Downloaded from https:.//royal societypublishing.org/ on 03 March 2022

PROCEEDINGS A

rspa.royalsocietypublishing.org

L)

Research

updates

Cite this article: Hintermiiller M, Rautenberg
(N, Rosel S. 2017 Density of convex
intersections and applications. Proc. R. Soc. A
473:20160919.
http://dx.doi.org/10.1098/rspa.2016.0919

Received: 15 December 2016
Accepted: 17 August 2017

Subject Areas:
applied mathematics

Keywords:

density, convex constraints, variational
inequalities, finite elements, image
restoration, elasto-plasticity

Author for correspondence:
M. Hintermiiller
e-mail: hint@math.hu-berlin.de

THE ROYAL SOCIETY

PUBLISHING

Density of convex intersections
and applications

M. Hintermiiller'2, C. N. Rautenberg' and S. Rosel’

'Department of Mathematics, Humboldt-Universitt zu Berlin,
Unter den Linden 6, 10099 Berlin, Germany
2Weierstrass Institute, Mohrenstrasse 39, 10117 Berlin, Germany

MH, 0000-0001-9471-2479

In this paper, we address density properties of
intersections of convex sets in several function spaces.
Using the concept of I'-convergence, it is shown
in a general framework, how these density issues
naturally arise from the regularization, discretization
or dualization of constrained optimization problems
and from perturbed variational inequalities. A variety
of density results (and counterexamples) for pointwise
constraints in Sobolev spaces are presented and the
corresponding regularity requirements on the upper
bound are identified. The results are further discussed
in the context of finite-element discretizations of
sets associated with convex constraints. Finally,
two applications are provided, which include
elasto-plasticity and image restoration problems.

1. Introduction

Convex constraint sets K as subsets of an infinite-
dimensional Banach space X are common to many fields
in mathematics such as calculus of variations, variational
inequalities and control theory. Such constraints are
induced by physical limitations of control and/or state
variables, but also emerge through Fenchel dualization
of convex problems; e.g. [1-3] for fundamental concepts
in variational analysis. In this vein, given a set of
functions satisfying an arbitrary convex constraint,
density properties of more regular functions satisfying
the same restriction are of utmost importance. In abstract
terms, given some dense subspace Y of X, the central
point of interest is whether the closure property

K" =K, (11)
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with K(Y)={ueY:ueK}=KnNY, is fulfilled, and how this problem is intimately linked to the
solution of constrained optimization and variational inequality problems.

In the literature, problems of dense intersections appear in connection with the discretization
of variational inequality problems in Sobolev spaces and the convergence analysis for finite-
element methods under minimal regularity (e.g. [4-6]). Moreover, the limiting behaviour of
singular perturbations of elliptic variational inequalities can be traced back to the density issue
(see [7] and references therein). This also pertains to the deduction of a vanishing viscosity limit
for hyperbolic variational inequalities with an obstacle constraint [8]. In the context of plasticity
problems, certain density properties represent an important step towards the determination
of appropriate relaxed formulations (cf. [9,10]). However, to the best of our knowledge, the
investigation of problem (1.1) is restricted to special cases and the literature still lacks a general
and systematic treatment of the density issue.

To motivate the study of the abstract problem (1.1), §2 provides a novel unifying framework
for various perturbation approaches to non-smooth constrained optimization and variational
inequality problems. The general setting includes regularization, Galerkin approximation and
singular perturbations, and, most remarkably, it allows to reduce the study of the corresponding
limit problems for a wide range of practically relevant perturbations to the study of the density
property (1.1). In particular, we prove that the dense intersection (1.1) is a necessary and sufficient
stability condition for the retrieval of the original problem in the (joint) limit of vanishing
regularization and/or discretization parameters.

Starting from §3 we focus on the setting where X =X(£2) is a (Ri-valued) vector space of
functions over a bounded domain 2 of RN and K = K(X) denotes the subset of elements in X(£2)
bounded pointwise by a prescribed measurable function « : 2 — R U {400}, i.e.

K(X(£2)) = {w € X(£2) : [w(x)| < a(x) a.e. (almost everywhere) in £2},

with | - | denoting an R¥-norm. Particularly in this part, X(£2) refers to a Lebesgue or Sobolev
space and Y = Y(£2) refers to the space of continuous or infinitely differentiable functions up to the
boundary. We also use the notation K(X(£2); | - |) whenever it is necessary to make the dependence
on the norm | - | explicit. Despite the fact that a small number of specific density results for very
regular bounds « are available [4,9,11], a systematic investigation of density properties in terms
of the regularity of o seems not available in the literature.

In order to close this gap, we prove new density results for continuous obstacles (§4), and
we also consider different classes of discontinuous obstacles. In fact, in §4a, the density issue is
studied in the context of the regularity of the obstacle as a Sobolev function. More precisely, we
prove that results of the type (1.1) cannot be expected if the obstacle is just a Sobolev function
by providing a counterexample. The density results are then proved to be valid even for certain
classes of lower semicontinuous obstacles; see §4b,c. Subsequently, in §4d, a different approach is
considered for obstacles that originate from the solution of a partial differential equation (PDE).

In §5, we focus on the Mosco convergence of finite-element discretized convex sets, which, in
general, is a delicate matter, and only a limited number of results for more regular obstacles are
known (e.g. [4,5]). In this respect, the construction of a recovery sequence essentially reduces
to the verification of density properties of the type (1.1). Making use of the density results
provided by the preceding sections, we prove several new Mosco convergence results in the
Hilbert spaces L2, H' and H(div) for different types of finite-element discretizations of K, even for
discontinuous obstacles «. The results are extended to a more general constraint setting involving
pointwise restrictions on partial derivatives. We conclude the paper by presenting two important
applications that further highlight the paramount significance of dense intersections. First, we
consider the regularization of an elasto-plastic contact problem, where the closure property turns
out to be fundamental for the efficient solution by a semismooth Newton method. Secondly, we
discuss an example from total variation-based image restoration with a distributed non-smooth
regularization parameter. Here, the density property arises as an essential condition for the
equivalent reformulation of the problem in the Hilbert space H(div) by means of Fenchel duality.
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2. Motivation

(a) Optimization with convex constraints

In many variational problems, one seeks the solution in a given convex, closed and non-empty
subset K of an infinite-dimensional Banach space (X, |.||). To illustrate the problem, let us consider
the following abstract class of optimization problems:

inf F(u), overueX,
(2.1)

st. uek.
We assume that F : X — R is continuous, coercive and sequentially weakly lower semicontinuous,
but not necessarily convex. Thus, problem (2.1) admits a solution provided X is reflexive. The
problem class (2.1) is ubiquitous, encompassing numerous fields, such as the variational form of
PDEs, variational inequality problems of potential type, optimal control of PDEs with constraints
on the state and/or control, and many other. The analysis of (2.1) and the design of suitable
solution algorithms often involve the general concepts of perturbation or dualization methods
comprising regularization, penalization or discretization approaches or possibly a combination
of the latter (e.g. [1-5] and references therein). The central result of this section is that the stability
of (2.1) with respect to a large class of perturbations can be characterized by the closure property
(1.1), ie.

KY) =K,
where Y is some dense subspace of X (in the norm topology of X), and K(Y) is given by
KY)={ueY:ueK}=KnY.

In what follows, we will identify a very general class of perturbations for which the stability
analysis effectively reduces to the study of the density property (1.1).

(i) A class of quasi-monotone perturbations

To subsume as many of the above-mentioned methods as possible, we consider the sequence of
perturbed problems
inf F(u)+ Ry(u), overuelk, (2.2)

defined by a given sequence of functions
Ry:X—RU{+o0}, nel,

that are perturbations of the indicator function ix : X — R U {400} in the following sense: there
exist functions R,, : X — R U {+00} and R, : X — R U {400} such that

0<R,<R,<R, VneN,
having the additional properties

R, <R, .1 VneN, nErroan(u) =ix(u)Vue X

(2.3)
and R,, is sequentially weakly lower semicontinuous Vn € N
and
Ry >Ryy1, VneN, 1113 Ry (1) = igny(u) Yu € X. (2.4)
n— 400

We call mappings (Ry) that share the above features quasi-monotone perturbations of the indicator
function ix with respect to the (dense) subspace Y. Note that no additional assumptions are made on
(Ry) itself.

The first main result of this section states that the dense intersection property implies the
stability of any quasi-monotone perturbation scheme. The proof is deferred to appendix A.
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Theorem 2.1 (Sufficient condition). Let the Banach space X be reflexive or assume that the dual space
X* is separable. For a closed, convex and non-empty set K C X, let (R;;) be a sequence of quasi-monotone
perturbations of ix with respect to the dense subspace Y according to (2.2). If the density property (1.1)
holds true, then F + ix is the I"-limit of (F + Ry,) in both, the weak and strong topology.

Under the assumptions of theorem 2.1, one may infer that, provided each problem (2.2) admits
a global minimizer u,, each weak cluster point of the sequence of minimizers (u,) is a global
minimizer of (2.1); see [12] for an introduction to I"-convergence. At the end of this section, it is
further clarified that theorem 2.1 is sharp in the sense that the stability result in general fails if (1.1)
does not hold. We also remark that in case the (sequential) weak and strong I"-limits coincide, one
usually uses the notion Mosco convergence.

In the following, we present a selection of approximation methods that fit into the general class
of perturbations defined by (2.2), which bear high practical relevance. In favour of generality, we
do not leave the abstract setting.

Example 2.2 (Tikhonov regularization). Let (Y, ||...|ly) be a Banach space which is densely
and continuously embedded into X. For a sequence of positive non-decreasing parameters (y;)
with y,; — +o00 and fixed « > 0, consider in (2.2) the Tikhonov regularization

Ru(1t) = ixc (1) + %Ilull‘i‘/, 2.5)

where it is understood that R, (1) =400 if u ¢ Y. In fact, set R, :=ix for all n € N and Ry :=R,.
Obviously, (2.3) and (2.4) are satisfied such that (R;) fits into the context of quasi-monotone
perturbations according to (2.2).

