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Chapter 1

Introduction

”For the unity of field theory lies in its
techniques of analysis, the mathematical tools it

uses to obtain answers.”
— P. Morse, H. Feshbach,
Methods of Theoretical Physics

Mathematical models play an important role in the study of scientific
and engineering phenomena. A common feature of many mathematical models
is that they necessarily lead to equations admitting an ellipticity condition. A
particular class of models we consider are elliptic and parabolic free boundary
problems. Free boundary problems have been used widely as mathematical
models in the context of fluid dynamics, elasticity, shape optimization and
optimal stopping time problems. Moreover, their mathematical treatment has
led to important developments and connections with other areas of modern
mathematics such as minimal surface theory, optimal transportation theory,
calculus of variations, geometric measure theory, harmonic analysis, geometric
analysis, and stochastic processes. For a nice overview of past and recent

applications of free boundary theory we refer to [11], [52], [59], [28].

In this research work, we are particularly interested in investigating

mathematical questions related to existence, uniqueness, asymptotic behavior,



and regularity. The following thesis is devoted to two classes of free boundary
problems of obstacle-type. The first class of problems studies regularity esti-
mates for obstacle problems admitting a nonlocal obstacle. The second class
of problems considers uniform regularity estimates for singularly perturbed

lower dimensional obstacle problems.

1.1 Regularity Estimates for Free Boundary Problems

A free boundary problem can be described as a boundary value prob-
lem for either an evolving or stationary physical system, where some of the
unknowns or their derivatives change their behavior discontinuously at some
particular values. More precisely the goal is to find an unknown pair (u, (2),
where the function u solves some equation outside 02 (Free Boundary), and
some global conditions prescribe the behavior of u across 9€). Some examples

of free boundary problems are:

a. The solid-liquid interphase, when a material undergoes a phase transtion.
b. The boundary between the exercise and continuation region for a financial
instrument such as options.

c. The transition from elastic to plastic behavior when stress goes through a

critical value.

As in the theory of elliptic partial differential equations one first at-

tempts to find weak solutions to the problem by variational methods or meth-



ods stemming from nonlinear PDE theory i.e. maximum principles, viscosity
solutions. The next step is to study regularity estimates for the pair (u, 0$2).
Many of the applications mentioned above fall into one of two classes of free

boundary problems:

1. Obstacle-Type Free Boundary Problems
2. Bernoulli-Type Free Boundary Problems or problems with transmission

conditions across the free boundary.

The obstacle problem is considered a one-phase problem, where the
solution wu is non-trivial on only one side of the interface. A nice visualiza-
tion of the obstacle problem is of an elastic membrane being pressed against
a solid surface due to an external force. Here we assume that the membrane
is given by the graph of the function u. The free bounadry is the separating
curve between the contact and noncontact region. The obstacle problem can
be studied as an energy minimization problem for the membrane under the
constraint that it must lie above the solid surface. The existence and unique-
ness theory for this problem can be obtained through a study of variational

inequalities (See Appendix C) or the theory of sets of finite perimeter.

Bernoulli-Type Free Boundary Problems often appear as two-phase
problems. In the stationary problem, the solution u, may represent tempera-

ture such as in flame propogation problems, taking both positive and negative



values. Along the free boundary, or the zero level surface of u, here represent-
ing the edge of the flame, u,, the normal derivative satisfies a jump condition
expressing the dynamics of the process. The general idea is to build classi-
cal solutions so that the separating surface 0f) is regular, u is regular up to
0f) from both phases, and the free boundary conditions expressed in terms of
u, are satisfied pointwise. This is usually done by integrating the transition
condition to give a weak formulation to the problem through variational tech-

niques expressed as conservation laws or by supersolution methods.

We point out that our interest in subsequent chapters is to study one
phase free boundary problems. The general methodology to study regular-
ity estimates for obstacle-type free boundary problems are inspired by related
techniques in the theory of minimal surfaces. We briefly discuss the main
steps in studying existence, uniqueness and regularity estimates for minimal

surfaces. As before we split the problem into two distinct steps:

Step 1: Find a family of surfaces, for which a general notion of area can

be defined.

One first shows that this family is closed under a limiting process and that the
area is semicontinuous with respect to this process. Recall a set {2 has finite

perimeter if for any smooth vector field v with sup,.q [v| < 1,

/V-v
Q

< Cy.




The best constant Cj is called the perimeter of 0€2. Heuristically,

/V-v /v-y
Q a0

Moreover the perimeter functional is shown to be lower-semicontinuous and

< |Area(09)]| .

hence the direct methods of calculus of variations gives an existence proof to

the problem of finding a set with minimum perimeter.

Step 2: Show that 0f) is a smooth hypersurface outside of an unavoidable

singular set.

One technique to study the regularity theory of minimal surfaces is to look at
invariance properties of minimal surfaces, in particular invariance under rigid
motions and dilations as well as monotonicity formulas. Formally, if S is an

area minimizing surface in R"*! through 0, then,

Area(S N B,.(z))

7«7’1

E(r,S,z)=

is a monotonically increasing quantity in r. This monotonicity implies that

E(r) has a limit as r tends to 0 or co. If we blow up a minimal surface then,
E(0,S,z) =lim E(rt, S, z) = lim E(t, S,, z) = E(t, S, 0)
r—0 r—0

a quantity that is constant in r. Here S, = {x : z+rx € S} denotes the scaling
and the blow-up is denoted by Sy. The next step is to classify the minimizing
cones Sp. Studying various alternatives, one tries to deduce the regualrity for

S near 0.



We conclude this section by making some remarks about monotonicity for-
mulas and their usefulness for regularity theory. Heuristically they measure
a sort of radial entropy for solutions to diffusive problems, that increases as
we diverge from a fixed point. Some known examples of monotone quantities
of interest in elliptic free boundary theory are the Almgren Frequency Func-
tional for harmonic functions, the average of subharmonic functions, Weiss-
Type Monotonicity Formulas, Monneau-Type Monotonicity Formulas and the
Alt-Caffarelli-Friedman Monotonicity Formula. In a later section, we will use
monotonicity formulas to understand optimal regularity estimates for solu-
tions in the lower dimensional obstacle problem. The general idea is that as
you scale into the origin, the blow-up solution is less complex and oscillatory.
Hence in a neighborhood of the origin we obtain a kind of structural control
on the growth rate of the local solution. There are some interesting connec-
tions between monotonicity formulas and entropy in a physical system. The
interested reader should see [8], [30]. Moreover a very thorough explanation of

monotonicity formulas in the context of free boundary problems can be found

in [51], [21].

1.2 Summary of Thesis

We now give a summary of the main chapters of the thesis. We begin
in the second chapter by reviewing some of the main results in the regularity

theory for free boundary problems of obstacle-type. In particular we discuss



classical obstacle problems, lower dimensional obstacle problems and their

singular perturbations.

In the third chapter we consider an implicit constraint obstacle problem
arising in impulse control theory. Stochastic impulse control problems ([11],
[45], [46], [32]) are control problems that fall between classical diffusion control
and optimal stopping problems. In these problems the controller is allowed
to instantaneously move the state process by a certain amount every time the
state exits the non-intervention region. This allows for the controlled process
to have sample paths with jumps. There is an enormous literature studying
stochastic impulse control models and many of these models have found a wide
range of applications in electrical engineering, mechanical engineering, quan-
tum engineering, robotics, image processing, and mathematical finance. Some
classical references are [45], [32], [11]. A key operator in stochastic impulse

control problems is the intervention operator,

Mu(z) = inf (u(xz + §) + 1). (1.1)

§20

The operator represents the value of the control policy that consists of taking
the best immediate action in state x and behaving optimally afterwards. Since
it is not always the case that the optimal control requires intervention at ¢t = 0,

this leads to the quasi-variational inequality,

u(z) < Mu(x) Vo € R™ (1.2)



From the analytic perspective one obtains an obstacle problem where the ob-
stacle depends implicitly and nonlocally on the solution. More precisely we
can consider the classical stochastic impulse control problem as a boundary

value problem,

Lu < f(x) Vz € Q.
u(zr) < Mu(x) Vo e (1.3)
u=0 Va € 0f).

Here we let, Lu = — 7. a;;(z) afaq;j + >0, bi(a:)g—; + ¢(z)u with suitable

regularity assumptions on the data and,

Mu(z) =1+ 1§I>1£ (u(x +€)). (1.4)
m+E€Q

In this chapter, we present a new proof for the sharp Cllocl(Q) estimate
for the solution to (1.3). We point out that the sharp C’llo’c1 estimate has been
previously obtained (see [13], [14]). As a corollary of our proof we also obtain
a direct proof of the fact that the nonlocal obstacle, Mu(z) is C’llo’c1 on the con-
tact set {u = Mu}. Since the obstacle depends on the solution, the strategy is
to improve the regulariity of the solution and use it to improve the regularity
of the obstacle. We start by first proving continuity of the solution and then
proceeding to prove a semiconcavity estimate for the obstacle. In the following
section we use the semiconcavity of the obstacle and the superhamonicity of

the solution to produce the C*! estimate.



In the last section we study regularity estimates for the free boundary
0{u < Mu}. We first observe that the set of free boundary points can be
structured according to where inf u(z+¢) is realized. If the infimum is realized
in the interor of the positive cone then we conclude that the obstacle is locally
constant in a neighborhood of a free boundary point. This gives us regularity
estimates of the free boundary at regular points and singular points as defined
in the classical obstacle problem. If the infimum is realized on the boundary
of the cone then under the assumption that f is analytic we conclude that
the free boundary is contained in a finite collection of C'*° submanifolds. In

particular we prove the following theorem,

Theorem 1. Consider the classical stochastic impulse control problem

Lu < f(x) Ve (.
u(z) < Mu(x) Vz e Q. (1.5)
u=0 Vo € S

Assume that all coefficients in L are analytic, f is analytic and f(z) <
flz+ &) VE>0. Then it follows that, O{u < Mu} = I'(u) U T*(u) U T4 (u)
where,
1. VYxo € T"(u) there exists some appropriate system of coordinates in which
the coincidence set {u = Mu} is a subgraph {z, < g(x1,...,2,-1)} in a

netghborhood of xo and the function g is analytic.



2. Yxg € T%(u), xo is either isolated or locally contained in a C* submanifold.

3. T4 (u) C B(u) where X(u) is a finite collection of C™ submanifolds.

In the fourth chapter we consider a fully nonlinear problem. We con-
sider F'(D%u), a fully nonlinear uniformly elliptic operator. We assume that
the operator is either convex or concave in the hessian variable. We define
¢u(x) to be a semiconvex function with a general modulus of semiconvexity

w(r). We consider the following boundary value problem.

F(D?u) <0 Vrel.
u(z) > pu(x) Ve Q. (1.6)
u=0 Vx € 09.

The following are our main results in this chapter,

Theorem 2. Consider the fully nonlinear obstacle problem with obstacle ¢,
admitting a modulus of semiconvezity, w(r). Then the solution u has a modulus

of continuity w(r) up to CH(Q).
As an application we apply our result to obtain a sharp estimate for the

solution to the following fully nonlinear stochastic impulse control problems,

Theorem 3. Let  C R™ be a bounded domain with a C** boundary 0.
Define

Mu(s) = o(a) + inf (u(r + ) (17)
T+EEQ

10



Here p(x) is w(r) semiconcave, strictly positive, bounded, and decreasing in
the positive cone & > 0. Consider the solution to the following fully nonlinear

stochastic impulse control problem,

F(D*u) >0 Vz e
uw(z) < Mu(z) Ve Q. (1.8)
u=>0 Va € 0f.

Then, the solution u has modulus of continuity w(r) up to CHH(Q).

We remark that as a corollary of this theorem we recover the sharp C'!

estimate for the classical stochastic impulse control problem.

We proceed in stages to prove the stated theorems. The main point of in-
terest in the first theorem is to improve the modulus of continuity for the
obstacle ¢, on the contact set {u = ¢,}. In particular the goal is to obtain
a uniform modulus of continuity w(r) for ¢, which we can then propogate to
the solution u. The second theorem follows from the first theorem once we
apply the semiconcavity estimates for the nonlocal obstacle Mu(z) obtained
in the previous chapter. Moreover we can extend the free boundary regularity
from the classical implicit constraint problem under the assumption that the
data is analytic and ¢(x) = 1. Finally as an application of the previous results
we consider a singularly perturbed fully nonlinear obstacle problem and show

optimal decay rates for Holder norm estimates.

11



In the fifth chapter we are interested in investigating estimates for the
solution to the penalized boundary obstacle problem. Our interest in this
problem is understanding both sharp uniform and nonuniform estimates in the
penalizing parameter. We begin by first considering the nonuniform theory and
characterize the optimal growth of solutions from the free boundary. Regarding
uniform estimates, as in the theory for the boundary obstacle problem, by
standard regularity theory it is enough to prove uniform estimates at the level
of ug. A consequnce of our estimates is that we can prove uniform convergence
of the penalized solution to the solution of the boundary obstacle problem.
This follows from the sharp uniform estimates and the following observation.

Assume for a uniform constant C,

1 € €
1~ ()] = ug < C.

This implies,

Furthermore the uniform estimate from below on u; allows us to con-
clude that ug does not deteriorate on {u® = 0}. Hence we recover the solution
to the boundary obstacle problem with zero obstacle. Since the sharp estimate
for the limiting solution is known (see [4]), we aim to show that u; is uniformly

C'/2. The following is our main result,

12



Theorem 4. Let u® be a solution to the penalized boundary obstacle problem.

Then there exists a modulus of continuity w : (0,00) — (0,00) independent of

€, such that w(d) = O(6Y?) as § — 0 and Vx,y € B,/s and Ve > 0,

[y () =y (y)] < Ja —y|'2. (1.9)

We proceed in stages to prove the uniform estimates. We make the
standing assumption that u“(0) = 0, so in particular u;(0) = 0. The idea is
to first prove the semiconvexity of the solution in the tangential directions.
An iteration argument will allow us to conclude a Holder growth estimate for
ug, from the interface d{u® > 0}. To obtain the sharp estimate, we study
global solutions of the penalized problem. Global solutions are convex hence
we are able to employ a monotonicty formula first proved in [4] to improve
the growth estimate from the interface obtained in the preceding section. A
scaling argument in the penalization parameter concludes the proof of the
desired universal Holder estimate. For the local problem we utilize a technical
estimate to correct for semiconvexity and then an iterative application of the
monotonicity formula improves the growth estimate of u; from the interface.
To conclude the universal Holder norm estimate we apply again the scaling

arguments in the penalization parameter as considered for the global solutions.

13



Chapter 2

The Obstacle Problem

”The Procrustean tendency to force the
physical situation to fit the requirements of a
partial differential equation results in a field
which is both more regular and more irreqular
then the ’actual’ conditions. A solution of a
differential equation is more smoothly
continuous over most of space and time than is
the corresponding physical situation, but it
usually is also provided with a finite number of
mathematical discontinuities which are
considerably more ‘sharp’ than the actual

condition exhibits.”
— P. Morse, H. Feshbach,

Methods of Theoretical Physics
In this chapter we recall some of the key results in the theory of ob-
stacle problems. We consider the classical obstacle problem, the thin obstacle

problem and some singular perturbations.

2.1 The Classical Obstacle Problem

Consider a fixed horizontal wire with an attached membrane which is
forced to lie above a fixed obstacle in the domain. The resulting geometry
gives us a contact area between the membrane and the obstacle, a non contact

region where the membrane is strictly above the obstacle and the boundary

14



separating these regions. The goal is to understand the qualitative properties
of the membrane and the geometric behavior of the boundary. As formulated,
this is the classical obstacle problem. More precisely assume the membrane is
the graph of a function

u: Q2 CR" =R

where () is a smooth bounded domain and v = g on the boundary 0f2, rep-
resenting the wire. Moreover let 1) represent the graph of the obstacle in the
domain. Such a problem can be posed in the theory of variational inequlities
and leads to an existence and uniquness theory for the problem (see Appendix
C). For convenience we consider the problem with w = u — . This allows
one to utilize geometric methods such as scaling and blow-ups. Thus we de-
fine the coincidence set to be A = {w = 0}, the noncoincidence set to be
N = {w > 0}, and the free boundary, I' = d{w > 0}. This leads to some nice

regularity properties which were first proven by J. Frehse,

Theorem 5. (Frehse [31], Regularity of the Mnimizer) The solution to the

obstacle problem satisfies,

Aw =1 on {w>0}NAQ
w >0 on {2
w e CH(Q).

We remark that a solution w satisfying the above is considered to be a
normalized solution. We also remark that on {w > 0} one actually has on the
right hand side,

Aw = A(u — ) = —Ar.

15



What is needed to be a normalized solution is that Ay < —C' < 0 and A is

dini continuous (see [6]).

