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ABSTRACT. We consider a particular phase field system which physical context
is that of tumor growth dynamics. The model we deal with consists of a Cahn-
Hilliard equation governing the evolution of the phase variable which takes
into account the tumor cells proliferation in the tissue coupled with a reaction-
diffusion equation for the nutrient. This model has already been investigated
from the viewpoint of well-posedness, long-time behavior, and asymptotic anal-
yses as some parameters go to zero. Starting from these results, we aim to face
a related optimal control problem by employing suitable asymptotic schemes.
In this direction, we assume some quite general growth conditions for the in-
volved potential and a smallness restriction for a parameter appearing in the
system we are going to face. We provide the existence of optimal controls and
a necessary condition for optimality is addressed.

1. Introduction. Over the last decades, there has been increasing attention by
the mathematical community towards biological models for tumor growth (see [21]).
Among them, the ones introduced by exploiting phase field approaches and contin-
uum mixture theory cover an important role. The key idea consists in reading the
physical evolution process like an interaction between two particular fluids which
are designed to model the tumor cells and the healthy ones. In this regards, we
especially point out two classes. The first one gives rise to the so-called Cahn-
Hilliard-Darcy or Cahn-Hilliard-Brinkman systems which describe the tumor and
healthy cells as inertia-less fluids including effects generated by fluid flow develop-
ment. To this concerns, let us refer to [22, 29, 32, 33, 35, 53]. The second class
neglects the velocity and consists of a Cahn-Hilliard equation (see, e.g., [43] and
the huge references therein) for the phase variable coupled with a reaction-diffusion
equation for the nutrient. Moreover, let us point out the papers [30, 31], where
transport mechanisms such as chemotaxis and active transport are also taken into
account. Further investigations and mathematical models related to biology can be
found, e.g., in [27, 28].

Here, we try to describe the main purpose of the work postponing the technical-
ities and the investigation of the proper assumptions that will be specified in the
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forthcoming section. Before moving on, let us mention that with Q C R? we denote
the set where the evolution takes place and, for a given final time T" > 0, we define
the standard parabolic cylinder and its boundary by

Q1 =0 x (0,8), X2;:=00x(0,t) foreveryte (0,77,
Q = QT, and X := ET. (11)

Hence, the model we are going to consider reads as follows

adipp + Ovpp — Apg = P(ep)(op — pg) in Q (1.2)

s = Bovos — Aps + F'(pp) in Q (1.3)

Oop — Aog = —P(pp)(op — pp) +up in Q (1.4)

Onig = Onpg =003 =0 on X (1.5)

15(0) = o, ¢5(0) = o, 05(0) =00 in Q, (1.6)

for some positive constants « and 3. Let us emphasize that the notation ¢g, instead

of the simplest ¢, and the same goes for the other variables, is motivated by the

fact that in the following we are going to let 8 \, 0 and we will denote as ¢ the

limit of ¢g. So, with the subscript 3, we aim to stress the fact that such a variable
corresponds to the system with g > 0.

The above system is a simplified version of the diffuse interface model originally
introduced by Hawkins-Daruud et al. in [38], where the velocity and chemotaxis
contributions are neglected (see also [20, 46, 37, 39, 54]) and it also includes some
regularizing parameters. It is worth spending some words explaining the physical
meaning of the model. The unknown g3 is an order parameter and it is devoted to
keeping track of the evolution of the tumor in the tissue. It is usually normalized
between —1 and +1, where these extreme values represent the pure phases, that
is the tumor phase and the healthy cell phase, respectively. The second unknown
i, as usual for Cahn-Hilliard equation, stands for the chemical potential for ¢g.
Finally, the last unknown o3 represents the nutrient-rich extracellular water volume
fraction. It takes values between 0 and 1 with the following property: the closer to
one, the richer of water the extracellular fraction is, while the closer to zero, the
poorer it is. Furthermore, ug is the so-called control variable which will allow us to
interact in some sense with the above system. As usual in control theory, the system
in which the control variable appears is referred to as state system. Likewise, we
will refer to the solution (ug, g, 08) to as the associated state. As far as P and F'
are concerned, they are nonlinearities. The former is a proliferation function, while
the latter is a double-well potential. Customary examples for F' are the classical
regular potential, the logarithmic potential, and the double-obstacle one. In this
contribution, we focus the attention on the first one which is given by

Freglr) = 307 =17 = 1((? = )" 4 (1 =" forreR (17)

For different physically meaningful choices of the potentials we refer to [1], and to

the references therein, where several numerical applications to tumor growth can
be found as well.

We point out that the above model has been quite well-understood owing to

the previous works [8, 11, 13] as far as well-posedness and long-time behavior are

concerned. Moreover, in [26] the analyses of the same model without the relax-

ation terms aOiug and B0:pg, has been performed considering regular potentials
and allowing P to possess polynomial growth. Besides, as long-time behavior of
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solutions are concerned, we also mention [40], where the author extends the well-
posedness results proved in [11, 13], as S\, 0, to the case of unbounded domains.
Moreover, we refer to [44], where the authors investigate the long-time behavior of
the non-relaxed version of system 1.2-1.6, i.e. the case a = § = 0, showing the
existence of the global attractor in proper phase space. In view of such flourishing
literature, a further natural aim is to investigate some corresponding optimal con-
trol problems in which the state system is governed by the evolution system 1.2-1.6.
In this direction, we refer to the recent work [49], where, making extensive use of
the terms adiup and B0:pg, an optimal control problem for the above system is
tackled in a general framework for the potential, allowing both the classical and
the logarithmic potential to be considered. Additionally, the same author proves
in the subsequent work [48], via a proper asymptotic scheme known in the litera-
ture as to deep quench limit, that it is also possible to generalize the assumptions
for the potentials in order to take into account also singular and nonregular po-
tentials like the double-obstacle. Furthermore, let us refer to [12], where a similar
optimal control problem is considered for the state system 1.2-1.6 without these
relaxation terms. In addition, regarding some optimal control problem in which
time is taken into account, we address the recent [5], where also long-time behavior
of solutions has been investigated, and we also mention [34], where an optimal time
therapeutic treatment has been investigated. Finally, we point out the contributions
[23, 24] in which the authors investigate an optimal control problem for different
tumor growth model based on the Cahn-Hilliard-Brinkman equation, which was
previously investigated in [25], pointing out also some sufficient conditions for the
optimality. Lastly, let us mention [51], where a distributed optimal control problem
for the Cahn-Hilliard-Darcy system with mass source was studied.

Here, we actually aim to study an intermediate optimal control problem between
[12] and [49]. In fact, we still consider the state system to be 1.2-1.6, but without
considering the relaxation term 30;pg. Let us emphasize the mathematical interest
of this problem. On the one hand, the non-relaxed version of system 1.2-1.6 was
investigated in [26] and the corresponding control problem was then tackled in
[12]. On the other hand, the relaxed model was studied in [8]. There, due to
the stronger regularity, the authors can take into account very general potentials.
Then, by [11, 13], the asymptotic analysis as « and 8 go to zero was performed.
Moreover, the corresponding control problem was recently treated by the author in
[49]. Hence, it will be interesting to understand how the optimal control problems
associated with these similar models behave. Furthermore, we refer to [47], where
the author, focus the attention on the case a 0,3 > 0.

As for the control problem, we are going to take into account the following
tracking-type cost functional

by by b3
T(p,0u) = e - eallz) + 5 o= oolliz () + 5 o (T) ~ oall?2q)
bo
+ 5”“”%2(@7 (1.8)
and the control-box constraints

Upg :={u € L=(Q) : ux <u < u” ae. in Q}, (1.9)

where u, and v* are functions that fix the admissible set in which the control variable
u can be chosen. Furthermore, by, b1, by, bg stand for nonnegative constants, not all
zero, while pg, 00, 0q denote some target functions defined in @) and (2, respectively.



