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Abstract

Abstract We consider an interacting particle system which models the sterile insect technique. It is the
superposition of a generalized contact process with exchanges of particles on a finite cylinder with open
boundaries (see Kuoch et al., 2017). We first show that when the system is in contact with reservoirs
at different slow-down rates, the hydrodynamic limit is a set of coupled non linear reaction-diffusion
equations with mixed boundary conditions. We then prove the hydrostatic limit when the macroscopic
equations exhibit a unique attractor.
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equations; Generalized contact process; Stirring process; Mized boundary conditions.

MSC: 60K35; 82C22

1 Introduction

In this paper, we consider the interacting particle system introduced in [19] to model the sterile insect
technique. This technique was developed, among others, by E. Knipling (see [18]) to eradicate New World
screw worms in the 1950s, a serious pest for warm blooded animals. The method is still used today, for
instance in France, to protect crops from the very invasive Mediterranean flies, and it is also being tested to
fight mosquitoes which transmit dengue in countries like Panama or Brazil. We refer to [7] for a detailed list
of trials and programs regarding that method. The sterile insect technique works as follows: male insects
are sterilized in captivity using gamma rays. They are then released in the wild population, where females
mate only once, giving rise to no offspring if they mate with a sterile male. When enough sterile individuals
are released, the wild population eventually becomes extinct. From a mathematical perspective, the sterile
insect technique has mainly been modelled in a deterministic way through the study of partial differential
equations (see [1]).

This technique was studied from a probabilistic perspective in [19] and [20] using interacting particle
systems. In [19], a phase transition result was proved at the microscopic level. Recently, another probabilistic
model was studied in [16], also at the microscopic level. In [20], the study is carried out at the macroscopic
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level (hydrodynamic limit) in both finite and infinite volume with reservoirs, in order to account for the
migration/immigration mechanism.

Here, we aim at studying the hydrodynamic and hydrostatic limits of that interacting particle system
under the effect of slow reservoirs in any dimension d > 1. The slow-down mechanism models the fact that
beyond the boundary through which insects arrive into the system or leave it, there are very few insects (the
exterior of the system might be a territory which is much less favorable to the development of these insects).

In the perspective of interacting particle systems, the sterile insect technique is modelled as follows:
individuals evolve on a d-dimensional finite set By = {—N,---, N} x ']I“]i\fl7 where N > 1 and ’IF‘}{I =
(Z/NZ)?~L. The evolution of the population is described by a continuous time Markov process (7 );>o with
state space EPN where E is a countable set. In this model, the gender does not come into account so we refer
to sterile individuals rather than sterile males. The quantity of interest here is not the number of insects per
site but the types of insects present at a given site. Precisely, F = {0,1,2,3} and for « in By,

0 if there are no insects in x,

if there are only wild insects in x,

if there are only sterile insects in x,

if there is a combination of wild and sterile insects in x.

n(x) =

W N =

The dynamics of the Markov process is the superposition of three Markovian jump processes:

(i) An exchange dynamics which models the fact that insects move in an isotropic way within the bulk
By and which is parameterised by a diffusivity constant D > 0. Precisely, for a configuration n and
T,y two sites in By, the states of sites x and y in n are exchanged at rate D.

(ii) A birth and death dynamics within By which models births of individuals due to the mating of a wild
individual with wild or sterile insects, as well as deaths of individuals. This is the dynamics introduced
in [19] that was referred to as a contact process with random slowdowns (CPRS). It is parameterised
by a release rate r > 0 and growth rates A1, Ay > 0. Sterile individuals are injected on a site at rate
r independently of everything else. The rate at which wild individuals give birth (to wild individuals)
on neighbouring sites is A\; at sites in state 1, and Ay at sites in state 3. Sterile individuals do not give
birth. We take Ao < A; to reflect the fact that fertility is reduced at sites in state 3. Deaths for each
type of insects occur independently and at rate 1.

iii) A boundary dynamics which models the slow migration/immigration mechanism. The mechanism is
g g
parameterised by a function b = (by,bg,b3) : {—1,1} x T¢"! — [0,1]® for the rates, where T4~ =
(R/Z)?~!, and the slowdown effect by two constants 6, and 6, in RT.

Note that without the presence of sterile insects, the CPRS would be a basic contact process (as defined
for instance in [23]) with parameter A1, and the presence of sterile insects can be interpreted as a random
decrease of the fertility rate due to the presence of sites containing sterile and wild individuals. In [19], the
microscopic study of the contact process with random slowdowns in dimension d > 1 leads to the following
phase transition result: for certain values of A\; and Ay, when r is large enough, the healthy population almost
surely becomes extinct and survives otherwise. In this paper, the CPRS will be called generalized contact
process. In [20], the hydrodynamic limit of the superposition of the three dynamics above, where the first
and the third one are accelerated in the diffusive scaling N2, and where 8, = 6,. = 0, is proven to be a system
of non linear reaction-diffusion equations with Dirichlet boundary conditions in any dimension.

In this paper, we first prove the finite volume hydrodynamic limit of this particle system for any values
of 0y,0, > 0 and in any dimension. The hydrodynamic equation obtained has mixed boundary conditions
which depend on the values of 6y, resp. 6,.. Precisely, for 8, € [0, 1), resp. 6, € [0,1), we get a Dirichlet type
boundary condition at the left-hand side, resp. right-hand side of the system. For 8, = 1, resp. 6, = 1, we
get a Robin type boundary condition at the left-hand side, resp. right-hand side of the system. For 8, > 1,
resp. 0. > 1, we get a Neumann type boundary condition at the left-hand side, resp. right-hand side of the
system.



We then prove the finite volume hydrostatic limit of the particle system for a specific class of parameters
regarding the dynamics. Within that class of parameters, the sequence of invariant measures of the interacting
particle system is associated to a profile which is the stationary solution of the hydrodynamic equation with
corresponding mixed boundary conditions.

Our paper is, up to our knowledge, the first one regarding the effect of mixed reservoirs in and out of
equilibrium (hydrodynamic and hydrostatic limit) for a multi species process in a bounded d-dimensional
cylinder. Note that all our results can be extended to the d-dimensional hypercube, [—1,1]%, following the
method in [21]. We believe that the analysis for general domains would require more effort, in particular,
regarding the choice of a suitable discretization of the underlying macroscopic space. The discretization
issue has been addressed for some conservative interacting particle systems evolving on a bounded Lipschitz
domain (see [5] and references therein). For domains such as manifolds, we refer to [25] for the symmetric
simple exclusion process with no reservoirs. Both papers [5] and [25] rely on duality techniques. The effect of
reservoirs on a one dimensional conservative system has been widely studied in finite volume (see for instance
[6], [10]). Much is now known both at the microscopic and macroscopic level. Recently, the effect of slow
reservoirs has aroused considerable interest for the symmetric simple exclusion process in one dimension (see
for instance [2], [12], [13], [14] and references therein). In [11], the authors proved a hydrostatic principle for
a boundary driven gradient symmetric exclusion process using the fact that the stationary profile is a global
attractor for the hydrodynamic equation. This method inspired our proof for the hydrostatic limit. However,
the fact that we obtained coupled equations for the hydrodynamic limit, and that we work in any dimension
make the analysis more subtle and require general analytical tools.

This paper is organized as follows. In Section 2 we introduce the notations and state our results. The proof
of the hydrodynamic limit for each of these regime is established in Section 3 via the Entropy Method. Among
other things, as we work in arbitrary dimension, some care must be taken to perform the replacement lemma,
and also to define and characterize the solution of the hydrodynamic limit at the boundary, through the use
of the Trace Operator (see subsection 3.4). The difficulties due to different boundary slowing exponents are
purely analytical, and appear when proving uniqueness of the hydrodynamic equation with mixed boundary
conditions. The proof of the hydrostatic limit, established in Section 4 relies on the use of a well chosen change
of coordinates for the coupled equations. Under this change of coordinates (inspired by some simulations see
Appendix B), a comparison principle holds. It allows us to find a unique attractor when some conditions on
the parameters are satisfied. Outside that class of parameters, although uniqueness of the invariant measure
holds, we do not even know whether there is uniqueness of the stationary solution of the hydrodynamic
equation and simulations show that for Neumann type boundary conditions there are several stationary
profiles. However, we believe that a more general hydrostatic principle in the spirit of the one proved in [22]
is valid.

2 Notations and results

2.1 The microscopic model

The dynamics of our interacting particle system is given by three generators, one for the exchange dynamics,
one for the generalised contact dynamics and one for the boundary dynamics. In order to explicit each one
of those generators, let us give a few notations. Let N € N and d > 1. For p > 1, we write T%;, resp. T?
the discrete, resp. continuous torus (Z/NZ)?, (R/Z)P. Denote by By = {—N,--- ,N} x T% ! the bulk and
'y ={-N,N} x ']T?V_l, resp. I'}; = {N} x ']I‘ﬁlv_l, resp. 'y = {—-N} x T‘]iv_l the boundary, resp. right-hand
side boundary, resp. left-hand side boundary of the bulk. Denote B = (—1,1) x T¢~! the continuous counter
part of the bulk, B = [~1,1] x T~ its closure, I' = {~1,1} x T}, '~ = {~1} x T4 ! and 't = {1} x T¢~1.

The microscopic state space is denoted Qy := {0,1,2,3}5~ and its elements, called configurations, are
denoted 7. Therefore, for x € By, n(z) € {0,1,2,3}. To describe the dynamics of our model, we will use
the correspondence introduced in [20] between the state space Q2 and Xy := ({0,1} x {0,1})P¥ where the



correspondence between an element (§,w) € 5 ~ and i € Qp is given as follows: for z € By,

n@) =0 <= (1-¢@)(1 -w() =1,

n(w) =1 < {@)(1-w@) =1,
n(x) =2 <= (1-{@)w(@) =1, (2.1)
n(z) =3 < {(v)w(x) =1

In other words, w € {0, 1} represents the presence of sterile insects, and £ € {0,1} that of wild ones on a
given site, i.e., ({(z),w(z)) = (0,0) if x is in state 0, (1,0) if it is in state 1, (0,1) if it is in state 2 and (1, 1)
if it is in state 3. Also, in order to describe the evolution of the density of sites in state 1, 2, 3, resp 0, we
define for  in By and a configuration n € Qy with associated configuration (§,w) € X,

Azt
M2(7) = Lyy=2 = (1 = §(7))w(x),

1s(2) = Loy = E(x)eo(a), (22)
no () = Ly z)=0 = (1 = §(2))(1 — w(x)).

Finally, we also express the correspondence (2.1) by the following application from 5 N to Qn:
n=n({,w), where, for any x € By, n(x)=2w(x)+ &(x). (2.3)

e Generator for the exchange mechanism: it corresponds to the usual stirring mechanism where
each site has an exponential clock with rate D and independent from all the other clocks, where D is
a fixed positive parameter. When the clock rings, a neighbouring site is chosen uniformly at random
and the states of both sites are exchanged. The action of the generator on functions f : ¥y — R is
therefore given by:

d
Lnflew) =3 > D(flErrwn et - f(gw)) (2.4)

k=1 (z,z+er)€B

where (eq,--- ,eq) is the canonical basis of Z? and for ¢ € {0,1}5~ and z,y € By, ¢(*V is the configu-
ration obtained from ¢ by exchanging the occupation variables {(z) and ((y), i.e,
((x) if z=y,

(M(z) =4 ((y) if z=u,

((z) otherwise.

e Generator for the generalised contact process in the bulk: following the description of the
generalised contact process in the introduction, let us give the rates of the generalised contact in the
bulk. For n € Qn, « € By and i € {1, 3} denote n;(x,n) the number of neighbours of x in state 4, that
is, ni(z,n) = > ni(y), where z ~ y means that = and y are neighbouring sites in By.

Yy~x

Births and arrivals of sterile individuals at = happen at the following rates:

0 — 1 at rate A1n1(z,n) + Aens(z,n), 2 — 3 at rate \yna(z,n) + Aang(z, 1),

(2.5)
and 00— 2atrater, 1— 3 atrater,
Deaths of individuals at = happen at the following rates:
1—0atratel, 2—0atratel, 3 —1atratel, 3 — 2 at rate 1, (2.6)

Therefore, using the correspondences (2.1) and (2.2), the generator Ly = Ly A, x,,r of the generalised

~

contact process acts as follows on functions f : Xy — R:

Lyf(§w) = Y Lp f(&w), (2.7)

TrEBN



where for x € By,

L f(6w) = (r( = w(@) +w(@)) [ £(€.0"w) = (&, w)]
+ (B (@.6,0)(1 —£@) +£@)) [ Fl07Ew) — F(&w)].

/BBN ($7 77) = )‘lnl(l‘> 77) + A277‘3(xa 77)
where, for ¢ € {0,1}B~ ¢%( is the configuration obtained from ¢ by flipping the configuration at z, i.e.

1—((z) if z=u,
¢(z) otherwise.

