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Optimal velocity control of a viscous Cahn—Hilliard system

with convection and dynamic boundary conditions
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 gov-
erning system of nonlinear partial differential equations is bilinear, which presents an additional
difficulty for the analysis. The nonlinearities in the bulk and surface free energies are of logarith-
mic type, which entails that the thermodynamic forces driving the phase separation process may
become singular. We show existence for the optimal control problem under investigation, prove
the Fréchet differentiability of the associated control-to-state mapping in suitable Banach spaces,
and derive the first-order necessary optimality conditions in terms of a variational inequality and
the associated adjoint system. Due to the strong nonlinear couplings between state variables and
control, the corresponding proofs require a considerable analytical effort.

1 Introduction

Let Q C IR? 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, T the sets Q; := Q x (0,¢) and &; :=T" x (0, ), where we put, for the
sake of brevity, () := Q)7 and Y := Y. We then consider the following optimal control problem:

(CP) Minimize the cost functional

/61 ~ /82 ~
3<N7MF7P7PF7U) ::7 |M_MQ|2+? ’MF_ME|2
Q =

B3 . B ~
Ty ’P—PQ|2+7 o — ps/?
Q by

w2 Lo =paP + 2 [ loem) =l + 5 [ P, (11
Q r Q
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P. Colli, G. Gilardi, J. Sprekels 2

subject to the state system

Op+Vp-u—Ap=0 inQ, (1.2)
T0ip — Ap+ f'(p)=p in Q, (1.3)
Owpr + Oypt — Arpr =0 and s = pr on X, (1.4)
r0pr + 0,p — Arpr + fr(pr) = pr and ps=pr on %, (1.5)
p(0) =po in Q, pr(0)=por onT, (1.6)

and to the control constraint
u € Uyq, (1.7)

where U, is a suitable closed, convex, and bounded subset of the control space X defined by
X = L*(0,T;2) N (L2(Q))* N (H'(0,T; L*(Q)))?, (1.8)

where
7 ={we (L*(N)*: divw=0inQ and w-v=0onT}. (1.9)

In (1.1), the constants 3;, 1 < ¢ < 7, are nonnegative but not all zero, and jiq, /ix, Pg, P Pa, and
pr, are given target functions. We note that the state system (1.2)—(1.6) can be seen as a phase field
model for a phase separation process taking place in an incompressible fluid in the container {2 and on
the container boundary I'. In this connection, the variables (1, i) 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, respectively. 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 condition u(t) € Z and (1.4), we readily find that

at(/ﬂ,o<w+/rpr<t>) 0. (1.10)

We also assume that the densities of the local free bulk energy f and the local free surface energy fr
are of logarithmic type, where the latter dominates the former in a sense to be made precise later. In
the simplest case, we have

fr)y~ fr(r) ~c((1+7r) In(1+7r)+ (1 —=7)In(l — 7)) —&r?, re(=1,1), (1.11)

with constants (not necessarily the same) ¢; > 0 and ¢, > 0 such that both f and fr are nonconvex.
Notice that the derivatives f” and f{. are singular at the endpoints r = +1.

While there are numerous contributions (which cannot be cited here) in the literature that address the
questions of well-posedness and asymptotic behavior for various types (viscous or nonviscous, local
or nonlocal, zero Neumann boundary conditions or dynamic boundary conditions) of Cahn—Hilliard
systems, there are still but a few papers dealing with the associated optimal control problems. In
this connection, we refer to [6, 8, 11,18, 25, 28] for the case of Dirichlet or zero Neumann boundary
conditions and to [1,2,7,9,10, 15] for the case of dynamic boundary conditions.

Recently, a rigorous analysis for convective Cahn—Hilliard systems has been given in [26] for the
one-dimensional and in [27] for the two-dimensional case. In [14], the distributed optimal control of
a two-dimensional Cahn—Hilliard/Navier—Stokes system was analyzed. We also mention the papers
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Velocity control of convective Cahn—Hilliard system 3

[16,17,19,20], which deal with the optimal control of three-dimensional Cahn—Hilliard/Navier—Stokes
systems, however in the time-discretized version.

A distinguishing feature of this paper is that we use the fluid velocity as the control variable in the
convective Cahn—Hilliard system. In practice, this can be realized by placing either a mechanical stir-
ring device or an ultrasound emitter into the container. Another option is, in the case of electrically
conducting fluids like molten metals, to make use of magnetic fields (for such an application, see [21]).
To the authors’ best knowledge, the only existing mathematical contribution, in which the fluid velocity
is used as the control in a convective Cahn—Hilliard system in three dimensions of space, is the re-
cent contribution [23]. In comparison with the situation investigated in [23], the main novelties of our
paper are the following: while in [23] a nonlocal convective Cahn—Hilliard system with a possibly de-
generating mobility and zero Neumann boundary conditions was studied, we consider here a viscous
local Cahn—Hilliard system with constant mobility (normalized to unity) and the more difficult dynamic
boundary conditions. In the recent paper [12], rather general and strong well-posedness results for this
situtation have been established (we also like to quote the contributions [3, 4] for the nonconvective
case).

In our analysis, we will take advantage of the results shown in [12]. It turns out that the bilinear coupling
between control and state makes it necessary to allow only controls © which, among other constraints,
have to obey the somewhat unusual regularity condition u € H'(0,T; L3(£2)3). But, as a matter of
fact, this is exactly the kind of regularity that guarantees the existence of a unique solution to the
state system having sufficient regularity properties. Under these premises, we will be able to show
the Fréchet differentiability of the control-to-state operator in suitable Banach spaces. Finally, we can
prove the existence of an optimal control and, in a slightly less general setting, we also derive proper
first-order necessary conditions for optimality.

The paper is organized as follows: in the following Section 2, we state the general assumptions for our
problem, and we collect known results for the state system (1.2)—(1.6). Section 3 brings an analysis
of the differentiability properties of the control-to-state mapping, while in Section 4 we prove existence
and the first-order necessary optimality conditions for the control problem.

Throughout this paper, we will denote for a general Banach space X by || - || x its norm and by X * its
dual space. Moreover, (-, -) x denotes the dual pairing between X* and X. The only exception from
this convention for the norms is given by the spaces LP constructed on €2, I", (), 3 and their powers,
for 1 < p < oo, whose norms will be denoted by || - ||,,. We will also repeatedly use Young's inequality

ab<dlal*+ L b]* foralla,b€R and & >0, (1.12)

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

2 General assumptions and the state system
In this section, we introduce the general setting of our control problem and state some known results
on the state system (1.2)—(1.6). To begin with, we introduce the spaces

H:=L*Q), V:i=HY(Q) and W := H*Q), (2.1)
Hy:=L*T), Vp:=HYT) and Wr:= H*(T), :
H:=HxHp, V:={(or)eVxV:v=uvr} and W:= (WXWF)HV. (2.3)
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P. Colli, G. Gilardi, J. Sprekels 4

Moreover, we recall the definition (1.8) of X.

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

(A1) (po, porr) € W, and we have —1 < py(z) < 1 forall = € €.
(A2) T > 0and T > 0.

(A3) f,fr € C3(—1,1) can be written as f = f; + f» and fr = fr1 + fro, where
fo, fra € 03[—1, 1] and

AN >0,7%>0: [N <nulffa )+ Vre(=11), (2.4)
li (r) = lim f(r) = —oo0, lim f{(r) = lim f{,(r) = +o0. 25
rggfl( ) 7n\_lfm( ) T%Hfl( ) T/Hfm( ) (2.5)
(A4) The constants 3;, 1 < ¢ < 7, are all nonnegative but not all equal to zero, and it holds

Pa: g € L*(Q), ps, fis € L*(X), pa € L*(Q), and pr € L*(T).
(A5)  The function U € L>(()) and the constant Ry > 0 make the admissible set
Upg :={ueX: [uf <TaeinQ, [ulx < Ro} (2.6)

nonempty.

For the following analysis, it is convenient to fix once and for all some open ball in X that contains U,,.
We therefore assume:

(A6) Let R > 0 be fixed such that U,y C U :={u € X : ||ul|x < R}.

