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Basic Notation

List of frequently used sets.

Symbol: Definition: Name / Remarks:

N {1,2,3,...} natural numbers

Ny {0,1,2,3,...} natural numbers including zero
la, b {reR:a<x<b} open interval; a,b € R

[a, b] {reR:a<z<b} closed interval;a,b € R

[z; Y] {z+tly—x)eR":t€[0,1]} segment; z,y € R"

B, (z;R™) {yeR" : |z —y| <7} reR" r>0

Q, {r e :infycpolz—y|>r} QCR™" t>0

Op(Q2 x [a,b]) (2 x {a}) U (992 x [a,b]) parabolic boundary

Lipschitz functions. We say a function f : Q C R™ — R is Lipschitz continuous if
there exists a constant C' > 0 such that |f(z) — f(y)| < Clz — y| for every z,y € 2 and
the smallest such constant — the Lipschitz constant of f — shall be denoted by Lip(f).
The space of all Lipschitz functions (defined on ) will be denoted by Lip(§2). Since
every Lipschitz function f : Q — R can be extended uniquely to ©, by a slight abuse of
notation, we will often use the expression f for this extension as well and, moreover, we
will use f(x) to denote the value of this extension at points x € 9. In other words, we
implicitly assume that Lipschitz functions are defined up to the boundary.

Holder Continuity. For a € [0,1] we say that v : Q@ C R"™ — R is (a-)Holder
continuous, if there exists some constant C' > 0 such that |u(z) — u(y)| < Clz — y|* for
every z,y € ) and for bounded €2, the space of all those functions shall be denoted by
C%(Q) throughout this thesis. Note, that in the literature, these spaces are sometimes
denoted by C%*(Q2). To make things more confusing, the local versions of these spaces,
that we shall call CZ(Z)CO‘(Q) ={u:Q—=Rlue C™(V)VV open, with V C Q}, might be
denoted by other authors by C%%(Q).

Mollifiers. Often, we will make use of the so called technique of mollification, for
further details see for instance [45, Section 4.2.1]. Here, we only want to note, that for
€ > 0, by the so called standard mollifier p. : R — R we mean the function given by
p-(z) == % p(%£) where for z € R"

_1 i
() = C(n)exp (‘x|2_1) if |z] < 1,
0 else.

The normalization constant C(n) is chosen such that ||p|| ;1) = 1.
Finally, we also refer to [45] for any ambiguity concerning the notation and properties
of Sobolev spaces.
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Introduction

In order to introduce the reader to the subject of this thesis, we would like to explain
and highlight some of the features of obstacle problems on the probably most promi-
nent example. Namely, the so called classical obstacle problem, which in its simplest
formulation consists of finding a function v : 2 — R minimizing the Dirichlet integral

/]Vuﬁdx,
Q

in some domain € C R", among all functions u € VVO1 2(Q) such that u > 1 in Q for
some given ¢ : £ — R. The function ¢ is called the obstacle and if one thinks of
the graph of u representing a membrane, this condition tells that the membrane is not
allowed to penetrate the solid obstacle described by . In contrast to the unconstrained
case, the (unique) solution to this problem will no longer be smooth. In fact, solutions
can have discontinuous second order derivatives even if one assumes that 02 and
are smooth. An equivalent way to formulate this particular problem would be: Find
u € WOI’Q(Q) N W22(Q) such that

0 inu >,
u >, Au>0 and Au= xfu—¢pAY = {Aw = o,
This formulation is closer to the usual formulation of partial differential equations but
actually retains some peculiarities. Indeed, one of the main differences is the presence
of the so called coincidence set {u = v} which is a part of the unknowns in obstacle
problems. The set 0{u = 1} N Q is called the free boundary and its analysis is an
important question on its own. Finally, a third possible way to formulate this problem
is: Find u € W, () with

/Vu -V—u)dz >0, Yve Wol’Q(Q) withv > ).
Q

Such inequalities are called variational inequalities and they are the counterparts of the
Euler-Lagrange equations for usual partial differential equations. For much more on this
classical problem, we refer to [25].

Obstacle problems, or more generally free boundary problems arise in many fields of
pure and applied mathematics. Here, we only mention potential theory, control theory,
mathematical biology and finance as examples and refer for instance to the monograph
[113] for a thorough introduction to obstacle problems in mathematical physics or the
classic references [55] and [87] for an introduction to free boundary problems.



From a geometric point of view, the most natural nonlinear obstacle problem is ar-
guably the one for minimal surfaces. This means that instead of minimizing the Dirichlet
energy, one now tries to find minima of the energy

/ 1+ |Vul? dz,
Q

i.e. one is looking for the function u whose graph has the smallest surface area among
all competitors who lie above the obstacle and satisfy some given boundary conditions.
Indeed, this problem has been studied extensively in the past and to mention some
important contributions we cite the works of Nitsche [110], Giaquinta-Pepe [66], Lewy-
Stampacchia [91] Miranda [106], Giusti [69, 70], Kinderlehrer [85], and Friedrich [121].

Of course, one can also consider obstacle problems for parabolic equations. For the
simplest case of the heat equation we refer for instance to Brezis [19] or Friedman [53], [55,
Section 1.8]. Having mentioned parabolic variational inequalities, we also recall the con-
nection with the famous Stefan problem. Roughly speaking, it is a mathematical model
for melting ice which is in contact with water. Indeed, Duvaut [40] transformed the
one-phase Stefan problem into a variational inequality. Being the archetype of a free
boundary problem, also the Stefan problem was studied extensively in the literature.
We can again just give an incomplete list of references and mention Rubinstein’s mono-
graph [115], Friedman [51, 52|, Friedman-Kinderlehrer [56], and Luckhaus [95]. For some
historical remarks on the Stefan problem, we refer to [124].

Also due to its applications in the pricing of American options in mathematical finance
parabolic obstacle problems draw a lot of interest, see for instance [13, 14, 15, 17, 81, 111].
More recently, in the same context, also the study of degenerate parabolic obstacle
problems was intensified see for instance Daskalopoulos-Feehan [37, 38], or, in another
context, in the elliptic case Danielli-Garofalo-Salsa [36].

In this thesis we are going to study a parabolic, non-linear, degenerate analog of the
classical obstacle problem. Namely, we will investigate the obstacle problem for the mean
curvature operator. More precisely, we study the evolution of a surface, initially given
as the graph of some smooth function ug : @ — R (defined on some bounded, smooth
and convex domain 2 C R™) which is constrained to stay above some given, smooth
¥ : Q — R for all times. Roughly speaking, we look for some u : € x [0, +00[— R with
u(+,0) = up, u(z,t) > ¥(x) and satisfying the equation

g — 1+ [VulPdiv [ | —o, (0.1)
1+ |Vul

at every point (z,t) € Q2x]0,+oo][ with u(z,t) > ¥ (z) while at points (x,t) of the
coincidence set A given by

A= {(z,t) € Q x [0, +00[: u(xz,t) = v(z)},

equation (0.1) holds only if this leads to a detachment from the graph of v, otherwise
the surface remains still at this point. Additionally, we impose the boundary condition



u(s, t)jaq = uojpq for all £ > 0. Even more heuristically, one can think of a thin, elastic
membrane which is attached to a fixed, closed wire along its boundary and trying to
attain a configuration of minimal area. However, this membrane is constrained to stay
above a fixed, solid obstacle described by . Therefore, the points on the surface, that
do not touch the obstacle move with velocity equal to the mean curvature vector at this
point. As soon as the surface touches the obstacle, these points remain still until the
mean curvature vector points away from the obstacle at some later time, in which case
the surface is allowed to detach from the obstacle again. Putting these heuristic remarks
in one formula, we would get

2div __Vu if u(x,t) = (x
maX{O,\/l—HVu] d (W)} fu(z,t) = P(z).

This problem, on the one hand, can be considered as an extension of the classical non-
parametric mean curvature flow with Dirichlet boundary conditions that was pioneered
by Lieberman [92] and Huisken [77]. On the other hand, this problem is also a parabolic
analog of hypersurfaces of prescribed mean curvature over obstacles that were studied for
instance by Gerhardt [61] and Mazzone [101] (and in the special case of mean curvature
equal to zero in the literature on constrained minimal surfaces mentioned above). As
in the case of the classical obstacle problem, the presence of an obstacle will lead to
an evolution which in general will not be smooth and hence any (smooth) parametric
approach will break down when the surface touches the obstacle.

Typically, and as shown above for the classical obstacle problem, a precise way to
formulate an obstacle problem is to write it in form of a so called variational inequality.
For the present problem, we will derive in Theorem 3.4.8 the variational inequality

+oo oo Vu
wpda dt > / / 14 |[VuAdiv | ———— odxdt, 0.2
| BRI (0.2

1+ |Vul

ug(x,t) =

which holds for every ¢ € C(2 x [0, +oo[) with ¢ > 0 on the coincidence set A. As
we can see, due to the non-divergence form of (0.1) a formulation as given in (0.2) does
not allow to pass one spatial derivative to the test-function and thus requires u to have
derivatives up to second order in space (at least in a weak sense). Moreover, the operator
we consider is not linear but only quasi-linear and degenerates as |Vu| — +o0.

The approach that we choose is via a time discretization scheme that was introduced
for mean curvature (and related) flows by Almgren-Taylor-Wang [3] and Luckhaus-
Sturzenhecker [96]. Initially, the scheme was suggested as a possible weak definition
for mean curvature flow and was a main source of inspiration for the definition of gen-
eralized minimizing movements by De Giorgi [39]. Apart from earlier works in material
science, mean curvature flow was first studied by Brakke [18] in his PhD-Thesis with
the aim of modeling the motion of grain boundaries (See also the recent simplification of



Brakke’s approach by Kasai-Tonegawa [83]). Brakke was using the notion of varifolds to
describe the moving surfaces which allowed him to also deal with emerging singularities
that one would expect from observation of actual grain boundaries. A few years later, the
theory of (parametric) mean curvature flow in a smooth setting was initiated and devel-
oped with enormous success. Among many other important papers we mention the ones
by Gage-Hamilton [57], Grayson [73], Huisken [76, 78], Huisken-Ecker [42, 43] and refer
to the survey paper [34] for a much more detailed list of references, also including recent
developments on smooth mean curvature flow. Despite the success of this approach, in
many situations where, as in Brakke’s original work, the problem under consideration
arises from a physical model it would be desirable to find a description which will not
stop as soon as singularities occur but continue to describe the motion. For this reason,
many attempts at the study of mean curvature flow in a non-smooth setting have been
made and apart from the already mentioned time discretization method and Brakke’s
approach we would like to mention the approach by Evans-Spruck [46, 47, 48, 49] and
Chen-Giga-Goto [33], using methods from the theory viscosity solutions and a level-set
formulation and Illmanen’s elliptic regularization [79, 80]. Of course, this list is far from
complete and the interested reader is referred to the literature on mean curvature flow,
contained in the monographs [10], [41] or [98].

The primary focus of this thesis is to investigate the time discretization scheme further
and adapt it properly in order to prove existence of solutions to the previously described
parabolic obstacle problem and derive and discuss further properties of those solutions.
To this regard, we stress the similarities with the Luckhaus-Sturzenhecker approach
which inspired our work. Indeed, the time discretization proposed by Almgren-Taylor-
Wang and Luckhaus-Sturzenhecker in principal does not satisfy any equation (unless
a classical solution is known to exist). It was one of the main achievements of [96] to
deduce that the solutions produced by the approximation scheme actually solve an equa-
tion in a distributional sense. However, their derivation was made under an additional
assumption which excludes a loss of energy in the limit. We recover the distributional
formulation of Luckhaus and Sturzenhecker in the form of the variational inequality (0.2).
Furthermore, due to the specific geometric assumptions that we made (graphical initial
surface), we are able to derive unconditional convergence of the scheme, i.e. without
any further assumptions. Of course, we are not the first to apply this time discretization
to other problems. Quite the contrary, it is impossible to give an exhaustive list of all
the work that was done using (adapted) versions of this schemes. We only mention
the work by Chambolle and co-authors [2, 11, 12, 27, 28, 29, 30, 31, 32|, the work by
Roger [114] and Abels-Roger [1], Balzani-Rumpf’s work on Willmore flow [7], the re-
cent preprints by Spadaro [120] and Mugnai-Seis-Spadaro [109] and finally the recent
work by Esedoglu-Otto [44] and Laux-Otto [90], on questions related to a thresholding
scheme introduced by Merriman-Bence-Osher [104, 105], see also the recent preprints by
Tonegawa-Wickramasekera [122] and Kim-Tonegawa [84].

A detailed introduction to the time discretization scheme will be contained in chapter
one. Here, we would just like to illustrate in which sense this approach overcomes the
difficulties mentioned above. Loosely speaking, the scheme transforms our parabolic
problem into a sequence of elliptic problems into which one can easily incorporate the



obstacle and the boundary conditions. More precisely, if, for a given time step size h > 0,
the (approximate) solution at time ¢ = kh (for some k € N) is given by ug : Q@ — R, to
obtain ug41 (i.e. the approximate solution at time ¢t = (k+ 1)h) we will have to solve an
obstacle problem of prescribed mean curvature type. This means, that we are solving
problems of the type: Find u : 2 — R, minimizing an energy of the form

/\/1+Vu|2dx+// H(z,z)dzdx,
Q QJ0

among all v which lie above the obstacle and are subject to Dirichlet boundary condi-
tions, with H : 2 x R — R some Lipschitz continuous function depending on ug. The
associated Euler-Lagrange equation of this problem is (in the unconstrained case)

—div Ve = H(x,u(x)).

1+ |Vaul?

We note, that this is still a non-linear, (non-uniformly) elliptic equation with a non-
linear right hand side. However, this problem is now of divergence form which allows
to apply classical techniques to find solutions. For a given time step size h > 0 we will
thus get a sequence of functions (ul)ren defined on  which all respect the obstacle
and give rise (via constant-in-time interpolation) to a so called approximate solution
u : Q x [0,4+00[— R. The main difficulty lies then first of all in the task of finding
estimates which allow to pass into the limit h — 0 and secondly to investigate the
properties of such limits. Eventually, we will be able to show that this limit is unique
and solves the obstacle problem in the sense of the variational inequality (0.2).

Related Works on Mean Curvature Flow with Obstacles

Recently, mean curvature flow with obstacle aroused quite some interest. Let us there-
fore also mention some ongoing research on related problems. Almeida, Chambolle and
Novaga study (parametric) mean curvature flow with obstacles in [2] and derive existence
of Holder continuous weak solutions using also the time discretization. Furthermore, in a
two-dimensional setting they show short-time existence and C'!-regularity of solutions.
Finally, they apply their results to the problem of positive curvature flow in two dimen-
sions and relate that problem to a biological model. Spadaro also employes the time
discretization in [120] to consider mean curvature flow with obstacles. He characterizes
the least barrier enclosing all minimal hypersurfaces with boundary on a given set as
the asymptotic limit of such a flow. Following and extending the classical work of Ecker
and Huisken (see [43]) and using the penalization method, Mercier and Novaga [103]
generalize the result of [2] to higher dimensions. They also consider the case of peri-
odic and entire graphs. In subsequent work Mercier generalizes the level-set approach
to mean curvature flow with obstacles [102]. Finally, in [116], Rupflin and Schniirer
treat (parametric) mean curvature flow with obstacles via the approach of Sdez and
Schniirer [117] to mean curvature flow. Roughly speaking, this approach lifts the evolu-
tion problem to one dimension higher via constructing complete graphs over the initial



surface. One is then lead to the problem of studying the (simpler) evolution of those
graphical solutions with changing domains — which correspond to the evolution of the
original set. Generalizing this approach to the case of mean curvature flow with obstacle
Rupflin and Schniirer are lead to consider an obstacle problem for complete graphs with
time-dependent domain. Using also the penalization method together with an extension
of the estimates from [43], they are able to show existence and optimal regularity in the
case of complete graphs and — coming back to the problem they originally considered —
propose another weak notion of mean curvature flow with obstacles. In part C of the
appendix we comment on the method of penalization and show how it could be applied
to our Dirichlet problem.

Open Problems

We address now a couple of open questions and possible further research directions in
connection with this problem and refer again to the relevant literature. First of all,
there is an abundance of questions related to the study of the regularity and structure
of the free boundary. The interest in these kind of questions started with the examples
of Schaeffer [118], exhibiting first examples of singularities in free boundaries. Caffarelli
then introduced the blow-up method to the study of obstacle problems in his seminal
papers [22, 24], thus creating a strong link between obstacle problems and geometric
measure theory, where blow-up methods were already successfully applied. Kinderlehrer
considered the case of free boundaries in constrained minimal surfaces and proved their
analyticity under suitable assumptions on the obstacle in [86]. Caffarelli’s approach was
later simplified by Weiss’ celebrated epiperimetric and monotonicity formula [125] and
by Monneau in [108]. Important contributions to the parabolic case where initiated
again by Weiss’ approach [126] as well as by Caffarelli-Petrosyan-Shahgholian [21] and
Shahgholian-Uraltseva-Weiss [119]. We would like to also mention the recent advances
on the study of the singular set (of the free boundary) in parabolic obstacle problems
by Blanchet [16] and Lindgren-Monneau [94]. It would also be interesting to answer
the question, if the variational inequality (0.2) is strong enough to deduce uniqueness of
distributional solutions. Furthermore, also a proof for the optimal regularity that avoids
the use of the penalization method would be worthwhile. Analogous to [3], one could
also try to consider other kinds of curvature flows. Also with respect to the obstacle,
one could study some generalizations. Apart from considering time dependent obstacles
one could also investigate if the scheme allows to consider so called thin obstacles. These
are obstacles, that just live on the intersection of the domain with a lower dimensional
hyperplane. Among the many contributions to this particular type of obstacle problem,
we can also only mention few. The C1® regularity was shown by Caffarelli [23] and,
using another method, by Uraltseva [123]. Only rather recently, the optimal regularity
(in the Laplace-case) was shown by Athanasopoulos-Caffarelli [5]. A different proof for
this result, using the so called frequency function introduced by Almgren, was given
in Athanasopoulos-Caffarelli-Salsa [6] which also paved the way and initiated a lot of
work on the regularity of the free boundary, we only mention Garofalo-Petrosyan [58].
Finally, we would also like to mention that in the last couple of years a number of pub-



lications are starting to investigate the thin obstacle problem in the variable-coefficient
case. Here we only refer to Garofalo-Smit Vega Garcia [60], Garofalo-Petrosyan-Smit
Vega Garcia [59], Banerjee-Smit Vega Garcia-Zeller [8] (for the parabolic thin obstacle),
Focardi-Spadaro [50] and Koch-Riiland-Shi [88], [89]. For a more complete overview
of the richness of the thin obstacle problem we refer also to the ninth chapter of the
monograph [112].

Contents of the thesis

Chapter one is of introductory and expository character and starts with recalling the
classical time discretization scheme by Almgren-Taylor-Wang and Luckhaus-Sturzen-
hecker. After a short interlude on signed distance functions the scheme will be adapted
according to the necessities of our parabolic obstacle problem. The remainder of the
chapter is dedicated to a first analysis of this adapted scheme. We prove existence and
graphicality of minimizers of the elliptic problems and motivate a reformulation of the
scheme in the class of Lipschitz functions. Finally we show that this new formulation
yields the same solutions.

The study of a class of obstacle problems, which encompasses the minimization prob-
lems arising from the reformulated scheme is then the content of the second chapter.
We are employing an approach introduced by Hartman and Stampacchia [75] which
transforms these problems — which are instances of (elliptic) variational inequalities —
to a problem on an even smaller class of functions and eventually reduces to the con-
struction of so called barriers, a tool to deduce a priori boundary gradient estimates.
Although this is just one possible way of deducing the existence of Lipschitz solutions of
the time-independent elliptic problems — another one is also discussed — this one allows
us to derive suitable bounds on the Lipschitz constant (Theorem 2.2.8). This argument
can then be iterated in the next chapter. We will then also discuss the higher regu-
larity of solutions to certain obstacle problems. Namely, we deduce the W2P(Q) and
Cll-estimates, without using the usual penalization arguments. Eventually, we use the
results from this chapter to derive existence, uniqueness and regularity of constrained
minimal graphs together with a useful characterization of them.

Chapter three begins with a detailed explanation how the results of the second chapter
can be used to derive the existence of approximate flows with uniform control on the
(spacial-) Lipschitz constant (Theorem 3.1.3). Subsequently, this Lipschitz bound is
heavily used to derive a number of important properties of this time discrete evolution.
These results can then be used to pass into the limit in the time step size b — 0 to obtain
so called flat flows. After deriving L?-spacetime bounds on the derivatives of these flat
flows, we show that they are indeed solving the variational inequality (0.2) and can thus
also be called distributional solutions (Theorem 3.4.8). A final section deals with the
asymptotic limit as t — +00. We show that flat flows converge uniformly to constrained
minimal graphs (Proposition 3.5.1).

In the final chapter, we first of all introduce yet another way to formulate our parabolic
obstacle problem, namely the notion of wiscosity solutions. This concept is particularly
flexible as it requires the solutions merely to be continuous. Then we show that the flat



flows obtained in chapter three are also viscosity solutions (Proposition 4.2.2). Having
established this connection, we deduce a variant of the classical comparison principle for
viscosity sub- and supersolutions of the parabolic obstacle problem (Proposition 4.3.1)
which not only gives us another characterization of flat flows but also a way to deduce
uniqueness of flat flows and thus to remove the requirement to pass to subsequences of
approximate flows (Corollary 4.4.2).

The appendix consists of three parts. In the first one, we collect regularity results for
quasi-linear elliptic PDE’s that we employ in this thesis. We provide either a reference
or a sketch of the proofs. Part B of the appendix is a collection of results from different
fields, starting from properties of the mean curvature operator, Caccioppoli sets, includ-
ing a basic auxiliary results on families of equicontinuous functions and finally presenting
a proof of a useful result related to the concept of semijets. The final part is dedicated
to the so called penalization-approach on obstacle problems and is intended to give the
reader a flavor of the arguments and computations involved in this strategy.



1. The Time Discretization Scheme

In this first chapter we give a thorough introduction to the approach we choose to
treat our parabolic obstacle problem and which will help us to overcome the difficulties
discussed in the introduction.

In a first section we quickly recall the time discretization scheme for mean curvature
flow as introduced by Almgren-Taylor-Wang [3] and Luckhaus-Sturzenhecker [96]. Before
we then adapt the scheme to our problem we will collect some basic properties about
distance functions which will be used throughout the whole thesis. Subsequently we
introduce the non-parametric obstacle problem via an analog of the classical scheme and
some first results towards existence, uniqueness and regularity of (approximate) flows
are derived.

1.1. The Time Discretization for Mean Curvature Flow

As we discussed already in the introduction, the development of singularities in mean
curvature flow has led to a variety of so called weak formulations, which allow to investi-
gate the evolution of the surface even past a singularity. Our interest is now focused on
one of those weak formulations which was developed independently by Almgren-Taylor-
Wang [3] and Luckhaus-Sturzenhecker [96]. Let us start by giving a very rough overview
of the scheme. The main idea is to consider the evolving (n-dimensional) surface as the
boundary of an evolving ((n + 1)-dimensional) subset of R™*!. The evolution of this set
is then obtained as a limit of so called approrimate flows which in turn are discrete in
time and defined iteratively as solutions of minimization problems.

Let us now be a bit more precise and explain how this scheme is implemented. Typ-
ically, the initial surface is given by a compact, smooth, embedded, n-dimensional sub-
manifold My of R*!. Instead we start with an initial set Fy C R?*! which we require
to be of finite perimeter and we think of 0F as the replacement for My. For more about
sets of finite perimeter we refer to the monograph [97]. We just recall that E C R"*! is
called a set of finite perimeter (or equivalently a Caccioppoli set) if

Per(E) := sup {/divgpdx Do € CHR™HLR™ sup |p(z)| < 1} < +o0,
E z€RnH1
and we call Per(E) the perimeter of E. For a fixed time step size h > 0 we set E} := Ej
and we define E,’; iteratively for each k € N as being a minimizer of

distypn_ (z) dz, (1.1)

1

1
E s Per(E) + /
Eh | AE

where E varies among all Caccioppoli sets.



1. The Time Discretization Scheme

Remark 1.1.1. Let us recall that usually one identifies sets of finite perimeter who agree
almost everywhere. Thus, the definition of the distance function above requires some
care. To be precise, either we could choose a suitable representative of E, or more
directly (but by slight abuse of notation) we could set

distpg(x) := inf |z —y|,
yeOE

where 0 := {z € R"™ : 0 < |EN B, (z;R"™)| < wy1r™*! ¥r > 0}. Here and in
the following |A| (where A C R™) refers to the m-dimensional Lebsesgue measure and
Wy, 1s the volume of the unit ball in R™. It is then immediate to check that whenever
|EAF| = 0 we have dE = OF which shows well-definedness. However, apart from this
introductory first section the sets to which we compute distances will always be pointwise
defined and this subtlety will not matter.

Given such a sequence (E,QL) keN as above, we then define as an approximate flow the
family (EJ');>o defined by interpolation as

El:= E}, ift e [kh, (k+ 1)h].

Finally, we define a family of sets of finite perimeter (E:):>0 as weak mean curvature
flow or — in the terminology of [3] — as flat flow, if there exists a sequence hy — 0 as
(k — oo) and a sequence of approximate flows (Eth *) with the property that for every
t>0, Xphe > XE, in L' (R,

Before we discuss the known results we would like to give some more intuition about
the functional (1.1). First of all it is important to understand the antagonistic relation
between the perimeter-term and the bulk term. While the first one tries to minimize the
perimeter in each step of the iteration, the second one will penalize in some way how
much the new set will deviate from the old one. We would like to dwell a bit more on an
important feature of this second term. As we are dealing with sets of finite perimeter,
probably the most natural way of measuring the distance between E and E,’;fl would

be
‘EAE,’;LI‘ - / 1dz.
El AE

However, using this distance to measure the deviation of £ from E,}Cll would lead to
some kind of non-local evolution as it would be more favorable to entirely concentrate
the variation in volume to that part of aE,?_l with highest curvature, for details we refer
to section 3.1 in [4]. Following the heuristics given in [3] (cf. section 2.12 therein) we
would like to convince the reader why using the distance to the boundary is the right
choice to recover evolution by mean curvature. Recalling that a family of hypersurfaces
M; is evolving by mean curvature flow, if, for every time and every point on the surface,
its normal velocity equals the mean curvature (vector) at this point, i.e.

Oy = Hyy, ().

10



1.2. Definition and Basic Properties of the Signed Distance Function

At regular points of 8E£}, as we will see later, the equation

_ 1 .
Hogy (@)| = - distpy_ (@),

will hold. Interpreting Ef , and E! as the evolving surface at times (k — 1)h and kh a
natural candidate for the discretized speed in normal direction is therefore given by the
right hand side of the previous equation.

The main result that is proved in both [3] and [96] is a kind of (conditional) existence
and (short time) consistency statement. Namely, they prove that if Ey has smooth
boundary, then there exists a weak mean curvature flow (or flat flow) and every such
flow coincides with the evolution of 0Fy according to mean curvature flow up to the
time when the first singularity appears.

Finally, we would like to mention that this method can seen as a special case of so
called minimizing movements, as introduced by DeGiorgi in [39]. The interested reader
who wants to learn more about this notion and also about its relations to the notion of
gradient flows in metric spaces which gained a lot of attention in recent years is referred
to [4].

1.2. Definition and Basic Properties of the Signed
Distance Function

As we already saw in the first section, the distance function will play a crucial role in the
discretization scheme. Moreover, we will also need to understand the relation between
the distance function and the signed distance function and finally, due to the fact that
we also want to deal with Dirichlet boundary conditions, we need to carefully analyze
the influence of the underlying domain (which in contrast to the classical scheme will
no longer be R"*! but only a subset of R"*!). Hence, this section should systematically
collect all the results (and notations) which will be needed subsequently. We start by
recalling the definition of the (signed) distance function and some elementary properties.
In the following let A C V' C R™ for some m € N.

Definition 1.2.1. We define the distance to A (in V) as

dista: V. — [0, 400],

r +— iof |z —al,
acA

and the signed distance to A (in V') as
sdistgy : V. — R,
dist if A
v+ dista(z) — disty\a(z) = IS.A(l’) 1 x ¢ A,
—disty\ a(z) if 2 € A

Note, that the sign convention on the signed distance function is not coherent in the
literature. Here, we choose the version which suits our purpose best and which will

11



1. The Time Discretization Scheme

make sdist4 coincide with the distance function outside of A. Moreover, if we want
to emphasize which is the underlying space, we write dist4(-; V') and sdist4(-; V). The
following monotonicity property is immediate.

Lemma 1.2.1. Let A and B be two subsets of R™ with A C B. Then for every x € R™
we have
distp(z) < dista(x) and sdistp(x) < sdistg(z).

Proof. By hypothesis we know that {|x —y|: y € A} C {|z —y|: y € B} C R. Taking
the infimum yields the first claim. The statement for the signed distance follows now by
a simple case analysis. O

The following example illustrates the effects of changing the underlying space.

Example 1.2.1. Let V; = [0, +o0o] and let A = [0, 1], endowed with the usual metric.
For z € V; we have sdist4(z; V1) =  — 1. Instead, if we let Vo = R, then for z € V5 we
have sdist 4(x; Va) = |x - %‘ - % Note, in particular, that at the same time dist4(-, V2)
will just be an extension of dist4(-, V1) to R.

Nevertheless, in our case, the underlying space will always be fixed and hence we will
often not keep track of it in the notation.

We are also interested in the regularity of the distance and signed distance functions.
As seen already in the simple example of the distance to a point, in general we can at
most hope for Lipschitz regularity. For the distance function, it is quite easy to check
that this is also the least we can expect.

Proposition 1.2.2. Let V C R™ and ) # A C V. Then, dist4 is 1— Lipschitz.

Proof. Let z,y € V. By the definition of dist4 and the triangle inequality we get
dista(z) < |z —z| < |z —y| + |y — 2| for any z € A. Taking the infimum with respect
to z we deduce dist4(z) < |z — y| + dist4(y). Exchanging the roles of x and y allows us
to conclude |dist4(x) — dista(y)| < |z — y|. O

Let us now discuss the regularity of the signed distance function. By definition, the
signed distance is the difference of two distance functions, and more precisely, according
to the previous proposition, it is the difference of two 1-Lipschitz function. Hence the
signed distance is at least 2-Lipschitz. The following example shows, that in general this
is all we can say about signed distances. Although, for simplicity, the following example
takes place in a metric setting — and thus Definition 1.2.1 needs to be generalized in the
obvious way — it is not difficult to find a signed distance function with Lipschitz constant
strictly bigger than one in the Euclidean setting.

Example 1.2.2. Let (X,d) be the real line endowed with the discrete metric and
Consider A = [~1,1]. Then we get dista = xg\[—1,1] and for the signed distance:
sdist4 = Xr\[-1,1] — X]-1,1]- Hence we see that sdist4(2) — sdist4(0) = 2 = 2d(0, 2).

However, if we restrict to settings in which the underlying space is a convex subset of
R™, then the signed distance will also be 1-Lipschitz.

12



1.2. Definition and Basic Properties of the Signed Distance Function

Proposition 1.2.3. Let V. C R™ be conver and ) # A C V. Then , sdista, the signed
distance to A in V is 1-Lipschitz.

Proof. We start by noticing that whenever either both x and y belong to A or both belong
to V' \ A the estimate |sdista(x) — sdista(y)| < |z — y| follows as seen in the proof of
Proposition 1.2.2. In order to discuss the remaining cases, we can assume without loss of
generality that z € A and y € V'\ A. Moreover, we find some point z € dAN[z;y]. Notice,
that by this choice we have |z — y| = |x — z| + |z — y| and sdist4(z) = 0. Consequently,
we get |sdista(z) — sdista(y)| < [sdista(z) — sdist4(2)| + [sdist4(z) — sdist4(y)|. As
both z and z have distance 0 to A we can use again the previous proposition applied to
disty 4 to estimate the first term by |z — z|. Analogously, one can estimate the second
term by |z — y|. This allows us to conclude that sdist4 is 1-Lipschitz. O

The following simple lemma about the gluing of Lipschitz functions will be used in
several instances in this thesis. We mention it here only because it gives another criterion
when sdist 4 is 1-Lipschitz.

Lemma 1.2.4. Let A C V C R™ and suppose f € Lip(A), g € Lip(V \ A) such that
floa = 9j04- Then, also h:' V — R, defined via

A
g(z) zeV\A,
18 Lipschitz continuous. Moreover, if both f and g are L-Lipschitz, then so is h.

Proof. Note, that already in the statement we made use of the convention that Lipschitz
functions are always assumed to be defined up to the boundary. Of course, it suffices to
check that if both f, g are L-Lipschitz, x € A, y € V '\ A then

|h(z) — h(y)| < Llz — yl.

Observe, that for ever such pair of points z, y the segment [z;y] has nonempty intersec-
tion with A. Let therefore z € 0A N [z;y] and we get

h(z) — h(y) = f(z) — f(2) + 9(2) —9(y) < L(|z — 2| + [z — y|) = L|z — y|.
=0

Since we get analogously also h(y) — h(z) < L|z — y| the lemma is proved. O
As an easy consequence we get the following.
Corollary 1.2.5. Let ACV C R™ with 0A C V. Then sdista(-, V) is 1-Lipschitz.

Proof. Let f = distyn4 and g = dist4. Then the claim follows by using the previous
lemma and recalling that by Proposition 1.2.2 f and g are 1-Lipschitz. O

The regularity of the signed distance function increases with the regularity of the
boundary.

13



1. The Time Discretization Scheme

Proposition 1.2.6. Let A C R™ be an open, bounded set with A C*-regular, where
k > 2. Then there exists some ¢ = £(A) > 0 such that sdists is C* when restricted to
the e-tubular neighborhood of JA.

Proof. See Lemma 14.16 in [68]. O

Most of the times we will only consider distances and signed distances to graphs or
subgraphs of functions. Therefore, we introduce the following notation.

Definition 1.2.2. Let Q C R™, and suppose u : 2 — R is Lipschitz. Then, for every
(x,2) € Q xR, we set

sdisty (z, z) :=sdistg((z,2),2 x R) and disty(z, z) := |sdist,(z, 2)|,

where E = {(z,2) € @ xR : z < u(x)} is the (open) subgraph of u. In our scheme,
there will naturally appear the distance to

Gr(u) :={(z,2) € QxR : z=u(x)},

the graph of u. It is straightforward to check that Gr(u) = 0E N (2 x R), where 0F
denotes the usual boundary of E in R**1.

The following relation between distg,(,) and sdist, will be crucial.
Lemma 1.2.7. Let  C R™ be convex. Then we have

_diStGr(u) (l‘a Z) if (.T, Z) €k,
distge(u) (7, 2) else,

sdisty(z, z) = {

where, as in the previous definition, E denotes the subgraph of u.

