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SECOND-ORDER SUFFICIENT OPTIMALITY CONDITIONS FOR
OPTIMAL CONTROL OF NON-SMOOTH, SEMILINEAR
PARABOLIC EQUATIONS

LIVIA BETZ*

Abstract. This paper is concerned with an optimal control problem governed by a non-smooth,
semilinear parabolic PDE. The nonlinearity in the state equation is only directionally differentiable,
locally Lipschitz continuous, and is allowed to have infinitely many non-differentiable points. By em-
ploying its limited properties, Bouligand-differentiability of the control-to-state map is shown. This
enables us to establish second-order sufficient optimality conditions. We provide concrete settings
where these reduce to the first-order necessary optimality condition.

Key words. Optimal control of PDEs, non-smooth optimization, second-order sufficient condi-
tions
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1. Introduction. In this paper we establish second-order sufficient conditions
for the following optimal control problem:

' J
werr (o) TWY

st y(t)+ Ayt) + fly(t))
y(0) =

where 2 C R", n = 2,3, is a bounded Lipschitz domain, J is a smooth function,
A is a linear unbounded operator and f is a non-smooth mapping. The precise
statements will be given at the end of this section and in Assumption 2.1 below. The
essential feature of (P) is that the nonlinearity f appearing in the state equation is
only directionally differentiable. Thus, the second-order analysis cannot be performed
by classical techniques for smooth optimization problems in Banach spaces.

Bu(t) ae. in (0,7) (P)
07

Optimal control problems subject to non-smooth constraints are challenging even
in the finite dimensional case, see e.g. [29] and the references therein. Difficulties
arise from the non-smoothness of the control-to-state mapping, which does not allow
to apply the standard Karush-Kuhn-Tucker (KKT) theory. For this reason, various
optimality conditions of different strength have been introduced, such as e.g. Clarke
(C), Bouligand (B), and strong stationarity. In the spirit thereof, stationarity concepts
for the infinite dimensional case are defined in [18]. The most rigorous stationarity
concept is strong stationarity. In a previous work [23], necessary optimality conditions
of this type were established, from which we will benefit in the present paper.

While second-order sufficient optimality conditions (SSC) for the optimal control of
smooth PDEs have been intensively investigated, see e.g. [4,5,7-9,11,14,26,28] and
the references therein, the literature on SSC for the optimal control of non-smooth
problems is rather rare. To the best of our knowledge, the only contributions in this
field deal with elliptic VIs. These were addressed in [21] (obstacle problem) and [3]
(static elastoplasticity). In [24] it was proven that the obstacle control problem is
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convex if the desired state is behind the obstacle. This result was extended in [21],
where sufficient conditions for the optimal control of the obstacle problem in the
general case were presented. To the best of the author’s knowledge, the investigation of
second-order sufficient conditions for optimization problems governed by non-smooth
parabolic PDEs is an open research topic.

What distinguishes the problem (P) from the ones analyzed in [3] and [21] is not
only the parabolic component but also the very general non-smooth mapping f. For
example, we allow the set of non-differentiable points of f to be at most countable.
We require (in addition to strong stationarity, positive-definiteness/coercivity of the
Hessian of the “Lagrangian”) only a sign condition on the adjoint state and we can
provide settings where this is fulfilled. By comparison, in [21] sign conditions are
imposed not only on the adjoint state but also on the multiplier, while in [3] regularity
assumptions on the adjoint state and multipliers are made. If the nonlinearity f is
twice continuously differentiable, then the SSC derived in the present work coincide
with the classical second-order sufficient optimality conditions, see Remark 4.19 below.

The paper is organized as follows. In Section 2 we state the precise assumptions on
the data and lay the foundations for our analysis, by recalling some crucial results
from [23]. Section 3 is mainly devoted to proving the Bouligand-differentiability of
the control-to-state operator in appropriate spaces. This is the first essential step
towards the investigation of SSC, which will be performed in Section 4. The latter
contains our main results, namely two sets of second-order sufficient conditions for
the optimal control of (P) (Theorems 4.15 and 4.18 below). In Section 5 we present
a setting where the necessary optimality condition alone is sufficient for optimality.

Notation. Throughout the paper, C' and ¢ denote generic positive constants. If
X and Y are two linear normed spaces, the space of linear and bounded operators
from X to Y is denoted by L£(X,Y). For the open ball in X around z € X with
radius R we write Bx(x, R). The symbol X* stands for the dual space of X, while
{.,.)x stands for the dual pairing between X and X*. If X is compactly embedded

in Y, we write X —<— Y, and X i) Y means that X is dense in Y. If X and YV
are Banach spaces, we use the notation [X, Y]y for the complex and (X,Y)q,, for the
real interpolation space, respectively, where 6 € (0,1) and w € [1,00], see e.g. [30].
If a linear operator A is the infinitesimal generator of a semigroup, the latter will be
denoted by {et4};>0, see also [25, Chp. 2.5]. In all what follows, T > 0 is a fixed final
time and Q C R, n = 2,3, is a bounded Lipschitz domain in the sense of [22, Chp.
1.1.9]. For simplicity, we abbreviate @Q := (0,7) x Q. The boundary of Q consists of
two disjoint measurable parts I'p and I'y. By Wlqu(Q) we denote the closure of the
set {¢|o : ¥ € C(R™), supp(y)) NT'p = @} with respect to the W1-norm, where
q € (1,00). For the dual space associated with W]%)’ql (€2) we use the symbol W—14(Q),
where ¢’ stands for the conjugate exponent. Moreover, we abbreviate

W (Wp?(Q), WH9(Q)) == {v € WH(0,T; WH4(Q)) N L7(0,T; Wp?()) : v(0) = 0},
Wi (W5 (2, W (@) = v e W (0, T: W1 (@) n L7 (0,73 W™ (Q)) : o(T) = 0},
where 7 € (1, 00).

2. Standing assumptions and known results. This section is devoted to

collecting the assumptions on the data as well as crucial results from [23] concerning
the state equation.

ASSUMPTION 2.1. For the quantities in (P) we require the following:
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1. Let

n<qg<oo and27q<r<oo (2.1)
be fized.

2. The operator A : W=14(Q) — W=19(Q) is linear, unbounded, and closed.
Its domain of definition is given by W59(Q). In addition, 0 ¢ o(A), where
o(A) denotes the spectrum of A.

3. Moreover, A satisfies mazimal parabolic L"(0,T; W~=19(Q))-regularity, i.e.,
for every g € L™(0, T; W=14(Q)), the equation w + Aw = g admits a unique
solution w € Wi(W59(Q), W=14(Q)).

4. The nonlinearity f : R — R is assumed to be monotone increasing. Moreover,
it is Lipschitz continuous on bounded sets, i.e., for all M > 0, there exists a
constant Ly; > 0 such that

|f(z1) — f(22)] < Laplzr — 22| V21,20 € [-M, M].

5. The function f is directionally differentiable at every point, i.e.,

flat+7h) - f(z)

T

— fash)| =00 Va,heR.

Moreover, the set of non-differentiable points of f is at most countable.
6. The operator B : L*(Q) — W ~19(Q) is linear and bounded.
7. The objective J : L"(0,T; W5 (Q)) x L7(0,T; L*(Q)) — R is twice continu-
ously Fréchet-differentiable.
REMARK 2.2. With a little abuse of notation, the Nemytskii-operators associated with
f and B, considered with different ranges, will be denoted by the same symbol.

Comments regarding the above assumptions are provided at the end of this section.
From now on, Assumption 2.1 is tacitly assumed in the following without mentioning
it every time. We point out that this fits in the general setting of [23, Assumptions
2.1 and 2.5], as explained in the following. With the notations from the preceding
contribution [23] we have

X=wb1Q), D=wWyUQ), U=L*), Y=L%9).

