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Abstract. A differential game modeling the noncooperative outcome of pollution in groundwater
is studied. Spatio-temporal objectives are constrained by a convection-diffusion-reaction equation
ruling the spread of the pollution in the aquifer, and the velocity of the flow solves an elliptic partial
differential equation. The existence of a Nash equilibrium is proved using a fixed point strategy. A
uniqueness result for the Nash equilibrium is also proved under some additional assumptions. Some
numerical illustrations are provided.
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1. Introduction. The preservation of the groundwater is a leading concern in
order to maintain the quality of water supply. Human activities and uses are the
main causes for pollution. On the one hand, when related to economic activities
such as, for instance, farming or manufacturing, the pollution often corresponds to a
productivity gain, thus to benefits. On the other hand, the contamination requires
depolluting actions in the captation wells and consequently entails cleaning costs. The
present paper is a contribution to the study of the trade-off between the benefits of the
polluting activities and the decontamination costs. Theoretical developments in the
specific context of groundwater are all the more interesting because the flow dynamics
are slow in the aquifers thus inducing a large delay before the possible evaluation of
any political decision limiting the pollution. Here moreover, we focus on nonpoint
source contaminations, such as agricultural nitrate pollution, for which the emissions
of pollutants are not directly observable by the regulator, making any control difficult
to apply, the regulator being able to measure pollution only at specific points ([25]).

The fact that aquifers are common goods contaminated by many actors is one of
the reasons that may explain why their pollution level remains high in spite of the
institutional protection attempts. Indeed, a negative externality comes into play for
the individual decisions, leading to the suboptimality of the noncooperative solution
compared to that which would have been obtained in a cooperative way. This type of
behavior is now well documented for nonspatialized models: as stated in the seminal
paper of Van Der Ploeg and De Zeeuw ([21]), the Nash open-loop equilibria lead to
a higher pollutant stock and a higher fertilizer use than in the cooperative situation;
similar results have been obtained in the framework of shallow lakes (Miler, Xepa-
padeas, and De Zeeuw [17], Wagener [23], and Kossioris et al. [16]). However, most of
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the existing studies do not take into account the space dimension, whereas it is noto-
riously the main ingredient for a proper modeling of transport and diffusion processes
in the underground (see any hydrogeological monograph, e.g., Scheidegger [20]). We
thus only refer to [11] by de Frutos and Martin-Herran devoted to a time-space model
of multiregional pollution. More precisely the authors consider a discrete space ap-
proximation and provide numerical illustrations of Nash equilibria. Here rather, we
focus on the mathematical analysis.

The problem under consideration belongs to the class of infinite dimensional mul-
tiobjective control problems constrained by PDEs. There is a large literature devoted
to the corresponding Pareto strategies. The Nash strategy remains seldom addressed.
A general theory is solely developed for the case of linear PDEs. We refer to the
fundamental work of Ramos, Glowinski, and Periaux [19]), based on the adjoint for-
mulation and thus needing stronger assumptions than the one considered here for the
existence result. See also Borzi and Kanzow [6] for a focus on the elliptic setting and
Hintermiiller and Surowiec [15] for the extension to the so-called generalized Nash
equilibrium problems, where the set of admissible controls of each player depends on
the other players’ strategies. We also mention the recent results of Araruna et al. [1]
for the Stackelberg—Nash strategy. In the particular context of water management, a
related work is the article [13] of Garcia-Chan, Munoz-Sola, and Vésquez-Méndez with
pointwise pollution sources and control, constrained by a parabolic and once again
linear PDE. A substantial difficulty of the present work relies on the nonlinearity of
the parabolic PDE governing the state unknown.

In the present paper, for the sake of the simplicity, the formulation is limited to
two players. T'wo polluters with two different spread policies are considered. The state
equations are given by the time and space dependent model ruling the hydrogeological
dynamics. The spread of the pollutants is modeled by a convection-diffusion-reaction
equation and the velocity of the flow by an elliptic PDE. Generic reaction terms are
assumed, including all the classical (nonlinear) isotherms. Two economic objectives
are defined.

The paper is organized as follows. The problem is presented in section 2, in-
troducing the hydrogeological state equations system and the objective functions.
Assumptions are listed in section 3, and the main result of the paper, an existence re-
sult of a Nash equilibrium, is stated. Its proof is developed in section 4, the necessary
compactness results being obtained by convexity arguments thus without unnatural
assumptions on the controls. Finally, in section 5, we derive the corresponding opti-
mality conditions using the Pontryagin’s approach. This allows to prove a uniqueness
result for the Nash equilibrium. More precisely, due to the nonlinearity of the state
equation, the global result is obtained by propagation of a local in a time uniqueness
result. Finally, some numerical illustrations are provided in section 6.

2. Description of the model. We first set up the space-time domain of the
study. Pollution spreading in areas, groundwater, and water collection wells are con-
tained in a bounded domain Q C RY, where N > 1, with a boundary 99 assumed
C?. For practical applications N = 3. Two subdomains ; C Q and Q, C Q are
considered. They correspond to the areas of the soil polluted by two independent
agents. The latter two are hereafter referred as Player 1 and Player 2. We assume
that Q7 and Qy are such that Q; N Qs = (. The contamination flow rate in ; is
denoted by p;(t,z), i = 1,2, z € Q; C Q, t € (0,T), where the time horizon T is
a given real number in (0,00). Let Qp = (0,7) x Q. Let xq, be the characteristic
function of Q;.
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The dynamics of the pollutant in the underground is described by the state sys-
tem. For the sake of simplicity, only one pollutant is assumed of interest. Its con-
centration in the groundwater is denoted by c. Its displacement is mainly driven by
the velocity v of the mixture. A diffusion process also occurs. Due to microscopic
heterogeneities in the soil, this diffusion process may depend on v. The mass and
momentum conservation principles then lead to the following system ruling the trans-
port of the pollutant in Q7 (see Augeraud-Véron, Choquet, and Comte [2] for more
details):

(2.1) RYdic+ v - Ve —div(ypS(v)Ve) = —r(c) + p1xa, + p2xa, — 9¢+ 7,
(2.2) div(v) =g, v=—kVe.

According to Scheidegger [20], the dispersion tensor S(v) can be written®

(2.3) S(v) = Spld + S,(v), Sp(v) = || (‘“v ® v+ ar (Id - tve v)) :

[v]? |v]

where S,,, ap, and ar are, respectively, the diffusion coefficient and the longitudinal
and transverse dispersion factors. The dispersion depends on the velocity v of the
fluid in the aquifer, which itself is related to the hydraulic head ¢ according to the
Darcy law (second equation in (2.2)). The structure of the soil is described by the
porosity function i and by the fluid mobility tensor x which rates the permeability
of the underground with the viscosity of the fluid. The eventual adsorption of the
pollutant by the soil is assumed to be a linear and instantaneous reaction, following the
arguments in Miquel and de Marsily ([18, page 251]). The corresponding retardation
factor is the real number R > 0. The other chemical reactions are resumed in the term
r(c). Classical isotherms (see, e.g., Williams [24]) are described by linear functions in
the form r(c) = ke or by Freundlich functions, r(¢) = kc¢* or by Langmuir functions,
r(c) = ke/(1+k'¢), (k, k') € R:. Terms g and + correspond to the other source terms.
More precisely, the function g describes the water flow rate of the external sources
and sinks and « accounts for the pollutant natural load.