Proof. Suppose first, that (z,z) € (2 x R) \ E. Then, by definition, we have

sdisty (z, z) = distg(z, 2) = (g}giE |(x,2) — (&Q)|.

By density of E in E, one can then show that sdist,(z,z) = inf ¢ oyep (2, 2) — (€, Q)|
so that, since Gr(u) C E, Lemma 1.2.1 implies that sdist,(z,2) < distgy(u)(z,2). On
the other hand, we let (zg, z9) € F such that sdist,(z,2) = |(x, z) — (z0, 2z0)|. We have
to show that (zo,20) € Gr(u). By definition of E, we know that zp < wu(zg). Let
us assume by contradiction that zp < wu(xg). Then, either u(zg) < z, in which case
the contradiction follows by a comparison to the distance of (z,z) to (zq,u(zg)) € E.
Or otherwise we have u(zg) > z and the contradiction is reached by considering an
intermediate point & € [xo; 2] with u(Z) = z and then computing the distance of (z, z)
to the point (2, 2) € E. Hence (9, z9) € Gr(u). The case (z,z) € E follows similarly. [
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1.3. The Time Discretization Scheme in the Graphical
Setting with Obstacle

Let us now introduce the adaptations we will make in the graphical setting with a fixed
obstacle. We start by recalling what we mean by graphical setting. First of all, with
respect to the general scheme introduced in the last section, our initial surface Fy will
be given as the subgraph of some function ug € C?(), i.e.

Ey = subgraph(ug) := {(z,2) € @ xR : z < up(x)}.

Since we are only interested in that part of the boundary of Ey which coincides with the
graph of ug, we will replace Per(E) in (1.1) by Per(E;Q xR). From now on, the domain
() is an open, bounded and convex subset of R with smooth boundary. Morally, we
want to fix the evolving surface along the boundary 0€2. More precisely, we impose on
the evolving sets EJ* (which a priori will just be Caccioppoli sets) that they satisfy

TT(XEf) = Tr(xg,) on 092 xR.

Finally, the obstacle will be given by a function 1 € C1(Q) and we require E}' to
contain the subgraph of ¢ for all times ¢ > 0. In particular, we have to assume that
ug > 1 in ) and furthermore we always assume that ug > 1 on 0f).

Constraining the evolution to always contain the obstacle can be achieved easily by
restricting the class of competitors in the obvious way. Namely, by restricting it to those
Caccioppoli sets containing the subgraph of ¢). We will see that this constraint is stable
in the sense that it will be easy to verify it for minimizers of our adapted functional. As
for the boundary condition, we face the problem that a prescribed trace of BV-functions
might not pass into the L!'-limit. Therefore, we follow the well known idea of introducing
a penalization-term in the functional which will make it energetically favorable to attain
the boundary data. At the same time, we will allow also competitors that do not attain
the boundary data.

The preceding discussion suggests to consider the following adaption of the original
functional (1.1): For a fixed time step size h > 0 we consider the problem of minimizing

1
JTEO,h(E) = Per(E; Q x R) + /

dist y(ue) (73 2 x R) dz + / IXE — XE,| dH",
EoAE

OOXR

among all F in
C:={F C Q x Rmeas. |Per(F;Q x R) < 400, ¥ C E},

with ¥ := subgraph(¢)). We would like to emphasize that here and in the following
the distance functions (and later the signed distances) are considered as distances from
subsets of 2 x R and not in R™*!. Using the notation from the previous section, as a
corollary of Lemma 1.2.7 we could also write dist,,(z). The geometric idea to keep in
mind is that we are computing the distance to the graph of ug — which is only a subset
of the boundary of the subgraph of ug. This is similar to the reason why we consider
Per(E;Q x R) instead of the original term Per(E).
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1. The Time Discretization Scheme

First Existence Result

As in [100] we will show the existence of minimizers of Fpg, ; by considering an equivalent
problem which is of so called mean curvature type. This reformulation of the problem
allows us to get the existence by a simple application of the direct method in combination
with the compactness theorem for BV-functions.

We will absorb the third term of our energy by the following classical trick. Fix p >0
such that Q C B ,(0) = : Q and let wp t uo be a C%-extension of ug to Q. We denote by Ey the
subgraph of this extension, i.e. Eg := {(z,2) € QxR : z < Up(x)}. Then we consider
the new set of competitors

C~::{ECS~2><]Rmeas.|Per(E;§~2><]R)<+oo, v CE, E\(QXR):E)\(QXR)},

on which we define the functional
~ ~ 1
FEon(E) :=Per(E;Q xR) + - / sdisty, (x) dz,
EN(Q2x]e,+o0])

for ¢ := info . Without loss of generality we henceforth assume that ¢ = 0.
Proposition 1.3.1. There exists some E € C which minimizes on,h

Proof. First of all, let us check that -7::E0,h is bounded from below on C. Since the
perimeter is non-negative, we only need to bound the volume term. As sdist,, > 0 on
(2 x R) \ Ey and sdist,, < 0 on Ey we can estimate

1 . 1 .
- sdisty, () dx > — sdisty, (x) dz > —oc.
h EN(2x[0,400]) h EoN(£2x[0,400])
Noting that the second integral is not depending on £ anymore, we found a lower bound
for Fg, . Let now (Ej)ren be a minimizing sequence in C i.e. a sequence such that

FEo,h(Ek) — ;n%FEo,h(E) (k — —I—OO).
S

Since F, Eo,h 18 bounded from below, this infimum is finite. Moreover, by the boundedness
of the volume-term we deduce that

sup Per(Ey; Q x R) < +oo0.

keN
Without loss of generality we can also assume that there is some R > 0 such that
E, C Qx] 00, R[, for every k € N. If this were not the case, we could take R > 0 such
that Eg C Qx] — 0o, R[. Now it is not hard to see that Epr = EpN (Qx] — o0, R)
(which also belongs to 5) is performing at least as good as Ej. Indeed, the perimeter
of Ej g is less or equal than the one of Ej, since intersecting with convex sets always
reduces the perimeter. Regarding the volume term, one only needs to observe that by
our choice of R, on Qx]|R, +oo[ we have sdist,, > 0. Thus we get

sdisty, () dx > / sdisty, (z) dz.
Eg, rN(QX[0,+00])

/]Ekﬂ(QX[O,+oo[)
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Consequently, we showed that one can construct a bounded (minimizing) sequence
(Ex)ken with equibounded perimeters. Hence, we can apply a variant of the well-known
compactness result for sets of finite perimeter (see [97, Theorem 12.26]). More precisely,
we will apply the compactness theorem to the sets

FkiZQEkr\“)X]OrRD.

By the compactness theorem we get that a subsequence of (Fj)ren is converging to a
set of finite perimeter, say F, in L'(R"*!). Noting that

B\ F,=(Eo\(QxR)UT VkeN,

we see that (up to possibly passing to a subsequence) Ej, converges in L!'(R"*!) to
E:=FU((E\ (2 xR))UD).

Note, that ]?Eo,h is lower-semi-continuous with respect to L'-convergence. In fact,
the perimeter term is lower-semi-continuous (cf. [97, Proposition 12.15]) and the volume
term is even continuous with respect to L'-convergence. This gives us finally the estimate

Fron(E) < liminf Fr, 4(Ey) = inf Fgyp(E).
k—o0 EeC

After possibly passing to another subsequence, we can also assume that the convergence
is point-wise almost everywhere and we get ECQOxR ¥ CEandE\ (Qx <R) =
Eo \ (2 x R), i.e. E € C which allows us to conclude that E minimizes F Eo.,h 1D c. O

Remark 1.3.1. Note that R = ||E6HLOO(§) does the job, so this proof actually gives an
L*-bound for E.

As a simple consequence of the preceding proposition we get the following existence
result.

Proposition 1.3.2. There exists a minimizer of Fg,p in C.

Proof. Given a set E € C, by setting E:=FU (/ET) \ (2 x R)) we obtain a competitor in
C. Vice versa, for any E in C we obtain a set belonging to C by setting £ := EN(Q2 xR).
Moreover, by a variant of Theorem 16.16 in [97] we get that for any E € C we have

Per(E;Q x R) =
Per(Ep; (2\ Q) x R) 4 Per(E; Q x R) + / IXE — XE,| dH". (1.2)
0O xR

Note next, that for every E € C we have EAEy C (2x]0,+o0[) =: A (We recall that
without loss of generality infg ¢ = 0). Consequently, by Lemma 1.2.7 and the definition
of dist,, we get

/ dist,, dz = / sdist,,, dz — / sdist,, dz
EAEy (E\E())ﬂA (Eo\E)NA

(1.3)
= / sdist,,, dz — / sdist,,, dz,
ENA EoNA
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where we were adding and subtracting | ENEon 48disty, in the second equality. Combin-

ing (1.2) and (1.3) we see that the two functionals Fpg, ; and fEO’h only differ by a
constant, or more precisely that for any F € C

Fron(E) = Fron(E N (Q x R)) + const.

This allows us to deduce that given a minimizer E of F — which exists by the preceding
proposition — E' = EN (2 x R) is a minimizer of Fg, . O

Remark 1.3.2. As a consequence of computation (1.3) we also see that instead of consid-
ering the functional Fg,, we could slightly change the volume part and study instead
the minimizers of

1
Groh(E) = Per(E; Q x R) + / sdisty, (z) dz +/ IXE — XE,| dH".
h Jena DOXR

As Gg,,n and Fg, j, only differ by the constant term f Fon 48disty,, we would get the same
minimizers.
Graphicality and Boundary Behavior of Minimizers

The aim of the next paragraph is to establish the important result that the minimizers
of the functional Fg, ; will actually be subgraphs of functions of bounded variation. To
begin with, we will however prove that those minimizers attain the boundary data. We
will essentially adapt the arguments of section 3 in [100] to our graphical setting.

Proposition 1.3.3. Let E € C be a minimizer of Fg,n. Then xg = xg, on 02 xR in
the sense of traces.

Proof. Tt suffices to show that for every x € 90 and every z > ug(z) we have
Jro =ro(z,2) >0: B ((z,2); RN E =, (1.4)
and for every x € 99 and every 9 (z) < z < ug(z) we have
Jro =ro(z,2) >0:  Br((z,2); RN (QxR)CE. (1.5)

Indeed, let us recall that if we denote the trace of yg on 92 x R by ¢, then for H™-a.e.
(x,z) € 02 x R we have (cf. Thm. 2.10 in [72])

1
lim / xe(y) —o(x,2)|dy | =0.
7—0 (r"“ BT((m,z))ﬁ(QXR)| £ () = ¢lz.2)]

Noting that for (x,z) as in (1.4) we have xg = 0 on B;((x,2)) N (2 x R) whenever
r < ro(x, z), we therefore deduce that

=0.
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Since 0f is regular (and has hence no cusps), the above limit is positive and we deduce
o(z,2z) = 0. Similarly, for (z,z) as in (1.5) we would deduce by the same argument
that ¢(x,z) = 1. Moreover, we note that (1.5) follows from (1.4) by considering an
appropriate mirrored minimization problem (with an obstacle above). Let us therefore
derive (1.4). We fix some (z,z) such that x € 0Q and z > wug(x) and assume by
contradiction that for every r > 0 we have

B.((z,2);R"™ )N E # 0,

i.e. that (z,2) € OF, with OF denoting the boundary of E as a subset of R™. For the
moment, let us assume that near (x,z) one can write OF as the graph of a C?-function
[ above T, .)(9Q x R) = R", the tangent plane to 9 x R at (z,z). Moreover, with
respect to the same hyperplane, we can also parametrize 92 x R by some C?-function,
say ¢g. By the convexity of () we get that

Vg >0

J1+Ive?/)

while at the same time, using the Euler-Lagrange equation for u, we have

div

Vf

V1+IVH?

At the same time, by the strong maximum principle (Section 2 in [107]), from the
relations

1
div = —EsdistE0(~,f(-)) <0.

f(z) = g(2),
f>g,

we infer that f = g and hence the contradiction

Vg = div v/

0<div | —m——— e —
1+ |Vg|? 1+ |VfP

< 0.

It remains to justify why we could assume that OF can be written as a graph near (z, ).
To do so, we use a blow-up argument. For k € N, we set

n 1
By = (B~ (2,2)) = {(£.0 € B x B ¢ (6.0 + (x,7) € B},
In the language of [97], F is a (A,r)-perimeter minimizers in B := B, ((x, z); R"*!)

with A = %HsdistuoHLw(B), for any 19 < z — wup(z) and any r > 0. Consequently,

By, are (%,T)—perimeter minimizers in B := By, (0;R"!). Then, by compactness [97,
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Proposition 21.13], up to passing to a subsequence, we can assume that Fy — Fo in

L} (R"1) as (k — oo), where E is a set of finite perimeter. As Ej was a blow up

sequence of a (A,r)-perimeter minimizer, we can even deduce that F, is a perimeter
minimizing cone with vertex at 0. Moreover, F, is contained in the halfspace H =
{(¢,¢) € R"*1; (£,¢) - v, z) > 0}, where v is the inward pointing unit normal along
002 x R. Hence, by a Bernstein-type theorem (cf. Theorem 15.5 in [72]) we get that
FE. = H. In particular 0*FE,, = OF and thus 0 € 0* F,. This implies now that also
(x,2) € 0*E so that by regularity theory ([97, Theorem 26.5] and Theorem A.5), we
know that near (z,z), OF can be written as a C*“graph. O

In order to show that minimizers are subgraphs (of BV), we will use a symmetrization-
argument for which we introduce the following notation.

Definition 1.3.1. For E € C we set
S(E) := subgraph(fz),
where f5(7) 1= HY(E N ({z} x [0,400])) for almost every z € Q.

Note, that fz is well-defined. Indeed, suppose that F = E £ almost everywhere.

Then, for almost every z € €, we have E N ({z} x R) :Nﬁ N ({z} x R) L'-almost
everywhere. We recall the following properties of fz and S(E) which are standard and
can be found for instance in [97, Theorem 14.4] and [74, Lemma 1.3.2].

Lemma 1.3.4. Let E, S(E) and [5 be as above, then the following holds.
i) S(E) is also a Caccioppoli set and f is a function of bounded variation.

i) Per(S(E); Q2 x R) < Per(E;Q x R), with equality if and only if S(E)=E, almost
everywhere.

Additionally, we will also need a refined statement about the signed distance to graphs.

Lemma 1.3.5. Suppose u: Q — R is continuous. Then for every xo € Q the function
R 3 z +— sdisty(x, 2) € R,
18 strictly increasing.

Proof. Fix xg € Q, 21 < 22 € R. Suppose for the moment that z; > u(z¢) and choose
Z € 0 such that
|(Z,u(Z)) — (xo, 22)| = sdisty(x, 22) =: da.

Either we have u(Z) < z; and thus 0 < z; — u(%) < 22 — u(Z) so that

sdisty (w0, 21) < (%, u(Z)) — (w0, 21)| < [(Z,u(Z)) — (20, 22)| = da.
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1.3. The Time Discretization Scheme in the Graphical Setting with Obstacle

Or otherwise, if u(Z) > z1, by convexity of {2 and the intermediate valued theorem we
find & €]zo; Z[ such that u(z) = z; and thus

sdisty, (zo, 21) < |z — Z| < |x0 — Z| < do.

The cases where either z; = u(zg) or zo = u(xzg) can easily be discussed by considering
the sign of sdist,, at (xg, z1) and (xq, 22). Finally, the case z; < 2o < u(xzg) can be treated
analogous to the first one. O

As a simple corollary of those two lemmas we get:
Proposition 1.3.6. Suppose E €C and h > 0. Then we have
i) S(E) eC.
it) Fpyn(S(E)) < j':Eo,h(E) with equality only if S(E) = E (almost everywhere).

Proof. i) Since E € C we know that on 2 one has [z = % and on ﬁ\ﬁ we have fz = up.

Thus, S(E) € C as we know by the Lemma 1.3.4 i) that S(E) is again a Caccioppoli set.
i1) Also by Lemma 1.3.4 we know that unless F is already a subgraph, the perimeter
(in © x R) will be decreased by S(-). Hence, it remains to show that

sdisty, () de < /N sdisty, (x) dz.

/S(E)O(QX]O,Jroo[) EN(€2x]0,+00[)

By Fubini’s theorem it suffices to argue slice-wise, more precisely, we need to show that
for almost every y € Q:

/deistuo(y,z)xS(E)m({y}XR)(y, z)dz < /deistuo(y,z)xﬁm({y}xm(y,z) dz.

For fixed y € Q we define gy(z) == H! (E N ({y} x [0, z])) This allows us to rewrite the
left hand side as

/deistu(](y,z)XS(E)m({y}XR)(y,z) dz = /deistuO(y,gy(z))xém{y}xR(y, z)dz.

Since for every y € Q one knows that gy(2) < HY([0,2]) = z, the remaining inequality
follows from the fact that z — sdisty, (y, z) is (strictly) increasing, see Lemma 1.3.5. [

We are now able to prove the following result about minimizers of Fg, j.

Proposition 1.3.7. Let ' € C be a minimizer of Fg, . Then E is the subgraph of
some f € BV(2) with the properties that f > v a.e. in Q and Tr(f) = uojaq. Moreover
we have

11 o) < Nluoll ooy
Proof. By Proposition 1.3.2 we know that there exist minimizers. Proposition 1.3.3,

Proposition 1.3.6 and Remark 1.3.1 (together with an approximation argument) give
the desired properties of minimizers. O
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1. The Time Discretization Scheme

1.4. Non-Parametric Formulation, Uniqueness and
Regularity of Minimizers

In the previous section we learned that the functional Fg, ;, attains its infimum in the set
C and all minimizers are actually subgraphs of BV-functions which attain the boundary
data. It is therefore natural to formulate and consider the discretization directly in a non-
parametric way. Indeed, the previous results will guarantee the existence of solutions to
an associated minimization problems among functions of bounded variation. We recall,
that for f € BV(2) one defines the (relaxed) area integral as follows:

/ 1+ |Df* =
Q
sup {/Qéf?nﬂ + fdiv(¢)dz | ¢ = (¢, pns1) € CHOLR® x R) | ||¢”LOO(Q) < 1}‘

With ug, ¥, h > 0 and €2 C R™ as introduced in the previous section, we now consider
the problem of finding f; such that

{f1 € Agy :={f € BV(Q) : Tr(f) = uojpq, f = ae.}, (1.6)

E(f1) S E(f) Vfe€ Apv,

where

E(f) :—/Q\/l—i-|Df]2+i/ﬂ/f(x)sdistuo(x,z)dzdx.
0

We can now make our initial claim more precise.

Proposition 1.4.1. Let  C R™ be open, smooth, bounded and convez, ug € C%(Q),
Y € CHY Q) with ¢ < ug and Y < ug on Q. Then there exists fi € BV(2) N L>()
solving problem (1.6).

Proof. To see this, it suffices to note that every f € Apy gives rise to a Caccioppoli
set in C — namely, via its subgraph — and that the perimeter of this set in 2 x R is
equal to the area integral of f, see for instance Theorem 14.6 in [72]. Consequently, by
Remark 1.3.2 we have for every f € Agvy

E(f) = Fg, n(subgraph(f)) + const. (1.7)

Due to Proposition 1.3.2 and Proposition 1.3.7 we know that there exists some f; € Ay
such that its subgraph minimizes Fg, 5, among all sets in C, thus in particular among all
subgraphs of functions in Agy. Using (1.7), this translates into E(f;) < E(f) for every
f e Apy. O

As the following example shows, unlike the area integral for functions in W11(Q), its
relaxed version is no longer strictly convex.
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Example 1.4.1. Consider u =0, v = x[1 91 € BV(]0,3[). We have

/{2\/1+Du|2:3, /Q\/1+|DU|2 5, and /Q\/1~I—|D(1/2(u—|—v))|2:4,

and thus although Tr(u) = Tr(v) and u # v we get

/Q\/1+!D(1/z(u+v))2:;</§2m+/ﬂm)

Nevertheless, we can exploit the properties of sdist,,, to deduce strict convexity of E.

Lemma 1.4.2. Suppose u,v € Ay with u # v, i.e. [{u# v} > 0 and such that E(u)
and E(v) are finite. Then we have

E((1—Nu+ ) < (1-NE®)+AE(w) YA €o,1].

Proof. For u,v as above, A €]0,1[ we set w := (1 — A)u + Av and consider some test
¢ = (¢, pni1) € CHOQ; R x R) with |¢(x)| < 1 for every x € . We get

/¢n+1 +wdiv(¢)dz = (1 — /\)/d)nH +udiv(¢)dz + A/¢n+1 +vdiv(¢')dx
Q Q Q

g(l—A)/Q\/1+|Du|2+/\/Qm.

Taking the supremum over all admissible ¢ we obtain

/Q\/1+\Dw]2 < (1—A)/Q\/1+|Du\2+)\/9\/1+|Dv|2. (1.8)

Concerning the volume term, we observe that by Lemma 1.3.5 the function sdist,, (z, -)
is strictly increasing for every x € 2. Therefore, for every x € Q the function

¢
R>(+ / sdisty, (z, z) dz € R,
0

is strictly convex (cf. Lemma B.7). Thus, for every x € Q such that u(z) # v(z) we get

w(x) u(z) v(z)
/ sdisty, (x, z)dz < (1 —X) / sdisty, (x, z) dz + )\/ sdisty, (z, z) dz,
0 0 0

while for x € Q with u(z) = v(z) we obviously have

w(z) u(x) o(x)
/ sdisty, (x,z)dz = (1 — )\)/ sdisty, (z, z) dz + )\/ sdisty, (z, z) dz.
0 0 0

Since by assumption [{u # v}| > 0, and E(u), E(v) are both finite, we easily deduce

1 w(z)
- // sdisty, (z, z) dzdx <
h JaJo

1—\ u(x) A v()
7( ) / / sdisty, (z, z) dzdx + — / / sdisty, (x, z) dz dz.
h aJo h Ja Jo

Combining (1.8) and (1.9) we deduce the desired E(w) < (1 — A\)E(u) + AE(v). O

(1.9)
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As a corollary, we can now deduce uniqueness of solutions to Problem (1.6).
Proposition 1.4.3. Problem (1.6) of minimizing E on Ay has a unique solution.

Proof. Existence was already shown in Proposition 1.4.1. Let therefore u,v € Agy be
two minimizers of E and set w := 1(u + v). Observe that w € Agy. Unless u = v, by
strict convexity of E we deduce E(w) < $E(u)+ $E(v) = E(u) which is contradicting
the fact that v minimizes F in Agy. O

Finally, we address the question of regularity for minimizer. At this point, in order to
iterate the scheme in the graphical setting we need to make sure that Lemma 1.3.5 can
also be applied to sdisty,, i.e. we should verify that f; is at least uniformly continuous.
The literature on prescribed curvature problems (with obstacle) offers such results using
a priori estimates, consider for instance Theorem 2 in [63].

Proposition 1.4.4. The unique minimizer of (1.6) is Lipschitz continuous.

However, for the sake of being self-contained we also offer another way to prove this
proposition. Let us remark that one could directly study the problem of minimizing F
among all functions in

Avip := {u € Lip(Q) : ujpo = uojpn, u > ¢ in Q}.

In fact, this problem will be studied systematically in the subsequent chapter and we will
prove existence of minimizers in this class (see Theorem 2.2.8). If we can additionally
show that the minimal energy in App is not bigger than the energy of the minimizer in
Apy, then this provides an alternative proof of Proposition 1.4.4.

Lemma 1.4.5. Let f be the unique minimizer of E in Agy. Then we have

E(f) = inf FE(u).
(f)=d w (u)
Before proving this lemma, let us show why it implies Proposition 1.4.4 if we assume
the existence of a minimizer of £ in Ap;p,.

Alternative proof of Proposition 1.4.4 (assuming Theorem 2.2.8). Let f be the unique
minimizer of £ in Agy and let u € Ar;, be the minimizer among all Lipschitz competi-
tors (whose existence will be proved independently in Theorem 2.2.8). By the previous
lemma we know that E(f) = E(u). It is straightforward to check that v := J(u + f)
belongs to Apy so that by Lemma 1.4.2, unless u = f, we get E(v) < E(f) which would
contradict Proposition 1.4.3. ]

Let us conclude this chapter with the technical proof of the auxiliary lemma.

Proof of Lemma 1.4.5. Since Ari, C Ay we obviously have E(f) < infyea;,, £(u). For
the reverse inequality we will construct a sequence (ux)gen in Ari, with the property
that

JimB(u) = B(f).
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For € > 0 let p. be the standard mollifier and let f. := p. * (f — ) + ¢ : Q. = R. We
recall that Note that since (f — 1) > 0 also p. * (f — 1) > 0 and hence f. > 1 in (..
We then choose &y > 0 such that Qg5 := {2 € Q : distgp(x) > 20} # 0 and define for
dop>0>e>0

uo (), x € Q\ Qs,
Ve s(2) = Q (1 — LD yug(z) + D0 1 (2), € Q5 )\ Qas,
fe(x), z € Qos.

Here we used d(x) := distpn,(x). In order to rule out a possible ambiguity, we remark
that by 9Qs we always denote the set d(Qs). As (f — ) € LY(Q) we get that f. €
Lip(€2.). Consequently, by using Lemma 1.2.4 twice, we deduce that v.s € Lip(12).

Moreover, by construction v, 5 = ug on 9€2. Since uyg, f- > 1 in Q5 we get v, 5 > 1) in

and thus v, 5 € Arip. We set ug 1= v, 5, where 6 = %0 and ¢, < §; to be chosen more

specifically at the end of the proof. Let us now observe first of all, that since ug € C%(Q)
and 0, — 0 as k — oo we get

uo ()
/ \/ 1+ [Vuo|*dz + = / / sdisty,(x,z)dzdx — 0 (k — o0). (1.10)
Q\Qs,, MN\Qs, Y0

Let us next consider the energy of u in the region (y5, . Extending f., outside of €2,
by zero and denoting this extension also by f., we get that

for = f inLYQ) (b — o).

Therefore

/ / sdisty, (z, z)dz dz — / / sdisty, (x, z)dz dz
Q25,0 2Jo

for(a

sdlstu0 z, z)dz dz

<C/|f€,C flde =0 (k—o00), (1.11)
QJ f(z

where we used the fact that || f[| ;e (q) < +oo and hence || fo; || Lo () < € < 400, where
C does not depend on k, which allowed us to bound the signed distance in (x). What
concerns the area-term, we note that by lower-semicontinuity we get

1+ Df2§liminf/ 1+ |V [, [*da. 1.12
[ 1101 < timin V1A (112)

On the other hand, we fix > 0 arbitrary and choose ¢ = (¢',¢"*1) € CH(;R™ x R)
with [|¢]| ;- < 1 such that

/ V14 VS, P de < / "+ fo, div(e)dz + 1. (1.13)
QQ(;k QQSk
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1. The Time Discretization Scheme

We have
"+ fo div(¢)dz = Pnt1 + (f — ¢)div(pe,¢') + ¢div(¢')dz
Q2ék 29%
— [ enrte vl e [ wdivte - oot [ (@7 - o,
QQ(;k Qg,;k ) QQék
(1) (I1) (1)
where ¢., = pe, * ¢’ (here we mollify in each component) and <Z>"+1 = pe, * P

Let us discuss the three terms individually. Since ¢ has compact support, the same
holds for ¢, = (4L, ,¢2+?") for large enough k. Moreover, since [|¢]| . < 1 we also get
|¢er |l ;oo < 1 so that by definition of the relaxed area integral we get

I)S/Q\/1+Df|2.

For the second and the third term it suffices to note that since ¢ € C1(2 : R" x R) we
get that ¢, converges to ¢ uniformly as € — 0. Therefore we find ky € N such that for
all £ > kg we have

D] < 16 = ¢ iy [ V01 <
((IID] < [|¢™ = G5 oo 12 < 1

Combining those three estimates and recalling (1.13) we deduce

limsup/ 1+\Vfak\2d$§/ 1+ [Df* + 3.
Qas,, Q

k—o0

Recalling (1.11), (1.12) and the fact that n > 0 was chosen arbitrarily get that as k — oo,

fEk(x)
hm V14 Ve |Pde+ — /(225 / sdisty, (z, z)dz dz — E(f). (1.14)
k

Qa5

It remains to show that the energy of the interpolation vanishes. Using once more the
fact that f.,’s are uniformly bounded, similarly to (1.11) we can show that

A yuo(2)+ K2 £z, ()
/ / sdisty, (z,z)dzdx — 0 (k — o0).
Qs,, \Qas,,

Using % <1and |Vd| <1in Q5, \ Q5, we can estimate

|f€k - UO‘

d d
\4 (1—7)’1110—{—*]05,6 S |vu0‘+’vf&‘k|+ y
O O O
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1.4. Non-Parametric Formulation, Uniqueness and Regularity of Minimizers

and hence

d d
Q6;, \Qa2s,, k k
‘fek —'U,(]|

<[ 1Vl 4+ T e
Q5 \Q25,

2
dx

O,

Since |Qs, \ Qas,| — 0 for k — 0o, and as ug € C*(Q) we have

/ L+ [Vug|dz — 0 (k — o).
Qs \Q25,

For any ¢ € C}(Qys, \ Q2s,;R™) with |9, < 1 we note ¢, = ¢ * p., belongs to
Cl(Qs,—c, \ Qoo 123 R™) and ||pe, ||, < 1 as well. Therefore, for any such ¢

/ f€kdiv(¢) dz = / fdiv(¢5k) dz < ‘DfKQ \ 925k+8k)'
Qs5, \Qa26, Q
We thus derive by taking the supremum among all admissible ¢ that

/ Vi, dz < D@\ Tapae) =0 (k — o0). (1.15)
Q5 \Q25,,

The above convergence follows from the fact that |Df| is a finite Radon measure on
and (Q\ Qas, ¢, ke is a nested sequence of sets with (o 2\ Q25,4, = 0. Let us now
discuss the remaining term which we will split as follows:

/ ‘fek _u0| dz S/ ‘fak _f‘ dIL‘+/ ‘f_u()‘ dax. (116)
05, \Qas,, Ok Qs; \Q2s), Ok Qs, \Qa2s,, Ok

As we know that
/ o fldz =0 (e 0),
5, \Q25,,

for every k € N, we can choose € < d; small enough such that
[ i flar<a
Qs,, \Qa2s,,

which will make sure that the first term on the right hand side of (1.16) vanishes in the
limit & — oo. Concerning the second term, we recall that Tr(f) = ugjpq. Therefore,
letting v := f — ug we note that v € BV(Q) with trace zero. The convergence of the
second term follows immediately once we prove that

/ de -0 (0 —0). (1.17)
a\Q; 0
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We will prove this convergence via an approximation argument. To begin with, let us
extend v to all of R™ by setting

~ . Ju(@) e
o) = {o e R\ Q.

Note that v belongs to BV(R™) and (recalling that v has trace zero) for any Borel set
V C R"™ we have |Dv|(V) = |Dv|(V N Q) (cf. Theorem 5.4.1 in [45]). For € > 0 we then
set ve == v * p. € C°(R™). By the co-area formula we get

)
/ fveld = / / e ()| A" (y) dt.
Q\Qs 0 Joo,

Without loss of generality, we can assume that 0 is so small that 0Qs = 9(Qs) is as
smooth as 9. This allows us to perform the following change of coordinates on the
inner integral:

/ 02 ()] dHP L (y) = / [0e()] dHP L (y) = / 02 () [T p(2) M (2),
a0 2(09) 0

where ¢ = ¢, 1 IQ — 0(Q) is defined as ¢(z) := z + tr(z), with v denoting the
inward pointing unit normal along 9Q and J%?¢ is the tangential Jacobian of ¢ along
0%} defined as

Tp(2) = \Jdet((V2(2)) TV (2)) = € 00

Here V% denotes the tangential gradient. If one smoothly extends ¢ to some small
neighborhood of 09 (also labeling this extension by ¢) we can compute the tangential
derivative by using the following relation:

V¥ =V — (Ve)r)@v  on dQ.

This allows us to estimate J%p(x) < HVano(J:)HZp < C(n)|VaQ<p(x)’n < C|Ve(x)|",
for z € 0. As Vo = Id +tVv and [[v[| oo 90y < C(2) we thus get

1)
n—1
/9\95 |ve|dz < C(Q,n)/o /BQ |ve(z + tv(2))| dH" " (z) dt.

Recalling that v = 0 outside of €, we see that that v.(z) = 0 for every x € R™ with
disto(z) > €. Hence we can simply bound the integrand in the last expression as follows

6
|ve(z + tv(x))| g/ |(Vve)(z + sv(x))|ds Vit € [0,d].

—&

Therefore we get (again by Fubini’s theorem) that

1)
n—1
/Q\Qa lvelda < 05/89 /6 |(Vve)(x + sv(z))|dsdH" (=)

5
=) /_E/m |(Ve)(z + sv(z)) | dH™ (2) ds.
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We can employ once more a change of variables and the co-area formula to estimate
further and obtain

5
/ / (Vo) (z 4 sv(2))|dH" 1 (z)ds < C’/ |V | dz,
—Jog Q_\Qs

where we employed the notation Q_. = {x : sdistq(x) < €} and where the constant C
will again depend only on n and 2. Indeed, the Jacobians that we have to estimate this
time are the Jacobian of the maps x : 9 — 02, x — Pryg(x) for ¢t € [—¢, §] and where
Prpq denotes the (nearest-point-) projection. Noting that those maps are the inverses
of the ¢’s introduced above, the fact that they are smooth follows for instance by the
inverse function theorem. Finally taking the derivative on both sides of the identity
o(x(x)) = x allows us to bound the Jacobian J%%y(x) as we did above for J%p. To
conclude we obtain

() _
/ lve|de < 05/ |[Vos|dz < C|D|(Q-2: \ Qs42) = CSDv|(2\ Qs12).
Q\Qg Q—E\Qé

Note that in (*x) we used the same argument with which we already deduced (1.15). As
e — 0 we have v. — v in L*(Q) and thus

/ |v|dx = lim lve| dz < C§|Dv|(2\ Q).
Q\Qg Qs

e—0 Q\

(1.17) now follows from |Dv[(2\ Q5) — 0 as (§ — 0). Thus we showed

1
/ \/1+|Vuk|2dx+/
5, \Q25, h Jo
(1.18)

The proposition now follows from (1.10), (1.14) and (1.18) and the definition of uj. O

ug(z)
/ sdisty, (x,z)dzdx — 0 (k — o0).
\Qa5, /O

Sk

Remark 1.4.1. A natural way to extend ¢ (defined as in the preceding proof) to a
neighborhood of 92 is by setting

o(z) := x — Vsdistpq(z).

