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Optimal velocity control of a convective Cahn-Hilliard system
with double obstacles and dynamic boundary conditions:

A ‘deep quench’ approach
Pierluigi Colli, Gianni Gilardi, Jirgen Sprekels

Abstract

In this paper, we investigate a distributed optimal control problem for a convective viscous
Cahn—Hilliard system with dynamic boundary conditions. Such systems govern phase separation
processes between two phases taking place in an incompressible fluid in a container and, at the
same time, on the container boundary. The cost functional is of standard tracking type, while the
control is exerted by the velocity of the fluid in the bulk. In this way, the coupling between the state
(given by the associated order parameter and chemical potential) and control variables in the
governing system of nonlinear partial differential equations is bilinear, which presents a difficulty
for the analysis. In contrast to the previous paper Optimal velocity control of a viscous Cahn—
Hilliard system with convection and dynamic boundary conditions by the same authors, the bulk
and surface free energies are of double obstacle type, which renders the state constraint nondif-
ferentiable. It is well known that for such cases standard constraint qualifications are not satisfied
so that standard methods do not apply to yield the existence of Lagrange multipliers. In this pa-
per, we overcome this difficulty by taking advantage of results established in the quoted paper
for logarithmic nonlinearities, using a so-called ‘deep quench approximation’. We derive results
concerning the existence of optimal controls and the first-order necessary optimality conditions in
terms of a variational inequality and the associated adjoint system.

1 Introduction

Let 2 C R? denote some open, bounded and connected set having a smooth boundary I' and unit
outward normal v. We denote by d,,, Vr, Ar the outward normal derivative, the tangential gradient,
and the Laplace—Beltrami operator on I, in this order. Moreover, we fix some final time 7" > 0 and
introduce for every t € (0, 7] the sets Q; := Q x (0,¢) and X, := T x (0, ), where we put, for the
sake of brevity, () := () and Y := Y. We then consider the following optimal control problem:

(Pp)  Minimize the cost functional

o)) =15 [ lo=goP+ 2 [ lo=psP
Q by

+ 2 Lo =paP+ 2 [l -l + 2 [P
Q r Q
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P. Colli, G. Gilardi, J. Sprekels 2

subject to the state system

op+Vp-u—Apu=0 in@, (1.2)
To0ip — Ap+&+m(p)=p in Q, (1.3)
§e€dl_1y(p) inQ, (1.4)
Owpr + Oypp — Arpr =0 and sy = pur on X, (1.5)
m0ipr + O,p — Arpr + &r + mr(pr) = pr and px =pr on X, (1.6)

{r € Ol y(pr) on X, (1.7)
p(0) =po in Q, pr(0) =pgr on T, (1.8)

and to the control constraint
U € Unq - (1.9)

Here, the constants f3;, 1 < i < 5, are nonnegative but not all zero, and pg, px., Pa, pr, are given
target functions. Furthermore, 7, 7 denote smooth functions, while [[_1,1} is the indicator function
of the interval [—1, 1]. Moreover, U,4 is a suitable bounded, closed and convex subset of the control
space _

X :=L*0,T;U) N (L>=(Q))* N (HY(0,T; L*(R)))?, (1.10)

where B
U:={ue(L*Q)’: divu=0ae.inQand u-v=0aeonT}. (1.41)

The regularity condition u € (H'(0,T; L3(Q2)))? for the admissible controls seems to be unusual at
a first glance. However, in view of the bilinear coupling between control and state, it turns out (cf. [13])
that, among other constraints, this is exactly the kind of regularity that guarantees the existence of a
unique solution to the state system having sufficient regularity properties.

We note that the state system (1.2)—(1.8) can be seen as a phase field model for a phase separation
process taking place in an incompressible fluid in the container ) and on the container boundary I'.
In this connection, the variables (1, iur) and (p, pr) stand for the chemical potential and the order
parameter (usually the density of one of the involved phases, normalized in such a way as to attain its
values in the interval [-1,1]) of the phase separation process in the bulk and on the surface, respec-
tively. It is worth noting that the total mass of the order parameter is conserved during the separation
process; indeed, integrating (1.2) for fixed ¢ € (0, 7| over €2, and using the fact that u € X, as well

as (1.5), we readily find that
o [ o0+ [ peit)) =o. (1.12)
Q r

We also note that the densities of the local free bulk energy f + I;_1,1) and the local free surface
energy fr + I;_1 1) are typically of double obstacle type.

In the mathematical literature numerous contributions are dedicated to the questions of well-posedness
and asymptotic behavior for various types of Cahn—Hlilliard systems: viscous or nonviscous, local or
nonlocal, with zero Neumann boundary conditions or dynamic boundary conditions. We omit to (try
to) quote a number of contributions since they are too many and we would surely miss some of the
important ones. However, let us point out that there are still a few papers dealing with the related
optimal control problems: among them, we refer to [7,9, 12, 16, 22, 29, 32, 33] for the case of Dirichlet
or zero Neumann boundary conditions and to [3,4,8,10,11, 15, 18] for the case of dynamic boundary
conditions.
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Velocity control of convective Cahn—Hilliard system 3

A recent investigation for convective Cahn—Hilliard systems produced the results rigorously proved
in [30] for the one-dimensional and in [31] for the two-dimensional case. The papers [17, 28] are
devoted to the distributed optimal control of a two-dimensional Cahn—Hilliard/Navier—Stokes system.
Let us also mention the contributions [20, 21,23, 24], which deal with the optimal control of the Cahn—
Hilliard/Navier—Stokes system in 3D, but for some time-discretized version.

A key feature of this paper is the use of the fluid velocity as the control variable in the convective Cahn—
Hilliard system. From a practical point of view, this control process can be realized by placing either
a mechanical stirring device or an ultrasound emitter into the container. In the case of electrically
conducting fluids like molten metals, a remarkable option is the possibility of using magnetic fields
(cf. [25] for applications of this kind). To the authors’ best knowledge, the only existing mathematical
contributions, in which the fluid velocity is used as the control in a convective Cahn—Hilliard system
in three dimensions of space, are the recent contributions [26] and [14]. While in [26] a nonlocal
convective Cahn—Hilliard system with a possibly degenerating mobility and zero Neumann boundary
conditions was studied, we considered in [14] a viscous local Cahn—Hilliard system with constant
mobility (normalized to unity) and the more difficult dynamic boundary conditions (see also [13] and [6]
for related results). However, in [14] only differentiable nonlinearities were admitted.

In this contribution, we investigate the much more challenging nondifferentiable double obstacle case
when &, &t satisfy the inclusions (1.4), (1.7), and we assume dynamic boundary conditions. Moreover,
we consider the spatially three-dimensional case. Our approach is guided by a strategy that was
introduced by two of the present authors and M. H. Farshbaf-Shaker in [5]: we aim to derive first-
order necessary optimality conditions for the double obstacle case by performing a so-called ‘deep
quench limit’ in a family of optimal control problems with differentiable logarithmic nonlinearities that
was treated in [14], and for which the corresponding state systems were analyzed in [13]. The general
idea is briefly explained as follows: we replace the inclusions (1.4) and (1.7) by the identities

E=p(a)l(p) inQ, & =¢p(a)h(pr) on3, (1.13)
where h is defined by

h(p) ::{ (I—=p)In(l—p)+(1+p) In(1+p) if pe(—1,1)

2 In(2) tpe{-1,1y 0 09

and where
¢ € C(0, 1] is positive on (0, 1] and satisfies li{llp o(a) = 0. (1.15)

We remark that we can simply choose ¢(«) = oF for some p > 0. Now observe that h(y) > 0 for
ally € [-1,1], M (y) = In (%) and h"(y) = ﬁ > 0 fory € (—1, 1). Hence, in particular, we
have

lim p(a)h(y) =0 Vye[-1,1], lm (@) (y)=0 Vye (-1,1),

a\,0
. . / _ . . / —
lim (o(0) lim 1(y)) = —o0, lim(io(0) lim M(y)) = +oc. (1.16)

We thus may regard the graph (o) b’ as an approximation to the graph of the subdifferential 01[_ 1;.