Example 2.3 (Conforming discretization). Let X be a separable Banach space. Suppose (2.1) is
approximated by a Galerkin approach using nested and conforming finite-dimensional subspaces
Xy, ie. Xy € Xand X, C Xj,41 for all n € N, such that the Galerkin approximation property

UX,,X=X

neN

is fulfilled. The resulting discrete counterpart of problem (2.1) is given by (2.2) with R, (1) = iknx, -
Setting R, =ik, (2.3) is clearly fulfilled. Define Y = | J,,cyy Xin, then (2.4) is fulfilled with Ry =R,.

Example 2.4 (Combined Moreau-Yosida/Tikhonov regularization). Let X be a Hilbert space
and (Y, ... |ly) be a Banach space that is densely and continuously embedded into X. For two
sequences of positive non-decreasing parameters (yx), (v,;) with yy, ¥, — +0oc and fixed o > 0,
consider the simultaneous Moreau-Yosida and Tikhonov regularization

1

27%2 ||H||O{// (2.6)
with o >0 fixed, where it is understood that Ry,(u)=+oco if u¢Y. Setting R, (u)=
(v/2) infyex |l — v||?, standard properties of the Moreau—Yosida regularization ensure that R,
satisfies (2.3) (e.g. [2, Prop. 17.2.1]). Defining Ry, (1) = ix(u) + (1/2y,)|ull%, (2.4) is verified as in the
previous example.

R(u) = % inf [lu — ] +

Example 2.5 (Conforming discretization and Moreau-Yosida regularization). Let X be a
separable Hilbert space and (y;) a sequence of positive non-decreasing parameters converging
to 4+00. The combination of regularization and discretization leads to the definition

Ra() = 2 inf [ = vl + ix, (), 27)

where the sequence of spaces (Xj;) is defined as in example 2.3. Setting R,, (1) = (y,/2) inf, ek || —
v||2 and R, (u) = ixnx, (1), (2.3) and (2.4) are fulfilled with Y =], .y X» and the framework of
(2.2) applies.
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Consequently, each of these perturbations is stable with respect to (2.1) provided the density
result (1.1) is satisfied. It should also be emphasized that these examples only represent an
assorted variety of perturbations that fit into the problem class (2.2).

Moreover, the density property (1.1) is also a necessary condition for the stability of
perturbation schemes in the following sense: first, the I'-limit of the approximation schemes
defined in examples 2.2 and 2.3 can be calculated using similar arguments as in the proof of
theorem 2.1. In fact, under the same conditions on X, one obtains F + iz=y as the weak and strong
I'-limit in both cases. Secondly, in the combined approaches of examples 2.4 and 2.5, theorem 2.1
guarantees that F + ix is obtained as the weak-strong I"-limit for any coupling of regularization
parameter pairs [y, ¥,,] and [Xy, yu], respectively. Let us put this statement into a perspective
by means of the combined Galerkin/Moreau—Yosida approach (example 2.5). In this case, it is
possible to prove the existence of a suitable combination of 7 and y;, to recover F + ik in the I'-
limit without resorting to the density property (1.1), see [13, Prop. 2.4.6]. However, the proof is
non-constructive and thus not immediately useful for the design of a stable numerical algorithm.
On the other hand, if (1.1) is violated, the I"-convergence to the original problem (2.1) cannot be
guaranteed independently from the choice of the regularization/discretization parameter pair. In
fact, the following result, which we prove in appendix A, holds true.

Proposition 2.6 (Necessary condition). Consider example 2.5 with the corresponding definitions of
Y and (Ry,). Further suppose that KN'Y C K. Then for all x e K\ KN'Y there exists a strictly increasing
sequence (y) with y, — oo such that

F(yn) + Ru(yn) - F(x),
for all (y,) C X with y, — x, i.e. there exists no recovery sequence at x in the norm topology.

The analogous statement is valid in the case of combined Moreau-Yosida/Tikhonov
regularizations given a fixed sequence (y,); cf. example 2.4. In conclusion, theorem 2.1 is sharp
with respect to condition (1.1) in the sense of proposition 2.6 and the preceding discussion.

(b) Elliptic variational inequalities

The density of convex intersections of the type (1.1) is also of fundamental importance for the
analysis of perturbations of variational inequalities. Assuming X to be a Hilbert space and K C X
non-empty, closed and convex, we consider the general variational inequality problem of the first
kind,

findueX: (Au,v—u)+ix(v)—ix(w)>{,v—u), VYveX; (2.8)

e.g. [7,14] for an introduction. Here, | € X* is a linear, bounded operator and A : X — X* denotes a,
in general, nonlinear operator on X. We further assume A to be Lipschitz continuous and strongly
monotone, i.e. there exists k¥ > 0 with

(Av — Au,v —u) > «|lv — MHZ, Yu,v e X.
In the following, we investigate three main classes of perturbations of (2.8) and their relation to
the density properties of convex intersections.
(i) Quasi-monotone perturbation
Consider the perturbed variational inequality problem,
find u, e X:  (Anuy, v — uy) + Ry(v) — Ry(uy) > Iy, v — uy), VveXk, (2.9)

where A, and [, are appropriate perturbations of A and I, respectively, and (R;) is a quasi-
monotone perturbation of ix with respect to a dense subspace Y of X. The stability of the
approximation scheme (2.9) hinges on the density property (1.1). In fact, if the latter condition
is fulfilled, then the sequence (R;) Mosco converges to ix provided R, is weakly lower
semicontinuous. Under mild assumptions on (A4;) and (I;) one may then invoke known stability
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results, cf. [7, p.99, 15], to conclude the consistency of the perturbation scheme with respect to the
limit problem (2.8).

(ii) Galerkin approximation of variational inequalities

In general, finite-dimensional approximations of K are neither conforming nor nested as it was the
case in examples 2.3 and 2.5, where K was “discretized” by K N X;;, which is numerically realizable
only in special cases. Instead, it is often more favourable to consider non-nested approximations
K, C X, that may contain infeasible elements, such that K;, C K does not hold true in general [4,5].
As a result, the finite-dimensional variational inequality problems,

find uy € Xy 1 (Antty, v — uy) +ix, (V) — ig, (Un) = Iy, v —uy), YveXy, (2.10)

do not fit into the framework of (2.9). Again, under mild assumptions on (A;) and (I;), the
Mosco convergence of (K;;) to K ensures that the approximation (2.10) is stable with respect to the
limit problem (2.8). However, Mosco convergence requires the existence of a recovery sequence
(see definition 4.5) for any element u € K. To construct this sequence in the context of finite-
element methods, one may use an interpolation procedure which typically is only defined on
the (supposedly) dense subset KNY of K, where Y = Ck(£2) for some k € Ny (cf. [4, II, Theorem
2.3] and §5). This leads again to problem (1.1).

(iiii) Singular perturbations

The closure property (1.1) also plays a role in the limiting behaviour of singular perturbations.
In fact, let A :Y — Y* be a Lipschitz continuous and strongly monotone operator on a Hilbert
space (Y, || ... [ly) that embeds densely and continuously into X. For a sequence of regularization
parameters (y,;) with y,;, — 400 consider the perturbed problems,

1

findu, e KNY: <<A + —A1> Up, UV — u,,> >(l,Lv—u,), YveKnNY. (2.11)
Vn

Observe that problem (2.11) admits a unique solution u,; € KNY provided that KN Y is closed in

Y. The appropriate limit problem is then given by

findueKNY : (Auv—u)>{Lv—u), YoeKNY.. (2.12)

Note that (2.12) corresponds to the initial variational inequality problem if the density property
(1.1) holds true. In this case, the sequence (u;) converges strongly in X to the solution of (2.8).
Here, the assumptions on A; may be alleviated. This type of application also plays a role in
the analysis and the design of algorithms for hyperbolic variational inequalities through the
vanishing viscosity approach. For details, [7, section 4.9, 8] may be consulted.

3. Density results for continuous obstacles

We first fix some notation. In this section, £2 € RN denotes a bounded Lipschitz domain. The space
of functions that are restrictions to 2 of smooth functions with compact support on RV is denoted
by D(£2),

D(Q) =1yl ¢ € CTRY)).

The standard Lebesgue and Sobolev spaces over §2 are denoted by LP(£2), WLP(£2) and Wé’p (£2),
and we also employ the spaces

H(div; 2) = {u € L>(2; RN) : divu € L2(2)}

and
. =5~ H(div;$2) .
Hy(div; 2) = C2°(2; RN) ={ueH(div;2):u-v=00n 3£}
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In the recent paper [11], it has been shown that for any o € C(£2) with

essinfa(x) >0, (3.1)
xef2

the following density result for the spaces X(£2) € {LV (), Wé’p(_Q)d, Ho(div; £2)},and 1 <p < 400,
holds true:
K(Co (i
K(CE(2)T)  =K(X(2)), 5.2)
where the constraint set K(X(£2)) with respect to a given subspace
X(2)cLY(2)*
is defined by a pointwise constraint on an arbitrary norm | - | on R?, i.e.
K(X(£2)):={w e X(2) : lw(x)| < a(x) a.e. in £2}. (3.3)
Here, a: 2 - RU {400} is a given non-negative Lebesgue measurable function. It is further
understood that d = N in (3.2) if X(§2) = Ho(div; £2).
When considering the case X = W'7” instead of W(l)’p in (3.2), the choice of the approximating

sequence from [11, Theorem 1], which relies on the trivial extension of Sobolev functions, fails. As
a result, a different extension operator has to be employed.

Theorem 3.1. Let o € C(£2) fulfil (3.1) and 1 < p < +oc. Then it holds that

W)t

K(D(2)%) =K(W"(2)%), (3.4)

ie. K(D(2)) is dense in K(WYP(2)%) with respect to the norm topology in WLP(2)2.