308 ANDREA SIGNORI

Since our starting point is [49], we will refer several times to the results there
proved. So, it is worth noting that the cost functional (1.8) is slightly less general
with respect to the one there proposed. There, an additional term of the form
Elp(T) - ¢Q||2L2(Q) also appears, for a nonnegative constant k and a prescribed
function g which models the final configuration of the tumor colony. From a
control viewpoint, this contribution allows us to force the final configuration of the
tumor to be as close as possible, in the sense of L?(2)-norm, to the fixed target
pq. Here, we restrict the investigation to the case £ = 0. This will be motivated
by the analysis of the corresponding adjoint problem that leads to assume such a
compatibility condition. To motivate this limitation, let us recall that (see [49,
Syst. (2.22)-(2.26)]) the final conditions of the adjoint problem pointed out in [49]
are the following (note that the constant k is called bs in that paper)

p(T) = Ba(T) = k(@(T) — ¢a), ap(T) = 0.
However, if & > 0 and 8 = 0, we formally deduce that

p(T) = k(B(T) — ¢a)
ap(T) = 0,

which yields p(T) = 0 and therefore also that 0 = k(@(T) — ¢q), which is not
satisfied in general since ¢gq is arbitrary. Hence, to not lead to a contradiction we
assume k = 0, so that the choice of the less general cost functional (1.8) is now
justified.

Thus, the optimal control treated in [49] consists of solving the problem:

(CP)s Minimize J(¢p, p, u) subject to the control contraints (1.9) and under the
requirement that the variables (¢, o) yield a solution to 1.2—1.6.

There, the author confirmed the existence of, at least, one optimal control and also
provide some first-order optimality conditions reading as variational inequalities.

Moreover, let us recall that the asymptotic analysis for system 1.2-1.6 has already
been investigated in [8, 11, 13], where the authors carefully point out some sufficient
conditions to let o and 3 go to zero, both sequentially and separately. As a matter
of fact, they proved that, as 5 \, 0, which is the case we are going to consider,
providing to require additional assumptions, the unique solution to system 1.2—
1.6 converges to some limit which yields a solution to the following problem

v oo+ @l + [ Vi Vo= [ P = o
Vv eV, ae. in (0,7) (1.10)
p=-Ap+F'(p) inQ (1.11)
0o — Ao =—-P(p)(c—p)+u in Q (1.12)
Onppt = Opp = 0po =0 on X ( )
(ap+9)(0) = apo + ¢o, 0(0) =00 in Q. (1.14)

Furthermore, it was shown that, under a suitable smallness requirement on «, that
will be precised later on, the solution is indeed unique.

From a different perspective, one can take the above system as a starting point,
trying to face the analysis of the corresponding optimal control problem. Namely,
one can try to solve the following minimization problem: minimize J(p, o, u) sub-
ject to the control constraints (1.9) and under the requirement that the variables
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(¢, 0) are solutions to 1.10-1.14. Actually, this is the optimal control problem we
try to tackle by following a different strategy consisting of pass to the limit, as
8 N\ 0, in the optimal control problem (CP)g. This technique turns out to be
particularly interesting since we still will obtain similar results with respect to [49].
At the same time, we will treat the optimal control problem avoiding the investiga-
tion of the linearized system, which is usually not so difficult and, mostly, we can
avoid the discussion on the Fréchet differentiability of the associated control-to-state
mapping, which is usually more challenging.

On the other hand, the first-order necessary condition of (C'P) cannot be directly
obtained by letting 8\, 0 in the optimality condition for the corresponding optimal
control problem with 8 > 0. This would be the case if we ensure that every optimal
control for (C'P) can be recovered as limit of sequence of optimal controls for (C'P)g,
which is quite a strong requirement. Unfortunately, we are unable to prove such
a global result. However, a partial one can be stated localizing the problem by
following the idea firstly introduced by Barbu in [2] (see also, e.g., [6, 7, 18, 48],
where such a technique was applied). The idea consists in locally perturbing the
problem (CP)g in order to find the desired approximation result. For this purpose,
the main ingredient is the so-called adapted cost functional that is defined as follows

1 _
T (p,0,u) = T (p,0,u) + 5 lu = llL ), (1.15)

where @ stands for an optimal control for (C'P). Thus, we are naturally lead to
solving the following minimization problem:

(CA’IS)Q Minimize J (i, i1, u) subject to the control constraints (1.9) and under the

requirement that the variables (¢, o) yield a solution to 1.2—1.6.

Next, instead of looking for approximating sequence of optima for (C'P)g, one take
a sequence of controls which are optimal for (Cf'\ﬁ) g- This technique will allow us to
properly let 8\, 0 in the optimality condition for (C/?) 3 to recover the variational
inequality which characterizes the necessary condition for optimality of (C'P).
Summing up, the current contribution has the purpose of showing, by means of
asymptotic approaches, that the following control problem admits a solution:

(CP) Minimize J (¢, p,u) subject to the control constraints (1.9) and under the
requirement that the variables (@, o) yield a solution to 1.10-1.14.

Moreover, we will also provide a necessary condition that an optimal control has to
satisfy in terms of a variational inequality.

Lastly, let us sketch the physical background of the control problem we are deal-
ing with. Roughly speaking, we are looking for the best choice u in such a way
that, with the corresponding solution to 1.10-1.14, it minimizes the cost functional
J. Furthermore, the control u appears in equation (1.12), the one describing the
evolution of the nutrient. Therefore, from the model viewpoint, it can be read as
a supply of a nutrient or a drug in medical treatment. Moreover, for some given
a priori targets ¢g, 0, 0q, minimizing the cost functional J corresponds to force
the system to approach a prescribed targets which should be taken as desirable
configurations for clinical reasons, e.g., for surgery. In addition, the ratios among
the constants bg, b1, b2, b3 implicitly describe which targets hold the leading part in
our application and the last term of the cost functional represents the cost we have
to pay to take w into account. In fact, it should be read as the rate of risks to
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afflict harm to the patient by following that strategy, namely the side-effect that
may occur if too many drugs are dispensed to the patient.

The plan for the rest of the paper is as follows. In Section 2, we set the notation
we are going to use and recollect the obtained results. From Section 3 onward,
we start with the proofs of the stated results. Furthermore, Section 3 is devoted
to investigating the well-posedness and the asymptotic behavior, as 8 \, 0, of the
state system. Lastly, in Section 4, we discuss the control problem (C'P) by invoking
some asymptotic schemes. We check the existence of optimal control, study the
well-posedness of the adjoint system, and provide first-order necessary condition for
optimality.

2. Assumptions and main results. In this section, we aim to set the notation
and collect our results. To begin with, we recall that 2 stands for the space domain
where the evolution takes place and we assume it to be a bounded, connected,
smooth, and open set of R3, with boundary indicated by I'. As the functional
spaces are concerned, it turns out to be convenient to introduce the following

H:=1*Q), V:=HY(Q), W:={veHQ):0,v=00nT},

where 0,, stands for the outward normal derivative. Furthermore, to work with
Banach spaces, we endow them with their standard norms. For a general Banach
space X, we use ||-|| x to designate its norm, X * for its topological dual, and x« (-, ") x
for the duality product between X* and X. Likewise, we use the symbol |||, for
the usual norm in LP(). The above definitions, in turn, imply that (V, H,V*)
constitutes a Hilbert triplet, that is, the following injections VC H = H* C V*
are both continuous and dense and we have the standard identification between the
dual product of V' and the inner product of H. Namely, it holds that

v {u,v)y = / uv for everyu € HandveV.
Q

As for the basic assumptions for the system 1.2—-1.6 and for the cost functional (1.8),
we postulate that

a, > 0. (2.1)
bg, b1, ba, b3 are nonnegative constants, but not all zero. (2.2)
0,00 € L*(Q),00 € H(Q),u., u* € L(Q) with u, < u*a.e. in Q. (2.3)
P € C?*(R) is nonnegative, bounded and Lipschitz continuous. (2.4)
o € H*(Q)NW, o € HY(Q), 00 € H(Q). (2.5)

Furthermore, we employ the following notation

Ur C LQ(Q) be a non-empty and bounded open set such that it contains Uyq
and ||ul|2 < R for all u € Ug.

