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Abstract

A boundary control problem for the viscous Cahn-Hilliard equations with possibly sin-
gular potentials and dynamic boundary conditions is studied and first order necessary
conditions for optimality are proved.

1 Introduction

The simplest form of the Cahn—Hilliard equation with or without viscosity (see [3, 13, 12]) reads
as follows

Oy —Aw=0 and w=71dhy— Ay+W(y) inQx(0,7T) (1.1)

where (2 is the domain where the evolution takes place, ¥ and w denote the order parameter
and the chemical potential, respectively, and 7 > 0 is the viscosity coefficient. Moreover, W’
represents the derivative of a double well potential W, and typical and important examples are
the classical regular potential W, ., and the logarithmic double-well potential W, given by

Wieg(r) = 3(r? = 1)?, reR (1.2)
Wiog(r) = (14+7)In(1+7r)+ (1 —r)In(1 —7)) —cr®, re(-1,1) (1.3)

where ¢ > 0 in the latter is large enough in order to kill convexity.

Moreover, an initial condition like y(0) = 1, and suitable boundary conditions must complement
the above equations. As far as the latter are concerned, the most common ones in the literature
are the usual no-flux conditions for both y and w. However, different boundary conditions have
been recently proposed: namely, still the usual no-flux condition for the chemical potential

(Opw)jp =0 onI' x (0,T) (1.4)
in order to preserve mass conservation, and the dynamic boundary condition
(Ony)p + Oiyr — Aryr + Wr(yr) =ur onI' x (0,7) (1.5)

where yr denotes the trace y| . on the boundary I' of 2, Ar stands for the Laplace—Beltrami
operator on I', W}, is a nonlinearity analoguous to W’ but now acting on the boundary value
of the order parameter, and finally ur is a boundary source term. We just quote, among other
contributions, [5, 18, 21, 23, 24, 28] and especially the papers [14] and [10]. In the former,
the reader can find the physical meaning and free energy derivation of the boundary value
problem given by (1.1) and (1.4)—(1.5), besides the mathematical treatment of the problem itself.
The latter provides existence, uniqueness and regularity results for the same boundary value



problem by assuming that the dominating potential is the boundary potential Wr rather than the
bulk potential W (thus, in contrast to [14]) and thus it is close from this point of view to [4], where
the Allen—Cahn equation with dynamic boundary condition is studied (see also [7] in which a
mass constraint is considered, t00).

The aim of this paper is to study an associated optimal boundary control problem, the control
being the forcing term ur that appears on the right-hand side of the dynamic boundary condi-
tion (1.5). While numerous investigations deal with the well-posedness and asymptotic behavior
of Cahn—Hilliard systems, there are comparatively few contributions dedicated to aspects of op-
timal control. Usually, these papers treat the non-viscous case (7 = 0) and are restricted to
distributed controls, with the no-flux boundary condition (9,y),. = 0 assumed in place of the
more difficult dynamic boundary condition (1.5). In this connection, we refer to [27] and [15],
where the latter paper also applies to the case in which the differentiable potentials (1.2) or (1.3)
are replaced by the non-differentiable “double obstacle potential” given by

c(l—r?) if|r|<1

) for some ¢ > 0. (1.6)
+ o0 if |r|>1

WQobst(r) = {
Note that in this case the second equation in (1.1) has to be interpreted as a differential inclu-
sion, since W’ cannot be a usual derivative. Instead, the derivative of the convex part of W
is given by 0|1 1}, the subdifferential of the indicator function of the interval [—1, 1], which is
defined by

<0 ifr=-1
s € Ol_1q)(r) ifandonlyif s =0 if —1l<r<l1 (1.7)
>0 fr=1.

We remark that the double obstacle case is particularly challenging from the viewpoint of optimal
control, because this case is well known to fall into the class of “MPEC (Mathematical Programs
with Equilibrium Constraints) Problems”; indeed, the corresponding state system then contains
a differential inclusion for which all of the standard nonlinear programming constraint qualifica-
tions are violated so that the existence of Lagrange multipliers cannot be shown via standard
techniques.

Quite recently, also convective Cahn—Hilliard system have been investigated from the viewpoint
of optimal control. In this connection, we refer to [29] and [30], where the latter paper deals
with the spatially two-dimensional case. The three-dimensional case with a nonlocal potential
is studied in [25]. There also exist contributions dealing with discretized versions of the more
general Cahn—Hilliard—Navier—Stokes system, cf. [17] and [16]. Finally, we mention the contri-
butions [8] and [9], in which control problems for a generalized Cahn—Hilliard system introduced
in [22] are investigated.

To the authors’ best knowledge, there are presently no contributions to the optimal boundary
control of viscous or non-viscous Cahn—Hilliard systems with dynamic boundary conditions of
the form (1.5). We are aware, however, of the recent contributions [11] and [6] for the cor-
responding Allen—Cahn equation. In particular, [11] treats both the cases of distributed and
boundary controls for logarithmic-type potentials as in (1.3). More precisely, both the existence
of optimal controls and twice continuous Fréchet differentiability for the well-defined control-to-
state mapping were established, as well as first-order necessary and second-order sufficient
optimality conditions. The related paper [6] deals with the existence of optimal controls and the



derivation of first-order necessary conditions of optimality for the more difficult case of the dou-
ble obstacle potential. The method used consists in performing a so-called “deep quench limit”
of the problem studied in [11].

As mentioned above, the recent paper [10] contains a number of results that regard the problem
obtained by complementing the equations (1.1) with the already underlined initial and boundary
conditions, namely,

Oy—Aw=0 in Q:=Qx(0,7) (1.8)

w=T10y —Ay+W(y) inQ (1.9)

Opaw=0 onX:=Tx(0,T) (1.10)

yr =y and Oyr + (Ony)p — Aryr + Wr(yr) =ur on ¥ (1.11)
y(0) =yo in Q. (1.12)

More precisely, existence, uniqueness and regularity results were proved for general potentials
that include (1.2)—(1.3) and (1.6), and are valid for both the viscous and non-viscous cases,
i.e., by assuming just 7 > 0. Moreover, further regularity of the solution was ensured provided
that 7 > 0 and too singular potentials like (1.6) were excluded. Furthermore, results for the
linearization around a solution were given as well. In such a problem, W (y) and Wp(yr)
are replaced by Ay and Aryr, for some given functions A\ and Ar on () and 3, respectively.
Therefore, the proper material is already prepared for the control problem to be studied here.

Among several possibilities, we choose the tracking-type cost functional

bo bs; bo
d(y,yr,ur) = o ly — ZQ||2L2(Q) + B) lyr — Z2||2L2(2) + o ly(T) — ZQH%Q(Q)
br bo
+ 5 lyr(T) = zellza) + 5 llurllzzes) (1.13)

where the functions zg, 23, 2o, 2r and the nonnegative constants bg, bx;, ba, br, by are given.
The control problem then consists in minimizing (1.13) subject to the state system (1.8)—(1.12)
and to the constraint ur € U.4, where the control box U,q is given by

Uaq := {ur € H'(0,T; Hr) N L®(2) :
UP min < UP < Up max @6.0n X, [|Qpur|ls < Mo} (1.14)

for some given functions wr min, Urmax € L>°(X) and some prescribed positive constant M.

In this paper, we confine ourselves to the viscous case 7 > (0 and avoid potentials like (1.6), in
order to be able to apply all of the results proved in [10]. However, regular and singular potentials
like (1.2) and (1.3) are allowed. In this framework, we prove both the existence of an optimal
control ur and first-order necessary conditions for optimality. To this end, we show the Fréchet
differentiability of the control-to-state mapping and introduce and solve a proper adjoint problem,
which consists in a backward Cauchy problem for the system

g=—-Ap and —0i(p+q) —Ag+Ng=¢ nQ (1.15)
Op=0 and — Oigr + Jpq — Argr + Argr = pr on 3, (1.16)



where gr is the trace g|. of ¢ on the boundary, and where the functions A, Ar, @ and r are
suitably related to the functions zq, 25, 2q, 21 and the constants bg, bs;, ba, br, by appearing in
the cost functional (1.13), as well as to the state (7, y-) associated to the optimal control wr-.