Now, for any o > 0, the optimal control problem (later to be denoted by (P,)), which results
if in (iPO) the relations (1.4), (1.7) are replaced by (1.13), is of the type for which in [14] the exis-
tence of optimal controls u® € U,q as well as first-order necessary optimality conditions have been
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derived. Proving a priori estimates (uniform in o > 0), and employing compactness and monotonic-
ity arguments, we will be able to show the following existence and approximation result: whenever
{u*r} C U,q is a sequence of optimal controls for (P,, ), where «v,, \, 0 as n — o0, then there
exist a subsequence of {«v, }, which is again indexed by 7, and an optimal control @ € U,q of (Py)
such that

u® — u weakly-starin X as n — oo. (1.17)

In other words, optimal controls for (P,) are for small & > 0 likely to be ‘close’ to optimal controls
for (Py). It is natural to ask if the reverse holds, i. e., whether every optimal control for (Py) can be
approximated by a sequence {u®"} of optimal controls for (P, ), for some sequence «, ~\, 0.

Unfortunately, we will not be able to prove such a ‘global’ result that applies to all optimal controls
for (Pg). However, a ‘local’ result can be established. To this end, let u € U,q be any optimal control
for (Py). We introduce the ‘adapted’ cost functional

1
3((prpr)w) = 3((ppr)s ) + 5w — e (1.18)

and consider for every o € (0, 1] the adapted control problem of minimizing 5 subject to u € Uag
and to the constraint that ((1, ir), (p, pr)) solves the approximating system (1.2), (1.3), (1.5), (1.6),
(1.8), (1.13). It will then turn out that the following is true:

(i) There are some sequence «,, \, 0 and minimizers u®" € U,q of the adapted control problem
associated with a,, n € N, such that

u*" — u strongly in (L?(Q))® as n — oo. (1.19)

(i) It is possible to pass to the limit as o ™\, 0 in the first-order necessary optimality conditions
corresponding to the adapted control problems associated with & € (0, 1] in order to derive first-order
necessary optimality conditions for problem (Py).

The paper is organized as follows: in Section 2, we give a precise statement of the problem un-
der investigation, and we derive some results concerning the state system (1.2)—-(1.8) and its o —
approximation which is obtained if in (Py) the relations (1.4) and (1.7) are replaced by the relations
(1.13). In Section 3, we then prove the existence of optimal controls and the approximation result
formulated above in (i). The final Section 4 is devoted to the derivation of the first-order necessary
optimality conditions, where the strategy outlined in (ii) is employed.

During the course of this analysis, we will make repeated use of Hélder’s inequality, of the elementary
Young’s inequality

1
ab < yla* + o > Va,beR, Vy>0, (1.20)

as well as the continuity of the embeddings H'(2) C LP(Q) for 1 < p < 6 and H%(Q2) C C°(Q).
Notice that the latter embedding is also compact, while this holds true for the former embeddings only
if p < 6. We will also use the denotations

Q=0 tT), S:=Tx(tT), for 0<t<T. (1.21)

Moreover, throughout the paper, for a Banach space X we denote by X* its dual space. Let || - || x
stand for the norm in the space X or in a power of it. The only exemption from this rule is for the
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Velocity control of convective Cahn—Hilliard system 5

norms of the L” spaces and of their powers, which we often denote by || - ||, for 1 < p < +o00. By
(v,w)x we will always denote the dual pairing between elements v € X* and w € X. Finally, we
recall some well-known estimates from trace theory and from the theory of elliptic equations. Namely,
there is some constant C, > 0, which depends only on €2, such that, for every v and vr for which the
right-hand sides are meaningful,

[0l a2y < Ca (lopllaaey + 11A0]|2)) S (1.22)
10,0]l 2y < Ca ([0l 2y + 1A0]L2(0) (1.23)
lorl|mzay < Co (Jlorllmay + |Aror||r2m) (1.24)
[ollz) < Ca (lvpllgsem + 1Av]2@) - (1.25)

2 General setting and the state system

In this section, we introduce the general setting of our control problem and state some results on the
state system (1.2)—(1.8). To begin with, we recall the definition (1.10) of X and introduce the spaces

H:=1*Q), V:i=HY(Q), W:=H*Q), (2.1)
Hy:= L*(T), Vp:=HYT), Wr:=H*T), :
H:=HxHp, Vi={(v,or) eVxVWV:ov=vyr}, W:= (WXWF)HV. (2.3)

In the following, we will often work in the framework of the Hilbert triplet (V, 3, V*). Thus, we have

((g,9r), (v,vr))y = / gv +/QFUF for every (g, gr) € Hand (v,vr) € V.
Q r

Next, denote by (1,1) € 'V the pair whose component functions equal unity in 2 and on T', re-
spectively, and by |€2| and |I'| the volume of €2 and the area of I, respectively. We then define the
generalized mean value of a functional g* € V* by

. lgn (L D)y
== 2.4
mean g |Q| n |F‘ , (2.4)
which, if g* = (v, vr) € H, becomes
U+ |~Ur
mean (v, vp) = % (2.5)

Observe that the function
V3 (v,or) — / |Vo)? + / |Vrvr|? + | mean(v, vr) |2
Q r

yields the square of a Hilbert norm on 'V that is equivalent to the natural one, i.e., we have, for some
Cq > 0 which depends only on €2,

(v, vp) |3 < C'Q(/Q |Vol? +/F|vap|2 + |mean(v,vp)|2> V(v,ur) € V. (2.6)
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P. Colli, G. Gilardi, J. Sprekels 6

Next, we set
Vi :=4{g"€V": meang® =0}, Hy:=HNV,o and Vy:=VNV,. (2.7)

Notice the difference between V.o and the dual space V| = (Vy)*. At this point, it is clear that the
function

Vo 3 (v,0r) o || (o, vr)l2, ;:/\wm/mm? 2.8)
Q I

is the square of a Hilbert norm on 'V which is equivalent to the usual one. This has the consequence
(see [13, Sect. 2]) that, for every g* € V., there exists a unique pair (£, &) € Vg such that

/ VE- Vo + / Vrér - Vreor = (g%, (v,vr))y forevery (v,ur) € V. (2.9)
Q r

This allows us to define the operator N : V., — V) as follows:
For g* € V.o, Ng* is the unique pair (£, {r) € 'V, satisfying (2.9). (2.10)
We notice that N is linear, symmetric, and bijective. Therefore, if we set
19" ([ == INg"[lv,, forg* € Vs, (2.11)

then we obtain a Hilbert norm on V., which turns out to be equivalent to the norm induced by the
norm of V*. For future use, we collect some properties of N. By just applying the definition, we readily
see that

(9" Ng")v = llg"ll g™ € Vao, (2.12)
/ Vw - V¢ + / Vrwr - Viér = ||(w, wp) |3 if (w,wr) € Vo and (€, &r) = N(w, wr) .
0 r

(2.13)

Moreover, owing to the symmetry of N (where, here and in the following, N is also applied to V.-
valued functions in the obvious way), we have, for a.e. t € (0,7), that

(0 (1), Ng" (O = 5 5 9" DI, itg" € HI(0.T5V.0), 214)
v Ve + [ Vewro): Ire(t) = 5 I wer @)

if (w,wr) € L*(0,T;V), &(w,wr) € L*(0,T;

<3

«0) and (&,&r) = N(0y(w,wr)).  (2.15)

We now turn our interest to the state system (1.2)—(1.8), observing that with the above notations
its weak form reads as follows: we look for functions ((s, pir), (p, pr)) such that jys = pr and
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Velocity control of convective Cahn—Hilliard system 7

pi= = pr as well as

/8tpv+/8tppvp—/pu-Vv+/VM~VU+/VFMF~VFUF:0
Q r Q Q r

a.e.in (0,7 and for every (v, vr) € V, (2.16)

Tgfatpv+7p/8tppvp+/Vp~Vv+/Vppp-vap
Q r Q r

+/Q(§+7T(p))v—|—/F(5F+WP(PF))UP Z/QMU‘F/F/JFUF

a.e.in (0,7 and for every (v, vr) € V, (2.17)
§€0li_11(p) ae.inQ, &r € 0l—117(pr) ae.on X, (2.18)
p(0) =po ae.in€,  pr(0)=por ae.onl. (2.19)

We make the following assumptions on the data of our problem:

(A1) (po, por) € W, and we have —1 < po(z) < 1 forall = € Q.
(A2) T >0and T > 0.
(A3) 7, mr € C?[—1,1].

