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Optimal control of a phase field system
modelling tumor growth with chemotaxis
and singular potentials
Pierluigi Colli, Andrea Signori, Jirgen Sprekels

Abstract

A distributed optimal control problem for an extended model of phase field type for tumor
growth is addressed. In this model, the chemotaxis effects are also taken into account. The con-
trol is realized by two control variables that design the dispensation of some drugs to the patient.
The cost functional is of tracking type, whereas the potential setting has been kept quite general in
order to allow regular and singular potentials to be considered. In this direction, some relaxation
terms have been introduced in the system. We show the well-posedness of the state system,
the Fréchet differentiability of the control-to-state operator in a suitable functional analytic frame-
work, and, lastly, we characterize the first-order necessary conditions of optimality in terms of a
variational inequality involving the adjoint variables.

1 Introduction

After realizing that tumor cells, like any other material, have to obey physical laws, a significant number
of models have been introduced, since from a modelling viewpoint a tumor mass does not behave that
different from other special materials investigated by scientists (see [8] and also [7,[23,[25,[29,(37.(38]).
As far as diffuse interface models are concerned, we can identify two main classes. The first one
considers the tumor and healthy cells as inertialess fluids and includes effects generated by the fluid
flow development by postulating a Darcy law or a Stokes—Brinkman law. In this connection, we refer
to [9,[12,[14,[16-20,122,|37], where also further mechanisms such as chemotaxis and active transport
are also taken into account. The other class, to which our model belongs, neglects the velocity.

In this framework, let us take ) C R3 as an open, bounded, and connected set with smooth boundary
I'; moreover, we set, for 0 < ¢t < T,

Q:=0x(0,T), 2:=I'x(0,T), Q :=2x(0,t), QF :=Qx(t,T).

The initial-boundary problem under investigation then reads as follows.

b+ Op — Ap = (Po — A —u)h(p) in Q, (1.1)
p = Bop —Ap+ F'(p) —Xo in Q, (1.2)
0o — Ao = —XAp + B(os — ) — Dah(p) +w in @, (1.3)
Oppt = Opp = Opo = 0 on %, (1.4)
1(0) = po, ©(0) = o, 0(0) = 09 in €, (1.5)

where the symbol 0,, indicates the outward normal derivative to I". The above state system consists of
an extended Cahn—Hilliard type system for the tumor phase coupled with a reaction-diffusion equation
for an unknown species acting as a nutrient. The system (1.1)—(1.5) is a simplification and relaxed ver-
sion of the model originally proposed in [22]. Indeed, the velocity contributions and the active transport
effects are neglected, and two relaxation terms are added. This choice will allow us to consider more
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P. Colli, A. Signori, J. Sprekels 2

general potentials that may exhibit a singular behavior. By assuming different linear phenomenological
laws for chemical reactions, a different thermodynamically consistent model was introduced in [24]
(see also [7,123,12529]), and the corresponding mathematical investigations have been addressed
in [2,41[6L13]. In [2,4,[6] the same two relaxation terms «0; 1 and 50; have been introduced. As in
the current case, their presence allowed the authors to take into account more general potentials that
may be singular and also nonregular. Moreover, in [4,6], the authors pointed out how «v and 3 can be
set to zero, by providing the proper framework in which a limit system can be identified and uniquely
solved. Next, we mention [15], where a similar nonlocal version was studied for the case of singular
potentials and degenerate mobilities. Let us also point out [1,{28], where the long-time behavior of
these models was analyzed in terms of the convergence to equilibrium and of the existence of a global
attractor, respectively. For further models, discussing the case of multispecies, we address the reader
to [9[14].

Now, let us briefly describe the role of the occurring symbols from a modeling viewpoint. The variable
 stands for an order parameter and is usually taken between —1 and 1; it represents the healthy cell
case and the tumor phase, respectively. Moreover, p indicates the chemical potential for ¢, whereas
o denotes the nutrient extra-cellular water concentration. This latter quantity is usually normalized
between 0 and 1, conveying that these values model the nutrient-poor and the nutrient-rich cases.
The symbols « and [ represent positive constants; let us just note that term 50,y in the second
equation corresponds to the classical term of the viscous Cahn—Hilliard equation, while the term a0, 14
gives to equation a parabolic structure with respect to p. For more details on these relaxation
terms, let us refer to [2/4,6]. The capital letters A, B, D, P, X denote positive coefficients that stand for
the apoptosis rate, nutrient supply rate, nutrient consumption rate, proliferation rate, and chemotaxis
coefficient, in this order. In addition, let us point out that the contributions Xo and XAy model pure
chemotaxis, namely, the movement of tumor cells towards regions of high nutrients, and the active
transport that describes the movement of the nutrient towards the tumor cells (see [17,[18,20] for
more details). Furthermore, the function h has originally been introduced as an interpolation function
between —1 and 1 in order to have h(—1) = 0 and h(1) = 1, so that the mechanisms modelled by
the terms (Po — A — u)h(y) and Doh(p) are switched off in the healthy case, which corresponds
to ¢ = —1, and are fully active in the tumorous case ¢ = 1. Besides, the term o, stands for a
nonnegative constant modelling the nutrient concentration in a pre-existing vasculature. For further
details on the model, we refer the reader to [22] (see also [3,21]). Lastly, the term F” is the derivative
of a double-well nonlinearity. Typical examples for this nonlinearity are the regular potential

1
Freg(r) = Z(TQ —1)* forr € R, (1.6)

and, more relevant for applications, the logarithmic potential
Flog(r) = (1+7)In(1+7)+ (1 —7)In(1 —7) — kr* forr € (—1,1), (1.7)

where £ > 1 so that Flog is nonconvex. Eventually, the terms u and w are source terms acting
as control variables. It is worth noting that we are considering two control variables: u in the phase
equation and w in the nutrient equation. In the previous contributions [1,/5,[30.,[31L[33], the control vari-
able was placed in the nutrient equation, so that it designs an external medication or some nutrient
supply. On the other hand, different authors consider the control variable in the phase equation (see,
e.g., [10,11,21]), multiplied by /() in order to have the action of the control only in the meaningful re-
gion. In that case, it models the introduction of cytotoxic drugs into the system, which has the purpose
of eliminating the tumor cells. Thus, with our choice we include both these cases in this paper.

We are now in a position to introduce the distributed optimal control problem we are going to deal with.
It consists of finding a solution to the following minimization problem:
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Optimal control for a tumor growth model 3

(C P) Minimize the tracking-type cost functional

v g v
3. w) =2 [ 1o0) = ool + 2 [ lo = oo + L [ 1o(T) - ool
Q Q Q

ﬂ/w—am%ﬁ/wﬂ/w (1.8)
2 Jg 2 Jg 2 Jg

subject to the condition that (1, p, o) solves the state system (T.1)—(1.5) for a control pair (u,w)
belonging to the control-box

Uag := {(u,w) € (LZ(Q))? 1 u, <u<u*aeinQ, w, <w < wae.inQ}, (1.9)

where u,, u*, w, and w* denote some prescribed functions in L>°(()). Moreover, let us point out
that the physical meaning of the term uh () in the state system requires the control u to be nonneg-
ative. Hence, in the following we will always assume that the lower bound satisfies u, > 0 almost
everywhere in ().

As far as control problems for tumor growth models are concerned, the contributions are still scarce.
To our knowledge, the first optimal control problem governed by a tumor growth model similar to the
one given above is [5]. There, the control problem was investigated for the case of regular potentials
enjoying polynomial growth. Then, by adding two relaxation terms, a similar optimal control problem
was tackled in [33] by extending the generality of the potentials by allowing singular, but still smooth,
potentials like the logarithmic potential to be considered. Next, the same author, using the so-called
deep quench asymptotic technique, proved in [32] how nonsmooth potentials like the double obstacle
potential can also be admitted. Then, exploiting the results known for the case «, 5 > 0, in the
following works [30,31] the author showed that it is possible to let & and (3 approach zero separately
in order to recover the existence of optimal controls and to characterize the corresponding first-order
necessary conditions for optimality. We also refer to [21], where an optimal treatment time has been
performed for a similar system, namely for system (1.1)—(1.5) with the choices X = oo = = w = 0;
see also [1], where a similar control problem was investigated for a different model. Moreover, let us
mention [35], where an optimal control problem for the two-dimensional Cahn—Hilliard—Darcy system
with mass sources is addressed. We also point out [10,|11], where the optimal control for a Cahn—
Hilliard—Brinkman type system has been tackled. Lastly, we refer to [3]], where a different kind of control
problem, known as sliding mode control, was performed for a system that is very close to (1.1)—(1.5).