The paper is organized as follows. In the next section, we list our assumptions and state the
problem in a precise form. Moreover, we present some auxiliary material and sketch our results.
The existence of an optimal control will be proved in Section 3, while the rest of the paper is
devoted to the derivation of first-order necessary conditions for optimality. The final result will
be proved in Section 6; it is prepared in Sections 4 and 5, where we study the control-to-state
mapping and solve the adjoint problem.

2 Statement of the problem and results

In this section, we describe the problem under study, present the auxiliary material we need and
give an outline of our results. As in the Introduction, €2 is the body where the evolution takes
place. We assume 2 C R? to be open, bounded, connected, and smooth, and we write ||
for its Lebesgue measure. Moreover, I, 0,,, Vi and Ar still stand for the boundary of €2, the
outward normal derivative, the surface gradient and the Laplace—Beltrami operator, respectively.
Given a finite final time 7" > 0, we set for convenience

Qi =0 x(0,t) and X, :=T x (0,t) foreveryt € (0,7] (2.1)
Q:=Qr, and X :=X7p. (2.2)

Now, we specify the assumptions on the structure of our system. Some of the results we need
are known and hold under rather mild conditions. However, the control problem under study
in this paper needs the high level of regularity for the solution that we are going to specify. In
particular, the values of the state variable have to be bounded far away from the singularity of
the bulk and boundary potentials in order that the solution to the linearized problem introduced
below is smooth as well. Even though all this could be true (for smooth data) also in other
situations, i.e., if the structure of the system is somehow different, we give a list of assumptions
that implies the whole set of conditions listed in [10], since the latter surely guarantee all we
need. We also assume the potentials to be slightly smoother than in [10], since this will be
useful later on. In order to avoid a heavy notation, we write f and fr in place of W and Wr,
respectively. Moreover, as we only consider the case of a positive viscosity coefficient, we take
7 = 1 without loss of generality. We make the following assumptions for the structure of our
system.

—o0o<r_.<0<r; <4
fr:(r_,r4) — [0, +00) are C? functions such that

(2.3)

1 (2.4)
f(0) = fr(0)=0 and f”and f{ are bounded from below (2.5)
=7 (2.6)
(2.7)

|f(r)] |fi(r)|+ C forsomen, C > 0andeveryr € (r_,r,)
lim f'(r) = lim f{(r) = —oco and lim f'(r) = lim f{.(r) = 4+o0.
T\T7 7‘\7”7 T/T+ 7’/7‘+

We note that (2.3)—(2.7) imply the possibility of splitting f as f = -+, where (3 is a monotone
function that diverges at 7+ and 7 is a perturbation with a bounded derivative. Moreover, the



same is true for fr, so that the assumptions of [10] are satisfied. Furthermore, the choices
f =W, and f = W,,, corresponding to (1.2) and (1.3) are allowed.

Next, in order to simplify notation, we set

V:=H'Q), H:=L*Q), Hr:=L*T) and V;:=H'T) (2.8)
Vi={(v,or) €V xVr: vp =7} and H:=H x Hyp (2.9)

and endow these spaces with their natural norms. For 1 < p < oo, || - ||, is the usual norm
in LP spaces (L”(2), LP(X), etc.), while || - || x stands for the norm in the generic Banach
space X. Furthermore, the symbol (-, - ) stands for the duality pairing between V'*, the dual
space of V, and V itself. In the following, it is understood that H is embedded in V'* in the
usual way, i.e., such that we have (u,v) = (u,v) with the inner product ( -, -) of H, for every
u € Handv € V.Finally,ifu € V*andu € L'(0,T;V*), we define their generalized mean
values u*! € R and u®? € L'(0,T) by setting

1
o._ L
o

u u,1) and u®(t) := (g(t))Q fora.a.t € (0,7). (2.10)

Clearly, (2.10) give the usual mean values when applied to elements of H or L'(0,T; H).

At this point, we can describe the state problem. For the data we assume that

yo € H*(Q) and yo . € H*() (2.11)
r_ <wyolxr) <r, foreveryz € Q. (2.12)

Let us stress that the assumption (2.37) explicitely required in the statement of [10, Thm. 2.4]
contains the condition 8ny0‘F = 0 which is completely useless (actually, it is never employed in
the proof, as the reader can check).

Moreover, ur is given in H'(0,T'; Hr). Even though we could write the equations and the
boundary conditions in their strong forms, we prefer to use the variational formulation of system
(1.8)—(1.12). Thus, we look for a triplet (y, yr, w) satisfying

y € Whe(0,T; H) N HY(0,T;V) N L>(0,T; H*(Q)) (2.13)
yr € WLOO(Ov T7 HF) A Hl(oa Tv VF) N LOO(Ov Ta HQ(F» (2.14)
yr(t) = y(t), foraa.te (0,T) (2.15)
ro < ianessy <supessy < 14 (2.16)

Q
w e L>(0,T; H*(Q)) (2.17)

as well as, for almost every ¢ € (0, T'), the variational equations

/th(t)v+/Vw(t)-VU:O (2.18)
/Qw(t)v:/gﬁty(t)v—i—/ratyp(t) vp—i—/QVy(t)-VU+/11prp(t)-vap
[ 2o [ (Flr®) - u) o .19



for every v € V and every (v, vr) € V, respectively, and the Cauchy condition

y(0) = yo- (2.20)
We note that an equivalent formulation of (2.18)—(2.19) is given by
/8tyv+/Vw-Vv:O (2.21)
Q Q
/ wu = / 8tyv+/6typvp+/ Vy-VUJr/prp-vap
Q Q by Q by
+ / f'y)v+ / (fr(yr) —ur) vr (2.22)
Q by

forevery v € L?(0,T; V) and every (v,vr) € L*(0,T;V), respectively. It is worth noting that
(see notation (2.10))
(Ow()* =0 foraa.te (0,7) and y(t)* =my foreverytc [0,T]
where mg = (yo)Q is the mean value of vy, (2.23)
as usual for the Cahn—Hilliard equation.

As far as existence, uniqueness, regularity and continuous dependence are concerned, we can
apply Theorems 2.2, 2.3, 2.4, 2.6 and Corollary 2.7 of [10] (where V has a slightly different
meaning with respect to the present paper) and deduce what we need as a particular case.
Moreover, as the proofs of the regularity (2.13)—(2.17) of the solution performed in [10] mainly
rely on a priori estimates and compactness arguments, it is clear that a stability estimate holds
as well. Therefore, we have

Theorem 2.1. Assume (2.3)—(2.7) and (2.11)«2.12), and letur € H' (0, T’; Hr). Then, prob-
lem (2.13)—2.20) has a unique solution (y, yr, w), and this solution satisfies
[y llw.e 0,750 0m1 0,13y (0,312 (92))
+ [lyr lw.e 0,700 81 (0,73v0 )AL (0,72 (7))
+ Hw||Loo(07T;H2(Q)) S C (2.24)
o <y<r, aein@ (2.25)

for some constants ¢ > 0 and r’_, rﬁr € (r_,ry) that depend only on ), T, the shape of
the nonlinearities f and fr, the initial datum o, and on an upper bound for the norm of ur
in H'(0,T; Hr). Moreover, if ur; € H'(0,T;Hr), i = 1,2, are two forcing terms and
(yi, yri, w;) are the corresponding solutions, the inequality
2 2
Iy = vallzee 0,7 + llyrs — yrallzec 0.7 mr)
2 2
+IV(y1 — ?/2)”L2(0,T;H) + IVr(yr1 — yE2)||L2(0,T;HF)

< ellury — urall72 010 (2.26)

holds true with a constant c that depends only on §2, T, and the shape of the nonlinearities f
and fr.