~

For the potential setting, we require that D(B) = R and that

~

B:R — [0,400) is convex and lower semicontinuous, with 0 € B(0).  (2.6)
7 € C*(R) is nonnegative, m := 7’ is Lipschitz continuous with
Lipschitz constant L, i.e. ||7'|poc®) < L. (2.7)
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Then, we define the potential F', and its derivative as the sum of these two contri-
butions by

F:R — [0, +00], F:=B+7 and F':= B+, (2.8)

where B is a maximal and monotone graph B C R xR defined as the subdifferential
of E, that is, B := dB. Unfortunately, we are not able to face the asymptotic
analyses, as [ goes to zero, without assuming proper growth restrictions for the
potential F'. Some sufficient conditions for our purposes are as follows

F=B+7 isa C3 function which satisfies (2.9)
|B(r)| < Cp(1+ B(r)) for every r € R, (2.10)

for a positive constant Cz. Anyhow, we emphasize that, although we cannot work at
the utmost generality for the potentials setting, all polynomially growing potentials,
as well as exponential functions, comply with the requirements above; in particular,
(1.7) is allowed. Furthermore, by combining the embedding W C L*°(Q2) with the
first of the initial conditions (2.5), it is straightforward to infer that F'(¢g) belongs
to L>(Q). Tt also follows from the above framework that F” is bounded below in
terms of the Lipschitz constant L. Indeed, we have that

F">—L. (2.11)

It is worth noting that, in the case of (1.7), we can take L = 1, as can be easily
checked by computing its second derivative.

Now, we first recall some results already presented in other contributions and
then list our statements. The already mentioned optimal control problem (CP)g
has been tackled in [49]. On the other hand, since the above setting perfectly
fits with the one of [49], all the results there proved are at our disposal. There,
the author, after showing the existence of optimal controls, provides the first-order
necessary condition for optimality making use of the so-called adjoint system to
1.2-1.6. For the sake of simplicity, we just recall here the adjoint system there
founded. From now on, %g denotes an optimal control for (C'P)g, and (fig, $g,05)
the corresponding optimal state. Thus, the adjoint system reads as follows

BOqas — Owpp + Ags — F"(@g)as + P' (@) (05 — Tig) (rs — ps)

=bi(Pg—pq) nQ (212

qp — a0ipp — Apg + P(Pg)(ps —75) =0 in Q (2.13)

— Oirg — Arg + P(@p)(rp —pp) = b2(0p —0q) in Q (2.14)
Ongg = Oppg = Oprg =0 on X (2.15)
ps(T) = Bgs(T) =0, aps(T) =0, rs(T) =b3(@(T) —oq) n€.  (2.16)
The well-posedness of the above system has been already established in [49]. So,

we just recall the obtained result.

Proposition 1. Assume that 2.1-2.10 are in force. Then, system 2.12-2.16 admits
a unique solution satisfying

qs,pp,ms € HY(0,T; H) N L>®(0,T; V)N L0, T; W). (2.17)

Moreover, accounting for the solution of the adjoint system, the following neces-
sary condition was pointed out.
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Theorem 2.1. Assume that 2.1-2.10 are fulfilled. Let Tg € Uyq be an optimal con-
trol for (CP)g, (Tig, $s,0p) be the corresponding optimal state and (pg, qp,7p) the
associated solution to the adjoint system 2.12-2.16. Then, the necessary condition
for optimality is given by

/ (7‘5 + boﬂg)(v — ﬂg) >0 Yv € Uyy. (218)
Q

As sketched above, we would like to exploit the control problem (CP)g in order
to solve (CP) by employing some asymptotic schemes. In fact, in Section 4, we
rigorously show that, as 8\, 0, system 2.12-2.16 converge to

—O0p+Aq—F"(@)g+ P'(P)(@—A)(r —p) =b1( —¢pq) in Q (2.19)
q—adp—Ap+P@)(p—r)=0 inQ (2.20)

—Or — Ar+ P(@)(r —p) =b2(G—0g) in Q (2.21)

(2.22)

(2.23)

O =0, p=0,r=0 onX
ap(T) =0, r(T)=0b3(@(T) —oq) in .

Below, you can find the precise meaning of the above sentence.

Theorem 2.2. Assume that 2.1-2.10 are fulfilled and let (qs,ps,78) be the unique
solution to system 2.12-2.16 satisfying (2.17). Then, there exists oy € (0,1) such
that, for every a € (0,aq), as 8\, 0, and up to a subsequence, we have the following
convergences

qs — q weakly in L*(0,T; W) (2.24)
ps — p weakly star in H*(0,T; H) N L>(0,T; V) N L*(0,T; W) (2.25)
rg — v weakly star in H(0,T; H) N L>(0,T; V)N L*(0,T; W) (2.26)
Bas — 0 strongly in H*(0,T; H) N L>®(0,T;V) N L0, T; W). (2.27)

Moreover, there exists a positive constant C1, independent of 5, such that

Bllgsll .75 + B2 lasll L o,mv) + lasllz2 o,mw)
+ Ipsll 1 0,75y Lo (0,75v) L2 0,75y + 178l 5 (0,75 )L (0,73v )" L2 (0,73w) < O
(2.28)

In addition, the limit (q,p,r) is the unique solution to system 2.19-2.23 which
possesses the following regularity

q € L*0,T; W) (2.29)
p,r € HY(0,T; H) N L>(0,T; V)N L*(0,T; W). (2.30)
Next, we can address the results related to the control problem we are dealing

with. We begin with the first fundamental result concerning the existence of optimal
control.

Theorem 2.3. Assume that 2.1-2.10 are in force. Then, the optimal control prob-
lem (CP) admits at least a solution U € Uyq.

Lastly, by employing a proper asymptotic scheme, we develop the first-order
necessary condition for optimality.
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Theorem 2.4. Assume that 2.1-2.10 are satisfied. Let U € Uyq be an optimal con-
trol for (C'P) with its corresponding state (@, $,o) and let (p,q,r) be the solution to
the associated adjoint system 2.19-2.23. Then, the following variational inequality

/ (r+bow)(v—1u) >0 Y& Uy (2.31)
Q

is satisfied. Moreover, whenever by # 0, the optimal control W is the L?(0,T; H)—
projection of —r /by onto the subspace Uyq.

To conclude the section, we recall a well-known inequality and a general fact that
is widely used in the sequel. First of all, let us remind the Young inequality

1
ab < da® + 5 b?  for every a,b> 0 and & > 0. (2.32)
Furthermore, we recall the standard Sobolev continuous embedding
H*(Q) < L) which holds for every g € [1,6]. (2.33)

Throughout the paper, we convey to use the symbol small-case ¢ for every constant
which depend only on the final time 7', on §2, on R, on the shape of the nonlinearities,
on the norms of the involved functions, and possibly on a. On the other hand, we
will explicitly point out when an appearing constant may depend on 3. For this
reason, the meaning of ¢ might change from line to line and even in the same
chain of inequalities. Differently, we devote the capital letters to indicate particular
constants which we eventually will refer later on.

3. The state system. From this section onward, we start with the proofs of the
introduced statements. We begin with the task of investigating the well-posedness
of system 1.2-1.6, and proving its asymptotic behavior as 5 \, 0. Again, we re-
mark that the above system has already been discussed in [8, 11, 13], where the
asymptotic analysis represents the core of the contributions. For this reason, some
of the calculations below can also be found there. Anyhow, in order to handle the
control problem (CP), it turns out that the results there obtained are insufficient.
Therefore, we perform all the necessary estimates, having the care to emphasize
when the appearing constants may depend on (.