Note that the maximal parabolic regularity assumption on A implies that A generates
an analytic semigroup, see [2, Section 3]. The Nemytskii operator f : L>(Q) —
L*>(Q) is well-defined and Lipschitz continuous on bounded sets, i.e., for every M > 0,
there exists Ljs > 0 so that

I1f(y1) = f(y2)llLe) < Larllyr — v2llo@) Yy1,¥2 € Bree(a)y(0, M). (2.2)

When considered with domain L>(Q2) and range L?(Q), 8 < oo, f is directionally
differentiable, see proof of [23, Lemma 6.4] for details. Therein, Assumption 2.1.1
on r and ¢ is justified as well. The condition ¢ > n guarantees that there exists
0 € (0,1) such that (W=19(Q), W59 Q)00 = L=(Q), see [23, (6.4)], while the
relation between r and ¢ in (2.1) ensures that r(1 — ) > 1, i.e., [23, (2.4)]. These
turn out to be essential not only for the existence of solutions of the state equation,
see [23], but also for the upcoming second-order analysis, see Remark 2.6 below. Note
that, in view of [30, Thm. 1.15.2 (d), p.101] and [25, Thm. 2.6.13, p.74], it holds

He_tA”L(W—L‘I(Q),LOC(Q)) <ct™? Vte (0,7, (2.3)
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which will be crucial in the proof of Theorem 3.2 below. Let us mention that we
dropped the density assumption on B and the convexity assumption on J, as they were
needed in [23] just for deriving (strong stationary) necessary optimality conditions and
for proving the existence of global minimizers, respectively, which is not the case in
this paper.

The following embedding will be crucial in the next sections and is a consequence
of [1, Thm. 3| combined with W;5%(Q) << W19(Q), (W=19(Q), W54(Q))e1 —
(W=59(Q), W5(Q))p.00 — L®(R), see [1, Section 3]:

Wo (W5 (), W™19(Q) == C([0,T]; L= (). (2.4)

Since the setting in Assumption 2.1 is just a special case of [23, Assumption 2.1], we
can apply the general results in [23, Sections 2-3] on our state equation. We begin by
introducing the control-to-state mapping.

DEFINITION 2.3. The solution operator of

y(t) + Ay(t) + f(y(t)) = Bu(t) a.e. in (0,T), (2.5)
y(0) =0

is denoted by S : L"(0,T;L*(Q)) dur y € Wg(Wé’q(Q),W_l’q(Q)). Note that, in

view of [23, Proposition 2.11], this is well-defined.

PROPOSITION 2.4. [23, Proposition 2.11] The control-to-state mapping S is Lipschitz

continuous on bounded sets, i.e., for every R > 0, there exists a constant Ly > 0 such

that, for all uy,uz € Brro,1,12(0))(0, R), it holds

15 (u1) = S(u2) by wi o), w-r0@)) < Lrllur = v2llL-o,7;c2@)- (2.6)

THEOREM 2.5. [28, Lemma 3.3, Theorem 3.4] The solution operator S : L™(0,T; L*(Q)) —
Wi (WEHYQ), W=19Q)) is directionally differentiable and its directional derivative

n = S"(w;h) at uw € L"(0,T; L*(Q)) in direction h € L™(0,T; L*(Q)) is given by the
unique solution of

n(t) + An(t) + f'(y(t);n(t))
n(0) =

with y = S(u). The solution operator of (2.7), namely S'(u;-) : L"(0,T; L*(Q)) >
b€ WHWEHY(Q), W149(Q)) is globally Lipschitz continuous.

Some remarks concerning Assumption 2.1 are in order:

REMARK 2.6. Note that Assumption 2.1.1 does not allow us to consider the L*(Q)-
Hilbert space for the control, since v > 2 even in two dimensions. We deliberately
choose to work with such a setting, although additional assumptions on the nonlin-
earity f would enable us to set r = 2, cf. [23, Remark 6.5]. We proceed in this
way due to the following reason. The condition (2.1) guarantees that the control-to-
state mapping is (locally) Lipschitz continuous with range in L*°(Q) (see the proof
of [23, Lemma 6.4]). This will be indispensable for the derivation of SSC: given a
point y in a neighborhood of the state y, we have to be able to make assertions about
the distance between y(t,x) and y(t,x) (in the “a.e.” sense), see proofs of Lemmas 4.9
and 4.12 below. Further, we observe that r becomes large if q¢ approaches n. We could

4
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weaken Assumption 2.1.1 as in [23, Remark 6.5] if e.g. RgB = L?(Q). However, one
still obtains r > 2, so that the L?(Q)-Hilbert space setting for the control is excluded.
As mentioned above, extra conditions on [ allow for r = 2. Let us point out that in
this case one cannot expect L>°(Q)-reqularity for the state, see [31, Chp. 5].

In the elliptic case, the local Lipschitz continuity of the control-to-state operator with
range in the space of essentially bounded functions is crucial too. Thanks to the Stam-
pacchia method, see [31], one can choose L?(Q2) as space for the control to guarantee
this. Let us emphasize that the entire second-order analysis for the elliptic version of
(P) can be performed in the same way as in the parabolic setting.

REMARK 2.7. In two dimensions, Assumptions 2.1.2-3 are satisfied by the operator
A = —divkV defined as

A:WEI(Q) 3y~ /QKVyV' de € W=H1(Q),

if QUT N is regular in the sense of Groger, cf. [15], and the coefficient function
Kk € L™ (Q;R™ ™) 4s uniformly elliptic and symmetric. The papers [20, Appendiz]
and [12] provide many settings such that —divkV fulfills Assumptions 2.1.2-3 in
three dimensions too, e.g., if Iy = 0, k is uniformly continuous and may jump across
a Cl-interface, and Q is a strong Lipschitz domain in the sense of [22, Chp. 1.1.9].
For more details, see [23, Remark 6.3]. Note further that A satisfies mazximal parabolic
L*(0, T; W=59(Q))-regularity for every s € (1,00), cf. [15].

REMARK 2.8. The monotony property of f in Assumption 2.1.4 can be replaced by the
more general [23, Assumption 2.5], see the proof of [23, Lemma 6.6]. Alternatively,
one could require that f satisfies certain growth conditions, cf. [23, Remark 2.6].

REMARK 2.9. Semilinear parabolic PDEs with non-smooth nonlinearities f of the type
(2.5) arise for instance in the modeling of combustion processes, see e.g. [33]. In this
case, the combustion nonlinearity f features a so-called ignition-temperature © > 0.
For example, [ could be identically zero on the interval (—oo, 0], i.e., there is no
reaction below the ignition-temperature. Once © is reached, ignition and combustion
suddenly occur (so that © is a kink point of f). This leads to an abrupt change in
the physical regime modeled by the non-smooth function f. For more details, we refer
to [33, Chp. 1.2]. In Figure 5.1 below we depict an ignition-type nonlinearity with
three ignition temperatures.

3. Bouligand-differentiability of the control-to-state operator. This sec-
tion addresses an essential property of the operator S that will be needed in the proof
of the main result, namely its Bouligand-differentiability. To show the latter, we need
the following

PROPOSITION 3.1. The function f is Bouligand-differentiable from L>(Q) to L?(Q)
for every f < oo, i.e.,

1f(y+h) = fy) = W)l = olllhllL=(@) Yy € L>(Q).
In particular, f is directionally differentiable from L>=(Q) to L?(Q) for every B < cc.
Furthermore, f'(y;h) € L>®(Q) Yy, h € L>®(Q).
Proof. From Assumptions 2.1.4 and 2.1.5 it follows that f : R — R is Bouligand-
differentiable at any z € R, i.e.,
|f(2: + Un) — f(Z) — f/(Z;Un)|

U

—0 aswv, —0. (3.1)



Note that, for all M > 0, it holds
|f(z;0)| < Larya [v] Yo €R, z € [—M, M], (3.2)

where Ljsy1 > 0 is given by Assumption 2.1.4. This is due to the definition of the
directional derivative and its positive homogeneity w.r.t. direction, see also the proof
of [23, Lemma 3.1]. Let now {h,,} C L*°(Q) be an arbitrary sequence with h,, — 0
in L>®(Q) as n — oo. Hence, h,(t,z) — 0 a.e. in Q. As a result of (3.1), we have the
following convergence

|f(y(tvm) + hn(t,l‘)) — f(y(tv'r)) — f/(y(tvx); hn(tax)”

1P|l e ()

[f(y(t, x) + ha(t, 2)) = f(y(t, @) = f'(y(t 2); ha(t, 7))
|7 (8, )|

gn(t,x) ==

< —0 asn— oo

a.e. in Q. Moreover, for n large enough, we have g, (¢, )| < 2L|y|| 00 o, +1 a-€. in @,
in view of Assumption 2.1.4 and (3.2). Thus, by Lebesgue’s dominated convergence
theorem, we obtain

gn — 0 in LP(Q) asn — oo,

for any 8 < oo, which is the desired assertion. Note that f'(y;h) € L*(Q) for all
y,h € L>®(Q), in light of (3.2). O

THEOREM 3.2. The control-to-state mapping S : L"(0,T; L*(Q)) — WS(W})’(I(Q), W—ba(Q))
is Bouligand-differentiable, i.e.,

[1S(u+h) — S(u) - 5" (u; h)||Wg(w}5q(gz),wfl,q(gz)) = o([|AllL(0,7;r2(22)))

for all w e L"(0,T; L*(2)).

