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Abstract. This paper is concerned with the distributed optimal control of a time-discrete Cahn—
Hilliard /Navier—Stokes system with variable densities. It focuses on the double-obstacle potential
which yields an optimal control problem for a family of coupled systems in each time instance of
a variational inequality of fourth order and the Navier—Stokes equation. By proposing a suitable
time-discretization, energy estimates are proved and the existence of solutions to the primal system
and of optimal controls is established for the original problem as well as for a family of regularized
problems. The latter correspond to Moreau—Yosida type approximations of the double-obstacle
potential. The consistency of these approximations is shown and first order optimality conditions for
the regularized problems are derived. Through a limit process, a stationarity system for the original
problem is established which is related to a function space version of C-stationarity.
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1. Introduction. In this paper we are concerned with the optimal control of
two (or more) immiscible fluids with non-matched densities. For the mathematical
formulation of the fluid phases, we use phase field models which have recently been
used successfully in applications involving, e.g., phase separation phenomena (see, e.g.,
[4, 14, 30]). Some of the strengths of phase field approaches are due to their ability
to overcome both, analytical difficulties of topological changes, such as, e.g., droplet
break-ups or the coalescence of interfaces, and numerical challenges in capturing the
interface dynamics. In this context, a so-called order parameter depicts the concentra-
tion of the fluids, attaining extreme values at the pure phases and intermediate values
within a thin (diffuse) interface layer, and it is associated with decreasing/minimizing
a suitably chosen energy.

A renowned diffuse interface model is the Cahn-Hilliard system which was first
introduced by Cahn and Hilliard in [9]. In the presence of hydrodynamic effects, the
system has to be enhanced by an equation which captures the behavior of the fluid.
In [28], Hohenberg and Halperin published a first basic model for immiscible, viscous
two-phase flows. Their so-called 'model H’ combines the Cahn-Hilliard system with
the Navier-Stokes equation. It is however restricted to the case where the two fluids
possess nearly identical densities, i.e., matched densities. Recently, Abels, Garcke
and Griin [2] obtained the following diffuse interface model for two-phase flows with
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non-matched densities:

(1.1a) O + vV — div(m(e)Vu) =0,
(1.1b) —Ap +0Wo(p) — p— rp =0,
Bu(ple)e) + div(v ® plg)v) — div(2(p)e(v)) + Vp
(1.1c) +div(v ® J) — pVe =0,
(1.1d) dive = 0,
(1.1e) vjaq = 0,
(1.1f) Onploa = Onpijan = 0,
(1.1g) (v, @)\t:o = (Va, Pa);

which is supposed to hold in the space-time cylinder © x (0,00), where 9 denotes
the boundary of Q. This system is thermodynamically consistent in the sense that it
allows for the derivation of local entropy or free energy inequalities.

In the above model, v represents the velocity of the fluid and p describes the
fluid pressure. The symmetric gradient of v is defined by €(v) := (Vv + Vo). The
density p of the mixture of the fluids depends on the order parameter ¢ which reflects
the mass concentration of the fluid phases. More precisely,

pr+p2  p2—p1
(1.2) ple) = —=—5—+=5—¢

where ¢ ranges in the interval [—1,1], and 0 < p; < po are the given densities of
the two fluids under consideration. This is one of the main distinctions compared
to the model with matched densities, where p is a fixed constant. The quantity pu
denotes the chemical potential in the Cahn-Hilliard system and helps to split the
fourth-order in space differential operator into two second-order operators. Another
important difference between (1.1) and model "H’ is the presence of a relative flux J :=
— 22224 m () Ve which corresponds to the diffusion of the two phases and additionally
complicates the analytical situation. The viscosity and mobility coefficients of the
system, 1 and m, depend on the actual concentration of the two fluids at each point
in time and space. The initial states are given by v, and ¢,, and x > 0 is a positive
constant. Furthermore, ¥ represents the convex part of the homogeneous free energy
density contained in the Ginzburg-Landau energy model which is associated with the
Cahn-Hilliard part of (1.1). Usually, the homogeneous free energy density serves
the purpose of restricting the order parameter ¢ to the physically meaningful range
[-1,1] and to capture the spinodal decomposition of the phases. For this reason, it
is typically non-convex and maintains two local minima near or at —1 and 1.
Depending on the underlying applications, different choices have been investi-
gated in the literature. In their original paper [9], Cahn and Hilliard considered the
logarithmic form W(p) = (14 ¢)In(1 + ¢) + (1 — ¢)In(1 — ) — £¢* which also
plays an important role in the Flory-Huggins solution theory of the thermodynamics
of polymer solutions. Another possible choice is the smooth double-well potential
U(p) = 5(1 — ¢*)?, see e.g. [12, 16]. It permits pure phases but fails to restrict
the order parameter to [—1,1]. Therefore, it is perhaps a less relevant choice in ma-
terial science. In [35], Oono and Puri found that in the case of deep quenches of,
e.g. binary alloys, the double-obstacle potential, is better suited than the other free
energy models mentioned above. A similar observation appears to be true in the case
of polymeric membrane formation under rapid wall hardening. The double-obstacle
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potential W(p) = Ij_y1j(p) — %<p2, with Ij_; 1) denoting the indicator function of
the interval [—1,1] in R, combines the advantage of the existence of pure phases and
the exclusiveness of the interval [—1,1] at the cost of losing differentiability (when
compared, e.g., to the double-well potential). As a consequence, (1.1b) becomes a
variational inequality which complicates the analytical and numerical treatment of
the overall model.

In this paper we study the optimal control of a time discrete coupled Cahn-
Hilliard-Navier-Stokes (CHNS) system with the double-obstacle potential. For this
purpose, we introduce a distributed control v which enters the Navier-Stokes equation
(1.1c) on the right-hand side and aims to minimize an objective functional J subject
to the control-version CHNS(u) of the Cahn-Hilliard-Navier-Stokes system:

minimize J (i, u, v, u) over (¢, p, v, u)
subject to (s.t.) w € Uua, (i, 1, v, u) satisfies CHNS(u),

where U,q is a given set of admissible controls.

Regarding physical applications, we point out that the CHNS system is used to
model a variety of situations. These range from the aforementioned solidification
process of liquid metal alloys, cf. [14], or the simulation of bubble dynamics, as in
Taylor flows [4], or pinch-offs of liquid-liquid jets [29], to the formation of polymeric
membranes [45] or proteins crystallization, see e.g. [30] and references within. Fur-
thermore, the model can be easily adapted to include the effects of surfactants such
as colloid particles at fluid-fluid interfaces in gels and emulsions used in food, phar-
maceutical, cosmetic, or petroleum industries [5, 37]. In many of these situations an
optimal control context is desirable where the system is influenced in such a way that
a prescribed system behavior needs to be guaranteed.

In the literature, the classical case of two-phase flows of liquids with matched
densities is well investigated, see e.g. [28]. When it comes to the modeling of fluids
with different densities, then the literature presents various approaches, ranging from
quasi-incompressible models with non-divergence free velocity fields, see e.g. [32], to
possibly thermodynamically inconsistent models with solenoidal fluid velocities, cf.
[13]. We refer to [7, 8, 18] for additional analytical and numerical results for some of
these models. In [1], Abels, Depner and Garcke derived an existence result for the
given system (1.1) with a logarithmic potential, and in the recent preprint [19] system
(1.1) with smooth potentials (thus excluding the double-obstacle homogeneous free
energy density) is considered in a fully discrete and an alternative semi-discrete in
time setting including numerical simulations.

The optimal control problem associated to the Cahn-Hilliard-Navier-Stokes sys-
tem with matched densities and a non-smooth homogeneous free energy density
(double-obstacle potential) has been previously studied by the first and last author of
this work in [27]. We also mention the recent preprint [17] which treats the control of
a nonlocal Cahn-Hilliard-Navier-Stokes system in two dimensions. Apart from these
contributions the literature on the optimal control of the coupled CHNS-system with
non-matched densities is - to the best of our knowledge - essentially void. Neverthe-
less, we mention that there are numerous publications concerning the optimal control
of the phase separation process itself, i.e. the distinct Cahn-Hilliard system, see e.g.
[10, 11, 21, 25, 43, 44].

We point out that the presence of a non-smooth homogeneous free energy density
associated with the underlying Ginzburg-Landau energy in the Cahn-Hilliard system
gives rise to an optimal control problem for the Navier-Stokes system coupled to
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the Cahn-Hilliard variational inequality. In particular, due to the presence of the
variational inequality constraint, classical constraint qualifications (see, e.g., [46]) fail
which prevents the application of Karush-Kuhn-Tucker (KKT) theory in Banach space
for the first-order characterization of an optimal solution by (Lagrange) multipliers. In
fact, it is known [22, 27] that the resulting problem falls into the realm of mathematical
programs with equilibrium constraints (MPECs) in function space. Even in finite
dimensions, this problem class is well-known for its constraint degeneracy [33, 36].
As a result, stationarity conditions for this problem class are no longer unique (in
contrast to KKT conditions); compare [22, 23] in function space and, e.g., [39] in
finite dimensions. They rather depend on the underlying problem structure and/or
on the chosen analytical approach. In this work, we utilize a Yosida regularization
technique with a subsequent passage to the limit with the Yosida parameter in order
to derive conditions of C-stationarity type. This technique is reminiscent of the one
pioneered by Barbu in [6], but for different problem classes.

The remainder of the paper is organized as follows. In section 2 we introduce the
semi-discrete Cahn-Hilliard-Navier-Stokes system and assign it to the corresponding
optimal control problem. In section 3 we show the existence of feasible points to
the original optimal control problem, as well as to regularized problems. Section 4 is
concerned with the existence of globally optimal solutions, and section 5 deals with
the consistency of the chosen regularization technique. In section 6 we derive first-
order optimality conditions for the regularized problems using a classical result from
non-linear optimization theory. Then a limiting process leads to a stationarity system
for the original problem. The latter is the content of section 7.

2. The semi-discrete CHNS-system and the optimal control problem.
As a first step towards the numerical treatment of the underlying Cahn-Hilliard-
Navier-Stokes system, we study a semi-discrete (in time) variant. For our subsequent
analysis we start by fixing the associated function spaces and by invoking our working
assumptions.

For this purpose, let Q@ ¢ RN, N = 2,3, be a bounded domain with smooth
boundary 9Q € C?(Q). In particular, Q satisfies the cone condition, cf. [3, Chapter
v, 4.3].

For k € N and 1 < p < oo we introduce the following Sobolev spaces:

HE ,(RY) = {f € H¥(QRY) n HY (4 RY) 1 divf =0, a.e. on Q},
WP Q) = {f c Wkr(Q): / fdx = o} :
Q

—k, —k,
Wil (Q) = {f e W"P(Q) : 0 floa = 0 on aQ} ,

where ’a.e.” stands for 'almost everywhere’. Here, W*P(Q) and Wéc P(Q) denote
the usual Sobolev space, see [3]. For p = 2, we also write H"(Q) respectively H}(2)
instead. Unless otherwise noted, (-, -) represents the L?-inner product, ||-|| the induced
norm, and (-, ) := (-, ~>ﬁ717ﬁ1 the duality pairing between iR (Q) and F_I(Q). For
a Banach space W, we denote by W* its topological dual, and L(W, W*) defines the
space of all linear and continuous operators from W to W*. In our notation for norms,
we do not distinguish between scalar- or vector-valued functions. The inner product
of vectors is denoted by ’-’; the vector product is represented be ’®’ and the tensor
product for matrices is written as ’:’.
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REMARK 2.1. Before we present the semi-discrete system and assuming integra-
bility in time, from (1.1a) we get

Oppdx = —/ vVdz —i—/ div(m(p)Vu)dz =0,
Q Q Q

Hence utilizing (1.1g) the integral mean of ¢ satisfies

1 1

— | pdr=— | pudr =:Pq,

€ Jo 9 Jo ™" ‘
i.e., it is constant in time. By assuming B, € (—1,1), we exclude the uninteresting
case |[@q| = 1. This can be achieved by considering the shifted system (1.1), where ¢

is replaced by its projection onto f2(Q). Consequently, we need to work with shifted
variables such as, e.g. m(y + @a), which we again denote by m(y) in a slight misuse
of notation.