7ot = {

e Generator for the boundary dynamics: the generator of the dynamics at the boundary is parametrized
by 6 = (0,6,) with 64,6, > 0 and a positive function b = (by,bo,b3) : I' — R} satisfying the
following conditions: there exists a neighbourhood V of B in R x T¢"! and a smooth function
g=(91,92,93) : V — (0,1)% in C?>(V,R), with

* * * . < ) < * .
Jc,C*" >0, 0<c <1%123|gl‘—11g?§3|gl|—0 <1, and g1 +g2+g3<1 (2.9)

and, the restriction of g to I' is equal to b. The dynamics at the boundary can then be described as
follows: a site z € I'y, resp. = € I'l; flips from state i € {0,1,2,3} to state j € {0,1,2,3} \ {i} at
rate N~%b;(x/N), resp. N=%b;(x/N) . In order to express the generator of the boundary dynamics,
we make use of n; = n;(&,w) for i € {0,1,2,3} which is the configuration in {0,1}?~ obtained from
(&w) € SN according to (2.2). For f: Sy — R, the boundary generator acts on f as follows:

3
Lignd €)= N7 30 37 bilar/N)(f(o10(6:0) = (6w))
io e (2.10)
FNTYT ST ila/N) (floia () — F(Ew).

= +
=0 zel'y

where by(z/N) :=1— Zle bi(x/N) and with o; (£, w) := 0 zn(§,w), the configuration in Sy associ-
ated to o0;,n, where
n(z) = i if z=ux,
Tial\Z) = n(§,w)(z) otherwise
with 7(€,w) as defined in (2.3).

Fix a time horizon T > 0 and denote {(&Y,w}), t € [0,7]} the Markov process associated to the generator

Ly :=N?Ly+ N?L; 5 +Ln. (2.11)

Let Dg ([0,T]) be the path space of cadlag trajectories with values in Sy. Given a measure gy on Sy,
denote by P, the probability measure on Dg _([0,77) induced by pn and (&, wt)sejo,7) and denote E,, , the
expectation with respect to P, .
Invariant measures for the exchange and boundary dynamics:
Consider @ = (a1, a9, a3) : B — (0,1)® a smooth function satisfying

Jc,C">0, 0<c* < lr£i£13|ai| < max, la;| < C*" <1, aq+as+az <l (2.12)



Denote VA the Bernoulli compound product measure on By with parameter a: for (§,w) € ) N,

exp(z Z (log lw/ ))) (x)), (2.13)

1=1 x€EBN

N .
vy (5, OJ) .
where ap =1 — a; — ap — a3 and where Z5 y is the normalizing constant

1
Zan = 11 Sy

©€By
Note that Vév is such that for every 1 <+i¢ < 3 and = € By,
E, v ni(x)] = as(x/N).
One can verify the following statements:
e Consider @ a smooth profile satisfying (2.12) and
vz el, a(z)=bx). (2.14)

Then, 1/(%7 is an invariant and reversible measure for the boundary dynamics so for any f : 5 N — R,
/i Ly g nf(&w)dvy (€, w) = 0. (2.15)
N

e Consider a a constant profile. Then Vg is an invariant and reversible measure for the exchange dynamics
so for any f: ¥y — R,

/i L f(€ w)drg (€, w) = 0. (2.16)

For any 6 € (R)2, at fixed N, the dynamics defined by (2.11) is irreducible and the state space is finite.
Therefore, the dynamics has a unique invariant probability measure that in the sequel we denote 133 (6).

Useful (in)equalities: For any A, B > 0,

A(B — A) :—%(B—A)er%(BQfAQ). (2.17)
For any a,b, A and N € N,
2ab < %a“' + %b“'. (2.18)

For any sequences of positive numbers (an)n>1 and (by)n>1

— 1 — 1 — 1
lim Nlog(aN—i—bN) < max( lim NlogaN,]\}gnoo N]oglw). (2.19)

N—o00 N—o00

2.2 The macroscopic equations

Let us first introduce a few notations. We will write functions with values in R with normal letters (for
instance ) and the ones with values in R? with letters with a hat (for instance @) . For n,m € N, denote
C™™([0,T) x B) the space of functions that are n times differentiable in time and m times differentiable in
space, Cy""™", resp. Cy™, resp. Cy')" the ones in C™"™ ([0, 7] x B) which are zero on I', resp. I'~, resp. I'".
Denote Ci°(B) the space of smooth functions with compact support in B, C™(B) the space of functions that
are m times differentiable in space with C*(B), resp. C§"_(B), resp. Cj" +( B) those which are zero on I, resp.



['~, resp. I'", and C(B) the space of continuous functions on B . For b = (0¢,0,) in (RT)2, we will use the
following notation to denote these functional spaces:

cl?if 6e0,1)2,
o Co if 0, €[0,1)
) ¢t if 6, €(0,1),6,

cl? if 6,,0, > 1.

’ (2.20)

Let (, ) be the L? inner product and (, ), the inner product with respect to a measure . For ]?: (f1, f2, f3)
and § = (g1,92,93) in (LQ(E))g, <f,§) = Zle(fi,gi). Denote (e1,---,eq) the canonical basis of Z9.
Introduce the Sobolev space H!(B) which we recall to be the set of functions g € L?(B) such that for any
1 < k < d, there exists an element denoted 9., g € L?(B) such that for any ¢ in C{°(B),

(Oer 0, 9) = — (0, 0c,.9),

where e, ¢ is the usual partial derivative. The H!'(B) norm is then defined as follows:

) d ) 1/2 ) d N\ 1/2
lgllzecm = (glzce) + - 19a9liem) = (lgl3+ D lo.gl3)
k=1 k=1

We will write ||g||3 instead of HgH%Q(B) when no confusion is possible. Introduce H{(B), the closure of C;°(B)

in H!(B) for that norm. Denote LQ([O,T], Hl(B)) the space of functions f : [0,7] — H!(B) such that

T
AHﬂnM%@ﬁ<m-

In order to define the value of an element G in H!(B) at the boundary, we need to introduce the notion of
trace of functions on such Sobolev spaces. The trace operator in the Sobolev space H!(B) can be defined as
a bounded linear operator, Tr : #'(B) — L*(T') such that Tr extends the classical trace, that is Tr(G) = G|,
for any G € H'(B) NC(B). We refer to [8, Part II Section 5] for a detailed survey on the trace operator.

In the sequel, for s,u € [0,T] x I and for any f € Lz([O,T],’Hl(B)), F(s,u) stands for Tr(f(s,.))(u). Notice

that H{(B) is the set of elements of H!(B) with zero trace.

To lighten notations, for a function G depending on time and space we will often write (A;S instead of
G(s,.). Finally, for 6 € (RT)2, introduce the following linear functional on L2 ([O7 T], 7-[1(3)) parameterised

by a test function G in C;: for t € [0, 77,
t t t
L)1) = (50, C) — (7o, Co) —/ (pv, 0sCa)ds — D/ (5o, AGL)ds — / (F(p.), Ca)ds (2.21)
0 0 0

where F = (F1(p), Fa(p), F3(p)) : [0,1]3 — R3 is defined by

Fi(p1,p2,p3) = 2d(Aip1 + A2ps)po + p3 — (1 + 1)p1
Fy(p1,p2, p3) = rpo + p3 — 2d(A1p1 + A2p3)p2 — p2 (2.22)
F3(p1, p2, p3) = 2d(A1p1 + Aap3)p2 + 7p1 — 2p3,

with po =1 — p1 — p2 — ps.

The hydrodynamic equation is a system of coupled reaction diffusion equations with mixed boundary
conditions depending on . If 6, resp. 6, belongs to [0, 1), the boundary conditions are of Dirichlet type on
', resp. I't. If , = 1, resp 0, = 1, they are of Robin type on I'", resp. I't. If §, > 1, resp. 6, > 1, they are
of Neumann type on I'", resp. I'". We will focus on the cases where 6, € [0,1),6, = 1 resp. 6, > 1,0, =1
corresponding to a Dirichlet boundary condition on I'” and a Robin boundary condition on I't, resp. a
Neumann boundary condition on I'” and a Robin boundary condition on I'*. All the other cases can be
adapted from those ones (see Table 1).



Definition 1. Let 7 : B — R3 be a continuous function.

e Hydrodynamic equation for 0, € [0,1) and 6, = 1. A bounded function p = (p1, p2, p3) : [0,T] x B — R?
is a weak solution of the Dirichlet + Robin mixed boundary problem

8:p = DAp+ F(p) in B x (0,T),
ey

70,) =7 in B,
A n 2.23
p(t, )r- =bfor0<t<T, ( )
D, p(t, Jyr+ = H(b—p)r+ for 0<t < T
if, for any 1 <i <3,
pi € *(0,7),H'(B)), (2.24)

for any function G € Cy, for any t € [0,T],
3 t
16@0+ DY [ [ 0010 G o) as(r)ds

3 t 3 t
+ D;/O /F+ pi(8,7)(0e, Gis)(r)na(r).dS(r)ds — Zz_;/o /r+ G;i(r)(bi(r) — pi(s,7))n1(r).dS(r)ds =0,
(2.25)

where ny(r) is the outward normal unit vector to the boundary surface T' and dS(r) is an element of
surface on I'. And,
p(0,.) =7(.) almost surely. (2.26)

e Hydrodynamic equation for 0, > 1 and 0, = 1. A bounded function p = (p1, pa2,p3) : [0,T] x B — R? is
a weak solution of the Neumann + Robin mixed boundary problem

8:p = DAp+ F(p) in B x (0,T),

p(0,.) =7 in B,

Oe, (L, )p- =0 for 0 <t <T

D, Dt Yo+ = 50— p)yr+ for0<t < T

(2.27)

if p satisfies conditions (2.24) and (2.26) as well as the following condition (2.28): for any Ge C;, for
any t € 0,77,

3 t
@O+DY [ [ o) @G rms ()45
3 t
+ D;/O /F+ pi(8,7)(0e, Gi,s)(r)n1(r).dS(r)ds — /F+ Gi(r)(bi(r) — pi(s,7))n1(r).dS(r)ds = 0.
(2.28)

Remark 1. In (2.25), the integral over T~ corresponds to the Dirichlet boundary condition. In (2.28) the
integral over T~ comes from an integration by parts of the terms involved in the bulk. Both in (2.25) and
(2.28) the first integral over TV comes from an integration by parts of the terms involved in the bulk and the
second integral over I'" corresponds to the Robin boundary condition.

Definition 2. Stationary solution of the hydrodynamic equation.



(0,0,) | 6, €0,1) | 6.=1 0, > 1
0,€[0,1) | (D;D) | (D;R) | (D;N,)

0 =1 R;D) | R;R) | (R;Ne)

0r>1 | (Nei;D) | (NesR) | (Nej Ne)

Figure 1: Mixed boundary conditions depending on the values of 8, and 6,.. The letters D, resp. R, resp.
N, denote a Dirichlet, resp. Robin, resp. Neumann boundary condition. For instance (D ; N.) denotes a
left-hand side Dirichlet boundary condition and a right-hand side Neumann boundary condition.

o A function p = (py, Py, P3) N (’;‘-ll(B))3 is a stationary solution of (2.23) if for every function G =
(Gl,Gg,Gg) S C&_(E)g, fO?” all 1 <3 <3,

D(pi, AG;) + (Fy(p),Gi) = D - bi (1) (De, Gy) (r)ny (1).dS(r)

+D pi(1)(0e,Gi)(r)na(r).dS(r) —

r+ r+

Gi(r)(bi(r) = pi(r))na(r).dS(r).
(2.29)

In other words, p is a stationary solution of (2.23) if p(t,u) = p(u) is a solution of (2.23).

o A function p = (py,pa,P3) in (7'[1(3))3 is a stationary solution of (2.27) if for every function G =
(G1,G2,G3) € C3(B)3, for all 1 <i < 3,

D(pi, AG;) + (Fi(p), Gi) = D - pi(r)(9e, Gi) (r)na (r).dS(r)

+D [ pi(r) (0o, G) (1) (r).dS (r) —

r+ r+

Gi(r)(bi(r) — pi(r))n1(r).dS(r).
(2.30)

In other words, p is a stationary solution of (2.23) if p(t,u) = p(u) is a solution of (2.27).

2.3 Hydrodynamic and hydrostatic results

Let us state the main results proved in this paper. The first one (Theorem 1) establishes the hydrodynamic
limit of the dynamics defined above and the second one (Theorem 2) establishes its hydrostatic limit. Before
stating Theorem 1, let us first define the empirical measure 7 (¢,w) = 7 associated to a given configuration
(&, w). Recall how in (2.2), we built n; € {0,1}5~ from (&, w) € Sy for 0 < i < 3. Then,

AN 6w = (3 20 Moz 3 @ 3 O ()5

r€EBN rEBN r€EBN

= (r] (& w), 75 (§,w), 3 (€, w))



where d,/x is the point mass at x/N. For G in CY2([0,T] x B) and t > 0, write

3

@G =Y (w .G Z Y n@Git ).