Proof. Let we KW (£2)%). Since £ is a bounded Lipschitz domain we may extend w to
a function in W#(RN)? using for each component the extension-by-reflection operator. The
resulting operator

E:WY(2)! - whP®RN) (3.5)

has the properties Ew|p =w forallw € WLP(2)? and E € L(WLP(2)F, WLP(RN)); see, for instance,

[16]. Since E is obtained by a partition of unity argument using local reflection with respect to the

Lipschitz graphs into which 852 can be decomposed, the property |w(x)| < a(x) in §2 is preserved
by the extension in that

I(Ew)(x)] < Eqgye(x), ae.xe RV, (3.6)

where EC((}) :C(£2) — C(RN) denotes the application of the extension by reflection procedure to
bounded uniformly continuous functions, i.e. (Eqg)@)| = . Further inspecting the construction

of E, it may also be observed that the support of Ew is compactly contained in RYN. Analogously,
we obtain EC(Q)(X € C.(RN). For a sequence (p;;) of smooth mollifiers

pu(x) = nN p(nx), (37)
where
peD®N), >0, p)=0if \xlzl,J pdx=1,
2

we define the approximating sequence S, (w, £2) to w by

510, 2)(8) = (on * EO)) = | Eoipn(r =)y, xRN, (38)
It is well known that
Sp(w, 2)lg — win WP (2 asn— oo, (3.9)

and, since Ew has compact support in RY, it holds that S,(w, 2)|o € D(Q)d . In order to achieve
feasibility, we use the scaling sequence

-1
B, = (1 n SUP,.crN lo () — EC(Q)O‘(X)> /

min, 5 o(x)
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where «y,(x):= ((EC(Q)zx)*pn)(x), x eRN. Since EC(Q)aGCC(RN), ay converges to EC(Q)a
uniformly in RN and thus B, — 1 as n— oco. In addition, (3.6) together with (3.8) yields
1Su(w, 2)| < an(x) for x € RN such that

SUp,..rN lot (x) — EC(Q)OC(XN

1 _
il = ot + — 2

a(x) > au(x) > |Su(w, 2)|, (3.10)

for all xe £2. As a result, B,S,(w, 2) € K(D(2)?) and, taking account of (3.9), the proof is
accomplished. ]

Remark 3.2 (boundary conditions).

(i) In order to incorporate a homogeneous Dirichlet boundary condition in the context
of theorem 3.1, one may use an additional reparametrization to construct a suitable
approximating sequence; see [11].

(ii) If the set K(WLP(2)) is additionally restricted by an inhomogeneous Dirichlet boundary
condition given by a function g € W!=1/P?(32) with |g(x)] <a(x) on 852, the proof of
theorem 3.1 fails. In fact, the sequence (3.8), which is based on the standard mollifier, does
not preserve a given trace condition. In any case, the regularity of ¢ (and 9£2) determines
an a priori regularity limitation for the functions in Y in order to be compatible with a
closure property analogous to (3.4), e.g. if Y = C(£2) and g¢C(982), then KNY =¢. In this
case, a different mollification approach needs to be pursued; cf. also §7 for an outlook on
this matter.

4. Density results for discontinuous obstacles

(a) Obstaclesin Sobolev spaces

Note that theorem 3.1 requires continuous obstacles. In some applications, such as in the
regularization and discretization of elasto-plastic contact problems or image restoration problems
(see §6), it may be useful to consider obstacles that are not continuous. Under such circumstances,
the following example shows that density properties of the type (3.2) or (3.4) cannot be expected
if the obstacle is just a Sobolev function: without loss of generality, assume that 0 € 2 c RN with
N > 2 and denote by

Be(x):={yeRN:|x —yl <e},

the open ball with centre x € RN and radius ¢ > 0 with respect to the Euclidean norm | - |2 in RN.
Let {x; : k € N} be a countable dense subset, i.e.

(xp:keN} =,
and r > 0 such that B,(0) C §2. Consider the function
9(¥):=@(x) - In(In(c |x|; 1)), ¢ > er fixed, (4.1)

where ¢ € CZ°(B(0)) is a smooth cut-off function with ¢(x) > 0 for all x € B;(0) and ¢ = 1 on B;»(0).
We note that ¢ is non-negative with a singularity at the origin, and its zero extension belongs to
WLIN(RNY; cf. [17, Example 4.43]. Further set

g():=) kp(x—x), xef, 4.2)
k=1

and note that ¢ € WN(£2) with ¢ being unbounded at each xi; see [18, p.247, Example 4]. Further
take a function ¢ € C'(R) with 0 < ¢(t) < 1, ¢(t) — 1 for t — +oo and ¢’ uniformly bounded in R.
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By the chain rule for Sobolev functions, the obstacle
a:=2—¢og (4.3)

belongs to WIN(Q); e.g. [14, Lemma A.3]. Notice also that « is bounded away from zero and that
it is basically equal to 1 on the dense set {x; : k € N}. Consequently, any continuous function w with
w<aa.e.in 2 fulfilsw <1 on £2:

Assume that the latter implication is false. Then there exist ko € N as well as © >0, >0
such that

w(x)>1+pn VxeBs(xg). (4.4)

Let R > 0 be such that ¢(t) > 1 — u/2 for all ¢ > R. By continuity, there also exists §’ > 0 such that
ox — x,) > Rk% a.e. in By (xg,) such that

g(x) > kazq)(x —Xr,) =R, ae.xeBy(xg),
which implies
w(x) <a(¥)=2 — p(g(x) <1+ % ae. x € By(xy,),

contradicting (4.4). Hence, any sequence of continuous functions approximating « from below
is bounded above by 1. However, as «(x) > 1 for a.e. x € £2 by definition, and convergence in the
norm topology of LP(£2) implies convergence pointwise a.e. (along a subsequence), we obtain that

« e K(LP(2) \ KC&) nPs)” @, (4.5)

for any 1 <p < +o00, and

WP ()
a € KW (2)) \ K(C(2) N WLP(R2)) , (4.6)

for all p < N, where « is defined by (4.3).

Remark 4.1 (Complements on the counterexample). An interesting point in the preceding
counterexample is the structure of the set of singularities S where g(x) is not well defined as a
real number by the infinite sum (4.2), if ¢ from (4.1) is understood as a function in C(£2 \ {0}).

Extending ¢ to §2 by setting ¢(0) := 400, we obtain g(x;) = +oo for all k € N and, understanding
g: 82 — R U {400} as an extended real-valued function, we arrive at the following definition:

S = {x € £2:g(x) = +oo with g(x) defined by (4.2) where ¢(0) = +o0}.

Using the Baire category theorem, one may show that the set S is a non-meagre set with vanishing
Lebesgue measure [19].

The previous construction of the counterexample is the basis for the following result.
Theorem 4.2. Let 2 C RN be a bounded Lipschitz domain. The following density results hold true:
(i) Let N>2and 1 <p < +oo. Then there exists an obstacle o € WIN(Q)NL®(2) satisfying (3.1)

such that ,
KCc@nr@) @ c k@),

the inclusion being strict.
(1) Let N>2 and 1 <p <N. Then there exists an obstacle o € WIN(@2) N L>®(R2) satisfying (3.1)
such that

WP(2)

K(C(22) N WP (£2)) C KW' (),

the inclusion being strict.
(iif) Let N < p < 400 or p= N = 1. For any measurable obstacle function o : 2 — R U {+o0} which
satisfies (3.1), it holds that

WP(2)

K(D(2)%) =K(WP(2)).
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Proof. We only prove assertion (iii) since (i) and (ii) follow immediately from (4.5) and (4.6). As
a consequence of the Sobolev imbedding theorem, any w e K( WP (£2)%) is contained in C(£2)%. Let
w € K(W'P(£2)7). Setting

&(x) = max <|w(x) |, ess i{yfoz(x)) ,

it follows that |w(x)| < a(x) a.e. in £2. Since & € C(2) and (3.1) holds with & instead of «, we
may invoke theorem 3.1 to infer that there exists a sequence (w;) with w, € D(R), w, - w in
WLP(2) and |wy(x)| < &(x) < a(x) a.e. in 2. This entails that w, € K(D(2)?) for all n € N, which
accomplishes the proof. [ ]

We immediately infer the corresponding statements for Sobolev spaces incorporating
homogeneous Dirichlet boundary conditions.

Corollary 4.3. Let 2 C RN be a bounded Lipschitz domain. The following density results hold true:

(i) Let N> 2 and p < N. Then there exists an obstacle a € WIN(2) N Le(2) satisfying (3.1) such
that

Wi (@)

1, 1,
KC@)nweh@) — c KW' (@),
the inclusion being strict.
(if) Let N < p < 400 or p= N = 1. For any measurable obstacle function o : 2 — R U {+o0} which
satisfies (3.1) it holds that

1,
WO !’(Q)d

K(CE(2)h) =KW, ().

Proof.

(i) Define the upper bound « by (4.3). Let ¢ € C2°(§2) be a smooth cut-off function with 0 <
¢ <lae.on 2 and ¢ =1 except on a sufficiently small neighbourhood of 9£2. Then it
holds that o - ¢ € K(W(l)’p (£2)) and the assertion now follows directly from the discussion
preceding remark 4.1.

(ii) Taking account of (3.2), statement (ii) can be proven as theorem 4.2 (iii). |

(b) Lower semicontinuous obstacles and Lebesgue spaces

The preceding counterexample provides a regularity limit in terms of the upper bound « for
which the density property (3.2) in the space X(£2)=LF (£2)* can be expected to hold. In this
regard, however, uniform continuity is far from being a necessary condition. In order to enlarge
the space of obstacles compatible with (3.2), we first consider upper bounds that allow for a
lower semicontinuous representative, i.e. there exists a lower semicontinuous function in the
equivalence class of functions that are Lebesgue-almost everywhere equal to «.

Theorem 4.4. Let 2 C RN be a bounded Lipschitz domain and 1 < p < +o0. Ifa : 2 — R U {+00} has
a lower semicontinuous representative that fulfils (3.1), then it holds that

kcx@n @ —kwr@y).

