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Adaptation to a heterogeneous patchy environment with nonlocal
dispersion

Alexis Léculier® Sepideh Mirrihami'

March 16, 2021

Abstract

In this work, we provide an asymptotic analysis of the solutions to an elliptic integro-differential
equation. This equation describes the evolutionary equilibria of a phenotypically structured population,
subject to selection, mutation, and both local and non-local dispersion in a spatially heterogeneous,
possibly patchy, environment. Considering small effects of mutations, we provide an asymptotic descrip-
tion of the equilibria of the phenotypic density. This asymptotic description involves a Hamilton-Jacobi
equation with constraint coupled with an eigenvalue problem. Based on such analysis, we characterize
some qualitative properties of the phenotypic density at equilibrium depending on the heterogeneity
of the environment. In particular, we show that when the heterogeneity of the environment is low,
the population concentrates around a single phenotypic trait leading to a unimodal phenotypic distri-
bution. On the contrary, a strong fragmentation of the environment leads to multi-modal phenotypic

distributions.
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1 Introduction

1.1 The model and motivations

In this work, we provide an asymptotic analysis of the equilibria of a non-local parabolic Lotka-Volterra
type equation. Such equation arises in the study of adaptive evolution of phenotypically structured
populations. The equation under study is the following

[ — Opune — €20gone + Lne = no(R(z,0) — pe(x)) in Ox] — A, A,
pe(z) = / ne(z,0)do in]— A, A
al (E)
Lnc(,6) = [ [nee.0) ~ nely K (@ - y)dy in Q] — A, A,
Oy, ne(x,0) :% on 00x]| — A, A|, Oygne(x, £A) =0

with ©Q a bounded subset of R. Here, n.(z,0) stands for the density of a population at equilibrium at
position = with a phenotypical trait §. The term R(z,6) corresponds to the intrinsic growth rate of
individuals of phenotype 6 at position x. The term p(x) corresponds to the total size of the population
at position z. Via this term in the right hand side of , we take into account a mortality rate due to
the competition between the individuals at the same position, independently of their traits. The trait
of the parent is transmitted to the offspring. However the trait can be modified due to the mutations
that we model by a Laplace term. We also consider that the species is subject to a local and a non-local
dispersion in the space variable . Indeed, in addition to a classical local dispersion term modeled by a
Laplace term, we assume that the individuals can jump from position z to position y with a rate K (z —y).
Finally, we have denoted by 0,,, 0,, the exterior derivatives with respect to the variables z and 6. The
Neumann boundary condition with respect to x models the fact that the species cannot leave the domain.
The Neumann boundary condition with respect to # means that the mutants cannot be born with a trait
in]— A, A

Several questions motivate our analysis. Can we determine extinction and survival criteria for such
model? How would the population be spatially distributed at equilibrium? Would all the spatial domain
be exploited close to its local carrying capacity or would we observe formation of clusters in certain zones
of the environment? How the population would be distributed phenotypically? Would the population be
adapted locally everywhere, or would we observe emergence of dominant traits? More specifically, would
we observe emergence of generalist traits being adapted to an average environment, or specialist traits
being adapted to certain zones of the environment? What will be the impact of the the fragmentation
of the habitat on the phenotypical distribution of the population? Would it lead to the emergence of
specialist traits?



An originality of our work lies in the non-local spatial dispersion operator L which allows to consider
non-connected domains. While the role of the nonlocal dispersion and the fragmentation of the environ-
ment is significant in many situations, as in the adaptation of forest trees to the climate change because
of the effect of the wind on the seeds or the pollens, very few theoretical works take it into account [21].
The non-local dispersion may have antagonistic effects on the population dynamics. On the one hand, it
may allow the population to reach new favorable geographic regions which are not accessible by a local
diffusion. On the other hand, it may also impede local adaptation by bringing individuals with locally
maladapted traits from other regions.

1.2 The state of the art

Related models and the questions of spatial distribution and ecological niches where studied from a nu-
merical point of view in the biological literature, considering local dispersion and a connected domain (see
for instance [I5 29]). In particular, in [29] formation of clusters was observed in a closely related model.
While the authors suggested that the formation of such clusters would be a result of the bounded domain
or small mutational effects, they did not provide any analytical support for such hypothesis. Such type of
models, again in the context of local dispersion, was later derived from stochastic individual based models
by Champagnat and Méléard in [13] where further numerical studies were provided (see also [3] for a
preliminary analysis of this model by Arnold, Desvilettes and Prévost). More recently, Alfaro, Coville and
Raoul [2] studied a closely related model, considering again local dispersion but in unbounded domains.
They proved propagation phenomena and existence of traveling front solutions for parabolic equations
close to (see also the related works [10] [I]). In the context of their study with unbounded domain, one
expects indeed that the population would propagate and get adapted locally in every position in space
attaining its local carrying capacity, which is in contrast with what we observe in bounded domains, in
particular with what we obtain in the present work. However, in such model to our knowledge, yet there
is no result characterizing rigorously the population distribution at the back of the front (see however the
work of Berestycki, Jin and Silvestre in [6] in a particular case with spatially homogeneous growth rate).

A wide number of articles have also studied a closely related equation known as the "cane-toads"
model where the growth rate is independent of the trait, but the trait influences the ability of dispersal
leading to a 6 coefficient in front of the diffusion term in space (see for instance [3I], [7, O [8]). This
equation is motivated by the propagation of the cane toads in Australia by taking into account the role
of a phenotypical trait: the size of the legs of the toads. More closely to our work, the steady states of a
"cane-toads" type model, in the regime of small mutations, were studied by Perthame and Souganidis in
[28] and by Lam and Lou in [22]. In another related project, a model where similarly to the growth
rate, and not the dispersion rate, depends on the phenotype, but considering a discrete spatial structure,
was studied by Mirrahimi and Gandon [26], 27]. In these works an asymptotic analysis of the steady states
in the regime of small mutations was provided. In particular, it was shown that the presence of spatial
heterogeneity can lead to polymorphic situations, that is the emergence of several dominant traits in the
population.

In this work, we will use an approach based on Hamilton-Jacobi equations, which is adapted to study
the small mutation regime (¢ small). A closely related approach was first introduced in [19] [I8], by
Friedlin using probabilistic techniques and by Evans and Souganidis using deterministic tools, to study
the propagation phenomena in reaction-diffusion equations. In the context of models from evolutionary
biology and in the regime of small mutations, this method was suggested by Dieckmann, Jabin, Mishler
and Perthame [14]. In [5], Barles and Perthame provide the first rigorous results within this approach
and obtain a concentration phenomena considering homogeneous environments: as the mutational effects
become small, the solution converges to a Dirac mass. In this case, the population at equilibrium is
monomorphic (there is a single dominant trait in the population). We quote [4] which extends the main
results of [5]. This approach was then widely extended to study more general models with heterogeneity.



In particular, in the context of the space heterogeneous environments, the works [10] 31, 28, 26] are within
this framework. However, the analysis provided in these previous works do not allow to study problem
(E)). The closest work is the one in [10] which studies the propagation phenomenon in an unbounded
domain, considering a different rescaling. Note also that none of the previous works considered a non-local
dispersion operator, which adds significant difficulties to the analysis.

In an ecological context, fragmented environments and non-local spatial dispersion phenomena were
studied by Léculier, Mirrahimi and Roquejoffre [23] and by Léculier and Roquejoffre [24]. Both mentioned
works do not take into account any phenotypical structure. In [23], the authors study invasion phenomena
in a Fisher-KPP equation involving a fractional Laplacian arising in a fragmented periodic environment
with Dirichlet exterior conditions. In [24], the authors study the existence and uniqueness of bounded
positive steady-states in a Fisher-KPP equation involving a fractional Laplacian in general fragmented
environment with Dirichlet exterior conditions. One of the perspectives of the present work is to study
models with other operators of dispersion, as the fractional Laplacian (—0,,)?, instead of —0,, + L, and
considering Dirichlet exterior conditions.

1.3 The assumptions and the notations

The domain € C R is assumed to be bounded and composed of one or several connected components :

0=

-

]ai,bi[ with a1 <bi <as < ... <ap < by. (Hl)

=1

We assume that the growth rate verifies
ReC'Qx[-A,A]) and |Rllwie@x—aap < Cr- (H2)
Example 1. A typical example of growth rate is written
R(z,0) = r — g(bx — 0)2.

In this example, r is the maximal growth rate. The above quadratic term indicates that the optimal trait
at position x is given by 6, = bx. The term b is the gradient of the environment: it indicates how fast the
optimal trait varies as a function of a position in space. Moreover, g corresponds to the selection pressure.
If g increases, the habitats becomes more hostile for unsuitable individuals.

