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Abstract. In this article we are concerned with the finite element dis-
cretization of optimal control problems subject to a second order elliptic
PDE and additional pointwise constraints on the gradient of the state.

We will derive error estimates for the convergence of the cost func-
tional under mesh refinement. Subsequently error estimates for the con-
trol and state variable are obtained.

As an intermediate tool we will also analyze a Moreau-Yosida reg-
ularized version of the optimal control problem. In particular we will
derive convergence rates for the cost functional and the primal vari-
ables. To this end we will employ new techniques in estimating the L
norm of the feasibility error which could also be used to improve existing
estimates in the state constrained case.
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1. Introduction

We are concerned with an analysis of the discretization error for optimal
control problems of second order elliptic equations subject to constraints on
the gradient of the state. Such problems have some natural application for
instance in cooling processes or structural optimization when high stresses
have to be avoided.

Despite these interesting applications first order state constraints have
hardly been recognized in mathematics. In the works [3,4] the case of optimal
control of semilinear elliptic equations with pointwise first order state con-
straints was studied under the assumption that the domain 2 C R™ possesses
a C''! boundary. In particular, they studied the adjoint equation and derived
first order necessary optimality conditions. It is immediately clear that their
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results carry over to the case of a polygonally bounded domain, as long as
the linearized state equation (with homogeneous Dirichlet boundary values)
defines an isomorphism between W2!(Q) N H () and L(Q) for some t > n.
However, even for n = 2 this requires a convex domain which is usually too
restrictive for applications. However, in a recent publication [19] it was shown
that even on nonconvex domains such problems may remain well posed.

In [10] a Moreau-Yosida based framework for PDE-constrained opti-
mization with constraints on the derivative of the state is developed and used
to develop a semismooth Newton algorithm unfortunately their work does not
directly carry over to our problem class, because the presence of corner sin-
gularities is contradicting the assumptions made in there article. In [16] an
investigation of barrier methods for this problem class is conducted.

When concerned with the discretization of the infinite dimensional prob-
lem using finite elements, recent results where obtained in [5,7,13]. However
in all cases the domain was either smooth or polygonally bounded with suffi-
ciently small interior angles. Concerning adaptive discretization methods we
refer to [18] and the recent contribution [9].

The rest of this article is structured as follows. In Section 2 we will
discuss the problem class under consideration. Then we will consider its dis-
cretization in Section 2.1. In Section 3 we will derive an priori error estimate
for a certain semi discretization of the problem. The estimates are essen-
tially the same as those obtained in [5,7,13]. Unfortunately for this semi
discretization the control has to be chosen orthogonal to certain dual singu-
lar functions. Since this is not feasible in general we require further analysis.
For this purpose we consider a Moreau-Yosida regularization of the state
constraint in Section 4. Here we will derive convergence of both the cost
functional and the primal variables depending on the penalization parame-
ter. Parts of the analysis will be similar to the work of [8] but with further
complications due to the missing regularity of the control-to-state mapping.
We will however employ a new L estimate for the feasibility violation which
could also be used to improve the convergence results obtained in [8,17] for
state constrained problems. For the case without corner singularities one can
find similar results obtained simultaneously in [11].

With these preparations we can finally derive the main convergence
result in Section 5 for a computationally feasible discretization.

2. Problem formulation

In what follows, let © C R? be a bounded polygonal domain. We are con-

cerned with optimization problems governed by a linear elliptic PDE. For
simplicity we consider

—Au=¢q in, (2.1a)

u=0  on 0. (2.1b)
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It is then clear, that this operator defines an isomorphism —A: V = Hj(Q) —
H71(Q).

Now we let » > 2 be a given number and define @ = L"(Q2). We are
then particularly interested in an optimal control problem of the form

e 1 L, .
Migimize J(q, u) i= 5w — ¥l +  alf (2.2a)
such that (u, q) satisfies (2.1), (2.2b)
and such that |[Vu| < 1in Q. (2.2¢)
If Q would be a smooth domain, or a convex polygon, well posedness of (2.2)

would follow, e.g, from [4]. However, for a general polygon 2 the results do
not carry over easily. This is due to the conflicting nature of the constraint
|Vu| < 1 and the existence of corner singularities due to the reentrant corners
of the domain. This means that for given ¢ € @ the solution u of (2.1) is
neither in C1(Q) nor in W1°°(€2). Thus the constraint |[Vu| < 1 can not be
posed easily in this topology. Nonetheless, problem (2.2) is well posed, see [19].
In particular (2.2) admits a unique solution (q,u) € @ x V. Moreover there
exists a number ¢ > 2 depending on the angles in the corners of the domain,
such that w € W2*(Q) N V. Denote the image of W2!(Q2) NV under —A
by I then, again following [19], we have that I is closed in L*(2). With this
preparations we have in addition that g € I N Q.

