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Dirac concentrations in Lotka-Volterra parabolic PDEs

Benoit Perthame* Guy Barles |

August 28, 2007

Abstract

We consider parabolic partial differential equations of Lotka-Volterra type, with a non-local
nonlinear term. This models, at the population level, the darwinian evolution of a population;
the Laplace term represents mutations and the nonlinear birth/death term represents competition
leading to selection.

Once rescaled with a small diffusion, we prove that the solutions converge to a moving Dirac
mass. The velocity and weights cannot be obtained by a simple expression, e.g., an ordinary
differential equation. We show that they are given by a constrained Hamilton-Jacobi equation.
This extends several earlier results to the parabolic case and to general nonlinearities. Technical
new ingredients are a BV estimate in time on the non-local nonlinearity, a characterization of
the concentration point (in a monomorphic situation) and, surprisingly, some counter-examples
showing that jumps on the Dirac locations are indeed possible.

Key-Words: Integral parabolic equations, adaptive dynamics, asymptotic behavior, Dirac concen-
trations, population dynamics.

AMS Class. No: 35B25, 35K57, 49125, 92D15

1 Introduction

This paper is devoted to study the asymptotic behavior of solutions to parabolic Lotka-Volterra
equations. They describe the dynamics of a population density n(t,z) which expands (or decays)
with a growth rate R(x, I (t)) which changes sign. In the theory of adaptive evolution ([27, P4, B3,
R4, [4, [[1]), the parameter = denotes a physiological “trait” and I(¢) an environmental unknown
shared by the total population and which is used as a nutrient. The population can use the nutrient
I(t) differently, depending upon the trait z, which makes that certain fitter traits should emerge,
modifying the environment and thus allowing other traits to emerge. This mechanism uses mutations
in the population that we model here by a mere diffusion; but more realistic integral kernels can be
handled as well, [[[§, [[J]. This elementary modeling leads to the equations

gng —eAn, = R(z,1.(t)), zeR >0,
ot € (1)

ne(t = 0) =n? € LY(RY), nd >0,
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(t) = [ w(ene(t,2)d. @

The function v is given and measures the 'predation’ of individuals with trait  on the environment.
Notice that we have rescaled the problem in order to include the idea that mutations are small (or
rare) thanks to the small parameter ¢ > 0. Such models, together with related asymptotic, can be
derived form individual based stochastic processes in the limit of large populations; we refer to [[3, [[4].
Also the problem without diffusion (a coupled infinite system of elementary differential equations) is
interesting from the point of view of large time behavior; we expect that the dynamics concentrates
on large times and several related results can be found in the literature, see [[[q, g for instance.

Our purpose is to show that, under various assumptions on the rate R(x,I), the population n.
concentrates as a Dirac mass (or a sum of Dirac masses), a mathematical way to express that well
identified species emerge from the adaptive landscape defined by the rate R. The interesting feature
being to describe the dynamics of these Dirac masses. Here, we perform this analysis in a completely
rigorous manner. But the idea to analyze adaptive dynamics in those terms, and the formalism, goes
back to [[[§], where a well founded biological system (the chemostat) was studied. In [f], we performed
a rigorous asymptotic analysis in the case of integral operators and with linear dependency on the
environmental unknown I(¢). The case of a system, for a population with adults and juveniles, was
studied in [[[7.

Although related, the situation of reaction-diffusion systems, as they arise in combustion, is quite
different. The simple Fisher-KPP equation may serve as a model, which amounts to use R =1 — n,
in (), and is known to lead to the propagation of a front. This means that in the limit & — 0, the
solution converges typically to either 0 (uncolonized region) or to 1 (fully colonized region), and the
transition occurs on the “front”, i.e., a hypersurface which dynamics can be described by the level set
of a solution of a Hamilton-Jacobi Equation (see [{, i, B, Bd, B9, BZ]). Therefore, the limiting objects
are, geometrically at least, very different in the cases of reaction-diffusion equations and of Lotka-
Volterra equations. This is the reason why in the later case a new type of equation, the constrained
Hamilton-Jacobi equation, occurs to focus on the isolated points of the Dirac locations. The theory
of viscosity solutions to Hamilton-Jacobi equations occurs naturally in our derivation because a phase
occurs naturally; it is quite elaborate now and general introductory references are [I, [[5, B, [9, BI].
But a large part of the present paper uses other general ideas that can be read without knowledge of
this notion.

The paper is organized as follows. We first state (section E) simple and general results and in
particular the convergence result to a Dirac mass for dimension one in “monomorphic situations”.
These results are completed by BV bounds on I, (t) (section fj) and by the asymptotic analysis through
constrained Hamilton-Jacobi equations (section f), in any dimension. Consequences are drawn in
section [f], they imply the concentration of n. as a sum of Dirac masses in a general multidimensional
setting. Section [] is devoted to counterexamples to the continuity of () (the limit of I.) and of the
dirac locations, and to “smallness” conditions implying continuity. Several further results are presented
afterwards: the monomorphic situation is completed in section [, the case of several environmental
variables is treated in section §.

2 Assumptions and main results

In this section, we give assumptions for the coefficients and data arising in ([])-(B)) and state the main
convergence result in a particularly simple case. More general results follow from the analysis and



proof we perform later; these results, which are more technical, are stated along the paper.

