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Sepideh Mirrahimi * Benoit Perthame *f Joe Yuichiro Wakano *
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Abstract

To understand the evolution of diverse species, theoretical studies using a Lotka-Volterra type
direct competition model had shown that concentrated distributions of species in continuous trait
space often occurs. However, a more mechanistic approach is preferred because the competitive
interaction of species usually occurs not directly but through competition for resource. We consider
a chemostat-type model where species consume resource that are constantly supplied. Continu-
ous traits in both consumer species and resource are incorporated. Consumers utilize resource
whose trait values are similar with their own. We show that, even when resource-supply has a
continuous distribution in trait space, a positive continous distribution of consumer trait is impos-
sible. Self-organized generation of distinct species occurs. We also prove global convergence to the
evolutionarily stable distribution.

Key-Words: Adaptive dynamics; Continuous trait; Ecological competition for resource; Dirac con-
centrations, asymptotic methods.

1 Introduction

Evolutionary origin of species diversity has been one of the most important problems in evolution-
ary ecology. Individuals with similar traits (e.g. body size or shape) face strong competition, which
might lead to the adaptive radiation. As a model of such competition-driven speciation, several the-
oretical studies have shown that the species distribution in continuous trait space will often evolve
toward single peak or multiple peaks that are distinct from each other (see [22, [7, [4], 18] [12]). This
provides a mechanism of evolution of diverse but distinct species in nature. These studies strengthen
the theory of speciation by Adaptive Dynamics that usually assumes distinct species a priori [10}, 9, 16].

Most of the previous results are derived from a simple model that assumes direct species competition
of Lotka-Volterra type. On the other hand, competitive interaction among species generally occurs
in competition for resource such as prey or nutrient. For example, birds with similar beak shapes
are in competition because they utilize similar food resource. Another example is found in ecolog-
ical stoichiometry where consumer species with similar C:N:P (carbon: nitrogen: phosphorus ratio)
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requirements experience competition for nutrient supply with their optimal C:N:P ratio (see [24]).
Thus, the competitive interaction should be modeled not directly but implicitly through the resource
competition. Here we study a model of evolution of traits based on this approach. Mathematically,
this corresponds to assuming a resource-consumption kernel, instead of a direct competition kernel.

From Volterra-Gause’s competitive exclusion principle (see [13, 23] and the references therein), it
is well established that in a model with N limiting factors (e.g. nutrients) at most N species can
generically survive. In the context of continuous traits N species is represented by the sum of at
most N Dirac masses. For N small (1,2,...), these states are stable. Is this true asymptotically as N
becomes large? A way to answer this question is to study also the case of a continuous distribution of
resource according to a parameter related to the predation ability of the population.

In this paper, we first describe our model of species competition through resource dynamics (section
). Both consumer trait and resource trait take continuous values. First we study the condition for
the survival of population (section B]) and the forms of steady states (section M. In section [B we
introduce the notion of Evolutionary Stable Distribution and show nonlinear stability for large times.
Our method is based on Lyapunov functionals and in particular our result covers the convergence to
polymorphic ESD. To illustrate our results, we show an example case where we choose specific function
form. In sections [6] and [ we give details on the transient to polymorphic states.

2 Model

T Consumer species trait (evolving)
Y Resource trait
n(x,t) | Consumer species distribution

r(x) | Trait dependent growth rate

R(y,t) | Resource distribution

R;n(y) | Trait dependent resource-supply rate

Mortality of consumer species

Decay rate of resource

K (z,y) | Consumption rate of resource y by individuals of trait x
€ Mutation rate

Table 1: The notations used for the chemostat models () and (2)).

Our model is denoted as
on(z,t) = n(z,t)(—mi(z) + r(z) [ K(z,y)R(y, t)dy) + cAn(z, 1),

QW R(y,t) = —ma(y)R(y, t) + Rin(y) — R(y,t) [ r(x) K (z,y)n(z,t)dz.

and with initial data
n(0,2) =n’(z) >0,  R(0,y) = R(y) >0,

for € R and y € R. Here n(x,t) > 0 is consumer species density with trait  and R(y,t) > 0
is resource density with trait y. Resource is constantly supplied at rate R;,(y) > 0 which drives



the system (a chemostat type model). Trait-dependent mortalities (or chemostat outflow rate or
resource decay rate) are denoted by m;(x) and ma(y). Consumption of resource is denoted by a trait
dependent efficiency r(x) and by a resource-consumption kernel K (x,y) that defines how species with
trait = depends on resource with trait y. Without loss of generality, we normalize K (x,.) so that r(z)
represents a net growth rate

K(z,y) >0, /K(m,y)dy =1.

We consider the evolution of a consumer trait, z. The mutation rate is denoted by ¢ in ([Il). Our system
is a generalized MacArthur’s model for species packing in niche space (see [15]). It can also be viewed
as a model of population dynamics in spatially heterogeneous environment where resource-supply rate,
resource decay rate, and consumer mortality are function of spatial position, = (see [21]).

Our system consists of two species; consumer and resource. In general, two species reaction-diffusion
equations are difficult to analyze. Nevertheless, our results in sections Bl 4 and [] are valid for the full
system (II) with unspecified functional forms. To obtain even stronger results in sections [0l and [7 we
will later focus on a reduced system by taking the quasi-static approximation of resource dynamics as
follows

on(z,t) = n(x, t)( —my(z) +r(z) [ K(z,y)R(y, t)dy) + eAn(x,t),
(2)

_ Rin(y)
R(y:t) = s @ K e

The basic idea comes from the assumption that changes in species composition occur slower in con-
sumer population than in resource population. This is because the reproduction and death of consumer
species has, in many cases, slower time scale than those of prey species or resource dynamics of nutri-
ent particles.

Finally we introduce a particular case that we will use throughout the paper to illustrate more
intuitively the results; this is when r(x), mq(z) and ms(y) are constant and when the resource-supply
distribution and the resource-consumption kernel are gaussians:

z—y|? ; 2
K(z,y) = — exp(—‘%%‘ ) Rin(y) = ;2= exp(—5k), -

my(x) =y, ma(y) = Mo, mo = min (71, mM2) r(z)=r.

We assume the data are smooth enough, Lipschitz continuous and we use the following notations
and assumptions

my = inf my(x) > 0, my = inf ma(y) > 0, mg = min(m;, my), ry =supr(z), (4)
ro = infr(z) > 0, 2 = sup |rz(z)], (5)
My =sup |mi.(z)], My =sup|mg.(z)], (6)

MO = /no(x)dx+/R0(y)dy, (7)

Ry = sup Rin(y), Ry = sup |VRin(y)], (8)
Yy Yy
Ky =maxK(z,y), M = / Rin(y)dy,  Rum € L*(R), 9)
m7y
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/ /K ))dyda: (10)

Ky = sup |K,(x,y)|, K3 = sup |Ky(z,y)], (11)
T,y z,y
Ky =sup|A, (r(z)K(z,y)) |. (12)
"L.7y

We call the population is ’(strictly) monomorphic’ at x = z if n(xz) = 0 for any x # Z and ’(strictly)
polymorphic’ if n(x) = 0 for any = except for © = Z1, T, .... On the other hand, we call the population
is ’approximately monomorphic’ if the distribution has single peak with tails. Similarly, ’approximately
polymorphic’ population consists of multiple peaks in its trait distribution (multimodal), see Figure [Tl

Figure 1: Left: a strictly monomorphic population. Right: an approximately monomorphic popula-
tion.