We make the following assumptions on K
KeC'(), K>0, K(@)=K(-2), 0<cgk<K<Cg and [0,K|< Ck. (H3)

We introduce here two eigenvalues problems associated to the equation : let A(6, p) be the principal
eigenvalue of the operator —0,, — L — [R(-,0) — p|]Id and p. be the principal eigenvalue of the operator
—0yp — €20p9 — L — R with Neumann boundary conditions:

. { — et + L(W) = [R(-,0) — pl” = M0, p)¢"  in Q,
: . (1)
auzw =0 in 92

and

{ — Oybe — 2pple + LE — RE. = pebe in Qx| — A, A, 2

81@55 - 1/955 =0 on 8(QX] — A,AD
All along the article, we consider that the principal eigenfunctions (such as 1 or £.) are taken positive

with L? norms equal to 1.
We make the following assumption:

30p €] — A, A[, such that min  A(#,0) = A(6p,0) < 0. (H4)
oe]—AA|



Lemma 1. Under the assumptions (H1|)—(H4)

Me a—>—>0 )\(00, O)

It follows obviously that

>‘(90’ 0)

Jep > 0, Ve €]0,e0[, pe < 5

<0. (3)
We postpone the proof of Lemma |l| to the Appendix and we make the hypothesis that holds true.

1.4 The results and the strategy

First, we prove the following theorem which provides conditions for existence or non-existence of a solution
of for all small value €.

Theorem 1. Under the assumptions (H1))— (H4), for all € €]0,e¢], there exists a non-trivial positive
bounded solution n. of . If Assumption (H4|) does not hold and \(0y,0) > 0, then there exists g > 0
small enough such that for all € < e, there does not exist a positive solution n. to .

We expect indeed that in a dynamic version of , the solution would converge in long time to a
nontrivial stationary solution, that is a solution to , when such non-trivial steady state exists and to
0 otherwise. Admitting such property, the theorem above provides us with conditions of survival and
extinction of the population. The survival condition means indeed that there exists at least one trait
such that A\(0,0) < 0, so that such trait is viable in absence of competition.

The proof of Theorem [1|follows the one of Theorem 2.1 by Lam and Lou in [22] which treats the case of
local diffusion. This proof relies on a topological degree argument. In section [2, we provide the additional
arguments which allow to adapt the proof of [22] to the non-local operator L.

Next, we perform the Hopf-Cole transformation

ue (z,0)

ne(x,0) =e = . (4)

This is the usual first step in the Hamilton-Jacobi approach (see [14], [5], [4]). The main idea in this
approach is to first study the limit of u. as ¢ — 0, and next obtain from this limit, information on
the limit of the phenotypic density n.. The advantage of this transformation is that the limit of u. is
usually a continuous function which solves a Hamilton-Jacobi equation, while the limit of n. is a measure.
Performing such change of variable, we find that u. is solution to

1 Opue|?
- g xxUe — | :B€2€| - 58{99“5 - |89U€|2

ue (y) —ue () _ T — T in -
+/Q[1—e = | K(z —y)dy = (R(z,0) — pe()) ] =44l (Enc)

pe(z) = / ne(x,0)do in |—A, A,
}_AvA[

Oy, uc(x,0) =0 on 00x] — A, A[, 0Oy uc(x,£A) =0.

We prove the following
Theorem 2. Under the assumptions (H1)—(H4), as ¢ — 0 along subsequences, there holds

1. pe converges uniformly to p with
0<c<p<C,



2. ue converges uniformly to u with u a viscosity solution of
- |89u(9)|2 = —)\(Q,p),
max u(f) =0, (5)
Oyyu(£A) =0,
where A(0, p) is the principal eigenvalue introduced in . Moreover, the limit u depends only on 6.

3. ne converges to n in the sense of measures. Moreover,
supp n C 2 x {u(f) =0} C Q@ x {\(¢,p) =0}. (6)

The theorem above allows us to characterize the phenotypic density n, at the limit as € — 0, via the
Hamilton-Jacobi equation with constraint coupled with the eigenvalue problem and the inclusion
properties @ We expect indeed that n would be a sum of Dirac masses in 6 as follows:

d
n(z,0) = pi(x)5(0 — 6;).
i=1
In section [f] we will use the information obtained above to characterize the phenotypic density n is some
particular situations. On the one hand, we will identify a situation where the phenotypic density at the
limit will be a single Dirac mass in # corresponding to a monomorphic population. On the other hand, we
will show that a strong fragmentation of the environment will lead to polymorphic situations.
We present briefly heuristic arguments to understand how the second item of Theorem [2| can be
recovered. First, we perform asymptotic developments of u. and p. with respect to the powers of ¢

ie.  wug(x,0) =wup(x,0) +ecui(z,0) +o(e) and p(z) = po(x) + 0-(1).
Next, we implement such asymptotic developments into (Egc]), it follows that

1 uq(y,0)—ug(z,0)
g<@ﬂm2wﬂm@ﬂu )4(/He(mes“e*ﬂmw*m@ﬁ”%mu«xymy
Q

— Opatir — |0pur|* — |Opuo|® — [R — po] + 0c(1) = 0.

|890U0|2

This equation suggests that
uo(z,6) = uo(0)

and passing to the limit ¢ — 0, we deduce that

~[Bpu0(0)[* = [R(z,0) — po(2)] + Duour(z,0) — |Osus (z,0)|* — /Q[l — e ENNK (2 —y)dy. (7)

Since the left hand side of @ does not depend on z, it suggests that u; is such that u; = log(¢?) with
¥ the principal eigenfunction introduced in , that is

10500 = ([R(2,0) — po(@)]4”(2) + Ot (@) = L") ()" ®)

We deduce that ug is a formal solution of .

From a technical point of view, the convergence of (u:)c>¢ is proved using the Arzela-Ascoli Theorem
and a perturbed test function argument (see [16]). To prove the uniform continuity, using the Bernstein’s
method, we prove that the first derivatives are bounded. These bounds rely on the establishment of
Harnack type inequalities. Indeed, we prove the following regularity results on u,



Theorem 3. Under assumptions (H1)—(H4), the following results hold true.

1. [Harnack inequality]  There exists a constant C > 0 (independent of the choice of €) such that for
all intervals I C| — A, A[ with |I| = €, there holds

sup ne(x,0) <C inf n.(z,0). 9
(r,G)GIS;XI ( ) (z,0)eQxI ( ) ( )

2. [Lipschitz bounds]  There exists C > 0 such that for all € small enough,

|0zus| < Ce  and  |Opue| < C. (10)

3. [Bounds on p.] For all € small enough, p. is uniformly bounded in W2P(2) for all p € [1,+00].
Moreover, there exists ¢,C > 0 (independent of the choice of €) such that

c<p. <C. (11)
4. [Bounds on u.] The following holds true
lim sup ue <0 and —a<lim inf Ue, (12)
=0 (2,0)ex]—A,A] e=0 (z,0)€Qx]-A,A]

with a > 0.

Note that the combination of the local and the non-local diffusion terms makes the establishment of
such regularity estimates non-standard (see for instance [4] and [25] where such types of estimates where
obtained for related models with a local diffusion term).

Remark. In 1. of Theorem@ the interval I can be at the boundary of | — A, A[

ie. I=]—A -A+¢[ or I=]A—¢c Al

1.5 Outline of the paper

In section [2| we provide some preliminary results and the existence of n. by proving Theorem [I} Next,
in section [3] we prove the regularity results given by Theorem [3] Section [ is devoted to the proof of
Theorem [2] In section [5] we focus on the properties of the limit n. We illustrate the above properties by
some numerical simulations in section [Gl

The constants ¢, C' are positive constants independent of the choice of € and may change from line to line
when there is no confusion possible.

2 Preliminary results

First, we establish a Hopf Lemma. It is obtained by a classical argument but for the sake of completeness
and because of the presence of the less classical non-local operator L, we provide the proof. Next, we
verify the existence of A(, p) and then the existence of a non-trivial bounded solution n..



2.1 A Hopf Lemma

In this section we prove the following Hopf Lemma

Lemma 2 (Hopf Lemma). Let u be a smooth function defined on  such that

=0zt + L(u) + c¢(z)u > 0, (13)
with ¢ a positive bounded smooth function. If there exists xo € OS2 such that misxll u(z) = u(zo) < 0 then
TE
either u is constant or
Oy, u(x) < 0. (14)

The proof is in the spirit of the classical proof of the Hopf Lemma (see [17]| p.250).