Proof. Let w e K(L¥ (2)%). Consider a lower semicontinuous function «: 2 — R U {+oo} that
fulfils (3.1). Without loss of generality, we may assume that infyco @(x) > 0. Denote by & the
extension of o given by a(x) := a(x), x € 2, a(x) :=infrep a(x) on RN\ 2, and note that & is lower
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semicontinuous (L.s.c.) on RN, The Lipschitz regularization of &,
x) = inf {a(y) +nllx —yll},
() = inf (6(0) -+ nlx = yI)
yields a sequence (o) with oy, € C(£2), infyep a(x) < ay(x) < a(x) for all x € 2,1 € N and o, (x) —
a(x) a.e. in £2; see, e.g. [2, Theorem 9.2.1]. Now consider the functions

w(x)
lw(x)|”

Wi (x) := min{[w(x)], on ()}

where it is understood that w;(x):=0 if w(x)=0. It follows from Lebesgue’s theorem on
dominated convergence that w,, — w in LP(£2)". Further observe that w;, € K(L? (£2)%) where

Ky (X(£2)) :={w € X(£2) : |w(x)| < orp(x) a.e. on 2}.

Let ¢ > 0. According to (3.2), for each n € N, w;, can be approximated by a smooth function w; €
Kn(C2(£2)%) € K(C2°($2)%) such that

- e
lwn — Wnllpp2y < 5

For sufficiently large 1, we conclude that

- - & €
lw — Wnllppoyt < 1w — Wallpp@yt + lwn — Wl < 5 + 5= (4.7)

which concludes the proof. [ |
We proceed by considering the important special case of a piecewise continuous upper bound;

suppose there exists a partition of £2 into open subsets §2; C £2 with Lipschitz boundary such that
Q :Ulelle, 2iNRi=0 fori#jand

alg € C(2), xi&lea|g,(x)>o, I=1,...,L (4.8)

Theorem 4.4 ensures that for obstacles of this class the density result in the norm topology of the
LP-spaces holds true.

(c) Lower semicontinuous obstacles and Sobolev spaces

Conditions on the obstacle « so that the density results for Sobolev spaces hold can be relaxed
from assuming that a € C(£2) to lower regularity requirements with the aid of Mosco convergence
of closed and convex sets. The following definition goes back to [15].

Definition 4.5 (Mosco convergence). Let X be a reflexive Banach space and (K;;) a sequence
of closed convex subsets with K, C X for all n € N. Then K, ﬂ) K as n— +oo,ie. (Ky) is said to
Mosco converge to the set K C X, if and only if

Ko{veX:(3(v) C X:vge Ky VkeN, vy — v)} (M1)
and Kc{veX:(3(vy) cX, AINeN:v, €K, Vn>N,v; — v)}. (M2)
Here, (K, ) denotes an arbitrary subsequence of (K;;) and the subset notation (v;) C X has to be

understood in the sense that {vi} C X. The following class of obstacles encompasses functions in
W4 (£2) that fulfil a generalized lower semicontinuity condition.

Definition 4.6. We denote by W9(£2) for g > 1 the set of functions a € W4(£2) for which there
exists a sequence of functions («,) with o, satisfying (3.1), oy <o a.e.in £2 and o, € C(2) N
WLA(82) for all n € N such that a;, — o in WH(£2).

Note that the class W7(£2) is strictly contained in W(2). Additionally, any obstacle o € W1($2)
has a lower semicontinuous representative, which follows easily from definition 4.6 and by
extraction of a pointwise almost everywhere converging subsequence. However, the functions
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in W17 are not necessarily continuous: it suffices to consider the example from (4.1) for £2 = B,(0),
N >1and

a(x) =In(In(clx|™Y)), c> er fixed. (4.9)

It follows that o € WH1(£2) for all g <N (see [17, Example 4.43]), « ¢ C(£2), and the sequence (a;;)
defined as «;(x) = min(x(x), ) for n € N satisfies the requirements of the definition of W7(£2).

Theorem 4.7. Let 2 C RN be a bounded Lipschitz domain. Let 1 <p < oo and a € WP(82). Then the
following density results hold true:

Wy ()

K(D©R)%; ] - loo) =KW (2)% 1 - Ioo)

and K@) =KW (@)% - 1),
where K(X(2);| - |oo) = {w € X(£2) : |w(X)]|oo < a(x) a.e. x € 2}.

Proof. Without loss of generality, consider the one-dimensional case d=1. Let w € K(Wé’p (£2);
| loo) and () € WP(2) according to definition 4.6. By Mazur’s lemma, we may as well assume
that (o) converges strongly to o in WLP(£2) since convex combinations preserve order and
continuity. Hence, one obtains the Mosco convergence result

KW (@2)) =5 KEWp" (2)
for the unilateral constraint sets
K, (X(£2)) :=={w e X(£2) : w(x) > —ay a.e. in §2},
K (X(£2)) := {w € X(£2) 1 w(x) < ay a.e. in £2},
K_(X(£2)) :={w € X(£2) : w(x) > — a.e. in £2}

and Ky (X(£2)) :={w e X(2) : w(x) <« a.e. in £2}.

Consequently, there exist two recovery sequences,
1
wyr € Ky (Wy"(82)), (4.10)
with wE — w in Wé’p(ﬂ). Using the continuity of
. 1p 1p
max(...,0), min(...,0): Wy (£2)— Wy (£2),

it follows that the sequence
wy =max(w;, 0) + min(w;, , 0),

converges to w in W(l)’p (£2). Moreover, it holds that |w;,| <, for all n € N. For each n € N, the
assumptions on «; allow to use (3.2) to infer the existence of a smooth function @, € C2°(£2)
with [, | <oy <« a.e.in £2 that approximates wy arbitrarily well. Using w,, — w in Wé’p(.Q)d, the
assertion follows by an ¢/2-argument as in (4.7). The proof for the case X(£2) = WLP(2)? follows
analogously by invoking theorem 3.1. |

(d) Supersolutions of elliptic partial differential equations
By now, density properties for pointwise constraints in Sobolev spaces of the type

WP (2)!

WP (Q)
K@) " @

=KW (@), or K(D($2)) =KW (2)h),

have been obtained on the basis of mollification and a subsequent procedure to enforce feasibility.
An alternative approach is the approximation of a function via the solution of an appropriate
sequence of elliptic PDEs. Using standard regularity theory, one may prove higher regularity
of the approximating sequence and one is left to prove feasibility. In this section, we focus
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on obstacles which are solutions of an elliptic PDE. Therefore, consider a general second-order
differential operator A in divergence form;

N P 3 n P
ij=1 i=1

where a;;,b;,c € L(£2) for 1 <i,j <N. Here, the matrix [a;;(x)] is symmetric a.e. and uniformly

elliptic, i.e. there exists a k; > 0 such that

N
> a0 = kalél?, Ve RN,
ij=1
for a.e. x € 2. It is further assumed that a;;, b;, c are such that A:Hé([?) — H Q) is strongly
monotone, i.e. there exists « > 0 such that

(Au ) = K lullgy o, Vi€ Ho(R),

2)
where (...,...) denotes the duality pairing in H —1(2). For example, this is the case if b; =0 for
1<i<Nand c(x) >0 a.e. in £2. We call a function « € H(£2) weak supersolution with respect to
the elliptic operator A, if Aa > 0 in the H~!(£2)-sense, that is

(Aa,v) >0, VveH}(£2),v=>0ae. in 2. (4.12)

The subsequent theorem covers density properties for obstacles that are weak supersolutions of
an elliptic PDE of type (4.11).

Theorem 4.8. Let $2 be a bounded domain. Let o € H'(£2) be a weak supersolution for some A as in
(4.11) in the sense of (4.12), with a > 0 on 382. For X(£2) € {L*(22)*, H}($2)}, it holds that

X(

KOY(2), - Joo) 2 = K(X(),] - Ino),

in the following cases:

(i) a;j € CO(82) or ajj € C1(R2): Y(2) = (HE (2) N H}(82))",
(if) 082 € CV'1 or 2 convex, aj; € CO1(82): Y(2) = (H*(22) N HY(2))",
(iii) a;,bi,c € C"F1(2), m € No: Y(2) = (H]'T2(2) N H)(2))* and

(iv) 982 € C"™2, a5, by, c € C"F(2), m € No: Y(£2) = (H"™+2(2) N H} ()"

Proof. Without loss of generality, assume d =1. First observe that the maximum principle
implies a(x) > 0a.e.in 2. Let w € K(X(£2)) be arbitrary. Consider the sequence (w;), where wj
is defined as the unique solution to the problem,

find y € H}(£2): %Ay—l—y:w in H1(Q). (4.13)

We denote by T, the solution mapping to (4.13), i.e. wy, = Ty(w).
Step 1: Ty-invariance of K(Hé(s?)): We now prove that for any 1 € N, we have that —« <w, <«
a.e., ie.
Ty : K(L*(£2)) — K(H}(%2)), (4.14)

given that A« >0 in the H “1(2). Proceeding as in [20], we consider (w, — )" as a test function
on (4.13) and add to both sides —{(1/n)Aa + «, (w, — a)*). Then,

K 1
;”(wn - a)+”%{é(9) + Il(wn — 0‘)+||i2(9) = <(EA + I) (wn — @), (wy — 0‘)+>
1 +
<{w—a— EAoz,(w,, — )

1
= ——(Aa, (wy — a)t) <o,
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where we have used that w — o <0 a.e. in £2. Therefore, w;,; < « a.e. in £2. Analogously, we obtain
that w, > —« a.e. by considering (—oa — wy,)T as a test function and by adding to both sides
—((1/n)Ae + &, (—a — wy,) ™). This proves (4.14), i.e. w, € K(H}(£2)).

Step 2: Some convergence results for singular perturbations.