In fact, sdistyq is as regular as 92 (cf. Proposition 1.2.6).
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2. The Obstacle Problem for the
Prescribed Mean Curvature Equation

The aim of this chapter is to give a self contained account of all the relevant estimates
concerning the classical obstacle problem for the minimal surface operator. More pre-
cisely, we are going to study the following problem. Let 2 C R™ be open, bounded and
convex with smooth boundary. We study minimizers of the prescribed mean curvature
problem, i.e. minimizers of the energy

E(u) := /Q (\/ 1+ |Vu(z)]* + /OU(I) H(w,z)dz) dz, (2.1)

in the convex set of competitors
A= Apip = {u € Lip(Q) : ujpq = gjon, u = ¢ in O}, (2.2)

where ¢ € C11(Q) and g € C%(Q) are the obstacle and the boundary data respectively
which satisfy the compatibility condition ¢ < g on 02 and H : 2 X R — R is a bounded
Lipschitz function such that for every x € Q:

H
oM w020, (2.3)

for £!-almost every z € R. As we will see, this condition will guarantee the convexity
of E. We would like to point out, that for H = 0, the problem of minimizing F among
all u € A is the one of finding a minimal surface above a given obstacle. This special
case is important as we expect it to describe the asymptotic limit of the solution to the
parabolic obstacle problem to which we shall come back at the end of Chapter 3.

2.1. Uniqueness of Lipschitz Solutions

Let us assume that v is a minimizer of E in A. Then for every v € A and every t € [0, 1]
we set I(t) := E(u+t(v —u)). As I belongs to C'(]0, 1]) and achieves its minimum at
t =0 we have I'(0) > 0 which, by a direct computation, leads to a so called variational
inequality.
Vu-V(v—u)
2 \/1+|Vul?

This inequality can be viewed as an analog of the usual Euler-Lagrange equation for un-
constrained variational problems. As we see next, condition (2.3) implies that solutions
to the variational inequality are also minimizers of the energy F.

+ H(z,u)(v—u)dz >0 Yve A (2.4)
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Proposition 2.1.1. Let u € A. Then u is solving (2.4) if and only if u minimizes the
energy E among all functions in A.

Proof. The first implication was already shown in the derivation of the variational in-
equality above. For the reverse, assume that u € A solves (2.4). Note, that the map

QXRXR"3 (z,2,p) = F(z,2,p) :=1/1+ |p] —l—/H:cC

is jointly convex in the z and p variable. In other words, for every x € 2, the map
F.(z,p) := F(x,z,p), defined on R x R™, is convex. Indeed, the convexity with respect
to the p variable is obvious and for the z variable we recall condition (2.3) which is saying
that 92F,(z,p) > 0 for every p € R” and almost every z € R. The convexity follows now
(cf. Lemma B.8) since the mixed derivatives 0,0y, F, and 0,,0,F, vanish. Consequently,
for every (¢, m), (z,p) € R x R™ we have

Fx(Caﬂ') > Fx(zap) + v(z,p)Fx(zvp) ’ ((C?ﬂ-) - (Z,p)),

where

V(Z’p)Fx(z,p) = | H(z, 2), P

V1+ Il

Let now v € A and set ((,7) = (v(z), Vo(x)), (z,p) = (u(x), Vu(z)). We can integrate
the above inequality over {2 to obtain

Vu-V(v—u)

1+ | Vaul?

As u solves the variational inequality, the second term on the right hand side is nonneg-
ative and we get the desired minimality of w. O

E(v) > E(u) +/Q + H(z,u)(v —u) | dz.

Remark 2.1.1. For u € A, we have

E(u) = /QF(x,u(x),Vu(x))daz,

where F' is defined as in the proof above. Noting that F is strictly convex in p, the above
proof can be adapted to derive that the energy FE is strictly convex in the sense that
whenever u,v € A with u # v then

EQu+ (1 —XAv) < AE(u)+ (1 = XN)E(v) VAE€]0,1].
Using this remark, we can now give a short proof for the uniqueness of Lipschitz
solutions.
Proposition 2.1.2. There exists at most one minimizer of E in A.

Proof. Suppose that ui,us € A are two different minimizers of F. By convexity of A we
get that v := 1(us + ug) € A. Using the strict convexity of E (as uj # uz) we get

1
E(v) < 5(E(u) + E(u2)) = E(w),
which is clearly a contradiction to the fact that u; minimizes E in A. O
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2.2. Existence of Lipschitz Solutions

In this section we prove the existence of Lipschitz continuous solutions to the variational
inequality (2.4). We will essentially use the method introduced in [75] by Hartman
and Stampacchia for solving elliptic partial differential equations. Those ideas were
adapted by Williams in [128] to a class of obstacle problems. Since the obstacle problem
considered here is not exactly covered by his assumptions (we need to consider a forcing
term that depends explicitly on the space variable x) and for the sake of being self-
contained, we will review in detail the strategy as introduced in [75] and [128].

As the space Lip(Q) = W1>°(Q) (and thus A) lacks good compactness properties, we
will restrict our problem to a family of smaller sets, look for minimizers of the energy F
in these spaces and later show that — under suitable assumptions — these minimizers are
also minimizing in A. This is the main idea of the approach proposed by Hartman and
Stampacchia in the above mentioned reference.

For k > 0 we define Ay := {u € A : Lip(u) < k} where Lip(u) denotes the Lipschitz
constant of u. Then we say that u € Ay, is a minimizer (of E) in Ay, if

E(u) < E(v) Vv e Ay (2.5)

The advantage of the sets Ay, lies in the fact that they consist of equi-continuous func-
tions which allows us to apply the Arzela-Ascoli theorem to get compactness. Existence
of minimizers in Ay, is therefore immediate and the main difficulty is to derive a suitable
a priori estimate on the gradient of such solutions which would guarantee the existence
of minimizers which lie in the interior of Ay (in the sense that the Lipschitz constant
is strictly smaller than k). As the following proposition shows, this would complete the
existence problem for Lipschitz solutions.

Proposition 2.2.1. Let u be a minimizer in Ay with Lip(u) < k. Then u is also a
minimizer in A.

Proof. Pick any v € A and choose £ > 0 small enough, such that w := u+e(v—u) € Ag.
Since we assume that Lip(u) < k such an ¢ exists. By minimality of v in Ay and by
convexity of F we get

E(u) < E(w) < (1 — ) E(u) + cE(v).

Rearranging terms yields
eE(u) <eE(v),

from which the claim follows by positivity of e. O

For the sake of completeness, we quickly prove that F is lower semicontinuous with
respect to L!-convergence.

Proposition 2.2.2. Suppose (u;)ien is a sequence and u a function in Lip(Q2) such that
u; — u in LY(Q) as (I — 00). Then we have

E(u) <liminf E(u;).
=00
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Proof. We start by considering the area term and by noting that by the dual character-
ization of the L'-norm (compare also to the definition of the relaxed area integral for
BV-functions in section 1.4) we can write

/\/ 1+ |Vu]2dx
Q

Let therefore (¢o, ¢’) € CL(Q;R x R™) with [¢ll oo () < 1. Using the convergence of
(u)ien in L'(Q) we get

div(¢')udz = li div(¢' )y de < liminf [ /1 ?da.
/QQSO—{— iv(¢ )udz Jim ng)o—i— iv(¢ )y de < 1}1_1)(1)1;1/Q + |Vuy|” dx

Taking the supremum among all ¢ as in the dual characterization above yields the lower
semi-continuity of the area term. The second term is even easier to handle since it is
continuous with respect to L'-convergence. In fact, to see that [, H (z,w) — [H (z,u)
as (I — 00), it is enough to integrate the inequality

|H (2, w(x)) — H(z, u(x))| < Lip(H)u(z) — w(z)].
O

It is now easily seen, that the notion of minimizers in A is not vacuous if k is
sufficiently large.

Proposition 2.2.3. Let k > max{Lip(g), Lip(v))}. Then there exists a unique minimizer
of E in Ay.

Proof. The condition on k guarantees that Ay is not empty. Indeed, max{g, ¢} belongs
to Ag. The remaining part of the proof is an application of the classical direct method.
Therefore, let us consider a sequence (u;)jen in Ay such that E(u;) — inf,c 4, E(v) as
(I = +00). Since H is bounded from below, also this infimum is bounded from below.
Moreover, by definition, the u;’s are equicontinuous. By the simple observation that for
any xg € 0! we have:

lwi(@)] < [wi(wo)| + klz = zo| < |9l oo (90 + diam()E,

we also get that the wu;’s are uniformly bounded. Consequently, by the Arzela-Ascoli
theorem, we can extract a subsequence (u;, ), ey converging uniformly to some u. It is
straightforward to check that u € Aj. By the lower-semicontinuity of the energy we get
that
E(u) <liminf F(u;,) = inf E(u).
() < limint B(w,) = inf Elu
Therefore, v minimizes F in Aj. To get uniqueness we can argue via the strict convexity
of the energy, as we did in the proof of Proposition 2.1.2. O
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Remark 2.2.1. The assumption on the boundedness of H was just needed to rule out
the possibility that F is unbounded on Ay (and likewise on A). As already seen in the
first chapter, the H we are interested in is (a multiple of) a signed distance function,
which, strictly speaking, is unbounded. However, one can easily derive the boundedness
of E directly from another property of H which we introduce in (2.13) further down,
and we will show how to derive a lower bound on FE directly from this property (without
assuming boundedness of H).

In the literature on the prescribed mean curvature equation there are a couple of other
sufficient conditions on H that guarantee the existence of (weak) solutions. In [71], for
instance, the author asks for the existence of two positive constants eg < 1 and zg such
that for every Caccioppoli set B C €2 one has

/BH(:C,Z()) > —(1 —eg)Per(B), (2.6)

/BH(I‘, —20) < (1 —&o)Per(B). (2.7)

Following section 1.C in [71], let us discuss first, why such a condition is necessary for
the existence of smooth solutions to the prescribed mean curvature equation. Suppose
u € C?(9) satisfies the associated Euler-Lagrange equation

Vu(z)

div | —— 22
1+ |Vu(z)?

= H(z,u(z)) Vze.

For a fixed Caccioppoli set B C  let (¢x)ren be a sequence of smooth, compactly
supported functions such that 0 < ¢ < 1, ¢ — xp almost everywhere as (k — o0)
and |V¢y| converges to |Vxp| weakly as measures. (Pick for instance a sequence of
regularizations of xp as in [97, Proposition 12.20]). Testing the equation with ¢; we get

Vo dor = /QH(x,u(x))¢k dz.

_/V“
2\ /14 |Vul?

Letting 2o := [[ul[ oo (), €0 := 1= [[Vu/(1+ \Vu|2)1/2|\Loo(Q) and using the monotonicity
of H in z, we can therefore estimate

—(1—50)/va¢k’d$§ /QH(Z‘,Z())qbkdx,

from where we get (2.6) as we let K — oco. Similarly we could also derive (2.7). For what
concerns the sufficiency of these conditions, we let u € A and assume u > 0. Denote the
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2. The Obstacle Problem for the Prescribed Mean Curvature Equation

super-level sets as U, = {x € Q : u(z) > z}. Then we have

// H(z,z)dzdx = / H(x, z)dxdz+/ H(z,z)dzdz
QJ0 U. 20 U.
/ /]H \dxdz—i—/ H(z,z)dzdz
20 U.
(2.6)

> —cop— (1 —¢p) /OOPer(U )dz

A\

*)
> —cp— (1 —¢p) /|Vu]da:

> —co—(l—so)/\/1+]Vu|2dw,
Q

where we used the co-area formula in (x). The general case can be treated similarly by
also using (2.7) to control the negative part of u so that we can bound E(u) via

E(u) > —co+50/\/1+\Vu|2dx ue A
Q

Some particular hypotheses on H which imply (2.6) and (2.7) are discussed in 1.D to
1.G of [71]. Finally, we note that in the special case that H does only depend on z,
things become easier and a necessary and sufficient condition is usually stated similarly
to the following one (e.g. (0.6) in [64] or (16.60) in [68]): There exists e > 0 such that
for every Caccioppoli set B C ) we have

/de

Having established the existence of minimizers in A in Proposition 2.2.3, we will now
address the problem of establishing an a priori estimate for such solutions. We will do so
by reducing the problem to the simpler task of finding an estimate of the gradient at the
boundary via the construction of barriers. However, before we come to the definition of
barriers we need to introduce the notion of super- and sub-solutions which then allows
us to formulate a useful comparison principle.

< (1 —¢gg)Per(B).

Definition 2.2.1. A function u € Lip(2) will be called super-solution (for the problem
of minimizing F£) if for all v € Lip(£2) such that ujgq = vjp and v > u in Q we have

E(v) > E(u).

Analogously, u will be called sub-solution (for the problem of minimizing F) if for all
v € Lip(Q) such that ujpq = vjp and v < v in Q we have

E(v) > E(u).

To simplify the notation, we will henceforth refer to such u’s as super- or sub-solution
respectively.
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2.2. Existence of Lipschitz Solutions

Remark 2.2.2. There is an equivalent way of defining super- and sub-solutions which
involves the variational inequality rather then the energy. Namely, u € Lip(Q2) is a
super-solution (sub-solution respectively) if for all v € WO1 *°(Q2) with v > 0 we have:

Vu-V

/ N H(z,u)vdz >0 (<0, respectively).
\/ 1+ [Vaul?

The proof of this equivalence is similar to the proof of Proposition 2.1.1

In the following we will often make use of a local version of the energy E. Namely, for
any measurable ' C Q and u € A we will use the notation

Eq/ (u ::/ (\/1+|Vu |+/ szdz)d:c (2.8)

Proposition 2.2.4 (Comparison Principle). Let u be minimizing in Ay and suppose v
is a super-solution with Lip(v) <k, ¢ <wv in Q and u < v on Q. Then u < v in ).
Similarly, if v is a sub-solution with Lip(v) < k and v < u on 092, then v < u in €.

Remark 2.2.3. Note, that in the previous proposition we allow the sub-solution to pen-
etrate the obstacle.

Proof. To begin with, we suppose v is a super-solution as in the proposition and we set
wy := min{u,v}. Furthermore, we partition the domain € into the two sets

G:={ze€Q:u(x)<v(r)} and B:={ze€Q :u(z)>uv(zr)}.

From the minimality of u and since w; € Ay we easily get that E(u) < E(wp) from
which we then derive
Ep(u) < Eg(v). (2.9)

Analogously, we can use the fact that v is a super-solution to get E(v) < E(ws), where
v < wy := max{u,v}, from which we then deduce

Ep() < Ep(u). (2.10)

Combining (2.9) and (2.10) we get Ep(u) = Ep(v) which can only be true if |B| = 0.
Indeed, assuming that B has positive measure we could compare v with

() = {u(z), z € G,
‘ S(u(z) +v(x)), x € B.

Note that u € Ay, since we have & = min{u, 3(u + v)}. Now we can use the strict
convexity of E to deduce that Fp(u) < Ep(u ) and hence E(u) < FE(u) which is a
contradiction.

The case in which we suppose that v is a sub-solution works very similar. Since this
time we want to show that v < u we partition the domain € into

G:={reQ:ulx)>v(z)} and B:={zxe€Q: uzx)<v(zr)},
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2. The Obstacle Problem for the Prescribed Mean Curvature Equation

while we leave the definition of w; and wy unchanged. From the minimality of u (tested
with wy) we derive Ep(u) < Ep(v) and comparing v to w; < v we the reverse in-
equality: Fp(v) < Ep(u). The contradiction is now obtained if we compare u with
= max{u, 3(u+v)}. O

In the next step, we show that — under a suitable further assumption on H — a
boundary estimate for the gradient of the minimizer extends to a global bound on the
Lipschitz constant.

Proposition 2.2.5. Suppose that either

:= inf essinf 0, H(x,2’) > 0 2.11
co := Inf essinf 8. H(z,2') > 0, (2.11)

or H=0. Moreover, we assume that for u, the minimizer in A, we have a boundary
gradient estimate in the sense that there exists some L > 0 such that:

lu(z) —u(y)| < Llz —y| Vz € QVy e .
Then we have

max{L, Lip(t), g [V H || oz} if (2:11) holds,

Lip(u) < {maX{L,Lip(@ZJ)} if H=0.

Proof. Let z,y € Q and set h :==y —x, 7,(Q) :=Q+ h:={x+ h|x € Q}. We observe
that one can shift the whole setting to 75,(€2), more precisely for = € 7,(2), defining
up(x) = u(x — h)

Al = {u e Wl’oo(Th(Q)) D u=gpon 0tp(), wu > ae inT(Q)}

where gp, and 1, are defined analogous to wj and finally

E(u) := /Thm) <\/1 + |Vu(z)]* + /Ou(x) H(zx — h,z)dz) dz,

for u € A". One can then define in the obvious way also the sets AZ for any k£ > 0. It
is straightforward to check that w minimizes F in Ay, if and only if u;, minimizes E" in
AP Setting A == |h| max{L, Lip(¢)), ¢y |0 H|| .} (X := |h|max{L,Lip(x)} if H = 0)

we claim that it suffices to prove
u<up+ A in QN7(02). (2.12)

Indeed, since y € Q N 7,(2) we could then deduce that that u(y) — u(z) < X and the
proposition would follow by symmetry in z and y. In order to derive (2.12) we introduce
the set B := {z € QN 7,(Q) : u(x) > up(z) + A} and we define w : @ — R as

w(z) = up(x) + A =€ B,
. x) x e\ B,

<
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2.2. Existence of Lipschitz Solutions
and v : 7,(Q2) — R as

un(z)  x€m(Q)\ B.

We note that by definition of B and A\, on 0B we have up + A = u. To see this, observe
that for any x € 0(Q2N71,(Q)) either z € 9N or z — h € 0. Hence by the boundary
estimate we already know that

o(x) = {u(x) -\ z€B,

u(x) — up(z) = u(x) —u(x —h) < LA

Thus, w is k-Lipschitz by Lemma 1.2.4. Moreover, on 02, by the same argument we
know that w = u and hence w = ¢g. Finally, the choice of A will make sure that w stays
above the obstacle. In fact, this is trivially true on the set {w = u}. On the other hand,
if w(xz) = up(x) + X we have
u(x —h)+ A
Y(x—h)+ A
() ~Lip()|h] + A.

—_———

>0

w(zr) = —

>
>

Therefore w € Ag. Analogously we can show that v € .Az. By minimality of u we have
E(u) < E(w).
On the other hand, using the minimality of uj; we know that
E(w) = B"(up) + (B(w) — E"(uy)) < B"(v) + (B(w) — E"(uy)).

And therefore, using E"(v) = E(u)+ (E"(v)— E(u)), in order to show that E(w) < E(u)
it suffices to show
[:= E"(v) — E(u) + E(w) — E"(u,) < 0.

Using the notation introduced in (2.8), extending it in the obvious way to E" and noting
that outside of B we have v = up and w = u, we deduce

I = E%(v) — Ef(up) + Ep(w) — Eg(u).

Moreover, since on B, Vv = Vu and Vw = Vuy we get

v(x) up (x)
I:/ / H(xh,z)dz/ H(x —h,z)dz +
B \Jo 0

/ H(:c,z)dz/ H(z,z)dz | dz,
0 0

which can be written in the more compact form

v(z) u(z)
1 :/ < H(x — h,z)dz —/ H(m,z)dz) dx.
B \Jup(z) w()
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Clearly, if H = 0, we see that I = 0. Otherwise we expand as follows

v(x) v(x) u(z)
I:/ / H(x—h,z)—H(:z,z)dZ—i—/ H(a:,z)dz—/ H(z,z)dz | dz.
B up () up () w(z)
<IAIVaHll oo

Noting that by a change of variables we get

v(x) u(z) u(z)
H(z,z)dz — / H(z,z)dz = / H(z,z—\)— H(z,2)dz.
w(z)

up (z)
Therefore
I< |hH|VIHHLoo/ lv(x) — up(z)|de — )\co/ lu(z) — w(x)|dx
B B

= (I Ve = Ac) [ Ju iy = Ao <0
B

<0

We thus proved that w is also minimizing E in A but by uniqueness this implies that
w = u or in other words B = () and hence we can conclude (2.12). O]

We thus reduced the existence problem to the task of finding suitable a priori bounds
for the gradient of solutions at boundary points. In what follows, we will use so called
upper and lower barriers for our solution to derive such bounds. From now on, we will
also impose another condition on H, namely, we assume that there exists a uy € Lip(2)
such that ug = g on 002 and

H(z,up(z)) =0 Vze. (2.13)

Remark 2.2.4. First of all, let us come back to Remark 2.2.1. Note, that together with the
monotonicity in z, condition (2.13) implies that H(x,z1) > 0 = H(z,up(z)) > H(x, 20)
for every z; > up(x) > 29 and every z € Q so that

u(z) uo (x)
// H(z,z)dzdz > // H(z,z)dzdz > —o0.
QJ0 QJ0

Therefore, £ will be bounded from below and we will henceforth always assume this
condition. Thus, it is enough to require H to be Lipschitz, but not necessarily bounded
(which is exactly what the signed distance, the case we are eventually interested in,
satisfies).

Observe, that in the case H = 0, every Lipschitz function which coincides with g on
02 satisfies the above conditions. For simplicity, we will adopt the convention that in
this case we take ug = g. It is easy to see that condition (2.13) yields an L°°-bound on
minimizers in Ay, for sufficiently large k.
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Lemma 2.2.6. Let u be a minimizer of E in Ay for some k > 0. Then we have

igf up < u(x) <supug Vo e Q. (2.14)
Q

Proof. For u as above we consider the set B := {z € Q : u(z) > supq up}. By continuity
of u, B is open and we have u = supq ug on dB. We note that since u is minimizing F, it
is also minimizing Fp. Using Remark 2.2.2, (2.3) and (2.13) it is easy to check that v =
supq uo is a supersolution in B and hence by the comparison principle (Proposition 2.2.4)
we would get v < v in B, which can only be true if B = (). Similarly, one deduces the
lower bound by considering the set {x € Q : wu(z) < infqup} and the subsolution
w = infgug. As already noted in Remark 2.2.3, the fact that w might penetrate the
obstacle does not matter. O

Keeping in mind that we henceforth assume (2.13) we can now define upper and lower
barriers. We recall the notation € := {x € Q : distaq(x) > t}.

Definition 2.2.2. A function v+ € Lip(Q2 \ €¢), where ¢ > 0 is called upper barrier if

i) v* =g on 0Q,

11 +

vT > supq up =: M on 0,

iii) v™ is a super-solution in Q\ €,

)
)
)
iv) v > in Q\ Q.
Analogously, we say v~ € Lip(Q \ ) is a lower barrier if
i) v~ =g on 09,
i) v~ <infqug =: m on 98,
iii) v~ is a sub-solution in Q \ €.

Note, that we call v a subsolution (resp. supersolution) in €2\ €, if v is a subsolution
(resp. supersolution) of the problem of minimizing the energy Eq\q, -

Once we constructed upper and lower barriers it is straightforward to deduce a bound
for the gradient at the boundary.

Proposition 2.2.7. Suppose that ) has smooth boundary and that for some t > 0 we
can construct a super- and a subsolution v, v~ € Lip(Q2\ Q) respectively. Then we
get a boundary estimate for the gradient of minimizers in Ay for k large enough. More
precisely, whenever u is minimizing in A we get

lu(z) —u(y)| < Llz —y| Vo eQVyed,

where L := max{Lip(v"),Lip(v™)} and k > L.
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Proof. Let k > L and let u be minimizing in A;. Note that our assumptions on v+ and
v, namely i) and ii), allow us, together with Lemma 2.2.6, to deduce the ordering v~ <
u < vt on 9(2\ ;). Using property iii) and the comparison principle (Proposition 2.2.4)
we deduce

v (x) <u(z) <vh(z) VoeQ\ Q.

Since all three functions coincide on the boundary of 2 we get
v (@) v () < ule) - uly) <v(@) - vt (y) Ve e Q\Q Wy e o

The desired estimate follows immediately once we extend these estimates to the case
x € Q. This can be done by using again Lemma 2.2.6 and the fact that u,v~ and v™
agree on the boundary. We get

m—ov (y) <ulz) —uly) <M —v(y) Voe Vyecon.
Therefore, by property iii), for every z € 0€
0 (2) — v (y) < ule) — u(y) < vF(z) — ot (y) Ve Vyeon.

The claim follows upon taking z € 9 with |z —y| < |x — y|. For ¢ sufficiently small
(which can be assumed without loss of generality) such a z exists. O

Finally, we are ready to state the main result of this section.

Theorem 2.2.8. Let Q) be an open, bounded and convex set with smooth (at least C?)
boundary. Suppose that (2.11) holds and that there exists ug € C?(Q) such that ug = g
on 0 and such that (2.13) holds. Then there exists a unique minimizer u of E in A.
Moreover, we have the following estimate:

Lip(u) < max{C, Lip(¢), Lip(uo), C(;lHVwHHLOO(QxR)L
for some constant C' = C (9, ug, ).

Proof. Uniqueness was already established in Proposition 2.1.2 so it suffices to establish
existence here. We will do so by construction suitable barriers. We start by choosing
tp > 0 small enough such that d(x) := distaq(x) belongs to C?(2\ €,) and Ad < 0 (cf.
Proposition 1.2.6 and appendix B in [72]).

Upper Barrier: Similar to the proof of Theorem 12.10 in [72], we will make the ansatz

v (z) := ug(x) + ¥(d(x)),

for some ¥ € C2([0,t]) with ¥ > 0 and ¥(0) = 0. Obviously, we have v+ = uy = g on
09Q2. Moreover, since g > 1 on 0f2, by possibly decreasing ¢ty > 0 we can also make sure
that v > 1 on Q\ Q,. Next, we observe that v™ is a supersolution in Q\ Q, if we can
make sure that

Vot ()
1+ |Vt (z)]?

div < H(z,vT(z)) VreQ\Q,. (2.15)
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Using (2.13), ¥ > 0 and the monotonicity of H in the second variable, we see that
the right hand side is nonnegative. Let us now expand the left hand side of the above
equation and find further conditions on ¥, which will make sure that this term is non-
positive. Since

d&i Vot (14 |Vot)Avt — (D2 Vot Vo)
v = :

2
N L+[Vo]

it suffices to choose ¥ such that

Ew) = (1+ |VuT [))Avt — (D VuT, Vo) < 0.

Assuming additionally that ¥/ > 1 and ¥” > 0, a lengthy computation shows that for
some constant C' = C(ug, Q) we get

E(up + ¥(d)) < V'(d) + C(¥'(d))>.
Hence, by setting U(t) := % log(1 + t%) we would get the desired £(vT) < 0 as well as
0
U” >0, ¥(0) =0 and ¥ > 0. However, it remains to verify that by (possibly) reducing

the value of to further, we can guarantee that ¥’ > 1 and v+ > M on 99;. Concerning
the first inequality, it is enough to choose ty small enough such that

71 >
2+t
0 0

In order to have v > M, on 9, in view of the definition of v, we need impose the
condition ¥ (ty) > M — m which will hold whenever

1
. > exp(C(M —m)) — 1.
0

This implies in particular that it is always possible to construct ¥ with all the desired
properties. The previous considerations show that if we choose tg small enough, v is
an upper barrier. It is straightforward to check that

Lip(v*) < Lip(uo) + Lip(¥)| V] < Lip(uo) + - < C(6 w0, v).

Lower Barrier: The construction of the lower barrier can now be done analogously
and will be of the form v~ (x) = ug(z) — ¥(d(x)) where ¥ has to be chosen appropriately.
Note, that for the lower barrier it is not relevant to stay above the obstacle, so one finds
eventually that

Lip(v~) < C(9, o).

Let us now pick k > max{L,cy"'||V.H| ;~}, where L := max{Lip(vt),Lip(v™)}. By
Proposition 2.2.3 there exists a solution of (2.4) in Aj which we call 4. Then combining
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Proposition 2.2.7, our previous construction of v and v~ and the fact that k > L we
deduce a boundary gradient estimate for %, more precisely:

la(z) —u(y)] < Llz —y| VreQ Vyeon.
Consequently, Proposition 2.2.5 gives us
Lip(a) < max{L,Lip(@/}),calHVmHHLm} <k,

where the strict inequality follows by our choice of k. Finally, Proposition 2.2.1 tells us
that @ is indeed a solution of (2.4). O

A Remark on the Approach of Kinderlehrer and Stampacchia

The main difficulty in dealing with a variational inequality as in (2.4) arises from the
fact that the mean curvature operator

b
V14 [p)?

is not uniformly elliptic (cf. Lemma B.1) and standard existence arguments do not apply.
An alternative way to the approach we took in the last section consists in deriving a
global a priori gradient estimate for smooth solutions which then allows us, roughly
speaking, to replace the vector field a(p) by a uniformly elliptic one without affecting
the solution to the variational inequality. Using this method, one can prove existence
and (W?2P-) regularity simultaneously.

In the following, we quickly review this strategy for the case H = g = 0 as one can
find it, for instance, in the classical monograph [87]. Moreover, we then want to point
out, why following this approach does not seem to produce good enough estimates in

u— —div (a(Vu)) with a(p) := (2.16)

our case.

In the third chapter of [87] an abstract existence theory for obstacle problems for
a class of monotone operators is developed which encompasses quasi-linear operators.
However, with the restriction that they need to be uniformly elliptic (or, as they call
it, strongly coercive). Nevertheless, in the subsequent fourth chapter they also treat the
more general case of non-uniformly elliptic quasi-linear operators (in particular the mean
curvature operator) although only in the case of zero boundary conditions and without
forcing term. Their strategy is the following: Consider the problem of finding a solution
to the variational inequality

u € IC,

/G(VU) Viv—u)de >0 YveKk, (2.17)
Q

where K is a suitable class of Lipschitz competitors and a(p) is, for instance, as in (2.16).
In a first step (cf. [87, Lemma IV.4.2]) one proves a (global) a priori gradient bound for
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solutions of (2.17) i.e. one shows that there exists some constant Cj — independent of a
— such that any sufficiently smooth solution of the variational inequality satisfies

IVl oo () < Co-
Having such an estimate at our disposal, one can then consider the variational inequality

u €,

/ZL’(VU) -V(v—u)de >0 VYveKk, (2.18)
Q
where @ is any vector field satisfying a(p) = a(p) for |p| < Cp and with linear growth for
large p, i.e. in such a way that a gives rise to a uniformly elliptic operator. Now one can
apply the theory for uniformly elliptic variational inequalities (cf. [87, Thm. IV.3.6]) to
derive existence and regularity of a solution % of (2.18). By applying the a priori bound
to u and recalling the properties of @ we see a(Vu) = a(Vu), i.e. w is in fact also a
solution of (2.17).

Let us now consider a simple example involving a forcing term to see why this strategy
causes problems when applied to our case.

Example 2.2.1. Let €2 be the open unit ball in R”, the obstacle and the boundary data
are both given by g = ¢ = 0, H(z,z) = —n and the vector field is a(p) := Ap, for some
A > 0. Consider now the variational problem

u € K :={u € Lip(Q) : yjpg = 0, u > 0 a.e. in Q},
/&(Vu)-V(v—u)—i—H(w,u)(v—u)d:c20 Y € K.
Q

It is easy to see that the solution is given by uy(z) := _%’3«"‘2 4 % In fact, uy > 0 and
it solves
—div(a(Vuy(z))) + H(z, ux(z)) = —AAu — n = 0.

Note that [|Vul[ e (q) = .

We observe that even if we consider the simplest obstacle and boundary conditions
possible, as soon as there is a forcing term involved, any a priori estimate of the gradient
will be growing (at least) proportional to %, where A is the coercivity constant of a, i.e.
the biggest constant ¢ > 0 such that

(a(p) —a(q)) - (p—q) > clp—q> Vp,q € R™

This is in contrast with the a priori bound derived in [87, Lemma IV.4.2], which is not
depending on the involved vector field. The problem with the dependence on the coer-
civity constant is the following: Suppose you are trying to solve a variational inequality
associated to some not uniformly elliptic (i.e. locally coercive) vector field a, then, fol-
lowing the previously outlined strategy, one would start by adapting a outside the set
Bgk(0) € R™, for a certain level K (coming from the a priori estimate), and construct
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2. The Obstacle Problem for the Prescribed Mean Curvature Equation

a uniformly elliptic field a with coercivity constant 7 < v(K), by which we denote the
biggest constant ¢ > 0 such that

(a(p) —alq)) - (p—q) >clp—al* Vp,q € Bx(0) C R™

Then one can apply the theory for the uniformly elliptic case to derive existence and
regularity of a solution % to the problem associated to a. In order to deduce that @
solves the actual problem, for the unaltered vector field a, we would need to have

However, as a consequence of the previous example, for a general uniformly vectorfield
a with coercivity constant 7 we get

1

>

AN

IVl ey =

=

v(K)’
For the vector field a as in (2.16), according to Lemma B.1 we have

1 1

v(K) = 7(14_[(2)% < —

37

which therefore implies [V o) > K 3 and hence as soon as K > 1 the previous
strategy of showing that « also solves the obstacle problem associated with a is not
directly applicable.

2.3. W2P-Estimate

The Lipschitz regularity for the solutions derived in the previous section will help us
since they let our equation become uniformly elliptic. In this section we derive the
W2P_estimate for our variational inequality. The following well known result can be
found for instance in [113] (see Theorem 7:4.3).

Theorem 2.3.1. Let u € WH*(Q) be the solution from the previous section. Then for
any p > n, u € W2P(Q). Moreover, we have

HUHWQ,p(Q) < C(||D2¢HLP(Q) + ||H("u)||LP(Q) + HUHLP(Q) + ”gHWZP(Q))a

where C' depends on n, p, ||Vul| o (q) and €2

We will give a detailed proof of this result, following closely the arguments in the
above mentioned reference. The following so called dual estimate constitutes the main
ingredient.

Theorem 2.3.2. Let a € C1(Q x R*;R") be uniformly elliptic, i.e. 3v > 0 with

(a(z,p) —a(z,q)) - (p—q) >vlp—q|* Yz eQ VpqeR",

46
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and with linear growth (in p), i.e. 3K, R > 0 such that for some f € L*(Q2)
la(z,p)| < Klp| + f(z) YzeQ VpecR":[p[>R.

Furthermore, ¥ € CY(Q) with ¥ < 0 on 02 and H : Q@ x R — R as before a Lipschitz
function which is increasing in the second variable. We define the operator

A W) 3 u e —div (a(-, V) + H(-, u) € (Wy2(Q)),

and let u solve the variational inequality

{uEIC:: {’UGWOI’Q(Q) cv > ace. in QY (2.19)

(Au,v —u) >0 Yo e K,

where (-, ) is the duality pairing between (WOI’2(Q))’ and W01’2(Q).
Then Au € L*(2) and
0< Au< (AY)T  ace. in Q.

Proof. Let us first note that for every ¢ € Wol’g(Q) with ¢ > 0 we have u+ ¢ € K. Using
this function as a test in the variational inequality we derive

(Au, ¢) > 0. (2.20)

Next, we let @ be the unique solution of the variational inequality

{a € K= {weWy?(Q) : w<u}, (2.21)

Al — (AP)t w—1a) >0 YweK.