General boundary conditions have to be considered in order to encompass a var-
ious number of realistic situations. In order to disentangle boundary assumptions on
the two state variables, we consider two nonoverlapping decompositions of the bound-
ary o0 of Q: F1UF2 = 00 with Fl ﬂFQ = @ and FgUF4 = 00 with F30F4 = @
The state system is then completed by the following initial and boundary conditions:

(24) SwW)Ve-n=00nTy x (0,T), c=0o0nTs x (0,T), ¢|t=0 = co in Q,
(25) v-n=—-kVo-n=—kvy-nonlzx(0,T), ¢ =¢, onTy x (0,T),

where we denote by n the unit exterior normal vector to the boundary 0f). Notice that
we have chosen homogeneous boundary conditions for the concentrations, only for en-
lightening the computations below. The results naturally extend to nonhomogeneous
boundary conditions.

We now describe the objectives of the two players. The set of values of the
contamination flow rate, namely, {p;(¢,z); (¢, z) € Qr}, characterizes the strategy of
Player ¢. In the present paper we only consider open-loop Nash equilibrium solutions

Here u ® v denotes the tensor product, (u® v)4j = w;v;, while u - v denotes the scalar product,
u-v= Zf\;l u;v;. Let |u|? = u - u. The identity matrix is denoted by Id.
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(Dockner, Feichtinger, and Jgrgensen [10]). The objective of each player, denoted .J;,
i =1,2, is given by a Bolza form as follows:

Ji(pisp—isc(-:p1,p2)) = —Ve"’T/ Di(x,c(T, x;p1,p2)) dx
Q

20+ | ' ([ htepittovto) = Dil(owcltsas prop) de ) e,

where ¢(-;p1,p2) is defined by the state problem (2.1)—(2.5). Here and after, the
notation ¢(+; p1, p2) is used in order to bear in mind that ¢ defined by (2.1)—(2.5) de-
pends on p; and ps, and thus a game situation occurs. This is a nonlocal dependency,
namely, ¢(-;p1,p2) : (¢, x) — c(t, x; p1, p2), where

C(tax;plaPQ) =cC t,.’E; U {pl(svy) a.e. (S,y) € (OvT) X Ql}
i=1,2

Instantaneous welfare depends on the one hand on private benefits of the player and on
the other hand on the cost of the remediation of the environmental damage due to the
pollution. However, due to the spreading of pollutant in groundwater, a differential
game situation appears, the pollutant concentration in groundwater depending on
both players’ uses.

In (2.6), function f; (i = 1,2) is the benefit function of Player 4, and D; is
the decontamination costs function he faces. Thus the term f;(z,p;(¢, z))xq,(x) —
D;(z,c(t, z;p1,p2)) is the profit function of player 4, i = 1,2. An actualization pa-
rameter 0 < p < 1 is used to consider the net present value of the profit. Notice that
the profit is evaluated over all the time period (0,7"). Indeed, the use of the PDEs
model (2.1)—(2.5) as a constraints system allows to consider a fully adaptative strat-
egy; i.e., it allows to compute explicitly the value p;(¢, x) a.e. in Qp. Notice also that
the space dependancy of the cost function D;, x — D;(z,c) may especially include
the characteristic function of a subset of the domain 2. So we may either consider
the pollution in the whole domain, or, in a less responsible way, we may only focus
on the pollution in the freshwater production wells (see the numerical illustrations
in section 6). The planing horizon T € (0,00) is finite. Thus in order to take into
account the decontamination cost of the pollution remaining at time 7', a scrap value
is introduced: ve=PT Jo Di(x, (T, z;p1, p2)) de. The scraping parameter v, v > 0, en-
ables to weight the scrap value part in the objective J;. Basically, the more polluted
is the groundwater at time 7', the more the objective is lowered.

It remains to define the set of controls. Let p > 0 be the maximal pollutant
load that can be applied. This value exists due to saturation limits. We define the
admissible sets of control as follows for ¢ = 1, 2:

E;={qe L*(Q; x (0,7));0 < q(t,x) < p a.e. in Q; x (0,7)}.

Now, basically, the strategy of each player for the social welfare, assuming that
the one of the other players is known, is resumed by?

max Ji(pi;p—isc(;p1,p2)), where p_; € E_; is given.
pi€l

But in the present paper we consider the case of a noncooperative game, that is, when
the strategy of the other player is not known.

2Here and after, we use the following convention for the indexes: _1 = 22 and _2 = z1.
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3. Mathematical assumptions and the main result. The main result of the
paper is an existence result for a Nash equilibrium. It will be further characterized
by a PDE’s problem in section 5 below, then allowing a uniqueness result. We begin
by listing in the following subsection all the mathematical assumptions used in the
paper.

3.1. Mathematical assumptions. First consider the assumptions related to
the hydrogeological description thus to the state problem. For the soil porosity,
the dispersion, and the mobility tensors, we assume that there exist real numbers
(p_,y) € R (Sp,ap,ar) € R3 with S, >0, ar, > ar > 0 and (k_,xy) € R?,
0 < k- < k4, such that

0<vy_ <9Y(z) <ty ae z e
S@)E-E> (S +ar [v]) 67, [S)E] < (Sm + a [v]) [¢] for all € € RY,
RKE-E> ko€, |kE| < Ky f€] for all € € RY.

Moreover, in order to ensure that the velocity v of the flow belongs to L (1), we
suppose that one of the following assumption is true:

ke (CHQ))NN and ¢, € W2P(Q) with p > N,
_ - N
k= x*Id with x* : Q@ = R, x* € C*(Q), and ¢, € W*P(Q) with p > 5

The nonnegative functions g and v are assumed bounded. The retardation factor
R > 0 is a given real number. The reaction function r, possibly nonlinear, is supposed
to be concave, with a bounded derivative in R, and satisfying r(0) = 0. In particular,
there exists 7, € RT such that

|r(z)] < ry|z| for all z € Ry.

We now provide the assumptions for the initial and boundary values. Initial
condition ¢y is given in H'(2) with co(z) > 0 a.e. in Q. Functions ¢, and vy in
(2.5) are, respectively, in H*(Q) and in (L*°(Q))", with div(v1) € L>(Qr) and the
compatibility condition fQ gdx = [, o 1 -do for the solvability of the elliptic equation
(2.2).

Finally, consider the economic part (2.6) of the problem. We already mentioned
that v and p are given real numbers satisfying ¥ > 0 and 0 < p < 1. Assumptions
on benefit and damage functions are the following ones: For i = 1,2, function f; :
2 x [0,p] — R is bounded and such that, for almost every x € Q, p — fi(x,p) is
continuous and strictly concave on [0,p]. Function D;:  x Ry — Ry is bounded
such that, for almost every = € Q, ¢ € Ry — D;(z,¢) is a hemicontinuous and convex
function.