Remark 2.1. The condition (2.4) means, loosely speaking, that the thermodynamic force on the
boundary (represented by f{.) grows faster than the thermodynamic force in the bulk (represented
by f/). Moreover, it is easily seen that (A3) is fulfilled for, e.g., the logarithmic case (1.11).

Remark 2.2. We point out that U, actually is a closed, convex, and bounded subset of X. However,
it is closed in other spaces as well. For the reader’s convenience, we spend some words on this
point. For w € (L*(Q2))? with divw € L*(), the trace (w - 1)}, is a well-defined element of
H~'2(T") (in particular, the definitions (1.8) and (1.9) of X and Z are meaningful). Moreover, the usual
integration-by-parts formula holds true in a generalized form for w € (L?*(€2))3 with divw € L*(Q)
and v € H'(Q). Namely, we have that [,w - Vv = — [, (divw)v + ((w - v),,v).), where
(-, -) is the duality pairing between H~'/2(I") and H'/?(T"). In particular, requiring that an element
w € (L*(2))? belongs to Z (i.e., it satisfies the conditions divw = 0in Qand w - v = 0 on I
is the same as requiring that [, w - Vv = 0 for every v € H'(Q). Therefore, the whole space
X can be redefined as the space of u € (L>®(Q) N H'(0,T; L*(Q)))? such that fQ u-Vov =0
for every v € L2(0,T; H'(2)). It follows that X is a closed subspace of the Banach space X :=
(L>=(Q)NH'(0,T; L*(R2)))? (as well as of each of the spaces (L*(Q))* and (H'(0, T'; L*(2)))?)
and U, is a closed subset of X. We also notice that, by the above integration-by-parts formula and
the assumptions on u, we can write the convective term in the next variational formulation as it is
presented in (2.7) (i.e., the third integral, to be compared with the second term of (1.2)).
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Velocity control of convective Cahn—Hilliard system 5

We now quote some results for the state system (1.2)—(1.6) that have recently been proved in [12].
Prior to this, we notice that the variational form of (1.2)—(1.6) reads as follows: find functions ( (1, ur),
(p, pr)) such that

/&pv—ir/8tppvp—/pu-Vv+/VM~VU+/VFMF~VFU1~:0
Q r Q Q r

a.e.in (0,7") and for every (v, vr) € V, (2.7)

Tgfﬁtpv+7p/8tppvp+/Vp VU+/Vppp VFUF

/f U+/fFPFUF—/MU+/MFUF

a.e.in (0,7") and for every (v, vr) € V, (2.8)

p(0) = po ae.infd (2.9)

The following result is a combination of the Theorems 2.6, 2.7 and 2.9 in [12].

Theorem 2.3. Suppose that the assumptions (A1)—(A3) and (A6) hold true. Then the state system
(2.7)—(2.9) has for every u € Ug a unique solution ((i, pr), (p, pr)) such that

(1, pr) € L2(0, T; W), (p, pr) € WH(0, T;30) N HY(0,T5V) N L=(0,T;W).  (2.10)
Moreover, there are constants p., p* € (—1,1) and K; > 0, K5 > 0, which depend only on the

data of the state system and R, such that the following holds true:

(i)  Whenever ((11, ur), (p, pr)) is the solution to the state system associated with some u € Ug,
then we have

pe < pla,t) < p* V(z,t) €Q, (2.11)
| (1t 1) || Lo 0.w) + [1(0s pr) | wtes (0, m30nm (0,70 L (0,mw) < K7 (2.12)

(ii) Whenever u',u* € Ug are given and ((11', &), (p*, pk)), i = 1,2, are the solutions to the
corresponding state systems, then

(" = 12, g — p12) || Lo o)

+ ||(P1 - 027 Pr — p12“)||leOO(O,T;ﬂ{)ﬂHl(O,T;V)QLW(O,T;W)

< K “Ul - U2HH1(0,T;L3(Q)3) . (2.13)

Remark 2.4. Notice that the poi_ntwise condition (2.11) is meaningful, sincgit follows from [24, Sect. 8,
Cor. 4] and (2.10) that p € C°(Q) (and thus, in particular, that pr € C°(X)).

We point out that the uniform separation property (2.11) also ensures that the possible singularity
encoded in the condition (2.5) never becomes active. This implies, in particular, that we may without
loss of generality assume that

max (11190l oy + I (o0 lonesy) < o 2.14)

1<j<3
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P. Colli, G. Gilardi, J. Sprekels 6

whenever (p, pr) is the second component pair of a solution to the state system associated with some
u € Ug.

Remark 2.5. By virtue of the well-posedness result given by Theorem 2.3, the control-to-state opera-
tor S : u — ((i, ur), (p, pr)) is well defined as a mapping between Uz C X and the space defined
by the regularity stated in (2.10). Moreover, it is Lipschitz continuous as a mapping from Uy, into the
space

L0, T; W) x (WH°(0,T;3) N H*(0,T;V) N L>(0,T; W)).

3 Fréchet differentiability of the control-to-state operator

In this section, we aim to show the Fréchet differentiability of the control-to-state operator S in suitable
Banach spaces. Throughout this section, we assume that u € Up is fixed and that the general
assumptions (A1)—(A3), (A5) and (A6) are satisfied, so that the global estimates (2.12) and (2.14) are
valid for the associated solution (7, 7ip, 9, pr) = 8(u) to the state system. We then consider the
linearized system, where h € X,

/8t§v+/8tfpvp+/Vn-Vv+/Vpnp-vap
Q r Q r

—/fﬂ-Vv—/ﬁh-Vv:O
Q Q

a.e.in (0,7") and for every (v, vr) € V, (3.1)

TQ/Q@&H-TF/FQ&UF+/QV§-V11+/FVF§F-vap
+/Qf"(ﬁ)§v+/rff'(ﬁr>§rvrz/QUUJF/F’OFUF

a.e.in (0,7") and for every (v, vr) € V, (3.2)
£0)=0 ae.inQ, &(0)=0 aeonl. (3.3)

Sinceuw € Ur C Xand h € X, thendivu = 0 and & - ¥ = 0, and the same conditions hold for A,
so that (3.1)—(3.3) is the weak form of the linear initial-boundary value problem

0 —An= —VE&-u—Vp-h ae. in(@Q, (3.4)
Or +0,n—Apnpr =0 and ny =nr, ae.oni, (3.5)
700 — A+ f"(p)E=n ae.inQ, (3.6)
0r + 0, — Arér + f(pr)ér =nr  and &z =&r, ae.on, (3.7)
£(0)=0 aeinQ, &(0)=0 aeonl. (3.8)

However, we only refer to the problem in the form (3.1)—(3.3).

We expect the following to hold true: if the system (3.1)—(3.3) admits for every h € X a unique solution
((n,mr), (§,&r)) =: ((n",nf), (€7, &) in a suitable Banach space, then the Fréchet derivative
D8 () of 8 at 7 (if it exists), evaluated at h, should have the form D8(w)(h) = ((n",n%), (€",&R)).

