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General notation and conventions

e Throughout this work, n > 1 is a fixed dimension.

e All of the functions are assumed to be real-valued.

e For a point xy € R™ and a radius r > 0, we denote by B,.(z() the open ball
B (xo) :={z € R": |z — x| < 1}.

e We will henceforth denote by 2 C R™ a bounded domain (open connected set)
with boundary 02 of class C*°.

We make precise the notion of smoothness for the boundary. Let n > 2. We

say that 9Q is of class C* for k € NU {0} if for each point x5 € 9 there exist
r >0 and ¢ € C*(R" ') such that we have

QN B, (x0) = {& € By(x0): @p > @(x1, ..., 0_1)}

upon reorienting the coordinates'. The boundary is of class C* (and said to
be smooth) if it is of class C* for every k € N.

e For a multiindex @ € N” and a function v : @ — R, we define D% :=
91 ... 09w, If k € N, then D*u := {D*u: a € N, |a| = k}, and also

|DFy| = ( 3 |Dau|2>§.

|a|=F

We distinguish the special cases k = 1 where Du = Vu = (ugy,,...,uy,) 1S
the gradient, and k& = 2 where D?*u = (Ug;z;)ij—1 is the Hessian matrix, and
Au = trace(D?u).

If m > 2, for a vector field u : Q2 — R™ u = (u',...,u™), we set Du :=
(D*u', ... D*u™) for any multiindex o € N™. The remaining definitions are
identical to the scalar case. We distinguish the special case k = 1 where Du
is the Jacobian matrix. If moreover m = n, then div u := trace(Du). Given
another vector field v : Q — R™, v = (v!,...,v™), we define

m m
. — i
Du: Dv := 5 g Ug, V-
i=1 j=1

e For any k € N and 1 < p < oo, the Sobolev space W*?(Q) consists of all
functions u € LP(Q) for which the weak derivatives D%u, o« € N™, || < k exist

1 Intuitively, one takes a ball around any point on the boundary and transforms the part of the
domain in the ball to the upper half plane with a C* function.
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and are in LP(Q2). We endow W*P(Q) with the norm
lullwra) =Y 1D ulloey.

la|<k
e For any o € (0,1] and k € NU {0}, the Holder space C**(2) consists of all
functions u € C*(Q) for which the norm

|ul|crag) == Z sup | DPu(x)| + Z [Dﬁu] o (@)
1Bl <k < E

is finite. Here [u]go.a(qy denotes the a*™-Holder seminorm of u:

u(z) — u(y)]
U o (= Sup ——————.
oo ) x,yEQ,I;#y |z —y|*

e For two normed vector spaces (X, | - ||x) and (Y, || - ||y) such that X C Y, we
write X — Y if X is continuously embedded in Y, meaning if the inclusion
map ¢ : X — Y mapping x to itself is continuous.

e We write K € Q C R if K ¢ K C Q and K is compact, and say that K is
compactly contained in §2.

e Let T'> 0 and let X denote a real Banach space. For p € [1,00), the space
LP(0,T; X) consists of all measurable functions u : [0, 7] — X with

1

T 1
lullroirin) = (/ Ju(t, Y [Feat)” < oo,
0

Similarly, the space L>(0, T’; X') consists of all measurable functions u : [0, 7] —
X with
||| Loe 0,7y := esssup ||u(t, ) || x < oo,
te[0,7)

and C°([0, T]; X) consists of all continuous functions w : [0,7] — X with
lelleoqomy = max flult, )llx < oo
e For a function u : [0,7] — X, the first variable will play the role of time and
the latter the role of space. The time derivative will be denoted by u; and acts
on the first variable. The gradient V and Laplacian A act only on the second
variable.
e We will use the following identification of duals:

[L%(0, 75 Hy (Q)))' = L*(0, T; H™H()).
e We denote by 1g the indicator function of the set E.
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INTRODUCTION

Many phenomena in physics, biology and finance can be described by partial
differential equations that display a priori unknown interfaces or boundaries. Such
problems are called free boundary problems. One of the simplest and most important
free boundary problems is the obstacle problem, in which, at least formally, a function
u solves the Poisson or heat equation on the set where it is strictly above a certain
function ¢, and equals this function elsewhere.

From a mathematical perspective, in studying obstacle problems one may ask
similar questions as for classical partial differential equations. One begins by in-
vestigating the existence and uniqueness of an appropriately defined solution, and
additionally, to further study the regularity of this solution. Then one seeks to con-
ceive numerical schemes, study their convergence and conduct computer simulations
of the respective problems. Understanding the regularity of the solution and of the
free boundary in particular is a quite difficult question in general. For example,
one may ask whether there is a regularization mechanism (as for the heat equation)
that smoothness out the solution and the free boundary independently of the initial
data. A key difficulty is that for solutions of elliptic or parabolic PDEs, one has an
equation for a function u, and such equation forces u to be regular with respect to
supplied data. In free boundary problems, such a task is more difficult as one does
not have a "regularizing" equation along the free boundary, but only an equation
for the solution which indirectly determines this interface.

As seen in what follows, we may rewrite obstacle problems as variational inequali-
ties, from which approximation may be seen as an intuitive approach. In particular,
for studying the existence, uniqueness and regularity of solutions (up to some level),
we will use the penalization method, which may be summarized by the following
scheme:

1. Approximate the problem by semilinear PDEs;

2. Show existence and uniqueness of a solution for the

approximate problems;

Obtain estimates for the approximate solutions;

4. Use the estimates for a compactness argument to pass
to the limit.

@
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We shall in fact use a generalization of this technique for showing existence of
solutions for most of the problems we will encounter, such as constrained minimiza-
tion. We put an emphasis on the idea of approximation: we will approximate the
"difficult" problem by a family of "simpler" problems, and then proceed as indicated.

The plan of this master’s thesis is as follows.

In Part I, we revisit the well-known results on existence, uniqueness and regularity
of solutions for both the elliptic (which we refer to as classical) and parabolic obstacle
problem. We follow the books |21, 30, 41] for the classical problem, and present
different methods for obtaining the aforementioned results. The parabolic problem
has different variants in the literature (depending on whether the obstacle varies with
time or not); we present in detail results that are briefly discussed in [2]. In fact,
slightly stronger results hold. Numerical experiments are also conducted, and are
based on the same technique we used for the theoretical study. The free boundary
is not considered as a part of the solution, as studying its regularity is a separate
topic.

In Part II, we present the paper [27] of Hintermiiller, Kovtunenko and Kunisch, in
which the authors investigate a steady-state obstacle problem taking into considera-
tion molecular cohesion forces. From a mathematical perspective, this problem may
be seen as a constrained minimization problem in a function space setting, and the
minimizer of the objective functional in question will be shown to satisfy a particular
obstacle problem.

In Part 111, we present the paper [2] of Adams and Lenhart, where the authors look
at the parabolic obstacle problem from the viewpoint of optimal control. Namely,
the obstacle is considered as the control and one looks to drive the state (solution
of the parabolic obstacle problem) to some given target profile. This is done by
minimizing over all admissible obstacles the error between the state associated to
the obstacle and the target, in such a way that the state is constrained to satisfy the
parabolic obstacle problem. We only give an outline of the results for the elliptic
case.

Acknowledgements. — 1 would like to thank my advisor Professor Enrique
Zuazua for his guidance, advice, patience and for inviting me to stay in Bilbao
for three months within his research team at DeustoTech and study this topic for
my master’s thesis. This research was supported by the Advanced Grant DyCon
(Dynamical Control) of the European Research Council Executive Agency (ERC).
I also would like to thank all of the remaining members of the DyCon team for
helping me during my stay, for both mathematical and administrative issues. 1
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also thank the authors of [27] for their suggestions and references. I finally thank
Professor Marius Tucsnak for his help and advice during my studies.
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FIGURE 1. The obstacle 9, the solution u, and the free boundary d{u > v }.
This figure was adapted from [44].

Motivating physical examples

We briefly describe some appearances of obstacle problems in natural phenomena.
Most of these examples are discussed in the recent survey of Ros-Oton [44], as
well as in the books of Rodrigues [43], Duvaut and Lions [19], Kinderlehrer and
Stampacchia [30], Chipot [17]| and Friedman [23].

Elasticity. — The (classical) obstacle problem may be derived from its original
consideration as a problem that arises in linear elasticity theory — the mathematical
study of how solids deform and become internally stressed due to prescribed loading
conditions. In classical elasticity theory, a membrane is a thin plate which offers
no resistance to bending, and acts only upon tension (stretching). We are given a
homogeneous membrane occupying a domain €2 in the plane R?; the membrane is
equally stretched in every direction by a uniform tension 7 and loaded, i.e. acted
upon, by a normal uniformly distributed force f.

It is natural to suppose that each point (z,y) of the membrane is displaced by an
amount u(x,y) perpendicularly to the plane R?. The boundary 92 of the membrane
is deformed conformly by prescribing its displacement g. In other words, we prescribe
a Dirichlet boundary condition

u=g on 0.
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For the mathematical study we will exclusively consider homogeneous Dirichlet
boundary conditions: g = 0. Now assume that the potential energy of the de-
formed membrane is proportional to the increase in the area of its surface. For small
deformations, we may neglect higher order derivatives and use Taylor’s theorem to
approximate the surface area by

1
/Q \/ 1+ u2 +uldedy ~ /Q <1 + §(u§ + ui))dxdy,

and the change in the area of the membrane is equal to

1 1
E/Q(ui + u})dady = §/Q|Vu|2dxdy.

The potential energy of deformation has the functional expression

A
U= —/ |Vul*dzdy,
2 Ja

where A > 0 is a constant depending on the elastic properties of the membrane. For
simplicity, we assume A\ = 1. The work done by the external forces during the actual
displacement is given by

V=- / fudxdy,
Q
so that the total potential energy € := U + V by definition reads

Elu] :%/Q|Vu]2d:cdy—/gfudxdy.

To find the equilibrium position of the membrane, the minimum total potential
energy principle? is applied. The problem reduces to finding, among all functions u
of finite energy of deformation U and satisfying the Dirichlet boundary condition,
the one that minimizes the potential energy €. Using results from the calculus of
variations, the necessary condition for the minimizer of € (called the Fuler-Lagrange
equation) is given by the Poisson equation

—Au=f in Q.
This is known as Dirichlet’s principle.
2 Roughly stated, for conservative structural systems, of all the kinematically admissible defor-

mations those corresponding to the equilibrium state minimize or maximize the total potential
energy. Moreover, if the extremum is a minimum, the equilibrium state is stable.
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For the obstacle problem, one seeks the equilibrium position with an additional
constraint on the membrane. Namely, one looks for the equilibrium position of the
membrane such that it lies above a body represented by

{(z,y,2) € R?: z < P(z,y)},

with a fixed height g on the boundary. The function ¢ is the obstacle, defined on (2
and satisfying 1) < g on the boundary 0f). By the minimum total potential energy
principle, this problem reduces to finding, among all functions w of finite energy of
deformation U, satisfying v > 1 in €2 and the Dirichlet boundary condition, the
one that minimizes the potential energy €. Deducing the necessary condition for
the minimizer u will require subtle arguments. We will see that it manifests as the
following Euler-Lagrange equation:

u > in 2
—Au=f in{u>v}
—Au > f  in Q.
The Stefan problem. — The Stefan problem describes the temperature distri-

bution in a homogeneous medium undergoing a phase change. An elementary ex-
ample is the melting of ice submerged in a body of liquid water. In the simplest
case, the temperature distribution function 6 solves the homogeneous heat equation
0; — AG = 0 in the set {# > 0}, and equals zero elsewhere. It was shown by Duvaut
[18] that by considering the function

t
u(t,x) = / (s, x)ds,
0
the Stefan problem transforms into

u>0 in Q
ur—Au=—1 in {u> 0}
up — Au > —1  in €,

which are the Euler-Lagrange equations for the parabolic obstacle problem.

Optimal stopping and financial mathematics. — An interesting occurrence
of obstacle problems is in probability and finance.

The mathematical setting for many problems in optimal control theory is the
following. We are given some system whose state evolves in time according to a
differential equation (deterministic or stochastic), and also certain controls which
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affect the behavior of the system in some way. These controls typically either modify
some parameters in the dynamics or else stop the process, or both. We are finally
given a cost criterion, depending upon our choice of control and the corresponding
state of the system. The goal is to discover an optimal choice of controls so that the
cost criterion is minimal. We present, without much rigor, the following stochastic
control model which may be found in [41, 22].

Let © C R™ be a a bounded domain with smooth boundary, and let X = (X(%))¢>0
be a stochastic (diffusion) process starting at X(0) = x € Q. Let 7 be a hitting
time of 02, which loosely means that 7 is the first time at which X(7) "hits" (i.e.
touches) the boundary 0S2. Also, let 6 be a stopping time, which loosely means that
the process X will exhibit some "behavior of interest" at this time. In particular,
the hitting time 7 is also a stopping time (see |22, p.103]).

For each 6, the expected cost of stopping X at time § A 7 := min{6, 7} is defined
by

g0 = 2[ [ 35X + 0 X0 A )],

where f and 1) are given smooth functions on 2 and E denotes the expected value.
The main question is to see whether there exists a stopping time 6* for which
10" = min a1e1,
0 stopping time
and if so, how can we compute it. To this end, we turn our attention to the value
function

u(z) = i]%fg[@],

and try to figure out what u is as a function of z € €2. Once we know u, we look to
"construct" an optimal stopping time #*. This is known as dynamic programming.
In [22, p.112] it is shown that the optimality conditions for the value function u
are of the form
max{—Lu — f,u—¢} =0 inQ
u=1 on 0f),

where L denotes the infinitesimal generator of the process X (an operator which
describes the movement of the process in an infinitesimal time interval). If X is
the Brownian motion, then L = %A and we see that the value function solves an
obstacle problem. It can be shown that the optimal stopping time 6* is the first
hitting time of the contact region

{z € Q: u(x) =¢(x)}.
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WAIT

free boundary
EXERCISE
OPTION

{u=1}

FIGURE 2. A free boundary separates the two regions: the one in which we
should exercise the option, and the one in which it is better to wait. This
figure was adapted from [44].

In financial mathematics, similar problems (in which we maximize rather than min-
imize, and often include evolution, so there is an added time derivative) appear as
models for pricing American options® (see [32]). Set f = 0 for convenience. The
function v represents the option’s payoff, and the set {u = 1)} is the exercise region.
Notice that in this context the most important unknown to understand is the exer-
cise region. More particularly, one looks to find and/or understand the two regions
{u =1} (in which one should exercise the option) and {u > ¢} (in which one should
wait and not exercise the option yet).

In finance and the theory of option evaluation however, one usually needs to con-
sider jump processes (see [42]) instead of diffusion processes, so that discontinuous
paths in the dynamics of the stock’s prices are introduced. Such models would al-
low taking into account large price changes and in turn are a reasonable model for
market fluctuations. Such models were introduced in finance in the 1970s by Nobel
Prize winner R.C. Merton [38|.

The operator L in these models will be singular integral operator of the form

Lu(z) = 1im+ [u(y) — u(z)]x(z — y)dy.
e0T J{lo—yl>e}

3 In finance, an option is a contract giving a buyer the right to sell an asset at a specified price
on a specified date. There are two option styles depending on this expiration date: European
(the option may only be exercised at the expiration date) and American (the option may be
exercised at any time before the expiration date).
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A classical example for a kernel is x(z — y) = |z — y|"™* for some s € (0,1). Such

a choice gives L = (—A)® modulo a normalization constant, where (—A)® is the
so-called fractional Laplacian®.
Potential theory, interactions in biology and materials science. — Many
phenomena in biology and materials science give rise to models with interacting
particles or individuals. We present without going into detail the following model
formulated mathematically in [8, 15].

Let W € L} _(R™) be a non-negative, lower semicontinuous function and consider
the interaction energy

ewlli=3 [ [ W= dn(m)dn(o).

where j is some regular Borel probability measure on R™. The interaction energy
Ew may be used to model interplay between particles via pairwise interactions. For
example, m particles located at Xi,...,X,, € R" have their discrete interaction
energy given by

. 1 m m
1=1 j=1,i#j

Formally, when m is large, the discrete energy €}, may be approximated by the
continuum energy €y where du(z) describes is a general distribution of particles at
the location « € R™. In fact, for the distribution p = £ 3™ dx, where d, denotes
the Dirac mass at a point a, the energy Ey [u| reduces to the discrete energy Ej.
In models arising in biology and materials science, particles, molecules or individ-
uals in a social aggregate, like a flock of birds or a school, self-organize in order to
minimize energies similar to €j},. In these applications, the kernel W is repulsive in
the short range, i.e. when the particles (or individuals) are very close so that they
don’t collide, and attractive in the long range, i.e. when they are far from each other
so that they so that they gather to form a group or a structure. Naturally, this leads
one to consider kernels of the form W (x) = w(|z|), where w : [0, +00) — (—00, +¢]
is decreasing on [0,79) and increasing on (rg, +00) for some r9 > 0. An example is

4 Tt is natural to define (—A)® as a Fourier multiplier, namely

F((=D)*F)) = [E**F(£)(&)

for £ € R™ and Schwartz functions f € S(R™). It can be shown (using Fubini’s theorem) that
this definition coincides with the singular integral definition above. For more detail on this
point, we refer to [44].
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the Newtonian repulsion: W(z) ~ m% as © — 0 for n > 2 and W(z) ~ log ﬁ if
n=2.

It is rigorously shown in [15] that when W is a Newtonian repulsion, the potentials
W x u associated to local minimizers p of the interaction energy €y locally solve an
obstacle problem. More particularly, let®

1

ifn>3

n(n — 2)w, |z[*2 =

Viz) =

1 1 .

— log — if n =2,

2 7 |z

be the fundamental solution of the Laplace equation, thus satisfying
—AV = 60,

and consider the function W, = W — V. Thence W = W, + V, and in some
sense V' describes the repulsive interactions whereas W, describes the attractive
interactions. For a minimizer p of €y in some e-ball (see [15] for definitions),
consider the potential

u() = Wp(a) = [ Wia—y)du(y).
R
Under some regularity assumptions on W, it is shown that for any xy € supp(u),
the potential u is the unique solution to the obstacle problem

u > u(wo) in B, (o)
—Au > —-AW,*pu in B(xg)
—Au=—-AW,xu in B.(xg) N {u > u(xg)}.
Here supp(u) denotes the support of the Borel measure p, defined as
supp(u) = {x € R": p(B:(z)) > 0 for all € > 0}.

5 Here w,, = F(%fl) is the volume of the unit ball in R™.
2
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PART 1
OBSTACLE PROBLEMS

1. The classical problem

The classical obstacle problem, as discussed in what precedes, is one of the most
well known and motivating examples in the study of both variational inequalities
and free boundary problems. Its simplest mathematical formulation is analogous
to its interpretation from elasticity theory: we seek for minimizers of the Dirichlet
enerqy functional

1
(1.1) Elw] := —/ |Vw|*dz — / Jwdz,
2 Ja Q
among all functions w belonging to the set
K() :={w € H(Q): w > 1 ae. in Q},

where 2 C R” is a bounded domain with smooth boundary 0f2, and the obstacle
function 1 € H?(Q) N C°(Q), 1 < 0 on 9N is given. The set K(v)) is closed, convex
and non-empty (see Proposition A.1 in the Appendix) and comprises those functions
those functions w € H} () satisfying the unilateral (one-sided) constraint u > 1.
We also suppose that the source term f € L?(Q2) is given.

1.1. Existence and uniqueness of a solution. — We begin our study of the
classical obstacle problem by showing existence and uniqueness of a solution. This
can be done in lots of ways, the classical approach being to use tools from the
calculus of variations.

Theorem 1.1. — There exists a unique function u € K(¢) satisfying
Elul = inf Ew].
weX(¢)
Proof. — The existence of a minimizer follows from the direct method in the calculus

of variations. This method consists in exhibiting a so-called minimizing sequence,
i.e. a sequence {uy}, C K(¢) satisfying

lim Elu) = inf Elw).
i el = B, e
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Such a sequence always exists by the definition of the infimum®. One then uses

growth properties of the functional € at infinity and a compactness argument to
deduce a limit for the sequence, which is then shown to be the wanted minimizer by
virtue of certain continuity properties of € in the weak topology.

Let {ug}32; € K(v) be a minimizing sequence for €. Since € is coercive (see
Proposition A.3 in the Appendix), meaning E[w] — +oo as ||w|| gy — oo, by
contraposition we deduce that {u;}72, is bounded in H}(Q2). By virtue of the
Banach-Alaoglu theorem, there exist u € Hj(2) and a subsequence {uy;}52, of
{ur }32, such that

up, —u  weakly in Hj(€)
as j — oo. Since K (1)) is closed and convex it is weakly closed (see Theorem A.4 in
the Appendix), whence u € K(1)). The weak lower semicontinuity (see Proposition
A.6 in the Appendix) of € reads
lim inf Efuy;] > Eful,

j—oo
and using the definitions of the minimizing sequence and the infimum, we deduce
that

Elu] > inf E[w] > liminf E[ug,] > Efu].
weX(Y) J—00

Hence u is a minimizer of €.

