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CONCENTRATION PHENOMENON IN SOME NON-LOCAL EQUATION

OLIVIER BONNEFON!, JEROME COVILLE', GUILLAUME LEGENDRE?

Dedicated to the Professor Stephen Cantrell, with all our admiration.

ABSTRACT. We are interested in the long time behaviour of the positive solutions of the Cauchy problem
involving the following integro-differential equation

Oru(t, ) = {a(x) — /Q k(z,y)u(t,y) dy] u(t,z) + /Q m(z,y)[u(t,y) — u(t, z)] dy (t,x) € Ry x Q,

together with the initial condition (0, -) = uo in 2. Such a problem is used in population dynamics models
to capture the evolution of a clonal population structured with respect to a phenotypic trait. In this context,
the function u represents the density of individuals characterized by the trait, the domain of trait values 2 is
a bounded subset of RY, the kernels k and m respectively account for the competition between individuals
and the mutations occurring in every generation, and the function a represents a growth rate. When the
competition is independent of the trait, we construct a positive stationary solution which belongs to the space
of Radon measures on 2. Morever, when this “stationary” measure is regular and bounded, we prove its
uniqueness and show that, for any non negative initial datum in L°°(Q) N L*(Q2), the solution of the Cauchy
problem converges to this limit measure in L?(2). We also construct an example for which the measure
is singular and non-unique, and investigate numerically the long time behaviour of the solution in such a
situation. These numerical simulations seem to reveal some dependence of the limit measure with respect to
the initial datum.

1. INTRODUCTION AND MAIN RESULTS

In this paper, we are interested in the evolution of a clonal population structured with respect to a
phenotypic trait and essentially subjected to three processes: mutation, growth, and competition. As
an example, one can think of a virus population structured by its virulence, as this trait can be easily
quantified from experimental data. For such type of population, a common model used (see [8, 7, 19, 21,
9,10, 28,12, 11, 29, 30]) is the following:

(1.1) du(t,x) = Mlul(t, x) + [a(x) - /Qk:(ac,y)u(t,y) dy} u(t,xz), (t,x) € Ry xQ,
(1.2) u(0,) =up inQ,

the function © > 0 being the density of individuals of the considered population characterized by the
trait z, the set  is a bounded domain of R¥, the function k and a respectively are a competition kernel
and a growth rate, and M is a linear diffusion operator modelling the mutation process. In the literature,
depending on the context, several kinds of mutation operator have been considered, see [8, 7,21, 9, 1, 12,
18, 24, 29, 27, 25] among others. In the present work, we focus our analysis on populations for which M
is an integral operator of the form

(13) Vo€ L4@) 1 L), Mul(o) i= | mlz.)loly) o)) dy
with m a positive kernel satisfying some integrability conditions.
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Lately, this type of equation have attracted a lot of attention and much effort has been made in the
analysis of solutions of (1.1). In particular, let us mention [9, 10, 18, 11] for the construction of a global
solution in CY(Ry; L' (2) N L>(Q2)) for any non negative initial data in L°°(Q) and quite fairly general
assumptions on 2, k£, m and a. We also point to [29, 11, 30] for an analysis of the existence of bounded
continuous stationary solutions and their local stability for unidimensional domains 2 C R. However,
the analysis of stationary solutions of (1.1) in higher dimension remains to be done, while the long time
behaviour of positive solutions of problem (1.1)-(1.2) is still not fully understood.

When mutations are neglected (that is, m = 0), equation (1.1) is reduced to

(1.4) Owu(t,z) = [a(az) - /Q k(x,y)u(t,y) dy] u(t,x), (t,x) € Ry xQ,

and, for a generic positive initial datum v, the solution to (1.4)-(1.2) is known to converge weakly to
a positive Radon measure dyu [20, 18, 23]. This measure is, in some sense, a stationary solution of (1.4)
representing an evolutionarily stable strategy for the system. For example, when the kernel & is positive
and does not depend on the trait (i.e., k(z,y) = k(y) > 0), du is a measure whose support lies in the set

¥ := argmax a(x). In such a situation, one may check that a sum of Dirac masses diu = ) ;7 ZE?; 0z,, with
zeQ i
x; € X forall i € Z, is a stationary solution. When this measure d: is unique, then the positive solution of

(1.4)- (1.2) converges weakly to dp, see [23] for a detailed proof.