=1 rEBN

The empirical measure is therefore the triplet of empirical measures associated to the density of sites in
state 1, resp. 2, resp. 3. Denote M the set of positive measures on B with total mass bounded by 3. The
process (7 )i>0 = (TN (&, wt))i>0, is a Markov process with state space M? and its trajectories belong to
D([0,T], M3), the path space of cadlag time trajectories with values in M?>. We endow the path space with
the Skorohod topology (we refer to [3] for a detailed presentation on the Skorohod topology). For f e (RT)2
and py a probability measure on 3y, denote QN =P, (@")~! the law of the process (7 (&, wt))t>0 when
(&0, wo) ~ v and where (&;,w;)i>0 evolves according to the dynamics given by (2.11), with parameter 9 for
the boundary reservoirs. The hydrodynamic result states as follows:

Theorem 1. (Hydrodynamic limit). For any sequence of initial probability measure (un)N>1 on EAIN, the
sequence of probability measures (QaN) N>1 45 weakly relatively compact and all its converging subsequences
converge to some limit Qa’* concentrated on the set of weak solutions of the hydrodynamic equation that
are in L2([0,T); HY(B)), in the sense of Definition 1. Furthermore, if there is an initial continuous profile
3 : B — [0,1]® such that for any 6 > 0 and any Ge C°(B),

limsup gy H(%N,@ ~ @, é>( > 5} =0

N—o0

then, (QgN)Nzl converges to the Dirac mass Qg concentrated on the unique weak solution p of the boundary
value problem associated to 0 and with initial condition 5. Therefore, for any t € [0,T], 6 > 0 and any
function G € C12([0,T) x B),

limsup P [|(7Y,Go) — (51, Go)| > 9] =

N —o0

We prove Theorem 1 in Section 3.

Intuitively, the sterile insect technique is more effective when r is large and A is small. This result has
been made precise at the microscopic level for the generalised contact process, in [19, Theorem 2.5], where
the author proved a phase transition result: when A\; > Ay are properly tuned, there is a critical value
r. > 0 below which the wild population survives with strictly positive probability and above which the wild
population dies out almost surely.

To establish the hydrostatic limit, depending on the parameters at the boundary, we will need one of the
following sets of conditions to be satisfied:

D>1
(Hl) : r+1> Qd()\l — )\2)
1> 2d)\s

(H) D51+T+2>2d(>\1—>\2)
2 D& 41> 2d\s

) T+2>2d()\1—)\2)
(Hs) { 1> 2d)s,

where §; is the smallest eigenvalue of the Laplacian with Dirichlet boundary conditions (see (3.68)).These
conditions will appear technically in the proof of Theorem 2. However, note that at fixed D and A;, this

10



corresponds to having r large and Ay small enough, which is consistent with the effectiveness of the sterile
insect technique.

Recall that uf\?(@\) denotes the sequence of unique invariant measures for the irreducible dynamics defined
by (2.11). The hydrostatic result states as follows.

Theorem 2. (Hydrostatic limit). Suppose that conditions (Hy) hold. There exists a unique stationary
solution of (2.23) that we denote pP°F, and a unique stationary solution of (2.27) that we denote p™¥eft
Furthermore, the following statements hold.

e Consider § = (6¢,0,) with 6, € [0,1) and 0, = 1. For any continuous function G : B — [0,1]3,

A}E)HOOESSG)(‘ZNCIZ% A(z/N) — Z/G V2R (u)d ‘):0. (2.31)

r€EBN

~

In other words, the sequence (33 (0))n>1 is associated to the unique stationary profile p%

e Consider § = (6¢,6,) with 6; > 1 and 6, = 1. For any continuous function G : B — [0,1]3,

Jim E/L“(Q)( ‘Z < 2 m@)Gila/N) - Z/ u)p )du‘ ) ~0. (2.32)

rEBN

-~

In other words, the sequence (u3¢(0))n>1 is associated to the unique stationary profile p™e-ft.

Remark 2. For all the other mized boundary regimes corresponding to other values of 5, the hydrostatic

L. . . _DR _N.,R . . .
principle states in the same way, replacing p;"" or p;, =~ by the stationary solution of the associated hy-
drodynamic equation. In the cases where only Dirichlet and Robin boundary conditions are involved, we can
slightly weaken the conditions (Hy) by using conditions (Hz) or (Hs) instead. Precisely: in the (D;D), (D;R),
(R;D) regimes, the hydrostatic principle holds under conditions (Hs) and in the (N. ; N.) regime, it holds
under conditions (Hs).

The proof of Theorem 2 is done in Section 4. It essentially relies on an intermediate result stated
in Theorem 6 regarding the convergence of solutions of the hydrodynamic equation towards the unique
stationary state. This result is non standard as it involves a system of coupled equations and we prove it in
the second Subsection of Section 4.

3 Proof of the hydrodynamic limit

As said before, we focus on the cases where 6, € [0,1),0, = 1 and 6, > 1,0, = 1. We follow the entropy
method introduced by Guo, Papanicolaou and Varadhan in [15] to prove the hydrodynamic limit. First, we

prove tightness of the sequence of measures (Q N) ~>1. Then, we show that any limit point of (Q N) N>1 18
a Dirac mass concentrated on a weak solution of (2.23) if 6, € [0,1),6, = 1, or (2.27) if 6, > 1,0, = 1.
Finally, we prove uniqueness of the solution of the hydrodynamic equations at ﬁxed initial data. We do not
give details for the standard steps but rather, insist on the specific difficulties arising in our case, namely,
the d-dimensional replacement lemmas (subsections 3.2.3 and 3.2.4) and the uniqueness of the solution of the
hydrodynamic equation (sections 3.5).

11



3.1 The martingale property and tightness

Recall from (2.11) the definition of the total generator Ly. By Dynkin’s formula (see [17, Appendix A.1]),
for 1 <i<3,t€[0,T] and G € C1?([0,T] x B),

t
MN(G) = (7], Gig) — (7], Gio) 7/ (), 05Gi s)ds
0 (3.1)

t t t
—N2/0 EN<7T£[S,GZ"S>ds—/O LN<w§YS,Gi,S>ds—N2/O Ly 5.0 Gis)ds

is a martingale with respect to the natural filtration F; = o(ns, s < t) and with quadratic variation given
by:

t
/ Ly ((x, Gy.)?) ds — 2N2/ (e Gin) Ly (7)., o)) ds (3.2)
0 0
‘We then have that s
=Y MN(G)
=1

is also a martingale whose quadratic variation is known. In order to develop the integral terms in (3.1),
introduce the discrete second derivative in the direction ey, (for 1 < k < d) in the bulk, the discrete Laplacian,
and the discrete gradient in the direction e; at the boundary: for x € By \ I'y,

et = S (a5 1o (7) -0(3))

U

ANG/N) = 3 (082Gl /N). (0) H(w/N) = N (1(5) - 1(2))
k=1

and
o e = () - (2).

Computations yield

t
MN(G) = (N, Gi) — (2%, Gig) — / (.0, . )ds
0

/Dd S ANGia(/Nale ds—/ S S OGN s

z€BN\I'n xEFNk 2
- [ 5 200 G/ N (o) - s Z G (/N () ds
_/O % Z Gi,s(x/N)Txfi(ns)dS
rEBN
2
+ N‘ZLQZ/ > Giolw/N) (i) = by (m/N))ds+ T / > Giola/N) (s @) = bil/N) ) ds,
wely zel};
(3.3)
where we used that i
L (7)Y, Gis) = Na > Gio(@/N)mafi(ns), (3.4)

rEBN
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with
(0) = By (0,17)10(0) +n3(0) — (r + 1)m: (0
Ln2(0) = rno(0) +n3(0) — Bey (0,m)12(0) — 2
Lyn3(0) = Bay (0,17)n2(0) +r11(0) — 213(0) = f3(77)-

The second and third lines in (3.3) correspond to the computation of the time integral associated to N2Ly,
the fourth line in (3.3) corresponds to the time integral associated to Ly and the last term, to the integral
associated to N2Lg 5

—~
1l
I
—
—
3

For i € {1,2,3}, a computation of the quadratic variation of the martingale Mf\i(@) shows that its
expectation vanishes as N 1 co. Therefore, by Doob’s inequality, for every § > 0,

lim sup IP“N|: sup ‘Mﬁ(@)’ > 5} =0, (3.5)
N—ro0 0<t<T

Proposition 1. The sequence of probability measures (Q?;,)Nzl is tight in D([0,T], M?3).

We refer to [17, Chapter 4] for details regarding the proof of { tightness of a sequence of probability measures.
It is enough to show that for every H in a dense subset of C(B) for the L? norm, for every 1 <i < 3,

limsup limsup E,, [ sup ‘(m)t,H> — <7Ti7S,H>‘ } =0. (3.6)
6—0 N—o0 |[t—s|<d

By density of C3(B) in C?(B) for the L' norm, it is enough to show (3.6) with H € C3(B), so that H vanishes
at the boundary. To prove that, we use the martingale and its quadratic variation introduced in (3.1) and
(3.2), and show that

limsup limsup E,, [ sup ’MZ]\Q(H) - Mlj\g(H)H =0, (3.7)
550 N—oo [t—s|<5 ’ '
and
lim sup lim sup Euw sup ’/ Ly{m ”, drH =0. (3.8)
§—0 N—o0 [t—s|<s

We get (3.7) using the triangular inequality and (3.5). To prove (3.8), we show that there is a constant C
depending only on H such that for every r € [0,T],

’LN<wﬁ,H>‘ <c. (3.9)

For that, we use the decomposition of Ly and the fact that H vanishes at the boundary as well as explicit
computations and the fact that the f;’s are uniformly bounded in V.

3.2 Replacement Lemmas

In order to characterize the limit points of a sequence (Q%;)n>1, we need to close the equation (3.3). That
means that we want to show that each term of the martingale converges to a term that appears in the weak
formulation of the solution of the hydrodynamic equation, and that the martingale converges to zero. For
that, we perform a replacement lemma in the bulk and one at the boundary. The replacement lemma in the
bulk (Proposition 2) is exactly the same as in [20, Lemma 4.2] and we refer to that article for a detailed
proof. Here we focus on the replacement lemmas at the boundary and more specifically on the left-hand side
boundary (the same statements hold on the right-hand side). There are two replacement lemmas: one for
6, € [0,1) whose formulation coincides with the replacement lemma at the boundary in [20, Proposition 4.3
(corresponding to a Dirichlet condition), and one for 6, > 1, whose formulation involves particle densities
over small macroscopic boxes.
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3.2.1 Dirichlet forms

Let us recall the expressions introduced in [20, Section 5] of the Dirichlet forms associated to each dynamics.
For that, recall the correspondences (2.1) and (2.2). For f: Sx — R and p a measure on Sy,

-y % / (VFETo wmeven) - FEw) du(s.w)

k=1 (z,z+4e) €B2

NISE WZZ/ (/N (@) (/7(0nlE) — VTE ) dae. )

=0 zely

+ N ZZ/ J(x/NY(1 = n;(x (\/ (0i,2(&§w)) =V f(&w )dué“,

1=0 €F+ XN

@)
Q>)

and

Z/E 2)) + ()] (VIGom) ~ VIEw)) du(s,w)

r€EBN

£ 3 [ s @) + @) (VITED) - VIED) duts, )

TrEBN

In the proofs of the Replacement lemmas, we will widely make use of the following inequalities.

Lemma 1. (i) Consider & a smooth profile which satisfies (2.12). There is a constant Cy; > 0 such that

for any density function f : Sy — R with respect to the measure l/év,
(LNNFoAfn < — 1D (/, v+ O N2, (3.10)

(i) Consider & a smooth which satisfies (2.12) including constants. There is a constant Cy > 0 such that
for any density function f : X ny — R with respect to the measure Vg,

Ly f vy < CoN (3.11)

(iii) Consider & a smooth profile which satisfies (2.12) and (2.14), then for any density function f : Sy —R
with respect to the measure Z/JAV ,

bBfo g: bGN(f’ a)- (3.12)

We refer to [20], Lemma 6.1 for the proof. The authors use some change of variable formulas in the same
spirit as those given in (A.1) and (A.2). For point (#ii), they use an alternative expression of the boundary
generator expressed in terms of (£, w).