3 Survival condition

We study whether consumer species can survive on a given rate of resource-supply in models (Il and
). We begin with two preliminary observations: a balance law for the total flow holds which implies
estimates on the total population. Next, we prove the necessary condition for survival, which implies
the existence of the threshold level of resource-supply below which species go extinct, that is they
reach the consumer-free steady state

n(z) := 0, R(y) := Rm(y)‘ (13)

ma(y)

We also prove that the population does not grow up to infinity; there is an upper bound.

3.1 Fundamental balance laws

Integrating and summing the two lines in the full system (II), we obtain the following balance law for
the total flow

% [/n(x,t)d:nJr/R(y,t)dy] =/ in(y)dy — [/ml n(z,t) d$+/m2 dy} (14)

This indicates that the total biomass is finite and positive. Therefore competition for resource is
indeed at work.
In the case of system (2]) the biomass balance becomes

% /n(x,t)da::/ in(y)dy — [/ml n(z,t) dl’+/m2 R(y 775)074- (15)



3.2 Boundedness of the total population

These balance laws have the consequence that the population remains bounded.

Theorem 3.1 We define p(t) = [ n(x,t)dx. Then we have, for both systems () and (2)

Min
plt) < max(M°, ) := pyy, (16)
my

with M°, M;, and mq defined in (@), (@) and @). Moreover we have, with the notation (I3)),
R(y,t) < max (R(y,0), R(y)) . (17)

Proof. Proof of ([I6): For the full system (), using the total biomass relation (I4)),

4 { [ nteia+ [ Ry t)dy] < My — mg [ [ ntatide+ [ R, t)dy} -

Thus we obtain that

%( [nttado+ [ R(t,y)dy> <o, i Z; < [tz + [ Rty

We deduce that [n(t,z)dz + [ R(t,y)dy < max(M°, Mm) Hence (I8]).
In the case of system (2)), using (I3 we obtain that

d

pn n(t,x)dx < My, —m, /n(t,x)dm.

It follows that p(t) < max( [ n%(z)dz, ]rV,[z_T) < max(M°, %—?)

Proof of (I7): For the full system (1), we have % R(y,t) < 0 if R(y,t) < %. Thus (I7). In the
case of the system (2]) the proof is immediate. 0O

3.3 Necessary condition for survival

We prove that the system gets extinct if the mortality /decay rates m; and mg are too large, see Figure
2l This is the regime

Theorem 3.2 (Condition for survival) We assume @), (@), the first part of @), @) and ([12).
For the solutions to systems () or @), if [ R(y)|In R%(y)|dy < oo and

) >r(z /K x yﬁ )dy, for all z € R, (18)

then the solution gets extinct, that is [ n(x,t)dx vanishes and R(y,t) converges a.e. to ﬁ(y) in ([I3)).

Otherwise the system survives, i.e. f n(x,t)dx does not vanish, at least when there are no mutations
and the initial data n° is positive everywhere.



Figure 2: Here the horizontal axis is time and the vertical axis is p the total mass. The model studied
here is the one given in (2]) in the particular case of (B)) with ¢ = 0.001, ox = 0.6, 0;p, = 1, r = 1,
M;, = 3. Left: the mortality rates m = o = 1.1 are too large such that the non-extinction condition
(I9) is not respected and we observe extinction in finite time. Right: the mortality terms m; = s = 1
are small enough such that the non-extinction condition (I9]) is respected and this avoids extinction.
This is in accordance with the results in Theorem

This condition can be made explicit for the gaussian case (3] and gives
M:
g > Ui N (19)
2r (0% + o2)

Proof. (i) We assume that the assumption (I8 is satisfied and prove extinction.

For the system (]): We first prove that as t goes to +o0, R(y,t) converges to R(y) using the following
Lyapunov functional

? /R ) In R(y, )dy+/n(az,t)dm+/R(y,t)dy.

We differentiate § and obtain

ma(y) (=

- R.0) dy - / alant) (ma(o) = rlo) [ Ko Rndy ) do. 20

Thanks to assumption (I8)), we obtain that S g always negative and thus Sis a decreasing function
with respect to t. Using Theorem B.1] we deduce that S(t (t) is bounded from below so that

= may) (& 2
/0 R(zy,t) (R(y) - R(y,t)) dydt < +o0. (21)

Because R is bounded from above thanks to Theorem B.Il we conclude that

Q(t) == / (E(y) - R(y,t))zdy satisfies /0 " O(t)dt < oo,
But we can estimate, with the notation K *n(y) = [r(z)K(z,y)n(z,t)dz
Q) =-J (R - Ry.0) Z5dy
=-/ ( R(y, )) (mzﬁ(y) —maR(y,t) — RK * n(y)> dy
= — [ (®) ~ Rw.0) (mo+ K xn(w)) dy — [ ((Rl) ~ Rw.0) Bw)K =n(y)dy.

:UII

:UII
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Because 0 < K *n(y) < Kpyrpa, we conclude that
pu— 2 pu—
Q' (t)] < 0/ R )) —|—/R(y)2dy e L' + 170, +0).
With the fact that @ € L'(R"), this is enough to conclude that Q(t) — 0 as t — oo and thus that

lim R(y,t) = ﬁ(y), a.e. and in L' N L*(R).

t—o0

Notice that R(t) is regularized’ since initially it needs not be square integrable.

R(y,t)

It remains to prove that n vanishes. We first conclude from the previous step that 8T converges
to 0 in the distribution sense. Therefore, as t — oo,

R(y,t)/r(x)K(x,y)n(:E,t)dx — 0 weakly.

From assumptions @), (@), @) and (I2) we notice that |4 [ r(z)K (z,y)n(z,t) dz| is bounded. There-
fore, using the above convergence, we find that

/E(y)/r(x)K(m,y)n(:E,t)dxdy =0 pointwise.

Because K and R(y) are positive, this means that n vanishes locally not necessariliy in L'(R). To
conclude, we notice that the dissipation term in the right hand side of (20) also vanishes (weakly but
also strongly by regularity as before). Therefore we conclude that [ mj(z)n(z,t)dz vanishes and the
result is proved.

For the system (2]): We integrate the first equation, use (I8) and arrive at

% / n(x, t)dz = / n(z, 1) <—m1($) +r(@) / K(:n,y)R(y,t)dy) dz < 0.

Therefore [ n(z,t)dz is decreasing and

0< /000 /n(a:,t) <m1(x) - r(m)/K(w,y)R(y,t)dy) dx dt < +oo.