(A4) The constants 3;, 1 < i < 5, are all nonnegative but not all equal to zero, and it holds
ﬁQ € Lz(Q), ﬁz € Lz(E), ﬁQ € LQ(Q), and b\r € LZ(F)

(A5)  The function U € L*>°(QQ) and the constant R, > 0 make the admissible set
Ua :={u € X: [u| <Uae.inQ, |lullx < Ro} (2.20)
nonempty.

Remark 2.1. Notice that the conditions divu = 0 in 2, w-v = 0 on I', encoded in the definition of
X, have to be understood in the generalized sense, i.e., they are equivalent to postulating that

/u-szo YvelV. (2.21)
Q

We thus may infer that U, is a bounded, closed and convex subset of X.

The following result is a special case of [13, Thms. 2.3, 2.6].

Theorem 2.2. Suppose that the assumptions (A1)—(A3) and (A5) hold true. Then the state system
(1.2)—(1.8) has for every u € U,q at least one solution ((1, ur), (p, pr), (€, &r)) such that

(1, pr) € L0, T5 W), (2.22)
(p, pr) € WH(0,T530) N H'(0,T;V) N L*(0, T3 W), (2.23)
(& &r) € L(0,T; H). (2.24)
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Moreover, the component (p, pr) is the same for any such solution. In addition, there is some constant
K7 > 0, which depends only on the data of the problem, such that for any solution (i, i), (p, pr),
(&, &r)) associated with some u € U,q it holds that

| (i, pir) ||L°°(0,T;W) + |(p, pr) ||Wl’w(O,T;J{)ﬁHl(O,T;V)ﬂLOO(O,T;W)
+ 1€, ér) I om0 < K7 (2.25)

It follows from Theorem 2.2 that the mapping Ua.q > u +— 83(u) := (p, pr) is well defined. Next, we
consider for a € (0, 1] the c—approximating system

Op*+Vp*-u—Ap*=0 ae.in Q, (2.26)
10 0ip™ — Ap® + ()l (p*) + m(p*) = u* ae.in Q, (2.27)
opr + Opp® — Appp =0 and pfy = pp ae.on X, (2.28)
T Opr + 0up™ — Arpp + (@)W (pr) + mr(pf) = pp

and pjy;, =pp ae.on X, (2.29)
p*(0) = po ae.in Q, pp(0)=por ae.onl, (2.30)

where h is given by (1.14) and ¢ satisfies (1.15). The corresponding weak formulation reads as
follows: we look for functions ((1*, 1), (p, pft)) such that ufy; = uf and pfy, = pft as well as

/8tpav+/8tp%vp—/po‘u-Vv+/Vuo‘-Vv+/Vpu%~vap:0
Q

a.e.in (0,7") and for every (v, vr) € V, (2.31)

Tg/@tp v+7'p/8tppvp /Vp Vv+/Vppp Vrur

+ [ el@m )+ w(o o+ @) + meiNor = [ o+ [ o

r
a.e.in (0,7) and for every (v, vr) € V, (2.32)

p*(0) =po ae.in€,  pr(0) = por ae.onl. (2.33)

Observe that also this system has the property that the unknown representing the order parameter is
a conserved quantity: indeed, insertion of (v, vr) = (1,1) € Vin (2.31) and integration over time
yield that

7 = mean (po, poir) = mean (p*(t), pp(t)), 0 <t < T, Va e (0,1]. (2.34)

We have the following result for the approximating system.

Theorem 2.3. Suppose that the conditions (A1)—(A3), (A5), (1.14) and (1.15) are satisfied. Then the
system (2.26)—(2.30) has for every o € (0, 1] and for every u € U,q a unique solution ((u®, ug),
(p%, pg)) satisfying (2.22) and (2.23). Moreover, there are constants p.(a), p*(a) € (—1,1) and
K3 > 0, which depend only on the data of the state system, such that the following holds true:

DOI 10.20347/WIAS.PREPRINT.2428 Berlin 2017



Velocity control of convective Cahn—Hilliard system 9

whenever ((u®, ug), (p*, p)) is the solution to the system (2.26)—(2.30) associated with some « €
(0,1] and u € U,q, then we have

pe(@) < p*(x,t) < p*(a) V(x,t) €Q, (2.35)

(e, ) | zos 0.0y + 1105 P2 [wrios (0753001 (0.759)n Lo (0,75)
+ [[(@(a)h’ (p*), p()h' (p2)) | Lo ori00) < K5 (2.36)

Remark 2.4. Notice that the poiﬂtwise condition (2.35) is meaningful, sinciit follows from [27, Sect. 8,
Cor. 4] and (2.23) that p € C°(Q) (and thus, in particular, that pr € C%(%)).

Remark 2.5. About (2.35), let us point out that, unfortunately, we are unable to show a uniform in
a € (0, 1] separation property. In fact, it may well happen that, for v \, 0, we have p,(a) N\, —1
and/or p*(ar) 7 +1.

PROOF OoF THEOREM 2.3: The existence of a unique solution with the regularity (2.22) and (2.23),
which satisfies the separation property (2.35), is a direct consequence of [13, Thm. 2.8]. In order
to establish the global bound (2.36), we now follow the line of a priori estimates carried out in [13],
showing that the bounds derived there are in fact independent of a € (0, 1] in our special situation.
In the following, we denote by C' positive constants that may depend on the data of the system but
neither on u € U,q nor on v € (0, 1]. For the sake of a simpler notation, we will also suppress the
superscript « in the calculations, writing it only at the end of each estimation. We also assume that an
arbitrary, but fixed, u € U,q is given. Observe that then ||u||x < Ry, which will be used repeatedly
without further reference.

FIRST ESTIMATE:

Lett € (0,7 be arbitrary and 0 < s < t. We insert (v, vr) = (p, ur)(s) in (2.31) and (v,vr) =

0:p, Orpr)(s) in (2.32), add the resulting equations, and integrate over |0, ¢|. Adding the expression
P Otp

Jo, PO + [g, prOipr to both sides, we obtain the identity

|VN|2+ |VFMF|2+7'Q |6tp|2+7'r |(9t,0r|2
Qt p Q1+ >y

+ 31O+ [ o) + [ eladhion(®)

T

= 5 1. ol + / o(a)h(po) + / pl)h(pnr) + [ -V

+ / (p—7(p)) Op + /E (pr — 7r(pr))dpr (2.37)

where, owing to the general assumptions, all of the terms on the left-hand side are nonnegative and the
first three terms on the right-hand side are finite and uniformly bounded. Now, recalling the separation
property (2.35) and assumption (A3), we conclude from Young’s inequality that the last two integrals
on the right-hand side are bounded by an expression of the form C'+- 7 th Op? + 7+ fzt |0 pr|? .
Moreover, owing to Young’s inequality, we have that

t 1
/ pu-Vp < / oo ()l [ F0(s) 2 ds < /Q VaP +C. @38
t 0 t
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We thus can infer from Gronwall’s lemma the estimate

O [ —— /Q Ve + / Voue]?

+ llp(@)h(p) i) + le(@)h(pp)l[eomraey) < € Vae (0,1 (239)

SECOND ESTIMATE:

Let m(t) := mean (u(t),ur(t)) for t € [0,7T]. Recalling (2.34), we note that (v,vr) :=
(p(t) =7, pr(t) = 7) € Vo forall t € [0,T]. Inserting this in (2.32), where we temporarily omit
the argument ¢, we obtain the identity

/Q S (p)(p—7) + / () (o) (pr — 7)

B / dplp —7) — / Dupr(pr —F) — / Vo? / Vrprl?
(9] T (9] T

- [ = [cloroe =) + [ a7
[ = e 7). (240

At this point, we recall that —1 < 7 < 1. We thus may argue as in [19, p. 908] to conclude that
there exist constants ¢y > 0 and Cj > 0, which do not depend on « € (0, 1], such that

(@)W (r)(r —=7) > dgp(a)|W(r)| —Cy Vre(—1,1) Vae (0,1].