Theorem 3.1. Suppose that the assumptions (A1)—(A3), (A5) and (A6) are fulfilled, letw € Ug be
given, and let ((1z, iy ), (p, pr)) = 8() be the associated unique solution to the state system (1.2)—
(1.6) having the regularity properties stated in (2.10). Then the system (3.1)—(3.3) has for every h € X

DOI 10.20347/WIAS.PREPRINT.2427 Berlin 2017



Velocity control of convective Cahn—Hilliard system 7

a unique solution ((n,nr), (&, &r)) such that
(n,mr) € L*(0,T; W), (&,&r) € HY(0,T;H) N L>(0,T; V) N L*(0,T; W). (3.9)

Moreover, the linear mapping h — ((n,nr), (§,&r)) is continuous as a mapping from X into the
space
Y .= L*0,T;V) x (H'(0,T;H) N L>(0,T;V)). (3.10)

PRoOOF: We employ a slightly modified Faedo-Galerkin scheme with a proper choice of the Hilbert
basis. To this end, we introduce the operator A € £(V;V*) by setting

(A(w,wr), (v,or))v = /

Vw - Vv + / Vrwr - Vior  for (w,wp), (U,UF) < V, (3.11)
Q r

and notice that A is nonnegative and weakly coercive. Indeed, we have that
(Av, o), (0,000 + (0, 00) 3 = (v, or) [} forevery (v,or) € V. (3.42)

Moreover, as the embedding V C H is compact, the resolvent of A is compact as well, and the
spectrum of A reduces to a discrete set of eigenvalues, the eigenvalue problem being

(e,er) € V\{(0,0)} and A(e,er) = Ae,er). (3.13)
More precisely, we can rearrange the eigenvalues and choose the eigenvectors in such a way that

0:)\1<)\2§/\3§... and llm)\ = 400, (3.14)

]—}OO

A(el, ) = A(, ) and

» . 1 ifi=j
e'e’ + | epel =6y = fori, 7 =1,2,..., 3.15
/Q /FFF g {0 iti £ j / (819

and {(¢’, )} generates a dense subspace of both V and J{. We notice that

/Ve Vel + /Vper Vper—/\ /eef /ereF =N\o;; fori,j=1,2,....

We also observe that every element (w, wr) € H can be written as
(w, wr) Zw] (e, el)  with Z|w]\2 | (w, wr)]|3; < +o0,

and that (on account of (3.12))

(w,wp) €V itandonlyif > (1 + A;)|w;|* < +o00.
j=1

Namely, the last sum yields the square of a norm on 'V that is equivalent to || - ||y.

At this point, we set

V, :=span{(e/,e}): 1<j<n} and Vo := UVn = span{(e/,el): j > 1}, (3.16)
j=1

DOI 10.20347/WIAS.PREPRINT.2427 Berlin 2017
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and, for every n > 1, we look for a quadruple (1™, nft, £™, &) satisfying

(n",nt) € L*(0,T;V,) and (£%,&1) € H'(0,T;Vn), (3.17)
/&5 v+/8t£va—/£u Vv—/ph Vv—ir/Vn Ver/V'r]F-va
—i—n/n v+n/nrvp:0 a.e.in (0,7T) and for every (v, vr) € V,,, (3.18)
r

TQ/(9t£”v+7'p/8t§?vp+/Vﬁ”-VU—i—/VﬁﬁVMF
Q r Q r

+ [ r@evs [ fooge = [ o [

a.e.in (0,7) and for every (v, vr) € V,,, (3.19)
£"(0)=0 ae.inQ, &(0)=0 ae.onl. (3.20)

Existence for the discrete problem. For every fixed n € N, we are looking for (1", nt) and
(€™, &) in the form

(", ) 277] )(e/,el) and (€, &0)(t an )€ et),

for some 77 € L?*(0,T) and S H'(0,T),1 < j < n. Let us introduce the n-vector functions
= (n0,....,n") and & := (£7,...,£M). Then, making the special choices (v, vr) = (€7, ek) for
1 =1,...,n, we can rewrite the system (3.18)—(3.19) in the form

€'(t) = U E(t) + D, 7(t) = C(t)
and BE (1) + DE(t) + G() E(t) = T(1), (3.21)
where D,, := diag(\ + 2,..., A\, + 2), D := diag()1, ..., \,) and where the matrices U =

(uij) € L*(0, T;R™™), G = (g”) € L>(0,T;R™™), and B = (b;;) € R™ " and the vector
C = (¢;) € L*(0,T;R") are given by

wilt) = [ a9, g5(0):= [ @O+ [ e,
r
b = TQ/ ele’ + TF/€{;6%, ci(t) == / p(t)h(t)-Ve', fori,j=1,...,n
Q r Q

By adding the second identity in (3.21) to the first one multiplied by D;l, we obtain the equivalent
system

(D' + BYE'(t) + V(1) E(t) = D;'C(t) and 7(t) = BE (t) + DE(t) + G(t) (1),

where V := D + G — D, 'U belongs to L*(0,T;R"*") and D! + B is invertible, as we now
verify. To this end, we show that B is positive definite. Indeed, for any vector y = (y1,...,¥y,) € R",

DOI 10.20347/WIAS.PREPRINT.2427 Berlin 2017



Velocity control of convective Cahn—Hilliard system 9

by setting (v, vr) := Y7 y;(e’, el), we have that

(By) -y = Z bijy;y; = TQ/ Zyiei Zyjej + Tp/ Zyie% Zyjejf
Q=1 j=1 Q=1 j=1

ij=1
B / ol + 71 / for? > min{r, 7} [|(v, 0| = min{re, 7} [yl
Q T

Hence, D, ' + B is positive definite as well, and thus invertible. Therefore, by virtue of standard results
for initial value problems for ordinary differential equations, the discrete problem (3.17)—(3.20) has a
unique solution having the asserted regularity.

At this point, our aim is to show that the solutions to the discrete problem converge to a solution to
(3.1)—(3.3) as n tends to infinity, at least for a subsequence. To this end, we start estimating and find
bounds that do not depend on n. In the following, C;, ¢ € N, will denote positive constants that may
depend on the data of the system and on R, but notonn € N.

First a priori estimate. We test (3.18), written at the time s, by (1™, n*)(s) and integrate over (0, t)
with respect to s to find that

[ aer+ [ agm [ ok [ 19
t it t it
1 n|2 1 n|2 n— n — n
+—f M F+=] W=/ &u-Vg'+ | ph-Vnt.
n.Jg, nJs, Qt t

Next, we test (3.19) by 0;(£", &1)(s), integrate over (0, t) with respect to s, and add the expression
th EMOE™ + fzt ELOLEL to both sides, for convenience. We infer that

1
m [ ek [ 106+ 5 IE Ol
= [ w-raneass [ a-gengog s [ wae s [ g

At this point, we add these equalities and notice that four terms cancel and that the remaining terms on
the left-hand side are nonnegative. Moreover, we use the global estimates (2.12), (2.14), and Young’s
inequality. We obtain that

n n n n 1 n n
Ui+ [ et [l [ 0+ 2 e Ol
Q1 =t Q1 Tt
< [etmvr+ [ pimvri+ 2 [ jaers T [ g

Q1 Q1 Q¢ e

+C [ [P+ Cy IR
Q¢ P!

On the other hand, the Hoélder, Sobolev and Young inequalities yield that

[€"[ [l [V S/ 167 (s)lle IT(s)l[s (V7" (s)]]2 ds
Q1 0

1 " B Lo
<1 | R ol [ €Ol a5
t 0
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Moreover, we have that
t
g ol A V7" < /O [P(s)[[o [P (8)ll2 [[V7" () |2 ds
t
1

< - V" |? + Cs |h|?.
4 Q1 Qt

Therefore, rearranging and applying Gronwall's lemma, we can infer that for all ¢ € (0, T'] it holds

1/2
< Wik +/ |VF77?|2) + 1", &0 0.630nL2(0,6v) < Callbllz2(0,6m)3 - (3.22)
Qt 3t

Second a priori estimate. We insert (v, vr) = (7", %) in (3.19). As it turns out, all of the resulting
terms can be handled directly by means of Young’s inequality to yield an inequality of the form

P [ < G (1€ ooy + /Q V[ + / Vi),

and it follows from (3.22) that
10" )l z20.v) < CollR|| 220,653 - (3.23)
Existence of a unique solution to the linearized system. We account for (3.22)—(3.23) and use

standard weak and weak star compactness results, as well as [24, Sect. 8, Cor. 4]). It follows that, as
n tends to infinity,

(™, n2) — (n,mr)  weakly in L2(0,7T;V), (3.24)
L™, ) — (0,0)  strongly in L*(0,T; V), (3.25)
(€, &8) — (&,&r)  weakly starin H'(0, T 3) N L>(0,T;V)

and strongly in C°([0, T']; H), (3.26)

at least for a subsequence, which is again indexed by n. In particular, we have £(0) = 0 and £r(0) =
0. We also recall that w, f"(p) € L>(Q) and f{!(pyp) € L>(X), which implies that

£ — € stronglyin L*(0,T; H)?,
f'@)E" — f'(p)é stronglyin L*(Q),
r(Pr)é — fr(pr)ér  strongly in L*(X).