Since the mutation process can be seen as a diffusion operator on the trait space, it is expected that the
long time behaviour of a positive solution to (1.1)—(1.2) is simple and that such concentration phenomena
does not occur. Indeed, this conjecture can be verified when the mutation operator M is a classical elliptic
operator [24, 14]. When it is an integral operator as in the present situation, the existence of bounded
equilibria when 2 is unidimensional seems to give credit to this conjecture. However, we prove that it
is false in higher dimension. To this end, we exhibit a class of situations in which a positive singular
measure dy, solution of (1.1) can be constructed, and investigate numerically the long time behaviour of
positive solutions of the corresponding Cauchy problem.

1.1. Main results. We first state precisely the assumptions on the domain 2, the kernels £ and m and
the function @ under which the results are obtained. We suppose that the domain (2 is an open bounded
connected set of R with Lipschitz boundary, that the function a is such that

(1.5) a is continuous over 2 and positive,

and that m is a non-negative symmetric Carathéodory kernel function, that is, m > 0, m(x,y) = m(y, z)
and

(1.6) Vz € Q,m(z,-) is measurable, and, for almost every y in 2, m(-, y) is uniformly continuous.

Finally, we assume that the kernel % is independent of the trait (i.e., k(z, y) = k(y)) and that it satisfies the
following condition: there exist positive constants Cy > co > 0 such that

(1.7) colg < k < Colg,

where 1 denotes the characteristic function of the set .
Let us now consider a stationary solution of (1.1), that is, satisfying

(1.8) M{u](z) + [a(x) - /Q kE(y)u(y) dy} u(z) =0, zell.

Under the above assumptions, we prove that there exists a positive Radon measure du solution of (1.8)
in a weak sense.



CONCENTRATION PHENOMENON IN SOME NON-LOCAL EQUATION 3

Theorem 1.1. Assume a, k and m satisfy (1.5)—(1.7). Then there exists a positive Radon measure dy such that for
all pin C.(Q),

19 | (Migl(@) + et dute) = ([ otoraut)) ([ orinte ).
Let A, be the principal eigenvalue of the operator M + a defined by

Ap(M +a) :=sup{A e R|3p € C(Q),p >0, s.t. M[p] + (a +N)p < 0in Q}.
Then, we have the following characterisation for the measure dju.

e If )\, is associated with an eigenfunction o, which belongs to L*(Q), then du is a reqular (uniformly
continuous) measure, that is, du = w(x)dr with @ in L' () and is the unique strong solution of (1.8).
Moreover, @ is in L°°(S2) when the principal eigenfunction ¢, belongs to L>°(€2).

o Otherwise, dy is a singular measure.

As a consequence from the above dichotomy result, the existence of singular measure for (1.9) is
strongly related to the non-existence of a L' eigenfunction associated with \,. This non-existence result
has recently been established for the non-local operator M + a, as shown in [13, 32, 15].

Next, we analyse the global stability of di and the long time behaviour of the positive solution of
(1.1)~(1.2). When the measure dp is regular, we have the following result.

Theorem 1.2. Assume a, k and m satisfy (1.5)—(1.7). Assume there exists a positive regular Radon measure
dp(z) = u(x)dx solution of (1.8). Assume further that u belongs to L>°(S2). Then, for any non negative initial
data uy € L1 () N L>(R), the positive solution u to (1.1) — (1.2) satisfies

Jim JJu(t, ) = a2 = 0.

Note that the above global stability implies the uniqueness of the regular stationary positive Radon
measure solution of (1.8). When no regular positive Radon measure exists, the convergence of a positive
solution of (1.1) is very delicate to analyse. To shed light on the possible dynamics in such a situation, we
explore numerically the behaviour of solutions of (1.1)—(1.2).

1.2. Numerical simulations. In order to illustrate and get some insight on the long time behaviour of
solutions to (1.1)—(1.2), we numerically solve the problem for different choices of growth function a and
initial datum v in two dimensions. Limiting ourselves to preliminary computations, we choose the
domain as the open ball of radius 1/4 centered at the origin, thatis, ! = B, /4(0), and the competition and
mutation kernels uniformly constant, such that £ = 1 and m = p with p a positive constant. The system
to be numerically solved thus reduces to:

(1.10)

deu(t,z) =p (/31/4(0)(u<t’y) - U(t,w))dy> + (a(:v) - /31/4(0) u(t, y) dy) u(t,r), in Ry x Byy(0),

(1.11)
u(0,-) = upin By 4(0).

1.2.1. A simple growth rate. First, we look at a situation in which the growth rate a achieves its maximum
at a single point, a case for which we can show the uniqueness of the stationary solution. More precisely,
we have the following result.

Proposition 1.3. For any positive value p, there exists a unique positive measure dyp. which is a stationary solution
of (1.10). Moreover, there exists a critical value p* such that the measure dy is singular for p < p*, whereas it is
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reqular for p > p*. In addition, for any non negative initial datum uq in L*(2) N L>°(Q), the solution of (1.10)
converges weakly to dju.