Using (I8)) it follows that

0< /000/ (/T(m)n(m,lﬁ)K(m,y)dﬂ:) <];;Z((yy)) e Rn(y) K@, y)dm) dy dt < 4-00.

Since [ r(z)n(z,t)K (z,y)dz is bounded, convexity implies that

/000/ </r(x)n(:n,t)K(m,y)dx>2Rm(y)dydt < 0.

Since |4 [ r(z)K (z,y)n(z,t)dz| is bounded, following the arguments for the case of the system ()
we obtain successively that

lim R(y,t) = R(y) a.e., and /n(x,t)d:n = 0.

t—o00



(ii) Now we assume that the assumption (I8) is not satisfied, i.e. for some z € R we have

_ - Rzn(y)
z) /K(m, Y) 2 () dy. (22)

We prove that if there is no mutation, i.e. & = 0, the solutions to systems (Il) and (2]) do not get
extinct.
For system (I)): We assume that [ n(z,t)dx o2 0. Therefore

/T(m)n(m,t)K(az,y)daz = 0. (23)

It follows that
O R(y,t) = —ma(y)R(y, 1) + Rin(y) + B(1),
with () o2 0. We deduce that

R(y,t) — R(y).

Using the dominated convergence Theorem and the boundedness of K (-, -) we obtain that [ K (z,y)R(y, t)dy

converges to [ K(z, y)ﬁ(y)dy, locally uniformly in x as t — +oo. Therefore for  in a neighborhood
of = for t >ty with ¢ large enough, using system (Il) with e = 0 and using (22]), we have

on(z,t) =n(z,t)(— m1 r(z) [ K(z, Y)R(y, t)dy)
~n(z,t)(—m r(z) [ K(z,y)R(y)dy)
> an(x,t),

with a a positive constant. We deduce that n(z,t) blows up when ¢ — oo in a neighborhood of z.
This is in contradiction with [ n(x,t)dz — 0.

For system (2]): In this case we deduce directly from (23)) that R(y,t) 2 ﬁ(y), using the definition
—00
of R(y,t). The other steps are as above. O

4 Steady states

Next question we address concerns the possible shapes of stationary solutions for the model (Il) but
neglecting the mutation term. Firstly, in section [A.1] we show that under some general assumptions,
there is no positive continuous steady solution. This distinguishes this model from that of Lotka-
Volterra with direct competition where positive steady states can generally occur depending on the
model coefficients (see [8, [4] 12] 22]). Secondly, in Section we show that there may exist steady
solutions in the form of Dirac masses. This confirms that the model is convenient to observe the high
population concentrations as Dirac deltas. It means that one or several specific traits can survive
while the other traits disappear.

In this section, we always consider the model without mutations that is system (Il) with e = 0. Then
a steady state (7, R) satisfies

Ry =" o supn R (mal) + [ @)K paa)ds ) = R
(29



4.1 Positive steady states

We say that the population is at positive steady state, if consumer species density 7(x) is positive for
all trait values.

To analyse possible solutions, we use assumptions (I0), () and the second part of (@). In the one
hand we have, from the second equality in ([24]) and these assumptions

r(m)/K(:ﬂ,y)F(y)dyd:p < r(x)/K(:E,y)]jg((yy)) dydx = K < +o00.

In the other hand we have from the first equality in (24]) and (),

rla) [ Ko Ro)dy = (o) = m,
The latter relations are in contradiction. Thus we have proved the

Theorem 4.1 (Non-existence of non-vanishing steady state with finite biomass) We assume
(@A), @) and the second part of [@)). Then there are no positive steady state to system (Il) with € = 0.

These results suggest that steady state solutions must satisfy 7(z) = 0 for some values of x; then
the first equation in (24]) and the above argument shows that the measure of the persistence set is
small; more precisely
Ky
m—l.

[{z; m(z) > 0}] <

When outflow rate is fast enough, species are wiped out and extinction occurs as we saw it in
section B} this is the regime % large enough. But for % small compared to R;,, we may expect
persistence and concentration on the fittest traits. We state later further conditions, still with finite
biomass, which imply that whatever is the initial data, the solution behaves as a sum of Dirac masses.

4.2 Dirac masses (monomorphic states)

Indeed, as always in Lotka-Volterra equations, there are many possible Dirac steady states. Most of
them are unstable and the issue of stability is studied later in section [£.3] and the present result serves
as a preliminary calculation. For general coefficients r(x), m1(x) and ms(y), the monomorphic steady
states are characterized in the

Theorem 4.2 (Monomorphic steady states) Consider system (Il) with e = 0. For all & such that
m1(Z) < r(x / —————="dy 25
(@) < i) [ =Ly, (25)
there exists a unique monomorphic steady state n = pdz with p > 0.
The biological interpretation is the following. When only one species exists (and when mutation
is neglected), it can survive at a certain equilibrium density p if the non-extinction condition (25]) is

satisfied; this is in accordance with the condition for survival in section Bl Moreover, the equilibrium
density is uniquely determined by the trait value of the species.



In the particular case given in (B]), where the resource-supply distribution and the competition kernel
are gaussians and m and r are constants, the condition (25) becomes

mmy My, o7 /2(0%,+o%)

) (26)

27T(O’Z-2n + 0%{)

We repeat that not all these steady states are stable under regularization of the Dirac mass or under
mutations. This question will be studied later on.
Proof. Let n = pdz, with p to be determined later. For n to be a steady state we must have

ma(y) +r(2)pK(Z,y)

() + () / K(#.y)R(y,0)dy =0,  R(y) =

This is equivalent to write

zn(y) o ml(‘%)
D= [ ) R = ) @

The function G is continuous and decreasing in p. Using assumption (25) we have

m (7)

lim G(p,z) =0, lim G(p, & /K )dy > rt:ﬁ)

p—+00 p—0

z)

We conclude that there exists p > 0 such that G(p,z) = n;%g(_ﬁ) and consequently 7 := pdz is a steady
state. O

4.3 Dirac masses (dimorphic states)

The problem () with & = 0 also admits polymorphic steady states. Here we consider only the case
where all the functions are symmetric with respect to the origin:

Rin(y) = Rin(—y),  mi(z) =mi(=x),  ma(y) = ma(-y),
(@) =r(-z),  K(,y) =K(-z,-y), (28)

and we show that dimorphic steady states exist:

Theorem 4.3 (Dimorphic steady states) With the symmetry assumption [28)), for all T satisfying
238) there exists a unique dimorphic steady state to system ([Il) with e =0 in the form of

n=7p0z+0_z).

We notice that the gaussian case (3]) satisfies assumption (28)). We deduce that, in the Gaussian
case, for all Z such that (20]) is hold, there exists a unique p such that p (dz + d_z) is a steady state.
In this case indeed both monomorphic and dimorphic steady states exist (see Section {.2]). But we
insist that we do not know yet wether these states are stable under smoothing or under mutations.