Proof. Let u,h € L"(0,T;L?*(2)) be arbitrary, but fixed and set y := S(u), y" =

S(u+h) and n := S'(u; h). By subtracting (2.5) and (2.7) from (2.5) with right-hand

side u + h we have

d

S0y =AW —y =) = ")+ F) + ),
(" —y—m)(0)=0.

The associated integral equation reads

(3.3)

(y" =y —n)(t) = /O eI (= Fy"(s) + fly(s) + F'(y(s);n(s))) ds,
see e.g. [17]. Consequently, one obtains

1" =y —n) ()]l (@) )
=:Ap(s)

< /0 e =4 £ ow—r.aa), L= (@) ( I1f (5" (s)) = F(y(s) +n(s) w1000
+ £ (y(s) +n(s)) = fly(s)) = £ (y(s);n(s))lw-1.00) )ds

=:B,(s)

(3.4)



for all t € [0,T]. We assume that ||h||zro,1;22(0)) < 1, since h — 0 later anyway.
Proceeding exactly as in the proof of [23, Lemma 6.6], we find

15" oo riz=(e) < C(L+ lu+ hllro,rr2i)) < C@+ ulliromsr2@)) = o1,
||y + n"C([O,T];LOC(Q)) < C(l + ||u||L7‘(O,T;L2(Q)) + Lu) =: po,

where for the last estimate we used Theorem 2.5 combined with (2.4). Now, applying
(2.2) with M := max{p1, p2} yields

An(®) < L |6 =y = m)(O)l =) Yt € [0,T), (3.5)

in view of L=(Q) < W~54(Q). To estimate By, let us first fix ¢ > 1 so that
Wllj’q/ () — LS(Q), say ¢ = 3/2 and ¢ = 2 in the three and two dimensional case,
respectively. Then, LC/(Q) — W~14(Q) follows, and by employing the Lipschitz
continuity of S'(u;-) : L"(0,T; L*()) — Wi(W 5% (), W—14(12)), see Theorem 2.5,
we have

1f+mn) = f) = F@llerore @)
[l (@)
H77||L°°(Q)
1y + 1) = F) — F @) o )
Ly||P| -
H77||L°°(Q)

||Bh||Lr(o,T) <C

<C (0,T;L2(Q))>
provided that n # 0. Note that for the second inequality we used again (2.4). In case
that n = 0, we deduce B, = 0, by the definition of By,. Further, we observe that
2l r 0,502 (0)) — 0 implies S"(u; h) — 0 in L>°(Q), as a consequence of Theorem 2.5
combined with (2.4). Thanks to ¢ > 1, we have max{r, ('} < oo, and Proposition 3.1
gives in turn

||Bh||L““(0,T) <C 1fy+n) = fly) = 'y n)||L1“ax{T~C'}(Q)

2\l r 0,22 )) — 171 o= (@)

-0, (3.6)

if |Pllzr(0,7;22()) — 0. Now we return to (3.4), where inserting (3.5) results in
1" =y =)l L=

t
< LM/O He_(t_s)A”L(W*LQ(Q),LOC(Q))||(yh =y —=n)(8)||lL~(a) ds
t
+/ e A £p—1.a(0), oo () Bn(s) ds
0

t
SLM/ c(t—5)""l(y" —y—n)()llL=(o ds
0

+lle™ M o .1 w10y Loy | Brll Lro.ry V't € 0, T)-

Here, 6 € (0,1) denotes the exponent in (2.3). In view of the latter, the mapping
t — et belongs indeed to L™ (0, T; L(W~14(Q), L>(Q))), since 7' < 1. By means
of a generalized Gronwall’s inequality, cf. [17, Lemma 7.1.1, p. 188], we have

1" =y =) (®)llz=() < Cll Bl
Then, by (3.6), the estimate

L7(0,T) Vte [07T}

™ =y —nlleo.r)L= )

By~
<C | BrllLro,7)
(Al

L(0,T3L2(%)) - ||h|\Lr(o,T;L2(Q))
7

=0 if [[hllLrori2) — 0 (3.7)




follows. Since A satisfies maximal parabolic L"(0,T; W~14(Q))-regularity, see As-
sumption 2.1.3, we finally arrive at

h
ly" —y — 77||wg(wgq(9),w—m(ﬂ))
- ||(8t +A) g o.msw -1y s v ia ey w-ra | = fG*) + F )+ (y50)]

Lr(0,T;W—14(Q))
||AhHLT(0,T) + ”BhHLT(O,T))

c(
C(||yh —y—nlleqorir=@) + 1BullLror)
O(HhHLT(O,T;L?(Q)))a

where we used (3.3), (3.5), (3.7), and (3.6). The proof is now complete. O

4. Second-order sufficient optimality conditions. This section is devoted to
establishing second-order sufficient conditions (SSC) which guarantee local optimality
for (P). Recall that this reads as follows:

. J(y,
werr @iy @Y

st g(t)+ Ay(t) + f(y(t)) = Bu(t) ae. in (0,7) (P)
y(0) = 0.

The upcoming second-order analysis relies on the Bouligand-differentiability and the
(local) Lipschitz continuity of S with range in L*°(Q). The main results are stated
in Theorems 4.15 and 4.18 below. Similarly to [3], we present two versions of second-
order sufficient optimality conditions. The first set of conditions involves the positive-
definiteness of the Hessian of a “Lagrangian” on the cone of critical directions and
applies only to objectives with a particular structure, see Assumption 4.13 below.
The second set of SSC allows for general (smooth) objectives. In this case, the Hes-
sian of the “Lagrangian” is supposed to be coercive on a larger cone, cf. Assumption
4.16 below. Moreover, Theorems 4.15 and 4.18 below are based on the strong sta-
tionarity result from [23] and the premise that the adjoint state fulfills a suitable sign
condition (on a certain subset of Q). Let us point out that if f is twice continuously
differentiable, then both versions of SSC derived in this section coincide with the
classical SSC, see Remark 4.19 below.

We begin by recalling the necessary optimality condition for (P) (in form of strong
stationarity) established in [23].

THEOREM 4.1. [23, Thm. 5.8, Thm. 6.7] Suppose that the range of B is dense
in W=14(Q). Let u € L"(0,T; LQ( )) be locally optimal for (P) with associated

state § = S(a) € W’“(W}DQ( ), W=14(Q)). Then there exists a um’que adjoint state

p € Wh(W} ’q( ), W=L4(Q)) and a unique multiplier X € L" (0,T; L*(Q)) with
s= fq_ such that

nqg—n—q

y+Ay+f(y)=Bu, y(0)=0, (4.1a)

—p+Ap+A=0,J(y,u), p(I)=0, (4.1b)

At ) € [f4 (5t 2) p(t, ), fL(g(t, @) p(t, 2)] a.e. in Q, (4.1c)

B*p+ 9,J(y,u) =0, (4.1d)

where, for an arbitrary z € R, the right- and left-sided derivative of f : R — R are
defined through f' (z) := f'(2;1) and f’(z) := —f'(2; —1), respectively.
8



In the remaining of the section, let (4,3, A,p) be a fixed point which satisfies the
system (4.1) and possesses the same regularity as in Theorem 4.1.

LEMMA 4.2. For any u € L"(0,T; L*(Q)), there exists v € [0,1] such that

J(y,u) = J(y,0) = / p(t,2)(f(@) = fy) + ' (Gy — §)) (¢t 2) d(t, 2)
Q (4.2)

1 _ _
+ ijll(y’)’?u’}’)(y —Yu— ’U,)Q,

where we abbreviate y := S(u) and (yy,uy) == (§,0) + v((y,uw) — (7,2)).

Proof. Let u € L"(0,T; L*(Q2)) be arbitrary, but fixed. Using the optimality system,
we find

=P+ AP+AY = Drorwhi@) — BPu— W omL @)
= <p? y - g + A(y - g) - B(U - Il_l’)>LT(O,T;W*LQ(Q)) + <A, Yy — ?j>L1~(0,T;W]13,q(Q))

Z@hﬂw—f@»u@ﬂw1qmyﬁép@xﬁT%y—yﬂtﬂd@w)

For the last equality, we applied the formula of integration by parts from [2, Proposi-
tion 5.1] in combination with the initial and final time conditions in (2.5) and (4.1b),
respectively. The above inequality can be deduced from the state equation (2.5)
and (4.1c) together with the positive homogeneity of the directional derivative. The
desired assertion follows now from the continuous Fréchet-differentiability of J, cf.
Assumption 2.1.7. O

The key idea in the proofs of Theorems 4.15 and 4.18 below is to write the integral in
(4.2) as the sum of a nonnegative term, —1/2 [, p(t,z) f" (5(t, x))S" (w; u — u)(t, z)* d(t, z),
and o(]ju — | %,,.(O7T;L2(Q)))7 where M is a suitable subset of (). In preparation there-

for, we discuss the first term on the right-hand side in (4.2) on three different subsets

of @, by mainly distinguishing between those (¢, ) for which f is differentiable or not

at g(t,x), see (4.3), (4.7), and (4.10) below.