This proposition is a direct consequence of Theorem 1.1 and of the uniform L' estimates obtained in
Section 3. To illustrate its conclusions, we take a(z) = 1 —+/||z||2, where || - ||2 denotes the Euclidean norm

in R? (Vo = (z1,22) € R?, ||z|]2 = /2% + 23), and solve numerically the problem. The obtained results,
presented in Figure 1, provide a clear picture of the dynamics of the solution.

A)t=0 (B)t=10 (©t=20 D) t = 100 ) t =400

.O

= (G)t =10 (H) t = 20 (1) t = 100 () t = 400

FIGURE 1. Numerical approximation of the solution to (1.10) at different times for two
configurations, in which the initial condition is the same and only the mutation rate differs.
More precisely, we have set p = 1 for the first simulation (subfigures (A) to (E)),and p = 0.1
for the second one (subfigures (F) to (J)). In both situations, we observe the convergence
to a stationary solution, either to a regular measure (see subfigure (E)) or to a singular
measure with one Dirac mass at the origin (see subfigure (J)), the latter being characteristic
of a concentration phenomenon.

1.2.2. A complex growth rate. Next, we explore a situation where the growth rate a achieves its maximum
at multiple points. In such a setting, we expect the stationary measure to be non-unique. In order to verify
this conjecture numerically, we consider a function of the form:

r)=1- \/\/($1 — 012+ xg)\/\/(xl L0102+ xg)\/\/x% + (20— 0.1)2)\/\/95% + (22 +0.1)2),

which achieves its maximum at four distinct points. With this choice, for p sufficiently small, we can
show that there is at least four different positive Radon measures that are solution of the stationary prob-
lem (1.9). The impact of the non-uniqueness of the stationary measure simulations can be seen in the
simulations prensented in Figures 2 and 3. Indeed, in a regime of mutation rate where several singular
stationary measures can be constructed, we observe that the outcome of the simulation may drastically
differ depending on the initial datum (see Figures 3 and 4). In contrast, in a regime where the mutation
rate is such that the stationary measure is regular, the stationary solution is a global attractor (see Figure
2).

1.3. Outline. The paper is organised as follows. We start by recalling in Section 2 important facts about
the spectral properties of the class of non-local operators considered in the problem. We then derive
some uniform estimates by means of nonlinear relative entropy formulas in Section 3 and give a proof
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of Theorems 1.1 and 1.2 in Section 4. Finally, the numerical method used for the simulations is briefly
described in an appendix section.

;"“4‘1{,’ { ..m“"i
~

(A)t=0 (B) t =50 (C) t = 100 (D) t = 800 (E) t = 1600

OOeU

(F)t=0 (G) t =50 (H) t = 100 (1) t = 800 ) t = 1600

FIGURE 2. Numerical approximation of the solution to (1.10) at different times for two
configurations, in which the mutation rate is fixed (p = 1) and the initial datum is chosen
with either one (subfigures (A) to (E)) or two (subfigures (F) to (J)) spikes, that is, the
function ug vanishes on the points at which the function a reaches its maximum, except for
one or two of them. We can see the convergence of the solution towards the same regular
stationary measure (subfigures (E) and (])).

20000

(A)t=0 (B) t = 200 (C) t = 400 (D) t = 800 (E) t = 1600

FIGURE 3. Numerical approximation of the solution to (1.10) at different times for a con-
figuration, in which the mutation rate is fixed (p = 0.01) and the initial datum is chosen
with one spikes, that is, the function uy vanishes on the points at which the function a
reaches its maximum, except for one of them. In this cases, we observe a concentration
phenomenon: the solution converges towards a singular stationary measure, presenting
one Dirac mass.
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®e600

(A)t=0 (B) t = 200 (C) t = 400 (D) t = 800 )t = 1600

FIGURE 4. Numerical approximation of the solution to (1.10) at different times for a con-
figuration, in which the mutation rate is fixed (p = 0.01) and the initial datum is chosen
with two spikes, that is, the function uy vanishes on the points at which the function a
reaches its maximum, except for two of them. In this cases, we observe a concentration
phenomenon: the solution converges towards a singular stationary measure, presenting
two Dirac masses.

