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Abstract

Partial differential equations with gradient constraints arising in the optimal control of
singular stochastic processes

by
Ryan C. Hynd
Doctor of Philosophy in Mathematics
University of California, Berkeley

Professor Lawrence C. Evans, Chair

This dissertation is a study of second order, elliptic partial differential equations (PDE)
that subject solutions to pointwise gradient constraints. These equations fall into the broad
class of scalar non-linear PDE, and therefore, we interpret solutions in the viscosity sense
and use methods from the theory of viscosity solutions. These equations are also naturally
associated to free boundary problems as the boundary of the region where the gradient
constraint is strictly satisfied cannot, in general, be determined before a solution of the PDE
has been obtained. Consequently, we also employ techniques from PDE theory developed
for free boundary problems.

In addition, we identify connections with control theory. Each solution of the PDE we
consider has a probabilistic interpretation as an optimal value of a stochastic control problem.
A distinguishing feature of these optimization problems is that the controlled processes have
sample paths of bounded variation and thus may be “singular” with respect to Lebesgue
measure on the real line. The theory of stochastic singular control has been used to model
spacecraft control, queueing systems, and financial markets in the presence of transaction
costs. Our work makes considerable progress at rigorously interpreting the PDE that arise
in these applications.



I dedicate this dissertation to Theodore P. Hill and Erika Rogers for their
continuous encouragement
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Chapter 1

Introduction

In this work, we study partial differential equations (PDE) within the general class of
equations

max { F(D*u, Du,u,z), H(Du)} =0, z € O (1.1)
where
OcCR"
F:Sn)xR"xRx0—R (1.2)
H:R"—R

are given and the unknown is a scalar function
u: 0 — R

In equation (1.1), Du denotes the gradient vector of the function u, D*u denotes the Hessian

matrix of second derivatives of u, and u and its derivatives are evaluated at the point x € O.

In (1.2), S(n) denotes the collection of symmetric n X n matrices with real entries.
Observe that if u is a solution of (1.1), then

F(D*u, Du,u,z) <0 and H(Du) <0, z€O.
The inequality H(Du) < 0 is interpreted as a gradient constraint. Also notice that
F(D?*u, Du,u,z) =0 whenever H(Du) <0, z € O.

Therefore, if the subset 2 C O determined by the inequality H(Du) < 0 was known a priori,
we could attempt to solve the PDE

F(D*u, Du,u,z) =0 2z €Q

and then solve H(Du) = 0 in the complement of €2 to obtain a solution. However, this is
in general impossible as we would need a solution of (1.1) to determine 2 to begin with. In
this sense, the problem of finding a solution can be interpreted as a free boundary problem.



We shall see that a good existence theory for solutions of (1.1) necessitates the assumption
that the non-linearity F' is continuous and elliptic:

F(X,p,r,x) < F(Y,p,s,x) whenever r<s, Y <X (1.3)

rs €R, z €O, peR"and X,Y € §(n).! In many cases, a good existence theory also
requires that that the gradient constraint function H satisfies the monotonicity condition:

H(sp) < H(tp) whenever 0<s<t, p#0 (1.4)

s,t € R, p € R". Accordingly, these will be standing assumptions in the problems we study
below.

It is well known that equations of the form (1.1) need not have solutions that are twice
continuously differentiable. That is, (1.1) may not have classical solutions. However, with
the above assumptions, (1.1) is a non-linear, elliptic PDE for a scalar function u. Therefore,
it is appropriate to interpret equation (1.1) in the sense of viscosity solutions. This point
of view will allow us to establish comparison principles and obtain limited regularity (or
smoothness) of solutions. As a result, this is the approach we will follow in this paper.

There has been much work on equations related to the general class of PDE (1.1). One
of the first rigorous papers on this subject was written by L. C. Evans [10] (see also [11]),
where it is assumed that L is linear and H is allowed to have dependence in the x variable

H(p,z) = |p| —g(z), (z,p) €O xR" (1.5)

In [10], it was shown that solutions of the associated boundary value problem exist, are
unique and under some technical assumptions, have locally Lipschitz continuous derivatives.

The main idea in [10] was to study solutions of an appropriate, “penalized” equation and
deduce uniform estimates on solutions that allow one to pass to a limit in a strong sense and
solve the original equation; this is a relatively standard approach for PDE free boundary
problems [14]. The result of [10] was extended by M. Wiegner [23] who proved the regularity
result in [10] without making the same technical assumptions. In turn, the result in [23] was
extended by H. Ishii et. al. [16] who established the regularity of solutions all the way up
to the boundary, assuming JO is sufficiently regular. The methods employed in these works
were entirely based on analysis.