Theorem 3.1. Let the assumptions 2.1-2.10 be fulfilled and let po = —Apg +
F'(po). Then, there exists ag € (0,1) such that, for every a € (0,0a0), system
1.2-1.6 admits a unique solution (ug, a,0s) that satisfies the following regularity

ps € HY(0,T; H)NL>(0,T;V) N L*(0,T; W) (3.1)
wp € WH(0,T; H)n H*(0,T;V) N L>=(0,T; W) (3.2)
os € H'(0,T; H)NL>=(0,T;V) N L*(0,T; W). (3.3)

Furthermore, there exists a positive constant Cy such that the following estimate is
verified
BY2 (10008l L= 0,7y + 198l 1 (0,757 )0 L (0,75 )L (@)
+ Hﬂﬁ||H1(o,T;H)mLao(o,T;V)mL2(o,T;W) + ||0ﬁ||H1(o,T;H)mLoo(o,T;V)mm(o,T;W)
< Ca(llpollv + llgollw + [loollv + 1), (3.4)

where Cs is a positive constant that depends on Q,T, R, a, the shape of the functions
P and m, but it is independent of (3.
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Before moving to the proof, it is worth focusing the attention on the already
obtained limit system 1.10-1.14 which was investigated in [13, Thm. 2.2, p. 41]
(see also [11]). Forgetting the fact that 1.10-1.14 has founded as a result of a limit
procedure, it can be considered as a starting point as a system of partial differential
equations. In this regards, we only have at disposal the derivative of the linear
combination au+ ¢, so that the initial condition, in general, reads as (au+)(0) =
Ny, for a suitable element 7. Furthermore, owing to what already proved for the
system 1.10-1.14, we claim that, whenever ny € V, the existence and the uniqueness
of the solution follows, provide a smallness assumption of the constant « is satisfied.
Thus, we consider this problem under the additional assumptions

(3.5)

Mo = o + ¥o
po = —Ago + F' (o).

The first condition allows us to match the two approaches; that is, to see the above
system as a direct problem and as the limit of system 1.2-1.6 as 5 \, 0. Con-
versely, the second condition states that pg cannot be arbitrary chosen, but it has
to be defined in terms of ¢ in a prescribed way. At this stage, that requirement
could appear quite unnecessary and unnatural, but it will be motivated in view of a
forthcoming estimate (see the Fourth estimate below) which is of crucial importance
for the asymptotic analysis. Under this additional assumption, it follows that the
second of (2.5) is rather a consequence of the first one combined with the strong
regularity we postulated for g, which can now be motivated by virtue of the reg-
ularity we want for pg. Indeed, combining the growth assumption for the potential
(2.10) with the continuous embedding W C L*°(Q2), we infer from the second of
(3.5) that po € V. On the other hand, whenever 1y € V' is given, let us claim that
o and @q can be reconstructed providing to impose 9,0 = 0. In fact, using (3.5),
we realize that we are looking for a variable (g such that

—Agpo + 20 4 F'(pg) =0 in Q
Onpo=0 onT.

Again, the fact that « has to be sufficiently small helps us and the existence and
uniqueness of a solution to the above equation can be proved. Indeed, the nonlinear
term F’(pq) can be split as F'(pg) = B(po) + m(p0), where the perturbation ()
does not bother since it is balanced by the term £0=1° which dominates owing to
the smallness of the denominator (we can indeed assume that oL < 1, which gives
é > L). Then, by combining d,¢9 = 0 with the elliptic regularity theory, we are
able to reconstruct ¢ which fulfills the first condition of (2.5). Finally, from the
first equation of (3.5), we also recover py with the prescribed regularity. With these
comments in mind, we can proceed with the proof of Theorem 3.1.

Proof of Theorem 3.1. For the uniqueness part, we refer the reader to [8, Sec. 3].
As the existence is concerned, we take into account an approximation scheme.
The approximating system Let us take ¢ € (0,1) and consider the so-called
Yosida approximation of the maximal and monotone operator B. Namely, for every
r € R, we introduce

Bu(r) = miﬂg(;g@ —r)? §<s>), Bor)i= LB.(r), and F.i=B.+7.
sE
(3.6)
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It turns out that Ee is a well-defined C* function, B. is Lipschitz continuous (see,
e.g., [4, Prop. 2.11, p. 39]), and for every r € R, it holds that

0< B.(r) < B(r) and B.(r) /B(r) ase\,0. (3.7)

Hence, in order to solve 1.2-1.6, we first solve the approximated system obtained by
substituting F' by Fg, and then we let € N\, 0 to prove the existence to the original
problem. Therefore, we are going to face the following system

aOipige + Orppe — Apge = Ppse)(0se — ppe) in Q (3.8)
pge = PO — Dppe + Fl(ppe) in Q (3.9)

O1oge —Aoge = —P(ppe)(0se — tpe) +ug in Q (3.10)

Onpig,e = Onpge = 0noge =0 on X (3.11)

ps.2(0) = po, p.c(0) = po, 05:(0) =09 in Q. (3.12)

Our starting point is the result below.

Lemma 3.2. Assume that 2.1-2.10 are satisfied. Then, the approximating problem
3.8-3.12 admits a unique solution.

As the uniqueness is concerned, it can be proved as a special case of [8, Sec. 3]. As
regards the existence, let us only mention that, e.g., a Faedo-Galerkin scheme, along
with some a priori estimates, will lead to proving the asserted result. For instance,
as a basis of V', one could take into account the basis consisting of the eigenfunctions
of the Laplacian operator with homogeneous Neumann boundary conditions. We
decide to skip the details because the estimates we are going to perform below are
very similar to the ones that could allow one to solve the approximating problem.
In addition, let us point out that B. and the map which assigns (18, ¥8.c,08.e) —
P(pp.e)(pp,e —0p,e) = Rge are both smooth and Lipschitz continuous, for every
and every e, and therefore the classical Picard-Lindelof theorem directly yields the
existence of a unique global solution to the system of ordinary differential equations
given by that scheme.

First estimate We multiply (3.8) by pg.e, (3.9) by —0ipp.c, and (3.10) by og.
Next, we integrate over Q; and by parts, and add the resulting equalities to obtain
that

/\Mﬁs / lvuﬂe|2+5/ |0vpp, 2 /|Vsﬂﬁe
+/F ‘P,BE /|066 |2 / |VU[35|2 /QP(@B,E)(UB,E_,UB,E)Q
/ ol? + /Q Vol + /Q Fu(po) + / o ? / a5 e

where we denote the integrals on the right-hand side by I, ..., I5, in this order. The
terms on the left-hand side are nonnegative since they all are squares and P and
F. are so by (2.4) and (2.7) along with 3.6-3.7, respectively. Moreover, I, I5 and
I, can be easily controlled owing to the assumptions on the initial conditions (2.5).
As for I3, we deduce that

Bl =| [ Fetow)| = [ Buten+ [ 70 < [ Blon)+ [ Fow < e,
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by invoking the properties of B, pointed out by (3.7) and accounting for the features
of the initial datum ¢y and on the function 7. Then, by employing the Young
inequality, we bound I5 as follows

1 1
1< [ usP g [ lonl
2 Qt 2 Qt

Thus, a Gronwall argument yields that

145, oo (0,13 )N L2 (0, 15v) + BY2 |0y pp.c |20,m5m) + [IV@s el 20,71
+ [[Fe(ep,e)llLoo.1:01 () + 98,ell L= 0.1:m)L20.1v) < € (3.13)
Second estimate Analyzing (3.13), we realize that it does not provide any infor-
mation of ¢g . in L?(0,T; H). Hence, we try to reconstruct the full norm of P8, in
L?(0,T;V). In this direction, we add equations (3.8) and (3.10) to get
On(appe+vpe+0ope) = Alupe +0p:2) = up.