Once well-posedness for problem (2.13)—(2.20) is established, we can address the correspond-
ing control problem. As in the Introduction, given four functions

20 € L*(Q), 25 € L*(X), 2q € L*(Q) and zp € L*(T) (2.27)

and nonnegative constants bg, by, ba, br, by, we set

bo bs bo
3y, yr,ur) = =5 ly = 2allzg) + 5 lur = 2sllize) + 5 [1W(T) = 2alli2)

br bo
Ty lyr(T) — ZFH%?(F) Ty ||UF||%2(2) (2.28)

for, say, y € C°([0,T]; H), yr € C°([0,T]; Hr) and ur € L*(X), and consider the problem
of minimizing the cost functional (2.28) subject to the constraint ur € U.q, where the control
box U,q is given by
Uaq := {ur € H'(0,T; Hr) N L®(2) :
Ur min < UP < UP max @..0n Y, ||yur|s < Mo} (2.29)

and to the state system (2.18)—(2.20). We simply assume that
My >0, Urmin, Urmax € L>(X) and U,q is nonempty. (2.30)
Here is our first result.

Theorem 2.2. Assume (2.3)—(2.7) and (2.11)—2.12), and let U.q and J be defined by (2.29)
and (2.28) under the assumptions (2.30) and (2.27). Then, there exists ur € U.q such that

3@, yr,ur) < J(y,yr,ur) foreveryur € Uyqg (2.31)

where T, Jr, y and yr are the components of the solutions (y,yp, w) and (y,yr,w) to the
state system (2.13)—(2.20) corresponding to the controls ur and ur, respectively.

From now on, it is understood that the assumptions (2.3)—(2.7) and (2.11)—(2.12) on the struc-
ture and on the initial datum y are satisfied and that the cost functional and the control box are
defined by (2.28) and (2.29) under the assumptions (2.30) and (2.27). Thus, we do not remind
anything of that in the statements given in the sequel.

Our next aim is to formulate necessary optimality conditions. To this end, by recalling the in-
volved definitions (2.8)—(2.9), we introduce the control-to-state mapping by

X:=H'0,T; H-)NL>®(X) and Y:= H'(0,T;H)NL>(0,T;V) (2.32)
U is an open set in X that includes U..q (2.33
§:U—Y, wur+— 8(ur)=:(y,yr), where (y,yr,w) is the unique

solution to (2.13)—(2.20) corresponding to ur , (2.34)

as well as the so-called “reduced cost functional”

J:U— R, defined by g(up) = J(y,yr,ur) where (y,yr) = S(ur). (2.35)



As U.q4 is convex, the desired necessary condition for optimality is
<D§(Ur), ur — ﬂp) >0 foreveryur € Uaa (2.36)

provided that the derivative DJ(ur) exists in the dual space (H'(0,T; Hr))* at least in the
Géateaux sense. Then, the natural approach consists in proving that 8 is Fréchet differentiable at
ur and applying the chain rule. As we shall see in Section 4, this leads to the linearized problem
that we describe at once and that can be stated starting from a generic element ur € U. Let
ur € Wand hy € HY(0,T; Hr) be given. We set (v, yr) := S(ur) and

A= f"(y) and Ar:= f{(yr). (2.37)

Then the problem consists in finding (£, 1, 77) satisfying the analogue of the regularity require-
ments (2.13)—(2.17), solving for a.a. t € (0,T") the variational equations

/ E(t) v+ / V() =0 (2.38)
/Q n(ty = / DE(t) v+ / OuEe(t) vr + / VE(l) - Vo + / Viér(t) - Vo

+ /Q At Et) v+ /F (Ar () &0(t) = hr(t)) vr (2.39)

for every v € V and every (v, vr) € V, respectively, and satisfying the Cauchy condition
£(0)=0. (2.40)
Note that property (2.23) applied to & becomes
EHt) =0 foraa.te (0,7), (2.41)

since £(0) = 0. As \ and Ar are bounded, we can apply [10, Cor. 2.5] to conclude the following
result.

Proposition 2.3. Letur € U. Moreover, let (y,yr) = 8(ur) and define A\ and A\r by (2.37).
Then, for every hr € H'(0,T; Hr), there exists a unique triplet (£, r,n) satisfying the ana-
logue of (2.13)—<2.17) and solving the linearized problem (2.38)—2.40).

Namely, we shall prove that the Fréchet derivative DS(ur) € L(X,Y) actually exists and the
value that it assigns to the generic element hyr € X is precisely (£, &r) € Y, where (§,&r, 1)
is the solution to the linearized problem corresponding to the datum Ar. This will be done in
Section 4. Once this will be established, we may use the chain rule to prove that the necessary
condition (2.36) for optimality takes the form

b /Q 1= 2)¢ + b [ G~ 25)6e + b [ (9(T) ~ 20)S(T)

Q

+ br /(@F(T) — 2r)&r(T) + bo / Ur(vr —ur) >0 forany vr € Uaq, (2.42)
r >



where, for any given vr € U,q, the functions £ and &1 are the first two components of the
solution (&, &r, m) to the linearized problem corresponding to Ar = vr — .

The final step then consists in eliminating the pair (£, &r) from (2.42). This will be done by
introducing a triplet (p, ¢, gr) that fulfills the regularity requirements

p € HY0,T; H*(Q)) N L*(0,T; H*(Q)) (2.43)
q € H'(0,T; H)N L*(0,T; H*(2)) (2.44)
qr € H*(0,T; Hr) N L*(0,T; H*(T)) (2.45)
qr(t) = q(t) foraa.tec (0,7T) (2.46)

and solves a suitable backward-in-time problem (the so-called “adjoint system”): namely, the
variational equations

/ q(t)v = / Vp(t) - Vo forallv € Vandt € [0,T] (2.47)
0 0

- / 0, (p(t) + a(t)) v + / Vq(t) - Vo + / @) qt) v
Q Q Q
—/FatQF(t) UF—F/FVFC]F(LL)‘VFUF+/Fff’@r(t))QF(t) iy
:/bQ(g(t)—ZQ(t))v—l—/bg(yF(t)—Zg(t))vp
Q T

for every (v,vr) € Vanda.a.t € (0,7) (2.48)

and the final condition

/Q b+ )T v+ / 4e(T) vr = / b (§(T) — za)v + / br (70(T) — =) or
for every (v,vr) €'V (2.49)

have to be satisfied. Some assumptions will be given in order that this problem has a unique so-
lution, and the optimality condition (2.42) will be rewritten in a much simpler form. For instance,
one can assume that

bo=0 and br=0. (2.50)

In Sections 5 and 6, we will prove the results stated below and sketch how to avoid (2.50)
by weakening a little the summability requirements on the solution (see the forthcoming Re-
mark 5.6).

Theorem 2.4. Letur and (y,yr) = S(ur) be an optimal control and the corresponding state
and assume in addition that (2.50) holds. Then the adjoint problem (2.47)—2.49) has a unique
solution (p, q, qr) satisfying the regularity conditions (2.43)—2.46).

Theorem 2.5. Let ur be an optimal control. Moreover, let (y,yr) = S(ur) and (p,q,qr)
be the associate state and the unique solution to the adjoint problem (2.47)—2.49) given by
Theorem 2.4. Then we have

/(QF + bour)(vr —ur) > 0 foreveryvr € Uaq. (2.51)
>



In particular, if by > 0, we remark that ur is just a projection, namely
ur is the orthogonal projection of —qr /by on Uaq (2.52)

with respect to the standard scalar product in L*(X).