Proof. Up to a scaling, there is no loss of generality if we assume that B(0,1) C  and z¢p = 1. Next, we
define
(z),

T
for A\ a positive constant. We underline that v(z) = e 1*—1in B(0, 3). Next, we claim that by taking A
large enough, for all x € B(0,1)\B(0, 5) there holds

(z) = [e,%A — e AmaxOleP=D]

— Ogav(x) = 2Xe™ Amax(O 2= 2Nz = 1) > 0

15
and Lv(z) > / e*)‘max(o’w'LZ)K(w —y)dy — / e*)‘max(o’mz*i)K(x —y)dy > 0. (15)
B(0,1) Q

The first inequality of follows from a straightforward computation. For the second inequality, accord-
ing to the assumption (H3)), we have

1
lim inf / e AmaxOWP=3) [ (3 — y)dy — / e a0l [ (1 — y)dy > ex|B(0, 5)| > 0.
B(0,1) Q 2

A—~+00

Therefore, if A is large enough, holds true.

Next, we claim that if » is not constant, the minimum can not be reached in the interior of €.

Otherwise, we deduce the existence of z1 € Q such that u(x;) = rnisr)l u < 0. Since c is positive, we have
re

—0Ogzu(z1) <0, Lu(x1) <0 and c(z)u(z) <O0.

Therefore, we deduce that
—0Oppu(x1) + Lu(z1) + c(z1)u(zr) < 0.

This is in contradiction with the assumption .

We deduce that  min u(zg) — u(x) < 0. Next, taking € small enough, there holds that
z€0B(0,7)

vz € 9B(0, Z), w(zo) — u(z) — ev(w) < 0.
Since v = 0 on AB(0,1) and by definition of o, it follows
vz € OB(0,1), ulx) — u(z) — ev(x) < 0.
Morcover, according to (I3) and (5) we have for all = € B(0, )\ B(0, 3) that
— 0Oz (u(z0) — U(iﬂ) —ev(z)) + L(u(zo) — u — ev)(x) + c(z) (u(zo) — u(z) — v(z)) < 0.

0) —
We deduce thanks to the maximum principle that u(zg) — u(z) — ev(z) < 0, for all 2 € B(0,1)\B(0, 2).
We conclude that N
Oy, u(zo) < —0y,ev(xp) = —€2Xe™ ¢ < 0.



2.2 Existence of a principal eigenpair

Proposition 1. For a fized bounded smooth function p and a fized value 0 €]— A, A| there exists a principal
eigenvalue \(0, p) of the operator —0yz + L(¢) — (R(-,0) — p)yp with Neumann boundary conditions

{ — Ot + L) — (R(,0) = p)b = A0, 96 in ©,

16
0y, =0 on 0N. (16)

The associated eigenfunction Y has a constant sign and is unique up to multiplication by a constant.

Moreover, the function M0, p) and v are C* with respect to 6 and p € H ().

In the following, we will consider that 1 is positive and of L? norm equal to 1.

Proof. First, we prove the existence of the principal eigenpair by verifying that we can apply the Krein
Rutman Theorem (see [30] p 122). Since it is classical, we do not provide all the details. The cone of
functions where we apply the Krein-Rutmann Theorem is

K={ueC" Q)| u>0 and 9, ,u=0}.

We define £(v) as the unique solution of

O L(v) + /Q £(0)() — L) WK (& — y)dy — (R(-0) — p— C)L(w) =v in £,

Oy, L(v) =0 on 9N

where C' > sup(R(x,0) — p(x)) and v € K. The operator £ is linear, compact thanks to the elliptic
xef)
estimates. We have to prove that

Yo e K\{0}, L(v) € int(K).

Let v be in K with v not trivial. By elliptic regularity, it follows £(v) € C**® and 9,,L(v) = 0. It remains
to prove that L£(v) > 0.
First we prove that if £(v) is constant then it is necessarily a positive constant. Next we prove that if
L(v) varies then L(v) > 0.
Assume that L(v) = ¢. Let T € Q be such that v(Z) > 0. Moreover, the choice of C gives —(R(Z,0) —
p(T) — C) > 0 and since—0y,L(v) = L(L(v)) = 0, we deduce that
_ v(T)
LW)(ZT)=c= — — > 0.
—(R(z,0) — p(x) - O)
Next, we suppose that L£(v) is not constant. Assume by contradiction that there exists = such that
L(v)(x) <0. Let T € Q be such that

inf L(v)(x) = L(v)(@).

e

Then either 7 € Q or 7’ € 9. In the first case, we deduce that
—0pe LW)(T) <0 and  L(L(v))(@) <0,
which leads to the following contradiction
0 <0(@) = =00 L(v)(@) + LIL)) (@) — (R(@,0) — p(z') — C)L(v)(T) < 0.

If 7/ € 99, since L£(v) is not constant, we deduce from Lemmal[2 that 9,, £(v)(z') < 0. It is in contradiction
with the Neumann boundary condition.
We conclude that we can apply the Krein Rutman theorem and the conclusion follows.



Next, we focus on the regularity of A and v with respect to 6 and p. The result follows directly from
the implicit function theorem applied to

G:(6,\0,p) € H(Q) xR xR x H'(Q) — <—8m¢ + Lo — [R(+,0) — p+ Ao, /Q o(z)*dx — 1) .

The interested reader may refer to Theorem 2 of Chapter 11 of [I7] for technical details in a finite
dimensional setting.

O

The existence of the solution of is also due to the Krein-Rutman Theorem, therefore we do not
provide the proof of existence.

2.3 Existence of a non-trivial solution of (E)

As mentioned in the introduction, we recall that the proof of existence of a non-trivial solution is an
adaptation of the proof of Theorem 2.1 by Lam and Lou in [22]. The major difference is the presence of
the integral operator L. Therefore, we only provide the main elements dealing with the integral operator
L. We also skip the proof of non-existence of a non-trivial solution, when does not hold, which follows
from classical arguments.

Proof of Theorem[1l We fix € €]0,e0[ (where &g is given by (3). Let 7 € [0,1] and n, be a solution of
— Opanir — £20p9nr + Ly =y (R—7pr — (1 —7)n;) in Qx| — A, Af,
pr(z) = / n.(z,0)do in]— A, A| (E,)
]_AvA[
Op,nr(x,0) =0 on 00x] — A, A[, 0Oyyn.(x,£A) =0

It is well known that for 7 = 0, according to , there exists a non-trivial steady solution ng. As in [22],
we prove that there exists a constant C; > 1 (which may depend on ¢) such that we have for any 7 € [0, 1]

A
oot g/ /ana:dé?gCE.
—-AJQ

Then one can conclude using a topological degree arguments.

The lower bound. Let v, be such that n, = v, (where & is provided by ) First, we remark
that

L(“Tf&) = UTL(§E) + €EL(UT) + A(UT, fg)
and  A(vr,&)(x) = /Q[(Ur(x) —v7(y))(&(y) — &(2))]| K (z — y)dy.

Then v, is solution of

—8 0327 — 206007 — 52558097)7- - 25260&589'07— + feL(vTH‘A(Uﬁ fa) + peevr
= _UT€6[TPT + (1 - T)nT]'

If we multiply it by E—i, we obtain

_893(53617}7) - 5280(552891)7) + fgL(Ur) + A (vr, &)

Ur

= 552(_#5 —7pr — (1 =7)ns).
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Next, we integrate over all the domain

/ | OO = O ) + L) A

Ur
/ / 568 /UT - 5280(56802}7') dxd@ + /A 53.[/(’1}7—) + €5A(UT7§8)dxd0
Ur —-AJQ Ur
=1 + I
We next prove that I; and Iy are negative. For I7, by an integration by part, we have
E20,v,) — €20y(£20gv, A 2
L= / / vr) = 2 0(E200v1) 4 g _/ / 5 (100,12 + 2|0yv, ) dxdb < 0.
Ur -AJQ V7
For I, using that K is even and the Fubini Theorem, we obtain
/ / 56 )+§5( ) (vTvé-E)(x)dde
vr(z)

‘/ / [(vr(2) = vr ()& (V)] K (2 — y)dydado

-/ / / S ()~ v 0)?] Ko~ pdydods - 1
12:_;/1/9/9 [W(UT@)—UT@))Q] K (x — y)dydzdd < 0.

Therefore, we have that
/ / E2[—pe — — (1 = 7)n;|dzdd < 0.

Thanks to , we conclude that for € small enough

A A
M;’O) < e = —fte /A/Qéﬁdmw < sup(€)[r + (1 - 7)] /A/Qande.