For the exposition of this article it is convenient to assume that €2 has
only one reentrant corner v with interior angle w > w. Then by inspection of
the proof of [19, Lemma 2.2] we obtain the following bounds on ¢ depending
on w

~1
t<f(8_1) if w e (m,2m),
AT

t <4 if w=2m.

(2.3)

Further restrictions on ¢ are possible due to convex corners of 2.
This means that we are able to restate problem (2.2) equivalently as
follows

. 1 )2 Lo
Minimize .J(g,u) := g llu — ullzz + ~llallL-, (2.4a)
such that (u, q) satisfies (2.1), (2.4b)
and such that |[Vu| < 1in Q. (2.4c)

2.1. Discretization

In a next step we consider the discretization of these problems. To this end
we start by discretizing the state equation (2.1).

Let (74)ne(0,1) be a given family of triangulations, consisting of triangles
or quadrilaterals which are affine-equivalent to their respective reference ele-
ments, such that diam(7") < h for all T' € 7j, h € (0, 1]. We assume through-
out that the family is quasi-uniform in the sense of [2, Definition 4.4.13], that
is, there exists p > 0 such that, for each T' € 75, and h € (0, 1] there exists a
ball By C T such that diam(Br) > ph.
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We define the discrete state space V), C V as the space of continuous
piecewise linear (or bi-linear) functions with respect to the mesh 7j,.

We remark that the restrictions we imposed on the family (74)ne(0,1]
ensure that the usual interpolation error results, best approximation results,
and inverse estimates hold [2, Sec. 4 and 5].

Finally, we define 1T, : L}(2) — V}, to be the natural extension of the
L2-projection operator, that is, for ¢ € L*(Q2), we define ITu € V}, via

(Mha, ) = (¢,9) Vo€ Q" (2.5)

It is shown in [6] that II,, is stable as an operator from LP(Q2) to LP(2), for
any p € [1,00], that is, there exist constants c,, independent of h, such that

M flle < cpllflle Ve LP(Q). (2.6)

Now we can discretize the state equation. For fixed ¢ € ) we search for
a solution of the following

(Vun, Vo) = (¢, ¢n) Yeon € Vi. (2.7)

This is already sufficient to obtain a finite dimensional optimization problem.
This is due to the fact, that it is sufficient to consider equivalence classes of
functions ¢,p € @ given by the identification I1,q = II,p as controls. Then
for the minimization of the cost functional in (2.2) it is sufficient to take the
unique element out of these classes with minimal L"-Norm. Moreover due to
the first order optimality conditions these elements can be expressed in an
explicit way, see, e.g., [12] where this idea was explored first.
In particular the discretized version of (2.2) becomes

. 1 1 .
Minimize J (g, un) = 5llun = u?lZ2 + ~llanllz-, (2.8a)
such that (up, qn) satisfies (2.7), (2.8b)
and such that |Vuy| < 1 a.e. in Q. (2.8¢)

In addition, we can also discretize (2.4) and get

e . o 1 d||2 1 T
Minimize J(gn, un) := 5 [[un — w72 + Clianllz- (2.9a)
such that (up, qp) satisfies (2.7), (2.9b)
and such that |[Vuy| < 1 a.e. in . (2.9¢)

Unlike the continuous case the optimal control problems (2.8) and (2.9) are
not equivalent. We will start with an analysis of (2.9). This analysis will
follow the lines of the arguments used in [13] where some of the arguments
have to be refined due to the presence of corner singularities. However, (2.9)
is not useful in practical computations. This is because the restriction to the
controls to lie in I can not be imposed. Hence we will continue our exposition
with the analysis of (2.8) based upon the results obtained during the analysis
of (2.9).



A priori estimates for gradient state constraints 5

Remark 2.1. We remark, that the space I is characterized by a so called dual
singular function s_1 which s known. However the characterization involves
the unknown solution u of (2.1). In particular, a function q € I if and only
if with the corresponding solution u to (2.1) it holds

<Q7 5—1) + (U, AS_l) = 0.

This representation s still of some use in order to calculate the singular
coefficients and thereby accelerating convergence of the finite element method
for the forward problem, see, e.g., [1]. In order to keep the presentation simple
we will not follow such ideas to improve convergence of the discrete problems.