Existence and uniqueness of @ follows essentially from the fact that A defines a coercive
operator on the Hilbert space W(} 2(Q) of which K is a closed, convex and non-empty
subset (& € K). This result goes under the name Lions-Stampacchia theorem. For
details, see for instance theorem 4:3.1 in [113]. We will now show that @ = u. Let us
assume for the moment that we additionally know @ > . Then, testing (2.19) with
v==u=u— (u—u) and testing (2.21) with w = u =@ + (u — @), we get

(Au,u — @)
from which, by adding the two inequalities, we deduce
(Au— At u —a) + (AY)*,u—a) <0,
—_——
>0

which implies — by monotonicity of the operator — that u — @ = 0. We have to argue
additionally that indeed, @ > 1. To see this, let us test (2.21) with w = max{y,u} =
a+ (Y —a)t < uto get

((Ap)" — Ad, (v —a)*) <0.
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Since Ay < (Av)T and by monotonicity of A we deduce that (¢» — @)™ = 0 which
is equivalent to @ > 1. Using the just established fact that &« = w and testing the
variational inequality in (2.21) with u — ¢ for any ¢ € W01’2(Q) with ¢ > 0 we get

(Au— (Ay)*,¢) <0. (2.22)
Combining (2.20) and (2.22) we derived that for every ¢ € W01’2(Q) with ¢ > 0
0 < (Au, ¢) < ((AY)", ¢). (2:23)

Let us now argue why we can pass from this weak form to a point-wise estimate for Au.
For arbitrary ¢ € Wol’Z(Q) we decompose ¢ = ¢ — ¢~ to obtain

(Au, @) = (Au, ¢*) = (Au, ¢7) < (Au, ¢7) < (A0)T,07) < [[(A8) T[] 12 191l 2y
where we used the fact that (Ay)T € L?(Q). Similarly, we deduce
(Au, ) > —(Au,67) > —[[(AY) " L2y 9] 120
Hence we showed that

[(Au, 8)] < [[(AD) ]| o 10l 2y Vb € Wy (92).

By density of WO1 2(Q) in L2(2) we can thus extend Au to a bounded linear functional on
L?(9) satisfying the above inequality for every ¢ € L?(£2). By a slight abuse of notation
we continue to call this extension Au. Therefore, Au € (L?(2))’ = L?(€2). The missing
point-wise inequality now follows from (2.23). Indeed, the fact that Au € L?(Q2) allows
us now to localize in the weak inequality. O

In order to apply the previous result to our problem, we need to modify our elliptic
vector field in a controlled way to obtain a uniformly elliptic one. For a proof of this
technical result, we refer the reader to Lemma II1.4.3 in [87].

Lemma 2.3.3. Let a € C1(R™;R") be an elliptic vector field i.e.Nr > 0 v = v(r) > 0
with
(a(p) —a(@)) - (p— @) = vlp— > Vp,q € B(0),

and let L > 0 be any number. Then one can always find a uniformly elliptic vector field
a € CY(R™;R™) with the following properties:

i) a(p) = a(p) VIp| < L.
i) la(p)| < Clp| V|p| > 3L.

Proof of Theorem 2.3.1. First of all, we choose a according to Lemma 2.3.3 for

1
a(p)=(1+p>)"2p and L= [Vull oo (-
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2.3. W2P_Estimate

Let us then define the following translations: @ = u — g and Y = 1h — g as well as the
operator Av := —div (a(v+g)) + H(-,v + g). Then it is easy to see that @ solves the
following obstacle problem

S
—a)y>0 YveK,

where

(i, v— @) = /in(v(a +9))- V(v —10)+ H(z, i+ g)(v — @) da.

In order to verify that we can apply Theorem 2.3.2 we make the following observations:
First of all it is clear that the mapping (z,p) — a(p + Vg(z)) is of class C''. Moreover,
la(p + Vg(z))| < Clp| + CVg(z) for every z and every |p| > 3L. To check the uniform
ellipticity, we observe that for some v > 0 we have

(a(p+ Vg(z)) —alg+ Vg(z))) - (p—q)
= (a(p+ Vg(z)) — alg + Vg(z))) - (p+ Vg(z) — (¢ + Vg(x))) > v|p — g/,

where we used the uniform ellipticity of @ in the last inequality. Finally, we see that
(z,2) = H(z,z + g(z)) is Lipschitz and increasing in the z variable. Thus, applying
Lemma 2.3.2 we get that At € L?(2) and

0< Aa < (jhﬁ)Jr a.e. in Q.

Recalling that A = —div (a(Vu))+ H(-,u) and analogous for Ay we finally deduce that
for C' = C(n)

[div (a(Vu)| < (=div (a(Ve))" + (H(z, ()" + |H (2, u())]
< C(|1D*p| + [H (-, u)|).

As the right hand side is in LP(2) the desired result now follows from the standard
regularity theory of quasilinear elliptic equations (cf. part A of the appendix).
O

Some Consequences of the W?P-Estimate

In this subsection we will investigate the point-wise behavior of the second derivative.
For wu, v as before let us introduce the following two definitions:

O:={zeQ : ulx) >y},

and the coincidence set
A={zeQ : ulx)=19y()}

Note, that O is open and A is relatively closed in €2. Moreover, taking into account that
u > 1) on 0f2 we see that A is a closed subset of (2.
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2. The Obstacle Problem for the Prescribed Mean Curvature Equation

Proposition 2.3.4. We have u € C’ZQOCO‘((’)) for every 0 < a < 1. Furthermore,

) in O, (2.24)
) a.e. in Q, (2.25)
div (a(Vu)) = div (a(VY)) a.e. in A, (2.26)

where, as before, a(p) 1=

Vi+p)?’

Proof. Let us start by taking ¢ € C°(O). Then, for € € R such that || is small enough,
we have v := u + ¢ € A. Hence testing the variational inequality (2.4) with v gives

5/ a(Vu) - Vo + H(z,u)pdz > 0.
Q

Since this has to hold for all € such that || is sufficiently small, we get

/ a(Vu) - Vo + H(z,u)pdz =0,
Q
i.e. u is a weak solution of

—div (a(Vu)) = H(z,u(z)) inO.

The C%*-regularity follows now by the standard theory of quasilinear elliptic equations
(cf. Theorems A.3 and A.5) and consequently we get (2.24).

Next we let ¢ € C2°(£2) with ¢ > 0. Then for € > 0 the function v := u + ¢ is again
an admissible test and by testing the variational inequality we get

/ a(Vu) - Vo + H(z,u)pdx > 0.
Q
As u € W2P(Q) we can integrate by parts to derive

/Q (—div (a(Va)) + H(zw) ¢z > 0.

As this inequality holds for all non-negative tests ¢, (2.25) follows. Finally, (2.26) simply
follows from the fact that the first and second derivatives of u and 1 agree almost
everywhere in A. O

2.4. CH1l-Estimate

In this section we discuss the local boundedness of the second derivatives of the solu-
tion to our variational inequality. This result was proved independently by Brezis and
Kinderlehrer in [20] and by Gerhardt in [62]. Here we give a detailed account of Ger-
hardt’s proof, carefully taking track of the various constants depending on w and its
derivatives.

Let us first state and prove two auxiliary lemmas.
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Lemma 2.4.1. Let Q C R" open and bounded, ¢ € C*(), v € L} (Q). Furthermore,
we define, for some 1 <k < n:

On(x) = o (9w + hew) + 9lx — hey) —26(x) = €
where Q= {z € Q : dist(z, Q) > h}. Then we have:
i) én — 02,6 (h — 0) locally uniformly.
ii) o, véndz = [o vnpda, if € Ce(Q) and for h < dist(spt(), 92).

Moreover, if u € W2P(Q) for some 1 < p < +oo, then for any Q' CC Q such that
0 < h < dist(§Y,99Q) we have up, € LP(QY) (up, defined analogous to ¢, above) and

lunll ooy < C@)||0Rul| 1o

Proof. i) Let ¢ be as in the lemma and fix any Q' CC Q. Note that ¢ € C?(€V). Hence,
for any € > 0 there exists § > 0 only depending on ¢ such that |8%u(:z:) — 8%u(y)’ <e
whenever z,y € ' with | — y| < §. Fix now such a pair of £ and ¢ and let h < §. Using
the differentiability of v we can rewrite for z € ':

bn(x) = h ™2 ((z + hey) — ¢(x) + d(x — heg) — é(z))
h h
=h? </0 8k¢(m+tek)dt+/0 O (x —tek)dt)

hopt
_ -2 2
=h </0 /t i d(x + sey)ds dt) :

h pt
\pn(z) — Ofo(z)| < h2/0 /t|a,§¢(x + sey,) — Opop(z)| dsdt.

Since h < § we get |z + se;, — x| < § and thus

Hence

h rt
o () — Olggb(x)} < h_z/ / edsdt =e.
0 J—t
Recalling that € did not depend on =z, this proves the locally uniform convergence.
i1) This kind of partial-integration formula follows from a simple change of variables.

Finally let v € C?(2). For 1 < k < n and h > 0 fixed let ' CC € such that
0 < h < dist(€,09). Then for x € ' we can write as in the proof of 7):

up(x) = h™2 </Oh/tt Ofu(x + sey)ds dt> :

Taking the p-th power and applying Holder twice gives

h pt
[up (z) [P < h_p_l/ / !3,%u(ac + sek)‘pds(2p)p_1 dt,
0 J—t
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2. The Obstacle Problem for the Prescribed Mean Curvature Equation

from which we conclude by integrating over ' and using that ' C Q:

op+1
e

P
HUhHLp(Q/) < D Lr(Q)

This proves the claim for smooth functions and for general v € W?P(Q) we argue by
approximation. ]

Lemma 2.4.2. Let A and B be two symmetric n xn matrices and assume that the eigen-
values of B are nonnegative, those of A strictly positive. Then the following inequality
holds:
—1)2
1B < tr(BA)[IA[[|A™I%,

where ||-|| indicates the operator norm.

Proof. Let v € R™\ {0} and set w := A~v. Since A is symmetric we obtain
(Bv,v) = (BAw, Aw) = (ABAw,w).

Since ABA is also symmetric we can decompose w into a sum of mutually orthogonal
vectors w = Y ;- w; where w; is an eigenvector of ABA with eigenvalue \;. We get

(ABAw,w) =Y Niwi|* <Y Nijw|? = tr(ABA)|w|*.
7 =1

The trace of this triple product can be controlled as follows: Let (v;)i=1,.., be an
orthonormal basis of eigenvectors of A with eigenvalues a; > 0. Since the trace is
invariant under changes of the basis, we know that tr(AB) = ), (ABuv;,v;). Using again
the invariance of the trace, we get

tr(ABA) =Y (ABAv;,v;) =Y _ ai(ABv;,v;) < ||A|tr(AB).
=1 =1

Combining the previous computations we have
(Bu,v) < tr(AB)[| Al AY*]o]*. (2.27)

From this last inequality we easily derive the desired inequality. Indeed, since B is
symmetric we find a basis of eigenvectors. In particular, there exists v € R™ \ {0} such
that Bv = || B||v. Therefore

(Bu,v) = || Bll[o],

but by (2.27) we also know that
(Bo,0) < te(AB)|A[[| A [o]*.

Hence ||B|||5]* < tr(AB)||A||||A~||?|5]* and the desired estimate follows since © # 0. [
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Proposition 2.4.3. Let u € A be the solution of the variational inequality (2.4) con-
structed in Theorem 2.2.8. Then u € C’llo’cl(ﬂ) and for ' CC Q we have for any p < oo

HD2UHL°°(Q’) < C'max {HuHLOO(Q) + HD2uHi12p(Q) + ”H<7u())HW1,°°(Q)7 D2¢HLOO(Q)} )

where the constant C' depends on ', n, p and Lip(u).

Remark 2.4.1. Under the assumptions of Theorem 2.2.8, by the previous section, we
already know that u belongs to W2P(Q) for any finite p.

Proof. Let A := {x € Q: u = 1} and observe that since u and v are continuous, A is
closed. Then choose ' open such that

Acc Y cc.

Such € exist since by the assumption ¥ < g on 92 we know that A has a positive distance
from the boundary of 2. Our aim is to bound the (generalized) second derivatives of u
in L°(€). Clearly, on A we know that u = 1) and hence in the interior of A we get for
free that D?u = D?). Therefore, we focus now on €'\ A.

In order to make the subsequent part of the proof more transparent we will give now a
rough summary of how we proceed. In a first step, we show that as a simple consequence
of the variational inequality, u;, weakly solves an equation of the form

div(AVuy, + F) = 0.

Applying a suitable version of the weak maximum principle, we can bound uy, from below
and since we are working in that part of the domain, where u is solving an equation and
hence is smooth, this bound translates into a bound on the pure second derivatives of w.
To pass from this one-sided bound to a full bound of all second order derivatives is then
achieved by an argument involving both Lemma 2.4.2 and the equation solved by u.

Let us start by choosing ¢ € C2°(Q'\ A). Without relabeling, we extend ¢ by 0 to all
of R™. For 0 < h < dist(£Y',0Q) set

on(x) == % (¢(x + her) + ¢p(x — hey) — 2¢(x))  for z € Q.

Note, that ¢ vanishes on 0€) and hence u + ¢y = g on 02 for any € € R. Moreover,
we have spt(¢p) C {y € Q : dist(y,spt(¢)) < h}. Thus, for h < dist(spt(¢),A) we
get spt(¢n) C Q\ A. Noting that m := mingg,)u — 1 > 0, we deduce that for
el < mLlnl e

Ue = U+ Py > in (.

Altogether, we get that for € small enough, u. € A. Testing the variational inequality
with u. we get

a/a(Vu) -Von + H(z,u)ppdz > 0,
Q
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p
M
1+[p|?

where a(p) := as before. Since this holds for any ¢ small enough, we deduce

/a(Vu) -Von + H(x,u)ppdz = 0.
Q

We make the observation that V¢, = (V@) since both operations are linear. Next, we
let w be the Newtonian potential of z +— H(x,u(x)) i.e. w satisfies

—Aw(z) = H(z,u(x)) a.e. in Q.
By the classical theory of Calderon-Zygmund (cf. section 9.5 in [68]) we have the estimate
HDngLP(Q) < C(n,p)||H('7u)HW1,oo(Q)-

These two remarks, together with Lemma 2.4.1 4i), applied in each component yields

/Q [(a(Vu)), + V(wg)] - V¢ =0. (2.28)
Let us expand the first term.

1
(a(Vu)), = 72 [a(Vu(z + her)) —a(Vu(z)) + a(Vu(x — hey)) — a(Vu(z))].

The first two terms on the right hand side can be dealt with by using the fundamental
theorem of calculus and setting vy, (¢, ) := tu(x + hey) + (1 —t)u(z) for (¢t,z) € [0,1] x Q-

1
o(Vu(z + her)) — a(Vu(z)) = /O %a(t(Vu(x +hed)) + (1 — ) Vu(z)) dt

1

_ / %a(t(Vu(x +hed)) + (1 ) Vu(z)) dt

0

1

_ /O Da(Von(t, 7)) - (Vulz + her) — Vu(z)) dt.

Adding and subtracting Ay (x) - [Vu(xz — he1) — Vu(z)], where
1
Ap(x) = / Da(Vuy(t,z))dt for x € O,
0

we get
a(Vu(z + her)) — a(Vu(z)) = h?Ap(x) - V(up) — Ap(z) - [Vulz — hey) — Vu(z)).
Treating similarly also the third and fourth term in the expansion of (a(Vu)),, we get

(@(Vu))y, = An(z) - V(un) + %(A—h(ﬂﬁ) — An(@)) - [Vu(z — her) = Vu(z)].
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Inserting back in (2.28) we see that
J14n - V(un) + F)- 96 =0,
Q

where F(z) 1= 75 (A_p(z) — Ap(2)) - [Vu(z — her) — Vu(z)] + Vwy(z) for z € Q. We
claim that F' € LP(Q) for any 1 < p < +00 (with LP-norm independent of h) and that
Aj, defines a symmetric, bounded and uniformly elliptic matrix. Indeed, since Aj is
defined as an (integral) average, it suffices to check the properties of Da. Noting that
a=Vf for f(p) = (1+ |p|*)}/? we see that Da = D2f is symmetric. Moreover, from

1

Da(p) = —— ?)id — ;
)= oy (b —pep)

one can read of the eigenvalues (1+| p|2)*% (multiplicity 1) and (1+ ]p|2)*% (multiplicity
n — 1), cf. Lemma B.1. Finally, since

lon(t, )] < tVu(z + her)[ + (1 = 1)[Vu(@)] < [[Vul (),

we see that
(€ An(x) - €2 NEPP) VEER" Vzeq,

with A == (1 + HVuHio)*% > 0. Let us now discuss the boundedness of F' in LP((Y).
First of all, we fix some 1 < p < oo and consider the term containing w. Recall that
w € W3P(Q) and consequently Vw € W2P(Q). By the fact that V(wy,) = (Vw), and
the last part of Lemma 2.4.1 (applied to each component) we get the bound

IVenllory < ClDAHV0)| oy < ClIH (@, (@)l oy

In the other term we split the prefactor A2 to the two brackets and bound as follows:

1 1] [t d
—|A_p(x) — Ap(z)| = — —Da(Vu_p(t,x)) — Da(Vuy(t, z)) dt
h )y dt
1 1 r1
< h/ / ‘Dza((l — 8)Vuy + sVo_p)|ds|Vo_y — V| dt
0 Jo
1t
< h/o | D] Vsl — her) — V(e + hey)dt

C
< E|Vu(x — hey) — Vu(z + heyp)|.

By Proposition A.14) (difference quotients) and since Vu € WP (2; R™) we can therefore
conclude
Hhil (A_h(x) — Ah(aj

< C||p*

))HLP(Q’) UHLP(Q)'

Analogously, we can now bound the remaining factor, namely

[P (Vu(z — her) — Vu(x))HLP(Q’) < CHDZUHLP(Q)'
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We remark that if fi, fo € L?P for all p < 400 then their product belongs to L? for every
finite p since by Holder:

VAol K/MEP<|ﬁ”2</Ufﬁ A

which implies
I f1fallpe < M f1llpenll f2ll p2n-

Combining this fact with the previous estimates we end up with

1F U oy < C (1020|300 + 1H (@, (@) e ) -

Therefore, noting that u, € W2(Q' \ A) N C°(Q\ A), we can apply the maximum
principle in the version of Proposition A.7 to deduce that on '\ A

3 - 2 3 2 112
up, > a(g}fm(“h) — C(1+ [Vl foo ()2 (HD ul| Lon(y T ||H(x,u(g;))||wlm(m) ,

In the next step we will show that we can bound infyona)u, from below. Recalling
that A CcC € we get 9( \ A) = 9A U 9. Suppose first, that € OA and hence
u(x) = (z). Using u > 1) we get

up(z) = b2 (u(x + hey) + u(z — hey) — 2¢(x))
> h™2 (Y(z + hey) + h(x — hey) — 2¢(x)) .

Assuming for the moment that v is in C?(Q), the mean value theorem tells us that for
some &y € [z;x + hej]

Yo+ her) = () + hOy(e) + SH200(6)
and for some & € [z — hey; ]
Yl — her) = Y(w) ~ horv(z) + L HR(E).

Adding these equations and rearranging terms gives

h™2 (Y(x + her) + ¢ (x — her) — 2¢(x)) = 5 (9Fv(&o) + FF(&r))

1
2
from which we conclude (for the general case by approximation) that

un(z) > _HDQwHLOO(Q)

The case z € 9 is even simpler because 99 is contained in {u > 1} on which u is
(locally) C%< (cf. Proposition 2.3.4). Thus we know uy,(z) > — supgey, |D2u‘. Moreover,
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2.4. CY1_Estimate

since 9 has positive distance to the boundary of Q \ {u =1} we can use interior
Schauder-estimates to get

uh(w) > _C(HUHLOO(Q) + HH('vu)HWLOO>7

where C' is a constant depending on n, ' and Lip(u).
Altogether, we end up with: For every x € Q' \ A, we have

un (@) = = C (max {Jul e oy + IHC ) lyproe)s [ D2 oy
~ 1D%u sy — I )iy )

>-C <max{Hu||Loo + HDQuHi2p +IHCw)[we),s HD2¢HL°°})’

C1

where the constant C' > 0 depends now on n, p, €’ and Lip(u). Since u is C? on Q'\ A we
can use Lemma 2.4.1 ¢) and pass into the limit ~ — 0 to deduce that for all z € Q' \ A

Otu(z) > —C1.
As we could replace ey by any unit vector &, we get
(€, D%u(z)- &) > —C; Ve U \A VECR™: ¢ =1.
Using Lemma 2.4.2, we will now extend this bound also to the mixed derivatives. More

precisely, we fix zg € '\ A and set B = D?u(xg) + C11,, A = Dpa(Vu(xg)). Clearly,
they satisfy the hypotheses of the lemma. Moreover, since the eigenvalues of A are

(1 + ]Vu(xo)\2>_§ and (1 + Vu(guo)|2>_é we get

Njw

Al < (1+ Vo) ?) " and 47| < (1 + IVut@o))

and hence

5

JAIA~2 < (1+]Vu(zo)?)®
It remains to estimate the trace of BA = D*uDpa(Vu) + C1Dya. Note that
tr(BA) = tr(D*uDpa(Vu)) + Citr(Dya(Vu)).

The second term can be bounded by using the fact that the trace is invariant under
changes of coordinates and the precise knowledge about the multiplicities of the eigen-
values of A. More precisely,

_3
2

+(n—1) (1 + \Vu(x0)|2> <n.

N

tr(Dya(Vu(zo)) < (1+[Vu(zo)?)
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2. The Obstacle Problem for the Prescribed Mean Curvature Equation

For the first term, we recall that in '\ A the function u is C? so that we can differentiate
it twice to get that div (a(Vu)) = tr (D?*uDpa(Vu)) . Therefore, we can use the fact that
u is solving an equation in '\ A to get altogether

tI‘(BA) < H(l’o, u(xo)) + nCy,

from which we derive by Lemma 2.4.2 that

N

| D?u(wo) + C1Lu|| < (H(zo, u(wo)) + nCh) (1 + |vu(x0)\2)

By the fact that |A4; ;| < ||A]| we finally deduce that for every x € Q' \ A we have for
every pair of indices (i,7):

nojot

Brgu(zo)] < C1 + (|H(u)l oo +1Co) (1+ Vu(ao)?)* < CCy.
Moreover, since u = v in A and consequently D?u = D?1) a.e. in A, we finally get
D2l () < max(CC 0%
O

Remark 2.4.2. As a consequence of the previous theorem we would also get immediately a
global bound on the C*!'-norm of . Indeed, for r > 0 small enough, by our assumptions
on g and 1, we know that 2\ €, C O. Thus, we can apply Holder-estimates up to the
boundary to deduce that we even have u € C**(Q\ ), for every a < 1 and r small
enough, such that Q\ Q, is sufficiently regular.

2.5. Minimal Surfaces above an Obstacle

As an easy corollary of the theory we developed in this chapter we can also show the
existence of minimal surfaces above obstacles. Letting €2, g, ¥ and A be as introduced
at the beginning of this chapter, we have the following proposition.

Proposition 2.5.1. There exists a unique v € A such that

1+ szdazg/ 1+ |Vw?dz Vw € A.
[Vr+1viar< [ i+ vul

Moreover, v € CH1(Q).

Proof. Uniqueness was already shown in Proposition 2.1.2. In order to get existence, we
just need to adapt the proof of Theorem 2.2.8 to the case H = 0. Essentially, we just
need to note, that the barriers v+, v~ we constructed in that proof, work also in this
case if we recall the convention ug = g. All the results used in the rest of the proof, were
already formulated to hold also in the case H = 0 and the claimed regularity follows
from the regularity results in the previous two sections. O
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2.5. Minimal Surfaces above an Obstacle

At the end of the next chapter (when we identify the asymptotic limit of the distribu-
tional solution of our parabolic obstacle problem), we will need another characterization
of minimal surfaces above obstacles.

Lemma 2.5.2. For v € A and with A := {x € Q : v(z) = ¥(x)} the following are
equivalent:

i) /Q\/I—HVU\deS/Q\/l%-\Vw]deL' Vw € A.
Vv
iU/-V@thxZOVMEA
2\ 1+ |Vol?

VU 1.00 .
. > ’ : > .
iii) /Q - Vode >0 Voe Wy (Q): ¢ >0in A
1+ [Vl

i) /VU
2\ 1+ |Vol?

Proof. The equivalence of i) and i) is a special case of Proposition 2.1.1 with H = 0.
Let us quickly show that 4i7) implies i7). Fix w € A and define ¢ := w — v. Since w and
v are both Lipschitz and agree on the boundary, ¢ € I/VO1 *°(Q). Moreover, for z € A we
have ¢(x) = w(z) — ¥ (x) > 0 and thus ¢) follows from 7).

For the opposite implication we pick some ¢ € I/VO1 >°(Q) with ¢ > 0 on A. We would
like to use ii) with w = ¢ + v. However, this will not work, since in general we do not
know if ¢ +v > ¢ in Q. Let us therefore start with the special case that additionally,
for some o > 0, we have ¢ > 0in {x € Q : v(z) < ¢(x) + a}. Then, for n > 0 small
enough, we have n¢ > —a in Q and thus w := v + n¢ € WH>°(Q) satisfies w > 9 in Q
and w = g on 0f). Consequently, by ii) we get

o1 vl 2\ /14 |Vol?

Since n > 0 we deduce the desired inequality in this special case. In order to treat the
general situation we need the following auxiliary claim:

(x) V¢ as in iii) Ve > 0 da = a(p,e) >0: ¢ > —con{zr e Q : v <y + a}.

-Vodzr >0 VoeCP(Q): ¢ >01inA.

- Véda.

To prove this claim we just have to note that in A® := {x € Q : dista(z) < m} we
have ¢ > —e. Then, either A* = €, in which case every a > 0 does the job, or we can
put o = %minﬁ\va (u— 1)) > 0. This choice of a will make sure that {v < + a} C A®
and thus proves the auxiliary claim.

Let us now fix €9,d > 0 such that we have A0 C Q5 := {z € Q : distga(z) > 0}.
Then for 0 < € < g9 we define

o Sdistopn(z) =€ Q\ Qs,
775(1') =
£ x € Q.
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2. The Obstacle Problem for the Prescribed Mean Curvature Equation

Asn. € WOI’OO(Q), also ¢. == ¢+, € Wol’oo(Q) and moreover, by the auxiliary claim,
¢, falls into the special case we treated initially and hence we get
-Vodr + /

0</ Vo Vo. du / Vo Vv
<[ Y vede= [ 2 Vv
Q1+ |Vol? 2\ /14 |Vl Q1+ |Vol?

The desired inequality now follows upon letting € — 0 and observing that

° vng d.%‘.

- Vne do < ldz -0 (¢ —0).

/ \/1+|w 2\

The implication éii) = v) is trivial since C°(Q2) C Wol’oo(Q).

Let us now assume that iv) holds and start by considering in an intermediate step
¢ € Wh(Q) N C.(Q) with ¢ > 0 on A. Extending ¢ outside of 2 by zero, we consider
for & > 0 its mollification ¢, := (¢ * pc ). Note, that since ¢ has compact support in €2,
for ¢ small enough ¢. € C°(£2). Moreover, as ¢. — ¢ in W1P(Q) for all p < 400 we get

that
/ Vv
2\ 14 |Vol? \/1—|—|VU

However, we cannot yet deduce that the left hand side of the above inequality is non-
negative, since we do not know if ¢. > 0 on A. Nevertheless, we can translate ¢. and
argue as follows. Let § > 0 be such that A C Q; and choose n € C2°(€Q) such that n =1
in Q5. Since [|@e — @[ 00 () < eLip(¢) we get that ¢ + eLip(¢)n > 0 on A. Noting also
that ¢- + eLip(¢)n € C'OO(Q) i7i) implies now that

0</ Vv - V(¢e + eLip(¢ / Vu-Vé. - Vo-Vn o e
e 1+ |[Vol? 2\ /14 |Vo)? 2\ /14 Vol

Since the last term converges to zero as € — 0, recalling (2.29) and by the arbitrariness
of ¢ we deduce that for every ¢ € WH>(Q) N C.(Q) with ¢ > 0 on A we have

Vo
og/
2\ /1+|Vo?

Ultimately, we consider now the case of a function ¢ € VVO1 °(Q) with ¢ > 0 on A
for which we derive the desired inequality by a simple truncation argument from the
intermediate case that we just considered. More precisely, we let

-V dz — / -Vodr (¢ —0). (2.29)

m+¢m@/

-Vodz.

0 z €0\,
775(:1:) = %diSt((?QE (1:) WS QE \ 9257
1 z € Qo..

60



2.5. Minimal Surfaces above an Obstacle

Consequently, ¢. := ¢n. € WH>(Q) N C.(Q) and for & small enough we get ¢. = ¢ > 0
on A. Therefore we get

OS/ Vv-ng 0. da +/ Vo - V%

2\ /14 |Vol? \/1+|Vv

As e — 0, the first int | erges to _VvVé 4z and the second can be estimate
S , the first integral converg fQ Jirvo?
by

Vv -V 2
/ e < | o Irllel 2. < 02\ 93 W0l >0 (€ =0),
s 2e

N
\/l—f—’V'U =C-

where we used the fact that ¢ € WOI’OO(Q) to deduce that 9| . \q,.) = 0- O
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3. Distributional Solutions

Let us start this chapter by recalling the scheme which was introduced in section 1.3
and adapted to the setting of Lipschitz functions in section 1.4. We fix up € C%(Q) and
Y € OV1(Q) satisfying ug > 1 on 99, and ug > v in Q, where  is an open, bounded
and convex domain with smooth boundary. For a fixed time step size h > 0, our aim is
to find a sequence (uz) ken in Lip(Q2) with the property, that uZ minimizes the energy

1 u(x)
/ 1+ |Vl de + / / sdist,» (x,z) dzdz,
Q h Ja Jo k1

among all functions u which belong to
A= {u € Lip(Q) : upq = uojpn, u > ¢ in Q},

and where, as in Definition 1.2.2, sdist, denotes the signed distance to the subgraph
of a function v. Such a sequence (U]/Z;)keN will be called an approximate flow (for the
time step size h). In order to pass into the limit A — 0, we would need uniform (in
h and k) estimates on the Lipschitz constants of the uZ’s. In this chapter we will now
in a first step show how to apply our abstract results from Chapter 2 to derive such a
bound. Subsequently, using the control on the Lipschitz constant, we can also derive
a couple of important properties of the time discrete evolution, which eventually allow
us to derive the existence of so called distributional solutions to the parabolic obstacle
problem. Finally we will discuss the asymptotic limit of these solutions and show that
they converge to constrained minimal surfaces.

3.1. The Uniform Lipschitz Estimate

The strategy will be to use Theorem 2.2.8 iteratively for the construction of the approx-
imate flow. We recall that in Chapter 2, H was used to denote the forcing term which
will henceforth be of the form H(z, z) := fsdisty(z, 2), for varying u : Q — R, Lipschitz.
Let us also note, that ¢y denotes the quantity inf,cq essinf,cg 9, H (z,2) which was
assumed to be positive (and will be deduced in Corollary 3.1.2 below for the case under
consideration). As we have seen, one part of the estimate on the Lipschitz constant
provided by Theorem 2.2.8 is given by ¢y ||V H|| (axr)- We consider for the moment
just points (z,z) € Q x R sufficiently close to the graph of ug, where sdist,, is smooth
(cf. Proposition 1.2.6). Then for some y € Q we have

1 (=Vu(y), 1)
"1 Vo) 2

Vin+1sdisty, (z, z) =
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3. Distributional Solutions

and consequently setting L := Lip(u), for such points we can estimate

1 1 L
0,sdisty, (z,2) > ——=——= >0 and |Vgsdisty,(z,z)| <

1
“hy1+12 E\/1+L2'

As we will show in the next proposition, these estimates can be extended to all of 2 x R
and thus we will be able to deduce Cal||va||LOO(QXR) < Lip(u).

Proposition 3.1.1. Let Q C R” be open and convex. Suppose u : £ — R is L-Lipschitz
and denote by E its (closed) subgraph i.e.

E:={(z,2) € QxR: 2z <u(z)}.
Then, for any xo € Q and any zo € R we have:

i) sdisty, (g, 22) — sdisty(x0, 21) > ﬁ\zl — 29| for all z1 < z9 € R.

ii) |sdisty,(z1, z0) — sdisty (22, 20)| < ﬁ]wl — @9 for all 1,22 € Q.

Proof. i) Fix any x¢ € Q and let us first discuss the case z; = u(zg). Since u is Lipschitz,
its subgraph E is contained in the set C' := {(z,2) € Q x R: 2 < 21 + L]z — 20|} and
hence by Lemma 1.2.1 ¢) it suffices to estimate the signed distance to C. In fact, for
any ze > z1 one can easily compute that sdisto(xo, 22) > ﬁ\zg — 21| and the desired
estimate follows. Next, we argue, why all the other cases can be reduced to the following
inequality:

Sdistu(l‘o, 2’2) — Sdistu(aj(), Zl) > - ZQ| Vzg > 21 > U(xo) (31)

1
S P
V14 L2 |
Indeed, by definition of the signed distance, sdist, (z, z) = —sdist @xR)\ g (2, 2) so that the
case 21 < zo < u(x) reduces to (3.1) by simply reflecting along a horizontal hyperplane.
In the remaining case that z; < u(zg) < 22 we introduce z := u(z¢) and apply twice the
already discussed cases to obtain:

sdisty, (zo, z2) — sdisty (zo, 2) + sdist,, (x, 2) —sdisty, (zg, 21)

=0
1 1

e — = —|22 — 21|-

Now we will establish equation (3.1). For fixed 25 > 21 > u(xg) we choose T € € such
that

0 < d := sdisty (0, 21) = (0, 21) — (&, u(Z))].

The possibility that u(Z) > z; can be ruled out by only using the continuity of u, cf. also
Figure 3.1. Indeed, recalling that u(zg) < z1, the intermediate value theorem and the
convexity of € would imply the existence of a point y € Q in the interior of the segment
[x0; ] with u(y) = z1. This would clearly contradict the fact that the distance is realized
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3.1. The Uniform Lipschitz Estimate

at (z,u(z)). Using additionally the fact that w is Lipschitz we can even estimate the
distance from Z to xy. This will be the key observation. In order not to contradict our
assumption, the graph of u above the set B,(zo;R") N Q, where r := |ro — Z|, must
stay below the graph of the function f(xz) = 21 — \/d? — (xg — z)?. However, since
u(z) = f(x) this can only be true if L > |V f(z)| = \/ﬁ, from which we derive the

necessary condition
Ld

_— >
V1+IL2 ™

Using once more the fact that u is Lipschitz we can therefore conclude that E has to be
contained in G, by which we denote the (closed) subgraph of the function g where for
xzeR”

(3.2)

e Ld
o) = 4 1) e —wl = A
Llz — xo| + 21 —dV1+ L?  else.