To demonstrate uniqueness, we argue by contradiction. Let uy, uy with u; # us
be two minimizers. Since K(v) is convex, w := %2 € X(¢), and by the strict
convexity of € (see Proposition A.2 in the Appendix), it follows that

1 1
Elw] < éﬁ[ul] + 58[1@].
This is a contradiction, since u; and us are minimizers. O

In fact, we may also extract the existence and uniqueness of a minimizer by using
the properties of the functional € (see the Appendix) coupled with an abstract
result from the theory of convex minimization. To state this result, we will need the
following definition.

Definition 1.2. — Let X be a Banach space and let F': X — RU {400} be some
map. The set on which F is finite 1s called the effective domain of F

dom(F) :={zx € X: F(x) < +o0}.

6 For the infimum to exist, in turn, we need € to be bounded from below. This is indeed the
case, as seen in the proof of Proposition A.3.
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If dom(F) # 0, then F is called proper.

Theorem 1.3. — Let X be a reflexive Banach space, X C X a nonempty, closed
and convez subset and F : X — R U {400} a proper, convexr and lower semicon-
tinuous map. If either K is bounded or F is coercive, then there exists at least one
z* € XK Ndom(F) such that

F(z*) = inf F(x).

zeX
If F s strictly convex, then x* is unique.

For a proof and more detail on the topic of convex minimization, we refer to |9,
Thm.2.11, p.72].

Next, we look to derive necessary conditions for the solution of the obstacle prob-
lem, namely the Fuler-Lagrange equations mentioned in the introduction. We start
with the following variational characterization of the solution.

Proposition 1.1. — Let u € K(¢) be the unique minimizer of €. Then

(1.2) /Vu Vv—ud:c>/fv—u
for allv € (). We call (1.2) an elliptic variational inequality.

Proof. — Fix v € K(¢). Then for each 7 € [0, 1],
u+71(v—u)=(1—-7)u+710 € K[),
since K (1)) is convex. Thus if we set e(7) := E[u+ 7(v—u)], we see that e(0) = E[u],
so e(0) < e(7) for all 7 € [0,1]. Hence’
(1.3) 0 <€'(0).
Now if 7 € (0, 1], then

e(r) —e(0) :1/ |VU+TV(U;U)| — [Vl dx—/f(u+T(U—U)—u)d$

—/Q<Vu-V(v—u)+T|v<v_u /f’U—U

7 It must be said that ¢’ denotes the one-sided derivative at 0, namely the limit when 7 — 0
with positive values. This approach does not hold for 7 < 0, since we cannot exploit the
convexity of K(¢), as u + 7(v — u) ¢ K(¢) for every v € X(¢). In other words, we can only
take "one-sided" variations away from the constraint. It is why this first order optimality
condition manifests itself as a variational inequality, rather than a PDE in weak form.

T
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As the integral on the right hand side is an affine function in 7, by letting 7 — 0
and using (1.3) we deduce that

OSe’(O):/QVu-V(v—u)da:—/Qf(v—u)dx. O

Remark 1.4. — The previous proof also allows us to conclude that € : Hy(Q2) — R
is Gateaur differentiable, meaning that for any u € H}(2) there exists a bounded
linear operator 0&[u; -] : Hy(2) — R such that

5€[u: 0] = Tim Elu+ o] — Eu
T—0 T

for all v € H}(Q2). The Gateaur derivative (sometimes called the first variation) of
& at u € H}(Q) is given by

0&[u; ] :vH/Vu-Vvdx—/fvdx.
Q Q

The variational inequality (1.2), which represents the first order optimality condi-
tion, is in fact often used in the literature to state the classical obstacle problem (see
[30]). This is due to the fact that by Stampacchia’s theorem the converse holds®, so
solving the variational inequality (1.2) is equivalent to minimizing €. Consequently,
this theorem would represent another way for showing the existence and uniqueness
of a minimizer to €.

Theorem 1.5 (Stampacchia). — Let H be a real Hilbert space, X C H a
nonempty closed and convexr subset and a : H x H — R a bilinear, continuous and

H-elliptic ° form. Then, given o € H', there exists a unique element u € X such
that

a(u, v —u) > p(v—u)
for all v € K. Moreover, if a is symmetric, then u is characterized by the property

o) = otw) = i {gatun o) = o)},

8 In fact, there is no need of this theorem as one may show that the converse holds by hand.
Notice that for a minimizer v and for any v € X(¢), e(0) = €[u] and e(1) = €[v] in what
precedes. The idea is to show that e is nondecreasing by similar computations. Since the
minimizer is unique, this would imply that e(1) > ¢(0), as desired.

9 By H-elliptic we mean that there exists v > 0 such that a(u,u) > v||ul|% for every u € H.
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We refer to [11, Thm.5.6, p.138] for a proof. Now in order to deduce the Euler-
Lagrange equations for the obstacle problem, one may choose appropriate variations
v and then integrate the variational inequality by parts. This would however only
hold in the sense of distributions, as we need at least H?(§2) regularity of the solution
to define the Laplacian almost everywhere in 2. Moreover, if u is not continuous,
then the set {u > ¥} would not be open. To finish this argument, we will need
estimates guaranteeing further regularity for the solution.

1.2. Further regularity. — To show that the solution of the obstacle problem
is more regular, we use a penalization method. The main idea is to approximate the
variational inequality (1.2) by a family of semilinear elliptic equations — the semi-
linearity originates from a penalty function, in which we incorporate the constraint
u > 1. This function consists of a penalty parameter multiplied by a measure of
violation of the constraint, which is nonzero when the constraint is violated and is
zero in the region where constraint is not violated. One then shows existence and
uniqueness of a solution for each problem, and obtains adequate uniform bounds
for these solutions which will assert the desired regularity. Finally, these bounds
are used to "transfer" the regularity to the solution of the variational inequality by
virtue of a compactness argument. The proof presented here may be found in [30,
Chapter IV].

One notable advantage of this method is that we may use known results from
regularity theory for elliptic equations to obtain the mentioned bounds for the ap-
proximate solutions, as the semilinear term is in general uniformly bounded. This
method may also be used to show the existence of a solution for a variational in-
equality, and we will notably use it for the parabolic obstacle problem.

We assume henceforth that f and At additionally satisfy

feLP(Q), max{—Ay — f 0} € LP(Q) for a fixed p € [2,00).

These assumptions will allow us to prove the hinted regularity result, namely that
the solution w is in W?%?(Q). Note that the weakest assumption p = 2 would imply
the mentioned H?(Q)) regularity; as a matter of fact, both of the above assumptions
are superfluous in this instance.

We will use the following deep result from LP regularity theory for elliptic equa-
tions. For the complete result and proof, we refer to [26, Thm.2.5.1.1, p.128| and
[24, Chap.7, Thms.7.1,7.4]. The case p = 2 is done in [21, Thm.4, p.334].
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Lemma 1.6. — Let w € H}(Q) be a weak solution'® of the Poisson equation
—Aw=f in
w=0 on 052,

where f € LP(Q) for some p € [2,00). Then
lwllwer@) < CllfllLe@)

for some constant C' = C(p,§2) > 0.

We are now in a position to state the penalized problem. For fixed € > 0, we seek
for a weak solution u® € H}(Q) of

(1.4) —Au® = max{—-A¢Y — f,0}B.(u* — )+ f inQ
| ut =0 on 09,

where the penalty function 5. : R — R is assumed uniformly Lipschitz, non-
increasing and satisfies 0 < .(-) < 1 on R. An example is given afterwards.

Proposition 1.2. — Let ¢ > 0 be fived and consider 5. as above. Then there
exists a unique weak solution u® € Hy () to the penalized problem (1.4). Moreover,
u® € W2P(Q) with the estimate

[ lwes) < C(I1fllzr) + | max{—A¢ — f,0}] ().
for some C = C(p,Q2) > 0.

Proof. — Fixe > 0. We will use tools from monotone operator theory (see Appendix
B for the main results and definitions) applied to the operator A : H} () — H~(Q)
defined by

Aiur Au:p— /Q (Vu - Vo — max{—A¢ — f,0}8.(u — )¢ — fo)dz

Observe that for u € H}(Q), the distribution Au is in H~1(Q), due to S.(u—1) being
in L>°(2), the Holder inequality and the assumptions on f and max{—Avy — f,0}.

10 Recall that this means that w € H}(Q) satisfies the weak formulation

/Vw Vgpdx—/fgodx

for all p € H}(Q).
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We claim that A is in fact a strictly monotone and coercive operator. Indeed, for
all u,v € H}(Q), and assume without loss of generality that u > v, we have

(1.5) —[Be(u =) = B-(v =) (w—v) 20,
since f3. is nonincreasing. It follows that

(Au— Av,u — v)

:/Q|V(u—v)|2dx—/Qmax{—Aw—f,O}[ﬁa(u—@b)—5€(U—w)](u—v)dx
> [ 9=,

for all u,v € H}(Q) since max{—Ay — f,0} > 0. Here (-,-) denotes the duality
pairing between H () and H}(Q2). This shows that A is strictly monotone and
coercive. Furthermore, v, — u in Hj(Q) implies Au;, — Au weakly in H ()
as k goes to +00, which in turn implies that A is continuous on finite dimensional
subspaces of Hi () (as the weak and strong convergences coincide). We may apply
Corollary B.5 to obtain the existence and uniqueness of u® € H}(Q) satisfying

(1.6) (Au®, v —u®) >0

for all v € H}(Q). Let w € H}(S) and consider v := u® + 7w for |7| small enough.
We deduce that

T(Au®,w) >0
holds for both 7 positive and negative and for all w € Hj(2). Whence
(Au®,w) =0

for all w € H} (), and since a solution to this weak formulation is also a solution to
(1.6), we deduce that u® is the desired unique solution. The estimate follows from
Lemma 1.6. O]

We now consider, for fixed € > 0, the penalty function

1 ifx<0
Boixmrq1—% if0<x<e
0 if x > ¢,

and turn to the main result of this subsection.
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Theorem 1.7 (W?? regularity). — Let u € K (1)) be the solution to the classical
obstacle problem (1.2). Then u € W*P(Q). Moreover, if 3 < p < oo, then u €

Coe(Q)!! Jor0<a<2-2 andifn <p<oo then u € CY*(Q) for 0 < a < 1—2

Proof. — We proceed in applying the penalty method as explained in the beginning
of the subsection.

Fix € > 0, and denote by u° the solution to the penalized problem (1.4). First,
we claim that u® € K(¢). To this end, consider

¢ = u° —max{u®, ¥} <0.

Then ¢ € H}(Q) since u € H}(Q) and ¢ < 0 on 99, and observe that showing
u® € K(1) is equivalent to showing ¢ = 0.
The weak formulation of the penalty equation (1.4) reads

| (99 = max{ =20 = £0}6.u" = ¥ — f)da =0,
while by Green’s first identity, one also has
/ (Vi - Vo + App)dz = 0.
Subtracting these two identit?ies yields
V(0 =0 Vo = [ (max{=0 = £.0}5.( — 0) + A6+ ed,

Now using results from distribution theory |25, Lem.7.6, p.152], one has

Vo — V(uf =) %fg0<0
0 it o =0.

Whence,
/ Volrde = / (max{—Ad — f,0}B.(u" — ) + Av + f)pde.
Q {e<0}

Observe that in the right-hand side integral, since ¢ < 0 we have u® — v < 0, which
in turn implies that S.(u® — ¢) = 1. Plugging this in the identity above gives

[1wetar= [ (max{-a0 - f.0} + 86+ fede <0.
Q {p<0}
Hence ¢ = 0 by the Poincaré inequality, and as a consequence u® € K(1)).

11 This is to be understood modulo the choice of a continuous representative.
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By the estimate in Lemma 1.2, the family {u}.-o is bounded in W?%?(€2). So by
the Banach-Alaoglu theorem, it'? converges weakly in W?2?(Q) to some @ € W??(Q)
as € — 0. Moreover, since u® € K(¢) and K(¢)) being weakly closed (see Theorem
A4 in the Appendix), we have @ € K(¢)). Now recall the general Morrey-Sobolev
embedding (see [4, Thm.5.4, p.98| for a proof): if k,m € NU {0} are integers such
that (m — 1)p <n < mp < oo, then

WHEmP(Q) s C**(Q)  for0 < a<m — g

Consequently, for k = 0 and m = 2, we deduce that if p > § then @ € C%(Q) for
o <2—72. Similarly, for k =1 andm=1,if p>n then @ € CH(Q) fora <1 — -

To show that @ is a solution to the obstacle problem (1.2), we use Minty’s lemma
(see Lemma B.2 in Appendix B) applied to the monotone operator —A—max{—Ay—
f,0}B-(- — 1) — f. The monotonicity of this operator follows from the positivity of
the Dirichlet Laplacian —A and the computation done in (1.5). Let v € K(¢) and
suppose v > 1 + ¢ for some 6 > 0. Then by Minty’s lemma, the weak form for the
penalized problem (1.4) is equivalent to

Vo Vo= w)ds [ (max(-80 = 1,040 = )+ o - ) 0.

Choosing 6 > ¢ yields f:(v — ¥) = 0. Now letting ¢ — 0, by the previously
established weak convergence we obtain

/ Vv V(v —a)dz > / fv—1u)dx
Q Q
for every v € K(¢), v > 1 4+ 6. We now let 6 — 0 whence it follows that
/ Vv V(v —a)dz > / fv—1u)dx
Q Q

for every v € K(¢). Employing Minty’s lemma once more we conclude that @
u.

o

12 Notice that {u®}c~¢ is not really a sequence, so it is not rigorous to extract subsequences and
discuss convergences in the sequential sense. To avoid topological complications, by what is
written we mean that we consider a sequence {u*}?2, C {u}eso with ¢, — 0 as k — oo;
one may then extract a subsequence {u™s}22, of the sequence {u**}3°, which converges to
% in the indicated sense. As doing this repetitively is rather tedious, we will use this abuse of
notation while insinuating that it is meant in this sense.
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Corollary 1.3. — Let u € W?P(Q)NXK(¢) be the solution to the classical obstacle
problem. Then
lullwzr@) < C(I1fllzr@ + [lmax{—A¢ — £, 0} o)),
for some C = C(p,2) > 0.
Proof. — Since u® — u weakly in W*P(Q) as ¢ — 0, the estimate follows from

Lemma 1.2 and the weak lower semicontinuity of the norm (see Proposition A.5 in
the Appendix):

el sy < liminf [u]lw2s(ey. O
1.3. Euler-Lagrange equations. — In view of the previous results, in a standard

physical configuration n € {1,2,3}, p = 2, the solution u of the classical obstacle
problem is continuous and in H?(f2). Consider the set

={z € Q:u(z) > Y(x)}.

Notice that since u and v are continuous, O is open. We begin by demonstrating
that u is a strong solution'® of the Poisson equation in O:

(1.7) —Au=f ae. inO.
To this end, let w € C°(0). Then for |7| sufficiently small, v := u + 7w > 1), and
so v € K(1). Thus, the variational inequality (1.2) implies
T/(Vu -Vw — fw)dx > 0.
0

This inequality holds for all sufficiently small 7, both positive and negative, and so
we deduce

/(Vu-Vw—fw)dx =0
)

for all w € C°(0). Since u € H*(Q), (1.7) holds by virtue of Green’s first identity.
Now if w € C°(2) satisfies w > 0, then the variation v := u + w € K(¢) and by
plugging in (1.2) we obtain

/(Vu -Vw — fw)dzx > 0.
0

13 By a strong solution we mean that the u is twice weakly differentiable and satisfies the equation
a.e. in . For more detail, we refer to [25, Chapter 9.
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free boundary

—Au=f
{u>}

FI1GURE 3. The contact set and the free boundary in the classical obstacle
problem. This figure was adapted from [44].

Since u € H*(Q)), Green’s first identity yields

/Q(—Au — Plwdz > 0

for all nonnegative functions w € C2°(€2). Thence
(1.8) —Au>f ae in Q.

To summarize, from (1.7) and (1.8) we deduce the Euler-Lagrange equations for the
classical obstacle problem:

u > a.e. in €
—Au>f ae in{
—Au=f ae in0O
u=>0 on 0f2.

Consequently, we observe that the domain €2 is split into two regions: one in which u
solves the Poisson equation, and another in which the solution equals the obstacle.
The latter region is called the contact set or the coincidence set. The interface
O{u > 1} which separates these two regions is called the free boundary.

Remark 1.8 (Complementarity problem). — Combining the properties re-
sulting from the Euler-Lagrange equations, we obtain that the solution of the
obstacle problem is a function u € W*P(Q) N H}(Q) for any p € [2,+00), which
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satisfies
—Au—f>0 a.e. in €}
u > a.e. in
(—Au—f)lu—1)=0 ae inQ
u=>0 on 0f).

This is known as the complementarity problem and uniquely characterizes the min-
imizers of € over K(1)). The complementarity problem is often written in the form

min{—Au — f,u—9} =0 a.e. in{
u=>0 on 0f),

a non-variational formulation which is used in regularity theory for obstacle problems
with more general governing operators.

Remark 1.9 (Counterexample for C? regularity). — An important observa-
tion is the following. One may naturally ask if the obstacle problem always has
a classical solution u € C%*(€). But observe that the Euler-Lagrange formulation
implies that Awu skips from —f to A across the free boundary. Hence, Au is in
general a discontinuous function. In fact, this can also be seen from the simple
counter-example:

Q=By0), (x)=1—|zf, f=0.

1.4. Optimal regularity. — To summarize, we have shown that the solution u
to the classical obstacle problem is W??(Q) regular when f, Ay € LP(Q2) for some
p € [2,00), and if p € (n, 00), the solution is also C**(Q) regular with o < 1-2 <1
Under stronger assumptions on the data (f, 1), we may show that the case « = 1 also
holds away from the boundary 0€2. As previously mentioned, one cannot expect a
classical solution to the obstacle problem as Aw is in general a discontinuous function.
The proof presented here may be found in [41, Chapter 2| and [12].

A crucial point employed for the proof is the fact that a function w : Q@ — R is
in C%(Q) (i.e. is Lipschitz continuous) if and only if w € W1*°(2), whenever 0
is of class C' (see [21, Thm.4, p.279]). By induction, it can be shown that for any
ke N, we WHL2Q) if and only if w € C*1(), whenever 99 is of class C*.
It would thus suffice to show that u has bounded second derivatives to obtain the
desired optimal regularity.

For great simplicity, we assume that f = 0. To illustrate our approach, observe
that if the solution u to the obstacle problem is continuous, from the Euler-Lagrange
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equations it follows that
Au=0 in {u > ¢}
Au= Ay in {u=1}
u > in .

Now due to the linearity of —A, we reduce the obstacle problem to the case of a
zero obstacle by the change of variable

u:=u—1.

We assume that ¢ € C L1(Q) and in light of previous results we immediately deduce
that u € C**(Q) N H?(Q2) with a < 1. Now by considering the open set

O :={zx € Q: u(z) > 0},
it follows that the shifted solution u € H2(Q) N C°(Q), u > 0 in § satisfies
(19) Au = —A¢ﬂo in Q

In some sense, this configuration allows us only work inside the set O, as one has
D%*u = 0 a.e. on O° (see [25, Lem.7.7, p.152|), so the second derivative estimates
follow immediately. Elsewhere, we will use the following result (see [21, Thm.7,
p.29] for a proof).

Lemma 1.10. — Let xy € Q and r > 0 be such that By (x9) C Q. If w satisfies
Aw = —AvY in By(xp),
then

1
(1.10) 1020 oo < € (510 o + 1D oy )
for some C' = C(n) > 0.

An important result we will use to remove the dependence on the radius is that
inside a ball around a point on the free boundary, the shifted solution u grows no
faster than the square of the radius of this ball. To show this, we will need the
following Harnack inequality for harmonic functions (see [25, Cor.9.25, p.250| for a
proof).

Lemma 1.11 (Harnack inequality). — Let w € H?*(Q) satisfy Aw = 0 in ,
w > 0in Q. Then for any xo € Q and r > 0 such that Ba,(x9) C §2, we have

sup w(z) < C inf w(x)
z€B(x0) Br(z0)
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for some C'= C(n) > 0.

It is important to note that in this harmonic case the constant only depends on
the dimension n and not on the chosen radius r (this is not necessarily true for a
more general elliptic operator).

Theorem 1.12 (Quadratic growth). — Let 2o € 00 NQ and r > 0 be such that
By, (x9) C Q. Then

sup  u(z) < Cr||Av|| (o)
2€Br(x0)

for some C = C(n) > 0.