3. Analysis of the semi discretization

In this section we will analyze the error between (2.9) and (2.2) or (2.4)
respectively.

To this end, we denote the unique solution to (2.2) or (2.4) by (g, ).

The unique solutions to (2.9) will be denoted by (G, ;).

Then similar to the proof of [13, Theorem 1] we obtain

Theorem 3.1. Let (g,u) € QNI x W2HQ) NV be the solution to (2.2) with
r >t > 2. Further, let (G, uir) € QNI x Vj, be the solutions to (2.9). Then,
for any € > 0, there exists a constant C' > 0 independent of h € (0,1] such
that

|7 (a,7) = J (@, uy)| < Ch”
where B =1—2/t —¢.
Proof. We begin our proof by considering the Ritz projection u, € V, of u
defined by
(Vun, Veor) = (q,¢n) Von € Vi
Then, because u € W2!(Q) C W we have by [14, Theorem 2]

VT — Vup|loo < chP ||t gria-2 < chP||q]lg- (3.1)
Apart from this argument the rest of the proof is the same as in the case of
a smooth domain, see [13, Theorem 1]. In particular, with ¢ > c||¢||q, we get
that

(1 —&h”)|Vup| < (1 —&h”)|Va| + (1 — éh”)eh’||gllo <1 ae. in Q.
From this we get that
(n, an) = (1 = h”)(q, un) (3.2)
defines an element (G, up) € Q NI x V3, which is feasible for (2.9). It is then
clear, that
17 = Gulle + 1@ — anll2 < ch”|lglq-
Hence, we get
| 7(q. @) = J(Gn, an)| < ch”[dllq
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from local Lipschitz continuity of J. Furthermore we have
J (@5, uy ) < J (G, Tn)
because (G, up,) is feasible for (2.9). This yields
J(@y,ay) — J(@a) < J(Gn,an) — J(q,7) < ch’.

In particular the sequence ||g;- o <2J (g, ;") is bounded.
In order to show the reverse inequality, i.e.,

—ch? < J(gy,wy) — J(g,w)
we use the same line of arguments. We define for each given solution (qﬁ , Eﬁ) €
QNI xV,to(2.9) a continuous function u € V' using
(Vu, Vo) = (@,9) YeeV.

Due to the fact that Gﬁ € QNI we have u € W2(Q) and hence we get
from [14, Theorem 2] that

HVﬂfL_ _ VUHOO < ChﬁHuHCLl*Z/t < Chﬁ”qi_”Q

as in (3.1). Now one can continue analog by shifting to obtain a pair (¢, u)
which is feasible for (2.2) such that

\J (G ) — J(§,0)| < ch”.

Note that the constant c¢ is independent of h because Gﬁ can be bounded
independent of h.
This yields the desired lower bound, i.e.,

—ch? < J(@y uy) = J(6,3) < (@, @)~ I (@ @) < (@, an) —J(g,7) < ch’
and concludes the proof. O

The convergence of the cost functional tmplies convergence of the primal
variables.

Corollary 3.1. Let (g,u) € QNI x WAHQ) NV be the solution to (2.2) with
r >t > 2. Further, let (G, uir) € QNI x Vj, be the solutions to (2.9). Then,
for any € > 0, there exists a constant C' > 0 independent of h € (0,1] such
that

g —ax g + Ila —w |I* < CR' =2/t

Proof. The proof is identical to the one for [13, Corollary 1]. O

4. Regularization

Before we come to the analysis of the error between (2.2) and (2.8), we will
need some additional analysis. In particular, we are interested in the following
regularized problems for given v > 0

C gl
Mipimize J, (g, u) := J (g, ) + S |[([Vul - D12,

such that (u, q) satisfies (2.1).
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Similar problems have been analyzed in [10]. Unfortunately their analysis
was done under the assumption, that the state equation (2.1) defines an
isomorphism between W?2!(Q) NV and L*()) which is not the case in our
setting. Further we will require bounds on the rate of convergence of the
primal variables similar to those obtained in [8]. Again the arguments are
complicated by the fact, that the state equation does not yield sufficient
regularity.

We note, that even though one can show convergence of the sequence
of minimizers to to above problem to those of (2.2). However, in the above
setting the convergence speed may be dominated by the existence of the
corner singularities. As we know that they do not appear in the solution we
will apply an additional filter to remove at least parts of the influence of the
reentrant corner.

To do so we need to separate the influence of the corner singularities.
Hence we define the set I+ as

It={peQ =L"(Q)|(qp) =0v¥qgeQnI}

where p’ = —2-. The set I+ is a finite dimensional linear space generated

p—1°
by so called dual singular functions. The dimension m of I+ is equal to the
number of non convex corners of the domain 2, see [19]. In our case, this
means by assumption m = 1.