In the remainder of this section, we recall some well-known facts and introduce some notation.
First of all, we often owe to the elementary Young inequality

1
ab < da® + oy; b foreverya,b>0andd > 0 (2.53)

and to the Hélder inequality. Moreover, we account for the well-known Poincaré inequality
[v]l; < C(IVollz + [v??) foreveryv € V (2.54)

where C' depends only on 2. Next, we recall a tool that is generally used in the context of
problems related to the Cahn—Hilliard equations. We define

domN:={v, € V*: v¥ =0} and N:domN — {v eV : " =0} (2.55)

by setting for v, € dom N
Nv, €V, Nv,)® =0, and / VNv, - Vz = (v,,z) foreveryz€V  (2.56)
Q

i.e., Nu, is the solution v to the generalized Neumann problem for —A with datum v, that
satisfies v = 0. Indeed, if v, € H, the above variational equation means —ANwv, = v,
and 0, Nv, = 0. As () is bounded, smooth, and connected, it turns out that (2.56) yields a
well-defined isomorphism which also satisfies

Nv, € HS+2(Q) and HNU*||HS+2(Q) < CSHU*HHS(Q)
ifs>0 and v, € H*(2) NdomN (2.57)

with a constant (' that depends only on €2 and s. Moreover, we have
(U, Nvy) = (04, Nuy) = /(VNU*) - (VNw,) for uy, v, € domN (2.58)
Q

whence also

2(0yv, (), N, (1)) = %/Q|VNU*(t)|2 = % lv.(®)|? foraa.te (0,T)  (2.59)

for every v, € H(0,T;V*) satisfying (v.) = 0 a.e.in (0,7T).

We conclude this section by stating a general rule we use as far as constants are concerned,
in order to avoid a boring notation. Throughout the paper, the small-case symbol ¢ stands for
different constants which depend only on €2, on the final time 7', the shape of the nonlinearities
and on the constants and the norms of the functions involved in the assumptions of our state-
ments. Hence, the meaning of ¢ might change from line to line and even in the same chain of
equalities or inequalities. On the contrary, capital letters (with or without subscripts) stand for
precise constants which we can refer to.
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3 Existence of an optimal control

We prove Theorem 2.2 by the direct method, recalling that U.4 is a nonempty, closed and
convex set in L*(X). Let {ur,,} be a minimizing sequence for the optimization problem and,
for any n, let us take the corresponding solution (., Yr », Wy, ) to problem (2.13)—(2.20). Thus,
ur,, € Uaq for every n, and we can account for the definition (2.29) of U,4, assumptions (2.30)
and estimates (2.24)—(2.25) for the solutions. In particular, we have that

ro<rl <y, <7 <ry ae.inQ andforevery n. (3.1)

Next, owing to weak star and strong compactness results (see, e.g., [26, Sect. 8, Cor. 4]),
we deduce that suitable (not relabeled) subsequences exist such that

ur, — ur  weakly starin L>(X) N H'(0,T; H)
] weakly starin W0, T; H) N H*(0,T; V) N L>(0,T; H*(Q))
and strongly in C°([0, T]; V)
yrn — Yp  weakly starin WH(0,T; Hr) N H*(0,T; Vr) N L>(0,T; H*(T))
and strongly in C°([0, T']; V)
W, — W weakly star in L>(0, T; H?(2)).

Clearly, ur € U,q. Moreover, 7(0) = y,. Furthermore, by (3.1) and the regularity of f and fr
we have assumed in (2.3)—(2.7), we also deduce that f'(y,,) and f{.(yr.,) converge to f'(7)
and f-(yr), e.g., strongly in C°([0,T]; H) and C°([0, T|; Hr), respectively. Thus, we can
pass to the limit in the integrated variational formulation (2.21)—(2.22) written for (Y, Yr », Wy,)
and ur, and immediately conclude that the triplet (7,7, w) is the solution (y,yr,w) to

(2.21)—(2.22) corresponding to ur := wur. Finally, by semicontinuity, it is clear that the value
J(9,9p, ur) is the infimum of the cost functional since we have started from a minimizing se-
quence. O

4 The control-to-state mapping

We recall the definitions (2.32)—(2.34) of the spaces X, Y, the set U and the map S. As sketched
in Sections 2, the main point is the Fréchet differentiability of the control-to-state mapping S. Our
result on that point is prepared by a stability estimate given by the following lemma.

Lemma 4.1. Letur; € H'(0,T; Hr) fori = 1,2 and let (y;, yr.;, w;) be the corresponding
solutions given by Theorem 2.1. Then, the following estimate

(1, yr) — (2, yr2)lly < cllury — ur 2| 20,780 (4.1)

holds true for some constant ¢ > 0 that depends only on (), T’, the shape of the nonlinearities
f and fr, and the initial datum 1.

Proof. We set for convenience
Ur :=uUrg —Ura2, Y =Y —Y2, Yr:=yYri—Yrz and w:=w; — ws.

11



By writing problem (2.13)—(2.20) for both solutions (y;, yr.;, w;) and taking the difference, we
immediately derive that

/ Oy(t) v+ / Vw(t) - Vv =0 (4.2)
Q Q

/Q w(t)v = /Q dy(t) v + /F e (1) vr + /Q Vy(t) - Vo + /F Veyr(t) - Vior
# (P = ) o+ [(fn0) - fn0) - w@) o 69

for aa. t € (0,7) and for every v € V and every (v,vr) € V, respectively. Moreover,
y(0) = 0 and 9,y has zero mean value since (2.23) holds for d;y;. Therefore, NO,y is well
defined a.e.in (0, T") (see (2.55)) and we can test (4.2)—(4.3) written at the time s by N(9,y(s))
and —0;(y, yr)(s), respectively. Then we add the resulting equalities and integrate over (0, t)
with respect to s, where t € (0, T") is arbitrary. We obtain

Oy N(dwy) + Vw - VN(dyy) — / w Oy
Q¢ Qt t

v [ 1ow+ [ 10w+ 5 [ 1vu0r 5 [ 1%
= —/ (f’(y1)—f'(y2))3ty—/ (ff(y1)—ff(y2))atyr+/ ur Oyyr . (4.4)

t Xy 3t

By accounting for (2.58) and (2.56), we have

o Nw) + [ Vu-INOw) - [ woy= [ [NagP = 0.
Q¢ Qt t Q1

Moreover, all the other integrals on the left-hand side of (4.4) are nonnegative. The first two

terms on the right-hand side need the same treatement and we only deal with the first of them.

We notice that both y; and y» satisfy (2.25) and that f” is Lipschitz continuous on [r_, 7/, |. By

using this and the Hélder, Young and Poincaré inequalities (see (2.54)), we derive that

1
- [ (P -rw)ow<g [ P e [ 1voP.
t Qt Qt
Finally, we simply have
1
/ ur Ogyr < 1 |atyr|2 + |UF|2~
Et Et Ei

By combining these inequalities and (4.4), we see that we can apply the standard Gronwall
lemma. This directly yields (4.1). O

Theorem 4.2. Letur € U. Moreover, let (y, yr) = 8(ur) and define \ and Ar by (2.37). Then
the control-to-state mapping & : W C X — Y is Fréchet differentiable at ur, and its Fréchet
derivative DS(ur) € L(X,Y) is given as follows: for hy € X, the value of DS(ur) at hr is
the pair (£, &), where (€, &, ) is the unique solution to the linearized problem (2.38)—(2.40).
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Proof. At first, a closer inspection of the proof of Theorem 4.1 in [10] for the linear case reveals
that the linear mapping, which assigns to each hAr € X the pair (§,&r), where (€, &, n) is
the associated unique solution to the linearized system (2.38)—(2.40), is bounded as a mapping
from X into Y. Hence, if DS(ur) has in fact the asserted form, then it belongs to £(X, Y).