2. SPECTRAL PROPERTIES OF NON-LOCAL OPERATORS

In this section, we recall some known results on the spectral problem
(2.1) Mlpl+ap+Ap=0 in Q.
where M is the integral operator defined by (1.3) with a kernel satisfying the assumption (1.6). When
the function a is not constant, neither the operator M + a 4 A nor its inverse are compact, and the Krein-
Rutman theory fails in providing existence of the principal eigenvalue of M + a. However, a variational
formula, introduced in [4] to characterise the first eigenvalue of elliptic operators, can be transposed to
the operator M + a. Namely, the following quantity
(2.2) Ap(M +a) :=sup{X e R|Tp € C(Q),¢ >0 such that M[p] + ap + Ap < 0in Q}.

is well defined and called the generalised principal eigenvalue of M + a. It is known [13, 32, 17, 2, 31]
that A\, (M + a) is not always an eigenvalue of M + a in a reasonable Banach space, which means there is
not always a positive continuous eigenfunction associated with it. Nevertheless, as shown in [15], there
always exists an associated positive Radon measure.

Theorem 2.1 ([15]). Let the domain ) be bounded, the operator M be defined by (1.3) with a kernel satisfying
(1.6), a be a continuous function over 2, and define

= /Qm(ac,y) dy, o:=sup(a(z)—M(z)), Y:={yeQlaly)—M(y) =o}.

Then, there exists a positive Radon measure dy,, such that, for any ¢ in C.(S2), we have

/ (/ m(@, y)dpp( >> dw+/ o(x)(a(z) — M(x) 4+ A\p)dpuy(z) = 0.

In addition, we have the following dichotomy:

o cither there exists @, in L*(2), ¢, > 0, such that du, = ¢,(z)dz,
e or there exists g, in C(2), g, > 0, and dv a positive singular measure with respect to the Lebesgue measure,
whose support lies in the set ¥, such that

dz + dv.

e = () - M(@)
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The measure dpu, can be characterised more precisely and there exists a simple criterion guaranteeing
its regularity.

Proposition 2.2 ([13, 17, 2, 16]). Under the assumptions of the preceding theorem, dy, = ¢,(x)dx with ¢, €

C(Q), pp > 0, if and only if \y(M + a) < —o.
We conclude by recalling a characterisation of \,(M + a) in the spirit of what is known for elliptic
operators [5, 3, 6].

Definition 2.3 ([17, 2, 16]). Let 2 be a bounded domain, M be defined by (1.3) with a kernel satisfying

(1.6) and a € C(£2). We define the following quantity:
Ap(M +a) :=inf{A e R|Jp € C(Q) NL¥(Q), ¢ >0, M[p]+ (a+ A)¢ > 0in Q}.
As in the case of elliptic operators, the two quantities A, and )}, are equal in our setting.

Theorem 2.4 ([17, 2, 16]). Let 2 be a bounded domain, M be defined by (1.3) with a kernel satisfying (1.6) and

a € C(Q). Then
Ap(M +a) = X\ (M + a).

3. A PRIORI ESTIMATES

In this section, for a non-negative initial data ug in L!(€2) N L>°(Q), we establish some uniform in time
a priori estimates on the solution of (1.1)—(1.2). To do so, we start by proving a non-linear relative entropy
identity satisfied by any solution of (1.1).

Proposition 3.1 (general identity). Let @ C RY be a bounded domain and assume that a,k and m satisfies
(1.5)=(1.7). Let H be a smooth (at least C*) function. Let @ be a L*(Q) N L>(Q) positive stationary solution of
(1.1). Let u € C1((0, +00), L>=(R2)) be a solution of (1.1), then we have

(3.1) Cm’fdt[“](t) = —Dpa(u) + L(t) /Q a(a)H' (%(t,x)) ult, z) do
where T', H,, .[u], Dy u(u) are defined by
M0 = | K@) —u(t.)dy
it = o ()
o RN u(t, x) u(t,y) , (u(t, ) u(t,z)  u(t,y)
Putn = [ me e |1 (5e5) -1 (Ge8) < (5) (er S )] 4o

Proof:

From (1.1), since the kernel  satisfies condition (1.7), by defining I'(t) := [ k(y)(a(y) — u(t,y)) dy we
have for all ¢ > 0

Ou(t,z) = (a(x) - / k(y)u(y) dy) u(t, z) + Mlul(t,x) + T'(t)u(t, z) for almost every = € Q.
Q
Using that @ is a positive stationary solution of (1.1), for almost every = € €2, we have

am—lf@mwwz—f

@M[ﬂ](iﬂ),
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and we can rewrite the above equation as follows

dpu(t, ) = Mu(t, ) — (E 9;)/\/1[ [(z) + T(t)u(t,z) for almost every z € Q.

Multiplying the above identity by @( (

and integrating over ), we find that

7)
/Q () H' (“liixﬁ)) yult, z) dz = <“ﬁ;§ > u(t,z) dz
+

> [a(z)M]u)(t, x) — u(t, z) Mu](x)] dz.