3.2.2 Replacement lemma in the bulk.

Let us first introduce a few notations Given a smooth profile @, and a function ¢ : Sy — R, denote ¢()
the expectation of ¢ under I/A For ¢ € N, introduce

A ={yeBy, |ly—z| <t} (3.13)

where ||y — z|| = max{|y; — x|, 1 <i < d}, and denote 7! () the average of n in A%, that is,

nt(x = Z‘ > mily), for1<i<3. (3.14)
yEAL
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Introduce the vector

7 (x) = (i (), 5 (), 15 ())
and for € > 0,

1 N
Ven(&w) = |~ D melew) — oM o).
[Ag yeALN]
0

In the sequel, we will write e N instead of |eN|. The replacement lemma in the bulk stated and proved in
[20, Lemma 4.2] is the following:

Proposition 2. For any G € Cé’g and for any function ¢ : EAJN - R,
1 T
limsup limsup E, {m Z / |Gs(m/N)|TmV€N(§S,wS)d3} =0.
e—0 N—oo ©€BN 0

3.2.3 Replacement lemma at the left-hand side boundary for 6, € [0,1).

Here we fix 6, in [0,1) and prove the replacement lemma at the left-hand side boundary. It essentially states
that when performing the macroscopic limit N — oo, we can replace 7;(x) by b;(z/N). For 6, € [0,1), the
replacement lemma at the right-hand side boundary is exactly the same. Recall that this result has been
proved for 6, = 6, = 0 in [20, Section 6] and we generalize it here to the case where the left-hand side (or
right-hand side) parameter 6, is allowed to vary in [0,1).

Proposition 3. For any sequence of measures (in)n>o on S, for any G € CY2([0,T) x B) and any
i€{1,2,3}, for any t € [0,T], for all 6 > 0,

limsup P, H /Ot % 3" Gls,a/N) (i) - bi(x/N))ds‘ > 6} —0. (3.15)

N—o00 —
z€l'y

Note that the replacement lemma at the right-hand side boundary for 6, € [0,1) states as above, with the
sum in z carrying over FE rather than I'y.

Proof. Fix an i € {1,2,3}. It is enough to show that

lim sup %10g (]P)N'N H /Ot # Z G(s,z/N)(ni,s(x) — bi(l'/N))dS‘ > (5D = —o0.

N —o0 —
zel'y

Consider @ a smooth profile satisfying conditions (2.12) and (2.14). For a > 0,

]P)HNH/OtNi—l ZG(s,x/N)(m,S(x)—bi(x/N))ds‘>5}

zel'y
t
< . i;lepi jﬁg (& w) XIP’ugH/O % > G(s,/N)(m5(x) —bi(x/N))dS‘ > 5}
’ Noa zely
d al M1 d
< exp(KoN )Euév[exp (aN ’/0 N Z G(s,m/N)(m,s(x)—bi(x/N))dsD]exp(—a5N ).
zel'y

We used, in the first inequality, that the Radon-Nikodym derivative of px with respect to l/év is bounded by
exp(KoN?) with Ky a constant, and Chebychev’s inequality in the second line. Therefore,

% log (PM H /Ot % 3" Gls,a/N) (mis(x) - bi(:r/N))ds‘ > 5])

zel'y

< —ad+ Ko+ ﬁlog (]Eyév [exp (aNd’ /Ot % Z G(s,x/N)(nis(z) — bz(x/N))dsDD

zel'y

(3.16)

15



It is enough to show that the last term is uniformly bounded in ¢ and N and then, take a — oo with N.
Since el < e + 7%, using inequality (2.19), we show that the last term in (3.16) without the absolute
values, is uniformly bounded in a and N. Applying Feynman-Kac’s inequality (see [17, Appendix A.1]) with

V (s, (€55 ws)) Nd 1 Z (s,z/N) 7715( ) — bi(z/N)),

zel'y

we get that

N - log (E N{exp aNd/ T Z G(s,z/N)(nis(x) — bi(x/N))ds)D

zel'y

/dssup/ T 3 G, /N) (i /N) — ) (& ) (€,0) + 57 (En VT Vo b

zel'y

where the supremum is taken over densities with respect to Vg . Note that for z € I'yy,

bi(w/N) = mi(w) =Y (bila/N)n(x) = b;(x/N)ni(x)),

J#i

and, for j # i, by the change of variable presented in (A.2),

/m(a?)bj(x/N)f(ﬁ,W)dvg(é‘,w) = [ 0j(@)bi(z/N) f(0i,0(& w))dvg (€ w). (3.17)

Therefore,
Glsva/N) [ (bir/N) = m(a)) (6 ) €.)
= Glova/N) [ bia/N) S 1)1 (€ 0)dn (€)= Glssz/N) [ e/ N) 3 my o) f(oral€ o) (€.

J# JFi

— —G(s,2/N) / (/N (L — 13 (1)) (f (01,0 (6,0)) — £(62)) i (€, )

<—/b (x/N)(1 = n;(z (m \/T)dl’A (§w

+ 55 (6N [t/ = @) (y/ Tl + f(&w))zdvg(i,w)
(3.18)

where we used (2.18) in the last line replacing A by AN, with A > 0. Summing (3.18) over Iy, and multiplying
by ﬁ yields,

aAN?
/ et O Gl /N)(bilw/N) = mi(@) (€ w)dv (§,0) < S Dy (Fvd) + o 3 (Gls,/N))

zel'y zel'y

GAJVOK N a o
< syt Pran (e ) + 7167 o,

where the second term in the first inequality comes from Cauchy-Schwarz’s inequality, the fact that f is
a density, the change of variable formula (3.17) and the fact that each coordinate of b is bounded by 1
Therefore, using (3.10), (3.11) and (3.12) to bound (Lx+/f,v/f),~ and the fact that a Dirichlet form is

a
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positive we are left with

%log (Eyév[exp (aNd/O N1 (s,2/N)(nis(x) — bi(x/N))ds)D

zel'y

t aANPYe a 1
/0 ds sup{QNd 1D37§7N(f,l/aN)+Z||G2||oo+7d<LN\/}7 \/ﬂug}

(3.19)
a AN a N? N?
<TSUP{2Nd 1Dg’§7N(f,VéV)+ZIIG2||oo— Dn(f,va) +Ci+Ca — NdDg,aN(fwév)}
aAN?%  N? a
STSI}P{(W—m)DE@N(fWéV)}+ZIIGQIIOO+TC1 +TCs.

Now, taking A = 2N'=%_ collecting (3.16) and (3.19) we are left with

log x ‘/ it O Gls /N (s (@) = bilw/N))ds| > 6]) < fa5+K0+f||GH2 +TCy +TCs
zel'y

(3.20)

and taking a — oo, the result follows. O

3.2.4 Replacement lemma at the left-hand side boundary for 6, > 1.

For 6, > 1, the replacement lemma at the boundary involves particle densities over small macroscopic boxes.
Again, the same replacement lemma holds at the right-hand side boundary for 8, > 1. In fact, we will see in
the proof that the lemma holds for any positive value of #,, resp. 6, regardless of whether 6, resp. 6, > 1.
Here, as we are working in arbitrary dimension, some care must be taken in the proof when adapting the
argument used for instance in [17, Chapter 5].

Proposition 4. For any sequence of probability measures (Un)N>0 On S, for any G € Ch2([0,T) x B), for
all i € {1,2,3} and any t € [0, T,

hren_%lp hmsup ]EMN Nd T Z / G(s,z/N)( 771,]:(55) —ni’s(x))dsH =0. (3.21)
zel'y
Proof. For a vector x = (x1,--+ ,24) € By, denote x = (x1,%), where & = (22, - ,24) € ']T‘]i\,*l. First,

consider the expression in the expectation without absolute value and the time integral, and rewrite it for
any s € [0,1] as

jNa 37775 . Z Z Nl d Z |A5N |G(s x/N) (771 5(.73 + (]lak)) - 771‘,5(33))’ (322)

J1=0 ke[—eN,eN]d-1 z€ly

where we recall that ASY is defined in (3.13). For x € Iy, [ASN] = (eN +1)(2eN + )41 =: ¢, n. Fix
(j1,k) € {0, ,eN} x [-eN,eN]4~! . The sum over € I'y, can be handled in the following way

% Z G(s,z/N)nis(z + (j1,k))

zel'y
= a1 2 (GG w/N) = G (+ G DN e + (G, B) (3.23)
zel'y
T Z G(s, (@ + (1, 1)) /N (@ + (i, F))
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since G is twice differentiable in space, a Taylor expansion allows us to bound the first term on the right
hand side of (3.23) by deCs(N) where C(N) is uniformly bounded in N by a constant C¢, depending only
on G. Now, rewrite the last term in (3.23) as follows:

.Z'—l— .717 ))/N>77i7s(l‘+(j1ak>) = Nd—1 Z G<s7(_N+jlvj7+k)/N)ni,s((_N""jhjj"i_k))

xeF’ F€TE !
1 . .
= Nd—1 Z G<57(‘N+317$)/N)771,s((—N+]1,$>)

- omd—1
Z2eTy

1 .
= N1 Z G(s,x/N)nis(x + jier)) +eCq(N),
zel'y

(3.24)
where again, to get the last line, we used a Taylor expansion of G and with C{;(NN) uniformly bounded in N
by a constant C{, depending only on G. Using (3.23) and (3.24), we get

1 .
In:(Gs,ms) =eCh( W Z G(s,x/N)[nis(x+ jier) — nis(@)]
J1=0 ke€[—eN,eN]d— z€ly

= €CIC/;(N) + %N,E(Gsans)v

with Cf4(N), uniformly bounded by C{., a constant that only depends on G. Therefore, we are left to prove
that

¢
limsup limsup E,, H / RN (Gs, ns)dSH =0.
0

e—0 N—o0

Consider @ a smooth profile satisfying conditions (2.12) and (2.14) . By the entropy inequality (see [17,
Appendix 1]), for any A > 0,

E, . H/O %N75(G57ns)dsu (3.25)
| :

HOuwlol) + pra s o [oxp (48] [t Gmyas])]

< _—
— ANd ANd

As By is finite, there is a constant Ky > 0 such that H(un|vY) < KoN? so the first term in (3.25) is
bounded by Ky/A. Let us show that the second term tends to zero when N — oo and € — 0 and then take
A arbitrarily big. Again, by (2.19), it is enough to show that the second term in (3.25) without the absolute
values in the exponential, tends to zero. By Feynman-Kac’s inequality,

ﬁlogEug[exp AN* /tmN’E(GS’”S)dsm

< [ s sup[ [ ) €18 €00+ g LTV Pl

(3.26)

where the supremum is taken over densities with respect to uA Now, rewrite Ry (Gs,n) using a telescopic
sum to write the differences n;(z + jie1) — n;(x):

Jji—1

Na-1 Y Y Gs,z/N) [772((€+1)61+ x) —ni(ley + )

=N ji=o ke€[—eN,eN]d-1 zely ¢=0

mN,E( 8777

Fix 0 < ¢ < j; < eN. Performing the change of variable (£,w) — (gfert®(trherte ylerta,(CHDerta) .
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(€,w)>*, and using (A.1),

/ (0 + Der +3) — ms(ler +2)) F(€, w)dwl (€, w)

A€ )Y e
e )€

(3.27)

— [ tter + 0)[ 7€) = f€ )| and €) + [ (€ + Der +ap(€) (1 -
To deal with the first term in (3.27) using inequality (2.18), this term is bounded by

f/m (ter + ) [\ F(&.w)) — VG| v (€. /m(eel s o) [ F(Ewrn) + VED)| o (€.
<5 [mtter+2)[y/1(€)) - VIED)| i €)+ 5 [mter +2)[£(60)") + f(60)| i (€,)
<5 [tter+2)[y/1(€)) - VIED)| i €)+ 1+ [mter + ) (€0 (€.

where B > 0 will be chosen later and where we used that f is a density with respect to Z/év in the last line.
Note that (&, w) — f((£,w)%®) is not a density but we can deal with the last integral term as follows:

/ ni(ley + 2) f((&w) ") dvd (§w) = / ni(ley + 2)n; (€ + ey + 2) f((§,w) " )dv (€, w)
JAi

= / ny(ber + @mi((€+ Dex + o) (1+ R @) ) (g, w)avd (6, w)
J#i

N,

where in the second line we used the change of variable formula (A.1) and, in the last line, the fact that f

is a density with respect to v and that Reelerx (et @) = O(N~1) so bounded by C/N where C is a
constant. Therefore, for N large enough, for all 0 < ¢ < j; <eN,

[ €+ er + ) = milter + ) (6, w)rd (6, )
< 2 [mtter +0)[\f7(6)0) - VIG@] € + 3 + o
We are left with

/ Ry« (G 1) (€, ) (€,w)

Jji—1

= cijZ—O Fel ZN - Nd 1 EF ;0 ( )[ /771 (bey +x [ ((&,w)®4) \/T} dz/ (&, w) + = +7N
1 £ € d—1 z€
Z 2: D Glloo G| C

- CaN WHGII N ) + [Glloc2eN |l HB 5

71=0 fe[—eN,eN]d-1

B Ny, 2lGlleeN | [G]lcCe
SWHGHN n(fvg) + 2] t—F5

(3.29)
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This, combined with (3.26) as well as Lemma 1 yields:

1 t
AN log E, ~ {GXP ANd / mN,s(Gsans)dsD}
(3.30)
|GllocB \ji—a N7 N 2N C ey
< _ 2\ e
< Tsw[(F5= T )P + TelGl (S + ) +
with C4 > 0, a constant that is uniform in N and €. Taking B = H]Zv‘l and putting together (3.26), (3.25)
and (3.30) yields
! 44||G|lC | Ko+ TCy
By || [ 9tc(Gornas|] < TeGlc (3416 + ZHTI=E 4
] ) 9ve ) ( S R
taking N — oo, then € — 0, and then A — oo, the result follows. O

3.3 Energy estimates

In view of the proof of uniqueness of the limit of the sequence of probability measures (QaN) N>1, We state

that any limiting measure QY is concentrated on a trajectory belonging to a specific functional space. This
allows to define the hydrodynamic limit at the boundary.