Proof. — Fix 2o € 00 N Q and let r > 0 be such that By.(29) C Q. We split
u = uj + us in By,.(xg), where

Aul = All, AUQ =0 in BQT(ZUO)
uy =0, ug =u  in 0By, (x).

We then proceed in estimating each of the functions u; and uy separately. To make
the notation easier to follow, we set m := ||Av|| L (q).
We begin with u,: observe that

(1.11) |Auy(z)] <m
for all z € By, (z9). We consider the smooth function
1
YT %(47“2 — |z — z0]%).

Clearly ¢(x) = 0 for every x € 0Bs,(x0), and differentiating twice leads us to

—Ap =1 in By.(xg)

Y = 0 on 3Bgr(x0).
Combining this with (1.11) yields

Amp(x) < Auy(r) < —Amp(r)

for every x € By, (x). Since p(z) = ui(x) = 0 for x € 9By, (), we may apply the
comparison principle for elliptic equations (see |25, Thm.3.3, p.33]) to deduce that

—mep(z) < (z) < me(z)

14 For example, one may take r = w.



28 BORJAN GESHKOVSKI

holds for all z € Bs,(xy). Whence by using the definition of ¢, we conclude that
2

(1.12) luy ()| < me(x) < =r*m
n

for all x € By, (z0).

Now notice that since ug is harmonic in By, (xy) and us = u > 0 on 0By, (), we
have uy > 0 in By, (z¢) by virtue of the weak maximum principle. Also, since xq lies
in the free boundary 00 N, one has u(zg) = 0. Therefore

2
ug(z0) = —up(z0) < =r’*m
n
holds by (1.12). We may thence apply the Harnack inequality to the above to obtain
2C
sup ug(z) <O inf  uy(x) < Cug(zo) < —r*m
z€By-(x0) z€Br(z0) n
for some C' = C(n) > 0. Combining the estimates for u; and us we obtain the
desired result. O]

Theorem 1.13 (C'! regularity). — Let u € H*(Q) N C°(Q), u > 0 in Q be a
solution to (1.9). Then u € CL1(Q) and
1Dl ) < C(l[ullzo(o) + D" ().

for any K € Q, where C' = C(n,dist(K, 09)).
Proof. — As discussed earlier, since u € H*(Q2) and D?u = 0 a.e. on O¢ it suffices
to prove a uniform bound for D?u in O N K for any K € Q.

Fix 2y € O N K and set r = dist(xg, O°) and p = dist(K, I2). Notice that such a
choice for r would imply B, (z9) C O and thence

Au=—AvY in B,(xp).

We distinguish two different cases.
If r > p/5, the interior derivative estimate (1.10) yields

4
1Dl s, e < CO) (5 Il + 1Dl (o))
100 2
(1.13) < C(n)<7||ul|m<n> +[ID ¢||Loo<m>-

If r < p/5, applying estimate (1.10) leaves us with a quadratic dependence upon
r. To cancel this factor, one seeks to apply the quadratic growth estimate from
Theorem 1.12. To this end, let yo € IB,(x9) N 0O be a point on the free boundary.
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From the triangle inequality, it follows that By,.(yo) C Bs.(xo) € 2, so applying
Theorem 1.12 gives

[ull 2o (B2 (o)) < AC ()7 [ AY || o0 ()
Now observe that by the triangle inequality, B,(xo) C Ba,(yo), thus
[ull o (B, (2o)) < AC ()| AY[| o0 ()
Applying (1.10) and the above estimate respectively leads us to

4
1D 18, e < C) (e + 1Dl (o))

< O (189 ey + 1D 1= )
By definition, one also has

[AY | o) < nl| D] oo ).
Therefore
(1.14) | D*ul| L (8, o (x0)) < C(0) [ D] 1= ()

when r > p/5. Since zy € O N K was arbitrary, and one also has the estimate on
K N O by (1.13) and (1.14) we deduce

1
1D%ull i) <€) (5l + D% i) s

Remark 1.14. — One may in fact show that the C'! estimate can be extended
up to the boundary of the domain 9€). The proof require estimates that are beyond
the scope of this work, and for more detail we refer to [41, Theorem 2.17, p.45|.

2. The parabolic problem

As mentioned in the introduction, it is useful to consider an evolutionary analog
to the classical obstacle problem (1.2), as this would also yield a broad scope of
applications. The version of the problem we present here has been studied in [2], as
well as in [23]. We consider the space-time cylinder

Q:=0Qx(0,7),
in R"™ where the terminal time T € (0,00) is fixed and  C R™ is a bounded
domain with smooth boundary 0€2. We also consider the convex set

K() :={w € L*(0,T; Hy()): wy € L*(Q),w > ¢ a.e. in Q},
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where we are given an obstacle v € L*(0,T; H*(Q) N H}(Q)) satisfying ¢, € L*(Q)
and 1(0,-) = 0 in . Note that if ¢» € L*(0,T; H3(Q)) and ¢, € L*(0,T; H *(Q)),
then v € C°([0,T], L*(R)), so the initial condition ¥(0,-) = 0 in  makes sense.
For a proof of this fact, we refer to |21, Thm.3, p.303]. We also assume that we are
given an initial datum uy € H}(Q) and a source term f € L?*(Q). To simplify the
notations, we denote by
¥ =00 x(0,7)

the lateral boundary of the cylinder Q.

The problem we present consists in finding a solution u € K (1) to the parabolic
variational inequality

/ut(v — u)dzdt + / Vu-V(v—u)dedt > /f(v — u)dzdt
) ) )

u=20 on X
u(0, ) = ug in Q,

(2.1)

for all v € K(¢) with v(0,-) = up in Q. The variational inequality (2.1) is called a
parabolic obstacle problem. By arguing similarly as for ¢, for a function u € K(1))
the initial condition u(0,-) = ug in © also makes sense.

2.1. Existence and uniqueness of a solution. — To simplify the notation for
what follows, we consider the set

V= {w e L*(0,T; H*(Q)) N L>(0,T; Hy(Q)): wy € L*(Q)}.

Note that a function u € V would not only satisfy u € C°([0,T]; L*(Q2)), but even
u e C%[0,T); HY(Q)) (see [21, Thm.4, p.288|). We now state the main result of this
section.

Theorem 2.1. — There ezists a unique solution u € K(¢) NV to the parabolic
obstacle problem (2.1).

To prove this theorem, we use a penalization method as done for the regular-
ity study in the classical obstacle problem. Namely, we will consider a family of
semilinear parabolic equations involving a penalization term, show existence and
uniqueness of solutions to these problems, as well as adequate estimates which will
be used to obtain a limit by a compactness argument.

It is important to mention that since the estimates only give weak convergences,
due to the form of the variational inequality we may need a compact embedding the-
orem which will guarantee strong convergence in order to pass to the limit. However
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the classical result of Rellich-Kondrachov is not applicable in the parabolic setting.
This issue is rectified with the following result of J.-P. Aubin and J.-L. Lions, a proof
of which may be found in |7, 46, 34, 16].

Lemma 2.2 (Aubin-Lions). — Let Xy, X and X_; be Banach spaces such that
X1 = X — X 4, and assume that the continuous embedding X1 — X is also
compact. For1 < p,q < oo, let

W={we LP0,T;Xy): w, € LU0, T; X_1)}.

If p < oo, then the embedding W — LP(0,T;X) is compact, while if p = oo and
q > 1, then the embedding W — C°([0,T]; X) is compact.

Now for fixed € > 0, the penalized problem consists in finding a weak solution u*®
to
ui — Auf 4 G.(ut —¢)=f inQ,
(2.2) u® =0 on ¥
us(0,-) = ug in Q,
where the penalty function f§.(-) := ¢7!/(-) is satisfies the assumptions 5 € C'(R),
B(x) = 0 if and only if x € [0,00) and 0 < f'(-) < 1 on R. Note that the last
assumption implies that S is monotone nondecreasing, and on the other hand, by
the mean-value theorem [ is also Lipschitz continuous with Lipschitz constant 1.
We note that by a weak solution to the semilinear parabolic equation (2.2) we
mean a function u® € L*(0,T; H}(Q)) with uf € L?(0,T; H~*(€)) such that for a.e.
0 <t <T, the weak form

(ui (t,-),v) + /Q Vus(t,z) - Vo(z)dz + /Q Be(u® —)(t, x)v(z)de = /Qf(t, z)v(z)dx

holds for all v € H}(Q), and
u?(0,) =up in £

Here (-,-) denotes the duality pairing between H(Q2) and Hj(€2). For more detail
on this notion, we refer to [21, Chapter 7|. To show that the above problem admits
such a solution, we will use the following well-known fixed point theorem.

Theorem 2.3 (Banach’s Fixed Point). — Let X be a Banach space and let S :
X — X a nonlinear map. If S is a strict contraction, meaning there exists vy € [0,1)
such that

[Sw = Svlx <vflw—vlx



32 BORJAN GESHKOVSKI

for all w,v € X, then S has a unique fized point.

Proposition 2.1. — For any € > 0, there exists a unique weak solution u® € V of
(2.2).
Proof. — Fix € > 0 and assume without loss of generahty that ¢ = 0. Since f. is
Lipschitz continuous with constant e~! and (.(0) = 0, it satisfies

1
(2.3) 1B=(x)| < Zlx].

Our strategy will be to apply Banach’s fixed point theorem in the Banach space
X = ([0, T}; 1(92))
endowed with the norm

lwilx = max Jlw(t, )z

Given any function w € X, set g.(t,-) := f.(w(t,-)) for t € [0,7], and in light of
the growth estimate (2.3) we see that g_ € L2(Q). Consequently, by using classical
well-posedness results for linear evolution equations (see |21, Thm.3, p.356|), the
problem

—Ay=f-g nQ
(2.4) y=0 on X
y(0,-) = up on €,
has a unique weak solution
y € L*(0,T; H3 (), with y, € L*(0,T; H*(Q)).

Hence y € X by the recurring argument |21, Thm.3, p.287|, and since ug € Hg (),
one has further regularity, namely y € V (see |21, Thm.5, p.360]), and in fact y € V
also implies y € C°([0,T]; H*(9)) (see [21, Thm.4, p.288]).

We may now define S : X — X by setting Sw = y. We claim that if the
terminal time 7" > 0 is small enough, then S is a strict contraction. To show this,
let w,w € X and define y = Fw and y = Fw. Consequently, y is a weak solution
of (2.4) for g. = fB.(w) and y satisfies an analogous weak form for g. = [.(w).
Now for an arbitrary ¢ € [0, 7], subtracting the weak forms with the test function

y(t,-) = 3(t,-) € Hy () gives

/Q (v — )iy — §)(t,2)de + / V-3t a)Pds = [ (.~ 8y - 9)(t )

Q
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The above may be equivalently be rewritten as

d - - - .
G [1o=5eopa 2 [ 1V -9l =2 [ @ - &)y - )0
dt Jo Q 0
We estimate the right-hand side by the Young (with «) and Poincaré inequalities
respectively:

2 [ (g~ £y = 9)(t. ) < ally(t) = 50 ) ey + 5 ()~ &)

5 1
< aC(Qn)|ly(t,) = ¥t )MH @ + allgs(t, ) = 8.t )72
for « > 0. Whence

() = 31 gy + (2~ 0@ m) Iyt ) — 500

1

Choosing a < ﬁ yields

d N 1 .
gy =yt )ieg < ~llea(t, ) = 8.0t )22,

and since g. = B-(u) and f. being Lipschitz continuous (with constant e~!), we also
have

d . 1 .
&HY(@ ) =yt ')H%?(Q) < @Hw(t, ) —w(t, ')”%Q(Q)'
Consequently,
~ 1 /7 i
(2.5) Iy () =37 M) < = [ Nw(t; ) = @) [720)dt
T -
< a_egHw — %,

for each 7 € [0,7]. Maximizing the left-hand side with respect to 7 gives
N - T g
1Sw = Swlx = lly = ¥lx < —llw -l

Choosing T sufficiently small so that T < ae? would imply that S is a strict con-
traction.

Now given any 7" > 0, in light of what precedes we select T} > 0 so that T} < ag?
and then apply Banach’s fixed point theorem to find a weak solution u* =y € V of
the penalized problem (2.2) on the time interval [0,7}]. Since u®(t,-) € H}(Q) for
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a.e. t € [0,T}], we can assume (we may redefine T} if needed) that u(Ty, ) € HL(Q).
Observe that the time T} depends only on €. We therefore repeat the argument above
to extend this solution to the time interval [T},277]. After finitely many steps we
construct a final weak solution u® € 'V existing on the full interval [0, T7.

To demonstrate uniqueness, fix ¢ > 0 and let u®, u° be two weak solutions of the
penalty problem. Then we have y = u®, ¥y = @ in (2.5), meaning

lu(7, ) = @57, |72 () < C(é)/o lus(t, ) = (¢, )| 2 dt
for 7 € [0,T]. By virtue of the differential form of Gronwall’s inequality (see Propo-

sition A.11 in the Appendix), we conclude that u® = @°. 0

We will need some uniform estimates in order to apply a compactness argument
and pass to the limit.

Lemma 2.4. — For fixzed € > 0, the solution u® € V to the penalized problem (2.2)
satisfies

esssup [|lu” (¢, ) || ) Fu' | 20, m5m200) + [lug | L2(o)
t€[0,T]

< C(1A%l20) + el + 1 f 22 + Vol 2 (e)),
for some C' = C(Q,T) > 0 independent of €.
Proof. — Fix e > 0. By virtue of the energy estimate [21, Thm.5, p.360]

esssup [[u”(t, )| )+l | L2002 () + [l 22(0)
te[0,7

(2.6) < C( D) ([1B=(u — )l 1200) + 1 flz2(@) + Vol 120,

we observe that it suffices to obtain an adequate bound for the L?(Q) norm of . in
order to conclude. For fixed t € [0, 7], using the penalty equation we obtain

/Q (Bl — D)t 2))2da = [ Bl — D) — f + Al (t, 2)de
= [ B — VAW — )+ A](t, 2)da

Q

— | Be(uw® — ) (u® — )(t, x)dx

Q

n / Bo(u® — D)[f — il(t, 2)d.
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Now, Green’s first identity yields

| et =0t = o)) == [ g =0V =)t <o,

since 5. > 0. By combining the previous computations we obtain

/(55(16 — ) (t,7))*dx < / Be(u® — ) AY(t, x)dx — c(lit pe(u® — ) (t, x)dx

T / B0 — B)[f — dl(t, 2)de

where p. = ., p. > 0 on R and p. = 0 on [0,+00). Now we integrate the above
inequality over [0, T]; first, observe that

/ ar / pe(u” — )(t, z)dzdt = / p- (v — ¢)(T, x)dx
+/Qpa(u5—w)(o,a:)dx.

The second integral on the right hand side above is equal to 0, since u*(0,-) > 0,
¥(0,-) = 0in Q and p. = 0 on [0,00). Moreover, since p. > 0 on R and thus
pe o (u® —)(T,-) > 0, we deduce that

/ dt/pg )(t, z)dxdt < 0.
Consequently,

/Q (Bl — ))dedt < /Q Bl — ) Agpdadt + /) Bl — W) — ldadt

< 18w = )|l 2 (1A | 20) + 111 220) + 19tll 22(0)) -
After simplification, we deduce that

(2.7) 18 (u® = )220y < 1AV z20) + 1 f 220y + 1Pl 22(0),
and by plugging this in (2.6) we obtain the desired estimate. O
Remark 2.5. — The previous Lemma clearly asserts that the family of approxi-

mate solutions {u®}.~o is bounded in L?*(0,7T; H}(©)), and hence in L*(Q). To see
this, fix ¢ > 0 and observe that

||u ||L2 OTHI(Q)) < TeSS Sup ||U ( ? .)”?—I(%(Q)
te[0,T
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We deduce that

1wl 20,713 () < C(Q,”aT)(efS[OS;{F [ (t, ) ez 0y + 10| 22052 (@) + 145 22(0)) -
€,

This estimate also implies the boundedness of {u°}.~q in L?(Q) by the Poincaré
inequality.
We now let ¢ — 0 to prove Theorem 2.1.

Proof of Theorem 2.1. — Denote by {u}.~o C 'V the family of solutions to the pe-
nalized problem (2.2). By virtue of the energy estimate from Lemma 2.4, we deduce
that {u®}.~0 and {uf}.~o are bounded in L?(0,T; H*(Q2)) and L*(Q) respectively,
while Remark 2.5 implies that {u°}. is also bounded in L?*(0,T; H}(Q2)). Whence
by the Banach-Alaoglu theorem and Proposition A.7 in the Appendix, there exists
u e L*(0,T; H*(Q) N H} () with u; € L?(2) such that

ui —u;  weakly in L*(Q)
u® —u  weakly in L*(0,T; H*(Q))
u® —u  weakly in L*(0,T; Hy(Q))

along subsequences as € — 0. Applying the Aubin-Lions lemma with p = ¢ = 2 and
the triple X; = Hj(Q), X = L*(Q), X_; = H (), we deduce that

u® — u  strongly in L*(Q)
along a subsequence as ¢ — 0. Now observe that for almost every ¢ € [0, 7], one has
IV (u =) (t, )2y < 1AW =)t ) 2@l (w® = uw)(t, )20

by using Green’s first identity and the Cauchy-Schwarz inequality. Integrating be-
tween 0 and T gives

IV (1 = w)ll20) < AW = W)l 2@)llu® = ullz2(o),

again by using the Cauchy-Schwarz inequality. The L?(0,T; H*(2)) boundedness of
{u}.~ implies that {Auc}.~¢ is bounded in L?*(Q) and since u® converges strongly
to u in L?*(Q), we finally deduce that Vu® — Vu strongly in L*(Q), i.e.

u® —u  strongly in L*(0,T; Hy()).

Now for fixed € > 0, since 8 < 0 (as it is nondecreasing and equal to 0 on [0, 00)),
u® satisfies

/uf(v — uf)dxdt + / Vus - V(v —uf)dedt > /f(v — uf)dadt,
9 9 0
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for every v € K(¢). Observe that

/ui(v — u)dzdt = /uf(v — u)dzdt — /ui(u6 — w)dzdt,
0 ) )
and similarly
/Vu5 V(v —u)dedt = /Vus V(v —u)dxdt — / Vuf - V(u® — u)dzdt.
0 Q )

Hence, using the strong convergences of {u®}.~o, {Vu©}.0, the weak convergence of
{u$}.~0 and the boundedness of the latter two in L?(Q), we may let € — 0 to deduce

/ut(v — w)dzdt + / Vu - V(v —u)dzdt > /f(v — u)dzdt,
) ) Q

for all v € K (). Using estimate (2.7) and since 8. = 7!, one obtains
(2.8) 18" = ¥)llz20) < eC (4, f).

Because 3 is continuous and the strong L?*(Q) convergence of {uf}.~( implies a.e.
convergence along some subsequence, letting € — 0 we deduce

18w = )22 = 0

by continuity of the norm. Recall that § = 0 only on [0, 00), thus it follows that
u > ae. in Q and we may conclude that u € (1) solves the parabolic obstacle
problem (2.1). Finally, since {u}.~o is bounded in L>(0,7T; H}(Q2)) and converges
weakly in L*(0,7; Hy(€)) to u, we may apply Proposition A.8 from the Appendix
to obtain u € V.

To demonstrate uniqueness, let u, u be two solutions. Whence, they satisfy

/ut(v — u)dzdt + / Vu-V(v—u)dedt > / f(v—wu)dxdt
0 0 0
and
/ﬁt(v — u)dzdt + / Vi -V(v—a)dxdt > / f(v—a)dadt
s 9 )

respectively for all v € K(¢). Choosing v = @ and v = u respectively and adding
up both inequalities gives

/Q(U —u)(t — u)dadt + /Q V(u—1a)-V(a—u)dzxdt > 0.
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By rearranging the above inequality, we deduce that

1
5 / |(u — @) *dadt + / |V (u — @) |*dzdt <0,
Q Q
and by virtue of the Poincaré inequality, we conclude that v = @ a.e. in Q. O]

Corollary 2.2. — Let u € VNK() be the solution to the parabolic obstacle problem
(2.1). Then

esssup [[u(t, ) | ma ) + llull2or.m29) + w22
te[0,7)

< C(IAY]12() + Wil r2o) + 1 fllz2c) + Vol 2(@)
holds for some C = C(Q,T) > 0. Moreover, u € C°([0,T]; H'(Q2)).