The upper bound. First, we remark that thanks to the Neumann boundary conditions and the
parity of K, we have that

We deduce that

A
/ / —Oganr — Oponr + L(n;)dxzdd = 0.
Q

Therefore, if we integrate (E.)) with respect to x and 6, we obtain
2
(1-7) T> 9 T (/ )2 (1—7)</A/
+ — n, = p.rdgj + n,-dxdo
(ot 7o) 1= (/] 2410 o
A
< 7'/ p2dx + (1 — 7')/ / n2dxdf
Q —-AJQ
A A
:/ /Ranxdeg CR/ /anCUde:CR [ | VAR
—-AJQ -AJQ

Conclusion. It follows that there exists a bounded non trivial solution n. of . Moreover, we have
indeed proved that there exists constants ¢, C' > 0 such that

c A
S/ /nsdxdG < C.
sup &2 —aJo

11




3 Regularity results

In this section we prove Theorem [3] The sub-sections correspond respectively to the proof of the item 1.
2. 3. and 4. of Theorem [3| But, we need an intermediate result : p. is uniformly bounded.

Lemma 3. Under the assumptions (H1) — (H4)), we have that for all € < gg
0< Pe < CR7
(where Cr is introduced in (H2)). Moreover, there exists C > 0 such that for all € small enough

[pellwza) < C.
Proof. The L*°-bounds. It is obvious that p. > 0. If we integrate with respect to 6, we obtain

A
— Ogape + Lp: = / R(-,0)n.(-,0)do — pz in €,
—A

0y, pe = 0 in 0N.

x

Recalling the L* bounds on R (H2)), it follows:

(Ep)

—Ogape + Lp: < CRPE — ,Og

We conclude thanks to the maximum principle that p. < Cg.

The W?2?(Q) bounds. Thanks to the L> bounds on R, K, p (assumptions ([2), (fI3) and the previous
inequality), we may write on the following form

—Orape = [e
with f. € L®°(Q) uniformly bounded. The result follows from the standard elliptic estimates.
O
Corollary 1. There exists a constant C' > 0 such that for all € small enough
|0zpe| < C. (17)
3.1 A Harnack inequality
The first step to prove the first item of Theorem [3[is to prove the result in the interior of Qx| — A, A[.
Theorem 4. For all (zg,00) € Qx] — A, A], and Ry > 0 such that
Bsp,(z0) X Bser,(0o) C Qx| — A, A[
there exists C'(Rp) > 0 such that
sup ne(x,0) < C(Rp) inf ne(x,0). (18)

(I,@)EBRO (Io) XBeRO (90) (wve)eBRo (xo) XBERO (90)

Next, we prove that we can extend the solution thanks to a reflective argument(see Remark 9 p.275 in

[11]).
We perform the following change of variable: n(z,0) = n.(z,c6). Therefore, we consider the following
scaled equation

— Opell — Ogoni + L = N[R — p]  in Qx] —e 'A4,e4], )
Ay, =Byt =0 in 9(Qx] —e 1A, Al

We have denoted by R the function R(z,6) = R(x,=6). Remark that R still verifies (2).

12



Proof of Theorem[]). Let (z0,6p) € Qx] —e1A 5*1A[ and a radius Rog > 0 be such that Bsg,(x0,6p) C
Qx| — 5_1A,5_1A[ If we denote by f(z,0) = [, n( K(y — z)dy, according to it follows that
[ € L*>®(Bag,(x0,6p)). From the classical Harnack mequahty7 the Theorem 9.20 and 9.22 pp. 244-246 in
[20], and using we deduce the existence of C7 > 0 (depending on Rp) such that

sup n(z,0) < Cy inf n(x,0) + Cy sup |f(x,0)]

(z,0)€BR, (0,00) (z,0)€BRg(z0,9) (2,0)€BaR, (z0,00)
(19)
< i inf n(z,0) + CiCx  sup / n(x,0)dz.
(m,@)GBRO({EQ,GQ) HEBQRO(QO) Q

The main element of the proof is to prove the following claim:

3C >0 such that sup / n(xz,0)dx < C inf n(x,8). (20)
0€Bag, (00) JQ (z,0)€BRq (w0,00)

It is clear that if holds true, the conclusion follows.

First, we integrate with respect to z. It follows thanks to the Neumann boundary conditions that
for all # € Bsg,(0y) we have

N Jon(z,0) (fi( — [o K dy) dr
—(999/Qn(ac,t9)dx: fQ e 0)dx /Qn(x,G)da:
fQ Jo n( —y)dydz [ _
f (x (9)dl‘ /Qn(x,ﬁ)dac.

Thanks to the L°°-bounds on K, ﬁ, p (assumptions (H2), (H3|) and Lemma and the Fubini theorem, we
have

Jo (. 0) (B(w,0) = pw) = Jo K (x = y)dy) do
—Us fQ n(z,0)dz <¢
g oo ”(f?;v?(i(;;;xy)dydx < CxlQl.

It follows

—C’/ n(x,0)dr < —899/Qﬁ(a:,0)dx < C/ n(x,0)dz.

Hence, we apply the Harnack inequality to 6 € Bsg, (o) fQ n(z,0)dz into the ball Bag,(fp) and we
deduce the existence of a constant Cy > 0 such that

sup / fi(z,0)de < Cy  inf / 7(z,0)da. (21)

0€BaR, (00) /O 0€Bar, (00) J

Next, thanks to the L°°-bounds on K, E, p (assumptions (H2)), (H3) and Lemma , it follows that in
O x Bg Ro (00)

cx inf / iy, 0)dy < cxc / Fi(y, 0)dy < / iy, 0)K (& — y)dy < (—Das — o) 7 + CF.
(60) JO Q Q

HEBQRO

From an inequality developed by Krylov (we refer to Theorem 7.1 p33 in [I12] and the reference therein),
we deduce the existence of a constant C3 > 0 such that

inf n(x,0)dr < Cs inf n(z,0). 22
32R0(90)/Q (.6) SBRO(xoﬁo) (=.6) (22)
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Combining the previous inequality with and yields to

sup /ﬁ(x,ﬁ)deC’g inf /ﬁ(x,ﬁ)d:chgCg inf n(x,0).
0€Bar, (60) JQ 0€Bap(00) J (z,0)€BRg (z0,00)

This concludes the proof. ]

3.2 Lipschitz estimates
We prove 2. of Theorem [3| by the Bernstein method.

Proof of 2. of Theorem[3 We recall the main equation satisfied by w.:

— Oz Ue _ ’8$u5 ’2
13

us( )7u5(a:)
_ Ohsue — |Opucl? + /Q 1= N K (@~ y)dy = R(x.0) —p. (23)

with Neumann boundary conditions. The first step is to differentiate with respect to x and multiply
it by Zzge.
&

|d:rU5|
OpaaUeOplle Oy ( ) OrUe +/ usm—us(x)K( \d Omug
_ — e € xr —

g3 g2 Q Y3

ue (y) —ue(x)
€

_ 8z|8eue’28xua Oroou:0zue - (fQ[e

—1]0; K (z — y)dy + 0 R — @cps) Oglle
g2 € g2 ’

Remarking that

8m(\(9mu5]2) 890(‘633%\2)

OrzateOpte = 9 - (a:mcus)2 and 000U Oz Us = B - (aﬁmus)Q
yields to
amj(‘azs#) N (89636“5)2 Oy <|3zus| )8 Uge
2e g3 g2
ue (1) —ue (2) Opu)?  Oy|0puc|?0,
+/S;6U5K($ N y)dy( ;;;E) N | 97':-:2| Ug (24)

ue (y) —ue(x)
(86‘93’“5)2 5809(|8xu£| ) (fQ [e B — 10, K(z — y)dy + 0 R — azﬂs) Opue
+ = 5 .

€ 2 €

In the second step, we differentiate with respect to # and multiply by Ogu.. With computations
similar to the ones presented above, we find

Oze(|0puc]?)  (Dpruc)? Oz
_ (‘23 €| ) + ( 95 c) . ’ 6’ Dot — *899(|86U5| )+5(899u5)2 — 89|89u5|289u5
25)
8 2 _ a 8 ug ug (x (
+/Q (Opue () Zua( ) Opue (y ))€MK(QC — y)dy = Oy Rgu..
Next, we introduce
Opue(x,0

e 0) = 20 OE o a2 (26)
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If we combine and and we rewrite it in terms of p. , it follows

O €d 1 ue (1,0) —ue (x,0)
- ol SO i) = Oy )0 3. 001 K = gy

2 81‘ € 2 aﬂffﬂ € 2
( z“) 4 slf) + =(pgu-)’ (27)

we (y) —ue () O

— </ e™ = — 10, K(z —y)dy + 0. R — 8xpa) e—gs + Op ROgue.
Q

OpPeOzl
- % - 8917586“5 +

Let (z¢,0:) be such that

sup pg(l”, 9) :pa(xaa9£)~
(2,0)€Qx]— A, A

Thanks to the Neumann boundaries conditions, we deduce that (z.,0.) ¢ 92 x 9 (] — A, A[). Therefore,
we distinguish three cases: either (z.,60;) € Qx| — A, A[ or (zc,0.) € 00x]|— A, Al or (z¢,0:) € Q@ x {+A}.
Case 1 : (z.,0.) € Qx] — A, A[. First, we bound the right-hand-side of (27). Indeed, thanks to
the Harnack inequality (first item of Theorem [3)) and the L*°-bounds on the derivative of K, R and p.