Now, we recall (3.16) for the definition of V., and take an arbitrary V..-valued step function (v, vr).
Since the range of (v, vr) is finite-dimensional, there exists some m € N such that (v, vr)(t) € V,,
fora.a. t € (0,7). It follows that (v, vr)(t) € V, fora.a.t € (0,7") and every n > m, so that we
can test (3.18) and (3.19), written at the time ¢, by (v, vr)(t) and integrate over (0, T"). At this point,
it is straightforward to deduce that (7, nr) and (&, &r) satisfy the integrated version of (3.1)—(3.3) for
every such step function, namely, we have that

/@{v—i—/@tﬁpvp—/é‘ﬂ-VU—/ﬁh-Vu—i-/Vn-Vv—i—/Vnp-va—O,
Q Y Q Q Q by
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Tg/@@tfv—l-Tp/Zﬁtgvp—l—/Qvg-Vv—i-/zvpfp-vap
+/Qf"(ﬁ)ﬁwr/sz/(ﬁr)frvr:/QUUJF/ZUFUP

By density, the same equations hold true for every (v, vr) € L*(0,T; V). This implies that (3.1)~(3.2)
hold true a.e. in (0,7") and for every (v, vr) € V, as desired. It is thus shown that ((1, nr), (§,&r))
is a solution to the linearized system (3.1)—(3.3).

Next, we show that there can be no other such solution. To this end, assume that (1%, ni.), (£%, &%),
1 = 1,2, are two solutions such that

(n',np) € L*(0,T5V) and (§,&) € H'(0,T:3) N L>(0,T5V) fori=1,2.

We put (77777F) = (77177711“) - (77277712“) and (faﬁr) = (6175%‘) - (6276%‘) Then ((nanf‘)a (§>€F)>
solves the system (3.1)—(3.3), where, in this case, the expression fQ ph - Vv is not present. Now,

we repeat the two a priori estimates performed above for the approximating system, but this time we
proceed directly on the system (3.1)—(3.3). We then recover the estimates (3.22) and (3.23), but this
time with zero right-hand sides. Hence, (1, r) and (&, &) vanish, which proves the uniqueness.

Further regularity. We still need to show that (¢, &r) € L2(0,T; W). This is an immediate conse-
quence of [12, Lem. 3.1]: indeed, we can write (3.2) in the form

/ V& - Vo + / Vrér - Viur = / qu +/grvr V(U,Ur) eV, (3.27)
0 r Q r
fora.e. t € (0,T), where we define (g, gr) € L*(0,T; H) by

g:=n—f"(P)E—10&, gr=nr — ff(Pr)ér — 0&r .

Obviously, (g(t),gr(t)) € H fora.e. t € (0,T). It then follows from [12, Lem. 3.1] that, for a.e.
t € (0,7),itholds (£(t),&r(t)) € W, as well as

€@, Ee(@llw < Ca (I(€@), Eo@)llv + [1(9(2), g0 () lsc) , (3.28)

with a constant Cy, > 0 that depends only on €. Since we have (&, &r) € L*(0,7';V), we conclude
that indeed (¢, &r) € L?(0,T;'W). Arguing as above on the equation (3.1), to be written similarly as
in (3.27), and observing that

IVE-T — VP b r200,7m)
< 07<’|V£|’L2(O7T;L6(Q)3)HU|‘L°°(O,T;L3(Q)3) + HVﬁHLOO(O,T;LG(QP)|‘hHL2(O,T;L55(Q)3))
< CS(||<£>£F>HLQ(O,T;W)|WHL°°(O,T;L3(Q)3) + [|(p, ﬁr)HLOO(O,T;W)HhHLQ(O,T;L3(9)3)> ’

it is not difficult to conclude that (1, nr) € L?(0,T; W) (cf. [12, Sect. 3)).

At this point, it remains to show the asserted continuity properties of the mapping h — ((n, nr), (&, &r)).
Now, it follows from the weak and weak star sequential semicontinuity of norms and from the estimates
(8.22) and (3.23) that, for every h € X,

I, o)l 20,50y + 1€, 60 o,ms0nze0,mv) < Co ||| - (3.29)

The assertion is thus completely proved. U

We now turn our interest to the Fréchet differentiability. We recall the definitions (1.8) and (3.10) of the
spaces X and Y and prove the following result.
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Theorem 3.2. Assume that (A1)—(A3), (A5) and (A6) are fulfilled. Then the control-to-state opera-
tor 8 is Fréchet differentiable at every u € Ugr as a mapping from the space X into the space Y.
Moreover, for everyu € Ug and every h € X we have that the Fréchet derivative DS () of 8 at i
satisfies DS(w)(h) = (n,nr, &, &), which is the unique solution to the linearized system (3.1)—(3.3)
associated with h.

PrRooF: Since Up is open, there is some A > 0 such that w + h € Uk whenever h € X and
||h]]x < A. In the following, we consider only such perturbations /, for which we define the quantities

(" 1), (0" p1) = 8@+ h), y"=p" = —€" yp=pf —pr — &,
A G (AN (D TR A
Obviously, we have yfy, = yft and 2y, = 21, as well as

(", yr) € HY(0, T3 H) N L¥(0,T5V), (", 21) € L*(0,T; V). (3.30)

Since we know already from the previous theorem that the linear mapping h ((nh,n’ﬁ),
(f’h, SF)) is continuous as a mapping from X into Y, it suffices to show that there is an increasing
mapping Z : (0, A) — (0, +00) such that limy\ o Z(A\)/A? = 0 and

(=", Z{“L)H;ZP(O,T;V) + H(yh7y?)”%{l(O,T;J{)ﬂLOO(O,T;V) < Z([|7flx) - (3.31)

We also recall that ((p”, ul), (o, plt)) satisfy the global estimates stated in (2.12), (2.14), and we
observe that it follows from Taylor’s theorem that there is some C'; > 0 such that

1F/(0") = F'() — f"(P)E"| < Cilyt| + Cilp" =" aeing, (3.32)
| fH(ol) = fi(Br) — fipr)er] < Culyl| + Cu |t —pr|” ae.ons, (3.33)

where, here and in the remainder of this proof, C' and C;, i € N, denote positive constants that may
depend on the data of the system and R, but not on the special choice of h with ||||x < A.Moreover,
using the state equations and the linearized system, we readily verify that the following identities are
valid:

/@yhv%—/@tygvp—l—/v,zh-Vv—l—/vpz{i-vpvp:/yhﬂ-Vv—F/(ph—ﬁ)h-VU
Q r Q r Q Q

forall (v,ur) €V and ae.in (0,7, (3.34)
m/gatyh'u + Tp/@ty’ﬁvp +/QVyh - Vv + / pr’f” - Vryor
I I
s [ =10 - @ o [ Frleh) - Filor) = Hpr)eh) or
Q Q

= / zhv—f—/z{ivp forall (v,ur) €V and ae.in (0,7). (3.35)
Q r

First estimate. For s € (0,7), we insert (v,vr) = (2"(s),2f(s)) in (3.34) and (v,vr) =
(04" (s), Oy (s)) in (3.35). The last position is formal, but the following computations can be jus-
tified rigorously by arguing, e.g., as in [5, Appendix]. We then add the two resulting identities, integrate

DOI 10.20347/WIAS.PREPRINT.2427 Berlin 2017



Velocity control of convective Cahn—Hilliard system 13

over (0, 1), where ¢ € (0,7'), and add on both sides the quantity [, 4" 0;y" + [y, yt* deytt. Observ-
ing that some terms cancel out and using the inequalities (3.32) and (3.33), we arrive at the inequality