Proposition 5. Let 0 e (R*)? and Q§ be a limit point of the sequence of probability measures (Q?V)Nzl-

Then, the probability measure Q¥ is concentrated on paths p(t,u)du such that for every 1 <i <3, p; belongs
to L2((0,T); H1(B)).

This follows from the Lemma below and the Riesz Representation Theorem.

Lemma 2. For any fe (RT)2, there is a constant K5 > 0 such that for every 1 <1i < 3,

Eq sup / /BZaeﬁ s,u)pi(s,u dudstA/ /H s, u) duds)} (3.31)

k=1
where the supremum is carried over functions H € C%?([0,T] x B).

For the proof of Lemma 2, which we do not detail here, one can follow the arguments in [17, Lemma
7.2 Chapter 5]. First prove (3.31) for a dense and countable set of elements of C2?([0,7] x B) thanks to
Feynmann-Kac’s inequality. Then, use an integration by parts to deal with the spatial derivatives in H, as
well as the change of variable (A.1). To recover Proposition 5 from Lemma 2 and the Riesz Representation
Theorem, we also refer to [17, Chapter 5, Theorem 7.1 ].

3.4 Characterization of the limit point in the (Dirichlet ; Robin) mixed regime

In order to show that the limit point of the sequence of probability measures (Q?\,) N>1 lies on the trajectory
with density profile the unique solution of the hydrodynamic equation associated to 9 and v, we give a
characterization result (see Proposition 6). We will focus on the (Dirichlet ; Robin) mixed regime since the
(Neumann ; Robin) mixed regime can be proved following the same strategy. Therefore, take 6, € [0,1) and
0, =1.

As mentioned in the introduction, in one dimension, the macroscopic trajectories are continuous in space
and their values at the boundaries are defined in the classical sense. This is no longer valid in higher
dimension. To deal with this difficulty we use the regularity of the trajectories proved in Proposition 5: the
trajectories lie in L?([0,T],H'(B)) so their values at the boundary are defined via the trace operator (see
Lemma 3).
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Proposition 6. If QGA s a limit point of the sequence of probability measures (Q(]’A\,)Nzl, then
3 t
Q' 1@+ DX [ [ [ 5)0u Gt dS0)+ [ 500G s ()15 s
i=170 -

3 4 i
_ Z/o - Gi(r)(bi(r) — Pi(S,r))nl(r).dS(r)ds’ =0, Vte€[0,T], VG € C(;} =1,
B (3.32)

where I15(p) was defined in (2.21).

Proof. The fact that any limit point is concentrated on trajectories which are absolutely continuous with
respect to the Lebesgue measure comes from Proposition 5. Let Q? be a a limit point of the sequence of
probability measures (Q?V)Nzl, To prove (3.32), it is enough to show that for any fixed 6 > 0 and G € Céi,

3

@O+ DY [ [ [ 010G m)as0)+ [ pus.r)(00 G 1) 1)) s

i=1

Q’ [%, sup
0<t<T

3 gt
_ ZA . Gi(r)(bi(r) — pi(S,’/’))nl(T).dS(’/‘)ds‘ > 5} 0.

Here, note that for s € [0,7] and r € T, p;(s,r) stands for Tr(p)(s,r) which is well defined since p is in
L2([0,T],H'(B)). By the triangular inequality, it suffices to prove that for any 1 <1i < 3,

Q7 s | La.(p)(®)+ D fi [ oo 00 Gr) (I (r)AS() + [ pil5,7)(Be, Ga) (1) ()45 (1) ds

0<t<T
~ Jo Jre GiO®r) = pils ) (r).dS (r)ds| > 6] = 0. (3.33)

As usual, we would like to approximate p by a convolution of its associated empirical measure with an
approximation of the identity. Indeed, that convolution product can then be written in terms of the mean
value of the configuration in a microscopic box. This is straightforward in the bulk, however, for the boundary
terms, we need to justify that such an approximation works (see (3.44)). Without loss of generality, let us
deal with ¢ = 1. We turn to our martingales (3.1) M, (CA?) and recall that we have proved that its quadratic
variation vanishes as N T co. For € > 0, introduce the set

By:={-N(1—-¢),--- ,N(1—¢)} x T% .
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We now use Proposition 2 to replace the local functions of i by functions of the particle density:
N t
MG = {ulls Gr) — (o, Gro) = [ (nd.,0.G1)ds
0

_/0% Z AG s(z/N)ns(x)ds

z€BN\I'n
‘' D "' D
+ / T D bi(@/N)De, G o(x/N)ds + / a1 2 O Gra@/N) (m,a(x) = bi(x/N))ds
0 zel'y 0 z€l'y
)) N * D N (3.34)
[y X oGl @as+ [ s 3 0uGu /N @) - ma)ds B
0 zel—‘?\} 0 :L’EF?\—,
' D eN
+ [ g o Gula/N) i @)~ /) ds
wel"}

‘ 1 L (> (> (> (2 (>
- [ X Gn(5) (Ui @)+ e )i @) ) = (4 Do) s
r€EBN,e

+ R(N,g, Gla (Wt)tE[O:T]) ’

where R(N7€,G1, (nt)te[o,T]) is a random variable satisfying glgé 1\}51100 E,~ [R(N,E,Gl, (77t>t€[O,T])} = 0.

From Proposition 3 and Proposition 4, the martingale Mle (@) can be rewritten as
N t
MYUG) = (el Gr) — (o, Gro) = [ (nd,,0.G1)ds
0

"D ‘D
[ X AGumm@is+ [ 3 /N0, G/ N)ds

zeBN\I'n z€ly
) N "D N (3.35)
[y X G/ Nt @ds + [ s 3 G/ N @) - bale/N)ds G
0 zelf, 0 zel'l
! 1 €z £ £ € € £
- / <1 2 Gus() (2d0am5N @) + dems @)™ (@) + 05 @) = (0 + i (@) ) ds
r€EBN,-

4 R’(N,E7 G, (nt)tG[OvT]) ’

where R’(N,e,Gl, (nt)eelo T]) is a random variable satisfying lim lim E,~ {R/(N,s,Gl, (nt)eelo T])] = 0.
, e—=0 NS00 '
On the other hand, by (3.5) recall that

limsupP#N{ sup ‘Mth((A;)‘ > 5} = 0.
N—oo 0<t<T

Now, introduce the following approximations of the identity on B:

1
Ug(.’lf) = wﬂ[feys]d(x), (336)
right(py — Lo d ety = 1 g 3.37
Ug ({E) - 6(2E)d_1 [O,E]X[—s,s]dfl(x)v an Ue (.’t) - 8(2€)d_1 [—s,O]X[—s,s}dfl(x)' ( . )

Note that for e > 0,1 <i <3, z € By, yEF}, and z € I'yy,
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(2eN)4

N (z) = m(nf xuc)(x/N), (3.38)
d—1 d—1
i (y) = M(ﬁv*ulig“)(yﬂ\’), and Y (z) = m(ﬂ*uliﬂ)(zm) (3.39)

Here we will only make use of (3.38) and the first relation in (3.39) since we need to replace elements in the
bulk and the right-hand side boundary of the system to recover the weak formulation of the equation in the
(Dirichlet; Robin) regime. For regimes where a replacement is needed on the left-hand side boundary, we use
the second relation in (3.39) in the same way.

We may thus replace in (3.35) and (3.5), 7"V by 7Y x u. in the bulk and ;Y by 7N * u%9" at the right
boundary. Therefore, for any § > 0.

hmsuplimsupQ?V[ sup ‘]_-101\36(%)‘ > (5} =0,
e—=0 N—ooo 0<t<T Y

where for any trajectory 7 and for any t € [0, 7],
Gt K
FEL(R) = (m1.0,Gr) — {(ma0, Gro) — / (71,0, 0,G1.0)ds
0

t t
D
_/0 D<7T1,57AG1,s>ds+/0 W Z bl(x/N)amGl,s(x/N)dS

wéF&
D -
— - r1g
/0 N x; PG (3.40)
t' D .
+/ Nd—1 Z G1s(x/N) (s ul ") (2) = by (x/N))ds
0
zel'l

t
1
_/O ~a Z Gl’s(m/N),Fl(mys*us(x/N),WQ’S*us(x/N),w&s*uAm/N))ds,
QTEBN,E

where functions F;, i = 1,2, 3 are defined in (2.22). By approximating Lebesgue integrals by Riemann sums,
on the bulk and at the boundary, we obtain

limsuplimsupQéj;,{ sup ‘fﬁ’t(%)‘ > (5} =0,
e=»0 N-ooo 0<t<T ’

where for any trajectory 7 and for any ¢ € [0, 7],
Gt ¢
Fil(7) = (w4, Gre) — (71,0, Gr0) —/ (1,5, 0sG1,5)ds
0

¢ ¢
_ D/ <7r1,S,AG1’5>ds+D/ / b1(1)0e, G1,5(r) drds
0 o Jr-

t t (341)
— D/ / 0e, G1.5(1) (77173 * ugight) (r)drds + / G17s(r)((7r17s * ugight)(r) — b (r)) drds
0 JT* 0 Jr+
t
- / GLS(T), Fy ('”1,5 * UE(T), T2,s * Ug (T)v T3, * Ug (T)) drds,
0 JB.

with B, = [-1+4¢,1 +¢] x T4, By the continuity of the function 7 — }"fe’t (%), for each € > 0, we get for

any limit point Q% of the sequence of probability measures (Q%)n>1,
lim sup cﬂ sup ’fﬁt (%)‘ > 5} —0. (3.42)

e—0 0<t<T ’
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To conclude the proof, it remains to prove that we may replace the convolutions appearing in the func-

tional .7-'1 "o by the associated density of the trajectory. By Proposition 5, Q9 is concentrated on paths
(7(t, dr))te 0,77 = (p(t,7)dr)iepo,r) which are absolutely continuous with respect to the Lebesgue measure
and such that for every 1 < i < 3, p; belongs to L?([0,T],H!(B)). For the replacement of the convolution
with the density in the bulk, since u. is an approximation of the identity in L'(B) and the functions F; are
Lipschitz, the random variables

t
/ / G1,5(r), Fi (7‘(’1,3 * Ug (1), Mo s * U (T), T3 5 * us(r)) drds
0o JB.
converge QQA almost surely to

/t/ Gi1s(r), F1 (p175(7'),pg)s(T),pg})s(T)) drds . (3.43)
0o JB

For the replacement of the convolution at the boundary we use the following result which follows from [9,
Section 5.3]: for any H € H!(B)

lim H * u”%" = Tr(H) asin T'. (3.44)

e—0

For the other terms in ff "', by the dominated convergence Theorem, for almost every trajectory (7(t, dr))eeo,r) =
(ﬁ(ta T)dr)tE[O,T] with p1 € L2([Oa T]a Hl(B))7

g% D/Ot /F+ 861G1,s(7“)(771,s )( )drds — / / Gh,s(r 771,3 *ug)(r) — bl(r)) drds
D / |06 Grs () Trlpr ) (1) drds — /0 G1.o(r) (Tr(pl,s)(r) - bl(r))drds.

Collecting (3.42), (3.43), (3.44) and (3.45), we obtain (3.33) and conclude the proof. O

(3.45)

T+

3.5 Uniqueness of the limit points

In order to finish the proof of the hydrodynamic limit specific to each regime we are left to show that each
boundary valued problem (2.23) and (2.27) with fixed initial data admits a unique solution. For that, we use
the standard method which consists in decomposing the difference of two solutions on the orthonormal basis
of a well chosen eigenvectors of the Laplacian. The choice of the family of eigenvectors is not necessarily
intuitive and depends on the boundary conditions of the mixed regime considered. We thus give details for
both the (Neumann; Robin) and (Dirichlet; Robin) mixed regimes, for which the family of eigenvectors are
different. As we are working in dimension d > 1, we will need to control integral terms on the boundary.
Therefore, we will make use of the following result regarding the continuity of the trace operator. We refer
to [8, Part IT Chapter 5] for a detailed survey of the trace operator.

Theorem 3. (see [8]) Fir 1 < p < oo and Q an open bounded subspace of R? with smooth boundary 0S).
There is a constant Cy. > 0 depending only on Q and p such that for any ¢ € C*(Q),

el ra0) < Cull@llwre
where ||.||L»(9q) denotes the LP norm on 0Q and ||.|w1.» the Sobolev norm on Q given by
p P !
lelws = (101 0@y + V610

where

d
||V<p‘|1£p(ﬂ) = Z; “86L¢|‘IE,P(Q)
i=
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Remark 3. Forp=2 and Q) = B,

lelZ200) < ll@lZz) + 1IVElT2 () (3.46)
In particular, Cy. = 1.