We identify the non-smooth and smooth points of the function f by means of the
following sets:

N :={z € R| f is not differentiable at z},
S :={z e R| f is differentiable at z}.

Recall that A is at most countable, cf. Assumption 2.1.5. This ensures that the sets
in (4.3), (4.7), and (4.10) below are measurable.

Next, we introduce the notion of local convexity/concavity for the nonlinearity f.
This will play a crucial role in the next two lemmas.

DEFINITION 4.3. We say that the function f is convex around y € R if there exists
p > 0 so that f is convex on the interval (y — p,y + p). Analogously, we say that
f is concave around y € R if there exists p > 0 so that f is concave on the interval

(y—p.y +p).
We also define (up to sets of measure zero) the following subset of Q:

Qn :={(t,z) € Q|32 € N so that y(t,z) = z}. (4.3)
9



LEMMA 4.4. Suppose that at any z € N, the function f is either convexr or concave
around z with radius p, > 0. If inf,cnrp. > 0, then there exists € > 0 so that, for
any y € L>(Q) with ||y — 9|z~ (@) < &, there holds

p(t,x)(f@) — f) + f'(iy—9)(t,x) >0 a.e in Qn.

Proof. Let z € N be a non-smooth point of f for which the set m, := {(¢,z) €
Q| y(t,z) = z} has positive measure. If f is convex around z, then straightforward
computation shows that fi (z) > f’(z), since z is a non-differentiable point. Thus,
fi(y(t,x)) > fL(y(t,x)) a.e. in m;. On the other hand, from (4.1c) we deduce that the
interval [f} (g(t,x)) p(t,x), fL(5(t, ) p(t, x)] is nonempty for a.a. (t,x) € Q. Thus,

p(t,z) <0 a.e. in m,. (4.4)
Since f is convex on (z — p,, z + p,), it holds
f) = f(z) > fl(z5v—2) forallve (z—p,,z+p.). (4.5)

Now, we define € := inf.cyp. > 0. Let y € L*>(Q) with [y — g||r~@) < € be
arbitrary, but fixed. Then, y(t,z) € (2 — p, 2 + p,) a.e. in m,, and from (4.5)
combined with (4.4) we deduce

p(t.2)(f@) — fW) + f(Gy—9))(t,z) >0 ae inm,. (4.6)

Analogously, if f is concave around z, one has p(t,z) > 0 a.e. in m,, and (4.6) follows
in the same way as above. Since @, = U.cym, by definition, the proof is now
complete. O

REMARK 4.5. In view of (4.4), one always knows the sign of the adjoint state p a.e.
where §(t,x) is a non-differentiable point of f. Unfortunately, this is no longer the
case in the smooth points. No matter how close j(t,z) € S is to some z € N, a sign
for p(t,x) could not be provided. This turns out to be a problem precisely for those
(t, ) for which g(t, x) is “too close” to the non-smooth points, as explained in Remark
4.8.(111) below. This is why we need to assume a certain sign condition for p on this
critical subset of @), below also known as Q..

ASSUMPTION 4.6. Suppose that, at any z € N, the function f is either convex or
concave around z with radius p, > 0. Moreover, assume that, for any z € N, there
exists 6, € (0, p.) so that the following conditions are fulfilled:

1. inf,en p. — 0, >0,
2. if [ is convex around z: p(t,x) <0 a.e. where §(t,x) € (z —d,,2+5,) \ {2},
3. if f is concave around z: p(t,x) > 0 a.e. where §(t,x) € (z—0,,2+3,)\ {z}.

REMARK 4.7. Given three successive points in N, say zo, z1, and zq, the value p,, > 0
should be chosen in all what follows so that zo < z1 — psy, < 21 < 21+ Pz, < 22 holds.

From now on, {d,},car is supposed to be a fixed set of strict positive, as small as
possible values that satisfy Assumption 4.6. By means thereof, we define (up to sets
of measure zero):

Qs,é = {(t,l‘) € Q | Zj(tw%') € UZEN(Z — 0,2+ 5z) \ {z}} (4'7>
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REMARK 4.8. (i) For each z € N, it is desirable to choose §, > 0 so (small) that
{(t,z) € Q|y(t,x) € (2 — 64,2+ ;)\ {z}} has measure zero, if possible. In this case,
Assumption 4.6.2-3 is automatically fulfilled at z € N.

(i) The assumption on the sign of p corresponds to an assumption from [21], which
was made in the context of deriving SSC for the elliptic obstacle problem. We refer
here to [21, Assumption 1.(i)] and the proof of [21, (2.26)]. In Section 5 below we
will provide settings for which Assumption 4.6.2-8 is guaranteed.

(i1i) On the set Q \ (Qn U Qs,5) we do not need any (sign) conditions. Here we can
evaluate the term (f(y) — f(v) + f(G;y — §) (¢, ) by means of a Taylor expansion for
any y € Bre(q)(y,€), where € > 0 is chosen appropriately, see (4.13) in the proof of
Lemma 4.12 below. Unfortunately, this cannot be done on the critical set Qg 5: it is
not clear if an L™ (Q)-neighborhood of § exists so that, for all y in this neighborhood,
it holds [g(t,z),y(t,x)] C S a.e. in Qss.

(iv) Let us point out that if there exists § > 0 so that |g(t,x) — z| > § a.e. in Q \ Qn
for all = € N, then Assumption 4.6 is no longer needed, and Lemma 4.9 below can
be omitted. In this case, we can find a neighborhood as depicted above. Then we can
argue as in the proof of Lemma 4.12 below and obtain the therein showed result for
the entire set Q \ Qn.

LEMMA 4.9. Let Assumption 4.6 hold true. Then, there exists € > 0 so that, for all
y € L=(Q) with |ly — yllz=(q) <&, it holds

pt.x)(f@) — fW) + [y —9)(tx) >0 ae in Qsy.

Proof. We define € := inf.cpr p. —06. > 0 and consider y € L>(Q) with [|y—7| 1= () <
¢ arbitrary, but fixed. Let z € N and denote by q, the set {(t,z) € Q| y(t,z) € (z —
d.,2+0.)\{z}} (up to sets of measure zero). Then, due to |y(t, z) —z| —|j(t,x) —z| <
ly = 9ll=(q@) < p= — 0. a.e. in Q, we have

ly(t,x) — z| < p, a.e.in q,. (4.8)

If f is convex around z, the inequality f(v) — f(w) > f'(w;v — w) is true for all
v,w € (2 — pzyz + pz). Since p, > J§, by assumption, the definition of g, together
with (4.8) and the sign assumption on p, cf. Assumption 4.6.2, now yield

p(t.x)(f@) — fW) + f(Giy —9))(t,2) >0 ae. in q.. (4.9)

In case that f is concave around z, one arrives at (4.9) in the same way as in the
convex case, by making use of Assumption 4.6.3. Since z € N was arbitrary and
Qs,5 = Uzenls, the desired assertion follows now from (4.9). O

Given the set of strict positive values {0, }.cn from Assumption 4.6, we define (up to
sets of measure zero):

Qs :={(t,x) € Q||y(t,x) —z| >, Vze N} (4.10)

ASSUMPTION 4.10. From now on, we assume that, in addition to Assumption 4.6,
€ :=1nf.en 0./2 > 0 holds, and that the nonlinearity f is twice continuously differ-
entiable on {v € R||v — z| > 6,/2 Vz € N'}. Furthermore, suppose that there exists
L > 0 such that

|fl(w) - f/(g(t7x))| <L |w - g(t7x)| Vwe (g(tvw) - é7ﬂ(t,l‘) + é) (4'11>
11



fa.a. (t,z) € Qs.

As a direct consequence of (4.11), we have

T—0 |7’|

<L faa. (t,z) € Qs (4.12)

Hence, the mapping (t,z) € Qs — f"(5(t,x)) € R belongs to L (Qs).

