a)dt=r—g+ 2001 g,
0
where
1 1 1
9= [ stendr, a= [ genoevlit. g [ ge®Pewnd 62
0 0 0
and we observe that the maximum of a(z) is attained at zn, =2, with
2

a(xm) :r—i—% —gs.
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In what follows, we try to characterize the phenotypic density n., the solution to (1.13).
From Theorem 1.2-(ii) we obtain that 1 (z), the solution of the Hamilton-Jacobi

Equation (1.16), attains its maximum at
- ¢ g1 c
=Ty —=="— .

Vg 9 2V9

Let () be given by (1.18), then for this specific growth rate it can be written as follows

Vo[ V- /ﬁimdy

c
™3

Y(z) = )

|
o
7N
3
|
)
%c‘:
QI
|
8

g _\2
= —7(:13—95) .

Moreover, the asymptotic expansions in Theorem 1.3 imply that

g% C2 g%
Pe=r+ T g2 mevgtole), c=2[r+T-g-e

Furthermore, following the arguments in [16]-Section 5, we can also obtain an approxi-
mation of order ¢ for the phenotypic mean p. and the variance o2 of the population’s
distribution, that is:

pe(t)= /]Rx ne(t,z)dx %—7+5D( )+o(e),

pe(t) 2[
1

0'2: xTr — QTL r)axr=—=—1T0
= @ b= ol

where D(t)=0,¢(Z,t) for ¢ the solution of the system (5.7). We refer the readers to
the Appendix B for more details on the derivation of the moments.
One can verify that for this growth rate we have

D(t)=—cv/§ <t ;) =3 1 | atetsn@—oietsasar -2 [  g(e($)) (@~ 0e(s)ds.

Note that the phenotypic mean is 1—periodic since D(0)=D(1). Moreover (u.(t))=
2\6@—&—0( €) since fo t)dt=0
We are now 1nterested in comparing these quantities with the case where there are

no fluctuations. To do so we first consider a case where g(e) =g >0 is constant and then
a case where 6 is constant.

g1 _
g

Case 1. g(e) =g constant. Note that, in such a case g; = g and go :gf01 62 (e(t))dt with
0= fo ))dt. We compute

2
Pe,g(e)= g—’“+9[ﬂz Jy 0%(e )dt]———s\fﬂ( ),
(e,g(e)=g () =0 — 557 +0(e),

C:’g(e)="2\/r+g{02 o )dt} \/r+g{92_f§92(e(t))dt} o

We compare then, the sub-cases where e is constant or periodic.
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a) If e(t) is a 1—periodic function then, 2 < L02(e(t))dt and we obtain
0

Pep *—€f+0() (pep(t)) =0 @),

L <2y/r— 6\/>+O

(b) If e(t) =€ is constant, typically equal to the averaged state of the periodic
environment above, (so that 6=6(e)=:0z) we obtain in particular that

f 62 (e)dt and hence

7+0

2

Pee=r = ~EVIH0(E): (hec(t)) =be= 52 +ole)
et 22\/77—5\/§+0(E)

Thus, by keeping the pressure of selection constant, we deduce that, for € small,

ﬁa,p S ﬁa,c and cZ,p S C:,c‘

This means that having an oscillating optimal trait is not beneficial for the
population, in the sense that the mean total size of the population decreases
with respect to the case with a constant optimal trait and the critical speed
which leads the population to extinction is smaller in the periodic case. Note
also from (6.3) that in the periodic case the mean population size is reduced
by the product of the selection pressure and the variance of the optimal trait
(that is fo 62 (e(t))dt — 62).