We now comment on (1.1)—(1.5). Let us emphasize that, once the well-posedness of the state system
is established, we can properly define the control-to-state operator that assigns to a given control

(u, w) the unique corresponding solution to (T.1)—(1.5),
8 (u,w) = 8(u,w) = (1, p,0), (1.10)

and attains values in a proper Banach space. Then, we are in a position to eliminate the state variable
appearing in the cost functional (1.8) by expressing them as functions of the control. This leads to the
reduced cost functional

3red(uaw) = 3(82(u>w)783(uaw)7u7 w)> (111)

where 8o (u, w) and 83(u, w) denote the second and third component of 8, respectively. At this formal
stage, let us point out that from standard results of convex analysis (see, e.g., [27./36]) it follows the
formal first-order necessary condition for optimality characterized by the variational inequality

DJyed(W,w)(u —u,w —w) >0 forevery (u, w) € Uag, (1.12)

where D{,.q stands for the derivative of the reduced cost functional in a proper functional analytic
sense.
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Therefore, summing up, in this contribution we aim at solving the constrained minimization problem

(CP) Minimize (¢, o, u, w) subject to the control contraints (1.9) and under the
requirement that the variables (¢, o) yield a solution to (T-1)—(1.5),

and pointing out the corresponding first-order necessary continuations for optimality.

The paper is organized as follows. The next section brings the mathematical framework and gathers
the obtained results. From Section [3] onward, we proceed with the proof of the statements. The well-
posedness and the continuous dependence results for the state system (1.1)—(1.5) are addressed in
Section (3] while Section [4|is completely devoted to the corresponding control problem. Namely, we
prove in this last the existence of optimal controls and derive the corresponding first-order necessary
conditions for optimality.

2 Mathematical setting and main results

To begin with, let us point out some notation. As far as the functional spaces are concerned, it is
convenient to set

H:=L*Q), V:=H(Q), W:={ve HQ):9,v=00nT},

and to endow H, V, W with their standard norms. Furthermore, for an arbitrary Banach space X, we
denote by || - ||x its norm, X* its topological dual, and by (-, -)x the duality product between X*
and X. Likewise, for every 1 < p < oo, we use the symbol || - ||, to indicate the usual norm in
LP(£2). Notice that (V, H, V*) forms a Hilbert triple, that is, the injections V- C H = H* C V* are
both continuous and dense, where we have the identification

(u,v)y = / uv foreveryu € Handv € V.
Q

Furthermore, it is convenient to denote the parabolic cylinder and its boundary by

Q::=0x(0,t) and X;:=T x (0,t) foreveryt € (0,T],
Q = QT; and X = ET-

For the potential F', we generally assume:

(F1) FF = F, + F,, where F; : R — [0,+0o0] is convex and lower semicontinuous
with F1(0) = 0, and F} is differentiable in the interior of its domain with derivative

(F2) D(F]) = (r_,ry), with —oo <r_ <0 <r; <-+oo.
(F3) F, € C3(r_,r,), and F} is Lipschitz continuous with Lipschitz constant L > 0.

(F4) F € C3(r_,ry), and lim F'(r) = +oo0.

/
D(Fy) r—TL

It is worth noting that both (1.6) and (1.7) do fit the above framework with the choices (r_,r,) =
(—o0, +00) and (r_,r;) = (—1, 1), respectively, so that they are allowed to be considered.

For the initial data introduced above, we make the following assumptions:
(A1) o€ W, o€ HY(Q)NL®(Q), oo € H(Q) N L¥(Q).

(A2) r_ <infyy <supgy <ry, whence F(pg), F'(go) € L=(Q).
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For the other appearing constants and target functions, we postulate:
(A3) h € C?(R) N L>®(R), h and k' are Lipschitz continuous, and h : D(F;) — (0, c0).

We denote by I, bl the upper bounds for the C°(IR) norms of i and h/, and by L;, the Lipschitz
constant of h, respectively. Moreover, as a Lipschitz constant for 4/, we can simply take h/s.

(A4) «, (3, X are positive constants, while P, A, B, D, o, are nonnegative constants.
(A5) 1,772,773, V4, V5, V6 are nonnegative constants, but not all zero.

(A6) PYQ,0q € LQ(Q), ©wq,00 € LQ(Q)
Moreover, we assume that the control box U, is defined by (1.9), and that

(A7) u,,u* € L®(Q)with 0 < u, < u* ae.in@, w,w* € L>®(Q)withw, < w* ae.

in Q.

The latter condition implies that U,q is a closed and convex subset of L?((Q). On the other hand, it
will be sometimes convenient to work with an open superset of U, 4. We therefore fix some constant
R > 0 such that:

The open ball Ug := {(u, w) € L*(Q) x L*(Q) : ||(u,w)||r2@)xr2(q) < R} contains Uag.
(2.1)

Remark 2.1. Before diving into the well-posedness result, let us point out a classical issue of control
theory. The well-posedness result to be presented below is given in a rather strong setting; this is
motivated by the control problem under investigation. However, system (1.1)—(1.5) can be provided
with a notion of weak solutions in a rather mild setting. Moreover, it is also possible to extend the
analysis for the potentials and to take into account singular and nonregular potentials like the well-
known double obstacle potential. For this, a Yosida regularization of the maximal monotone operator
F| has to be introduced. Clearly, the pointwise formulation (T-1)—(7-5) has then to be replaced by
a suitable variational formulation. Let us just sketch the expected result here: provided we assume
Lo, Yo, 00 € LQ(Q) for the initial data and a potential that fulfills (F1)—(F3), we can prove existence
and uniqueness of a weak solution such that 1, p, 0 € H (0, T; V*)NL>(0,T; H)N L*(0,T; V).
Note that uniqueness will follow from the first continuous dependence estimate that we perform below
(cf. (3.16)), which perfectly complies with the above notion of weak solutions.

First, let us present the result regarding the existence and uniqueness of a strong solution to the
system (1.1)—(1.5).

Theorem 2.2. Assume that (F1)—«F4), (A1)—(A4), and (A7), are fulfilled and that (u, w) € Ug. Then
the state system (1.1)—(1.5) admits a unique solution (1, p, o) with the regularity

e W0, T; H)Nn H*(0,T; V)N L®(0,T; W), (2.2)
poo € HY0,T; H)N L®(0,T; V)N L*(0,T; W) N L=(Q). (2.3)

Moreover, there exists a positive constant K1, which depends only on 2, T', R, «, 3, and the data of
the system, such that

[l wee o, mynE (0,15 Lo (0,0 + |1l 511 0,75 oo (0,03 " L2 (0,05 ML (@)
+ |lo || 2 0,755y L (0,13 ) L2 (0,1 W )L (@) < K- (2.4)

In addition, there exist some constants r, and r*, which satisfy r_ < r, < r* < r, and depend only
on the data of the system, such that

* ae inQ. (2.5)
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Finally, there exists a positive constant K5, which depends only on 2, T, R, o, 3, and the data of the
system, such that

Il + max [FO ()] i@y < Ko 28)

Theorem 2.3. Suppose that(F1)—F4) and (A1)—(A7) are fulfilled. Then there exists a positive constant
K3, which depends only on €2, T', R, «, [3, and the data of the system, such that the following holds
true: whenever two control pairs (u;, w;) € Ug, i = 1,2, are given and (y;, s, 0;),1 = 1,2, are the
corresponding states, then

1 — izl o 0,755 Loe 0,75y L2 0,0 w) + |01 — @2l 1 (0.1 5)N L (0,132 (0,75w)
+ [jo1 — 02||Hl(O,T;H)ﬂL°°(O,T;V)OLQ(O,T;W)

< K3 (HUI — Us||r200,7m) + |Jw1 — w2||L2(0,T;H)) . (2.7)

For the optimal control problem (C P), we will show the following existence result:

Theorem 2.4. Assume that (F1)—-F4) and (A1)—A7) are satisfied. Then the control problem (CP)
admits at least one solution.