The desired convergence modes of the approximating sequences rely on standard arguments
for singular perturbations, cf. [7, Theorems 9.1 and 9.4] for the case of singularly perturbed
variational inequalities. First, for y € L2(£2) it holds

lim yy =y in [2(2) =  iu:=Tulys) — yin L3(2). (4.15)
Second, for y € Hé(.Q), we prove that
lim yy=yin H(2) = lim §y =y in H(£2). (4.16)

In fact, since y,, € H(l)(.Q) and A is strongly monotone, we observe that

K . . 1 A N
Z“yn - ]/n”?_l(l)(m + lyn — ]/n||%z(9) =< <<£A + I) Un = Yn)rYn — yn>
_ 1 A A
= E( Y, Yn — Yn)
1 N
=< E“A}/n”H*l(Q)”yn - yn”Hé(_Q)/

where we have used that i, solves (4.13) with y, as right-hand side. Hence (i) is bounded
in H(l)(.Q). Employing (4.15) one obtains that §, =y in H(l)(SZ) along a subsequence, and by
uniqueness, it holds 7, — y for the entire sequence (i/,). Finally, from the inequalities above, we
have

e imsup | — ynly ) < limsup(Ay, yn — Jn) =0,
n—00 0 n—>00

so that i, = Ty(yn) — y in H(l)(.Q) and thus (4.16) is proven.
Thirdly, in addition to w, = T,(w), we define wf, = T!(w) where T/(w) = T,(TT ' (w)) for g

N,g>2, T%(w) :=Tp(w) =wy, and w(,), :=w. It can be deduced from (4.15) and (4.16) by induction
that

Tim wh=w inL*2), YgeNU{0}, (4.17)
for w € L2(£2), and
lim wh=w inH\(2), YqeNU{0}, (4.18)
— 00

forwe Ha(.Q), respectively.

Step 3: Regularity and convergence of the approximating sequences

The extra regularity of the H(l)(.Q)—solution Ty(w) to (4.13) is different with respect to the
statement cases: if a;; € CO(2) or aj; € CH(f2)forl < i,j <N, the solution T)(w) belongs to Hé(.Q) N
HIZOC(.Q) (see [21] for the first case and [18] for the second one). The solution T, (w) belongs to
H(l)(Q) N H2(£2) if 382 is C'1-smooth [21] or when £2 is convex [22].

In case w € K(L2(£2)), (4.15) with Yn = w ensures that w, — w in 12(2). In conjunction with the
regularity and the feasibility of w, = T;;(w) described above, we have then established (i) and (ii)
for X(£2) = L?(2). Secondly, note that if w e K(H(l)(Q)), then w, — win H(l)(.Q) by (4.16) with y, = w,
and as seen above, wy, € K(H(l)(.Q)). This, together with the regularity of w, = T,,(w) established
above, proves in turn (i) and (ii) for X(£2) = H(l)(()).
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It is left to argue for (iii) and (iv) as follows. If ajj, b;,ce C’”‘H(.Q) for 1 <i,j <N, then for each
n € N, the operator T}, has the following increasing regularity properties [18],

e HE (2) = Tu(w) e HI2(2) NHY(2), 0<k<m;
and if a;;, by, c € C"+1(2) for 1 <i,j < N and 952 is of class C"*+2, for each n € N,

w e HY(2) = Ty(w) e H2(2) N HY(2), O0<k<m.

Finally, this proves (iii) given that wZ € Hm+2(.(2) N H(l)(.Q) for 2g>m+2, wz € K(H(l)(.Q)), and

loc
wh — w as n — oo in L2(£2) or Hé(.Q) depending on the regularity of w, cf. (4.17) and (4.18). The
analogous reasoning applies to (iv). |

Let us briefly comment on the relation to the density results from theorem 4.4 and theorem 4.7.
First, note that we do not require the obstacle to be bounded away from zero as we did in the
preceding paragraphs. Secondly, the maximal regularity of the feasible approximation hinges on
the coefficients of the elliptic operator associated with the obstacle and the smoothness of the
boundary. Concerning the semicontinuity requirements of the upper bound, a classical result from
Trudinger [23, Cor. 5.3] for the case without lower order terms (b; =0, c = 0) states that any weak
supersolution in the sense of (4.12) is upper semicontinuous. By contrast, the consideration of
upper bounds that are weak subsolutions of an elliptic PDE is not useful as these functions may
easily fail to be non-negative on §2. For example, this is the case if a weak subsolution satisfies a
Dirichlet boundary condition.

5. Application to finite elements

(a) Finite-element discretized convex sets

In the following, we investigate the issue of the Mosco convergence (definition 4.5) of finite-
dimensional approximations Kj, of a convex constraint set K(X(£2)) of the type (3.3); see §2b(ii) for
a general motivation in the context of variational inequality problems. In this section, it is assumed
that the sets (Kj;) result from a suitable finite-element discretization such that the parameter # is
associated with a sequence of mesh widths (;) tending to zero. The convergence of (Kj) in the
sense of definition 4.5 ensures that the solutions of the discrete problems converge to the solution
of the original infinite-dimensional problem irrespectively of the regularity of the data or the
obstacle defining K(X(£2)); see [7, ch. 4, Theorem 4.1]. Mosco convergence results of this type
are rarely found in the literature and are typically confined to simpler constraint sets and higher
regularity assumptions on the obstacle; see, for instance, [4] for the case of an HY Q)N C(2)-
bound in the context of the obstacle problem. The density results from the preceding sections
provide the basis for new Mosco convergence results under minimal regularity (of the solution)
and under weaker assumptions on the regularity of the obstacle «. We further provide novel
Mosco convergence results for discretized constraints on partial derivatives, including Raviart—
Thomas finite-element approaches for problems in H(div). As a general rule, density results of
the type (1.1) represent a powerful means to verify the convergence of finite-element methods for
convex constrained problems under minimal regularity. Applications involving constraint sets of
the type (3.3) with low regularity of o are manifold and comprise, for instance, the discretization of
variational problems in mechanics, such as in elasto-plasticity with hardening [24], and in image
restoration, with regard to the predual problem of TV-regularization [25]. Moreover, the issue
occurs in fixed point-based approaches to the solution of quasi-variational inequalities through
the implicit definition of obstacles.
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Remark 5.1. In some textbooks on finite-dimensional approximations of variational
inequalities, cf. e.g. [4,6], condition (M2) is replaced by the following criterion:

there exists a dense subset K ¢ K and an operator ry; : K— X
such that for all v € K it holds #,,v — v in X and there exists ng € N M2)
such that r,v € K;, for all n > ny.

It is easy to show that (M2') implies (M2). In fact, let v € K and denote by mg, v its (not necessarily
uniquely determined) projection onto Ky,. By density, for & > 0, there exists v € K such that [|v® —
v|| <e. Thus, it holds

lv—mg, vl = inf [lv—v"| <llv =10’ <&+ v° — 0,
v'ek,

for sufficiently large n such that lim;, . v — 7k, v|| <&, where ¢ was arbitrary.

The condition (M2') turns out to be convenient especially in the context of finite-dimensional
approximations, where (r;) is given by suitable interpolation operators, which typically are only
well defined on a dense subset Y(§2) of X(£2) giving rise to sets K of the type K(Y(£2)). This is
precisely the point where the density results of §3 are needed.

Note that Mosco convergence is a powerful tool whenever the discrete spaces are fixed a priori,
i.e. regardless of the data of the specific problem. The resulting sequence of finite-dimensional
problems can be understood as an approximation of any problem in a given problem class.

By contrast, adaptive finite-element methods intend to design the sets K, in order to
approximate the solution of a specific problem. However, rigorous convergence proofs with regard to
adaptive discretizations of variational inequalities are restricted to special cases and usually rely
on rather strong assumptions. For instance, in the case of the obstacle problem with a piecewise
affine obstacle, we mention the article [26]. Moreover, density results may still be useful in the
convergence analysis of adaptive schemes which require interpolation operators (cf. [27]).

(b) Finite-element spaces and interpolation operators

In this section, we assume that £ CRN is polyhedral. Together with 2, a sequence of
geometrically conforming affine simplicial meshes (7},);,~.¢ of £2 with mesh size

h:=maxdiamT
TeTy

is assumed to be given. For details, we refer to [28]. In analogy to the case N =2, we refer to each
7y, as a triangulation. The (N-dimensional) Lebesgue measure of an element T € 7}, is denoted by
A(T). We also admit the standard assumption that the sequence (7,) is shape-regular, i.e.

: diam(T) “c

PT

where diam(T) = maxyye7 |x — y| denotes the diameter of T and pr designates the diameter of
the largest ball that is contained in T. We further write xt for the (barycentric) midpoint of an
element T, and My, = {x7: T € 7}, \}; and &}, for the set of element midpoints, triangulation nodes
and edges with respect to 7, respectively. By abuse of notation, we write |Mj| and |V for the
cardinality of the respective set. Let xr:£2 — R designate the characteristic function of T with
respect to £2, that is

dc>0 VhVT €Ty, (5.1)

x1(x)=0,Vx¢T, xr(x)=1, VxeT.

We further make use of the standard Hl(.Q)—conforming finite-element space of globally
continuous, piecewise affine functions denoted by

P1yp(2):={ue C(2):ulr e Py VT € Tp)}.

Here, P1 denotes the space of polynomials of degree less than or equal to one. Together with the
finite-dimensional subspace Pj;(£2) and its standard nodal basis {¢y :x € }}, we consider the
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global interpolation operator

Iy:C(2) > P1p(R) and Iyu:= Y u(x)py. (5.2)
xeN;,

Note that I}, is only defined on a dense subspace of H'(£2). For the discretization of variational
problems in H(div; £2), it is customary to use the conforming space of Raviart-Thomas finite
elements of lowest order

RT,(2) :={w e L2(2)N :w|p e RTVT € Ty, [w - v]|gne = OVE € &}, (5.3)

where RT:= {weIF’i’: JaeRYbeR:w(x)=a+bx} and v denotes the unit outer normal to
T. To incorporate homogeneous Neumann boundary conditions, one uses the Hy(div; §2)-
conforming subspace

RT4(£2) := RT},(£2) N Ho(div; £2).