Case 2. f(e(t)) =0 constant. Note that, in such a case g; = g and go = g6%. We compute

Pe ,0(e(t))= G—T—g—g\f+o( )a </’1/€9 (t)>:9_27\c/§+0(5),

€ (e(t))y=0 = 2VT — 5\/7+0

We compare then, the sub-cases where e is constant or periodic.
(a) If e(t) is a 1—periodic function then we obtain

ﬁs,p:r_7_5f+o() Ma,p )> 9_2\7"’0()

i p=2yr— 8\/>+0

(b) If e(t) =€ is constant, typically equal to the averaged state of the periodic
environment above, (so that g=g(€)=:gz), we obtain

2

Pee=1— CZ —e/Geto(e), (pec(t))=0-
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If we choose an oscillating selection pressure function g(e) which satisfies:
g<g(e), (6.4)
which holds for instance if g(-) is a concave function, then we obtain that
Pee<Po, and o <cl,

This means that the mean total size of the population increases with respect to
the case with a constant environmental state. Moreover, the critical speed above
which the population goes extinct is larger in the periodic case. This means
that the periodic fluctuations can help the population to follow the environment
change.

Note that the condition (6.4) imposed to g(e(t)) is the opposite to the one
imposed in [16] (Equation 51 of Section 6.2), leading to more performant pop-
ulations. There, it was proved that in presence of the mutations and while the
fluctuations act on the pressure of the selection (that is with a similar growth
rate, however with ¢=0 and under the condition g> ¢(€)), a fluctuating envi-
ronment can select for a population with smaller variance and in this way lead
to more performant populations. What is beneficial in a (on average) constant
environment may indeed be disadvantageous in a changing environment.

Note also that in the present example under condition (6.4), we have

(b (®) 0] > | pe.c() )]

This means that even if the population can follow the environmental change in
a better way by considering a fluctuating environment, this population is less
adapted.

Acknowledgments. The authors thank Jean-Marc Bouclet for fruitful discus-
sions. The second author is also grateful for partial funding from the European Research
Council (ERC) under the European Union’s Horizon 2020 research and innovation pro-
gramme (grant agreement No. 639638), held by Vincent Calvez, and from the chaire
Modélisation Mathématique et Biodiversité of Véolia Environment-Ecole Polytechnique-
Museum National d’Histoire Naturelle-Fondation X.

Appendix A. The proofs of some regularity estimates.

A.1. Uniform bounds for p.: the proof of Proposition 3.1.
Proof.
From Equation (1.13) integrating in z € R and using assumption (H1) we obtain:

dp- _ /R ne(t,x)[ale(t),x) — pe(t))dz < pe(t)[do — pe (t)]. (A1)

dt
This implies that
pe(t) < par :==max(p, do).

For the lower bound we use the explicit expression (4.18) for p., the solution of (1.9).
We come back to Equation (4.4), which gives, thanks to (H1), (4.6) and (4.18) the
following lower bound for p.

1 _
0< pmi= e T (eAnT 1) <p.(t), Vt>0.
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A.2. Upper bound for ¢.: the proof of the r.h.s of (3.2). We prove that
e is bounded from above using the equation for n.. From (1.6), we have for p..:

~1(—g+y/6+2 )(z|-R
pee(t2) < Ipallzome ™ CEVEHE)E1RD st o) R (A.2)

Define ¢ (t,2) =pee(t,ze), which satisfies

(A.3)

815(]56 - C@chg - amece =ae (6(t)ax)QC5u in [07 +OQ) xR,
0< ch(tax) = qCE(t+Tax)

for ac(e(t),x)=a(e(t),ze)+Ace. Note that a. is uniformly bounded thanks to the
L>*—norm of a. Moreover we have the following bounds for A.. coming from (4.4),

—do < Ao < —Am. (A.4)

We recall that p. is uniquely determined once ||p..(0,2)| @) =1 is fixed. Then, one
can choose z. such that p..(0,2.)=1. Note also that ¢. is a nonnegative solution of
(A.3) in the bounded domain (0,27") x B(%=,1).

Here we apply an elliptic-type Harnack inequality for positive solutions of (A.3) in
a bounded domain, (see for instance Theorem 2.5 [20]). Let &g, be such that 0 <y <7,
then we have:

sup  gee(t, ) <C  inf g (t,x), Vte[dp,2T],
z€B(%=,1) z€B(£,1)

where C'is a positive constant depending on dg and dy. Coming back to p.. this implies

pce(tOume) < Sl(lp )pce(t07y) < Cpca(tmm)a V(to,it) € [5072T] X B(.’L‘E,E). (A5)
yEB(ze e

And we use the T'—periodicity of p. to conclude that the last inequality is satisfied for
te[0,T].