With the above structural theorem, one is now in position to study the
geometric properties of the free boundary. We point out that since 0 € T,
|w||c1a is preserved under the family of dilations wy = s5w(Az). Hence one
has enough compactness to consider the blow-up solution, i.e. w), — ws
as A\ — 00. It clearly follows that ws, will be non-negative, C1! and satisfy
Aws, = 1 on the set wy, > 0. What is not clear is that w., does not identically
vanish. In other words can one prove compactness of I'y, = 9{w,, > 0}7 Can
one say that free boundaries converge to free boundaries? This is answered

positively by the following non-degeneracy statement,

Lemma 1. (Non-Degeneracy) If zo € N, then

sup w > —1r2.
P =5

BT($O) n
The key point in this lemma is the strict concavity of the obstacle in a
neighborhood of the free boundary point. The proof follows a straightforward

application of the maximum principle. In particular we conclude that

I
SUPp Weo = —T
Br(il?()) 271

and hence 0 € 'y, = 0{ws > 0}.

The next step is to classify blow-up solutions. This is obtained in the fol-

lowing theorem first proven by Luis Caffarelli,

16



Theorem 6. (Caffarelli [15], [20], Characterization of the Blow-up Limit) The
blow-up limit is unique and depends only on the point xo on the free boundary.

Either there exists a unit vector v,, € S*™1 such that,

1
Woo (o) = 3 max ((z, Vg, ), 0)2,

and the point xq is called a Regular Point. Or w., is a quadratic form. In
particular,

1
woo(££0) = 5(&7, A$0$>

where Ay, is a symmetrtic n X n matriz such that Tr A,, = 1 and xq is called

a Singular Point.

We remark that the theorem gives us a Liouville result which classifies
the blowups as well as the uniqueness of the blowups. The first step to prove

the classification theorem is to show that w, is convex. More precisely,

Lemma 2. There is a modulus of continuity w(r) where w(r) monotone,

w(0T) =0, such that Dyw(zx) > —w(|x]).

The proof is a direct application of the Harnack Inequality and an
iteration argument. It follows that the coincidence set {ws, = 0} is a convex
set. The next step is analogous to the minimal surface theory where we would
like to rule out that I' is not asymptotically a cone. Hence we perform another

blow-up in a neighborhood of 0, and consider

(1s0)oo = limn (w0)s,.

17



It follows that {(ws)eo = 0} is either a point or a convex cone. If it is

a point or a convex cone with empty interior then it follows that
1
wOO(:UO) = §<~T7A$ox>’

where A,, is a symmetrtic n x n matrix such that Tr A,, = 1. On the other

hand if {(ws)eo = 0} has nonempty interior, then,

1
Woo (o) = 2 max((z, Vy,),0)?,

and 0{ws > 0} is a Lipschitz surface. The proof follows from showing that
Vwy locally around 0, is strictly monotone in a cone of directions centered
around ¢, a vector directed towards the interior of the contact set. Moreover it
follows after a straightening of the boundary and an application of the Bound-
ary Harnack Principle that in a neighborhood of 0 the level surfaces of w,, are
in fact C*. We remark that it follows that points on the free boundary in the

local picture which blowup to this profile are then unique.

What remains to be done is to carry the analysis in the global picture back
to the local solution w. In 2—dimensions Schaeffer [58] showed that the free
boundary can form a thin neck or a cusp point. The intuition behind these
examples comes from considering continuous deformations with varying ob-
stacles with different components. Such a construcion follows from the fact
that a priori the coincidence set could be composed of an infinite number of

components with accumulation points. Hence it is important to understand

18



what assumptions in the local picture will guarantee convergence in the blow-
up to a convex coincidence set with a non-empty interior. Here we introduce
a measurement which gives us a dichotomoy for points on the free boundary

of w,

Definition 1. We define the thickness of the conincidence set {w = 0}, in a
ball B, (xo) by
1
0 () = ;m.d.({w =0} N B(z0)},

where the minimum diameter (m.d.) of {w = 0} N B.(zo) is the infimum
of distances between pairs of parallel hyperplanes which contains {w = 0} N

Br(l‘[))-

We now state a theorem regarding convergence of free boundary points
in the local picture to the global picture. This allows us to define the Regular
Points and Singular Points of the free boundary. The following theorem

was first proven by Luis Caffarelli,

Theorem 7. (Caffarelli [15]) Let 0 € T'. There exists a modulus of continuity
w(p) such that for 0 € T' either,

(a) 0 is a Singular Point and m.d.({w =0} N B,(z0)} < pw(p) Vp <1 or
(b) 0 is a Regular Point and 3py such that m.d.({w = 0} N B, (x9)} >

pow(po) and Vp < po, m.d.({w = 0} N By(0)} = cpw(po).

The proof follows from compactness and properties for normalized so-

lutions. Moreover it follows from a density estimate that the set of points

19



satisfying (b) is an open set of the free boundary and at those points satisfy-
ing (a) the free boundary becomes cusp like. Now it remains to propogate the
regularity of the free boundary in the global picture back to the local picture

at regular points. This follows from the following theorem,

Theorem 8. (Caffarelli [20]) Suppose w is a normalized solution. Then there
exists a modulus of continuity w(r) such that if for one value of r, say o,
m.d.({w = 0} N By, (z0)} > row(ro), then in a r¢ neighborhood of the origin,

the free boundary is a C** surface x,, = f(x') with
C(n)
[fllore < ——.
To
Subsequently one also has higher regularity of the free boundary at

regular points,

Theorem 9. (Kinderlehrer-Nirenberg [43], Isakov [35]) Let w is a normalized
solution, 0 € ', and Aw = f. Then f € C™(By) implies " is a hypersurface
of class C™H in some neighborhood of 0. Furthermore if f is analytic then

near the origin I' is analytic.

Finally we can also consider the Singular Points on the free bound-
ary. Recall that a Singular Point are those points for which |({w = 0} N
By (x0)}| C Sy (a strip of width rw(r)) for every positive r. The unqiueness
of the blow-up is a consequence of the Alt-Caffarelli-Friedman monotonicity
formula [20] or a monotonicity formula due to Monneau [47]. It follows that

one can control the convergence rate in a uniform fashion. In particular it
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is shown that the normalized solution has a Taylor expansion of order 2 at

singular points,

Theorem 10. (Caffarelli [20], Monneau [47]) If w is a normalized solution

and 0 is a Singular Point, then

w(x) = %(:p, D*w(0)z) + o(z?).

It follows from an application of the ACF monotonicity formula or
an application of the Whitney Extension Lemma combined with the implicit
function theorem that one can prove a structural theorem for points on the

singular set,

Theorem 11. (Caffarelli [20], Monneau [47]) The map
To — Az‘o

is continuous on the set of singular points on the free boundary. Moreover the

set of singular points is a closed set in a C' (n — 1)-dimensional manifold.

2.2 The Lower Dimensional Obstacle Problem

In this section we give a brief overview of a variant of the classical
obstacle problem, where the obstacle is restricted to lie on a lower dimen-
sional manifold M. Such problems arise in the context of flow through semi-
permeable membranes, elasticity, boundary control temperature, or heat con-

duction problems (see [29]). Let © be a domain in R*™! divided into two parts
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QF and Q= by M. Let ¢ : M — R be a thin obstacle and g a given function
on 0f) satisfying g > ¢ on M N 0S). The problem can be given a formulation

in the theory of variational inequalities and is shown to satisfy,

(AUSO Q,
Au=0 Q\ M,

U= P M,
Uyt + Uy— <0 M,
(u— @) (u+ +u,-) =0 M.

Moreover if M = R™ x {0} then the problem is equivalent to,

(Au <0 Q,
Au=0 Q\M,
u> @ M,
U+ <0 M,
[(u—)u,+ =0 M.

We now consider the specific case when € = By, the unit ball in R**!. Fur-
thermore we define B} = By N{xp+1 = 0}. We fix u =0 on 0B, N {z,1; >0}
and ¢ < 0 on 0B]. We remark that regularity estimates for the local problem
in Q = B can be deduced from regularity estimates in the global problem
Q =R" x (0,00) by using radially symmetric cutoff functions. Also the con-

verse is true.

We point out that the lower dimensional problem is strongly related
to problems in fractional diffusion. To better understand this relationship we

study the harmonic extension problem. Given ug a rapidly decaying function,
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let u be the unique solution to the Dirichlet problem,

Au=0 R™ x (0, 00),
u(z,0) =ug R™

Consider the Dirichlet to Neumann map 7' : uy — —uy(z,0). Since ug is

smooth and u, is harmonic we find,
T o Tug| = —0,(—0yuy(,0)) = uy,(x,0) = —Auy.

Hence it follows that
T =(-A)?

1/2 arise as minimizers of the functional

v(x y)[?
/l/nlw—mwlcm@'

From this we are able to draw the following conclusions,

where solutions to (—A)

a. If u is a solution to the lower dimensional obstacle problem in R™ x (0, 00),
then uo = u(-,0) solves the obstace problem for (—A)'/2.
b. If we start with a solution ug to the obstacle problem for (—A)'/? then its

harmonic extension u solves the lower dimensional obstacle problem.

We consider again the lower dimensional obstacle problem in the local geome-
try. From the 2-dimensional problem it is strongly suggested that the solution
has a saddle shape, with convex behavior in the tangential directions and con-

cavity in the normal direction. The main questions become as in the classical
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obstacle problem, to study the regularity estimates for the solution u as well as
the (n —1)-dimensional free boundary I" = d{u(-,0) > ¢}. When studying the
optimal regularity estimates for the solution, the best one hopes to obtain is
C'/2 on each side of M. This has been obtained in [4], [25]. Moreover in recent
work [10] the complete classification of free boundary points is achieved for
concave obstacles as discussed in the previous section on the classical obstacle
problem. The new idea is to prove a non-degeneracy statement at all points on
the free boundary and show that solutions grow at least quadratically at every
free boundary point. This work unifies many of the previous results related
to the regularity of the free boundary (see [25], [55] [49]). To conclude this
section we outline the major steps to show the optimal regularity estimate for
the solution and the free boundary. We remark that many of these steps are

closely followed and inspired by work in the classical obstacle problem.

a. Lipschitz Continuity and local C1® estimates of the solution for some
0<a<1][12].

b. Optimal CY'/? regularity for tangentially convex global solutions using a
monotonicity formula [4].

c. Correction for semiconvexity and optimal CV1/2? regularity for local solu-
tions [4].

d. Almgren’s Frequency formula and another derivation of the optimal C1/2
estimate [25].

e. Classification of asymptotic blow-up profiles around a free boundary point
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according to homogeneity of the blow-up [5].

f. Lipschitz Regularity of Free Boundary in a neighborhood of stable points
(homogeneity of blow-up is 3) [5] [25].

g. Boundary Harnack Principle and C'1® regularity at stable points of the Free
Boundary [5], [25].

h. Structure of the set of points on the Free Boundary with vanishing density.

(Singular Set) [49].

Before closing this section we remark that all of the previous results have
been generalized to the fractional obstacle problem where one studies the ob-
stacle problem for (—A)® for 0 < s < 1. In fact many of the above results

are derived in this more general framework. As before one has an extension

formula analgous to the case s = 1 (see [23]) and corresponding statements
about optimal regularity of the solution and free boundary. For a complete

reference to the fractional obstacle problem see [56].

2.3 Singularly Perturbed Free Boundary Problems

Problems in differential equations are often approximated by regular-
izing ones. To obtain information about the original problem, one tries to
establish results for the regularizing solution which carry over in the limit. In
the context of obstacle problems a classical technique in this area is the pe-
nalization method. The underlying idea to study perturbed solutions is that

small perturbations for uniformly elliptic equations propogate in a quantifi-
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able fashion (Harnack Inequalities and Maximum Principles), hence studying
perturbed solutions can help to establish regularity estimates and stability es-
timates for the original solution. In free boundary problems the question to
ask is how would a perturbation of order e displace the free boundary? The
problem can be formulated as a study of a one-parameter family of solutions
of operators that degenerate along a level surface {u = 0}. In particular we
ask the question, what are the regularity properties of the solution and level

surfaces of the solution to an equation of the type,
Aut = B (u)?

Specifically we would like to consider those properties of the solution that
are independent of the parameter €, hence those properties which hold for
the limiting solution ug. Restricting our attention to variational solutions
we consider an € smoothing of minimizers with the following Euler-Lagrange
Equation,

Aug = af(ug)t]*' 0<a <2

We note that equations of this type are invariant under the rescaling

wo(x) = L up(Az).

2—a

It follows that the natural regularity for this problem is C 2. We remark that
in the case

a— 2

we formally recover the obstacle problem and in the case

a—0
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we formally recover the Alt-Caffarelli problem [2]. The intermediate cases were
studied by Alt and Phillips [3]. Much work has also been done on the penal-
ized problem (see [53] [54]). In the penalization problem one is interested in
studying uniform estimates for the solution u¢ in the e-strip, namely, measure
theoretic estimates of 0 < u¢ < €, and its uniform speed of convergence to the
limiting problem. We remark that there do exist some general technique to

establish such uniform estimates [17]:

a. Establishing optimal regularity estimates and non-degeneracy estimates
for the penalized solution. Such estimates are in principle constrained by the
homogeneity of the limiting solution.

b. Measure estimates for the e-strip. These should in the limit recover the
Hausdorff measure estimates for the free boundary.

c. Lipschitz level surfaces are uniformly C®. One has to obtain a Haranck
Inequality for level surfaces.

d. Flatness implies Lipschitz. In the case of penalizations for obstacle type
problems we would like to establish that blow-ups for the penalization prob-

lem are close to the blow-ups of regular points in the limiting obstacle problem.

We take up singularly perturbed problems in chapter 5, when we consider

the penalized boundary obstacle problem.
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Chapter 3

The Classical Implicit Constraint Obstacle
Problem

3.1 Basic Definitions and Assumptions

Let Q C R™ be a bounded domain with C% boundary 9. Assume
c(x) > ¢og > 0; aij, bi, ¢, € C*2(Q) for 0 < a < 1, and the matrix (a;;)
is positive definite for all x € Q. Furthermore let f € C%(Q). For any
£=(&,...,&) welet £ >0 denote & > 0 Vi. Consider,

Z aij(z &U 8% Zb 8x, c(z)u. (3.1)

7,0=1

Define the operator:

Mu(z) =1+ inf wu(z+ ). (3.2)
xi%gQ

We introduce the bilinear form a(u,v) associated to our operator L,

a(u,v) = (Lu,v) Yu,v € C(Q). (3.3)
Furthermore assume that our bilinear form is coercive,
a(u,u) > y([[ullwie@)? Yu € Wy?(Q), v > 0. (3.4)
We consider the quasi-variational inequality:
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we W,2(Q) u< Mu,

a(u,v —u) > (f,v —u) Yo e Wy*(Q) v < Mu. (3.5)

We list a few properties of our operator Mu that will be useful for the

remaining parts of this chapter,
ur(z) < ug a.e. = Muy(z) < Mug(z) a.e.
M: L>* — L.
M: C(Q) = C(Q).

Furthermore we assume that f > —%. This implies that the solution
@ to the variational equation Lu = f in 0, u € H}(Q) satisfies the property
@ > —1. This in particular implies that the set of solutions to v € H}(Q) v <

Mu is nonempty. Without loss of generality we assume that u < 1.

3.2 Existence and Uniqueness Theory

We now proceed to prove the existence of a unique continuous solution

to (3.5). We follow closely the proof in [38].

Lemma 3. There exists a unique solution u € C(QQ) of (3.5).

Proof. From standard elliptic theory we know that there exists a unique solu-

tion ug € C(2) of
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(3.6)
u=0 Va € 0f).

{a(u,v):(f,u—v) Vo € Q,
Since Mug is continuous we know from the theory of variational in-
equalities that there exists a unique solution u; € C'(2) of
a(u,v) > (f,u—wv) Ve,
u < Muy Vi € Q, (3.7)
u=0 Va € oS

Moreover for n = 2,3,... we obtain u, € C'(2) satisfying,

a(u,v) > (f,u—v) VreQ,
u < My, Vr € Q, (3.8)
u=20 Va € 0f.