The next wave of research on these types of equations was driven by applications. Davis
and Norman derived an equation of type (1.1) in their now classic paper [7] on optimal
portfolio consumption in the presence of transaction costs. Shortly thereafter, Davis, Panas,
and Zariphopoulou deduced an analogous equation in their model for pricing options in the
presence of transaction costs [8]. Both mathematical models were based on the control of
random processes that may be singular with respect to Lebesgue measure on the real line.
This was no coincidence as for many choices of F' and H, (1.1) is the dynamic programming

The monotonicity of r — F(X,p,r,x) is sometimes isolated and termed proper.



equation for such a stochastic control problem. These connections are now well understood
and have been studied further in [13].

Most analytical work on equations of type (1.1) assume that F' is linear, H is closely
related to (1.5) (with say ¢ = 1) and involves the classical boundary value or Dirichlet
problem. The purpose of this dissertation is to investigate three problems that aim to depart
from this familiar setup. The first involves the Dirichlet problem for a general gradient
constraint function H; the second involves a non-standard, non-linear eigenvalue problem;

and the third involves asymptotic analysis for a parabolic version of (1.1) with a non-linear
F.

1.1 Swurvey of results

We consider three problems regarding PDE of the form (1.1). First, we study the Dirichlet
problem associated with the PDE

max{Lu — h(z), H(Du)} = 0.

L is assumed to be linear and uniformly elliptic, h is a given smooth function and H is a
given convex function satisfying (1.4). This is a model dynamic programming equation for
many infinite horizon, stochastic singular control problems. We establish the existence of a
unique viscosity solution of the Dirichlet problem, and show that if H is uniformly convex,
this solution belongs to the function space C'!. See Theorem 2.0.1 below.

loc
Next, we consider the problem of finding a real number A and a function u satisfying the

PDE
max {\ — Au — h(z),|Du| — 1} =0, z€R"

Here h is a given convex function that grows superlinearly. We prove that there is a unique
A* such that the above PDE has a viscosity solution u satisfying
ulr) _

|| ——+o0 |l’|
Moreover, we show that associated to A\* is a convex solution u* belonging to the function
space C11(IR™); for a precise statement, see Theorem 3.0.1. We also formally argue that \*
has a probabilistic interpretation as being the least, long-time averaged (“ergodic”) cost for
a singular optimal control problem involving h.?

Finally, we consider the problem of pricing options on multiple assets in the large risk
aversion, small transaction cost limit. In a relatively standard single-asset setting, G. Barles
and H. Soner [2] showed that the limiting option price is a solution of a non-linear, Black-
Scholes type PDE. In this paper, we establish an analogous result for a model of the problem

2In this dissertation, the term “formal” will always mean non-rigorous.



in a multi-asset framework. In particular, we study solutions z¢ of the initial value problem
associated to the “mixed-type” parabolic equation

1
max {zt — (sz + E‘DIZ + y‘2> | Dyz| — \/E} =0

for small e. Under some technical assumptions, we prove that, as € tends to 0, appropriate
limits of 2¢ tend to solutions of the corresponding initial value problem for a non-linear,
parabolic equation

e =X (D).
Here, the non-linearity A arises as a solution of a non-linear eigenvalue PDE problem. See
Theorems 4.0.1 and 4.0.2 for precise statements of these results.

1.2 Technical preliminaries

Before we embark on our study, we pause to mention some key results from the theory
of viscosity solutions and analysis that will be of great utility. We first give a definition of
a viscosity solutions in terms of test functions and then give an equivalent characterization
in terms of “jets.” Next, we present the basic tools for establishing comparison principles
between viscosity sub- and supersolutions and tools for establishing the existence of viscosity
solutions. Our references for standard results from the theory of viscosity solutions are [1],
[5], and [6]. We conclude by presenting a construct that will be used to “penalize” various
PDE with gradient constraints.

In this section, we assume that O C R" is open and that

G:Sn)xR"xRx0O—R

is continuous and elliptic (i.e. satisfies condition (1.3)). We will use the ellipticity assumption
to make a basic observation about solutions of the equation

G(D*u, Du,u,z) =0, x€O. (1.6)

Observe that if u € C?*(0) is a solution of (1.6) and u — ¢ has a local maximum at
zg € O, where ¢ € C*(O), then

G(DQQD(‘(L'O)’ DQO(‘%O)’ u(mo), l‘g) <0
as
Du(zy) = Dp(x9) and D?*u(x) < D*p(xp).
Likewise, if u — 1 has a local minimum at zy € O, where ¢ € C%*(O), then

G(D*¥(x0), DY (0), u(x0), 70) > 0.



Further arguing along these lines leads to the comparison principle: if u,v € C?(O)
satisfy
G(D?*u, Du,u,z) <0, z€O
G(D*v, Dv,v,x) >0, z€0 |,
u(z) < v(x) x € 00
then u < v in O. However, we are assuming that u,v € C?(O), while solutions of (1.6)
may not be twice continuously differentiable. Nevertheless, these basic calculus arguments

motivate the definition of viscosity solutions which only requires the pointwise values of a
function.