Then we can define the finite dimensional linear space Qs C @ as follows

Qs={qeQ|3IpeI*-: (¢,p) #0}uU{0}.

This gives the following representation of @)

Q=QNI&Qs.
Let {g"} be a basis of I'+. Then we choose {¢°} C Q, as dual basis to {¢*},

ie., (¢°,q¢F) = 1.
In particular, we can write any element ¢ € Q) as

q=q" +oq
where ¢" € QNI and a = (q,¢") € R are uniquely determined. In particular

q € QNI if and only if @ = 0. Corresponding to this relation we can also
rewrite any solution w to (2.1) with right hand side ¢ as

u=u" + au’

where u” € W2*(Q)NV and u® behaves as r™/* in the vicinity of the reentrant
corner.
Then we can state the regularized problem as follows

... Y +2 7 152
Minim = — —1 L
e a0) = g + 0V Sl

such that (u,q) satisfies (2.1).

We note, that by standard arguments, there exists unique solutions
(@,,uy) € Q@ x V to (4.1). Further, let (g,,u,) € Q x V be the solution
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to (2.2). Due to the fact, that
J(qwﬂw) < Jv(gwﬂw) < Jv(q,ﬂ) = J(G,ﬂ)
we immediately obtain boundedness of ||, ||g. Further, this gives the relation
IV = DFE < Cr ol =@, a2 <Ot (42)
Our analysis starts with an analysis of the feasibility error.
Lemma 4.1. Let (q,,uy) € Q x V be the solution to (4.1). Further, denote
7, =q¢ +tayq® €QNIB Qs and uy = ul, + ayu’® the corresponding splitting

of the state variable.
Then there exists a constant c independent of v such that

V0] = 1 < oy~ Y/20/ )
where 3 is the same as in Theorem 3.1.

Proof. To obtain the convergence of u” in the maximum norm, we define
f@)=(Vui| - 1"
We remark, that by embedding theorems, we know that f € C%%(2). Then

define

ey = max f(z).
e

An easy computation shows that (for v > 1)
I(Vus] = D < eV, = DT + oy [*) < ey
We assume w.l.o.g. that €, > 0. Then by Holder continuity of f we get that
eyt = fIP

> / @) de
{f>ey/2}

2

> i/ dx
4 J{fzey/2)
52

Y ..2/8
> —4 cey

24+2/8
> cey .

Hence by definition
I(Vus] = 1) oo = &4
< oy B/ (25+2)

which shows the assertion. Il

The rate of convergence of ||(|[Vul| — 1)"||e is the same which could
be obtained following the analysis of [8, Lemma 3.1]. Unfortunately this rate
also limits our ability to derive convergence estimates for the primal variables.
Hence we will spend some effort on improving these results, the techniques
employed here have been developed simultaneously in [11]. We will derive
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them here nonetheless because we will have to face some additional difficulties
due to the presence of the corner singularities.

Before doing so, we recall that for a solution (g,u) € @ xV to (2.2) there
exist z € L' (Q) and i € C*(Q) such that the following necessary optimality
conditions hold

(V@, V) = (g, ) VeV,
(—Ap,2) = (@—u’, ) + (B, VU - Vo))c-xc ¥V ¢ € WHQ) NV,
(lgI"?q,6q) = @%) VégeQnl,
(. p)cxc <0 Y peCQ),p <0,
(7, |Va] = 1)cxxc = 0,

(4.3)
see, [19, Theorem 3.3]. Further, by standard arguments for a solution (g, u,) €
Q@ x V to (4.1) there exist z, € V and 7z, € L*(Q) such that the following
holds

(Vu,, V) = (q,,») VeV,
(V,VZy) = (y —u’,¢) + (1, Vi, - Vo) ¥V @€V,
(I7,1"%q,,6q) = (5q%) — vay (8¢, q7T) Viq € Q, (4.4)
i Vi, | —1)*
’Y |V ’y‘ (| '7| )

compare [10].

Lemma 4.2. Let (q.,u,) € Q XV be the solution to (4.1).
Then there exists a constant c independent of v such that it holds

MVuy | =D T <6 Aloy| <e
Proof. We obtain for (4.4) that
||G'y||5 +’Y|a’)’|2 = _(6772’7)
= (-Vu,, Vz,)
= —(uy — Uda@ﬁ —y((IVa,| - 1)+7 [V, |).