Since u; is a subsolution of (3.6), by the comparison principle (see
Appendix C), we know that u; < ug. We also know that —1 is a subsolution
of (3.77), hence the comparison implies that —1 < w;. Moreover it follows
from the properties of Mu that 0 < Mu; < Mug. This implies in particular
that us is an admissable subsolution to (3.7). Arguing as before we see that

—1 < uy < uy. We can continue this process and obtain a sequence of functions

1< ... <u, <...<u <uy. (3.9)

Now we look to prove an upper bound on the sequence. Consider
p € (0,1) such that pllugllce) < 1. Assume there exists 6,, € (0, 1] such that
Vn € N,

Uy — Upi1 < Opty,. (3.10)
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We claim that this implies
Upt1 — Upro < O, (1 — )ty (3.11)

With this claim we are able to almost conclude the proof of the theorem.
In particular the positivity of u,, implies that u; —us < us. We can set 6, = 1.
Moreover from (3.11) it follows that us —us < (1 — p)ue. Hence 0y = (1 — p).
Therefore setting 6, = (1 — )"~ we find

it = thpss < (1= )"t < (1= 1) ol (3.12)

Combining (3.12) with (3.9) we see that there exists a function u €
C(R2) such that [ju, — u|lc) — 0 as n — oo. Moreover from the estimate
[Mu — Mol|c@) < |lu — vl it follows that u is a solution to the classical
stochastic impulse control problem. Hence we are reduced to proving (3.11)
and establishing uniqueness of the solution. By the concavity of Mu and (3.10)

it follows,

v =(1-60,Mu, + 0, <(1—0,Mu, +6,M0 < M(1 —0,u,) < Mu,y. (¥)

We consider the continuous solutions to the following obstacle prob-

lems. Let w € C(f2) solve,

a(u,v) > (f,u—wv) Ve
u<a Yz € €. (3.13)
u=0 Vo € 09.
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Let z € C(Q) solve,
a(u,v) > (f,u—wv) Vrel
u<l Vo € Q. (3.14)
u=0 Vo € 06,

From (*) and the comparision theorem for variational inequalities it

follows that w < w, 5. Moreover it follows that 6,z solves,
a(u,v) > (f,u—wv) Vrell
u < 0, V€ Q. (3.15)
u=20 YV € 002.
Observing that ¢ > 6, it follows from comparision that 6,w > 6,,z.
Next we observe that (1 — 6,,)u,1 is a subsolution and (1 — 6, )w is a solution

of the following obstacle problem,
a(u,v) > (f,u—wv) Ve
u<(1—6,)0 Vo € €. (3.16)
u=>0 Vo € 0€.
Hence we find, (1 — 6,)u,1 < (1 — 6,)w . Putting this together we
obtain,

(1=0)ups1+ 0,2 < (1—60)w+0,w=w < Upyyo. (*)

Recall that Vn, pu,,1 < 1. This implies that pu,. is a subsolution of (3.14).
So in particular, pu,y; < z. Putting this into (**) we obtain our desired

estimate (3.11),
Unp+1 — Un+2 S en(l - /fb)unJrl-

Finally to prove uniqueness, suppose u and u are distinct solutions. The

positivity of the solution implies u — # < u. Hence arguing as above we find
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u—1u < (1—p)"u, for all n > 0. Letting n — oo we find that u —u < 0.

Interchanging v and @ we conclude u = . [

3.3 Localization of the Obstacle and Semiconcavity Es-
timates
Using the improved regularity on the solution u, we now proceed to
prove that the obstacle Mu(z) is semi-concave with semiconcave with a linear
modulus, i.e. w(r) = Cr?. The strategy of the proof will follow the ideas pre-

sented in [13]. For the present argument we consider a more general obstacle.

Lemma 4. Let p(z) be w(r) semi-concave, strictly positive, bounded, and

decreasing in the positive cone & > 0. Then the Obstacle

Mu(z) = ¢(z) + inf u(x + &)

is semi-concave with modulus of semi-concavity w(r).

Proof. We consider two distinct cases:
1. zo € {u = Mu}.
2. o € {u < Mu}.

Case 1: Fix zy € {u = Mu}.
The proof in this case is based on characterizing the set where the infimum of u
occurs and establishing that this set is uniformly contained in the non-contact

region {u < Mu}. This is the content of the following claims. We define the
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following sets:
1. EZ$0 = {ZL‘[) —I—f : g Z 0}
2. Xy = {@(x0) + ulzo + &) = Mu(zo)}.

The following claim characterizes ¥,, as the set of points where u realizes

its infimum.

Claim 1. For every y € (¥s4, \ Xu,) and for every x € 3,,, u(z) < u(y).

Proof. Fix & € ¥,,. Suppose by contradiction that 3z, € X5, \ X, such that
u(z1) < u(z). This implies the following,
p(x0) + u(z1) < p(xo) + u(Z)

= Mu(zg) = ¢(x0) + 1gr>1£ u(zo + §).
$0+Z€Q

In particular we obtain,

u(zy) < inf w(ze +§).
>0
xoizeﬂ

This is a contradiction. O

We now prove that pointwise the elements of ¥, are contained in the

non-contact region, {u < Mu}.

Claim 2. Suppose the solution to the Boundary Value Problem Lu = f satis-
fies

u < inf ©.
mgo
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Then Yz € ¥, it follows that u(z) < Mu(z).

Moreover in a neighborhood Ny of x we have u € CH1(Ny).

Proof. We observe that the first statement ensures that 3, N (092) = @.
Suppose xy € Q°, x € 992 and zy < x. Then we observe,
Mu(xg) = u(zo)

< awo) < inf ¢ < (x) + u(x) < plao) + ulx).

The last inequality follows from the monotonicity of ¢(x) in the cone.

Hence in particular ¥,, N (0N2) = @.

Suppose now by contradiction that 3x € ¥, such that u(z) = Mu(x). Then
we have the following,
u(xg) = Mu(zg)
= ¢(x0) + u(x)
= @(xg) + Mu(x) > p(x0) + Mu(z) > Mu(z))
The last inequality follows from the strict positivity of the function .

We observe that the inequality contradicts the obstacle constraint u(zg) <

Mu(xg). Hence we have reached our desired contradiction.

Finally the last statement of the claim follows from the continuity of u. The
continuity of the solution implies that {u < Mu} is an open set and thus in a
small neighborhood Nj of x, u satisfies the equation, Lu = f. We can therefore

apply interior regularity estimates for the operator L to conclude. ]
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We now strenghten the previous claim to obtain a uniform neighbor-

hood of ¥, that is strictly contained in the non-contact region.

Claim 3. 36y > 0 such that d{{u = Mu}, X, } > d.

Proof. Suppose by contradiction 3{dx} N\, 0 and {x;} C 3,,, such that

d(zg, {u=Mu}) < 6 VEk.

By definition, z; € ¥,,, implies

o(zo) + u(xg) = Mu(zg) Vk.

By the continuity of u(x) this implies in particular that p(zg) +u(z) =
Mu(xg) for some Z € {u = Mu}. On the other hand, ¢(x¢) + u(Z) = Mu(zo)

implies € X,,. Hence from the previous claim we obtain,

This is our desired contradiction. O]

We now state and prove a claim which allows us to localize the obstacle

in the neighborhood of a contact point.

Claim 4. For every x,z € 2, 30 > 0, such that if |[t—xo| < §, and d(z, %,,) >

J, then u(z) < o(x) + u(x). Moreover, if v € {u = Mu}, then T ¢ %,.
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Proof. Suppose by contradiction that there exists a sequence of points {zy}
and {Zy } satisfying:

L. |zg — x0| = O

2. d(Zpr,Xs,) > 0 > 0.

3. {0k} N\ 0 and {dx} N\, 0.

4. u(zg) > p(xg) + u(Zy) Vk and VK.

We observe that from the previous claim 3k, k{), such that Vk > ky, we have
the following chain of inequalities,

Mu(zo + 6i) < Mu(Zy)

IN

O(Try) + u(Thy)
< @(o + 0x) + u(Try)

< u(zg + ) < Mu(xg + 0k).

Thus the above inequalities are all equalities. This implies Vk > kK,

Mu(zo + 0k) = (0 + 0x) + u(Tsy).

Letting £k — oo we obtain,
Mu(zo) = ¢(w0) + u(Try).

Which implies in particular that z;, € ¥,,. This is our desired contra-

diction. n
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From the last claim we can redefine the obstacle for Vs = {|z—x¢| < ¢}.

In particular by taking § sufficiently small 3N, neighborhood of ¥, such that,

Mu(z) = p(z) + 1r>1£ u(z + §).
m+§£EN2

For an even smaller ¢,

Mu(z) = p(z) + 1r>1£ u(x +§).
xo-EéTEN3

Where Nj is such that,

‘/(S+N3—.T0gN1.

Here Nj is the neighborhood obtained in Claim 3. In particular for

x € Vs and £ € N3 — xp, we can bound the second incremental quotients,
Pu=ulz+h+& +ulx—h+&) —2ulx+&) <clh|”

Moreover we know that for some x + £ in Ny, we have,

ugg u(x + &) =u(z+§).
I+E§EN1

Now we consider the second incremental quotients of the obstacle Mu(x).

By the semiconcavity of ¢ we obtain,

*Mu(z) < w(h) +u(x + &+ h) +ulz + & — h) — 2u(z +§)

< w(h) + |2

IN
Q

w(h).
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Thus, in a neighborhood of a contact point, Mu(z) is semiconcave with

semiconcavity modulus w(h).

Case 2: Fix z € {u < Mu}. We argue as before by considering the second
incremental quotients of the obstacle, 3*Mu(z). We observe that the infimum
of u in the positive cone, & > 0, must always be realized at a non-contact

point. Suppose 3 = + & € {u = Mu} satisfing,

inf wx + &) =u(z+&).
xiéeﬂ

Then from Case 1 there exists & € ¥,1¢, C {u < Mu} such that,

lI>1£ wxz+& +E&) =ulrz+& + &)
a:—l—éq—feﬂ

Since & + & > 0, we have found a positive vector admissable to

inf wu(z+§).
€20
£

Furthermore, u(z + & + &) < u(z + &;). Hence we conclude that for a

fixed € {u < Mu}, and for some z + £ in {u < Mu},

inf u(z+§) =u(zx +§).
acf—?gﬁ

Moreover from Claim 4 we know that = + £ is a uniform positive dis-

tance away from the contact set {u = Mu}. Hence there exists a uniform
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neighborhood Ny of points around z + ¢ where {u < Mu}. In a smaller neigh-
borhood Ny, u € CYY(Ny). In particular for z + & € Ny, we can bound again

the second incremental quotients,
w(x +h+&) +ulr —h+&) —2u(z + &) < clhf.

Using once more the semiconcavity estimate on ¢(z) and for some x +¢&

in N7 we find,

*Mu(x) < w(h) +u(x + &+ h) +ulz + € — h) — 2u(z +€)

< w(h) + c|h|?

IN
Q

w(h).

Thus, in a neighborhood of a non-contact point, Mu(x) is semi-concave

with semi-concavity modulus w(h). O

Remark 1. We point out that the existence and uniqueness of a continuous
viscosity solution follows from taking a sequence of solutions to a reqularized
obstacle problem and proving convergence in C(Q). We refer the reader to [48]

for remarks in this direction as well as showing equivalence between various

notions of solutions to the obstacle problem.

3.4 Optimal C*! Estimates for the Solution

In the previous section we proved that the unique bounded solution to
the classical stochastic impulse control problem is continuous and that our im-

plicit constraint obstacle is locally semi-concave. We now consider the sharp
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COY! estimate for the solution to the classical stochastic impulse control prob-
lem. We restrict to the case L = A and set f = 0. All of the arguments can

be suitably modified for general L and nonzero f. We consider,

Au(z) >0 Vo €,
u(z) < pu(z) Vo eQ, (3.17)
u=20 Vx € 09.

Here we have set,

pu(®) =@+ inf (u(z +£)),

£20 _
z+EE)

where ¢ has a linear modulus of semiconcavity. We point out again that the
sharp C’llo’c1 estimate in the classical stochastic impulse control problem has
been previously obtained (see [13], [14]). Our intent is to provide an alternate
proof that is generalizable to the fully nonlinear problem considered in the

next chapter.

Recall that a function v is semiconcave with semiconcavity modulus
w(r) if a vector p € R"™ belongs to D*v(z) if and only if v(y) — v(x) — (p,y —
x) <

L, (x) = pu(xo) + (p,x — x0). We consider

w(lz —y|). Fix xg € {u = ¢,}. Define the linear part of the obstacle,

We observe that in B,.(z), w(z) has a modulus of semiconcavity w(r) =

Cr?, i.e. w(x) < Cr?. We now state our main lemma.
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Lemma 5. There exists universal constants K,C > 0, such thatVx € BT/4(£L'0)

~K < Aw<C. (3.18)

Before proving this lemma we make a few observations

Fix ¢ €
C5°(Bs (xo

)). We recall the following fact from the theory of distributions: If u

is a negative distribution in X with u(®) < 0 for all non-negative ® € C§°(

X,

then u is a negative measure. In particular we have

02/ (Pd,u:/ Au P. (3.19)
B B

r r
2 2

We consider Vp < 3

(B, (o)) B 1 B 1 §
| B, ()] a(n)pr /Bp dpt = a(n)p” /BPA - (3.20)

A straightforward application of the Gauss-Green Formula gives to us

the following identity;,

/ Aw=" pdp 7 (p). (3.21)

Where ¥(p) = —na(n%pnfl faBp w.

Claim 5. Let w = u — L, be defined as before. Then for some universal
constant K(n) > 0,

n d
——Y(p) > —K.
> d (p)

Proof. We expand the derivative and compute

n d
pdp p) B ;W /83p(ac0) w(y)dS(y) " Wd_/? /BB (z0) w(y)dS(y)

ﬁi( n 1l—n
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1 d
a(n)p™ dp
n n—1 P2 (n—1) pt

_rn- —w(y)dS(y) +
pna(n)p™ Jap, () ()dS(y) a(n)pm  pn!

pn—l d
+——/ w(xo + pz)dS(z
a(n)p™dp Jag, o) (w0 )d5(z)

- / —w(y)dS(y) + pt / w(zo + pz)dS(2)
8B, (z0) 0B1(0)

/ w(zg + pz)dS(z)
9B1(0)

—w n=1) .
/aBp(ww (y)ds(y)JFa(n)p"+1 /aspuo) w)d5(e)

n—1 d
P / w(xg + pz)dS(z)
9B1(0)

n o n- 1
pna(n)p®

a(n)p™ dp
By the modulus of semi-concavity on the ball we have,

n n—1

nol nn—1)
pna(n)p”

a(n)npt!

/BB ( )_w(y)dS(y) > 0B, (x0)| (=Cp*) = =C(n*—n).

By the mean value theorem for subharmonic functions we have,

(n—1) (
——————[;Am)wuodsw>z

a(n)prtt a(n)prt!

By the nondecreasing property for the average integral we have:

pnfl i
a(n)p™ dp

/ w(xg + pz)dS(z) > 0.
8B1(0)
Hence for K = C(n? — n) we obtain the desired estimate. O

Proof. (Lemma 5) From the claim we obtain the estimate,

1 / Aw > —K.
a(n)p™ /g,
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Moreover from (3.19) and the semiconcavity estimate we obtain,

o> 1(By(20))

> = K
| Bp(o))

Letting p — 0 we find Vz € B: (),

C > Au(z) > —K.

We now state and prove the sharp estimate for the solution.

Theorem 12. Let u be a solution to the classical stochastic impulse control

problem. Then,
lullcras,,) < C (3.22)

Proof. We recall some basic notions and definitions for convenience. For fur-

ther details refer to [18]. We say that P is a parabaloid of opening M whenever,

M
P(z) =1+ (z) £ ?|m|2

We define,

O(u, A)(xp),

to be the infimum of all positive constants M for which there is a conex
parabaloid of opening M that touches u from above at xy in A. Similarly one
can define the infimum of all positive constants M for which there is a convex

parabaloid of opening —M that touches u from below at zy in A,
O(u, A)(zo).
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We further define,

O(u, A)(xq) = sup{O(u, A)(z¢), O(u, A)(z0)} < oco.

As before we fix xy € {u = ¢, }. We consider the second incremental
quotients of u and Mu,

u(xg 4+ h) +u(xg — h) — 2u(x0)‘

A%Lu('ro) = |h|2
2 @u(To + h) + pu(ro — h) — 2004 (20)
Ah(pu(l‘o) = |h|2 :

We make the following observations,
1. Afu(zo) < Az (o).
2. 0 < O(u, B,)(0) = O(pu, B,)(x0)
3. 0 < O(u, B,)(20) = O(¢u, B,) (o)

IN

C
K.

IN

Putting the estimates together we obtain,

K < =O(u, B)(w0) < Aju(wo) < Ajpu(wo) < O(Mu, By)(z0) < C.

In particular Vx € B,,

K < —0(u, B,)(z) < Au(z) < B(u, B,)(x) < C.

This follows from choosing Vo € B, the lower parabaloid and upper

parabaloid to be respectively,
K
Pi(y) = u(@) + {pr,y —2) = S [yl
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Pyfy) = u(e) + (pay — ) + S ol
We obtain,
O(u,€) = O(u, B,N Be(x))(x) € L=(B,).
By Proposition 1.1 in [18] it follows,

1Dl (5, < C.

3.5 Regularity Estimates for the Free Boundary

In this section we prove a structural theorem for the free boundary

I' = 0{u < Mu}.

Theorem 13. Consider the classical stochastic impulse control problem

Au(z) = f(x) Vo € Q,

w(x) < Mu(z) =1+inf oo u(lx+§) VreQ, (3.23)
z+EEN

u=0 Vo € 0f.

Moreover assume that f is analytic and f(z) < f(x+§) V€ > 0. Then
it follows that, O{u < Mu} = I'"(u) UT*(u) UT%(u) where,
1. Yxo € T"(u) there exists some appropriate system of coordinates in which
the coincidence set {u = Mu} is a subgraph {z, < g(x1,...,2,1)} in a
netghborhood of xo and the function g is analytic.
2. Vo € T%(u), xg is either isolated or locally contained in a C* submanifold.

3. T (u) C S(u) where X(u) is a finite collection of C*° submanifolds.
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Proof. Recall ¥, = {1 +u(z +¢) = Mu(z)} and X5, =

define the following sets

2. 055, ={€€Vs, |&>0and& =0 Vk=1,...