Proof. — Due to the weak convergences established in the previous proof, the esti-
mate follows from Lemma 2.4 and the weak lower semicontinuity of the norms and
Proposition A.8 from the Appendix. The fact that u € C°([0,T]; H'(Q)) follows
from |21, Thm.4, p.288|. ]

2.2. Euler-Lagrange equations. — Assuming the existence of a continuous
(space-time) solution'® w, and assuming moreover ¥ € C°(Q), by virtue of a varia-
tional argument we may also deduce Euler-Lagrange equations as for the classical
obstacle problem. For v € C2°(0), where

O :={(t,z) € Q: u(t,z) > ¥(t,x)},

and |7| is sufficiently small, v := u 4+ 7w > 9 and so v € K(»). Thus, plugging v in
the variational inequality gives

T/(utw + Vu-Vw — fw)dzdt > 0.
0

Due to Green’s first identity and since the above holds for 7 both positive and
negative, we may conclude that

(2.9) u—Au=f ae inO.

15 We will not further discuss regularity results for the solution of the parabolic obstacle problem,
since the setup for the problem is not the same in literature. In the "dynamic obstacle" case
that we considered in this work, regularity is discussed for example in [40] and in [6], where
the problem is referred to as the "thick" obstacle problem (compared to the "thin" problem,
which we discuss on page 88). We also refer to [13, 14| for the regularity study of related
problems.
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Now, by setting v := u+w where v € C°(Q), v > 0, and plugging in the variational
inequality, one obtains

/(utw + Vu-Vw — fw)dzdt > 0.
Q

Whence, we deduce
(2.10) w—Au>f ae in Q.

To summarize, from (2.9) and (2.10), we deduce the Fuler-Lagrange equations for
the parabolic obstacle problem

(u > a.e. in Q
ug—Au > f ae. in Q
u—Au=f ae in O
u=0 on Y
(u(0,) =up  in

As for the classical obstacle problem, we may derive the complementarity problem

(uy — Au— f >0 a.e. in Q
u > a.e. in Q
(ug — Au— f)lu—1)=0 ae. inQ
u=20 on X

Lu(0, ) = up in

which in the literature is often written in the form
min{u; — Au— f,u—1¢} =0 ae. inQ

u=0 on X
u(0,-) = ug in Q.
2.3. Euler’s method for a homogeneous problem. — We now illustrate in

a mostly formal way a method for studying a slightly different parabolic obstacle
problem, namely one where the obstacle does not vary with time. The key idea in this
method is to use the implicit Euler scheme for a finite difference approximation of the
time derivative, reducing the problem to a steady-state variational inequality at each
time step. The latter in turn will be shown to posses a unique solution by applying
monotone operator theory. One then constructs an adequate approximation by
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"gluing" the solutions at the discrete time steps, lets the mesh size go to 0 and
deduces a limit by a compactness argument.

We will work in a simple case, as we assume that f = 0 and that the obstacle
does not depend on time. While such assumptions may seem restrictive, we will
nonetheless observe the constructive nature of the method which renders it useful
in numerical analysis and computation.

The obstacle problem we are will study consists in finding v € L?(0,T; H}(2))
with u; € L*(Q) such that for a.e. t € (0,7T), u(t,-) € X(¢)) and

/Qut(v—u)dm—l—/Vu-V(v—u)dxzO

Q

(2.11)

for every v € K(¢), where
K() :={v € Hy(Q): v >1 ae. in N}

is the closed and convex set that appears in the classical obstacle problem. The

obstacle 1 is assumed in H?(2), and we will require additional regularity on the

initial datum, namely we assume uy € H?(Q2)NX(¢)). Note that if there is a solution

u as above, we immediately deduce that u € C°([0,T]; L*(Q)) by the recurring

argument |21, Thm.3, p.303|, so the initial condition u(0,-) = g in 2 makes sense.
We begin by stating the main result of this subsection.

Proposition 2.3. — There exists a unique solution to the parabolic obstacle prob-
lem (2.11).

We begin by partitioning the time interval [0, T'| into m equal sub-intervals [t;_1, t;]
where m € N is fixed, i € {1,...,m}, t; = ih and h = % is the mesh size. We now
consider the semidiscretized problem consisting of finding u; € K(v) such that

(2.12) /Q <%) (v —w;)dx + /QVui V(v —u;)dz >0

for every v € K(¢) and for each ¢ € {1,...,m}. When i = 1, we set u;_1 := g
where ug is the initial datum. We may rewrite the variational inequality (2.12) as

1 1
- / wi(v — u;)dr + / Vu; - V(v —wu;)de > — / wi—1(v — u;)dex,
h Jq 0 h Jq
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and since u;_1 is known at each time step i € {1,...,m}, we see that this corresponds
to the variational inequality
Ui—1

<Aui7 v = uz> > < Zh yU— ui>L2(Q)

where the operator A : K(¢) — H () is given by
1
A:u»—>Au:v»—>—/uvdx+/Vu~Vvdq:.
h Ja Q

Here (-,-) denotes the duality pairing between H~1(Q) and H}(Q). We see that
A linear, thus continuous on finite dimensional subspaces, and also coercive and
strictly monotone due to its inner product form. We may thence apply Theorem
B.1 and deduce the existence of a unique solution u; € K(1) to (2.12) for each
ie{l,...,m}.
We have thus obtained a family of solutions {u;}7, which may be used to form

the proposed approximate solution u,, : [0, 7] — Hj () as

U; — Uj—1
juz e,
Observe that u,, € C°([0,T]; H}(Q)) is affine in time over each subinterval [t; 1, ;]
and one also has u,,(t;_1,:) = u;_1 and u,,(t;,-) = u;, so the time variable plays the
role of a homotopy parameter in some sense, connecting u;_; at time ¢;_; to u; at
time ¢;. We also consider the step function W, : [0,7] — H}(Q) defined as

ﬁm<t,) = U, for t € [tifl,ti], 1€ {1,,m}

We will use these functions to reformulate the semidiscretized variational inequality
(2.12).

To show that u,, converges to a solution u of the parabolic obstacle problem (2.11)
as m — oo, we first establish some uniform estimates in order to pass to the limit.

llm(t, ) = U1+ (t — 11 for t € [ti—la ti], 1€ {17 o ,m}.

Lemma 2.6. — There exist constants Cy, Cy > 0 depending only on T, ug such that

U; — Ui—1
2.13 —‘ < C
( ) h 2(Q) — 0
(2.14) Vil L2y < Ch,

for each m € N andi € {1,...,m}.

Proof. — First, by setting ¢ = 0 and v = g in (2.12), we obtain

1

—/(u1 — up)(ug — uyg)dx + / Vuy - V(ug — up)dz > 0.
h Ja Q
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Slightly rearranging this inequality leads us to

1
[ 0+ Vo = w)de 2 19 ws = wo) ey + s ol
Q

1 2
2 EH’Ul — o[ L2()-

Since ug € H*(Q)NH} (), we may use Green’s first identity and the Cauchy-Schwarz
inequality to estimate the left-hand side:

/ VUO : V(UO — ul)dx < HAUOHLz(Q)Hul — uOHLQ(Q)-
Q

Combining the two estimates yields

Uy — Ug
=5
Now fix j > 2. The variational inequality (2.12) for i = j and v = u;_; reads

[ (55 ) i = wde [ Vg Dl — e 20
Q h Q

and similarly for i = j — 1 and v = u;

/ <uj_1 i uj_2) (uj — wj1)dz + / Vujy - V(u; —uj)dz > 0.
Q h Q

Adding up these inequalities and switching the signs gives

1 1
7 /Q(Ujl —wj o) (u; — uj1)dz > ||V (uy — uj 1) 720 + EH%‘ —uj 1720

(2.15)

L2(Q) S ||AU0||L2(Q)

1 2
2 5l = uj-1llze()-

We may estimate the left-hand side using the Cauchy-Schwarz inequality:

Ui—1 — Uj—9
/Q (%)(W —uj)dz < ‘

By combining these estimates, we deduce
Uj — Uj—1 ‘ Uj—1 — Uj—2 ‘

’ h h

for j € {2,...,m}. We may now "iterate" the above inequality and use (2.15) to
obtain

Uj—1 — Uj—2

h

%~ Wil

L2(Q) ’ L2(Q)

Uj — Uj—1

h

<A
12@) = | uO||L2(Q)7
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which gives (2.13).
Now note that for any 1 < i < m,
up = (u; — ui—1) + (Ui—1 — wim2) + ... + (w1 — o) + uo.
Coupling this with (2.13), we deduce that
uillL2) < Cohm + |Jug||z2() < C1T + |luol|z2 (o)

for every i € {1,...,m} as h = <. Also, for v = 0 in (2.12) we have
1
Vi) < 7 /Q(Uil — u;)uidz,

so (2.14) follows from the Cauchy-Schwarz and Poincaré inequalities. O

Proof of Proposition 2.3. — First, using the bound (2.14) we observe that for a.e.
t € (0,T), we have the estimates

(2.16) [ (€, )l 3 0) < 3C
and
(2.17) 1@ (t, Mz ) < C

where C'= C(T,u) > 0 is independent of m. Notice that the bound (2.13) provides
a uniform estimate on the time derivative of the piecewise differentiable function
u,,, since the weak derivative is

U; — Uj—1
(um)t - h )
thus
(2.18) esssup || ()¢ (7, )| L2() < Co.
T7€[0,T
The above estimate gives
(2.19) lam(t, ) = un(7, )| 20) < Colt — 7| for t,7 € [0,T7.

This implies that the family {u,,}°°_; is equicontinuous, thus the Arzela-Ascoli
theorem guarantees the existence of u € C°([0,7T7; L*(2)) such that

u,, — u strongly in C°([0, T]; L*(2))
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along some subsequence as m — oo. It also follows from (2.17) and the Banach-
Alaoglu theorem that {u,,}5°_; has a subsequence that converges weakly in
L*(0,T; H}(€2)). Now (2.13) yields the bound

2TC
T (t, ) —um(t, )| 22() < hCY + |t = t;1|Cy < 2hC = 1,

for a.e. t € [0,T], from which it follows that u € L?(0,T; H}(2)) and
W, —u weakly in L*(0,T; Hy(Q2))

along a subsequence as m — oo. Moreover, since K(v) is weakly closed, u(t,-) €
K(¢) for a.e. t € (0,7T). Finally, by exploiting the bound (2.16) in a similar fashion,
we deduce that u, € L*(Q) and

(W) — u,  weakly in L*(Q)

along a subsequence as m — oo.
Now in terms of u,, and u,,, the semidiscretized variational inequality reads

/Q(um)t(v — Up,)dz + / Vi, - V(v —,,)dz > 0

Q

for all v € K(¢) and holds a.e. in [0,7]. For arbitrary points 7,7 € [0,7],
integrating the above from 7 to 75 gives

/ / u,) (v — a,,)dedt + / / vVu,, - V(v —1u,)dzdt >0

for all v € K(¢). Since the norm and the inner product (for fixed v) are weakly
lower semicontinuous functions (see the Appendix), we have

hmmf / / |V, |*dzdt + / / v, -V dxdt)
2/ /]Vu]zd:cdt—/ /Vu~Vvda:dt,
1 Q 1 Q

by virtue of superadditivity of the limit inferior and the weak L?(0,T; H}(2)) con-
vergence of u,,. Taking the limit inferior as m — oo, we finally obtain

/ /utv—udtdx—l—/ /Vu V(v —u)dzdt >0

for all v € K () by using the previous limiting argument as well as the weak L*(Q)
convergence of (u,,); and the strong L?(Q) convergence of U,,. Since the above holds
for any 7,7 € [0,T], we deduce that u is a solution of (2.11).
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Uniqueness follows by arguing in the same way as for (2.1). O]

3. Numerical experiments

To conduct numerical simulations of obstacle problems, we used the FEniCS
software |5, 35, 37, 36]. FEniCS is a collection of open-source software compo-
nents aimed at the numerical resolution of PDEs using the finite element method,
and can be used from both Python and C++. As input, FEniCS takes the vari-
ational formulation of a PDE and then proceeds in discretizing and assembling
the associated matrices. Once the variational formulation has been discretized,
one chooses a solver (linear or nonlinear) depending on the PDE to solve the
system of algebraic equations. The code for obtaining the figures is available at
https://github.com/borjanG.

3.1. The finite element method. — We first give a very brief presentation of
the finite element method. Assume that V' is a real Hilbert space with dual V' and
consider the problem

Find v € V such that F(u) = f,

where F': V — V' and f € V'. The map F may for instance represent a differential
operator such as the Dirichlet Laplacian. The weak form of the above problem reads

Find v € V such that  (F(u),v) = (f,v) forallveV,

where (-, -) denotes the duality pairing between V" and V. The idea behind the finite
element method is to use the Galerkin technique, where one replaces the above weak
form by

Find uj, € V), such that  (F'(up),vs) = (f,vp) for all v, € Vj,

where V}, C V is a finite dimensional subspace of V' (say of dimension V) with a finite
dimensional dual space V. In conforming finite-element spaces, i.e. when V}, C V|
well-posedness of the discrete problem is inherited from the infinite dimensional
setting. If F' is linear, then one can fix a basis {¢y}2_, of V, define the matrix
Fy, € RY*N representing F on Vj, (called the stiffness matriz) as well as the data
vector f, = (( f, ¢k))1 <p<y and rewrite the discrete weak form as the linear system
of equations o

Find U e RY  such that F,U = f,.
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The vector U is the vector of degrees of freedom that are to be computed, which are
the coefficients of the solution uy; in the basis {¢y Y, i.e.

un() = Ue(x).
K1

The basis functions are called shape functions. We will use piecewise linear shape
functions. The discrete spaces used in the numerical experiments in this work are
based on either an unstructured triangular mesh over the ball By(0) C R? consisting
of 8270 points and 16136 cells, or a structured triangular mesh over the square
(—1,1)? consisting of 4225 points and 8192 cells.

2.0 : : : : 1.0
15f
Lo} , 05
05
0.0 0.0
-05
-1.0 -0.5
-1.5
-2.0 ' ' . i w . -1.0
—20 -15 -10 -05 00 05 10 15 20 -1.0 -0.5 0.0 0.5 10

FIGURE 4. Meshes for the ball By(0) (left) and the square (—1,1)? (right).

3.2. Classical obstacle problem. — Recall that the variational formulation of
the obstacle problem (1.2) is not an equation but rather an inequality. In order to use
the finite element method, our approach will be to approximate the inequality via a
family of penalized problems as we did for the regularity analysis. For programming
purposes, we use a slightly different penalty function (proposed in [28]). Namely,
for € > 0 we look for a weak solution u € Hj(f2) to the nonlinear problem

{—Aus —Imax{—u+1¢,0} =f inQ

Nl
(3.1) ut =0 on 0f2.
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Due to the monotonicity of the map u +— — max{u — 1,0} (which is defined point-
wise) it can be shown that for each ¢ > 0 there exists a unique solution to the
penalized problem (3.1). One may also show that this solution converges weakly in
Hi(2) to the unique solution of the classical obstacle problem. For more detail, we
refer to [28].

Now for a numerical resolution of nonlinear partial differential equations of the
form

—Au+ F(u) =0,
there are two common approaches:

e Fized point iteration: Pick u’ and for k > 1, solve
—AuFtt 4 FPuF) = 0.

+1in all linear terms and by u* in all

In other words, one replaces u by u*
nonlinear terms.

e Newton’s method: Pick u° and for k > 1, solve for du
—Adu + F'(uF)ou = —(AuF + F(u")),

and set u*t1 = uF + Ju.

Naturally the choice of which method to use depends on the differentiability proper-
ties of the nonlinearity F'. In our approximation problem, the map x — max{x, 0} is
not differentiable at the origin. We will use the Newton approach (which is autom-
atized in FEniCS) by regularizing the max map using C'-approximations. Namely,
for a fixed parameter o > 0 we consider (see Figure 5)

x—5 ifx>a
max, : X — % fo<x <«
0 if x <0.

It is readily seen that max, is monotone, convex, continuously differentiable, and
the range of its derivative is included in [0,1]. Consequently max, is Lipschitz
continuous with Lipschitz constant 1 by the mean-value theorem. Moreover, the
error decreases linearly with a as

0 < max(0,x) — max,(x) <

| e

holds for any x € R.
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FIGURE 5. The penalty function and its approximation with o = 1071,

We now present some numerical experiments. Post-processing was conducted by
using the ParaView software.

Example 3.1. — As a first example we present a case where the exact solution is
known. Consider the ball Q = By(0) C R?, f =0 and consider the obstacle

1—a22—2% ifxi+ai<l1
s (w1, ) — .
Ve (o) {0 otherwise.
In this case the problem has a radial solution u(xq,xs) = v(r) with r = /a3 + 23.
For 7 # 0, a simple computation gives r,, = %, and consequently by the chain rule
we have

2 2
i) (L)
Uz, = V(1) = +v'(r) i

for i = 1,2. Therefore
1
Au ="(r) + ='(r),
r
and if u > ¢ then v”(r) + Lv/(r) = 0, whence

v(r) = —=blogr+c
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where b and ¢ are constants. If the free boundary 0{u > v} is at the position r = a,
then we seek for a, b, ¢ satisfying the nonlinear equations

v(@) = ¥(a), v'(a)=/(a), v(2)=0.

Clearly 0 < a < 1 (see the definition of ¢) and the equations reduce to the following
nonlinear equation for a:

a’(In2 —Ina) = 1 — a?,

with b = a?(1 —a?)~"/2, and ¢ = bIn2. One may find the root of the above equation
numerically and obtain a = 0.69797, b = 0.68026 and ¢ = 0.47152. For the penalty
parameter € = 107° and approximation parameter a = 10~* we obtain the following
result.

u
7.333e-01
Eo,54997
036665
018332

E0,0006+00

FIGURE 6. The solution w (wireframe in color) is above the obstacle v
(solid in white).

Ezample 3.2. — We now consider the square Q = (—1,1)? C R?, the source term
= —10 and we the "staircase" obstacle

-0.2 if z; € [-1,-0.5)

—-04 if z; € [-0.5,0)

—0.6 ifx; €]0,0.5)

—0.8 if z; € [0.5,1].

’Lp . (561,.’172) —

For the penalty parameter ¢ = 107° and approximation parameter o = 10~* we
obtain the following result.
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u
ES,S] 8e-03

-0,17582

--0,35516

E»o,5345
-7,138e-01

T

f

i

FIGURE 7. The solution u (wireframe) is above the obstacle 1 (solid).

The negative source term would physically represent gravity (the minus sign is
due to the fact that gravity points downwards). Intuitively, the membrane will sag
through and touch the staircase under this load.

Ezample 3.3. — Finally, let Q = (=1,1)%, ¢ : (z1,73) — —2% and f = —4. For
the penalty parameter ¢ = 1075 and approximation parameter a = 10~* we obtain
the following result.

u
E0,000e+00

-0,064962
12992

E—O, 19489
-2,598e-01

FIGURE 8. The solution u (wireframe) is above the obstacle ¢ (solid).
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3.3. Parabolic obstacle problem. — The numerical implementation of the
parabolic obstacle problem is similar to the one for the heat equation. Namely,
we discretize the time derivative using an implicit Euler scheme (which guarantees
unconditional stability), and much like the theoretical result presented in the previ-
ous section, solve a steady-state problem at each time-step. In view of what was done
for simulating the classical obstacle problem, this leads us to consider a penalized
problem, namely, for fixed ¢ > 0, finding a weak solution u° to

uf — Auf — Imax{—v*+¢,0} =f inQ
ut =0 on X
us(t, ) = ug in Q.
After discretizing the time derivative using the Euler scheme and approximating the

max map by the C! approximations proposed for the classical obstacle problem, we
proceed in conducting numerical experiments.

Ezample 3.4. — We consider the square Q = (—2,2)2 C R? f = 0, and we
consider the static obstacle from Example 3.1. We are in a transient setting, so we
also need an initial datum and a final time; take 7' = 16 and ug(x) = ¥ (z). For
e =10"% and a = 107, we obtain the following results.

u
1,000+00
l 0,74946
- 0,49849
024752
I -34516-03

u

1.000e+00

l 074946

-0,49849
024752

| -3451e-03

u
1,000e+00
Eo,mm
049849
50.24752
EVSASW 03

u
1.000e+00
Eu,mw;
049849
20,24752
[3/:51 03

FIGURE 9. Clockwise from top left: t = 0, 2,8,16. We observe that at each
time the solution u (wireframe) is above the obstacle (solid), and we also
observe the expected diffusion phenomenon.
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PART 11
AN OBSTACLE PROBLEM WITH COHESION

4. The cohesive obstacle problem

We now present a paper of M. Hintermiiller, V.A. Kovtunenko and K. Kunisch
[27], in which the authors investigate a variant of the classical obstacle problem,
namely a steady-state obstacle problem subject to cohesion forces. As before, we
consider 2 C R™ a bounded domain with smooth boundary 9Q. Let v € H?(Q) N
C°(Q) with 1) = 0 on 09 be a given obstacle. Consider a membrane which occupies
the domain €2 and is clamped at the boundary 0€2. Under a loading force f €
L*(Q), the membrane is in contact with the obstacle in such a way that a cohesion
phenomenon, i.e. a mutual attraction of the molecules, occurs between these two
bodies. The cohesion force is described by fixed material parameters: v > 0 (unit of
force times distance) and § > 0 (unit of distance). The problem consists in finding
the normal displacement v € H*(Q) N Hy(Q) and the normal force & € L*(Q) of the
membrane such that the pair (u, &) form a strong solution of

{—DAw—f:f in 0

4.1
(4.1) u=20 on 0f),

where D > 0 is a fixed constant, and

20 ifusid+o
(4.2) w0, 1 g <u<pts

hold almost everywhere in Q6.