In the sequel we only make use of (3.46) but we stated Theorem 3 for the sake of completeness.

3.5.1 Uniqueness of the solution in the (Neumann ; Robin) mixed regime
Here, we choose a basis of eigenvectors satisfying Neumann conditions on both boundaries (3.47).
Theorem 4. There exists a unique solution to the Neumann + Robin boundary problem (2.27).

Proof. By Liouville’s Theorem stated for instance in [8], there is a countable system {V,,, a,, n > 1} of
eingensolutions for the problem
{ ~A¢=ad (3.47)

Deydyr =0

in H!(B) and containing all possible eigenvalues. The set {V;,, n > 1} forms a complete, orthonormal system
in the Hilbert space L?(B) and the eigenvalues

0<o<as<---<aq, — 00 (3.48)

n— 00

have finite multiplicity. Note that for any U, W € H!(B),

(U, W)z = lim Z (U, Vi) (W, V), (3.49)
(VU,YW)z = lim > an(U, Vi) (W, Vi), (3.50)
k=1

One can check that since we are working on (—1,1) x T4™L, for k = (ky,--- ,kg) € N x (N\ {0})4!
d—1 T (k m)? d
da—1 1 1 1
Vie(z1, - 24) =272 cos ( ) Hsm (kimz;) and ap = " + E_ k2m2.

Furthermore, define

d d
Vi(za, - xq) =27 [[sin(kime;) and = k2n%, (3.51)
= =2
We have
n . 2
0y = Jim S ([ VETme)as) (352
k=1

Note that by abuse of notations we indexed the family V;, by N\ {0} instead of N x (N'\ {0})¢~! but this is
not a problem because we can give an order to elements of N x (N\ {0})¢~!

Consider p' and p? two solutions of (2.27) associated to the same initial profile and for n € N and ¢ > 0,

introduce
3

i=1

[{pi = p?, Vi) (3.53)

M:

E
Il

1



Let us show that lim G, (t) = ||p* — p?||3 =: G(t) = 0. For that, apply the weak formulation (2.27) with Vj:
n—oo
forany 1 <¢<3

t

((pi = p1)(t, ), Vi) = —Dak/o ((pi = p)(s,.), Vir)ds +/0 (Fi(p") = Fi(p*)(s,-), Vi)ds

¢ (3.54)
—/ / (p} = p?)(s,7)Vi(r)n1(r).dS(r)ds
o Jr+
Therefore (p}(t,.) — p3(t,.), Vi) is time differentiable with derivative:
e(pi (t,.) = p7(t,.), Vi) = —Dan(pi(t,.) = pi (t,.), Vi) + (E:(p'(t,.)) — Fi(p°(t,.)), Vi)
12 (3.55)
- - (pi = pi)(t,r)Vi(r)ni(r).dS(r)
and so is G, with
3 n ) 3 n
W) ==2DY > allpi, — i V)T 2D D (F 52), Vil lpte = 2o Vi)
i=1 k=1 i=1 k=1
E) 90 D) M (R LA R TA N A
- (3.56)

3 n
< —2DZ Zak|<p§¢ — 2Vl + DS (B — Fi(33), Vi) + G (1)
1=1 k=1 =1 k=1

n

1 1 9 . 2
a2 ( / (0} =DVl (1).4S (1)) + AG (1),

i=1

for any A > 0, where we used both the Cauchy-Schwarz and (2.18) inequalities in the last line. By (3.49),
(3.50) and (3.52), the right-hand side of (3.56) converges to

7 o g
—2D||V(p' - 7?) H2+Z|IF D= E@E+ 0+ AP =115+ 51" = 2 l7e - (3.57)

By the trace inequality (3.46),
15" = P12y < 19" = 2713 + IV (2" = 57)II3- (3.58)

Furthermore, usmg that pt and p? take their values in [0,1]3, there is a constant C' := C(\y, Ag,7,d) > 0
such that for any p, p® € [0,1]3 and 1<4<3,

3
IR - B <010t — o).
j=1
Then, by Cauchy-Schwarz’s inequality, there is a constant C’ > 0 such that for any 1 < i < 3,

3
1F:(3") = E@)I5 < €Y o = pbl. (3.59)

j=1

Putting together (3.57), (3.58), (3.59), taking A > & and applying the dominated convergence theorem, we
are left with

G'(t) < (C"+2+4+ A)G(2). (3.60)
Gronwall’s inequality and the fact that G(0) = 0 yields G(t) = 0 at any time. O
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3.5.2 Uniqueness of the solution in the (Dirichlet ; Robin) mixed regime

Here, we choose a basis of eigenvectors satisfying a Dirichlet boundary condition on the left and Neumann
boundary condition on the right (3.61).

Theorem 5. There exists a unique solution to the Dirichlet + Robin boundary problem (2.23).

Proof. The proof follows the same lines as the previous one except that we consider another family of eigen-
functions of the Laplacian. Indeed, consider the following boundary-eigenvalue problem for the Laplacian:

—Ap =19

¢(x) =0 for x € T~ x T4!
Oe,9(z) =0 for z €'t x T 1
¢ € H'(B).

(3.61)

Again, one can check that the countable system of eigensolutions {W,,, y,, n > 1} given below (in (3.63))
for the problem (3.61) contains all possible eigenvalues and is a complete, orthonormal system in the Hilbert
space L?(B), that the eigenvalues ~, have finite multiplicity and that

0< vy <7y2-+ - <Yy — Q. (3.62)

Furthermore, (3.49), (3.50) and (3.52) stay valid when we replace Vi, by Wy, where, for k = (ki,--- ,kq) €
N x (N*)dfl,

Wi(z) = 25 {(_1)’“1 cos ((;r n ]“7”) ) +sin ((” k”r )} Hsm (ki) (3.63)

with

Ve = (W+k1—ﬂ) +Zk2 2, (3.64)

Again, by abuse of notations we have indexed the W},’s by N* instead of (N*)<.

As before, take p' and p? two solutions of (2.23) with same initial data and introduce

3 n
=22l £) W) (3.65)

1=1 k=1

and
H(t) = [[(p" =)t )3 (3.66)
Using the weak formulation (2.25) with Wy, we get that for any 1 <14 < 3,

t

(i = Pt ), W) ——Dwf/ (i = P?)(5,4), Wk>d5+/ ((F:(p") = Fi(p*))(5,.), Wi)ds
(3.67)

/ /F+ i = D) (s, 1) Wi(r)na(r).dS(r)ds

where the W}, = Vj, are defined in (3.51). Then, we conclude following exactly the same lines as the proof of
Theorem 4. O
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3.5.3 Uniqueness of the solution in the other regimes

In order to prove uniqueness in the other regimes, one can follow the same classic method used above. The
orthonormal basis used to decompose the difference of two solutions as in (3.53) or (3.65) then depends on
the boundary conditions. For the (Dirichlet ; Dirichlet) regime, the decomposition is carried out on the
eigenvectors of the following boundary-eigenvalue problem for the Laplacian:

—Ap =56
{ b € HA(B). (3.68)

for which the associated family of eigenvectors is

d
Up(z1, - 2q) = 25" H sin(k;mx;),

i=1

with eigenvalues given by
d

o =Y kim?

i=1
for k = (ky,--- ,kq) € (N*)?. As before, for VW € L?(B),

n

(V.W)2 = lim kZW, U)2(W, Us)2, (3.69)
=1

(VV,VW)2 = lim > 6V, Ur) (W, Un), (3.70)
k=1

IV[Z2qr = Jim Z( [ VETemeso) (371)

where the Uy = Vj, are defined in (3.51).

4 Hydrostatic limit

In this section, we prove Theorem 2 which states that when the parameters r, A1, Ao, d, D satisfy certain condi-
tions, starting from an invariant measure, the system converges to the stationary profile of the corresponding
hydrodynamic equation. Precisely, recall that in Section 2, for e (RT)? we defined 5 (9) as the sequence
of unique invariant measures for the irreducible dynamics deﬁned by (2.11). The hydrostatic principle states
that this sequence is associated to the unique stationary solution of the hydrodynamic equation, if existence
and uniqueness of such a solution hold. For the proof, we were inspired by [11] and the key argument relies on
the convergence of all the trajectories satisfying the hydrodynamic equation to the unique stationary profile
of these equations. In [11], the convergence of trajectories is established thanks to a comparison principle.
The difficulty here is that we are dealing with a system of coupled equations and we need to define a specific
order for which such a comparison principle holds. Now in [19, Theorem 4.1], it has been proved that at the
microscopic level, the generalised contact process is attractive only for the following order:

2<0<3<1. (4.1)
Note that in the corresponding state space ) N, the order above translates into
(0,1) < (0,0) < (1,1) < (1,0).

Attractiveness for the order (4.1) means that given two configurations n < 5, it is possible to build a
coupling between (1;);>0 and (ﬁt)tzo where both these processes evolve according to the dynamics given by
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(2.11), such that 7o < 7, and almost surely, for all ¢ > 0, 7, < 7, pointwise in the sense of (4.1). Note
that using [4, Theorem 2.4], one can show that the system remains attractive when adding an exchange and
reservoir dynamics. It is then natural to think that attractiveness also holds at the macroscopic level through
a comparison principle. A comparison principle means that if two profiles are such that at a certain time,
one is smaller than the other almost everywhere, then the same is true at any later time. Considering the
microscopic order (4.1) it is natural to consider that the largest state at the macroscopic level corresponds
to (p1 =1,p2 =0, p3 = 0) and the smallest state to (p2 = 1, p1 = p3 = 0). We will work under the following
change of coordinates:
P1
T := P1 + P3 (42)
R:=1—(p2+p3)
which is consistent with the fact that (1,1, 1) corresponds to the largest profile (p; = 1, p3 = 0, p3 = 0) and
(0,0,0) with the lowest one (p2 = 1, p1 = p3s = 0). In the sequel, we will say that given two profiles p and a,
p<oif:
p1 < ¢
p1+p3 < 1+ @3 (4.3)
1= (p2+p3) <1—(g2+ 3)

almost everywhere. Note that this new order adapted at the microscopic level, i.e

i (z) < m(x)
n<n & Vre By, { mr)+i(@) <n(z)+0s(z) (4.4)
n2(z) + nz(x) < ijp(x) + 73(z),

is not equivalent to the one given in (4.1). Indeed, consider the configuration 7 full of 3’s and 7 full of 0’s.
Then 77 < 7 for the order (4.1) but not for the order (4.4). However, one can check that if 77 < 7 for the order
(4.4), then 77 < 5 for the order (4.1), so the macroscopic order is consistent with the microscopic one but it
is weaker, so we can compare fewer profiles.

However, the notable fact, which we will prove, is that we have monotonicity under this new order, i.e. a
comparison principle holds under the change of coordinates (4.2). To prove that, as previously, since we are
working in any dimension d > 1 with mixed boundary conditions, some care must be taken to deal with the
integral terms on I'. For that, we strongly rely on analytical tools stated in [24].

Under the change of coordinates (4.2), the coupled equations in the bulk become, :

atpl = DAPI + Fl(plaTa R)
0,7 = DAT + H(p1, T, R) (4.5)
O,R = DAR + J(R)

with
Fl(p1,T, R) =2d (/\1 — /\Q)pl + X\T (R — ,01) + T — (’I" + 2)p1
H(p1, T, R) =2d|(A — X2)pr + X T|(1=T) =T (4.6)
JR)=—(r+1)R+1.

We will see that the comparison principle stated and proved in Lemma 3 yields the following Theorem which
is used to prove Theorem 2.

Theorem 6. Suppose that conditions (H,) hold. Then, there exists a unique stationary solution p2 1, resp.
pNe R of (2.23), resp. (2.27). Furthermore, for any solution pP-f, resp. p™Ne:T to the boundary value problem
(2.23), resp. (2.27)

3
. D,R _D,R .
Jim 3210 =7 Ol =0, (4.7)
resp.
3
- NeR(p Y _5NeR( ) —
i 321 = Ol = (48)
1=
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Note that this result can be equivalently formulated in the change of coordinates (4.2) and we will prove
it in that setting in the next subsection.

Remark 4. One could ask if conditions on the parameters are necessary to establish existence and uniqueness
of the stationary solution of the hydrodynamic equation. Could we not generalize the result to all parameters?
In order to answer that, we simulated the solutions to the equation in the (Neumann ; Neumann) regime for
which the constant profile (p1 =0, p3 = TP = 0) is stationary. Indeed,

2 (0, T%,o) - Fg(o, T%,o) - Fg(o, r%,o) -0
and it corresponds to the extinction regime, that is, there are no more wild insects. We observed (see below in
the Appendiz B) that in dimensions 1, for parameters Ay = 1, Ao = 0.75 and D = r = 1, for which conditions
(Hy) are not satisfied, the solution of the hydrodynamic equation starting from py =1, pa = p3 = 0 converges
to a constant profile which is not (0, #,O) so uniqueness does not hold. Simulations confirm that Theorem
6 does not hold in all generality and that conditions on the parameters are mecessary, although conditions
(H7) might not be the optimal ones.