3.2. Main result. Consider first the state problem alone. A pair (c, @), satis-
fying ¢ € C([0,T]; L?(2)) and ¢ € L>=(0,T; H?(L)), is a weak solution of (2.1)—(2.2),
(2.4)—(2.5) if for any test function ¢ € H'(0,T; H*()) such that ¢|;—7 = 0 in Q and
¢=0o0nTy x(0,T),

(3.1) —/ Rz/)c@tgodxdt—/Rcmph:odx—k/ PS(v)Ve - Vodxdt
Qr Q Qr

+/ (v~VC)sodxdt:/ (*T(C)erlXQl + p2XQ, *gc+v)sodxdt,
QT QT
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where v = —kV ¢ is such that for any 6 € L1(0,T; H'(Q)) with # = 0 on T'y x (0,T)

T
(3.2) / kV¢ - VOdxdt + / / (kvy - n)fdsdt = / g0 dz dt,
Qr 0 I's Qr
(3.3) ¢ =¢ponTyx(0,T).

The well-posedness of the latter formulation is provided by the following lemma (we
refer to Augeraud-Véron, Choquet, and Comte [2] for its proof).

LEMMA 3.1. Let (p1,p2) be given in By x Ey . There exists a unique solution (c, ¢)
of (2.1)+(2.2), (2.4)~(2.5) associated to (p1,p2) in the sense (3.1)—~(3.3). Moreover,

ozT|v\% Vee (L2(Qr)N, ce HY0,T; H71()), and ¢ > 0 a.e. in Qr.

Remark 3.2. The velocity v is an exogenous unknown since it is defined by a
PDE’s problem which does not depend on p; and p», nor on the concentration c. The
existence of v is thus ensured by the latter result once and for all, and we will not
anymore mention this question.

Thanks to the uniqueness result in Lemma 3.1, we are allowed to simplify the
notation J;(p;; p—i, c(t, ;p1,p2)) into J;(pi; p—i). The players’ reaction functions are
then defined as follows.

DEFINITION 3.3 (players’ reaction functions). For almost every (t,x) € Qr, the
reaction functions p;(t,x;p—;), i = 1,2, are defined by

(3.4) pi(t @5 p2) = argmex Ji(qu;p2) for all py € Es,
ERSY Y

(3.5) p5(t, x;p1) = argmax Jo(q2; p1) for all py € E;.
q2€E>

The existence of the reaction functions is ensured by the following result. Notice
their uniqueness that will turn out to be fundamental for some of our proofs. Lemma
3.4 is a direct consequence of the well-posedness of the optimal control problem in the
cooperative setting proved in Augeraud-Véron, Choquet, and Comte [3] (Theorem
2.6).

LEMMA 3.4. For a given p; in F;, i = 1,2, there exists a unique pair of functions
(=g, € (b, ;" (t, @5 pi), pi)) such that p* (¢, x;p;) = argmazy_,cp_,J—i(q-i;pi) and
(c*(t,x;p%,;(t, 250:), i), @) is the weak solution of (2.1)—(2.2), (2.4)-(2.5) associated
with the loads (p*;,p:).

The Nash equilibrium is defined as the intersection of the reaction functions.

DEFINITION 3.5 (Nash equilibrium). The quadruplet (p}, p%, ¢, ¢) is a Nash equi-
Librium iff:

(3.6) J1(p}sp5) = Ji(p1;ph) for all py € By,
(3.7) Ja(p; p}) = Ja(pa; ph) for all py € B,
where ¢ = ¢’ (-;p, p5) is the solution given by Lemma 3.1 of the following problem:

Ripdy® — div(S(0)yYVeE) +v - Ve = —r() + Pl xa, + Phxa, — 9¢ + 7 in Qr,
div(v) =g, v=—kV¢ in Qr,

SW)Ve -n=0o0nTy x(0,T), @ =0 onTyx (0,T), ¢|=o = co in £,
v-n=—kvy-nonlsx(0,T), ¢ =c¢, onTyx (0,T).
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The main result of the paper is the following existence result.
THEOREM 3.6. There exists a Nash equilibrium in the sense of Definition 3.5.

The latter will be completed by a uniqueness result under some additional as-
sumptions in section 5 below. We begin by proving Theorem 3.6 in the next section.

4. Proof of Theorem 3.6. The proof of Theorem 3.6 is based on a fixed
point strategy. Let (p1,p2) € E1 X Ea. Let pf = argmaxy, ep, J1(q1;p2) and ps =
argmazg, e g, J2(g2; p1) be uniquely defined by Lemma 3.4. Set ¢} (¢, z) = c1(t, x; p}, p2),
c(t,x) = ea(t, z;p1,p5). We aim at proving that the application C defined by

C:(p1,p2) € B X Bz = (p1,p3) € 1 X E»
admits a fixed point.

First of all, we prove that C is continuous for the weak topology of L?(Qr).
Consider a sequence (p}, ph),>o of functions in Ey X Es such that
(4.1) p — p1 and pi — py weakly in L*(Qr).

They are associated with (p;",p5™) = C(p},p3), ;" (t,x) = c(t,x;p;", py), and
ey (t,x) = c(t,z;p},py"), which are, according to Lemmas 3.1 and 3.4, uniquely
defined by
(4.2) pI™ = argmax J;(qi; p";)s
G EE;
Rypde;™ — div(epS(v)Ve! ™) +v - Ve "
(43) = _T(C:’n) +p:’nXQf, +p7iiXQ_i - gc;(’n + aé in QT?
(4.4) S(w)Ve;" - n=00nTy x (0,T), ¢;" =00on Ty x (0,T), ¢;"|t=0 = ¢o in N
for i = 1,2. We have to prove that p;"™ — p} weakly in L?(Qr), i = 1,2, where
(4.5) p; = argmax J;(qi; p—;)
¢ EE;
is associated to ¢ = ¢;(+;pf,p—;) solution in Qp of
(4.6) RpOic; — div(pS(v)Vei) +v-Vei = —r(c}) +pixa, +p-ixa_, —9¢ +7,
(4.7) SW)Vef-n=00onTy x (0,T),c¢; =0o0nTe x (0,T), ¢lt=0 = co on .
The first step for proving the desired convergence results consists in stating some
estimates that do not depend on n. Hereafter we denote by C a generic constant
which only depends on the data of the problem, namely, on the coefficients of the
PDEs (2.1)—(2.2), on the initial and boundary data in (2.4)—(2.5), on p, and on  and
T. Due to the definition of the admissible control sets E;, 0 < p;’" < p a.e. in Qp,
and the following estimates thus hold true:

(4.8) 127" | L2y S Cs i=1,2.

Multiplying (4.3) by ¢;"", integrating by parts over Q x (0,7), 7 € (0,7, and using
(4.4) we get

R [T d “n ' s g m
7/ —/z/J e \Qdde/ /wS(v)Vci’ Ve dx dt
2 Jo dt Jo 0o Jo
+/ /(U-Vc?’”)c:’"dxdt—i—/ /r(c:’")c?’”dxdt
o Jo o Jo

(4.9) 7/ /(pf’”XQierT_LixQ_i +7)cf’"dxdt+/ /g|c;""|2d9cdt:0.
o Jo o Jo
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Our assumptions ensure that

/ / »S(v)Ve! " - Vel " dxdt > w,/ /(Sm + ar v ‘Vc;k’"|2 dz dt,
0o Ja 0o Jo

/ / |7’(C;k7n)c;f‘,n’ dxdt§r+/ / ’C:r'ﬂ|2 dl’dt,
0o Ja 0o Ja

/ /g|c:’"|2dxdt20.

o Ja

Using the Cauchy—Schwarz and Young inequalities, we get

.
"xa, P ixa, +7)¢ "dxdt‘ / /(pf’"m +p"ixa, +7)  dedt

// ) dxdt<C+C// ™2 dx dt

and, since v € (L>(Qr))Y,

c:’"’2 da dt.