In the following, it understood that ||hr||x is small enough in order that ur + hr € U. As
we would like writing the inequality that shows the desired differentiability in a simple form,
we introduce some auxiliary functions. First of all, we also need the third component w of the
solution (y, yr, w) associated to ur. Moreover, given hr € X small enough, we set

(y", yf, w") := solution to (2.13)—(2.20) corresponding to ur + hr,
whence (y",yf) = S(ur + hr)
=y —y—¢& qt=yt—yr—§& and =0t —w -1,

By the definition of the notion Fréchet derivative, we need to show that || (¢", ¢%) ||y = o(||hr||x)
as || hr||xx — 0. We prove a preciser estimate, namely

(" i) |ly < C||hr”%2(z) . (4.5)

By definition, the triplets (y™, yf, w") and (y, yr, w) satisfy problem (2.13)—(2.20) with data
ur + hr and ur, respectively. Moreover, (5, éry n) solves the linearized problem (2.38)—(2.40).
By writing everything and taking the difference, we obtain for a.a. t € (0, 7))

/ g™ (t) v + / V2 (t) - Vv =0 (4.6)
Q Q

/th(t)v: /Qﬁtqh(t)v—l—/ratq?(t) vp—l—/Qth(t)-Vv+/Fqu§(t)-vap
T / (P @) — F(®) — " m)EwD) v
4 / (PR () — PR — Flu(E)En(D)) or @.7)

for every v € V and every (v,vr) € V, respectively. Moreover, ¢"(0) = 0. We observe that
the choice v = 1 in (4.6) yields that (9tqh(t) has zero mean value and thus belongs to the
domain of N for a.a. t € (0,7 (see (2.55)). Therefore, we can test (4.6)—(4.7) written at the
time s by N(9;¢"(s)) and —0;(q", q*)(s), respectively. Then, we add the resulting equalities
and integrate over (0, t) with respect to s, where ¢ € (0, T') is arbitrary. We obtain

"N, + | V" -VN(O,q") — / 2" 0,g"
Q¢ Q¢ ¢

1 1
v ot [t g [veor g [vdor
—— [ 6= ) - £ aa" ~ [ ()~ fill) - o)) dad . @9

t Xy

As in the proof of Lemma 4.1, the sum of the first three integrals on the left-hand side of (4.8)
is nonnegative as well as each of the other terms. Now, we estimate the first integral on the

13



right-hand side. We write the second-order Taylor expansion of the C? function f’ (see (2.4))
at y/ in the Lagrange form. As 4" — y = £ + ¢", we obtain

O = F) - W= @)+ 5 Ol ol

with some function ¢ taking its values between the ones of 4" and . As y" and y are bounded
away from r* (see (2.25), which holds for both of them), f”(y) and f"(o) are bounded in
L>(@Q), and the above expansion yields

') = ) = " W)él < ce(ld" + 1y" — yl?).

Hence, we have

—/ (f'W") = ') = ["(w)€) 0d" < O : 14" 10:q"| + Co g " —y*l0d"] (4.9)

where we have marked the constants in front of the last two integrals for a future reference. We
deal with the first term on the right-hand side of the last inequality as follows:

1
1ot < & /raqh|2+c < gree [ ver,
Q¢ 4Qt

Qt Qt

by the Poincaré inequality (2.54), since ¢" y —y & has zero mean value. Indeed, (y )Q =
v and £ = 0 since y"(0) = y(0) and £(0) = 0 (see (2.23)). As far as the last term in (4.9)
is concerned, we can estimate it this way

1/2
Co [ W =90 < el ol (| 100"P)
t

1 h|2 h|2
< | 0Pl iy < § [ 9 el
thanks to the stability estimate (4.1). As the same calculation can be done for the last term on
the right-hand side of (4.8), we can combine, apply the standard Gronwall lemma, and conclude
that (4.5) holds true.

O

5 The adjoint problem

In this section, we prove Theorem 2.4, i.e., we show that problem (2.47)—(2.49) has a unique
solution under the further assumptions (2.50). Moreover, we briefly show how (2.50) can be
avoided by just requiring less regularity to the solution (see Remark 5.6).

In order to solve problem (2.47)—(2.49), we first prove that it is equivalent to a decoupled problem
that can be solved by first finding g and then reconstructing p. The basic ideas are explained at
once. We note that the function ¢(t) has zero mean value fora.a. t € (0,7'), as we immediately
see by choosing v = 1 in (2.47). So, if we introduce the mean value function p®* € CO([O, T))
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(see (2.10)), we realize that, for a.a. t € (0,T), (p — p*)(t) satisfies definition (2.56) with
v, = q(t). We thus have p(t) — p*(t) = N(q(t)). On the other hand, for any fixed ¢, the
function p*}(¢) is a constant; thus, it is orthogonal in L?(£) to the subspace of functions having
zero mean value. Thus, p is completely eliminated from equation (2.48) if we confine ourselves
to use test functions with zero mean value. Similar remarks have to be done for the final condition
on p + g that appears in (2.49). Whenever we find a solution (g, gr) to this new problem, then
we can reconstruct p as just said, provided that we can calculate pQ. All this is made precise in
our next theorem. As we are going to use test functions with zero mean value, we introduce the
proper spaces by

Hq = {(U,’Up) eH: %= 0} and Vo :=HqNV (5.1)

and endow them with their natural topologies as subspaces of H and 'V, respectively. We ob-
serve that the first components v of the elements (v,vr) € Vg cannot span the whole of
C'2°(2) because of the zero mean value condition. This has the following consequence: varia-
tional equations with test functions in V¢, cannot be immediately read as equations in the sense
of distributions (this is the price we have to pay for the transformation of the old adjoint system
into the new one!). Hence, some care is in order, and we have to prove some auxiliary lemmas.
Here, we use the notation ur even though it has nothing to do with the control variable.

Lemma 5.1. The set {ur : (v,vr) € Vq} is the whole of Vr-.
Proof. Take any vr € Vp. As Vi C H'Y*(T), there exists some g € H'(Q) such that
gl = vr- Now, we fix a closed ball B C 2 and a function { € C*(£2) such that { = 0 in

Q\ Band [,¢ = 1. Next, we define m = [, g and v := g — m(. Then, it turns out that
ve HYQ), v, =gp=uvr,and [,v=0,ie, (v,or) € V. O

Lemma 5.2. Assume that (u, ur) € J. Then the condition
/uv + / urvr =0 forevery (v,vr) € Vg (5.2)
Q r

implies that u is a constant, namely, the mean value u*? ofu, and ur = 0. Moreover, uw = 0 if
(5.2) holds for every (v, vr) € V.

Proof. We first decouple (5.2). To this end, we fix vg € HZ(£2) such that v§! = 1 and set
= Q7! [, uvo. Now, we take any v € H{} () and observe that v — v?v, belongs to
HZ(€) and has zero mean value. Hence, (v — vy, 0) € Vg, and (5.2) yields that

o_/ﬂu(u—v%o)_/uv— /v—/u—

Asv € H}(Q) is arbitrary and H} () is dense in L*(2), we infer that u = k a.e. in (0, i.e., u
is a constant, and this constant must equal ©*’. Hence, (5.2) implies

/UFU[‘ =0 forevery (v,vr) € Vq.
r
By Lemma 5.1, the above equality holds for every vr € V. As this space is dense in L*(T'),

we deduce that ur = 0. If in addition (5.2) holds for every (v, vr) € 'V, then we can take v = 1
and vp = 1 in (5.2) and deduce that u* = 0 (since we already know that up = 0). O
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Corollary 5.3. The space Vq, is dense in Hq,.