1
Lvr s 19t G160 O+ | 0+ [ ok

< [ W [ e = plilv o [ tlantt+ e | iutlost
Q1 Q1 Q1 ¢

6
+C [ owllp" =217+ C | owtllet —pel* =) I, (3.36)
Q1 3t —1

with obvious notation. We estimate the six terms on the right-hand side individually, using the Hélder,
Young and Sobolev inequalities, and invoking (2.13). We obtain the following estimates:

I < / 15" (3) e [[a(s) ls V2" (5)]12 ds

1 _
< 3| 19+ ClE s I o
t

1
<3 / VP + Ol gy 37
L= [ 16) =Bl (6l 9245 s
<3 /Q V2 4 O im0~ Pl
t
1
< 3| 19 C Al sy 339
Iy < — 4 |0,y !2+C/ y"?, (3.39)
Q:
L < — [ [0yt +C | |yl (3.40)
4 Et Et

Is < C/ 10" ()12 16" () = B(s)II3 ds

< 2 [owrc [t -pislh ds
Qt
Ta
< Vi 0 |atyh|2+c||h||H10tL3(Q)) (3.41)

and, by the same token,

T
Io < | 10w + Cllblm sy (3.42)
t

At this point, we can combine the estimates (3.36)—(3.42) and infer from Gronwall’s lemma that, for
every t € (0,77,

H(yh7y?)”%ﬂ(o,t;ﬂ{)ﬂLw(O,t;V) + ||(V2h7VFZ?)H%2(o,t;J{3) <y Hh‘ﬁ{l(o,t;L?’(Q)?’)' (3.43)
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Second estimate. Next, we insert, for s € (0,7, (v,vr) = (2"(s), 2%)(s) in (3.35) and integrate

the resulting equation over (0, t), where ¢t € (0, T']. Using (3.32) and (3.33) once more, we then arrive
at the estimate

P [P < [ ot e ol [ 9V
Q1 Y Q¢

Q¢ ¢
4 [ Vel Vet + © [ W0 [ b+ e [ 1t - pRleh
¢ Q1 ¢ Qt
+C | lpr = prPlarl. (3.44)
3t

The sum of the first six summands on the right-hand side, which we denote by .J;, can be estimated
using Young’s inequality and (3.43). In this way, we readily obtain that

1 1
o< g [P [ bl (3.49
Q¢ St

The remaining two terms, which we denote by J5 and J3, can be handled using the Hélder, Young and
Sobolev inequalities as well as (2.13). Indeed, we have that

t 1 t
5 < € [P -l < ¢ [ P [0 - aids
0 t

1
< = | P+ Ol o) - (3.46)
4 Jq

Similar reasoning yields that

1

Jy < Z/z |z{32+C|yh|y§p(07t;m(g)3). (3.47)
t

Therefore, combining the estimate (3.43) with (3.44)—(3.47), we can conclude that
1" 2720 < Cs1hll5 a0y forall ¢ € (0,77, (3.48)

In conclusion, the inequality (3.31) is fulfilled with the choice Z(\) := (Cy + C35)A*. The assertion is
thus proved. Il

With the differentiability shown, the road is paved to derive a first-order necessary optimality condition
for the control problem under investigation. Indeed, a standard argument (which we do not repeat
here) invoking the chain rule for Fréchet derivatives and the convexity of the admissible set U..q yields
the result stated below, where the following abbreviations are used:

o1 := Bi(fi — o), 2 = Bo(fir — Iix), (3.49)
w3 = PB3(p— pg), a:= Pa(pr — Px), (3.50)
o5 = F5(p(T) — pa), e := Bs(pr(T) — pr). (3.51)

Corollary 3.3. Let the assumptions (A1)—(A5) be satisfied, and assume thatu € U,q is a solution
to the control problem (CP) with associated state ((fi, i), (9, pr)) = 8(@). Then, with the notation
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(3.49)—8.51), we have that

/62%0177+L90277F+/Q(,035+/2904&+/99055(T)

+ / we &r(T) + 57/ u-(v—1u) >0 foreveryv € Uy, (3.52)
r Q

where, forv € U, (€, £r, 1, mr) is the solution to the linearized problem corresponding to h := v—T.

4 The optimal control problem

In this section, we examine deeply the control problem (CP) of minimizing the functional (1.1) under
the control constraint u € U,y and the state constraint (2.7)—(2.9). First of all, we show the existence
of an optimal control. Then, we eliminate the solution to the linearized problem from the necessary
condition (3.52) already established (with the notations (3.50)—(3.51)), by making use of the solution
to a proper adjoint problem. As for the first aim, we have the following result:

Theorem 4.1. Suppose that the assumptions (A1)—(A5) hold true. Then the optimal control problem
(CP) has at least one solution, that is, there exists someu € U,q such that

8(ﬁa ﬁl“?ﬁaﬁl“va) S 3(:%#1“707 PF,U) foreveryu € uada (41)

where ((1i, ir), (9, pr)) and ((, pr), (p, pr)) are the solutions to the state system (2.7)—2.9) cor-
responding to the controls u and u, respectively.

PROOF:  We use the direct method. Thus, we fix a minimizing sequence, i.e., a sequence {u,,} of
admissible controls such that

nh_{go 3<,umﬂnra Pns Pnr, un) =A:= infg(u,up,p,pp, u>7 (4.2)

where the infimum is taken over the set of quintuples (, ur, p, pr, ©) that satisfy ((u, ur), (p, pr)) =
S(u) for some u € U,y By Theorem 2.3, the estimates (2.11)—(2.12) hold true with constants
P, p° € (—1,1) and K7 > 0 that do not depend on n. On the other hand, every u,, belongs
to U,q4. Therefore, we have for a subsequence (still indexed by n)

Up =T weakly star in (L>=(Q) N H*(0,T; L3(2)))3,
(tny pong) — (B, ip)  weakly star in L>(0,7;'W),
(Pns pup) — (P, pr)  weakly starin W0, T; H) N H*(0,T;V) N L>(0,T; W)
and strongly in L?(Q) x L*(%).
By Remark 2.2, we can infer that @ € U,4. Moreover, (f(pn), f{-(pny.)) converges to (f'(p), f1.(P))
strongly in L?(Q) x L?(X) and p,,u,, converges to p i weakly in (L?(Q))>. Hence, it is straightforward
to verify that (1, 7ir), (9, pr) ) solves the integrated version of the state system (2.7)—(2.9) withu = @

and time-dependent test functions (v, vr) € L*(0,T;V), that is, the system itself. Finally, we have,
by semicontinuity and (4.2),

3(E7ﬁf‘7ﬁa ﬁFaﬂ) S nh—>nolo 3(Mnuﬂnr7pn7pnr7un) = A
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Therefore, @ is an optimal control. O

The final step consists in eliminating the solution to the linearized problem from the necessary condi-
tion (3.52), with the notations (3.50)—(3.51), by using the solution to a proper adjoint problem. However,
we cannot deal with the general case, unfortunately. Indeed, we are only able to treat a slightly less
general situation, namely when

pr=pP2=0 (4.3)

(cf., e.g., [9] for a similar case). Furthermore, for a given optimal control , if we let (&, fir ), (9, pr)) =
8() be the corresponding optimal state, we still keep the notations (3.49)—(3.51), noticing that ¢; = 0
and o = 0 due to (4.3), and also introduce for brevity

Y= f"(p) and ¢r:= fi(pr). (4.4)

Then the adjoint problem reads as follows: we look for a quadruplet (p, pr, ¢, gr) satisfying the regu-
larity requirements

(p7PF) € LOO(Oa T7 V) ) (Q7 qF) € LOO(Oa T7 :H:) N L2(07 Ta V) ) (45)
(p + Taq, pr + Trqr) € H'(0,T;V*),

and solving
—(0(p + maq, pr + Trqr), (v,vr))v + / Vq-Vu+ / Vrgr - Vror
/@/JC]U‘F/i/}FQFUF—/U VPU—/SOSU+/904UF
a.e.in (0,7) and for every (v, vr) € V, 4.7)
/Vp Vv+/Vppr VFUF—/QU+/QFUF
a.e.in (0,7") and for every (v, vr) € V, (4.8)

((p+ 70g, pr + 71ar) (T), (v, 1))y — / 050+ / sotr
Q T

for every (v, vr) € V. (4.9)

We notice that the system (4.7)—(4.8) is the variational formulation of the following boundary value
problem:

—O(p+709) —Aq+1Yg—Tu-Vp=¢3 and —Ap=gq inQ,
— Oy(pr + mrar) + 0,q — Argr + Yrgr = @4, Oupr — Arpr = qr,
ps =pr and g =qr onX.