Finally, we formulate the first-order necessary optimality conditions for (C P) that will be shown be-
low. To this end, we assume that (4, W) and (%, P, o) stand for some fixed control and its associated
state, respectively. Sometimes, the same notation is employed to refer to an optimal control with the
corresponding optimal state; anyhow, we will specify this whenever it is the case. In the course of our
analysis, it will be necessary to establish the Fréchet differentiability of the control-to-state operator
8 : (u,w) — (1, ¢, o) in suitable Banach spaces. To this end, the unique solvability of the corre-
sponding linearized system will have to be shown. This system has for every pair (k,1) € (L*(Q))?
the following form:

adn + 0 — An = (PC — k)h(P) + (P77 — A —u)h'(D)¢ in @, (2.8)
n= B0 — AL+ F"($)€ — XC in @, (2.9)
0,¢ — Al + B = —XAE — DCh(p) — Doh/(p)€ + 1 in Q, (2.10)
O =0, =0,(=0 on X, (2.11)
n(0) = ¢(0) =¢(0) =0 in Q. (2.12)

Here, the well-posedness result follows.

Theorem 2.5. Assume that (F1)—(F4), (A1)—-AA4), and (A7), are satisfied. Then the linearized system
[2:8)—(2-12) admits for every (k,1) € (L*(Q))* a unique solution (n, &, ¢) with the regularity

n,&,¢C€ HY(0,T; H)N L>(0,T; V)N L*0,T; W). (2.13)
Notice that Theorem [2.3]also entails the Lipschitz continuity of the control-to-state operator 8 between
suitable Banach spaces. We even have Fréchet differentiability, as the following result states.

Theorem 2.6. Assume that (F1)—(F4), (A1)—(A4), and (A7), are satisfied, and let (u,w) € Ug be
a fixed control with the corresponding state (fi, ¢, @ ). Then the control-to-state operator 8 is Fréchet
differentiable at (1, w) as a mapping from (L?(Q))? into the Banach space Y, where

Y .=(C°(0,T); H) N L2(0,T; V) x (H'(0,T; H) N L=(0,T;V))
x (C°([0,T]; H) N L*(0,T; V). (2.14)

Moreover, for every (k,1) € (L*(Q))? the derivative of 8§ at (u,w) is given by the identity
[DS(u,w)|(k,1) = (n,&,(), where (n,&,() is the unique solution to the linearized system (2.8)—
corresponding to (k,1).
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Theorem 2.7. Assume that (F1)«(F4) and (A1)—«(A7) are fulfilled, and let (u, W) be an optimal control
with associated state (fi, p, ). Then it holds that

" / (B(T) — po)€(T) + 2 /Q (% — 00)€ + 3 / (o(T) = 00)C(T) + 1 / (@ - 00)C

Q
—l—’y5/ u(u — ) —1—76/ w(w—w) >0 forevery (u,w) € Uyq, (2.15)
Q Q

where the triple (1, £, () is the unique solution to the linearized system (2.8)—(2.12) corresponding to
k =wu—wandl = w — w, respectively.

Analyzing the above variational inequality, one realizes that it is not very useful in numerical applica-
tions, since for every possible step of the approximation one has to solve the state system and also the
linearized system in order to have & and ( at disposal. For this reason, a classical tool is to introduce
the so-called adjoint system in order to eliminate these variables. In fact, provided that we choose this
auxiliary system properly, the linearized variables can be eliminated from (2.15). The adjoint system to
(1.1)—(1.5) can be obtained by the formal Lagrangian method described, e.g., in [36], using integration
by parts. Following this route, we arrive at the following (formal) version of the adjoint system:

—adig—Ag—p =0 inQ, (2.16)
— 0yq — BOp — Ap + XAr + F"(p)p — (Pd — A —u)l' (9)q + Dah/(p)r

= 1@ -ve) InQ, (2.17)
— O — Ar + Br + Dh(@)r — Xp — Ph(@)q = 74(T — 0g) in Q, (2.18)
Onq = Opp = Opr = 0, on X, (2.19)
¢(T) = 0, Bp(T) = n(@(T) — pa), r(T) = 13(0(T) —0q),  in (2.20)

Observe that this is a backward-in-time system with final conditions belonging to LQ(Q) (see assump-
tion (AB)), so that we cannot expect to recover a strong solution. Therefore, instead of considering the
pointwise equations (2.17)—(2.18), we note that the variables p and r should be understood as weak
solutions in the following sense:

—/atqv—<ﬁatp,v>v+/Vp-W—x/w-W+/F”(@)pw/wh/(@)rv
Q Q Q Q Q

/(PE—A—ﬂ)h’(@qv —/72(g0 pg)v forallv € Vandae.in (0,7), (2.21)
@rvv—i-/Vr Vv—i—/Brv—i—/Dh rv—/va—/Ph

:/74(5—0Q)v forallv € V and a.e.in (0,7), (2.22)
Q

where, for simplicity, we avoided writing the time variable explicitly. We have the following well-posedness
result.

Theorem 2.8. Assume that (F1)—«(F4) and (A1)—<(A7) are fulfilled, and let (u, W) be an optimal control
with associated state (fi, P, 7 ). Then the adjoint system (2.16)—(2-20) has a unique solution such that

p,r € HY(0,T;V*)nC°([0,T); H) N L*(0,T; V), (2.23)
q€ H(0,T; H)NnC"([0,T]; V)N L*(0,T; W). (2.24)
Theorem 2.9. Assume that (F1)<F4) and (A1)—(A7) are fulfilled, and let (u, w) be an optimal control

with associated state (fi, p, @) and adjoint state (p, q, ). Then it holds the variational inequality

/(—h(@)q + y5u)(u — ) + / (r+w)(w—w) >0 forevery (u,w) € Uyq.  (2.25)
Q Q
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Moreover, whenevers # 0, then is nothing but the L (0, T'; H )-orthogonal projection ofv; *h(%)q
onto the closed and convex set {u € L*(Q) : u, < u < u* a.e.in Q}. Likewise, if vs # 0, then
W reduces to the L?(0, T; H)-orthogonal projection of —v; 'r onto {w € L*(Q) : w, < w <
w* ae in Q}.

Furthermore, since U.q4 is actually a control box, it is possible to explicitly characterize the projection
and obtain a pointwise condition.

Corollary 2.10. Let (F1)—(F4) and (A1)—(A7) be fulfilled, and let y5 > 0. Then, the optimal control
component u is implicitly characterized by

u(x, t) = max{u.(z,t), min{u* (2, 1), v; " h(B(z,t))q(z,t)}} foraa (z,t) € Q.
Likewise, if v¢ > 0, then

W(z,t) = max{w,(z,t), min{w*(z,t), =5 'r(z,t)}} foraa (z,t) € Q.

Let us emphasize a consequence which is of straightforward importance for the numerical approach.
Comparing the expected theoretical condition with the explicit condition (2.25), via Riesz’s rep-
resentation theorem, the gradient of the reduced cost functional can be recovered as V{,eq (H, w) =
(h(®)q + 751, r + Y6W). Hence, for the numerical approach, the optimal control problem can be
viewed as a constrained minimization of a function, J,..4, whose gradient is known (think of the well-
known projected conjugate gradient method).