(v- Ve ™M)e™ dmdt’ < M/ ’Vc:’"‘g da:dt—i—C/
2 QT QT

Inserting the latter estimates in (4.9), we obtain

'()/} R/ |C*n Tx d{[—’—/ / <+O[T |’U|>| *,n‘Q d dt
SC/ /|cf”|2 dxdt—i—M/ lco(z)|? dz + C
0o Ja 2 Ja

for any 7 € (0,7). We infer from the latter relation and from the Gronwall lemma
that

(4.10) e

*,M .
: HL°°(o,T;L’-’m))mLz(o,T;Hl(Q)) <C, i=12

Now, we multiply (4.3) by a test function ¢ € L?(0,T; H} (£2)). We get

T
(OROe;™, ) 20,1511 () x L2 (0,111 ()| = ‘—/ Qz/JS(v)Vc;"" -Vodzdt
0

/ / —v V") —r(el™) +pi " xa, +pixa, + — g e dxdt|.

Since v € (L>®(Q7))Y, 7(c;") is bounded in L2(Q7) by ri ¢, "||L2(0r), p € L= (Qr),

7

and g € L*(Qr); the latter with (4.10) shows that the left-hand side is uniformly
bounded for any ¢ € L?(0,T; H}(9)), that is,

(411) HwRatC;k’nHLQ(O)T;H_l(Q)) S C7 L= ].7 2.

From (4.8)-(4.11), we deduce the existence of limit functions p{ € L?(Q7) and
¢ € L?(0,T; H'(Q)) and of a subsequence, not relabeled for convenience, such that

p;™ — p? weakly in L*(Qr), i = 1,2,
Yin L*(Qr) and a.e. in Qp, i = 1,2,
co™ — 2 weakly in L?(0,T; H (Q)), i = 1,2,
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the compactness of ¢, being established by an Aubin-type argument thanks to (4.11)
and to Ry > Riy_ > 0 (see Galusinski and Saad [12]).

Bear in mind that we aim to prove that p? = p; and ¢ = ¢}, i = 1,2. First of all,

convergence results are sufficient (according to the Lebesgue’s dominated convergence

theorem and the continuity of the application ¢ € C(0,T; L3(2)) Clt=0) to pass to

the limit in the weak formulation of (4.3)—(4.4). According to the uniqueness result
in Lemma (3.1), it means that

(4.12) AA() = e(3pY, p2) and () = (- p1,p5).
It remains to prove that p{ = p7, i = 1,2. We will use the limit behavior of the control
problem. The difficulty is that we have no compactness result for p;”", whereas it

appears in the nonlinear function f;. Nevertheless we can use convexity arguments.
On the one hand, according to the definition of the optimum p},

(4.13) Ji(pYsp—i) < Ji(p};p—i).

On the other hand, because of the concavity of f;, we write

Ji(pp_ / (/ iz, p?) da:—/D )e_”tdt

—ve pT/ Di(x, (T, z)) dex > llmn_>oo/ / file, pi™)e ™t da dt
0

/ /D )e ptd:vdt—ye*pT/ Di(z, (T, x)) d.
Q

Since ¢ — ¢ in C([0,T; L?(2)) and a.e. in Qr, we know, thanks to the smooth-
ness of D;, that fOT Jo Di(x,)e Pt dadt = lim, o0 fOTf D;(z,c;")e Pt dx dt and
that ve=*T [, Di(x,c) (T, x)) dr — limy, o0 ve™ P71 [, Di(z, ¢} "(T 1:)) dx. The latter
relation thus also reads

T
Jz(p(z)apfz) > mn—)cx:/ </ fi(xvpz d.’E - / D * " dl’) eipt dt

(4.14) - mnﬁool/e*”T/ Di(z,c;"™(T,z)) dz = lim, 00 J; (p; "3 0™;).
Q

By definition of the optimum p;"", we know that J;(p;"";p™;) > Ji(q;;p";) for any
gi € E;. Tt yields in (4.14):

(00 p—i) > Ty oo (/ (/ filw,a1) dxf/D 2, ¢(t, 73 gor " ))dx)e ot dt

(415) 7V67PT/ Dl(z7c(T7x7Q’L7p’r—Lz)) dll?)
Q

for all ¢; € E;. We will infer from (4.15) that J;(p{;p_;) is an upper bound of
Ji(qi;p—;) for any ¢; € F;. Indeed, we can establish the same estimates for c(-; g;, p™;)
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than those proved for ¢/ and conclude that c(-;¢;,p™;) — ¢(:; ¢i, p—i) in L*(Qr) and
a.e. in Q7. Therefore, we are able to compute the following limit:

lim </ (/ filz,q;) dx—/D (z,c(t,z; ¢ ™ ))dx)e_ptdt
n—oo

_Vepr/ Di(xvc(Tax;qiapni))dx>
Q

T
:/ ( fi(z,qi d:cf/D x,c(t, x5 ¢, D ))dx)e Pt dt
0 o

—ve pT/ Di(x,c(T, x;qi,p—i)) dx = J;(qi, p—i)-

Including this result in (4.15), we get

Ji(%;p_s) > Ji(qi; p—i) for any ¢; € E;.
In particular, this inequality holds true for ¢; = p}, that is,
(4.16) Ji(pdsp—i) > Ji(pisp—i).

We conclude from (4.13) and (4.16) that J;(p?;p—;) = Ji(p},p—i). Function p? is then
solution of the same optimal control problem than p;. The solution of this problem
being unique (Lemma 3.4) we conclude that

p) =pj,

and the sequence p;"" converges weakly to p; in L?(Q7) for i = 1,2. The continuity
of C for the weak topology of L?(Qr) x L?(Qr) is proved.

But we also can prove the sequential compactness of the image of C by going on
with the latter sequences and proving that strong convergences actually hold true:

pi™ = pfin L*(Qr), i = 1,2.

The key argument will be the strict concavity of fi. Knowing that p; = p?, (4.14)
now reads

(4.17) Ji(pfsp—i) > limy o Ji(p1"50™5).

By definition of p;"" = argmaxq em, Ji(qi; p™;), we have in particular, since p; € Ej,
Ji(pi " p™,) > Ji(pr;p™,;). Thus

T
lim,, ,  Ji(p;"; 0" )>hmn%oJ(pZ‘;pZ)=/ / filw,pi)e "t dx dt
0 Q;

T
—lim,,_, </ / Di(z;c(t,z;pf,p™;))e "t do dt
0o Jo

(418) _Ve_pT/ DAx,c(T,x,p;k,pnl))dl'),
Q

where c(t, x; pf, p™,;) satisfies
Rypoe(t, z;pi,p";) — div(pS(v)Ve(t, z;pl,p";)) + v - Ve(t, z; pf, pt;) =

—r(et, @5 pi, p"3)) + pixa, + P ixa_, — get, w;pi, p”;) + 7 in O,
S()Ve(t,z;pf,p";) - n=0o0onT4 x (0,T), c(t,z;p;,p";) =0 on s x (0,T),
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with ¢(0,z;p},p™;) = ¢o in Q. Following the lines of the estimates done for ¢;"",
we show that there exists a subsequence of ¢(-;p¥,p",;) which strongly converges in

—1

L?*(Q7), a.e. in Qp, and weakly in L%(0,T; H'(2)) to the unique solution of
Rydc — div(yS(v)Ve) +v - Ve = —r(c) + pixa, + P—ixa_, —gc+~ in Qr,
S(w)Ve-n=0o0nT4 x (0,T), c=0o0nTy x (0,T), with ¢|t=9 = ¢o in Q,

that is,
c(pf,p™;) — c(pfp—s) in LQ(QT) and a.e. in Qp.