However, we only use the weak formulation (4.7)—(4.9).

We discuss the well-posedness of this problem. We prepare our existence result by solving an ap-
proximating problem depending on a small parameter ¢ € (0, 1). We recall that & belongs to Ugg-
However, our results are valid under the weaker assumption

e L=(0,T; L*(Q)?). (4.10)
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We replace w in (4.7) by the bounded function u° defined a.e. in () by the conditions

| =1

u®=u where|u] <1/e and u® =

m | =

where |u] > 1/¢. (4.11)

=l

Moreover, we introduce a viscosity term in (4.8). Finally, we approximate the pair (5, @) € H by
pairs (¢%, ¢f) satisfying

(ps/Tq,05/m) €V fore € (0,1) and (¢F, v5) — (¥s5,06) inFHase \ 0. (4.12)

The problem we consider is the following: we look for a quadruplet (p°, pf, ¢%, ¢f) satisfying the reg-
ularity requirements

(r°,p7), (¢, q7) € H'(0,T;3C) N L>=(0,T; V) (4.13)

and solving

—/@(P“rmqs)v—/8t(p?+7rq%)vr+/Vq€~Vv+/qu§~Vrvr
Q Iy Q I

+/¢q6v+/¢rq?vr—/u5-vﬁv=/903v+/904vr, (4.14)
Q r Q Q r
—5/8tp5v—5/8tp%vp+/Vpa-Vv—l—/Vpp‘;-vap

Q r Q r

=/q€v+/q§vr, (4.15)
Q T

(p°,p0)(T") = (0,0) and (¢°, qp)(T") = (¥5/70, %6/ 7) , (4.16)

where the equalities (4.14)—(4.15) have to hold for every (v,vr) € V and a.e. in (0, 7). In order to
solve this problem, we need a preparatory lemma.

Lemma 4.2. Let (V, H, V*) be a Hilbert triplet with V separable, and let the operators A € L(H, H),
B e L(V,V*)and C(t) € L(V,H) satisty, for some positive constants ., \ and K,

(Aw, w)y > allw||f foreveryw € H, (4.17)
Bw,w)y + Mw|Z > al|w||? foreveryw € V, (4.18)
IC(t)w|n < K||w||y fora.a.t € (0,T) andeveryw € V, (4.19)
for every wy € V and wy € H,

the function t — (C(t)wy,ws)m is measurable on (0,T). (4.20)

Moreover, assume that B is symmetric. Then, forevery F' € L*(0,T;H) andwr € V, there exists a
unique

we HY0,T;H) N L>*(0,T;V) (4.21)

satisfying
— Aw'(t) + Bw(t) + C(t)w(t) = F(t) inV* foraate (0,T), (4.22)
w(T) = wr. (4.23)
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PROOF: Even nonlinear generalizations of such a result should be known (see, e.g., [13] for a non-
linear case with C = 0). However, we did not find any reference that precisely deals with our assump-
tions. Therefore, we sketch a short proof. Both existence and uniqueness are based on the estimate
obtained by formally testing (4.22), written at the time s, by —w’(s) and integrating over (¢, 7). By
doing this, using the symmetry of B and adding the same quantity to both sides, we obtain

[ (6,0 (6) ds+ 5 B, 0O + 5 o)1

1

)\ T
= & (Bur,wr)y + 5 ol + A/ (1(5), w/(5)),, ds
t

—I—/t (F(s) = C(s)w(s),w'(s))y ds.

At this point, we account for (4.17)—(4.19), the Young inequality and the Gronwall lemma. We con-
clude that

HwHHl(O,T;H)ﬁLOC(O,T;V) S O(||FHL2(O,T;H) + ”wTHV)a

where C' depends only on the structural constants and 7. This estimate corresponds to the regu-
larity (4.21) and implies that w = 0 if the data vanish. However, this is formal, as said at the very
beginning. To make the existence proof rigorous, we can owe to the separability of V and use a
Faedo-Galerkin scheme. To obtain uniqueness, we test (4.22) by the function —wj rather than by
—w', where ws € H'(0,T; V) is obtained by solving the abstract elliptic problem (here I : V — V*
is the injection)

ws(t) + (B + MNws(t) = w(t) foraa.t e (0,7).

Then, we use [5, Appendix: Prop. 6.1-6.3 and Rem. 6.4] in letting 0 tend to zero. This yields the desired
estimate, thus uniqueness if /' = 0 and wr = 0. O

Theorem 4.3. For every ¢ € (0, 1), the approximating problem (4.14)—<4.16) has a unique solution
(P, P} ¢°, qr) satisfying (4.13).

PROOF: We present the problem in a different form. We term (z, zr) rather than (v, vr) the arbitrary
element of 'V that appears in (4.14) and add this equation to (4.15) divided by 7, where

7 := min{7q, 7T} (4.24)

This yields the identity

1 1 1 1
——/@psv——/@p%'sz—i——/Vpg-Ver—/Vpp%-vpvp
T Ja T Jr ET Ja ET Jr

- / 0(p° + 1aq%)z — / O:(ph + Trgp) 2r + / Vg -Vz+ / Vrgr - Vrar
Q r Q r

+/¢qaz+/¢pq§zp—/ua-Vpaz
Q r Q

1 € 1 g
=— [ ¢v+— [ gtor+ | psz+ | @szr forevery (v,ur),(z,2r) € V. (4.25)
ET Jo ET Jr Q T

As the pairs (v, ur) and (z, zr) are independent from each other, this equation is equivalent to (4.14)—
(4.15), and we are going to transform it into an abstract equation like (4.22) in the framework of the
Hilbert triplet

VCHCV"® where V:=VxV and H:=H xH, whence V* =V xV*

DOI 10.20347/WIAS.PREPRINT.2427 Berlin 2017



Velocity control of convective Cahn—Hilliard system 19

with a non-standard embedding H C V *, due to a particular choice of the inner product in H. In order
to simplify the notation, we write the elements ((v, vr), (z, zr)) of H as quadruplets (v, vr, 2, zr).
We set

1 1
((p,pr, a4 qr), (v,vr, 2, 21) )y = / (—pv + q2> +/<—prvr + QFZF>
9] 57_9 T 57—1"
for every (pvpl—‘a q, qF)? (U7UF7 2 ZF) € H (426)

and notice that ( -, - )i actually is an inner product and that the corresponding norm is equivalent to
the standard one. Moreover, we define the operators A® € L(H, H), B € £(V,V*) and C*(¢) €
L(V,H) by the formulas

ETQ ETr
A*(p,pr,q,qr) = < P, Pr,P+ e, pr + Tr%)

for every (p, pr, ¢, qr) € H, (4.27)
<B€(p7p1—‘7 q, QF)a (Ua Ur, z ZF))V

1
= — Vp Vv—ir—/Vppp vap+/Vq Vz—l—/qur Vrzr

ET
for every (p,pr,q,qr), (v,vr, z,2r) € V, (4.28)
C*(t)(p. pr. g, ar)
= (20 —Tar, w0 Vp+ v g, ort)ar)
fora.a. t € (0,7) and every (p, pr,q,qr) € V. (4.29)

A simple computation shows that

(Ae(pvpl—V q, qf)v (U7 Ur, %, ZF))H

1 1
= (—pU +(p+ TQQ)Z) + <—prvr + (pr + TFQF)ZF>
QT r\T

for every (p, pr, ¢, QF) (v, vp,z ar) € H,
(CE( )(P pr,q,qr), (v, v, 2, zp

T U——/C]FUF+/¢ (]Z+/¢F C]FZF—/ u(t)-Vpz
for a.a. t € (0,T) and every (p, pr,q,qr) € Vand (v, vr, z, 2r) € H.