In the remainder of this section, we recollect some well-known resultsthat will prove useful later on. To
begin with, we recall the standard Sobolev continuous embedding

HY(Q) < LYQ) forevery q € [1,6]. (2.26)

Furthermore, we often make use of Young’s inequality

1
ab < da® + o b*> forevery a,b > 0andd > 0. (2.27)

Moreover, for a given function v € L'(0,T'), we convey to set

(1xv)(t) := /Otv(s)ds fora.a.t € (0,7),

noting that symbol * is usually employed to denote convolution.

As far as the constants are concerned, let us set our convention once and for all: the symbol small-
case c is used to indicate every constant that depends only on the structural data of the problem,
such as 7', ), R, a or (3, the shape of the nonlinearities, and the norms of the involved functions.
On the other hand, with capital letters we specify particular constants that will be referred to later on.
Therefore, the meaning of the constant ¢ may change from line to line.

3 The state system

3.1 Well-posedness of the state system
Proof of Theorem([2.2 Here, we proceed formally, since the approach is quite standard. Anyhow, let

us point out that the argument can be made rigorous by making use of an approximation technique,
e.g., within a Faedo—Galerkin scheme along with the introduction of the Yosida approximation for F7.
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Optimal control for a tumor growth model 9

In fact, since the framework for the potential settings is rather general, we cannot assume F| to be
Lipschitz continuous, in general. Then, after proving some estimates for the approximated version,
one passes to zero in the parameter to recover existence. Moreover, in what follows, we are just going
to prove the existence of a solution fulfilling the postulated regularity. The proof of the uniqueness will
follow as a direct consequence of Theorem

First estimate: To begin with, we add to both sides of (1.2) the term . Then, we multiply (1.1) by
i, the new (1.2) by 0, (1.3) by o, and add the resulting identities. Next, we integrate over (), for
an arbitrary t € (0, 7], and by parts. After a cancellation of terms and some rearrangements, we infer
that

o 1 1
Sl + [ Va5 [ ol + Slel + 1Tl
Q¢ Q¢
1
+ [ Be) + 5ol + B [ loP+ [ (9o
Q Q¢ Q1
@ 1 1 1
Sl + ool + 51Vl + loulls + [ Ficen)
+/ (PU—A—U)h(w)quX/ aﬁtcp+/ (o — F3(9))0wp
Vgo-Va—F/ Bogo — Dh(go)|a|2+/ wo.
Q¢ t Q¢ ¢

Obviously, all of the summands on the left-hand side are nonnegative, and the first five summands on
the right-hand side are bounded, by virtue of (A1), (A2), and the general assumptions on F} and F5.
It remains to estimate the remaining terms on the right-hand side, which we denote by 11, ..., I7, in
this order. This can easily be done by means of Young’s inequality. In fact, we have that

h(P?+ A +1
i< [ oo [ s D[
Qt Qt 4 Qt
Furthermore, we also infer that
7
B 2 2(1+ 1) , X 2
Li<= /[ 0 7 —
O LTl M el ML AL

32 2
/ Vo + / ot + ST 10+ Dh [ ol 45 [ (lof + o)

ﬁ 2, 1/ 2. X2 9 (1—|—L2)/ 9
0, Vo — +Dhy +1 o'+ —=

X2 BQ 3
g | welag [ it ST

Therefore, a Gronwall argument yields that

HMHLoo(o,T;H)nL?(o,T;V) + ||S0HH1(O,T;H)OL°°(O,T;V) + ”UHLOO(O,T;H)QL?(O,T;V)
+ [ Fr( o)l 2o,z )y < ¢ (L4 ||ullz2o,mm) + |wll z20,m))- (8.1)

Second estimate: We multiply (T.2) by —A¢, write F' = F| + F}, integrate over (Q;, where
t € (0,7, and by parts, to obtain that

/8 /!
e+ [ 1ael+ [ Fovef
o Q1
/8 !
= SIveull = [ FwA - [ xone— [ uag,
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where the terms on the right-hand side are denoted by I, ..., I4, in this order. At first, the convexity
(recall assumption (F1)) of F} entails that F7'(¢) > 0, so that the third term on the left-hand side is
nonnegative. Furthermore, the first term I; on the right-hand side is bounded due to (A1), whereas
the other terms can be dealt with by accounting for Young’s inequality and the above estimate. In fact,
we have that

4

1
Soinl<r [ VePax [ ot [ e [ aeb
i=2 Q¢ Q¢ Q¢ Q¢

Therefore, we realize that HAng%Q(O 7.y < ¢ The elliptic regularity theory, along with the smooth
boundary condition in (1.4), and then a comparison in (1.2), give us that

oIl 20,0y + 1 FY (@) 200,08y < € (14wl 20,750 + Jwl] 20,7;m))- (3.2)

Third estimate: We now multiply (T.3) by 0,0, and integrate over (; and by parts, to infer that

B 1
O * + Sl + 5 IVe®)l

B 1
= §||go||§{ + EHVUOH% — X/ A 0o + / Bo, 0,0 — Doh(p)0io + / w 00
t t Qt t
Here, it suffices to recall (A1), (3.1), (3.2), and to employ Young’s inequality several times, to deduce
that

ol o,msmyne vy < e (1 + [Jull czomm + |wll p20,7:m0))- (3.3)

Fourth estimate: Next, we differentiate (1.2) with respect to time and multiply the resulting equality
by 0; to infer that

Sl + [ Vol + [ R

Qt

= SOl - [ Felogt+ | owoe+ | xaoo.

Again, the third term on the left-hand side is nonnegative. On the other hand, the first term on the
right-hand side is under control by virtue of assumptions (A1), (A2), and (F2), which implies that F”
is Lipschitz continuous, so that F’(pq) € L*(§) whenever o € L*(€). In fact, evaluating at
t = 0, we see that

dip(0) = %[Mo + Ay — F'(0) + Xy,

and all of the terms on the right-hand side are bounded in L2(Q). Lastly, thanks to the Young inequality,
we have that

4
1 1+ X2 1

E |1;] < 5/ |Oepa® + ( 5 +L> |0:p]* + B 0,0 ]?.

i=2 Q1 Q Qt

Thus, owing to the previous estimates, we infer that

lollwoe o, mynm vy < e (1 + [Jull 20y + |wl| 20,7:m0))- (3.4)

Moreover, a comparison argument in Eq. (1.2), and the elliptic regularity theory, lead to

lellL=orwy < ¢+ [lull 200 + w0l 20,12 (3.5)
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Optimal control for a tumor growth model 11

which, accounting for the Sobolev embedding H?(€2) C L>°(£2), also yields that
lellze@) < e+ lullzomm) + lwllL2.r:m))- (3.6)

Fifth estimate: Next, we observe that the equation (1.3) has parabolic structure with respect to the
variable o, since we can rewrite it as

o —No+Bo=f inQ, with f:=—XAp+ Bo,— Doh(y)+ w,
0‘(0) = 0y in ).

By virtue of the above estimates and (A7), it easily follows that f € L>(0,T’; H), which allows us to
recover the full parabolic regularity

|| 1 0,75y n Lo 0, ) L2 0,0y < € (14 ||ull 20,70y + [[w]| L20,78))- (3.7)

Moreover, provided we assume oy € L>°({2), as in (A1), we can invoke [26, Thm. 7.1, p. 181] to
conclude that

loll=@) < (L4 [lull 2.y + [wl[zeo.2:m))- (3.8)

Sixth estimate: Now, we note that the equation (1.1) shows a parabolic structure with respect to y;
indeed, it can be rewritten as

aip —Ap=f inQ, with f:=(Po—A—u)h(p)— 0op,
1(0) = o in €.