4.1. Physical interpretation. — In linear elasticity theory (see [43]), D denotes
the flexural rigidity'” of the membrane and is given by
E6?

p=— """ _
20 —2)

16 Notice that the map u — £ defined is discontinuous whenever u(z) = ¢ (x) + 4.
17 In layman’s terms, this represents the resistance offered by a structure while undergoing bend-
ing.
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where E denotes Young’s modulus (a measure of the stiffness, i.e. the rigidity of a
solid), v denotes Poisson’s ratio (the negative of the ratio of the signed lateral strain
to the signed axial strain) and 6 denotes the elastic thickness of the membrane.
However, for computational convenience, we henceforth set D = 1.

The ratio 7 represents the elastic limit of the membrane, meaning the point
beyond which any deformation of the membrane becomes permanent. One may
thence give a natural interpretation of the conditions (4.2) which define the normal
force &: if the membrane is sufficiently far from the obstacle, then the normal force
is 0, otherwise the membrane will bend, and the deformation is permanent if the
membrane is in contact with the obstacle. In fact, by virtue of the the Heaviside
function H : x —— Loy (x), we may show after simple computations that the
constraints in (4.2) are equivalent to the complementarity system

u > a.e. in
(4.3) 4+ 3HO —u+v)

>0 a.e. in €2
£+ 396 - u+ )| (u

X

0

(u—1)=0 ae. in Q.

The cohesion force is described by p := TH(d — u + ). The constraints formulated
in the complementarity system above imply that the normal force £ acts in the
opposite direction to the cohesion force p. Models which take into consideration
cohesion forces have been actively studied in recent years [33, 31| in view of their
applications to fracture mechanics — the field of mechanics concerned with the study
of the propagation of cracks in materials.

4.2. Mathematical interpretation. — From a mathematical viewpoint, the co-
hesion model (4.1), (4.2) results from the minimization of an objective functional
subject to contact constraints, much like the classical obstacle problem. There is
however an additional unknown in the equation, and interpreting this system is not
trivial at first glance. Perhaps a useful example for illustrating how such a formu-
lation is derived is Stokes’ problem from fluid dynamics. The problem consists in
minimizing the functional

1
S[w] := 5/ ]Dw]gdx—/f-wdx
0 0

over all w € X, where X := {w € H}(Q): divw = 0in O}, O C R3 is open,
bounded and simply connected, and f € L?(O;R?) is a given vector field. Existence
and uniqueness of a minimizer u € KX may be shown by using the direct method.
We interpret u as representing the velocity field of a steady fluid flow (continuous
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motion) within the region O, subject to the external force f. The constraint that
divu = 0 ensures that the flow is incompressible'®. The interesting question however
is to see how the constraint manifests itself in the first order necessary condition given
by the Euler-Lagrange equation. In fact, it can be shown (see |21, Thm.6, p.472|)
that there exists a scalar field p € L2 _(O) such that

loc
/Du:Dvdx:/(pdivv+f~v)dx
0 0

for all v € H'(O;R?) with compact support inside O. We interpret the above
variatonal formulation as saying that the pair (u, p) form a weak solution of Stokes’
problem

—Au=f—-Vp in0O
diva=0 in O
u=20 on 00.

The function p is the pressure and arises as a Lagrange multiplier corresponding to
the incompressibility condition divu = 0.

The methodology for solving the cohesive obstacle problem is slightly different to
Stokes’ problem. While the former will also manifest itself as an optimality condition
for a minimization problem, only the contact constraint will be included in the set
over which we minimize. The cohesion force will be embedded in the variational
formulation, and much like the classical obstacle problem, will be an inequality. Due
to the form of the objective functional in the minimization problem, there will be
no guarantee for uniqueness of a minimizer, and necessary and sufficient optimality
conditions won’t coincide.

We will first show existence of a minimizer and necessary optimality conditions,
and we will derive the normal force ¢ as a function of this minimizer and the cohesion
force. We will also show sufficient conditions by considering the Lagrangian asso-
ciated to the contact constraint, and see that the saddle-point for this Lagrangian
may allow us to interpret £ as a Lagrange multiplier.

18 This roughly means that the effects of pressure on the fluid density are zero or negligible.
Thus the density and the specific volume of the fluid (i.e. the ratio of the fluid’s volume to its
mass) do not change during the flow.
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5. Necessary conditions

The strategy we will use to derive the cohesive obstacle problem (4.1), (4.2) is
analogous to the classical obstacle problem — we incorporate the constraint u > 1
in a certain set of functions and solve a related variational problem on this set. In
fact, the set in question is the same as for the classical problem:

K(p) :={u € Hy(Q): u> 1 ae. in Q}.

The difference for the variational problem comes from the added unknown £ and
the constraint it must satisfy, as they lack smoothness and add a nonlinearity to the
problem. The associated variational inequality will remain similar nonetheless. We
look for u € K(¢) such that

(5.1) /ﬂVmV(v—u)dx—/Q[f—i-%ﬂ'((é—u—l—w)}(v—u)dxzo

for all v € K(). Inequality (5.1) is called a hemivariational inequality.

We begin our study by linking this problem and the equations for the cohesive
problem. In fact, we may interpret them as the Euler-Lagrange equations for the
obstacle problem with cohesion.

Proposition 5.1. — If there exists a solution u € K(1) to the hemivariational in-
equality (5.1), then u € H*(Q2). Moreover, the formulation (4.1), (4.2) is equivalent
to the hemivariational inequality.

Proof. — Suppose that a solution u € () of (5.1) exists. Setting
fi=f— %%(5 —u+) € L¥(Q),
we have
/ Vu-V(v—u)de — / f(v —u)dz >0,
Q Q

for all v € K(¢). This is the classical obstacle problem, and since the data (f,)
satisfy the required assumptions, the previously established regularity results imply
u e H*(Q).

Suppose now that u € K(¢) N H?(Q) satisfies (4.1), (4.2). Taking the L?(Q) inner
product by v — u where v € K(v) is arbitrary, and using Green’s first identity, we
obtain

/Q(V“'V(U—U)—f(U—u)+£(v—u))d:c:0.
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By (4.3), we have { > —2H(0 — u + v), and plugging this in the identity above
yields (5.1). The converse can be argued with & := —Au — f € L*(Q) by choosing
appropriate variations v. ]

It remains to be seen whether there exists a solution to the hemivariational in-
equality. To do so, we show in fact that it represents a necessary optimality condi-
tion for a certain minimization problem. First, we define (pointwise) the continuous,
nondifferentiable'® and concave map (see Figure 10 for a visualization)

(5.2) g:ur %min(é, u— ).

The following lemma will be of use in the proofs to come, and hints why we might
deduce the Heaviside term from a minimization problem. For a proof, we refer the
reader to the Appendix.

Lemma 5.1. — The map g satisfies
9(v) = 9(u) < SHE — u+v)(v - u),
for all u,v € H}(Q).

We now set up the hinted minimization problem. Consider the cost functional
J: HY(Q) — R defined as

J|u] ::%/Q|Vu|2dx—/gfudx—l—/gg(u)dx:S[U]—I—/Qg(u)d:v.

Notice that J is nonconvex and nondifferentiable solely due to the presence of g.

Proposition 5.2. — There ezists at least one function u € K() satisfying

5.3 dlu] = inf Jw].

53 W= inf dlul
Moreover, u € H*().

Proof. — The arguments of the proof mainly follow the direct method in the calculus

of variations. We begin by observing that the map g is nonnegative over the set K(1)).
Hence, for an arbitrary w € K(1)) we have

%ﬂ=ﬂﬂ+/ﬁ@ﬂxzﬂw-

Q

19 This follows from the definition of the min map in terms of the absolute value. In fact, this
characterization also implies that ¢ is Lipschitz continuous.
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Since € is coercive, the above inequality implies that J is also coercive.

Now let {uz}%2,; C K(¢)) be a minimizing sequence. Using the coercivity of g, by
contraposition we deduce that {u;}$, is bounded in H}(Q2). The Banach-Alaoglu
theorem asserts the existence of u € Hj(2) such that

up — u  weakly in Hj ()

along a subsequence as k — oo. Since K(v) is weakly closed, u € K(¢), and by
the Rellich-Kondrachov theorem, we also have strong L?(£2) convergence. The latter
convergence implies that u; — u a.e. in (2 along an additional subsequence. Whence,
by using the superadditivity of the limit inferior, the weak lower semicontinuity of
€, and the Fatou lemma (recall that ¢ is continuous) respectively, we have (along
the subsequence)

li;n inf Jluy| > lign inf €[uy| + lim inf/ g(ug)dx > Efu] + / g(u)dx = Jul.
—00 —00 Q

k—o0 Q

We conclude® that v minimizes J over K(z)). Finally, we use Propositions 5.3 and
5.1 respectively to conclude that u € H?(). ]

Now we may link the hemivariational inequality to the problem of minimizing J.

Proposition 5.3. — The hemivariational inequality (5.1) is the necessary optimal-
ity condition for the minimization problem (5.3).

Proof. — Let u € K(1) be a solution of (5.3), hence

Elu] —i—/Qg(u)dx < E[v] —|—/Qg(v)dx,

for all v € K(¢)). By rearranging this inequality and using Lemma 5.1, one obtains

efu] - ] < / (9(v) — g(u))da < T / H(6 — u+ ) (v — w)de,

for all v € K(¢). Fix 7 € (0,1] and consider v := 7w + (1 — 7)u where w € K(¢)) is
arbitrary. Since X (1) is convex, v € K(¢) and plugging in the previous inequality
we obtain

(et vl — ] ) = =1 [ 56 -t o) - w)de

T

20 The above also shows that J : H} () — R is a weakly lower semicontinuous functional.
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As & : H}(Q2) — R is Gateaux differentiable with Gateaux derivative

(58[u;w—u]:/Vu-V(w—u)dx—/f(w—u)dx,
0 0
we may pass to the limit as 7 — 0 to obtain (5.1). O

Henceforth, we set L3 (Q) := {f € L*(Q): f >0 a.e. in Q}. We may regroup the
previous results in the following theorem.

Theorem 5.2. — There exist u € X(¢) N H*(Q) and X € L%(Q) satisfying

(5.4) /Q [Vu-Vo— fo+ %3‘((5 —u+)v]dr = /Q)\vdx,

for all v € Hy(Q), and satisfy the complementarity condition

(5.5) /Am—wﬁx:0

Q
The function u is a solution to the hemivariational inequality (5.1), and the pair
(u, &) where

@:A—%%@—u+¢y

is a strong solution to the cohesive obstacle problem (4.1), (4.2).

Proof. — We take a minimizer u € K(¢) N H*(Q) of J. Its existence follows from
Proposition 5.2. Now consider

k:—Au—f+%H®—u+¢)
Since u € H*(Q), we have A\ € L*(Q), hence X is well defined a.e. in 2. Multiplying
A by an arbitrary test function v € H}(€) and integrating over Q, we deduce

/[Vu-Vv—fv+z?f(é—u—l—z/))v}dx:/)\vdx,
Q 0 Q

which is (5.4).

We may now rewrite the hemivariational inequality (5.1) equivalently as

/ Av —u)dz > 0,
0

for all v € K(¢), which in turn by choosing appropriate variations v implies that
A>0a.e in Q and

/Q)\(u —)dx = 0.
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Hence A € L2 () and (5.5) also holds. We conclude that the pair (u, ) are a strong
solution to the cohesion problem by virtue of Proposition 5.1. O

6. Sufficient conditions

Since J is non convex, the solution to (5.3) is not necessarily unique, therefore
(5.4), (5.5) do not represent a sufficient optimality condition. To deduce sufficient
optimailty conditions, we consider the Lagrangian functional associated to the con-
tact constraint u > :

Llu, \| == Jlu] — /Q Au —1)de,

and study a related saddle-point problem.

Proposition 6.1. — If there exist u € Hy(Q) and X\ € L% (Q) such that the pair
(u, \) satisfies

(6.1) Llu, p] < Llu, \| < L, Al

for all v € Hy(Q) and p € L3(Y), then u € K(¢), w is a minimizer of J, and the
pair (u, ) satisfy (5.4) and the complementarity condition (5.5).

Proof. — Let (u,\) € Hj(Q) x L3 (Q) be a solution of saddle point problem. The
left-hand side inequality in (6.1) implies

t@w—»w—wmxza

for every p € Li(Q) By choosing appropriate variations p, we deduce that u > ¥
a.e. in §2, and

/Q)\(u —)dx =0,

which gives (5.5). Next, by using the right-hand side inequality in (6.1) we obtain

ﬂﬂ—aﬂs—/k@—wmxgm

Q
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for all v € K(¢). This implies that J[u] < J[v] for all v € K(¢)), thus u is a minimizer
of J. Using the inequality above and Lemma 5.1 respectively leads us to

efu] — £ft] - / A — v)dz < / (9(v) — g(w)dz

< %/Qf}((é—u—i-w)(v—u)dx,

for all v € H}(Q). Now fix 7 € (0,1] and consider v := 7w + (1 — 7)u where
w € H}(Q) is arbitrary. By plugging in the inequality above we and dividing by 7,
we obtain

l(&’[u—{—T(w—u)]—c‘l[u]) —/Q)\(u—w)dxz —%L%(é—u+¢)(w—u)dx.

T

As € : Hj(Q) — R is Gateaux differentiable with Gateaux derivative

68[u;w—u]:/QVU-V(w—u)dx—/Qf(w—u)dx,

we may pass to the limit as 7 — 0 in the previous inequality and then choose
appropriate variations w to obtain (5.4). ]

In the above proof, we assumed that the saddle point problem (6.1) had a solution.
Now, we look to show that this is indeed the case.

6.1. Existence of a saddle point. — To this end, we regularize the nondifferen-
tiable functional J by virtue of a family of approximate functionals which contain a
regularization of the nondifferentiable term g. We show existence of a saddle point
for the Lagrangian functional associated to the approximation functionals, obtain
adequate estimates for the family of solutions, and conclude by taking the limit.
For € > 0, let g. € C*(R) be a function satisfying
0< ga(') < ¢p < +00,
0< () < er < +oo.
9:(-) = 9(-) + O(e),

for some constants ¢y, ¢; > 0 independent of £. An example of such a function is
—£ for & > ¢(x) +9
ge:x >y 1 — _%%5)2 for Y(x) + (1l —¢) <z < Y(x)+0
%T() for (x) < <Y(x)+0(1—¢),
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0.12

0.1 -

0.08 /

0.06 - /

0.04

002 | /
/ 9(u)
9 (w)

O L L L
0 0.1 0.2 0.3 0.4 0.5

FIGURE 10. The map g and its approximation g, for ¢ = 1071,

where x = u(x) for x € . Its derivative is given by

0 for z > (x) + 90
1) a6 for (x) + (1 —¢) <z <P(x)+4

gé X g ps
1 for P(x) <x < Y(x)+0(1 —e).

We may now state the regularized minimization problem. For each ¢ > 0, we seek

a function u® € (1) such that

(6.2) Jd-(u®) = inf F.(v),

veX(y)

where
MM:EM+A%@Mu

We begin by showing that such a function exists.

Lemma 6.1. — For every € > 0 there exists a solution u® € () N H*(Q) to the

regularized minimization problem (6.2). The estimate

|u|| 2 () < C,

also holds for some C > 0 independent of ¢.
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Proof. — Fix e > 0. Since g. is nonnegative over R, the arguments from Proposition
5.2 hold here as well, so there exists a solution u® € K(¢) to (6.2).

Now using the fact that u° is a minimizer, we may take the directional derivative
of J. at v in the direction v — u® for arbitrary v € X (), and obtain the following
first order optimality condition:

/QVUE V(v —u)dz — /Q [f + gL(u)] (v — w)dz > 0.

Arguing similarly as in Proposition 5.2, we deduce that u® € H?*(Q). The estimate
follows from Corollary 1.3. O]

Now for fixed € > 0 we define

(6.3) A= =AU — f+ gl(uf).

In light of what precedes, \° € L?(f2) and it satisfies

(6.4) / [Vu® - Vo — fu+ g (u)v]dz = / Noudz,
Q Q

for all v € Hg(2). From the definition of A\* and (6.4), we deduce that A* > 0 a.e.
in 2 and

(6.5) /Q)\E(ua —)dz = 0.

Now for fixed € > 0, we consider the regularized Lagrangian functional

Lolu, A =3 [u] — / AMu —)de.

Q

Analogously, we will consider a regularized saddle point problem. For fixed ¢ > 0,
we seek for a pair (uf, ) € Hj(Q) x L2 () such that

(6.6) Louf N < Louf, N < Lo, N,

for all (v,\) € H}(Q) x L3 (9).

The existence of solutions to these regularized saddle-point problems is derived
by the properties of the functionals £. and use of so-called mini-max theorems (see
[20, p.171]). For fixed € > 0, the primal variable u® of any solution of this saddle
point problem minimizes J., whereas the dual variable \° satisfies (6.3) and (6.4).

We now look to pass to the limit as ¢ — 0 to deduce existence of a solution for
the saddle point problem (6.1).
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Proposition 6.2. — There exists at least one pair (u,\) € (H*(Q2) N Hi(Q)) x
L2 () satisfying the saddle point problem (6.1).

Proof. — Let {u®, X}.~0 C (H*(2) N Hy(Q)) x L3 (2) be the family of solutions to
the approximate problems (6.6). From (6.3), the uniform estimate from Lemma 6.1,
the properties of g, and f € L*(Q2), we infer that there exists C' > 0 such that

[A*||z2) < C

for all € > 0. Since Lemma 6.1 gives a similar estimate on the family {u®}.~o, the
Banach-Alaoglu theorem asserts the existence of A € L?(Q2) and v € H*(Q2) N H(Q)
such that

(6.7) u® —u  weakly in H*(Q)
(6.8) uf —u  weakly in Hy(Q)
(6.9) u® — u  strongly in L*(Q)
(6.10) A A weakly in L2(9)

along a subsequence as ¢ — 0 (observe that for (6.9) we have used the Rellich-
Kondrachov theorem). Since ¢'(-) < ¢; on R, by using the mean value theorem we
have

19e(u7) — g(u)| < erfu” —u
pointwise a.e., thus

(6.11) g-(u¥) — g(u) strongly in L*(Q)
as € — 0. Now, the right inequality in (6.6) reads

/Q (5P = fu 4 guu) — X — ) )da < / (5190 = fo+ 0.0) = X(w— ) da.

Using the superadditivity of the limit inferior, the weak convergence (6.8) coupled
with the weak lower semicontinuity of the &, the strong convergences (6.9), (6.11)
and the boundedness of {\°}.¢, we have

/Q (%IWIQ— fu+g(u)—A(u—¢))dx§hr€r§glf /Q (%\Vug!Q—fuf+ga<u5)—¥(ua—w))dw-

As a result of this limiting argument, taking the limit inferior in the inequality that
precedes and using the weak convergence (6.10) for the right-hand side gives

Llu, \| < L, Al
for all v € H}(Q).
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Since K () is weakly closed in H}(2) and L% (Q)?! is weakly closed in L*(92), we
have also u € () and A € L2 (2). Thence u > ¢ and XA > 0 a.e. in . Now recall
that for every ¢ > 0,

/ A (u® —)dxr = 0.
Q
This implies

/Q)\E(u6 —u)dz + / A (u—)dx = 0.

Q
Similarly to previous limiting arguments, using the convergences (6.9), (6.10) and
the boundedness of {\°}.~o, we let € — 0 in the above identity to deduce

/ AMu —)dz = 0.
Q
Hence

Llu, \] = J[ul,
and since u > 1 a.e. in €2, we also have

9] > 3] - / (s — p)de = Lfu, 1,

for every p € L% (). We thus conclude that
Llu, 1] < Llu, \]

for every p € L3 (). The pair (u,\) therefore satisfies the saddle point problem
6.1). O

7. Active set method and algorithm

We will use the optimality system (5.4), (5.5) to formulate an algorithm for solving
the obstacle problem with cohesion. We may rewrite (5.5) equivalently as

(7.1) A —max{0,A — (u—¥)} =0

where the max is taken pointwise. Using this formulation, we define the active and
1active sets with respect to the contact condition

Ac={z € Q: Az) > u(x) —(x)}
Jo={z € Q: \Nz) <u(z) —¥(z)},

21 Clearly L2 (Q) is convex, and it is also closed by the same argument as for X(¢), so we may
apply Theorem A.4.
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thus J. = Q\ A, and with respect to the cohesion force
A, ={z € Q:u(zr) <¢Y(x)+d}
Jp, = {x € Q: u(x) > Y(x) + 6},

thus J, = Q\ A,. Now using (7.1) as well as the active and inactive sets, we can
rewrite the optimality system (5.4), (5.5) equivalently as

(7.2) / (Vu-Vo— fo+pv—)de =0 forall v e Hj()
Q

(7.3) p:% on A,, p=0 on J,

(7.4) u=1v on A,, A=0 on J.