\ . W@‘?’O /
y

T i)

Figure 3.1.: The auxiliary set G (shaded).

The distance of (xg, 2z2) to G can now simply be computed. As zo > z; we can easily
rule out the possibility that this distance is obtained at a point (x,g(z)) with 0 <
|z — xo| < Ld(1 + L2)7%. Indeed, to see this, it suffices to observe that for the function
é(x) := (x0 — ) + (22 — f(x))? we have V¢(z) = 0 if and only if x = z¢. Assuming for
the moment that the distance sdistg(xo, 22) is also not obtained at (xg, 21 — d), we can
use the relation

SdiStg(CCo, 22) . 20 — 21+ d\/ 1+ L?
d B dv1+ L2 ’
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3. Distributional Solutions

which is just an instance of the intercept theorem, see again Figure 3.1. Subtracting 1
on both sides and then multiplying by d we get

22— 2
VI+1L2
Firstly, we can now a posteriori rule out that the distance of (xg,22) is obtained at
(0,21 — d) (as the distance to this point is bigger, namely zo — 21 + d). Secondly, we
can now deduce (3.1) by the preceding computation and Lemma 1.2.1 ) since E C G.
i1) One can argue very similar to the previous claim. First of all, the case where either
(21, z0) or (x2, z0) lie exactly on the graph follows easily from the fact that if for instance
u(x1) = 29 then the graph of u is contained in {(z,2) € Q x R : |2 — 2| < Lz — 21|}
which allows us to estimate easily the signed distance of (x3,z9) to the subgraph of w.
Furthermore, as before, all the remaining cases can be reduced to the one where both
(x1,20) and (x2,20) lie above the graph of u. Without loss of generality we assume
that 0 < d := sdisty(z1,20) < sdisty(z2,20) and we let & € Q again be such that
sdist,, (z1,20) = |(z1,20) — (Z,u(Z))|. As before, we know that the subgraph of u has to
contain the set F := {(z,2) € Q x R: z < (%) — L|x — Z|} which allows us to estimate
by Lemma 1.2.1

sdistg(zg, 22) —d =

sdisty, (z2, z0) < distp(ze, 20).

Among all the possible locations of Z, the distance of (x2,29) to F' can be estimated

8T

Text 1 T2

Figure 3.2.: The auxiliary set F' for generic & and for Z.,; (shaded).

from above by henceforth considering the case
Ld r1 — T2
V14 L2 |z — 22|

(here we used the same argument about the distance | — x| as in 7)) cf. Figure 3.1. All
that remains now is a computation analogous to the one in the previous claim. Indeed,

T = eyt = L1 +
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3.1. The Uniform Lipschitz Estimate

another instance of the intercept theorem (see again Figure 3.1) yields:

sdistp(z2,20)  |r2 — 21| +1d

d ld '
where [ := @ From this relation we easily deduce
sdistp(ze, 20) —d < #]:1:2 — x1/,
V1+ L2
and the claim follows again by Lemma 1.2.1 as F' C E. O

Corollary 3.1.2. Assume u :  — R is L-Lipschitz and for (x,z) € Q x R we set
H(z,z):= %sdistu(ac, z). Then H is Lipschitz,

V.H|
co = inf essinf 0, H (x,2") > 0, Vel @
zeQ 2/ER €o

< L.

Proof. To see that H is Lipschitz, we just recall Definition 1.2.2 and Proposition 1.2.3.
The two inequalities are direct consequences of the previous proposition. ]

As already mentioned in the beginning of this section, we would like to use Theo-
rem 2.2.8 iteratively. However, the estimate given by the theorem depends also on the
barriers v, v~, which in turn are constructed from the initial (and boundary) data wuy.
Note, that for this purpose, ug was assumed to be C?-regular, while we do not expect
our iterative solutions uy to have such regularity. We need then to show that this part
of the estimate remains unchanged in the iteration of the estimate.

Theorem 3.1.3. Let Q2 C R" be open, bounded and conver with smooth boundary and
let ug € C2(Q), v € CHY(Q) such that ug > ¥ on 9Q and ug > 3 in Q. Furthermore,
we fix h > 0. Then there exists a unique sequence of Lipschitz functions (Uz)keN n A
such that for k > 1, uZ minimizes the energy

u(z)
Ej_1(u) :_/ \/1+Vu(x)\2dx+1// sdist,» (2, 2) dzdz,
Q h JaJo ko

among all u € A. Moreover, we have
Lip(uﬁ) <L,
where the constant L depends only on 0, ¢ and ug but not on h or k.

Proof. To obtain u?, we apply Theorem 2.2.8 directly to the problem of minimizing Ey on
A. Setting H = %sdistuO, by the previous corollary we know that H is Lipschitz and that
¢p > 0 and thus (2.11) holds. Hence we just have to verify (2.13), i.e. H(z,up(z)) =0
for all x € ). However, this holds trivially by definition of H. Thus, by Theorem 2.2.8
and again by the previous corollary, we obtain the estimate

Lip(u}) < max{C(Q, uo,%), Lip(¥), Lip(ug)} =: L.
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3. Distributional Solutions

Let us now denote by v and v~ the barriers constructed as in the proof of Theo-
rem 2.2.8 to obtain the solution uf. We claim that we can recycle them as barriers for
ug To see this, we first of all recall that to check that v™ is an upper barrier, the main
point was to establish inequality (2.15). In the case H = %sdistuO this was trivially
implied by ensuring that var > ug in Q\ Q for some t > 0. Consequently, to show that
vT is also an upper barrier for u’j, i.e. for the problem of minimizing F1, it suffices to
establish that

vt >l in Q\ Q, (3.3)

vt > sup u? on 0%);.
Q

However, since v was an upper barrier for minimizing Ejy, (3.3) holds trivially (by the
comparison principle, Proposition 2.2.4). One can argue similarly for the lower barrier
v~. Moreover, by construction vt > M = sup, u’f on 0 and by Lemma 2.2.6 we
know that u? < M in © so that also (3.4) holds and v is indeed an upper barrier for ug
Having therefore established barriers for the problem of minimizing F,, we can again
apply Proposition 2.2.7 to deduce a boundary gradient estimate and then continue to
argue as in the proof of Theorem 2.2.8 to get the existence of ug, which minimize £ on

A. Moreover, again due to Corollary 3.1.2 we get

Vasdist n (2, 2)|| Lo
[ L N

inf,cqessinf,/cg 8stistu? (x,2")
so that due to Proposition 2.2.5 we get
Lip(u}) < max{L, Lip(¢))} = L.

Since this way of arguing can now be iterated, we conclude the proof. O

3.2. Properties of Approximate Flows

In this section we collect some important results on this time discrete evolution. Let us
start by fixing the notation.

Definition 3.2.1. From now on, for h > 0, we denote by v/ : Q x [0, +00[— R the time
discrete approximate flow obtained from Theorem 3.1.3, this means that we set

u(z,t) == ul(x) for k € Ny such that t € [kh, (k + 1)h],
where uZ is the sequence obtained in Theorem 3.1.3.

Remark 3.2.1. Since all the uﬁ’s are continuous, it is easy to see that u” is continuous
from the right in time, in the sense that whenever x; — x in © and t; — t in R with
tr > t then it holds

lim u(xp, t) = u(x,t).
k—+o00
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3.2. Properties of Approximate Flows

Let us now start with the (discrete) dissipation inequality. To simplify the notation,
at many places, we will henceforth suppress the superscript in the expression “Z as h >0
is often considered to be an arbitrary but fixed parameter.

Lemma 3.2.1. For every k > 1 we have the so called (discrete) dissipation inequality

/de%— // sdistuk_l(x,z) dzdxﬁ/\/mdx-
Uk — 1 Q

Furthermore, for every k > 1:

/\/1+\Vuk\2d:1: < /\/1+ Vug|? de, (3.5)
Q Q

ug ()
1// sdistuk1(x,z)dzd$S/\/1+]Vu0|2da:. (3.6)
h Ja up—1(x) Q

Proof. We start by splitting the distance term as follows:

ug(z)
// sdistuk_l(a:,z)dzdm
QJ0
Uk — 1 uk(x)
// SdlStuk Nz, 2 dzd:v—{—// sdisty,_, (z,2)dzdz. (3.7)

k— 1('7:

Observe, that the first term is independent of u; and the second one is nonnegative.

Indeed,

ug ()
// sdisty, , (z,z)dzdz
QJug_1(z)

ug(z) up—1(x)
:/ / sdist,, , dzdx / / sdist,, , dzdz > 0.
{urp>up_1}J U1 (@) N— {ur<ug—1}Jug(z)  S=——

>0 <0

Hence, wuy is also a minimizer of the nonnegative energy

/ (\/1—1— IVu(z)® + - / sdistuk_l(x,z)dz> dz.
Uk — 1

The dissipation inequality now follows from Ej(ug) < Ep(up_1). (3.5) and (3.6) are
obtained by iterating the dissipation inequality. O
We collect two easy lemmas on Lipschitz functions which turn out to be very useful.

Lemma 3.2.2. Let u € Lip(Q2) with Lipschitz constant L > 0, Q C R". Fiz a ball
By.(z0) C Q. Then for § := (v/1+ L2)~! we have:

graph(u|g,, (20)) € Br((z0, u(wo)); R"Y).
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3. Distributional Solutions

Proof. Let y € Bs.(x9). Then we get

(o, u(z0)) — (y,uly))| = \/|96‘o —y? + |u(zo) — u(y)[®
<V1+ L2z —y| <.

d

Lemma 3.2.3. For L > 0 let u and w be two L-Lipschitz functions defined on 2 C R"™.
Then we have

lu(z) — w(z)] < V14 L? |sdisty (z,u(x))| Vo € Q.
Proof. Fix zg € Q and let yy € Q such that
d := [sdistu (o, u(z0))| = |(z0, ul0)) = (Yo, w(yo))|-

Without loss of generality we assume that w(zg) > u(xg), the other case being treated
analogous. Then we have u(xg) < w(yo) < w(zp) and hence

[u(wo) — w(wo)| = |w(zo) — w(yo)| + |w(yo) — u(zo)|
< Llzo — yo| + [w(yo) — u(zo)|-

Now recall from the proof of Proposition 3.1.1 (see (3.2)) that

L
To — < —d.
‘ 0 y0| = m

Let now 0 < a < L be such that |xg — yo| = ﬁd and note that this implies

w(yo) — uwo)] = ——

w —u(zg)| = —,

Yo = ita2
where we used the relation d® = |zo — yo|® + |w(yo) — u(zo)|>. Since 0 < o < L we
conclude
(La+1)d
w(zo) — wlxy)| < ————2= < /1 + L2d.

O]

Proposition 3.2.4. (L*-bound) Let (u})ken, b > 0 and L be as in Theorem 3.1.5.
Then there exists a constant v = ~y(n, L) > 0, such that

sup [sdist,n l(x,uZ(x)) <wWh Vk>1.
€S -
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Proof. Of course, it suffices to consider the case k = 1 and to simplify the notation we
drop again the superscript h. Let zg € {2 be a point of maximal distance i.e. such that

|sdisty, (xo, u1(z0))| = sug |sdisty, (z, u1(2))]-
Te

Let & > 0 be such that |sdist g, (20, u1(x0))| = £v/h. The idea is to construct a competitor
which (in a small neighborhood of xg) is a bit closer to ug. Using then the minimality
of u; we can bound & from above by a constant depending only on n and L. Without
loss of generality u;(xo) < up(zo), the other case being treated similarly. We then define
u = max{uj, g} where

L K\/E
g(l‘) = ul(xo) + \/ﬁ?

Let us note that since u; has to stay between

fi(z) = ui(z0) — Ll — 20,

— 2L|x — x9|.

and
fa(x) = ui(z0) + Lz — 20,
Vi)

we know that on 0B,(x), for p = 6%¥*, we have g < uq, while in some neighborhood

2
of zp, (at least in B p(ato)) g is strictly bigger than u;. Indeed, elementary calculations
show that

1
3

g(x)
/ / dzdz > C(n,L)(p)" L. (3.8)
B%p(wo) u1 ()

By minimality of u; we deduce

I u
/ 1+|Vu|? dz + / / sdisty, (z, z) dzdz
By (z0) h B (20)/0
3 3
1 u
< / 1+ |Vaf de + / / sdisty, (z, z) dz dz,
By (@0) h By (x0) /0

rearranging terms

1 o ~2 2
/ / sdisty, (x, z) dzdx < / \/1 + |Vul|® — \/1 + |Vuy|* dez.
h B%p(cto) u B%p(.ro)

Using (3.8), Lip(@) < 2L and

kVh

sdistg, (2, 2) < ——5 Y(z,2) € B,z ((z0, u1(z0)); R™ 1),
2

we get

;LI“Q/EC(n, L)p™ < (V1 +4L2 —1)C(n)p".
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3. Distributional Solutions

Recalling p = 9§ “T‘/E, we finally get
K2 < C(nv L)a
and the proposition follows upon setting v = /C(n, L). O

Lemma 3.2.5. (L'-estimate) Let | > 0. Then for every k > 1 we have

L ug (z)
/ lug — ug—1|dz < 1|Q| 4+ o) // sdisty, ,(z,z)dzdz.
Q o Jotu (@)

Proof. Again, it suffices to prove the case k = 1. We have

/ lup — uplde < 1|Q] + /maX{O, luy — up| — l}dx
Q Q

o
Q

Here it is necessary to take the absolute value since if uj(z) < ug(z) we have

(3.9)

w1 (z)
/ ) XR\ [uo(x)—1,u0 (z)+1] (Z)dZ dz.

o(z

w1 ()
/ : XR\uo (z) Lo (2)+1) (2) dz = —max{0, |ur — up| — I}

o(z

However, we can use the sign convention for one-dimensional integrals together with the
relation

z —ug(x
XR\[UO(I)—l,uo(w)—i—l}(Z) < ZO() Vz € R,
to deduce . .
e W) 5 — ugx
/ XR\[uo (z)—1,uo (2)+] (2)dz| < / ld) dz. (3.10)
ug () uo ()

By part i) of Proposition 3.1.1 we get for every = € 2 and every z € R

C(L)sdisty, (z,2) if ug(z) <

ui (),
—C(L)sdisty,(x, z) if up(z) > ui(x).

z — up(x)
—(z = uo(x))

Hence we get for every xz € 2

<
<

ui(z) , _ u1(z) gdqj
/ z—uo(2) o < C’(L)/ sdistuy (2, 2) (3.11)
up () ! ug () !
Combining (3.9), (3.10) and (3.11) gives the desired estimate. O

Proposition 3.2.6. (C'/2 in time) There exists a constant C = C (0, ug, L) such that
for every h >0

/’uh(wt) —ul(s)|dz < Cls—t[7 Vs, t>0.
Q
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3.2. Properties of Approximate Flows

Proof. Of course, it is enough to consider only the case s —t > h. Let j, k € N hence be
such that ¢ € [jh, (j+1)h[ and s € [(j + k)h, (j + k+ 1)h[. Using the triangle inequality
we get

/Q’uh(.,t) da;< Z/’ G m)) (Gt m— O da.

We apply Lemma 3.2.5 with [ = \/% to each term on the right hand side to get

i

/Q\uh(-,t) (5| do < zk: [

\/Sf z,(j+m)h)
//Jh Sdlstuh(,7(j+m71)h)($72) dzdz| .

J(j+m—1)h)

Next, we use the Lemma 3.2.1 to estimate the second term further and obtain

/Q’uh(.’t)—uh(.73)‘ < [\/!l:hftﬁﬂ

Jj+k
+ Y oyt /\/1—|—|Vuh Lm— DR = 1+ [Tt (z, mh)P da

m=j+1

Since kh < |s — t| and using the cancellations in the telescopic sum we get

/Q’uh(-,t) —ul(-, 8)‘ dz

< Vs Q|+ C(L)Vs =1 —t/ﬂ\/l V(D = 1+ [V, )] da

The proposition follows now from

/\/1+1Vuh(-,t)\2—\/1+|Vuh(-7s)\2d:c§/\/1+1Vu0|2da:,
Q Q

which is a consequence of (3.5). O

Similarly to Lemma 2.1 in [96] we can prove an L2-bound in spacetime for the discrete
velocity. Let us make this notion more precise.

Definition 3.2.2. For h > 0 we define the discrete velocity at (x,t) € Qx]h, oo[ as
1
o (z,t) = Esdistuh(,7t_h)(a:,uh(x,t)).
Proposition 3.2.7. There exists a constant C' > 0, not depending on h such that

/;00/9 (”h(%t))Q dzdt < C.
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3. Distributional Solutions

Proof. Let t € [h,+oco[. For | € Z we set
K()={reQ:2 < ‘vh(x,t)‘ < 2l+1y,

Let Iy be the smallest integer such that 2 > ih, where 7 is the constant from Propo-
sition 3.2.4, so that we have
o= J KO.
—oo<I<lp
Let us introduce the following notation. For x € Q, z € R and r > 0 with B,(z) C Q we
consider the adapted cylinder

Cy(z,2) = Bs(x) x [z — Lor, z + Lér] € R,

where ¢ is the geometric constant from Lemma 3.2.2. Note, that § was defined such
that the graph of v|g;, (,) Will be contained in C,(x,v(z)), where v is a generic function.
Let 2 € Ky(1). First of all, let us observe that while the graph of u/(-,t) is contained in
Coip(, u(z, 1)), by definition of K;(1), the graph of u”(-,t—h) cannot enter this cylinder.
Hence, in particular Bgqp,(x) C Q. Consequently, there exists a constant C'(n, L) such
that with By := El' := {(2,2) € Q x R: z < uP(x,t)} we get

)Et A Coorp (a, (2, t))‘ > C(n, L) (2" th)" .
Note, that since we have x € K(1),

‘sdistuh(,’t_h) (y, z)’
h
Consequently, on the one hand, we have

2=l < <4-271 Y(y,2) € Comry(z,u (2, 1)).

‘SdiSt“h("t_h) -1 15l—1
/ > C(n, L)(2"th)" T2t
Cot1,, (uh (2,)) (B AE, 1) h

while on the other hand
/ (" (z,t))%dz < C(n, L)(271)2 (25 h)™.
Bé2l,1h(50)

Hence, combining the last two estimates, for every = € K;(l) we have

sdistyn (. 1—p,
/ ('(z, )% dz < C(”L)/ ol
Byyi—1, (@) h Joy s, euh@e)n(E@AE, ) h

Since Bggi-1(2)) ek, (1) covers Ki(l), we can apply Besicovitch’s covering theorem to
get N = N(n) (finite) subsets of points in K;(l), say At,..., A, such that for every
1 <m <N, (Bsgr-1(2))zea, is a family of disjoint balls and

N
K c|J U Bsp-i(@)

m=1gzecAt,
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3.3. Convergence to Flat Flows

Therefore, from the previous estimate we get

/ (W' (@, 1)) de <
K(1)

C(n, L) M@t)  sdist,n
// (t h)X 21-1p<|sdist <2l+1p dzdz.
wuh (z,t—h) {21 hsdist (. | <2+1h)

Summation over [ < [y finally yields

uh(:c7t) dist L
/(vh(x,t))2 dz < 2N(n)C(n,L)// Mdzdx.
Q h QJuh(z,i—h) h

Recalling Lemma 3.2.1 we get

/Q(v’"‘)de < g/ﬂ\h + |Vub(-,t — B)|* — \/1 + | Vub(-, )| da.

Integrating in time from A to any T'= Mh > 0 for some M € N we get

/hT/Q(vh)z‘dng(/\/H\vu 0)|° —\/1+|Vu |dx>
SC’/Q\/1+|VUU| dz.

We can now pass into the limit 7' — +o00 to conclude the proof. O

Corollary 3.2.8. For every T > 0 there exists a constant C > 0, independent of h,

such that .
/ /\vh(az,tﬂ dedt < C.
hJQ

Proof. Using Holder’s inequality and the previous lemma we get

1
//yv (z,t)|dz dt < ( T\Qyi(// a:t d:cdt) <cC.

3.3. Convergence to Flat Flows

Let us now discuss in which sense we can pass to the limit ~ — 0 in the sequence of
approximate flows (u")p0.

First of all, we not that using the uniform control on the Lipschitz constant of our
approximate flows, we can easily improve Proposition 3.2.6 to get equicontinuity in the
L*>°-topology.
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3. Distributional Solutions

Corollary 3.3.1. There exists a constant C > 0, independent of h, such that

Huh(~,t) e s)H < Ols—t|7# Vst > h
L (Q)

Proof. Indeed, let us fix some s,t > h > 0. Then, using the continuity of u”(-,¢) and

u”(-,s), we can assume, without loss of generality, that the supremum of the function

f(x) = ‘uh(:c,t) - uh(:c,s)| is positive and attained at some point xg € Q. As f is a

2L-Lipschitz function, it has to stay above the function [ given by

H(z) := max{0, [[ | poo () — 2L|2 — zol}-
Consequently, as f is vanishing on 0f2, by a simple computation we see that

£l = U@ = ClFIFE )

where C' > 0 is a constant depending only on n and L. Combining this estimate with
Proposition 3.2.6 gives the desired result. O

Corollary 3.3.2. Let (u*)ren be a sequence of approzimate flows with hy — 0. Then
there exists some u € C(§2 x [0, 400[) such that up to possibly passing to a (not relabeled)
subsequence, for every 0 < T < +o0o we have

u = u in L®(Q % [0,T])) (k— +o0).

Moreover, we have
1
[u(-,t) = u(s $)|| gy < Cls =tz (3.12)

In particular, u € C%F(Q x [0, +00]), for k = Tlﬁ and for every t > 0, u(-,t) € Lip(Q)
with Lip(u(-,t)) < L, where L is the constant from Theorem 3.1.3.

Definition 3.3.1. Using the same notation as [3], any u as in the above corollary shall
be called a flat flow.

Proof. We argue in two steps. First of all, we establish convergence on each time slice
and then we show that we have convergence in spacetime. Let us start from the simple
observation that for every ¢ > 0 the set

{uh’f(-,t) eLip(Q): ke N}

is uniformly bounded and (due to the uniform Lipschitz bound) also uniformly equi-
continuous. Hence, by Arzela-Ascoli, there exists a subsequence (hy)reny and some
L-Lipschitz function v; such that u"(-,¢) — v; uniformly. By choosing a diagonal
sequence we can easily assume that — up to passing to a subsequence — (u™ (-, t))zen
is converging uniformly for every t € Q N [0, +oo[. To see that (u"*(-,t))ren converges
uniformly for all ¢t > 0 it suffices to recall Corollary 3.3.1. Indeed, let us consider some
t € [0,+00[\Q and fix € > 0 arbitrary. By density, we find some ¢y € QN [0, +oo[ such
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3.4. Existence of Distributional Solutions

1
that C|t — to|27F2 < ¢, where C is the constant from Corollary 3.3.1. Hence, if we take
the supremum in Q on both sides of the inequality

[ (- 8) =l (1)) <
o (1) = )| [u ) — 1) [ ) — (1)
we get, due to the choice of ¢y, that

I

L=(Q)

Since (u™ (-, t0))zen converges uniformly, for n,m € N, large enough, the remaining term
can also be made smaller than e. This shows that (u*(-,t))zen is Cauchy and hence
converges in L*°(Q) as well. This fully justifies the following definition:

u(z,t) == lim u™ (z,1).
k—o00

In particular, the uniform convergence of (u™ (-, t))zen to u allows us to deduce that
u(+,t) is again Lipschitz with Lipschitz constant less or equal to L. Continuity in space
is a simple consequence of the fact that u™ are continuous in space and the convergence
to u is uniform. The continuity in time is a simple consequence of Corollary 3.3.1.
Moreover, (3.12), and thus the Hélder-continuity of w, follow simply from passing into
the limit in the estimate in Corollary 3.3.1.

In the second step, we fix now 7' > 0 and consider the maps fi, f : [0,7] — L>®(Q)
defined via

fk(t) = uhk('vt)a f(t) = u("t)7

Rephrasing the first step, we showed that f — f point-wise (in the L*-topology).
Hence, as usual, the uniform equicontinuity of the maps fx (Corollary 3.3.1) improves
this point-wise convergence to a uniform convergence (for details, see Proposition B.2).
It remains to observe that the uniform convergence of fr to f is equivalent to the
convergence of u* to u in L>=(2 x [0,T7).

O

3.4. Existence of Distributional Solutions

We fix a subsequence (hg)ren and w : © x [0,4+o00[ as in Corollary 3.3.2, such that for
every T' >0
u™ = u in L®(Q % [0,7])) (k= 400).

Often, we will use the abbreviation Q7 = Q x [0, T] which we hope, will not be confused
with €, as introduced in the basic notation at the beginning of this thesis.

We will now show, that using Proposition 3.2.7 and the regularity theory for the
obstacle problem, we can improve the above convergence further.
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3. Distributional Solutions

Lemma 3.4.1. Let (u*)1ey and u be as above. Then, for almost every time t > 0, we
have u(-,t) € W22(Q) with the estimates

[ (-, ) w2y < C(1L+ [om,, (5 )l p2q) + D% 12(0)); (3.13)
[uC Ollw22) < hkrgg.}f Huhk('at)HW2v2(Q)7 (3.14)

where the constant C' > 0 is independent of t. Moreover, D*u := D?u € L?(2 x [0,T])
for every T < 4o0.

Proof. Recall that for any ¢ > 0, u/* (-, t) solves the variational inequality:

V(w —ut (1))

/Vu .
\/1+\vuhk( )2

for every w € Lip(f2) such that w > 1 and wjpq = ugpn. Hence we deduce by the

standard TW22-estimates (see Proposition 2.3.1) that u*(-,¢) belongs to W22(Q) and
satisfies the estimate (3.13). Moreover, by Proposition 3.2.7 we can even deduce that
D?u € L?(Q x [0,T]) for finite T. Using Fatou’s lemma and again Proposition 3.2.7 we
have for every T' > h > 0:

T 2 T 2
0< / <lim inf (vh’“) dx) dt < lim inf/ / (vhk> dzdt < C.
h k—oo  Jq k—oo Jn Jo

Consequently, for almost every t € [h,T] we find a subsequence A; C N such that

+ o () (w — uP (- 1)) da > 0,

sup [0 (-, 8)]| 2 () < 400,
keA:

which, using (3.13), results in

sup ([ ()l < +oo.

keA:
Since T" and h can be chosen arbitrarily large and small respectively, we can indeed find
such a subsequence A; for almost every ¢t € [0, +oo[. By the Rellich-Kondrachov compact-
ness theorem, given Ay, we can extract a subsequence A} C N such that (u/*(-,))sc A
converges in W12(£2) to some v € W22(Q). However, since all time-slices (of the full se-
quence) converge in L*°(2) to u(-,t) we can identify v = u(-,t). In order to derive (3.14)
we choose a subsequence A, such that

dim [Ju" (1) w22y = lminf [[u® (-, 1) [y
keAt, k—oo k—o00

Then, unless the limes inferior equals +oo (in which case the claim holds trivially),
(uP* (-, 1)) rei, is bounded in W22(Q) and by using the same argument as before we can
show that every subsequence of this sequence has a further subsequence converging to
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3.4. Existence of Distributional Solutions

the same limit. Therefore we deduce that u/*(-,t) — u(-,t) in W12(Q) from which by
lower-semi-continuity we derive the desired

u(-,t , < liminf [ju™ (¢ : = lim inf ||u/* (-, ¢ 2(Q)-
I Dl < Hmint [t 0)lhwesqo) = mink o )wsaqe

O]

Using an argument similar to one employed by Roger in [114, Lemma 4.2] we will next
improve the uniform convergence in spacetime.

Lemma 3.4.2. Let (u"*)yen and u be as in the previous lemma. Then for every T > 0

we have
Vu* = Vu in L2(Q x [0;T]) (k— o).

Proof. We introduce the following sequence of auxiliary functions: For M > 0 to be
fixed momentarily, let

. 2
wht (a,t) == w(@,t), i fo (v (@, 1)” < M,
M
u(zx, t), else.

Let us also consider the following sets

Ay = {t €1[0,77: /Q (vh’“(az,t))2 > M},
Bag, = {t €1[0,7]: /Q (vhk(x,t))Z < M} .

For any 7' > 0 we have
[Vu'™ = Vull 20,y < IV = Vantllrzop + IVlf = Vulzgn).  (3.15)

We start by estimating the first term on the right hand side above and get
h h h
|[Vu"* — ij\/’fH%z(QT) = /Ak M/Q \Vu' — Vu|? dz dt < 4L%|Q|| Ax |-

Moreover, by Chebyshev:

2 1 2 C
= : h > < — hw)” <« =
[Aner] = I < [0.7] /Q<U (x’t)> = Ml < M/{fk>M}/Q(v ) =M’
| S S
=:fi(t)

where we used again Proposition 3.2.7 in the last inequality and where C' is independent
of k. Combining the last to inequalities we get

C
M

IVu™ — Vsl 2 < —1 (3.16)

NI
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3. Distributional Solutions

uniformly in k. Before we can estimate the second term in (3.15) let us first prove the
following assertion.

Claim: For every ¢t > 0, wg}(~,t) — u(-,t) in WH2(Q) as (k — 00).

Proof of the claim: We fix some t > 0. By definition, wﬁ(-,t) is either equal to
u(+,t) or — as seen in the proof of the previous lemma — it solves a variational inequality.
However, in this latter case, the bound on the L?-norm of the forcing term v"* (-, t) will
lead to a uniform bound on the W?2-norm of wﬁ\l/’;(, t) (again via the regularity theory
for variational inequalities cf. Proposition 2.3.1). By Rellich-Kondrachov we can thus
extract a subsequence which converges in W2 to u(-,¢). Since arguing in this way,
we can extract a converging subsequence (having the same limit, namely u(-,t)) from
any initial subsequence of (w% (+,t))ken, we proved that (wﬁ} (-,t))ken converges in W12
along the full sequence.

Now we would like to show that using this convergence, the second term in (3.15)
vanishes as k — oo. Indeed, it suffices to show that

fr(t) = /Q‘Vw%(-,t) — Vu(-,t) 2dx

converges to zero in L!'([0,T]). This follows for instance from Lebesgue’s dominated
convergence theorem since the convergence of (ng (-,1))ry in WH2(Q) implies the point-
wise convergence of fi to zero and since |fi(t)| is bounded by 4L|Q| for every k € N.
Finally for £ > 0 let M be large enough such that (cf. (3.16))

<

hg _ hi €
HVU Vuw,; Loy = 2

[

Then for k > ko(e) we can also make sure that (fOT fk) < 5. Thus, recalling (3.15),

he _

for k large enough we get HVU VUHLQ(QT) < ¢ as desired. O

As a simple corollary we get the convergence of the area factors in L2.

Lemma 3.4.3. Let again (u*)ren and u be as above. Then for every T > 0, we have

\/1 + |Vuhe > — \/1 + |Vul* inL*(Qp) as (k — o).

Proof. Observing that

\/ 2 \/ 2| r Vule] g ?
14 |Vul|” — /1 + |Vu :/ / / ———ds| dxdt
H | | Ve L2(Qr) o JalJjvu V14 s?
T 2
g/ /)|W|—|Vuhk| dz dt,
0o Jo

the desired claim follows from the inverse triangle inequality and the previous lemma. [J

Another consequence of Lemma 3.4.2 is the convergence of the mean curvature.
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3.4. Existence of Distributional Solutions

Proposition 3.4.4. Let again (u"*)ren and u be as above. Then for every T > 0, we

have
hy,
div - Ve — div Ve weakly in L?(Qr),
V1 + [Vuke | 1+ [Vaul?
as (k — 00).

Proof. Step one: Fix ¢ € C2°(Q x [0,4+00]). Integrating by parts and Hoélder yields

hy
//¢d1v o Ve dxdt—/ /q5d1v Ve ) qpar
1+ |Vuhk| 1+ IWI

hy
</ / Vo L S— da dt (3.17)
0 JQ \/1+]Vuhk]2 \/1+\Vu]2
Vulx
< IVl 2@y

\/1 + [Vul)? . \/1 + |Vul?

Now observe that

Vultk
\/1+\Vuhk\2 \/1+|Vu\2
vuhk _ Vu \/1 + [Vuhe|* — \/1 + | Vul?

<
1+|Vuhk \/1+|Vu 1+ [Vule)?

)Vuhk — Vu‘ + ‘\/1 + | Vuhs]® — \/1 + |Vul?

IN

Hence, by Lemma 3.4.2 and Lemma 3.4.3 we see that the second factor in the last line
of (3.17) converges to zero.

Step two: For arbitrary ¢ € L?*(Qr) we use a density argument. For ¢ > 0 let
$e € C°(Q x [0,400[) be such that ||¢e — ¢l 2(q,) < % for some K > 0 to be fixed
momentarily.

T h
Vu'k Vu
//¢ div | —/—m———=| —div | ———=| | dzdt
0 Ja V14 | Vahe]? 1+ |Vul?
T h
Vu'*® Vu
g//|qﬁ—¢,g] div [ —/—— | —div| —— | |[dzdt
0 JQ \/ 1+ [V ? 1+ |Vl
Vuhe
+IVéell 2y

\/1 + Ve . \/1 + | Vul?
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As we saw in the first case, the second term on the right hand side converges to zero
as k — 4o00. In order to make the first term also small we can use the parameter K.
Namely we estimate the first term by Holder and choose

hi
K = max < sup divL div Vu

keN hy |2 7 2
\/ 1+ [Vuls| L) 1+ [Vl L2@)

Note that K is finite: By Proposition 2.3.4, the mean curvature of u can be bounded
by

V)
1+ V[

where we used Proposition 3.2.7 and the fact that 1 € C11(Q). Moreover D?*u € L?(7)
as seen in Lemma 3.4.1. Ul

‘vhk + |div e L2(Qyp),

Lemma 3.4.5. Let u,w € C1(Q) and o € Q with d := dist,, (20, u(zg)) < distaq(xo).
Then we have

d 1+ inf |Vw|® <du(zo) —w(zo)| < /14 sup |Vw|?. (3.18)
Bg(wo) Bg(zo)

Consequently, if d = sdisty, (2o, u(zo)) we also have

u(zo) — w(xo) u(zo) — w(zo)

- < sdistyy (2o, u(xo)) < =, (3.19)
\/l—i—sude(zo)\Vw] \/1—|—inde(xo)|Vw\
and in case d = —sdisty, (g, u(xg)) we have
@) Zww0) o gist (o, ul)) < ——AF) = W(@0) (3.20)

1+ inf g, g [Vl V15D, ) [V

Proof. Since (3.18) obviously implies (3.19) and (3.20) we only have to prove this pair
of bounds. The condition d < distpn(xg) guarantees that the distance of (zo,u(zo))
from the graph of w is attained at some point (yo,w(yo)) with yo € Q. Moreover, it
holds |zg — yo| < . Without loss of generality, let us assume that w(zg) > u(xp). From
elementary computations we see that

d d|Vw
w(yo) — u(x) = : and |20 — yo| = [Vw(yo)| .
1+ [Vw(yo)| 1+ [Vw(yo)|

Using these relations and the Lipschitzianity of w we can estimate further to get

inf |Vw||zg — yo| < w(zo) —w(yo) < sup |Vw||lzg — yol.
Bg(zo) Bg(=o)
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3.4. Existence of Distributional Solutions

Combining these computations and using the monotonicity of s — \;% in [0, c] we

finally deduce

1+ sup |[Vw|®.
Ba(xo)

su =) | Vw||[Vw +1
(o) — u(zo) < d PBy(z0) | VW[ Vw(yo)] Sd\/

1+ [Vw(yo)|?