We assume that there are two constants v,,, ¥ps such that
0<thm <P <pr <oo, € WHRY. (3)

The quantity R is called the invasion exponent because it describes the ability of the individuals of
trait « to invade the population with environmental state (). We assume that there are two constants
0 < I, <Ip < oo such that

and there exists a constant K > 0 such that, for any z € R? I € R,

OR
K< —(z,]) < -K'<0, sup  [[R(, )|z rey < K. (5)
o1 Im/2<I<20y

We will also use the assumption

n e L®RY, Vnlec L'(RY) and I, < / Y(x) nd(x)dz < Iy, (6)
Rd
and the notation

0elt) = [ nalt.a)i. (7

Notice that the assumption (f) and the bound I, < [ ¥(z) ne(t,z) dz < I imply

;—7;[ =: pm < /]Rd ne(t,z)de < ppr = ;—Z
One can have in mind the particular but more intuitive example
v=1, Rz, 1) =b(z)Q:() — d(z)Q2(]), (8)
with Q; € C*(R) for i = 1,2, and
Q<0 Q()>0, Q>0 ()
b>by >0, d>dy>0and b, dc W»®(R?). (10)

We recall that we have the following existence result and a priori bounds (here C' denotes various
constants which maybe different from line to line)

Theorem 2.1 With the assumptions (3)-(8) and I, — Ce? < 1.(0) < Iy + Ce2, there is a unique
solution n, € C’(R+; Ll(Rd)), to equation ([1)-(3), and it satisfies,

I, — Ce? < I.(t) < I + CE2. (11)



A proof of existence can be found, for instance, in [l and we do not recall it. The uniform bound
can also be also be found in [f, B§| (according to [[] the lower bound is unessential because they
are indirect ways to guarantee non-extinction a posteriori, we keep it here for the sake of simplicity).
Section [ gives another and stronger uniform bound in time, a uniform BV bound on I.(t). Here, we
just indicate the derivation of the upper bound in ([L1]). We have

d 1
G [ @ ) de ¢ foundt) M do+ 2 [ neftn)R(n, 1)
dt Rd g Jrd
1 R(z,L.(1))
< Clgla(t) + g Ia(t) iré%); W
and, from the assumption (), the right hand side becomes negative as soon as I.(t) overpasses

C
Iy + %82 and the result follows.

We can state a very simple version of our results in the simple case when dimension d is equal to 1
and when, typically, the function R(z, ) is monotone in z.

Theorem 2.2 (Dimension d = 1) We assume ([})-(4), the technical condition on nQ in Theorem
-1 below, and

VI, <I<Iy there is a unique X (I) € R such that R(X(I),I) =0. (12)

Then, the solution n(t) to equation ([1)-(B) converges in the weak sense of measures (see also Remark

below)
ne, (1) 5= e(B)o(z — (1)), (13)

k—oo
and we have
z(t) = X(I1(t)), R(z(t),I(t)) =0,

and the pair (Z(t),I(t)) satisfies the constrained Hamilton-Jacobi equation given later on (see Section

When R(z,I) has the special form insuring uniqueness in Theorem [[.1, then the full family n.
converges.

Such a population is called monomorphic because a single trait is represented asymptotically. This is
the general situation with a single environmental variable I(¢) (this is called the Competitive Exclusion
Principle, [[7]). To go further, several environmental variables can be introduced (see [[§, Bf] and our
results in Section f).

3 BYV estimates on I.()

As a first step in our analysis of the limit € — 0 in (fll), we prove strong convergence of I.(t). Therefore,
we complete result of Theorem P.1] by the:

Theorem 3.1 With the assumptions (3)-(8), we have additionally to the uniform L' bound (11), the
local uniform BV and sub-Lipschitz bounds

R(w,lg)

(0= ~e0+ e [uanin) =

4



R(z,IY)

%ge(t) > —Ct+ /(1 +w(:ﬂ))n2(w)f ;

where C' and Ko are positive constants.
Consequently the extracted limits satisfy that I(t) is nondecreasing as soon as there exist a constant
C independent of € such that

R (z,I?
/ wm?m% > —Ce e, (14)
Then, we also have, for all T > 0,
r 2
/ / ne(t,z)R(z, 1.(t)) "do dt < Ce (14¢T). (15)
0 JRd

Remark 3.2 Our condition ([I}) on the initial data leaves place for a possible initial layer. In order
to avoid it, one may choose well-prepared initial data that satisfy R (x, IS) = 0 (for instance by tuning
the total mass of n2). When it is not fulfilled one might observe, e.g. in numerical simulations, a fast
variation of I.(t) fort =~ 0.

Remark 3.3 From the bound ([[3), we can deduce that the weak limit n in L™ (R*; MY (R?)) of n.,
is supported (a.e. in t) only at points x such that R(x, I(t)). We give a more precise result below.

Remark 3.4 Notice also that one can prove following the same lines that the family [ ne(t, )V (z)dzx
is bounded in BVie. for any W2 test-function U. The extracted limits ne, therefore converge a.e. in
time and not merely in w-L*° (RT; w-M'(R?)).

Remark 3.5 The interested reader can check that the proof below also extends previous results of
28, [[8] for the continuous differential system

0
an =n R(m,[(t)), I(t) = /Rn(t,x)dx.

When R is monotonic in I and assuming there is a unique T such that 0 = R(z, Ip) = maxy R(x, Inr),
then as t — 0o, we have n(t) = prrd(x — &) with Iny = pprY(T).