On the other hand, owing to the above estimates, the source term satisfies f € L*(0,7T; H), and the
initial data is regular, so that the parabolic regularity theory yields that

| ]| 10,7, 10y oo 0,7y 20wy < € (1 ||| 20,y + ||wl| 20,7 0))- (3.9)

Seventh estimate: Moreover, the above estimates also entail that f € L>°(0,T’; H). By virtue of
the assumption o € L°°(£2), we can again invoke [26, Thm. 7.1, p. 181] in order to realize that

1l zoo(@) < e (X + |lull Lo o,r:m) + [[w]| Lo 0,750y )- (3.10)

Eighth estimate: At this point, we can rewrite the second equation (1.2) in the form
B — Ap+ F'(p) =g with g:=pu+ Xo, (3.11)

and, on account of the previous estimates, we deduce that g € L>°(Q), so that there exists a positive
constant g, for which ||g||z(g) < g.. Besides, the growth assumption (F4) implies the existence of
some constants 7, and r* such thatr_ < r, < r* <r, and

r. < infesspo(x), r* > supesspy(x), (3.12)
€ zeQ
F(r)+g.<0 VYre(r_,r.), F'(r)—g.>0 VYre(*,ry). (3.13)

Then, let us set, for convenience, ¥ := (¢ — r*)™, multiply equation (3-17) by J, and integrate over
Q:, where t € (0, T, and by parts, to obtain that

S0l + [ 1vor+ [ () - g0 =0,

t t
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where we also apply to conclude that J(0) = 0. Moreover, the last term is nonnegative due
to (3:13), so that ¥ = (p — r*)+ = 0, which in turn implies that o < 7* almost everywhere on ().
In a similar manner, we easily conclude that 0 > r, almost everywhere on () by testing by
—(¢ — 7). Thus, we have just shown that

r. <o<r* aeinQ. (3.14)

Upon collecting all of the above estimates, we conclude that and have been verified. More-
over, note that and (F1)—(F4) directly imply (2.6). In fact, ensures that the phase variable
 stays away from the boundary of the domain of Fi, so that F' and its derivatives turn out to be
uniformly bounded. O

3.2 Continuous dependence results

The continuous dependence result to be shown below will in turn prove the uniqueness of the solution

to the state system (1.1)—(1.5).
Proof of Theorem[2.3 First of all, let us set
U= U — U, W= W1 — Wy, 4= 1 — H2, 1= Y1 — P2, 0= 01 — 02 (3.15)

In view of (A7), the controls (u;, w;), i = 1,2, belong to the admissible set U,q in (T.9), and the
respective states (1, @;, 0;), 1 = 1,2, satisfy (2.4)—(2.6), as solutions to the state system (T.1)—(1.5).

First estimate: We multiply the difference of (1.1), integrated with respect to time, by XQ/L, the
difference of (1.2) by X*¢, and the difference of (1.3) by . Integration over Q;, where t € (0, T], and
addition, yield a cancellation of terms, and rearranging the terms, we obtain that

BX?
I+ X [ |Vl

X2
¢ [P+ [ v w@P S
Q¢ Q Qt

1
0 [ (File) = Fileap + ool + | Bio+ [ (9

¢ [ (14 ((Po = wh(er) + (Poa = A~ us) (er) — i) )

— XZ/ (Fé(¢1)—Fé(¢2))s@+X3/ 090+X/ Vo -Vo— [ Dh(g)|o]?
t t t Qt

~ [ Dot =t + / e

Owing to the monotonicity of FY, the fifth summand on the left-hand side is is nonnegative. We now
estimate the terms on the right-hand side, which we denote by 11, ..., I, in this order. We first infer
from the Lipschitz continuity of F7 that

Ll <XPL [ gl
Q:

Moreover, accounting for the Young inequality, it is easy to see that

1 X2 X3
B+ L+ BB < 5 [ vo e [ vep e D [P
Q¢ Q1

X 41 1
+ (DhOO + ) lo)? + —/ lw|?.
2 ) Jo, 2
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As I, is concerned, thanks to the Young inequality we have that

OCXQ X2h<x>2 s 2
< [l = (] Pl )
Q1 Q¢ 0

aX? X?L? SN2
9 [+ S Ploallei + A+ uslie@)” [ ([ 19])
Qt Qt 0
aX? X2 hot
< [P+ [ (Pl
Q: « Q¢
X2 L2

+ (PEy + A+ [u*ll1=(0) T2/ o[’

2

aX
<20 [ WP [ (6P lo + ),
Q: Qt

Here, we have have used the fact that o2 is a solution to (1.1)—(1.5) and thus has to satisfy (2.4).
Finally, using Young’s inequality once more, along with the Lipschitz continuity of /, we obtain that

DL,K,
6l < DLalozlimc@) [ lellol < 2t [ (ol + o),

At this point, we collect the above estimates, and apply Gronwall’s lemma, to conclude that

||M1 - M2||L2(0,T;H) + ||1 * (,ul - M2)||Loo(0,T;V) + ||901 - S02||Loo(o,T;H)mL2(0,T;V)

+ lor = ool Lo mnrzor) < ¢ (Jur — ol r20.7:m) + [lwi — wal 20 7m)) . (3.16)

Second estimate: Next, we take the difference of (1.2) for the two solutions and test by 0. Inte-
grating over Q; for an arbitrary ¢ € (0, T] and by parts, we find that

1 / /
8 [ 100k + 31Vl = [ (Flen - Fleag+ [ uae+ [ xoa.

Qt ¢

Besides, owing to (2.5), the nonlinear term F’ turns out to be Lipschitz continuous in the range of
interesting arguments, so that we obtain from Young’s inequality that

/ / L2
- [ o - Flenow <L [ lelow < § [ 1awr+ 2 [ 1ok
¢ Qt Q¢ Q¢

where L here stands for a Lipschitz constant of F’. The last two terms can be easily managed as

follows:
3 2x2
| onoe [ xooe<§ [ ool 2 [ s T [ ot
t t

Hence, rearranging the terms, and recalling (3.16), we infer that
o1 — ol i rmnr=o.ryy) < ¢ ([lur — wollr2omm + lwr — wallr20.1;m)) - (3.17)

Third estimate: We multiply the difference of (1.2) by —A, and use the Young inequality several
times, the previous estimates, and the elliptic regularity theory, to obtain that

o1 — @l 20wy < ¢ (lur — wsll2om.m) + lwi — wall z2,7m))- (3.18)
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Fourth estimate: Next, we test the difference of (1.7) by 0, and integrate over time and by parts
to realize that

1
a g O] + §||V,u(t)H%{ = —/Q at¢5tﬂ+/ (Po —u)h(p1)0p

t

" / (Poy — A — uy)(hip1) — h(a)) .

Let us indicate by I, I, and I3 the integrals on the right-hand side. They can be handled, with the
help of the Young inequality and the previous estimates, as follows:

3

o 1 2hZ
Sl <5 [ ok [ o+ 2= [ (Pof +uf)
¢ (6] Qs (0%

i=1 Qt
+Lh(P||a2uLoo<@ | 1etiowl+4 [ 1elowd + i | 1o |atu|)
Qt Qt Qt
3a 1 2h2.
<5 [ o+ [ ol 2= [ (Pl )
Qt «a Qt o Q¢

3L
S (Pt £+ W ) [ el

where we use the boundedness of o, once more, whereas w5 belongs to the class U,q of admissible
controls (cf., (1.9) and (A7)). Thus, the above estimates yield that

1 — pall o mnr=o.rv) < ¢ (lun — wall z20. 7m0 + lw1 — wall 200 - (3.19)

Fifth estimate: Arguing as in the third estimate, that is, using comparison in the difference of (1.1)
and elliptic regularity theory, we find that

i1 = piall 20wy < € (lun — wall 2.y + lwn — wall 20,189 - (3.20)

Sixth estimate: We multiply the difference of (1.3) by 0,0, and integrate over (Q; and by parts, to
obtain that

1 B
O * + SIVe Ol + Sl @)k
Q

= — X/ Ap 0o — | Doh(p1) 0o — | Doa(h(p1) — h(ps)) O +/ w 00
¢ Q¢ t

Qt

Here, we denote by I, ..., I, the terms on the right-hand side. Using Young’s inequality four times,
along with the Lipschitz continuity of h, we realize that the integrals on the right-hand side can be
estimated as follows:

4

Z|Iiygx/ 1A 10s0] + Dhae [ |o] 010
i=1 Qt Q¢

s DLilloalleia) [ Iellowl+ [ ful ool
Qt Q¢

1
< 5/ \ato\2+2x2/ |A¢|2+2D2h20/ lo|?