The construction of suitable edge-based basis functions {¢g : E € £} can be found in the literature,
cf., for instance, [29], such that the boundary condition in the definition of RT( j,(£2) can be easily
accounted for. The global Raviart-Thomas interpolation operator is given by

W (@N - RTR), Nw:=>)" (J w-v dHN*1> E. (5.4)
Eef,‘h

(c) Mosco convergence results under minimal regularity

We emphasize that the subsequent results may be extended to finite elements of higher order,
which are typically useful when the solution to the variational problem, e.g. (2.8), displays a
higher regularity. In this regard, higher regularity assumptions on the data and the obstacle
are required and the concept of Mosco convergence is not binding to prove the convergence of
the finite-element method, and a priori error estimates with a rate can be derived (cf. e.g. [30]).
However, we do not want to deviate from minimal regularity assumptions on the data. Further,
even for simple variational problems such as the classical elasto-plastic torsion problem, there is
a regularity limitation for the solution regardless of the smoothness of the data (cf. [4]).

Note also that the subsequently covered problems comprise situations where the discrete
feasible sets Kj, are not necessarily nested and non-conforming in the sense that they are in general
not contained in the feasible set K(X). In the following, ¢ denotes a positive constant, which may
take different values on different occasions.

Lemma 5.2. Let 2 CRN bea polyhedral domain and « € C(2) with a(x) > 0 in 2. Further let (wy,)
be a sequence that fulfils for all h, wy, € Plrh(.Q)d and |wy(x7)| < a(xr) for all T € Ty,. If wy, — w forh — 0
n Lz(.Q)d, then it holds that |w| < «a a.e. in £2.

Proof. 1t suffices to show that ix(w) = 0, where
K:={we LZ(Q)d Hw| <o ae.l.
Moreover, it holds that ix = j*, where j* denotes the Fenchel conjugate

Jf*):= sup {(v*,v)—j(v)},
vel2(R)1

of the mapping j: L%(22)? — R, j(v) := [, a|v|, dx. Here,

V[« = sup v*-v/|v]
veR4\ (0}

denotes the dual norm of | - |. From the definition of j*, we obtain that ig(w) = 0 is equivalent to

(w, v) 5J9a|v|* vv e L2(0)". (5.5)
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By a density argument, it suffices to prove this result for all v € C.(£2)%. Denote by

api= Y elxr)xr and vi= Y v(xr)XT, (5.6)
TeT, TeTy,
the piecewise constant interpolants of « and v, respectively. By definition of (a;,) and (vj,) as well as
the uniform continuity of & and v it follows that o, = « and v, — v, both in L°°(§2). By the weak
convergence of (wy,), the strong convergence of () and (vy,) as well as the midpoint quadrature
rule, we obtain

J w~vdx<—J wh~vhdx=ZJ wy, - v dx
2 Q2 e,

= Z MT) wy(x7) - vyl dx

TeT,
< Y MD)elxr)|vyl7le dx
TeTy
=J ah|vh|*dx—>J alv|, dx, (5.7)
2 2
which proves (5.5). |

Lemma 5.3. Let 2 CRN be a polyhedral domain and « € C(2) with a(x) >0 in 2. Let (wy) be a
sequence that fulfils for all h, wy, € PLh(.Q)d and |wy(x)| < a(x) for all x € Ny If wy, — w for h— 0 in
L2(82)" then it holds that |w| < o a.e. in 2.

Proof. The assertion follows by a slight modification of the proof of lemma 5.2. Instead of the
piecewise constant interpolant we define «y, as the piecewise affine interpolant of «, i.e. o, = [,
which fulfils «(x) = (Ier)(x) for all x € N}, and o, — « strongly in L®(R)". By (5.7), we obtain

MT
ng-vdxefgwhmhdx: Z % Z wy(x) - vy dx

TeT, xeN,NT

<> ]3(—1)1 Y lwn(llvglrl

TeT, xeN,NT

<> ]3(—1)1 Y a@lvlrls

TeT, xeN,NT

=J ah|vh|*dx—>J a|vl, dx. |
Q 2

Theorem 5.4. Let 2 CRN be a polyhedral domain and o € C($2) such that (3.1) holds true. Then
the sets

Ky = {w e Py j(2)* : jw(xr)| < axr) for all T € Tp) (5.8)
Mosco converge for h — 0 to the set K(H'(2)?) in H'(£2)%.

Proof. Since weak convergence in HY(2) implies weak convergence in L2(R2), the preceding
lemma 5.2 shows that (M1) is fulfilled. We now show (M2'). To prove the assertion, we may use
a strategy that is similar to the one in [4, ch. II] and requires (3.4). Note that theorem 3.1 implies
that the set

K:={peC®(2):1p(x)| <a(x) forall x € 2} (5.9)

is also dense in K(H!(£2)?) with respect to the H 1(£2)?-norm. For the global interpolation operator
I}, defined in (5.2), we have the classical estimate,

lu = Tytll ey < P llullpem(y i€ W*(82). (5.10)
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Here, c denotes a constant independent of /1 on account of the shape-regularity of the triangulation
(5.1) (cf. [28, p.61]). We further define r, : K — Py ;,(22)% by

rhw = [Ihw1/ e ,Ihwd],

and it follows that r,w — w as h — 0 in H!(2) for all w € K; see [28, Corollary 1.109]. Applying
estimate (5.10) to the components of w € K and using the equivalence of norms on R4, one
obtains that

e = rpwl l|Le(2) < ch* Wl weoe(gyts (5.11)
for a suitable modification of c. This implies
()] < [w@)| + ch? Wl ey VX € £2. (5.12)

Since any w € Kis uniformly bounded away from «, there exists hg = ho(w) such that r,w € KjVh <
ho, which implies (M2’). [ |

Corollary 5.5. Under the conditions of theorem 5.4, the sequence (Ky,) defined in (5.8) Mosco converges
for h— 0 to the set K(L*(2)%) in L2(2)".

Proof. Again, lemma 5.2 implies that (M1) with X =L?(22)? holds true. For K defined in (5.9)
it holds that K is also dense in K(L%(£2)%) with respect to the L2(£2)*-norm (cf. (3.2)). Thus, (M2')
follows analogously to the proof of theorem 5.4. |

Corollary 5.6. Under the conditions of theorem 5.4, the node-based discrete sets
K= {w e Py ()" : [w(x)] < elx) Vx € Ny}, (5.13)
Mosco converge for h — 0 to K(H'(22)?) in H(2)".

Proof. The proof is analogous to the proof of theorem 5.4, noting that (5.12) also implies r,w €
Ky, ¥h < hg with K}, according to the node-based definition (5.13). |

Remark 5.7. With the help of the density property (3.2) for uniformly continuous upper
bounds, the above results on the Mosco convergence of discretized convex sets carry over to
spaces involving homogeneous Dirichlet boundary conditions. In this context, the set P1 ,(£2) in
the definitions of the discretized sets K}, in (5.8) and (5.13) has to be replaced by the space

PI = {u e C(2) :ulr € P1¥T € Ty, u(x) =0 ¥x € \j, N 912}

The resulting discrete sets Kj, incorporate the zero boundary condition and the corresponding
results on Mosco convergence for 1 — 0 remain valid replacing H(2)* by H(l)(.Q)d.

With the help of the density result (3.2), one obtains the following result for the discrete
approximation of pointwise constraint sets in H(div; §2) by the Raviart-Thomas finite-element
space RTy(£2) (cf. (5.3)).

Theorem 5.8. Let 2 C RN be a polyhedral domain. Let o € C($2) such that (3.1) is satisfied. Then
the sets

K, := {w € RTo(£2) : [w(xr)| < a(xr) VT € Ty}
Mosco converge to K(Hy(div; $2)) in H(div; 2) and to K(L?($2)N) in L2(22)N.

Proof. Let wy, € K}, for all h. First observe that if (wy,) weakly converges to w in H(div; §2), then it
also weakly converges to w in L2(2)N. Analogously to the proof of lemma 5.2 one concludes that

61609107 €L/ 705y 201 BioBusiqndiraposieforredsy



Downloaded from https:.//royal societypublishing.org/ on 03 March 2022

|w| <o a.e. in 2. The continuity of the normal trace mapping
H(div; £2) > w > (wv, v)g-12¢0),m200) €R
for fixed v e H(2) implies wv =0 in H~Y2(3$2). We conclude that w € K(Hy(div; £2)) whence it
follows that (M1) is satisfied. Secondly, note that
——————H(div;2) .
K(C(2)N) = K(Ho(div; £2));

cf. (3.2). For the global Raviart-Thomas interpolation operator defined in (5.4), the following
interpolation error estimate holds true [28, Corollary 1.115]:

= I ooy + Ildiv u — div IR | () < chllull oy, (5.14)
for all u € W2(2)N. Setting rj,w := IETw for any w K, where
Ki={we C‘CX’(Q)N Hw(x)] < ax), Vx € 2},

and taking account of the fact that I,IfTw — w in H(div) for all w € K, we may proceed analogously
to the proof of theorem 5.4 to verify (M2'). [ |

The previous approach can also be applied to derive approximation results for constraint
sets involving pointwise bounds on partial derivatives. To begin with, we consider the gradient-
constraint sets

Ky(X(22))={w e X(£2) : |Vw| <« a.e. in £2},

for X(2) c H'(£2)? and an arbitrary norm | - | on RN*d,
Theorem 5.9. Let 22 C RN be a polyhedral domain. Let o € C(§2) such that (3.1) is satisfied. Define
Ky = {w e P{%(2)" : [Vwlr| < a(xr) VT € Ty} (5.15)
Then the sets Ky, Mosco converge to Ky (H}($2)) in HY(£2)".
Proof. To prove (M1), it suffices to notice that if w, — w in H! (.Q)d then Vwy, — Vw in L2(2)N xd,
Similar to the proof of lemma 5.2, one obtains for v € Ce(£2)N*4 that

J Vw:vdx<—J th:vdxsj |Vw;,||v|*dx§J ah|v|*dx—>J alv|s dx,
fos Q Q Q 2

using oy, from (5.6). Therefore, (5.5) holds with Vw in place of w, and (M1) is verified.
To prove (M2'), we consider again the global interpolation operator Ij, from (5.2). The standard
estimate
1Vt = VIl oy < chllullwes(g),  Viee W™(2),

holds true (e.g. [28]). Note also that Kv(CCOO(.Q)d) is dense in Kv(Hé(Q)d) for the Hl(.Q)d-norm
[11, Theorem 4]. Thus, the set

K:={weCP(R)": |[Vw)| <a(x) Vxe )

is also dense in Ky (H!(£2)%). Therefore, one may argue as in the proof of theorem 5.4 to deduce
(M2'). |

Next we consider pointwise constraints on the divergence. For X(£2) C H(div; £2) let
Kaiv(X(£2)) :={w e X(2) : |divw| <« a.e. in £2}. (5.16)

Using Raviart-Thomas finite elements, a discrete realization of the inequality constraint in (5.16)
can be achieved by imposing the inequality on the midpoints of the triangulation. The following
statement ensures that the resulting approach is stable as the mesh width goes to zero.