We present the following algorithm for solving the reformulated optimality system
(7.2), (7.3), (7.4).

Algorithm 1 : Primal dual active set algorithm for the cohesion problem.
1. Choose A", At C Q.
2. 8et I;' =Q\AZL TP =Q\ A
3. Set k= 0.
4. While not Stop:
4.1. Solve for u* € HL(Q), \* € L3(Q), p* € L?(Q):

(7.5) / (Vu" - Vo — fo+pfo — Mo)de =0 for all v € Hy()
0

(7.6) pr = % on A pF=0 on IF7

(7.7) u* =4 on A N =0 on I

4.2. Update the active and inactive sets at u*, \*:
AF = {2 € Q: Ne(2) > uF(z) —(2)}
I¥ = {r € Q: \(x) < uf( Y(x)}
Al; = {r € Q: v (x) <yY(x) + 0}
J]; = {r € Q: u(x) > Y(x) + 5}

4.3. If A% = A%~! and A} = A~! then Stop.
4.4. Else: k:=k+1.

z)
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We now turn to the study of the properties of this algorithm, starting by showing
that the step (4.1) makes sense.

Lemma 7.1. — There exists a unique solution to the system (7.5), (7.6) (7.7).

Proof. — Fix an arbitrary iteration k > 0. We can clearly determine p* at each step
by (7.6). Now consider the closed and convex set

KEH () = {u € HY(Q): u =1 ae. on A}

as well as the minimization problem which consists of finding u* € K¥~1(¢)) such
that
E[u"] +/ pPufde < E[u] + / proda
gE—t gE—1

for all v € KE-1(¢). By virtue of the properties of the functional € (see the
Appendix) we apply Theorem 1.3 to obtain the existence of a unique solution
uf € KF (). Now using the fact that u* is a minimizer, by differentiating the
cost functional at u* in the direction v — u* for arbitrary v € K*~1(¢)), we obtain
the first order necessary and sufficient optimality condition

/Q (Vur - V(v —u¥) = f(v—ub) +pF(v — u*))dz > 0.

Choosing the test functions v := u*+¢ for arbitrary ¢ € C>°(Q) with supp(p) C J&~1
yields

(7.8) ~Au* — f+ph=0 inJF!

in the sense of distributions, whence Au* € L2(3%71). Since u* € K*~1(3)), we also
have Auf = A in A¥~1 in the sense of distributions, so Au* € L2(A*1) as well.
Consequently, Au* € L*(Q). We may now define

(7.9) M= —AuF — f 4 pf € L2(Q).

Notice that having determined A* in such a way, the identity (7.8) implies that
A = 0 in J¥=! which corresponds to (7.7). Taking the L?*(§) scalar product by
v € HHQ) in (7.9) and applying Green’s first identity gives (7.5). O

We now show that most of the iterates of Algorithm 1 are monotonic. We shall
see at the end of this part that the strategy of the proof is in fact more important
than the actual result.
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Lemma 7.2. — If Jljl = 0, then the iterates (uk,Alj,pk,A’;) of Algorithm 1 are
monotonic in the following sense:

p<ul <. <Pt <R <

QDA D ...DAMI D AR D .

%: O>pt > >p >t >
_ -1 0 k—1 k

Q=A"'D2AD.. DA T DAD ..

Proof. — The proof will be done by induction. For £ > 1 we define the differences
h1 = b — b1 Rl = NR R 5]1;—1 —

We proceed in three steps.

Step 1: The assertion (7.6) which determines p* can be rewritten equivalently as

pk = %]IAJ;A.

So if AE~1 C AF"2 then 6)~! < 0 a.e. in Q. In particular, this property is satisfied

for k = 1 since the initialization J;l = () implies Ag - A;l = . Thus 52 <0

a.e. in (2.

Step 2: Observe that for k& > 0, showing A¥ C AFL is equivalent to showing

Jgk=t C g% Now if x € J*~1 from (7.7) we have that \*(z) = 0. Thus to show this

set inclusion, it would suffice to show that u*(z) — 1 (z) > 0 for a.e. x € J*-1.

Now fix £ > 1. Using the property (7.7) once again, we see that for z € Q, we
either have \*~1(x) = 0 or u*~!(x) = ¢(x). Using the definition of the active and
passive sets with respect to the contact condition, we obtain the following mutually
exclusive possibilities:

o If \*1 =0, then
ub Tt <¢p ae. in AFY and W > 4p ae. in IFL
o If u*~1 =0, then
N> 0 ae inAF' and M <0 ae in IFL
Whence it follows that
uFl < v and AN1>0 ae in A’j_l,
as well as

(7.10) ut > and AT <0 ae in JFL
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Using (7.7) as well as the above, we deduce that
55_1 =uf — >k — >0 a.e. in Af‘l
and
(7.11) K= N1 > A >0 ae in L
Now taking the difference of the iterates at steps k and k — 1 in (7.5) gives
(7.12) A ) =01 =6 ae in Q.

If 05~1 < 0 a.e. in Q (note that by Step 1, this would be true if A%~! C A*"?), then
using (7.11) and (7.12) we deduce that

A <0 ae in I

By virtue of the weak maximum principle, the minimum of 6*~! is attained on the
boundary 97!, Since 6*~' € H}(), one also has §*~' = 0 on 9IF~' N 9Q, and
6k=1 > 0 on At N @JE~L. Therefore 68~ > 0 a.e. on 9J¥~!. Consequently

55’1 >0 a.e. in €.

Now for a.e. x € J¥71 by (7.10), we have u*~1(z) > 1 (z), so by what precedes we
also have u*(x) > ¢(x). The remark made at the beginning of this step implies that

AR C Ak

From 657! > 0 it also follows that u*~'(z) < u¥(z) < (x) + 4 for ae. z € A
Hence

k k—1
Ak C AR

Step 3: Notice that in Step 2, we only worked on the assumption AX~' C A2
for an arbitrary & > 1. Under this assumption, Step 1 and 2 give the desired
monotonicity properties. Since A’;fl C A’;*Q holds for k£ = 1 as remarked in Step 1,
we look to conclude by induction.

Let k > 1 and assume that A" C A2 Then Step 1 yields 6)"' < 0 a.e. in
), while Step 2 yields 6*~* > 0 a.e. in 2. But the latter also gives A¥ C A*~! and
Ar C Ak~ which finishes the proof. O

The following result is the reason behind the stopping rule set in the Algorithm.

[

the pair (u*", \¥") satisfies the optimality system (5.4), (5.5).

Lemma 7.3. — If AF" = A¥ =1 and A" = AF =1 at some step k* € NU {0}, then
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Proof. — If A¥ = A ~! then u*" =9 a.e. in A¥ and \¥" = 0 a.e. in J¥". Using
also the definition of the active set A*" and the passive set J*", we deduce \** > 0
and u*" > 1) a.e. in  respectively. The first remark also gives

/ M (WM —p)de = / M (uF" — ap)da +/ M (WM —ap)dz = 0.
Q AFR* k>
Hence u*" and M\*" satisfy the condition (5.5).
Now if A’;* = A¥ =1 then p*" = %5—((6—1#“* +1), which coupled with (7.5) implies
(5.4). Thus the pair (u*", \¥") satisfies (5.4), (5.5). O

It is important to note however that these results do not imply the convergence
of the iterates to the solutions (u, A, p), since we do not know the rate of increase
of {uf}22, and {\¥}22, is not necessarily monotone. To show the convergence of
Algorithm 1, we discretize the system using the finite element method and show
that convergence holds in the finite dimensional setting by using finite dimensional
analogs of Lemma 7.2 and Lemma 7.3.

7.1. Finite element discretization. — For simplicity, let us assume that n = 2
and the boundary 0f2 is polyhedral. For a fixed discretization parameter N € N, we
consider a mesh of triangles 7 = {T'} of Q and vertices {z;}}*; C  such that

Q= U T and p(Q2)= Z,u(T).

TeT TeT

Here p denotes the Lebesgue measure in R?. The partition 7 is assumed to be
conforming or compatible, i.e. the intersection of any two triangles 77 and T5 in T
is either empty or an edge. We will discretize Algorithm 1 in such a way that the
active and inactive sets for the discretized problem can be entirely determined by
the vertices of the mesh {z;}Y, and the values of the discretized functions u™, A
at these points. We assume that the stiffness matrix R = (R;;) € RV*Y | which
corresponds to the finite element discretization of the Dirichlet Laplacian —A is
non-singular (i.e. det R # 0) and that for every partitioning of R into blocks

Raa Rar
R p—
|:RIA Ry } ’

R;} > 0 and R4 < 0 hold component-wise. For example, if R;; < 0 for ¢ # j and
R(A) > 0 for any eigenvalue A, then this holds. In some sense, this will serve as a
"discrete" weak maximum principle in the proof of the convergence.
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We approximate a function u € H}(Q) by

where {¢;}Y, € (H}(2))V is some finite element basis. We discretize the load and
normal forces by using the projection operator projy : L%(Q2) — RY, given by

(projy f)i / f(x)di(x

for i € {1,..., N}. In particular, for

N

fla) =) o),

j=1
we have projyf = M f~, where M is the mass matrix:

(Mij)i<ijen = ((Di, &) 12())1<ij<N-

The representation of projyp where p = I3H(d — u + v) is more delicate since it
involves a nonlinearity with the Heaviside function. Given u, we define the active
set

A={reQ: HO—u+1)(z) =1},
whence p = 11,4. We approximate A by

and then we approximate projyp = 3projyla by

(projnla)s Z/QILA(?E)@(I)dx z/Qﬂﬁ(f)cbi(x)dﬂf = (projy1z)i

for i € {1,..., N}. We will consider the discrete active set AN = {z;}¥, N A, and
we may then determine the discrete cohesion force pV = +1,~v at the vertices of
the mesh. Let us note that by unisolvence, knowledge of the discrete active nodal
points uniquely determines the active finite element cells T and the approximate set

A. Therefore
(t(Tygn)); = /Q 1;(x)¢i(x)dx = (projy1yz);
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is well defined. Hence for given A" we have 7t(p") = Im(14~). For the convergence
analysis, we assume that 7t(1 4~ ) is nonnegative (component-wise) for every partition
AN and

m(lyn) > m(lgy)  if and only if AY D BY.

This is satisfied for the continuous and piecewise-linear finite elements on a regular
grid. In the following, we remove the superscript N for notation simplicity. In the
finite dimensional subspace, the reference problem (7.2), (7.3), (7.4) takes the matrix
form

(7.13) Ru—Mf+mnp)—A=0

(7.14) p:% on A,, p=0 on J,

(7.15) u=1v% on A,, A=0 on J.

Analogously, the system (7.5), (7.6), (7.7) in Algorithm 1 can be expressed as
(7.16) Ru* — Mf+n(p") -\ =0

(7.17) Pt = % on A’;’l, p" =0 on J’;’l

(7.18) u* =4 on A1 N =0 on I

Taking into account all of these assumptions, we have the following convergence
result.

Theorem 7.4. — If J;l = 0, then the iterates (u*, \*, p*) of Algorithm 1 written in
the form (7.16), (7.17), (7.18) converge to a solution (u¥" ) \K* p*") of (7.13), (7.14),
(7.15) in a finite number of steps k* € N, and satisfy

wgulg...gu’“*lgu’“

N 0 k—1 k

{mk}kzl Q‘ACQQ‘AC 2‘A’c
Y

U

s="2p > 2 ey

N -1 0 k—1 k
(e}, = A1 DAL D .. D AR D Ak

v

U

Proof. — The idea is to repeat the arguments of the proof for Lemma 7.2, essentially
by replacing the "a.e. inequalities" with "component-wise inequalities". Notably,
one would use the assumptions on the stiffness matrix R instead of the weak max-
imum principle in the argument. Having deduced the monotonicity properties, we
apply Lemma 7.3 to deduce the convergence.
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For k > 1, we define the following difference vectors in R":
55—1 — uk o uk—l’ 51)\9—1 — )\k . /\k—l 5}1;—1 — 7.[<pk) o 7_[<pk—1).

The discrete analog of Step 1 in the proof of Lemma 7.2 remains true when replacing
the a.e. arguments by component-wise ones for the involved vectors.
From (7.16) we derive the identity

— k— —
R&E =6} 1—(5]; '
which is the matrix version of (7.12) in Step 2 in the proof of Lemma 7.2, replacing

—A by R. Distinguishing the values of §, and dy — &, on A¥! and J¥~!, we split
the system in the following way:

R g1 g RA‘gls’;l} {(551)#;1}

O =) e
Ryeiget Ryeages | [ (057 g

a [(51;_1 — Oy g |
and deduce the equality

(7.19) legqj/gq((siil)jlgq = —leg—lAlg—l(aﬁil)Alcc—l + (51;71 — (5’{71)3571.

p
By inverting the left-hand side, we obtain

(720) (55_1)312_1 = _Rj_lgl—ljﬁ—lRJﬁ_lflf_l (55_1)#2_1 + Rj_lgl—lglé—l (51;_1 - 6;;_1)3'2_1‘

From (7.18), we have either \*! = 0 or u*~! = ¢, thus 6*! > 0 on A% and
81 > 0on JF1 If (51”;_1 <0, then 557! — 5;;_1 > 0 on J*~!. The assumptions on the
blocks of R yield 6571 > 0 on J*~1. Consequently 6*~* > 0 for every vertex of the
mesh. But if 61 > 0 then A’; C A’;_l and 5}';_1 < 0 due to the assumption made
on 7. Repeating the induction argument from Step 3, we infer the monotonicity
properties of the iteration process.

The monotoniicty of the active set iterates in the finite dimensional subspace
guarantees that the stopping rule is satisfied after a finite number of steps. A finite
dimensional analog of Lemma 5 yields the desired convergence. O]
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PART III
OPTIMAL CONTROL OF OBSTACLE PROBLEMS

As discussed in the introduction, obstacle problems may be used to model many
natural or social phenomena. We have however only considered such problems with
a given obstacle satisfying certain assumptions. A question that one may naturally
ask is whether it is possible to obtain an optimal solution of an obstacle problem
by means of choosing the obstacle??. For example, we may be interested in finding
an obstacle that drives this solution to some given target u,; and satisfies some
reasonable assumptions (for example it is of "minimal energy"). Hence, we find
ourselves in the context of optimal control: the control (which we seek to minimize)
is the obstacle v, and the associated state u is the solution to an obstacle problem.

We will only discuss optimal control of the parabolic obstacle problem presented
in Section 4, following [2]. For the sake of completeness, we very briefly review the
setting and main results of the elliptic case.

8. Overview of the elliptic problem

Optimal control of the obstacle in the elliptic case has been studied in [1, 3|. The
problem of interest is minimizing the objective functional

1

a0 =5 [ (00) ~ waPde + [ Vo,

over all obstacles ¢ € HJ(Q), where o : H3(Q) — K(¢)) maps an obstacle ¢ to
the solution of the variational inequality for the obstacle problem (1.2), and uy €
L?*(Q) is a given target profile. The authors first considered the case where the
source term f = 0. Existence and uniqueness of an optimal control ¢* are shown,
and the main result states that the optimal state o(1*) coincides with the optimal
control, i.e. o(¢*) = ¢*. The optimal control is then shown to be characterized
by adjoint variables and approximation; one considers the the penalized problem
for the variational inequality as the state equation, then derives some stationary
conditions for the approximate controls and states, and obtains uniform estimates
in order to pass to the limit. This methodology is followed in the parabolic problem
we present next. When the source term f < 0, it is shown that the above result

22 Optimal control of the source term on the right-hand side for a fixed obstacle has also been
considered in the literature, see [10]. We will only be interested in controlling the obstacle.
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persists, otherwise, different cases based on the sign of the target profile uy and the
shape of the domain €2 are deduced. An active set algorithm in the nature of the
cohesion problem from Part II is presented in [29].

9. The parabolic problem

We assume, if otherwise not stated, that the framework is the same as the one set
up in Section 4. We consider the control set

W:= {¢ € L*(0,T; H*(Q) N Hy()): 1 € L*(Q),(0,-) = 0 in Q}.

By virtue of the repeated argument [21, Thm.5, p.382|, the initial condition installed
in U makes sense. Given a control ¢y € U and a source term f € L*(Q), the
corresponding state u is defined as the solution of the parabolic obstacle problem
(2.1). We seek for an obstacle ¢* € U which minimizes the error in L? norm between
the corresponding state u* and a given target profile uy; € L?*(Q), and one which
does so with the least energy. Namely, the problem in question is the (quadratic)
minimization problem under variational inequality constraints, which consists of

finding ¢* € U such that
(9.1) J[v’] = inf Jy],

el

where
9] = / (o) — ug)2dwdt + / (1AW + [r[?) dadt,
Q Q

and where o : U — XK (v) denotes the solution map which maps an obstacle ¢» € U
to the solution u € X(¢)) of the parabolic variational inequality (2.1).

9.1. Existence of an optimal control. — We begin our study by showing the
existence of an optimal control, i.e. a minimizer of the functional J defined above.

Theorem 9.1. — There exists a solution Y* € U to the minimization problem (9.1).

Proof. — The arguments of the proof follow the direct method. Since J[¢)] > 0 for
all ¥ € U, we may invoke a minimizing sequence {¢;}72, C U of . Observe that

lim 3] = inf 3[u] < 2]

and so the sequence {J[1x]}32, is bounded by some constant independent of k. Due
to the form of g, we immediately deduce that the sequences {(vx): }52, and { Ay }22
are bounded in L?(Q), and by a Green’s first identity and Cauchy-Schwarz argument,
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we deduce that {}72, is bounded in L2(0,T; H}(2)) (hence in L*(Q) as well). The
Banach-Alaoglu theorem and Proposition A.7 in the Appendix assert the existence
of ¢* € U such that

Y — Y*  strongly in L*(Q)
Y —¥*  weakly in L*(0,T; Hy(Q))
(Yr)e = 1F  weakly in L*(Q)
Ay — A* weakly in L?(Q)

along subsequences as k — oo. It remains to be seen whether (1) converges to
the solution o (¢)*) of the parabolic variational inequality (2.1) in order to conclude
the direct method argument. For k € N, consider uy = o(1;). Using the energy
estimates in Proposition 2.4, Remark 2.5 with the established bounds on {¢y}2,
and its derivatives, and arguing as in the proof of Theorem 2.1, we deduce a limit
u* € 'V such that

up — u*  strongly in L*(Q)
up — u* strongly in L*(0,T; Hy(S2))
(up); — u;  weakly in L*(Q)
Auy, — Au*  weakly in L*(Q)

along subsequences as k — oco. Now consider a test function v € K(¢*). Note
that a priori v ¢ K(¢y) for k € N, so u;, would not immediately satisfy a parabolic
variational inequality for such a test function. To rectify this problem, for k € N,
we consider vy := max{v, 1 }. Then v, € K(¢x) and satisfies

(9.2) [2 (up)e (v — wp)dadt + /

Vug - V(vg — ug)dzdt > /f(vk — uy)dzdt
Q Q

for all £ € N. To pass to the limit, we need to establish some convergence of {vy }7° ;.
Recall that the distributional derivative of the piecewise smooth function x — |X]|
is the function sgn : x — 21 x # 0. Now using the chain rule [25, Thm.7.8, p.153|
and the fact that
v =] + (v + )
5 ;

we deduce that
Vol < IV(v = ¥)llz2(0),



76 BORJAN GESHKOVSKI

for all k& € N. Since {¢;}32, is bounded in L*(0,T; H}(Q)), so is {vx}32,, and by
the Banach-Alaoglu theorem we deduce

vy — v weakly in L*(0,T; Hy())

along a subsequence as k — oo. The same argument may be used to show that
{(vi)¢}32, is bounded in L?(Q), whence by the Aubin-Lions lemma we obtain

vy — v strongly in L?(Q)

as k — oo. Now notice that

/Q(uk)t(vk—uk)dxdt = L(uk)t(vk—v)dxdt+/(uk)t(v—u*)dxdt+/(uk)t(u*—uk)d:vdt,

) )
as well as
/Vuk-V(vk—uk)dardt:/V(uk—u*)-Vdexdt+/ Vu*-Vvkdxdt—/|Vuk|2dxdt,
0 0 0 Q
and

— uy,)dzdt = —v)dad — u)dzd * — uy)dadt.
/Qf(v;.C wy )dadt /Qf(vk v)xt—l—/gf(v u)a:t—i—/Qf(u uy ) dadt

Using the strong L?(Q) convergence of {uy}7,, {Vug}2, and {v;}52,, as well as
the weak convergence and boundedness of {(uz):}52, in L?(Q) and of {v;}2, in
L*(0,T; H}(9)), we may pass to the limit in (9.2) to obtain

/uf(v — u*)dxdt + / Vu* - V(v —u*)dadt > /f(v — u*)dxdt
) ) )

for any v € K(¢*). Since up > 1y, a.e. in Q, the strong L*(Q) convergence implies
a.e. convergence along a subsequence, thence u* > ¢* a.e. in Q. Hence u* € K(¢*)
solves (2.1) and u* = o(*). Now using the weak lower semicontinuity of the L*(Q)
norm coupled with the weak convergences of {Aw}22, and {(¢x):}72, and since
o) — o(¥*) as k — oo, we have

0] < limint 3oy

from which it follows that

*] < inf .
319°) < in gly)
Thus ¥* is a minimizer of J. O
Remark 9.2. — It is not obvious whether the functional J satisfies convexity prop-

erties. We therefore cannot immediately conclude on the possible uniqueness of an
optimal control.
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9.2. Characterizing an optimal control. — We now look to characterize an
optimal control 1* as well as its associated state o(1*). We seek to differentiate
the functional J in some sense at the minimizer ¢* and deduce stationary condi-
tions in terms of Euler-Lagrange equations. However, showing that the map o is
differentiable may prove to be a difficult task, and we thence cannot immediately
differentiate in the sense of Gateaux. Rather, we will use the penalized problem
(2.2) set up in Section 4. We will study the properties of the approximate solution
map, introduce adjoint variables and a sequence of approximate controls. We will
then use some uniform estimates and deduce conditions on (¢*, o(¢*)) by taking the
limit.