The lower bound follows analogous and the estimates for sdistw(xg,u(xo)) are then
immediate. O

Using the previous lemma and Proposition 3.2.7, we can now first of all show that u
has also a weak partial derivative in time.

Corollary 3.4.6. Let u be as in the beginning of this section. Then we have
ug € L*(Q x [0, +-00]).

Proof. 1t suffices to show that there exists a constant C > 0 such that for whenever
¢ € CH2x]0, +o0[) we have

/ (oo
Qx]0,4+o00[

Let u™ be as in the beginning of this section. Due to the compact support of ¢ we get

400 B
/ udp = lim / / e Q) — 0 t)
QX]0,+00[ oJo

< Cll9ll 2 (2x0,4-00]) -

k—+o00 hk
+o00 , hy _ _ b
— lim // W@yt = ) @) o g,
k—+o0 JoJo D,

Next, we observe that since u* — u in L>(supp(¢)) as k — +00, we can assure that
for k large enough

diStuhk(.7t_h) (x,uh’“ (x,t)) < distpa(z) V(z,t) € supp(e).
Hence by Lemma 3.4.5 we know that for every (z,t) € supp(¢)

ulk (2, t) — ul* (2, t — hy,)
hy,

< C(L)]vhk

(x7 t)?

where v/ is the discrete velocity (cf. Definition 3.2.2). Consequently, we get

/ uip| < C’limsup/ ’vh’“
Qx]0,+o00[ k—+o00 JQx]0,+00[

The desired estimate now follows from Hoélder’s inequality and Proposition 3.2.7. O

o.
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3. Distributional Solutions

Let us now derive the analog of Proposition 2.2 in [96]. In order to simplify the
notation we will henceforth write (h — 0), while in fact on should of course always
assume that the convergence is only along a subsequence (hg)ken-

Proposition 3.4.7. Let v" be the discrete velocity, as defined in Definition 3.2.2. Then,
for every every ¢ € CL(Q x [0, +0oc[) for (h — 0) we have

/2::00/9 <ilz (uh(w,t) —ul(z,t — h)) - \/1 + | Vul(z,t — h)‘th> b(w, 1) dzdt — 0.

Proof. Fix ¢ as above and let hg be small enough and 7" > 0 large enough such that
supp(¢) C Q. 50 % [0,T], where @, = {z € Q : dist(z,00) > r}. Without loss of
generality, we assume henceforth that h < hg. Let us next fix a time ¢t €]2h, T[. For any
T € Q%\/E we let

_ ) Bija(®o), if v"(y,t) <h*"' Yy e B, (o),
Ty
B%\/ﬁ(mo), else.

As an application of Besicovitch’s covering theorem there exists a finite collection of
points I C 927\/5 such that (A;)zer covers Q?’y\/ﬁ'

/Q (2 (“h(m) —u(z,t — h)) - \/1 + |Vuh(z,t — h)|2yh> b dz
S;/Az . t)—uh(x7t—h)>—\/1+‘Vuh(x7t_h)|2vh

We will now estimate the contribution of each A, separately, depending on whether it is
a region of high curvature or not. Let % < a < 1 be a constant to be fixed momentarily.
Case 1 (low curvature). Fix xg such that A, = Bi,.(20) i.e. such that we have

2

¢dx.

distyn (. ¢—p) (z,ul(x,t)) < h® whenever x € A,,. Consequently, by Corollary 3.2.8 we
get

( (z,t) — u(x,t—h))—\/1+\Vuh(x,t—h)]2vh

h
( L sup [Vl h)]Z—\/lJr it [Vu(- ¢ h)|2> o/ 2, 1)

Bha Bpo ()
supp a(z) |vu b= h)l
/ " *_ds ‘vh(:n, t)‘ (3.21)
infp, o (x) |[Vu(-t—h)| V 1+ s2

g<sup IVu(-,t—h)| — inf [Vu(-t h)]) ‘vh(:c,t)‘

Bre(2) Ba (x)

<08, (o) [ Vul-,t = h)| [o" (z,1)|.
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3.4. Existence of Distributional Solutions

It remains to estimate this oscillation. Let us recall that by Proposition 2.3.4 for a.e.
x € ) we have

F(x) = div Vul(z,t —h) _ div (\/%) if uh(x,t —h) = (),
\/1 + |Vu(z, t — h)|? v (z,t — h) else.
(3.22)

Consider now, for any 1 < k < n, the function w = 8xkuh(-, t —h). It is easy to see, that
w € WH2(Q) is a weak solution of

div(AVw) = 0, f,

for some uniformly elliptic matrix A. For details and properties of A we refer to the
proof of Theorem A.3. Recall that from (3.22) and Proposition 3.2.4 we also know that

_1
11l e () < CRh72.
We consider now the rescaling wy, : By := B1(0;R") — R, wy(y) = ﬁw(\/ﬁy + ). It
is straightforward to check that wy, is a weak solution of v € W12(By), with
diV(AhV’U) = Z?kfh,

where Ay (z) = A(Vhz) and fy(x) = f(v/ha). Consequently, by De Giorgi-Nash (cf.
Theorem 8.22 in [68]) we get that there are constants 0 < 5 < 1 and C > 0, both
depending only on n and L, such that

oscp, () (wp) < CrP <sgp\wh| + ||fh||Loo(B1)> vr < 1.

1

Noting that |w| < L and using the bound on f we can rewrite this estimate in terms of
w to obtain )
oscBTﬁ(x)(w) <orf (L + \/E(Ch_i)) vr < 1.

Finally we choose r = h” with 7 =a — 5 to end up with
0SCB,a () (W) < Ch™”.

Recalling the definition of w and (3.21) we have

H (“h@” t) —u(z,t — h>) - mvh

Case 2 (high curvature) Since in this case, A, = B (), using Lemma 3.2.3 and
Proposition 3.2.4 we easily estimate

3 (@) — e = ) = 1 [Vl = B

/ 1
Ag
< C(yh)" (C-I- m) HSdlStuh( t—ny (T, u h(z, ))H A1l oo (3.24)
< CR*7 (|6l oo

< Ch™B "

(z, t)‘. (3.23)

¢|dz
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3. Distributional Solutions

Moreover, by assumption, we are now in the case that there exists a point zg € B . \/E(x)

such that |sdist,n (., p)(Zo, ul(xg,t))| > h®. By Lemma 3.2.2, we know that

graph(u” (1) g, 0 ) C B ((zo, u(zo)); R™),

Bang:

which by the triangle inequality implies

‘Sdistuh(.’tfh) (y, uh(y’ t))‘ > hail

h _ a
”U (yat)‘ - h =5 VyGBMT(xO).

Since Bég(wo) C BQ,Y\/E(I‘) we can estimate

2
Cha(n+1)2§/ Uh(.’lf,t)’ dJZ‘S/
Bég(zo)

BQ'\/\/H("E)
Combining (3.24) and (3.25) we get

[ [ (=t ) -y ot

< Ch"gl —a(n+2)+2 /
B

o (z,t)

2
( da. (3.25)

¢|dz

f(m))vh(:n,t)‘dx. (3.26)

Summing now over all z € A, thanks to (3.23) and (3.26) we obtain
1
/ |¢y'h (uh(:n,t) — (b — h)) /14 [V Pt
Q
<o [ o)z n7 ot |
Q

Q
Since the constant C on the right hand side is independent of ¢ we can now we integrate
in time and use Corollary 3.2.8 to get

/QZ/Q % <“h($7t> —u(w,t - h>) - mvh

T ; T 9
§C’(h75/ /‘vh(x,t)‘dasdt—i-h—2H_a(”+1)+1)/ /‘vh(x,t)‘ dz dt
2n JQ 2 JQ

S C(hﬂ'ﬁ + hnTﬁfa(n+2))‘

¢|dz

2
o' (z, t)‘ dz.

6| dz dt

Letting « E]%, 2&7132)[7 the proposition follows by taking the limit h — 0. O
Finally, we are ready to prove the existence of distributional solutions.
Theorem 3.4.8. There exists u € C%*(Q x [0, +00[), where k = ﬁ satisfying

i) u(-,0) = uo,
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3.4. Existence of Distributional Solutions

i) u(x,t) = up(z) for all x € O, and every t > 0,
iii) u(-,t) > for every t >0,
i) D2u, u; € L?(Q x [0,T]) for all T > 0,

v) For every ¢ € CH(Q x [0, +oo|) with ¢ >0 on {(z,t) € X x [0, +o0[: u(z,t) = ¥(z)}
we have

/+Oo/ut¢>dxdt>/+oo/ V14 [Vaul2div (W

Remark 3.4.1. Since {(z,t) € Q x [0, +o0[: u(z,t) > (x)} is open, localizing in (3.27)
yields that almost everywhere we have

up = /1 + |Vul*div <\/1+V|UW> on {(z,t) : u(x,t) > (x)},
up > max {0, \/ 1+ | Vuldiv (\/HVIUTF>} on {(x,t) : u(x,t) =v(z)}.

Note the discrepancy with the heuristics in the introduction where equality in the second
case was expected.

) pdzdt.  (3.27)

Proof (of Theorem 3.4.8). Let T'> h > 0 be such that supp(¢) C Q x [0,T — h]

/: f, (=) o= /22 fyo- /hT_h/Q W"o(-,- + h)
N /QZ/g]uh(¢_¢("’+h)) —/}l2h/ﬂuh¢(-,.+h).

We would like to divide both sides by h and pass into the limit. Recalling that v — u
in L*(9Q x [0,7]) and since

— (- +h
X[zh,T]W — —¢¢ in LY Qx[0,T]) ash—0,

(3.28)

we get that

lim - /Zh/ (6= (- + 1) //uqﬁt //W (3.29)

For the second term, by continuity of: [h,2h] 3 ¢t — [, u"(z,t)¢(z,t + h)dz, the mean
value theorem implies that

lim — /Qh/ ulg(z,t 4+ h)dx dt = / o(z)p(z,0)dz. (3.30)

h—0 h
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3. Distributional Solutions

Therefore, by Proposition 3.4.7, (3.28), (3.29) and (3.30) we obtain

/UT/QUW_/Q”M"O):}LLHB/;/Q \/1+|Vuh(x,t—h)|2vh¢dxdt. (3.31)

In order to analyze the right hand side of this equation we introduce the following sets

Al = {(z,t) € Ox|2h, T[: (x) < u(x,1)},
Ag = {(x,t) € Qx|2h,T|[: (z) = uh(fv,t) = u(x,t)},
Al = {(z,t) € Qx|2h, T[: Y(x) = u(x,t) < u(z,t)}.

First of all we note that for every A > 0 these three sets constitute a disjoint partition
of Qx]2h, T[. Moreover, by (2.24) in Proposition 2.3.4 we know that on A% we have

h
o = div V—u ,
1+ |Vuh|?
while on A% due to (2.25) we only know
Vuh

o > div | —— ——
V14 | Vuh|?

However, since on A;L, by assumption ¢ > 0 we can deduce nevertheless that for all h > 0

T
//\/1+|Vuh(:v,th)|2vh¢)d:pdt2
2h J Q2

(3.32)

Vuh

\/1 + | Vub(z,t — h)Pdiv | ——————
/A}fUAQ 1+ |[Vuh]?

pdxdt + F(h),

where

F(h) ::/ 1+ [Vub(z,t — b) 2o da dt.
A%

As an auxiliary result, we will now prove that ‘AQL‘ — 0 as h — 0. We start by selecting
a subsequence (hy)ken such that for every k € N

W (2, 1) > u(z, t) — % Wz, 1) € 2x]0,TT.

By contradiction, we assume now that there exists eg > 0 and a further subsequence
A C N such that

\Agk >50 VkEA.
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3.4. Existence of Distributional Solutions

In addition, for every k € N we have
1
Ag’“ C {(x,t) € Ox]0,T[: 0 < u(z,t) —P(x) < E} =: F,

and hence, by monotonicity of the measure, |Fx| > ¢ for all & € A. Finally, since
Eyy1 C Ey, for every k we have

N =

= lim |Ek’ > €0.
k—4o00
keA

keA

The contradiction follows now from observing that (), Ex = 0.
A first consequence of this auxiliary result is now that

F(h) — 0, as h — 0. (3.33)

Indeed, by Proposition 3.2.7 we know that

<C
L2(Qx[0,T])

H\/H VUl (-, — h)*v"

el

L2(Qx[0,17])
Thus, by Holder’s inequality

1
P < |45 c.

and (3.33) follows. As a second consequence of the convergence of ‘A’g’ we can now also
pass into the limit in the first term of the right hand side of (3.32) which we can rewrite,
using characteristic functions, as follows

T
/ Gh¢d$dt=/ /XA?UAgGh(bdxdtv
AhuAl 0 JQ

where for (z,t) € 2x]0,T[ we set

Vul

1+ |V |?

Here and in the following we adopt the following convention: Whenever ¢t < 0, we set
Vul(z,t) := Vu(x,t) :== Vu(z,0) for every z € Q. We claim that Xahuap converges to
Xaxjor| in L?(2x]0,TY). Indeed, we have

9 T
L2(Qx]0,T] _/0 /Q‘XAQ

Our next claim is that G, converges weakly in L?(Qx]0,T[). We will argue in three
steps. First of all, we want to show that

() 1= \/1 + [V (a, £ — ) div

QZ’AQL‘—M) (h —0).

easung =1}

V14 Vuh(a,t— B = 1+ [Vu(z, O in LX(Qx]0,T]). (3.34)
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3. Distributional Solutions

To deduce this, analogous to the proof of Lemma 3.4.3, if suffices to show that
Vul(z,t —h) — Vu(z,t) in L*(Qx]0,T[) as (h — 0).
For almost every (z,t) € 2x]0,T[ we have
Vu(z,t — h) — Vu(z, t)’2
< Q‘Vuh(:n,t —h) = Vu(z,t — h)‘2 +2|Vu(z,t — h) — Vu(z,t)?,

and the claim follows by integrating this inequality in space and time. Indeed, on the
one hand side, by a simple change of variables and Lemma 3.4.3 we get

T 2 T-h 2
/ /‘Vuh(m,t —h) — Vu(z,t — h)’ = / /)Vuh(x, s) — Vu(ac,s)‘
0o JQ h Q
T 2
< / / ‘Vuh(:v, s) — Vu(m,s)‘ — 0.
0 JQ
On the other hand, since Vu € L?(2x]0,T[) we can also show that
Vu(z,t —h) = Vu(z,t) in L*(Q2x]0,T[) as (h — 0).

Indeed, since Vu(x,t—h) — Vu(z,t) pointwise, the desired convergence follows by dom-
inated convergence as |Vu(x,t — h) — Vu(z,t)| < 2L. Thus we proved (3.34). Secondly,
we recall that by Proposition 3.4.4, as h — 0,

h
div [ YY) Sdiv [ Y| weakly in I2(Q x [0,7]).  (3.35)

1+ |[Vu|? V14 |Vaul?

Therefore, combing (3.34) and (3.35), by weak-strong-convergence we get that the prod-
uct of the two terms, i.e. G}, satisfies

Gh — /14 |Vul*div Ve weakly in L*(Qx]0, 7).

1+ |Vul?

In a third step, we can now improve this convergence to a weak-L?(Q2x]0,T[) conver-
gence. Indeed, we note that Gy, is the product of a term that is bounded in L>(€2x]0,T7)
and a term which is weakly convergent in L?(£2x]0,T[). Therefore, we deduce that G}, is
bounded in L?(Q2x]0,T[) and thus weakly convergent in L?(2x]0, T[) (cf. [45, Theorem
1.9.3]). Since weak limits are unique, we get the desired

G — /1 + |Vul*div Ve weakly in L?(Qx]0, T']).

1+ |Vul?
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3.5. Asymptotic Limit t — +o0

Recalling that x 4n4p converges to 1 in L?(2x]0,T[) we can use once again weak-
strong-convergence to deduce that the product of y AbuAb and G}, converges weakly in

LY(92x]0,T]) so that we finally get

+o00
Jim Gh¢dxdt:/ /\/1+|Vu\2div R Y (3.36)
n=0.J apuay 0 Ja J1 4 [Vul?

Combining (3.31), (3.32), (3.33) and (3.36) we deduce the corollary. O

3.5. Asymptotic Limit ¢ — +oc0

Proposition 3.5.1. Let u be a distributional solution as in Theorem 3.4.8 and let v
be the minimal surface above ¥ which coincides with ug on the boundary as in Proposi-
tion 2.5.1. Then we have u(-,t) — v uniformly in Q as t — +o0.

In the proof of this proposition we make us of the following Chebyshev-type lemma.

Lemma 3.5.2. Let f € L'(]0,4+oc[). Then, for every k € N, there exists Tj, > 0 such
that

=

{r ed0vaxt: 101> b v <

Proof. Assume by contradiction that there exists some kg € N such that for every T' > 0:

Ht €10, +00[: |f(8)] > klo} T, —l—oo[‘ > klo

Then, for every T > 0, we would have
Foo T 1
/T |fldz > /T FOX{|f‘>%} dz > /{:T%.

This contradicts the fact that, since f belongs to L(]0, +oc[), the integral on the left
hand side converges to zero as T' — +o00. O

Proof of Proposition 3.5.1. We start by recalling that, according to Corollary 3.4.6,

uy belongs to L*(Q2x]0,+oc[). Hence, by Fubini, fi(t) := [, lug (2, t)]* dz belongs to
LY(]0, +o0[). Additionally, we recall that by Fatou’s lemma and Proposition 3.2.7

Fa(t) s=Tim it [0 ()] 220,

also belongs to L'(]0,4+o0[), where v is defined as in Definition 3.2.2 and where we
assume that (uhk)keN is a sequence of approximate flows with v — u uniformly as
k — +oo. Applying Lemma 3.5.2 to f := f1 + fo we see that for every k € N the set
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3. Distributional Solutions

{t € [Ty, +oo[: |f| < 1} has infinite measure (in fact, positive measure would also be
sufficient at this point). Noting that f; belongs to L'(]0, +oco[) and

h(t) := / 1+ |Vul*div Ve dz,
Q 1+ [Vaul?
1

belongs to L, .(]0, +00[), we see that almost every t > 0 is simultaneously a Lebesgue-
point for f; and h. Therefore, using also Lemma 3.4.1, we can easily construct an
increasing sequence t; — 0o as (k — 0o) such that

(a) ti is a Lebesgue-point for f; and h,

(b) [ lue(z, t)*dz < £,
(c) llu, te)llw22(q) < €, where C' > 0 is not depending on k.

Owing to (¢) and the uniform Lipschitz bound (in space), up to possibly passing to
a subsequence, we can assume that (u(-,tx))ren converges (strongly) in L*°(£2) and
W12(Q) and weakly in W22(Q2) to some element v € W°°(Q) N W?22(Q). Morally, we
would now like to use (3.27) with tests of the form ®(z,t) = ¢(z)n(t), where ¢ € C1(Q)
with ¢ > 0 on {v = ¥} and 0 < n € CL(]0,+oo[). We could then use n to localize
at times t; and pass into the limit. However, in general there is no reason why such ®
should by an admissible test, i.e. why ® should satisfy ® > 0 on {(z,t) : u(x,t) = ¢(x)}.
Therefore, we need to argue more carefully. Namely, we will show that for every ¢ and
(tx)ken as above, there exists ® € C1(Q2x]0, +-00[) with the following three properties:

(i) @ >0on {(z,t) : u(z,t) =9v(z)},
(ii) ®(-,t) € CL(Q) Vt >0,
(iii) ®(-,tx) — ¢ uniformly as (kK — 400).

Postponing the construction of ® and assuming its existence, we note that for any
0 <ne CL]0,+oo[) we get

®:=dneClOx]0,+00]) and @ >0onA, = {(x,t) : u(z,t)=1p(z)}

Hence, we can test (3.27) with ® to get

—+00 “+oo
/ (/utcbdx)ndtz/ /\/1+|Vu]2div V4 ) gde | nat.
0 Q 0 Q /14 [Vaul?

l
Recalling property (a) and taking n = 7;, a sequence with 7, (i)oo) dt, (the Dirac-d at
tx), we obtain that for every k € N

/ut(x,tk)CD(:c,tk)d:r>/ 1+ Vu(e, ) Pdiv | ——2 ), ) B, 1)
Q Q 1+ |Vul?
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By property (b), u(-, ;) — 0 in L?(Q2) as (k — +oc0). Moreover, very similar to the
arguments which led to (3.35), by weak-strong convergence we see that the product of
the square-root term and the divergence term converges weakly in L!(£2) so that together
with property (iii) we can pass into the limit k& — -+oo to obtain that

v
02/\/1+|Vv|2div A Y (3.37)
Q@ \/1+|Vol?

for every ¢ € CL(Q) with ¢ > 0 on {z € Q : v =1}. We claim that this inequality

immediately implies
0< / VY V() de
a1y Wik

To see this, we start by considering [ : R” — R defined as l(z) := (1 + |Vv(x)|2)_% for
z €  and I(z) = 0 otherwise. Let [ := (I * p)|q be as usual the convolution with the
standard mollifier. As [ belongs to L>°(2), for every p < +oo, we have I — [ in LP()
as (¢ = 0). Moreover, I. € C°°(Q). Fix now any ¢ € C}(Q) with ¢ > 0 on {v = ¢} and
set ¢ = ¢l.. We note that ¢. belongs to C}(2) and since I > 0 also I. > 0 and thus
¢ > 0 on {v =1}. Therefore, by (3.37) we have

(3.38)

O>/\/1+Vv2\div ~ VY ) ge(@)dz Ve > o,
Q

1+ |Vl

Since ¢. — (1 + ]Vv|2)7% in L2(Q) as (¢ — 0), equation (3.38) now follows by passing
into this limit and then integrating by parts. Recalling Lemma 2.5.2 we deduce that v
is the unique minimal surface above ¢ which coincides with ug on the boundary. As we
will see now, u(-,t) converges to v whenever t — +oo and not just along the particular
subsequence we just constructed. To verify this, we show that from any sequence of
times we can extract another subsequence along which we get convergence to v. Let us
therefore start by fixing a sequence of times s; — +00 as (I — +00). Up to possibly
passing to a subsequence we can assume that we have u(-, s;) — w uniformly, for some
w € Lip(2). Using Lemma 3.5.2 once more and applying the same arguments as above
we claim that we can find a sequence (t)ren such that

1
k’
u(-,tg) = v uniformly as k — +oo.

Isg, — ti| <

Indeed, for k € N, we choose s;, > T}, + 1. Then Lemma 3.5.2 tells us that

{retn o+l ¢} 1
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3. Distributional Solutions

which allows us to choose t; € [s;, — %, + £ such that not only (a), (b) and (c) are
satisfied (and thus u(-, tx) — v), but also |s;, — tx| < ¢. By Corollary 3.3.1 we then have

_1
Hu('7slk) - u('vtk)HLoo(Q) < C‘Slk - tk‘z’”‘z =0 (k— 4).

Since u(-, s;,) = w and u(-, ;) — v, uniformly, we deduce w = v. To conclude the proof
we need to verify the existence of ®. Our ansatz for ® will be

+oo
@((L‘,t) = Z Uk(t)(¢($> +§k(x))7

k=ko
with
e & € CH(Q) such that & — 0 uniformly as k — +oo,
o i € Ce(R) with ny.(ty) = 1,

where (¢} )k>k, is a subsequence of (t;)ren. Moreover, &, and 7y are related in the
following way. We assume that there are numbers 7, > 0, small enough, such that
(Jt} — ks t), + Tk ken is a family of disjoint intervals and

e 0+&>00n{xeQ|3telt)y —mt), +m[: ulz,t) =1z, t)},
o supp(nx) Clt, — Tk, t), + T[.

Before we go on with the construction of ®, let us note that assuming the imposed con-
ditions on &, n and 7y, it is straightforward to check that ® belongs to C'*(Q2x]0, +oc])
and satisfies (i), (ii) and (iii). Since for given 73, > 0, the construction of 7 with the above
mentioned properties is standard, we will now focus on the construction of &. For k € N
we let Vi := {2 € Q : distyy—y(7) < m} and note that ¢ > —1 on Vj. We then
fix ko € N, such that Vi, CC Q and set, for k > ko: a(k) := ming, , {v —}. Observing
that a(k) > 0, we deduce that whenever w : Q& — R satisfies ||w — v[[ 00y < a(k)
then {w = ¢} C V;. Consequently, we choose a subsequence (t})k>k, of (tx)ren such
that ||u(-,t},) — 'UHLOO(Q) < fa(k) and, by using the uniform continuity of u in spacetime,
7, > 0 such that [[u(-,t) — vl () < a(k), whenever ¢ €]t} — 74, + 7,[. Finally, we
claim that any &, € CL(Q) with 0 < &, < % and & = % in Vj, has the desired properties.
Indeed, it is immediate that such & converges uniformly to zero and by our construction
we have
{x e Q| Itelty — et + 7kl ulz,t) =z, t)} C Vp,

while ¢(z) + & (x) > 0 on Vj. O
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4. Viscosity Solutions and Uniqueness

The aim of this chapter is to deduce uniqueness of flat flows, i.e. of the limits of the
approximate flows, by using methods from the theory of viscosity solutions. As a byprod-
uct, we will show that our solutions are in particular also viscosity solutions. We will
give a precise definition of this notion later. For a more thorough introduction to the
theory of viscosity solutions we refer to the so called user’s guide [35] where parabolic
equations are treated in chapter 8. Although parabolic obstacle problems are not men-
tioned explicitly in this reference, an example therein (namely example 1.7) is dealing
with an elliptic obstacle problems and its generalization is straightforward. However, we
will collect the relevant definitions and concepts in section 4.1. As before 2 C R" is open
and bounded, T can either be a positive number or +oco and ¥ € C11(Q) represents the
obstacle.

4.1. Viscosity Solutions of Parabolic Obstacle Problems

Let us start by recalling the notion of properness which is crucial in the theory of viscosity
solutions.

Definition 4.1.1. Let H : R® x R2*" — R be continuous. We say H is proper if

sym

H(p,Y)< H(p,X) VpeR" VX, Y eRZ": X <Y,

sym
where Ry, the space of symmetric n x n matrices is endowed with the usual (partial)

ordering, i.e. X <Y means
(Y = X)v,v) >0 VveR"™

In the following, by a slight abuse of notation, we will use H also as a symbol for the
(formal) operator u + H(Vu, D?u), where V and D? are denoting spacial differentiation.

Definition 4.1.2. Let V C Qx]0,T[ be open. We say that u € C(Q2 x [0,T]) is a
viscosity subsolution of the parabolic obstacle problem associated to the operator 9, + H
and the obstacle ¢ in V if for all (zo,tp) € V and every C2-test which is touching u at
(xo,tg) from above (i.e. for every ¢ € C2(Qx]0,T[) with ¢(zg,to) = u(xo,to) and ¢ > u
in 2x]0,T[) we have

min {¢;(0,t0) + H(V¢(x0,t0), D*¢(x0, to)), u(wo, to) — ¢(w0) } < 0. (4.1)

Similarly, u is called a wviscosity supersolution of the parabolic obstacle problem associ-
ated to the operator 9; + H and the obstacle ¢ in V if for all (zg,t9) € V and every
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4. Viscosity Solutions and Uniqueness

C?-test which is touching u at (g, o) from below (i.e. for every ¢ € C?(2x]0,T[) with
(o, to) = u(zo,t0) and ¢ < u in Q2x]0,T[) we have

min { ¢ (zo, to) + H(V(zo, to), D*¢(z0, t0)), u(xo, to) — ¥(zo) } > 0. (4.2)

Analogously, in the unconstrained case, we can define the notion of viscosity sub- and
supersolutions of the parabolic equation u; + H(Vu, D?>u) = 0 if instead of (4.1) we
consider the inequalities ¢¢(z,t0) + H(Vp(xo,t9) < 0 (> 0, respectively). Finally, u is
called wiscosity solution if it is both a viscosity sub- and supersolution.

Remark 4.1.1. It can be helpful to note, that in order to check that u is a viscosity
subsolution, it suffices to consider only tests ¢ which are touching u at a single point,
ie. with ¢(x,t) > wu(z,t) for (x,t) # (xo,tp). This can be seen as follows: Given
¢ > u which is touching u possibly also at other points, consider, for € > 0 the function
¢ = ¢ +e(jx — 20| + |t — to|*). First of all, we note that ¢, coincides with  only at
(20, t0). Moreover, if we set Fy 10)(¢e) = Oy (w0, t0) + H(Ve(x0,t0), D*d< (20, t0)),
by continuity of H we see that as € — 0 we have

F(m(),t()) (ng) — F(xo,t())((z))‘

Therefore, even if a priori we just know that F(onto)(qﬁg) < 0 we immediately deduce the
same inequality for F,, ;,)(#). From this observation the claim follows immediately. Of
course, the analog statement holds for checking that u is a supersolution.

Let us now have a closer look at what it means for u to be a viscosity sub- or super-
solution of a parabolic obstacle problem. We have the following characterization.

Lemma 4.1.1. Let u € C(2 x [0,T]). Then u is a viscosity supersolution of
min {ut + H(Vu, D*u),u — w} =0,

(i.e. of the parabolic obstacle problem for 0y + H with obstacle ¥) if and only if u >
and uy + H(Vu, D?>u) > 0 (in Qx]0,T[) in the viscosity sense. Furthermore, u is a
viscosity subsolution if and only if u; + H(Vu, D?*u) < 0 in {u > 9} in the viscosity
sense.

Proof. The characterization of supersolutions follows essentially from the definition and
the simple fact that the minimum of two numbers is nonnegative if and only if both those
numbers are nonnegative. On the other hand, for the characterization of subsolutions
we note that in the set {u < 9} condition (4.2) is always fulfilled. Consequently, u

is a subsolution of the obstacle problem if and only if it is a viscosity subsolution of
ug + H(Vu, D?u) = 0 in the complement of this set. O]

For the sake of completeness, we check that the operator we consider is indeed proper.

Lemma 4.1.2. Let H : R™ x R2X™ — R be defined as

sym
(Xp,p)
1+ [p?

H(p, X):= —tr(X) + (4.3)

Then H 1is proper.
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4.2. Consistency

Proof. Fix p € R", X,Y € RI" with X < Y. Setting B := (I, — ﬁjg), where I, is

the identity matrix in n dimensions, we have
H(p,X)=-B:X,

where B : X = szzl B;;X;j is the (Frobenius) inner product of matrices. The proper-
ness of H follows once we verified B : (Y — X) > 0. By assumption, (Y — X) > 0
and it is easy to see (cf. the proof of Lemma B.1) that all the eigenvalues of B are
positive so in particular B > 0 as well. The claim is now a consequence of the fact that
the inner product of two symmetric, non-negative matrices is non-negative. Indeed, let
Z = (X —Y) and let (v;)1<i<n be a basis of R" consisting of eigenvectors of Z. As Z
is nonnegative, we thus have Zv; = \ju; for some \; > 0. Using the symmetry of Z and
the invariance of the trace under coordinate changes we get

n

B:Z=t(B-2)=)Y ((B:-Z)v;,v) = Zn:)\i<Bvi,vi) > 0.
i=1 =1

4.2. Consistency

In order to show that every flat flow u (i.e. every limit of approximate flows) is also a
solution in the viscosity sense, we will employ the following auxiliary result.

Lemma 4.2.1. Let ¢ € C?(Qx]0,T[). Then, for every V C Qx]0,T[ compact we have

¢t($7t)
1+ |Vo(z,t)[

1
Esdist(b(,’t_h) (x,p(z,t)) — in L*(V) as h — 0.

Proof. Let V be a compact subset of 2x]0, T and let hg > 0 small enough such that V4,
the hg-neighborhood of V| is still compactly contained in Qx]0,T[. Then, for h < hyg,
let us introduce the auxiliary functions Fj, : V' — R defined as

Fy (1) i i(0@,t) — ¢(z,t —h)
\/1 + |[Vé(x,t — h)?

As ¢ € C?(2x]0,T[) and V is compact it is immediate to check that

bt

V1+|Vel?

Possibly decreasing the value of hg > 0, we can assume that for every h < hg

Fp — in L°(V) as h — 0. (4.4)

d(h) = Hdist¢(.7t_h) (a:,qb(ac,t))HLoo(V) < distaq(x).
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4. Viscosity Solutions and Uniqueness

This allows us to apply Lemma 3.4.5 and deduce that for every (z,t) € V we have

‘Fh ((L’, t) - Sdismﬁ(-,t*h) (x7 (;5(.%, t))‘ <
1 ¢(x,t) — dp(a,t —h) (4.5)
) .
\/1—|—|V¢(m,t—h)|2 h

OSCB ) (=

The second term on the left hand side is obviously uniformly bounded. Let us argue,
why the oscillation term converges to zero uniformly. Since V}, is compactly contained
in Qx]0,T[ and since ¢ is of class C2 for every & > 0 there is § > 0 such that for every
(x,t),(y,s) € Vi, we have

t—s| <) = ! - !
\/1+|v¢(x,t)y2 \/1+\V¢(x,t)l2

In particular, for every € > 0 there is a § > 0 such that for every (z,t) € V we have

<e.

[z —y| +]|

1
) 2
1+ VoGt —h)

<e.

0SCB; (x

Since d(h) — 0 as h — 0 the convergence of the oscillation term follows. This allows us
to deduce from (4.5) that

(Fh(:c, P %sdis%(,,t_h) (@, é(z, t))) 0 in Lo(V) as h — 0. (4.6)

Combining (4.4) and (4.6) yields the desired claim.
O

Let (u*)reny and u be as at the beginning of Section 3.4, i.e. (u™)ren is a sequence
of approximate flows, obtained via Theorem 3.1.3, and for every T" < 400 we have

u = u in L®(Q % [0,T]) (k— 400).

Proposition 4.2.2. For (u*).ey and u as above we get that u is a viscosity solution
of the parabolic obstacle problem

min { u; — /1 + |Vu|*div Ve yu—1 =0, (4.7)

1+ |Vaul?

in Q2x]0, 400].
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4.2. Consistency

Proof. Recall that u is continuous and satisfies u > v by construction. Let us first show
that w is a viscosity supersolution. According to Lemma 4.1.1 it suffices to show that u
solves

uy + H(Vu, D*u) > 0,

in the viscosity sense. Fix any point (xg,tg) in 2x]0,+oo[ and take an arbitrary ¢ in
C?(2x]0, +00|) with ¢(z0,t0) = u(zo,tp) and ¢ < u in (2x]0,+o0[) \ {(xo,t0)} (cf.
Remark 4.1.1). By contradiction, suppose that

Vo

V1+[Vel?