REMARK 4.11. We point out that the inequality (4.11) is satisfied if ND(— |7l Lo (@), 17l L= (@)
is finite. To see this, we define

— 51 51 52 57, 51 1
D= [_||y||L°°(Q)7ZI - 5:| ) |:Zl + 5722 - 5i| U [Zfb + §,Zi+1 — ; ]
U{z _|_5m;12 —%]U{z +5m 7l ]
.. m—1 9 1 <m 9 m 9’ YllL= @)l

where z; is the i-th non-smooth point in N0 (=7l (@), |7l L=(q)) (in increasing
order) and &; := §,,. Since f" is continuous on D by assumption, f’ is Lipschitz
continuous on each of the intervals in D, and (4.11) follows from Qs C {(t,z) €
Q|y(t,z) € D} and the definition of €. Note that if N is finite, the entire Assumption
4.10 is fulfilled, excepting the continuous differentiability of f.

The next lemma is the last essential step before proving the main result.

LEMMA 4.12. Let Assumption 4.10 be satisfied. Then it holds

/ p(t.2) (f(5) — F(S(w) + /(5 S(u) — 7)) (. 2) d(t, z)

s

1

=3 / pt. ) f" (5(t,2))S (@ u — a) (¢, 2) d(t, «) + o([[u = all7 0. 7,r2(0)))-

s

Proof. Let y € L*(Q) with |y — 9[/z~(g) < & be arbitrary, but fixed. Note that
€ =inf,en 6./2 > 0, cf. Assumption 4.10. From

[y(t,x) — 2| = |y(t,x) — 2| < |ly = Fllo=(@) <0./2 ae in@ VzeN

we deduce that |y(t,z) — z| > d./2 a.e. in Qs,Vz € N. Since for all z € N it holds
|g(t,x) — z| > 6, and |y(t,z) — §(t, z)| < 6./2 a.e. in Qs, every point between (¢, )
and y(t,z) belongs to {v € R||v — z| > §,/2Vz € N} faa. (t,x) € Qs. Thus, f
is twice continuously differentiable on [g(t,x),y(t, x)] f.a.a. (t,z) € Qs, in view of
Assumption 4.10. This allows us to write the Taylor formula

(4.13)
Further, from (2.6) and (2.4) we know that there exists a constant C = C(a) > 0
such that

1S(v) = ¥l (@) < Cllv —llzro,1:02(02)) (4.14)

forallv € Brro,1;02(0)) (%, 1). Let now € := min{é/2C, 1} > 0 and u € Brr(o,1;12(0)) (1, €),
u # 1, be arbitrary, but fixed. Then, due to (4.14), we have ||S(u) — | () < € and
12



as a result of (4.13), it holds

f(S)(t, ) = f( (t,2)) + £ (@t 2)(S(W)(t, @) = §(t,2)) + 1/2f" (Gt 2)) (S(u)(t, x) = §(t, 2))?

+o((S(u)(t,z) — y(t,x))?) a.e. in Q.

=:hy (t,x)
(4.15)
Hence,
[ pto)(0) = (S0 + 155w - 5) () dit, )
=5 | P 500 2) = 90t )~ [ gttt )
A, By
(4.16)

In the following, we discuss the terms A, and B, separately. We begin with the first
term on the right-hand side of (4.16). For convenience, we abbreviate

F(u) = S(u) — S(u) — S"(u;u — u).
In view of Theorem 3.2, it holds
[ F(u)llz=(@) = o(llu — al[r(0,1;r2(22))) (4.17)

where we again employed (2.4). Now we write A, as

Ay = / p(t,2) F (5t 2))S (@ u — @) (¢, 2)? d(t, )

+ / p(t,2) £t ) F () (&) (F(u)(t @) + 28 (@ u — w)(t, ) ) d(t, ).
Qs

D

(4.18)
In light of the global Lipschitz continuity of S’(@;-), see Theorem 2.5, in combination
with the embedding (2.4), we obtain
[F (W)l @) (1F (W)l +2I15" (@ u — )| L= (g))

| D]

T —af? < pller @l "GNz @)

[l —all [l —al|
— 0 if lu —allro,1i22(0) — 0,

(4.19)
as a result of (4.17). Next, we address the term B,. From (4.15) we read that
hy(t,z) = 0 a.e. where S(u)(t,z) = gy(t,z) in Qs. F.aa. (t,z) € Qs for which
S(u)(t,z) # gy(t, x), we have

in view of (4.14). Since ||u — @[z (0, 1;22(0)) — O implies S(u)(t,x) — F(t,x) a.e. in
Q, the definition of h, gives

ho(t, ) = o||lu — ﬂH%"(O,T;LQ(Q))) faa. (t,z) € Qs. (4.20)
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Further, from (4.15) and (4.12) we infer, by applying the mean value theorem, that
|ha(t,2)] < [f(S(u)(t, 7)) = f(5(t, ) — f' (5 2)(S(W) (¢ z) — §(t, )]
+ L/2(S(u)(t,x) - y(t,x))°
= [(f'(Gu(t,2)) = f' (Gt 2))) (S (u —y(t, )|
+ L/2(S(u)(t,z) — §(t,x))* ae. in Qs,

(
w)(t }iv) g(t,x)) + y(t, x), with some 7,(¢t,z) € (0,1).
|9u(t, ) = 5t 2)| = [ru(t, 2)(S(u)(t, 2) — g(t,2))] < & faa. (t,7) € Qs,
whence, by (4.11),
[P (t, )| < Llgu(t, @) = Gt 2)||S(u)(t, 2) = 5(t, )] + L/2(S(u)(t,2) — §(t, )
<3L/2]|S(u) — ;UHQLOO(Q) fa.a. (t,z) € Qs
follows. Now, (4.14) ensures that
[ (t; )|

[lu —al?

(
where ¢, (t,z) = Y, (t,2)(S

(
Due to [|S(u) = gllr=(q) <&,

<3LC%*/2 ae. in Q. (4.21)

By means of Lebesgue’s dominated convergence theorem, we deduce

1hallLe(q.)
[ —al?
for any 8 < oo, in view of (4.20) and (4.21). Since r,¢q < oo, cf. Assumption 2.1.1,
we can fix 8 < oo such that 8’ = min{r’,¢’} > 1. Then, p € L" (0,T; Wé’q/(Q)) —
LP(Q), by Theorem 4.1. With (4.22) we can thus infer that

|BU‘ HhUHLﬁ(Q ) . _
—_— ———= — 0 if |lu—a||Lro1rr20) = 0. (4.23)
i al? T —al? OTLE)
By inserting (4.18), (4.19) and (4.23) in (4.16), we finally arrive at the desired result.
0

We are now in the position to establish the first version of second-order sufficient
optimality conditions for (P). Besides Assumptions 4.6 and 4.10, the SSC contain
structural assumptions on J and a positive-definiteness condition for the Hessian of
a functional which corresponds to the classical Lagrange-functional, see Remark 4.19
below.
ASSUMPTION 4.13. In addition to Assumptions 4.6 and 4.10, we require that
1. The objective J : L™(0,T; L>=(Q)) x L"(0,T; L?(2)) — R is given by J(y,u) =
g(y) + j(u), where g : L™(0,T; L>°(2)) = R and j : L"(0,T; L*(Q)) — R are
both twice continuously Fréchet-differentiable. There exists v > 0 with

3" @)(h.h) = VIRlLr o2y Y€ L0, T3 L (). (4.24)

<llpllze @

2. For all h € L™(0,T; L*(Q)) \ {0} and n = S'(u; h) with ¢'(§)n + j'(@)h = 0,
1t holds

g"(ﬂ)(ﬁan)Jrj"(ﬂ)(h»h)—/ p(t,x) f" (5(t,2))n(t, ©)* d(t, @) > 0, (4.25)

where Qs 1s the set associated with {0, }.cnr given by (4.10).
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REMARK 4.14. (i) The coercivity condition (4.24) in Assumption 4.13.1 is satisfied by
the quadratic functional J(y,u) == %Hyfyd”%z(@ +%||ufud\|%[1(07T;L2(Q)), where v >
0, ya € L*(Q), and ug € HY(0,T; L*(Q)), due to the embedding H(0,T; L?(Q2)) —
L>(0,T; L3(S2)). In this case, we need to consider the control space H(0,T; L*())
instead of L"(0,T;L?*()). Note that, for any q € (n,00), one can always find r
satisfying (2.1) so that HY(0,T; L*(Q)) — L"(0,T;L?(2)) holds. Thus, the entire
analysis, including the second-order analysis, remains the same with one exception:
the result in Theorem 4.15 below is true, provided that we replace (4.27) below by

J(@,1) + allu — @3 o2y < J(S(w),u) Yu € Briorizao) (@ R).  (4.26)

(ii) If B is injective and J = J, it can be shown, by following the lines of the proof
of [10, Corollary 4.14], that @ is a strong local solution, cf. [10], i.e., there exist &' >0
and R' > 0 so that

J(§, 1) + o lu = @3 0,720y < J(S(u),u) Vue HY(0,T; L*(Q))
with ||S(u) — gl 12q) < R
(provided that the corresponding assumptions in Theorem 4.15 below are satisfied).