Motivated by physics, we assume throughout that the mobility and viscosity
coeflicients are strictly positive as specified in Assumption 2.2 below. Furthermore,
we extend the connection (1.2) between ¢ and p to all of R, as our studies include
certain double-well type potentials which allow for values of ¢ outside the physically
relevant interval [—1,1].

ASSUMPTION 2.2.

1. The coefficient functions m,n € C*(R) in (1.1c) and (1.1a) as well as their
derivatives up to second order are bounded, i.e. there exist constants 0 < by <
by such that for every x € R, it holds that by < min{m(x),n(x)} and

max{m(z), n(x), [m'(@)], |’ ()|, [m" ()], [n" (2)[} < ba.
2. The initial state satisfies (Va, a) € HF (4 RY) x (an Q)N K) where
—1 .
K := {’UGH (Q): 1 <v <y ace. mQ},

with —1 — @, =11 <0< Ye :=1—7,.
3. The density p depends on the order parameter ¢ via

_l’_ —
p(so)zmax{pl 2’)2+p2 2p1(<p+@),0}20.

We note that by Remark 2.1 the pure phases are attained at x when ¢(x) = ¢
or ¢(x) = 19, and the maz-operator in Assumption 2.2.3 ensures that the density
remains always non-negative. The latter is necessary to derive appropriate energy
estimates.

With these assumptions we now state the semi-discrete Cahn-Hilliard-Navier-
Stokes system. For the sake of generality, we additionally introduce a distributed
force on the right-hand side of the Navier-Stokes equation, which will later serve the
purpose of a distributed control. Below and throughout the paper, 7 > 0 denotes
the time step-size and M € N the total number of time instances in the semi-discrete
setting.

DEFINITION 2.1 (Semi-discrete CHNS-system). Let Uy : iin (©) — R be a convex
functional with subdifferential 0Vq. Fizing (¢—-1,v0) = (¢a, V) we say that a triple

(0, 11,0) = () ig " ()it (i) h)
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in an (M x ﬁgn (M x Hy ,(Q;RN)M=1 solves the semi-discrete CHNS system
with respect to a given control u = (u;)M 7t € L2(Q;RN)M=1 denoted as (¢, ji,v) €
Sw(u), if it holds for all ¢ € T (Q) and ¢ € HE ,(%RYN) that

1) (EEEG ) (0 Vs o)~ (divOmli) Vi), ¢) = O

(22) <_AS07Q+17 ¢> + <a\IJO(S0i+1), ¢> - </1'i+17 ¢> - <KJSD7;7 ¢> = 07
<P(<Pz‘)vi+1 - P(Sﬁil)vi7w> + {div(viz1 @ p(pi—1)vi), "/J>HJI,H(}
g H o H, o
. P2 — pP1
- <d1V(Ui+1 ® = m(@i—l)vﬂi)a¢> + 2n(pi)e(visr), €(¥))
Hg o Hy o
(2.3) - <Mi+1v90iaw>H0fi,Héﬁ = <Ui+1a¢>H[;},,H5ﬂ

The first two equations are supposed to hold for every 0 <i+1 < M —1 and the last
equation holds for every 1 <i4+1< M — 1.

REMARK 2.3. In general, the subdifferential of a convex function ¥y can be
a set-valued mapping, see, e.g., [15]. In this case, by equation (2.2) there exists
B € 0Wo(piy1) such that

(—=Apis1,6) + (B, 8) — (i1, 8) — ki, @) = 0, Yo € H' (Q).

We note that in the above system the boundary conditions specified in (1.1) are
included in the respective function spaces.

It is interesting to note that our semi-discretization of (1.1) in time involves three
time instances (¢ — 1,4,7+ 1). Equations (2.1) and (2.2), however, do not involve the
velocity at the "old” time instance i — 1. As a consequence, (¢g, f19) are characterized
by the (decoupled) Cahn-Hilliard system only. At the final time instance, however, the
coupling of the Cahn-Hilliard and the Navier-Stokes system is maintained; otherwise,
we have little hope to derive some energy estimates for the system.

Finally, we present the optimal control problem for the semi-discrete CHNS sys-
tem. For its formulation, let U,q C L*(Q;RY)M~1 and J : X — R be a Fréchet
differentiable function, with

X =H QM xH (@M x H} (BRV)M1 x L2(Q;RV)M,

Further requirements on U,4 and J are made explicit in connection with the existence
result, Theorem 4.1, below.
DEFINITION 2.2. The optimal control problem is given by

(Po) min J (¢, p, v,u) over (o, u,v,u) € X
v st. u € Uga, (o, p,v) € Su(u).

In many applications, J is given by a tracking-type functional and U,y by uni-
lateral or bilateral box constraints.
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3. Existence of feasible points. In this section, we prove the existence of
feasible points for the optimization problem (Py). As stated earlier, for deriving
stationarity conditions we will later on approximate the double-obstacle potential by
a sequence of smooth potentials of double-well type. Therefore, we consider here the
following two types of free energy densities.

ASSUMPTION 3.1. The functional ¥y : " (Q) = R is convex, proper and lower-
semicontinuous. It has one of the two subsequent properties:

1. Either it is given by Vo() := [, vo(p(x))dz where ¢ : R — R := RU{+o00}
represents the double-obstacle potential,

+00 ZfZ < 1/}17
Yo(z):==¢ 0 if 1 < z < ahg,
+o00  if z > hs.

2. Or it originates from a double-well type potential and satisfies:
(a) Wy is Fréchet differentiable with {¥{(p)} = 0Vo(p) C L*(Q) for every
o e H ();
(b) There exists B, € R such that ¥o(p) < B, for every ¢ € K.

Additionally, we assume that the functional (p) := Vo(p) — [, Sp(x)?dz, x> 0,
is bounded from below by a constant B; € R.

We start by studying the semi-discrete CHNS system for a single time step. For
this purpose, assume that the pair (§,7) € FI(Q) x Hj (9 RY) is given. We then
show the existence of a point (p, u, v) which solves a slightly modified system. The-
orem 3.5 collects the results for all time steps via an induction argument. Finally,
Theorem 3.7 shows that the modified system equals the original CHNS system under
suitable assumptions.

The starting point for our considerations is an energy estimate for the generalized
system. This estimate will be useful to establish the boundedness of the feasible set.
We note that in what follows, C', C; and Cs denote generic constants which may take
different values at different occasions.

LEMMA 3.1 (Energy estimate for a single time step). Let ¢ € Fl(Q), v €
HE,(GRY), 0, € (H} ,(RY))", ©,,0, € H '(Q), v € H(URY), fo,f1 €
L2(), fo,f-1 >0 be given such that

(3.1)

M + divy = 0 a.e. on .
-

In case of the double-obstacle potential suppose additionally that ¢ € K.
Then, if (¢, u,v) € EI(Q) x o' (Q) x Hj , (% RY) solves the system

(33) = (1, ¢) — (K@, 0) + (—Ap, @) + (DWo(¢), 8) = (O, ¢), Vo € T (Q),
(P00) @) g g, + U0 ()
Hy o Hj ' '

T

(3.2) <9" - ¢7¢>> + (09, 8) — (div(m($) V), 6) = (8,,0), Vo € H (),

(34) - </LV([~7, Q/J>HJ(IT,H&U = <®U7 ¢>H&;,Héyd ) V¢ € H&,U(Q;RN)u
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the following energy estimate holds true:

~12
ol . |w|d+\p() f,' IdJr Ve - Vel ,,
0 0 @ 2
_ =\2
+T/2n()|()| diﬁ”/m ) [Vl dw+/ 2 290)
(3.5) /f‘l o dz +/| dz +Y(@) + g(p, u,v),
where g is defined as
p—
(3.6) 9(p, p,v) 1= <®mu>+<@w - >+<®vv“>Ho,iné,g

Proof. First, we observe that
(div(v @ v),v) = ((divv)v + (v - V)v,v)
= /((divz/)g + (v V)v)vde + / (divu)gvd:v
Q

Q

2 2 2
(3.7) = / div <u@> +(diW)ﬁdx: / (divu)ﬁdx.
Q 2 2 Q 2

Next, one verifies

2 -2
(fov—flﬁ,v)—A—fO£v| da:—/97f12|v| d

(fo— f-1) Jo)? foilo =
(3.8) +/Q e | S

Testing (3.2),(3.3) and (3.4) with g, “"%@ and v, respectively, summing up and inte-
grating by parts, we obtain

folol* = fa | | | | (fo— f=1) v/ .
0= | P de s | farg e +/Q—2T d

2
+/(diw)ﬂdx+/ 2n() |e(v)|2dx+/m(¢)|w|2dx
Q 2 Q Q

1 B Lp—Q
+- (OVo(p), ¢ — @)1 71 — ff/Qsﬁ dx

T

1 5
(3.9) + = /Q Vo(Ve = V@)dr — g(e, i, v),

T

where we also use the previous equations (3.7) and (3.8). From the definition of the
subdifferential we infer

(3.10) OUo(e).p = 72 W)~ 9@ + 5 [ = Fdn

Inserting (3.1),(3.10) into (3.9) and using 2a(a — b) = a® — b> + (a — b)? once for
(a,b) = (Vo, V@) and then for (a,b) = (p, p) we obtain the assertion. O
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REMARK 3.2. Note that the system (3.2)-(3.4) corresponds to the system (2.1)-
(2.3) for one time step only when choosing

v = V4, gb: Pis fO :p(SDz)7 f—l :p(@i—l)a

P2 — pP1
V= P(%‘—l)vi - B)

O, =u, O,=0,=0.

m(pi—1)V i,

Now we prove the existence of solutions to the system (3.2)-(3.4). The proof mainly
relies on the application of Schaefer’s fixed point theorem, also called the Leray-
Schauder principle, and combines arguments from [1, Lemma 4.3] and monotone op-
erator theory.

THEOREM 3.2 (Existence of solutions to the CHNS system for a single time
step). Let the assumptions of Lemma 3.1 be satisfied. Then the system (3.2)-(5.4)

has a solution (p, u,v) € iR (Q) x T (Q) x Hj ,(GRY).
Proof. We start by defining

(3.11) X =TH (Q) x T () x H ,(%RY),
(3.12) Yi=H (QxH () x H (GRY),

and the operators G : il Q) — ﬁil(ﬂ), G, H Q)= ﬁil(Q), Gs: Hj , (G RY) —
Hj ,(GRY)* G: X =Y and F: X — Y (here and below "=’ indicates a set-valued
mapping) via

G1(p) = —div(m(@)Vp) = O, Ga(p) 1= —Ap + Vo(p) — O,
Gs(v) == —div(2n(p)e(v)) — O,
g(@huav) = (gl(:u)aQQ((P)agB’(v))T ) ]'—(%/Lav) = (‘Fla‘FQa‘F3)Ta

with
=9 S — >
Fi(ep, p,v) i= - Ve, Faolp, p,v) 1= pu+ kP,

_ fo’U — f,1’5
T

]:3(()07 Hy U) = - diV(U ® V) + NVQZ?