(assumptions (H2)), (H3) and Corollary , it follows that

OrUe

Ug —ug (T C
< / Y 10, K (¢ — y)dy + R — amps> 5+ OpROpu: < T*/ﬁ. (28)
Q

Next, we evaluate at (xe,0:). We claim that

- x:tps(l'sa ‘95) >0, _aﬁﬁps(l'sa ‘95) >0, 8a:ps(xsa 06) = 59;05(935, 05) =0

1 e (1.02) e (ze 0c) (29)
and € Q[pe(xa 0:) — Opuc (e, 0 )Oguc(y, 0:)]e N K(z: —y)dy = 0.

Indeed, the first inequalities follow easily since p(z., 6:) = max p. and the last inequality holds true thanks
to the following computations
1 ue (y,0¢) —ue (we,0¢)

R R R 3 L.

]. ue (y,0¢) —ue (ze,0¢)
> g |:/ ps(maee)e e K(xs - y)dy
Q

ue (y,0e) —ue (ze,0¢)
€

1
- 2/ 39“?(555,95)6’ (v —y)dy
Q
1 ue (y,0e) —ue (we ,0¢)
—2/ BguZ(y, 0:)e : K(ze — y)dy]
Q
]. ue (y,0e) —ue (ze,0¢) ue (y,0¢) —ue (ze ,0¢)
> 5 [/ Pe(ze, b:)e : K(ze —y)dy — / pe(y, 0:)e : K (e — y)dy]
191 Q Q
> 0.

We deduce thanks to and that
1 |:axxus($€79€)

amzus(xsa

2
95)) 4 (Oppue (e, 95»2]

2¢ £

21
"‘5890“&(55&’95)] < g [(

< C pa(%s» 95) '
g

€

Hence, using the original equation , we deduce that

ue (y,0e) —ue (we ,0¢)

2
[—ps(%, 05) + / (1 —€ € )K(ms - y)dy - R($€, 95) + ,05(555):| <C V ps(xsa 0&) (30)

Q
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Thanks to the L*°-bounds on K, R and p. (assumption and Lemma, it follows that p.(x., 6;)
is uniformly bounded with respect to . The conclusion follows.

Case 2: (x.,0.) € 9Qx]—A, A]. First remark that in this case, p- (2, 0:) = |Opuc (22, 0:)|*>. We claim that
pe verifies also the Neumann boundary conditions at (x., §.). Indeed, according to the Neumann boundary
conditions satisfied by u., we can use a reflective argument and differentiate p. on the boundary. We obtain

Orpe (-’L'g, 95) = 20;ue (w& Ha)gxxua (.Tg, 05)

- + 289“5(:1}67 95)8339165(365, 95) =0

because
Opte(,0:) =0  and  Oppuc(x.,0:) =0.

Since p(z,0:) = maxp., we deduce that
_a:m:pe(xa 95) > 0.

We conclude that and hold also true in this case and the conclusion follows from the same
computations as in the previous case.
Case 3 : (z.,0;) € Q x {£A}. This case is treated in the same manner as the previous case. O]

3.3 The bounds on p.
We recall the equation satisfied by pe:

A
— Ogape + Lp: = / R(z,0)n:(z,0)d — p? in Q,
—A (EP)

Oy, pe =0 on 0f).

Proof of 3. of Theorem[3. The uniform bound from above and the W2® bounds on p. are already provided
in Lemma (3| Here we prove the uniform lower bound. We start by proving that 0 < ¢ < sup p.. Next, we
prove that ¢ < p. holds true in the whole domain 2.

A lower bound on supp.. Assume by contradiction that there exists a sequence g such that

eg. — 0 and su — 0.
k k——+o0 P Pey k——+o0

Next, if we multiply by &, (introduced in (2)) and we integrate by part, we obtain

A A
,u,e/ /nakfgkd:rdﬁz —/ /pakngk@kdxdﬁ.
—AJQ —AJQ

We deduce thanks to that for k large enough, it holds

A
[A(60,0)] JZ4 Jo neye, dadd
T S ey SSUP e .
f—A fQ Ne, &, dxdd

It is in contradiction with the hypothesis sup p,, k—> 0. Therefore, there exists a constant ¢ > 0 such
——+o00

that

Ve €]0, g0, ¢ < sup pe. (31)
The lower bound on p. in the whole domain ). Let ¢ < g9 and zy € 2 be such that
Pe(ﬂco) = Sup Pe-
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We conclude thanks to and the Lipschitz estimates obtained in the second item of Theorem |3| that
for all z € Q

A A

ue (z,0) ue (z,0) —ue (2g,0)+ue(zg,0) _ _

pe(z) = / e = df= / e e df > pe(z9)e™C > ceC.
—A —A

3.4 The bounds on u,

Proof of 4. of Theorem[3. First, we prove that there exists a > 0 such that —a < u.. Thanks to the third
item of Theorem |3| we know that there exists ¢ > 0 such that for all € small enough we have

A
c</ ne(x,0)do.
—A

We deduce the existence of (xg,6y) € Qx| — A, A[ such that
c
54 < ne(@0,60).
Hence, it follows

Cc

e log <2A> < ug(xo,0p).
We conclude thanks to the Lipschitz estimates established in the second item of Theorem [3| that
c

V(z,0) € Ox] — A, A[, —a < —2CA+ e[log (M

) = €12l < uc(z.0). (32)

Next, we prove that lim sup ue(x,0) <0.
20 (2,0)eQx]—A,A]
We prove it by contradiction. Assume that there exists a > 0 and sequences ey, (xf, 0%) such that

e, — 0 and Ug, (zk, Ok) > a.
k——+o0

Using the Lipschitz estimates provided by the second item of Theorem it follows for all 6 € (B% (0p)N] — A, A[)

uf‘?k(xka 9) = Ugy, ($k, 0) - ng(xk, Hk) + Ugy, ($k, 0’6) > _C|0 - 9k| +a>

N

where C corresponds to the Lipschitz estimate given by . We deduce that

i)eﬁ_

pe,, (x) > min(2A4, 10

We conclude that lklm infp,, (x) = +o0o. This is in contradiction with the L> bounds on p. established in
— 400

the third item of Theorem Bl
O
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4 Convergence to the Hamilton Jacobi equation

Proof of Theorem[4 We prove here the 3 items of Theorem

Proof of 1. Thanks to the third item of Theorem [3] it follows that for € small enough 0 < ¢ < p. < C
and [|pz[lw2r(q) < C. We deduce from the classical Sobolev injection (see [11]) that p. converges, along
subsequences, strongly in W1?() and in particular uniformly to p and p verifies

0<c<p<C.

Proof of 2. From the Lipschitz estimates and the bounds established in the second and the fourth
items of Theorem [3] we deduce thanks to the Arzela-Ascoli Theorem that up to a subsequence, (ug)e>0
converges locally uniformly to some continuous function u. Moreover, the limit function u does not depend
on x.

We prove that u is a viscosity solution of

— |9pul* = —=A(6, p),
Oyyu(£A) =0,

with A(6, p) the principal eigenvalue of . First, we focus on the equation in the interior of the domain
and then we treat the boundary conditions.

The interior equation. We recall that for a fixed value 6, Proposition [1| provides the existence of
a sequence of principal eigenvalues A(6, p.) associated with a sequence of positive eigenfunctions (wg )e>0
of the operator —0y, + L — (R(x,0) — pe) with Neumann boundary conditions:

. — 0pat? + LWY) — (R(x,0) — po)y? = N0, p-)y!  in Q,
; (33)
al/g;wg = 0 on 89

Since 1Y > 0, we introduce
V7 = ln(yy).

Let ¢ be test function such that u — ¢ has a strict maximum at 6 €] — A, A[. Then, there exists (z¢,0;) €
Qx] — A, Al such that

0. — 0 and max  wuc(x,0) — p(0) — eV (x) = uc (2., 0:) — p(0:) — eVl (z.).
e—0 (z,0)€Qx]—A,A|

We distinguish two cases: either z. €  or z. € 0LQ.
Case 1: z. € . Since u, is a classical solution of (Eyc|), we deduce that it is also a viscosity solution,
therefore

 DuslolOe) W) Pu(010) + WG [ e 0w o, gy

— 2090 (0(0:) + eV () — [0p(9(6e) + eV ()] — R(ze, 62) + p= () < 0.