Then, we test the above equation by aug . + ¢g,c + 0g, and integrate over (); and
by parts. Upon rearrange the terms, we obtain that

1
3 LR + s OF +1oaeF) 0 [ Vsl + [ Vo1

t

1
= 5 bl +leol +1eof®) ~ @+ 1) | i Vo

—/ Vige - Vop.e —/ Voge Vg, +/ ug(apige +Ppe+0pe),
Qt Qt Q¢

where the integrals on the right-hand side are denoted by I1,..., Is, in this order.
Using (2.5), we immediately deduce that |I;| < ¢. Furthermore, by combining the
above estimate with the Young inequality, we find that the remaining terms can be
estimated as

L) + |l + L] + 1T5) < ¢ / (pel? + (Vi) + / (opel® + Vopel?)

t Qt

1
ve [ Qoncl+19ond+3 [ fush

Therefore, the Gronwall lemma entails that
les.ellLee(o,rm < c (3.14)

Moreover, we also realize that

| Rs.ell 20,0y < c (3.15)

Third estimate It is worth noting that (3.10) possesses a parabolic structure
with respect to the variable og. and, owing to the above results, it follows that
its forcing term belongs to L?(0,T; H). Hence, the parabolic regularity theory for
homogeneous Neumann problems with regular initial conditions, gives us

log.ell 1 (0,7: 1)L (0,1:v) L2 (0,73W) < €. (3.16)

Fourth estimate Now, we present the key estimate for the forthcoming asymptotic
analyses which motivates the unusual requirement (3.5). To begin with, let us
formally differentiate (3.9) with respect to time to infer that

Orppe = BOupse — NOvpp.e + F (¢p,e)0108,e- (3.17)
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Next, we multiply it by « and replace the first term of (3.8) with this new equation
leading to obtain that

aBOuppe — aldvps + aF (9p.e)0rpp.e + Orppe — Apig.e
= P(‘PB,E)(UB,E — [1B,e)- (3.18)

This formal procedure can be rigorously motivated. Indeed, by introducing the
auxiliary variable zg := ad,pp., we can rewrite (3.18) as a parabolic equation as
follows

ﬁatZﬁ — AZﬂ = fﬂ in Q,
where f3 is defined by

fo = Dpupe = Orppe — aF (pe)0pp.e + Pope)(0pe — 1ipe)-

Owing to the above estimates and to the growth conditions 2.9-2.10 for the po-
tential, we easily realize that, for every S, the forcing term fz € L2(0,7;V*).
Therefore, the abstract theory for parabolic equations (see, e.g., [42]) guarantees
the existence and the uniqueness of a solution zz € H'(0,7; V*)NL?(0,T; V), when-
ever the initial datum z3(0) is sufficiently regular, that is, whenever z3(0) belongs
at least to H. As we will see, the particular choice of the initial datum pg assumed
by (3.5), entails, in the limit, that z5(0) = 0, so that the required regularity is
trivially fulfilled.

Then, we multiply (3.18) by 0., and integrate over (), and by parts to find
that

af
U [owsclf +a [ VowsPra [ Fepiond + | lowal
Q Qt Q: Q:
af 9
=3 ), |00, (0)|° + ; P(op,e)(0p,e — Hpe) Opp,e

- / Viug,e  Voupp.e, (3.19)

where the integrals on the right-hand side are denoted by I, I3, I3, in this order. As
the third integrals of the left-hand side is concerned, we remind that F; is defined
by (3.6) and that F” is bounded below. Moreover, the same bound holds true for
F. with the same constant L. Therefore, the third and fourth contributions on the
left-hand side verify that

o | Flesolbs [ sz 001 [ o 320

t
whereas the other terms on that side are nonnegative. As regards the right-hand
side, let us emphasize that the definition (3.5) plays a fundamental role. Indeed, by
taking t = 0 in the equation (3.9), we get

18,£(0) = BOrpp - (0) — App c(0) + Fl(0p,(0)) inQ

Using (3.5), the initial conditions (3.12), and rearranging the terms lead to infer
that

B0y p.(0) = po + Apo — FL(po) = B(wo) — Be(po) in Q.

On the other hand, from well-known results (see, e.g., [4, Chapt. 2]), we also have
the convergence, both a.e. in Q and in L?(2), of the operator B. to element having
minimum norm of the limit operator B. Actually, since B is regular, it turns out
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that its subdifferential B is single-valued, so that the element having minimum
norm is B itself. Hence, we have

B.(r) = B(r) strongly in L*(Q2), a.e. in , for every r € R. (3.21)

Therefore, we easily realize that || B(¢o) — B:(0)[|% — 0, as € — 0. Meanwhile, the
other integrals can be easily controlled thanks to the Young inequality. Recalling
that P is bounded by (2.4), we control Iy by

(2] <6 [ |0wpp.e

Pcs [ (el + sl (3:22)
Q¢ Q:

for a positive constant J, yet to be determined. In a similar manner, we obtain
@
BI< 5 [ V0l e [ o
Qt Qt

Upon collecting 3.20-3.23, we rearrange the initial equation (3.19) to infer that
aff «
G esc0F + 5 [ [9opsel 0 —or o) [ 0. P

< c(1+ || B(¢o) — B=(v0)l%)

has been shown, where the right-hand side has been managed owing to the above
estimates. On the other hand, we can assume « to be sufficiently small in order to
have that aL < 1, so that it suffices to take ¢ small enough to conclude (1—aL—§) >
0, which, in turn, implies that

BY2 (10008, |l o= 0,7:01) + 106082 | 20,750y < e(1+ | B(wo) — Be(o)lu)-  (3.24)

Fifth estimate Moreover, (3.8) shows a parabolic structure with respect to the
variable g, so that

2, (3.23)

alippe — Appe = fz inQ, where fg:=—0ippe + Pppe)(0p: — pae)-

On account of the above estimates, we easily realize that fz € L?(0,T; H). Thus,
the regularity theory for homogeneous Neumann parabolic equations yields that

l14s,ll 1 0,75 A Lo (0,7:v)" L2 (0,75w) < €. (3.25)

Sixth estimate Furthermore, let us read (3.9) as an elliptic equation with respect
to the variable @g . as follows

—Appe+ Fl(ppe) = ppe — BOrppe in Q.

Then, we consider the above equation written at time ¢, split F! on account of (2.8),
multiply it by —Aepg(t) and integrate over Q2 and by parts to obtain that

/ Aps (D] + / B (5. (6)) [V o (£)] = — / 15, (8) A o (1)
Q Q Q
ny / Drpsc(t) Ap o (t) + / m(05.0(t)) Agp . (2),
Q Q

where the terms on the right-hand side are denoted by I, I> and I3, in that order.
Note that, at the first stage, the second term on the right-hand side can be ne-
glected since it is nonnegative by the properties of B.. On the other hand, Young’s
inequality, along with the above estimates, gives

3
B+ 1Bl + 151 < § [ |Agsc0F +
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Hence, invoking first the elliptic theory, and then comparison in (3.9), lead to con-
clude that

l0.ellLoe 075w + | Be(@p,e) | L= (0,7m) < € (3.26)
Furthermore, the continuous embedding W C L (2), entails that

les.ellne=(qQ) < c. (3.27)

Passing to the limit Lastly, we draw some consequences from the above a priori
estimates, showing that we can let € \, 0 to complete the proof.

Owing to standard weak compactness arguments, we infer that, as ¢ N\, 0, and
up to a not relabeled subsequence, the following convergences

e — pg weakly star in H' (0,75 H) N L>=(0,T;V) N L*(0,T; W) (3.28)
©p.e — @p weakly star in WH>°(0,T; H) N H'(0,T; V)N L>(0,T; W)

(3.29)

0p. — op weakly star in H'(0,T; H) N L>®(0,T; V)N L*0,T; W) (3.30)

Rp. — (s weakly in L*(0,T; H) (3.31)

B.(ps,e) = g weakly star in L*°(0,T; H) (3.32)

are satisfied. Furthermore, compactness embedding results (see, e.g., [50, Sec. 8,
Cor. 4]) easily imply that

Lge = B, Ppe— ps, 0pe— o strongly in C°([0,T); H) N L*(0,T;V).