Thanks to the hemicontinuity of D;, i = 1,2, it follows that

(419) mn—wo‘]l(p:ynvpﬁz) > Ji(p:;p—i)'
From (4.17) and (4.19), we get
(4.20) Ji(pj;p—i) = lim_ Ji(p; "5 ps).

We can also prove that c(;;p"",p";) — c(:;pf,p—i) in L*(Qr) and a.e. in Qp, and
according to the hemicontinuity of D;, as n — oo,

Di(z,c(t,z;pl™, p",))e P de dt — Di(x,c(t,z;pf,p—i))e” P dx dt,
QT QT

Di(z,e(T, x;p;",p"))e T dx — | Di(z, (T, z;p},p_i))e T dr.
Q Q
Thus from (4.20) we get

T T
lim / / filz,p™)e P dx dt :/ / filx,p})e Pt dx dt.
n=oJo o JQ; 0 Jo,

Function f; being continuous and strictly concave, we infer from the latter relation
and Theorem 3 in Visintin [22] that

pi™ = prin L2(Q; x (0,7)), i=1,2.
We have proved that C is a compact application in L?(Qr) x L?(Qr).

Finally, the Schauder fixed point theorem applies: there exists (p‘i, pg) € Fh X FEy
such that
C(ph,p3) = (1}, 13)-
By definition of C, it satisfies

P = argmax,, ¢, Ji(qu;p5) then Jy(p3;py) > Ji(qr; p5) for all ¢ € By,
ph = argmax,, c p, Jo(q2; P}) then Jy(ph; p}) > Jolqe; ) for all go € Es.

Thus (p‘j, pg) is a Nash equilibrium. This ends the proof of Theorem 3.6.

5. Characterization of a Nash equilibrium by the adjoint problem: A
uniqueness result. In view of the nonlinearities in the problem, both in the ob-
jective functions and in the state equation, proving a uniqueness result for the Nash
equilibrium is a complex issue. We turn to another formulation of (3.6)—(3.7) by de-
riving the adjoint problems associated with the reaction functions given in Definition
3.3. Such a Pontryagin approach allows us to characterize a Nash equilibrium by
a PDE’s problem but at the cost of some additional assumptions on the objective
functions. Notice that all the assumptions listed in subsection 3.1 remain.
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5.1. Optimality conditions. First we derive the adjoint problem satisfied by
a Nash equilibrium.

LEMMA 5.1. Assume that f;: p € [0,p] — fi(z,p) and ¢ € Ry — Dy(x,c),
i = 1,2, are C* functions for almost every x € Q. Let (p’,p3) be a Nash equilib-
rium defined by Definition 3.5. Let & (t,x) = c(t,x;p},p3). There exists (15, u}) €
(L%(0,T; HY(Q)))? such that fori =1,2

(5:0) a9l (0.2)) = it ) (o) in O

oD; .
(5:2) Rydus; + v - Vi + div(S(0)Vpag) = v ()i + Rujop — =7 (&, ") im O,

(5.3) (¥S(v) V] + 15 (xT,v — XT5k01)) -1 =0 on Ty x (0,T), 4] =0 on T x (0,7),

(5.4) Ry’ (T, x) = aaDCi (z,(T,z)) in Q.

Proof. The proof relies on the fact that a Nash equilibrium corresponds to an
intersection of the optimality conditions associated to the players’ reaction functions
of Definition 3.3. Let A1 (resp., A2) be the adjoint variable associated with the state
variable ¢ for the first (resp., second) reaction function. The corresponding Lagrangian
functions are, for i =1, 2,

T
Li(e,pi, Ai) = Ji(pi;p"irc) + / / (Rdyc +v - Ve —div(pS(v)Ve) + r(c)
0o Jo
+gc — pixa, — Pixa_, — )\ dv dt.

Using the relation (v-Vc)\; = (div(ve) — ¢div(v))A;, bearing in mind that dive = g,
integrating by parts, and using Fubini’s theorem, we get the following form of £;:

Li(c,pi, A / / filx,pi(t,z))e Pt da dt — / / Dj(z,c(t, z; pl,p_z))e Pt e dt
—ve ”T/ D;(z,c(T, z;p;,p dx—l—/ / —RypOhic — (v - V\)c
+pS(v)Ve - VA + r(c);) da dt — / / (pixe, + P X, +7)Aidzdt
+R/1/)cTa: (Txdszw/ Ai(0, 2) d

—/ / (wS(v)Vc-n))\idadt—i—/ / Aie(Xr,v — Xr k1) - ndo dt.
0o Jr, o Jry

We compute its variations using Taylor’s first order formula for the nonlinearities.
Since S(v) is symmetric, we obtain

0L C pla i / / (afl X pz t l‘))e Pt _ i) (5p2 dx dt

+/ (Rw/\i(T, x) — Vaalzl(x,c(T,x;pi,pb_i))e_pT) 5e(T, x) dz
Q
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T .
+ / / (—Rwﬁt)\,- —v- VA +1'(e)\ — aaDl (m, c(tm;pi,pbi))e_pt) dcdx dt
0o Jo c

T T
_/O /Qdiv(z/JS(v)V)\i)écdx dt —/0 /F2 (WS (v)8(Ve) - n)Nido dt
T T
+ /0 /Fl(l/JS(U)V)\i) -ndcdo dt + /0 /1“1 \ide(xr,v — xryv1) - ndo dt.

Set pl(t,x) = \i(t,x)eft for (t,x) € Qp. Canceling the Lagrangian variations with
respect to ¢(T, x), to the control p;, and to the state variable ¢, respectively, provides
the terminal condition (5.4), the optimality condition (5.1), the adjoint equation (5.2),
and the boundary conditions (5.3). d

Adjoint equation (5.2) is antidiffusive. However, it is well-posed according to
its terminal condition (5.4). We define the time reversal operator Cr : L'(0,7) —
LY(0,T) and the functions F; : f/([0,p]) — [0,p], i = 1,2, by

Cru(t) = u(T —t) for t € [0,T], %(w, Fi(y) =y.

The existence of F; is ensured by the strict concavity assumption on p — f;(-, p). Using
the latter notations, the state system (2.1)—(2.4) and Lemma 5.1, a Nash equilibrium
is now characterized by the following PDE’s problem.