We point out that this assertion is sharper than the quadratic growth condition (4.26)
or than those in [3] and [21].

THEOREM 4.15. Let (@, y, A\, p) satisfy the first-order optimality system (4.1) given by
Theorem 4.1. If Assumptions 4.6, 4.10 and 4.13 are fulfilled, then there exist o > 0
and R > 0 such that

J(G, @) + allu — |7 o rin200)) < J(S(u),u) Vu € Brrorize) (@ R).  (4.27)

In particular, @ is locally optimal for (P).

Proof. The proof is inspired by the proof of [21, Thm. 2.12], see also the proof
of [3, Thm. 4.12]. We assume that (4.27) is not satisfied. Thus, there exists a
sequence {ug tr C L"(0,T; L*(2)) with ugy — @ in L"(0,T; L*(2)) and

_ 1 _
J(y,u) + %Huk — 70120y > Iy ur) Yk EN,

where yi, := S(ug) for the rest of the proof. For simplicity, we define oy := [[uj —
@l L0, 1502(0)) and hy 1= % Then, the above inequality reads
1
J(g, 1) + Ea,% > J(yr,ur) VkeN. (4.28)

Since ||he|| L (0,m;22(0)) = 1 and L7(0,T; L?(R)) is reflexive, see (2.1), we can extract
a subsequence, denoted by the same symbol, so that

hy = h in L7(0,T;L*(Q)) as k — oo. (4.29)

By arguing in the same way as in the proof of [23, Lemma 2.13|, one can prove the
weak continuity of the operator S’(a;-) : L"(0,T; L*(Q)) — Wi5(W59(Q), W—14(Q)).
This implies
S'(a;hg) — S (w;h) in C([0,T]; L°(Q2)) as k — oo, (4.30)
15



as a consequence of (4.29) and (2.4). Moreover, according to Theorem 3.2, S is
Bouligand-differentiable, and thus,

S(ur) — S(u) — 5" (u;up, — )

Ok

—0 in L™(Q) as k — oo.

Hence, by the positive homogeneity of the directional derivative, we have

S(ux) — S(a)

5 — S'(4;h) in L®(Q) as k — oo. (4.31)
k

Next, we show that (h, S’(@; h)) is a ‘critical direction’. As a result of (4.28), it holds

7@~ )+ @)~ 1) < % L G - 9)

1
- §j/’(ﬂk)(uk —a)?*  for all k,

(4.32)
where we abbreviate (Jx, ) = (7,4) + V& (Y, ux) — (¥,@)) with some v, € [0, 1].
Due to u, — @ in L"(0,T; L?(R2)), we have y, — 4 in L°°(Q), see Proposition 2.4 and
(2.4). Since g and j are twice continuously Fréchet-differentiable, we obtain

(9"(or) — 9" (@) (%)2 + 9" () (‘1”“0—;3’)2 — ¢" () (S (a; h), S'(a; b)) as k — oo,
(4.33)
in view of (4.31), and

timint (7" (1) — 57(@) () 4 7 @(M ) 2 @0k ask oo,
(4.34)

in light of (4.29) and (4.24). Note that the latter one implies that j”(@) induces a
norm. Dividing by oy, in (4.32) and passing to the limit therein then yields

i 0(7522) 0 ()

< lim 9% _ im ﬁg”(?jk)(yk — gj)Q —|—limsup—&j”(ﬂk)(u’C — ﬂ>2 =0, (43)
k—oo k k—oo 2 Ok koo 2 Ok
in view of (4.33) and (4.34). On the other hand, (4.31) and (4.29) lead to
Jim ¢'0) (L) + /@) (") = /@S @)+ @h =0, (430)

where the last inequality is due to (4.1) and the proofs of [23, Thm. 5.7 and Thm.
6.10]. Note that the density of the range of B in W~14(() is not needed here. Thus,
by (4.35) and (4.36), we have

g (4)S'(u; h) + j'(w)h = 0. (4.37)

Now, we discuss the difference of the values of the objective J. From Lemma 4.2
combined with (4.28) we know that

I (yr, ur) = J (g, u) = / p(t,2) (f(7) = flye) + F'@ye — 9)) (L, 2) d(t, )

“ . (4.38)
+ igll(gk)(yk -9+ §j"(ﬁk)(uk —@)?  for all k.
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We begin by estimating the first term on the right-hand side in (4.38). To this end,
we want to employ Lemmas 4.4, 4.9 and 4.12. Note that inf,cpn p, > infen(p, —
0,) +inf,cpnr 6, > 0, by Assumptions 4.6 and 4.10, so that all these three lemmas are
applicable. Let now €1 > 0 and €5 > 0 be given by Lemmas 4.4 and 4.9, respectively.

From (2.6) and (2.4) we know that there exists a constant C' = C'(@) > 0 such that

1S(v) = Fllze(q) < Cllv—1llLr0,7;:L2(2)) (4.39)

for all v € Brro112(0)) (4, 1). We set € := min{e1/2C,2/2C, 1} > 0 and choose k
large enough such that uy € Brro,r;02(q))(t,€) for all & > k. Then, by (4.39), we
have |[S(ur) — FllL~(g) < min{ei, e} for all k > k. We are now in the position to
apply Lemmas 4.4, 4.9 and 4.12, by means of which (4.38) can be continued as

J(yka Uk) - J(gj, @) > —c / p(t, .Z‘)f”(g(t, a?))S/(@; U — ﬂ)(t, 33)2 d<t7 z) + O(UI%>
+ %g”(zh)(yk —9)*+ %j”(&k)(uk —a)? forall k> k.
(4.40)

Note that (4.40) is a result of @ = Qn U Qs,5 U Qs, see definitions (4.3), (4.7) and
(4.10). In view of (4.28) and (4.40), it further holds

U — U

k>~ /Q Pl () (1 ) 1, 2)2 dt, ) + A

Ok

(4.41)

1 1"~ (yk _g)Q 1 I~ (uk _ﬂ>2 7.
— — for all k > k
+ 59" (k) ) MY (k) o orall k >k,

where we employed the positive homogeneity of the directional derivative. We build
liminfy o in (4.41), which by (4.30), (4.33) and (4.34), gives in turn

0> —%/ p(t, ) f" (g(t, 2))S (@ h) (¢, x)* d(t, x)
. (4.42)

+ 59" @)(S' @), 8/ (@ 1)) + 35" (8) (0, ).

By Assumption 4.13.2, which can be applied in view of (4.37), we deduce from (4.42)
that h = 0. This leads to S'(@;h) = 0, due to the definition of the directional
derivative. As a result thereof, (4.30) and (4.33) now read

S'(w;h) — 0 in C([0,T]; L=(R)) as k — oo,

(")~ @) (L) + 9@ (L) 50 asko . (1.43)

Ok

Thanks to ||hx||L~0,7;22(0)) = 1, the coercivity condition (4.24), and (4.41), we obtain

1 "= (- Uk — U 2 o(o})
k> | ot )t ) (5 M) ) + 25
1 "~ noy (Yk — Y2 1//7 Yk — J\?
50" @) —a" @) (F )+ 0@ ()
1, ., rr s (U — T2 I/Huk—’fL‘Q _
5 - = f 11k >Ek.
* 2(j (i) =g (u))< Ok ) M 2 ok L (0,T;L2()) orel =

=1
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We pass again to the limit & — oo on both sides, which in view of (4.43), and the
continuity of j”, results in 0 > v/2 > 0. This finally gives the contradiction and
completes the proof. O

Next, we establish second-order sufficient optimality conditions for (P) which allow
for an arbitrary (twice continuously Fréchet-differentiable) objective. Besides As-
sumptions 4.6 and 4.10, the SSC consist of a coercivity condition for the Hessian of
a functional which corresponds to the classical Lagrange-functional, see Remark 4.19
below.