These convergences give sense to initial conditions (1.6) and allow us to iden-
tify the limit of the nonlinear terms. Indeed, the boundedness and the regular-
ity of P, along with the above strong convergences, yield that (3 = Rg, where
Rg := P(pp)(0p — pp). Arguing in a similar fashion, we infer that 7(¢g ) strongly
converges to m(pg) in L?(0,T; H). Lastly, from the monotonicity properties of the
Yosida approximation introduced by (3.6), we get (see, e.g., [3, Lemma 1.3, p. 42])
that

limsup/ Be(pp.e)ppe = 1im/ B (pp.e)pp.e =/ B(pp)es,
O JQ eN0Jg Q

which implies 93 = B(pg). In conclusion, the limit triplet (ug, g, 0s) yields a
solution to 1.2—1.6 and possesses the postulated regularity 3.1-3.3, so that Theorem
3.1 is completely proved. O

With the result below, we aim at improve the result on the asymptotic analysis
of system 1.2-1.6, as 8\, 0 (compare with the regularity pointed out in [8, 13, 11]).

Theorem 3.3. Suppose that 2.1-2.10 are satisfied and let o := —Apo + F'(¢0).
Then, there exists a sufficiently small ag € (0, 1) such that, for every a € (0, o) and
B € (0,1), the unique solution (ug,pp,cs) to problem 1.2-1.6, as 5\, 0, satisfies

pg — o weakly star in H*(0,T; H) N L>(0,T; V)N L*(0,T; W) (

©p — ¢ weakly star in H(0,T;V) N L>(0,T; W) (

o5 — o weakly star in H'(0,T; H) N L>(0,T;V) N L*(0,T; W) (3.35
Bps — 0 strongly in WH°(0,T; H) N H*(0,T; V)N L>(0,T; W) (
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at least for a subsequence. Moreover, the limit (u, @, o) turns out to be the unique
solution to the limit system 1.10—-1.14. Furthermore, there exists a subsequence for
which we also have the strong convergences

s — ¢ strongly in C°([0,T); H*~7(Q)), for every v >0,

which entails oz — ¢ strongly in C°(Q) (3.37)
ps — p strongly in C°([0,T]; H) N L*(0,T; V) (3.38)
os — o strongly in C°([0,T); H) N L*(0,T;V). (3.39)

Proof. Since it immediately follows on account of standard techniques from estimate
(3.4), we just sketch the proof and left the details to the reader.

The convergences 3.33-3.36 immediately follow by standard argument by esti-
mate (3.4), while the strong convergences 3.37-3.39 can be obtained by invoking
well-known compactness results (see, e.g., [50]). Hence, it remains to check that
(1, 0, 0) yields a solution to 1.10-1.14. In principle, one should consider the varia-
tional formulation corresponding to system 1.2—1.6 and, using the above estimates,
pass to the limit to conclude. Therefore, the only terms that deserve further com-
ments are the nonlinear ones. Anyhow, the strong convergence (3.37) suffices since,
along with (2.4), (2.8) and (3.4), yields that

F'(pg) = F'(¢), P(ps) — P(¢), both strongly in C°(Q).
Furthermore, we infer that
B(pg) — B(y) at least strongly in L*(0,T; H).

It is now a standard matter to complete the details. Finally, uniqueness follows as
a consequence of [13, Thm. 2.3]. O

Let us remark that by [13, Ex. 2.4] the authors pointed out a severe non-
uniqueness result for the system 1.10-1.14 if oL = 1. On the other hand, they
pointed out a stability estimate whenever a is sufficiently small (¢ < min{,
ﬁ}), which directly implies uniqueness. The smallness condition is indeed
motivated by the fact that we need the uniqueness for system 1.10-1.14.

4. The control problem. This last section is completely devoted to the investi-
gation of the optimal control problem (C'P). We prove the existence of an optimal
control and point out a variational inequality which characterizes the first-order
necessary condition for optimality.

4.1. Existence of optimal controls. To begin with, we check the existence of
optimal controls, namely, we prove Theorem 2.3.

Proof of Theorem 2.3. For the proof, we employ the direct method of calculus of
variations. In this direction, let us fix a sequence {5,}, which goes to zero as
n — oo. Then, let {u,}, = {ug,}n C Usa be a minimizing sequence for J
which, at every step, is made of optimal control for (CP)g,, and let (in, ¢n,on)
be the corresponding solution to system 1.10-1.14. From the bounds pointed out
by estimate (3.4), we deduce that, as n — oo, there exist some @ € Uy,q, a triple
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(&, ®,7), such that, up to a not relabeled subsequence, the following convergences

u, — u weakly star in L*°(Q)

pn — T weakly star in H*(0,T; H) N L*>(0,T;V) N L*(0,T; W)
¢n — P weakly star in H'(0,T;V) N L>(0,T; W)

on — @ weakly star in H'(0,T; H) N L*>(0,T;V) N L*(0,T; W)

are satisfied. Moreover, as made in (3.37), standard compactness results (see, e.g.,
[50, Sec. 8, Cor. 4]) imply that

©n — P strongly in CY(Q),

which also gives sense to the initial condition ®(0) = o. Thus, this latter, along
with (2.4), (2.8) and (3.4), allows us to identify the nonlinear terms in the limit. In
fact, as n — oo, we realize that

F'(¢n) = F' (@), P(pn) — P(®), both strongly in C°(Q).

Next, we take into account the variational formulation of system 1.10—-1.14, written
for (fin, ©n,on), and pass to the limit as n — oco. Therefore, we realize that (&, %, o)
is the unique solution to 1.10-1.14 associated with u. Lastly, invoking the weak
sequential lower semicontinuity of the cost functional 7, it turns out that = is the
minimizer we are looking for. O

4.2. Approximation of optimal controls. Once the existence has been proved,
we would like to characterize the optimality of (C'P) on account of some asymptotic
schemes. If we want to let 5\, 0 in the optimality condition for (C'P)g in order to
obtain the one for (C'P), we should ensure that every optimal control @ for (CP)
can be found as a limit of a sequence consisting of optimal controls for (CP)g.
As anticipated, this strong condition is out of reach, so that we follow a different
way making use of the approximated optimal control problem (CP)g. In fact, we
first show that (CP) s can be solved, and then we precise in which sense it can be
useful to deduce the necessary condition for optimality of (CP). Furthermore, as
it complies with the framework of [49], it is straightforward to obtain the result
below.

Lemma 4.1. Under the assumptions 2.1-2.10, whenever 8 € (0,1) is given, the
optimal control problem (CP)g admits at least a solution.

Moreover, as a consequence of [49], it also follows the first-order optimality con-
dition for optimality (compare with Theorem 2.1).

Theorem 4.2. Assume that 2.1-2.10 are satisfied and let Ug € Uyq be an optimal

control for (6’\15)5 with the corresponding optimal state (fig, Pg,0p). Moreover, let
(pg,qp,r3) be the solution to the adjoint system 2.12-2.16. Then, the first-order
necessary conditions for optimality reads as follows

/Q(Tg +botp + (@ — W) (0 —Tg) 2 0 Vo € Upa. (A1)

Now, all the ingredients are set and we are in a position to properly state the
approximation result we mentioned above.
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Theorem 4.3. Assume that 2.1-2.10 are in force. Moreover, let (¢,7,u) be an
optimal triple for (CP) and let {B,}n be a sequence which goes to zero as n — co.
Then, there exists an approximating optimal triple, namely a triple (aﬁwﬁgn,ﬂgn)

which solves (6\13)571 and a not relabeled subsequence such that, as n — oo, we have

the following convergences

Uy i= g, — U strongly in L*(Q) (4.

B =0p, — P weakly star in H'(0,T;V) N L>(0,T; W) (4.

G =0p, — 0 weakly star in H'(0,T; H) N L*>(0,T;V) N L*(0,T; W) (4.
(4.

)
)
)
)

T s W N

T (@ps Oy Un) = J(@,7,7).