Remarking that ¢ does not depend on z and the 8 value is fixed in \Ifgf, we deduce that

- 89096\1126 (175) - [&U\I/ga (wa)]Q + / [1 - elpgg(y)i‘llga(ms)]K(fUa - y)dy - R($£7 95) + pa(xe)

Q (34)
— 88@9¢(95) — [69¢(95)]2 <0.
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Next, we observe that implies

0 (1) 0% (x
_63730\1’?5 (zc) — [5x‘1’25 (-Ts)]Q + /Q[l — eV W=Te 5)]K(:{;€ —y)dy — R(we,0:) + pe(we) = A0, pe).-

Therefore, passing to the limit & — 0, thanks to the continuity of \(, p) with respect to 6 and p (Propo-
sition , it follows that

—[B6(0)]* < —=A(0, p)-
Case 2 : z. € 0). First, we remark that in this case,

—0pus(xe,0:) = —633\11% (xze) = 0.

Therefore, we deduce that
—Opfuc(ze,0.) — H(6.) — e ()] = 0.

Moreover, since (u: — ¢ — eW%)(x.,0.) = max(u. — ¢ — e¥%), we have firstly by a reflective argument
that
O (ue — ¢ — V%) (2, 6.) > 0, (35)

and secondly, we have
Ue (Y, 0c) — ue(we, 0:) < e[We(y) — We(we)]. (36)

The inequalities and lead to

— ms\lfgf () < —0rzue(e, 0:)

ue (y,0¢) —ue (ze,0¢)

and /[1 — VEWVEENE (o, — y)dy < /[1 —e : |K (2 — y)dy.
Q Q
Therefore, the conclusion follows from similar computation as above.

The boundary conditions. Let ¢ be a test function such that © — ¢ has a strict maximum at A
(the proof works the same for —A). Then, there exists (z.,0.) € Q x [—A, A] such that

0. — A and max ue — ¢ = (ue — @) (e, 02).
e—=0 (2,0)€Qx[—A,A]

We distinguish two cases: (z.,0:) € Qx] — A, A[, (z.,0:) € Q x {A}.
Case 1 : (z.,0.) € Ox] — A, A[. In this case, by a similar analysis as above, we deduce that

—[39¢(0€)]2 < —A(0e, p) + 0(1).

Case 2 : (z.,0.) € Q x {A}. In this case, since the maximum is reached on the boundary, we deduce
thanks to the boundary conditions of u.

04, 0(0-) = Dy (e — ) (1,02) > 0,
Taking the inferior limit, we conclude that

min(—[9pd(A)* + A(4, p), Oy, d(£A4)) <0,
which corresponds to the boundary condition in the viscosity sense.

Finally, u is a sub-solution of (5] in a viscosity sense. With similar arguments, u is also a super-solution.
We conclude that u is a viscosity solution of .

19



Next, we prove that sup wu(f) = 0.

o[- A,A]
If it does not holds true, it follows that sup w(f) < —a < 0. Hence for € small enough, we deduce that
0e[—A,A]
max ue(z,0) < —3, which implies that p. < c for € sufficiently small. This is in contradiction

(2,0)€Qx [~ A, A]
with the third item of Theorem . We conclude that max wu(6) = 0.
e[—A,A]

Proof of 3. Thanks to the L* bounds on p. (third point of Theorem , we deduce that

¢ < Inellzr@x)-a,ap < C.

It follows that n. converges in the sense of the measure to n and the measure n is non-negative and not
trivial. We next prove that
supp ne C Q2 x {0 €] — A, Al | u(f) =0} .

Indeed, let ¢ € C°(Qx] — A, A]) be any positive test function such that

supp ¢ C Q x {6 €] — A, A | u(f) = 0}°. (37)
We prove that [, ffA é(x,0)n(z,0)dxdl = 0.
To this end, we introduce —a = sup u. According to , it follows that a > 0. We deduce that for all

supp ¢
¢ small enough and all (z,6) € Q X supp ¢, we have

ue(,0) < =5 (38)

We conclude that

A
// gb(:n,@)n(m,@)d&dx:// o(x,0)n(x,0)dodx
0J-4A Q Jsupp o(z,)
= lim // o(x,0)ne(x,0)dOdz
=70 Ja Jsupp ¢(x,)
— lim / / oz, 0)e"“E dbdu
e20.Ja Jsupp ¢(=,)

§lim// o(x,0)e 2 dids
e=0.Ja Jsupp ¢(x,)

=0.
We finally prove that
{u(6) = 0} € {A(6,p) = 0} (39)
To this end, note first that since u is a Lipschitz continuous function, it is a.e. differentiable. Therefore,

implies that
A#,p) >0, fora.e. 6.

Moreover, since A is continuous with respect to 6 the above inequality holds indeed for all §. To prove
, it is therefore enough to prove that for any 6y such that u(6y) = 0, we have

This property can be derived by testing the equation in against the test function ¢(0) = 0 at the point
0y for a viscosity subsolution criterion.
This concludes the proof of 3. O
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5 Qualitative properties of the phenotypic density n

The objective of this section is to show how the asymptotic results provided in Theorem [2| allows to obtain
qualitative results on the phenotypic density n, at the limit as ¢ — 0. Recall from Theorem [2] that as
€ — 0, n. tends weakly to a measure n and p. converges uniformly to a function p such that

suppn C Q@ x {0 | u(f) =0} C Q x {0 |A(0,p) = Héi/n)\(@',p) =0},

with u: [—A, A] — R the viscosity to
— |0gu(0)? = =X(0,p), O (—A A
8@U(:EA) = 0,
max u(f) =0,
and A(6, p) the principal eigenvalue corresponding to the following problem:
= 0nat)” + L(Y7) = [R(0) = plt’ = A(0,p)¢" inQ,
Ay, =0 in 00

We expect indeed that u would take its maximum at some distinct traits such that the phenotypic density
n would have the following form:

d
n(z,0) = pi(2)5(0 —6:),  ple) =) pilx).
i=1 i=1

Note that Theorem [2| guarantees convergence of (ng, pe) to (n,p), only along subsequences. It does not
exclude possibility of multiple limits as ¢ — 0. In subsection we will show that, for a particular
choice of R, there is at most one possible monomorphic limit (7, p) such that n is a single Dirac mass, i.e.
n(z,0) = p(x)5(0—0). In particular under symmetry conditions the only possible monomorphic outcome at
the limit would be n(z, ) = p(x)§(8). We next identify a situation in subsection [5.2f where the phenotypic
density n is indeed monomorphic. Finally we show in subsection that a strong fragmentation of the
environment may lead to polymorphic situations.

Before providing our qualitative results, we prove the following technical result on the principal eigen-
value A that will help us in the next subsections to obtain our qualitative results.

Proposition 2. The following identity holds true:
e (0, p) /89R z,0)0°% ()%d (40)

Proof. First recall from Proposition |1} ! that A and 1 are C! functions with respect to #. Differentiating
(1)) with respect to 6 we deduce that

A0, )1 + N0, p)Ogt)” = —0ua0pt)” + L(990°) = [R(-,0) — plOgt” — DpR(-,0)%". (41)
We multiply by 1? and integrate by parts, recalling fQ Y?(x)%dz = 1, to obtain that

(0, p) / O R(x,0)0" (x)2da + / 0. 09?00 + L) 990’ — [R(x,0) — p— A0, p)|0gt*y0dz. (42)
We remark that multiplying by 9yptp? and integrating by part leads to

/ 0507 0,00¢" + L") 994 — [R(x,8) — p — A(8, p)]¢’ 0y dz = 0.
Q

The conclusion follows. O
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Corollary 2. Let 6 €] — A, A be one of the emergent traits of n, it follows that

/ 89R(x,§)w§(x)2dx =0.
Q

Next, we consider some examples with explicit expressions of R. We illustrate how Proposition 2] can
be useful to characterize the emergent dominant traits.

Example A. We fix 0y €] — A, A[, and we define
R(z,0) =7 — g(f — 6p)%.

We assume that r is large enough such that (H4)) holds true for § = 6y. From Corollary [2, we deduce that
at any emergent trait 6, we have

29(8 — 6) /Q W (2)2dz = 0.

We deduce that the unique emergent trait is § = 6. Therefore, the limit population is monomorphic. Of
course, this example is a toy-model and does not take into account any spatial structure.

Example B. We define
R(x,0) =r — g(0 — bx)>. (43)

From Corollary |2 we deduce that for any emergent trait 6, we have

0= b/ xwg(x)2da?
Q

It is not enough to conclude that the number of emergent traits is finite. However, we can still remark
that the optimal traits are fixed point of the application

X:0— b/ ) (z)2da. (44)
Q

5.1 At most one possible monomorphic outcome

In this subsection, we restrict our study to monomorphic limits, that is when n = p§(6 —0). We will prove
that, when R is given by , the problem admits at most one monomorphic limit.