Proof. We begin with the proof for I., then we show ([[J) and finally indicate the variants for the
proving the result on g..
Concerning I., we multiply the equation by ¢ and integrate over R¢, this yields

%Ig(t) . / na(t, @) Ad(x) + T (t), (16)

with J.(t) defined by
J(t) = [ " w(w) R(a, L(1)).

The integration by parts is justified because ¢ € W2 and, for ¢ fixed, both n. and Vn. belong to
L' by easy a priori manipulations.



The result relies on an estimate on J.(t). In the same way, we have

575 = [ neA[p(@)R (e, (1) [de + [ SR (. (1) d
5 ; (17)
+ [ () R (e, L (1) do L (1),

d
Now we use ([Ld) to recover J.(t) from EI <(t) in the last term. And we notice the following properties :
by (B) and ([L1]), we have

[ralb@rEL0)] - [n020@) [nieve) g me Lo) = o) = K,

Therefore, using again (),

230 =0+ [ So@ R L0)de+ [ @) LR L) T, (19

But we have 5
/ng(t,x)w(x)mR(x,Ig(t)) <-Ky<0.
Using also that the second term in the right-hand side of the above equality is positive, we obtain

%(jf-:(t)) < Ky — &(jf-:( ))

From this differential inequality we find

K
(=) < ez + (Te(0)) e "2ire, (19)
2
The local BV bound on I.(t) = [ (x)n.(t,x)dz, as well as its monotonicity in the limit, follows by

inserting this inequality in (E)

In order to prove ([[H), we ague as follows. We have from ([L6)

/T Jo(t) = I(T) — I.(0) + £ O(T) = C + ¢ CT. (20)
0

On the other hand, from ([l§), we also have, for some K (t) > 0 bounded from above and from below
away from 0
K(t)

%je(t) =C _|_/ —(x )R(CE,Ie(f))de - J=(1).

After integration, this gives

J.t) = T-(0)e T /O I <c T /R 2D )R (2, 1(5))° d:c> ds,

e

6



and thus, using assumption ([[4) and with K = min K (t) > 0, we arrive at

/OT J:(t)dt > —C + /sTo <C’+ /Rd %ﬁw(gﬂ)R(x’Ie(s))zdx) % ds.

According to (R0), we deduce that

T
/ / (5 T) VR (0, 1 ()2 d ds < C + C= T,
s=0 JR4 €

and the result ([[§) follows.

The result on g.(t f ne(t, z)dx follows similar lines. We write
d 1
aQE(t) == /ne(t,x)R(x,Ie(t))dx = K (),
and
GK-0) = [nebR(a, 1.(0) + [ "% (e, 1.(1)’ /_QR(QU L) L
dt ol dt
K
> K3+ —J(1) (21)

K
> Ky = Ky + — (J:(0) _e M2
after using the inequalit for (J:(t . This implies
( g quality _ p
> K< (

’Ce(t) > K. O) - (Kl + K3)t - (jE(O))_

d
The result on 7% (t) follows.

4 Constrained Hamilton-Jacobi equation, uniqueness

As already mentioned earlier, in the limit € — 0, the solution n. to (f]) converges weakly to a measure
n € L*® (R*; Ll(Rd)) (see see Remark B.4). In this section we give a general theory for describing
properties of n. The statements of Theorem R.J follow from the present analysis (and consequences
in next section.

We expect that n. concentrates as Dirac masses
ne(t,x) — n(t, ) ZQZ x—x,t))
This weak limit can be described more accurately through the phase function . defined by
ne(t,x) = evebo)/e, (22)

1

just as the Dirac mass at 0 is well approximated by the gaussian \/?eﬂm 2/(22), The description of
TE

©e, and its limit, gives information on the measure n.



Firstly, we obtain the following equation, equivalent to ([l]),

)
— e (t,z) = |V |* + R(x, I.(t)) + eAg.,
59 (t:2) = [Vl (2, (1)) @ (23)

we(t =0,7) = ©2(z) := eInn?.

Following [[§, [l], in the limit, we obtain a viscosity solution to the constrained Hamilton-Jacobi
equation

o o(t.2) = Vel + Rz 1(1),

max ¢(t,z) =0, Vt>0, (24)
z€R

QO(t = 07'%') - “Po(x)'

Theorem 4.1 Assume (B)-(8) and (©2)c is a sequence of uniformly bounded function in W1 which

converges uniformly to ©°. Then, after extraction of a subsequence, (¢2) converges locally uniformly to

a Lipschitz continuous viscosity solution o to ([24). In particular, a.e. int, supp n(t, ) C {p(t, ) = 0}.
This solution is unique when assumptions ([14) and

R(xz,I) =b(z) — d(z)Q(), with Q(I) > 0 increasing,

or

R(z,I) =b(z)Q(I) — d(x), with Q(I) > 0 decreasing,

Because we expect that the set {¢(t¢,-) = 0} is made of isolated points, we indeed expect that n is a
sum of Dirac masses. In one dimension this follows rigorously from Theorem .1 below but heuristi-
cally maximum points of ¢(t,-) are indeed isolated in any dimension.

The result was proved in [f] in the case R(z,I) = b(x) — d(z)Q(I) and for an integral operator
instead of a diffusion. For completeness, we recall the proof and the main new ingredients. One of
the difficulties being that coefficients, because of I(t), are not discontinuous. This can be handled
following well established arguments, see [@, fi].