Definition 1.2.1. v € USC(O) is a wiscosity subsolution of (1.6) if whenever u — ¢ has a
local maximum at zo € O where ¢ € C?(O), then

G(Dp(0), Dyp(x0), u(zo), 7o) < 0.

v € LSC(0) is a wiscosity supersolution of (1.6) if whenever v — 1 has a local minimum at
zg € O where ¢ € C?(0), then

G(D* (o), Dip (o), v(x0), 20) > 0.

w is a wiscosity solution of (1.6) if it is both a viscosity subsolution and a viscosity superso-
lution.

Remark 1.2.2. Viscosity solutions defined above are necessarily continuous.

A useful concept for us will be that of second order sub- and superjets.

Definition 1.2.3. (i) Let 2y € O. (p, X) € R" x §(n) belongs to the second order superjet
of u at xq if

u(z) <wu(zg) +p-(x—x0) + %X(m —x0) - (x — o) + o]z — x0]?) (1.7)

as |z — x| — 0,2 — 29 € O. The collection of all such pairs (p, X) is denoted J?Tu(xy).
(i7) Let o € O. (p, X) € R™ x §(n) belongs to the second order subjet of u at x if

u() = u(wo) +p- (v — o) + %X(x = 20) - (z = w0) + o[ — xo|*) (1.8)

as | — x| — 0,2 — 29 € O. The collection of all such pairs (p, X) is denoted J*u(xy).

Notice that if u — ¢ has a local maximum [minimum] at zy and ¢ € C?(0), then (1.7)
[(1.8)] holds with
p=Dy(zy) and X = D*p(z). (1.9)

A converse to this fact is also true and we refer the reader to [5] for its proof.



Lemma 1.2.4. Suppose that (p, X) € J*Tu(xy). Then there is an open set U > xy and
o € C*(U) such that (1.9) holds.

Therefore we can address the question of whether or not a function is a viscosity solution
by studying the function’s second order jets. In particular, if u is a subsolution of (1.6) and
(p, X) € J*>Tu(x), then

G(X,p,u(wo), z9) < 0; (1.10)
and if v is a supersolution of (1.6) and (p, X) € J* v(x), then
G(X,p,v(zg), ) > 0. (1.11)

Remark 1.2.5. In what follows, it will be important for us to study the sets

72’+u(x0) = {(p,X) €R™ x S(n) : there exists (2, pn, X») € O x J*u(z,), for n € N,
such that (z,, u(z,), P, Xn) — (2o, u(x0),p, X), asn — oo}

_2’7

J7 v(zy) = {(p,X) €R™ x S(n): there exists (x,, pp, Xn) € O x J* v(z,), forn €N,

such that (x,,v(xy,), pn, Xn) — (2o, v(x0),p, X), as n — oo}
for o € O. It is readily verified that if w is a viscosity subsolution of (1.6) and (p, X) €

72’+u(170), then (1.10) holds. Likewise, if v is a viscosity supersolution of (1.6) and (p, X) €

7" (), then (1.11) holds.

Throughout this paper, all PDE and partial differential inequalities will be interpreted
in the viscosity sense. Therefore, we may sometimes omit the term “viscosity” when we
mention solutions, subsolutions, and supersolutions.

The next two lemmas are commonly used to establish comparison principles between
sub- and supersolutions. The are both proved in [6].

Lemma 1.2.6. Let O C R™. Assume that u € USC(O) and v € LSC(O) and set
1
s = sup {ue) = 0(0) = 5lo = o}
Ox0

for & > 0. Assume that My < 400 for all § positive and small and that there is (x5,ys) €
O x O such that

. 1 2
ting {305~ (utas) — oty g5los i) } =0

1
lim —|zs — ys[> =0
50t 20 5 = sl

Then

and

lim, Ms = u(wo) = v(o) = sup {u(z) — v(x)}

whenever xq is a limit point of x5 as § — 0%.



Lemma 1.2.7. (Theorem of Sums) Let O; € R™ be open fori=1,...,k and
02201X02X-'-X0k.

Assume u; € USC(0;) and that ¢ is twice continuously differentiable in a neighborhood of
0. Set
w(z) = up(xy) + - +up(zy), == (x1,...,2¢) €O

and suppose that & = (Z1,...,2x) € O is a point of local maximum of w — ¢ relative to O.
Then for each p > 0, there are X; € S(n;) such that

(Dayp(#), X;) € T ui(:)

fori=1,....k, and
X1
Xo

where A = D*p(2) € S(ny +ny+...n4).

Once a comparison principle for solutions of non-linear elliptic PDE has been established,
the next goal typically is to exhibit a solution. This is often accomplished by Perron’s
method, which informally consists of showing the “largest” supersolution with the correct
boundary conditions is a solution. This method hinges on the following lemmas. Again both
are proved in [6].