Therefore, the variational equation (4.25) takes the form

_(Aaat(pgapiW qu Qf‘)(t)a (Uv ur, <, ZF))H + <B€(p57p%7 qa’ QIE“>(t)7 (U, ur, 2, zF))V

+ (Ca(t)<p67p%v q, qla“)(t)7 (Uu ur, 2, ZF))H = (F(t)a (Ua ur, %, ZF))H
fora.a. t € (0,7") and every (v, vr, 2, 2r) € V,

with an obvious definition of F© € L*(0,T;H). Thus, it is a particular case of (4.22). On the other
hand, (4.16) is equivalent to

((pa7p%’ qea QI€“>(T)7 (U, ur, %, ZF))H = ((O’ 0, 90?)/7_9’ @%/Tp), (U7 ur, %, ZF))H
for every (v,vr, z, 2r) € H,

and (0,0, v¢ /7q, ¢/ 1) belongs to V by the first condition in (4.12). Therefore, in order to conclude,
it is sufficient to check the properties (4.17)—(4.20) of Lemma 4.2. The second and fourth ones are
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clear, and B® is obviously symmetric. Moreover, (4.19) easily follows from the boundedness of u°, 1
and tr. As for (4.17), we have, for some constant & > 0 and every (v, vr, z, 2r) € H,

(AE(’U7 ur, 2, ZF)) (U7 ur, 2, ZF))H

1 1
:/(— |v\2—|—(v—|—mz)z> +/(— |vp]2+(vr+7p2p)2p>
QT r\T
1 1
2/(— |v|2+7'\z|2+vz) +/(—\vp|2+7'|2p|2+vpzl~)
QT r\T
1 Lo 2 1 1 2 2 2
> [ (=l +7l27) + 5 [ (= loel® +7ler]”) > all(v,or, 2, 20) |7
2 Q T 2 r T

the last inequalities being due to the Young inequality and to the equivalence between the norm || - ||g
induced by the inner product (4.26) and the natural norm of H. Therefore, Lemma 4.2 can be applied
and the proof is complete. Il

Theorem 4.4. Let the assumptions (A1)—(A5) and (4.3) be satisfied. Moreover, assume thatu € U,g
is a solution to the control problem (CP) and that ((z, fip ), (9, pr)) = 8(@) is the associated state.
Then, with the notations (3.50)—3.51) and (4.4), the adjoint problem (4.7)—<4.9) has a unique solution

(p, pr, q, qr) satistying (4.5)—(4.6).

PROOF: In order to show existence, we perform a number of a priori estimates on the solution
(p°, 95, 4%, q7) to the approximating problem. However, we explicitly write the superscript € only at
the end of each estimate. Moreover, we make use of the same symbol c to denote different constants
that do not depend on ¢. The symbol cs5 stands for (possibly different) constants that can also depend
on the parameter 0. By denoting by |€2| and |T'| the volume of (2 and the area of T, respectively, we
define the mean value function by

+
mean(v, vr) = % for every (v, vr) € H (4.30)

and observe that the Poincaré type inequality
(v, vr)|lv < ¢(][(Vv, Vrop)||se 4 | mean(v, vp)|)  for every (v, vr) € V (4.31)
holds true with a constant c that depends only on €). Finally, we set, for brevity,

Q' :=0x(t,T) and X':=Tx (t,T) fort e (0,7).

First a priori estimate. We test (4.15) by (1, 1) and obtain
| mean(q, qr)] (12| + [T ga/ ’atp|+8/’atpp’ ae.in (0,T). (4.32)
Q r

As e < g, since ¢ € (0,1), we infer that

T
/ | mean(q, qr)(s)|? ds < ce/ |0p|* +ce | |Opr|* foreveryt € [0,T]
t Qt »t
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where ¢ depends only on 2. On the other hand, owing also to (4.31) and to the Sobolev inequality, we

deduce that
T
[ la@as <e( [ 1o+ [ 1vaP)
t Qt Qt
T
§c</ ]Vqﬁ—i—/ ]qur|2+/ |mean(q,qp)(5)|2ds).
Qt nt ¢

Therefore, by combining these inequalities, we conclude that

T
[ la@as <o [ 190+ [ 1eaP e [ ooP e [ omP) e
n Qt st Qt it

for every t € [0, T'|, with a constant C, that depends only on €.

Second a priori estimate. We test (4.14) by (¢, qr), integrate over (¢, T"), account for the Cauchy
conditions (4.16), and have

TQ T
owa [ owrac+ 2 [ 0P+ [laP + [ Ve + [ (Frarf
Qt it QO T Qt 3t
_Ta e 2, Tr e 2 2 2
=— [ |eg/mal” + = [ |es/m|" — Ylq|® — Yrlqr|
2 (9] 2 T Qt Zt
+/ ug-quJr/ s03q+/ Paqr -
t Qt it

At the same time, we test (4.15) by —0,(p, pr) and integrate over (¢, T") to obtain

1 1
8/ |atp\2+5/ ’atpr’2+§/ ‘Vp(t)|2+§/|vrpr(t>|2: —/ qatp—/ qropr
Qt it Q T t >t

Now, we add this equality to the previous one and observe that four terms cancel each other. Moreover,
accounting for (4.11) and (4.33), we treat the transport term as follows:

/ i - Vpa < [l | 199k la(s)lls ds

t
<5 [ la)ds +c / Vol
<sCa( [ 1vaP+ [ Vel = [ o e [ jomP) s [ 9P,
Qt Et Qt Zt Qt

where § > 0 is arbitrary. Therefore, since 1) and 1/ are bounded, (5 and ¢, are L*-functions, and
(4.12) implies that (¢%, ©§) is bounded in I uniformly with respect to €, by choosing ¢ such that
dCq < 1/2 and using the Gronwall lemma, we conclude that

(¢, ar) | e 0,790 z20,759) + || (VD vl“pla“)HLoo(O,T;ﬂ-C)+51/2||at<p67p1€“)||L2(0,T;9{) <c. (4.34)

Third a priori estimate. By testing (4.14) by an arbitrary pair (v, vr) € L?*(0,T;V) and accounting
for (4.34), we easily deduce that

10:(p° + 704", PF + Trar) || L2079 %) < €. (4.35)
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Fourth a priori estimate. Clearly, (4.35) implies that

||% mean(p + Toq, pr + TFQF)HL2(0,T) < c||0(p + Taq, pr + TFQF)HLZ(O,T;V*) (L, D]y < e,
and, in view of (4.16), we infer that
|mean(p + Taq, pr + T0aqr) || L0 < C. (4.36)

On the other hand, even (Tqq, Trqr) is bounded in L>°(0,T;H) by (4.34), and consequently
mean(7qq, Trqr) is bounded in L*°(0,7). Therefore, (4.36) ensures that the same holds for
mean(p, pr). By accounting for (4.34) and the Poincaré type inequality (4.31), we conclude that

(»°, PF) HLOO(O,T;V) <c. (4.37)

Existence. We are ready to take the limit as ¢ \, 0. We have, at least for a subsequence,

(p°,pf) — (p,pr) weakly starin L>(0,7;V), (4.38)
(¢°,q%) — (q,qr) weakly starin L>°(0,T;H) N L*(0,T; V), (4.39)
Oy (p° + Tad, p5 + Trqk) — O(p + Taq, pr + Trqr)  weakly in L2(0,T; V), (4.40)
e 0y(p°, pp) — 0 strongly in L*(0,T; H). (4.41)

As (4.38)—(4.40) imply that (see, e.g., [24, Sect. 8, Cor. 4])

(p° + ¢, pr + Trar) — (p + Taq, pr + Trar)
strongly in C°([0, T]; V*) N L*(0,T; H),

and since the approximating final data satisfy the convergence property in (4.12), from (4.16) it fol-
lows that the Cauchy condition (4.9) is fulfilled by the limiting quadruplet (p, pr, ¢, gr). Moreover, by
recalling (4.11), we see that u® converges to w a.e. in (). By combining this with (4.10) and the in-
equality |uf| < || a.e. in ), we deduce that u° converges to  strongly (e.g.) in (L¥3(Q))3. Thus,
by also accounting for (4.38), we infer that u° - Vp* converges to % - Vp weakly in L3/7(Q). There-
fore, we can take the limit in the integrated version of (4.14)—(4.15) with time-dependent test functions
(v,vr) € L*(0,T;V) with v € L¥(Q) and conclude that (p, pr, ¢, qr) solves the integrated version
of (4.7)—(4.8) with the same test functions. By density, since 7 - Vp belongs to L2(0, T; L5/ (£2)) by
(4.10) and (4.38), and L?(0,T;V) C L?(0,T; L5(€2)) by the Sobolev inequality, one can take any
element of L2(07 T;V) as a test function. Hence, this quadruplet also solves the equations (4.7) and
(4.8) as they are.