Now we obtain that [|g, ||q, [Ty, and v|a,|* are bounded independent of ~
because

O S J(qu?ﬂ’y) S J’Y(Q’WE’Y) S J(q,ﬂ)
Hence we have
Y(IVE, | —1)7 < 7((|VW - 1), IV%I)

—lg, 15 — (@, — u?, @) — ]y |?
<ec.
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To get the bound on v|a., | we test (4.4) with ¢° and get
Yew| = lay (¢ 7))
=(18,I"%q,, ¢°) + (@ — u’,u*) + (@, Vi, Vo)
<c
by noting that
(2, Vi, V)| < 4[([Vu] = DT Ve']| < e

With these preparations we can derive an improved L estimate.

Lemma 4.3. Let (q,,uy) € Q X V be the solution to (4.1). Further, denote
4y =4 +a,q¢° €QNIDQs and U, = ur, + ayu’ the corresponding splitting
of the state variable. Then there exists a constant c independent of v > 1
such that

(VL] = 1)F oo < ey~ B/ (0420,
where 3 is the same as in Theorem 3.1.

Proof. The proof is analog to the one for Lemma 4.1.
To obtain the convergence of u’, in the maximum norm, we define
flz) = (Vui| = DT

We remark, that by embedding theorems, we know that f € C%%(2). Then
define

£y = max f(x).
z€eQ)

An easy computation shows that
(VUi = DT < [(IVEy | = )7 + |y [V’
and hence by Lemma 4.2
1V = D) [l < (Vs = 1))+ oy [Vl < ey
We assume w.l.o.g. that e, > 0. Then by Holder continuity of f we get that
[f(x) = fy)] < clle —y]”

and hence if for some z* € Q it holds f(z*) = &, = max, g f(z) then we
have that f(y) > e, /2 if ¢[|lz — y||® < e, /2. This gives

ey ' = flh

> / ()] da
{f>e,/2}

> il dx (4.5)
2 Jifzey 2}
€y  2/83

2 ?C&f,y/

> ce},+2/ﬂ.
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Hence by definition
I(IVul| = 1) o = &
< ¢y~ (F/(6+2))

which shows the assertion. O

Remark 4.1. We remark, that usually the estimate in (4.5) is too pessimistic.
For instance, if v has support on a curve in ) it is reasonable to assume that

in fact
/ dr > csi/ B
{f>e~/2}
yielding the improved rate

=B
1(IVul| = 1) [loo < ey P,

Moreover, if i has a volume contribution, then the set on which the maximum
18 attained may even be independent of the Holder continuity, i.e.,

/ dxr > c
{f>e~/2}

1(IVug] = 1) e < ey

For more details we refer to the forthcoming publication [11].

then yielding the rate

We remark that based upon these preparations one can derive estimates
for the primal variables following the ideas of [8, Theorem 2.1] with some
modifications due to the presence of corner singularities.

Lemma 4.4. Let (q.,u,) € Q X V be the solution to (4.1) and (q,u) € Q xV
be the solution to (2.2). Further, denote @, = q" + a,q®° € QNI ® Qs and
Uy = ur, + ayu’® the corresponding splitting of the state variable.

Then, the following estimate holds:

— —||Tr T — g ™
1@, = allg + Il = wl* + S 1(Va,* = HT)°

< (VP = 0¥ me.or + ol (16— ut,w®)] + (a7, ¢°))
< C(I(IVus| = 1) lso + lay ).
Proof. First we remark, that for any r there exist a constant ¢ > 0 such that
clf =gl < ("2 f = g™ 9. f — 9)
holds for any f,g € L"(Q).

This gives in combination with the necessary optimality conditions (4.3)
and (4.4)

dlg, —dllo < (lg,I" %z, — [a" %39, — @)
(2,0, — D+ (Zd, — ) — o ([7" %7, ¢°) =7’y (@, — Tq
< =20, -+ (= — ) — oy (|a" %0, ¢°) + 77 (T g
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Now noting that (g, ¢") = 0 we conclude with the necessary optimality con-
ditions (4.3) and (4.4) that

g, —aly < —(zy.a, — D) + & ¢ — q) — ay([d" 7, ¢°)

= (zw Aﬂv — Au) — (7, Au; — Au) — O‘v(mr_z@ q°)
= _@v o Udvﬂw —ﬂ) B V(Vﬂv/‘vaﬂOVﬂv’ - 1)+,Vﬂ7 — Va)
+ (@ —u uf —w) + (7, Va(Vuly, = Va) — oy (g7, ¢°)
u) =y (a0 q7)
—(V, /|VT,|(|Va,| - )T, Vi, — Va) + (G, Vu(Vul, — Vu)).