+2D L KT [ el 2 [ fw]?
Qt Q1
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where we again exploit the uniform bound for |02 || L (). Therefore, we deduce that
o1 = o2l om0,y < ¢ (||U1 — Us||r2(0,7m) + |Jw1 — w2||L2(0,T;H)>~ (3.21)

Seventh estimate: Finally, by comparison in the difference of (1.2), and applying elliptic regularity
theory, we have that

oy — oall20mwy < ¢ (lur — uall 20,05y + llwr — wallz20m3)) - (3.22)
Upon collecting all of the estimates (3.16)—(3.22), we find that (2.7) is shown, so that Theorem is
completely proved. O

4 The control problem

From now on, we are going to focus our attention on the control problem. The main results are the
existence of optimal controls and the first-order necessary conditions for optimality.

4.1 Existence of optimal controls

Proof of Theorem[2.4. The proof makes use of the direct method from the calculus of variations. In
fact, the cost functional is nonnegative, convex, and weakly lower semicontinuous. To this end, let us
pick a minimizing sequence { (., w,) }nen C Uaq such that, setting (fin,, ©n, 0n) = S(uy,, w,,), and

recalling the notations (1.8)—(1.11), there holds

lim J(pn, on, Un, wy) = M Jreq(Un, w,) = inf  Jrea(u, w).
n—o00 n—o00 (u,w)EUag

On the other hand, {(u,,w,)}nen is bounded in L>®(Q) x L*(Q), and also the bounds

and are at our disposal for every n € N. Hence, accounting for standard weak compactness

arguments (see, e.g., [34, Sec. 8, Cor. 4]), it is a standard matter to infer the existence of a pair

(u, w) and a triplet (72, B, @) such that the following convergence properties are (possibly only on a

subsequence) fulfilled as n — oo:

(U, wy) — (w, W) weakly starin (L>(Q))?, (4.1)
fn — T weakly starin H*(0,T; H) N L>=(0,T; V) N L*(0,T; W) N L=(Q)
and strongly in C°([0, T); H) N L*(0,T; V), (4.2)
¢Yn — @ weakly starin Wh(0,T; H) N H'(0,T; V)N L>*(0,T; W)
and strongly in C°(Q), (4.3)
0, — & weakly starin H'(0,7T; H) N L>®(0,T; V) N L*(0, T; W) N L™=(Q)
and strongly in C°([0, T]; H) N L*(0,T; V). (4.4)

Clearly, as the convex set U,q is weakly sequentially closed, we have that (u,w) € U,q; besides,
the strong convergence properties show that the Cauchy conditions (1.5) are fulfiled by (72, @, 7).
Moreover, the strong convergence in (4.3) and the assumptions (F1)—(F4) and (A3) imply that

h(pn) — h(®) and F'(p,) — F'(@) strongly in C°(Q), as n — oo.

Therefore, passing to the limit as n — oo in the corresponding time-integrated version of (1.1)—
(1.5), written for (u,,,w,) and (t,, ©n, o), we easily see that (7z,,7) solves (T.1)—(1-5) with
(u,w) = (u,w), which yields that (7, p,0) = S(u,w). Finally, we combine the weak sequential
lower semicontinuity of the cost functional with the assumption that (u,,, w,, ) is @ minimizing sequence
to deduce that (@, W) is indeed an optimal control. O
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4.2 The linearized system

At this point, our aim is to find the necessary conditions for optimality. Actually, we would like to express
the formal variational inequality in an explicit form. For this purpose, we have to prove the
Fréchet differentiability of the reduced cost functional J..q, Which is the composition of J with the
control-to-state operator 8. However, J is straightforwardly Fréchet differentiable. Therefore, it suffices
to prove that 8 is Fréchet differentiable as well, and then invoke the chain rule to write in an
explicit way.

The expectation is that, provided we find the proper Banach spaces, the Fréchet derivative of S applied
to the pair (k, 1) is given by the unique solution to the linearized system (2.8)—(2.72). With this in mind,
we begin by establishing the well-posedness of the linearized system (2.8)—(2.12).

Proof of Theorem[2.5. For the sake of simplicity, we proceed formally, just pointing out some estimates
which are the key points in order to rigorously justify the proof. Moreover, the system (2.8)—(2.12) is
linear, so that the uniqueness directly follows from the uniform estimates. In addition, some of the
forthcoming estimates follow the same lines as the ones of the state system, which allows us to be
less detailed below.

First estimate: First of all, we add to both sides of the term &. Then, we multiply by 7, the
new by 0,&, by ¢, add the resulting equations, and integrate over (J; and by parts for an
arbitrary ¢ € (0, T]. After a cancellation of terms and some rearrangements, and making use of the
initial conditions (2.12), we obtain that

o 1 1
Uiz + [ 1902+ 8 [ (ol + Sle@i + 2 1<
Q¢ Qt

B /Q LREAGE / (PC= D + / (P — A=W (@)en

+/ coc— | PRty | catux/ ve-ve- | D

— [ Dah'(p )f(—i—/Q IC.

Qt

We denote by [, ..., I9 the integrals on the right-hand side. Using the Young inequality, we infer that

[I] + [ < Pheo ; |C||?7|+hoo/Q [Elln| + b (Pl7||(@) + A+ IIﬂIILw(Q))/Q Nl

Phes oo
<0 [ oP+ 1)+ % [k o)
Q1 Q1

o (PEy + A+ o 1=c0
PP A @) [ e ey

where we use the fact that ¢ satisfies (2.4) and u belongs to the class of admissible controls. Moreover,
from Young’s inequality, combined with (2.6), it follows that

III< 10| + 17 (@) || 2= €M1l +X [ [C]]oK]
S 0 1 e,
ﬁ

3X?2

3
| lo€P 55 1) | 1P+ 5y

2
>3 1
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and also that

9
S 1 < Dho [ 6P+ DI limie) [ Nl + [ 1l
i=7 Qt Q¢ Q¢

< (Dho+ PEBED) [igp sy [ e o)
Qt t

Furthermore, using Young’s inequality once more, we infer that

1 X2
[Is] < 3 V(P + 5 |VEP.
Q¢ Qt

At this point, we collect all of the above estimates and apply Gronwall’s lemma to deduce that

HUHLOO(O,T;H)mL?(o,T;V) + ||§’|H1(0,T;H)mLoo(o,T;V) + HCHL@O(O,T;H)mL?(o,T;V)
< c(llkllrz@) + llz2@)- (4.5)

Second estimate: We now observe that the equation (2.8) shows a parabolic structure with respect
to the variable 7). In fact, we can write (2.8) in the form

adm —An = fi with f;:= (P —k)h(p)+ (Pg—A—10)h(9)E — &,
where, owing to the above estimate, we easily verify that f; € L*(0,7; H) and
[ fillzzo,mm < e([[Fllr2@) + Ulz2@)- (4.6)

So, recalling the boundary and initial conditions (2.11)—(2.12), it is a standard matter to recover the full
parabolic regularity and infer that

1 &1 0,7,y L0 0.0y 20wy < e |kl 2@y + 11 22(0))- (4.7)

Third estimate: In the same way, we also have
BOE — AL = fo with  fo = —F"(P)§ + X( +n,
0i¢ — AC = f3 with f3:= —XAE — B¢ — DCh(p) — Doh' (9)€ + L.