Proof. We determine p such that n = p(dz + d_z) is a steady state. We need

@)@ [ K@ W)+ 1@k (@,y) + r(—o)pk <z,

10



—my(—Z) + (-7 —z Rinly) =
1(=2)+ 1 )/K( 7y)m2(y)+7’(f)ﬁK(i’,y)+T(—9Z)ﬁK(—§:,y)dy 0

Thanks to assumption (28]), these two relations are equivalent. Therefore it is sufficient to find 5 such
that the first relation holds. Following the arguments in section [£.2] this is equivalent to write

_ / K(z )
ma(y) +p r(7)

The function H is continuous and decreasing in p. Using assumption (25]) we have

K
o = EGN

)Rin(y) -
K@y + Koyl ~ @

~—

We conclude that there exists a unique p > 0 such that H(p,z) = 721(9(_56) and consequently n :=

7 (0z + 0_z) is a steady state.

5 Stability of steady states

We continue with the case without mutations, ¢ = 0. So far we have described possible steady states
and proved that not all traits can be present; continuous distributions with small supports can exist
as well as Dirac deltas. We now address the question of stability in these two classes. We recall the

Definition 5.1 (Evolutionary Stable Distribution, [12]) For a nonnegative bounded measure T
(that is [T < 00), the steady state characterized by ([24)) is called an Evolutionary Stable Distribution
(ESD) for the equation () if

—my(x) +r(z) / K(z,y)R(y)dy <0, for all z € Supp n®\ Supp 7. (29)

5.1 Lyapunov functional and convergence to an ESD

Here we consider a non-vanishing bounded steady state (W, R). We use the same techniques as in
Section [3.3] based on Lyapunov functionals to prove that it is nonlinearly globally attractive.

In standard analysis of adaptive dynamics, one shows the convergence and evolutionarily stability by
calculating invasion fitness of rare mutants with strategy ™ when resident population is monomorphic
at strategy z”. Our theorem extends the situation so that population consists of any (discrete or
continuous) combination of strategies. The theorem strongly suggests that, if any ESD exists, any
reasonable (see above) distribution of traits evolves toward the ESD. Thus, the theorem shows the
convergence and evolutionarily stability of the ESD in our model against the invasion of any (discrete
or continuous) combination of non-rare mutant strategies (with any densities). This is the reason we
call the theorem as global convergence. In terms of the evolution of consumer trait in our chemostat
model, the evolutionarily outcome is always the ESD which is determined by ecological parameters of
the model (e.g., resource-supply rate, resource consumption rate) irrespective of the initial state.

Theorem 5.2 (Global convergence to ESD) Consider systems () or [2) withe = 0. We assume

that (M, R) is a bounded ESD and that [n(z)|Inn®(z)|dz and [ R(y)|In R%(y)|dy are well-defined.
Then R(y,t) — R(y) a. e. ast — +oo. In partzcular this holds true if supp n® = Supp 7.

11



We would like to pomt out that it is fundamental to assume that [ 7(z)|Inn%(z)|dz is well-defined;
this implies that n° is a function and does not vanish where 7 is p051tlve (see section for n? a
Dirac measure). Otherwise, not only the method collapses but it is easy to build counterexamples to
the result (as monomorphic cases).

Our method is closely related to the proof in [12] for direct competition. The case of discrete ESD,
that is 7 is a measure, can be treated as well but to the expense of technical controls which are beyond
the scope of the present paper.

As we will see it in the proof, convergence of n(t) to m does not always follow with our mere
assumptions but is true for large class of data (r and K'). Then the uniqueness of the ESD follows and
also the convergence of the population to the ESD. This shows that the systems under consideration
are very particular because, in general, ESD are not always Convergence Stable Distributions (see
[6, 20] and the references therein).

Proof. For system (Il). With our assumptions we can define the Lyapunov functional

S(t) = —/ﬁ(m) Inn(x,t)dx — /E(y) lnR(y,t)dy+/n(x,t)da:+ /R(y,t)dy,

and S is bounded from below (because we assume that 7 is bounded). Using (24]), we compute

f%@:—/ﬁ%%%gm@—R())@+/ < /ny y)dy - m(»m~
(30)

Since Supp n(t,-) € Supp n°, assumption (29) shows that S is a decreasing function. It follows that
as t — 0o, S(t) converges to a finite value S. We deduce that

/0 /m (R(y) — R(y,t))" dy dt < +o0. (31)

Following the arguments in the proof of Theorem B.2] we conclude that

lim R(y,t) = R(y), a.e.

t—o00

Furthurmore, since subsequences n(ty) converges weakly in the sense of measures to 7, following the
proof of Theorem B.2, we have

This implies that for all y, [ 7(z)K(z,y)n(z,t)dz = [ r(z)K(z,y)n(z)dz. However, our assumptions
are not strong enough to conclude that n(x,t) = 7(x); some operator invertibility is needed as in [12].

For system (2). We use the Lyapunov functional

aw:—/m@mmgmm+/n@wm.

It still satisfies (B0]) and we can apply the same method as before. 0
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5.2 Population dynamics of monomorphic states

With a variant of this method we can also study the solutions of the form n(z,t) = p(t)d(z — )
corresponding to an initial data n = p°§(z — z); indeed such a data does not satisfy the assumptions
of Theorem because Inn? is not well defined.

Theorem 5.3 For the solutions of the form n(t) = p(t)é(x — Z) with T satisfying [@5), the population
converges to the unique monomorphic steady state in Theorem[{.2, i.e. p(t) — p and R(y,t) — R(y)

as t — oo, with R(y) = mz(y)ﬁ&(%)[{(f’y)'

Proof. We treat only the case of system (I]) and use the Lyapunov functional

S(t) = —plp(t) - / Ry)In (R(y,1)) dy + p(1) / Ry, t)dy,

Rm(y) — 9
_/W(R(?J)—R(y,t)) dy.

With similar arguments as above we obtain that R(y,t) = R(y). Since there exists a unique constant
—00

p such that R(y) = r (y)ﬁ€;§/g RGa) following again the arguments in the proof of Theorem we

obtain that p(t) PO

5.3 Condition for a monomorphic state to be an ESD

With the extension in [12], we may expect that Theorem applies in particular for monomorphic
steady states. We consider such a monomorphic distribution @ = pd(z), restricting ourselves to a
population concentrated in the origin and give a condition implying that it is evolutionary stable.
Here, to simplify the analysis, we consider only the ’gaussian’ case given in (3]).

Along with section .21 we need the non-extinction condition (28] with & = 0, that is

T 1
ULy . (32)

rM;pn /Jz‘Zn + 0%{

To check that the ESD condition holds locally, it is enough to check the sign of the second derivative
of the fitness function (see Appendix [A]). The exact condition is given by formula (60]) which is not
tractable. That is why we compute an easier sufficient condition given by the

Theorem 5.4 (Sufficient condition for ESD) Consider the gaussian case ([B)) with the condition
B2). Let n =pd with p as in [27)) be a steady state. We additionally assume that

2 -
Tin___ T2 or (33)

(02, +02%)2  Min

Then the monomorphic state n = pdy is a local ESD to system (1) with € = 0, in other words for
Supp n® > {0} small enough then [29) holds.