From (3.1), (A.2) and (A.5) we obtain
pCE(O,x) Cpce(oax) Cpcs(oax c1—ezlx]

) _ -1
<pm =pMm <Ce e =
prce(O,w)dSB r fB(%E)pCE(O,xe)dx |B(ze,¢)

ne(0,2) <pup

)

for all e <gg, with g3 small enough, where the constant ¢; depends on pys, §, Ry and c,
and co=—5+4/0+ % Next we proceed with a maximum principle argument to obtain
for every (t,z) €[0,+00) xR and c3=ca(c+c2)+do,

c1—calz|
ne(t,x) <Cle” = Tost,

From the latter inequality and the periodicity of 1., with an abuse of notation for
constant c¢;, we deduce that:

Ye(t,x)<c1—colz|, V(t,z)€[0,400)xR. (A.6)
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A.3. Equicontinuity in time for ¢.. We will use the arguments in [16], which
follow a method introduced in [4], in order to deduce uniform equicontinuity in time for
the family 1. on compact subsets of (0,+00) x R.

The goal will be to find for any 1> 0, constants Ay, Ay large enough such that: for
any x € B(0,R/2), s€[0,T], and for all e <gg we have

Ye(t,y) —¥e(s,2) Sn+ Az —y[® +eha(t —s),¥(t,y) € [s,T] x Br(0), (A7)
and
Ve(t,y) —ve(s,@) 2 —n—Aife —y|* —eAa(t —s),Y(t,y) € [s,T] x Br(0). (A.8)
Because of the analogy between both the inequalities above we only prove (A.7).
We fix (s,z) in [0,T[xBpr/2(0) and define
E(ty) =ve(s.0) +n+ Mo~y +eha(t—s), (1) € [s,T[x Br(0),

with A; and Ay positive constants to be determined. We prove that, for A; and A, large
enough, ¢ is a super-solution of the Equation (1.15) on [s,T] x Bg(0) and &(t,y) > ¢ (t,y)
for (t,y) € {s} x Br(0)U[s,T] x 9Bg(0).

According to Section 3.2.1, {1}, is locally uniformly bounded, so we can find a
constant Aq such that for all € < ey,

8|Yel Lo ([0,7]x Br (0))
o, <Ay

With this choice, £(t,) > (t,y) on [s,T] x dBR(0), for all 17> 0, Ay >0 and x € By 2 (0).

~

Next we prove that, for A; large enough, £(s,y)>v.(s,y) for all y€ Br(0). We
argue by contradiction. Assume that there exists 17 >0 such that for every constant A;
there exists ya, € Br(0) such that

Ve(8,Yny,0) — Ve(8,2) >0+ A1y, c — 2| (A.9)
This implies
2V
‘yA1,€_$|§ TM—H), as A1 — oo,
1

where we have denoted ¥y, a uniform upper bound for |[1)c ||z ([o,7]x Br(0))- Then for
all 61 >0, there exist A; large enough and ¢y small enough, such that Ve < g,

|yA1,e —.’IJ| g(sl
Therefore, from the uniform continuity in space of 1. taking ¢; small enough, we obtain

e (5,yar.6) —¥e(s,2)[ <n/2  Ve<eo,

~

but this is a contradiction with (A.9). Therefore £(s,y) > . (s,y) for all y € Br(0).

Finally, noting that R< 400 we deduce that for Ay large enough, 2 is a super-
solution to (1.15) in [s,T] x Br(0).
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Using a comparison principle, we have

~

Y=(t,y) <&(ty)  V(ty) €[s, T)x Br(0).