3.0 ={¢ex, [{ex,}

We note that
=%, U U 0;852),

0y (U 8;%,)

{z+¢ : £>0} We

—1,1+1,...,n}.

Fix xy € 0{u < Mu} and let & be the positive vector such that,

inf u(zg+&) =1+ u(xo+&).

£20
zo+EEN

Case 1: § € X2 . Then it follows from Claim 4, that Vz € Bs (x0), & € 0.

In particular for a fixed constant C, Mu = C' in Bg (x9). Without loss of

generality we take C' = (. Furthermore it follows that at a contact point zy we

have the following chain of inequalities,

f(xo) < Aufzo) < AMu(zo) < f(z0 + o).

In particular,

f(zo) < Au(zp) <0.
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We make the following claim,

Claim 6. f(z() < 0.

Proof. Suppose by contradiction that f(z¢) = 0. By analyticity of f, it follows

that Q = {f > 0} satisfies an interior sphere condition. Hence, Vz € 0f2 there

exists, y € Q and open ball B,(y) such that B,(y) N Q = {z}. In particular

consider z = xy and y = yo. Observe that Vx € B,(yo) \ {zo}, it follows that

w=u—Mu<0and Aw = Au = f > 0. Hence by the Hopf Boundary point

lemma,
ow
—-— > 0.
v (o)
But w € C1!(zy). A contradiction. O

From the claim it follows that in a small neighborhood B, (z), we can

study the following problem,

Aw(z) = f(z) <0 Vz e {w <0}N B,(x),
w(z) <0 Vo € By(zo), (3.24)
we ot Vo € B, (o)

Hence w is a normalized solution and the conclusion follows for,

Finally to conclude we define,
I"(u) = {z € ' | X2 =¥, and x is a Regular Point}.

I(u) = {z €| X2 =%, and 7 is a Singular Point}.

48



Case 2: §, € 0;2,,. We consider the set
S(u) = | J{uz, =0} x R™.

By analyticity of f it follows that {u,, = 0} is a finite set Vi = 1, ..., n. Hence

% (u) is a finite collection of hyperplanes {I;}5_; C R". We define
IM(u) = {zr €T'(v) | 3¢ € 0,5, }.
Finally to conclude we observe,

I'(u) C S(u).
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Chapter 4

The Fully Nonlinear Implicit Constraint
Obstacle Problem

In this chapter we prove estimates for fully nonlinear obstacle problems
admitting obstacles with a general modulus of semiconvexity. We recall our

main results in this direction.

Theorem 14. We consider F(D?u), a fully nonlinear uniformly elliptic oper-
ator. We assume that the operator is either convex or concave in the hessian
variable. We define p,(x) to be a semiconver function with a general modulus

of semiconvezity w(r). We consider the following boundary value problem.

F(D*u) <0 VzeQ.
u(z) > pu(x) Ve Q. (4.1)
u=20 Vo € oS

Then the solution u has a modulus of continuity w(r) up to CH1(Q).

As an application we apply our result to obtain a sharp estimate for the

solution to the following fully nonlinear stochastic impulse control problem:

Theorem 15. Let Q C R" be a bounded domain with a C** boundary 0.
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Define

Mu(z) = o(a) + inf (u(r + ) (12)
z+EEQ

Here p(x) is w(r) semi-concave, strictly positive, bounded, and decreas-
ing in the positive cone & > 0. Consider the solution to the following fully

nonlinear stochastic impulse control problem,

F(D*u) > f VxeQ.
uw(z) < Mu(z) Ve Q. (4.3)
u=0 Vo € S

Then, the solution u has modulus of continuity w(r) up to CHH(Q).

In the rest of this chapter, we proceed in stages to prove the stated
theorems. We remark that Theorem 15 follows directly from Theorem 14 and

Lemma 4 in the previous section.

4.1 Lipschitz Estimates for the Solution

To obtain the optimal estimate we first prove initial regularity estimates
which we hope to extend. We fix f = 0. All the proofs may be modified for
a nonzero sufficiently regular f. We begin by first proving that solutions are

indeed continuous.

Lemma 6. Let u be a solution to (4) with semiconvex obstacle p,. Then

ue C(Q).
The lemma follows from a result due to Evans.
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Lemma 7. If u is continuous in {u = ¢, }, then u is continuous in €.

Proof. The possibility of a discontinuity is limited to a point on the free bound-
ary, 0{u > @, }. Consider zy € {u = ¢, } and without loss of generality assume
u(zg) = 0. Suppose by contradiction, that there exists a sequence of points
{1} with the following properties:

1. {z} = xo.

2. Yk, zp € {u > p,}.

3. p=limy, . u(xg) > u(zg) = 0.

By lower semicontinuity of u, we know that Vé > 0 there exists a neighborhood

of xy such that u > —¢ for § << u. We consider
r = dist[zg, {u = v, }].

For a large enough k we can ensure that:
1. u(z) +d >0 in B,, ().

2. u(wy) +0> 5.

Moreover we know that u(x) + ¢ satisfies the equation in B, (zx). By the

Harnack Inequality we obtain,

ggu(azk)+(5§0 inf (u+9).

Tk ()

This implies for some Cy > 0 universal,

inf u> Cypu.

Br
k()
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Since w is also superharmonic, we know from the weak Harnack In-

equality in By, (yx) that,

u(yp) > ¢ ][ uf
BQrk (yk)

RS

3=

___° / up+/ uP
| Bar |7\ o, (i \ By (1) Bry (1)
2 2
1
C Y PR, )E
2 5T (—(6)71Ba] + (Con)"| By |

> Cyp for Cp > 0.

On the other hand u(yx) = @u.(yx) and yp — xo. This implies in
particular that,
L ou(ye) = Crp.
2. p(xg) = u(zg) = 0.

This is our desired contradiction. O]

Remark 2. We observe that the conditions on the obstacle may be relaxed in

the proof of this lemma. In fact continuity of the obstacle is sufficient.

A generic semiconvex function with a general modulus of semiconvexity
is known to be Lipschitz in the interior (See Appendix B). We extend the
previous result to show that solutions to a fully nonlinear obstacle problem
admitting obstacles with a Lipschitz modulus of continuity grow from the free

boundary with a comparable rate.

Lemma 8. Let u be a solution to (4.1) with semiconvex obstacle ¢,. Fix
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0 € 0{u > pu}. Then

sup u(x) < Cr.
B(0)

Proof. Let v(r) denote the Lipschitz modulus of continuity for the obstacle ¢,

in B,(0). The obstacle condition u > ¢, implies in B,.(0) that
w2 @u(0) = 7(r).
Define
v() = u = (u(0) = 7(r)).

We note that F(D*v) = F(D?*u) < 0 and F(D?v) = 0 inside {u > ¢, }.
We consider € B,/4(0) N {u > ¢,}. Moreover we let y be the closest free
boundary point to . Let p be the distance of x to its closest free boundary

point y. From the Weak Harnack Inequality it follows,

1/p
v(y) > C <][ v”) .
Bap(y)

By the positivity of v and Harnack Inequality in B,(,), it follows that
the right hand side,

B 1/p
>C ﬂf vP > Cv(x).
Bapty) J B,

Recall that |¢,(0) — vu(y)| < v(r). Hence,

0 <v(y) = @uly) — @u(0) +7(r) < 2v(r).
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Changing back to our solution u, we find,
0 < u(r) = (u(0) =7(r)) < Co(y) < Cy(r).

In particular,

4.2 Optimal C“(") Estimates for the Solution

In the previous section we assumed that the obstacle had a uniform
modulus of continutity. A priori for semi-concave functions you only know that
the uniform modulus of continuity is Lipschitz. Our goal as in the classical
case will be to study the interplay between the equation and the obstacle to
improve regularity estimates for the obstacle on the contact set. We start
this section by stating and proving a lemma in the particular case that our
operator is the Laplacian. The motivating calculation will help us proceed to
prove the desired estimate in the more general case. The content of the lemma
says that for any given point z; € {u(x) > p,(x)}, 3zo € {u(zr) = pu(x)} such
that the solution grows at most by w(2|x; — xg|) where w(|z; — zo|) denotes
the modulus of semiconvexity for the obstacle on the ball Bj,, _,(20). Since a
lower estimate is available via the obstacle, what we aim to show is that around
a fixed contact point the modulus of continuity of the solution is controlled by

the modulus of semiconvexity of the obstacle.
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Lemma 9. Let p,(x) be a semiconvex function with general modulus of semi-

convezity w(r). Consider the following obstacle problem:

Au <0 Vr € Q.
u(@) > pulz) VoeQ. (1.4)
u=0 Yz € 02

Fig x € {U(I) > @u(x)} and deﬁne La:o(x) = QOu((L’()) + <p,:(: - I0>7 the
linear part of the obstacle at the point xy. Then Jxy € {u(x) = ¢, (z)} and
C(n) > 0 such that u(x) — Ly, (z) < C(n)w(2|z — zo|).

Proof. We fix 1 € {u(z) > pu(x)}. Let zq denote the closest point to x;
in {u = p,}. We denote this distance by p = |z; — z¢|. Define w(z) =
u(z) — Ly, (). Using the mean value theorem for superharmonic functions in

By,(x0) we have,

1
0= w(zy) > —— / w(y) dy
a(n)2"p" /g, (a0)

— K(n) /B o W) dy K / w(y) dy.

By(z1)
Semiconvexity of w(x) in By,(x¢) and an application of the mean value

theorem for harmonic functions in B,(x;) implies,

> Kn) | 2y ~ o) + Cr(mular)
Bap(x0)~Bp(x1)

> —C(n)w(2p) + Ci(n)w(zy).

In particular we obtain the desired bound,

w(zy) < C(n)w(2p).

56



We now look to generalize the previous argument in the fully nonlinear
setting. In the preceding proof the lower bound on the obstacle was transferred
to the solution at the contact point. Moreover we were able to renormalize the
solution by subtracting off a linear part. We will also need a generalization of
the mean value theorem that was used to connect pointwise information with

information about the measure Auw.

We consider again (4.1). For clarity we set w(r) = Cr? for some positive
constant C' > 0. The arguments presented below can be trivially modified
for the general semiconvex modulus by an appropriate rescaling. We make a

remark in this direction towards the end of this section.

Lemma 10. Let zy € {u > @,}. Then Jxg € {u = @,} such that for
w(z) = u(z) — Ly (), where Ly, (x) = (o) + (p, x — x0) denotes the linear

part of the obstacle at the point xy, and a universal constant K(n) > 0,

w(zy) < K(n)|zy — 20|

Proof. Fix x; € {u > ¢, }. Let xo be the closest point to z; in {u = ¢,}. We
denote this distance by p = |x; — z¢|. By the modulus of semiconvexity of the
obstacle we know that w(z) > —16Cp? on Bu,(zy). The idea of the proof is
to zoom out to scale 1 and prove that the solution is bounded by a universal
constant and then rescale back to obtain the desired bound. Consider the

transformation y = % and the scaled solution,

o(y) = %ﬁ;” ey (4.5)
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We note that v(y) is a non-negative supersolution on By4(0) with

inf v < 1.
it (y) <

Moreover v(y) is a solution in Bj(y;), since xq is the closest point in

the contact set to x1. By the interior Harnack Inequality,

v(y1) < sup v(y) <C inf v(y).
B%(yl) B%(yl)

We also know from the weak L° estimate for supersolutions that for

universal constants d, e,

[{v >t} N Ba(0)] < dt~° ¥t > 0.

We observe that By (y1) € By(0). Hence we can choose t = ¢, such that
, < 5d ) ‘
0— )
1By

{v < 40 By ()| > 818y ()| > 0.

for 6 > 0. It follows that,

Hence there exists a universal constant C' such that,

v(y) < C.

This implies from (4.5),

4Cp2
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Rescaling back we find,
w(z,) < K|z — 20
O

We now prove a lemma that controls the oscillation of the solution
between two arbitrary points on the contact set {u = ¢,}. As a corollary
which we state after the proof, we improve the modulus of continuity for the

obstacle ¢, on the contact set {u = ¢, }.

Lemma 11. Let 1 € {u = @,} and 9 € {u = ¢,}. Then for w(x) =
w(z) — Ly, (x), where Ly (x) = @u(x0) + (p, x — o) denotes the linear part of

the obstacle at the point xo, and K(n) > 0 a universal constant,
w(zy) < K(n)|zy — 20|
Proof. Assume by contradiction that for an arbitrary large constant K > 0

w > K|z, — 20 (4.6)

As before we denote the distance between the points by p = |x; — 0.

We begin with a claim.

2

Claim 7. 3 Half Ball HB,(z) such that Vo € HB,(z1), w(xz) > 5p°.

vl

Proof. We define ¢, = ¢, — L,,, where as before L,, = p.(zo) + (p,z — x0)

for p € DT p,(xg) the superdifferential of ¢, at the point zo. We make the

59



following observations:
1. w> ¢, V& Bs,(x).

2. ou(r1) = wu(z1) — Yu(z0) + (P, & — 21) — (P, — x0) VT € Byy(20).

In particular,
w(x) > ou(x1) + pu(z) — wu(x1) — (P, 2 — 21).

Now consider d € D¢, (1) and observe that w(x1) = ¢y, (x1). This

produces the following inequality,
w(x) > w(zy) + pu(x) — pu(z1) = (dyx — 21) — (P — d, @ — 21).

By semiconvexity on B,(z1), (4.6), and fixing x € HB,(z1) = {z €

BP(‘xl) | <p - d,l’ - Il) S O}, we ha’vea

w(x) > Kp* — Cp?.

We can choose K large enough so that we obtain,

> 2,
w(@) 2 - p

This is our desired half ball. O

We now consider again the dilated solution v(y) from the previous
lemma (4.5). By the weak Harnack Inequality for supersolutions, 3C' > 0

universal and € > 0 such that,

€

/34(0) lu(z)|? < (C’ in(f))v(@) < (Cv(0))

Bs(

oo

=C.
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From our previous claim we obtain

0 < K{uly) > }ﬂBl(yi)l

32C

Here C' is our semiconvexity constant from before. We now have the

following chain of inequalities

K

} N Bi(y1)] (%)6/2
K

(e
/{v<w)>32c}mBl<y1 32C

<[ o)
{’U(ZC) 320}mBl(y1)

</ el < (c Big(g)v(x)f < (Co(0)

For K large enough we obtain a contradiction. Hence for a universal

0 < Ho(y) > 390

)6/2

oo

=C.

constant K (n) > 0,

w(z) < K(n)|zy — 20|
[

Remark 3. Assume our obstacle is semiconvex on B,(x) with modulus of
semiconvexity w(r). We can translate our solution to the origin and scale by
the modulus of semiconvexity of the obstacle. In particular, set p to be the

distance between our fized points.

?}( ) _ w(py+:c0)

Sy L (4.7)

One can check that we get similar estimates in terms of the modulus of

semiconvexity w(p).
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Remark 4. A corollary of the previous lemma is that on the contact set {u =

©u} the obstacle @, has a modulus of continuity w(r). In particular,
”QOu”C;(CT)({u:(pu}) <C. (48)

We can now state and prove a sharp estimate for our solutions.

Theorem 16. Consider the boundary value problem (4.1) with semiconvex
obstacle p, admitting a modulus of semiconvexity, w(r). Then the solution u

has modulus of continuity w(r) up to CYY(Q). In particuluar,
[ull gwen ) < C-. (4.9)

Proof. To prove this theorem we consider three distinct cases.

Case 1: 71 € {u > ¢,}, ©o € {u = v, }.

Choose the closest point in the contact set to x; and call it z;. Then we apply
Lemma 10 to obtain the correct oscillation estimate up to the free bound-
ary. Then an application of Lemma 11 gives us the correct oscillation estimate

between two contact points. Finally we use the triangle inequality to conclude.

Case 2: z1, x9 € {u = p,}.

This is the content of Lemma 11.

Case 3: 1, xg € {u > ¢, }.
We distinguish two different subcases.

Case 3a: max{d(z1,{u = @u.}), d(xo,{u=p.})} > 4|z1 — 2.
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Suppose max{d(zy, {u = p,}),d(x2,{u = @, })} = p. Without loss of gener-
ality we assume that the maximum distance is realized at the point x;. We
observe that B, —.,((21) € Be(z1), and we consider w = u — L,,, where L,
denotes the linear part of the solution at x;. By an application of the Harnack
Inequality we obtain,

sup w < C inf w < Cw(zg) < Cw(p).
B,(z1) B,/a(z1)

Moreover we also appeal to the interior estimates for solutions to our

fully nonlinear convex or concave operator, F/(D?u) = 0,

K
|w — w(xl)HCW(P)(B%(Il)) < m”w —w(21)| Lo (B, (21))-
Hence,

||w - w(x1)||cw<p)(3,%(m)) <C.