Proof. Ezistence. In order to prove it, we show how to pass to the limit in (P3). It is worth pointing
out that we can do it in two ways, either by using the notion of viscosity solutions for equations with a
L'-dependence in time or, since I, converges to an increasing function, by using the notion of viscosity
solutions for equations with a discontinuous Hamiltonians. We do it in the second way which has the
advantage to give a more precise result.

Since the functions ¢, are equi-bounded and equi-Lipschitz continuous in space, they are also equi-
Hélder continuous in time (See [A] or [RJ] for proofs of this claim). Therefore the only difficulty is to
pass to the limit (up to a subsequence) in the term R(z, I.).

More precisely, in order to pass to the limit in this term, we have to compute the quantities (up to
a subsequence)

limsup I./(s) and liminf I./(s) .
57h o=0
Indeed, the z-dependence in R(z,I.) does not cause any problem since the functions x — R(x, ) are
Lipschitz continuous in z and, on the other hand, the function R(z,I) is decreasing in I for any x
which allows to reduce the computation of these limsup and liminf to I, and not R(x, I./).



To do so, we use Theorem B.1 : if we set p. := NRVERY (% + 206) dt, where, here and below, 1,y
denotes the indicator function of [a,b], then the p.’s are bounded (positive) measures on (0,7 for
any T > 0, if ¢ is small enough. Therefore we can extract a subsequence such that (u.).s converges
weakly to some measure p.

If 0 < tp < T is a point such that u({tg}) = 0, then we can also assume that I./(tg) converges to
some a € R and we set

I(t):a—i—/ du(s) ift >ty and I(t):a—/ du(s) ift <tg.
(t()ﬂf) (t,t())

Obviously, the function I is an increasing function on (0,7").
We are going to show that

limsup I/(s) < I(t+) and lim i?f I(s) > I(t—) .
;’:t() 58/_’0
We do it for t > tg, the other case being treated analogously.
For s close to t, we have

L) =a+ [ dur).
(to,t)

If ¢ : [0,7] — R is a continuous function such that ¢(7) > T, ¢(7) on [0, 7], we have

I(s) < a+/ C(r)dpe(T)

(0,7)

and passing to the limit in this inequality, we obtain

s—t
e’'—0

limsup I/(s) < a+ /(0 - C(r)du(T) ,

and we conclude by applying Lebesgue’s dominated convergence Theorem to a sequence ((x)x which
converges to 1 4 in a suitable way : namely, we choose a sequence of functions such that 0 < ¢ <1
on [0,T], ¢t = 1 on [tg,t] for any k and which converge pointwise to 0 outside the interval [tg, t].

The proof for the liminf is the same approximating, this time, the indicator function from below.
It is worth pointing out that the property p({to}) = 0 avoids here (and above) discussions on the
behavior of the sequence at this point. We find that this liminf is larger than a + f(to,t) C(T)du(r),
which is exactly I(t—). O

Proof. Uniqueness. Consider for instance the second case. We consider again the function

U(t,z) = o(t,x) — b(z)X(t), X(t) = /0 Q(I(s))ds.

It satisfies 9
57 V(t.2) = —d(2) + [V (¥ + b(x)2(0) "



On the one hand, for two different solutions with the same initial data, we define in this way two
functions W and Ws5. Using the viscosity criteria, we have, at the point xy where the maximum is
achieved

%”xpl ~ U)o = [V(Pi(z0) +b(z0)1 (1)) |* — |V (Pa(w0) + blx0)Xa2(t))|?

== (V\I’l(xo) + Vb(,l?o)zl(t) + V\I’Q(x(]) + Vb(xo)zg(t))(Vb(xo)El(t) - Vb(xo)EQ (t))

< C|Vb(ao)S1(t) — Vh(ao)Ss (1)
< ClVbllo [B1(t) = 22(t)]
On the other hand, we also have, considering the point z; where max,ga @;(t, ) is achieved
0 = t,x) — ¢,
max 1 (t,x) — max ps(t, z)
< @it 1) — @t 71)
< b(an)[Xa(t) — B ()] + Wit 1) — Walt, 21)
< b)) [Ea(t) — Bo(t)] + max (W1 (L, @) — Wa(t, z)]. (26)

Changing the indices 1 and 2, one of the numbers b(z1)[X1(t) — 3o(t)] or b(x2)[Xa(t) — X1(t)] is
negative and thus we have, with the notation ([L0),

bm{(El(t) — B(t)] < iré%é Uy (t, @) — Wa(t, z)|. (27)

Together, the two above inequalities yield

d
21 (W1 = Vo) ()lloo < Ol (¥1 = Wa) () oo (28)
Uniqueness follows.

The uniqueness result can be obtained under a slightly more general assumption on R, namely:

for any functions I, Io € L*°(0,7T) and t € (0,T), the function z — fg [R(z,I1(s)) — R(z,I2(s))] ds
has a constant sign for all z € R? and there exists a constant K > 0 such that

< K min
z€R4

max
zcRd

/0 (DR (2. 11(s)) — DaR(, Ir(s))] ds /0 (R(a, 11(s)) — R(x. Io(s))] ds| . (29)

The result can be stated as follows

Theorem 4.2 Assume that ¢© € WH(RY) and that ([3)-(8), [B9) and the above sign condition hold.
Then the problem (B4) has at most one Lipschitz continuous solution.

The two conditions appearing in assumption (R9) are easily checkable in the cases we emphasize
in Theorem [L.1] but (a priori) they are not satisfied for general R of the form R(x,I) = b(z)Q1(I) —
d(z)Q2(I), even if (f]), (L0) hold true. Uniqueness for such general R is still an open problem.