Since ¢ is of class C? we can hence find constants 7, > 0 such that

Pi(zo,t0) — \/1 + [V (o, o) *div (2o, t0) < 0.

o Vo

V1+[Vel? V1+[Vel?

where Q := B, (x¢)x]to — r,tg]. Due to our assumptions on ¢ there exists 6 > 0 such
that

< div —-n Y(z,t)eQ, (4.8)

u—¢ >0 ondpQ.
Let us next choose k € N large enough such that for h := hy we have simultaneously
< 4/4, (4.9)
th (J:a t) n

sdistg. ¢—p) (T, d(7,1)) < + - V(x,t) € Q. (4.10)
L+ V(1))

1
h

Note, that this can always be achieved by the uniform convergence of u™ to u and
Lemma 4.2.1. Finally, we set s := inf{5 € R|3(z,t) € Q : u/'(2,t) = ¢(x,t) + 5}.
By (4.9) we know that s € [—g, %]. Consequently, for ¢s = ¢ + s, on 9,Q we have

Wt gy = () b () (- d) 06— =0 ()
and in @, it holds ¢, < u" (otherwise we get a contradiction to the definition of s).
By definition, we can find a sequence (si)ren converging to s with s > s for all
k € N and points (wg,t;) € Q with u(wg,t) = ¢, (vk,tx). Possibly passing to a
subsequence, we can assume that (xy,t) converges to some (Z,) € Q. Either we have
ul(z,t) = ¢5(Z,%) or there is a subsequence (¢} )ren of (tx)ren With the property that
t, < t (otherwise Remark 3.2.1 yields a contradiction). Note that this second case can
only appear at times ¢ = Nh for some N € N. In this latter case we will consider
the function u~ : Qx]0, +00[— R which we define as follows: If k¥ € Ny is such that
t €]kh, (k + 1)h] then we set
uP T (2, t) = g ().
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4. Viscosity Solutions and Uniqueness

Note that v and u"~ will only differ at times Nh. Moreover, now it holds v~ (z,f) =
¢s(Z,1). By (4.11) — which also holds if we replace u" by u»~— we see that (z,) € 9,Q
and hence there exists p > 0 such that B,(Z) C B,(x). In the remainder of the proof,
for convenience, we will assume that we are in the case u"(Z,) = ¢(Z,t). However, it
is straightforward to check that the inequalities (4.12) and (4.13) below can be derived
analogously for u® .

Since u” (-, ) solves a variational inequality, by Proposition 2.3.4 we know that for a.e.
x € B,(T)

h
. 1
Vel ?) - (x) < —Sdistuh(,i_h)(m,uh(x,f)). (4.12)
L+ [Vul(-, 1)

di
1v h

Since u”(Z,%) = ¢s(7,t) and as the maps

B,(Z) 2 x v sdistyn . j_p) (7, ¢s(2, 1)) € R,
By(z) 5 x> sdistyn(.z_p) (z,u"(x,1)) € R,

are continuous, there exists 0 < p; < p such that
SdiStuh(-,f—h))(xa Uh(ﬁ»f)) < SdiStuh(-,f—h) (IL‘, ¢S(x7ﬂ) + g Vr € BPl (i)
By construction, ¢5 < u”. Hence Lemma 1.2.1 and the above inequality imply

SdiStuh(~,f—h) (:Uv uh(xa E)) < SdiStzi)s(-,f—h) (ZL‘, ¢8(m7 E)) + g
(4.13)
= sdistg(. 7—p) (2, ¢(x, 1)) + g Va € B, (Z).

Combining (4.8), (4.10), (4.12) and (4.13) we finally get

Vuh(,t_) < div V(ﬁ(,f)
1+|vuh(7t_)’2 1+’v¢(7£)|2

div — g a.e. in B, (Z).

It is now easy to deduce a contradiction by using the comparison principle. Indeed, let
¢ > 0 be small enough such that for v(z) := u"(2,7) and w(z) := ¢(z,1) — e|o — z|* we
have

div Vv < div Ve a.e. in By, (Z).

/14 Vol 1+ [Vwl?

Since v(Z) = w(Z) and as on OB, (Z) we know that v—w > ep?, the desired contradiction
now follows by the maximum principle (cf. Proposition A.6), namely

0= inf (v—w)= inf (v—w)>0.
By, (7) 9By, (7)
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4.3. The Comparison Principle for Viscosity Solutions

What remains to be shown is that w is also a viscosity subsolution in the non-coincidence
set {u > 1 }. This can be done in a similar fashion. The only place, in which we need to
adapt the proof, is the counterpart of inequality (4.12). More precisely, let us consider
some (xg,t9) € {u > ¥} and ¢ in C?(2x]0, +oo[) with ¢(xo,t0) = u(wo,tp) and ¢ > u
in (2x]0,4o00[) \ {(xo,t0)}. By contradiction, suppose now that

Vo

b1(zo,t0) — \/1 + |V(xo, to)|*div | ————
1+ Vol

(x(), to) > 0.

As before, we now choose n,r > 0 small enough such that we have

ot > div Ve

V1t Ve V14 Vel

where again QQ = B, (z¢)Xx]to — 7, to] but this time we additionally require r to be small
enough such that @ CC {u > ¢}. This can always be done as {u > v} is open.
Consequently, we can find 0 > 0 which is not only satisfying ¢ —u > d on 9,Q but also
u — 1 > ¢§ in (). Having made these refinements the proof now follows exactly the same
ideas as above. Note in particular that the sole purpose of the new requirements is to
guarantee that u” stays above the obstacle in @ which then allows to deduce that for
given ¢ €]ty — r, to)

+n V(zt)€Q,

. Vul(.,t) 1 .
div - () = ESdlStuh(‘i_h) (z,u"(x,1)),
L+ [Vul(-, 1)
for almost every = € B,(z9). O

4.3. The Comparison Principle for Viscosity Solutions

The notion of viscosity sub- and supersolutions allows us now to prove the following
comparison principle which can be seen as a variant of Theorem 8.2 in [35].

Proposition 4.3.1. Let u be a viscosity subsolution and v be a viscosity supersolution
of (4.7) such that w < v on 9,(2 x [0,T]). Then u <wv in Q x [0,T7.

Before we come to the proof, let us state a result which will be used in an essential
way to derive the comparison principle.

Lemma 4.3.2 (Doubling of Variables). Let u,v € C(Q x [0, T[) such that u(x,t) — —oc
uniformly in Q ast — T and such that v is bounded from below. Then for o > 0 suppose
that at (&,7,1) € Q x Qx]0,T| the function

QAx Qx[0,T[> (z,y,t) = Po(z,y,t) := u(z,t) —v(y,t) — %|x —yl?
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4. Viscosity Solutions and Uniqueness

attains its maximum My := ®o(&,9,1) and M, > 0.
Moreover, we assume that there exists v > 0 such that for every M > 0 there exists
K > 0 with the following property: For every (z,vy,t) € B,(Z,7,t) we get that

a) if € C*HQx]0,T|) with ¢ > u, ¢(z,t) = u(z,t) and |[Vé(z,t)| + |D*¢(x,t)| < M,
then we have ¢y(z,t) < K,

b) if ¢ € C*(Qx]0,T[) with ¢ < v, ¢(y,t) = v(y,t) and [Vo(y,t)| + |D*¢(y,t)| < M,
then we have ¢¢(y,t) > —K.

Then we can find two sequences (Ty, tg)ren, (Yk, Sk)ren in Qx]0,T[ converging to (Z,1)
and (§,1) and two sequences (¢yk)ren and (¢ur)ren i C2(Q2x]0,T[), a € R, p € R"
and X <Y € RIX™ with the following properties

sym
i) bup > and oy <v inQx[0,T] VEkeN,

it) Guk(T,ti) = w(zk, te) and ¢y k(Yr, sk) = v(yk, sk) Yk €N,

iii) Opdy (T, tr) = a and Orpy 1 (yk, Sk) — a as (k — 00),

i) Vou ik ty) = a( —79) and Vo k(yk, sk) = a(Z —9) as (k — 00),
v) D?¢y p(zk,tr) — X and D?¢y 1 (yr, sk) — Y as (k — 00).

We postpone the proof of this technical but crucial until after the proof of the com-
parison principle which we will give now.

Proof (of Proposition 4.5.1, assuming Lemma 4.3.2). Of course, the case T = +o0 fol-
lows once we derived the proposition for every finite 7. Let us therefore assume that
T < +oo. For reasons to be explained later, let us replace the function u by

w(x,t) == u(z,t) — (x,t) € QA x [0,T],

€
T—t
for € > 0 arbitrary. It is then easy to check that there exists a constant ¢ = ¢(e,T") > 0
such that u is a viscosity subsolution of

min { u, — /1 + |Vu|div Ve yu—1 p +c=0, (4.14)
1+ |[Vaul?

in 2x]0,T]. Additionally, we have
u(z,t) = —oo (4.15)

uniformly in Q as ¢t — 7. We will deliver a verification of these assertions at the end of
the proof. Obviously, if we manage to prove that u < v in X [0, T, then the desired
inequality for u follows by arbitrariness of € > 0.

102



4.3. The Comparison Principle for Viscosity Solutions

By a slight abuse of notation we will henceforth write again u instead of w. We assume
by contradiction that there exists some (z,t) € 2x]0,7[ and § > 0 such that

u(z,t) —v(z,t) = 0. (4.16)

For a > 0 to be fixed momentarily, let us consider ®,, : Q x Q x [0, T[— R, defined via
o
(I)a(x7y7t) = U(I‘,t) - U(yvt) - 5‘.%‘ - y‘z

We note that as ®, is bounded from above, its supremum is finite. Moreover, @, is
continuous on € x [0, 7], for any 7 < T. Hence by compactness of  and in view of (4.15)
®,, attains its supremum at a point (Za, Ya,ta) €  x Q x [0, T[. Since ®(z,z2,5) = § we
get

0<0< My :=P(a, Yasta)s

Note that this implies in particular that
0 < u(Ta,ta) — V(Ya,ta)- (4.17)

Towards applying the previous lemma, let us next rule out the case that either z, or
Yo belong to 99 or that t, = 0. Note, first of all, that for o/ > a we have M, < M,.
Therefore, since M, > 6 we know that limg_, 100 M, exists and is positive. From the
definitions of M a and (a4, Yo, ta) We get

« Q@

Z|xo¢ - ya|2 = My + Z|xa - ya|2

and consequently, since (M,)q>0 converges as (& — +00), we can deduce

M% > u(xavtoz) - U(yOt?tOé) -

)

«
Z|Ia - ya|2 — 0, (4'18)

as (o« — +00). Suppose that z, € 9Q. By assumption we have u(zqa,ta) < v(Za,ta).
Hence by continuity of v and by (4.18), for « large enough, we get u(xq,ta) < v(Ya,ta)
which would imply that M, < 0 which is a contradiction. Analogously, we can rule out
that y, € 0Q2 or that t, = 0 if « is chosen large enough. Thus, for such an a we denote
by (Z,9,1) € Q x 2x]0, T[ a maximal point of ®,.

Before we can apply the lemma we also need to check the condition on the time
derivative of certain test functions. Let us start by choosing r > 0 small enough such
that u(z,t) > 9 (z,t) whenever (x,y,t) € B,(&,7,1). This can be done since we know
that 6 < u(#,t) — v(9,f) and that |& — | — 0 as (o — o). Thus, by possibly enlarging
o further, we can guarantee that first of all u(#,#) > v(#,%) and then that there exists
some r > 0 with the property that u(x,t) > v(z,t) whenever (z,y,t) € B.(%,7,1%).
In particular, since v is a supersolution and thus has to stay above the obstacle, we
get that u(x,t) > ¢(z,t) whenever (z,t) € B,(Z,#). Consider now first a function
¢ € C?(2x]0, T[) touching u from above at some point (z,t) € B,(#,t). By construction
(and assumption) we know that

min d ¢ — /14 |VoPdiv [ ——2 | - V@ <—c<o.

1+ V|
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By the choice of r, we can deduce that ¢¢(x,t) + H(V¢(z,t), D*¢(x,t)) < 0. Assuming
that |Vo(z,t)| + |D2¢(x,t)} < M we can thus show the existence of a constant K =
K(n, M) such that

du(x,t) < |H(Vo(x,1), D*¢(x,1))| < K,

where here and in the following H is defined according to (4.3). On the other hand,
consider now ¢ € C2(Q2x]0,T) touching v from below at some point (y,t) € B.(4,).
Since v is a supersolution we know right away that ¢;(y,t) + H(Vé(y,t), D?¢(y,t)) > 0
and we can conclude as before. Thus, we are now in the position to apply Lemma 4.3.2

to get (duk)keN, (¢ok)ken in C*(QX]0,T]), (zk, tr)ren, Yk, Sk)ken in 2x]0, T, a € R,
p € R"and X <Y € RIX" as in the lemma. Note that by properties i) and i) in

sym

Lemma 4.3.2 we get Py, (7k,tx) < —c and Py, , (yk, sk) > 0 for all k € N, where

Py(z,t) :=min { ¢, — /1 + |Vo|*div \/L2 s — 1 3 (z,t).
1+ Vgl

Using ii1),4v) and v) in Lemma 4.3.2 we can pass into the limit (k — oo0) in these two
relations to deduce

Subtracting the two inequalities yields
C S P2 — Pl.

We claim that this already constitutes a contradiction for « large enough. Indeed, let

us consider the various possible cases:
Case 1: Pr=a+ H(a(z —9),X) and P =a+ H(a(z —7),Y).
In this case, we get by Lemma 4.1.2 that

¢ < H(a(t—9),Y) - H(a(z - 9),X) <0,

which is clearly a contradiction as ¢ > 0.
Case 2: Py = u(i,t) —(2) and Py = (9, 1) — (7).
Using (4.17) we deduce

e < (@) = ¥(§) — u(@, ) +¥(@) < (@) — D)

Letting « be large enough, thanks to (4.18) and the uniform continuity of i) we can
make the right hand side arbitrarily small and thus deduce a contradiction.

Case 8: Py = u(#,t) —(2) and Py = a + H(a(Z —9),Y).
This case can easily be reduced to the second one since P> < v(g,1) — 1 (%) so that

c < Py— Py <v(f,t) —o(g) — u(, ) + (),
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4.3. The Comparison Principle for Viscosity Solutions

and we can argue as before.

Case 4: Py =a+ H(a(z —9),X) and Py = v(,1) — (7).
Using P, < a+ H(a(Z —y),Y) we can argue as in the first case. Thus we showed that
inequality (4.16) leads to a contradiction.

Finally let us discuss the assertions made at the very beginning of this proof. For
€ > 0 we define @ := u — 7= First of all it is clear that as t — T', we get u(z,t) — —oo
uniformly. Moreover, observe that u is bounded since by definition v is continuous
and the set Q x [0, 7] compact. Hence u. is bounded from above. Then, let us fix
(w0,t0) € 2x]0,T[ and ¢ € C?(2x]0,T|) touching @ at (xg,ty) from above. Note that
this implies that ¢ := 5 + 7= is touching u at (z¢,%) from above. Now we have to
distinguish between two cases. Let us first consider the case u(xg,tg) < 1¥(xg). We get

~ e L _E

d(z0,t0) — P(z0) < —

T—1ty — T

On the other hand, if u(xo,t9) > 1¥(xo), we know (as u is a viscosity of (4.7)) that

. \Y%
th(l’o,to) - \/1 + |V¢(m0,t0)|2d1v ¢2 (xoﬁ to) < Oa
1+ V9l
from which we immediately deduce
~ ~ 2 . V(Z € €
¢t($0,t0) — \/1 + ’V(b(l‘o,to)’ div (l’o,to) < _m < —ﬁ.

14|Vl

Setting ¢ = min {%, %}, this shows that @ is a viscosity subsolution of (4.14). Thus
we verified that u satisfies the two additional assumptions made in the beginning of the
proof. O

We will derive now Lemma 4.3.2 from a similar result (in an elliptic setting) which is
given in [35]. The following notion turns out to be useful in what follows.

Definition 4.3.1. For V C R¥ open, u € C(V) and z¢ € V we define the set of second
order superjets (of u at xp) as

J? u(xg) == {(p, X) € RY x R?Lan : as T — o we have

u(@) < ulzo) + (p, = — o) + %<X(fﬂ — x0),x — @) + o[z — zo|*) }.

Analogously, we define the second order subjets (of u at z¢) as
J?>~u(zg) == {(p, X) € RN x R%?RN : as ¢ — xo we have

u(z) > u(xzo) + (p,x — xo) + %(X(x —x9),x — x0) + o|x — a:0|2) I3

and we notice that J> u(zg) = —J>F(—u)(x0).
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4. Viscosity Solutions and Uniqueness

For a more detailed discussion of this notion, we refer the unacquainted reader to the
last part of appendix B. In the application below we will treat the time variable as an
additional space variable and thus we work in n 4+ 1 dimensions, hence the choice of
the letter IV which denotes the dimension in the definition above. Moreover, the link
between the elliptic and parabolic setting is formulated in the following simple lemma.
In order to make the connection more obvious, we will label the x, 1 coordinate by ¢ in
the following lemma.

Lemma 4.3.3. Let V C R"! open, u € C(V), (2,{) € V C R* x R and finally
(p, X) € J> u(2,t). Then there exists ¢ € C*(V) such that

i) p>uinV,
i) ¢(2,t) = u(#,1),
i) de(2,1) = pni1,
w) Vap(&,) =1,
v) Dig(2,t) = X',

where p = (p/,pn+1) € R™ x R and X' denotes the n x n-submatriz obtained from X by
deleting the last row and the last column.

Proof. Let (x,t) € V. By definition we know that as (z,t) — (&,¢) we have for X = (X;;)

PN

uw(z,t) <wu(@, i)+ p,x—2) +pt —1) + =(X'(z —2),2 — 2)

N | —

A N ] ) )
+ Xlk(a;k - :I?k)(t - t) + §X(n+1)(n+1)(t - t)z + O(‘JZ — .CC‘Q + {t - t‘2).
k=1

As in the proof of Lemma B.10 we can replace of|z — &|* + }t - ﬂ2) by a C2-function
h(z,t) with vanishing at (&,%) up to the second order derivatives and set

(z,t) == u(d, t) + (o, 2 — &) +p(t — 1) + %<X’(£U —I),r — )

n R . 1 . ) -
+ ZXlk(ij - xk)(t — t) + §X(n+1)(n+1)(t - t)2 + 0(‘I — $‘2 + |t — t‘ )
k=1

It is then straightforward to check that ¢ satisfies properties i) to v).
O

With the notion of sub- and superjets at hand, we now recall the following result
which corresponds to [35, Theorem 3.2].
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4.3. The Comparison Principle for Viscosity Solutions

Proposition 4.3.4. Let V C RY open and bounded, u,v € C(V) and ¢ € C*(RN xRY).
Suppose (&,9) € V x V is a maximum of

VXV 3 (0,y) = ulx) - v(y) — 6(z, y).

Then there exists X, Y € RNXN such that

sym
(0:0(2), X) € J>Tu(l) and (=0y¢(9),Y) € J>~v(f),
and the block diagonal matrix with entries X, —Y satisfies

X 0

—a+anrs (3 S

) < A+ AZ (4.21)

where A = D?¢(&,9) and I is the identify matriz of dimension 2N .

A detailed discussion of the proof of this result can be found in the Appendix of [35].
Taking this proposition for granted, we can now proof Lemma 4.3.2.

Proof of Lemma 4.53.2. Let us first of all consider the case that ®, attains a strict, global
maximum at (&,§,%). Then, for 3 > 0 we consider the function

U : Qx Qx[0,T[x[0,T[ — R,
(xayatas) = u(x,t)—v(y,s)—%]m—y[2—§(t—s)2.

By the assumptions on u and v we see that W attains its supremum at some point
Ps = (z5,yp,tp,55) € Q x Q x [0,T[x[0,T[. Let N3 = supW¥g. Using (%,9,%,%) as a
comparison point we see that Ng > M, for every 8 > 0. Analogous to the derivation

of (4.18) we can show that |tg — sg| — 0 as (8 — +00). By the assumption that ®, has
a unique, strict maximum we can also see that

Ps — (2,9,1,1). (4.22)
Indeed, assume by contradiction that there exists a p > 0 such that for all 5y there exists

a 3> [y with ‘(xg,yg,tg, sg) — (&, 7,1, f)‘ > p. Then, by the strictness of the maximum
of ®,, there exists some § > 0 such that

«
u(@g, tp) — v(ys:ts) — lzs — ysl® < Mo — 26,
Hence by continuity of v and by possibly increasing 3y we can find 5 > 5y such that
«@
Ns < u(zg,tg) = v(ys, sp) — 5lzs = ysl> < My — 6,

which is a contradiction. Now we apply Proposition 4.3.4 with N = n+1 where we treat
the time variable as another space variable, this means that we think of ¢ = z,41 and
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4. Viscosity Solutions and Uniqueness

$ = Yn+1. Nevertheless, we continue to write s and ¢ in the following, so that we apply
the proposition to
s

2
Noting that V,¢(z,t,y,s)) = a(r —y), —Vyda(z,t,y,s) = a(z —y) and Oip(x,t,y,s) =
—050(x,t,y,s) = B(tg — sp), the proposition yields elements

(%
Bty s) i= Slo— gl = St = )%

(a(xp — yp), Blts — s5), Xp) € T2 u(wg, tg), (4.23)
(s — yg), Blts — 55), Ya) € T2 v(ys, 55), (4.24)

where X 5 and }N/g satisfy a specific structural condition which we will exploit now. Note
that for A = D?¢(i, 1,7, 8) € R2H1)x2041) we get

(a +2a?)I, 0 —(a+ 2221, 0
2 0 B+ 232 0 —B — 232
A+ A= (a+2a%)1, 0 —(a+2a?)1, 0 ’
0 B+ 232 0 —B —2p?

where I,, is the identify matrix in R™. Therefore, A+ A? vanishes on vectors of the form
(v,0,v,0), where v € R™. Relation (4.21) can therefore be used to deduce that

((v,0), X5(v,0)) < {(v,0), Y3(v,0)),

or, in other words, that Xz < Y3 where X3 and Y3 are the n x n submatrices obtained
from deleting the (n + 1)-th row and the (n + 1)-th column of the matrix Xz and Yjp
respectively. We note furthermore, that due to (4.21) we also know that the matrices
Xp and Y3 lie in a bounded set. We can therefore pass to a subsequence 3, — oo as
k — oo such that X3 — X and Y, — Y as £k — oo for some symmetric matrices X, Y.
Note that the relation Xz < Yj allows to pass into the limit so that we have X <Y.
Moreover, we recall that (vg,,ts,,Ys,,58,) — (£,,7,3) as k — co. We will henceforth
write xy instead of zg, etc. Due to Lemma 4.3.3 we now get for each 35 two sequences
of functions (¢§7l)l€N and (qﬁfvz)leN in C%(Q2x]0,T|) with the following properties:

i) ‘Z’Z,l > u and qﬁﬁ,l <w in 2x]0, T for every | € N,

i) ¢F (zr, tr) = u(ar, tr) and @8 (yk, s) = u(yr, si),
iii) thﬁil(xk,tk) — Br(tx — sk) and 8t¢57l(yk, sk) = Br(ty — sg) as | — oo,
iv) Vool (zr, te) = alzr — yr) and Vagh (yr, sx) = alzp — yp) as | = oo,
v) D26k (xp,tr) = Xp, and D2k (yk, sx) — Y3, as | — oo.

According to (4.22) let now kg € N be large enough so that (z, tg, Yk, sx) € Br(2,%,7,1)
for all k > kp and where r is as in hypothesis of the lemma we are proving. Since
each of the four sequences (V@£ (zx, th))ien, (VoL (2x, te))ien, (D?¢5 (xk, tr))ien and
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4.4. Uniqueness of Flat Flows.

(D2¢§7l (YK, Sk))1en is converging and the limits (which depend on k) are converging again,

there exists a constant M > 0 such that for all £ > kg and all [ € N we have

Vo o, )| + | D20k (on )| < M5

Vﬁ,l(ykvsk)‘ + ’D2¢ﬁ,l(yk,5k) < M.

Therefore, by assumption there is some constant K > 0, independent of k and [ such
that
Ouh (xp,ty) < K and 0yl (yy, s1) > —K VIeN.

Hence, letting first [ — 400 in particular

|Br(tr — )| < K.

Consequently — up to possibly passing to another subsequence — we can assume that
there exists some a € R such that

Br(ty — sk) > a ask — oo.

The desired sequences are now obtained by a diagonal argument, so that we will have
Guk = gf)ﬁ’lk and ¢y = ¢§,lk for a suitable subsequence (Ii)xeny of N. Finally, let us
discuss the case, when (Z, 7, t) is not necessarily a strict global maximum of ®,. In this
case we note that the function

« A A 24
(I)a($7yat) = U(ZL‘,t) - U(y7t) - §|$ - y|2 + (|l‘ - 13‘4 + |y - y|4 + |t - t‘ )7

has a strict global maximum at (#,9,1). Up to minor modifications, we can replace @,
by @, in the previous arguments and deduce the desired conclusion also in this case. [

4.4. Uniqueness of Flat Flows.

The comparison principle now immediately yields a characterization of our flat flows.

Proposition 4.4.1. Let u be a flat flow as in Definition 3.3.1 and let v be a viscosity
supersolution of equation (4.7) in Q x [0, +o00[ such that u = v on 9,(2 x [0,400[). Then
u<win Q x[0,+o00].

Proof. By Proposition 4.2.2 we know that w is a viscosity solution of (4.7). Hence the
proposition follows from applying the comparison principle (Proposition 4.3.1). O

In other words, u (as in the above proposition) is the smallest viscosity supersolution
of (4.7) or, yet in other words, u is the smallest viscosity supersolution of

ug—\/1+ yvuﬁdivL =0,
1+ [Vl
which satisfies u > 1.

As a consequence we also deduce uniqueness of flat flows.
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4. Viscosity Solutions and Uniqueness

Corollary 4.4.2. Let (u*)pen and (uM)en be two sequences of approzimating discrete
flows obtained from Theorem 3.1.3 such that u™ — uy as (k — o) and u™ — uy as
(I = o0) in L>®(Q x [0,T]) for any T > 0. Then u; = ug. Moreover, we deduce that
(uM) >0 converges along the full sequence as h — 0.

Proof. We apply the previous proposition once with u = u1, v = ug to deduce u; <
ug and then vice versa to get us < wuj;. The second statement follows form the just
established uniqueness and the observation that it is possible to construct a converging
subsequence out of every given sequence (u™),cy of approximate flows. O

Remark 4.4.1. In the language of minimizing movements, we thus showed, that the flat
flow u is also minimizing movement — in contrast with generalized minimizing move-
ments. For example see [39] for more details on this notion.

110



A. Quasilinear Equations

In this first part of the appendix we collect some classical results on the regularity of
solutions to second-order, uniformly elliptic, quasilinear equations. As in the linear case,
the basic estimates are derived using the difference quotient method so we recall here
also the relevant statements about difference quotients. For a proof we refer to Section
7.11 in [68].

Definition A.1. Let Q,Q C R"™ both be open and such that ' cc Q. Then, for
u:Q— R, heRwith 0 < |h] < dist(,00) and 1 < i < n we define the i-th difference
quotient of size h of u as:

Dlu(a) = U F he]i) —u@) g (A1)

Proposition A.1. Let ' CC Q C R™ both be open.

i) Suppose 1 < p < +oo, u € WP(Q). Then we have:

1D} ull oy < N0sull gy VIR| < dist(€',09). (A.2)
ii) Suppose 1 < p < 400, u € LP(SY). If for any 1 < i < n there are constants C; > 0
such that:
HD;%UH <O VIh| < dist(, 09), (A.3)
Lr(QY)

then u € WHP(QY) and 10iull Loy < Ci for every .

iii) Suppose u,v € L*(Q), supp(u) C ' CC Q and |h| < dist(Q,0Q). Then we have
the following integration by parts formula:

/Q (DMu)vde = — / u(Dy"v) da. (A.4)

Q

We start with the interior L2-estimate.

Theorem A.2. Let Q C R" open and bounded. Suppose that a € C*(R™;R") is such
that Da is elliptic, i.e. for every R > 0 there exists A1 = A1 (R) >0

A€l < (Da(p)§.€) Vp € Br(0) ¥ € R™, (A5)
and uniformly bounded, i.e. there exists Ay > 0

Daji= | ¥

1<i,j<n

2

i )" < Ay WpeR (A.6)

Op;

()

111



A. Quasilinear Equations

Furthermore, let f € L*(Q) and u € WH*(Q) be a weak solution of
—div(a(Vu)) = f. (A7)
Then u € T/VZQOCQ(Q) and for every O CC Q we have the estimate
lullwaz@y < CUll ) + lullwrz@)) (A.8)
where C' depends only on n, A1, Ay and dist(Q',0Q2) where Ay = A1 ([[Vul| oo (q))-

Proof. Recall that being a weak solution of (A.7) means that:

/ (a(Vu), Vo) = / fu Yo e Wy?(Q). (A.9)
Q Q

Fix an arbitrary @ CC Q and choose some open Q” with Q' cc Q" cc Q. Let
n € C(Q") be a cut-off function with the properties:

N =1, 0<n<land|Vn|<2/d,

where d := dist(£',09Q"). Additionally we impose that 2d > dist(Q',09). It is easy
to check that for h small enough and 1 < j < n the function v := —D;h(nQD;-‘u) has

compact support in €2 and belongs to VVO1 2(€2). Inserting v in (A.9) and using integration
by parts for D;h we get:

/Q (DM(a(V)), V(72 D" (1 / fo. (A.10)
Observe that:

D}(a(Vu))(z) = %(a(VU(fﬂ +hej)) = a(Vu(z)))

1
_ ;L/o %[a(tVu(erhej) + (1 = ) Vu(e)dt
1
= /0 [Da(tVu(x + hej) + (1 — t)Vu(x)](D?Vu(x))dt
= A(z) D;-‘Vu(a?).

Where A(z) := A(z;h) fo Da(tVu(z + hej) + (1 — t)Vu(z))dt. Inserting this in the
previous equation we end up with

h 2 h _ v
/Q<ADjVu,V(n D’ (u))>_/Qf . (A.11)
=B B

Before further estimating both sides of this equation let us note that the matrix A is
uniformly elliptic and inherits the boundedness from Da. Indeed, for any x € Q2 and for
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every £ € R™ we get by using the linearity of integration
1
(A@)6&) = [ (DaltVute +hey)+ (1~ 1) Tu(z))é, &) de
0

1
> /Ansﬂdt:mm%
0

where Ay = Ay([[Vul| (). The boundedness of the coefficients follows analogous.

Indeed, for every x € {2 we have

> hyers [ 5

1<i,5<n

1<i,5<n

(x + hej) + (1 — t)Vu(x))’ dt < A2,

We start estimating the left hand side of (A.11). By the chain rule we immediately get

Bi = [{ADIVu.20(Vn)Db) + [(AD}VuiPDiVa).
Q Q

The second integral can easily be estimated from below by using ellipticity:

9

2
/Q (AD!Vu, > DVu) > A, /Q 7| D) vu

while the first one can be bounded as follows:

<1

§45A%/ n ’DhVu‘ +

1
nAD?Vu)E ‘D]hu‘

Q(ADj.Lvu, 2n(vn)D§Lu>

DMy

2
i

€d2 Q

Choosing € = SAle and applying Proposition A.1 i) we get
2

Ay 2| nh SA%/ 2
<4 D’ ‘ 2,
<5 /Qn] IVul + 4o | 105l

CA3
h
o2 ot - 8 o
Now let us analyze By. As an auxiliary estimate we compute:
2
L1k = [ |p7 ol
Q "
2
< [ |otrou

2
_ / (@)Dl + 5Dl (050)

Q<AD§ZVU, 277(V?7)D?u>

Altogether we have

, by i) in Proposition A.1

2 2
2 4 2
<c [ (o] + ot Dhoul " as ol < 1ol

<CY dul* +C 2Dh8-2 in by i) in P ition A.1
<3 Q| ju|” + Qn 70ju| ,  again by i) in Proposition A.1.

(A.12)
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A. Quasilinear Equations
Hence, applying Young’s inequality for any ¢ > 0 we get

1 9 C 9 ol ~h 2
B,| < <~ +e(= [ ouf? + 9l )
|Bs| < /Q|f’|v =1 /Q|f| € <d2 /Q’aﬂd C'/QU ‘Dja]u‘

Choosing € = f—cl one has:

|By| </|f| 4d2/|a ul? +A / ‘D'@ u( . (A.13)

Combining (A.11), (A.12) and (A.13) we finally get

A [ ol nno, |2 CA3 2, 2| ha . |
s [roie = G2 [ < & [ 152+ 5 [10ul+ 3 [ #|Dioyu

from which we conclude

2 2 C
h < [ 2|ph ‘ <= 2
o< [t < § [ [

Having established the interior W?22-regularity we can now differentiate equation (A.7)
which then allows us to apply De Giorgi-Nash-Mosers’s regularity result and derive the
ClHe-Holder-regularity of u. We will restrict ourselves to the mean curvature operator.

)

O]

Theorem A.3. Let Q C R"™ be open and bounded and let a : R™ — R™ be defined as
p

a(p) = ——.
! V 1+l

Furthermore, let f € LP(Q) forp >n andu € Wl’ooﬂVVfof(Q) a weak solution of (A.7).

Then there exists 0 < o < 1 such that u € C'ZIOS(Q) and for every ' CC Q we have the
estimate

(A.14)

VA =220l < Cllulliagay + 1 ey (A1)

sup
z,yeY |l‘ -

where the constants C' and o depend only on n,p, |Vu|  «~ and dist(Q',09).

Proof. For fixed 1 < k < n let us test equation (A.7) with 0, ¢ where ¢ € C°(Q) to get

/a(Vu)~V(6xk¢) dz = /f@xkgbdz:.
Q Q

Since u is twice weakly differentiable and the since the vector field a is smooth, also
a(Vu) is once (weakly) differentiable. Therefore, by partial integration, on the left hand
side we can pass the differentiation in x; onto a(Vu) and obtain (using the chain rule)

—/Da(Vu)V(@xku)'V(;ﬁdx: /ff)xkqﬁd:c.
Q Q
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Since ¢ was arbitrary this last equation is saying that w := 0, u € W’;CQ(Q) is a weak
solution of the linear equation

—div(AVw) = 0y, f,

where A(x) := Da(Vu(x)). The theorem is now a consequence of the regularity theorem
of De Giorgi-Nash-Moser, see for instance Theorem 8.24 in [68], which gives the Holder-
regularity of w. By definition this gives us the desired continuity for u, as k was arbitrary.
For the sake of completeness, let us check that A satisfies the hypotheses of the regularity
theorem. First of all, we note that symmetry of A follows from symmetry of Da which
can be written as the second derivative of the smooth function

pr/1+ |p\2.