Case3b: max{d(zi,{u = @u}),d(zs, {u=p,})} < 4|x; — 29|
In this case one considers p; = d(z1,{u = @,}) and py = d(xo, {u = wu.}).
Let z1 be the closest contact point to x; and Z, the closest contact point to
9. We can apply Lemma 10 to obtain the desired oscillation estimate for
each point up to the free boundary. We then apply Lemma 11 to control the
oscillation between two contact points. Finally we apply the triangle inequality

to conclude. O

Finally as in the classical case, assuming analytic data and f(z) <

flz+&) V€ >0, as well as concavity of F(-) in the hessian variable, it follows
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from an application of a nonlinear version of the Hopf Boundary Point Lemma
[7] and the results of [44] that we obtain the following structural theorem for

the free boundary,

Theorem 17. Given the Fully Nonlinear Stochastic Impulse Control Problem

F(D*u) > f Ve Q.

w(z) < Mu(z) =1+1inf o u(x+£). Vre. (4.10)
z+EEN

u=20 Vo € 0f.

It follows that, d{u < Mu} = I''(u) UT?(u) where,
1. Vo € TH(u) satisfying a uniform thickness condition on the coincidence set
{u = Mu}, there exists some appropriate system of coordinates in which the
coincidence set is a subgraph {x, < g(x1,...,2n—1)} in a neighborhood of xg
and the function g is analytic.

2. T?(u) C X(u) where X(u) is a finite collection of C* submanifolds.

Remark 5. We point out that the above theorem holds for the more general

implicit constraint obstacle

Mu = h(z) + inf wu(zx + &)
mi?gQ

where the regqularity of Tt (u) corresponds to the reqularity of h(z).

4.3 Applications to a Penalized Problem

In this section we study a penalized fully nonlinear obstacle problem.

The goal is to obtain optimal uniform estimates in the penalizing paramter €.
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For this section we fix the modulus of semiconvexity to be linear, i.e. w(r) =
cr?. We point out that the followng can be suitably modified for a general
modulus of semiconvexity. The idea to obtain the optimal estimate is to use

the interplay between semiconvexity of the obstacle and the superharmonicity

of the equation as before.

Lemma 12. Consider the fully nonlinear penalized obstacle problem with ob-
stacle ., admitting a modulus of semiconvexity, w(r) = Cr* and a suitably

defined class of penalizations [,

F(D?*u) = Be(u—¢u) €,
u=20 09, (4.11)
Yy <0 o).

Then the solution u has a modulus of continuity w(r) up to CH*(Q) Va < 1

independent of the penalizing parameter €.

Proof. Let p(z) be a function in C*°(R™) with support in the unit ball, such

that p > 0 and [, p = 1. Define for any § > 0,

Counsider the mollifier
Hed(@) = [ pste = )outo) dy.

Recall that ¢, semi-convex with a linear modulus implies that for any

£ € C5P(Q), &€ > 0, where Qy C  is an open set, it holds that for any
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and some constant C' > 0 independent of ¢,

82§

Taking & = ps, it follows that pointwise in 2,

directional derivative, 2 e

62J6 [Spu]

o 2 —C.

We consider, @8 = Js[p, + $|z[*] — £|z|? Tt follows that

1Dl < C.
9?4
G 2 —C

goi — ¢, uniformly in 2 as 6 — 0.

Define f5.(t) € C* for 0 < € < 1 and C a constant independent of e,

such that,
pt) >

2. Be(t) = 0 ift > 0,e — 0.

3. Be(t) =» —o0 ift < 0,e — 0.

4. Be(t) <

5. BU(t) <

Consider the penalized problem,
F(D*u) — —¢)=0 Q
u=0 o).

Define for N > 0,
Ben(t) = max{min{f, N}, —N}.
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Consider the problem,

{F(DQU) — Ben(u—gg) =0 Q,

4.13
u=20 ox. ( )

It follows from WP theory for fully nonlinear equations that for each
v e LP(Q)NCQ) (1 < p < c0), there exists a unique solution w € W2P(2) N

C(€2) solving,
F(D*w) — Ben(v—¢5) =0 Q,

4.14
u=20 091, (4.14)

and for C' independent of v,

HU)HWQ,p S C

Define the solution map 7" such that Tv = w. Notice that T" maps
Ba(0) € LP(R2) into itself and is compact. Hence by Schauder’s fixed-point
theorem, it follows, that there exists w such that Tu = wu. In particular,
we have found a solution to (4.12). Moreover 3. x(u — ¢5) € C%*. Hence by
Evans-Krylov |[ul|¢2a < C(€). We now estimate ¢ = B n(u—¢5,). By definition
we know that . y(u — ¢,) < C for a constant C' independent of N, e. Let x

be the minimum point of . Without loss of generality we assume,
n= C(J'O)a 2 < 07 M < 56(0)
It follows that z¢ ¢ 0. If not, then,

p=C((x0) = Ben(—wy) = Ben(0) > B(0).
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A contradiction. On the other hand if zy € €2, then S/(¢) > 0 implies that,

min(u — ¢) = u — ¢, (x0) < 0.

Moreover it follows that D?(u—f)(zo) > 0. Hence F(D*(u—¢-,)(x0)) >
0. By Ellipticity and the semiconvexity estimate it follows that,
Ben(u— @) (w0) = F(D*ucy — D*¢;, + D)
> F(D*ucn — D*¢;,) + MD* () "Il = AID* ()" |

> —C.

In particular, | n(u—¢)| < C for a constant C' independent of € and

N. Furthermore |F(D?u)| < C. Tt follows from elliptic estimates,
[ullwzs < C.

Hence for N large enough w is a solution for the penalized problem (4.10). O

We now prove the optimal estimate as before

Theorem 18. Consider the solution to the fully nonlinear penalized obstacle
problem with obstacle ¢, admitting a modulus of semiconvezity, w(r) = Cr?
and a suitably defined class of penalizations B.. Moreover assume that F(D*u)
is convex in the Hessian variable. Then the solution u is C%' independent of

€.

Proof. Consider the penalization problem

F(D?*u) = Bc(u— v,) 9,
u=0 9. (4.15)
0, <0 o0f).
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We aim to bound inf u,, from below. The following computation continues to
hold for viscosity solutions by using incremental quotients and recalling that
second order incremental quotients are supersolutions of a convex equation.
We fix a directional derivative 7 and differentiate the penalization identity to
obtain,

Fij i (D*u)(Dyjur) (Diur) + Fij(D*u)(Dijurr) =
B (u = u) (1 — u)? + Bl — 0u) (1t — i)

By convexity of the operator and the structural conditions on the pe-

nalization family (.(t) it follows that
Fij(D*u))(Dijtirr) < Bi(u = @u)(u = u)rr

Suppose the minimum point of u., is in the interior of the domain then,
since f'(t) > 0, we find (v — ¢,),r > 0. In particular, u,, > —C. Suppose now
that the minimum point of u., is realized on the boundary of the domain. We

differentiate the equation with respect to x, for 7 € {1,...,n—1} and obtain,
Fij(Dzu)DijuT = 62(“ - QOU)<U, - Spu)r

Recall ¢, < 0 on 0€2. Hence for a fixed ¢y > 0 it follows that ¢, < u + ¢ in
{z € Q| d(z,00) < £}. Morevover by the uniform continuity of u® — u on
Q), there exists a small ¢, such that ¢, < u + 2L, 1B'| < €, and |B"| < € in
{z € Q| d(z,00) < 2L} for 0 < e < e. Hence it follows from the boundary

Holder estimates for linear non-divergence form equations,
[trall L @B+ (c0y) < C-
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Moreover by uniform ellipticity we can use the equation to solve for w,,,
in terms of § and uy, for k € (1,...,n—1) and [ € (1,...,n). Hence we obtain

after straightening the boundary,

|1 D?u| £~ (a0) < C.

Hence it follows that the solution is semiconvex with a linear modulus.
Moreover F(D?u) < 0. Hence an application of Lemma 11 proves that u has

a uniform C'1! estimate. n

Remark 6. We point out that the above arguments give us a straightforward
proof for CY estimates when the operator is convex. The previous section was
based on CY estimates for Fully Nonlinear equations hence did not have a

restriction on the sign of the operator.

Remark 7. Previous computation and estimates can be generalized to Viscos-

ity Solutions of convex operators (see [18]).

Finally, as an application of the uniform estimates, we prove how the

C?“ estimate for the penalized problem decays in the penalizing parameter.

Corollary 1. Consider the fully nonlinear penalized obstacle problem with
obstacle @, admitting a modulus of semi-convezity, w(r) = Cr? and a suitably
defined class of penalizations f,,

F(D?u) = Be(u—¢u) ,

u=0 9. (4.16)
Yy <0 9.

70



Moreover assume that F(-) is convex in the hessian variable. Then for a

constant C' independent of e,

|lu||c2e < Ce™.

Proof. 1t is well known that the penalization problem converges to the obsta-
cle problem independent of the choice of penalizing family. Hence we fix a
penalizing family,

1
Be(t) = { 6 z;g: (4.17)

Also we fix ¢, = 0. We consider the scaled function,

ve(x) = éue(ex).

We note that

F@%ﬂ:F@Wéw@@»:F@ﬂﬂm»:éwww:ﬁ@)

Hence we obtain for a constant C' independent of e,

[0z < C.

It follows,

D2 (x) — D*us(y)| = | D% (Z) — D% (Y)]
€ €
— D% (2) - D2 (Y]
€ €
<cl=-Zp
€ €

< Ce Y|z —yl|.
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Chapter 5

The Penalized Boundary Obstacle Problem

5.1 A Mathematical Model for Homogenization

We consider a homogenization problem modeling diffusion through a
semi-permeable membrane. In this model the transport of the molecules
through the membrane is possible only across some given channels and in

a fixed direction. More precisely:

Given a smooth function ¢ : R® — R™ and a subset Tj of R", consider the
solution u° to the following obstacle-type problem
u®(z) > ¢(x) Va €Ty,

(—A)*u® >0 VzeR™
(=APub =0 Vo eR™\Ts;.
(=A)¥u® =0 VreTs andu’ > é(x).

Here (—A)® denotes the fractional Laplace operator of order s € (0,1).
We think of the domain R" as being perforated with holes and the obstacle,
¢, supported on the set Ts. Here Ty is a union of small sets Ss(k) that are
periodically distributed. Here Ss(k) remains periodically distributed but is
allowed to take random shapes and sizes. In this case we introduce a proba-

bility space (2, F,P), and assume Vw € €, V§ > 0, there exists some subset
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Ss(k,w) C Bs(dk) where Bs(dk) denotes the ball of radius § centered at k.
We then define Ts5 = (J,czn Ss5(k,w).

Restricting the problem to an open subset D C R’ﬁl, and assuming the ca-
pacity of Ss(k,w) = 0"y(k,w) < 6"y where vy(k,w) is a stationary ergodic
process and 74 > 0, it follows that the solution to the above system converges
W2(D, ||y||*dzdy)-weak and almost surely with resepct to w € Q to the min-

imizer of the the penalized energy functional,
1 a 2 1 2
E(u) == [ |y|*|Vul* dedy + — [ (u— ¢)% dx. (5.1)
2 J/p 2¢ Jx,

Here ¥ = DN{y =0},0 < £ < C(¥), and a = 1 —2s. We refer to ([24])
for the relevant details. We also point out that it follows from Proposition 2.8

in [55] that there exists a constant C'(¢) such that for s € (0,1) and s # 1/2,

ul|oras < C(e).

In this chapter our interest is to study the critical case s = % We are

interested in studying optimal estimates for the solution u, to (5.1) wth a = 0.

5.2 Optimal Nonuniform Estimates s = %

Recently in [9], [50] it is shown that solutions to the penalized functional
are C. Here we show that generically this is the best you can do. In

particular assuming ¢ = 0, D = B41(0), a = 0, B; = R" !N B,, and given a

73



function ¢ € C?* (E), we consider the following problem,

Au=0 in By,
u, =u- on B, (5.2)
u=p(x) on (0BT,

where (0B;)" denote the set B\ {y = 0}. Our result is the following,

Theorem 19. If Vu(0) # 0, then u ¢ C*1(0).

Proof. Assume by contradiction that v € C'(0) and Vu(0) # 0. By the
extension theorem [23], and the semigroup property of —(—Au)®, it follows
that,

—(=A) 2y = —(=A)? o —(=A)u = Au € L.

By [9], [50] we know that v € C'**(0) hence u has a unique differential,
namely P, = Vu(0). Without loss of generality it follows that P, = Vu(0)
is also a superdifferential for v~ (if not consider u™). Trivally, P, = 0 is
another subdifferential for u~. Moreover it follows by the C*! assumption

that (u™),,(0) < C for any directional derivative 7. Consider for P, # P,
: 2
o(x) = [u(0) + min{P, -z, P, - 2} + 5|x| 1XB1(0)-
It follows from a straightforward computation that,
() 72(0) = o0,

Moreover u™(z) < ¢(x) with equality at z = 0. Hence by the comparison
principle,

(=) (0) < — (=) 2p(0) = —cx.
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But we showed above that —(—A)Y2u=(0) > —C. A contradiction. O

We point out that the above proof relied crucially on the fact that the
gradient of the function does not vanish at the origin. We now consider the
case where Vu(0) = 0. We proceed to show that in this case u € C*1(0). We

do so by showing monotonicity of the Almgren Frequency Functional.

Lemma 13. Let u® be the solution to the penalized boundary obstacle problem
in By with the following properties:

1. Auf =0 in By \ {uf, = Lu‘}.

2. u(0) =0

3. uf(z,0)us (z,0) <0 Vz € BY.

Define
s VP i)

O(r;u) = faBT(u€)2 = TH(r;ue)'

Then ¥r € (0,1),
(i) D(r;uc) < 400
(ii) @(r; u) is monotone increasing in r.
Moreover define

0< lim @(r;uf) = p < 0.

r—0t+

Then, ®(r) = p identically in (0,1) if and only if u has homogeneity p and

Jymouw, = 0.
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Proof. We start by computing,
log @(r; u) = logr + log V(r; u®) — log H(r;u).

Differentiating this identify gives us,

d(log@(r;u) 1 V'(rjus)  H'(rju)
dr B V(r;ue)  H(rju¢) (54)

We are reduced to showing that

A(log &(r; ) _
dr -

We have that,

V' (r;uf) = / |Vus|?.
0B,

n

H'(ryu®) = —H(r;u) + 2 [/ ucus, +/ ueufj] .
r 0B, \{y=0} {y=0}NdB,

Moreover we know that,

1
IVue|? = —/ A(uE)Q:/ ueuf,—i-/ uus,.
B, 2 /B, {y=0}NB, 9B, \{y=0}

We consider the following vector field,
h(z) = div[z|Vu‘]* — 2(x - Vu)Vus].

Since Auf = 0 in B, \ {u§ = Tu}, we find h(z) = (n—1)[Vu? in B, \ {u;, =

%ue}. This implies in particular by the divergence theorem,
(n—1) [ |VuP :/ h
Br T
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= / [2|Vue)? — 2(x - Vu)Vu] - v
9B, \{y=0}
+/ [2|Vus|? — 2(x - Vu)Vue] - v.
{y=0}N9dB,
We consider each term separately.

/ [2|Vus]? — 2(x - Vu)Vus] - v = r/ |Vue|?
9B-\{y=0}

0Br\{y=0}
—2r / (uf)?.
0B \{y=0}

Moreover,
/ [w]Vu€|2 —2(z - Vu)Vue] v =
{y=0}NdB,

/ [z|Vus|? — 2(x - Vu)Vue] - v
{u

¢=1uc}noB,

+/ [2|Vus]* — 2(x - Vu)Vue] - v.
{ug=0}N0B,

Since we are on the hyperplane it follows that,

/ [2|Vu|* = 2(x - Vu)Vu] - v = 0.
{ug=0}N0B,

/{ - [z|Vus|? — 2(x - Vu)Vue] - v = —2/ (- Vu)us,.
uy=<ucNIB:

{u;:%uE }NoB;

Hence we obtain,

(n— 1)/ Vue]? :7’/ |Vu€|2—2'r‘/ ()2
- 0B \{y=0} 0B, \{y=0}

—2/ (x - Vu)us;,.
{ugl:%ue}ﬂaBr
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Which in particular give us after rearrangement,

—1
/ Vue =" VuP 12 / (uS)?
OB, \{y=0} r By dB-\{y=0}

2
+—/ (- Vu)us,
T J{ug=1us}ndB,

Plugging back into (5.4) we find,

d(log &(r; u?))

dr
N = 5, IVUP 42 [y oy (u5)* + 2 f{uf——uf}ﬂé)B (x - Vu)uj,
r fBr |Vue|?