DEFINITION 5.2 (adjoint problem P,qj). Problem Paqj consists in finding
(¢, 15, u3) satisfying

Ry +v -V —div(yS(w)Ve') = —r(”) — g + xa, Fi(xa,Cri)
(5.5) X0, Fa(x.Crud) + 7 in Qr,
(5.6) S()VE -n=0onTy x (0,T), ¢ =0 onTyx (0,T), CTt:O =co in Q,
RyQyp; — Crv - Vi — div(S(Crv) Vi) + ' (Crc )l + Reppy]
aD;

~ dc
(S(Crv) Vil + 1 (xT,Crv — Xr35C7v1)) -n =0 on Ty x (0,T),
(5.8) ©2=0o0nTyx (0,T), i=1,2,

oD; .
(59) Rwﬂz\t:o = Vﬁ(" cb|t:T)7 1= 17 23

(.Cre®) =0 in Qp, i=1,2,

where v is the solution of (2.2) and (2.5).

We state and prove the following existence result of a weak solution for problem
Padj-

PROPOSITION 5.3. There exists a weak solution (c”, 15, 1) of problem Paqj be-
longing to (C([0,T); L*(Q)) N L2(0,T; HY()) N HY(0,T; H-1(Q)))3. Moreover, if
¢ € Ry — Dy(z,c) is an increasing function a.e. in Qp, then /LE >0 a.e. in Qp,
i=1,2.

Proof. The existence result for such a system of parabolic equations coupled by

continuous and bounded nonlinearities is classical. Its proof, for instance, using a
fixed point approach after the linearization of (5.5)—(5.9), is thus not detailed. We
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check the nonnegativity of u?. Let u~ = sup(—pu2,0). We multiply (5.7) by p~, and
we integrate by parts over 2, = Q x (0,7) with 7 € (0,7). We obtain

R
5/¢|/r\2da:+/ (Crv- V) u™ dxdt+/ V-S|V~ |? dz dt
Q Q.

Qr

r(.b -2
+/ (r'(¢) + Ryp) |~ | dasdt+/ﬂ7

-

oD; by R _
ey dodt < 5 [ vl e
(5.10) —/ g ((CTU -n)xr, — (kCruvy ~n)Xp3) |,u_|2 dsdt.

1
Notice that Mﬁ:o = 0 because we assume here that d.D; is a nonnegative function.

Moreover, integrating by parts and using Crv - V! = div(Crvp) — p2div(Crv), we
compute

/ (Crv - Vi)~ dedt = / div(Cpop?)p~ da dt + / gl |? de dt
Q. Q. Q.
= / (Crv-Vu )p~ dxdt+ / glu~|? du dt
Q. 2

—/ ((CTU -n)xr, — (kCruy - n)xps) |~ |? ds dt,
Iy

where [, g|p|*dzdt >0 and

/(CTU-VM_)ﬂ_dxdt‘</ &|V,u_|2dxdt+0/ |~ |? da dt
Q Q, 2 Q,

.

since v belongs to (L>°(27))". The other terms in (5.10) satisfy [, Ripp|lp~|*dzdt >
0, fo. 9Di(Cpc’)p~dadt > 0, and | fo, 7'( A)|p~ Pdxdt| < ry Jo, [~ [Pdadt. Inserting
all the latter estimates in (5.10), we obtam

E/¢,|,f|2dgc+/ &W,u_ﬁdxdth/ || dadt
2 Ja Q, 2 Qr

for any 7 € (0,7). We conclude with the Gronwall lemma that fQT |~ |2dxdt = 0;
thus sup(—u?,0) = 0 a.e. in Q7. This ends the proof of the result. |

5.2. A uniqueness result for the Nash equilibrium. According to Lemma
5.1, the uniqueness of the Nash equilibrium will be ensured by a uniqueness result
for the solution of problem P,q4; given in Proposition 5.3. We state and prove the
following result.

THEOREM 5.4. Assume that ,u'; given in Proposition 5.3 belongs to L™ (Qr) for
1 =1,2. Assume that the functions r', F;, and 8.D;, i = 1,2, are Lipschitz continu-
ous. Then the solution of problem Paq; is unique.

Theorem 5.4 is based on the assumption that uz given in Proposition 5.3 belongs
to L>*(Qr) for i = 1,2. We claim that it makes sense because this assumption may
hold in a variety of settings. An example is the following.

Assuming ¢ € Ry — D;(z, ¢) is an increasing function a.e. in Qr, we have already
seen in Proposition 5.3 that uE— >0a.e. in Qp, i =1,2. Assume moreover that kvy-n <
0 and T'y = 0 (which means that pollution is trapped in the domain), or assume that
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= (. Assume that there exists pmax € Ry such that vd.D;(z,c) < pmax and
(9(t,x) —1'(c) + p)pmax — OcDi(x,¢) > 0 for any ¢ € R4 and for a.e. (t,x) € Qp.
Then 0 < 12(t,2) < pimax for a.e. (t,2) € Qp.

For proving this boundedness result, notice that u? — lmax Solves the following
problem:

RpOy (1) — fimax) — C10 - V(12 — pimax) — div(pS(Crv)V (12 — pimax)) + 7 (C1¢) fimax
+T’(CTC)(:“Z - Hmax) + Rlﬂp(ﬂi - Mmax) + RYplimax — 8cDi($,CTC) =0in Qrp,
maX(OJ‘E - Mmax)\tzo =01in £,

VS (Crv)V (1) — piamax) - 1+ ((Crv-n)xr, — (KCrv - n)xps) =0on Iy x (0,7),
max (0, u? — Pmax) = mMax(0, —fmax) = 0 on T'y x (0,7),

the initial condition being given by the additional assumption on v»9.D;. Then mul-
tiply the first equation by u* := maX(O,,uE — Pmax), and integrate by parts over
Qx(0,7), 7 € (0,T). Similar computations to those in the proof of the nonnegativity
of 12 given for Proposition 5.3 then give the result.

Proof of Theorem 5.4. The difficulty lies in the strong nonlinear coupling between
(5.5) and (5.7). It appears in particular that the nonlinearities do not allow in general
the use of the Gronwall lemma for proving the uniqueness result. Indeed, the Gronwall
lemma gives an estimate that only depends on the initial value of a functional iff this
functional only appears at the power one and uncoupled from the other unknowns in
the estimates. Here we thus begin by proving the uniqueness for small times. Then
we will check that the argument may be reiterated until the complete time interval of
study is covered.

For the Lipschitz-type assumptions in Theorem 5.4, we introduce the following
notation: If function ¢ is Lipschitz continuous, we denote by ¢, the real number
such that |[¢(z) — L(y)| < ly]xz — y| for any (z,y). Assume now that there exist
two solutions, (¢, p1, p2) and (c, H17H2) of problem Pqj. Their difference solves the
following problem:

RpOi(c —c)+v-V(e—¢) — diV(@bS( )V(c—c)) =—=(r(c) —r(0)