Lemma 1.2.8. Let F be a family of subsolutions of (1.6) and set w(x) = sup{u(x) : u € F}.
If w* is finite for each x € O, then w is a subsolution of (1.6). 3

Lemma 1.2.9. Let u be a subsolution of (1.6) and suppose that u, is not a supersolution
at some point vy € O. * Then for all K > 0 and small enough, there is a subsolution v such
that

vV>Uu

supg(v —u) >0

v(z) =u(x), x € O and |x — xo| > K

Informally, the above lemmas assert that a pointwise supremum of a family of subsolutions
is again a subsolution, and if a subsolution is not a supersolution, it cannot be “maximal.” An
application of these results is the existence of solutions of the Dirichlet problem associated
to (1.6). This is known as Perron’s method.

3w*(x) := infs=gsup {w(y) : |y — z| < §} is the upper-semicontinuous envelope of w.
Yuy(w) := supgsoinf {u(y) : |y — 2| < 6} is the lower-semicontinuous envelope of u.



Theorem 1.2.10. Let g € C(O) and assume the equation

2 _
{G(D u, Du,u,x) =0, €O (1.12)

u=g, x€d0

admits a comparison principle i.e. if u is a subsolution, v is a supersolution, and u < v on
00, then u < wv in O. Suppose in addition that there is a subsolution u and a supersolution
u that satisfy u, =u* = g on 00. Then

u(z) :==sup{w(x) u<w<w, w isa subsolution of (1.6)}
is the unique solution of (1.12).

Proof. Uniqueness follows by assumption, so we only need to establish existence. To this
end, we first notice that u, < u, < u < u* < ", which by assumption implies © = ¢ on
00. Next, we have that u* is a viscosity subsolution by Lemma 1.2.8 and thus u* < wu.
Hence, u* = w is a viscosity subsolution. If u, is not a viscosity supersolution, we would
have a contradiction to Lemma 1.2.9. By the comparison of sub- and supersolutions, u < u,.
Hence, u = u* = u, is a viscosity solution of equation (1.6). O]

We conclude this introduction by presenting a construct that will be of great use to
us when confronting various PDE free boundary problems. This construct is a family of
functions (B;)eso that we will call the standard penalty function. This family of functions
satisfies

(8. € C*(R)

Be=0, 2<0
Be>0, 2>0
Bz 0

Be >0
(Be(2) = =5, 2> 2

€

(1.13)

For each € > 0, we think of . as a type of smoothing of z — (z/€)T; for small €, we think
of [, as a smooth approximation of the set valued mapping

~ ] {0}, t<0
Bo(t) = {[0700]’ f—0

A basic result that we will assume is

Proposition 1.2.11. A family of functions (B¢)eso satisfying (1.13) exists.



Chapter 2

An elliptic PDE with convex gradient
constraint

In this chapter, we consider PDE associated with a general class of infinite horizon,
stochastic singular control problems. This is a class of non-linear, second-order PDE that
each have a free boundary determined by a convex gradient constraint. We show that the
Dirichlet problem has a unique solution, and for uniformly convex gradient constraints, this
solution has a locally Lipschitz continuous derivative. Our methods are entirely analytic.
However, we provide an interpretation of solutions as the value function of appropriate
singular control problems. Finally, we argue that the class of gradient constraint functions
arising in applications can be replaced by an equivalent class of uniformly convex gradient
constraints and show that our regularity result applies to some examples of the motivating

singular control problems.
The PDE we focus on is

{max{Lu —h(z), H(Du)} =0, z€0 (2.1)

u=0, z€00’

where O C R" is open and bounded with smooth boundary O and h is a smooth, non-
negative function on O.
We assume that L is the linear differential operator

Lip(x) := —a(x) - D* + b(z) - D + c(z)y,t 1 € C*(0)

with smooth coefficients a : O — S(n), b: O — R™ and ¢ : O — R. We shall further assume
that L is (uniformly) elliptic:

a(x)é-€> 7|, forall z€ 0, €R" (2.2)

IFor square matrices A and B of the same dimension, A - B := trA'B.
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for some v > 0. The final assumption on L that we will make is that

c(xr)>6, €0
where ¢ is a positive constant.
Our assumptions on H : R” — R are that

H is convex
H(0) <0 : (2.3)
[0,00) 5t — H(tp) is increasing for p # 0

Our central result is

Theorem 2.0.1. (i) There is a unique continuous viscosity solution of (2.1).
(i) If, in addition, H is uniformly conver, then u € C21(O).

loc

We use techniques from the theory of viscosity solutions of scalar non-linear elliptic PDE
to prove the existence and uniqueness of solutions of (2.1). We use a penalization technique
similar to the one introduced by L.C. Evans in [10] and refined by M. Wiegner [23] and H. Ishii
et. al. [16] to establish the regularity result; we also believe that we have identified general
structural conditions (2.3) on the type of gradient constraints for which penalization methods
are successful at yielding regularity results. Finally, we discuss the motivating applications
in singular control theory and and give a probabilistic interpretation of solutions of (2.1).