=~y —al]* — oy (@—u

To proceed we need to rewrite the last two summands on the right hand side.
To do so, we note that both v(|Va,| — 1)T and p are positive, and hence it
is sufficient to estimate the arguments. This yields

_Vﬂ”y(vmy - Vﬂ)/|Vﬂ7| - (—|Vﬂ7|2 + VH’YVﬂ)/|vﬂ’Y|
_ 1, _ _
< (=|Va, [ + §(|V"tw|2 +|Val?))/|IVa,|
| R _ _
= §(|Vu|2 - [V, |?)/|Va, |
1

< (1 |va, P)/ |V,
1 _ _
< 5( [V, | — |V, ]).

Now, noting that |Viu,|~! < 1 on the set {|Vu,| — 1 > 0} we conclude that
on this set

e e 1 _
Y, (VE, - V)|V, | < (1 - [Va, ).
Similarly one gets

Vu(Vul, — Va) < (\Vu§|2 -1t

DN | —

Hence the first of the inequalities follows.
The second of the inequalities follows immediately by noting, that w, q,
u®, and ¢° are independent of v and that

|Vufy\2 — 1= (|[Vul| + 1)(|Vul| = 1) < c(|Vul| - 1).
U]

We note that Lemma 4.4 combined with Lemma 4.3 immediately gives a
bound on the convergence of the primal variables. Additionally one could use
the estimate of Lemma 4.1 in a bootstrapping argument to obtain better con-
vergence orders than those derived there. However the results obtained when
following this argument are not better than what we obtained in Lemma 4.3.
We obtain the following convergence result.
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Corollary 4.1. Let (q,,u,) € QXV be the solution to (4.1) and (g,u) € QX V
be the solution to (2.2).
Then the following estimate holds

q = — — =B
@, — a5 + @, —al|* < ey,
4.1. Convergence rates for the cost functional

Unfortunately for our later analysis we will require rates of convergence for
the cost functionals. Clearly we get from local Lipschitz continuity of J in
combination with Corollary 4.1 that

_=B__
1T (@, uy) — J(q,u)| < cymHD).

However, as we want to use the difference of the cost functionals to bound
the error in the primal variables this is not sufficient. Therefore we will spend
some additional effort on the derivation of convergence rates of the cost func-
tional.

Theorem 4.1. Let (g, ) € Q@ XV be the solution to (4.1) and (g,u) € QxV
be the solution to (2.2). Further, denote @, = q¢" + a,q®° € QNI S Qs and
Uy = ul, + ayu’® the corresponding splitting of the state variable.
Assume that
1(IVul| = D) F e <ev™®
then
0< J(g,u) - J(qy,uy) < ey’

Proof. Assume that (1 — c¢y~%) > 0. Define ¢, = (1 — c*y_e)ql;. Now, denote
the corresponding solution to (2.1) by .. Then it holds by assumption that

Vi, | = (1= ey ) Vil | < (1 =y )1+ ey < 1.

In particular (., @) is feasible for (2.2) and hence by local Lipschitz-continuity
of J it follows

J(@,7) < J(Gysiiy) < I (@) + ey
O
Finally, we remark that a uniform convexity property holds for the func-
tion J,.
Lemma 4.5. The functional J, is uniformly convex in the sense that
sllun —u2l® + Lo — gollnr + J5 (5 (w1 +ws)) < 375 (wi) + 575 (w2)
holds for all wi = (q1,u1) € Q@ X V and wy = (g2,uz) € Q X V.

Proof. We note that the stated uniform convexity holds for the cost functional
J by application of Clarkson’s inequality to u; — u¢ and us — u? as well as
q1 and ¢-. Hence it remains to show that

1(31Vur + Vuz| = D)FI? < Gl1(IVur| = DT + 51 V| = DT
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This is clear, as the integral is monotone, the map z — max(0,z)%: R — R
is monotone increasing and * — |z| — 1: R? — R is convex. Similarly we
have

Hiar + a2 )P < (1@, e + (a2 a4 2).
U

Then combination of Theorem 4.1 and Lemma 4.5 yield the same rates
of convergence that we obtained in Corollary 4.1.