BH(r;uc) + Q[IBBT\{yzo} ucus, + f{y=0}ﬂBBT uu]

faBT(u€)2

Which reduces to,

_ 2faBT\{y:0}(u1€/>2 B 2faBT\{y:0} U, _ 2f{y=0}ﬁ83r Uty
fBT |Vuel? faBr<“E)2 faBTWE)Q

% f{u;:%ue}maBr (ZL' . VU&)”lej
fBT |Vue|2

We note the following inequalities:
L [oy—oynp, uus, < 0.
2.0< fB [Vue|? = f{y O}HBru uy, +faB \fy=oy YU, = faB \fy=0y U Uy

€, € 1 2 2
3. faBr\{y=0}u u, < (Jop, (uf / (Jos, \{y= 0}( 022

Continuing the inequality we obtain,

uy ‘ut 2 . €),,€
2faB \My= 0}( )2 _ 2faBr\{y:O} Uty + = f{uz%ue}maBr (z - Vu)us,

faBT\{y 0y U Jop, (u)? [ IVue|?
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‘ut 2 €\, €
B 2 faBr\{y:O} ww, f{uzzéus}maBr (x - Vu)us,

o 2Won g0 W)
= Jop, (w)? f@Br\{y:O} ueuy, Jon, (u)? i, VueP?
> %f{u;:%UE}maBr (’:E : vue)ule/
B fBT | Vue]?

Recalling the penalization and applying an integration by parts we get,

2 —1
- / (x - Vu)ul, = — x - V(u)?
r {ug= i u€}NOB;, re {u;:%ue}ﬂaBr

—1
=— r/ (u)? + 7’/ (u)? — n/ (uc)?
o{ug= i u€}NOB;, {ugzéuf}ﬂaBr {u?j:%ué}ﬁaBy-

- re
1
— 2 (ue)Q _ _/ (ue)Q
€ {u;:lue}ﬂaBr

re {u;:%ue}ﬂaBr <

= %ug}

The last equatlity follows from the fact that u = 0 on d{uj

Moreover n > 1 and r < 1 implies,
d(log @(r;u)) >0
dr -

Our desired estimate. Equality follows when u is proportional to u, on
0B, Y0 < r < 1, and f{y:O} uu, = 0. When both are satisfied then, by the

radial formula for the Laplace operator and unique continuation it follows that

u = |z|*g(0) where 6 € 0B;.

We supress the € in what follows. Define

2

p(r) = o(r;u) =][ u’,
OB;
We remark that &(r;u) = £-L log¢(r;u). We now state some corrolaries that

follow from the monotonicity of the Almgren Frequency Functional.
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Corollary 2. Let 0 < lim, ,o+ ®(r;u) = p < co. Then,

(a) The function r — r=2"(r) is nondecreasing for 0 < r < 1. In particular,

o(r) < r?p(1) < r* sup |ul.

1

(b) Let 0 <r < 1. V6 >0, Ire(6) > 0 such that Vr, R < r¢(9),

o(R) < (E)ZM o).

r

Proof. For (a): We compute,

d
o'(r) = —][ u? = ¢ln) / u? + 2][ uu,
dr Jop, ™ Jos, OB,

Hence,

i(r_Q“gp(r)) = —2ur—p(r) 2 (_C(n) / u? + 2][ uul,)
dr ™ Jom, 9B,

> —2ur~**o(r) + 21”2“][ uu,
OB,

1
= —2ur Ly +27“_2“—/ Vul?
p o(r) 9B, BT| |

-9 —2p—1
o <T |Vul? — ,u/ u2)
|8Br| B, 0B,

> 0.

For (b) Let r9(d) be such that @(r;u) < p+ 6 for r, R < ro. Then it
follows that,

d
P(r;u) = 25 log p(r;u) < pu+90.

To conclude we integrate the inequality over (r, R). O
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We now conclude that the growth rate of the solution to the penalized

problem are constrained by the homogeneity of the blow up solutions.

Corollary 3. Let u solve the penalized problem. Then Vx € B, s,

lu(z)| < r*sup |ul.
By

Proof. We note that u%r is a positive subharmonic function in the domain.

Hence,

WP < < sl
OB, By

A similar estimate holds for (u™)2. H

The final step to obtain the optimal regularity estimate is to study blow
up sequences around a free boundary point. We define

u(rz)
[p(us; )] /2

We note that ||v.||z2a5,) = 1. We obvserve,

ve(z) =

o(rR;u)

D(v; R _
/ Vo, |2 = M/ 2 = |08, |R"'®(u; rR) .
Br OBR o(r;u)

R

For a fixed R > 1 and every r such that rR < r¢(6),
/ Vo, |* < 0B |(u + 6) R 12040,
Br

Hence {v,} are equibounded in H., and by the Ch* estimate they are also

loc

. 1 . .
bounded in €Y. Thus there exists a uniformly convergent subsequence on

every compact subset of R™ such that,
v; = v, Vv, = Vo'
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Note: ||vy||r2(9m,) = 1, implies that the blow-up is nontrivial. Moreover,

[u(rz)], = ruy(re) = gu_ (rax).

Letting » — 0, we find that v* satisfies,

{Av*—() in B (55)

J— /
v,=0 on B,
Also as r; — 0,

D(rj,u) =D(1,v;) = ¢(1,v") = p.

Hence v* is homogenous of degree . We can evenly reflect v* in the entire
domain and consider the solution in B;. Hence it follows from [5] that v* is a

quadratic polynomial. In particular ;4 = 2. From Corollary 3 it follows that,

Theorem 20. Let u be a solution to the penalized problem with Vu(0) = 0.
Then Vx € B, s,

u(x)| < 7% sup |ul.
B1

Remark 8. We point out that the analysis of the free boundary 0{u > 0}
is carried out in recent work [1] for the general fractional problem. In that
paper the author obtains monotonicity for a perturbed frequency functional and
discusses the Hausdorff dimension of the singular set, defined to be the set of
points where the gradient vanishes. It is left open as an interesting problem to

study higher reqularity of the free boundary at points of nonvanishing gradient.
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5.3 Preliminary Uniform Estimates s = %

It is the purpose of this section to study uniform estimates of minimizers
to E.(u),

E.(u) = %/D 1y|*| Vul? dedy + 2% /E(u —¢)% dz. (5.6)

The functional E(u) can be thought of as a family of functionals para-
materized by e. From the point of view of the limiting obstacle problem, the
penalizing term accounts for the obstacle constraint in the boundary obstacle
problem. The idea is that the family of functionals contstructed in this way
behave like F(u) when u > ¢ and penalizes the function when u < ¢. The

strength of the penalization increases as e decreases.

We let u¢ deonte the solution to the penalized boundary obstacle problem.
In particular assuming ¢ = 0, D = B;(0), a = 0, B. = R*' N B,, and given
a function ¢ € C* (E) strictly positive on B; N {y = 0}, we consider the
following penalized problem,
Aut=0  in Bf,
ug, = B(u) on By, (5.7)
u¢=p(x) on (0B))",
where (0B;)" denotes as before the set dB] \ {y = 0}. Motivated
by the random homogenization problem, we define the following family of

penalization functions:

Definition 2. For e > 0, a family of functions [.(t) is an admissible penal-

ization if it satisfies the following:
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1. Ve > 0, B(t) is uniformly Lipschitz for —oo <t < co.
2. Ve >0, B.(t) < 0.

3. Ve >0 and Vt > 0, 5.(t) = 0.

4. B(t) = 0.

5. B(t) <0.

Remark 9. We point out a scaling property of the class of penalizing functions.
If B1(t) satisfies the conditions of the definition, then Ve > 0, B.(t) = [1(t/e)
is an admissible family of penalizations. In general if B.(t) is an element of
an admissable family of penalizations, then the function f(t) = B.(ot) is an
element of the same admissable family corresponding to the parameter =. We

point out that a similar class of penalization functionals was considered in [53],

[54]
Without loss of generality we consider

a0 = {

L t<o.

> 0. (5.8)

O

We start by noting that we can perfom an even reflection in the y
variable and consider the problem posed on the entire domain B, where u*
is harmonic in the upper and lower half spaces and u¢ = ¢ on 0B;. When
proving estimates it will suffice to consider only one of the half spaces. For

covenience we study estimates in Bj".

Lemma 14. Let u® be the solution to the penalized boundary obstacle problem.

Then,

[u oo By < llpllzo=(@81)- (5.9)
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Proof. Since ug(z,0) = B.(u) < 0, by the maximum principle it follows that,

inf v > inf ¢.
zeBf z€dB;

Suppose now by contradiction that,

sup u‘ > sup .
zeBf z€dBf

Then by the Hopf Lemma, this must be obtained at some point (¢, 0)
where ug (79,0) < 0. But these are exactly the set of points where u(x,0) < 0.

Since we are assuming that ¢(z,0) > 0 we have our desired contradiction. By

reflection we obtain a similar estimate in By . O]

The next result shows that the normal derivative is uniformly bounded.

Lemma 15. Let u® be the solution to the penalized boundary obstacle problem.

Then,

gl o (my) < C. (5.10)

Proof. We consider the following auxillary problem,

Ah=0  in B;\{y=0}
h =minu¢ in Bj,

h=-M on 0B;.

Here we let —M < inf,cop, ¢. Since Ah =0 and h = inf u on B}, we
know by the comparison principle that u® > h everywhere. Furthermore at

the minimum point (o, 0) of u¢ on B}, we know that,
U;(.’Eo, 0) > hy(l’o, 0)
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From harmonic estimates it follows that for a universal constant C,
hy(Z)L’(),O) Z —C.

Moreover using the boundary condition uy = %uﬁ, we see that,

g (20,0) = rréiln u, (7, 0).

On the other hand ug, = B.(u°) < 0. Hence this proves that,

—C < uy(r,0) <0 Vo e B

Finally, noting that Aug = 0 in the interior of the domain an application

of the maximium princple propogates the estimate inside. That is,
1w || Lo (By) < C.

[

Before proving the tangential semiconvexity of the solution we state
and prove a result that restricts our penalization to the interior of the domain.
More specifically, by the positivity of ¢ on dB; N{y = 0}, we know that there
exists a neighborhood N(0By) of 9B; N {y = 0} C 0B; where ¢ > 0. Our

next lemma helps us propogate this information into the interior.

Lemma 16. 3 > 0, such that Vx € B} \ B]_;,, u‘(z,0) > 0. In particular,

in the annlular region B} \ By_; , Be(u) = 0.
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Proof. Let (z,y) € N(9B;). Then by the uniform boundedness of u;, we see
that,

y
o(x,y) —u(z,0) = / u, (7, s) ds < Cy.
0

Hence for y < yy where yg small enough,
0 < (z,y) — Cy < u'(x,0).

To conclude, we define

0o = distance { {(z,0) | (z,y) € OBy where y > yo },0B1N{y =0} } > 0.

(5.11)
O

Using the previous lemma we now prove that solutions are semi-convex

in the tangential directions.

Lemma 17. Let u® be the solution to the penalized boundary obstacle problem.

Then for any direction T parallel to R"!,

inf wui, > —Ch. (5.12)
B1750

Here g is from the previous lemma, and Cy is a constant independent

of €.

Proof. We consider the tangential second incremental quotients for our solu-

tion u® and wuy at a point x. Specifically, V4 > 0,

. u(x + 07) +u(x — 07) — 2u(x
uTT,(S(m) = ( ) Esg ) ( )
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u(x + 07) +us(x — o7) — 2us (x
(1)) = BTV 20T 2 200)

We point out that for every = € {u; = %ue} we have the inequality,

Lt 5(@) > () (@) (513)

€

This follows from the observation that for every = € {u;, = %ue}, x0T
could lie outside of the set {u$ = Lu}. Outside of this set u® > 0 and uf = 0.

In particular we always have the inequality, Tu(x & 07) > u(x £ 07). The

€
77,0

following claim characterizes where u_s(x) achieves its minimum point.

Claim: Let (z0,0) € B] be such that

Ut 5(w0) = min 1S 5().
1

Then, zo € {u® > 0}.

Proof. Suppose that the minimum point (xg,0) for u¢_s(x) is not realized on

7,0

the set {u° > 0}. Then for some zy € {u§ = Tuc},

S 0) = min ().
1

Recalling (5.13) and using Hopf’s Lemma we see that,
1
“Uzrg(20) 2 (Uy)rrs(wo) > 0.
In particular u$_ 5 cannot achieve a negative minimum on the set {u; =
tu}. This is our desired contradiction. Hence the minimum points of u_s(x)

must be achieved on the set {u® > 0} as desired. O
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We observe that for every x € {u¢ > 0},
A(us, 5(z)) <O0. (5.14)

TT,0

Since Vx € {u¢ > 0}, it follows that Au‘(z) = 0, a direct computation

shows
. Auf(x + 07) + Au(z — 07)
A(UTT,(S(x>> = 52
(G B+ 0TI+ (G G (o — 6T) I 0
— 5 <0.
Here H™ denotes the n-dimensional Hausdorfl Measure and % = _a%

is the outward pointing normal. Thus it follows that in distribution us, s(xo)

is superharmonic in B;. In particular by the minimum principle for superhar-
monic functions we know that for some 2, € 0B;_5,, and for J, defined before

(5.11),

5'7',6 (ZE()) > 8glin u;’,(s (l’) = ufm—,é (‘Tl)
1-50

u

From standard harmonic estimates it follows that there exists a con-

stant Cy universal such that,

HDZuGHL"O(B(gO (x1)) < Co.
2
Shrinking the neighborhood slightly we find that V 0 < 6 < %,

[uzr sl o< (85, (21)) < Co.
Ky

In particular ujmg(xl) > —Cy. By the minimum principle for super-

harmonic functions we can propogate the estimate into the interior. That is,
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VO<(5<%°ande€Bl,50,

us, s(z) > —Cp.

77,0

Finally letting 6 — 0 we obtain our desired estimate,

]

Remark 10. The semi-convexity in the tangential direction tmplies for any

tangential direction T that |[us|rep, ;) < C. Combining this fact with the

€

previous L™ estimate for uy,

we know that our solution u® is uniformly Lipschitz

continuous in Bi_s,. In particular [|[Vu||p=(5, ;) < C.

Remark 11. We observe that, semi-convexity in the tangential directions im-

plies by the equation semi-concavity in the y-direction. In particular,

n—1
0> Au =Y uf, +uy, > —(n—1)Co + uf,
i=1
So in particular,
sup g, < (n—1)Co (5.15)
1-6g

We conclude this section by stating a corollary that follows directly
from the previous lemma. In particular we point out that we already have

some control on the solution u¢ from above.
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Corollary 4. Let u® be a solution to the penalized boundary obstacle problem.
Then for some universal constant C' in Bfr_(so,

(a) u(x',y) — Cy? is concave in y, and u(z',y) + |2'|* is conver in x'.
(b) ug(2',t) —ug(z',s) < Ct —s). (t>3)

(c) u¢(z',t) — us(z’,0) < Ct2.

(d) If u(x,t) > h then in the half ball
HB,={z : |z —x| <p, (z—x,V,u) >0},
u(z,t) > h — Cp*.

Proof. a) This is a restatatement of the semiconvexity estimate in the tangen-
tial directions and the semiconcavity estimate in the normal direction.

b) We have that uy — 2C'y is decreasing therefore,

uy (2, t) — 20t < uy(w,s) — 2Cs.

c) Integrating the inequality u; < C's from 0 to ¢ gives the desired
inequality.

d) From convexity we know,

u(z,t) + C|z|> > u(z,t) + Clo* + (z — 2, Vyu(x, t) + 2C).

Hence, if u(z,t) > h in HB) (), then,

u(z,t) > u(x,t) — Clz — z|> > h — Cp*.
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5.4 Uniform C1'® Growth from the ¢—Level Set

In this section we prove an estimate of technical interest. We show
that uy, has a uniform C1* growth from the set d{u > 0}. We point out that
our argument is very close to the argument presented in ([27]). We repeat the
main steps of the argument to check that all estimates are independent of e.
The idea is to use the semi-concavity estimate and an iteration argument to

obtain the desired Holder growth.

Lemma 18. Let u¢ be our solution in I'y and let 0 € O{u® > 0}. Then there

exists two constants K1 > 0 and p € (0,1) such that

Proof. We proceed to prove the lemma using mathematical induction.

Case k =1: The base case follows from the uniform estimates obtained pre-
viously on u; (Lemma 15).

Induction Step: Assume, for some constants K; > 0 and p € (0,1) to be

chosen later, the result is true for some k = ko, i.e.,

inf w) > —Ku™. (5.16)

Ly—kg

We start by renormalizing the solution inside I'y. We define,

(2, y) = — 4kOA<x y) (5.17)
) =—1|—) v |—/—, ). :
We obtain the following scaled estimates,
N - )\

(7) 1II}1f u, > —1.

i) @ < (L= DGo (5.18)

1) U —_—

= R
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Recall that (n—1)Cj is the semi-concavity estimate found before (5.15).
Fix L = CC, for C >> 1 and define

w(x,y) = u(z,y) — z)* — (n—1)y°] . (5.19)

We make the following observations about w*(x, y):
1. w® is harmonic in the interior of I'y /5.
2. w* is strictly negative on the set {uf = Luc}.

3. w® approaches 0 at the origin.

4. By Hopf’s Lemma w* obtains its non-negative maximum on d[I'; 2 \ {y =

0}].