(5.11) —g(c—c¢) Z xa, (Fi(Crps) — FZ-(CT&,)) in Qp,
i=1,2

(5.12) ¥SW)V(c—¢)-n=0o0nT; x (0,T), c—c=0o0nTy x (0,7),
(5.13) (c—¢)p=0 = 0in Q,
ROy (i — p,) — Crv - V(py — ) — div(¥S(Cro) V(i — p,))
+1'(Cre)(pi — ;) + (r'(Cre) —r'(Cre)) p, + Ripp(pi — p.)
(5.14) —(acDi(x,CTc) — 8CDi(a:,CTg)) =0in Qr,
VS(Cro)V(pi — p,) - n+ (Crv-n)xr, (ki — 1)
—(KCrv1 - ) xry (1 — p;) = 0 on I'y x (0,7),
(5.15) p; = p, on 'y x (0,7),
(5.16) (u; — Hi>\t:0 = v0:.Di(x, cjp=r) — u@cDi(m,g‘t:T) in Q.
Let Ty € (0,T) and 7 € (0,7}). First, multiply (5.11) by (¢—c¢), and integrate by parts

over Q, = Q x (0,7). Using the Cauchy—Schwarz and Young inequalities, bearing in
mind the assumptions, we get the following estimate:
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R _Sm
B o= o+ 57 [ V(e o deae

-

[v]|3 ) / 2
<[ —=-+7ry +1) Ty sup c—o)i_.dx
(w Srett) o [ oo

T
(5.17) k, + Z sup |,ui - ﬁi|2 dz.
i=1,2 [0.To]

Next, multiply (5.14) by (u; _Hi)’ and integrate by parts over €2,. Once again, using
the Cauchy—Schwarz and Young inequalities, we get the following estimate:

R
w / |t Sdr+_ S, / Hl_)|2dmdt+/9 R¢p|,ui—ﬁi|2dxdt

/ / (Crv — KCru1) - m )|uifﬁi|2dsdt
I
Rw-{-l/

< / (Crv V(i — ) (s — ) d dt + / (0.1 (¢lp—r) — OcDileyr) | da

ioorl 8D
+(r++”””2 v @ >TOSUP/NZ w,|? dzx
0,70

) /
(5.18)  + (”“’”‘”” ;& D )TO sup / e — of? da,

2 [0,T0]

where, since Crv - V(p; — p,) = div(Cro(p; — Hi)) = (i — p,)div(Crv),

/Q (Crv -V — p,)) (i — p) dz dt = /Q div(Cro(p; — Hi))(“i —p,;)dzdl
_/ glui — p, 1 dx dt = /Q (Mi_Hi)(CTU'V(Mi_Hi)) dz dt
/ ((Cxv — KCrv1) - n) i — giIstdt—/ glpi — p,|* dedt
F1 Q.

and

_Sm
] / (ui—u»(CTvV(ui—ui))dwdt\s¢2 /Q IV (i = p,)|? do it

.

lv]13 / 2
+——>>Tp sup Wi — p|* dadt.
29_Sm " (0,10 Ql =

Using the two latter relations in (5.18), we obtain

lh,b / It . 1/1_2Sm / ‘V(/Ll —Ei)|2 dr dt
||/~Li||oor3r (0:D;) 4 HUHQoo 2
< .
< (m B s 05, + [l9llso ) To s7u};: / i — | dee

i|loo ! 1
(5.19) +(||MH2T++2(1+Rw+y)(8D )To sup/|c—c| dx.

[0,T0]
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We pass to the sup in the sum of relations (5.17) and (5.19). We obtain

R 2
L—Tg M—l— ry+ 14 [[pilloory + (1 + RY4v)(0cD;5) + sup/|c—c| dx
2 2¢75 [0,To]

Ry F lpiller’y (9D vllZ
+_Z <2—T0 <2++r++ Shms ( 5 )« | 2!b_||5m +llglloo

X su i 2d33+¢ Sim c—c|*dxdt + = |? | dedt
D Iu ©l i — K,
QTO

[0,To] i=1,2

<0.

We conclude that ¢ = ¢ and p; = B i=1,2,ae in Q x (0,Tp) if T is such that

Ry [KE o
Ty < T. :=2min{(2¢ ~ +r++1+||m||oor’++<1+Rw+u><acDi>+) ;

F? illoo™, 9:D; v|2
<2,++r++ lisleort | @eDi)e ol goo>
Finally, we can extend this uniqueness result in the small, for instance, from [0, 7%/ 2]
to [0,7%] by choosing the values (¢ — ¢)i=r, )2 = 0 and (u; — p)i=7, )2 = 0, i =
1,2, as new initial conditions and by using the same arguments in [T}/2,Ty]. We
reiterate until covering the whole [0, T]. The global uniqueness result of Theorem 5.4 is
proved. ]

6. Numerical illustrations. This last section is devoted to the presentation
of some numerical illustrations in the context of agricultural pollution due to fertil-
ization. Although we had to limit ourselves to a few examples of situations, they
help to get insight into the applicability of the previous theoretical results. We adapt
the tools developed in [8] for the numerical simulation of optimal control problems
linked with groundwater pollution. More precisely, we compute the solution of (5.5)—
(5.9) using a finite volume scheme based on a two-point flux approximation with
upwind mobilities embedded in an iterative fixed point approximation. The time and
space steps characterizing the discretization of the PDEs model have been fixed at
1072

The aquifer is figured by the parallelepiped (z,y) €]0,900[%, z €] — 9,0][; the
values are given here in meters. Indeed most of the groundwater reservoirs are thin
geological formations. The players are two farmers who equally own the field above
the aquifer: ]0,450[x]0,900[ for Player 1, [450,900[x]0,900[ for Player 2. One or
two water production wells are located on the parcel on the line y = 450. We will
study the influence of their positions on the results. The duration of the experi-
ment is 100 days which corresponds to the fertilizer application period for most cereal
crops. The physical parameters have been chosen in agreement with the classical
literature (see, for instance, Bear [5]). The soil is characterized by the parameters

= 39.04 m-day~! and ¥ = 0.3. In such a shallow aquifer the fluid displace-
ment is essentially horizontal. For ensuring the interpretability of the results, the
fluid velocity equation (2.2) is completed by boundary conditions that are homoge-
neous, except at the left and right boundaries, x = 0 and x = 900, leading to a
quasi-horizontal flow from left to right (see Figure 1) with a Darcy velocity of the
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FIG. 1. Representation of the Darcy velocity in the aquifer rescaled into the hypercube [0,1]3
for the readability.

order of 600 m-year—!. Such a value is in the low range of the usual water displace-
ment speed in porous media. It has been chosen to illustrate that the dynamics
of the underground water, even if it is very slow, has a great influence on the re-
sults.

The water diffusion is given by S, = 9.4 - 1078 m?.s~!. The Péclet number is
thus of about 600, and the horizontal dispersion is thus dominant (see [9]). We set
ar =5-1072 m. We choose the example of nitrates fertilization. Nitrates are known
to easily leach with water: they are almost not adsorbed by the soil, and we thus set
R = 1. For the reaction term r, we use the function 7(c) = 1073¢%. The natural input
is ¥ = 0.05 mg-L~'s™! and ¢ = 0.005 s~!. The initial condition is cg = 5 mg-L~".
The benefit function is the same for both farmers, namely,

Ky — KoK310~ 4 Kspe—10"r _ K, 4 KoK, ifp <0,
f(p) = K — K2€7K3p ifpe [0, 2]3},
K1 — Ky K310~ 4 2K3P(10°(2p—p) _ 1) — K,e=2K3P  if p > 2p,

with K7 = 11.7888, Ky = 8.6-1073, K3 = 50.465, and p = 1.5. It comes from Godart
et al. [14], where the crop yield is depending on the yield value without nitrogen
input and the asymptotic value when the input becomes important. Values of the
parameters depend on the crop species. Here we choose the example of wheat crops.
Notice that the Godard function has been modified for ensuring that the fertilizer
load p remains in the interval [0,p] without using a truncated function so that the
functions F; and F3 in the adjoint problem P,q; are well defined. The cost functions,
on the other hand, are differentiated among farmers by a parameter that allows the
pollution cost to be distributed unequally:

Di(c) = w;D(c),i = 1,2, with D(c) = 100 *xwels, wo = 1 — w1, w; € [0,1].