Proof. The proof follows readily the uniqueness proof of Theorem [.]. We consider two solutions
(¢1,11) and (g2, I2) and for i = 1,2, we set

U,(t,z) = ¢i(t, ) —/0 R(z,I;(s))ds.

10

(25)



The first part of the proof leading to (2§) yields now

d
EH\PI — Us(t)|loo < K max

seRd /0 [Dg;R(:U,h(S)) — DxR(x’[2(S))] ds|,

and the second part (cf. ()-(R7)) provides us with the inequalities

0< /t [R(z1,11(s)) — R(z1,I2(s))] ds + max [¥y(t,2) — Ua(t, z)],
0 z€eR

0< /0 [R(z2,12(s)) — R(z2,11(s))] ds + max [ (t, z) — W1 (t,z)].

z€RY
and then
t
min /0 [R(z,11(s)) — R(z, I5(s))] ds| < max | Wy (t,x) — Yot x)|

(this is where it is important that x — f(f [R(z,11(s)) — R(z, I2(s))] ds does not change sign). Putting

d
together the two inequalities for pr W1 — Wa(t)|loo and || V1 — ¥a(t)||eo and using assumption (RY) leads

to (RB) and uniqueness follows.

Remark 4.3 In [4], the uniqueness proof is given in full details for merely continuous solutions.
Lipschitz continuity of ¢ is used here to simplify the arguments (an write them a.e.) but everything
can be understood in viscosity sense.

5 Structure properties

We now derive consequences of the constrained Hamilton-Jacobi equation in terms the concentration
points.

Theorem 5.1 Assume (). For any ¢° € WH(R?), the solution to (B) is semi-conver in x for
t >0, i.e. for anyt >0, there exist a Cs.(t) such that, for any € € R, |€| = 1, we have

82
gz > —Cs(t), i=1,...d.

Consequently, at a mazimum point T(t) of ¢(t,-) in the variable x, ¢(t,-) is differentiable in x (but
maybe not in t) and we have

Veo(t,z(t)) =0,

additionally for all Lebesgue points of I(t) we have

R(z(t),I(t)) =0. (30)

11



The following proof does not use the BV property of I(t), (only the strong limit I, — I is used
to pass to the limit in the Hamilton-Jacobi equation), and thus might be useful for extensions of the
model where BV estimates are not proved as in section f.

Proof. (Proof of semi-convexity) We justify the semi-convexity directly on the diffusive equation and

2
use the notation g := 88_925’ Pee = 88—2025 We have
57¢ = 2V@e - Ve + Re(, L(t)) + ey,

0
Y6 = 2Vee  Vpee + 2|Vipe|® + Ree(, I (t)) + eAgpge. (31)

But |Ve| > |@ee| because @ge = Ve - €, therefore the function w := ¢g¢ satisfies

0 _
EwZQV%-Vw—i—%uZ—R—i—aAw

with R an upper bound on Rg¢(w, I.(t)). The semi-convexity result (in fact, the semi-convex regular-
izing effect) follows from suitable approximation arguments (for the initial data) and the comparison
with the (absolute) subsolution given by the solution of the O.D.E. ¢ = 2y — R, y(0) = —occ.

(Proof of V(t,z(t)) = 0) We prove this equality and a related preliminary result. As we have
shown above, the function ¢ is semi-convex and, by classical properties of semi-convex functions, ¢ is
differentiable at maximum points. Therefore

Ve(t,z(t)) = 0.

Moreover, it is standard that for any sequence (¢, x) of z-differentiability points of ¢ which converges
o (t,Z(t)), we also have
Vo(tg, zr) — 0.

From this property, we deduce that, for h,r > 0, h,r — 0,

t+h z(t)+
/ V(s y) \2dsdy , / / V(s y)\ dsdy — 0 . (32)
(- t—h

Indeed, considering the first limit for instance, a straightforward change of variable yields

1 1
/ / Vo (t + hr,2(t) + re)|*drde
0 J-1

and it suffices to apply Lebesgue’s dominated convergence Theorem to this integral, using the above
property together with the (local) Lipschitz continuity of .

(Proof of R(t,:ﬁ(t)) < 0) We come back to the equation which holds almost everywhere, and we
first integrate it on rectangles (¢t,t + h) x (z(t) — r,Z(t) + ). We obtain

Z(t)+r t+h {Z’(t)+7‘ t+h  ,Z(t)+
/() (et +h,y) — sa(t,y)dsdy/ /() dsdy+/ / IV(s, y)|*dsdy -
z(t)—r t Z(t)—r m t 77’

12



But, by the semi-convexity of ¢ in z, we have, for y € (Z(t) — r, Z(t) + r)

0 > (p(tay) > (p(t,i‘(t)) -

while we have also ¢(t 4+ h,y) < 0. Using these two properties in the above equality, we deduce

t+h {L'(t t+h 1
/ ))dsdy + —/ / \V(p s,y)[2dsdy < hO(?“Q) .
Therefore, we obtain
t+h 1
/ I(s))dsdy < —hO(TQ)
and letting 7, h tend to zero with r < h, we conclude that at any Lebesgue point of I we have
R(z(t),I(t)) <0.