2.1 Existence and uniqueness

Our main goal of this section is to establish a comparison principle among viscosity sub-
and supersolutions. Here we cannot assume that sub- and supersolutions are smooth, we
must rather use the definition of viscosity sub- and supersolutions and methods developed
for this class of sub- and supersolutions. With such a comparison principle we will employ
a routine application of Perron’s method to establish the existence of solutions of (2.1).

Proposition 2.1.1. Assume u is a viscosity subsolution of (2.1) and v is a viscosity super-
solution of (2.1). If
u<wvondO and ue L*00),

then v < v in O.

Formal Proof. Before proving the above proposition, we give a formal proof (i.e. assuming
u,v € C*(0)) that will help motivate a rigorous argument. Fix e € (0,1) and set

w(x) = eu(x) —v(z), z€O.
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w® € USC(O) and thus achieves its maximum at some z, € O. If z. € 90O, then
w(ze) = = (1 = €Ju(zre) +u(ee) — v(xe) < —(1 = €u(xe) < (1 = €)|ulL=(90)-
If z. € O, then by calculus
{o — Duw(z,) = eDu(z.) — Dv(x.)
0 > D*w(z.) = eD*u(x.) — D*v(z,)
If Du(z.) =0, then Dv(z.) =0 and
H(Dv(z.)) < 0. (2.4)

Otherwise, by (2.3) we have H(Dv(z.)) = H(eDu(x.)) < H(Du(z.)) < 0 and (2.4) still
holds. In particular, since v is a supersolution, we have that

Therefore,

c(x)w(ze) L(euw —v)(x,) (2.5)

IA A IA
|
=
|
U
>
5

and hence w(x.) < 0. In either case, w® < C(1 — ¢€), and letting € — 17 gives u < v.

To make the above formal proof rigorous, we will use Lemma 1.2.6 and Lemma 1.2.7.

Proof. (of the proposition) 1. Fix € € (0,1) and set
w”(a:,y):eu(x)—v(y)——\x—y\z, x,y€5

for n > 0. w"” € USC(O x O) and so has a maximum at some point (z,,y,) € O x O. As O
is compact, Lemma 1.2.6 implies that (z,,y,) has a limit point of the form (x, z.) through
some sequence of 7 — 0%, where z, is a maximizing point of z — eu(z) — v(z). If z. € 00,
we have from the definition of w"” and our assumptions that

eu(r) —v(z) < eu(w) — v(z) = —(1 — )ulze) + ulz) —v(xr) < C(1—¢€), z€O.

2. Now we assume that z. € O and without any loss of generality that (x,,y,) € O x O
for n > 0. According to the Theorem of Sums (Lemma 1.2.7), for each p > 0 there are
X,Y € 8(n) such that

(% X) e 7 (ew)(ay)
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() €7 v

and
< )0( _OY > < A+ pA* (2.6)
Here :
4 - p2le—yl :1( I —]>
2n  la=zgy=y, n \ —1 1

and [ is the n x n identity matrix. In particular, choosing p = 7 in (2.6) implies the matrix

inequality
X 0 3 I -1
(0 5 )=(5 ) e

3. Since u is a viscosity subsolution

max {c(a:n)u(:vn) — alz,) - % — h(wy), H (”’"6—;%) } <0, (2.8)
and since v is a viscosity supersolution
mac { el — atun) ¥ = i), 1 (22) > 0 (2:9)
If x, =y,
H <@) = H(0) < 0. (2.10)

If @, # y,, we have H <%> < 0 and again (2.10) holds as H <wnnyn> =H <6xn;7yn> < 0.
By (2.9),

c(yn)v(yn) — alyy) - Y — h(y,) = 0. (2.11)
Combining (2.8) and (2.11) gives,
ec(y)ulzy) — c(y)olyy) < ale,) X —aly,) Y + (b(z,) = b(yy)) - 2"
+eh(z,) — h(yy)
< alzy) X —aly,) Y+ Lip(b)@ + Lip(h)|zy — .

(2.12)

Note x + a'/?(x) is Lipschitz continuous since x + a(x) is Lipschitz and a > v > 0;2 indeed

Lip(a'/?) < ng,(y 2

2Here a'/?(x) is the unique positive square root of a(z).
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Also note that the 2n x 2n matrix

( a'(xy)at?(zy)  a?(xy)a?(yy) )

a'’? (yn>a1/2 (xn) a'/? (yn>a1/2 (yn)

is non-negative definite, and by (2.7)

a(zy) - X —aly,) Y = tria(z,)X —a(y,)Y]

B al?(z,)a?(x,) a'/?(x,)a?(y,) X 0

- {( &1/2(yn)a1/2(xn) al/Q(yn)a1/2(yn) > ( 0 =Y >}
al/Q(xn)al/Q(a:n) al/Q(xn)al/Q(yn) 3 I -1

< tr [( a1/2(yn)a1/2(%) a1/2(yn>a1/2<yn) > g\ =1 T )}

< St [(a3 (o) = ) (@) — 0 )]