Due to (2.35), the function p — 7 is bounded on Q; we thus can infer from (2.40), by just employing
the Cauchy-Schwarz inequality, that

5o/|<p ) (p |+5o/|<p

C (1 + 10l + 10pr e + (o, o) 15 + (e = 2, pir — ) [¢)
< C( + 0ol + 0ol e + (1 = M, e = 1) ls0) , (2.41)

where the last inequality follows from (2.39). Now, we recall the definition (2.8) and the fact that || - ||y,
is equivalent to the standard norm on V. Therefore,

(e =, pr = m)|[se < Cll(w—m, pr —m)|lv, = C|(Vi, Vepr)|lc.
Hence, combining this estimate with (2.39) and (2.41), we can conclude that
lo(@)h (p*) |20z + ()P (pR) 22000 @) < C Vo€ (0,1]. (2.42)

At this point, we can insert (v,ur) = (1,1) in (2.32), which then yields that the function ¢ —
mean (), u%(t)) is bounded in L?(0,T'), uniformly in o € (0, 1]. In view of (2.39), we have
thus shown that

(e, 1) 2wy < C V€ (0,1]. (2.43)
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THIRD ESTIMATE:

Next, we take (v, vr) = (p(a)h' (p(s)), e(a)h/(pr(s))) € Vin (2.32), where 0 < s < ¢ for some

t € (0,T). Integrating over [0, t], we obtain the identity

™ / o(e)h(p(t)) + 7 / o()h(pr(t)) + / S (Pl + / ()" (pr)| Ve

t 3t

A ()l (p)* + g ()l (pr)|”

. / o(0)h(po) + 1 / o()h(por) + / (4 — 7(p)) () ()

t

+ /2 (10 — mr(pr))e(a)h (pr),

(2.44)

where (note that A" > 0) all of the terms on the left-hand side are nonnegative and the first two
summands on the right-hand side are bounded uniformly in & € (0, 1]. Hence, in view of (2.43), a

simple application of Young’s inequality leads to the conclusion that
(e (a)h(6), (@K () 2090 < C Vo€ (0,1
Direct comparison in (2.27) then shows that also
1Ap* |20y < C Ve (0,1].

Let us exploit (2.46). Indeed, invoking (2.39), (1.22) and (1.23), we conclude that

||pa||L2(O,T;H3/2(Q)) + ||6upa||L2(0,T;Hr) < C Vae(0,1]

Then comparison in (2.29), using (2.39), (2.43) and (2.45), implies that
[Arptll 20 mm) < € Va e (0,1],
and we conclude from (2.39), (1.24) and (1.25) that
1%, o)l 20wy < € Va € (0,1].
Next, since u € U,q, we readily infer from (2.26) and (2.39) that
1AL 2y < € Va € (0,1],

whence, in view of (2.43), (1.22) and (1.23),

16 2o 5oz )y + N0up |20 mimry < € Ve € (0, 1],

Hence, by virtue of (2.28) and (2.39), we have that
1Aepz | 20mim) < € Vae (0,1];
and we can argue as above to arrive at the estimate

1, w20,y < € V€ (0,1].
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FOURTH ESTIMATE:

We now argue formally, noting that the following arguments can be made rigorous by, e.g., using
finite differences in time. At first, we note that mean d;(p, pr) = 0 a.e.in (0,T), by (2.34). Hence,
(&, &r)(t) := N(0(p, pr)(t)) € Vy is well defined for a.a. t € (0,7"). Now, we differentiate both
(2.31) and (2.32) (formally) with respect to time, test the resulting identities by (£, &r) and 0, (p, pr),
respectively, and add the results. Now observe that, by (2.9) and (2.10),

Vo -VE + | Vioyur - Viér = OipOp + | Oppur Opr .
Q+ St Q¢ pIn

Hence, recalling (2.14), and integrating the expressions containing u (formally) by parts, we arrive at
the identity

1 T T
~18:(p, pr) )12 + —Q/ 0ip(t)|* + —F/I&pr(lﬁ)l2 + [ Vol + [ IVrdpr|
2 2 9] 2 T Qt o

4 / S ()| Orpl? + / ()" (pr) Dupr?

- Io+/ vatp-u@r/ Vp- g — ﬂ’(p)\@mz—/ m(pr)|dupr |, (2.54)
t t Qt ¢
where ]
T T
o= 31000 + 3 [ 100OF + 5 [1asmOF. 2:55)
Q I

Noting that p(a)h” > 0, we may omit the two nonnegative summands in the second line of (2.54),
and thus obtain an inequality which has exactly the same form as the inequality [13, Eq. (7.1)]. We
thus may repeat the estimates carried out in [13] in order to conclude that (cf., [13, Eq. (7.3)])

(0%, pe)llwreeors0nm oy < C Va € (0,1] (2.56)
and actually realize that the estimate is uniform with respect to .

FIFTH ESTIMATE:

Recalling that m(t) := mean (u(t), ur(t)) for t € [0, T], we test (2.31) by the V—valued function
(u, pr) — m(1, 1). Using the fact that the norm (2.8) is equivalent to the standard norm on 'V, we
obtain, for almost every t € (0, 7)),

/ IVl + / Veur? = — / Duplp — ) — / Dupr (i — ) — / pu- Vi
(9] T Q T Q

< C0c(p, pr)llsc ([ (1, pr) — m(L, Dllvy + [Jullz=@) loll2 Vel
< C(IVullz + [[Veprllz) - (2.57)

Consequently, we deduce that

IVu oy + [IVoupllieeorm < € Va e (0,1, (2.58)
11 = i, i — @)ooy < C Ve € (0,1]. (2.59)
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SIXTH ESTIMATE:

At first, we directly obtain from (2.41), (2.56), and (2.59), that
(@) () im0z + N (@ (0|~ < € Vae (0,1, (@260)
Therefore, if we take (v,vr) = (1,1)/(|2] + |['|) in (2.32), for almost every t € (0,7") we infer that
jmean (1, gr)(t)] < C 19u(p, o)l o0 + Clp(@)(p) + 7(p) (o010
+ C () (pr) + mr(pr)l| L0151 ) < C- (2.61)
By virtue of (2.59), this shows that
(e, pt) [ Lorvy) < € Va € (0, 1], (2.62)

At this point, we observe that (2.26), (2.39), (2.56), and the fact that u € U.q, imply that
1AL peoomimy < (100 [Loo 0,730 + - Vo 10y < € Va €(0,1]. (2.63)

In view of (2.62), we are therefore in the same situation as in the third estimation above after the proof
of (2.50) (only that we have L> with respect to time in place of L?). We thus may argue as in the
estimates (2.51)—(2.53) to conclude that

1, 1)l z=ozowy < C V€ (0,1) 264)

SEVENTH ESTIMATE:

Finally, we insert (v,vr) = (@(a)h/(p), ¢(a)h/(pr)) in (2.32). Employing the estimates shown
previously, we readily obtain that, almost everywhere on (0, T'),

/Q (@) (P + / ()l (o) + / (P Vol + / () (p)| Viepr]?

- / () () (—radup + 1 — (p)) + / () (pr) (—rdhpr + e — me(pr))

<C+ 3 /|so W (p)* + /Iso )R (pr)|” - (2.65)
Consequently, we have that
1(e(@)h'(p*), ()l (pP)) I 030 < C Ve € (0,1]. (2.66)

But then, by virtue of (2.27) and the previous estimates, it is clear that
AP || oo,y < C Ve (0,1]
and, arguing as in the third estimate, we infer that
167, ) loran) < € V€ (0,1, (2.67)

which concludes the proof of the assertion. 0

Remark 2.6. By virtue of the well-posedness result given by Theorem 2.3, the control-to-state op-
erator 8, : u — ((u®, ug), (p*, p)) is well defined as a mapping between U,q C X and the
space defined by the regularity stated in (2.22), (2.23). In particular, this also holds true for its second
component 82 : u > (p®, p%).
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3 Existence and approximation of optimal controls

In this section, we aim to approximate optimal pairs of (Py). To this end, we consider for & € (0, 1]
the optimal control problem

(P.)  Minimize the cost functional J((p®, p¢),u) for u € U,q, subject to the state system (2.26)—
(2.30).