ASSUMPTION 4.16. In addition to Assumptions 4.6 and 4.10, we assume that there
ezists k > 0 such that

J”(ﬂ,@)(n,hf—/ p(t,2) " (Gt )t 2)* d(t, ) = 6L o rir @) (444)

s

for all h € L™(0,T; L?(Q)) and n = S'(u; h). Here Qs denotes again the set associated
with {0, }.en given by (4.10).

REMARK 4.17. According to Assumption /.16, the price for allowing an arbitrary
objective J is the more restrictive condition (4.44). Unlike in Assumption 4.15.2,
we now deal with a coercivity condition which has to be satisfied for the set of all
directions, instead of the cone of critical directions. Note that, in contrast to finite
dimensions, (4.44) is not necessarily equivalent to

T b = [ p(to)f @)t die. ) > 0
for all h e L"(0,T; L*(Q)) \ {0} and n = S'(u;h), see [10, Section 3.2]. However,
when considering the objective J(y,u) = |y — deQLQ(Q) + gllu — ud||§{1(0’T;L2(Q))
and the control space as in Remark 4.14.(i), this equivalence holds. To see this,
one employs the same arguments as in the finite dimensional case combined with the
compact embedding (2.4). We refer here also to the proof of [10, Thm 4.11]. If J = J,
(4.44) is satisfied when

pt, ) f"(yt,z)) <1 a.e. in Qs, (4.45)

thanks to the embedding H (0, T; L?(Q)) < L°(0,T; L?(2)). In the next section, we
provide conditions on the given data which ensure (4.45).

THEOREM 4.18. Let (@, y, A\, p) satisfy the first-order optimality system (4.1) given by
Theorem 4.1. If Assumptions 4.6, 4.10 and 4.16 are fulfilled, then there exist o > 0
and R > 0 such that

J(y,u) + afu — aHQLT(O,T;LQ(Q)) < J(S(u),u) Vu€ Brromrr2a)(a,R). (4.46)

In particular, 4 is locally optimal for (P).

Proof. In the proof of Theorem 4.15 we already checked that, under Assumptions 4.6
and 4.10, Lemma 4.4 is applicable (in addition to Lemmas 4.9 and 4.12). We define
again € := min{e; /2C,e2/2C, 1} > 0 and fix u € Brro,1;02(0)) (4, €), u # U, where
g1 > 0 and g2 > 0 are given by Lemmas 4.4 and 4.9, respectively, and C = C(u) > 0
is a constant so that (4.39) holds. Then, one has ||y — 7| L~ (@) < min{e;,e2}, see the
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proof of Theorem 4.15, where y := S(u) from now on. From Lemma 4.2 combined
with Lemmas 4.4, 4.9, and 4.12 we have

T = 901) 2~ | 9t @0 0)S 50— 1)) A 2) 4 o= o)
1 1" — —\2
+ 5‘] (y’yuvu’vu)(y — Y, u— 1),
(4.47)
where (y.,,, uy,) = (¥, 0) +7u((y, w) — (y,w)) with some 7, € [0, 1]. Further, by means
of some algebraic manipulations, see the proof of [3, Thm. 4.6], we can write

I Yy, ) (Y = Gou = 0)* = J"(g,0)(S" (@ u — @), u — @)
= (J"(Yyus ) = I (3, 0) (y = Gy u — 0)* + 95 J (g, a) (y — § — S'(w;u — u))?
+200 (g, 0)(y — 5 — S' (@ u — @), S (@ u — )
+ 20,0, J(y,u)(y — g — S (@ u — u),u — u)
=o(||u — 'L_LHzLT(O,T;LZ(Q)))'
(4.48)
The last equality is due to Assumption 2.1.7 combined with Proposition 2.4, the
Bouligand-differentiability of S, cf. Theorem 3.2, and Theorem 2.5 (which tells us
that ||S"(4;u — @) Lr.Twheg)) < cllu — |l Lro,1;22(2))). Inserting (4.48) in (4.47)
and employing Assumption 4.16 results in

IS0 = I =~ [t (@le,2)S (w0 - 0) (¢ dit,2)

1o, _ _ _ _
+ iJ/I(yv ) (S (w;u — ), u—u)* + of|lu — u”%"’(O,T;L%Q)))

K lo(llu — ul*)]

> (* - — >||U —ll3 0,720
2 = allg o 7)) )

for all u € Brro,1;12(0)) (4, €) with u # 4. The proof is now complete. O

REMARK 4.19. If the nonlinearity f : R — R is twice continuously differentiable,
then both sets of SSC derived in this section coincide with the classical second-order
sufficient optimality conditions, as explained in what follows. In finite dimensions, it
is well known that the SSC consist of strong stationarity (necessary conditions for local
optimality) and the coercivity/positive-definiteness of the Hessian (w.r.t. the primal
variables) of the Lagrangian on the cone of critical directions, see e.g. [29]. For the
treatment of SSC in infinite dimensions, we refer to [10]. Let us see what happens
when f : R — R is twice continuously differentiable in our case too. Then, N' =0 and
Qs = Q, and thus, Assumptions 4.6 and 4.10 are automatically fulfilled. In particular,
f does not have to be local convex nor local concave and the sign of p is no longer an
issue. Moreover, (4.25) reads

9" @) (n,m) + 3" (@) (h, h) — /Qp(t,fﬂ)f"(ﬂ(tyx))n(t,fﬂ)Q d(t,z) >0 (4.49)
for all h € L™(0,T;L*(Q)) \ {0} and n = S'(u;h) with ¢'(§)n + j'(W)h = 0, i.e.,
8(2%“)2(@,1]717)(17, h)? > 0, where the Lagrangian £ : W}, (Wl’q(Q) ~La(Q))x L"(0,T; L*(2)) x

WTT,(Wé’q,(Q),W_l’q/(Q)) — R is given by

Ly, u,p) = J(y,u) — (p,y + Ay + f(y) — Bu) -0, 15w -1.9(02))-
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In conclusion, for Theorem 4.15 to hold, one only needs strong stationarity, Assump-
tion 4.13.1 and (4.49). Let us point out that the structural assumption on J is to be
expected, since this is essential in infinite dimensions in order to obtain a contradic-
tion at the end of the proof of Theorem 4.15, see also [10] (smooth case with control
constraints) and [3, 21] (non-smooth case). If f is twice continuously differentiable,
the assertion in Theorem /.18 corresponds entirely to the finite case: if (u,y, \,p) is
strong stationary and if the coercivity condition

8, (G, 1, p)(n, h)* > £||h|

2
L7(0,T5L2(2))

holds for all h € L"(0,T; L*(Q)) and n = S'(u;h), then @ is a strict local optimum
which fulfills (4.46). This coincides with the assertion in [6, Thm. 8.8.3], which deals
with the smooth case in infinite dimensions.

5. Second-order sufficient conditions for a concrete setting. In this sec-
tion, we derive conditions on the given data under which Assumption 4.6.2-3 and
(4.45) are guaranteed. To this end, we consider the optimal control problem

: 1 2 1 2
ueHl(Ig}le;ng(Q)) 5”?/ —Yalz2) + §||u||H1(O,T;L2(Q))

st gt) — Ay(t) + f(y(t) =u(t) ae. in (0,T),
y(0) = 0.

The fact that we choose H'(0,T;L?(Q)) as the control space does not affect the
previous results, see Remark 4.14.(i). In all what follows, B := L%*(Q) < W~19(Q)
is the embedding operator. This is well-defined, provided that ¢ < 2n/(n — 2). In
(Poy), = : WiI(Q) — W14(Q) denotes the Laplace operator in the distributional
sense, i.e., —A = —div V. We assume that 2 is smooth enough and 92 = I'p, so that
Assumptions 2.1.2-3 are satisfied by —A\, cf. Remark 2.7. Note that Q is regular in
the sense of Groger, in view of [16, Thm. 5.2 and 5.4]. The desired state y4 belongs to
L7(0,T; L?(12)), while r is supposed to fulfill (2.1) where q € (n,2n/(n — 2)] is fixed.
In the following, we abbreviate

(Pex)

pT := max{p,0} and p~ := min{p,0}.

By Cq we denote the Poincaré constant associated with the domain €.