We consider two distinct cases:

Case 1: The maximum of w* is attained on 0T'y, N {y = 2\/1%}

This implies that there exists zy € B /2 such that

( ! ) > ok
ut | xg, > —C—F—.
0 2V 2n Ky (4p)o

Using part (d) of Corollary 1, we observe that there exists an (n-1)

dimensional half ball H B /o ( ) such that

1
20, 5 /m

1 C L 1
(et )>-9 L vicup (x _)
( 2\/271) =2 Ky (4p)ko Y2\ 9von
Recalling the definition of the penalization, [5.(u¢), and by the semi-

concavity estimate for @ (5.18), a Taylor expansion on the set {uf = fuc},
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gives us the following inequality,
u(z,y) < utz,y) — u(z,0) < s (x,0) -y + (n — 1)Coy®. (5.20)

Moreover we obtain the following estimate,

L

e s oL
i, (z,0) > CK1(4,u)"‘0

Vo € HB, ), (20,0). (5.21)

Case 2: The maximum is attained on 91 \ {y = ;7=1}.
Let (xp,y)) be the maximum point. Since this point is on the lateral side
of the cylinder, we have that |zp|* > 2(n — 1)|yo|?>. This provides for us the

following estimate,
L

—€ / / > .
u (x07y0> = K1(4[1,)k0
As before we know that there exists an (n-1) dimensional half ball

HBj , (2, yp) such that,

a (x,yy) >

) = A I HB, , (), yh) -

Again recalling the definition of the penalization [.(u), and using
(5.20) we obtain,
t, (v,0) >0 Vo € HBj(7,0). (5.22)

Thus in both cases we reach the conclusion that there exists C; > 0

and a point T € Bi/Q such that

L

. > oL
uy, (x,0) > —C4 Ky ()
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Furthermore if we choose K; and pu satisfying, K; > 2C; and pu > ;11
then we have
e 1
ty, (7,0) > —5
Recalling again (5.18), we use the following result for harmonic func-

tions which is a consequence of the Poisson Representation Formula. It gives

us pointwise information from a measure estimate.

Remark 12. Let v < 0, Av = 0 in Bj(x¢) x (0, 1), and continuous in B (xg) X

[0,1]. Assume v(z,0) > —1/2 in Bj(z*) for some Bs(x*) C Byi(xzo). Then,

v(@,y) = —n(d) in B ,(w0) x [1/4,3/4]. (5.23)
Using (5.23) we obtain the existence of a constant < 1 such that,

1
Uy

i (v,—— ) >-n VereB ,
( 4/_2n> n 1/4

Once more applying the semi-concavity estimate we obtain for a K;

sufficiently large,

(n - 1)00

> -1
Ki(de "

a, (v,y) > —1n —

Rescaling back we find for k = kg + 1 our desired inequality,
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Remark 13. We observe that the conclusion of this lemma implies the exis-

tence of an 0 < o < 1 such that Vr <1 — 4y,

sup |u, | < Cr?. (5.24)
Iy
In particular for © € {u, = tu‘},

€

u, (v) < d*(0{u > 0}). (5.25)

u, (ex) < e*d*(0{u® > 0}). (5.26)

5.5 Uniform C%!/2 Estimate for Global Penalized Solu-
tions

In this section we restrict our attention to global solutions of the pe-
nalized boundary obstacle problem. More specifically we are interested in
solutions that are tangentially convex, i.e. wuf_ > 0. We remark that this
implies that the set {(z,0) : ug(z,0) < 0} is a convex set. We will prove

the uniform C11/2 estimate for this class of solutions. Our result relies on a

monotonicity formula and the first eigenvalue of the following problem,

Theorem 21. Let V4 denote the surface gradient on the unit sphere 0B;.

Consider,
faB+ |V9U)|2 ds
/\0 = inf L

Y
weH/2(aB7) faB+ ‘w‘Q dS
w=0 on (0B} (,0))~ !
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where 0B (z,0)” = {2’ = (2", x—1) € B} | x,—1 <0}. Then,

No = 2”4_ L (5.27)

We do not prove this theorem here but refer to [4] where it is proven in
detail. We turn our attention instead to proving a monotonicity result which

is crucial in the sequel to prove the sharp estimate.

Lemma 19. Let w be any continuous function on B with the following prop-

erties:

1. Aw =0 in Bf.

2. w(0) = 0.

3. w(x,0) <0 and w(z,0)w,(z,0) <0 Vr € B..

4. {z € Bl | w(z,0) < 0} is nonempty and convez.

Define

1 |Vwl|?
= — . 5.28
o) =1 [ o (5.25)
Then ¥r € (0, R),

(i) o(r) < +o0

(i1) (r) is monotone increasing in .

Proof. Harmonicity of w in the interior gives to us the following identity,

Aw? = 2wAw + 2|Vuw|? = 2|Vuw|*.
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This allows us to rewrite the integrand as,

(r) 1 / Aw?
r)=— B——
14 2r Jp+ |x[nt

It will be sufficient to prove the monotonicity of ¢(r) since p(1) < +o0.

Differentiating ¢(r) we obtain,

—1 Aw? 1
/ - = - v 2‘ k
) =g [ et 19w @
Expanding out the first term gives us,
1 Aw? 1 / N 1 2ww,, p
— —_ = — ww, + — ——ds
U2 Bt |I|n—1 yn+l (OB.)+ A2 (y=0}1Br |$|n—1

1 , 1
- V([ ——ds.
207 fp VY V(|xrn—1) ’

Recalling that w(0) = 0, the last term in this expansion can be further

expanded to get,
1 1 n—1
_ \V4 2, \V4 ds = —— 2d
22 [ w (|x|n1) 5= 5mt2 /(aBr)+ w-as

1 1
——2/ U)2 (?) -V dS.
AN

We observe that the second term in this expansion is zero, hence we

1 1 n—1
——— | Vu* V| ——)ds=——= 2ds.
92 /Bi w <|x|n—1) s Qpn+2 /(83T)+w S

Putting the above together we obtain,

1 Aw? 1 / N 1 / 2ww,, p
— - = — ww, + — ——ds
2r2 [+ o A (0B,)+ 2r? {y=0}nB, ||t
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n—1 9
+ wds.
2rnt2 /(837«)*

An application of Cauchy-Schwarz to the first term allows us to continue

the inequality,

1 12 /4 1/2
() (L)
2rmt2 JoB,)+ ™ J (9B, )+

n—1 9 1 2ww,
+ 2 w dS + 5.2 ?ds
2r (8B,)* 2r* Jiy=0ynB, 2]

Moreover the positivity of the integrands allows us to integrate over

the larger spatial domain dB;". In particular we have,

1 12 /o 1/2 1
< ( 2/ w2ds> (—/ w?,ds) + o 2/ w?ds
2rm+2 Jopy ™ Jost 2rm+2 Jop

1 Qww,
+— ﬂds.

2r? Jy=oyri, ||

Rewriting the spatial gradient in terms of the surface gradient we ob-

tain,
/ IVw|? :/ |Vow|? +/ w?.
oB;t aB} OB}
Putting this back into (*) we obtain,
2n—1 1 1 2ww,
() > ———0 / w?ds — —n/ whds — — ——rds
A= Jopy " Jost 2r? Jy=oynm, ||
1 1
+— |V9w|2+—n/ w?.
" JoBt " JoBt
After cancellation we are reduced to,
2n—1 1 1 2ww,
QOI(T') = — 12 / ’LU2d5 + _n/ ‘ng‘Q ~ 53 ?ds
A= Jopy ™ Jopy 2r? Jy=oyns; ||
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Since we are assuming {z € B! | w(z,0) < 0} is nonempty and convex,
this implies that w vanishes on at least (0B])~, and hence is admissable to
the eigenvalue problem (Theorem 21). This implies in particular that

Jops IVow]* dS J2n-1
faBi‘— |’lU|2 dS - 4

We are thus reduced to studying the positivity of the corrective term,

1 2ww,

/
O'(r) >~z T
2r? Je—oynmr 12"

Finally using the assumption that w(z,0)w,(z,0) < 0 implies that,
1 2ww,
L am,
2r? Jey—o1ng, 7|
Thus we conclude,

¢'(r) >0 forany 0 <r <R.

In particular we have shown,
o(r) < p(R) forany 0 <r < R.
[

We now use the monotonicity of ¢(r) to conclude the sharp estimate

for global solutions to the penalized boundary obstacle problem.

Theorem 22. Let u¢ be a global solution to the penalized boundary obstacle

problem. Then there exists a modulus of continuity w : (0,00) — (0,00)
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independent of €, such that w(8) = O(6Y?) as § — 0 and Vx,y € B, ;s and
Ve > 0,
g () = ug (y)| < | — g%, (5.29)

Proof. We begin by setting w = uy. Observe that w satisfies the assumptions

of the previous lemma. We thus obtain,

1 1 2
— Vuwl|* < —/ Vol < ¢(1/2).
B B

rn r B ||t

Since w vanishes on half of the ball in B, the Poincare Inequality

implies that,

][ w? < C’sz[ |Vw]2 < Cyr.
B B

Moreover since w? is subharmonic across {y = 0} an application of the

mean value theorem produces the estimate,

w?| g+ S][ w? < Cr.
B

r/2

In particular we have obtained,

sup |uy | < Cri/2,

Br/2

€ __

¢ =0 in the region {u° > 0} and we have proved uniform C'/?

Since u
estimates for u; on 0{u® > 0}, it is sufficient by standard regularity the-
ory to prove the estimate when approaching d{u¢ > 0} from inside the set
{u, = Luc}. We let dp(x) denote the distance of x to 9{u¢ > 0}, and d (x,y)

denote the distance between two arbitrary points z and y. We start by fixing
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two points, x and y € {u;, = 1uc}. We consider two distinct cases.
€

Case 1:

dp = max{dp(z),dr(y)} < 4d(z,y).

Let usset Z,y € 0{u® > 0} such that |[x—z| = dp(z) and |y—y| = dr(y).

Then we have the following estimate,

ug () —ug(y)| < sup Jus|+  sup  Jug| < Clo—y|'?
B+4|m—y\(f) B+4\:c—y|(g)

Case 2:

dr = max{dp(z),dp(y)} > 4d (z,y).

In this case we consider two interior points that are far from the inter-

face. It is shown above that, ug(z) < C’d}/Q(a:). Define the following function,

ve(x) = Eg%ue(ex). (5.30)

We point out that v® and v are of the same order. In particular,

. 11 1

vy(a:) = 61Tu;(eaz) =5 Ezf(ea:) = 63Wue(ex) = v(x).

Moreover we know from (22) that,

ug (ex) < Celﬂd;ﬂ(x).
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This provides for us the following estimate,

1
v(x) = vj() < <5 Ce Ay (z) = Cdyl* (). (5.31)

Y

We consider interior estimates for boundary value problems with the
Robin boundary condition, v§(z) = v*(x). Since v is of lower order, we inherit
the Holder regularity estimate for the Dirichlet problem. In particular we have

the following estimate for a constant C' independent of ¢,
€ C €
oy llerrzmg @y < Fa 1V = Bate))- (5.32)

Fix R = %) Plugging (5.31) into (5.32) we obtain,

€

Cel/? Cetl? dy(x)
Hvﬁ” 1/2 x/€ S HUGHLO<> Br(x/e S . = C (533)
ylCY/2(Bga(z/€)) d}p/Q(l’) (Br(z/e)) d};/Q(LL') c1/2

Applying the estimate obtained in (5.33), it follows from (5.30),
[y (@) =y (y)] = [ePvy(a/e) — /2vj (y/e)]

= 2y (/) — v (y/e)|

< C&/z,f _ Qll/z
€ €

= Clx — y|*2.

Our desired estimate.

5.6 Uniform C}'/2 Estimate for General Penalized So-

lutions

In this section we prove the sharp estimate for general solutions to the

penalized boundary obstacle problem. First we prove a lemma that quantifies
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the fact that general solutions are tangentially almost convex. The proof is

identical to the one presented in [27]. We present it here for completeness.

Lemma 20. Let C > 0 and o € (0,1/2] be as in Remark 12. Let Cy be the
semiconvezity constant (5.12). Set 6, = %(QLH —5). Then there exists ro =
ro(a, C,Cy) > 0 such that the convex hull of the set {x € B, : uf, < —r*™}

does not contain the origin for r < rg.

Proof. Consider (2/,0) € {uf, < —r®*%}. Utilizing (16) we obtain,

(TL - 1)00

u(2', h) < =1 h 4 5

.
Recalling the C'%* estimate for u¢ we also know,

u(0,h) = u (0, h) —u(0,0) > —Ch'te,

Assume by contradiction that the convex hull of the set {z € B} : u; <

—r@*% contains the origin. We know from the semi-convexity estimate that
Vo € {uy < —patial,
u(0,h) < uf(x, h) + Coh?.

Combining the previous three estimates we see that for all r,h € (0,1),

Chite > portap, — 1= DG _21)00 h? — Coh?.

To contradict this inequality we choose h = h(r) in such a way that for

r sufficiently small,

h? << r? << B << potiap
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We set h = r12e/® and §, < $(z%5 — %). This is our desired contra-

diction. O

We now study the monotonicity formula as applied to general solutions.

Lemma 21. Let , > 0 be as in the previous lemma and u® the solution to the

penalized boundary obstacle problem. Define v¢ = u® + ("_;)CO % — ("_21)00 y?

where (n — 1)Cy is the semiconcavity constant of u®. Furthermore set w = vy,
and (1) as before. Then there exists a universal constant C' such that ,

(1) 200+, > 1 = p(r) < C.

(1) 20 + 0, < 1 = (r) < Oratia—l

Proof. Since Aw = 0 in the interior we can proceed as before to obtain the
identity,
Aw? = 2wAw + 2|Vuw|? = 2|Vuw|*.
Differentiating ¢ we obtain as before,

1 1 2ww
—W/ wids +— [ [Vowl® = o5 ot ds
4r oB; ™ Jopt 2r? Jy—oyrm; 17|

We first consider the corrective term,

1 2ww,,
T 92 n—1 ds
2r? Jy=oyrim; ||

Notice that for our choice of w,
1. w|{y:0} = UZ<ZL',0) S 0.

2. w, = —(u)y = —(u, — (n—1)Cy) > 0.

Y vy
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In particular,

w(z, 0)w,(x,0) <O0.

This implies as before,

1 2ww,

- ——ds > 0.
2r? Jey—ornmr 12"

Thus we can drop the corrective term and consider the following in-

equality,

2n —1 1
"(r) > — 2ds + — Vowl|?.
)z [ s 9l

To account for the semi-convexity we introduce the truncated function,

O&‘réa a+6a
wt:{w+r w<Tr . (5.34)

0 otherwise.

We make the following observations about w;:

L. |w| < |w| < Cre + Cr < Cre.
2. |w — wy| < rotd.

3. faBi ‘Vath S faBi ’V@’U}’Z.

Hence we have the following estimate,
2n —1 1
'(r) > ——— -~ ’ds + — Vow|*.
)z [ - vfas e [ v
Using the previous lemma we see that w, is admissable for the eigen-

value problem (Theorem 21). Hence,

2n —1
e / X [(w — w;)? + 2w, (w — wy)]ds.
oB;

¢'(r) >
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Using the growth estimates for w; we have in particular,

QO,(T> > —CT2Q+6_2.

After integrating the inequality we find,

1 1
-C
1) — _ ) > _(p2aHi=2 _ 1 _ p2ati-1]
e =pl= [ ¢z [ ~cr o i
This implies in particular,
C C
p(r) < o(1) + rPetoml,

20+0—1 2a+6—1

[

With this lemma in hand we can now state and prove our sharp estimate

for the solution to the penalized boundary obstacle problem.

Theorem 23. Let u¢ be a solution to the penalized boundary obstacle problem.
Then there exists a modulus of continuity w : (0,00) — (0,00) independent of

€, such that w(d) = O(6Y?) as § — 0 and Vx,y € B,js and Ve > 0,

Jug (x) — u(y)] < |z -y (5.35)

Proof. Let w = v, be defined as before and consider w, as in the previous

lemma. Since w; vanishes on more than half the ball of B] we have by the

w? < Cr? \WTALS
t
B B
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In particular we produce the following estimate,

1 C C Vw2
[ [ vap < [ wepse Vul”_ oo,
r B r Bt r B}t B} |9U|

Moreover, since w? is subharmonic across {y = 0}, for s < r — |z| and

any |z <,

T\" n 9 "
a <c|(-= .
<C (s) o /Bi w; < C (s) o(r)r

Now we consider separately the two distinct cases:

Case 1: 2o+ 6, > 1.

From the previous lemma this implies that ¢(r) < C. Hence in particular,
w? < Cr.

We observe that,

sup w < C[sup wy + r®Ho%].

Thus we obtain,

w < wy + rot < Ort/? 4 potia < 012,

Case 2: 2o+ 0, < 1.
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From the previous lemma this implies that ¢(r) < Cr2¢+9=1 Hence in par-

ticular,

w? < CrPetoa,
This produces for us the estimate,
w < w, + pots < Orw% 4 poto
5o
< Crote,

We observe that we have improved the estimate for w. Set ay = a+ %.
If oy satisfies the assumption of Case 1, then we are done. If not then using

the lemma again we obtain,

[ [
w < Crotets,

We observe that we can iterate this procedure a finite number of times,
e.g. k times, until we get ay, + %“ > % Hence after a finite number of iterations

we are in Case 1.