(Proof of R(t z(t )) > 0) To obtain the opposite inequality, we integrate on the rectangle (t — h,t) x
(Z(t) —r,z(t) + r). The left-hand side is now

() +r E(t)+r
[ et et = hopdsdy = [ (e y)dsdy

t)—r z(t)—r

and, by the afore mentioned argument, it is larger than O(r?) and we are lead to

z(t)+ z(t)+r
/ / ))dsdy + —/ / \Ve(s,y)Pdsdy > O(T)
t—h Jz(t)—r t—h h

Again we let 7, h tend to zero with » < h and using (BJ), we conclude that, at any Lebesgue point of
I, we have

Q(t,z(t)) > 0.

O

Let us recall that because I(t) is BV, it is continuous away from a countable set of discontinuity
points. Hence, we can give another proof of the relation (BJ). Let ¢y a continuity point of I(t) and let
Z(top) be a maximum point of ¢(ty).

First, we use the viscosity subsolution criteria at such a point (¢g, Z(t9)), testing against the test
function 0. We find

0 < R(z(to),I(to)) +0. (33)

To get the other inequality , we integrate in time the equation (R4) on (tg,to +h) (h > 0) at the point
x = Z(tp) and find

1 1 [
0> E@(to + h, Z(to)) > E/ R(Z(to), I(to + s))ds.
s=0
Because ty is a continuity point of I(¢), we find

0> liminf o(to + h, Z(to)) — ¢(to, Z(to))
h—0+ h

> R(Z(to), I(to))- (34)
Clearly, (B3) and (B4) give the relation (BU). 0
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6 Continuity and discontinuity of /(¢) and z(t)

So far our results have shown that the Lagrange multiplier I(¢) is BV and that the concentration
point Z(t) is unique in one dimension. It is natural to ask whether these quantities are continuous.
This question is particularly relevant because it is possible to derive formally a differential equation

on z(t), see [L§, i
d _ -1 _
Ew(t) = (—D2ap(t,x)) Vo R(Z(t),I(t)).
In this section, we answer negatively to this question (in general) based on analytical and numerical
examples. We also give a smallness assumption implying continuity.
6.1 An analytical counter-example

Our analytical counterexample follows earlier ideas developed for combustion models, see [R3, BJ] for
instance.
We choose in this section ¢ = 1, in other words I(t) = o(t). We first consider the simple equation

o =z — o(t) + |@e|* in (0, +00) x R, (35)
together with the initial data
o(z,0) = po(x) InR, (36)
and the constraint
max ¢(t,z) =0 for any t . (37)
zeR

In a first step, we start by solving the initial value problem for ¥ = ¢ — fot o(s)ds with the initial data
¢o(z) = —x2. We look for a solution of the form

a(t)(z — b(t)* + c(t) .

Easy computations yield

a'(t) = 4a?(t), a(0) = -1,
—2a(t)b'(t) =1, b(0) =0,
d(t) = b(t), c(0)=0.
Therefore, we have the explicit coefficients and solution
1 t 2
t)=———, bt)=-+1 t)=—+ —
)=~ M =5+E, =S4
1 t SIS
v L R — — 4+ —.
(t,) 1+4t<m 2 t> I3
From this, we deduce that the solution to (BJ)-(B7) is
1 o 5\? t
tr)=——— [2—=—t ) == 4.
ota) =g (o-5-7) . d=g+

This is consistent with the property o(t) = Z(t) = b(t) of Theorem B.3.
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In a second step, we remark that, in order to solve the problem on ¥ = ¢ — fg o(s)ds with initial
data —(z — a)? — 6 (a > 0), we have just (i) to translate the solution obtained with a = 0, (ii) to
subtract § — at to take into account the new right-hand side of the equation and the initial data.
Therefore this solution is

! L_p 2 5+ t+t2+t3
—— T —a— - — — at + —+ — .
2 43

Finally, we solve (B)-(B7) with
¢o(z) = max(—2?%, —(z —a)? —§) inR.

Since the Hamiltonian of (BY) is concave, the maximum of two solutions is a solution : this is a
consequence of the Barron-Jensen approach ([f], [[d], see also [B]). Thus the solution of this problem is

1 5\ 1 o)\ _ 9
max | —— (z— = — ¢ ,———— |z —a—=—1t -0+ at fort <t:.=—,
1+ 4t 2 144t 2 e

2 2
1 t ) +6—at 1 t 12 for t >t
max | ———— Xr— — — —-—ot,——m——— |\ — o — — — or
1+ 4t 2 o144t 2 ’

with o(t) = a + £ +¢2

This shows the phenomena of discontinuity of o(¢) and of the Dirac concentration point Z(t).

Figure 1: A NUMERICAL EXAMPLE OF DISCONTINUOUS SOLUTION IN EXAMPLE (@). THE ABSCISSAE IS TIME. (LEFT)
THE LAGRANGE MULTIPLIER ¢(t). (RIGHT) THE CONCENTRATION POINT Z(¢) (IN FACT ISOVALUES OF THE DENSITY
ne(t,x)).

6.2 A numerical counter-example

We give a numerical simulation of a similar phenomena which however does not use a discontinuity
of the gradient to generate the discontinuities of the Lagrange multiplier and the concentration point.
We use again v =1 (I = p), and

R(z,0) = (x — 2> 4+ 32%)(9 — (1 +2)%) — 0. (38)
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Figure 2: DISCONTINUITY IN EXAMPLE (@) As IN FIGURE ﬂ THE PHASE ¢(t,x) AS A FUNCTION OF & AT DIFFERENT
TIMES AROUND THE DISCONTINUITY TIME. WE OBSERVE THAT THE DISCONTINUITIES DEPICTED IN FIGURE ﬂ CORRESPOND
TO A SMOOTH TRANSITION ON .