The following theorem gives us some differentiability for the approximate solution
map o, : ¢ — u°, mapping an obstacle ) € U to the solution u® € V of the penalized
problem (2.2).

Theorem 9.3. — Let € > 0 be fized. The map o. has a weak directional derivative
in L2(0,T; HY(Q)), in the sense that given an obstacle 1» € U and a direction v €
L*(Q) such that v + hv € U, there exists & € L*(0,T; H}(Q)) such that

o-(¢+hv) —o.(¢)
h

along a subsequence as h — 0. Moreover, & satisfies & € L*(0,T; HY(Q)) and is
a weak solution of

— & weakly in L*(0,T; Hy(S2))

& —AE+ P (u—Y)(F—v)=0 inQ
(9.3) &E=0 on X
&(0,9)=0 in Q.

Remark 9.4. — Notice that the initial condition £°(0,-) = 0 in  would make
sense in such a setup by the recurring argument [21, Thm.5, p.382].

Proof. — Fix e > 0. Set u" := o.(¢¥ + hv), u® := 0.(x)), and let t € (0,7 be fixed.
We consider the cylinder 9, = Q x (0,¢), on which the following identity holds a.e.

(9.4) ui’h —uf — A" —u) + B (u" — (Y + hv)) — Be(uf — ) = 0.

The choice of this domain will allow us to delete the time derivative when integrating,
as seen in the computations. Multiplying (9.4) by (u®" — uf), integrating over Q;
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and using Green’s first identity gives

/ (u*" — u®) (us" — uf)dads + / IV (u*" — uf)|*dads
9 9

(9.5) = —l/g [Bu" — (¥ + hv)) — B(u® — )] (u™" — u)dads.

3

We invoke the following trick

d e,h €
B0 = = hv) + (1= 0)(u" ~ ¥))

(9.6) =B O = — hv) + (1 = 0)(uf — ) (u®" — u® — hv)
and plug it in the right-hand side integral above to obtain
(9.7)

1

=2 [ (B (4 ) - B~ 9) (0 — oF)dods

Q
1 L dq o ] o
€ [g /0 @5(9(“ —¢p—hv)+(1-0)(v —¢)) (" —u)dfdzds

1 1
= _g/ B (O™ —p — hv) + (1= 0)(u® — ) ((u™" — u)* — hv(u™" — u°))dfdads.
Q; JO
Observe that since u="(0,-) — u#(0,) = 0, we have

/Qt(uah _ u‘f)t(usvh —u®)(s,x)dzds = %/Q [(ue,h _ ue>2(5, :c)}gd:c

1
== /(u‘s’h —uf)?(t, x)d.
2 Ja

Combining this with (9.5) and (9.7) gives
1

— / (u®" —u®)*(t,2)de + [ |V(u®" —u)|*dxds
2 Ja 9,

N % / B0 =¥ —hv) + (1 = 0)(u” — ) (hv(u™" — u7))dfdzds
Q; JO
_l ! / us,h_ . o u — Us’h—us 2 rds
// B0 = = hv) + (1= ) (u” = ¥))( )2dodzd
h g, _ €
(9'8) = E /Qt V<U " —u )dxds7
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since 0 < (1) < 1 on R. We may estimate the right-hand side using the Cauchy-
Schwarz and the Young inequalities respectively:

h

h
—/ v — ) dads < vl lle — ol
£ Jo, £

2

(9.9) < 2—52”"”%2(90 + 5““6 - USH%Q(Qt)'

Now observe that since |V (u®" — uf)|? > 0, (9.8) and (9.9) imply

e € h? € &
/Q(u P —uf)(t,x)de < ;”VH%Q(Q) +Jutt — w2,

The integral form of Gronwall’s inequality (see Proposition A.12 in the Appendix)
then gives

€ € h2
[ =)ty < GV 1+ T

and by integrating between 0 and T one finally obtains

2

h
lus" = w720y < 5—2||V||%2(Q)(1 +Te")T.

Plugging this in (9.9) yields

h . . h?
(9.10) : /Q V(i u)deds < 35 VIR (L T(1+ M),
Since |V (u®" — uf)]? > 0, coming back to (9.8) we obtain by what precedes

1

§</Q(ua’h —ua)Q(t,x)dx—l— 5 |V(uE u®)| d:z:ds) < h—||v||L2 (1 +T(1+Teh)).

In particular, this inequality implies

/ / |V (u uf)|Pdrdt < —||v||L2 (1+T(1+T6T)).
By rearranging the above estimate, we deduce
ush — e C(T)
9.1 ‘ R <
(9:11) h L2(0,T3HE(Q) — € IVllzz o
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Thus {”E’hh_“s } is bounded in L?(0,T; Hy(2)). By the Banach-Alaoglu theorem,
h>0
there exists £&° € L*(0,T; H}(2)) such that
ue,h — Ut a ) ) .
— ¢ weakly in L°(0,7T; Hy(2))
along a subsequence as h — 0. By the weak lower semicontinuity of the norm (see
the Appendix), we also obtain

C(T)
1651 20,1513 (00)) < 1vllz2(9),
which can be rewritten as
C(T)
(9.12) V&2 (o) < - [vIlz2(0)-

We now look to show that & € L2(0,T; H'(2)). To this end, we will estimate the
quantity
()
h t

and conclude by letting h — 0. Using the identity (9.4), we observe that

L2(0,T5H-1(%))

€7h JE—

013 |(*=),

ua,h — ut
<|a(==—)|
L2(0,T;H-1(Q)) — h L2(0,T;H~1(Q))

6E<ua7h B ¢ — hV) _ B&(Ua B 1/}) ‘
h

L2(9)

|

We now estimate the two norms on the right-hand side. For the first norm, we
conclude by (9.11):

() <

L2(Q) — €

us,h —Uf
=) IVl

<[l (
L2(0,T;H-1(Q)) h
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On the other hand, by using the trick (9.6) and the fact that 0 < g’(-) <1 on R, we
have

SR ETITET

:hi / /0 O — = ) + (L 0)(u* — ) (u — i — hv)df)
sé P —hv) o

Q[<¥>2+vﬂdxcﬂ-

From the above and (9.11), it follows that
/ (66<us’h B @Z) — hV) — /Ba(us — ¢)>2
0 h
holds for some C'= C(T") > 0. Therefore

eh _ e
|=),

for some C' = C(T') > 0. Arguing by compactness just as with the previous conver-
gence, we deduce that & € L2(0,T; H1(2)) and

C
dzdt < ?”VH%Q(Q)

C

< vl

L2(0,T;H-1())

ust — < 12 1
(T) ¢ weakly in L*(0, T; H™Y(2))
t
along a subsequence as h — 0. Using both of the established weak convergences and
the Aubin-Lions lemma, we finally deduce that

ua,h — ut

h

along a subsequence as h — 0.
To deduce the equation, we multiply the identity (9.4) by an arbitrary test function
o € L*(0,T; H}(Q2)) and integrate over Q to obtain

(9.14) — & strongly in L*(Q)

€

(9.15) /Q (WT_u)tgodxdt—i— /Q v(“hT_“)  Vdadt

[ (Bt ) - gt v

pdxdt = 0.



82 BORJAN GESHKOVSKI

Observe that in order to pass to the limit in (9.15), we only need to investigate the
third integral term, as the established weak convergences would account for the first
two. It is now easier argue with the original notation u*" = o, (1) + hv), u® = o.(¢).
The strong L? convergence (9.14) implies that

oe(¥ + hv) — 0.(¢)
h
along a further subsequence as h — 0. If we set ((z) := o.(z) — z, we deduce the
following identity:
Bl — (4 b)) = Bl =) Bl + hv)) — B(C()
h h '
Now by virtue of (9.16), notice that

C(Y+hv)— ()
h

as h — 0. Consequently, since 8. € C*(R), using the previous convergence and the
chain rule, we obtain

Ba(C(w + hV)) — ﬁa(g(’@b))
h
as h — 0, or equivalently,

eh _ € _
Be(us" — (¥ + h}:)) Blw? =) e ) —v)  me. in Q.

We may now let ~ — 0 in (9.15) by using both of the established weak convergences
for the first two integrals and the Lebesgue dominated convergence theorem for the
third to deduce that

T
/ (& (t,-), (2, -))dt + / VE - Vedzdt + /5;(“8 —¥)(§ — v)pdrdt =0
0 0 0
holds for all p € L*(0,T; Hj(2)). Whence £° is a weak solution of (9.3). O

(9.16) — & ae inQ

=& —v  ae inQ

— BLC(W)(E —v) ae inQ

We now consider the set
W:={we H(Q): w=0on X,w(0,-) =0in Q}

endowed with the ||-|| 1 (q) norm, and let W’ be its dual. Recall that the Sobolev space
H'(Q) consists of all functions v € L?(0,T; H*(2)) such that u, € L*(0,T; H*(Q)),
and is endowed with the norm

lullZ o) = llullZ2e) + luelZoa)-
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It is also worth noting that the initial value installed in 'W makes sense since u €
H'(Q) implies u € C°([0,T]; L*(Q2)) (see [21, Thm.1, p.303]).

As discussed in what precedes, we will look to differentiate the functional associ-
ated to the approximate problem. Fix € > 0 and consider:

d[) = /Q(ag(zb) — ud)Qd:Edt-‘r/Q (AP + [¢]*) dzdt

for ¢ € U. The existence of a minimizer to this functional follows from arguments
similar to the proof of Theorem 9.1. As it shall be seen in the computations that
follow, it will be useful to introduce an adjoint variable. We have the following
Lemma.

Lemma 9.5. — Let ¢ > 0 be fized. Given a minimizer ¥ € U of J., there exists a
unique adjoint state p° € L*(0,T; HY(Q)) with p; € L*(0,T; H1(Q)) such that p° is
a weak solution of

—p; — Ap* + BL(u® —¢%)pf =uf —uy in Q
(9.17) pP"=0 on X

p°(T,-) =0 in Q,
and the estimate

(9.18) up D" (&, 2@y + 1P 2o,y )y + 182w = %)l + [lpflw < €

s
telo,
holds for some constant C = C(T,uy) > 0 independent of €.

Proof. — Fix e > 0. As the adjoint equation (9.17) is linear, f.(u® — ¢°) € L>(Q)
and u® — ug € L*(Q), by virtue of the change of variable ¢t - T — ¢ and [21, Thm.3,
p.378] we deduce the existence of a unique weak solution p® € L*(0,T; H}(£2)) with
pi € L*(0,T; H1(Q)).

We now look to show the uniform estimate. Recall that in Remark 2.5, we showed
that the family of approximate solutions {u®}.-q is bounded in L?*(Q). Since ug €
L*(Q), there exists some constant C' > 0 such that the following estimate of the
right-hand side of (9.17)

(919) ||U€ — udHLQ(Q) S C

holds for all € > 0. Consider for fixed ¢ € [0,T) the cylinder Q* := Q x (¢,7). The
weak form of the adjoint equation for the test function p® reads

/Qt ( —pip° + |V | + BL(u® — w)(¢5)2)dxds = / p°(u® — ug)dads.

Qt
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Since f'(-) > 0 on R, we also have

Bl = )(p°)*dads > 0,
Qt

thus

/ (—pip” + | VP *)dads < / P (u — ug)dads.
Qt Qt

Similarly as in the previous proof, observe that

(9.20) _ /Q (ip)dads = —% / (] =5 /Q Pt 2)2da

Q
since p*(T,-) = 0 in Q. Whence,

(9.21) /ps(t,x)zdva/ |Vp*Pdads < 2/ p°(u® — ug)dzds.
Q ot ot

We may estimate the right-hand side by using the Cauchy-Schwarz and Young in-
equalities respectively:

2/ P (u® — uq)dads < 2||p°|| r2on [|u® — wall 20t
Qt
< HPEH%Q(Qt) + [lu — Ud”%%gt)-
As |Vpf|? > 0, the above and (9.21) yield
Pt @) de < P72 n + llu® — uallZ
AU < 1P MVz2 o all 2@y

Now using the integral form of Gronwall’s inequality (see Proposition A.12 in the
Appendix) and integrating between 0 and 7', we obtain

/ps(ua — ug)dzds < C(T)||u® — ud||%2(9).
Q

Plugging this in (9.21) gives

[ rrttarao s [ [wfaed < Dl = g,
which allows us to conclude that

(9.22) sup, 1°(t, ) r2@) + VD |l22(0) < Cllu® — ual|12(0)
te[0,T

holds for some C' = C(T') > 0.
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Now let o € W be arbitrary. From the weak form of the adjoint equation, we see
that

(/5 ¢6p<pdxdt‘—‘/ W — ug)p — P+ VpE - Vi dxdt)
< luf — ugl|z2 Q)||90||L2(Q + 0% 2 Q)||<Pt||L2(Q

+ IVP© 29l Vel 2 )
Using the Poincaré inequality and (9.22), we obtain

|| Bt = pdact] < O = wallzo el
Consequently, one has

152(u" = ¥)p°llw < C(T)[|u® — uallr2(9).-

Similarly, from the weak form of the adjoint equation for the test function ¢ € W,
the estimate on the gradient (9.22) and the W’ estimate above, we deduce

1pzllw < C(T)[[w” = uallz2(0)

Combining all of these estimates, we conclude by virtue of (9.19) that

tSBp 1% (t, M2y + IV [l 200) + [1BL(u® — ¥%)plwr + || [|w < C
€

for some C' = C(T') > 0 independent of ¢. O

We now define the notion of solution of an equation that a minimizer ¢° of J. will
be shown to satisfy.

Definition 9.6. — Fiz e > 0. Given p* € L*(0,T; H}(Q2)), the function ¢ € U is
a weak solution of

—g + A%+ BL(u® —y)p" =0 inQ
(9.23) =AY =0 on X
e(0,-) =¢5(T,-) =0 in Q,
if AGF € L2(0,T; HY(Q)), 45 € L2(Q), 5, € W' and
[ - Vv T+ 510 -y et =0
Q
holds for all p € W.
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Proposition 9.1. — Let € > 0 be fived and let ¢° € U be a minimizer of J.. Then
Ve is a weak solution of equation (9.23) in the stated sense, with associated state
u® = o.(1°), and the estimate and

(9.24) ||¢t€||L2(o,T;H3(Q)) + ||A¢€||L2(0,T;Hg(9)) + [Yalw < C
holds for some constant C' = C(T,uq) > 0 independent of €.

Remark 9.7 — By the Poincaré inequality, the estimates from the previous lemma
and this proposition would also imply that {p°}.s0, {AY°}eso and {¢f}.~o are
bounded in L*(Q).

Proof. — Fix € > 0 and set u® := 0.(¢°) and u®" := 0.(¢° + hv) for an arbitrary
direction v € C2°(Q) with v(0,-) = 0 and h > 0. Since ¢ is a minimizer of J., one
has

Je[U°] < e[tb® + hvl,
which in turn implies
0 < lim inf 2e¥"+ V] = 8:1¢"]
h—0t+ h

After some computations, using the weak and strong convergences of the difference
quotients established in Theorem 9.3 as well as Green’s first identity, we deduce

lim inf 0ely” + hv] — 3 [v] = 2/ (&5 (v — ug) + AY°AV + vy ) dadt.
Q

h—0+ h

Using the adjoint equation (9.17) and Green'’s first identity once more, we also have

/ (&5 (u — ug) + AP AV + v, ) dadt
Q
= / (= €p] + VE - VP + B (u° = 4°)p° + AP Av + Pfv, ) dadt
Q

= / (&p° + VE - VP + 8L — ¢ )p" + AP Av + vy )dadt,
Q

and note that to obtain the last integral we used the initial conditions £°(0,-) = 0
and p°(T,-) = 0. Finally, using equation (9.3), we deduce

/ (€517 + VE Vi + E B (0" — 0O + AYFAY + v )dedt
Q

_ / (B — 6°)vp° + AYEAV + v, dadt,
Q
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Whence,
0= / (BL(u® = %) vp® + AP Av + ¢fvy)dadt.
Q

Since v was taken arbitrary we deduce the weak form of (9.23). We conclude that ¢
satisfies (9.23) with the stated boundary conditions (see |2]| for more detail). Now,
multiplying (9.23) by Aw®, integrating over Q and using Green’s first identity, we
have

| s+ 19 au) st = [ g — vy svsdaat
Q Q

Using Green’s first identity once more as well as the adjoint equation (9.17), the
above may be rewritten as

/ (VP + [V AP dedt = / (U — g + pf + Ap ) Avedadt.
Q Q

From the W’ estimates above and the Cauchy-Schwarz inequality, we deduce the
L*(0,T; Hg(92)) estimates for 1f and Ay, Using (9.23) we deduce the W’ estimate
for 5, (see [2] for more detail on this point). O

Now observe that the approximate adjoint equation and the equation for the
minimizer of the approximate objective functional have a term in common. By
rewriting, we deduce that (¢, pf) satisfy

—p; — Ap° + 05, — A% =uf —uy in Q

pF =Y =AY* =0 on X

pE(T7 ) = 1/)8(07 ) - ¢§(T7 ) =0 in Qv
in the weak W’ sense defined above. We now look to use the established estimates
for a compactness argument and let ¢ — 0 in the above equation. First, we define

the notion of solution for the equation that the limit functions ¥* and p will be
shown to satistfy.

Definition 9.8. — The pair (¢*,p) is a weak solution of
—pr — Ap + U, — A% =u* —uy in Q
(9.25) p=1=AY*=0 on X
p(T7 ) = ¢*(07 ) = ¢:<T7 ) =0 n Qv
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where w* = o(Y*), if y* € U, AyY* € L(0,T; Hy()), ¥ € L*(0,T; Hy()), o7, €
W', pe L*0,T; HY(Q)), pr € W and

/ (pSOt +Vp-Vo+ VAY* -V — wt*got)dxdt = /(u* — ug)pdzdt
Q Q
holds for all p € W.

Theorem 9.9. — There exist an optimal control V* (i.e. a minimizer of J) and an
adjoint state p such that the pair (V*,p) is a weak solution of (9.25). Moreover, the
corresponding state u* = o(y*) satisfies the parabolic obstacle problem (2.1).