Proof. We prove the following equivalent statement: the only element (u, ur) € Hq that is
orthogonal to V, with respect to the scalar product in H is the zero element of Hq. Thus, we
assume that

/uv + / urvr =0 forevery (v,vr) € V. (5.3)
Q r

By Lemma 5.2, we deduce that u is a constant and that ur = 0. As u € Hg, the constant must
be 0. Therefore, (u,ur) = (0, 0). O

In order to simplify the form of the problems we are dealing with, we introduce a notation.
Starting from the state (7, ) associated to an optimal control, we set

A= f"@), Ar:= () (5.4)
g =bo(¥ — 2q), ¢x :=bs(Yr — 25) (5.9)
Yq = bQ (y(T) - ZQ) , Yr = bp (gjp(T) — Zp) . (5.6)

Then, the adjoint problem (2.47)—(2.49) becomes:

/ v = / Vp(t)- Vv forallt € [0,7]andv € V (5.7)

/@ ))v—i—/QVq(t)-Vv—l—/Q)\(t) q(t)v
—/FatQF(t) UF+/FVFQF(75)'VFUF+/F>\F@) qr(t) vr

= / wo(t)v + / ox(t)or foraa.t € (0,7) and every (v,ur) € V (5.8)
Q r

/(p—l—Q)(T)v—f-/qp(T) ur :/¢Qv+/g0pvp for every (v,vr) € V. (5.9)
Q r Q r

The result stated below ensures the equivalence of problem (5.7)—(5.9) and a new problem with
decoupled equations, as sketched at the beginning of the present section. We note at once that
the latter is plainly meaningful since Ng is well defined (see (2.55)). The statement also involves
the operator M : L?(0,T; H*(Q2)) — H'(0,T') defined by

(M©)(t) = (g)® — ﬁ/t /Q(—Av L po) foreveryt € [0,7).  (5.10)

We notice that the subsequent proof will also show that the adjoint problem is solved in the
strong form presented in the Introduction.

Theorem 5.4. Assume (2.43)—(2.46). Then, (p, q, qr) solves problem (5.7)—(5.9) if and only if

¢*(t) =0 and p(t) = N(q(t)) + (M(q))(t) foreveryt € [0,T] (5.11)
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/8,5 ) +qlt v+/Vq Vv+/Q)\()q(t)v

—/FatQF(t) UF+/Fqup(t)'Vr’Ur+/F>\F(t) qr(t) vr

= / wo(t)v +/g02(t)vp fora.a.t € (0,T) and every (v,vr) € Vg (5.12)
Q r

/(Nq—l—q)(T)v—i—/qr(T) ur :/tpgv—l—/gopvp for every (v,ur) € Vg . (5.13)
Q r Q r

Proof. We assume that (p, q, gr) satisfies (5.7)—(5.9) and prove that it solves (5.11)—(5.13). We
often omit writing the time ¢ in order to simplify the notation. By taking v = 1 in (5.7), we see
that the first assertion of (5.11) holds. In particular, the second assertion of (5.11) is meaningful.
Moreover, by the definition (2.56) of N, we have

p(t) — p(t) = N(q(t)) or p(t) =N(q(t)) + p*(t) foraa.te (0,T). (5.14)

We now prove the second equality in (5.11). By taking any v € D(€2) and using (v, 0) as a test
functions in (5.8), we derive that

1
—0(p+q) —Aqg+Ag=9q o —0(p+q)=

Aqg+ A\g —
Q) (— ©Q)

\Q\

in the sense of distributions on (), whence a.e. in () as well, due to the regularity of p and q.
By observing that both ¢ and 0;q have zero mean value (the latter as a consequence of the
former), and just integrating the last equation over 2, we obtain

dp 1 1 [T
@ _ L / (—Ag+Ag—g0) whence p2(t) = p™(T)— / / (—Ag+A—g0) .
T ) Ja

On the other hand, (5.9) implies that (p + ¢)(T) = ©q, whence p*(T') = ()% since q(T)
has zero mean value. By combining, we infer that

B0 = (o0~ g [ (-804 2 - o) = X)),

Therefore, the second assertion in (5.11) follows from (5.14). In order to prove (5.12)—(5.13), it
suffices to write (5.8)—(5.9) with (v, vr) € Vg, by recalling (5.14) once more and observing that
0,p*t and p®*(T') are space independent.

Conversely, we now assume that (p, ¢, gr) solves (5.11)—(5.13) and prove that the equations
(5.7)—(5.9) are satisfied. We start from (5.11). As M(q) is space independent, by recalling the
definition (2.56) of the operator N, we have, fora.a. t € (0,7") and every v € V/,

/QVp(t)-Vv:/QVNq(t)-Vv:/Qq(t)v.
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This is exactly (5.7). Now, we prove (5.8). We deduce the strong form of the problem hidden in
the variational equation (5.12) thanks to the integration by parts formulas

[ vat-vo= [-aa@ne+ [0, = [-dato+ [ s
/FVFQF(t) - Vrur = /F(_AFQF(t))Ul“’

where (v, vr) € V. Thus, (5.12) becomes
/ u(t)v + / ur(t)or =0 foraa.t € (0,7) and every (v,vr) € Vg,
Q r

where the pair (u, ur) € L*(0,T; H) is given by

u(t) == =0, (N(q(t)) + q(t)) — Aq(t) + A(t) q(t) — ¢o(t)
ur(t) == 0nq(t) — Owar(t) — Argr(t) + Ar(t) qr(t) — ex(t).

Then, Lemma 5.2 yields
u(t) = (u(t))® and ur(t) =0 foraa.tc (0,7).

On the other hand, by recalling that N(J;q) and 0;q have zero mean values by the definition of
N and the first identity in (5.11), and owing to the definition (5.10) of M, we have

1 (u / {= (N () + D)) — Aq(t) + A1) a(t) — pa(t)}
_ /Q{—Aq(t) AWM a(t) — golt)) = 121 8(M(q)(8) foraa.t e (0,T).

We infer that

=0, (N(q(t)) +a(t)) — Aq(t) + A(t) a(t) — pq(t) = 0,(M(q))(t) foraa.t € (0,T)
so that (5.11) yields

{06+ a(6) = Aa(6) + A€) a(t) = ()} 0 = 0
foraa.t € (O, T)andeveryv € V.
Now, the identity ur = 0 implies
J{0ua(t) = Biar () = Aran(t) + Ar(t)ar (1) = ()} er = 0
fora.a.t € (0,7) and every vr € Vr.

In particular, for any (v, vr) € 'V, we can write both previous equalities and add them to each
other. By integrating by parts in the opposite direction, we deduce (5.8). Finally, by applying
Lemma 5.2 once more, we derive from (5.13)

(Ng+q)(T) —pa=Fk and q¢r(T)—r =0
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where k is the mean value of the left-hand side. Note that both ¢(7") and (N¢)(T') have zero
mean value by the first identity in (5.11) and the definition (2.56) of N. Then, we have k =
—(q)®. Hence, by the definition of M, we infer that

(Ng+ q)(T) = pa — (va)” = va — (M(q))(T).

Then, the second assertion in (5.11) yields (p+¢q) (1) = ¢q, and (5.9) follows immediately. [

Thanks to the theorem just proved, we can replace the old adjoint problem by the new one
in which the equations are decoupled. As we are going to see the sub-problem for (g, qr)
as an abstract differential equation, we prepare the proper framework, which is related to the
Hilbert spaces Vg, and H, defined in (5.1). To this end, let V;)( -, +)v, denote the dual pairing
between Vg, and Vg,. Then, recalling that Vg, is by Corollary 5.3 dense in (g, we can construct
the Hilbert triplet (Vq, Hq, V§), that is, we identify Hq, with a subspace of V,, the dual space
of Vq, in order that

V’§2<<u> uF)a <U7 UF)>VQ = ((U, uF)v (Ua UF))Q{Q v (U, uF) € %97 v (Ua UF) € VQ :
(5.15)
Here, we define the scalar product ( -, - )3¢, and the scalar product in Vg, by

(fosr), (0 e0)), = /qu i /pur o (5.16)
((u, ur), (v,vr))y, :=/

Vu-Vov+ / Vrur - Vror . (5.17)
Q r

In (5.16) (resp. (5.17)), (u,ur) and (v, vr) denote generic elements of Hg, (resp. Vg). Note
that (5.17) actually defines a scalar product in Vg, that is equivalent to the standard one by the
Poincaré inequality (2.54). We also introduce the associated Riesz operator R, € L(Vq, V§),
namely

v (Ra(u, ur), (v,vr)) vy = ((u, ur), (U7UF>)VQ for every (u, ur), (v, vr) € Vo . (5.18)

Since, as already mentioned, variational equations with test functions in V¢, cannot immediately
be read as differential equations, we also prove the following lemma.