Using this notation, the system (3.2)-(3.4) can be stated as

(3.13) 0€G(p, p,v) —F(p, u,v) CY.

By standard arguments, the mappings G; and Gs are invertible and the respective
inverse mapping is continuous. Since the Laplace operator is invertible from i’k Q)
to Fﬁl(ﬂ) and the subdifferential 0¥, is maximal monotone (cf. [38, Theorem Al]),
Gy is invertible, as well. Concerning the continuity of G5 ', let &, & € ﬁ_l(Q) and
P1,p2 € il (Q) satisty p; = G5 (&) for j = 1,2. Using Poincaré’s inequality and the
monotonicity of 0¥, we immediately obtain

o2 — 1l 3 < C(=A(p2 — ¢1), 02 — @1) + (0o (2) — OTo (1), 02 — 1))
=C(&—&,02—01) SO —&illg- g2 — o1l

showing the continuity of G5 L
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Due to the compact embedding of the space Y := L2 (Q) x L2 () x L2 (; RN)
into Y, the inverse of G is a compact operator from Y to X. Further, F: X — Y is
continuous. Hence, the operator F oG~ :Y — Y is compact.

In what follows, we show the existence of a solution 0* to the fixed point equation

(3.14) §*—FoG l6")=0€eY.

Then it immediately follows that G=1(§*) solves the system (3.2)-(3.4). In order to
apply Schaefer’s theorem with respect to the operator F oG~ we verify the condition
that the set D = [Jy< <, {6 €Y|6 =AF oG 1(6)} is bounded. For this purpose,

assume that § € Y and \ € [0, 1] satisfy

(3.15) §=AF oG 1(6),

and define (¢, y,v) := G7(6) € X. Thus, (3.15) can be rewritten as
(3.16) G, psv) = AF (@, p,v) =0

which is equivalent to the following system of equations
— ¢ - ) . —1
(AEZ2,0) + (A0V5,6) = im0, 6) + (©,10). o (),

(M, 0) + Ak, 6) = (—Ap, 6) + (0T0(¢)), 0) — (O, ), Vo € T (),
A <iw> MA@ e ) W+ (20(@)e), ()
Hg o H ’ ’

T

o

<Mv90 "/J> 0 oxHo + <®vuw>H&i)H%’a ) V’Q/J S H&U(Q;RN).

Analogously to the proof of Lemma 3.1, we test this system by u, “"%@ and v, respec-
tively, sum up the resulting equations and integrate by parts to derive

f0|U| _f_ll | —_— - dx+ )\ dx 3) le(v)|? da
/ +/ff +/Q2n<sa>|<>|~
+/Qm(¢7)|vﬂ| dw+;/Qa%wso—@dw—M/st“’;“’d:c
(3.17) +%/Qv<p(vs0—vsﬁ)dw—g(s0,u,v),

which leads to
- - 1 1
| 20@) ko) o + /Qm«p)w?dﬁ Lu(e) + / Vel dw — g, m,0)

(3.18) I- ;' o |v ? d:z:+1\IJ( ).
Q

Note that for obtaining (3.17) we also make use of (3.1). The right-hand side of (3.18)
can be bounded by a constant C' := C(N,Q, 7, f_1,0,%) > 0 which is independent of
A. Since V¥ is bounded from below, this leads to

- ~ 1
(3.19) /Q () [e(v) 2 di + /Q (@) Vul da 4 /Q Vo2 dz < C + g 1, v).
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Due to Korn’s inequality, Poincaré’s inequality and from the boundedness of 7(-) and
m(-), we infer

2 2 2
||UHH1 + HMHHl + H‘PHHl < CHg(p, p,v)
(3.20) < Cr+ Collloll g + el g + Nl ),

where C5 > 0 depends only on ©,, ©, and ©,. The last inequality yields the
boundedness of (¢, i, v) in X. Next, we derive bounds for F. In fact, we have

1F1(ps 11, )l sz < CUlll + 121+ ([0l g1 121 1),
[ F2 (s 1, )l g3/ < Clllull + N2,
1F3(, s ) a2 < CU0llgrn + N0l g 1l g+ Nl 1RH o+ 1191 g0 )-

Since @, ¥ and v are fixed, D is bounded in Y. Hence Schaefer’s theorem is applicable
implying that equation (3.14) admits a fixed point 6* € Y. Then G~1(§*) solves the
system (3.2)-(3.4). O

In our setting, the right-hand sides of the system (3.2)-(3.4) are square integrable
functions. This enables the derivation of higher regularity properties for the solutions
obtained in Theorem 3.2.

LEMMA 3.3 (Regularity of solutions). Let the assumptions of Lemma 3.1 be
satisfied, and suppose additionally that ©,,0, € L*(Q), as well as fo, f-1 € L3(Q)
and p € H*(Q).

Then it holds that o, € ﬁzn (Q) and v € H?(;RY), provided that (p, u,v) €

iR (Q) x iR () x Hj ,(Q;RYN) satisfies the system (3.2)-(3.4). Moreover, there exists

a constant C'= C(N,Q,by,ba, 7, k) > 0 such that

el gz + el g2 + N0l g2
(3:21) < Clell + Ml + 121+ 1Ol + 184l + 1wl 1 18] 2 + 1¥6(2)1)-

In case of the double-obstacle potential, it also holds that ¢ € K and the term | Uq ()|
in the above inequality is dropped.
Proof. Equation (3.3) is equivalent to

(3.22) Ap+ g1 €0To(p) in H (Q)

with g1 := p+ k@ + O,. By Sobolev's embedding theorem gy is in L?(12). In case of
the double-well type potential, Assumption 3.1.2 (a) then implies g2 := —g1+ () €
L?(Q2) and Ay = go. Applying [34, Theorem 2.3.6] and [34, Remark 2.3.7], we deduce

that ¢ € EQ(Q) is the unique solution of the Neumann problem
ASO = g2 in Qa an<,0|agz =0 on 0.

Furthermore, [34, Theorem 2.3.1] yields the existence of a constant C' := C(N, Q)
such that

(3:23)  ellg= < Cllell + llg2l) < Clell + lull + s 1211+ 184 + 115 (o) 1)-

In case of the double-obstacle potential, (3.22) is equivalent to the variational inequal-
ity problem:

(3.24) Find p e K: (-Ap—g1,0— ) >0, Vo € K.
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Then the assertion follows from the subsequent lemma.

LEMMA 3.4. If ¢ € K solves the variational inequality problem (8.24) with g1 €
L?(Q), then ¢ € an (Q) and there exists a constant C = C(N,Q) > 0 such that
el < Cllgll-

For the sake of completeness we provide a proof in the appendix. It closely follows
the lines of argumentation of [31, Chapter IV].

Regarding u, we argue similarly. Indeed, first note that by Sobolev‘s embedding
theorem and Hélder’s inequality g3 := “’%‘7’ + vV — 0, — u is an element of L?(£).
Furthermore, the coefficient function m(p) is contained in H?(Q2) and W16(Q), re-
spectively (cf. [31, II, Lemma A.3]). Equation (3.2) is equivalent to

(3.25) m(@)Ap+V(m(@)Vu—p=gsin T (Q).

Again by [34, Theorem 2.3.5] and [34, Theorem 2.3.1] p € an (©) and it holds that

(3.26)  lullgz < CUlull + llgsl) < CUlul + el + 12l + 1ol g 14l 22 + 1©41D),

where C' > 0 depends only on N, 2, by,by, 7.
Finally, we show the desired regularity of v. Since div(e(v)) =
it holds that

$(Av+ V(divv)),

div(2n(p)e(v)) = 20 (@)e(v)VE + n($)Av,

and therefore by equation (3.4) that

=1 g - 21 - -
(3.27)  Av=n(@) Hdivlv@v) — 21 (P)e(v)VE + ;(fov — f219) = pVg — 0,
Moreover, div(v ® v) = (Dv)v + vdivr. By the assumptions all summands in the
second line of (3.27) belong to L?(;RY) and v € H'(; RY). Hence, we have

(3.28) Av = (@)~ [(Dv)y +vdive — 27 (§)e(v)VE + f],
with [|f|] < C(z) for a constant C(z) > 0 depending only on

Z = (N,Q,’I],T, ||<P||H25 ||¢||H27 ||/L||H25 ||®U||)

In order to show v € H?(;RY), we apply a bootstrap argument and well-known
regularity results for the stationary Stokes’ equation, cf. [41].

1. Since v € Hj ,(QRY), we have that (Dv)v, €(v)V@ and vdivey belong to
L3/2(Q; RY). Therefore, [41, Prop. 2.3, p. 35] and (3.28) show that v € W23/2(Q; RN)
and that ||v||y2s/2 < C(z) for a constant C' depending only on z.

2. Next, v € W23/2(Q;RN) and the continuous embedding of W3/2(Q) into
L3(Q) (which we denote by W13/2(Q) «— L3(Q)) imply that (Dv)r and e(v)V@
belong to L?(Q;RYN). Moreover, W23/2(Q) < LP(Q) for every p < oo. Hence
vdivey € L27¢(Q;RY) for every e > 0. Applying [41, Prop. 2.3, p. 35] again yields
v e W22 (;RY) for all e > 0 and ||v||yp2.2-- < C(e, 2).

3. Finally, having v € W?227¢(Q;R"Y) and since W27¢(Q) < L>(Q) for
sufficiently small, it follows that also v divy belongs to L?(€;RY). Thus, we arrive
at v € H2(Q;RY) and ||v||gz> < C(2).

This completes the proof. O
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Our aim is to prove the existence of a solution to the semi-discrete CHNS system
with the help of Theorem 3.2. This result, however, is not directly applicable with the
setting of Remark 3.2, as fo, f—1 and v need not satisfy equation (3.1). This is due to
the nonsmoothness of the density function and the fact that ¢ may attain values in
R (rather than [i)1,1s]) for a double-well-type potential. We overcome this difficulty
by applying Theorem 3.2 with the setting

(3.29) Ui=wi, ¢ =i, fo:=plpi), f-1:=plpi-1),
28

= T(vi, Yis Pi—1, i), Ov = Uiy1, Op =0, =0,
where 7 : Hj , (€ RY) x ﬁ2(Q)3 — HY(Q;RY) is given by

_ _ [ op@)v = ESEm(@)Viu if p(e), p(¢) > 0 ae. in Q,
(3.30) (v, ¢, P, ) -—{ G(pw);p(@?) else.

Here G : L?(Q)) — HY(Q;RY),§ — (, is a solution operator to
(3.31) —div¢ = 6 a.e. on .

A specific realization of G is obtained by first solving —A¢ = § in L2(2) with £ = 0
on 91, yielding ¢ € H?(Q) N H(Q), and then setting ¢ := V& € HY(Q,RY). We
next prove that there always exists a solution to the system (2.1),(2.2),(3.32) where
the semi-discrete Navier-Stokes equation (2.3) is replaced by

<P(%‘)Ui+1 - p(%‘1)vi7¢> 1 + (2n(pi)e(vig1), e(¥))
-

T 1
HO,(T

0,0

+ (div(viy1 @ U(vi, 9is Qio1, i), 7/1>H0*}77H5 o (ti+1 Vs, 1/1>H;;,H3 .

(332) = <ui+17w>H&},,H&ﬁ ’ Vi/’ € H(},U(Q;]RN)'
We point out that (3.32) coincides with (2.3) if
(3.33) min{p(e;), p(ei—1)} > 0 a.e. on Q.

For the double-obstacle potential this always holds true, since ¢; is contained in the
interval [¢1,12]. Hence in this case p(p;) > p(11) = p1 > 0.