This theorem is the best we can say as far as the approximation of optimal
controls of (C'P) by sequences of optimal controls for an approximating problem is
concerned. The proof mainly relies on monotonicity and compactness arguments.

Proof of Theorem /.3. Let 8 € (0,1), (#3,0p,7g) be an optimal triple for (6’73),@,
which exists by virtue of Lemma 4.1, and let {8,}, be a sequence which goes to
zero as n — oo. For the sake of simplicity, with u, we denote the optimal control
associated to (3, that is, w, := ug,. Likewise, ,, := g and o, :=7g,. In view
of the boundedness of U,4 and of estimates 3.33—-3.35, there exist some ¢, o, and u
such that, as n — oo, the convergences

U, — u weakly star in L*(Q)

B, — ¢ weakly star in H*(0,T; V)N L>(0,T; W)

Tn — 0 weakly star in H'(0,T; H) N L>(0,T; V)N L*(0,T; W)
are verified. Moreover, we also realize that the limit (¢, 0,u) is an admissible triple
for (C'P). Furthermore, we claim that (p, o, ) is nothing but (@, 7, %), where ¥ is
an optimal control for (CP), whereas @ and & are the corresponding states. Note
that this would imply that the sequence (@,,, 7y, Uy,) approximates (@, ,a) in the

sense described above. The weak sequential lower semicontinuity of the adapted
cost functional J yields that

B ~ 1 _
hmlnfj(@nvo—naun) > .,7((,070'7 u) = j(@vga u) + 5”“ - UH%P(Q)

n—oo
__ 1 _
> J(p,0,u) + 5”“ —|720), (4.6)

where we also take into account the optimality of (,7, %) for (CP) and the defi-
nition of the adpated cost functional (1.15). On the other hand, the optimality of

(@, 00, Ty for (CP) 8, implies that
I (B TnsTn) < J(9,7,1) for every n € N.
Hence, passing to the superior limit to both sides leads to deduce that

limsup J(@,, T, W) < J(7,7,7) = I (7,7, 7). (4.7)

n—oo
Finally, by combining (4.6) with (4.7), we infer that
1
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It is now straightforward to realize that also the corresponding states coincide,
leading to conclude that (¢, 0, u) = (,7,u), as we claimed. Lastly, upon collecting
the above information, we have the following chain of equality

J(®,5,7) = J(?,5,10) = liminf 7 (@,,, 5, 0y) = limsup J (@,,, 5, W)

n—00 n— oo

1
= lim j(@naamun) = hm j(@nvanvun) §||ﬁn _HH%P(Q)v (4'9)

n— 00

Thus, we are reduced to show (4.2). Up to now, we have just proven that the weak
limit of @, is w. On the other hand, it easily follows from the above estimates, along
with the lower semicontinuity of the cost functional, that

J(@,7,1) < hmlnfj((pn,an,un) < limsup J(B,,, Tn, Un)

n—oo

<limsup J(@,,, 0n, Un) = lim J (@, n, Un) = J (B, 7, ),

n—oo

so that

J(@,7,u) = lim J(P,,,0n, Un) (4.10)

n—oQ

is verified. Therefore, by combining (4.9) with 4.8-4.10, we deduce that
§||m — |72 () = O,
which conclude the proof. O

4.3. The adjoint system. Here, we are going to investigate the adjoint system
proving Theorem 2.2. In order to avoid a heavy notation, we will omit writing the
subscript 8 on the variables which occur in the calculations below, while we will
reintroduce the correct notation at the end of each estimate. Before moving on, let
us set

QT == Q x [t,T], foreverytc [0,T).

Below, we will proceed quite formally. The justification can be carried out rigor-
ously, e.g., introducing a Galerkin scheme. Moreover, the adjoint system is linear
and therefore, the uniqueness part easily follows by applying standard arguments
from the existence part. On the other hand, system 2.12-2.16 has already been
studied in [49, Sec. 4.4], and we refer there the interested reader for the details of
the Galerkin technique.

Proof of Theorem 2.2. The a priori estimates we are going to point out will allow
us to justify in a rigorous way the passage 8\, 0 in system 2.12-2.16.

First estimate To begin with, we add to both sides of (2.13) the term p. Then,
we test (2.12) by —g, this new second equation by —d;p, and (2.14) by r. Summing
up and integrating over Q7 lead to

5 [ops [ ava+ | |Vq\2+/ @l + 5 [ 1nF
Q Qf Qf Qf
1
- [ owava [ P g Vel g [ rops [ o
QY Qf QY
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=5 JL g [ g [ ey [

b, /Qzua—somqwa/w(a—amw/w P'(@)(@ - B)(r - p)a
v P@@-now= [ pow— [ PEE-pr (411)

t

On the left-hand side two integrals cancel out and, despite the fourth term, the
others are nonnegative. As the fourth term is concerned, we remind that F” is
bounded below in terms of the Lipschitz constant L, so that we have

/ F@)la? > ~L / e
QT

t

Next, we test (2.13) by Kgq, for a positive constant K yet to be determined, and
integrate over QT to get

K/ |q|2—aK/ atpq—K/ Vp-Vq—K P( )(p—7)q. (4.12)

Then, after making use of the definition of the final conditions (2.16), we add 4.11-
4.12 to obtain that

2 P+ [ o+ / Vol ta | 1ol
5 [ 0P +5 [ 1900+ [ 1roF + /Q 0P
/|0 ) —oal® _bl/ (P - %ﬁ’Q)Q-i-bz/Qr (@ —oq)r

+/ P(@)@—n)(r—p q+/ P@)(p—7)owp
T
*/ patp*/ P@)(r—p)r+aK | 0Opq
H H Qf
—-K [ Vp-Vg—K [ P@®)p—r)
Qf Qf
where we denote by I,..., ;o the integrals on the right-hand side, in that order.

Now, we start estimating the terms on the right-hand side. Owing to assumptions
2.2-2.3, we easily realize that

|I]_‘ S C.

Meanwhile, the integrals Iy and I3 can be easily managed by applying the Young
inequality and the fact that @ and &, as solutions to 1.2-1.6, satisfy (3.4). In fact,
we have that

1
Bl + 15 <6 [ g [P,
QF QF

for a small and positive  yet to be determined. Invoking the Holder and Young
inequalities, the continuous embeddings V' C L*(Q) and V C L5(2), assumption
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(2.4), and estimate (3.4), we infer that

T
e jo-nlr-pld <c [ o =gl pllals
QF t

T T
<5 [Nl +es [l + 1R + p1)
t t

<6 [ (P +IVaP)es [ (I + o).

T T
t Qt

By the same token, using (2.32), we get

I < e / Ip— rl|dp] < 6 / 90l + cs / (Ipl? + r[2).
QT Qf Qf

Using the Young inequality once more, we realize that

Ig) + || < & / 10l + cs / P+ e / 2,
QF QT Qf

and also that

ol + 100l <6 [ (VaPves [ VoP48 [ laPres [ (0P 1P
Qf QY QY Qf

Lastly, owing to (2.32), Is can be dealt by

K o?K
|Is] = ’aK/ &qu‘ < 5/ lg|* + T/ |0:p|?.
Qf Qf Qf

Collecting all the previous estimates, we realize that the backward-in-time Gronwall
lemma yields the estimate we are looking for, provided we check that K and § can
be chosen in such a way to satisfy the following condition

o’K

min{K—g—L—Sé,l—Zé,a— —25}>0.

Actually, considering that ¢ can be taken arbitrarily small, we are reduced to show
that there exists a positive constant K such that

K a’K
w{X - ra- Ko
mln{2 , Q0 5 >

Let us claim that this is satisfied if « is small enough. For instance, we take
K = 3L, so that

min{% —L,o— QZK} = min{g, %(2—@3L)}.