Lemma 5.5. Assume (u,ur) € Vo and Rq(u,ur) € Hq. Then we have u € H*(Q)) and
ur € H*(T'). Moreover, it holds

[ull 20y + lur|[m2ry < cl|Ra(u, ur)|ls, , (5.19)

where ¢ depends only on €.

Proof. The assumptions mean that there exists some (¢, Yr) € Hg such that

((u,ur), (v,0r)) . = (¥ ¥r), (v,vr)) 4, thatis,

/VU -V +/V1"U1" . VFUF = / ¢U +/¢FUF (5.20)
Q r Q r
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for every (v, ur) € Vg. As in the proof of Lemma 5.2, we decouple (5.20). We fix vy € H(£2)

such that v} = 1 and set
cl = / Vu-Vuvg, ¢ ::/@bvo
Q Q

and k; := ¢;/|Q| fori = 1,2. Now, we take any v € H} (). As v — v"v; belongs to Hi ()
and has zero mean value, we have (v — v1, 0) € Vg, and (5.20) yields

/ Vu - V(v —vP) = / Y(v —vPg) or /(Vu Vv —kw) = /(1/1 — ko)v.
Q Q Q Q
Asv € H;(Q) is arbitray, this simply means
—Au=v+k wherek:=ky — k. (5.21)

In particular, we infer that Au. € L*(€2) and this, combined with 1. = ur € H'(T'), yields

(cf., e.g., [2, Thm. 3.2, p. 1.79]) u € H?/?(Q). Then, by a trace theorem stated, e.g., in [2,
Thm. 2.25, p. 1.62] it follows that J,,u lies in L?(T") and we can integrate by parts. Hence, for
any (v,vr) € Vo we have

<¢ + k))U + Vrur - Vrup = (-AU)U + Vrur - Vror

fyses | furs |

= /QVU -Vou — /FﬁnuvF +/FVFUF - Vrur
:/Qw’l]—i—/rwpvp—/ranuv[‘:/Q(w‘i‘k)v‘f‘/r(wl“_anu)vl“'

Therefore, we deduce that

/VFUF - Vror = /(wr — Oyu)vp  forevery (v, vr) € Vg
r r

and Lemma 5.1 implies that the same equality holds for every vr € VI, whence
—Arur = Yr —d,u onl. (5.22)

As r and O,u both belong to L?(T'), the regularity theory for elliptic equation (in fact, its
boundary version) implies that ur € H*(T") (see, e.g., [20, Thms. 7.4 and 7.3, pp. 187-188] or
[2, Thm. 3.2, p. 1.79, and Thm. 2.27, p. 1.64]). Coming back to u, we thus have Au € L*(Q)
and uj, = up € H*(I"), whence u € H?(Q). Finally, as each of the regularity results we have
used corresponds to an estimate for the related norm, (5.19) holds as well. O

At this point, we are ready to prove Theorem 2.4. Thanks to Theorem 5.4, it is sufficient to
prove that there exists a unique solution to problem (5.11)—(5.13) satisfying the regularity re-
quirements (2.43)—(2.46). Moreover, once the existence of a unique solution (¢, gr) to (5.12)—
(5.13) with the prescribed regularity is established, it suffices to observe that (5.11) provides
a function p that fulfills (2.43). Indeed, (2.44) and (2.57) imply Nq € L*(0,T; H*(Q)) and
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O:Nq = N(dyq) € L*(0,T; H*(R)). On the other hand, M(q) is space independent, and its
time derivative belongs to L?(0, T) since it is the mean value of an element of L?(Q). Hence,
we have that p € L?(0,T; H*(Q2)) and O;p € L*(0,T; H*(Q)).

In the following, we denote pairs belonging to H¢, by bold letters, writing, for instance, v in place
of (v, vr). From this no confusion will arise. We are going to present the problem in the form

d
_E (Bq( ) )U{Q + V& <‘A(t)q(t)7 V>VQ = Vg <f(t)7 V>VQ

fora.a.t € (0,7) and every v € Vg (5.23)
((Ba)(T),v),, = (2r,V),, foreveryv e Ho (5.24)

with a proper choice of the operators A(t) € L(Vq, V) and B € L(Vq, Hg), and of the
dataf € L*(0,T; V) and zr € Hq. This means that the following backward Cauchy problem

—% (Ba(t)) + A(t)q(t) =f(t) foraa.te (0,7), and (Bq)(T)=2zr (5.25)

has to be solved. Problem (5.25) (in fact, the equivalent forward problem obtained by replacing
t by T' — t) is well known (see [1] for a very general situation that allows for time dependent
and even nonlocal operators). Here, we recall sufficient conditions that imply those given in [19,
Thm. 7.1, p. 70] and thus yield well-posedness in a proper framework. We can require that

Alt) =Ag+At), Ao € L(Vq,Vy) and A(t) € L(Hq,Hq) foraa.te (0,7);
v, (Aov, Vv, > a|v[[3, forsome o > 0 and every v € Vo;
IA()V]|5¢, < M||V|5¢, for some constant M > 0 and every v € Hg;

B e L(Hgq,Hq) is symmetric and satisfies
96 (BV, V) > V][5, forsomea > Oandeveryv € Vo.

Moreover, A is (properly) measurable with respect to ¢. If such conditions hold then, for every
f € L?(0,T;V) and z7 € Hq, problem (5.25) has a unique solution

q € HY0,T;VH) N L*0,T;Vq) C C°([0,T]; Ho) -
Furthermore, the solution q also satisfies
q € L*(0,T;Hq) it Agis symmetric, £ € L?*(0,T;Hq) and q(T) € V.
In our case, we choose

Ag = Rq, the Riesz operator (5.18)
A(t)(v,or) = (Mt)v — (A#)v), Ar(t)or) foraa.t € (0,7T) and (v,vr) € Ho
B(v,vr) = (Nv + v, vr)
f(t) = (90@( ) ( o()% ¢s(t)) foraa.te (0,7)

or) .-

Zr = (SOQ - ¥r

for every (v, vr) € Hgq

21



The choices of A and B being clear, the other ones exactly yield what we need, i.e.,

(A(t)(u,up),(v,vp)):HQ :/Q/\(t) uv+/)\p(t)um)p

fora.a. t € (0,7) and (u, (v,vr) € Hq

ur),
w60, 0o, = [ oo+ [ psiin

fora.a.t € (0,7) and (v,vr) € Vg
(2. (0:0r)) = [ oo+ [ ror tor (0.00) € 3.
Q T

Furthermore, the conditions we have required on the operators are fulfilled. Indeed,

B = A2 i+ [Ae)orllze < c(llvlla + lvrlla)

for aa. t € (0,7) and every (v,vr) € Hgq, since the functions A and Ar are bounded
(see (5.4)), and B is symmetric and coercive since N is symmetric and positive (see, in partic-
ular, (2.58)). Finally, by accounting for (2.27), (5.5)—(5.6), (2.50), we see that f € L?(0,T; Hq)
and q(7T") = (0, 0). Therefore, problem (5.12)—(5.13) has a unique solution satisfying

(¢,qr) € H'(0,T;Hq) N L*(0,T;Vq) and Rq(q,qr) € L*(0,T;Hq),

the last one by comparison in (5.25). Then, Lemma 5.5 ensures that ¢(t) € H?(Q) and qr(t) €
H?*(T) fora.a.t € (0,7) and that the estimate

lg(®)llz2() + llae (D)l a2y < cl|Rala(t), gr () lloc

holds true for a.a. t € (0, 7). This implies ¢ € L*(0,T; H*(Q)) and ¢r € L*(0,T; H*(T)),
and the proof is complete. O