Theorem 5.10. Let 2 CRN bea polyhedral domain. Let « € C($2) fulfil (3.1). Then the sets
Kjy == {w € RTp;($2) : Idivw|r| < a(x7), VT € T}

Mosco converge in H(div; £2) to the set Kgiy (Ho(div; £2)) as defined in (5.16).
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Proof. Taking account of the fact that wy, — w in H(div; £2), wy, € K}, implies divwy, — divw in
L2(£2), (M1) follows analogously to the corresponding part of the proof of corollary 5.9. Since
KdiV(CSO(.Q)N) is dense in Kg;y (Ho(div; £2)) [11, Theorem 4], the set

K:={we CP(R)": [divaw(x)| < a(x), Vx € 2}

is also dense in Kgjy (Ho(div; £2)). Setting rj, = IET, the estimate (5.14) implies 1w — w in H(div; £2)
and
divw — div rpwllp~ (@) < chllwllwae @),

for all w in K. In particular, one may argue as in the proof of theorem 5.4 to verify (M2'). |

For a general LP-function as upper bound, a point-based discretization is obviously not
possible. As a remedy, the construction of the discrete sets Kj, typically involves some kind of
averaging process. For this purpose, we define the integral mean

J: adx:= m
T MT)
over some given subset T C £ (with positive measure).

Now we have to take into account that the density results of the type (3.2) and (3.4), which
represent the main ingredient to prove the consistency of the finite-element approximation, may
fail to hold true (e.g. theorem 4.2). On the other hand, the results from §4 indicate that the density
property is still guaranteed for a large class of discontinuous obstacles. To maintain the greatest
level of generality, we assume that the non-negative measurable function o :$2 — R U {+o0}
allows for the density property

K(C(.(_Z))Lz(md =K(L*(2)%). (5.17)

Here, we concentrate on the consistency in the Lz—topology but an extension to the other cases is
possible by appropriately modifying assumption (5.17). We stress the fact that assumption (5.17)
is fulfilled in relevant situations (cf. e.g. theorem 4.4).

Lemma 5.11. Let $2 C RN be a polyhedral domain and « € L?($2) with a(x) > 0 a.e. in $2. Let (wy,) be
a sequence that fulfils for all h, wy, € Pl,h(s?)d and |wy(x7)| < ff'T adx forall T € Ty, If wy, =~ w for h — 0
in L2(2) then it holds that |w| < « a.e. in £2.

Proof. The assertion follows analogously to the proof of lemma 5.2 by a slight modification
of the definition of «;. Instead of the piecewise constant interpolant we consider the piecewise
constant quasi-interpolant oy, := ZTeT,, XT:fTOC dx. Observe that o) converges strongly to « in
L%(2)?, which is sufficient for the above argument. |

Theorem 5.12. Let 2 C RN bea polyhedral domain. Let o € L2(82) with (3.1) such that (5.17) holds
true. Then the sets

Ky = {w € Pl,h(.(z)d Hw(xr)| < J: adx, VT € 7},} .
T
Mosco converge for h — 0 to the set K(L2(2)4) in L2(2)".

Proof. We only need to prove (M2') since corollary 5.11 implies (M1). First note that (3.1) and
(5.17) imply that the set

Ki={we CSO(SZ)”Z : 38 = §(w) > 0 such that |w(x)| < a(x) — § a.e. in 2},
is also dense in K(L2(£2)%). Furthermore, we set
rpw = [IhZU1, .. .,Ihwd],

for w € K and I}, as in (5.2). Integrating estimate (5.12) yields

H rpw dx
T

sif |w| dx + ch2||wllwz,m(9)d, VT €7y,
T
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Let w € K be fixed. Since rj,w is affine on each T € 7, an application of the midpoint rule shows
[rpw(xr)| < f |w| dx + Ch2||w||Wz,oo(md, VT €Ty,
T

which implies

[rpw(xr)| < f adx —8(w) + Chzllw”WZ,oo(Q)d, VT € 7. (5.18)
T

This implies r,w € K}, for all w e K and & < ho(w). By (5.10), it holds that r,w — w in L2(22)? for
h — 0, which proves (M2). [ |

6. Further applications

(a) Regularization of elasto-plastic contact problems

In the context of the one time-step problem of quasi-static elasto-plasticity with an associative
flow law, the deformation of a material represented by a bounded Lipschitz domain §2 subject
to given applied forces is modelled by the evolution of the displacement, the material stress and
strain as well as certain internal variables (cf. [6]). An elasto-plastic contact problem arises if the
movement of the material is additionally restricted by the presence of a rigid obstacle. From a
mathematical point of view, the problem can be equivalently reformulated in terms of the normal
stress z* at the (sufficiently smooth) contact boundary I': C 952, and a variable g that is related to
the deviatoric part of the material stress; for details we refer to [24, p.154]:

min  G([z*,q]) — (z%, ) over [z*,q] e HY?(I)* x L*(2)*
st. z* e HYA(I)*, (6.1)
|9l < B a.e.in £2.

Here, d:=N(N+1)/2—1 and G is a strongly convex, continuous and coercive functional that
models the elasto-plastic material behaviour subject to given external loads. Furthermore, a
contact constraint on the normal component of the displacement is imposed by a function v,
which lies in the trace space H'/2(I.). The upper bound g € L?(£2) is determined by the hardening
law, and it is bounded away from zero by the positive yield stress oy, i.e. B(x) > 0, a.e. in £2. The
normal stress z* is constrained to lie in the polar cone

HY? (o)t = (z* e HY2(I)* : (2%,2) < 0¥z e HY (1)
to the cone of non-negative functions
H1+/2(I"C) ={ze Hl/z(l"c) :z>0a.e.on I},

where HY/?(I;)* designates the topological dual space of H/?(I};). From an algorithmic point
of view, it is favourable to replace (6.1) by a combined Moreau—Yosida/Tikhonov regularization
given by

min  G(lzq) — & Wz + 512" I,

Yn 2 1 2
+ ?H[(Wb - ’8)]+”L2(.Q) + mll[z,q]”Hl(n)XHl(‘Q)d’ (611/)
over |[z,q]e HY(I}) x Hl(.(z)d,

where (y,) and (y,) are sequences with y;, y;, — +00 as n — +o0. In contrast to (6.1), (6.1,) can
be solved efficiently by the semismooth Newton method in the infinite-dimensional setting. As a
consequence, the Newton iterates are superlinearly convergent, and the convergence rate is mesh-
independent upon discretization. For details, see [24, section 5]. In order to prove the stability of
(6.1,) with regard to the limit problem (6.1) in the sense of theorem 2.1, we show that the problems
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(6.1,) define a quasi-monotone perturbation of ix with respect to the dense subspace H L) x
HY(2) c HY2(I,)* x L2(22)? (cf. definition (2.2)). Here, we write for X c H/2(I,)* x L2(£2),

K(X):={[z"gqle X:z" e Hi/z(l“c)*, Igl2 < B a.e.in 2},
and K := K(HY2(I)* x L2(£2)%). In fact, setting

Y2 Yn PNE RS 2
Ru([z,q]) := 2 12" M52y + > I(ql2 = A" T2y + 2, Iz a1y @y

where it is understood that R, ([z*, g]) = +o00, unless [z¥, ] € HY(I) x HY(2)?, it is easily seen that

_ , 1 )
Rn([zl 5]]) = ZK:([Z/ l]]) + 27]/’//1”[21 q]”Hl([l_)XHl(_Q)d/
fulfils (2.4). Moreover, we set
Ry([5, 4D = @) + 2 1gl2 = AT Iz,

where
2

r(z") ;= | max sup  (z%,2),0

zeHA (1),

l2l1/2 =1
The validity of (2.3) is an immediate consequence of the following lemma.

Lemma 6.1. The functional r: H/?(I'.)* — R is weakly Ls.c. and it fulfils

(i) r(z*) =0 for all z* € HY*(I)*,
(ii) r(z*) > 0 for all z* € HY2(Ip)* \ HY*(I%)*,
(iii) 1(z) < ||z+||%2( yforallze L2(I7).