Uniqueness. Since the problem (4.7)—(4.9) is linear, it is sufficient to prove that the unique solution
with (3, @4, @5, 96) = (0,0,0,0)is (p, pr, ¢, qr) = (0,0,0,0). In the next lines, C;, i = 1,2, ...,
denote positive constants that depend only on the structural assumptions and the L°°-norms of u, 1)
and r.

First, we introduce the primitive functions
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and integrate (4.7) from ¢ to 1" in order to obtain

((p+ m2q, pr + Tar)(1), (v, UF)>V—/VQ( VU—/VFQF t) - Vror

// (1q)(s dsvH—// (Yrar)(s dsvp—// u-Vp)(s)dswv

=0 foreveryt € [0,7]and (v,vr) € V. (4.42)

Next, we test (4.8), written at the time ¢, by (p, pr)(t); at the same time, we take (v, vr) = (¢, qr)(¢)
in (4.42) and sum the two equalities we obtain by observing that there is a cancellation of four terms.
Integrating once more with respect to ¢, we deduce that

TQ/Qt |q!2—|—7'r/2t |QF|2+/Q|VQ(t)2
v [1veeeoE s [ wok e [ g
— / t / T(¢q)(a) do q(s)ds — /E t / TWFQF)(U) do qr(s) ds
v [ [ @ e, (449

We now estimate the terms on the right-hand side of (4.43). Thanks to the Young and Hélder inequal-
ities, and using the L°°-bound for ¢/, we infer that

—/t/sT(wqxc) do q(s) ds < %Q/Qt lg|* + WHQ / / o) do ds
< %Q/Qt la* +Ci /tT (/Q \qF)ds. (4.44)

Arguing similarly for the boundary integral, we have that

T T
[ ww@doneas<T [wkic [ ([ )i e
3t Js >t t s

Also the last term of (4.43) can be treated by the same token. Indeed, we see that

T T 1 T
|| @vn@doasas <™ [+ i [ [ 190)P dods
tJg Q! TQ Qt Js
T
S%Q |q|2+03/ (/ |Vp]2)d8. (4.46)
Qt t s

At this point, if we combine the inequality (4.43) with the estimates (4.44)—(4.46) and then apply the
Gronwall lemma, we deduce that (¢, qr) = (0,0) as well as that the vectors Vp and Vpr vanish.

Hence, by a comparison in (4.42), we finally conclude that (p, pr) = (0, 0), and the proof is complete.
Ol

Once the solvability of problem (4.7)—(4.9) is established, we actually can eliminate the solution to the
linearized problem in (3.52), as stated in our final result. For its proof, we need a Leibniz rule which is
well known under slightly different assumptions.
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Lemma 4.5. Assume that
y € HY(0,T;H)NL*0,T;V) and z€ H'(0,T;V*)NL*0,T;H). (4.47)
Then the functiont — (y(t), z(t))g is absolutely continuous on [0, T'], and its derivative is given by

d

o (y,2) = (¢, 2)3c + (2", y)v ae in(0,T). (4.48)

PROOF: By the trace method with p = 2 of the interpolation theory (see, e.g., [22]), the continuous
embeddings

H'(0,T;H) N L*0,T;V) C C°([0,T); (V, H)1/2)
H'Y(0,T;V*) N L*0,T;H) C CO([0, T]; (H,V*)1/2)

hold true, as well as the duality formula (3(, V*)1/2 = (V, H)7 , . Therefore, the map
l— (y<t>7 Z(t))g{ = <Z(t)7y(t)>(v»}f)1/2
is continuous on [0, T']. Thus, to conclude, it suffices to prove that
(2(t2), y(t2)) (v.30),,, — (2(t1), y(t1)) v,30),

= /tQ((y/(S)a 2(8))sc + (2'(s),y(s))v) ds forevery t1,t € [0, 7. (4.49)

t1
To this end, we approximate z by functions z, € H'(0,T; H) satisfying
Z, — 2z in HY(0,T;V*) N L*(0,T; H).

Then, (4.49) holds for y and z,, as is well known. At this point, one lets n tend to infinity and obtains
(4.49) by observing that z,, converges to z also in C°([0,T7; (V, J{)T/Q). O

Theorem 4.6. Let the assumptions (A1)—(A5) and (4.3) be satisfied. Moreover, assume thatw € U,q
is a solution to the control problem (CP) with associated state ((fi, fip ), (p, pr)) = S(u). Further-
more, with the notations (3.50)—«3.51) and (4.4), let (p, pr, q, qr) be the solution to the adjoint problem
(4.7)—4.9) satisfying the regularity requirements (4.5)—4.6). Then, we have

/ (ﬁ Vp+ ﬁﬂ) (v—1u) >0 foreveryv € Uy . (4.50)
Q

PrRooF: We fix any v € U,g and introduce the linearized problem corresponding to the choice
h = v — w as in Corollary 3.3. Then, we test (3.1) and (3.2) by (p, pr) and (g, qr), respectively,
integrate over (0,7") and sum up. We obtain

/3t§p+/3t§rpr+/VU'VP—F/Vrnr-vrpp—/fﬂ-Vp—/ﬁh-Vp
Q@ bY Q by Q b

+TQ/3t§Q+TF/5t§FCIF+/Vf'VfJ‘i‘/VFfF'VFCIF
Q = Q 3
+/¢€Q+/wF€FQF:/nQ+/nFQFa (4.51)
Q b)) Q =
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and we observe that the sum of the terms involving time derivatives can be written as

/@M+/@&m+m/@@+ﬁ/@&%
Q by Q b))

- / (B4, &0)(s), (p + 7o, pr + Tae(s)), ds.

0

Now, we test (4.7) and (4.8) by —(&,&r) and —(n, nr), respectively, integrate over (0,7), and sum
up. We obtain the identity

T
/ @t(p‘i‘TQq,PF+TFQF)(3),(§>§F)(3)>V053—/VQ'Vﬁ—/VFC]r'Vrfr
0 0 >

_/Q¢q€_/E¢FQF§F+/Qﬂ'Vp€

—/Vp-Vn—/VFPF'VFUF
Q Q

—/wzﬁ—/wér—/qn—/qrnr. (4.52)
Q = Q =

At this point, we add the equalities (4.51) and (4.52) to each other. Then, the most part of the
terms cancels out, and the sum of the integrals involving time derivatives can be treated by invok-
ing Lemma 4.5. Hence, we obtain

/0 d ((P+mq pr + mqr)(s), (gaéF)(S))g{dS—/Eﬁh.Vp

/8035 /904&

On the other hand, thanks to Lemma 4.5, (3.3) and (4.9) with (v, vr) = (&, &r)(T'), we also have

/0 jt((p—kmq pr + mqr)(s), <§7§F)(S))%ds

= ((p + 7ag, pr + 1040 )(T), (§,&0)(T)) 4 — (0 + T0g, pr + 7rar)(0), (€, £r)(0)) 5,
= ((%;%)a (€7£F)(T))g{

Therefore, (3.52) becomes (4.50).
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