The computations depicted in Figures [ and J] are performed with 0 < z < 1 and ¢°(z) = —|2 —0.05|.
They show how a smooth change on the phase funtion (¢, z) along time, can produce a discontinuity
of the Lagrange multiplier I(¢) and the concentration point Z(t). A local maximum of (t,z) in =
becomes larger as time goes and becomes the global maximum at the discontinuity time. This follows
the scenario in the analytical counter-example.

6.3 Concavity conditions for continuity

In this section, we are interested in conditions that imply the continuity of the I(t) and Z(¢). Because a
discontinuity corresponds to a double maximum of ¢(¢, x), it is natural to look for conditions implying
the concavity of the solution . This is the purpose of the next

Theorem 6.1 Assume (f) and that R(-,I) is strictly concave, uniformly for bounded I. Then, for
any ° € WH2(RY), o0 uniformly concave, any solution to (B4) is strictly concave and thus Z(t) is
continuous. Therefore, in Theorem [.1, the equalities hold everywhere and 1(t) is also continuous.

Proof. Let ¢ a solution of (P4) and 0 < o < 1. We consider the function

X(,y,t) == ap(t,r) + (1 — a)p(t,y) — p(t,az + (1 — a)y) .

The aim is to prove that y(x,y,t) < 0 for any z,y € R? such that = # y and for any ¢. To do so, we
first show that x is a viscosity subsolution of
2 2

X - :
Xt < 2K\xx+xy\+%+ﬁ+Ra(x,y,t) in RY x R? x (0, +-00)

where K := ||Dy|| and

Ry (z,y,t) = |J‘I£|E|%I}|{|oo {aR(z,J)+ (1 —a)R(y,J) — Rlax + (1 — )y, J)} .

We are going to argue below as if the function ¢ — R(w, 1 (t)) were continuous : a rigourous proof
would consists in approximating I by continuous functions, in proving that the corresponding x’s
satisfy the above inequality (this is also why we put a max in the definition of R, : to point out the
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uniformity in ) and finally to pass to the limit. We drop these details here for the sake of simplicity
in the presentation.

Consider a test function ¢(z,y,t) in the viscosity sense and (Z,y,t) is a strict maximum point of
x(z,y,t) — ¢(x,y,t), we look for local maximum points of

jaz + (1 — a)y — =2
g

ap(t,z) + (1 — a)p(t,y) — p(t, 2) — (7, y,1)

near (Z,7,t). By classical arguments, since (Z, 7, t) is a strict maximum point of x(z,y,t) — ¢(z,y,t),

there exists a sequence (x.,¥e,, 2e,t) of maximum points of this new function which converge to
(Z,9,aZ + (1 — a)y,t) as € tends to 0.

20+ (1—-—a)y—=z

£ o 2ot (- a)y-2)

€
a, b, c (playing the roles of the t-derivatives of ¢ at respectively (z¢,tc), (ve,t:), (2e,t:)) such that

Dmgb(xe,yeate)
«

, standard uniqueness arguments (cf. [[[§]) provide the existence of

a< ’p-i— ‘2+R(x87[(t8)) )

D,o(xe,ye,t
%‘2 +R(y67[(t€)) )

c2 |p|2 + R(ZE,I(te)) )

and with aa + (1 — a)b — ¢ > ¢(xe, ye, te).
Combining these inequalities, we obtain, after straightforward computations

b<|p+

¢t($aayaate) <2p- (Dx(b(xe’ymte) + Dy¢(xa7y67ta))+

2+ ‘DyQS(xsaysats) 2

‘M T +aR(ze, I(t)) + (1 — 0)R(ye, I(t2)) — R(ze, I(t2)) .

«

To conclude, we first remark that |p| < ||D¢l||~ since p is in the z-subdifferential of ¢ at x, and then
let € tends to 0. Since z. — aZ + (1 — )y, we have

aR(ze, I(te))+(1—a)R(ye, I(t:)) —R(z, 1(te)) — aR(Z, I(8))+(1—a)R(y, 1)) —R(az+(1—a)y, I (1))

and we are done.

In order to prove that x(z,y,t) < 0 for any x,y € R? such that z # y and ¢t > 0, we first remark
that x(z,y,t) <0 for any z,y € R? as a consequence of a standard comparison result : indeed since
Ra(z,,t) <0 (because R(-,I) is concave for any I), x is a subsolution of the P. D. E.

2 2
wy :2[(]11)96—1—11@]—i—%—i—i in R? x RY x (0, +0) ,
o 11—«
while 0 is a solution, and x(x,y,0) < 0in R?xR? because ¢ is strictly concave; therefore x(z,y,t) <0
in R? x R% x (0, +00).