13



This Theorem involves technical calculations and we prove it in Appendix [Al
In conclusion for n = pdy to be an ESD, using (B82), it is enough that

2 LT 1
Tin <M e (34)

(02, +0%)z M \Joh + 0%

Roughly, it means that ok is large enough compared to o;,. In biological words, when the outflow rate
is not too big and the resource supply distribution has a sharper peak than the competition kernel,
then the species distribution is isolated.

The condition (B4)) is not a necessary condition for an ESD. We give an example where the condition
is not satisfied but the origin is nevertheless an ESD. We consider the following parameter values

(NI

o =1, Oin = 1, m1 = 0.5, my = 0.5, M, = 3, r=1.

We can easily verify that the condition (B34)) is not satisfied with these parameters. However as we
see in Figure [ the population goes to the origin and remains there. This is due to the estimations
that we have used in our calculations. In this particular case we can compute numerically the second
derivative of the fitness function using (60) in Appendix [A]

7%2( 1 + 1 )
mq rMin 9 € 2 ok o

D?Fy(0) = —— + x dr ~ —0.16,
0(0) o2 2mo%oum mo + pK(—1)

where we estimate numerically p ~ 3.9. This confirms that the origin is an ESD.

If we decrease o to 0.5 the origin is not ESD anymore and we observe a branching. In this case
not only the condition (34) is satisfied but the exact amount of D?Fy(0) ~ 0.59 is also positive and
we estimate numerically p &~ 3.2. This is in accordance with numerical results in Figure Bl

25 T T T T T T 25

201 1 201

151 1 151

t

101 1 100

5 1 5

0 L L L L L L L 0 L L L L L L L
-2 -15 -1 -05 0 05 1 15 2 -2 -15 -1 -05 0 05 1 15 2

Figure 3: Dynamics of dominant traits begining with an initial data concentrated in —0.3. We present
the dynamics of the model given in (2] in the particular case of ([B) with e = 0.001, oy, = 1, r = 1,
my1 = mg = 0.5, M;, = 3. Left ox = 1. Right oxg = .5. We observe that for o;, large comparing to
ok the monomorphic case is no more evolutionary attractor and we observe branching.

6 Dynamics of the fittest traits: an asymptotic point of view

We have shown that the model has monomorphic or polymorphic steady states and derived the suf-
ficient condition for a monomorphic distribution (Dirac mass) to be evolutionarily stable. To obtain
a stronger result than merely local stability, here we consider a case when a population is initially
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concentrated around one or several points in trait space. We establish that it stays concentrated and,
using asymptotic analysis, that the fittest traits follow a form of canonical equation. We also give
conditions implying that the population becomes monomorphic.

-1 *0.‘8 *0‘6 *0‘4 *0‘.2 0 0‘2 014 0‘.6 O.‘8 1
X

Figure 4: The parameter € in (36) measures how close is the distribution from the Dirac distribution,

possibly due to mutations or, as considered here, initial variations.

We are interested in the dynamics with an initial data ’close’ to a monomorphic or polymorphic
state

ne(z,0) = > plo(z — ).

i=1,....1

To track the movements of Z; (i.e., evolutionary dynamics of traits), the initial data are chosen as
a sum of concentrations with tails (non-zero variances in trait values). A parameter € denotes a
small deviation of the initial data from the corresponding strictly monomorphic/polymorphic states
(Dirac masses), see Figure [dl We also perform a change of variable 7 = &t in order to accelerate
time and observe the dynamics. Note that the scaling parameter € here is no longer a mutation
rate. Mathematically, however, the existence of continuously positive distribution is sufficient to track
evolutionary dynamics. With this new time, the quasi-static model becomes

Fne = (= mu(x) +r(@) [ K(z,y)R(y,7)dy),

o Rin(y)
R€ (y7 T) ~ ma (y)+f r(zx)K (z,y)n(z,7)dz "

(35)

Starting from these approximately monomorphic/polymorphic populations, we show that under
some assumptions the number of concentrated peaks does not change in time and no evolutionary
branching can happen. However the dominant traits can evolve in time and we can describe the
motion of these dominant traits with a Hamilton-Jacobi equation. We also obtain a minimum distance
between the dominant traits. In section we give a form of a canonical equation of the dominant
traits. These results correspond to the convergence stability in Adaptive Dynamics, and the biological
implications are discussed in section

6.1 Polymorophic dynamics: mathematical results

According to the usual approximation of Dirac masses by gaussians, we describe it by the properties
of the population potential ©2(z) in
29 ()

ne(x,0) =e = . (36)
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The theory developed from [7] for the Lotka-Volterra equations shows that the representation ¢, (z,t) :=
eln (n€($, t)) makes sense for all times because it satisfies the simple equation

Srelan) = —ma) + o) [ K(a,)Relr)dy (37)

Of course there is a shortcoming in this point of view because the scaling parameter € > 0 is defined
through the initial data which seems arbitrary. The real motivation is from modeling of mutations
which we know induces this type of smoothing of the population density. See [7], 1 18, 2]. It has
been widely proved that the method may handle these mutations as well in self-contained population
models as (), @I).

Our main characterization of the population density goes through the function . and we assume
that initially

[0e(2)] < Co(R), |Vel(2)] < Ci(R), V|z| <R, (38)

As a preliminary result, we prove in Appendix [C] the following

Proposition 6.1 (Convergence) With the assumptions @), (@), @), &), (II) and BY), after suc-
cessive extractions of subsequences, the family . converges locally uniformly to a continuous function
¢ < 0, the family R. converges locally uniformly in space and weakly in time to a limit R(y,T).
Furthermore, we have the relation

olx, ) = cpo(a:) —my(z)T + r(x) /()T/K(x,y)R(y, s)dyds, o(x,7) <0. (39)

With these assumptions, the conclusion of Theorem Bl holds and we may extract a subsequence
such that the n.’s converge weakly in the sense of measures to a limit n(z,7). The support of n is
included in the set {(7,z)|p(x,7) = 0} (see [7, [I8] [4], [14] for several uses of this property). We show
below that the zeros of ¢(7) are isolated points, and thus the model leads to Dirac concentrations.