< 3Lip(a)® |2y — ynP

- 272 2n

By (2.12),
ceeguler) = ool < (S onip) ) 2 4 i, — ). 213)

4. Let (x, x.) be a limit point of (z,,y,) through as sequence of n — 0*. If z. € 00, we
have from our remarks above that

eu(z.) —v(z.) < C(1—e).
If . € O, we let n — 0% through the appropriate subsequence in (2.13) and arrive at
c(xe)(eu(xe) —v(ze)) < 0.
This inequality implies eu(z.) — v(z.) < 0, and so in either case,
eu(z) —v(x) < eu(z) —v(z) < O(1—¢€), x€O.
We conclude by letting e — 17. O

Remark 2.1.2. The purpose of “doubling the variables” was so that we could “put derivatives”
on the smooth function (z,y) — |z — y|>/2n and use the definition of viscosity solutions to
estimate w" near its maximum value. This particular choice of test function forced x, and
Yy, to be close so that w(z,,y,) had to be close to the maximum value of z — eu(x) — v(x)
for n small.
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With a comparison principle in hand, we can now employ a routine application of Perron’s
method to obtain the existence of solutions.

Proof. (of part (i) of Theorem 2.0.1) Note that

0

u

is a viscosity subsolution of (2.1); and @, the unique viscosity solution of

Lv—h(x)=0 O
v—"h(z)=0, z¢€ | (2.14)
v=0, x€00
is a viscosity supersolution of (2.1). Therefore, Theorem (1.2.10) applies. O

Remark 2.1.3. Perron’s method is a simple and elegant way to prove existence of solutions,
however it is not the only method. We will see other ways to prove existence via a “penalty”
method and using a stochastic singular control interpretation of solutions.

Remark 2.1.4. The arguments we have used to prove existence and uniqueness can be gen-
eralized to large class of equations of the form

max { F(D*u, Du,u,z) — h(z), H(Du)} =0, z €O (2.15)

where F' is non-linear, elliptic and homogeneous: F(tM,tp,tu,z) = tF(M,p,u,x), for all
t>0and (M,p,u,z) € S(n) x R" x R x O. We did not, however, explore such equations
as we were primarily interested in regularity and currently do not know how to establish an
analogous regularity result for equations of the form (2.15).

2.2 Regularity

In this section, we prove part (ii) of Theorem 2.0.1, which we restate for the reader’s
convenience.

Theorem 2.2.1. Let u be the unique viscosity solution of (2.1), and suppose that H is
uniformly conver. Then u € C2H(O).

loc

To this end, we will analyze solutions of the penalized equation

{Luf + &(H(Duf))e = h(z), z€0 (2.16)

0, z €00’

u

where ((.)eo is the standard penalty function; see Proposition 1.13 for various properties
of this family of functions. Since the values of §.(H(Du¢)) can be large when H(Du¢) > 0
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for small e, solutions will seek to satisfy H(Duf) < 0 and, in this sense, become closer to
satisfying equation (2.1). Without any loss of generality, we assume

{H € C*(R") (217

D?H(p) > 1, peR®

If H is merely continuous, we can mollify H and argue as we do below without significant
changes.

Notice that (2.16) is a semi-linear, uniformly elliptic PDE with smooth coefficients. By
classical arguments, (2.16) has a unique, smooth solution u¢ [15]. Our goal is to derive a
bound on |uf|y2.e o), for each O' C O, that is independent of all € > 0 and small. Such
an estimate would aid us in proving that a subsequence of u® converges to u, the solution
of (2.1), in CL_(O) as € — 0. Such a convergence result would necessarily provide a W2

loc loc
estimate on u. We will obtain the desired bound on D?u¢ through a sequence of lemmas.

Lemma 2.2.2. There is a constant C' such that
u(z)| <C, €0
for e > 0.

Proof. Let u be the unique smooth solution of (2.14). As @ is a supersolution of equation
(2.16), u¢ < w; while u¢ > 0, since u : x — 0 is a subsolution of (2.16). O

An immediate corollary of the above proof is

Corollary 2.2.3. There is a constant C' such that
|Du(z)] < C, =z €00
for e > 0.

Proof. Recall that we have assumed that 0O is smooth. By the proof of the previous lemma,
we have o .
u(x) < ou(x) <0,
ov — oOv

where v is the outward normal on 90. O]

z € 00

Lemma 2.2.4. There is a constant C' such that
|Du‘(z)| <C, xz€0

for0<e< 1.
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Proof. 1. It suffices to bound the function
ve(z) = |Du(2)]* — \u(z), €0

from above, for some universal (that is, e-independent) constant A > 0. To this end, we
suppress e-dependence, function arguments and compute

Dv = 2D*uDu — ADu
a- D?*v =2aD*u - D*u+ 2Du - {D(a -D?u) =370 uziijaij} —Xa - D*u