Throughout this section, (@,7, A,p) is a fixed point that satisfies the first-order op-
timality system given by Theorem 4.1. In the setting considered here, (4.1) reads

y—AOg+f(y)=1u, g0)=0, (5.1a)
—p—ODp+A=y—ys, p(T)=0, (5.1b)

At, ) € [fL(g(t, @) p(t, ), fL(G(t, 2)) p(t, )] a.e. inQ, (5.1c)
p+u=0. (5.1d)

We suppose that the nonlinearity satisfies f(0) = 0 and that f is convex around any
z € N with radius p, > 0 (in addition to Assumptions 2.1.4-5). Then, f(y)y > 0 and
f'(y;h)h > 0 for all y, h € R. Thus, by (5.1¢), we find

ft,z)gt,z) >0, At z)p(t,z) >0, A(t,z)pT(t,z) >0 a.e. in Q. (5.2)
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Fic. 5.1. An ignition-type nonlinearity with ignition temperatures 01,602, and 03

For the above-described problem we show that if (5.9) below is satisfied, then p(¢,z) <
0 a.e. in Q, i.e., Assumption 4.6.2 holds true. Let us define 6, := p,/2 for all z € N/
in Assumption 4.6. If, in addition to (5.9) below, N is finite, f is twice continuously
differentiable on {v € R||v—2z| > p,/4 Vz € N}, and (5.15) below holds, we can also
prove (4.45). Thus, we provide a setting for which all assumptions in Theorems 4.15
and 4.18 are satisfied, see also Remarks 4.11, 4.14, and 4.17. In this context, (5.1) is
not only necessary but also sufficient for optimality.

Before we begin with the proof, we mention that a nonlinearity which satisfies all the
above conditions (i.e., Lipschitz continuous on bounded sets, directionally differen-
tiable with A/ finite, convex around any z € A/, monotone increasing with f(0) = 0
and twice continuously differentiable on a subset of S) is depicted in Figure 5.1. This
could arise in combustion processes where different ignition temperatures are given,
see Remark 2.9.

(I) We first deal with Assumption 4.6.2. We start by showing that [|p||z2g) < K,
where K > 0 is some constant which depends only on the given data (step (i) below).
This will enable us to derive conditions on the data such that § < y4 a.e. in @ holds
(step (ii) below). By means of this inequality, we can then conclude that p < 0 a.e.
in @ (step (iii) below).

(i) As a consequence of (5.1d), we have p € H'(0,T; L*(Q)), which gives in turn \ €
L>(0,T; L3(2)), by (5.1c) and (3.2). Thus, t = (§—ya—\)(T—t) € L"(0,T; L*(Q)) —
L7(0,T; W=14(Q)), since ¢ < 2n/(n — 2). Since —A satisfies maximal parabolic
L7 (0, T; W~19(9Q))-regularity, we now deduce from (5.1b) that p € Wi (W59(Q), W—14(Q)),
where we used the transformation t — T —t. Therefore, we can test the adjoint equa-
tion (5.1b) with p(T — -), which leads to

1 1 I
ST = Ol = 5 DRy + g [ 19T = 93 ds
— QJo
0

S/O /Q@*yd)(Tfs,x)p(ngw) d(s,z) Vtel0,T],

(5.3)
in view of the formula of integration by parts, Poincaré-Friedrichs’s inequality and
(5.2). We proceed in the same way regarding the state equation. We test (5.1a) with
y and employ the first inequality in (5.2), as well as Poincaré-Friedrichs’s inequality.
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The resulting estimate combined with (5.1d) is then used on the right-hand side of
(5.3) at t := T, which leads to

1 [T ~ 1 [T
oz [ W) ds < |50y~ gz [ 106 Exey ds = [ vals.ap(s,a) d(s,a).
Q J0 ————— Q JO Q
=0
(5.4)
From (5.4) we deduce
2llpllz2(@) 17l 22@) < IP32(0) + 131320y < CBllvallz2@) 1Pl z2@)- (5.5)
Dividing by ||p[|z2(q) results in
i Callyall 2o
Ipllz2(@) < C3llyallzy,  1Fllr2(q) < — e i@, (5.6)

2

(ii) In order to prove that p < 0, we derive conditions which guarantee that g < y4
a.e. in Q. To this end, we insert (5.5) on the right-hand side in (5.3) and obtain

Ip(T = )72y < (C& +2)lyall 2@ Pl 2(0) < (C& +2)Cllyalt2(q) Yt €[0T,
(5.7)

where for the last inequality we used (5.6). Via a comparison principle, cf. [27, Lem.
A.1, Prop. 3.3 and 3.4], where one relies on the monotonicity of f, one can show that

|g(t7$)‘ S g(taﬂf) S Ce”(at - A)_l”L(L’”(O,T;W*1=‘1(Q)),Wg(WBq(Q),W*Lq(Q))) ||pHLr(0’T;L2(Q)) a.e. in Q,

=K
(5.8)
where § € WS(W})’Q(Q), W—14(Q)) is the unique solution of j — A§ = |a| and C, > 0
is the product of the embedding constants of Wi (W5(Q), W=14(Q)) < L>®(Q) and
L2(Q2) — W~14(Q), cf. (2.4). Note that for (5.8) we employed again (5.1d). Thus, in
view of (5.7) and (5.8), we deduce that if

K Tl/T\/CS% +2CqllyallL2(Q) < ya a.e. in Q, (5.9)

then g < y4 a.e. in Q.

(iii) Now, to see that (5.9) implies the desired result, we test the equation (5.1b) with
pt e L7(0, T; W59(Q)), see [19, Thm. A.1]. We arrive at

/0 (—p(T — 5),p™ (T — s)>W};q(Q) ds + /0 /Q Vp(T — s)(x)VpH (T — s)(x) d(s,x)

>0
¢ ¢
+/ / MNT — s,2)p" (T — s,2) d(s,z) = / / (¥ —ya)(T — s,2)p (T — s,z)d(s,z) Vte[0,T].
0 ¢ >0, see (5.2) 0 ¢ <0
(5.10)
Thanks to [32, Lemma 3.2] combined with (5.10) and p € H'(0,T; L*(Q2)), we have

t
/0 (T — ), 9" (T~ )iy ds = 1/2p" (T — )32y — 1/2 [p* (1) 32y < 0 for all ¢ € 0,7,
—_———
=0

which gives in turn p < 0 a.e. in Q.
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(IT) In order to derive conditions which guarantee (4.45), we first show that there
exists a constant ¢ > 0, dependent only on the given data, so that —p < c a.e. in Q.
To this end, we apply a comparison principle again and assume in the following that
(5.9) holds. Consider the equation

—p—ODp=9—ya, BHT)=0. (5.11)

Since —A\ satisfies maximal parabolic L"(0,T; W ~19(Q))-regularity, there exists a
unique p € Wi(W5%(), W=19(Q2)) < L>(Q) which solves (5.11). To see this, one
uses the transformation ¢t — T — ¢t. Thus,

—p(t,z) < |pllr=(@) < Kill§ — yallzro102(0)) S ¢ ae in@Q, (5.12)

where K; denotes the constant from (5.8). Note that a value for ¢ (dependent only
on the given data) can be obtained from (5.7) and (5.8). In view of (5.2) and p <0,
A < 0 follows. We “compare” (5.1b) with (5.11) and we see that

—p(t,z) < —p(t,xz) <c ae inQ, (5.13)

as a result of (5.12). Here we relied on [32, Lemma 3.3]. Before we proceed with the
proof, let us recall that we defined 4, := p,/2 for all z € N, which means that

Qs ={(t,x) € Q|y(t,x) — 2| 2 p-/2V2z € N}

Note that (4.45) is automatically satisfied a.e. in {(¢t,z) € Qs|f"(g(t,x)) > 0}, since
p < 0. On the other hand, from (5.13) one has

f'@(t2)pt,x) < —cf"(y(t, x)) = ol f" (5(t, )]
|

< csup [f"(v)
veEM

<oo faa. (t,z) € Qs with f”(y(t,z)) <0,

(5.14)

where we abbreviate M :={v € R||v — z| > p./2Vz e N, |v| < ||F]lL=(q), [’ (v) <
0}. The last inequality in (5.14) is true, since A is finite and f” is continuous on
{veR||lv—=z|>p,/4 Vze N}, by assumption. Thus, if in addition to (5.9),

csup |f"(v)| <1

sup [f7(v)] (5.15)
holds, then (4.45) is guaranteed. Note that (4.45) is automatically fulfilled if f is
convex on {v € R||v — 2| > p./4¥z € N, |v| < ||gllz~(q) + 1}, since in this case
(G, x)) >0 faa. (tz) € Qs.
In conclusion, for the setting considered here, (5.9) and (5.15) imply that every strong
stationary point of (P) satisfies all assumptions in Theorems 4.15 and 4.18, and thus,
the necessary optimality condition (5.1) is also sufficient for local optimality.
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