In Theorem 3.7 we show that for the double-well type potentials under consider-
ation ¢ remains in a close neighborhood of [t1,12] and therefore condition (3.33) is
satisfied as well.

ProposITION 3.5 (Existence of solution to a modified state system). Let 7 :

H (RN x FI(Q)?’ — HYQ;RYN) be defined by (3.30). Then for every u €
L2(; RNYM =L there exists a point (p, j1,v) € an (Q)Mxﬁgn ()M xHg , (QRN)M-1
which solves the semi-discrete system (2.1),(2.2),(3.32). Moreover, every solution
(p, i, v) satisfies (p, p,v) € an (M x an (DM x Hy ,(Q;RV)M=1,

Proof. Standard arguments guarantee the existence of (¢o, io) € iin (Q) x T (Q
such that (2.1)-(2.2) is satisfied for ¢ = —1. Lemma 3.3 yields (o, po) € ﬁgn (Q) x
Hp, ().

If condition (3.33) holds true, then Assumption 2.2.3 and (2.1) imply

divo (v, i, i1, i) = %(V%—lvi — div(m(pi-1)Vui))
_ PP i iy p(ei) = ppi-1)

2 T T
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Consequently, if (¢;, i, v;) satisfies (2.1), then assumption (3.1) is always satisfied by
the definition of 7 in the sense that

P(%) — P(%‘—l)

+ divi(vi, @i, 0i—1, i) = 0 a.e. on Q.
-

(3.34)

Therefore, we can apply Theorem 3.2 with the setting (3.29) for i = 0 to guarantee
the existence of (¢1,u1,v1) € Ik (Q) x ik (Q) x H&U(Q;RN) such that the system
(2.1),(2.2),(3.32) is satisfied.

Now Lemma 3.3 yields (@1, u1,v1) € ﬁgn (Q) x ﬁgn (Q) x Hj ,(RN). In the
case of the double-obstacle potential it additionally follows that ¢ € K.

Repeated applications of Theorem 3.2 and Lemma 3.3 for each time step i =
1,.., M — 2 prove the assertion.]

As discussed above, this theorem directly guarantees the existence of a solution
to the semi-discrete CHNS system for the double-obstacle potential. Next we address
the boundedness of the solutions which is needed later on to ensure the existence of
optimal points for (Py). For this purpose, we apply the energy estimate of Lemma
3.1 at each time step.

LEMMA 3.6 (Boundedness of the state). There exists a positive constant C =

C(N,Q,b1,ba, T, K, Vg, a,u) > 0 such that for every solution (o, i, v) € ﬁgn (M x
an (DM x Hj (G RN)M=1 of Theorem 3.5 it holds that

(3.35) 1olZgayae + sy + 0l prn < C.

Furthermore, the operator L?(Q,RN)YM=1 5 4 s C(N,Q, b1, bo, T, K, Va, Pa, u) € R
is bounded.

Proof. We define the functional E : ﬁéﬁg(Q) < ' (Q) x Iin (Q) — R as follows:
2 2
(3.36) E(v,¢,9) :=/ md:v+/ mcl:er\If(cp).
o 2 o 2

Let j € {1,..,M — 2} be arbitrarily fixed. Then by repeatedly applying Lemma 3.1
with the setting (3.29) for ¢ = j,j — 1,..,0, we conclude that

B, @541,905) + 7 / (05) le(vyan) P de + 7 / ml;) [V | do
Q Q

< E(vj, 05, pj-1) + (Uj41,v541)
< E(vj-1,9j-1,pj—2) + (uj,v5) + (wjt1,v541)

Jj+1
< E(vo, @0, p—1) + Z (ui, v;) -
i1

By Assumptions 2.2 and 3.1 this yields

Voo, [2
/%dm—l—\lf(gﬁfrl)—l—%'bl/ |e(vj+1)|2d:17+7'b1/ V| da
Q Q Q

M-1

(3.37) < E(vo,%0,0-1) + Y luillllvill < C1+ Callullpaym— 0]l g1y »
i=1
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where C; depends only on the initial data (N, Q, B, By, Ve, ©q). Due to Korn’s in-
equality and Poincaré’s inequality, this ensures

2 2 2
g2 + lrtganlZs + s l2n < Co+ Colhull gayars 0] goya

Since j € {1,.., M — 1} is arbitrarily chosen, we infer
2 2 2
(3.38) ol + lell(gym + lolligrymen < CL+Co (HUH(Lz)Mﬂ HUH(Hl)M> :

Hence (¢, pt, v) is bounded in iin (M < (Q)Mx Hg ,(Q;RY)M=1. Then the bound-
edness in the respective H?-spaces follows directly by applying Lemma 3.3 for each
time step.O

Next we address the case of the double-well potential and show that for appro-
priate double-well type potentials the order parameter of a solution to the system
(2.1),(2.2),(3.32) is always greater than )1 — ¢ for some small & > 0.

THEOREM 3.7. Let u € L*(Q;RN)YM=1 be given and {\Ijék)}kGN a sequence of
functions which satisfies the following two conditions:
1. For every k € N \I!ék) fulfills Assumption 3.1.
2. If {Q(k)}keN is a sequence in ﬁl(Q) such that there exists C > 0 with
\Ilék) (gﬁ(k)) < C for k € N, then

Hmax(—sﬁ(k) + ¢170)HL1 — 0, as k — oo.

Furthermore, let {(ga(k),,u(k), v(k))}keN be a sequence of solutions to the systems
(2.1),(2.2),(5.32) with Uy = U, Then

Hmax(_sp(k) + wl,o)HL — 0, as k — oo.

Proof. Employing Lemma 3.6, in particular inequality (3.37) from its proof, then

we see that for every i € {—1,..,M — 1} and k € N it holds that \I/(k)(%(-k)) < (C}.
Hence, we conclude

K 2
w0 () sers 0L <

By assumption, this yields
(3.39) Hmax(—cpl(-k) + 1, O)HL1 — 0 for k — oco.

Next, we use the technique of [24, Proposition 2.4] and [24, Remark 2.5] to derive
that Hmax(—gagk) + 1, O)H — 0 for k — oo. We stay brief here and refer to [24]
LDO

for details on the technique. By Lemma 3.6 the sequence {cp(k)}keN is bounded in

ﬁ2(Q), and due to Sobolev’s embedding theorem it is also bounded in W1(Q) and

Cco8(Q), p < 3, respectively. Thus, there exists a constant Cj such that for every
k € N we have HSD(k)Hco,B < Cs.
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For fix k € N assume that Hmax(—%(-k) + 1, O)‘

> 0 and define the set G :
LOO

{w €0 @Ek) (w) < < 0}. Then let wy,q: € G satisfy

e 0= [ 40 g = st oo
O (Wmaz) + U1 e | max(—p;" +¢1,0) .

(k)

i

A

Due to the Holder continuity of ¢

1

IR B
<—“’i ggﬂw” ”’1) it holds that

, for every x € Q which satisfies |2 — Waz|gw

~eM @) + 1 2 ol (wmaa) + 91 - |

k
801(‘ )H ) |wmaz - 33|]1i1\7

C.8)(Q

> _@Ek) (wmaz) + 91

0.
2 9 >

As Q satisfies the cone condition, there exists a finite cone K, (wmaz) = K(Wmaz) N
B(wmaz, ) of radius r and with vertex wi,q, such that K, (wmas) C 2. Hence the cone

1
(k) B
Kpr(wmaz) with R := min (r, (%ﬁ””w) ) is contained in G. Consequently,
we find

[masx(=¢ +¢1,0)

(k)
L1(Q) /KR(wmaz) 4 '

(_@Ek) (wmam) + 1Z)1>
> / dx
Kn(wmaz) 2
|Kr(0)| ‘ *) H
> Al —;
> 5 max(—y; ~ +¢1,0) @)

In combination with (3.39) this proves the assertion. O
We define ¢~ € R as

(3.40) e :=inf{p e R:p(p) >0} < .

Let u € L*(; RNV)M~1 be given and let {\Ilék) }k . be a sequence of double-well type
€

potentials which approximates the double-obstacle potential in a certain sense, i.e.,
it satisfies condition 2 of Theorem 3.7. Then Theorem 3.7 ensures that there exists
k* € N such that for every k > k* the solutions (¢, u(®) v(®)) to the corresponding

systems (2.1),(2.2),(3.32) with ¥ = " satisfy
(3.41) o) > o7 Vi=—1,. M—1.

Hence p(%(-k)) > 0 for every i = —1,.., M —1 and k > k*. Thus, (3.32) coincides with
(2.3), which leads to the subsequent theorem.
THEOREM 3.8 (Existence of feasible points). Let u € L2(Q;RN)M=1 Let W,

be the double-obstacle potential defined in Assumption 3.1.1 and let {\Ifgk)}k . be a
€

sequence which satisfies the conditions of Theorem 3.7.
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Then there exists k* € N such that the system (2.1)-(2.3) admits a solution
(p, ,v) for every Uy € {ﬁo} U {\Ifék)}k>k . For this solution (p,u,v) the result
of Lemma 3.6 remains true. -

In other words, the semi-discrete CHNS system (2.1)-(2.3) has a solution if the
double-well type potential under consideration is close enough to the double-obstacle
potential. In the following sections we always assume that this is the case. In Defi-
nition 7.1 below, we propose a specific regularization which satisfies the conditions of
Theorem 3.7.

4. Existence of globally optimal points. The previous section guarantees the
existence of feasible points for the optimal control problem (Pg). Next we investigate
the existence of a solution to (Pg). For this purpose, we need to impose additional
assumptions on the objective functional and the constraint set U,q.

THEOREM 4.1 (Existence of global solutions). Suppose that J : F;ﬂ ()M x

ﬁgn (M x Hj (G RN)M=1 5 L2(Q;RV)M =1 = R is convex and weakly lower-semi-
continuous and Ugq is non-empty, closed and convexr. Assume that either Uyq is
bounded or J is partially coercive, i.e. for every sequence {((p(k),,u(k),v(k),u(k))}keN
with limy_y oo Hu(k)H = 0o it holds that limy_, o J(gp(k),u(k),v(k),u(k)) = 00. Then the
optimization problem (Py) admits a global solution.

Proof. By Theorem 3.5 the feasible set of the problem (Pg) is non-empty and

contained in Hy ()M x Hy, (WM x HE (GRY)M=1 x U, .
Let {(go(k),u(k),v(k),u(k))}keN be an infimizing sequence of J in ﬁgn (M x
ﬁgn (DM x Hj (G RN)ML x Uyg with (), u® 0*)) € Sy (u®)) such that

4.1 lim J (k), (k),v(k),u(k) = inf T (o, 1, v,u).
(4.1) Jm T (et p ) et (o, 1y 0,0)

Note that the infimum on the right-hand side may be —oo. The sequence {u(k)} kN

is bounded in the reflexive Banach space L?(£2; RY)M =1 This follows either directly
from the boundedness of the set U,q or from the partial coercivity of 7. Then

by Lemma 3.6 the sequence (¢, u*) v*)) is bounded in F;ﬂ (M x F;ﬂ (M x
Hj (Q;RN)M=1 Setting {w(k)}keN = {(gp(k),u(k),v(k),u(k))}keN, there exists a
weakly convergent subsequence {w(kl)}leN with limit point w* := (¢*, u*,v*,u*) €
an ()M x F;ﬁ (DM x H (€ RN)M=1. Using the weak lower-semicontinuity of 7,
this implies

—o0 < J(w*) < lilminfj(w(kl)) = inf
—00

n J (@, 1, v,u
u€Uqa,(p,p,v)ESw (u) (@'u )

where the last equality holds due to (4.1). Since U,q is weakly closed, u* belongs to
Uad-

It remains to show that (¢*, u*,v*) € Sy (u*). For this purpose, we write [ instead
of k;, and we start by considering the limit of <—div(v£21 ® LQmm(gpl(Ql)vul(_l)), ¢>
for arbitrary i € {0,..,M — 2} and ¢ € H*(Q; RY). Using the triangle and Hélder’s
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inequality we derive

@)V - Vo = mipr) Vi - V|

< Hm PNV — V)

L4/3

+H m(e)) = m(p},)) Vi - L

||w|\Lz+Hm #00) = mi(@i)||, IVl Tl

‘Vu -V

<[]

Since Vuz(-l) converges weakly to Vi in H1(Q2) and H'(Q) is compactly embedded into
@, |7l -

H?(Q) into W4(Q), we have cpz(-Ql — @f  strongly in W14(Q2). Due to Assumption
2.2.1, m is Lipschitz continuous. Since W14(Q) can be embedded into L>(£2), we
l *
m(%(‘—)ﬂ —m(p]_, H — 0.
Consequently, the sequence 252+ (gol 1)Vu(l -V4) converges strongly in L*/3(Q)
to 252m(p; )Vu; - V. By Sobolev s embedding theorem and the weak con-

tmulty of the embedding operator, vfi)l converges weakly in L*(Q) to v},,. Hence

(div(ely @ 2520m (e ) Vi), ) converges to (div(uf,, @ 252m(pl_,) Vi), ¥)
as | — oo.