These quantities will help us study v near its maximum values.
2. Equation (2.16) may be rewritten as

a- D*u = c(z)u+ b(z) - Du+ B.(H(Du)) — h(x),
and for further ease of notation, we will write 5 for 5.(H(Du)). We have
a-D*v > y|D*uf*+2Du-D(cu+b-Du+3—h)—2 Z Ug,w; D - Daj

1,j=1

—XMcu+b-Du+ 3 —h)

y|D?ul? — 2 Z Uyyz; Du - Dagj + 2¢|Dul” — 2Du - Dh + 2uDu - Dc — Acu
ij=1

—\h +2DbDu - Du+ 28'Du - D*uDH + 2Du - D*>ub — \b- Du — \f3

—C|Du* = C+ Dv- (3 DH +b) + X3 Du- DH — j3)

—C|Dul|* = C+ Dv - (8'DH +b) + \3'(Du- DH — H),

AVARAVS

as B(z) < z3.(z) for all z € R. Since H is uniformly convex with D*H > 1 and H(0) <0,
p-DH(p) — H(p) > |p|*/2, peR"

The above inequality implies

AG

a-D*v > —C|Dul> —C + Dv- (8 DH +b) + 5

| Dul? (2.18)

for constants C' independent of e.

3. Let 2y € O be a maximizing point for v. If x5 € O, a bound on |Du(x)[? that is
independent of € € (0, 1) is immediate from the previous corollary. If o € O, then

Du(zo) =0, a(xg) - D*v(z) <0
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If @ = (H(Du)) <1< 1/e, then § = f(H(Du)) < 1. In particular, H(Du) < 2¢ < 2

which implies a bound on |Du(xg)| independent of € € (0,1). If 5/(H(Du)) > 1, (2.18) gives
A

0> —C|Dul* - C + 5\Du|2, (2.19)

which implies a bound on |Du(xg)|* independent of ¢ € (0,1), for A > 0 chosen large
enough. O]

Lemma 2.2.5. For each O’ € O, there is a constant C' = C(0O’) such that
0<B(H(Du'(x)) <C, ze0
for0<e<1.

Remark 2.2.6. To simplify the arguments given below, we assume
b=0 c=0>0.

We believe that incorporating more general coefficients b and c is merely technical and no
new issues arise.

Proof. 1. It suffices to bound
7 (@) B(H(Du (), 7 €0

for each n € C(0), 0 < n < 1. To this end, we will show that for each such 7, there is a
universal constant A > 0 such that the function

(@) = ()8 (H(Du (@) + S| Du (@), w0

is bounded above independently of € € (0,1). We remark this approach was introduced in
[16]. As before, we will omit the e dependence of u¢ and v, arguments of functions and write

G for B.(H(Du")).
2. We perform several computations that will help us study v near its maximum values.
Straightforward computations are

Dv = DnB +nDB + AD*uDu
a-D*v = (a-D*)B+ 2aDn - DB+ n(a- D*F)
—|—)\(QD2U, . D2U + Zn Du - aijDuxixj>

1,j=1

We will do some further computations below to simplify the expression (above) that we have
for a - D*v.
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(a)
n((a-D*n)B+2aDn-DB) = n(a-D*n)B+2aDn-nDp
= (na- D%y —2aDn - Dn)B + 2aDn - Dv — 2X\aDn - D*uDu
(0)
a-D?8 = p"aD*uDH - D*uDH +

g {a - D*uD*HD*u+ DH - D(a- D*u) = Ytz DH - Daij}
ij=1

= p"aD*uDH - D*uDH +

g {a - D*uD*HD*u+ DH - D(6u — h) + DB - DH = "y, DH - D%}
ij=1
n(a-D*B) = nB'aD?*uDH - D*uDH +
B {na- D*uD*HD*u+nDH - D(éu — h) + Dv- DH

—BDH - D= ADH - D*uDu =0 Yty DH - Dai]}

ij=1

Z Du - a;jDuy,;, = Du-D(a- D?u) — Z Ug,z; Du - Day;

ij=1 ij=1

= Du-D(6u—h)+ Du-Dj — Z Ug,z, Du - Da;

ij=1
and so

N o Du - aijDug; = nDu- D(0u — h) + Du - Dv
—BDu - Dy — AD?>uDu - Dy —n > i je1 Uaie; D - Dag;.