By rearranging the terms, we get

/Q () H' (“ﬁx:;)) yult, z) dz = /Q ; <uﬁ“’2 > 7) dz

o (42 5]

and, due to the symmetry of m, we straightforwardly see that

//Qmm(x,y)ﬂ(:n)ﬂ(y) [H <Uét(;§)) " (ugé,yg)ﬂ dedy = 0,

Hence, by combining the above equalities, we reach

d = a(z)H' utt, ) u(t,x) dr — a(u
sl =0 [ a0 ("2 ) ) o~ Duato)

g

Remark 3.2. When k = 0, equation (1.1) is linear and relative entropy formulas are well known in this case,
see [26].

Remark 3.3. When H is non decreasing and # is only assumed to be a stationary super-solution of (1.1),
from the above proof we clearly see that,

d

Ty [ul(t) < ~Drra(u)(®) +T(1) /Q a(@)H' (%(t,2)) ult, @) da.
Similarly, if @ is a positive stationary sub-solution of (1.1), we have

M0l > ~Das)®) +70) [ o) (5(t.2)) utt.a) da.

Equipped with this general relative entropy identity, we may derive some useful differential inequali-
ties.

Proposition 3.4. Let Q@ C RY be a bounded domain and assume that a, k and m satisfies (1.5)~(1.7). Let ¢ > 1
and H, be the smooth convex function H,(s) : s — s%. Let u,u be two positive solutions of (1.1) as in Proposition

3.1. Then the functional F(u) := log (%) satisfies:
d
(62) GF 0 = 5 Das()(®) <0
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INCRE

Remark 3.5. We observe that in the case of H(s) = s?, H, ,[u](t) = |u(t,")||3 and we get a Lyapunov
functional involving the L? norm of u instead of a weighted L norm of u. Indeed, we have

4 op [ eENE Ny 1 o vateva(e ((AEE) uty)\
ﬁQgQawwmg>‘|w»@ﬂ§z<w<>@%am mw>dd%

Proof of Proposition 3.4:

Moreover, we have

63) waxwzgﬁ;Jmemmmw[“Tw—““w]Kg@>

IS

Observe that, for H(s) := s?, we have, by Proposition 3.1,

d B ~ w(t, )\
£’Hqﬂ[u] (t) = —Dga(u)(t) + qF(t)/Qu(:c) < () ) u(t, z) dz.
Therefore, by definition of . [u] we get from the above equality
d
(3.4) 7 Maaltl(t) = —Doa(u)(t) + ¢ L()H, . [ul(®).
Now by taking ¢ = 1 in (3.4), we obtain
d
g () = =Drau)(t) + T(OH, ; [u](?).
A quick computation shows that D z(u) = 0 and therefore
d
(35) SH (1) = DO, [u](0)
Since for all ¢ > 1, H, . [u](t) > 0 for all times, we have
d
(36) S og(H, , u](t) = T(),
d 1
(3.7) 77 108(H, 4 [u](t)) = —ml)m(u)(t) +qI(t).

By combining (3.6) and (3.7), we end up with

d Hq,ﬂ [u] (t) B _# w
dt (log ((”H[W» = A, DO

Equality (3.3) then follows straightforwardly from direct computations, by using symmetry and an obvi-
ous change of variables.
g
From these differential inequalities, we obtain uniform in time a priori bounds of the L! norm of a
solution of (1.1) — (1.2). Namely, we show

Lemma 3.6. Let Q@ C RY be a bounded domain and assume that a,k and m satisfies (1.5)—(1.7). Let u €
C((0,+00), L (2) N L>®(2)) be a non-negative solution of the Cauchy problem (1.1)—(1.2) with initial data
ugp € L>®(Q) N LY(Q), ug > 0. Then there exists two positive constants Cy(ug) > c1(ug) > 0 such that for
allt >0

ar < lult, )@ < Cr-
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Proof:
First, let us observe that large (respectively small) constants are super-solutions (respectively sub-

solutions) of (1.1). Indeed, for C' > sup <a($>>, we have
€N fQ Z) dz

M[C] +C (a(az) _c /Q k(2) dz) = Clala) = supa(a) < 0.

:E)

Similarly, for C' < 1nf < > we get
Jok(2)

z€Q

M[C]+C (a(w) — C’/Q k(2) dz) = C(a(x) — inf a(z)) > 0.