Thus in both cases we conclude that,

w < Or'/?,

Recalling that w = ug, — (n — 1)Cyy, we find that,

g, < (n—1)Cor + Cri’? < Cr'/?
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Hence in particular we obtain the uniform estimate,

sup |uy | < Crl/2,

Br/2

To conclude we consider the distnet cases as before. O]

Finally we remark that as before one can obtain a uniform decay rate
in the penalizing paramter e.
Corollary 5. Let u¢ be a solution to the penalized boundary obstacle problem.
Then Va < 1,

HUGHCI,Q S CE_Ol.

Proof. As before we fix a penalizing family,

L t<o.
We consider the scaled function,
1
v(z) = —u(ex)

We note that

Hence we obtain for a constant C' independent of €, Va < 1,

HUGHCI,Q S C
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It follows for a directional derivative 7,
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Chapter 6

Conclusion and Future Directions

This thesis was devoted to studying two classes of problems in the
theory of free boundary problems of obstacle-type. In this last chapter we
comment on some interesting directions of research left open and some prob-

lems the author aims to work on in the future.

The first question is regarding the measure of the set of free boundary
points in the implicit constraint obstacle problem, namely the set I'?. It is nat-
ural to ask if this set is actually finite under the assumption that f is analytic.
By projecting points to their closest free boundary point, we see that I'Y would
indeed be finite if one could rule out the scenario that the solution sticks to the
obstacle in the negative direction. In a similar direction it will be interesting to
understand the free boundary in 2d under weaker regularity assumptions on f.

Here we have to undertake a finer analysis of the set of free boundary points I'?.

Another direction of interest is to study the fully nonlinear stochastic
impulse control problem with more general fully nonlinear operators, such as

Monge-Ampere type and other degenerate elliptic equations. The goal would
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be to prove a general modulus of semiconvexity estimate for the solution using
properties of the fully nonlinear operator. In this direction it would also be
interesting to study measure theoretic estimates for the symmetric difference

of free boundaries arising in these problems.

Finally it is of interest to pursue regularity estimates for the level sets
of singularly perturbed free boundary problems. In this direction it would
be interesting to understand the regularity of level sets for solutions to the
penalized fully nonlinear stochastic impulse control problem and the penalized
boundary obstacle problem. We would like to show uniform convergence of

the level sets to the corresponding free boundary.
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Appendix A

Elliptic Regularity

In this Appendix we collect some of the main results and tools from
second order elliptic equations used in the main body of the work. We natu-
rally consider the division between linear and nonlinear equations. We remark
that estimates can be derived as apriori estimates under suitable regularity
assumptions on the data, or found after a suitable existence theory for weak
solutions. A good reference for a priori estimates is [34], and a nice reference

for weak solutions theory is [18].

Linear Theory: We recall some a priori estimates for non-divergence form
elliptic equations. We remark that such estimates are applicable to fully non-

linear equations under smoothness assumptions on the solution and operartor.

Suppose (2 is a bounded connected domain in R"™. Consider the operator
L in €.
Lu = a;;(z)D;ju + b(x)Dju + c(x)u

for u € C?NC(Q). Assume a;;, by, ¢ are continuous and L is uniformly elliptic,
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i.e. for any x € €2, and any £ € R",
a;&& > MNEP.

Theorem 24. (Schauder Interior Estimates) Let uw € C** be a solution of

Lu = f. Assume in addition,

aijllco.a(), [billcoa), llcllcoaq) < A.
Then,
Jullcz.ai@) < Cn, a, A, A) (llullco@) + | fllcow@)) -

Theorem 25. (Hopf Lemma) Let B be an open ball in R™ with xy € 0B.
Suppose u € C*(B) N C(B U {xo}) satisfies Lu > 0 in B with ¢(x) < 0 in B.

Assume in addition that Vx € B and u(xg) > 0,
u(z) < u(xzo).

Then for each outward pointing direction v at o, with v - n(xg) > 0 there

holds,
1
lim inf Z[U(IO) —u(xy — tv)] > 0.

t—0t

The following estimate does not depend on the smoothness or continuity

of the coefficients,

Theorem 26. (Krylov, Boundary Harnack) Let u solve

aijuij = f iIl Bf_,
u=0 in OB N{x, =0}.
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Then for 0 <r <1,

u N u
osCp+ (x—n> <Cr <oscB;r <l‘_n) + ||fHLoo)

where the constants depend only on ellipticity and dimension.

Fully Nonlinear Theory: We recall some known fact for solutions to

fully nonlinear equations of the form,
F(D*u(z),x) = f(),

where x € 2, and u, f are functions defined in a bounded domain §2 of R™.
Moreover F(M,x) is a real valued function defined on S x €2, where S is the
space of real n X x symmetric matrices. We assume that F' is a uniformly

elliptic operator.

Definition 3. F' is uniformly elliptic if there are two positive constants A < A

such that for any M € S and z € (),
where N > 0, whenever N is a non-negatve symmetric matriz.

By a property for symmetric matricies,

Lemma 22. F is uniformly elliptic if and only if VM, N € S, Vx € Q,

F(M + N, ) < F(M, )+ A N*] = X| N7
We now define viscosity solutions.
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Definition 4. A continuous function u in Q is a viscosity subsolution (resp.
supersolution) in Q when the following condition holds: if zo € 2, v € C%(Q),

and u — ¢ has a local mazimum at xq, then

F(D*¢(x9),z0) > f(0),

with opposite signs for supersolutions.

We now recall some qualitative properties for viscosity solutions to fully

nonlinear equations.

Theorem 27. (ABP FEstimate) Let u be a viscosity supersolution in By and f
a continuous bounded function in By. Assume that u is continuous in By and

uw>0 on 0By. Then

1/n
supu~ < Cd (/ (fﬂ”) :
By Bdﬂ{u:Fu}

where 'y, is the convex envelope of —u™ in Byy and C'is a universal constant.

Lemma 23. (L Lemma) Suppose u is a viscosity supersolution in Qy m and
f satisfy:

u >0 in Q4\/ﬁa

inf <1,
Q3
[ fllzn < eo.

Then, for positive universal constants d and e,

{u>t}NQi| < dt™ Vit > 0.
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Theorem 28. (Weak Harnack Inequality) Let u be a viscosity supersolution
in Q1 that satisfies w > 0 wn Q1, where f is continuous and bounded in Q).

Then,

||u||L5(Q1/4) = C(gllfu+ 1fln@n)-
2

Theorem 29. (Harnack Inequality) Let u be a viscosity solution in @y satis-
fying u > 0 in @1, and f continuous and bounded in Q1. Then
supu < Cintu+ 1]l e,
3 2

where C is a universal constant.

Theorem 30. Let u be a viscosity solution of F(D?u) = 0 in By(0). Then

u € C(B1) and

1
2

lulleraczyy < Cllullez) + [F(0)]),

where 0 < o < 1 and C are universal constants.

Theorem 31. (Evans-Krylov) Let u be a viscosity solution of a concave equa-

tion F(D?*u) =0 in By(0). Then u € C’Q""(B%) and

lullczes,) < Clllullz=s) + [F(0)]),

Nl

where 0 < a < 1 and C are universal constants.
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Appendix B

Properties of Semiconcave Functions

In this appendix we collect some facts about semiconcave functions that

we need in the main body of this work. We start with a definition:

Definition 5. (Semiconcave Functions) Let S C R". A function u : S — R"
is semiconcave if there exists a nondecreasing upper semi-continuous function

w: Ry = Ry such that lim, o+ w(p) = 0 and,
VA € (0,1) Va,y € S such that their segment is contained in S,

Au(z) + (1 = MNuy) —u(Az + (1= A)y) <A1 = Az — ylw(lz - yl).

Moreover we say u is semiconcave with linear modulus if w(|z — y|) =
k|x — y| for some constant k. We now state a general regularity estimate for

semiconcave functions with a general modulus of semiconcavity.

Theorem 32. A semiconcave function u : S — R is locally Lipschitz contin-

uous in the interior of S.

We now introduce a notion of derivative for semiconcave functions:

Definition 6. (Superdifferential)

D*u(z) = {p € R" | limsup uly) —u(x) — (p,y — )
Yy—x |y — g;|

< 0}.
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Definition 7. (Subdifferential)

D™u(x) = {p € R" | liminf uly) - ”l(;)__xfp W0 gy,

We now come to an important characterization of the superdifferential

of a semiconcave function:

Lemma 24. Let u: A — R" be semiconcave function with modulus w and let

x € A. Then a vector p € R™ belongs to D u(x) if and only if
u(y) —u(z) < (py —z) + |z —yllw(lz —yl) Vy € A

We also state the following result,

Theorem 33. Ifu : A — R is both semiconcave and semicovex in A, then
u € CY(A). In addition, on each compact subset of A the modulus of continuity
of Du is of the form ciw(cor), where w is a modulus of semiconvezity and of

semiconcavity for u, and ci,co > 0 are constants.

As a corollary we obtain,

Corollary 6. Let A C R"™ be open convex and letu : A — R be both semiconvex
and semiconcave with a linear modulus and constant C. Then u € CY1(A) and

the Lipschitz constant of Du is equal to C.
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Appendix C

Variational Inequalities

One can view variational inequalities as a natural generalization of the
variational approach to solving Boundary Value Problems in Partial Differen-
tial Equations. Many problems in optimization theory and Partial Differen-
tial Equations can be solved as a variational inequality. The need to study
variational inequalities in PDE arise from solving elliptic and parabolic type
equations in a domain with sutiable constraints. For example, variational in-
equalities are a natural framework in which to study obstacle problems. The
conceptual idea is that our solution is constrained to always lie above or be-
low a prescribed obstacle in our domain. A general reference for variational

inequalities is [42].

From a functional analytic point of view, variational inequalities can be thought
of as a problem characterizing projections onto convex sets. In the theory of
Boundary Value Problems one faces a similar characterization and finds that
the method of orthogonal projections play an analogous role. In the context
of variational inequalities one first proves a Brouwer Fixed Point theorem for
a compact, convex set K C R”. Key ingredients in the proof are the unique

existence of a projection operator onto any closed convex set, and the Brouwer
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Fixed Point Theorem for closed balls ¥ C R™. The interesting point is that

one can characterize this projection as a variational inequality:

Lemma 25. Let K be a closed convex set of a Hilbert Space ( H,(.) ). Then

y = Pxx, the projection of x on K <— (y,n—vy) > (z,n —y) Vn € K.

Let us now return to the obstacle problem:

Example 1. (Obstacle Problem) Let D C R™ be a smooth bounded domain
with boundary 0D. Suppose we are also given an Obstacle, a function ¢ defined

on D =DUAD and a smooth function f defined on OD. Define:
K= {ue H'(D) : ulspp = f(z) and u > ¢ in D}

We know that K is a closed convexr set. We look in particular for a unique

ug € K such that ug minimizes the Dirichlet Integral:

/D(Vuo)de = min/D(Vv)zda:

veK

Finding a solution to the obstacle problem is equivalent to finding a unique

solution u to following variational problem: Yv € K,

(Vu, V(v —u)) > (f,v—u)

A key difference between obstacle type problems and the classical bound-
ary value problems is the existence of the set of points where our solution

touches the obstacle. In particular one must also consider the coincidence set:
A={zxeD : ulx)=px)}
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The boundary of the noncoincidence set is what is called the Free Boundary.

We now consider a general framework in which to understand varia-
tional inequalities and in particular variational inequalities admitting implicit
constraints. We let E denote a Real Vector Space, and let ¢, C C C E. We

define two functions,
p:C) x C — (—o0,+00] with ¢(u,.) # +oo Yu € C}. (C.1)

f:C1xCxC— (—o0,+00) with f(u,v,v) <0 Yu € C; and Vv € C.
(C.2)

Our problem is to find all vectors u € C; such that for some given

subset Cy C Cf:
u € Co

o(u,u) + f(u,u,w) < p(u,w) Yw e C (C.3)

The way one deals with this general problem is to break it up into two

consecutive steps. In step one we fix our vector u € C;. Define:

(w) = p(u,w) Yw € C (C.4)

g(v,w) = flu,v,w) Yo,we C (C.5)
We look for all vectors v € E that solve the variational problem,
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vel

V() + g(v,w) < Y(w) Yw e C (C.6)

We let S(u) denote the set of all solutions to the variational problem.

We define the selection map:

S:Cy —2° (C.7)

The objective of the first step is to show that under suitable assump-
tions on our data: E, C, (', ¢, and f, the selection map has suitably nice

properties. In particular we must show that the map is non-empty Vu € C4.

In the second step we aim to find all the fixed points of the selection
map S belonging to some given set Cy C . We aim to find all vectors u

solving:
u € Cy

u e S(u) (C.8)

This in principle is the general framework we adopt to help us solve
quasivariational inequalities. The idea is to find the correct assumptions on
othe functions and sets above that will allow us to show existence and unique-
ness for both variational and quasi-variational inequalities. Let us start by
stating some results from the classical theory of variational inequalities and

then generalize these results to the situation of implicit constraints.
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Theorem 34. Assume that C' is a closed convex subset of a Hausdorff Topo-
logical Vector Space E, 1 is convex, lower semi-continuous not identically oo
on E. Furthermore assume that g(v,v) < 0 Vv € C, and g(v,.) is concave
Vo € C. Furthermore assume Yw € C g(.,w) is lower semi-continuous on
E. Finally assume that 3B C E and wy € BN C such that ¢(wy) < oo and
P(v) + g(v,w) > Y(wy) Yv € C' . B. Then the set of all solutions v to the

problem

veC,

) + g(v,w) < Plw) Yo € C,
1s a non-empty compact subset of BN C.

As a corollary to this theorem we get our first existence and uniqueness

theorem for Variational Inequalities:

Theorem 35. (Lion-Stampacchia) Let V' be a real Hilbert-Space, C' a non-
empty closed, convex subset of V, a(. , .) a coercive continuous bilinear form
on V. Then for every continuous linear functional v’ on V, there exists a unique

vector u that satisfies,

ue C,

IA

a(u,u —w) < (V,u—w) Yw e C.
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When one considers nonlinear variational inequalities the assumption
of lower semi-continuity for g is too strong. Instead one can assume that g
satisfies a monotonicity requirement as well as being hemicontinuous. Under
these modified assumptions one can still prove an existence and uniqueness
theorem similar to the theorem stated above. In the second step of our problem
we have to show that the selection map has a fixed point in a given subset Cj.
For this step of the problem one must also consider topological properties of
the mappings and to allow Cj to have a topology independent of the topology
induced from the larger space F. In particular one may assume that Cj is a

locally convex topological space which has a continuous injection into C}.

Theorem 36. Let C, Cy, ¢, and f be given as above. Define ¥ = ¢(u,.) as
before satisfying the assumptions in the previous theorem. Define g = f(u,.,.)
satisfying the assumptions in the previous theorem and is monotone and hemi-
continuous. Assume furthermore that both satisfy the coercivity condition.
Suppose also that Cy satisfies topological condition mentioned above, S(Cy) C
Co, and the set of all pairs (u,v) € Cy x Cy with v € S(u) is closed. Then our

wnitial problem admits a solution wu.

The proof for this theorem relies on the following formulation of the

Kakutani Fixed Point Theorem:

Theorem 37. (Kakutani Fized Point Theorem) Let S be a non-empty, com-
pact, and convex subset of a locally convex topological vector space. Let ¢ :

S — 25 be a set-valued function which is upper semi-continuous and if the
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image of the map is non-empty, compact and convexr. Then ¢ has a fixed

point.

To be a bit more concrete, let us state how one goes about applying
these results in the context of quasi-variational Inequalities. Under suitable
monotonicity conditions, coercivity conditions, and semi-continuity conditions,
one can use the above results to prove an existence result for quasi-variational

inequalities. We obtain the following useful result:

Theorem 38. (Quasivariational Inequlity Existence) Suppose that:
a(v,w) is a coercive bilinear form on a Hilbert Space V.
v is a continuous linear functional on V.

Let @ be a map that associates with each vector u of a convex closed
subset C' of V a non-empty convez closed subset Q(u) of V. Then there ezists

a solution to the following QVI:
ueC ueQu).
a(u,u —w) < W,u—w) Yw e Q(u).

For a general Banach Space X one can introduce a partial ordering <

that is induced by the closed positive cone,

P={veX|v>0}
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We assume that X is a vector lattice under this ordering. We can then
define the order dual X*, the closed subspace of the dual space X’ generated

by the positive cone,
P ={eX|{2,z) >0VxeP}

In the context of linear second order elliptic Partial Differential Equations
one considers our Banach Space X to be either H*(2), H}(Q2), or any closed
subset V' of H(2) such that H}(Q2) CV C H'(Q2). In the context of nonlin-
ear second order elliptic Partial Differential Equations we consider the general
Sobolev Spaces W'?(Q) and W, (). On these Banach Spaces one considers
the ordering: u < v <= wu(zr) < v(z) a.e. YV € Q. Using the order struc-
ture of Banach Spaces one can prove comparision theorems that help in the
constructive proof of the existence and uniqueness of solutions to specific qua-
sivariational inequalities. A general reference for quasi-variational inequalities

is [46].
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