Assuming generally that (A1)—(A5) are fulfilled, we obtain from [14, Thm. 4.1] that this optimal control
problem has an optimal pair (((u®, u), (p%, p%)), u®), for every a € (0, 1]. Our first aim in this
section is to prove the following approximation result:

Theorem 3.1. Suppose that the assumptions (A1)—Ab), (1.14) and (1.15) are satisfied, and let se-
quences {a,,} C (0,1] and {u®"} C U.q be given such that a,, \ 0 and u*" — u weakly-star
in X for some u € U,q. Then there is a subsequence {,, } of {c, } such that for k — oo it holds,

with (1, g2), (o, i) = Sa, (uo),m € N,

(o, ™) — (p, pr)  weakly-starin L(0, T; W), (3.1)
(p*, pp™) = (p, pr)  weakly-starin Wh>(0,7;3) N H (0, T; V) N L=(0,T;' W), (3.2)
(@, ) W (p), (e, ) W (pp™)) — (€,€r)  weakly-starin L>(0, T; K), (3.3)

where (11, pr), (p, pr), (€, €r)) is a solution to the state system (1.2)—(1.8) associated with w. More-
over, (3.2) holds true for the entire sequence {c, }. Finally, with 83(u) := (p, pr) it holds that

J(86(u),u) < liminf J(S; (u), u), (3.4)
J(82(v),v) = le 4(82 (v),v) Yv € Un. (3.5)

ProoF: Let {a,,} C (0,1] be any sequence such that o, ~\, 0 as n — 00, and suppose
that u®» — wu weakly-star in X for some u € U.q. By virtue of Theorem 2.3, there are a subse-
quence of {,}, which is again indexed by 7, and three pairs (i, ur), (p, pr), (§,&r) such that
the convergence results (3.1)—(3.3) hold true. Moreover, from standard compact embedding results
(cf. [27, Sect. 8, Cor. 4]) we can infer that

P — p stronglyin L*(0,T;V) N C°(Q), (3.6)

which also yields that o
P — pr strongly in C°(X). (3.7)

In particular, (p(0), pr(0)) = (po, por) and pr = pj5. In addition, we obviously have that

7(p™) — w(p) strongly in C°(Q), (3.8)
mr(pen) — mr(pr)  strongly in CO(X0). (3.9)

Moreover, it is easily verified that, at least weakly in L' (Q),

Voo -u® — Vp-u. (3.10)
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Combining the above convergence results, we may pass to the limit as n — oo in the equations
(2.26)—(2.30) (written for « = «,, and u = u®") to find that ((u, uur), (p, pr), (§,&r)) and w satisfy
the equations (1.2), (1.3), (1.5), (1.6), and (1.8). Thus, in order to show that ((x, r), (p, pr), (€, &r))
is in fact a solution to the problem (1.2)—(1.8) corresponding to wu, it remains to show that ¢ &
Ol_11(p) a.e.in @ and & € Of_y1)(pr) a.e. in 3. To this end, recall that h is convex and
bounded in [—1, 1] and that both ~ and ¢ are nonnegative. We thus have, for every n € N,

0 < [ olan) h(p®™) < [ wlan)h(z) + [ @lan)h'(p™) (0™ = 2)
/Q Q Q

forall z € K :={ve L*(Q):|v]<laeinQ}. (3.11)

Thanks to (1.15), the first two integrals tend to zero as n — o0. Hence, invoking (3.3) and (3.6), the
passage to the limit as n — oo yields

/f(p—z)ZO Vz e XK. (3.12)
Q

Inequality (3.12) entails that £ is an element of the subdifferential of the extension J of I_; ;) to L*(Q),
which means that £ € 9J(p) or, equivalently (cf. [2, Ex. 2.3.3., p. 25]), that £ € 01|_111(p) a.e.in Q.
Similarly, we can prove that {r € 0111 1j(pr) a.e. in 3.

We have thus shown that, for a suitable subsequence of {«,, }, we have the convergence properties
(3.1)=(3.3), where ((u, ur), (p, pr), (£, &r)) is a solution to the state system (1.2)—(1.8). But, accord-
ing to Theorem 2.2, the component (p, pr) is the same for any such solution. This entails that the
convergence properties (3.2), (3.6)—(3.9) are in fact valid for the entire sequence {«v, }. This finishes
the proof of the first claims of the theorem.

It remains to show the validity of (3.4) and (3.5). In view of (3.2), the inequality (3.4) is an immediate
consequence of the weak and weak-star sequential semicontinuity properties of the cost functional .
To establish the identity (3.5), let v € U,q be arbitrary and put (p*", pi") = Sin(v), forn € N.
Taking Theorem 2.3 into account, and arguing as in the first part of this proof, we can conclude that
{82 (v)} converges to (p, pr) = 8§(v) in the sense of (3.2). In particular, we have (recall (3.6) and
(3.7) B B
82, (v) = 8¢(v) strongly in C°(Q) x C°(X).

As the cost functional J is obviously continuous in the variables (p, pr) with respect to the strong
topology of C°(Q) x C°(X), we may thus infer that (3.5) is valid. O

Corollary 3.2. Under the assumptions of Theorem 3.1, the optimal control problem (Py) has a least
one solution.

PROOF:  Pick an arbitrary sequence {c,} such that o, \, 0 as n — oo. Then, by virtue of [14,
Thm. 4.1], the optimal control problem (P,,) has for every n € N an optimal pair (((p*", p7"),
(per, pgm)), u), where u®r € Uyg and (p™, pi) = 82 (u®"). Since Uyq is a bounded subset
of X, we may without loss of generality assume that u“» — u weakly-star in X for some u € U.q.
Then, for some solution ((x, ur), (p, pr), (€, &r)) to the state system (1.2)—(1.8) associated with w,
we conclude from Theorem 3.1 the convergence properties (3.2), (3.6), (3.7), and (3.5). Invoking the
optimality of (((u®, up™), (p™*, pp™)), u®") for (P,, ), we then find, for every v € U,q, that

3(p.pr)s ) = 3(S30w),u) < limint A(S2, (u™),u)
< liminf §(82 (v),v) = ILm 3(82 (v),v) = J(8§(v),v), (3.13)

n—o0
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which yields that u is an optimal control for (Py) with the associate state ((u,pur), (p, pr),
(&,&r)). The assertion is thus proved. O

Corollary 3.2 does not yield any information on whether every solution to the optimal control problem
(Po) can be approximated by a sequence of solutions to the problems (P, ). As already announced in
the Introduction, we are not able to prove such a general ‘global’ result. Instead, we can only give a ‘lo-
cal’ answer for every individual optimizer of (Py). For this purpose, we employ a trick due to Barbu [1].
To this end, let 4 € U,q be an arbitrary optimal control for (Py), and let ((ii, fir), (p, pr), (£, &r))
be any associated solution to the state system (1.2)—(1.8) in the sense of Theorem 2.2. In particular,
(p, pr) = 82(u). We associate with this optimal control the adapted cost functional

1 _
d((p, pr),u) :==3((p, pr),u) + D) lu — [tz (3.14)
and a corresponding adapted optimal control problem,

(P,) Minimize 5((,0, pr),u) for u € U,q, subject to the condition that (2.26)—(2.30) be satisfied.

With a standard direct argument that needs no repetition here, we can show the following result.

Lemma 3.3. Suppose that the assumptions (A1)—AS), (1.14) and (1.15) are satisfied, and let « €
(0, 1]. Then the optimal control problem (P,,) admits a solution.

We are now in the position to give a partial answer to the question raised above. We have the following
result.