Boundedness is also immediate as |Da(p)| < 2 for every p € R™. Finally to get the
uniform ellipticity from the following observation. The eigenvalues of Da(p) are given

by (see Lemma B.1)
(1+1?) * and (14+pP)

Therefore, using the Lipschitz bound on u we deduce the uniform ellipticity

(SIS
w

(A@)6,€) > (14 [ Vulfegg)) I
O

A combination of the previous two results and the classical LP- and Schauder estimates
yield now an LP- and a Schauder version of Theorem A.2.

Theorem A.4. Let Q C R™ be open and bounded and define a as in (A.14). Further-
more, let f € LP(Q) for some p > n and u € WH(Q) be a weak solution of

—div(a(Vu)) = f. (A.16)
Then u € VVfof(Q) and for every Q' CC Q we have the estimate
Fellwanry < CUF iy + Nullyin): (A17)
where C' depends only on n, p, ||Vul| e q) and dist (€, 09).

Proof. By the previous two theorems we deduce that u € Cllog(Q) which allows us then to
apply the classical Calderon-Zygmund estimates, see for instance section 9.5 in [68]. [

Theorem A.5. Let Q C R™ be open and bounded and define a as in (A.14). Further-
more, let H € Wh®(Q x R) and u € W N CH¥(Q) is a weak solution of

loc

div(a(Vu)) = H(-,u). (A.18)

Then, for every 0 < 8 <1, u € CZ’B(Q).

loc
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A. Quasilinear Equations

Proof. As before, we note that after taking one derivative, we obtain that w := 0., u is
a weak solution of

—div(AVw) = Oy, f,
where A(x) := Da(Vu(x)) and f(x) = H(x,u(z)). Since both A and f are locally C%¢
we can apply the Schauder-estimates for equations in divergence form (see for instance
Theorem 5.19 in [65]) to deduce that Dw is in C?O?(Q) and consequently that w« is in

C%(2). But now we observe that due to the embedding C%() Cllo’f(Q), for any

loc

0 < 8 < 1 we get that A is locally C%® and f is locally C1#. Applying once more the
Schauder-estimates concludes the proof. ]

Remark A.1. Assuming that 02 is smooth, Theorem A.2, Theorem A.3, Theorem A.4
and Theorem A.5 have global counterparts, i.e. the respective regularity holds up to the
boundary as long as the boundary data is sufficiently regular.

We will conclude this first part of the appendix by citing two versions of the (weak)

comparison principle.

Proposition A.6. Let v,w € W1°(Q) and suppose that they weakly satisfy

div Y ) e [ Y
1+|Vu]? 1+ |Vuwl|?
Then it holds

inf(v — w) = inf(v — w).
in (v—w) 1519(1) w)

In particular, if v > w on 9) then v > w in §Q.
Proof. As v and w are Lipschitz continuous, we trivially have

. ) ) < W)
1I§12f(v w) 1%f(v w)_lanﬂf(v w)

For the opposite inequality, we start by setting
p
1+ 1p

a(p) = for p € R"™.

‘2
By the fundamental theorem of calculus it is easy to see that u := v — w weakly solves
div (A(x)Vu) <0, (A.19)

with )
Alz) = /0 Da(tVo(z) + (1 — £)Vuw(z))dt.

It is then straightforward to check that A is bounded and uniformly elliptic. Hence, by
the weak maximum principle (see for instance [68, Theorem 8.1]) we get

inf v > inf .
Q o2
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We will give a quick proof of this variant of the maximum principle here. Testing the
inequality (A.19) with v = max{m — u,0} where m := infyq u, we get

/ (A(z)Vu, Vu) dz < 0.
{u<m}
On the other hand, the uniform ellipticity of A immediately implies that for some A > 0
0< )\/ IVul® dz < / (A(x)Vu, Vu) dz,
{u<m} {u<m}

so that altogether we get
Vul*dz = 0.

{u<m}

Noting that on the boundary of {u < m} we have u = m, this implies that u = m in all of
{u < m} which can only be true if [{u < m}| = 0. In other words, if infg u > infgqu. O

Remark A.2. To be precisely, Theorem 8.1 in [68] states that infqu > infyou™, with
u~ = min{u, 0}. However, by using the (vertical) translation-invariance of our equation
we can always assume that v < 0 and hence u™ = .

Proposition A.7. Suppose Q& C R" is open and bounded, a : Q — R{TH. bounded,
measurable and uniformly elliptic, this means I > 0 such that

(€,a(x)€) > NE|* VEER" VaeQ.
Let F € LP(S;R™) for some p > n. Suppose u € WH2(Q) is a sub-solution of
div(a(x)Vu) = div(F),

which means

/ (Vv,aVu)de < /(F, Vo)dr wve CHQ).
Q Q

Then we have

C
supu < supu’ + T e )
0 20

where C = C(n,p, Q) > 0 and ut = max{0,u}. Analogous, if u € WH2(Q) is a super-
solution of div(a(z)Vu) = div(F'), then we have

. : - C
uglzfu > lanéfu - XHFHLP(Q)’

with the same C' and where and v~ = min{0, u}.

Proof. Theorem 8.16 in [68]. O
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Mean Curvature Operator

Lemma B.1. Let a(p) := (1+ |p|2)_%p for p € R™. Then Da(p) is a symmetric matric
3
—3

with eigenvalues (1 + |p|?)~% and (1+ |p|*)~%. Moreover, for every R > 0, a satisfies

(a(p) —a(@)) - (p—q) = (1+ |R*)2p—q* Vp.q € Br(®).
Proof. We have

alp) = — %)id — :
Dalp) = (@ +pP)id—pep)

Noting that (p ® p)p = \p|2p and (p ® p)v = 0 for any v perpendicular to p, it is
straightforward to check that the eigenspaces of Da are given by V3 = Rp (dimension 1,
with eigenvalue (1+|p[2)_%) and Vo = V- (dimension n— 1, with eigenvalue (1+|p[2)_%).
Hence, for any p € Br(0) we know that

_3
(Da(p)€) - € < (1+ |R[")2[¢]* vEeR™
Using this lower bound it follows that for all p,q € Br(0) we have

1
(a(p) —alq)) - (p—q) = /0 Da(tp+ (1= t)g)(p — q)dt - (p—q) > (1 + |R[>) "2 |p — g
€BRr(0)

O

Equicontinuity

Let (X,d) and (Y, p) be a two metric spaces. Recall that a family F of functions from
X to Y is called uniformly equicontinuous if

Ve >030 >0:d(x1,22) <0 = p(f(z1), f(x2)) <e Va,z0€ X VfeF.
Proposition B.2. Let (X, d) be a compact metric space and fp, f: X =Y such that
i) {fn:n € N} is uniformly equicontinuous,
i) fn(z) = f(x) point-wise as (n — +o0) Vo € X.

Then f, — f uniformly (n — +00).
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B. Miscellaneous Results

Proof. Let € > 0 and choose > 0 such that whenever for every z1,z2 € X we have:
d(zi,22) <0 = p(fu(z1), fu(z2)) <e VneN.
Observe that by using i) we can pass into the limit to derive that additionally:

d(z1,22) <6 = p(f(21), f(a2)) <e.

Finally, by compactness of X we choose z1,...xy such that X = UfilBﬁ (z;) and we let
ng be large enough so that

Fix now any z € X and let 1 < iy < N be such that =z € Bs(z;,). Combining the last
three estimates and using the triangle inequality we get:

p(fn(), f(2)) < p(fu(@), fal2io)) + p(ful@ig), £ (ig)) + p(f (o), f()) < 3e.
U

Remark B.1. One can easily weaken the hypothesis i) to point-wise convergence on a
dense subset of X and still deduce the uniform convergence.

Sets of Finite Perimeter

In this section we collect some results about sets of finite perimeter.

Lemma B.3. Let E be a set of finite perimeter in R™ then there exists a Borel set F
such that |[EAF| =0 and

{r eR":0< |[ENB,(z)] < wyr™ Vr >0} = JF.
We call such a set a point-wise representative of E.
Proof. See [97, Proposition 12.19]. O

Remark B.2. Note that we cannot speak about the point-wise representative of a set of
finite perimeter. Consider for instance £ = B;(0) then both E and E are point-wise
representatives of E£. However for our purpose this way of modifying a set of finite
perimeter is sufficient as we show in the next lemma.

Lemma B.4. Let E C R" be a set of finite perimeter, suppose F1 and Fy are point-wise
representatives of E. Then we have

distp, () = distp, (z) Vz e R",

and consequently
sdistp, (z) = sdistp, (x) Vo € R™.
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Proof. Observe that by definition, we have 0F; = 0F>. Now we recall that in R™ the
distance of a set F' C R"” is attained at a point of its boundary. Combining these two

observation yields the desired result. A more direct way of arguing we be to verify that
AF, C OF. O]

Next we recall the Isoperimetric Inequality in R™.

Theorem B.5 (Isoperimetric Inequality). If E is a Lebesgue measurable set in R™ with
|E| < +oo then
nw/™ E|"D/" < Per(E).

Equality holds if and only if |E A By(x)| =0 for some x € R"™ and r > 0.
Proof. See [97, Theorem 14.1]. O
As a direct consequence we get an equivalent and sometimes more useful formulation.

Corollary B.6. If E is a Lebesgue measurable set in R™ with |E| = |B.(0)| for some
r >0 then
Per(B,(0)) < Per(E).

Equality holds if and only if |EAB,(z)| =0 for some x € R™ and r > 0.

Convex Functions

Suppose €2 C R™ is open and convex. Recall that we call a real-valued function v :  — R
convex if

u((1 =Nz + Ay) < (1 —Nu(z) + Au(y) Yo,y € QV0O < A < 1.

Moreover, u is called strictly convex if the strict inequality holds whenever x # y. First
of all, we recall that if u is C' then monotonicity of Vu implies convexity.

Lemma B.7. Let Q C R open and convex, u € C1(Q) with
(Vu(y) — Vu(z),y —x) >0 Vz,y € Q (monotonicity).
Then u is convex. Moreover, if we even have
(Vu(y) = Vu(z),y —z) >0 Vo #yeQ (strict monotonicity),

then u 1is strictly convex.

Proof. Let z,y € Q. As u is C' we get by the fundamental theorem of calculus that

1
u(y) = u(x) + /0 (Vu(x +t(ly —z)),y — x) dt.
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B. Miscellaneous Results

By the monotonicity of Vu we know that
(Vu(z + t(y — x)) — Vu(z)),z + t(y —x) —x) >0,
which by ¢ > 0 implies (Vu(z +t(y — x),y — z) > (Vu(z),y — x). Thus we get
u(y) > u(z) + (Va(z),y - 2). (B.1)

Note that x and y where chosen arbitrarily. It is straightforward to derive now the
convexity of u from this inequality. Indeed for any 0 < A < 1 we set z := (1 — Az + Ay.
Then applying inequality (B.1) once with x and z and once with y and z we get

u(),
u(y).

VANVAN

Multiplying the first inequality with (1 — A) and the second one with A and adding both
of them we derive the desired inequality. Finally, it is easy to see that in the case of
strict monotonicity, if x # y, then instead of (B.1) we also get a strict inequality from
which we can then derive strict convexity by the same argument that we used to derive
convexity before. O

As a consequence of the previous lemma we get a convexity criteria for C! functions.
Recall that by Rademacher’s theorem a Lipschitz function is differentiable at almost
every point of its domain. Thus, for v € CY! the second derivative D?u is defined
almost everywhere.

Lemma B.8. Let Q C R™ open and convex, u € CH1(Q). Then u is convex if and only
if D*u >0 almost everywhere.

Proof. Suppose that u € CH1(Q) is convex and fix some open V CC Q. Now one
can construct an approximating sequence (ug)ren in C°(V) where up = wu * pg for
a sequence of mollifiers (pi)ren. Since convexity is stable under mollification we get
D?uy, > 0 almost everywhere in V for each k € N. In particular, for almost every z € V

D?uy(x) >0 Vk€N.

As Du is Lipschitz, the point-wise (a.e.) defined D?u € L°() is also the weak second
derivative of u and we have D?uj, = D?u * p, — D?u point-wise almost everywhere
in V. Consequently D?u > 0 at almost every point in V. The conclusion follows now
immediately since we can exhaust {2 by the countable sequence of open sets, for instance,
Vi = {z € Q: distga(z) > 1}

Suppose now that D?u > 0 a.e. and let ,y €  and choose ¢ > 0. As Vu € Lip(2)
we can find a 6 > 0 such that |Vu(x) — Vu(z)| < € for every z € Bs(z). Without loss of
generality we may assume that § < e. Now we pick 2z € Bs(z) such that D?u(z+t(y—2))
exists and is non-negative for almost every 0 < ¢t < 1. Note that it is always possible
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to find such a z since otherwise we would contradict our assumption on D?u on a set of
positive measure. Hence, we get

1
Vu(y) = Vu(z) + /0 D*u(z +t(y — 2)) - (y — 2) dt.
And consequently
1
(Vuly) = Vulhy—2) = [ =2 Doule+ ey = 2) - (= 2) 20

where we used the non-negativity of D?u along the segment. Finally, we see that

(Vu(y) — Vu(z),y — )

= (Vu(y) = Vu(z),y — ) + (Vu(z) — Vu(z),y — )
> (Vu(y) — Vu(z),y — 2) + (Vu(y) — Vu(z),z — ) — [y — zfe
> 0 — (2Lip(Vu) + |y — z|)e.

As ¢ > 0 was arbitrary, we can conclude by applying the first part of Lemma B.7. [

Remark B.3. Note that in general it is not true that if u € Cb! is strictly convex, then
one has that D?u > 0 almost everywhere. To see this, consider for instance a closed,
nowhere dense set K CJ0, 1] of positive measure (for instance a so called fat Cantor set).
Then, for = €]0,1[ let u(z) := [; [Jdistx(z) dzdy. Note that for every z € K we get
u’(x) = distg(z) = 0. However, since K is nowhere dense v’ is strictly increasing and
thus w is strictly convex.

Semijets

In this short section we provide some elementary facts about semijets, i.e. sub- and
superjets as introduced in Section 4. To begin with, we recall their definitions.

Definition B.1. For V.C R open, u € C(V) and xg € V we define the set of second
order superjets (of u at xo) as

J?> u(xg) == {(p, X) e RY x R%an : as x — xo we have

u(e) < ulwo) + (b, = 20) + 5 (X(w — o), — 20} + ol — w0f?) }

The usage of the symbol o(|z — xo|?) has to be understood in the following way: There
exists a function h : V' — R, continuous at xg with h(zp) = 0 such that for all z € V:

u(e) < ulwo) + (b, — o) + 5 (X (& = o), = 20} + h(z)|e — 2ol
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Analogously, we define the set of second order subjets (of u at xo) as

J u(xg) == {(p, X) € RN x Ré\gjan : as T — xo we have

u(z) > u(zo) + (p, @~ w0) + (X (&~ a0), — w0) + (| — o) ).
It is straightforward to check that equivalently we could have used the identity
JA"u(z) = —J* (—u)(x0), (B.2)
to define J%~u(zq).

The notion of sub- and superjets can be seen as a generalization of derivatives of
u up two second order. In fact, semijets can be used two characterize second order
differentiability of w.

Lemma B.9. The function u is twice differentiable at xo if and only if there exists
(p, X) € RN x RYXN sych that

sym
T*Fu(zo) N I* (o) = {(p, X)}.
Moreover, if u is twice differentiable at xo we have (p, X) = (Vu(zo), D?*u(z)).

Proof. First of all, we claim that the intersection of J*Tu(xg) and J* u(z¢) is either
empty or a singleton (this is essentially saying that derivatives are unique). In order to
prove this claim, due to the anti-symmetry of the order relation in RQ;?,IN it suffices to
check the following simpler claim: If (p, X) € J?> u(zo) and (q,Y) € J>Tu(xg) then
we get p = ¢ and X < Y. Fix therefore any such (p, X) and (¢,Y’) and recall that by
definition we have (for x — xg)

u(z) < ul(wo) + (g, @ — o) + 5 (¥ (z — o), — 20) + ol|z — wol?),
and

u(e) 2 u(eo) + (9, — w0) + 5 (X (@ — o), — o) + ol — o).

Substituting = = y + xo we hence deduce the estimate (as y — 0)

1 1
() + 5(Xy.9) < (@.9) + 5 (Vo) +ollyl). (B.3)
Setting y = ev, where ¢ > 0 and v € RY and then dividing by & we get (for £ — 0)

o(e?)

(p.v) + 5 (Xv.0) < (g.0) + 5 (Vo,0) +

Letting ¢ — 0 we deduce that for every v € RY we have (p,v) < {(q,v) which implies
p = q. Therefore, we can further deduce from (B.3) that

(Xy.y) < (Yy,y) +o(y?).
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As before, we will again set y = ev and this time divide by &2 to get that (as ¢ — 0):

o(e?)

<XU’U> < <YU’U> + e2

Again the claim follows by letting ¢ — 0. Assume now that u is twice differentiable at
xg. It suffices to verify that (Vu(zg), D?*u(xo)) € J*Tu(xg) N J*>~u(zg) which follows
immediately from Taylor’s theorem and the differentiability of u at x¢. For the reverse
implication we assume that {(p, X)} = J>"u(zo) N J> u(xp). Hence there exist two
functions hi, he : V. — R, continuous at z¢ and hq(zo) = ha(xg) = 0 such that for all
zeV

u(e) < ulwo) + (b, — o) + 5 (X(w = o), — 20} + ha(@)]e — wof?,
u(z) = u(zo) + (p, — o) + %<X(ﬂf — 20),x — wo) + ha()|z — wo|*.
Setting for x € V
h(z) = u(z) — u(wo) — (p, & z0) ~ 3 (X(x — 0), = — w0),

we hence deduce that for all z € V'
hi(x) < h(z) < ha(z).

Thus also h has to be continuous and vanishing at 0 which implies that u is twice
differentiable at zq with Vu(zg) = p and D?u(zo) = X. O

Even if u is only continuous, by using an appropriate class of test functions it is still
possible to characterize the sets of sub- and superjets of u via the (classical) derivatives
of C?%-functions.

Lemma B.10. If u € C(V) and xy € V we have the following characterization of
semijets via C2-tests:

T* T u(zo) = {(Vo(z0), D*(w0)) | ¢ € C*(V), ¢ = u, d(z0) = ulzo)},

and

> u(xo) = {(Vo(xo), D*¢(20)) | ¢ € C*(V), ¢ < u, ¢(x0) = u(xo)}.

Proof. In both cases, the fact that every C?-test gives rise to either a super- or a subjet
follows from Taylor’s theorem. The other inclusion requires some work and we will
essentially follow the ideas used in the proof of Lemma 3.2.7 in [67]. Without loss of
generality, let us assume that o = 0 and let (p, X) € J*>%u(0). By definition we know
that there exists a function h : V' — R, continuous at 0 with ~(0) = 0 such that for all
reV:

u(z) < u(0) + (p,x) + %(X:z:,a:) + h(x)]x\Q
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If h € C%(V) we would be done but all we know so far is the continuity of h at the
origin. We will now regularize h in three steps. First of all, for » > 0 we define hy by

hi(r) :=sup{|h(z)| : |z| <r}.

By definition h; is monotone and satisfies h(x) < hi(|z|). In the next step we construct
a continuous function by defining hs : [0, +00[— [0, 00| via first setting ho(0) := 0 and
for any k € Z

ho(2F) := hy (2751,

and then extending it by linear interpolation for arbitrary r €]0,+o0o[. Observe that
also for hy we have h(z) < ho(|z|) for every x € V and hy is also monotone. Finally, we
define hg : [0, +00[— [0, 4+o00] via

2r p2s
hs(r) ::/ ho(t) dt ds.

By monotonicity of hy we immediately get
2r
hs(r) > / sha(s)ds > r2ha(r),
T

and thus h(z)|z|> < hs(|z|) for any 2 € V. Moreover, hy € C?([0, +oo) with h3(0) =
h5(0) = h%(0) = 0 and hence (see the auxiliary lemma right after this proof) the function

V 3z~ hs(|z|) € [0, +o0],

is also of class C?(V) and vanishes together with its first and second derivative at the
origin. We can therefore close our argument by setting

8(r) = u(0) + (p,) + 5 (X, 2) + hg(Jz]),

since by construction ¢ > u in V, ¢(0) = u(0), V¢(0) = p and D?¢(0) = X. By the
same method, we can construct C2-tests for any element in J%~u(z). O

Lemma B.11. Let h € C?%([0,+oc[) with h(0) = K'(0) = h”(0) = 0. Then the map
¢ :RYN =R, x> h(|z|) belongs to C*(RN) and both V¢ and D*¢ vanish at the origin.

Proof. By the chain rule and the smoothness of x +— |z| away from the origin we know
that ¢ € C2(RY \ {0}) and for 2 € RY \ {0} we have

rTRx

T
5+ 1 (Jzl)

Vo(a) = N ()7 and D*¢(x) = h"(|z])

2P Iy —r @
] 2] '

jf?

Observe that the singularity in the second term of D?¢ can be controlled as follows: for

any 1 < j,k < N we have

25k — wjar _ W (l))]
oF

B (|x|) —h"(0)=0 asx — 0.
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Therefore we get
Vé(zr) =0 and D?*¢(x) -0 asz — 0.

Thus, we only have to show that ¢ is twice differentiable at the origin and that these
derivatives are equal to 0. As far as the first derivative is concerned, for any 1 < k < N
and € > 0 we get

p(eer) — ¢(0) _ h(e)

= — h'(0)=0 asz — 0.
€ €

Hence ¢ € CY(RY). To show that ¢ € C2(RY) let 1 < j,k < N and compute

(Ok9)(eej) — (Ok9)(0) _ W' (€)d; —h'(0)=0 asxz—0.
A £
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C. A Penalization Approach

In this final part of the appendix we would like to roughly outline how the penalization
method can be used to obtain higher regularity. Rather than giving a complete and
self-contained derivation of these results we would like to give the reader an idea of the
method and a flavor of the computations that have to be made. We closely follow the
work of Rupflin-Schniirer [116] and adapt it to our setting where necessary.

Notation and Preliminary Results

The basic idea is to consider a family of flows which are not necessarily respecting
the obstacle. However, an additional forcing term will penalize the penetration of the
obstacle and as we let the penalization become stronger we expect that the penalized
flow converges to one that respects the obstacle. The flow which is allowed to penetrate
the obstacle will be as smooth as the forcing term allows and it will be chosen in a way
to obtain uniform (in the penalization parameter) Cl:!'-in-space estimates which then
pass over to the limiting flow.

As in the main part of the thesis, we let 2 C R"™ be a bounded, open and convex
set with smooth boundary. For simplicity, henceforth we will assume that we have zero
boundary data. The obstacle ¢ : @ — R is supposed to be at least C1'-regular and
satisfies ¢ < 0 on 9Q. The initial surface is the graph of some uy € C%(Q2) and satisfies
upjan =0 and ug > ¢ in 2. Moreover, let us also assume that ug > 0.

Let us now consider F; : Q x [0, +oo[— R"*! such that F.(-,t) is an immersion for all
t > 0 with

{F:(z,0) : x € Q} = {(z,up(z)) : x € Q}, (C.1)
F.(z,t) = (,0) Ve e 0OVt >0, (C.2)
%Fs(x, t) = Apn, Fx,t) + ac(Fe(z,t))vag, (z, t) in 0x]0,+o00[. (C.3)

Here a.(p) = Be(sdisty(p)), B:(s) = B(£), for some smooth 8 with 3 = 0 on [0, o],
" >0 and 8/ < 0on]—o00,0]. Finally, M; denotes the image of F(-,t) and Ay, and
vy, denote the Laplacian and normal (upward) associated to M, respectively.

Definition C.1. For F. as above we define the associated graphical representation as
ue(w,t) = My (Fe(@l(x),t)), where II,11 : R*™1 — R is the projection on the last
component and ¢! (z) is the inverse of the diffeomorphism ¢! : Q 3 x +— H(F.(x,t)),
with IT : R"*! — R™ denoting the projection onto the first n components.

Next, we need to settle some notation. Henceforth, F' = F. denotes an embedding
map as in (C.1) to (C.3) but € shall be suppressed in the notation.
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Definition C.2. We define the metric as
gij(z,t) = O;F (x,t) - 9;F(z,t), 1<i,j<n,

and since F(-,t) is an embedding we can define (g¥/) as the inverse of (g;;). Note, that
here and in the following 0; is referring to the usual partial derivative in the x;-direction
in © C R™. The second fundamental form is the tensor

Aij = =0i0;F -vy,, 1<14,j <n,
and the mean curvature vector associated to M; can be expressed as
Hy, = (A, Fvag, . (C.4)

Finally, we set

1 1
Vi=——, Uy =
VMt *En+1

Voot (C.5)
where vy, is the normal vector to the graph of ¢, seen as a submanifold in R™*! and the
height of F' is defined as

U:=F. e (C.6)

Of course, the graphical representation satisfies the usual mean curvature flow equation
for graphs.

Lemma C.1. Let u. be the graphical representation associated to F.. Then u. = 0 on
00, ue(-,0) = ug, and

Opue = 1+|Vu5|2 div o Ve +oae(ue) |- (C.7)

1+ |Vue|?

Proof. To simplify the notation, let us drop all e-indices in this proof. Multiplying (C.3)
with vy, (x,t) and using (C.4) we get

%F(az,t) o (2, 8) = Fag, - van (2 8) + a(F(,1)).

GF @0 = (560, Tu @0 5o + 5 @)

dt
- <;¢t(m),vu(¢t(x),t) : ;Wt(x)) + (Q?ﬁ(«pt(w)vt)) :

Considering the map ¥ : Q 3 y — (y,u(y,t)) € My and consequently, for every y € 2 we
get that DW, : R" — Ty, M;. In particular, D\I/y(%cpt(x)) € Ty () M;. Thus, choosing
y = ¢'(z) and noting that W(y) = F(z,t) and vy, (2,t) L Tp(y ) M; we obtain

d %u t
3 Pat) g (o.8) = = (G (e).).
1+ |Vul?
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The lemma is now a consequence of the following well known relation for the scalar mean
curvature

Vu

m (' (2),1).
+ [Vu

ﬁMt * VM, (l‘,t) = div

O]

As in [116] one can derive the following evolution equations of the various geometric
quantities. In the following, we use Vs, to denote the tangential gradient associated to
M; and V;V; refers to the covariant derivative, see [41, Appendix A] for details.

Lemma C.2. For F'=F; as in (C.1) to (C.3) and U as in (C.6) we have

dF
E = AMtF + Oéa(F)VMt, (CS)
dgij
dt] = *Q(H - Oég)Aij, (09)
d
(3 — 2w ) v =14y = Vg, (C.10)
d A — 142 2 v 2 2y C.11
7~ A ) v =A== Vaol” + 0 (Vagac, enta), (C.11)
d i y
<dt - AMt) AP = 2|V, AP + 2| Al* — 20, AFALA] — 2V,V 0. AV, (C.12)
d g
(dt - AMt> ac = Blac(vy, var) — B Mravy* — BLAR)ig7, (C.13)
d Qe
— —A U=—. C.14
(dt Mt) v ( )
We remind the reader that we several times used the Einstein convention for summation
over repeated indices as well as the shorthand A; = gikAkj concerning the raising of
indices.

Remark C.1. At every point of M; N{(x, 2) : z < 9(z)} sufficiently close to the obstacle
with v > vy, we have that
<tha€7 €n+1> < 07

where vy, is the gradient function to the level sets

Proof. By the chain rule we get V. = 5.V p,sdisty, and for points sufficiently close
to the obstacle (more precisely in a tubular neighborhood) we know that

VMtSdiStd,PTM(I/w) = (l/w — <l/w, VMt>VMt)-
Consequently, since 3. < 0 we get

1 Ve, V
(Vi ae, ent1) = 52(@ - <¢v>) <O0.
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C. A Penalization Approach

Derivation of the Estimates

First of all, we can easily derive a bound on the depth of penetration.

Lemma C.3. Let F; as in (C.1) to (C.3) and let u. be the associated graphical repre-
sentation. Then there exists a constant Cq, independent of € such that

ug(z,t) > P(xz) — Cie Vo € QVt > 0.

Proof. Again we use the convention u = u.. It suffices to check that for sufficiently large
C1 > 0, ¢ — (¢ is a subsolution of the equation

u = \/1+ |Vul* | div __vu + a(z, us(x))
1+ [Vl

Then, the claim follows by Lemma C.1 and the standard comparison principle for
parabolic equations [93, Theorem 9.1]. Hence, we need to show the existence of C; > 0
such that for suitable C(¢)) > 0

0 </1+ |Vy|idiv \/LQ /1 + |V [ac(z, (x) — Cre).
L+ |V

>-C1(¢)

Since /14 |Ve|*> > 1, it suffices to choose C > 0 large enough such that

o) < 5 <sdist¢(x,1/)(ac) - cle)> |

3

By Lemma 3.4.5, for some constant C, depending only on the Lipschitz constant of 1,
we get sdisty (z,¥(x) — Cie) > —CChe. Recalling the monotonicity of 5 we therefore
have to choose

As a corollary of this estimate we can prove the following consistency.

Lemma C.4. Let F and ¢' be the uniform limits of F. and ¢L respectively. We denote by
u, ue = 2 X [0, +00[— R the associated graphical representation. Then u. — u uniformly
and u is a viscosity solution of (4.7).

Remark C.2. In particular, using the results from Chapter 4, u coincides with the flat
flow that we obtained from the discretization scheme.
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Proof of Lemma C.4. The uniform convergence of u, is a direct consequence of the fact
that ue(z,t) = 41 (Fo(¢L(x),t)) and the convergence of Fy, ¢t. Combining now the
uniform convergence of u. with Lemma C.3 we derive that u > . Hence, we can continue
as in the proof of Proposition 4.2.2 and use (as in [116]) an analog of [26, Proposition
2.9] on the closedness of families of viscosity solutions. O

Next we prove an a priori gradient bound.

Proposition C.5 (C! estimate). Recalling the definitions of v and U in (C.5) and (C.6),
we get that

sup  U?v < Oy,
Qx[0,+00[

for some suitable Co > 0, not depending on ¢.

Proof. Let us compute the evolution of w := U?v. We get

d d d
(dt - AMt> U?v=v (dt — AMt> U? 4+ U? (dt — AMt> v — 2V, UV 0.

Using the evolution of U we obtain

d
’ <dt - AM) U? = 2Ua. — 20|V, UP.

Likewise, we compute

d 2
U? <dt - AMt> v=U?(—|AP*v — ;|th’U|2 + 02 (Vs 0, eni1)),
and noting that at points where w is maximal, 2UV y;,Uv = —U?V y,v, we have

1
—2V 0, UV 0 = =AUV 3, U - v = 2U2|V v 2;.

Altogether, we therefore get

d
<dt — AMt> U2y < 2U e — 2U|thU2‘ + U2<VMta5,en+1>.

Due to Remark C.1, for v > C = C(v), the last term is negative and can hence be
dropped as well. Furthermore, a direct computation gives us

1
2
’thU| =1- 1)727

and thus, for v > 2 we can further estimate

d
<dt — AMt) U?v < 2Ua, — v.
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C. A Penalization Approach

Finally, recalling Lemma C.3, we also know that
lel[ o < C1,

so that 2Ua. < 2C supq ug.
Therefore, we showed that for some Cy > 0 we get that v > Cy implies

d
— —A 2 .
(dt Mt>UU<0

On the other hand, suppose that w > M := Cysupug (in which case we would have
v > (). Let then ¢ty = inf{t > 0: HU2(~,t)v(-,t)HLoo > M}. Then we can find zp €
such that

w(xo, to) > M and Ve Q: w(z,ty) > w(z,to).

d
— - A 20 >
(dt Mt)Uv_O,

which is a contradiction. O

In particular, this implies

We now come to the derivation of the estimate on the second fundamental form. As can
be seen upon expanding (C.9), the evolution equation for ]A\Q contains terms involving
the penalization term a, together with its first and second derivatives. Moreover, we can
no longer expect those terms to have a sign. Thus, similar to the proof of the curvature
bound in [41], Rupflin-Schniirer consider a modified second fundamental form quantity
to which they then apply the maximum principle. For the detailed computations we
again refer to [116] and just highlight the core quantity of these computations here.
Without proof we state the following result which is an analog of [116, Lemma 8.2].

Lemma C.6. There exist numbers v, k, R > 0 such for
G = h(v?)e™|A]?,  where h(y) := yeY,
we have
d
— —A G<—
<dt M’f) =

1
- (gﬁﬂPTMVw’Z + §|5é‘<’/v V¢>+> G,

k

<thha thG> - g

(he™ |V ar AI” + GIAP* + G|V, 0]?)

==

at every point p € M, with |A(p)| > R.
Using this result, by reasoning similarly to the proof of Lemma C.2.3 one gets

Proposition C.7 (Bound on \A\2). There exists C3 > 0, not depending on €, with

sup  U*A]* < Cs.
Qx[0,400[
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Taking now the previous proposition for granted, one can then derive the following
theorem.

Theorem C.8. Let u be the solution of (4.7). Then, for every T > 0 we have u €
CLEOL(Q x [0,T7)), i.e. OB in space and C%1 in time.

Sketch of the proof. Letting e — 0, (up to establishing the uniform convergence of F
and ¢L) we already know from Lemma C.4 that u. converges towards the viscosity
solution of (4.7). Using Propositions C.5 and C.7 which are uniform in € we derive the
desired (interior) spacial regularity on w by compactness. Near the boundary 9 we
note that by our assumptions on uy and ¥ we have u(z,t) > 0 > ¢ (z) for all ¢ > 0 and
whenever x € 2 is close enough to 9. Therefore, a.(x,u(x,t)) = 0 for such points
(z,t) which means that wu. is solving (graphical) mean curvature flow. Hence, arguing
as in the proof of [77, Theorem 2.1] we can derive a bound on supgqyjo,r) |[Vue|- By the
parabolic maximum principle and the evolution equation for v (C.11), we then obtain
uniform bounds on |Vu|. This makes sure that the equation becomes uniformly parabolic
and we can apply the standard theory to deduce smoothness of the solution near the
boundary. The time-regularity follows now immediately by using equation (C.7).

We emphasize once more, that many steps were skipped in this sketch. In particular,
we skip the approximation of the signed distance function (which in general is just
Lipschitz) by smooth functions via mollification which in the present case has to be
combined with a cut-off argument near the boundary. Moreover, we did not touch on
the subtle existence questions for the approximate flows but just took it for granted
as our main interest was to highlight the derivation of the C''-estimates. Finally, we
also note that we discarded problems that would occur with nonhomogeneous boundary
conditions. O
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