4.1 Proof of the hydrostatic limit

Let us prove Theorem 2. We prove the first point, the second one follows in the same way. Denote Ar C
D([0,T7, (M*)S) the set of trajectories {p(t,u)du, 0 < t < T} whose density p = (p1,p2,p3) satisfies
conditions (2.24) and (2.26) of the definition of a weak solution of (2.23) for some initial profile py. Consider

*

*.(0) a limit point of the sequence (Q™._ - )n>1 associated to the invariant measures. By Theorem 1,

w3y (0)

QL (0)(Ar) = 1. (4.9)

Now consider QV*(9) a subconverging sequence of (Q%.. N>1. By stationarity of p%?
ss 5% 2 N

~ o~ ~

Ege (|6 = .0) ) =Egn (| #.0) - 2.0)] ) (410)

and

~

3
<> lIGil Ees, |
i=1

Then, one concludes thanks to (4.7) in Theorem 6 and dominated convergence theorem.

(4.11)

XGRS AOINE

4.2 Proof of Theorem 6

In order to prove Theorem 6 we first establish a comparison principle (Lemma 3). Then, we show that the
difference between the largest solution and the smallest solution vanishes (Lemma 4). Using an integration
by parts, it is useful to rewrite the weak formulations (2.25) and (2.25), in the following suitable forms: for
any 0 <7 <t <T, for any G € C*>([0,T] x B),

t

t
<ﬁt,Gt>—<ﬁT,GT>=/ <ﬁs,8SG5>ds—D/ / (V5. - VE,) (r)drds
T B

i t N 3 t
- [F@).Gois-DY. [ [ h@.Gammmasmds )
+y / Gi(r)(Bi(r) — pis,7))ma (r).dS(r)ds = 0,
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and

t

t
(ﬁt,Gt>—<ﬁT,GT>:/ (ﬁs,85G5>ds—D/ / (Y5, - VE.) (r)drds
T B

T

. (4.13)
- / (F(ps),Gs)ds — [ Gi(r)(bs(r) = ps(s,7))ny(r).dS(r)ds = 0.

T+
Lemma 3. Consider py and pg two initial profiles.

e Denote p; resp. p? the solutions to the (Dirichlet ; Robin) boundary problem (2.23) associated to
each of those initial profiles. Assume that there is an s > 0 such that almost surely (in the Lebesgue
measure sense), pi(s,u) < pi(s,u), T (s,u) < T?(s,u) and R'(s,u) < R?(s,u). Then, for all s > t,
pi(t,u) < pi(t,u), THt,u) < T%(t,u) and R*(t,u) < R?(t,u) almost surely.

e The same result holds when p} resp. p: are two solutions to the (Neumann ; Robin) boundary problem

(2.27).
Note that Lemma 3 holds for all parameters r, A1, A2, d and D, regardless of conditions (H).

Proof. We prove the first point and the proof of the second one follows in the same way. Introduce
2 2 2
A(t) = /B (p1 — pf)+(t,u)du —|—/B (T" - T2)+(t,u)du—|—/B (R' - R2)+(t,u)du (4.14)

where 74 denotes max(z,0), the positive part of x. We show that A(t) = 0 for all ¢ > s. Using the weak
formulation (2.25) of the solution of the (Dirichlet ; Robin) boundary problem and using Lemma 7.3 and
Remark 7.5 in [24], we get:

1d 2 1d 2
i/, (p1 = p%), (tw)du= S — [ (p1 = pi), (t,u)du = —D /B V(pr = PV (p1 = pi) , (t,u)du

2dt Jp (4.15)
+ [ (BE) = R@) et =) )= [ (o} =i tun

Using that V((p] — p3)4) = ]l(p%_pﬁ)EOV(p% — p?) and that [, (p1 — p?)i(o, u)du = 0, we are left with:

1 2 t
5 [ twdu<— [ [ Digy sl 9ok - )3 wduds
B S0 0B (4.16)
[ ] 06 = R (0f = ) wdudr
Proceeding in the same way for [, (T" — Tz)i(t, u)du and [, (R* — RZ)i(t, u)du we get:
t
%/ (T" - Tz)j_(t,u)du < 7/ / D11 _r2y50|[ V(T — T?)|15(r, uw)dudr
B Jo /B (4.17)
+/ / (H(p') = H(p)(T" = T?)  (r,u)dudr
0 B
and
1 t
§/ (R' - RQ)i(t,u)du < —/ / D1(g1—g2)>ol|V(R" = R?)||3(r, u)dudr
B 0B (4.18)

t by~ 2 I _ R? r,u)dudr
+/O/B(J(R) J(R?))(R' = R?) (r,u)dudr.
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Therefore,
1 ¢ . e
340 < [ [ (R =BG (o} = o2).(rujaucr
0

t t
+/ / (H(p") = H@))(T" = T?), (r,u)dudr +/ / (J(R") = J(R*))(R' = R?) , (r,u)dudr.
o /B 0o JB
(4.19)
Now let us use the explicit expressions of Fy, J and H. We also use the following inequality: for any C' > 0

z,y € R,
Crys < Cxiys. (4.20)

In order to avoid confusions, a squared term will always be put between brackets, while, for instance p? refers
to the first coordinate of p2. We will denote C a positive constant which depends on A1, Ay, 7, d with values
possibly changing from one line to the next.

(F1(") = () (p1 — p1) . = [2d(M1 = M) (R® = p1 — p}) — 2dMT" — (r +2)] (p1 — p})%

+ [2dM\ip1 + 2daps] (RY — R?)(p1 — pi)+ + [1+2dXo(1 = p3 — p3 — p1) (T = T%)(p1 — p1)+
< Clpy — p1)1 + [2dNipy + 2dDaps) (R' — R?)s(p1 — p7)+

+ [T+ 2dXa(1 = p3 — p3 = pD)|(T! = T?) 4 (p1 — p1)+

where we used (4.20) and the fact that 2d\1pl + 2dXapl > 0 and 1+ 2dXa(1 — p3 — p3 — p?) > 0 in the last
line.

(4.21)

(H(P") — H(pH))(T* = T?) 4 = [2dAs — 2d(M — Xo)pt — 2dXo(T? + T) — 1|(T" — T?)2
+[2d(0 = A2) (1 = pi = p3)](p1 — PD)(T = T%)4 (4.22)
< O(T' =T?)% + [2d(\ = X2) (1= pi = p3)] (p1 — p1)+(T" = T7)4

where again, we used (4.20) in the last line, the fact that A; > Ag and that (1 — p? — p3) > 0. Finally,
(J(RY) = J(RY))(R' - R?), = —(r + 1)(R' - R?). (4.23)

Collecting (4.21), (4.22) and (4.23) we are left with

%A(t) < C’/O /B ((p% - pf)i(r, u)+ (T' - T2)2+(r, u) + (R' — R2)2+(r, u))dudr = C’/O A(r)dr  (4.24)

where C'is a constant which depends on A1, Ay, 7, d and by Gronwall’s lemma, A(t) = 0. O

Corollary 1. Denote p° = (p9,T° R®), resp. p' = (p1,T', R') the weak solution of (4.5) with (Dirichlet ;
Robin) boundary conditions and initial data p§ = T° = R® = 0, resp. p} = T' = R' = 1. Then for every
t>s, pi(s,.) < pV(t,.), T%(s,.) < T°t,.) and R%(s,.) < RO(t,.), resp. pi(s,.) > pi(t,.), T (s,.) > T'(t,.)
and R(s,.) > RY(t,.) almost surely. Furthermore, any other solution (p1, T, R) of (4.5) with (Dirichlet ;
Robin) boundary conditions satisfies: p(lj <p1 < p%, T <T <T"' and R < R < R! almost surely.

The same result holds for p° = (p{,T° R°) resp. p* = (pi,T', R') the weak solution of (4.5) with
(Neumann ; Robin) boundary conditions and initial data p{ = T° = R® =0, resp. p} =T' = R! = 1.

Proof. We prove the result for the (Dirichlet ; Robin) boundary problem and for p°. The proof is the same
for p* and for the (Neumann ; Robin) case. Fix s > 0 and consider 7,p° : (t,u) — p°(t + s,u). 74p" is the
solution of (4.5) with initial condition u +— p°(s,u) and almost surely in B, 75p°(0,u) > (0,0,0) = p°(0,u).
Applying Lemma 3 to 7,p° and p° with s = 0 and t =t — s yields p°(¢,u) > p°(s, u) almost surely. O

Lemma 4. Assume conditions (Hy) are satisfied.
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e Denote p° = (p9,T° R), resp. p* = (pi, T, R') the weak solution of (4.5) with (Dirichlet ; Robin)
boundary conditions and with initial data (0,0,0), resp. (1,1,1). Then,

3
lim Z/B (Iok(tw) = ()] + (7 (0 w) = 700, w)| + [BN(tw) — ROt w) ) du = 0. (4.25)

t—o0 4

e Denote p° = (p9,T° R%), resp. p' = (pi,Tt, R') the weak solution of (4.5) with (Neumann ; Robin)
boundary conditions and with initial data (0,0,0), resp. (1,1,1). Then,

3
lim Z/B (|p}<t,u) — (W) T (8 w) — TO(t, w)| + | R (£ u) — RO(t,u)|)du —0.  (4.26)

t—00 4

Proof. We start with the proof of the (Dirichlet ; Robin) regime. It is enough to show that

tim ([lpd(t,) = o8t DI + 1T (t) = T8 I3 + Rt ) = RO(E)IE) = 0. (4.27)

t—o0

Consider the eigenvalue problem for the Laplacian (3.61) and the countable system {W,,~,, n > 1} of
eigensolutions for that problem. For n > 1 introduce

n

Kn(t) = Z ‘<R1(t7 ) - Ro(t7 ')7 Wk>‘2 + Z |<pi1[(tﬂ ) - p(l)(tﬂ ')7 Wk>|2 + Z |<T1(t, ) - To(t7 ')7 Wk>|2

k=1 k=1 k=1
=: Ap(t) + Bp(t) + Cp(t).
(4.28)

Recall that by (3.49), one has

An(t) — |RY(E,) = ROt 5 = A1), Ba(t) — llpa(t) = pi(E I3 = B(Y),

n—oo

and
Co(t) — ITH(t,.) = T°(, )II5 = C ().

Let us first prove that tlim lim A, (t) =0. A, is time differentiable and the weak formulation of a solution
— n—o0
of (4.5) with (Dirichlet ; Robin) boundary conditions yields,
AL () = =2 (Dye + 7+ DI(B] — R, W)
=t (4.29)
-2 Z — RO, W) / (R} — RO (r)Wi(r)ny(r)dS(r).
k=1 Iy

Integrating this between 0 and 7" and using the Cauchy-Schwarz inequality twice yields

An(0) /Z (Dyg + 7+ 1)[(RE — R, W) [Pde
0 —

- 2J /TZ (R}~ R, W) thJ /Tz_: (/r+ (R = B)()Wi(r)m (r)aS ) .
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Taking n — oo and using (3.50) and (3.52) using the W} s and W}s instead of the V//s and V}'s we get

A0 >2r—|—1/ Alt dt—|—2D/ dt—Q\// At dt\// IR} — B2 oyt
_2(7’—|—1)/ A +20 | A t—Q\// dt\// nat+ [ A
0 0 0 0

22(7’+1)/0 dt+2D/ dt72 /0 A()dt+/0 A()dt)
> 2r/OTA(t)dt+2(D—1)/O A(t)dt

where A(t) = |V(R} — RY)||2, and where we used the trace inequality (3.46) in the second inequality. Taking
T — oo, and using that D > 1 we get that

o0
/ |R! — RY||2dt < oc.
0

By Corollary 1, R' is almost surely decreasing and R® increasing therefore R} — R is almost surely decreasing
and the above inequality implies
IR — RY|l3 — 0.
t— o0

We are now left to show that
lim lim [B,(t) + Cy(t)] = 0. (4.30)

t—00 n—oco

We proceed following the same steps as for A,,.