Proof. — Consider the family of minimizers {¢°}.~o C U of the approximate objec-
tive functionals, as well as the family of solutions {p°}.~o C L?(0,T; Hj(£2)) of the
family of adjoint problems (9.17). In light of what precedes, for fixed € > 0 these
approximations satisfy the weak formulation

(9.26) / (p°pr + VP - Vo + VAY® - Vo — 5, )dadt = /(uE — ug)pdazdt
Q 0

for all ¢ € W. Arguing as in previous proofs, from the estimates in Proposi-
tion 9.1 and the lemma before, we deduce the existence of ¥* € U with Ay* €
120, T5 HYQ), 7 € L2(0,T5 HY(Q), v, € W', and p € L(0,T; HY()) with
p: € W' and with the following convergences in particular
p° —p weakly in L*(Q)
p° —p weakly in L*(0,T; Hy())
Y —pF  weakly in L*(Q)
Ap® — Ay*  weakly in L*(0,T; Hy ()
along subsequences as ¢ — 0. Using also previously established convergences of the
approximate solutions {u®}.~o (see the proof of Theorem 2.1), we may pass to the
limit in (9.26) to deduce that (1*, p) satisfy (9.25) in the defined weak sense.
To show that u* solves the parabolic obstacle problem, we argue as in Theorem
9.1. Let v € K(¢*) be an arbitrary test function. Since a priori v ¢ K(¢°), we
cannot say that u® satisfies a parabolic variational inequality for such v and for each

e > 0. Rather, fix ¢ > 0 and set v® = max{v,1°} € K(¢°). Then since u® solves the
penalization problem (2.2), one has (as in the proof of Theorem 9.1)

/ui(vE — uf)dadt + / Vus - V(v —uf)dadt > /f(vE — uf)dzdt,
0 9 9
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and in Theorem 9.1, we also showed that
v* — v weakly in L*(0,T; H}(Q))
v® — v strongly in L*(Q)
along subsequences as ¢ — 0. We may use these convergences as well as the weak

L*(Q) convergence of {uf}.~o and strong L?(Q) convergence of {Vu‘}..o (see the
proof of Theorem 2.1) to let € — 0 in the above inequality and deduce

/ut*(v — u*)dzdt + / Vu* - V(v —u*)dedt > /f(v — uw*)dzdt.
) ) )
Recall the estimate (2.7):

1B(w = ¥")|[r20) < eCW7, f).
Using the properties of 3 and the strong L?(Q) convergence of {uf}.~ as in the

proof of Theorem 9.1, we may let ¢ — 0 and deduce that u* € K(1)*), and we may
therefore conclude that u* = o(¢*), i.e. u* solves the parabolic obstacle problem
(2.1).

Finally, we show that ¢* is a minimizer of J. Since for each ¢ > 0, ¢° is a
minimizer for J., we have

d:-[v*] = 3:[¥°].

Since 0. (1*) — u* strongly in L?(Q) (see the proof of Theorem 2.1), we also have
J[*] = limsup J.[¢*] > limsup J.[¢°].
e—0 e—0
By weak lower semicontinuity of the norms, we deduce
liminf J.[¢°] > J[¢*].
e—0

Therefore ¥* is a minimizer of J. O
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Remarks and further topics

We discuss some interesting topics concerning obstacle problems that have not
been covered.

e An important problem which is beyond the scope of this work is the mathe-
matical analysis of the free boundary

U(u) := 0{u > 9}.

This topic is an interplay of analysis of PDEs and geometric measure theory,
and has (and still is, for different variants of the problem) been an important
challenge in the mathematical study of obstacle problems. The main question
is to understand the geometry and the regularity of the free boundary, as a
priori this could be a very irregular object. The main results state that the
free boundary is of finite perimeter, all the points on the free boundary are
classified in regular and singular points. The set of regular points is an open
subset of the free boundary, and is C*°, while the singular points are in some
sense very "rare" (the contact set has Lebesgue density 0 at these points). The
regularity study and results are presented in [12] and [41]

e Given its variational formulation, it is natural to solve the obstacle problem
numerically by using the finite element method. As for all PDEs, an impor-
tant question is to know the error (in both energy and max-norms) for the
approximations of the solution (and even for the free boundary). In the setup
of Section I, for an "appropriate" mesh 7 of 2 and a finite dimensional ap-
proximation K+ C K, the discrete problem consists of finding ur € K+ such
that

(Vur, V(v —ur))r2) = (f,v —ur) 2

for all v € K5. It can be shown that this problem also has a unique solution,
with the error estimates

IV (u—ur)llrze) S hr(lflle2@) + (191 r2@)
and
|u — ur|l =) < Ch3|log hr||jullw2e ),
where hr denotes the mesh size (defined as the maximum of the diameters
of every cell in the mesh). Pointwise error estimates are usually derived by
analyzing the error in mesh cells near the contact set of the continuous solution

{u = ¢}, and by subsequently applying a discrete maximum principle. For
more detail, we refer to [39].
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e An important variant (for both physics and mathematics) of the obstacle prob-
lem is the so-called thin obstacle problem. Consider the hyperplane M := {x €
R": z, =0} and let QT C B(0,1) N {x, > 0} be a domain in R” with smooth
boundary. The problem arises when minimizing

Dlu] ::/ |Vul*dz
O+

among all functions v € {w € HJ(Q"): w > ¢ on MNQ}. Here the function
¢ : M — R satisfying ¢ < 0 on M N INT is called the thin obstacle, because
u is constrained to stay above the obstacle ¢ only on the (n — 1)-dimensional
hyperplane M and not on the entire n-dimensional domain Q%. Considering
a slight change of the boundary conditions, namely v = 0 on 9Q* \ M and
u > ¢ on M yields the so-called Signorini problem. This problem arises in
linear elasticity theory, namely in the study of the equilibrium of an elastic
membrane that rests above a very thin object. Existence and uniqueness of
solutions is guaranteed by similar arguments as for the classical problem. It
is shown in [41, Chapter 9| that the optimal regularity for the solution is
CL(QF UM). The proof uses a penalization method, but requires results that
are beyond the scope of this work. In the literature, the problem is often stated
in its complementarity form

Au=0 in QT N {x, >0}
min{—0,, u,u —p} =0 on QT NM.

e As mentioned in the introduction, some phenomena give rise to obstacle prob-
lems with integro-differential operators such as the fractional Laplacian (—A)?,
s € (0,1). In recent years, many of the known results for the classical and
parabolic obstacle problems have found their analog in the case where the
Laplacian is changed with its fractional counterpart. The regularity theory
for the elliptic and parabolic fractional obstacle problems has been studied
in [45] and [13] respectively, and convergence analysis for the finite element
discretization may be found in [39].

e We did not manage to present numerical experiments for computing the optimal
control (obstacle) for the elliptic or parabolic obstacle problem. A problem that
has more often been considered in the mathematical and numerical literature
is minmimizing the L? error between the state and the target profile

1 o
§Hy — yall72 + 5”””%2
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{u> ¢}
Au=0 __free boundary

(lower dimensional)

FIGURE 11. The free boundary and the contact set for the thin obstacle
problem. This figure was adapted from [44].

(here « is small) subject to a variational inequality constraint on the state

(Ly,v—y>2<f+u,v—y>, UZ%
where the obstacle v is given, and L is an elliptic or parabolic operator. Such
problems fall in the realm of mathematical programs with equilibrium con-
straints. An optimal control (should it exist) may be computed, for example,
by considering a penalization of the variational inequality and reduce the prob-
lem to PDE-constrained minimization, and then solve this problem using the
adjoint method.
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APPENDIX

Convexity, coercivity, weak lower semicontinuity
Proposition A.1. — The set
K(p) :={u € Hy(Q):u > a.e. inQ}
15 convex, closed and is non-empty.

Proof. — Let u,v € X(¢). Then for any 6§ € [0,1], we have fu + (1 — O)v >
0v + (1 — 0)yp = 1. Thus K(v)) is convex.

To show that K (1) is closed, let {uy}32, C K (1) be a sequence converging strongly
in H}(Q) to some u € H}(2). By the Poincaré inequality, uj, — w strongly in L?(Q)
as k — oo. Moreover, there exists a subsequence {uy,}32, of {ux}32, such that
ug; — u almost everywhere in (2 as j — oo. But for every j € N, one has uy;, > ¢
a.e. in €2, hence by letting j — oo we deduce that u € K(v)).

To show that K(z)) is non-empty, observe that since ¢ € H?(Q) N C%(Q), ¥+ €
H'(Q) (see |25, Lem.7.6, p.152]) where ¢ = max{1,0} denotes the positive part
of ¢. Since ¥ < 0 on 99, we have ¥* = 0 on Jf in the trace sense. This implies
Yt e HY(Q), and since ¥+ > 1), we deduce that ¥ € K(v). O

We now present some properties of the Dirichlet energy functional

1
Elu] ::§/Q|Vu|2dx—/gfud$,

that we used in various proofs.

Proposition A.2 (Convexity of €). — The functional & : H}(Q) — R is convex
and strictly convex.

Proof. — Let u,v € H}(Q) and 6 € [0,1] be arbitrary. Then by the triangle in-
equality,

Elfu+(1—-0)v] < %2/9\Vu\zdx—l—%/g\VU!de—G/quda:—(l—G)/vadx.

Since t* < t on [0, 1], the convexity of & follows.
Recall that € is strictly convex if

El0u+ (1 —0)v] < OE[u] + (1 — O)E[v],
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for u,v € H}(Q) with u # v and 6 € (0,1). Observe that if u # v, then at least
either u # 0 or v # 0. Thus the strict convexity also follows from the inequality
above, as t* < t on (0,1). O

Proposition A.3 (Coercivity of £). — The functional € : H}(Q) — R is coer-
cive, meaning

Elu] = +o0  as  ||ullg @) — +oo.

Proof. — Let u be an arbitrary element of Hj(f2). One obtains
Lo
&l > 5 lulligie — | [ fudz

1
> Sllulli @) = 1/ ll2@ llull 20

1
> (Sl — COMIF i ) lullmyoy

by virtue of the Cauchy-Schwarz and Poincaré inequalities respectively. Now observe
that as [|ull ;1) — 400, at some point one clearly has §|ull z3q) > ¢(Q,n)[| f]L2()-
Thus, € is coercive. O

9.3. Weak topology results. — We now present some helpful results for show-
ing weak lower semicontinuity of various functionals. Henceforth X denotes a real
Banach space.

Definition A.1. — A map f: X — (—00,400] is said to be strongly (resp. weakly)
lower semicontinuous if for every a € R the set

{r e X: f(z) <a}

is closed (resp. weakly closed).

If f is strongly (resp. weakly) lower semicontinuous, then for every sequence
{zp}32y C X such that x, — x strongly in X (resp. x — x weakly in X ) for some
xr € X as k — oo, we have

k—o0

and conversely.

Theorem A.4. — Let K be a convex subset of X. Then X is weakly closed if and
only if it is strongly closed.
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Proof. — Convexity is actually not needed to show that if K is weakly closed then
it is strongly closed. In effect, this follows merely from the fact that strong (i.e.
norm) convergence implies weak convergence.

Now suppose that X is strongly closed. We will show that X \ X is weakly open.
Let 2o € X \ K. By the Hahn-Banach theorem (second geometric form, see |11,
Thm.1.7, p.7]), there exists a closed hyperplane strictly separating {x¢} and X,
meaning there exist some f € X’ and a € R such that

(9.27) flzo) <a< f(y) forallyeX.

Now set

O0:={reX: f(x) <a}l.
Then O = f~!((a, 400)) is weakly open, and from (9.27), it follows that zy € O and
ONX =0. Hence O C X \ X and so X \ K is weakly open. O

Corollary A.5. — Assume that f : X — (—o0,+00] is conver and strongly lower
semicontinuous. Then f is weakly lower semicontinuous.

Proof. — For every a € R the set
K={reX: f(z)<a}

is strongly closed and convex. By the previous Theorem, it is also weakly closed and
thus f is weakly lower semicontinuous. O]

It may be difficult to show that a function is weakly lower semicontinuous. In
practice, we use the above Corollary to continuous and convex functions f and
deduce that f is weakly lower semicontinuous. For example, the function f(z) = ||z||
is convex and strongly continuous, thus it weakly lower semicontinuous.

Proposition A.6 (Weak lower semicontinuty of €). — The functional &
H}(2) — R is weakly lower semicontinuous.

Proof. — We proceed by analyzing separately both terms. In light of the previous
Corollary and the subsequent remarks, we only need to investigate the second inte-
gral term as the first is the || - || y1(q) norm. Observe that the map F : Hj(Q2) — R
defined as

F:u»—>/—fudx
Q

is linear, and also bounded by the Cauchy-Schwarz and Poincaré inequalities (recall
that f € L?(Q)). It is thus convex and strongly continuous, therefore weakly lower
semicontinuous.
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Now assume u — u weakly in H}(€2). Since the limit inferior is superadditive, it
follows that

1 o o
Elu] = Sllullmy) + F(u) < Uminf [luy || gy + lim inf F(u)

el
< timinf (5wl oy + F ()
= lim inf Efuy]. O

k—>00
Proposition A.7. — Assume that
up —u  weakly in L*(0,T; Hy(Q))
(up); — v weakly in L*(0,T; H*(Q))
as k — oco. Then v = u;.

This is Problem 4 from |21, p.425].

Proof. — Let ¢ € C®(Q) and w € H}(Q). Then the map ¢t — o(t,-)w is in
L*(0,T; H}()). Now denoting by (-,-) the duality pairing between H~!(Q) and
H(£2), we have

T

</0T ee(t, ult, .)dt,w> = /0 (@i (t, Yu(t, ), w)dt
= /0T<u(t> ), et -)w)dt.

The weak L*(0,T; Hi(Q)) convergence gives

/0 <U(t, ')a ¢t<t7 )w>dt = kh—>nolo o <uk<t7 ')’ @t(t )w>dt
= kh—>rgo < /O @t(tw ')uk(t’ ')dt7 w>'

By definition of the weak derivative, we have

Jim ( / "t Yl Yt w) = Tim (— / ol Yl )t w)

= lim —((ug)e(t, -), p(t, - )w)dt.

k—oo J
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Using the weak L?(0,7; H~'(€2)) convergence of the derivatives, we obtain
T

i [ ()t Jui = [ —ote ) udat
- < - /OT o(t, ult, -)dt,w>.

Combining the previous chain of equalities, we deduce

< /OT oty u(t, -)dt + /OT o(t,o(t, -)dt, w> = 0.

Since the above holds for all w € H}(€) and for every test function ¢ € C°(Q), we
obtain the desired result. O

Proposition A.8. — Suppose H is a real Hilbert space and
up —u  weakly in L*(0,T; H).
Suppose further that there exists C' > 0 such that

esssup |lug(t, )|y < C,
te[0,7

for all k € N. Then

esssup |lu(t,)||g < C.
te[0,7)

This is Problem 5 from [21, p.425].

Proof. — Let v € H and 0 < a < b < T be given. From the assumed bound, we
clearly have

b
[ sttt < ol - al.
and from the assumed weak convergence, we also deduce
b
/ (v,u(t,))gdt < Cllv||glb— al.

Now notice that

T
/\@m@»m&hsﬂwmwmmmm
0
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by applying Cauchy-Schwarz twice, hence t — (v, u(t,-)) g is in L*(0,T; H). Now
the bound before last may be rewritten as

1 b
= | et < ol

whence the Lebesgue differentiation theorem yields
(v, ult, )y < Cllvlla
for a.e. t € (0,7) and for all v € H. Choosing v = u(t,-) shows the claim. ]

Inequalities

Proposition A.9 (Young). — Let 1 < p,q < o0, 217 + % =1. Then

a? bl
ab < — + —
p q
fora,b> 0.
Proof. — Since x — €” is convex, it follows that

1 1 1 1
Ina+Inb — eplna”-{—qlan < _elnap + —€lan _

ab b
- 4+ .

ab=c¢e O

p q p q

We will often use Young’s inequality and its following variant in the case p = ¢ = 2.
Proposition A.10 (Young with ). — Let 1 < p,q < o0, % - % =1. Then

(gp)—q/pbq
q

ab < ea? +

fora,b>0 and e > 0.

Proof. — Observe that
ab = ((ep)"/?a) ((ep)~"/?D),
so applying Young’s inequality yields the desired result. O

Proposition A.11 (Gronwall, differential form). — Let f be a nonnegative,
absolutely continuous function on [0,T], which satisfies the differential inequality

F1(1) < () f(t) +9(t)
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for a.e. t € [0,T), where ¢, g are nonnegative, integrable functions on [0,T]. Then

Joe®)ds (£ : d
) < el (0)+ [ gtepas)
for allt € [0,T]. In particular, if g =0 on [0,T] and f(0) =0, then f =0 on [0,T].

Proof. — Using the assumed differential inequality, one has

% (f(S)efos W)dT) = e 0PI (f1(5) — p(s) f(s)) < e o DAy (s)

for a.e. s € [0,T]. Now for each ¢t € [0, 7], we integrate the above between 0 and ¢
to obtain

t
f(t)e* Jie(rydr _ f(O) < / e~ I ﬂT)dTg(S)dS.
0
Since ¢ is nonnegative, rearranging the above we obtain the desired result. O

Proposition A.12 (Gronwall, integral form). — Let { be a nonnegative, inte-
grable function on [0, T] which satisfies the integral inequality

C(t) < Cy /Otg(s)ds—I—Cé
for a.e. t €[0,T] and for some constants Cy,Cy > 0. Then
C(t) < Cy(1 + Cyte)
for a.e. t €10,T). In particular, if Cy =0, then ( =0 a.e. on [0,T].
Proof. — Consider t
0= [ s

Then f' < Cyf + Cy a.e. in [0,T] by assumption. Due to the differential form of
Gronwall’s inequality, one has

f() < e“(f(0) + Out) = Cote.
Then by the assumed integral inequality,
C(t) < CLf(t) + Co < Co(1 + Cite™). O
We now prove Lemma 5.1 giving an inequality for the map

g:ul—>%min{(5,u—¢}.
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Proof of Lemma 5.1. — Let u,v € H}(2) be arbitrary. One has

(0 ifo>yYv+dandu>yY+9
g(v)—g(u)zz d—u+1¢ fv>yp+dandu<y+46
dlv—9v—06 fv<y+dandu>vY+6
(v —u ifo<y+dandu<y+46
(H(0 —u+ ) (v —u) ifv>¢Y+dandu>¢+40
_ HOé—u+Y)(d—u+v) fv>v+dandu<iy+4§
0 lv—1—96 ifo<y4+dandu>vY+9
(H(O—u+)(v—u) ifv<¢+6and u<yp+4.

Now observe that d —u+1 < v—u whenv > ¢+6, and v—1p—6 < H(0—u+)(v—u)
when v < ¢+ 9 and u > 1+ 6. Whence from the above computation it follows that

9(v) = 9(u) < SHE —u+¥)(v — ). O

Monotone operator theory

We briefly present some results from monotone operator theory related to the
study of variational inequalities in a Hilbert space. The property of monotonicity is
often useful for showing the existence of a solution to a variational inequality. We
will see that a variational inequality associated to a monotone operator over a convex
set enjoying certain continuity properties can be solved. In general, if the convex
set is unbounded, it will be necessary to add hypotheses of coercivity to achieve the
existence of a solution.

Let H be a real Hilbert space, a priori not identified with its dual H’, and denote
by (-,-) their duality pairing. Let KX C H be a closed convex and non-empty set;
further assumptions will be made subsequently.

Definition B.1. — A map A : X — H' is called monotone if
(Au— Av,u—v) >0
for all u,v € K. A is called strictly monotone if
(Au— Av,u —v)y =0  implies u=v.
Definition B.2. — A map A : X — H' is continuous on finite dimensional sub-

spaces if for any finite dimensional subspace M C H the map A : X NM — H' is
weakly continuous.
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Definition B.3. — A map A : X — H' is coercive if there exists ¢ € K such that
(Au — Ap,u — )
lu—ollm

— 400 as ||ullg = o0

for any u € K.
We prove the following simple but powerful lemma due to Minty.

Lemma B.2 (Minty). — Let X C H be a closed and convex set, and let A :
X — H' be monotone and continuous on finite dimensional subspaces. Then u € K
satisfies

(9.28) (Au,v —u) >0  forallveX
iof and only if it satisfies
(9.29) (Av,v —u)y >0 for allv € K.
.28). By monotonicity of A,

Proof. — Assume that u € X solves (9
0 < (Av — Au,v —u) =
for all v € K. Thus,

(Av,v — u) — (Au, v — u)

0 < (Au,v —u) < (Av,v — u)
for all v € K.

Conversely, assume that u solves (9.29). Let w € KX and set v := u+7(w—u) € K
for 7 € (0, 1] since K is convex. Hence by (9.29)

(A(u+ 7(w — u)), 7(w —u)) >0,
whence it follows that
(A +(w =), w =) = 0
for all w € K. Since A is weakly continuous on the intersection of KX and the finite
dimensional subspace spanned by u and w, we let 7 — 0 to obtain (9.28). O

We now give without proof the main existence results (see [30]).

Theorem B.1. — Let X C H be a closed, bounded and convex, and let A : X — H'
be monotone and continuous on finite dimensional subspaces. Then there exists
u € K solving the variational inequality

(Au,v —u) >0

for all v € K. Moreover, if A is strictly monotone, then u is unique.
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Corollary B.4. — Let X C H be a closed, bounded, conver and non-empty set,
and let F': K — XK be a proper map. Then the set of fixed points of I is closed and
non-empty.

Corollary B.5. — Let X C H be a closed, convexr and non-empty set and let A :
K — H' be monotone, coercive and continuous on finite dimensional subspaces.
Then there exists u € K such that

(Au,v —u) >0
for allv e K.
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