Proof. As a composition of a convex, continuous and monotone function with a supremum
of 1s.c. and convex functions, r: H/2(I.)* — R is weakly Ls.c. Assertions (i) and (ii) are direct
consequences of the definition of H_lk/z(l“c)*. For ze L2 (I})={z e L%(I;):z <0 a.e. in £2}, it holds
r(z) = 0 and (iii) is always satisfied. Now letz € L2(I) \ L2 (Iy). By the density of H}F/Z(FC) in Li(l})
it holds that

rz)Y? = sup  (z,z) >0.

zeHY*(I)

1zl 1727y =1

Moreover, one obtains

Iz 12y = sup — +3)
O stz iz
Z#0
- 1 B
> sup = (z,z)> sup — (3 =r2)?
zerxry  IZlen sen2(ry) 1zl 12y
z#40,z>0 a.e. 520
which implies (iii). =

From the discussion in the introduction and theorem 2.1, it is known that the consistency of the
regularization scheme (6.1, ) with respect to (6.1) hinges on the density of K(H L(2)%) in K(L2(2)%),
where

K(X(£2)):={qe€X(£2):1gl2 < B a.e.in 2},

in accordance with the notation from the preceding sections. Owing to the results of §§3 and 4,
this is always fulfilled for kinematic hardening, as g is a positive constant in this case. In the
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same way;, it is also fulfilled for large classes of discontinuous obstacles g in the case of combined
isotropic-kinematic hardening. Once the density property is ensured, one may use monotonicity
properties of G to derive strong convergence properties of regularized (normal) stresses, strains
and displacement; cf. [24] for details.

(b) Fenchel duality inimage restoration

Optimization problems with total variation regularization have been successfully considered in
the image restoration context. In the denoizing setting, an original image e that belongs to the
space of functions of bounded variation BV(£2), £2 C R?, is sought to be recovered from a noise
perturbed measurement f = tye + 1 with n € L3(£2), [n=0and | [n12 = o'2. This motivates the
optimization problem

1
minfl[ |u—f|2dx+aJ. |Dul;  over u € BV(£2),
2o 2

for @ € R in the seminal work by Rudin et al. [31]. Here, Du, the distributional gradient of u €
BV(£2), is a Borel measure and |Du|; is its total variation measure with total mass j(z |Du|q, which
is characterized via duality as

J |Dul; = sup H udivvdx:v e Cg(.Q;Rz), [v(X)|eo <1,Vx e .Q} .
Q Q

The drawback of the above reconstruction scheme is that the choice of the regularization
parameter « is global: A good reconstruction locally requires high values of « in some regions
of 2 (e.g. flat regions of uirye) and low values in other regions (e.g. locations of details of uirue). A
recent approach in [32,33] proposes the following alternative: For a function « : £2 — R such that
(3.1) holds true, consider the optimization problem

min%J |u—f|2dx—|—J a(x)|Duly  over u € BV(£2), (6.2)
Q Q

where [, a(x)|Dul; stands for the integral of « on £ with respect to the measure |Du|;. Hence, «
needs to be a | Du|j-integrable function in order for [ o @|Duly to be correctly defined. A sufficient
condition for this is given by « € C(£2), the space of continuous functions on £2.

As usual in convex optimization, it is convenient to consider the problem in (6.2) from the
point of view of Fenchel duality. In fact, (6.2) can be characterized as the Fenchel dual problem of
the following constrained optimization problem:

min %H div p +f||fz(m over p € Hy(div; £2)
(6.3)
s.t. peK(Ho(div; 2),] - |oo),

if the following density result holds true:

-Hy(div;2

KCHR, 1) " Z K(Ho(div; 2), | - 1oe),

where, according to the above notational convention,

K(Ho(div; £2), | - o) = {g € Ho(div; £2) : [g(x) |0 < ar(x) a.e. in £2}.

7. Conclusion

We investigate the stability of a large number of perturbation and dualization approaches to
variational inequality and constrained optimization problems in the context of density properties
of a convex constraint set. If the intersection with certain dense subspaces is dense in the feasible
set, one may prove the unconditional consistency of various perturbation schemes including
Galerkin approximations. In this regard, the class of quasi-monotone perturbations provides a
unified framework.
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The abstract motivation leads to the study of density properties of constraint sets in Sobolev
spaces with respect to spaces of smooth functions. We focus specifically on sets that are defined
by a pointwise constraint on the norm of the function value. In this case, the density property is
determined by the regularity of the upper bound. Whereas the case of a uniformly continuous
obstacle gives rise to positive density results in various Sobolev spaces, the result fails to be valid
in general, if the obstacle is just a Sobolev function. However, a large variety of discontinuous
upper bounds still remains compatible with the density property. This includes functions that
fulfil a generalized lower semicontinuity condition as well as supersolutions of elliptic PDEs.

Density results further allow to deduce the Mosco convergence of various finite-element
discretized constraint sets in Sobolev spaces. Finally, the previous results are applied in the context
of the regularization of quasi-static elasto-plastic contact problems and the dualization of total
variation-based image restoration problems.

Our future research is concerned with the refined characterization of the class of upper bounds
that comply with the density property. Another interesting direction of future research, which we
plan to pursue, is related to constraint qualifications (CQs) in the context of Fenchel-Legendre
dualization in convex and possibly non-smooth optimization. Here it appears that the density of
convex intersections may provide a suitable constraint qualification implying duality without a
duality gap. Such a density CQ appears to neither imply nor be contained in currently known
constraint qualifications like those used in the work by Hedy Attouch and co-authors (e.g. [34]).
Another current research aspect concerns the ramification of remark 3.2(ii). In the presence of
an inhomogeneous Dirichlet boundary condition, the construction of suitable trace-preserving
mollification operators with variable support appears promising. Those operators are also of
utmost interest in the context of non-smooth variational problems in image restoration.

Data accessibility. This paper has no additional data.

Authors’ contributions. All authors contributed equally to this work and gave final approval for publication.
Competing interests. We declare we have no competing interests.

Funding. This research was carried out in the framework of MATHEON supported by the Einstein Foundation
Berlin within the ECMath projects OT1, SE5 and SE15 as well as project HI1466/7-1 ‘Free Boundary Problems
and Level Set Methods’ funded by the DFG. The authors further gratefully acknowledge the support of the
DEFG through the DFG-SPP 1962: Priority Programme ‘Non-smooth and Complementarity-based Distributed
Parameter Systems: Simulation and Hierarchical Optimization” within projects 10, 11 and 13. The publication
of this article was funded by the Open Access fund of the Weierstrass Institute.

Acknowledgements. We thank two anonymous reviewers for their helpful comments.

Appendix A. Properties of quasi-monotone perturbations
Proof of theorem 2.1. Denote by
r-limsup Gu(u):= sup limsup inf G,(u),

n——+o00 UeN (u) n—>+oo U€
the I"-upper limit at u of a sequence of functions G, : X — R U {400} in the norm topology. Here,
N(u) denotes the set of all open neighbourhoods of u in the norm of X. By analogy, define
Iy-limsup,_,  Gp, the I'-upper limit of G, in the weak topology of X, as well as the lower
limit counterpart I3,- iminf,_, 4 oo G;. We write
Iy- im Gy, = Ip-limsup G, = I,- iminf Gy,
n——+0o00 n— 400 n—+00
for the weak I'-limit of (G;) provided the latter equality is satisfied. For the corresponding
definitions we refer to the monograph [12]. Further denote by sc~G the lower semicontinuous
envelope of G: X — R U {+o00}. Exploiting the relations between I'- and pointwise convergence
[12, ch. 5], one obtains with (2.4) and the continuity of F,
[p-limsup(F + Ry) < I'-limsup(F + Ry)

n——+4oo n——+00

< I-limsup(F + Ry) =sc™ (F + ixny) =F + igay,

n—+o0o
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where we use [12, Prop. 6.3, Prop. 6.7, Prop. 5.7, Prop. 3.7]. Similarly, (2.3) together with [12, Prop.
6.7, Prop. 5.4] implies

T~ Giminf(F + Ry) = F-liminf(F +R,) = lim_scy (F +R,), (A1)
where sc, (F + R,,) denotes the lower semicontinuous envelope of F + R, in the weak topology of
X. Further note that the coercivity and the sequential weak lower semicontinuity of F 4+ R, imply
that the level sets {u € X : F(u) + R;,(1) < t}, t € R, are bounded and sequentially weakly closed. If
X is reflexive or if the dual space X* is separable, then the sequential weak closure of bounded

subsets of X coincides with the weak closure, see [12, Prop. 8.7, Prop. 8.14], such that F + R, is
weakly lower semicontinuous, which entails

Ip-liminf(F + R,) > lim (F+R,)=F + ik,
n——+00 n——+00
by (A 1). Eventually, it holds that
F +ig < Ip-liminf(F + R;,)
n——+00

< I'y-limsup(F + Ry) < I'-limsup(F + Ry) < F + igay,

n——4oo n——+00

such that I'-limy,—, 4 oo (F + Ryy) = - limy,— 4 oo (F + Ryu) = F + ik, if (1.1) holds true. |

Proof of proposition 2.6. Let x e K\ KNY and p > 0 such that B,(x) N KNY =0, where B,(x) :=
yeX:lx—yl <p}
(a) We first prove the following result:

vneN3y, >0: [yeXAdist(y,KﬂBp(x))2< i:yezxn . (A2)
Yn

Assume that the opposite holds, i.e.

N 1
dngeN: [VneNElx,, € Xig, vn € KN By(x) 1 [lxy —vn||2§ =

Since vy, emﬂ K for all neN and B,(x) N K is convex, bounded and closed, there exists a
subsequence (v, ) of (v;) with vy, — v and v € B, (x) N K. As x;, — vy — 0, one also obtains x,,, — v
and thus v € X;,,. Hence, v € X;;, N KN B, (x) =@, which is a contradiction.

(b) Non-existence of a strong recovery sequence:

Choose (y;;) according to (A 2) and assume that there exists a recovery sequence (v,) to x, which
means that y, — x and F(y) + (v /2)dist(ys, K)? + ix, (yn) — F(x). The continuity of F implies that
Yn € Xy, for sufficiently large 1 and that (y,,/2)dist(y,, K)> — 0. Consequently, using y, — x and
x € K, there exists 11 € N such that

1
dist(y,, K)? = dist(y,, KN B,(x))* < —,

Yn
for all n>mny. With the help of part (1), we conclude that y, ¢ X,, for all n>nq, which is a
contradiction. |
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