Theorem 3.4. Let the assumptions (A1)—A5), (1.14) and (1.15) be fulfilled, suppose thatu € U,q is
an arbitrary  optimal  control of (Py) with associated state ((f,pr), (p, pr),
(€,€r)), and let {a,} C (0,1] be any sequence such that a,, \, 0 as n — oo. Then there
exist a subsequence {«,,, } of {a,}, and, for every k € N, an optimal control u®x € U,q of the

adapted problem (P, ) with associated state ((11“"x, e, (pome p*)) such that, as k — oo,
u“ — 1 strongly in (L*(Q))?, (3.15)

and such that the properties (3.1)—(3.3) are satisfied, where (1, jir), (p, pr), (€, &r) are replaced by
(la7 [LF)7 <ﬁ7 ﬁr)a (§7 £F> Moreover, we have

Tim 3((p™ e, o), uo) = 3((p, pr), ) (3.16)

PROOF: Leta, \ O asn — oo. Forany n € N, we pick an optimal control u®" € U,q for
the adapted problem (P,,,) and denote by ((u*", ut"), (p~, pp™)) the associated solution to the
problem (2.26)—(2.30) for « = «,, and u = u®". By the boundedness of U,q in X, there is some
subsequence {a,, } of {a,} such that

u®x — u weakly-starin X' as k — oo, (8.17)

with some u € U,q. Thanks to Theorem 3.1, the convergence properties (3.1)—(3.3) hold true, where
((t, i), (p, pr), (€,&r)) is some solution to the state system (1.2)—(1.8). In particular, (((x, pir),
(pv pF)7 (57 gf‘))v u) is admissible for (UDO)
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We now aim to prove that ©v = . Once this is shown, then the uniqueness result of Theorem 2.2
yields that also (p, pr) = (p, pr), which implies that the properties (3.1)—(3.3) are satisfied, where

(Ma Mf)a (P, PF), (E, gF) are replaced by (ﬂa ﬂf)a (ﬁ? ﬁr)a (g, gF)

Now observe that, owing to the weak sequential lower semicontinuity of 5 and in view of the optimality
property of ((f, iir), (P, pr), (&, &r), ©) for problem (Py),

. . s « Qin Qn 1 —
fimint (5, 527 0E) = 3((p.pr)) + & = ey

o 1 _
> 3((p, pr),u) + 5 Ju— UH%LQ(Q))S : (3.18)
On the other hand, the optimality property of (1, g™ ), (p®, pp™*)), u®s ) for problem (i’ank )
yields that for any £ € N we have

I((p™re, pr™ ) ume) = 3(S3,, (u), ue) < 4S5, (@), 1), (3.19)

Cl{n]C

whence, taking the limit superior as £ — oo on both sides and invoking (3.5) in Theorem 3.1,

lim sup 5((/)6*% , pff”’“ ), utnk)

< 3(S(@),w) = 3((p.pr), 1) = 3((5, pr), 7). (3.:20)

Combining (3.18) with (3.20), we have thus shown that 1 |lu — 22||(2L2(Q))3 =0, sothat w = @ and
= (

thus also (p, pr) 0, pr ). Moreover, (3.18) and (3.20) also imply that

3((p,pr),w) = 3((p,pr), @) = liminf J((p™*, pr™* ), us)

= limsup g((pa"k7p?”’“),uank) = l}lﬁngo 5((p°‘"k,p?"’“),u°‘"k), (3.21)

k—00

which proves (3.16) and, at the same time, also (3.15). This concludes the proof of the assertion. [

4 The optimality system

In this section, we aim to establish first-order necessary optimality conditions for the optimal control
problem (Py). This will be achieved by a passage to the limit as a ™\, 0 in the first-order necessary
optimality conditions for the adapted optimal control problems (fﬂsa) that can by derived as in [14] with
only minor and obvious changes. This procedure will yield certain generalized first-order necessary
optimality conditions in the limit. In this entire section, we generally assume that / is given by (1.14)
and that (1.15) and the assumptions (A1)—(A5) are satisfied. In addition, we assume that the following

condition is fulfilled:
(A6) T =1 =2T7>0.

We also assume that a fixed optimal control u & Uaq for (Py) is given, along with a corresponding
solution ((f, fir), (P, pr), (§,&r)) to the state system (1.2)—(1.8) in the sense of Theorem 2.2. That
is, we have (g, pr) = 83(u), as well as § € 0Ij_11)(p) a.e.in Q and & € OI1_y11)(pr) a.e.on X.

DOI 10.20347/WIAS.PREPRINT.2428 Berlin 2017



P. Colli, G. Gilardi, J. Sprekels 18

We begin our analysis by formulating the adjoint state system for the adapted control problem (%,,)
corresponding to ﬂ.~To this end, let us assume that, for some o € (0, 1], u® € U,q is an arbitrary
optimal control for (P,,) and that ((u*, u), (p*, p%)) is the (unique) solution to the associated state
system (2.26)—(2.30). In particular, ((u%, ug), (p%, p%)) = So(u®), the solution enjoys the regularity
properties (2.22) and (2.23), and it satisfies the global bounds (2.36) and the separation property
(2.35). The associated adjoint system has the following variational form (cf., [14, Eqs. (4.7)—(4.9)]):

— (0 (p* + 1q%, pF + Tat) , (v, vr))y +/Vq°‘-Vv +/quf‘f-Vrvr
Q T

4 / (@ () + 7 (6™) v + / (D@ (52) + To(2)) g or — / -Vt

Q T Q
— [ B =Fo)v + [ Bk~ P)er aein(0.1), V(o) €, @)
Q T
[ v [ FupTro = [0+ [
Q T Q T
a.e.in(0,7), V(v,ur) €V, (4.2)

(0" + 757+ 77) (D), (v 0e))y = [ Pl (T) =)o + [ BulgR(T) = FiJor

Y (v,or) €V, (4.3)

which corresponds to the backward problem
— 0 (p™ +74%) — Ag™ + (@)l (p*) g™ + 7' (p™)g™ — u® - Vp* = Bi(p™ — Po)
and — Ap® =¢“ in Q, (4.4)
— O (pf + 7af) + 04" — Argp + ()R (pf)af + T (pR)ar = Ba (ot — Px),
dupr — Arpt =¢qp, pz=pr and ¢y =g¢p on X, (4.5)

(" +7¢% pr + 7ap) (T') = (Bs(p™(T) = pa), Ba(pr(T) — pr)) - (4.6)

According to [14, Thm. 4.4], the adjoint system (4.1)—(4.3) enjoys for every « € (0, 1] a unique solution
((p™, p), (g%, g&)) such that

(p*,pf) € L=(0,T3V), (¢ qf) € L=(0,T;3) N L*(0,T; V), (4.7)
(p™ + 7%, pf + 7¢f) € H'(0,T; V). (4.8)

Observe that, owing to (4.7) and (4.8),

(p* + 7%, P + Tq) € (H'(0,T;V*) N L*(0,T;V)) C C°([0, T]; H),

by continuous embedding. In particular, the final condition (4.3) is in fact satisfied in the form (4.6).
Moreover, arguing as in the derivation of [14, Thm. 4.6], we can infer that for any such solution
((p™, p2), (¢%, qf)) there holds the variational inequality

/ (p*Vp® + Bsu® + (u* —w)) - (v—u®) >0 Vv e Uyq. (4.9)
Q
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We now try to find bounds that are uniform with respect to « € (0, 1]. To this end, we define for
a € (0, 1] the quantities

vy = Bi(p” = D), ¢% = Ba(ph — px), 04 = Bs(p™(T) — pa), ¢t = Ba(pt(T) — pr),

(4.10)
noting that (A3), (A4) and (2.36) imply that
6ol + 9Sllzaey + lleallrz@) + [tz
+ 17 (0 lz@) + llmr(or) =) < K5 V€ (0,1], (4.11)

with a constant K3 > 0 that depends only on the data of the system.