Therefore, from Proposition 3.1 and Remark 3.3, by choosing u a large, respectively a small constant,
and considering the convex function H(s) : s — s, we get

d a(x)
dt(Hu( M) <C </Q k(z)dz —/Qk(z)u(t,z) dz> u(t, )1 for C=> gSclelg (fg k(2) dz)
d af

dt(Hu( M) = ¢ </Q k(z) dz—/Qk(z)u(t,z) dz> u(t, M for < ;gg (fQ (:c) )

Now, since k satisfies (1.7), we have ¢y < k(y) < Cj for all y € Q and from the above differential
inequalities we get

d €T
ar >”L1<m>éc(/gk<z>dzcmru(tv-)nmm) Ju(t, )y for 0221618( fgkf(zw
Cu<||“<t»'>|1u<m>2c</ k(z)dz—co||u<t,->||m>) Jutt, Mizey for < inf ( fQ <$>dz>

z€eQ
From the logistic character of these two differential inequalities and since |uol[z1(q) > 0, we deduce that
forallt >0

@

Q

. k(z)dz k(z)dz
¢ i= inf {HUOHLI(Q)? fQéO} < u(t,z) < C1 = sup {|UO||L1(Q)§ fQio} .

g

Remark 3.7. Observe that the above proof holds as well for £ bounded above and below by positive con-
stants. As a consequence, such a uniform L' estimate can be also obtained in a more general situation
where the kernel £ is not necessarily independent of the trait .

4. PROOFS

We are now in a position to prove Theorems 1.1 and 1.2. Let us start with the construction of a stationary
measure.

4.1. Construction of a Stationary state. Consider the stationary problem (1.8), then in order to construct
stationary state in the space of Radon measures, we have to find du solution of the following weak for-
mulation

(4.1) Vo € Co(9), /

Q

(MIg]() + a(@)p(z)) du(z) = /Q (@) dp(z) /Q k() du(z).
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Owing to Theorem 2.1, let us consider a positive measure dy, associated to A,(M + a), which we
normalise in order to have [, du, = 1.

Claim 4.1. There exists a unique 0 > 0 such that 0 dy, is a positive stationary solution of (4.1).

Proof:

Let 0 be defined by 6 := (%) For any ¢ € C.(Q), 6 dp,, satisfies

Agwwax>+a@»¢w»9dqu>=—4AAA4+a» [ @ dy(a)

(M +a) . . . .
= f@kcwchqxx)/gk( )dup()bﬁ;w()Hdup()

= [ k@) [ ow)0duy(a)

Thus, 6 dy,, is a stationary solution of (4.1).
To conclude, it remains to show that —\,(M + a) > 0. This is the case, since we have \,(M + a) =
Ap(M + a) by Theorem 2.4, and by taking (— inf,eq a(z), 1) as test function, we can easily check that

Ay(M+a) < _felgf) a(z) < 0.
g

Remark 4.2. From the above computation, we clearly see that the uniqueness of the stationary state follows
from the uniqueness of the measure associated with \,.

4.2. Long time behaviour. Let us now prove Theorem 1.2. We assume that du the positive measure
constructed above is regular and bounded, i.e. du(z) = i(r)dz with 4 € LY(Q) N L>(Q). Since du
is associated with the principal eigenvalue \,(M + a), then @ = 0, with ¢, € L}(Q) N L>(2) and ¢
defined in the proof of Claim 4.1. From the regularity of ¢,, we can see that « is a strong solution of (1.8).
Now, knowing that a positive continuous stationary solution of (1.8) exists, we can derive further a priori
estimates on the solution u of (1.1)—(1.2).

Lemma 4.3. Let Q C RY be a bounded domain and assume that a, k and m satisfy (1.5)~(1.7). Let u €
C*((0,+00), LY (2) N L>=(2)) be a non-negative solution of the Cauchy problem (1.1)~(1.2) with initial datum
ug € L>®(Q)N LY (), ug > 0. Then there exist two constants Cy > cg > 0 depending on g such that forall t > 0,

ca < lult, )2 @) < Ca.

Proof:

The uniform lower bound is rather easy to obtain and follows directly from the Holder’s inequality
and the estimates in Lemma 3.6. Indeed, since 2 is bounded we have

ver < Hlult, )l i) < VIRQIu, )l 22 @)
where |(2| denotes the Lebesgue measure of the set €.
On the other hand, we get an uniform upper bound as a straightforward application of Proposition 3.4.
Namely, since @ is a positive L (Q) N L> () stationary solution of (1.1), by Proposition 3.4, the functional

F(t) :=2log (W) is a decreasing function of ¢ and therefore, for all ¢ > 0,
1,4

HUOHL?(Q)

M@WHMSHMMW<HM]

)gawmmmwwmm
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Hence, forall ¢t > 0,
lu(t; )22y < CLC(uo) [l oo
O
In order to prove that v converges to a stationary solution, we introduce the following decomposition
of u. Since for all ¢ > 0, u and @ belong to L' () N L>(2), they belong to L*(2) and we can write u as
follows:

u(t,z) := At)u(x) + h(t, x)
with h such that [, ¢, (x)h(t,z) dz = 0 for all ¢ > 0.