B(t) = =2D> il(pis — p%0 Wi + 2D (Fi(pr) — Fu(30), W) (pte — 054, W)

k=1 k=1 (4.31)

—23 (ot - A W) / (o4 — 00.0) ()W (r)ma (1).AS ().

k=1 Iy

To lighten notations we will not write the subscript ¢ in the computations, when there is no confusion. Let
us compute the second term.

i:(Fl(ﬁl) — F1(0°), Wi)(p1 — p1, W) = 2d(A1 — A2) i(ﬂ%(Rl — R%), Wi){pi — P}, Wi)
k=1 k=1
2000~ 2) SR ok — 220, Wik — o ) — 200 — 2a) S (o2 + ()2 Wi ok — o, W)
k=1 k=1
+ 2d ) i(Rl(Tl — T, Wi {p! — p% W) + 2dXs i(TO(Rl — R, W) (pt — pY, Wy) (4.32)
k=1 k=1
23 ST o ), Wi (o — o W) — 2000 S (AT TO), Wi (o — o, W)
k=1 k=1
—‘rzn: —7° Wk< —pl,Wk ’I“—|—2 Xn:| pl,Wk|.
k=1 k=1
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Using Lemma 3 and the Cauchy-Schwarz inequality, we get:

n

5Bt >Z Dk +7+2 =240 = )] |(p1, — 28 W)

n

— (1+2dXa) Y (T} = T2, Wie){pi — 8 4. Wi)
k=1

— 200 /A, (O Ba() - JBnu)J S ([ ko= RO Walrm(r)as()
k=1 T+

Integrating this between 0 and T and using the Cauchy-Scwharz inequality we are left with

%(Bn(()) - B,(T)) > /T zn: [Dyi +7 42 = 2d(A — Ao)]| < phy = pf o Wi > [Pt
0 k=1
T T
-1+ 2d)\2)/0 vV Bn(t)\/Cr(t)dt — 2d)\1/0 VAn(t)/ Bp(t)dt (4.33)
-/ Bn(t)dtJ / > ( [ = At (s et
Now
= —QDZ% — T2, Wi)|? + 22 — H(RY), Wil (T} — T, W)
. =t (4.34)
2T -1 [ (@ - T OWa () ().
k=1 Iy

Again, we compute the second term using the explicit expression of H:

D (H@E) = HE), Wi (ot — p1, Wi) = 2d(\ = Xa) Y _(pt — p, Wil(T" = T°, W)
k=1 k=1
+ (2drg — 1) Zn: (T —T°, W) |2 — 2d(A\y — Zn: Oy, Wil (Tt — T, Wy,) (4.35)
k=1 k=1
—2d(A1 = Xa) > (T%(p} — p3), Wi )(T" = T, Wy) — 2dX Y ((T")* = (T°)?, Wil(T" — T, W).
k=1 k=1

Using Lemma 3 and the Cauchy-Schwarz inequality, we get:

ffc/ > [Dyk 41— 2d ] (T = T7, Wi)|* - \/On(t)\l > </F (T} — TtO)(r)Wk(r)nl(T)dS(r)>2
k=1 k=1 +
—2d(A — X))/ Cr(t)VB

Integrating this between 0 and 7" and using the Cauchy-Scwharz inequality we are left with:

%(C’n(o)—Cn(T)) 2/0 Z [Dye + 1= 2dX\o | (T} — T, Wi) | dt — 2d(\; — A2) / VCn(t)\/ By (t)dt
. / \l / / Tto)(T)Wk(r)nl(r)dS(r))th
0 Ty
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Summing inequalities (4.33) and (4.36), using that B,, is uniformly bounded by a constant K; and C,, by a
constant K> and that for any a,b > 0, —/avb > —%(a + b), we obtain

M| —

(Ba(0) — Ba(T) + Co(0) / S [y 42— 200 — Aa)]|(ph — 2 Wl
k=1

a %/0 dt = 7/0 /+ P~ P?,t)(T)Wk(T)m(T)ds(r)>2dt

/0 Z Doy, + 1= 2dX | (T} — T2, W) |t (4.37)
1 . 2
-1 /0 Pt — - /0 /F + —T) ()W) (r)dS(r) )

—2dK1)\”//T A (t)dt — (1+2dA1)K2,//T B (t)dt.
0 0

Now, split the first and fourth terms into two parts. Lower bound the first one using that v, < 7, for any
k > 2 and we shall then use (3.50) to deal with the second term. The left-hand side in (4.37) is lower bounded
by

1 T n T
3 [/ (D +r+2—2d(\ — Z (o1 — P05 Wk>]2dt - / Bn(t)dt}
k=1 0

/ Z (Dve +r+2=2d(MA — X2))| (o1 — PY.s, Wk>\2dt
0 k=1

([ e e e)) o
0 k=1 YT+
+;[/T(Dvl+12dxg ;i' 7;°,Wk|dt/OTcn(t)dt}
) 0 ’ n 1 0y (T 2
w5l Z (D 1= 2aa) g}~ 2w e [FS2( [ =0 ()iS0) o

- 2d)\1KM//T An(t)dt — (1+ QdAl)Kﬂ//T B (t)dt.
0 0

Taking n to infinty, using (3.62) and the dominated convergence theorem as well as the trace inequality stated
in Theorem 3 and using that D > 1 and 1 > 1 (see (3.64)) we get:

(4.38)

T T
(B(0) = B(T) + C(0) = C(T)) = 2(r + 1 - 2d(\ — \2)) / B(t)dt + (D - 1) / IV (P14 = p1 )lIdt
0 0

+2(1— 2dA2)/T C(t)dt + (D —1) /T V(T = 17)|*dt
0 0

— 4d\ Ky /T A(t)dt — (1 + 2dA;) Ky //T B(t)dt.
0 0
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Since conditions (H;) hold, all the factors between the time integrals fOT t)dt and fo t)dt are strictly
positive and inequality (4.39) implies that

[ee] oo
/ B(t)dt < oo, and / C(t)dt < 0.
0 0
Again, by Corollary 1, pi and T? are almost surely decreasing and p§ and T° increasing, therefore pi — p?

and T' — T° are almost surely decreasing and the above inequalities imply

0 |12 02
||P%,t - Pl,t||2 e 0, and ||Tt1 =Tyl v 0.

For the proof in the (Neumann ; Robin) regime, one proceeds in the same way, but decomposing the difference
between p! and p° on the basis (Vi)g>1 and using conditions (Hs). O

Now, we are able to prove Theorem 6.

Proof. Again, we focus on the (Dirichlet ; Robin) regime and the proof is the same for all the others. As said
before, it is enough to prove uniqueness of a solution of

DApy + Fi(p1,T,R) =0, p1._ =b(), 3e1P1( Jir+ = (b = p1)jr+
DAT + H(py, T,R) =0, Tir- =b1(.) +b3(.), 0e,T(t,.);r+ = 75(b1 + b3 — p1 — p3)r+ (4.40)
DAR+ J(R) =0, Rjp-=1-by(.)—bs(.), 861R<t? i+ %(,02 + p3 — b1 — b3)|r+.

(i) Emistence: For n € N, define
Ul={ueB, p)n,)<pln+1,.), T'(n,.) <T°(n+1,.), R°(n,.) < R°(n+1,.)} (4.41)
and
Ul={ueB, pi(n,.) <pi(n+1,.), T'(n,.) <T'(n+1,.), R*(n,.) < R'(n+1,.)}. (4.42)
By Corollary 1, the above sets are almost sure and so is U := nQO(US NUL). On U, the sequence of

profiles {p!(n, .), n > 1} (resp.{p°(n,.), n > 1}) decreases (resp. increases) to a limit that we denote
P = (pf (), TH(), BT ()) (resp. 5 () = (py (),T(-), R~ (.))). By Lemma 4, p* = p~ everywhere
on U so almost surely on B . Denote this profile p and consider p(t,.) the solution to (4.40) with
initial condition p. Since for all ¢ > 0, p°(¢,.) < p(.) < p'(t,.) almost surely, by Lemma 3 we have
that for every s,¢ >0, p°(t +s,.) < p(s, ) < pl(t+ s,.) almost surely and letting ¢t — oo we get that
p(s,.) = p(.) for all s so p is a solution of (4.40).

(ii) Uniqueness: Note that by Lemma 3 and Corollary 1, for any profiles p* = (p¢,7%, R%) and p° =
(p5,T®, RY) satisfying (4.5) with any initial condition, for every ¢ > 0

[ (198000 = ) 4170 0) = T )]+ R0 0) = R )]

B (4.43)

< / (Ipk(tsw) = 86w + [T (1) = TO(, w)] + | R (1, 0) — BO(t, )] ) s
B

Applying (4.43) to two stationary solutions and using Lemma 4, one gets uniqueness.

As said before, existence and uniqueness of a solution p of (4.40) yields existence and uniqueness of the
stationary solution of (2.23). Similarly, the proof of (4.7) comes from the fact that
[ (11t = pr(@)] 4 176 = Z)| + Rt )~ B0 )
B
(4.44)
< [ (Ipbn) = et + 1760 — T 0) + | B () — Bt )
B

where again, we applied (4.43) and the fact that the right-hand side term converges to 0. O
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A Change of variable formulas

The following change of variable formulas have been established in [20, Section 5.2]. Recall that for i,j €
{0,1,2,3} and z,y € By, v;(xz/N) = log(a;(xz/N)), and

RY(@) = exp ((0;(0/N) = v3(2/N)) = (vily/N) = vila/N)) ) = 1.

Note that R;/(@) = O(N~"). Consider f : Sy — Rand 2,y € By.

(i) For (i,7) € {0,1,2,3}2 such that i # 7,

/A m(x)nj(y)f(fm’y,wm’y)d'/év(&w):/A 0y (@) (y) (B7 (@) + 1) f (&, w)dvg (€, w). (A1)

EN EN

(ii) For (i,4) € {0,1,2,3}? such that i # j,

/nz(m)bJ@S/N)f(gaw)dyg(fvw) = /nj(:c)bi(x/N)f(aZ—@(gw))duév(f,w), (Az)

To prove both points, we use the explicit expression of vY. Let us give the details for (ii). Take (i,j) €
{0,1,2,3}2 with i # j, then,

/m(a:)bj(x/N)f(§,w)dug(ﬂw) = /(f o bi(2/N) f(01.0(& w))dvY (€, w)
= i\ g; w M N-1E o
- /@)Em_lm /N (@i )5 s dva ™ )

= [t/ (01alEe ) (),

because
b; (x/N) n_1

bo(a/N) T (€&@) =va {ni(@) = L& @)y ey = ()}

B Simulations

The hydrodynamic equations with Neumann boundary conditions

8:p = DAp+ F(p) in B x (0,T),

(B.1)
Do, p(t, Jyr =0 for 0 <t < T,

have been simulated in dimension 1 with B = [0,1]. For that, we used an Euler explicit scheme and chose
the following parameters:

e Time horizon: T=100

e Time subdivision: d; = 5.10°

Space subdivision: §, = 100
er=1and D=1.
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0.75 075
— rho_1 — rho_1
—— rho_1+rho_3 —— rho_1+rho_3
—— 1-rho_2-rho_3 —— 1-rho_2-rho_3
0.50 1 0.50
0.251 0.25 1
0.00 1 0.00 1
0.0 02 0.4 06 08 1.0 0.0 0.2 0.4 06 08 1.0
X X
(a) (pl,pl + p3, 1 — pa — pg)(T7 .), solution of (B.1) (b) (pl, p1+ps, 1 —pa — pg)(T, .), solution of (B.1)
with initial condition (0, 0, 0). with initial condition (1,1, 1).

Figure 2: T =100, A\; = 0.75, A\ = 0.25. Conditions (H;) are satisfied.

0.75 0.75
— rho_1 —— rho_1
—— rho_1+rho_3 —— rho_l+rho_3
—— 1-rho_2-rho_3 —— 1-rho_2-rho_3
0.50 4 0.50 4
0.251 0.25
0-001 7 : : : : : 0.00 1— . . . . .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 0.4 0.6 0.8 1.0
X X
(a) (p1,p1 + p3,1 — p2 — p3)(T,.), solution of (B.1) (b) (p1,p1 + ps, 1 — p2 — p3)(T,.), solution of (B.1)
with initial condition (0,0, 0). with initial condition (1,1,1).

Figure 3: T =100, A\; = 1, Ay = 0.75. Conditions (H7) are not satisfied.

In the figures shown below (Figures 2 and 3), the z axis corresponds to the one dimensional space B = [0, 1]
and the y axis is the space of values of the density profiles p1, p1 + p3, 1 — (p2 + p3)-

In the first simulation, we took A; = 0.75 and A2 = 0.25, so the conditions (H;) are satisfied. In Figure 2a
we presented the solution of (B.1) at time T' = 100, with initial condition (p1, p1+p3, 1—p2—p3)(0,.) = (0,0,0)
and in Figure 2b the solution of (B.1) at time 7" = 100, with initial condition (p1, p1 + p3,1 — p2 — p3)(0,.) =
(1,1,1) . As expected (see Theorem 6), both profiles in Figure 2 coincide.

In the second simulation, we took Ay = 1 and As = 0.75, so the conditions (H;) are not satisfied.
In Figure 3a we presented the solution of (B.1) at time 7" = 100, with initial condition (p1,p1 + p3,1 —
p2 — p3)(0,.) = (0,0,0) and in Figure 3b the solution of (B.1) at time 7' = 100, with initial condition
(p1,p1 + p3,1 — pa — p3)(0,.) = (1,1,1) . The profiles in Figure 2a and 2b do not coincide, which proves,
numerically that conditions on the parameters are needed for both these limiting profiles to coincide.
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