Remark 5.6. Assumption (2.50) can be avoided provided that we require less regularity from
the solution to the adjoint problem. More precisely, we keep the regularity related to the varia-
tional structure of (2.47)—(2.49), e.g., we ask for ¢ € H'(0,T;V*) N L*(0,T;V), while we
replace L? summability by weighted L? summability where spaces of smooth functions on €2
are involved, e.g., ¢ € L*(0,T; H*(Q)). Namely, we require that

the functions ¢ — (T —t)"2q(t) and t — (T —t)/20,q(t)
belong to L2(0, T'; H*(2)) and to L*(0, T'; H), respectively

and we analogously deal with the other conditions. By doing that, the equivalence stated in
Theorem 5.4 still holds. On the other hand, the derivative q’ of the solution q to the abstract
problem satisfies the right weighted summability that yields the new requirements without
assuming that q(7") € Vg, so that (2.50) is not needed. For the reader’s convenience, we sketch
the formal a priori estimate that yields the mentioned property of ' whenever it is replaced by
a rigorous argument. For convenience, we set

u(t) :=q(T —t), wp(t):=AT—t) and g(t):=f(T —1t)
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and write (5.25) as a forward Cauchy problem for u. Then, we formally test the new equation
by tu/(t) and integrate with respect to time. We simply write ( -, - ) for both the duality pairing
between V¢, and Vg, and for the scalar product in H,. We have, for every t € [0, 7],

/0 (Bu/(s), su'(s)) ds + /0 (Aou(s), su/(s)) ds = /0 (9(s) — p(s)u(s), su'(s)) ds.

As Ag is symmetric and both Aj and B are coercive, we can estimate the left-hand side from
below as follows

A(Bu'(5)78u’(5)) d8+/0 (‘AOu(S),SuI(s)) ds
:/0 s(Bu'(s),u'(s)) ds+%/0 %{s(ﬂou(s),u(s))}ds_%/ (Aou(s), u(s)) ds

0
' 2 o 2 g 2
> a [ sl (s) g ds + G tluto)y, — [ us)l%, ds.
0 0

On the other hand, as ||4(t)]| c(36,,9¢,) < M fora.a.t € (0,T), we also have

t
[ (666) = utouto).su'(s)) ds

0

a [! 2 ’ 2 g 2

/
<5 [ sl B ds e [ sla@Bgds e [ sl ds.
0 0 0

By combining we infer that

t
/ sllw' ()15, ds + tlu®) 1%, < e(llglZzor06) + ulliz0rm,))  foreveryt €[0,T].
0

As the last norm of u is supposed to be already estimated, we obtain the desired weighted
summability for u’ as well as a weighted boundedness for u in Vg, as a by-product.

6 Necessary optimality conditions

In this section, we derive the optimality condition (2.51) stated in Theorem 2.5. We start from
(2.36) and first prove (2.42). We recall the definitions (2.32)—(2.34) of the spaces X and Y and
of the control-to-state mapping 3.

Proposition 6.1. Letur be an optimal control and (y,yr) := 8(ur). Then, (2.42) holds.

Proof. This is just due to the chain rule for Fréchet derivatives, as already said in Section 2, and
we just provide some detail. Let § : U — Y x X be given by 8(ur) := (8(ur), ur). Then,
8 is Fréchet differentiable at any ur € U since § is so. Precisely, thanks to Theorem 4.2, the
Fréchet derivative DS (ur) acts as follows

DS(ur) : hr = ([D8(ur)|(hr), hr) = (& &, hr) for by € X
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where (£, &r, 1) is the solution to the linearized problem (2.38)—(2.40) corresponding to Ar. On
the other hand, if we see the cost functional (2.28) as a map from Y x X to R, it is clear that its
Fréchet derivative DJ(y, yr, ur) at (y, yr,ur) € Y x X is given by

[D3(y, yr, ur)|(k, kr, hr) = b /Q(y —2q)k + bs /E(Z/r — z5))kr

+ b /Q(y(T) —20)k(T) + br /F(y(T) — 2p)kr(T') + by /z urhr
for (k, kr) € Y and hr € X.

Therefore, being J = J o S, the chain rule imples that [Dg(up)] maps any hr € X into

[D3(ur)](hr) = [DI(8(ur)] ([DS(ur)] (hr))

= [D3(8(ur)](§, &, br) = [DA(y, yr, ur)] (€, &, br)
= bg /Q(y —2Q)§ + b /2(3/1“ — zg)ér

+mAmw—mmw+%£mw—m&@H%/wm

by

where (y,yr) = S(ur) and (&, &r) has the same meaning as before. Therefore, (2.42) imme-
diately follows from (2.36). O

At this point, we are ready to prove Theorem 2.5 on optimality, i.e., the necessary condition
(2.51) for r to be an optimal control in terms of the solution (p, ¢, qr) of the adjoint prob-
lem (2.47)—(2.49). We note that it is sufficient to prove the following: if ur € U, (y, yr) = S(ur),
hr € X, (§,&r,m) is the solution to the linearized problem (2.38)—(2.40) corresponding to Ar,
and (p, ¢, qr) solves the adjoint problem (2.47)—(2.49) (where one reads (y,yr) in place of
(7, 7)), then

/EQFhF :/Cng(y_ZQ>£+/Eb2(yF—ZE)§F
+ [ balul) = )0+ [l - )6 @

Indeed, once this is proved, we can apply it to any optimal control ur := ur, and (2.51) follows
from the necessary condition (2.42) already established in Proposition 6.1. So, we fix ur € U
and hr € X, and write both the linearized problem and the adjoint problem we are interested
in, for the reader’s convenience. All the variational equations hold for a.a. ¢t € (0,7), but we
avoid writing the time ¢, for brevity. We have

/8t§U+/V7]-Vv:O (6.2)
Q Q

/qv:/Vp-Vv (6.3)
Q Q
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/771):/8t§v+/8t§pv—|—/V&-Vu+/vr§r-vpvp
Q Q r Q r
+/)\€’U—|—/()\F£F—hp)vp (6.4)
0 r
—/&(p—kq)v—k/Vq-Vv—l—//\qU
Q Q Q
_/atQFUF+/VFQF'VFUF+/>\FQFUF
r r r

:/bQ(y—ZQ)U+/bz(yF—ZE)UF. (6.5)
Q T

In the above equations, A := f”(y) and A\r := f{!(yr). Moreover, (6.2)—(6.3) hold for every
v € V, while (6.4)—(6.5) are satisfied for every (v, vr) € V. Furthermore, £(0) = 0 and

/Q (p+q)(T) v+ / o (T) vy = /Q b (4y(T) — z)v + /F be(ye(T) — 20)or (66)

for every (v,vr) € V. We choose v = pin (6.2), v = 1 in (6.3), (v,vr) = (q,qr) in (6.4)
and (v,vr) = —(&,&r) in (6.5). Then, by integrating over (0,7) all the equalities we obtain,

we have

/qn—/Vp Vn

/Q('?téq—l—/Eatfrql“—l-/Qvf'VQ—i-/zvrfr'VFQF
+/Q>\§CI+/E()\F5F—/”LF)QF=/Q77Q

/Qat(pw)&—/QVq-vs—/QAqf
—I—/EaﬁQFSF—/ZVFQF'VFfF—/EAFQF&

- _/QbQ(y—ZQ)f_/EbZ(yF —2)ér.

At this point, we add the above equalities to each other and just simplify. We obtain

/Qatg(pjtq)+/Qat(pntq)€+/28t€rqr+/28tqr£r—/Ehrqr
:_/bQ(y—zQ)f—/bz(yr—ZZ)fr-
Q X

By accounting for the Cauchy condition £(0) = 0, we can write an equivalent form as follows
[wra@em+ [a@eam = [ ma- [ sol-z)¢ [ bslr- e
Q r p) Q b
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At this point, we choose (v, vr) = (£(T),&r(T)) in (6.6) and get

/Q (p+a)(T) &(T) + /F qr(T) &p(T) = /

b (y(T) — 20) E(T) + /F b (40 () — 20) n(T).

Q

By comparison, we conclude that (6.1) holds. This completes the proof of Theorem 2.5. O
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