In view of the low regularity of the adjoint state variables, the derivation of uniform bounds makes
it necessary to argue by approximation, following an idea introduced in the proof of [14, Thm. 4.4].
Namely, for fixed « € (0, 1], we approximate (¢&, pf) by pairs (¢o°, ©1°), € € (0, 1], which satisfy

(57T o7 /T) €V, (g%, 0r7) = (06, ¢F) in H ase—0, (4.12)
and consider for every € € (0, 1] the approximating system
/8 P+ g™ v —/&t(p?8 + Tq % o + / Vq*e - Vo +/quﬁ’€ - Vrur
r Q r

/Q (@) (o) + 7' (p*))g™ v + / ()" () + m(f)) g v

r
—/ Vp‘”v—/ava—l—/gozvp V (v,vr) € Vanda.e.in (0,7), (4.13)
—5/6p°”v —5/6th ur —l—/Vp‘” Vo +/VFPF - Vror
—/q v—l—/qF vr Y(v,ur) € Vandae.in (0,7), (4.14)
Q r
(™%, pp)(T) = (0,0), (™%, 0" )(T) = (9" /707 /7). (4.15)

According to [14, Thm. 4.3], the system (4.13)—(4.15) enjoys for every ¢ € (0, 1] a unique solution
((p™%, pr°), (g™, ¢r"")) such that

(p™°, p5%), (™%, qr°) € H*(0,T; H) N L>(0,T; V). (4.16)

Moreover, it was shown in the proof of [14, Thm. 4.4] that there is some sequence &, ~\, 0 such that,
asn — 00,

(p@=n, prm) — (p, pt) weakly-starin L>(0,T;V), (4.17)
(g™, qr™) — (¢%, ) weakly-starin L>°(0,T; 3) N L*(0,T; V), (4.18)
Oy(p™ + Tg T ™+ T ™) = O (p” + Tq%, PR+ TaR)  weakly in L(0,T; V"), (4.19)
£, Oy (p™=, p™) — (0,0) strongly in L*(0, T; H), (4.20)
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where ((p®, pf), (¢%, ¢)) is the solution to the adjoint system (4.1)—(4.3) having the regularity prop-
erties (4.7)—(4.8). Notice that (4.17)—(4.19) imply that also

(p®™ + Tq®% pp 4+ ) = (p* + ¢, ppt + Taf)
strongly in C°([0, T); V*) N L*(0, T'; 3), (4.21)

so that the Cauchy condition (4.3) is meaningful. In the following, we will always work with the particular
sequence {&, }.

Next, we establish uniform bounds for the approximating solutions. To simplify the notation, we omit in
the following estimate the superscript ®°, writing it only at the end of the respective estimations. We
also recall the definition of Q* and X!, for t € [0,7T'), given in (1.21), and we denote by C;, i € N,
positive constants that may depend on the data, but neither on € € (0, 1] nor on o € (0, 1].

We test (4.13) by (g, qr), integrate over (¢, T"), and account for the Cauchy conditions (4.15), to obtain
the identity

T T
owa— [ avear+ 5 [1aOF+ 7 [latoP+ [ VaP+ [ Veal
Qt st Q T Qt St

w [ e+ [ e i

=5 et 5 [t | wepa= [ el [ mtioniat
r t t t

+/ 9025qu/ O qr - (4.22)
t st

At the same time, we test (4.14) by —0,(p, pr) and integrate over (¢, ") to obtain the identity

\8tp\2+8/ |0upr|* + /\Vp ) + /IVrpr =—/ q&ep—/ qroipr .
Qt Qt Zt

(4.23)
Now, we add (4.22) and (4.23), observing that four terms cancel out and that the two summands in
the second line of (4.22) are nonnegative. Omitting these two summands and the first two summands
in the left-hand side of (4.23), we then arrive at the inequality

1 1
3 Llawr 3 [awor s [ 9o+ [ vt [ oo g [ 9o
t Q I
<01+Cz / lal* + Iqu / u® - Vpgq, (4.24)
>t

where we have used (4.11), (4.12) and Young’s inequality. Now, by Young’s inequality, and since u &
uad,

T
/ u®-Vpg < IIU“IILw<Q>/ IVp(s)]l2[la(s)l|2 ds
t t

< | Vol + 03/ Jal*. (4.25)
Q! Q!
Therefore, invoking Gronwall’s lemma, we can infer that

(™%, a7 ) || Lo (0,7330L2(0,75v) + Sup ess (/Q|Vpa’€(t)|2+/r|VFP?’€(75)|2> < Cy (4.26)

te(0,T)
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foralla € (0,1] and € € (0, 1]. We thus can conclude from the weak and weak-star sequential lower
semicontinuity of norms, taking the limit as €,, \, 0, that

(¢, a0 oo (0,300 L2 (0,1v) +SU%>€S)S /Wp )> + /|Vrpr 2 <C; (427
te(0,T

foralla € (0, 1].

Remark 4.1. In the proof of [14, Thm. 4.4], further estimates for the approximations ((p™<, pp™°),
(g™, ")) could be derived. However, a closer look at these estimations reveals that the resulting
bounds depend on the special choice of o € (0, 1] and may become infinite as « \, 0. In particular,
while it is clear that

mean (¢°(t), qf(t)) =0 forall t € [0,7] and « € (0, 1], (4.28)

as one immediately sees by inserting (v, vr) = (1, 1) in (4.2), it seems to be impossible to derive a
uniform bound for the mean value of (p®, p%), the main reason being that the separation constants
p« (), p* () introduced in Theorem 2.3, which were implicitly used in the argument to control the
expressions p(a)h”(p®)q® and p(a)h” (p)qE, may approach 1 as o\ 0. The difficulty becomes
apparent if we observe that insertion of (v, vr) = (1, 1) in (4.1) and integration of the resulting identity
over [t, T, where t € [0, T}, yields the representation formula (by also owing to (4.28))

1
|92 + [T

- /zt(so(a)h”(pg(t)) + (o (1)) gr (1)

v [ @ =70+ [ sk )+ [ a6 —pa)+ [ ok - ﬁz)] 429

In order to be able to derive a meaningful adjoint system for problem (Pg), we thus have to eliminate
the mean value of (p®, pf) from the problem, thereby avoiding the difficulty mentioned above. To this
end, we follow a strategy introduced in [10] and [3]: by recalling (4.28), it follows from (4.2) and the
definition (2.10) of the operator N the identity

(™ (), pr(t)) — mean (p®(£), pr(¢))(1,1) = N(¢*(2), qp (1))

forall ¢t € [0, 7] and « € (0,1]. (4.30)

mean (p“(t), pp(t)) =

_ /Q (@) (o™ () + (0" (1))a" ()

Since (¢%, gf*) is uniformly bounded in L>°(0,T"; ), in particular, we can infer from [13, Lem. 3.1]
that (£%, &) := N(q*, ¢f) belongs to L>°(0, T; W N Hy), solves the boundary value problem

—AEY(t) =q%(t) ae.inQ,  0,%(t) — Ar&p(t) = qr(t) ae.onl,
for almost every t € (0,7), and satisfies the uniform bound

IN(g®, )| e o.rw) < C5 Ya € (0,1]. (4.31)

Now recall that V = 'V, & span{(1, 1)}, where V, is defined in (2.7). Notice also that, by virtue
of [10, Lem. 5.1 and Cor. 5.3], it holds that Vi = {vr : (v,vr) € Vy} and that Hy is dense in V.
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We thus can construct the Hilbert triple Vy C H, C Vi with dense and compact embeddings, that
is, we identify I, with a subspace of V;; in such a way that

((w,wr), (v,vr))y, = / wo + /wr vr V(w,wr) € Ho, V(v,ur) € Vy. (4.32)
Q r

Notice that the embedding (H*(0,7T; Vi) N L2(0,T;Vy)) € C°([0, T]; Hy) is continuous. Observe
also that, because of the zero mean value condition, the first components v of the elements (v, vr) €
V, do not span the whole space C§°(£2), so that variational equalities with test functions from 'V,
cannot directly be interpreted as equations in the sense of distributions.