Claim 4.4. \(t) — Land ||h(t,)||2(q) — 04ast — +oo.

Proof:

For convenience, we introduce the following notation (p, ¢) := [ ¢(x)¥(x) dx to denote the standard
scalar product of two function of L?(2).
We start by deriving some useful bounds on A and h. From the decomposition, we have

(@, u(t,-)) = \t)6* = 9/ u(t, z)pp(z) de.

Q
Therefore, since ¢, is positive and bounded in Q, we have from Lemma 3.6

c1(uo) inf p(z) < /QU(t?fc)@p(w) dx < C1(uo)ll@plloo,

and
c1(uo) infreq pp(x) C1(uo)l#pllo

. < < —
42) : <A < =

From Lemma 4.3, we obviously derive an upper bound for [|A(t, -)||.2(q)- Indeed, by construction
(4.3) 1At M Z2i) < llult, Zzg) < Co.

Substituting to u its decomposition in the equation (1.1), we get
4.4) N@)u(z) + %h(t x) ( / kE(z)u(t, z dz) (At)u(z) + h(t,x)) + At)Ma](z) + M[R](t, x).

Multiplying the above equation by h and integrating it over (2, we get after obvious computations

(e ne)y = (at0) = [ Keputt 21z} e + Ml ) 0o, ).

where we used the definition of w and (u, h(t,-)) = 0.
Since H, . [h](t) := ||h(t, ") H%Z(Q)’ we get

(Gritne)) = 50 = (ato) = [ bu(e.2)ds) ne.) + MBI, A )

By following the computation developed for the proof of Proposition 3.1 with H(s) = s?, we see that

%HM [h](t) = =Daa(h)(t) + L) H, ;. [A](?)-

with I(£) = < /Q k(2)a(2) d — /Q k(2)u(t, ) dz) _ <—Ap— /Q k(2)u(t, ) dz).

(4.5)
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By construction, H, ,[h](t) > 0 for all £ > 0. So either H, ,[h](t) > 0 for all times ¢ or there exists ¢y € R
such that #, . [h](to) = 0. In the latter case, we have u(to,z) = A(to)f¢,(z) for almost every = € Q. Let
w(t, z) = ~(t)0p, with v(t) satisfying the ODE

(4.6 Lat) = X ()1~ (1)
@7) (t0) = Alto).

By construction, v(t) — 1 as t — +oo and we can check that w is a solution of (1.1) for all t > ¢¢. Thus,
since w(to, -) = u(to, -) by uniqueness of the solution of the Cauchy problem (1.1), we have u(t, ) = w(t, -)
for all ¢ > ¢y and therefore for all t > to, h(t,-) = 0 and A(t) = ~(¢).

In the other situation, #, . [h](t) > 0 for all t and we claim the following.

Claim 4.5. H, ,[h](t) — 0ast — +oo.

Assume the Claim holds then we can conclude the proof by arguing as follows. From the decompo-
sition u(t,z) = A(t)u(zx) + h(t,x), we can express the function H, ,[u](t) by H, . [u](t) =< @, u(t,-) >=
A(t)(u,u). Using Proposition 3.4, we deduce that

4.8) N() = =Ap(1 = AEDA(E) — ( /Q k(2)h(t, ) dz> ().
Now by using ||h(t,-)||3 = H, . [h](t) = 0 as t — +oo, we deduce that
N () = =Ap(L = AE))A®) + A(t) o(1),

with o(1) < C||A(t, )| L2(q)-
Therefore, by a elementary analysis of the ODE, we deduce that A(t) — 1 as t — +o0.

Proof of Claim 4.5:
Since H, . [h](t) > O for all ¢, from (4.5) and by following the proof of Proposition 3.4 we see that

a [ H.m Daa()(1)
(4.9) —lo : ==
i [(H [ <t>)2]

<0
dt
] is a non increasing smooth function. Thanks the monotonicity of F, to

H,qlh](E) —

Hya M)
(Hy o l)0)”
prove the Claim, it is sufficient to exhibit a sequence (,,),en such that t,, — +oc and H, , [h](t,) — 0.