Theorem 6.2 (Concentration effects) We assume that, for some positive constant ag and uy € R,
(pg,mm(‘r) ! @2(33) < ao, (40)
(i) and that there is a1 > 0 and po > 0 such that

mi(e) = miehn [ L2 Ry 2 a1 @K @) < @K () + ). @D

Then we have
Pz — M1 @ <ap—alT, (42)

in the distributional sense and a.e. In particular if ag < 0, then we have @z — p1p < 0 and thus,
after extraction of a subsequence, the n.’s converge in the weak sense of measures to a sum of Dirac
masses:

ne(w,7) = n(x,7) =Y py(7)6i(z — (7). (43)
(ii) If (@) is hold with py > 0 then, the population, when it persists, is asymptotically monomorphic:

ne(x,7) = n(z,7) = p(r)é(x — 2(7)), (44)
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and the pair (Z(7),p(T)) also satisfies

A(r) (—ml(xm) rGatr) [ K(a:(T),y)R(y,T)dy) >0, (45)

Also, the equation for R(y,7) can be reduced to

R(y,7) = )+ S @ ) K@) (polymorphic case), (46)
= Rinly) monomorphic case
) e P R G,y (enemerphic case) “n

In order to illustrate our assumptions, we may consider the case when

| 2

r(z) = ro, ml(x)2: mo + Tﬁl'%, ma(y) > ma,
Min _ 1 2
Rin = = eXP(—gfiﬁ)a K(2) = —7= eXP(—gi—%)

and K(z,y) = K(z —y). We compute

1 z|? C
Kaw = |:__2+%:| Ko m=0 pp=—.
ol Ok T
Therefore mymo large enough compared to % implies monomorphism.
K
We can also take m; = 0, i.e., m; constant, p; = ——s. Then, mo large enough compared to iz
0% 0% M2

implies polymorphism but not continuous distribution.
Proof. We differentiate twice equation (37) and using (4I) we obtain

Sreae = (@) + [ (@)K (@), Rl 7)y

< —ml(z) + / F(@)K (2, ) Re(y, 7)dy + / 1o (y) Re(y, 7 dy

0 p2(y)
< —m! — Rin(y)dy.
< —my () + pma () + g (@, 7) + — (y)dy
We deduce that, using again (4T]),
9 p2(y)
— < — " — < —aq.
57 (gpm ,ulgp) < —mj(x) + pymq(z) + mz(y)Rm(y)dy < —ay

Therefore, using (40]), we have
Prz — H1P < o — 1T

In particular, if ap < 0, we deduce that ¢,, < 0 in the set {(¢,x)|¢(7,2) = 0}. Therefore the zeros
of ¢ are isolated. Since the support of n is included in this set, we conclude that n is a sum of Dirac
masses as stated in ([43]).
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Furthermore if g1 > 0 then we deduce that ¢ < 0 is a strictly concave function with respect to
x. Thus it has a unique maximum. We conclude that the population, if it does not go extinct, is
monomorphic as stated in (44).

Finally, we integrate (B5]) and obtain

cpln) == [nrom@ds + [ [ntror@K )

ma(y) + [r(@)K (2!, y)ne(r, ")da!

Passing to the weak limit we obtain that

0= —p(1)m1(Z(1)) + w-lim /’I’Lg(T, x)r(z)K(x,y)

<7(7) (—ml@w + [ra) K.
Hence @3). g

6.2 A form of canonical equation

Within the framework of Section [6.I]we can go further and obtain several informations on the dynamics
of the fittest trait, including a form of canonical equation as proposed initially in [5]. For this, we
need some additional regularity which relies on the assumptions

ID*(2)] < D1, |D’m(z)| < Do, |DiK(z,y)| < D3, |DPr(x)| < Da. (48)

This implies that ¢ and R also have bounded third derivatives in x. We also need the following
additional assumption on the initial data

ma(y)

— m(#(0)) + (z(0)) / K(#(0),4) 2 gy 5 g (49)

Within the framework of Theorem and in the monomorphic case we prove the following

Theorem 6.3 (Form of canonical equation) We assume {S), [@9) and (4Il) with py > 0, (E0)
with ag < 0 and thus [@). Then, T € W1 and the following form of canonical equation for the
fittest trait holds

(50)
+9r(ar) [ Klar). )Ry
Moreover, the family p. converges a.e. t0 5 € Wh%, and we have
() + [ K@@nRE =0 Rr) = S (o)
) > e (52)

In particular, we deduce that the population does not get extinct.
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This Theorem is proved in Appendix

We notice that for any (7,Z(7)) there exists a unique p(7) such that (&Il is satisfied. Therefore by
eliminating p(7) from the canonical equation (50]) we obtain an equation that depends only on the
parameter Z(7). However, we cannot write the canonical equation explicitly because the formula for
p(7) is implicit.

We may also write canonical equations for dominant traits for the case with polymorphic populations
within the framework of Section when there are only a finite number of traits. We obtain the set
of constraints and, with R(y,t) given in (48], the canonical equation

(1) = (= D¥p(i(7),7) " <_vm1(‘fi(7—))+T(ji(7))/VxK(ji(T)vy)R(va)dy
(53)

+9r @) [ K(@(T),y)R(y,T)dy> .

6.3 Biological implications: Generation of species

We now give the biological implications of our mathematical result and focus on the following two
points.

(i) The interpretation of the trait concentration in terms of the function ¢ is

ne(z, 7) &~ Z pi(T)0(x — Zi(7)) = max oz, 7)=0= (,D(:fi(T),T). (54)
i=1,....1

But at the points such that ¢(z;(7),7) = 0 for 7 > 79 := oY, using Theorem [6.2] we have
- (i‘i(T),T) < —ai(t —719) < 0.

We deduce that for 7 > 79, the zeros of ¢ are isolated. Therefore n(r,z) is in the form of a sum of
Dirac masses after 7 > 7y (to be rigorous we need to complement our assumptions to ensure that ¢
has three derivatives in x; this follows when data have three derivatives).

(ii) We can also give a minimal distance between two Dirac masses after time 7, using the uniform
Lipschitz bound on ¢, see Appendix [Cl Let 90(7', :EZ(T)) = 0. We have

Poa(T,x) < ap — ar17 + 1 (7, 2)

Ci1+ Byt
<ag— a7+ (G +Bir) |z — (7))
M1
We deduce that ¢, (7,2) < 0 for
& — ()] <
x — x;(T .
‘ BT+ C;
Therefore the minimal distance between two Dirac masses at time ¢ is
a1T — Qg
; — T <2——. 55
ei(r) = s (7)) < 25— (53)

Biologically, these two results mean that distinct species remain distinct after the finite time 5. We
can not observe any continuous branching or merging for 7 > 7y, because at the point where branching
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(or merging) happens the two new (or previous) Dirac masses will be (have been) very near each other
for a while. But according to (ii) this cannot happen. Thus, the number of species does not increase
(but can decrease because extinction is still possible) after this threshold time (although their trait
values might keep moving). Evolutionary diversification (generation of new species) must finish until
this time, so 79 can be considered as a time scale of evolution.

Note that 7 is measured in a slower time-scale than ¢ in the full model. This is necessary as we
take € — 0, corresponding to no mutation limit, otherwise evolution requires infinitely long time.
Interestingly, we still observe the dynamics in finite time in this evolutionary time scale. What is
unique to the present study is that we have shown the finite threshold time after which no structual
change occurs in evolutionary dynamics. This is a non-trivial result because any quantity (especially
selection gradient) does not depend explicitly on time except initial data, that are chosen infinitesimally
close to Dirac masses.

In some individual-based simulations of evolution of species traits (see [II]), we observe endlessly-
repeated extinctions and generations of species, i.e. recurrent adaptive radiations. This has been
considered as a stochastic effect, but in principle this could be possible in deterministic system as well.
Our result shows that such recurrent adaptive radiation never occurs in our system.