One proceeds analogously for the remaining terms in the system (2.1)-(2.3) which
do not depend on the subdifferential of Wy.

: ) tends to zero for [ — oo. Due to the compact embedding of
L

infer

In this way we also show that AcpH_l + ugl) + Iisp(l)

3

converges strongly in "' (Q)
to A, + piy + ke; for every i = —1, ..,M — 2. Furthermore, gpgﬂzl — @iy in

EI(Q) and for every [ € N it holds that Acle 521 + mp(l € B\Ifo(cp +1) Due to
the maximal monotonicity of 0¥, this implies

(4.2) Apiyq + pivg + Rp; € 0Vo(piiq)

for every i = —1,.., M — 2. In summary, we have shown (¢*, u*,v*) € Sy (u*). Hence
the w* is contained in the feasible set of the problem (Pg) and therefore solves the
problem.[

5. Convergence of minimizers. Now we turn our focus to the consistency of
the regularization, i.e. the convergence of a sequence of solutions to (Pg ) with
U (%) a double-well potential approaching the double-obstacle potential in the limit as
k — o0, to a solution of (Py) with ¥ the double-obstacle potential. For this purpose,
we consider a sequence of functionals {\I/(k)} . satisfying Assumption 3.1.2 and a

corresponding limit functional .

The following theorem provides conditions under which a sequence of globally
optimal solutions to (Pyx)) converge to a global solution of (Py), as k — oo.

THEOREM 5.1 (Consistency of the regularization). Let the assumptions of The-
orem 4.1 be fulfilled. The objective J : Fl(Q)M < H' (M x Hj (RN )M=1
L2(Q;RMM=1 5 R s supposed to be upper-semicontinuous, and let {\I!(k)}keN
be a sequence of potentials satisfying Assumption 8.1.2. Assume further that ¥
is given such that for every sequence {(:v(k),y(k))}keN C Fl(ﬂ) X ﬁil(Q) with
yF) = \If(k)/(x(k)) and (2, y*F)) — (22 y()) strongly in FI(Q) X ﬁ_l(Q) it
holds that y(°) € oW (x(>)).
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Then a sequence { k) k) (k) u(k))} of global solutions to (Pgw)) in
ﬁ2(Q) < ' (M >< Hj (G RNYM=1 5 Uyq converges to a global solution of (Pg),
provided that {j ,u(k) v®) u(k))} ey 8 assumed bounded, whenever Ugyq is un-
bounded.

Proof. First note that the sequence {u(’“) } keN is bounded in the reflexive Banach

space L2(£; RM)M =1 This follows either from the boundedness of the set U, or from
the partial coercivity of J and the boundedness of {J(cp(k), k), U(k),u(k))}keN. By

Lemma 3.6, the sequence { (o), (%), v(’“))}keN is bounded in an (oM xﬁzn ()M x

H&U(Q;RN YM=1 Hence there exists a weakly convergent sequence {w(kl)

}leN :
{(pk), pk) pke) u(kl))}leN with limit point w:=(®, 7, 7, U)eﬁgn (oM xﬁgn (oM
Hj ,(Q;RN)M=1 Moreover, since Uyq is weakly closed, 7 belongs to Uag.

As in the proof of Theorem 4.1, it can be shown that the limit point satisfies
(@, 71, 0) € Sg(@). The only difference is that inclusion (4.2) follows from the above
assumption instead of the maximal monotonicity.

Next, we prove that W is an optimal point of (Pyg). For this purpose, let (90, 1,0, 0)

be an optimal solution of (Py). We consider a sequence (3%, i(®)) € Han (M x
an ()M such that

(k) (k)
SO'L 901 o~ ~ . PN o~
< = 7¢> + <Ui+1v§01(-k)a¢> - <d1V(m(SDEk))VNEi)1)a ¢> = 07

T

< A§?1=¢> <(‘I’(k)) (S"Eﬁl) ¢> <ﬁ§?y¢>—<wz a¢>

for every ¢ € EI(Q) and ¢ € {—1,..,M — 2}, where ¥ corresponds to the previously
spec1ﬁed solution of (Pg). Note that the operator L Hl(Q) X ﬁl(Q) — Fﬁl(Q) X
H (Q) defined by

(5.1) L (p, p) == (—Aw + (\I’ék))/ (¢) = pp— diV(aW))

is monotone, coercive and continuous, if a € H?(Q) satisfies 0 < 7b; < a(x) <
Thy almost everywhere on Q. Hence for fixed k& € N, the pair (@(-i)l, HE 1) of each
subsequent time step is uniquely determined as the solution to

k k) ~(k k
(5.2) L sy, @5 ) = (587, 8 = 701V 8")

where 0 < 7b; < a := m(@(-k)

;)b < Tby almost everywhere on 2 (cf. [40, Chapter
II, Theorem 2.2]. Then, by Lemma 3.3 the sequence (¥, 1%, %)en is bounded
in 7’ ()M x F2(Q)M x Hg ,(Q;RY)M=1 Consequently, there exists a subsequence
(denoted the same) which converges weakly in the associated product space to a limit
point (%, 1%, ). In accordance with the above observations, @y, ,, /i, ;) is the unique

solution to
Pra-ol N\ . o .
(P22 6) 4 (00aa Vi) — (@i On(@) VL 1),6) = 0. 0 € (@),

(=AF% 1, 0) + (0U(Bri), 6) — (Bfr, 8) — (KBL,0) = 0, Vo € T (Q)
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for every i € {—1,.., M —2}. Note that here we also use the prerequisite that y;, ; €
K [ Sk k) ~(k * ~x . k), ~(k .

OW;(@7.y) when (33, 8ih) = (i, @) with y®)ipn = W6V (B()). Since the

Now we show that 7i(F) converges strongly in (an (2))M to ii*. For this purpose,

fixie {-1,..,M — 2} and define

_(k _(k

(k) . <P1(-+)1 - 905 :

9, =

-

k) . Pl =P

(5.3) H0 Ve, g = e + Ui Vi

By the Rellich-Kondrachov theorem gfk) converges strongly in L?(Q) to g;. It further
holds that gt — g = div(m(g"™)Va)) — div(m(@;) Vi, , ). Hence, we have

. v ~(B) k N . _(k vy (B k
div(m(@)V (@ = fit) =g — g — div(m(@") = m(@)) Vi) = 0.
Again by the Rellich-Kondrachov theorem m(AEk)) converges strongly to m(g7) in
WhH5(Q). Furthermore, Vﬁl(-i)l is bounded in H'(Q). As a consequence, (51@) -0

strongly in L?(9). Applying [34, Theorem 2.3.1], we conclude

Next, we define aﬂ?l € L*(Q;RY) for all i € {0,.., M — 2} by

~(B) k)
Uz(‘+1 - /%‘HHHQ < CH‘SE H — 0.

~(k)\~ (k) \~
~(k) P(%(' ))Ui-l-l —p( 1(;)1)

(7 L~ ~(k) \~
) = - +div(vip1 ® p(sﬂgf)l)vi)
R P2 —P1_ ~(k ~(k
— le('UiJrl ® Tm(@z(‘—)l)vlug ))

. ~(k o~ ~(k ~(k
— div2n(eM)e(@i1)) — A Ve,

Similarly to the proof of Theorem 4.1, it can be shown that @(*) converges strongly
in L2(Q; RV)M=1 to 4.

Summarizing, the sequence {(cﬁ(’“), ) o, a<’€>)}k€N converges towards (@, i, U, )
strongly in T ()M x Iin (DM x Hj (G RN)M=1 5 L2(Q; RN)M =1, Employing the
continuity properties of the objective functional 7, this yields

J(@.m7,m) < lim J(e®,5®,0® u®) < lim 7(@®, 50,520
— 00 — 00

(5.4) < J(@, 1,0, ).

NN N A e

In summary, the optimal control problems under consideration are well-posed and
admit globally optimal solutions. Furthermore, the chosen regularization approach is
consistent in the sense of Theorem 5.1.

6. Stationarity conditions. Now we turn our attention to the derivation of
stationarity conditions for the optimal control problem. For smooth potentials ¥,
stationarity or first-order optimality conditions for the problem (Py) can be derived
by applying classical results concerning the existence of Lagrange multipliers. The
latter approach is employed in the following theorem.
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THEOREM 6.1 (First-order optimality conditions for smooth potentials). Let J :
T (M T ()M x HE (0 RN)M=1x [2(Q;RN)M~1 s R be Fréchet differentiable
and let Uy satisfy Assumption 3.1.2 such that ¥(, maps F;ﬂ (Q) continuously Fréchet-
differentiably into L*(Q). Further, let Z := (p, i, , ) be a minimizer of (Py). Then
there exist (p,r,q) € 32(Q)M X 32(Q)M X H&U(Q;RN)M_l
(r-1,..rv—2), ¢ = (qo, .--qun—2), such that )

y D= (pfla "'pM72)7 r=

1 .
—;(pi — pi—1) +a(m/(;), ptiv1,pi) — div(pivigr) — Alriy

1
+ UG (i) i1 — KTig1 — ;P’(%‘)viﬂ (Git1 — @)

— (P (pi)vig1 — P2 ;pl m (p:)Vitis1)(Dgit1) T vigo
/ . oJ ,_
(6.1) + 20 (pi)e(vig1) : Dg; + div(piviq;) = 90 (%),
— i1+ b(m(wi1),pi1) — diV(%m(%—l)(D%)Tviﬂ)
0
(6.2) —qi—1- Vi1 = aii (2),
1
- ;P(%‘—l)(qﬂ' = qj—1) — p(pj—1)(Dq;) "vj41
~ (Daj-1)(p(p5-2)05-1 = B Pomps-2) Vi)
) oJ _
(6.3) —div(2n(pj-1)e(gj—1)) +pj-1Vpj1 = 90, F)
J
6j » M—1 3
(6.4) (a—uk(z) - Qk—l)kzl € [Ry(Uaa — U)r,

foralli=0,....M —1and j=1,...,M — 1. Here, [R+(Uad - ﬂ)}+ denotes the polar
cone of the set {r(w —u)|w € Uyg Ar € RT}. Furthermore, we use the convention
that p;,ri,q are equal to O for i > M — 1 along with q_1 and @;, p;,v; for i > M.
Moreover, a(f,,p),b(im,p), A (F) € an (Q)* are defined by (A'?,2) = [, FAZdx,
(a(f,w,p),2) = Jo —pdiv(feVa)de, (b(m,p),2) = Jo —pdiv(mV2z)dz, for func-
tions f,m € CL(Q),w € H(Q),#,p € L*(Q) and 5 € Hy, ().