To exhibit such sequence, it is sufficient to prove that inficr, H, ,[h](t) = 0. By contradiction, let us
assume that inf;cr, H, ,[h|(t) = x > 0. Then, by (4.2) and (4.3), there exist positive constants «, 3,7 such
that forallt > 0

Thus F(t) := log [

0 <k <|hllz®) <o,
0<B<H  [ul(t) <n.
As a consequence, there exists ¢y € R such that
(4.10) F(h(t)) = co and %F(h(t)) —0 as t— +4oo.

Take now a sequence (%, )nen such that ¢, — +o00, and consider the sequence of L? functions (hy)nen 1=
(h(tn))nen. Then [|hy[[12(q) is then bounded from above and below and therefore, by (4.10) and (4.9), we
get

(4.11) lim Dyq(hn) = 0.

n—-+o00
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On the other hand, since (hp)nen is bounded in L2,_there exists h € L? such that, up to extraction of
a subsequence, h,, — h in L2. Let us evaluate Dg u(h) Since @ and m are positive and bounded from

above and below, the function g(z / m(x y dy, is well defined and g > C' > 0 for some positive

constant C. Moreover, we have

(4.12) DmAMJIQ(Ayﬁg[&M/M%yMAxMAMde>.

Since m € L?(2 x Q) and g > 0, by Fatou’s Lemma and the L? weak convergence of h,, we get

/h2g<hnrr_1>£f/h g,

[ me @) dyde = | b)) dyds

Therefore,
o (h(@) h<y>>2 -
O<Du m(z,y)u(x)u —< — —% | dydr <liminf Dy z(h,) =0,
< Dy [LXQ ' Y) )(y)< @ ) Y im inf Do ()

which enforces that h = v for some constant v € R. Recall now that for all n, h,, € @+, so

vl|alZsq) = /Qhu = lim [ h,u=0,

n—-+00 Q

implying that v = 0. Now since, h = 0 and h,, — h, from (4.11) and (4.12), we get

Jm [ owm =o
which leads to the following contradiction

k< lim [ A2 <C7'lim [ K2g=0.

n—-+4o00 Q n—oo [o

Hence, inf;cr, H, ,[h](t) = 0, and since H, . [h](t) > 0, this implies that lign inf H, . [h](t) = 0.
: : nnt 7t,,
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APPENDIX A. NUMERICAL ASPECTS

To investigate numerically the behaviour of the solution of (1.10), we are led to understand how to
solve numerically evolution problems of the form :

(A1) Ow(t,z) = /QK(x,y)v(t,y) dy +a(x)v(t,z) in (0,00) x £
(A.2) v(0,z) =vo(x) in
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To solve numerically (A.1)-(A.2), our approach is to rewrite the above problem in a variational form
and use a finite element method. Multiplying (A.1) by w € L?(f2) and integrating over ), we get

(A3) at/ //Km W)olt, y)w(z )dydx—/ga(m)v(t,x)wzo

To approximate the time derivation, we use standard Euler approximation scheme. For the space dis-
cretisation of v(t, x), we use the standard Lagrange finite elements. Let us look at the non-local term. If

we set,
N
NZ (),
~ ’Uj ’LUJ
i=1

where w; is the j element of a finite element basis. Then, for w = w;, we have

N
//ny u(t, y)w dyde//Kmy
J

vj(n w;(y)w;(x) dyde,
which can be rewritten as follows

=1
(A.4) //ny o(t, y)w dydeZv <//nywj wz()dydzv)

If we interpolate the map z,y — K(x,y) on the fem basis {w;(x)w;(y)} of L?(Q) x L?*(), we have

N N
(A.5) K(z,y)~ Y > Kk Dwg(z)w(y)

k=1 1=1
Plugging the interpolation (A.5) in the relation (A.4), we get

| [ Kepumue @M~ZZX//KMw]wxmmmeM>

k=11=1
which rewrites

@o [ [ K@ @M~Z§%wk/w>wuw/mUwUd

k=1 I=1
Now set M and K to be the following square matrices

Mij = /Qwi(y)wj(y) dy and /Cij = K(l‘i,yj).

Then (A.6) can be expressed as follows:

(A7) //K z, y)w;i(y)w;(x) dydr ~ ZZle’ClkMkJ

k=11=1

The finite element matrix representing the integral term is then given by the multiplication of three
matrices M /M. Thus

(A.8) //K:Ey v(t, y)w dydeZv (MKM)i; = MKM (v™)

With this finite element approximation of the mtegral terms, we implement a standard Euler semi-
implicit scheme using FreeFem++ [22] to compute numerically the solution of (1.1)—(1.2). To guarantee
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the convergence of the scheme used, the mesh used is an adapted mesh composed of approximately 17000
triangles.
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