Proposition 3. Let nq(z,0) = p1(2)5(0 — 01) and na(z,0) = p2(x)5(0 — 02) be two monomorphic limits
of the problem. Then, p1 = pa. Additionally, if R is given by , then 01 = 62. If the domain 0 is
symmetric with respect to x = 0, then the only possible emergent trait corresponding to a monomorphic
population is @ = 0.

To prove Proposition [3] we enlarge the definition of the Rayleigh quotient defined in Proposition [I] by
including p in the definition:

(y)]2K(ﬂc y)dzdy

Joy 100 2da + Loxal?t — [ [R(z,0) — pl(x)]¢*dz

(7 7¢) fQ de )

(45)

and we will use the following lemma.

Lemma 4. Assume that (n.) converges in L™ (w*(0,00); M (R?)) to p(x)5(6 — 6y). Then p(:) is the
principal eigenfunction corresponding to the operator —A, + L — [R(-,6;) — p].
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Proof. By passing weakly to the limit in the equation , we obtain that

—Opap + Lp = p(R(x,00) — p),
which implies that p is the principal eigenfunction corresponding to the operator —A,+L—[R(-,00)—p]. O

Proof of Proposition[3. Let ni(z,0) = p1(x)d(6 — 01) and na(x,0) = pa(x)d(6 — 2) be two possible limits.
Our objective is to prove that
01 = 02, p1 = p2.
From Theorem [2] we obtain that
min A(0, pi) = A(0s, pi) = 0.

Let v; be the eigenfunction associated to the operator —A, + L — [R(-,0;) — p;] ensured by Proposition
with ||¢;||r2 = 1. Notice that since the limit is monomorphic and thanks to Lemma {4} we have for each
case p; = ¢;¥; with ¢; > 0. Using the Rayleigh quotient introduced in , we deduce that

0= / i (z)2da x R(01, c1t1, erthr)
Q

- c?/ |01 |2da + 2 Joxal¥r(®) = v (2y)]2K(x ~y)dedy c / [R(x,01) — crabr|ide, o
0 Q
and
0 < / i1 (z)2da X R(61, catba, c19b1)
? : (47)
_ C%/mewlpdm +C%fﬂxn[¢1($) - 1/11(234)] K(z —y)dady C%/Q[R(:L‘,el) eyl
The last inequality holds since thanks to Theorem [2] we have
0 < A(01, catba) < R(01, catha, c1eb1).
By substracting to (47), we deduce that
/Q (1t (2))? dar < /Q (c1tb1(2))? catpala)da. (48)

Following similar computations, we obtain that
/Q (catpa(2))? dz < /Q (cata(2))? c1tpn (z)da. (49)
By combining and , we deduce that
/Q[Clwl (2) — copa(@))* (c19h1(2) + cotpo(x))dx < 0.
Since c1 2912 > 0, we deduce that ci111 = c21)2, and hence p; = po.

We next assume that R is given by and conclude thanks to Corollary . Indeed, since JyR(z,0;) =
—2¢(0; — bx), we deduce that

—b —b
01 = / ze1? (z)de = / zepth3 (z)dx = By,
29 Ja 29 Jo
Finally, note that under symmetry conditions, if n(z,0) = p(z)d(0) is a possible monomorphic limit,
then n(z,0) = n(—=z,—0) is also a possible monomorphic outcome. We hence deduce in this case that

0 =0. O
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5.2 A small selection pressure leads to a monomorphic population

The next proposition gives a condition which ensures the existence of a set of parameters such that the
limit is monomorphic.

Proposition 4. Assume that R is given by . Under the hypothesis (H1)—(H4)), there exists go > 0
such that if g €]0, go[ then there exists a unique optimal trait.

Proof. According to the implicit function theorem, the functions (8 + %) and (0 + 9p1)?) depend
continuously on the parameter g. Moreover, the following claims hold true:

A(0, p) is non-decreasing with respect to g, (50)
and
/ 1090 () 2 —> 0. (51)
Q g—0

Claim follows straightforward computations, therefore we do not provide the proof. The second one
is proved in Appendix B. Next, we differentiate x (defined by ) with respect to #, to obtain that

"9) = 2 /Q 20 ()99 () da

Thanks to the Cauchy-Schwarz inequality, we deduce that

IX'(0)] < 2bsup x /1/) dCL‘/ 9 (z)%dx = 2b sup = / 9’ (z)%dz — 0.
Q Q

zEQ zEQ 9—0

Since the last inequality does not depend on the choice of 8, we deduce the existence of a uniform gy > 0
such that for all g €]0, go[ we have

X'(0)] < 1.
Thanks to Theorem [2] there exists a fixed point to x. Moreover since x is a contraction mapping, we
recover that the fixed point 6 is unique. ]

5.3 A strong fragmentation of the environment leads to polymorphism

In this subsection we consider the growth rate given by and spatial domains of the following type:
Qy=(—d—a,—d)U(d,d+ a).
We also assume that the function K : R — R™ is bounded.

Proposition 5. For d > dy, with dy a large enough constant, the trait 0 is not included in the support of
the phenotypic density n. As a consequence, the population density may not be monomorphic.

Proof. We first note that, for fixed d, there always exists r(d) such that for all » > r(d), is satisfied so
that thanks to Theorem [I| the population persists. We thus can assume that, up to adjusting the constant
r, we are in a situation where the population persists.

Let’s suppose that 0 is included in the support of the phenotypic density n. Then this implies that

A0,p) = inf R(0,p,6) =0<A(6,p), forall§e[—A, Al
(0,p) semfo) (0,0, ¢) (6,p), fora [ ]

Let ¢ € H(Q2) be such that

inf R(0 =R(0 =0 =1
¢€g11(9) ( 7p>¢) ( 7p7¢0) ) ||¢0||L2(Q)
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We choose
Glz—d—a/2, 92:d+a/2

We also define
O =[-d—a,~d, Q=[dd+ad, ¢ =d¢la, o =dola,.
We will prove that when d is large enough,
165”1221 p) + 11667 12 A(62. p) < N0, p) = 0. (52)
Since ||¢81)||L2 + H(;ﬁéQ)HLz = 1, the inequality would imply
min(A(61, p), A(62,p)) <0

which is in contradiction with the positiveness of the eigenvalues A(6, p) established in 2. of Theorem
We consider the function ¢;, for i = 1,2, which minimizes R (0, p, -) restricted to the set ;, that is the
following operator

Ja. xq. [¢(@)—6(Y)* K (z—y)dzdy
R(O P 0. ¢) . fQZ |8z¢|2dl’—}— Q; xQy; 5 _ fQZ[R(‘T7O) —p(x)]<b2dx
) (2] H¢H%2(QZ) )
and such that
164l r2;) = 1.

Note that here ¢; has its support in €;, while ¢y has its support in 4. To prove , it is enough to
prove that

16$ 122 R (01, p, 61) + 1657 2R (82, p, d2) < R(0, p, o).
We compute
1657122 R (05, p,61) = 1164 122 [R (01, 9, s 60) + & fiy s, @ (2) K (2 — y)daely]

) . i#]
< 1166 132 [R(6is 9 Qs 067 + 3 fo, q, $2(@) K (3 — y)dvdy]
i#]

= Jo, 10208 Pz + § f 0,108 (2) — 68 ()2 (& — y)dady
— Jo [B(2,0) = p(@))6g) > (@)dz + 36”122 fo, o, 62(@) K (x — y)dudy.
i#]

Combining the inequality above, for i = 1 and ¢ = 2, we obtain that

H¢(()1) H%QR(ela P, (Z)l) + H¢é2> ”%27?’(927 P, ¢2) S R(Oa P, ¢0)
+ Jo, [R(,0) = R(x, 01)|63(x)dz + [, [R(x,0) — R(x,02)|63 (x)dx
11650122 Jo, e, @)K (@ — y)dady + 3657112 fo, 0, $3(2) K (x — y)dady.

We next note that

/ [R(z,0) — R(z, )| 63 (x)dz = g6, /
Q;

(22 — ;) P2 (x)dx < —g(d* — a2/4)/ 3 (z)dz.
Q; Q;

We also have

| @K - ydody < al ke | 6) = ol Ko
QiXQj Q;
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We conclude that
a
1657 1122R (01, p, d1) + 1657 122 R (G2, p, d2) < RO, p, o) — g(d? — a?/4) + §HKHL°°(R)-
Therefore, for d large enough, we obtain that

1657122 R (01, p, 1) + |65 12 R (2, p, b2) < RO, p, bo).-

6 Some numerical illustrations

In this section, we illustrate the numerical solutions of , for some particular examples, considering the
following type of growth rate
R(x,0) = r — g(bz — )2

We recall from Example [1| that in this case, 7 is a maximal growth rate and —g(bz — 6)? models the
selection. The parameter g is the selection pressure whereas b is the gradient of the environment. We
provide numerical examples where we vary this set of parameters.