Corollary 4.2. Let (q,,u,) € QxV be the solution to (4.1) and (q,u) € @xV
be the solution to (2.2).
Then the following estimate holds

_ —Ir _ 12 =B
12, —alo + llu, —al|* < eyFe.
Proof. By Lemma 4.5 we obtain
iy —aull® + g, —ali- < -Jy (3@, + 7.1y + ) + 34T, 0y) + 3J5(7,7)

< 54,9 - 374(2,.3,)
< 3J(@w) - 5J(q,, 1)
This shows the assertion using of Theorem 4.1 and Lemma 4.3. 0]

Remark 4.2. We comment shortly on the influence of Remark 4.1. Given the
comment there the speed of convergence in both Theorem 4.1 as well as in
Corollary 4.2 will enhance to

-
J(qvﬂ) - J(qwﬂv) < ey Pt
in the presence of a line measure in [ and
J(67 ﬂ) - J(nyaﬂ’y) < C’Y_l

in the presence of a volume measure in Ji.

5. Analysis of the full discretization

In this section we will analyze the error between (2.8) and (2.2) or (2.4)
respectively.
To this end, we denote the unique solution to (2.2) or (2.4) by (g, u).
The unique solutions to (2.8) will be denoted by (g, up).
In contrast to the previous section we can no longer consider the solution
uecV of
(Vu, Vo) = (qlw ) VpeV

in order to show that the lower bound
—ch® < J(q,,,an) — J(q,0)

holds true. This is because the solution u defined above is no longer an element
of W%t(Q). However, from Theorem 3.1 we immediately get

J(@, ) — J(@,7) < J(@y,uy) — J(3, 1) < ch®
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because () C ) N I. In particular, the solutions g, are uniformly bounded.

Before we come to the analysis of the convergence speed, we will start
with some preliminary results. First, we will show convergence ¢; — ¢ and
up, — w. With these preparations we will compute the distance between g,
and I. Then finally, we can obtain the desired convergence rates.

Theorem 5.1. Let (G, up) be the unique solution to (2.8) and denote G, =
qr +angd with o, = (q),,q+). Thenq, — q in Q and up, — w in H} () where
(q,w) are the unique solution to (2.2). In particular, it holds o — 0.

Proof. As already remarked, we have from Theorem 3.1 and Q C Q NI that
J (@, un) < J (@) < J(g,u) + ch’.

This shows that ||g,|¢ is bounded. Hence there exists a weakly convergent
subsequence, denoted again by g;, with limit gy. Due to the compact embed-
ding L3(2) ¢ H~1(Q) a subsequence g, converges strongly in H () and
hence %y, converges strongly in HE(£2) to a limit ug. Now, for any ¢ € H}(Q)
there exists a sequence ¢ € Vj with ¢, — ¢ because Uh>0 V}, is dense in
H}(). Thus we have

(Vuo, Vo) — (Van, Voon) = (@n, vn) — (40, ¢n)-

To proceed, we note that the sequence |Vy,| converges strongly in L?
and hence, again selecting a subsequence, pointwise almost everywhere. Now
|Vin||so < 1 which shows [|[Vuglleo < 1.

In particular, (qo,ug) are feasible for (2.2). From weak lower semiconti-
nuity of J we deduce

J(qo,u) < lim inf J(@. 1) < J(3,7).

This shows ¢y = q and ug = .
Finally, as g, — ¢ € QN I we obtain oy, = (¢;,,¢") — (g,¢) =0. O

In a next step we try to obtain a convergence rate for the singular
coefficient a,. To do so, we consider the following problems where g;, is given
as in Theorem 5.1. We search v",u* € V and u},uj € V;, which solve

(Vu", Vo) = (a1, ¢) VoeV (5.1)
(Vuy, Von) = (a5, ¢n) Yon eV (5.2)
(Vu*, Vo) = (¢°, ¢) VoeV (5.3)
(Vup, Ven) = (g ,SOh) Von € V. (5.4)

Lemma 5.1. Let (G,,,up) be the unique solution to (2.8) and denote G, =
gy + ang;. Then there exists a constant C' independent of h such that

[V [loo < C.

Proof. We begin by noting, that u” € W2*(Q) by definition of ¢. In partic-
ular, due to [14, Theorem 2]

IVu" = Vg oo < ch?llajllq < ch”l[gnllq < ch”.
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Hence [|[Vu} || < C independent of h € (0, 1].
This yields

len Voo = VU — Vupfloo <14 C
and thus the assertion. 0

In a next step, we need to show that ||Vu? ||~ blows up with a certain
rate. This appears to be clear, unfortunately the author could not find a
citable source. This is why we need the following lemma.