At this point, the additional assumption (A6) comes into play. To this end, recall that (2%, 2f) =
O (p™ + 7q%, p% + 7¢%) belongs to L*(0, T'; V*) and thus also to L?(0, T'; V). We now aim to show
a global bound for the family {(2%, 2) }aec(0,1) that will prove to be fundamental for the subsequent
argumentation. To this end, we introduce the spaces

2= (HY(0,T;V*) x H'(0,T; Vi¥)) N L*(0,T;Vy) , (4.33)
Zo :={(v,vr) € Z: (v(0),vr(0)) = (0,0)}, (4.34)

which are Banach spaces when endowed with the natural norm of Z. Moreover, Z is continuously
embedded in C°([0, T; Hj), so that the initial condition encoded in (4.34) is meaningful. In addition,
Zy is a closed subspace of Y x Y1, where

Y := HY0,T; V)N L*(0,T;V) and Yp:=H"0,T;VZ¥)NL*0,T; V) (4.35)

are Banach spaces when endowed with their natural norms. It then follows (cf., e.g., [8, Prop. 2.6]) that
the elements F' € Z are exactly those that are of the form

<F7 (77777F)>Z.0 = <Zv T]>Y + <ZF777F>YF for all (777 T]F) € Z'07 (436)

with some z € Y* and 2zp € Y[*. Thus, we can write

(F, (n 1))z = / (2(8), () di + / (e (), () vp dE - Tor every (1, 1) € Zo.

Moreover, even though the pair (z, zr) associated with ' € Z is not unique, the above representa-
tion formula allows us to give a proper meaning to statements like

(2%, 20) = (z,2r) weakly in Z.
Now let (v,ur) € Zg be arbitrary. Then (v,vr)(0) = (0,0), mean (v(t),vr(t)) = 0 for all

t € [0,T], and mean (0;(v,vr)(t)) = 0 for almost every ¢t € (0,T'). Thus, from one side, we
have by (4.30) that

(O (v, vr), (0%, 7))y = (Oe(v, vr), (p%, Pr) — mean(p®, pr)(1, 1))y
= (0y(v,vr),N(¢*, ¢*))y ae.in (0,T). (4.37)

On the other hand, using (4.3) and the fact that both (v, vr) and (p® + 7¢%, p¢ + 7¢f) belong to
HY(0,T;V*) N L*(0,T; V), we see that
T
| @ Oyt = = [ (0 = f)elT) ~ [ Buaf(T) = ryor(D)
0 Q r

T
+ / (Op(v,vp)(t), (p* + 7¢%, pf + Tqp)(t))y dt =: A*. (4.38)
0
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Thanks to (4.10)—(4.11), the sum of the first two summands on the right-hand side of (4.38), which we
denote by A, satisfies the estimate

|AT] < 1(@Q, ) lla¢ 1 (v, ve) (T) [|3¢
< Ce [|(v,vr) |z, Vo€ (0,1], (4.39)

where the continuity of the embedding (H'(0,T’; V) N L2(0,T; Vo)) € C°([0,T]; Hy) has been
used. Moreover, the third summand on the right-hand side of (4.38), which we denote by AS, satisfies,
in view of (4.37), the identity

45 = [ @)@, NG (0.0 0) + 7" O . 640

In addition, from (4.27) and (4.31) it follows that

T
| A3 S/O 10 (v, vr) () [lvg IN(g*(¢), ar () + 7(q(t), 4t (£)) v, dt
S C7||at(U,UF)||L2(O,T;\73) S C’?H(UaUF)HZO Voz € (O, 1] (441)

From the above estimates, we can infer that

10:(p™ + 7¢%, P + 7qr) |lzs < Cs Va € (0,1], (4.42)

and comparison in (4.1) yields that also

I((@)h"(p™)q", e(e) " (pF)ar)

2o < Co Vae(0,1]. (4.43)

We are now in a position to state the first-order necessary optimality conditions for problem (Pg).

Theorem 4.2. Suppose that (A1)-(A6), (1.14), (1.15) are satisfied, and let u & U.q be an optimal
control with associated state ((f1, fir), (p, pr), (&, &r)) in the sense of Theorem 2.2. Then there exist
(q,qr), n, (A, A\r) such that the following statements hold true:

(1) (Q7 CJF) € Loo(ov Ta }CO) N L2(07 T7 VO)’ N(Q) C]F) € LOO(Ov Ta w N }CO); ()\7 >\F) S Z'*;
andn € (L>(0,T; H))>.

(i)  Adjoint system:

(0 An)s (v, o), —%‘/g (@(v, vr) (1), N(a(t), ar (D) + T(a(t), ar (), dt
—l—/@w(ﬁ)qv +/ZWF(/7F)QFUF +/QH'TIU
:(fm_%w+é@w—@m+LmWﬂ—mmn

+ [ Bulpr(D) = pe)on(T) V(wur) € %. (444

(iii))  Necessary optimality condition:

/(ﬁn+ﬁ5a)-(v—a) >0 Vv e Uy. (4.45)
Q
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PROOF:  We pick a sequence {c, }nen C (0, 1] such that cv,, N\, 0 and (cf. Theorem 3.1, Theo-
rem 3.4, and (3.6)—(3.9))

u® — u strongly in (L?(Q))3, (4.46)
(p°, po) — (p, pr) weakly-starin W(0, T; H) N H'(0,T; V) N L>(0,T; W)

and strongly in L*(0,T;V) N (C°(Q) x C°(%)), (4.47)
(1 (0%, A (02)) — ((5), mh(r)  strongly in C°(@) x C°(5). (.48

Moreover, in view of the estimates (4.27), (4.31), and (4.43), we may assume that there are (¢, qr) €
L>=(0,T;Ho) N L2(0,T; V), n € (L>®(0,T; H))3, and (A, A\r) € Z;, such that

(¢°", q&) — (q,qr) weakly-starin L°°(0,T;Ho) N L*(0,T; V), (4.49)
Vp®r —n  weakly-starin (L>=(0,T; H))?, (4.50)
(plan)h” (p")q™, (o) B (pr™ )ar™) — (A, Ar)  weakly in Zg, (4.51)
N(g*", gt") — N(q, qr) weakly-starin L>(0,T; W N Ho). (4.52)

Now we can take advantage of the identities (4.38) and (4.40). Indeed, if we restrict ourselves to test
functions (v, vr) € Zo and invoke the convergence results (4.47)—(4.52), then we may pass to the
limit as n — oo in the equations (4.1)—(4.3) (written for « = «,,) to arrive at the conclusion that we
have the identity

(A, Ar), (v, vr)) 2 +/0 (O (v, vr) (1), N(q(t), qr(t)) + 7(q(t), gr(t)))v, dt
+/ "(p)qv +/7TF(PF)QFUF + hm/ -Vp*r v

/51P PQU+/52PF—PEUF+/53 pa)u(T)
+ /B4(ﬁp(T) —pr)ur(T) Y (v,or) € Zg. (4.53)
r
Therefore, in order to prove the validity of (4.44), we need to show that
lim [ wu™ - Vp*rov = / u-nv Y (v,or) € Zp. (4.54)

To this end, it suffices to establish the result for all test functions from the set Zo = { (v, vr) € Zp
v € L*(0,T;C°(Q))}. Indeed, since Zg is a dense subset of Zq, (4.54) then follows from a simple
density argument. Now let (v, vr) € Zo. We have that

/(U“”-Vp“”—u-n)v = /(“a"—u)'VPa””+/u‘(VPa"—77)U- (4.55)
Q Q Q

Since u € U,q, we can infer from (4.50) that the second integral on the right-hand side approaches
zero as . — 00. Moreover, we obtain from (4.46), using (4.27) and Hélder’s inequality, that

[y < () = GO 19 (0 Ol

<l = all 2@ IVP* [l e o 2@ IVl 20,000 — 0 asn— o0, (4.56)
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and the validity of (4.44) is shown. Next, we take the limit as n — oo in the variational inequality (4.9),
written for « = «,,. Employing (4.46), (4.47), and (4.50), we readily see that (4.45) is fulfilled. This
concludes the proof of the assertion. [

Remark 4.3. Unfortunately, we are unable to derive a complementarity slackness condition for the
adjoint variables. Indeed, although we have the inequality

((plan)h"(p™) g™, w(an)h" (pr)ar™), (@™, gt )20

_ / )l (o) |g* ? + / Sl (p2) [P > 0 YneN, (@5
Q by

the convergence properties (4.49) and (4.51) are not strong enough to guarantee that
<(>‘7AF)7(Q7QF)>ZQ Z 0.

Remark 4.4. Obviously, the adjoint variables are not uniquely determined. It thus may well happen
that for different sequences a,, ~\, 0 different limits are approached. However, the weak-star limit 7 in
(4.50) must satisfy the variational inequality (4.45).
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