Hence, we assume at once « to be small in order that 2 — a3L > 0. Lastly, we pick
¢ small enough to conclude. Finally, a Gronwall argument implies that

51/2||qﬁ||L°O(O,T;H) + HQB||L2(0,T;V) + HpﬁHHl(O,T;H)ﬂLM(O,T;V)
+ HrﬁHL‘X’(O,T;H)OLQ(O,T;V) <ec. (4.13)

Second estimate Then, we test (2.13) by —Ap and integrate over Q7 to obtain
that

(87 @]
o / Vp()]? + / Ap? = 2 / Vp(T)P? + / ¢ Ap+ / P@)(p - )Ap,
2 Ja QT 2 Ja QT QT

t
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where we denote the terms on the right-hand side by I, I, and I3, respectively.
Owing to the final conditions (2.16), we easily conclude that I; = 0. Moreover,
Young’s inequality, combined with the boundedness of P, gives that

1
L+ il <5 [ 18eP [ lae [ o)
Qf Qf QF

Hence, the previous estimate produces

Vgl o,r:m) + 1 APsllL20,m30) < ¢, (4.14)
from which, applying standard elliptic regularity results for homogeneous Neumann
boundary problems, we obtain that

[psllLe 0, 75v)nL20,mw) < c. (4.15)
Third estimate Furthermore, we test (2.14) first by —dr and secondly by —Ar
to get the following parabolic regularity

7l 21 (0,751 Lo (0.7:v) L2 (0, T5w) < €. (4.16)

Fourth estimate Next, by testing (2.12) by Aq and integrating over QT, we find
that

p / Va(t)? + / AgP =5 / Va(T)? + / Dip g + / F" (@) Aq
2 Ja Qr 2 Ja Qr Qr

- [ P@E-mr-nacs [ hie-ve)a
QF QF
where we indicate the terms on the right-hand side by I, ..., I5, in that order. In
a similar fashion as in the previous estimates, we first observe that Iy = 0. Next,
owing to the Young and Holder inequalities, to the boundary of P, and to the
continuous embedding (2.33), the remaining integrals can be dealt as

4
el 41l |+ 51 < 5 [ 18P re [ jawP e [ laP
Qf Qf Qf

e [ ol i)+

t

where estimate (3.4) for the solutions &z and @, is also taken into account. Hence,
we have that

B2V as| o 0,12y + 1845 L20.m:) < €, (4.17)
and the regularity results for elliptic equations with homogeneous Neumann bound-
ary conditions, entails that

B2V agsl| Lo~ o,y + llgsll 20, 7w) < e (4.18)
Fifth estimate Lastly, we rearrange equation (2.12) in the following way
BOwq = Oip — Aq + F"(@)q = P(2)(6 — 1)(r — p) + b1(? — ¥q)-
Therefore, by comparison in the above equation, we also realize that
BllOvasllL2o,r;my < c. (4.19)

Passing to the limit Summing up, upon combining the above estimates we recover
estimate (2.28). Moreover, we infer that there exist some variables ¢, p and r such
that, up to a not relabeled subsequence, as 5 ™\, 0, the convergences mentioned by
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2.24-2.27 hold. Furthermore, these uniform bounds, along with standard compact-
ness embedding results, allow us to recover also the following strong convergences

ps — p strongly in C°([0,T; H) N L*(0,T; V) (4.20)
rg — r strongly in C°([0,T]; H) N L*(0,T;V). (4.21)

Then, we try to draw some consequences from the aforementioned a priori bounds
in order to pass to the limit, as § \, 0, in the adjoint system 2.12-2.16. For the
sake of convenience, we rewrite its variational formulation which can be obtained
by testing the system by an arbitrary v € V and integrating over ). It reads as
follows

ﬁ/”@qawzw—/“@pguww— Vas(t)- Vo — | F'(@s(t)as(t)v
Q Q Q Q

+/P’(%(t))(ﬁﬁ(t)—ﬁg(t))(rﬁ(t)—pﬂ(t))v=/bl(%(t)—@ce(t))v
Q Q

for every v € V, for a.a.t € (0,7T)

/qu(t)v—a/ﬂatpg(t) v—i—/QVpg(t) - Vo
+ /Q P(ps(t))(ps(t) —rs(t))v =0 for every v eV, foraa.te (0,T)
= [arsttyo+ [ Vis0)- Yo+ [ P00 - st
= /ng(Eg(t) —og(t))v foreveryv eV, foraa.te (0,7),
and the final condition

/ rg(T)v = / b3(@s(T) — oq)v for every v € V.
Q Q

At this point, we would invoke the above convergences 2.24-2.27 to show that in
the limit, as # \, 0, we find

fA@mwavw»wfﬁﬁwwmm;
+ [ P@)E® - w0 - oy = [ bl - vo)
Q Q

for every v € V, for a.a. t € (0,7

/Q q(t)vr—a /Q dep(t) v+ /Q Vp(t) - Vv
+ /Q P(@(t))(p(t) —r(t)v=0 forevery v €V, fora.a.t e (0,T)
- [oryu+ [ i) vor [ P50 o)
= /ng(ﬁ(t) —og(t))v forevery v eV, fora.a.te (0,T),
and the final condition

/ r(T)v = / b3(@(T) —oq)v foreveryv eV,
Q Q
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which corresponds to the variational formulation associated to system 2.19-2.23.
Nonetheless, since there appear some nonlinear terms, some care is in order. First,
let us recall that both P and F are regular due to (2.4) and (2.9) and that (3.27)
holds. Hence, exploiting the strong convergence (3.37), we claim that, as 5\, 0,
we have

F"(pg) — F"(p) strongly in C°(Q) (4.22)
P(pg) — P(p) strongly in C°(Q). (4.23)

To prove the former, it suffices to combine (2.10) and (3.37) with the estimate
(3.27), while for the latter we simply account for (3.37) and for the boundedness
of P. Moreover, having in mind the weak convergence (2.24) and the strong ones
4.20-4.21, we can prove that the nonlinear terms can be identified in the limit. In
fact, from (2.24), we have that

qs — q at least weakly in L*(0,T; H),
which, along with (4.22), leads to infer that
F"(@g)as — F"(®)q at least weakly in L?(0,T; H).
Similarly, combining 4.20—4.21 with (4.23), we also deduce that
P(@s)(ps — 1) = P(@)(p—7) strongly in L*(Q)

P'(9s)(@s —Tip)(rs —pp) = P'(P)(@ — ) (r —p) strongly in L}(Q),
where the first one requires the help of the strong convergence pointed out by (3.37)
and the boundedness of P, whereas in the second we again owe to (3.37), along
with the strong convergences 3.38-3.39. To completely recover system 2.19-2.23 it
suffices to check that the regularity is enough to rewrite the system in a strong

form. So, this is the sense in which we can say that system 2.12-2.16 converges, as
B8\ 0, to 2.19-2.23. O

4.4. First-order necessary condition. We conclude the paper providing the
first-order necessary condition that an optimal control, which exists in view of
Theorem 2.3, has to verify.

Proof of Theorem 2.4. As previously mentioned, in order to get inequality (2.31),
we cannot pass to the limit as 5 N\, 0 in the variational inequality (2.18) since
nothing ensures that in such a passage, the control Tig will converge to a limit that
is also optimal for (C'P). Therefore, the investigation made in the subsection 4.2
helps to rigorously handle this issue. Indeed, we are going to consider a sequence
{Bn} which goes to zero as n — oo and then we take into account u,, := ug, instead
of wg. Therefore, after extraction of a subsequence {3,, }, the asymptotics pointed
out by 2.24-2.27 and 4.2-4.5 allow us to pass to the limit as k¥ — oo in (4.1) to
obtain (2.31).

Furthermore, the last sentence immediately follows as a straightforward applica-
tion of the Hilbert projection theorem, since U,q is a non-empty, closed and convex
subset of L?(0,T; H). Moreover, let us note that (2.31) implies that, whenever
bp > 0, the optimal control @ can be implicitly characterized as follows (see, e.g.,
/52))

u(z,t) = max{u,(z,t), min{u*(z, t), f%r(x,t)}} for a.a. (z,t) € Q.
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