Lemma 5.2. Let w > © be the angle of the non convexr corner of ). Further,
let uj € Vi, be given by (5.4). Then for any € > 0 there exists a constant c
such that for h > 0 sufficiently small it holds

IV floo = ch™1ET/w e,

Proof. Denote the non convex corner by v. Let s > 1 be given. Then it is
well known, that the solution u® € V' of (5.3) satisfies

max  u®(x) > cihse
dist(v,z)=h1/s
for some given constant ¢; > 0 and h sufficiently small.
By [15, Theorem 4.1] we now that for any ¢ > 0 there exists some
co > 0 such that
[u® — ) ||oo < c2h=7F
Then for given s it holds

s=1m
w

coh s ¢’ <Cl/2

provided that A is sufficiently small.
In particular it holds for any = € Q)
ul(z) > u®(x) — cah® 7
Hence we have for h sufficiently small that
~ max up (x) > c1hse — czhg_fl
dist(v,z)=h1/s
s—1 /

= hsl“’(cl - Cgh P )

C P
> Lhie,
2

On the other hand h(v) = 0. And thus we have

maxXg; _ Sus x _us )
max | Vuj, (2)] > dlst(v,w)—hili/s P (x) —up (v)

C1 o, =1

> Apps
-2

Cl,1(_q4xm
= —ps7IHD),
2
Now, for given € > 0 such that —1 + = 4 ¢ < 0 there exists some s > 1 such

that

T 1 s
-1+ —4e=—-(—-14+—).
w S w



A priori estimates for gradient state constraints 17

This proofs the assertion. O

Corollary 5.1. For any € > 0 there exists a constant ¢ such that for h > 0
sufficiently small the singular coefficients «y, satisfy

|Oéh| < Chl—ﬂ'/w—E

Proof. The assertion follows immediately from Lemma 5.2 and Lemma 5.1.
O

Lemma 5.3. Let (q,,,un) be the unique solution to (2.8). Define u" € V as
the solution to

(Vu", Vo) = (g, ) Vo €eV.
Then it holds
I(IVu"] = 1)F|? < ch®™/.
Proof. By definition and the fact, that |Vay| < 1, we have for almost all
x €
(|Vu"(z)| = 1) = max(0, |Vu"(z)| — 1)
< max(0, |Vu"(z) — V| + |Vas| — 1)
< max (0, |Vu" (z) — Vi|)
= |Vu"(z) — V.
Hence we get by standard finite error estimates
1(IVu" ()] = 1)F|* < [V = Va|* < ch®™/.
L]
Theorem 5.2. Let (G, uy) be the unique solution to (2.8) and (q,u) be the

unique solution to (2.2). Then for h sufficiently small, there exists a constant
c > 0 such that

(@) = J (@, 7n)| < ch™
where
Bo = i(1 — 7w —¢)
1+0
for any e > 0.
Proof. In view of Theorem 3.1 we already know that
J (@, un) < J(g,a) + ch”.

Hence it remains to derive a lower bound on J(q;,, 4y ). To this end, we define
u" € V by

(Vu", V) = (@,9) YpeV.
Now, by standard L?-error estimates we have

||u_uh|| < Ch27r/w
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and because 27/w > 1 > 0 we get
J(@n, u") < J(g,7) + ch”,
T (@, u") = J (@, un)| < ch”. (5.5)
From this we immediately see, that if
J(@,1) < J (@, u")

we would be done.
Hence, we will now assume that

J(@,,u") < J (g, 7).

Then we proceed by considering a regularized version of (2.2) namely (4.1).
Now we have that

— _ =B

Iy (@, ) = J (@, 0)| < ey P

following the result of Theorem 4.1 and Lemma 4.3.
Further, with respect to Lemma 5.3 and Corollary 5.1 we have that

7@ ") = Ty (@ )| < eqh?T ey
and thus
J(q, 1) — cy?i5 < Jy (@, )
< J’Y(qhauh) < J(@p u") + eyh®™Y 4 ey
< (@) + eyh>T 4 oy e,

Now, in order to obtain the best possible rate of convergence, we choose
v = h~* where x > 0 solves

B om .
Igggmln(mmﬂ;—x,2(1—7r/w—5)—a:) = f*. (5.6)
To do so, we note that 27 /w > 2—27/w—e¢ since w < 27. Hence the minimizer
is obtained when the two terms w% = and 2(1—Z —¢) —x are equilibrated.
This happens at
T 240
(1T _
T = - £) 175
with the value
o_ - D g
=7 = l—m/w—¢) =02 <p.

Thus we obtain
J(@,a) — ch™ < J(qy,u") < J(@w) + ch™
which shows the assertion. u

Convergence of the primal variables follows analog to Corollary 4.2 using
the uniform convexity of J, to get that

17, —@nllg + lluy — an|* < chP2.
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