Proof. Utilizing the spaces X and Y and the set C' given by

X =T, (DM x Hy, (M x HY (GRN)M1 5 L2 RV)M L,

C = Hp, (O™ x Hp, (M x H (R X U,

y = () < (TAQ) x HE, (@RY

)

M—1
)*
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for o = (@0, -y orm—1), 11 = (K05 oy fira—1), ¥ = (V1 o0s UM—1), U = (U1, .0; Up—1) W
define a mapping g : X — Y by

9, ps v, 1)
( $(pir1 —@i) = div(m(p;) Vaisr) + visr - Vo, )Zj
_ ( —piv1 — Apir1 + Uh(ir1) — K )j\i:i
| ( L(p(pi)viss — ploi1)os) — divn(pi)e(vis)) )““
+div(vigr @ (p(i1)vi = B252m(ei 1) Vi) = pia Vi —uia )

Then, (Py) can be stated as min{J (¢, u,v,u) : (¢, p,v,u) € C, g(p, u,v,u) = 0},
with Z = (@, i, U, @) an associated minimizer. The mapping ¢ is continuously Frechet
differentiable from X into Y. To see this, let us exemplarily consider the term
div(m(p;)Vuir1). The other terms can be treated analogously. First note that
div(m(;) V1) equals Vm(e;) - Viipr + m(pi)Apir1 where m(yp;) is given by
m(p;). Hence Vm(p;) = m/(¢;)Ve;. Assumption 2.2 implies that both superpo-
sition operators @ — m(@), @ — m/($) are continuously Frechet differentiable from
H?(Q) < L>(Q) into L>() (cf. [42]). Therefore, the mappings (@, 1) — m/(@)Ve-
Vi : H2(Q) x H2(Q) — L3(Q) and (g, 1) — m(9)An : H?(Q) x H?(Q) — L?(Q),
are continuously Frechet differentiable. This shows the continuous Frechet differen-
tiability of div(m(p;)Vui+1). The Fréchet derivative of g in (¢, 1, v,u) applied to
(%, v u’) € X is given by

9' (¢, 11, 0,u) (%, 1, 0% )

%(@?ﬂ - @?) - diV(m/(%)S@?VMH) - diV(m(%)Vﬂfﬂ) e
< +vit1 - chf + UfH -V, )
( _lu’?-i-l - A‘P?ﬂ + UG (it <P§5+1) — K] )Zj\ii

i=—1

M—2
100" (01)@dvig1 — p'(pim1)@_1vi) + 2 (p(pi)vlsy — pli-1)v?)

= +div(vigr @ (0 (pi-1)Pi_1vi + plpi-1)v]))

—div(vis1 © (2F2m (pim1)@)_ Vi — 252 m(pi-1) Vi)
+div(vlyy @ (p(pi-1)vi — 252 m(pi-1) Vi)

— div(2 (i)l e(vis1)) — div(2n(@i)e(vyyq))

—pi1 V) — pdy Vi —udy =0

Due to our convention for ¢_; and vy, we require that ¢°; = 0 and v = 0. For
the application of a result due to Zowe and Kurcyusz [46] concerning the existence
of Lagrange multipliers, we show that ¢’(Z) maps Ry (C' —Z) C X onto Y. For this
purpose, let (©¢,01,0Y) € Y be arbitrarily fixed. We have to show that there exists
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a tuple (¢°, 0, 0%, u%) € Ry (C — %) such that

1 , .

;(wfﬂ — ¢?) — div(m/ (¢:)¢d Viir1) — div(m(e:) Vil )
(6.5) it - Vel +0)yy - Vi = OF,
(6.6) —piy — APy — k@) + U (Pig1;004) = ©F,

1 1
;(Pl(%’)‘%’fUHl — 0 (pic1)@d_qvi) + ;(P(%)Ufﬂ — plpi—1)v?)

+ div(vig1 ® (0 (pi—1))_1vi + plpi—1)v))

P2 — P1 P2 — P1
5 m(pi—1)Vil))

2

—div(vis ® ( m' (i 1)) Vi —

P mpi1) Vi)

— div (2 (i) @) e (viy1)) — div(2n(pi)e(v)y,))

(6.7) — i1 V) — pl Vo —udyy = 0V,

+div(vdy; @ (p(piz1)vi —

where (6.5) and (6.6) hold for ¢ = —1,.... M —2 and (6.7) for all ¢ = 0,.... M — 1.
As in Theorem 3.2, standard arguments show the existence of (¢3, ud) € an (Q) x

ﬁ;ﬂ (Q) such that (6.5) and (6.6) are fulfilled for ¢ = —1. Now we apply induction
over i. Therefore, let us assume that (6.5)—(6.7) hold for i < M — 1. In order to show
the existence of a solution to this system for ¢ + 1, we note that it can be written as
1 .

—(Plea = #in) = div(m(pin1) Viiio) + vis - Viirn = 6y,

o — APy — Kl + VG (Pira;s plha) = O,

P2 — P1
2

— div(2n(it1)e(vd12)) — 1o Vipirs — ud iy = Oy,

1 .
—(p(pir1)vice = p(Pi)visr) + div(vies @ (p(i)vign —

m(pi)Viii))

for a triple (64,0,,0,) € (L*(2))* x (L’(Q))* x H,(Q;RN)* that only depends
on (¢, p1,v), on @2, ¢ and v¢ for i < M — 1 and on (©%,,,0¥,,0Y ;). But now the
existence of a solution follows readily from Theorem 3.2 and from Lemma 3.3 when
choosing v = p(g;)vi41 — 52 m(pi) Vit as well as fo = p(pit1), f-1 = p(pi) and
ul,, = 0. Notice, here the functions p(i11), m(pit1),m(¢i+1) do not depend on the
unknown ¢?,,. Further observe that we can always find a convex, affine functional

P ﬁgn (Q) — R with (Dv)z = ¥ (pito; 2) for all z € ﬁzn (€©2). Hence we deduce the
existence of a Lagrange multiplier (p,r,q) € Y* such that

(@11, 0,2)(¢°, 1°,0°,u’) = (g (&, 1,0, 1) (90, 1,0, ), (p, 7, q))
(6.8) = (g (@, 11,0, 0) " (p,7,0), (°, 10, 0, u))
for all (¢f, p® 0%, ud) € Hy (M x Hy (M x HE (GRY)M=1 x Ry (Upa — 1)
In order to derive the desired system for (p,r,q) from this variational equation, the

adjoint of ¢'(@, i, U, @) has to be calculated. Exemplarily, we show this calculation for
two terms. First, consider the term div(v;+1 ® (p'(pi—1)9?_1v;)) which gets tested by
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;. Notice that for vector fields (M), 2(®) 2) in H'(Q; RY) and with 22|50 = 0 we
have

(6.9) / 2® . div(z® ® 2V) = —/ 22 (D23))M),
Q Q

by Gauf}’ theorem. Hence we get

(div(vier ® p/(Qim1)@d 1vi), ) = _/QUH-I (Dg)(p' (pi-1)¢_1vi)dx

= —/ P (pi-1)p)_1vi - (Dg;) " vit1da.
Q
Secondly, the term div(vi41 ® —£2522m(p;—1)Vul) gets tested by g;. This yields

. P2 — P1 P2 — P1
(div(vig1 ® 5 m(pi—1) V), qi) = /Qviﬂ ‘ (DQi)(72 m(pi—1)Vus)de
= [ 22 Pl Vi - (Da) T vigado
Q

= / N? diV(—%m(%—l)(D%)TUz‘H)dw
Q

since v;4+1|oa = 0. The other terms can be treated similarly. After collecting all terms
which contain cpf, uf and vf , respectively, it follows that

—%(p» — pi—1) + a(m/(@;), i1, pi) — div(pivigr) — Alri_y Mt
+UG (i) rie1 — krig1 — p'(pi)vig - %(%‘H — i)
—(p' (pi)vig1 — 225 p1 (WZ)VMJrl)(DQiJrl)TUHQ
+20/(pi)e(vig) : qu + div(pit16i) —0
_ ( —rim1 4 b(m(pi—1), pi-1) — div(Zg2m(pi—1)(Dgi) "vit1) )M_l
—qi—1- Vi1 i
1 T M-1
—p(pi-1) (i — gi-1) — p(i-1)(Dai) ' visa
—(Dgi—1)(p(wi—2)vi-1 — 252 m(p;_2) V1)
— div(2n(pi-1)e(gi-1)) + pi-1 Vi i1

(=g )i:l

Plugglng this into ( 8) and using the fact that (©°, u°,v?, u%) can be chosen arbitrarily
in Han ()M x Han (DM x Hj ,(QRN)M=1 X Ry (Uyq — @), we obtain the desired
system for (p,r,q). O

The preceding theorem states first-order optimality conditions for problem (Py) in
the case of smooth double-well type potentials. In the following, we derive stationarity
conditions for a nonsmooth potential via a limit process; compare section 7. For this
purpose, the boundedness of the adjoint states is crucial. In order to guarantee this,
further regularity conditions on [J are required.

LEMMA 6.2. Suppose that the assumptions of Theorem 6.1 are fulfilled. Then
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(p,7) € ﬁl(Q)M < ' ()M=1 and it holds that

a(m/ (@), pri1,pi) = m'(0i) Vit - Vs € H (Q)*,
b(m(i1),pic1) = —div(m(pi-1)Vpi1) e T (",
—At’l”i,1 = —Ar;_1 S Fl(Q)*

Proof. We prove the claim by backward induction over ¢. For ¢ = M — 1 we have
prv—1 = ra—1 = 0 by convention. Now, we take the induction step from ¢ to ¢ — 1

assuming that p;,r; € T (©). This higher regularity implies for 2 € an (Q) that
(a(m/(pi), pit1,pi),2) = — /sz' div(m/ (i) 2V pit1)dz

= [ m'(¢i)2Vpis1 - Vpide
Q
Cllm/ (i)l Lo ||V i1l L4l Vil 2 || 2] s

<
< Cllm'(@i)ll Lo |lpita |l 2] pill e ||2] e

because of V41 -7 = 0 on 99Q. Consequently, a(m/(v;), fti+1,D:i) € iR (©Q)*. Equa-
tions (6.1) and (6.2) and the assumption yield that Alr;_y, b(m(pi—1),pi—1) €
H (Q)*. By standard regularity arguments one shows that 7;_; and p;_; are in-

deed elements of 7 (©2) and the desired relations for b(m(p;—1),pi—1) and Alr;_4
follow at once. O

The next lemma is used in the subsequent theorem in order to prove the bound-
edness of the adjoint state.