To find a numerical solution of , we solve numerically the following parabolic equation:

Oine — Opyne — £20pgne + L(n:) = [R—pene in RT x Qx] — A, A,

A
t,x) = ne(t, x,0)do in Rt x Q,
petta) = [ nelta.6) -

81/Ins = az/gns =0,
(n(t =0,2,0) = ng(x,0).

We implement equation (Ey) by a semi-implicit finite difference method. We stop the algorithm when we
find a numerical steady state of (F4): a numerical solution of .

First, we underline that in all the numerical resolutions, the density of the population concentrates
around one or several distinct trait(s). Moreover, these optimal traits are present everywhere in space
thanks to the local and the non-local migration. However, the density of the population at the position x
with an optimal trait 6,, depends on whether this trait 6, is adapted or not to the position z.

Figure [1] illustrates the convergence of n. to a Dirac mass as € goes to 0. The only variation is with
respect to the parameter e = 0.1, 0.01 and 0.001.

Next, we focus on the qualitative properties established in Section |5 Figures [2| and [3| are numerical
illustrations of Proposition[3] We fix  as a single connected component and we investigate the dependence
on the parameter g. We recover numerically that as g — 0 the limit density is monomorphic with a
dominant trait centred at # = 0. For larger values of g, the phenotypic density concentrates around
several distinct traits. For each simulations, we also provide the numerical distributions of p. (Figure
3), this density seems to be centred around the point which maximizes R(-,0) (where 6 is any emergent
trait). Therefore, when the emergent trait is unique, p. is increasing on (—2,0) and then decreasing on
(0,2) whereas the spatial distribution can be more involved whenever there exist several distinct emergent
traits.

To conclude, we present in Figure 4] a numerical illustration of Proposition |5, Here, the free parameter
is the distance between the two connected components of 2. We recover that increasing the distance
between the two connected components may lead to the emergence of new dominant traits.
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e =0.01 e = 0.001

Figure 1: Variation of the numerical solutions of with respect to €. The others parameters are fixed as
follow: r=1,b=1¢g=0.1, 2 = (—2,2) and A = 2. We observe that the distribution of the population
concentrates around the optimal trait 6 = 0.

g =0.01 g =

Figure 2: Variation of the numerical solutions n. of with respect to g. The other parameters are fixed
as follow: r =5,b=1,e=0.01, Q = (—2,2) and A = 3. We recover that if g is small then the population
is monomorphic. For large values of g, there exist several distinct emergent traits.

4.99 3.6
4.1 341
4.98+
3.2
497 4 3
o o [e]
© © @
4.96 391 2.8
2.6
4.95
3.81 24
4,94 ; ; ; ; ; ; ; T T i i i i i 22 T T T T T i "
2 15 -1 05 0 05 1 15 2 2 <15 -1 056 0 05 1 15 2 2 15 1 05 0 05 1 156 2
Space Space Space

Figure 3: Variation of the numerical density p. of with respect to g. The other parameters are fixed
as follow: r =5,b=1,e=0.01, Q = (—2,2) and A = 3.
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215 2 25
Space Space

(—2.5,—1.5) U (1.5,2.5)

Q=(-1.1,-0.1)U(0.1,1.1) Q

Figure 4: Variation of the numerical solutions n. of with respect to the distance between the two
connected components of ). The other parameters are fixed as follow: r=1,b=1, g =1 ¢ = 0.01 and
A = 2. We observe that for this set of parameters, increasing the distance induces

a polymorphic density population.

Appendix A- Proof of Lemma

The proof of Lemma |1] follows essentially the steps of the proof of the convergence of u. (i.e. second item
of Theorem . Therefore, we will only emphasize the differences between the two proofs. We made the
choice to provide the proof of the convergence of u. rather than the convergence of u. because it is the
result that motivated the current study.

Proof of Lemma[ll We recall the equation satisfied by u. and &

{ — Opule — 20ppbe + LE — RE- = ple in QOx] — A, A, @

By &e = Dyye =0 on 9(Qx] — A, A|).

The existence of & is ensured by the Krein-Rutman Theorem. Moreover, according to the Krein-Rutman
Theorem, the sign of & is constant. Therefore, we consider that £ > 0, ||&||z2 = 1 and we define

ve = e1n(&).
Next, we prove that p. is bounded from below and above respectively by —sup R and — inf R. B
First, we focus on the upper bound. Let (7, 0) €  x [~ A, A] be such that sup &(x,0) = &.(T,0).
(2,0)€Qx[~A,A]
If (z,0) € Qx] — A, A[, it follows
(_ax:pgs - 52899{6 + L(ﬁs))(fa a) <0.

From , we deduce that B
pe < —R(Z,0) < —inf R.

If (7,0) belongs to 9 (Q2x] — A, A[), we conclude with a reflective argument and the same computations
as in the previous case. In any case, for all € > 0 we have

Mg < - inf R.
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Next, we focus on the lower bound. Let (x,8) € Q x [~ A, A] be such that inf & =& (z,0). With
(2,0)€0% [~ A, A]

similar arguments as for the upper bound, we deduce that
—sup R< —R(z,0) < pe.

Therefore, p. is uniformly bounded from below and above thus p. converges along subsequences to pu.
Next, as we have established Lipschitz and uniform bounds on u., we can prove that there exists a constant
C > 0 such that

|0zve| < Ce, |Opve| < C, —C<lim inf w,., and lim sup v <0.
e—0 Qx]—A,A[ =0 Ox]-A,A

Therefore, we deduce that v. converges along subsequences to v. Moreover, with similar computations as
in the proof of the second item of Theorem [2] we deduce that v is a viscosity solution of

— [0pv(0)]* = =0, —p),

max v(f) = 0.
0e[—A,A]

(53)

Next, we claim that
A0, —p) = A(0,0) — p. (54)

We postpone the proof of this claim to the end of this paragraph. Thanks to (53| and we deduce that

— [0pv(0)]* = =\(6,0) + p,

max v(f) =0.
9c|—A.A|

Remark that —\(0,0) + p < 0 for all § € [-A, A]. Next, we introduce 6,, € [-A, A] such that

Om) = 0).
V() = 0,0

It follows that dpv(0,,) = 0 and —A(6;,,0) + = 0 = max (—A(0,0) + u). We deduce thanks to that
0 = max(=A(6,0) + u) = —min (A(0,0)) + p = —A(6o, 0) + .

We conclude that
A(6p,0) = p.

We finish the proof by remarking that the previous convergence result holds for any subsequence of ..
Therefore, we conclude that

lim p. = A(6p,0).

e—0

It remains to prove . Let wz be the principal eigenfunction associated to the principal eigenvalue
of A(f, —p) with p a constant

— Ouet, + L — [R(-,0) + plf, = MO, —p)yf,  in Q,
811177[)2 =0 on 8(2

It follows that
—0patl, + L) — R(-, 0)y, = (A0, —pn) + ) ¥

Since p is constant, wz > 0 and by the uniqueness of the positive eigenfunction of —0,, + L — R(-,0) (up
to a multiplication by a scalar), we deduce that (6, —u) + 1 = A(6,0). O
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Appendix B- Proof of (51))

Proof. According to the implicit function theorem, the eigenfunction 1 is regular with respect to its
parameters g and 6. In this appendix, we will take into account in the notations this dependence with
respect to the parameters: we will denote 1 by ¥%9, A\(9) by (9, g) and R by R,,.

Since ||1/J‘9’9||%2(Q) = 1, we deduce that [, 1?9 (2)dgy?9(z)dzx = 0. If we diffenrentiate (I6) with respect
to 6, we have that 9?9 is solution in Q of

_827336077/)679 + L(aneyg) - [R!J('v 9) - p]agwe,g - aQRQ('7 9)¢9’g = )‘(07 9)89¢0’g + 89)‘(9a g)¢97g'

We then multiply the above equation by %9 and integrate over 2 to obtain that

/ (00 @00%9)) " d - Joal0079 (@) — 99 (y)PK (& — y)dyda
Q

2 - /Q[Rg($79) — p(2)|0p9"9 (2)*da

—A(G,g)/ﬁ<89w9’9>2dx+/QagRg(a:,H)wa’g(m)agwg’g(x)d:c+89)\(0,9)/Qwe’g(a:)agwa’g(x)dm.

Remarking that dpRo = 0 and recalling that [, P00(2)091p? 0 (z)dz = 0, we deduce that dpyp?° belongs to
the eigenspace associated to the principal eigenvalue A(6,0) of the operator —0,, + L — [Ry — p]. Since
this space is one dimensional, engendered by 1?0 and using again that ¥ is orthogonal to 9py?0, we

conclude that )
0,9
/Q (891# (a:)) dx gjO 0.
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