7 Transient from continuous distribution to Dirac mass

Here we extand the analysis in section [6] to more general initial distribution. We give details on how
an initially continuous population becomes approximately monomorphic/polymorphic in large time.
Once this stage is reached, all the results and biological implications in the previous section are valid.
Hence, this section is a natural extension of our results to relax our assumption of approximately
monomorphic/polymorphic initial data.

We come back to the quasi-static model

onel) — p(z,t) (—mi(x) + r(z) [ K(2,y) Ry, t)dy) ,

. Rin(y
Ry:t) = ek e d

(56)

We aim to show that for large times, the population density behaves like a highly concentrated
gaussian around an unknow fittest trait Z(¢), by example

The model does not impose such a quadratic type of concentration to a Dirac mass and we have to
generalize the approximation as

n(x,t) ~ e?@t) with ¢ a uniformly concave function in x.
Then Z(t) is the point where max, ¢(z,t) = ¢(Z(t), ).

7.1 Pointwise estimate on the population density

We continue our analysis and prove an upper bound on pointwise growth of the population.To do so,
we use the population potential

o(z,t) =In (n(z,1)). (57)
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Here, as in (B8], we use the following assumptions initially
Proposition 7.1 (Pointwise esimate) Under assumptions (), (@), (&), (B8)) and the first parts of

() and (II), there is a constant A > 0 (depending on my, My, Tar, ro, 2, Ko, Knr, My, Co, C1)
such that at all points x,

n(z,t) < (2464, oz, t) < Aln(2 +1t).

It turns out that polynomial growth on n(t) is indeed true under some additional assumption that
we mention later. This is a first indication that concentration on the population should indeed occur.
This Theorem is proved in Appendix [El

7.2 Towards monomorphism or polymorphism

We are now ready to establish the result showing strong convergence to a monomorphic or polymorphic
population.

Theorem 7.2 (Sufficient condition for convergence to well-separated traits) With the above
assumptions (B)—I1), (B8) and

(i) If @) holds with py > 0, then ¢ is concave for t large enough and the population, if it persists, is
asymptotically monomorphic, namely

Prz(T,1)
t

lim sup < —aj.

t—o00
(i) If (41)) holds with pi < 0, then
lim sup Pre(7,t) = (. 1) <

t—o00 t o
Consequently, the population is concentrated on well separated traits and the distribution cannot be
continuous.

—ai.

The unique maximum point Z(t) of ¢(,t) defines the fittest (highest represented) trait. It might be
that Z(t) escapes to infinity for large times, as in the cannibalism model (see [6] [17] for instance).

Proof. We write 5
Gyl t) = (@) + (o) [ Ko, Rl )y

We differentiate twice this equation and, using (&Il), we find
0
Gypen(et) = ~mi(o) + [ (@K @), Ry
< @)+ [ rle)K (@ )Ry + [ pal) R,y

p2(y)
ma(y)

IN

0
—m{(z) + pama(z) + 5Pt + Rin(y)dy
< a1+ ol 1)
< —a1+ (e,
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Integrating in time, we obtain

Paa(@,1) < Pga(2) — art + ufp(t, 2) — ¢°(2)].

With the help of assumptions (58)) and Theorem [.I] we conclude the first case (monomorphism).
In the case p1 < 0, we use the same computation and arrive at

p2(y)
ma(y)

0
a[wm(:f:,t) — mp(x,t)] < —mf(z) + pymy(z) + Rin(y)dy < —aq.

The conclusion follows as before. 0
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A Proof of Theorem [5.4]

With the terminology in [6l [19], we define the fitness function as

Rin(2)

O g e L (59)

Fo(z) =—m1+7r / K(x
Ii measures the invasion ability of a mutant = when the residents are all at the origin. For an ESD
concentrated at the origin, the fitness function must satisfy DFy(0) = Fy(0) = 0 and D?F5(0) < 0.
As we computed it in section 2] the condition Fj(0) = 0 follows from the choice of the weight p of
the Dirac mass m = pd, which can also be written

_ (y)
=rK = K(y)——————d
m1 =17K xR r/ m2+er() Y.
We also have, since DK is odd and K and R, are even,
Rin(y)
= DK(—y)—————=———dy = 0.
r/ mg + 1K (—y) Y

Finally, we analyse the sign of
D?*F = rD?K  R.

Next, we perform some preliminary calculation

71 1 1

rM;n 2 ok fn
Ty =
MO KO, my + pK (x
D?’K(z) = 5 (—1+—2)exp(— x2 ).
URV 2 ogR 20’R
Therefore, the condition for a local ESD is
1 1
=2 (S+)
M e Tin
D2Fy(0) = — 2L _Tin_ " <o, (60)
UK 27TJ % Tin mo + pK(—x)
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Define ¢/ = —ZKZin__ We have

N
mq rM; —a?
D*Fy(0) < ——5 + 55— /:1:2620’E dz

O  2MO%0imme
my T‘Minalg

- 2 T a—_ .5 —
OV 27mi‘<cnnm2
m1 rM; O’Z-2n

= —— 4+ . .
ok V2mokmy (02 +0%)%

We deduce from this inequality that D?Fy(0) < 0 under the condition (33]). This condition is however
not sharp because we neglected the helping term pK (—x).

B Lipschitz bounds on ¢

Several steps in our estimates use Lipschitz bounds on the function ¢ or ¢, defined through the
logarithmic transform.

First we show that |Vy|(z,t) < C1 + Bit, for all z, and for B; a constant that we determine later.
We replace n = e¥ in (B6]) and find

0

5% = —m@) + (@) [ KR 0dy (61)

Differentiating this equation we obtain

0

E(’Dm = —myz(x) +r(z) / K. (z,y)R(y,t)dy + ry(x) /K(x,y)R(y,t)dy.

Using (@), @), (@), the second part of (Bl) and the first part of (III) we have
ra KoMy i ro K p Mip

moy my

0

From this and (58]) we deduce that

ryvu KoMy . roK v My,
ms my '

oz (@, t)| < C1 + But, By =M + (62)

C Proof of Theorem

(i) (Lipschitz bound in space for ¢.) We recall the inequality (62)) proved earlier |V, (z,7)| <
Ci1+ BiT.

(ii) (Lipschitz bound in time for ¢.) Using (@), the first part of (§) and (B7) we have

rv Ry
my

(@) € L = —ma(2) + r(2) / K (2, y)Re(y, 7)dy <

— or (63)

Since my(x) is locally bounded, we obtain that %gpe is locally uniformly bounded.
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(iii) (Convergence of ¢.) Using ([63) and (58) we deduce that ¢, are locally uniformly bounded
and its derivatives also. Thanks to the Arzela-Ascoli Theorem, we can extract a subsequence that
converges locally uniformly to a continuous function .

Moreover ¢ can not take positive values. Otherwise p. = [ n.dz blows up in the limit as € vanishes
and this is in contradiction with Theorem B.1] that states p. is uniformly bounded.