Thus (A.7) is satisfied for ¢ >s>0. To conclude we put =y and obtain that for all
1> 0 there exists g9 > 0 such that for all € <eg(

‘ws(t>x) _1/15(5;-75)‘ §77+5A2(t_5)7

for every (t,z) €[0,T] x Bg(0). This implies that ). is locally equicontinuous in time.
Moreover we obtain that

VYR>0, sup [ (t,2) — e (s,2)] =0 ase—0. (A.10)
t€[0,T], x€Br

Appendix B. Computations of the moments of the population’s distri-
bution.

In this section we estimate the moments of the population’s distribution with a
small error, following [16,28]. To this end, we use the arguments in Section 5.

Using (1.18), one can compute a Taylor expansion of order 4 around the point of
maximum Z.

A
P(z) = —5(33—32‘)2 +B(z—2)*+C(z—2) +o(z—7). (B.1)
Note also that using the formal expansions in (5.4) one can obtain ¢ from an equivalent
system to (5.7), that is

2

2
0= tbu+ 3| +ale(t))~ T 5.

~bra= 2ol [ Dud(ta)dt— ().
and write (formally)
o(t,x)=d(t,7)+D(t)(z—Z)+ E(t)(x—7)* +o(xr—7)?, w(t,x)=F(t)+o(r—7).

The above approximations of ¥, ¢ and w around the maximum point of v allow us to
estimate the moments of the population’s distribution with an error of order €2 as € — 0.
Indeed, we use the following approximation for the phenotypic density of the population

1 2o yg(tm)r0(e)

ne(t:) = 2me

and replacing by the approximations of ¥, ¢ and w given above, we can obtain

B(t,7) & _ay?
/(x*f)’“ns(t,w)daﬂ == [y’“e (14 V2 (By® +D(t)y)
R V2r o Jr

+e <0y4 +E(t)y* +F(t)+ %(Bys + D(t)y)Q) +0(e)] dy] .

Note that, we performed above a change of variable x — T =+/¢ y. Therefore each term
x—Z can be considered as of order /¢ in the integration. The above computation
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leads in particular to the following approximations of the mean phenotypic trait and
the variance:

= T ne(t,r)dr =T +¢e —33 —D() €2
ety =5 [ netarao=a e (254 2) o)
1 €
(0= [ @ peneltayio =S+ 0(E).

B.1. Application to the biological example. We now apply the previous
computations to the particular growth rate a given in (6.1). Thanks to (1.16), we obtain

2 2
S g ¢
pP= (I) r 3 4 92,

for g, g1 and g5 given in (6.2). Next from the second equation of (B.2) and the fact
that V. () =Vez(zm), V £ €R, we obtain that

0= (/016w¢(t,m)dt> [-2Vg(z—Z)+c], VazeR,

which implies directly, that

/ 06t 2)di =0, (B.3)
0

On the other hand, by substituting ¢ () in (B.1) we find A=,/g, B=C=0.

Moreover, we differentiate with respect to x in the first equation of (B.2) and obtain:
0z 01 =0z (a(e(t),x) —a(x)) =22(7— g(e(t))) +2g(e(t))0(e(t)) — 291,
and an integration in [0,t] gives
¢
Oz (t,x) = 02 p(0,2) =2t(xg — g1) —2/ g(e(s))(x —0(e(s)))ds.
0
We next integrate the last equality in [0,1] and use (B.3) to obtain
1ot
0.60:2)=—sg-+1+2 | [ gle(s)) (o~ b(e(s)))dst,
o Jo

from where we deduce that

e 9(t,x) =(2t—1)(2g—g1) +2// —0(e(s)))dsdr
72/0 g(e(s)) (2 —b(e(s)))ds.

Evaluating in Z gives
D)= 0,(t,7) = —ey/g (1= ) +2 [y J7 9le(s))(@—0(e(s)))dsdr
=2 [y 9(e(5)) (2~ 0(e(s)))ds.
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Now we are able to give an approximation of the population mean size p., the phe-
notypical mean . and the variance o2 of the population’s distribution, following the
previous computations, that is:
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