On the other hand, if x(x,y,t) = 0 at some point (x,y,t), then (x,y,t) is a maximum point of y —0

and the viscosity subsolution inequality reads

0 < Ru(,y,1)

a contradiction with the strict concavity of R(-,I), uniformly in I for I bounded, which implies

Ra(xayat) <0. O
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7 The monomorphic case: more precise statements

We consider in this section the special case when d = 1 and we assume a monomorphic situation
according to ([[J) which leads us to introduce the following assumption

There exists a function R(z,I) such that @ — R(z,I) is strictly monotone for any I, I — R(z, ) is
strictly decreasing for any x and

R(z,I) =0 (resp. >0, <0) ifandonlyif R(xz,I)=0 (resp. >0, <0). (39)

A typical example of such situation was given in the introduction, see (§) with assumptions (J)—(I0).
When R is of the form R(z,I) = b(x)Q1(I) — d(x)Q2(I). Then (BY) reduces to

b()
d(z)
Rz, I) _ blx) Q)
()Q1(I)  d(z) Q1(I)

T —

is strictly monotone. (40)

Indeed, one can choose R(z,I) = 7 . This is weaker than assuming b’ > 0

and d’ < 0 for which R satifies (BY).
Theorem 7.1 Assume ([[4), (39) and that ©° € W1>2(RY) satisfies

max () =0 and limsup ¢’(z) <0 . (41)

|z|—+o0
For allt > 0 except perhaps for a countable number, there exists a unique x(t) such that

p(t,2(t) = mﬂgxw(tﬁ) =0.

Moreover t — x(t) is monotone and, with the notations x(t7) = lims; x(s), x(t7) = limgy; z(s), then

1. If R is increasing in x then x(t*) the largest mazimum point of p(t,-) and x(t~) is the smallest
one.

2. If R is decreasing in x then x(t) the smallest mazimum point of ¢(t,-) and x(t™) is the largest
one.

Proof. Using assumption @) and cone of dependence type properties (recall that ¢ is Lipschitz
continuous), we see that, for any 7" > 0 and ¢ € (0,7"), the maximum of the function = — ¢(t,z) is
achieved in a fixed compact subset of R. And, by (B0), if ¢ is a Lebesgue’s point of I (meaning here a
continuity point of the increasing function I) and & is maximum of ¢(-,t), we have

R(z,1(t)) =0.
Therefore, by (BY), R(z,1(t))
z,I(t)) =0;

we deduce that Z is unique for such ¢, we denote it by z(¢) and, from (f) and ([id), we see that t — 2(t)
has the same monotonicity as R since I(t) is increasing.

If tx | t, passing to the limit in p(tx, z(tx)) = 0, we see that (¢, z(t*)) = 0. Choosing a sequence
(tg) of continuity points of x(-) or equivalently of I(-), we have also

R(z(th),I(tT)) =0.
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Now assume that R is strictly increasing in z and that there exists a maximum point Z > x(tT) of
©(t,-). Then for y close enough to Z and s > ¢, using that I(t*) = limg; I(s), we have

Ry, 1(s)) = R(x(t7), 1(s)) +n ,

for some 7 > 0, and therefore, using again (BY), for s close enough to ¢

R(y,I(s)) > 17,

for some 77, which would imply that ¢(s,Z) > 0, a contradiction. Therefore such Z does not exist and
actually, z(t1) is the largest maximum point of (¢, -).

In the same way, (t~) is the smallest maximum point of ¢(t,-) and the case when R is strictly
decreasing follows along the same lines.

8 Several environmental unknowns Ig(k)(t)

Several possible extensions are possible which are more realistic and give more interesting structures.
In particular the selection rate R may depend on several integrals and competition may be modeled
by convolution terms ([R3, [[6, Pd]). Here we study the former extension when the model contains
several environmental unknowns. This means that we consider the equation

ne —eAn. = SR(x,I.(t), weR% >0,
ot € (42)
ne(t = 0) =nl € L\RY), 0 >0,

and now the environment is described by a vector valued unknown I, = (I,g(l)7 e IE(I)), with

/1/) x)ne(t, z)dz, i=1,..,N. (43)
The () (z) are still given positive functions (see the precise assumptions below).

We may have in mind the example when mortality and birth terms depend differently on the total
population, i.e., N = 2 and

Rz, 1) = b(@)Q1 (I (1)) — d(2)Q2 (1P (1)).

We may also have in mind the example of the chemostat with several nutrients

1

Rz, I) = bi(2)Qi(1V(t)) — d().

i=1

Our first goal is to derive the L™ estimates. This uses the following assumptions; there are constants
Ym < Y1, 0 < Iy, < Ipp < oo such that (vector inequalities should be understood componentwise)

0<tm<v <y <oo, e W R (44)
min R(x,1) <0, when min I > Iy, (45)
z€R? 1<i<N
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max R(z,I) >0, when max I) <1, (46)
z€RY 1<i<N

and there exists a constant K > 0 such that, for any z € R? I € RV

o)
~K < —R(zI)<-K!<o, sup || R(- I)|lyp2ce ey < K. (47)
010 I /2<I<21 0

Then, an easy adaptation of the proof of Theorem P.T] yields

Theorem 8.1 With the assumptions ([{4)-#3) and I,,, — Ce? < 1.(0) < Ips + Ce? (componentwise),
we have the uniform bound

Iy —Ce2<IDt) < Iy +Ce?,  vt>0, Vi=1,..,N,
with C' a positive constant.

It is unclear if one can expect BV estimates (and monotonicity results in the limit) on the quantities
Ig(i). Assuming such a bound, one might follow the arguments of Section [] and derive again the
constrained H.-J. equation (24) where now I(t) is a N dimensional Lagrange multiplier associated
with the (single) constraint max,cga @(t,2) = 0. Of course this rises several fundamental questions
concerning uniqueness of the solution to this constrained H.-J. equation. Some information is clearly
lost because the quantities I() are related together in that case when n. concentrates on less than
N Dirac masses (for instance in the monomorphic case). Therefore we face here a fundamental non-

uniqueness situation.
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