LEMMA 6.3. Let a > 0 be given and My and My be bounded subsets of ﬁl( )*
and H&)U(Q;RN)*, respectively. Let M be the set of all tuples (p, 7, cj;fl;hp, By hy3é, G;
m,1n, p) with

(p,7,4) € T (Q) x H () x HL, (4RY),
A e E(ﬁl (Q);Fl (©)*) be monotone,
(hr,hp,hg) € My x My x My,
@,0) € T (Q)x H(QGRY),
m,n,p € L¥(Q) with1/a>m,n>a and p >0 a.e. on

for which the following system is satisfied:
1

(6.10) —p— AF + AF = h,,
T
(6.11) —7 — div(Vp) — G- Vé = hy,
1 RO
(6.12) —pq — div(27e(q)) — (Dg) + pVe = hq,
I o
(6.13) > [ dlif - (i =0
T Jo

Then the set {(p,7,q) : (p,7, cj;fl;hp, By h3é, Gy, 7, p) € M} is bounded in " (Q) x
' (Q) x HL, (RY).
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In order to keep the flow of the presentation, we defer the proof to the appendix.
Employing the preceding results, we finally perform the limit process with respect
to the first-order optimality conditions of Theorem 6.1.
THEOREM 6.4 (Stationarity conditions). Suppose that the following assumptions
are satisfied.
1. J' is a bounded mapping from il ()M x ﬁl(Q)M X Hj (G RNM=1 x Ug

— M _ M _
into the space (Hl(Q) le(Q) xH&ﬁU(Q;RN)M ! x L2(Q; RM)M=1)* gnd
%—‘Z satisfies the following weak lower-semicontinuity property

8\7 A~ ~ . . 8\7 A( ) A( )
v < n n
< (z),u> < hm1nf<—au ('), 0 >

ou n—o00

=2
forz () = cp(") [ o) u(")) converging weakly in iz (M < H, ()M x
HOU(QR M1y g toz-(go,u,v w). o o
For every n € N let \Il(n) Ha () = R be a convez, lower-semicontinuous

and proper functional satzsfymg the assumptions of Theorem 6.1.

Let (™, p™ o™ ™) € Ty (M x Hy (M x HE (GRN)M=1 x U,y
_ M _ M

be a minimizer for (Pym)) and let (p™, r(™) ¢(") ¢ Hl(Q) X HI(Q) X

H&yU(Q;RN)M_l be given as in Theorem 6.1 and Lemma 6.2.

Then there exists an element (o, p,v,u,p,r,q) and a subsequence denoted by

{(™, 1

(m), () gy pm)p(m) q(m))}m with
o™ o weakly in ﬁa DM 1™ s weakly in Ha (Q)M-1,

(
o™ v weakly in H2(Q;RN)M L m)—>u weakly in L?(Q; RV)M—1
(€

™ p weakly in ik M ™) sy weakly in H (Q)M*1

¢"™ —q weakly in H&)U(Q;RN)M%, \I/gm) (@E_Tl))* M\ weakly in iR Q)"
foralli=—1,..., M — 2 such that for z = (¢, u,v,u) and g := qr—1 it holds that

(6.14)

(6.15)

(6.16)

1 .
—;(pi —pic1) +m(p;) Vi - pi — div(pivigr) — Ari_q

1
+ N1 — K1 — ;P(sﬁi)/UHl (Git1 — @)

— (plepi) vier — 2 ;m m(¢i)Viir1)(Dgit1) vige
+2n(pi) e(vit1) : Dgi + div(pipiqi) = g:pjl (2),

—rict = div(m(pi-1)Vpi1) = div(FLom(pi) (Das) Tvie)
—¢i-1- Vi1 = S;Z (2),

- %P(%‘fl)(qﬂ' = gj-1) = plpj-1)(Dg;) Vi1

— (Dgj-1)(p(pj—2)vj-1 — %m(%ﬂ)vwfl)
— v (s )elg1) + 7 Vi1 = 5o (2)

(6.17)

oJ

5(2) = € [Ry(Uaa —w)] ",
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Proof. 1. In the first step, we show the boundedness of {(p(”),r(”),q(”))}neN

o= M M 1 Ny M—1

in H(Q) xH () x Hg,(Q;RY) . Moreover, the boundedness of the se-
quence { (o™, u™, o™ wlM)} _in Ty (M x Hy (M x HE (RV)M x
L2(Q; RMYM=1 follows from Lemma 3.6. For i = 0,...,.M —1, j = 1,...,M — 1 and
n € N the adjoint system for (Py)) corresponding to (6.1)—(6.4) can be rewritten as

1 n n n)yx (n n
—7”5-71)1 — div(m (‘Pg )1)Vp(n) ) — qj(n)1 V‘P(n) = @;7,13‘)717
1 n n n
—p(e™)a = div(@n(@f™))e(a™h)) + b7 Vel
n n P2 —pP1 n
~(Dg;—1) (ol )0l = P Vi) = ),

where the functionals ©'™) , Op (") and 6( are given by

n 8\-7 1 n n n . n n n
OfiLy = 5o GO+ op” = [ (@) Valy ol div(p el — wri})
1 n ! n n n n n n n n
— — (e} ’>v§+’1 @) = ™) + 206" e(wh)  Daf + div(u gl
n)\ (n P2 —p n n n n
= (plel™) vy = B (o) Vi) (D) ol
Oy = 5o () + div(E (o) (D) o),
O, 1 = 5 (=) + —ple ")l = plel”) (D) Tl

Here, z(™) denotes the tuple (™, u(™, v 4(). We prove the boundedness of
(n) ,.(n) ,(n) ! Mo M 1 N\M—1 .
{(p™),rm) ¢n )}neN in H () xH () xHgj,(QRY) by backward induc-
tion over 7. If i > M — 1, then (p 1(-"), (n), qz(")) = 0 by convention. In the induction
step assume that for i € {0, ..., M —1} and for j > i the sequence {(p("), 5"), q]("))} .
ne

is bounded in EI(Q) X EI(Q) x Hj ,(Q;RY). This and the assumption on J imply

n n n . .l w51 «
that {(91(01 1795«1 176((1’1-)71)}7161\1 is bounded in (H () x H (Q) x Hg ,(Q;RY))*.

To see this, we exemplarily consider first 27(¢ (")) (v ():Dg(™, which is bounded by

K2

IN

Cllne™) [|z=l1e(i) 121Dl 2

< ™) lz= 10l 2 g™ [l

n ! n n
120(e5™) () = Dai™ || ors

N

and secondly —£252m/ (¢, (n ))Vugn) (D l(z)l)—rvz(i)z, which we bounded using

P2 — P1 n n n n
| = P (o) Vi (Dg ) ol s
P2 — pP1
S Ol ==5—m ! (o) | 1V sl Da Nl oy 2l e
P2 — pP1
S COll==5—m ("o [l i g e [l b
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Consequently, these terms define continuous linear functionals on il (Q), that are
bounded independently of n. The other summands can be estimated similarly.
In case of ¢ > 0 we apply Lemma 6.3 to

(B, 7, @ As hp, o, hgs &, 170,10, )
=(p E )17 zn1qu(n)1§\1’((3n) ( ) 91(:1 1795«711 17951711') 1
o)

n n P2 — pP1 n P2 — P1 n n
(i)l — m(e ) Vid™ s =2 Pl (o), (™), p(0™).

2 2

Note that due to divv 1( )1 = 0 we have

N . p _p n n
divi = p(p("h) o) - Vel = div(Z L (") Tal"))

2

p2 —p n n . n n
= % [vg_)l 'V@z(‘—)l — div(m(e{")) V™))

= B el = = (oelh) = pleih)).

With the help of [,((D§)a,q) = — [, G- div(§ ® @) (cf. (6.9)), (3.7) yields

1

- [ dide = (i) = 3 [ oI = 50 = o)l

1 n
= o= [ (™) + ple))g ™ Pde = 0,
T Ja

because of p(<pz(")2) >0 and p(gpgn)l) > 0 almost everywhere. Hence Lemma 6.3 implies

the boundedness of (pzn)l, 1(")1, qz(")l) in EI(Q) x H' (Q) x Hj ,(GRY).

The case ¢ = 0 needs some modifications in order to be treated by Lemma 6.3
since (6.3) is not defined for ¢ = 0. In this case we set (¢, hq, ¢, 4, 77)=(0,0,0,0,7(¢ (")))
together with the definition of the remaining quantities as in the case ¢ > 0. Now, by
Lemma 6.3 we conclude the boundedness of (pZ 1s 1(")1) in 7' (Q) x il (©). Moreover,

from (6.18) it follows that also (\Ilén) (<pz("))* r{™ ) remains bounded in iR (Q)*.
2. With the bounds derived in step 1 and with the usual compact embeddings of
Sobolev spaces, we can pass to a subsequence with the desired convergence properties.
3. Now we pass to the limit in the the adjoint systems corresponding to (6.1)—(6.4)

for (Py@y). The limits for the equations (6.1) and (6.2) are considered in il Q)"
and the limit for (6.3) in HOU(Q RM)*. In the linear terms we can pass to the

limit at once. For m (gol )VuZ 1 pE ") we have that m/ (gogn)) converges strongly in

L>() to m/(¢;), VMH strongly in L57¢(Q) to V41 and pl(-") weakly in L°(()
to p;. Hence, m/(¢p; (n) )V;LZJr1 pg m) converges weakly in il (Q)* to m/(p;)Vitit1 - pi-

For £225£1 (gpﬁ"))wz(i)l (qu(n) )T 1(1)2 we note that @m’(gpgn)) and ”1(1)2 converge

strongly in L>(Q2) to 252m’(p;) respectively v;a, VML strongly in L67¢(Q) to
Vpir1 and Dg™ weakly in L2(Q) to Dg;. Therefore L2=Lim! (@ ("))V;L§+)1 (qu(i)1 ) 1(1)2
converges weakly in i’k (Q)* to m' (i) Viis1 (Dql+1) Vita.

For div(252 (wﬁ")l)(DqZ?"))T l(z)l) we use that 2524m m(o!™)) and ”1(-11:)1 converge

strongly in L*°(Q) to 25%m(yp;_1) respectively v;;1, and ¢\ weakly in L5(2) to

2

p2— P1
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gi- As a consequence, div(@m(cpl(ﬁ)l)(in"))—rvl(i)l) converges weakly in il (Q)*

to div(22722m(pi—1)(Dg;) "vig1). For the convergence of div(2n(2™)e(@™)) note

that n(go(ﬁ)l) converges strongly in L>(£2) to n(p;—1) and e(ql(f)l) weakly in L?(Q) to

€(gi_1). Hence, div(2n(p{™)e(¢\™))) converges weakly in Hj o (Q;RY)* to the limit

div(2n(pi—1)e(gi—1)). Apart from \Ifg")ll(gogn))*rﬁ)l, all remaining terms appearing

on the left hand sides can be treated similarly. Moreover, our assumptions on J
imply that 7' (™), u(™, v 4() converges weakly to J' (¢, p, v, u) in (an (M x
Ho, ()M x H ,(Q3RY)M-1 x L2(Q; RN )M -1,

Consequently, by (6.1) also \Ilg(gogn))*rgf)l converges weakly in (ﬁl(ﬂ)*)M to
some A;—1. Therefore, we arrive at the system (6.14)—(6.16). Finally, notice that
for all y € U,q and with 2(n) = (w("),u("),v(”),u(")) and qNI(Cn) = q,(gn_)1 by the weak
lower-semicontinuity of %—‘Z and the weak and strong convergence of the sequences
involved we deduce that

(5 (2) = @,y —u) = (55(2),9) — (32(2),0) = (G,y —w)

2]
> Timinf (3% (=), y) = (GZ (=), u) = (G, y - u™))
= Timinf (42 (=) - ),y - u™))

n—r00

= 0,

due to the optimality of (™) for (Py) ). This shows (6.17) and finishes the proof. O
REMARK 6.1. We point out that a tracking-type functional, like, e.g.,

1 2 & 2
j(@vluﬂvau) = 5 H<PM*1 - <Pd|| + 5 ||uH(L2)(M*1) ) 5 > 07

with pg € L?(Q) a desired final state, satisfies the assumptions of Theorem 6.4.