The other parameters in the functionals J;, i = 1,2, are v = 1 and p = 0.05.

The first illustrations are given in Figures 2 and 3. We chose a situation where
only geography, i.e., the position of the well(s) on the land, differentiates the farm-
ers. The cost and benefit functions are the same for both players. Consider first
the images in line 3. The first observation is that having the well in the heart
of one’s property is obviously penalizing from the point of view of spreading (ob-
serve the figure in column 2). But above all, by comparing column 1 and col-
umn 2, we can see that the displacement of water in the subsoil, even if it is very
slow, has a real influence: farmer 1 is indeed very penalized because all that he
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Foa — Foid2 Fad Faa2 —

Time

Time:

Fields surface Fields surface Fields surface

Fic. 2. Influence of the position of the water production wells on the Nash equilibrium: fertilizer
load (pﬁ,pg) on the line y = 450 as a function of time. Line 1: illustration of the position of the
well(s). Line 2: cooperative case. Line 3: noncooperative case, with equal distribution of the cost
between the two farmers (w1 = 0.5). The blue lines figure the border of the well. The yellow line at
z = 450 m has been added to enhance the nonsymmetry of the results. The color bar gives the value
of the pollution flux on the surface.

spreads is directed toward the well (observe the figure in column 1). These con-
straints tend to decrease with time (observe the decrease of the blue area in the
figures) because we consider the problem in finite time and the exponential with
the discounting parameter p in Definition (2.6), even if it is small, has a real influ-
ence.

Figures 2 and 3 also compare the cooperative and noncooperative cases. The
cooperative case actually requires considering the problem in the case where one
farmer owns the entire area ]0,900[x]0,900[. The problem then comes back to the
classical optimal control problem, the aim being to maximize the functional J defined
by

J(p17p2,c(';pl7p2)) = 7V€7PT/ D(xaC(T,$§P17P2))d$
Q

T 2
(6.1) +/0 /Q Zfi(x’pi(t’z))xm(z)_D((Iac(tyx;Pth)) dx | e P dt.

Using the adjoint approach, one may compute that the solution of the latter problem
is given by

p= ZXSi(fi’)‘l(Xsiu%
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J_1[NN]+]_2[NN]-|[NN]=3e-05 ] 1INN]+)_2[NN]-JINN]=0.00272
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F1G. 3. Optimal control (cooperative case) versus game theory: comparison of the values of the
objectives for one well in the middle of the field, one well in the right part of the field, and two wells
(see the illustration of the settings in line 1 of Figure 2). The difference of the objectives values at
the last iteration is explicitly given at the top of each figure.

where p satisfies

Rypoic +v - Ve —div(ypS(w)Ve) = —r(c) — gc+p+ v in Qp,
S(w)Ve-n=0o0nTy x (0,T), c=0o0n Ty x (0,7), ¢4—9 = co in Q,
ROy — Crv - Vi — div(epS(Crv)Vu) + 7' (Cre)p + Rppu
oD .
- E(‘,CTC) =0in QT,
(wS(CTv)Vu + u(xr,Crv — XI‘3/€CT’L)1)) ‘n=0onTy x (0,7),

oD
p=0onTy x (0,7T), Rpjp—o = VE(.’C“:T)'

So, even in the case of homogeneous boundary conditions (where u? = yq,wip), the
value of the objective J defined in (6.1) differs from the sum J; + Jo of the objec-
tives defined in (2.6). Nevertheless, when comparing lines 2 and 3 in Figure 2, the
results in the cooperative and noncooperative cases seem very similar for the pa-
rameters chosen here. One has to compute the values of the objectives to see that
noncooperation is more profitable; see the green and red values at the last iteration
represented in Figure 3. The reader will note that we have taken advantage of Figure
3 to illustrate the convergence of the fixed point algorithm used for the calculation,
hence the representation of the values of the objectives at the different iterations
while only the value at the last iteration obviously reflects the optimal solution. We
observe a stabilization of the objectives over the iterations which illustrates the con-
vergence.

The numerical tool allows us to test the sensitivity of the model to the differ-
ent parameters involved. In this article, we chose to illustrate the influence of the
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Fic. 4. Non-symmetric repartition of the cost: Nash equilibrium. Line 1: wy = 0.3. Line 2:
w1 = 0.7. The symmetric case w1 = 0.5 was represented in Line 3 of Figure 2.

environmental cost distribution. Some results are given in Figure 4. Focus, for in-
stance, on the third column. The important point is that Farmer 2 is penalized
almost as much when he pays only less than one-third of the cost as when he pays
more than two-thirds. Once again, this observation allows us to point out the impor-
tance of groundwater dynamics (which here transports all the pollution to the side of
Farmer 2).

7. Conclusion. In this article the mathematical analysis of a spatial differen-
tial game of groundwater pollution is performed. The existence result for a Nash
equilibrium is stated using fixed point theory, and the uniqueness result is proved
using Pontryagin’s maximum principle optimality conditions. Numerical simulations
are provided. They illustrate the difference between the cooperative and noncoop-
erative cases in various situations, in particular depending on the position of the
wells. The extension of our work to infinite horizon, that is, setting T" = oo, is a
challenging question. The interested reader may check that Theorem 3.6 is actually
a global result. The existence result of a Nash equilibrium in infinite horizon fol-
lows. Nevertheless, our uniqueness proof then falls because the well-posedness of the
adjoint problem derived through the Pontryagin’s approach is not a straightforward
result. More precisely, if T = oo, the time reversal operator introduced for dealing
with the adjoint problem is useless, and we have to tackle the antidiffusive problem
(5.1)—(5.3) completed by an appropriate transversality condition as T — oo. We
finally note that the latter one may be guessed. Indeed, assuming that the limit
of the time derivative of the value function as time goes to infinity is equal to zero
(this hypothesis has to be substituted to the long-time vanishing of the value func-
tion used in Bouccekine, Camacho, and Fabbri [7] because here, due to the differen-
tial game setting, the individual player optimization problems in Definition 3.3 are
not autonomous and the corresponding Hamilton—Jacobi—Bellman equations are not
stationary), Proposition 4 in Ballestra [4] holds. We thus guess that the necessary
transversality condition should have a classical form, namely, stipulating the long-
time vanishing of the integral in space of the Hamiltonian functions on the optimal
paths:

lim H,(T, cb,pg, Ai)dx =0,
T— o0 Q
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where Hamiltonians H; are defined by

Hi(t,cb,pEf’Az)(x) = (fi(xapg(t’x))xﬂi - Di(x,c(t,x;pg,pbz)))e_pt

—i—)\g(t, x) (div(z/)S(v)Vcb) —v-V — r(cb) — gcb +pgxgi —i—pgxgﬂ.)(t, x)

and N2 (t,x) = p(t, x)e Pt
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