Then, we first note that f» belongs to L*(0,7T; H) and satisfies the same estimate as in (4.6), so
that the regularity theory for parabolic equation with regular initial datum and homogeneous Neumann
boundary conditions allows us to to infer that

€1l 22 0.1z 0. v ynczo.mw)y < (k2@ + 1Tl z2(@))- (4.8)

Besides, also f3 belongs to LQ(O, T H), and similar reasoning leads to the conclusion that

[l 0,0 mnz= 0, vynrzomwy < (k]2 + 1l 22 @) (4.9)
which concludes the proof of Theorem O

4.3 Differentiability of the control-to-state operator

Now we are going to show the Fréchet differentiability of the operator § and to characterize its Fréchet
derivative.
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Proof of Theorem[2.8. At first, let us fix a control pair (w,w) € U,q C Ug with the corresponding
state (1, P, 7). Then, whenever (k, 1) belongs to (L?(Q))?, we denote with (7, £, ¢) the correspond-
ing solution to system (2.8)—(2.12). Moreover, let us recall that U, is an open set, so that, provided that
we consider small perturbations, we also have (u+k,w+1) € Ug. Namely, there exist some positive
constant d, such that (w + k,w + [) € Ug for every (k, ) such that ||k||r2(q) + [|l||2(q) < 0s-
In the following, we always assume that this is the case. Lastly, we denote with (jz, p, &) the unique
solution to (1-1)—(7.5) corresponding to the incremented control (z + k,w + [). Let us point out that
Theorem [2.5|entails that the map (k. 1) — (1, &, () is linear and continuous between (L?(Q))? and
(HY(0,T; H) N L>(0,T; V)N L*0,T; W))3.

Here, we aim at directly checking the definition of Fréchet differentiability for S. Namely, we are going
to show that

8(T+ k, T+ 1) = 8(7, ) + [DS(@, )] (k. 1) + oll|(k, )l 12(yrsi) inY
as ||(k, D)l z2@xr2@) — O, (4.10)
for the Banach space Y introduced in (2.74). To this end, it is convenient to set
Yi=p—p—n, y:=9-9—¢§ z2:=0-0—C
With this notation, takes the form
1@y, 2)lly = olll (R, Dll 2@ r2@) @ [[(k; Dllz2@)xr2@) = 0-

Obviously, the validity of this condition implies that S is Fréchet differentiable at (u,w) and that
[D8(w,w)](k,1) = (n,&,¢) for every (k,1) € (L*(Q))?. To verify this condition, it suffices to con-
struct an increasing function G : (0,4,) — (0,400) suchthat || (¢, y, 2)[|5 < G(I|(k, Dl 12(0)xr2(@))
and

lim G

lim =52 = 0. (4.11)

This is actually the estimate we are going to check with the choice G(\) = c\* for some positive
constant c.

At this stage, let us recall that since (11, p, o) and (f, , 0) are fixed, they both verify and (2.6),
as well as the following continuous dependence estimate

15 = Hll g 0.1y 0. rv 20wy + 1€ — @l a0, mnceo,rv)nz2 0.0w)

+ | = &l 10,7502 (0,7:v)nL2 (0,75

< Ky (k|20 + U202 (4.12)
which directly follows from (2.7).

Besides, a system for (¢, y, z) can be constructed in light of the systems (T.1)—(1-5) corresponding
to (u,w) = (w4 k,w + 1), ((A)—{-5) for (v, w) = (u,w), and (2-8)-(2-12). By combining them,

we obtain the following system:

ady) + Oy — A = Pzh(p) + (P77 — A —w)(h(p) — h(p) — K'(?)S)

— k(h(?) = W) + P(0 —2)(h(?) — h()) in Q, (4.13)

Y= POy — Ay + (F'(Q) - F'(p) - F'(®)§) — Xz in Q, (4.14)
Bz — Az + Bz = —XAy — Da(h(3) — h(@) - K(7)¢)

+ (0 —7)(h(®) — h(®@)) + h(@)z] in Q, (4.15)

O =0,y =0,2=0 on X, (4.16)

¥(0) =y(0) = 2(0) =0 in Q. (4.17)
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Note that (2.2)—(2.3) and entail that
Y, y,2 € H'(0,T; H)y N L>(0,T; V)N L*(0,T; W),

First estimate: First of all, we add to both sides of (4.14) the term 1. Next, we multiply (4.13) by 1,
the new (@.74) by 0.y, and (4.75) by z. Then, we add the resulting identities, integrate over (), where
t € (0,7, and by parts, to find that

a 2 2 o 1 2 1 2
S+ [ 1966 [ 1o+ Sl + 510l

+B/ 2|2 + Vz|?
t Qt

— [ P+ [ (Pr— A= D) - h@) - KO
- / k(h(B) — b)) + / P(5 — 7)(h(@) — h(@))¥
- / (F'(3) - F'(7) — F(@)¢)0w + / Y=y

t

T / v+ X | Vy-Vi— [ Do(h(@) - h(@) - K@)
t Qt Qt

— | D@ -3)(h(@) —h(®)z— | Dh(®)|I%
Q1 Q¢

where we denote by I, ..., I1; the integrals on the right-hand side. Moreover, in the above calculations
we also owe to the fact that the initial data are zero by (4.17). Using the H6lder and Young inequalities,
the Lipschitz continuity of h and the Sobolev embedding (2.26) with ¢ = 4, we have that

1+ 1+ 10 < P [ el + 2 [ 1186 = 2l oo o
+PL [ 156) = 7)llE() — 76 ol o
< T3 [P tor e [1ol st el =Blieorny [ 2
el i | e

< 5 [ s ¢ (Wlsoran + Witsoan) e [ 6+ o),

where we also invoked the continuous dependence estimate (4.12). Before moving on, let us recall
the Taylor formula with integral remainder which will be useful to estimate some terms. For an arbitrary
function g € C*(R) with ¢’ Lipschitz continuous, we have that

g(x) = g(T)+ ¢'(T)(x = 7) + (x — 5)2/0 §"(T+s(x —7))(1 —s)ds foreveryx € R.

(4.18)

Applying the above formula to F” and h, respectively, we infer that
F'(2) - F'(3) - F'(@)¢ = F'@)y + (@ - D), (4.19)
h(@) = h(®) = W (@)§ = W(@)y + Ra(P — 7), (4.20)
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with the remainders

1 1
R, ::/ F"(+ 56 —%)(1 —s)ds, R ::/ W@+ 5(3 — B))(1 — s)ds.
0 0
Taking advantage of and (A3), we see that
[Rillze@) £ Ry, || Rallze@) < R3,

for some positive constants R}, [?5. Thus, making use of (4.20), we are now in a position to estimate
15 as follows:

[fo] < (P[a]| @) + A+ HﬂHLw@))/ (helyl + R3(& —2)") ||

Qt

o (PEy+ At [0 10

< y IRCEAR

t

t
L (PE+ A el m@) RS / 13(5) — B 1(s) 2 ds

(PE, + A+ ||u ] 1)
< @ /Q (P + 4P

- 2
T ellf— Bl + /Q P
t

< c/ (1y* + 1) + c(llEllz2q) + I122(q)) -

where we also use (4.12), the fact that & is bounded for (2.4), whereas wu is bounded since it is an
admissible control. As for 5, thanks to the Young inequality and (4.19), we have that

i 2| F" (@) ) 2~ —
|I5] < 1 0y + ly” + 2R — QOHioo(O,T;L‘l(Q))
Q¢ 5 Q¢
3 2K
< 1 0wy|* + —=2 |y|2+c(|‘k”4L?(Q)+ ””ﬁ?(@))
Q1 ﬁ Qt

Moreover, using the Young inequality once more, we have that

8
1 X? 5 ,  2X? 5 2 9
|1i|s—/ |Vz|2+—/ |Vy|2+—/ Bl + 2 [ pa 2 e
Z 2 Jq 2 Jo, 4 Jo, B B Ja.

i=6 Q¢
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Lastly, by similar reasoning, we obtain that

11

"5 < DIl i~ @ /Q (Hlyl + Ri(@ - 9)))-]

=9

+DLh/O IIE(S)—5(8)||4||95(S)—@(8)||4||Z(8)||2d8+Dhoo/Q |2

DK hi, R A _
< 25 [ (ol o) + DELR; [ 1305) = Bl 1) ds
t 0
DL} . _ .
e L T e A
t
+ Dhoo | |2]?