(iv) (Lipschitz bound in space for R.) We differentiate the second line of (56]) with respect to
and we obtain

VRm( ) R n(y (Vmg +f (2, y)ne(z, T)dx)
y) + [ (@)K (z,y)n:(z,7)dy (ma(y) + [ r(z)K(z,y ng( )dm) '

Using this equality, @), (6), (§), the second part of (II]) and (I]Zil) we have

IV Rin(y)| N |Rin|(|Vma(y)| + rarsup, , [ Ky|pe (7))
my mj
Ry R1

< —+ —5 (M2 +ryKspum)-
my m2

VRE(Z/) T) -

‘VRE(:% 7')‘

IN

Therefore R, is uniformly Lipschitz continuous in space.

It is difficult to obtain time regularity and even in the case of two nutrients, the proof is extremely
technical, see [3].
(v) (Convergence of R. and identification of the limit) The first parts of (§) and (@) show that
R, is uniformly bounded. Using this property together with Lipschitz bound in space we obtain that,
after extraction of a subsequence, the R.’s converge weakly in time and strongly in space.

Now using the strong convergence of ¢. and the weak convergence of R. together with ([B1) we

obtain (39]).

D Proof of Theorem

We follow the arguments in [14].

Using (B7) and (@S] we obtain that D3p.(7,z) is bounded. Therefore, after extraction of subse-
quence, the D?p.(7,z)’s converge locally uniformly to D?¢(r,x). Using [@2) with p; > 0, we obtain
that o, is concave and thus it has a unique maximum. Now we denote by Z.(7) the maximum point
of .. We have V. (Z.(7),7) = 0 at a maximum point and thus (using the chain rule)

d 0

EV@E@E(T)W') =VU= 8_V(’D€($€( ), )+D290€(33€( ), T)Ze(T).

From (@2) we conclude that D?p.(Z(7),7) is invertible. Therefore, combining the above equality and
B7) we obtain

L7:(1) = (= D%e(=(7),7) " (= V(7)) + (=) [ VoK (3e(7), y) Be(y, 7)dy
+Vr(E(1)) [ K(2:(7), y)Re(y, 7)dy).

It remains to pass to the limit as € vanishes. Firstly, from the strong convexity of m; (from assumption
(1) with gy > 0) and (B7) we conclude that z.(7) is uniformly bounded. Then, from the local bounds
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on R, we deduce that %ia (7) is also uniformly bounded. It follows again from Arzela-Ascoli Theorem
that we may extract a subsequence of Z.(+) that converges uniformly to a Lipschitz continuous function
Z(-). Moreover using that the D2, ’s converge locally uniformly to D2, and the R.’s converge weakly
to R we obtain that

z(7) =(— ), )) 1(—Vm1(5:<7>)+r<at~<7>>f VoK (Z(1),y)R(y, 7)dy
+Vr(z fK 7),y)R(y, T)dy).

N

Now we prove that p(Z(7),7) = 0 for all 7 > 0 and that p(7) > p(0)e %7 for all 7 > 0 and a positive
constant K. We cannot obtain this directly and thus we begin with proving I(7) > 0, with

1) i= ma(a(r) + 7 @() [ KGalr). ) 2y

We define
70 := inf {l(s) = 0}.

s>0

Since [(7) is continuous, and [(0) > 0 according to assumption ([49]), we have 79 > 0. Assume now
that 79 is finite. We have [(7) > 0 in [0, 79]. Now we write

d - 0 - - - _ Rm(y)

F@(r).7) = Grel@lr). ) = —ma(a(r) 1 (@) [ K@) ) e ey
The latter is positive if p is positive, according to ([45]). Otherwise it is equal to I(7) that is also
positive in [0, 79]. We obtain that

dci' (z(1),7) >0, for 7 € [0, 10].

Starting with ¢(z(0),0) = 0, we deduce that
o(z(r),7) =0, for T € [0, 7).

This also shows that the constraint (5I]) is satisfied and (@3]) is hold as an equality in (0, 7p). Conse-
quently we obtain that 7 is in fact a strong limit of p. in (0, 79).

To gain time regularity, we use (5Il) and because Z(7) is Lipschitz continuous, we conclude that p(7)
and consequently R(y,7) are also Lipschitz continuous in (0, 7). Therefore we can differentiate (5II)
a.e. with respect to 7 and obtain, for all 7 € [0, 1),

0= (= Vma(z(r) + 7 ((r)) / VR @) ) T G )R G,y




We deduce that, for a.e. 7 € (0,7),

(r)( = D2p(a(r),7)a(r) = —p(7) r(3(r))* [ K(2(7), ) (m2(y>+ﬁ(r>f<i:<(f>)>f<(x(r> y))zdy

Rin(y) (r(@(r)) Vo K (2(r).4) +Vr(2(1) K (2(7) )

dy)z(7).
(m2(y)+ﬁ(7’)r(f(T))K(f(7—)7y))2 y)!E(T)

—p(r)r(@ (1)) ([ K(z(7),y)

It follows that for some constant K

We deduce that p(s) > p1 > 0, for s € (0,79). Using the constraint and the latter we obtain that, for
all s € [0, 79),

The latter is bounded from below by a positive constant because Z(s) is bounded. Using the continuity
of I we deduce that [(7p) > 0. This is impossible and thus contradicts that 7y is finite.

E Proof of Theorem [7.1]

Firstly we recall the Lipschitz bound (62)) proved in Appendix [Bl
Next, our proof of Theorem [T.T] uses again the equation (GI) that we write

B r(2)K (2, y) Rin(y)
a‘ﬁ(x,t) = —ml(x) + / m2(y) —|—fT(Z)K(Z,y)e<p(z’t)dzdy‘

And we introduce two sets for evaluating the integral in y, where B is a constant given later on,

B
2+t

B
2+t

E. ={y; K(z,y) < b Es={y; K(z,y) > }

On E. we have

r(@0)K (@) Rinly)  _ B

ma(y) +fK(Z,y)eSD(Z¢)dZ - m2(2+t)Rin(y)-
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On FE- we have for some constant By, Bs,

7. ().
)+ [1(2)K(z,y)eEtdz — ro [ K(z,y)e?zt)-

()
w(z,t) dz

< e—cp(:c t) TMK(‘T y) (y)
- TOIK Z y) —|z— Z‘ Ci+Bit)

< e—cp(:c t) 7QM*K’(‘T y)R (y)
- ro [[K — Koz — z|]e~lz==l(Cr+Bit) g

e—cp(:c t) K(‘T y)Rzn (y)
- 2B, K(z,y) Bs

2+t (2+1)2
< e—ap(m,t) K(:Ev ZQ(RW)(ZJ)
By 2+7ty
and this leads our choice of B = Bs/Bs.
Altogether, these two controls give
B 2+t

9 p(st) < My o))

ot my(2+1t) * By

A supersolution to this differential equation is 1(t) = AIn(2 + ¢) because for A large enough

o . A B 1

} 0
5V = 57 = Min et BEi Ay P(0) > ¢°(2).

Therefore for for A large enough, we have ¢(x,t) < Aln(t+2). Written in terms on n = e¥ we obtain
the conclusion of Theorem [T.11
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