REMARK 6.2. Ifthe set Uyq is bounded, Theorem 6.4 holds also true for a sequence
{((p("),u(”), v("),u("))}neN of stationary points for (Pgwmy ). If it is unbounded, then
the result can still be transferred to sequences of stationary points by assuming that
the sequence {u(")}neN is bounded in L?(Q;RN)M-1,

7. Stationarity conditions in case of the double-obstacle potential. In
this section, we apply the developed theory to the initially stated optimal control
problem associated to the double-obstacle potential. For this purpose, let 1y be
defined as in Assumption 3.1.1 and set v := 019 C R x R. Then we define the
sequence of approximating double-well type potentials as follows.

DEFINITION 7.1. Let a mollifier ¢ € C*(R) with supp¢ C [-1,1], [¢ =1 and

0<¢<1ae onR, and a function 0 : RY — RT with 6(a) > 0 and U9 50 as

[e3

a — 0, be given. For the Yosida approximation v, with parameter o > 0 of v define

Cals) = ég( ) T = Yo * Coays W0 (5) ;:/Osﬁa(t)dt,

oo lc) = /Q (Yoo 0 (1) dt.

Moreover, we set oy, :=mn"1, \If((J") =W, -



30 Optimal control of a semidiscrete Cahn-Hilliard-Navier-Stokes system

REMARK 7.1. We note that \Ifé")/ can be identified with the superposition oper-
ator corresponding to Ya,,, cf. [25]. Since 7, is bounded and since an (Q) embeds
continuously into L>~%(Q) for 6 > 0, it follows that \Ilén)/ maps an (Q) continuously
Fréchet-differentiably into L*(Q), see, e.g., [20].

In order to obtain a stationarity condition for the optimal control problem of
CHNS with the double-obstacle potential we pass to the limit (with the Yosida param-
eter) in a sequence of optimal control problems with approximating double-well-type
potentials.

THEOREM 7.2 (Limiting e-almost C-stationarity). Let \If((J"), n € N be the func-
tionals of Definition 7.1, and let the tuples (cp(m),u(m),v(m),u(m),p(m),r(m),q(m)),
(¢, v, u,p,r,q) and J be as in Theorem 6.4. Moreover, let A : R — R be a Lips-
chitz function with A(11) = A(p2) = 0. For

m m m m m” m * m
= U (), A

fori=20,...,M, and for a; denoting the limit of az(-m), it holds that
(ai, A(ps) )r2 =0, (Ais Algi)) =0,
(ai,ri—1 )2 =0, lim inf( )\gm),rginl) Jpz > 0.
Moreover, for every e > 0 there exist a measurable subset MF of M; == {x € Q : 91 <

wi(z) <o} with |M; \ Mg < e and

Miyv) =0 Yo e T (), vloyw: = 0.

Proof. 1. The subdifferential + satisfies yA(z) = 0 if (z,y) € . Since (p;,a;) € v
a.e. on Q and since a; € L?(Q)), integration yields the complementarity condition

(ai, A(pi) )2 = 0.
2. Now we show that (A;, A(p;) )2 = 0. It is well-known that the superposition

Py of the metric projection px of R onto K := [1)1, ¢3] maps EI(Q) continuously into
itself. Denoting by Lj the Lipschitz constant of A, it holds that |A(s)| < Ly min(]s —
V1|, |s — 2|) for s € R. Using |7/, (s)| < L for all s and 7,,(s) = 0 for 11 + 6(a) < s <
o — O(a) (cf. [25]) yields
m m m m " m m
O™ AP (e™))al = 1™, 6™ () ’)A(PK«oE ))ief?

s [ o (AP (NP
m O(am)\>
(|ﬂ|||r£ ’l@m%) 50

m

IN

IN

as m — oo and consequently

tim(A{™, Ap{™)) 2
= Hm(A™, A(Px (@]™)) )2 + Em (™, A(e™) = APk (0™ ) 771 (0
= 0,

which implies (\;, A(¢;)) = 0 since go(m)

2

converges strongly to ¢; = Pk (p;) in ik Q).
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/

3. Denoting gm(s) := Yoy, (8) — Va,, (8)7(s) with s — px(s) =: 7(s) yields

(@™, " = (1) Fan (0™)) 1

= (1" gm(@™)) o + (A 0™ = Pr(0i™)) 1

Since |gim(s)| = [Fan, (5) =74, (8)7(s)] < C @ for m sufficiently large (cf. Lemma
4.2 in [25]), the first term on the right-hand side converges to 0 and the second one
as well because of the strong convergence of (™) and (P (¢™)) to ¢; in T (Q),
respectively.

4. The property lim inf( )\gm),rﬁll) )r2 > 0 follows readily from the monotonicity

m” m
of WM (™).

5. The convergence properties of %(m) imply that the subset G := {z € Q
<pz(-m) () = pi(z) as m — oo} of Q has full measure (i.e. |G| = |€2]). Therefore, for
every x € G N M; we can find mo(z) € N with 1 + 0(am,) < %(_m) (z) < o — O(ay,)
for all m > mg(z). Thus, )\Em) () =7, (gogm) (:v))rgm) (x) converges to 0 on G N M;.
Using Egorov’s theorem shows that for every € > 0 there exists a subset M; of GN1M;
with |M; \ Mf| < e such that )\Em) converges uniformly to zero on M;. Hence, we
obtain (\;,v) = lim<)\§m),v> =0 for every v € EI(Q) with v|g\are = 0. O

In combination with the results from Theorem 6.4, Theorem 7.2 states stationarity
conditions corresponding to a function space version of C-stationarity for MPECs, cf.
[22, 23].

8. Conclusion. Our specific semi-discretization in time for the coupled CHNS
system with non-matched fluid densities represents a first step towards a numerical
investigation /realization of the problem. Most importantly, it preserves the strong
coupling of the Cahn-Hilliard and Navier-Stokes system which, in the case of non-
matched densities, is additionally enforced through the presence of the relative flux
J. As a result, well-posedness of the time discrete scheme is guaranteed and energy
estimates mirroring the physical fact of decreasing energies can be argued. Such an
energy property is not clear for the time continuous problem at this point in time and
might be the subject of further research.

Concerning the potential chosen in the Ginzburg-Landau energy, we note that
while the existence of global solutions to the optimal control problem can be shown
for both cases (i.e., for double-well and double obstacle potentials) simultaneously,
the derivation of stationarity conditions is more delicate. In fact, the double-obstacle
potential gives rise to a degenerate constraint system with the overall problem falling
into the realm of mathematical programs with equilibrium constraints (MPECs). In
our approach, the constraint degeneracy is handled by a Moreau-Yosida regulariza-
tion approach (resulting in an approximating sequence of double-well-type potentials)
and a subsequent limiting process leading to a function space version of so-called C-
stationarity. For the underlying problem class, our limiting version of C-stationarity
is currently the most (and, to the best of our knowledge, only) selective stationarity
system available. As an alternative analytical approach, one may want to pursue set-
valued analysis in order to derive stationarity conditions directly, i.e., from applying
variational geometry (contingent, critical and normal cones) and generalized differen-
tiation. This, however, is usually not possible by simple application of available tools,
but rather by expanding current technology. It, thus, may serve as a subject of our
future work on this problem class.
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Finally, we point out that the constructive nature of our derivation of stationar-
ity conditions facilitates a numerical implementation of the approach which can be
exploited in future investigations of these problem types, both, from a numerical, as
well as, from a practical point of view. In [26], this has already been effectively done
for the case of matched densities.

Appendix A. Proof of Lemma 3.4.
Proof Let L. : H (Q) — H '(Q) be defined by

<L8(Qp)7 ¢> = <_A907 ¢>
(A.1) — (91 + max(—g1,0)0: (¢ — ¢1) + min(—g1, 0)0: (2 — ¢), 9)

where ¢ € 7' (Q) and 0. is defined by

1 if z <0,
O-(z):=q 1 -2 if0<x<g,
0 ifx >e.

Since g1 € L*(Q) and 0.(¢ — 1), 0-(v2 — p) € L°°(Q), it holds that

(A2)  lgr +max(—g1,0)0:(p — ¢1) + min(—g1,0)0c (¢ — )| < [|gnl -

We show that for every 0 < & < min(—1)1,%2) there exists a unique . € H2, NK
such that

(A.3) L.(p:) =0,
In fact, for every w,v € "' (€2), it can be seen that

(Le(w) — Le(v),w —v) > | |[Vw— Vo|* da
Q

where we use the monotonicity of 6.. By Poincaré’s inequality there exists a constant
C > 0 such that

(Le(w) = Le(v),w = v) 2 [Vw = Vol|* > C flw = v -

Consequently, L. is strongly monotone and coercive. Since L. is also continuous
on finite dimensional subspaces of "' (Q), [31, IIT: Corollary 1.8] is applicable which

yields the existence of ¢, € iR (Q) with L. () = 0.
Due to the definition of L. and inequality (A.2), we have Ap. € L*(Q). By [34,
Theorem 2.3.6] and [34, Theorem 2.3.1] there exists a constant C; > 0 such that

(A.4) [ @ell e < CrllApell + llell -

In combination with (A.2) and Poincaré’s inequality, this leads to

(A.5) [@ellgz < C2llgnll-

Now, we set (. := ¢, — min(¢e,12) > 0 and observe that

(A.6) V6.2 = /Q V(p. — o)Vhedz = (~Ag, Bo)
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where Q1 = {x € Q: f(x) >0} = {x € Q:p(x) >Y2> 11 +¢}. By equation
(A.1) and (A.3), this leads to

HVﬁaHQ = /Q (91 + max(—g1,0)0:(pe — 1) + min(—g1, 0)0c (Y2 — pc))Bedx

= /Q (91 + min(—g1,0))Bdx < 0.

Thus, 8. = 0 and therefore p. < 19 almost everywhere in (2.
In a similar way, we prove that . — max(p.,11) = 0 and therefore . > 1y

almost everywhere on 2. Hence ¢, is contained in ﬁQ(Q) N K. By inequality (A.5),

the sequence {¢.}._,, is bounded in FQ(Q) and there exists a weakly convergent
subsequence (denoted the same) such that ¢. —52 ¢* with [p*|| 52 < C2|g1]|. Since
K is weakly closed, it contains *.

For arbitrarily small 0 < § < min(—11,12), let v € K be such that 1 +§ < v <
19 — § almost everywhere in 2. Using equation (A.3) and the monotonicity of L., we
infer

0 <(L.(v),v—pe) = (=Av,v— @) — /Q(gl + max(—g1,0)0-(v — 1)
+ min(—g1,0)0: (Y2 — v))(v — @c)dx

= (—Av,v— ;) — /le (v —@c)dx

for every 0 < & < 4. For € — 0 this leads to

0 < (—Av,v— ") — / g1(v — @*)dx.
Q

Since 6 > 0 can be chosen arbitrarily small, the last relation holds for every v € K
via a limiting process. Applying [31, ITI: Lemma 1.5] once more, this implies

0< (A" v =)~ [ (o= p)dn, Vo X,
Q

Due to the uniqueness of the solution for our variational inequality problem, this
yields the assertion.O

Appendix B. Proof of Lemma 6.3.
Proof. Testing (6.10)—(6.12) by 77, p and g, respectively, and summing up we get

T(hyr,7) + (hp, D) + (hq, d)
= 7(V#, VF) + 7(A7, 7) + (W Vp, Vp)
+ ;(pq, Q) — ((Dq)i, q) + (21€(q), €(q))
> 7712 g + C (11 ) + 113 o))

for a positive constant C' depending only on « and on the constants in Korn’s and
Poincaré’s inequalities. This estimate yields the assertion. O
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