< 250 [ (I +1aP) + €lB = Bl

t

+cl[o - EH%OO(O,T;V)HSB - @H%w(o,T;V) + (Dhoo + 1) ’Z|2

< c/ (Iyl* + [=1%) + eIkl z2(q) + Mll22(q))-

Hence, applying Gronwall’s lemma, we deduce that

101200 mne2 o) + 19 0. mnre vy + 12160010002 0.7v)
< Cll(k, Dl z20)x 2@

which in turn implies the validity of (.77) with the choice G(\) = C'\*. This concludes the proof of
the assertion.

O

4.4 First-order necessary optimality conditions

As already pointed out in Section |2, we would like to employ the adjoint variables in order to elim-
inate the linearized variables from the variational inequality (2.15). Here, we begin with the task of
establishing the well-posedness of the adjoint system. In this direction, let us set

QtT _ (t,T) x () foreveryt € (0,T>-

Proof of Theorem[2.8. The rigorous proof should employ an approximation technique. Anyhow, since
the system is linear and the arguments are standard, we simply point out the estimates which allow
us to conclude, leaving the details to the reader. It is worth recalling that the adjoint system is linear,
so that the uniqueness directly follows from our estimates.

First estimate: First, we add to both sides of (2.16) the term —¢g. Then, we multiply the new (2.16) by
—0,q, @37) by p, @-18) by X?r, add the resulting equations, and integrate over Q;[ and by parts. We
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obtain a cancellation and deduce that

1 63 X2
o / 0l + 3 la®I + Slip(e) 3 + / VP + - (6)
QT QT

+X2/ |Vr]2+XQB/ |r|?
QT Q7

'7% —_ 2 X2732 — 2
= = 19(T) — vally + 15(T) — oallzr + | g0
26 2 Qr

[ vy / F(@)lp? + / (P7 — A— ) (@)qp
Qi QF QT

[ Do / (@ — po)p — X2 / Dh(@)|r?
QT Qf Qf

+X3/ pr+X2/ Ph(@)qr—i—)@/ (G — og)r,
Qf QF QF

where we used the information on the final data. In the above equality, the terms on the left-
hand side are nonnegative, whereas we denote the integrals on the right-hand side by I, ..., I12, in
this order. As far as the right-hand side is concerned, the first four terms can be easily handled with
the aid of (2.4), assumption (A6), and the Young inequality. Indeed, we have

- e 1 1 X2
> 14l §C+§/ |5tQ|2+2—/ |Q|2+§/ |Vp\2+7/ V[,
i=1 Qf @ Jaf Qf Qf

Using Young’s inequality, we can deal with I as follows:

(Pl + A+ [l
o] < @2 e [ (ol + 9P,

@y

where we employ that o satisfies (2.4) and that w is an admissible control. The rest of the terms can
be handled using several times the Young inequality to get that

12 —
PhoX? _ 2+ D|[7| (@ ho +X°
B+ < T [+ (1P @)l + @ NG
=7 t

2 4
2+ DT L=, + X3 PhooX?
+ ( HO-HL (Q) [e%e] +X2Dhoo+ )/ |T|2
2 2 r
(73 + X*3) _ _
+% T(|90—90Q|2+|0—0Q\2)-

t

Thus, the backward-in-time Gronwall lemma yields that
Nl e o,y n Lo 0,130y + 1P| oo 0,75 myn 20,75y + |17 || oo 0,730 02007y < e (4.21)
Second estimate: By (4.21) and a comparison argument in (2.17) and (2.18), we obtain that

10ep| L2077+ + 107 || 20,79+ < € (4.22)

which, in turn, gives sense to the final conditions (2.20). In fact, from the standard embedding H* (0, T; V*)N
L?(0,T;V)in C°([0,T]; H), we deduce that p,r € C°([0,T|; H).

Third estimate: Next, a comparison in (2.16) produces Aq € L*(0, T'; H), and the elliptic regularity
theory yields that

|20y < ¢, (4.23)

DOI 10.20347/WIAS.PREPRINT.2614 Berlin 2019



Optimal control for a tumor growth model 23

which also allows us to recover ¢ € C°([0, T]; V) from well-known embedding results.

Summing up, we realize that the estimate

||C]||Hl(o,T;H)mCO([o,T];V)mL2(0,T;W) + ||p||H1(O,T;V*)OCO([O,T];H)DL2(O,T;V)

+ |7 51 0,739 )nco (0,11 )AL 0,y < € (4.24)

has been proved. The uniqueness part directly follows, since the system (2.16)—(2.20) is linear. O

Finally, we are left with the task of showing the necessary conditions for optimality. To this end, we
begin by checking Theorem Then, making use of the adjoint system, we simplify (2.75) and
deduce a variational inequality which is more convenient for the applications.

Proof of Theorem[2.Z. This result is a direct consequence of (1.12) and Theorem Indeed, com-
bining the Fréchet differentiability of S with the chain rule, we can exploit (1.12) to derive (2.15). O

We are now in the position to eliminate the solutions to the linearized system from the necessary
condition (2.15). This procedure leads to (2.25) and thus to Theorem 2.9

Proof of Theorem[2.9. Comparing the variational inequalities (2.15) with (2.25), it becomes clear that
we are reduced to ensure that

- /Q h(@)kq + /Q Ir = / (B(T) — pa)€(T) + /Q @ - o)t
o / (o(T) = 00)C(T) + 1 /Q @ — 0g)C. (4.25)

where ¢ and ( are the solution to the linearized system (2.8)—(2.12) corresponding to ¥ = u — u and
[ = w — w. In order to show (4.25), let us first point out that combining the Newton-Leibnitz formula
with the initial and final conditions (2.12) and (2.20), respectively, we have that

—/0T5<8tp(t)a§(t)>vdt _ ﬁ/@a@p—/oT%(/ﬂﬁpg)dt

— /Q diEp - / (BT - pa)é(T),

_/OT(atr(t),C(t»th ~ /Qatgr—/oT% /Qrg)dt

— /Qatgr—/gyg(a(T)—m)C(T)-

Then, we consider the solution (7, £, ¢) to (2.8)-(2-12) correspondingto k = u —wandl = w — w
as test functions in system (2.16)—(2.20). Namely, we test (2.16) by n, (2.17) by &, (2.18) by ¢, and
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integrate over (0, T") to obtain that

O:/Qn[—aatq—ﬁq—p]
- /Q Oua — /0 " s(amlt). €0y di + /Q Vp-VE—X /Q Vi Ve + /Q F (@)t
—/Q(Pa—A—a)h’(@qur/QDEh'(@rf—/Q%(@—m)é

—/0T<8tr(t),g(t))vdt+/QVT-VC‘F/QBTC‘F/QDh(@T(—/QXPC
- [ P~ [ i —oa)c

Hence, we integrate by parts making use of the boundary conditions, the initial data and the above
identities. After rearrangements of the terms, we infer that

[ 1@ @) = o)+ [ salp - )t + [ (@) - on)d(D)
Q Q Q

# [ e —oa)c = [ plsog — Ac+ P @) xC

[ alodn + 06— An— PCHE) — (P7 — A= 0H ()]

# [ 110 = AC+ BC XA+ DCHE) + Do)
Finally, we account for the equations of system (2.8)—(2.12) to realize that

[ 1@ = o)+ [ rale = )t + [ (@) - on)d(D)
Q Q Q
+ [ e —oa)=— [ @t + [ o

Q
that is (4.25), so that the variational inequality (2.25) has been shown.

Let us note, the last sentences in the statement of Theorem [2.9] straightforwardly follow by combining
the fact that condition (2.25) can be decoupled by taking first w = w and then v = & and use the
Hilbert projection theorem. O
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