Substituting the above computations (a) — (c) into our expression for a - D?*v gives
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na-D*v = (na-D*ny—2aDn- Dn)3+ 2aDn - Dv
—2XaDn - D*uDu + n*3"aD*uDH - D*uDH

+nf { na - D*uD*HD*u +nDH - D(§u — h) + Dv- DH

~BDH - Dy — ADH - D*uDu— 1) g, DH - Dai]}

ij=1

—i—)\{ naD?*u - D*u+nDu - D(u — h) + Du - Dv

—BDu - Dy — AD*uDu - Du — 7 Z Uy, DU - Daij} ) (2.20)

ij=1

3. Let 29 € O be a maximizing point for v. If 25 € 9O or n(zy) = 0, then v < v(xq) <
AN Du(zg)|?/2 < C, as desired. If 2y € O and n(xg) > 0, we have

Dv(xg) =0 and 0> a(xg) - D*v(wo);
and from (2.20),
0 > —CB—C|D%u|+ 8 {n|D*u|* - C - CB— C|D?u|}
+A {ny|D*uf® — C = C|D*u| - 3},

where C' denotes various constants that are independent of ¢ € (0,1). All functions above
are evaluated at zg.
Recall that
B=a-Du—du+h<C{l+]|D%l}

and therefore we have

A

0> %\DW —C+ 8 {nD%)? - C}
again for various constants C' independent of e.
If 3/ = B(H(Du)) < 1 < 1/e, then 8 = S.(H(Du)) < 1, and the claim follows for
v <1+ 3|Du(x)|®. If # > 1 (and without loss of generality n|D?u(z)|* — C > 0),
A
0> 1 |D%uf? = C 45| D*uf?

For A > 0 chosen large enough, we have n(z)|D?u(z)|*> < C. Therefore,

IN

v v(xo)
1(x0) B(H (Du(xo)) + Al Du(o)|* /2
(o) D*u(xo)|* + C

C

IA NN
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as desired. ]

With the estimates above, we are finally in a position to bound the second derivatives of u°.
Our approach here was introduced by L. C. Evans [10] and later refined by M. Wiegner [23];
it should be noted that they studied the case of a convex gradient constraint function with
x-dependence H = H(p,z) = |p| — g(x). We suspect that our assumptions on H (2.3) are
the most general for which this type of penalization technique yields regularity results.

Lemma 2.2.7. For each O' € O, there is a constant C = C(O') such that

|UE|W2,OO(O/) S C
for each 0 < e < 1.

Proof. 1. Tt is sufficient to bound, for each n € C°(0O) with 0 <7 < 1, the quantity

M, = max \/n(z)| D*u(2)|

€0

for all 0 < e < 1. With this in mind, we shall bound the related quantity

(a) = 1te) (PP + XD ) ) + EIDw P, 2 €0

from above. Here A\, pu are constants that will be chosen below. As in previous proofs, we
shall omit the e dependence of uf, v and their derivatives and many times we will write 3
for B.(H(Du)).

2. We will perform various computations that will help us study v near its maximum
values.

(v, = e, (3|D*u)? + AB3) + n(D*u - D?uy, + AB'DH - Duy,) + pDu - Du,,
Vgsa; = Naswy (31D%u]* + AB) + 1y, (D*u - D*uy, + A3'DH - Duy;) +
Ne, (D*u - D*uy, + A3'DH - Duy,) +
n{D*uy, - D*uy, + D*u - D?uyy, } +
n{\(8"(DH - Du,,)(DH - Duy,) + '(D*HDuy, - Du,, + DH - Duy,,,)) }
+u{Duy, - Duy, + Du - Dug,, }

(2.21)



21

Using the assumed matrix inequalities a > v (2.2) and D*H > 1 (2.17), we have

n
2
a-D*u = E AijVz0;

ij=1

1 n
= (a-D%) (§|D2u|2 + >\6> +2) " ayn, (D*u- D*uy, + A DH - Du,,) +

ij=1

i { Z aijD2uwi . D2uxj + Z D?*u - aijDzumx].+

i,j=1 B,j=1

A (ﬁ”aDQDH - D*uDH + f'(a- D*uD*HD*u+ )  DH - aijDumj)> }

1,j=1

+u {aDQu - D*u + Z Du - aijDuxixj}

ij=1

v

1 n
(a- D*n) (§|D2u\2 + )\6) +2 Z aijNe; (D*u - D*uy, + N3'DH - Duy,) +

ij=1
+77 {P}/|D3u‘2 + Z quIl(a : D2uxkazl)}
kol
v|D*ul* + Z H,, (a- Dzuxk)] >

k=1
+p {7|D2u|2 + Zuwk(a . D2u$k)} :

k=1

+77)\ (ﬁ”’y‘DQUDH’Q +5/

Below we will make further computations that will help us simplify the above expression for
a- D?v.
Recall
a-D*u=0d6u—h+p.

Differentiating with respect to x; gives
a- D*u,, = Oy, — hy, + B3 DH - Du,, — a,, - D*u,
and differentiating with respect to x; gives

a- DQkaa;l = OUgyz, — hapzy + B"DH - Duy, DH - Duy,,
+3'(D?*H Duy,, - Duy, + DH - Duy, ,,)

2 2 2
—Qg, - DUy, — Qg - DUy, — Qg g, - D70
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In particular,

Z Ug, (a - D*uy,) = Du - D(0u — h) — Z Uy,z; Du - Dag; + ' D*uDH - Du,
k=1

ij=1

> Hy(a-D’uq,)=DH-D(0u—h) = s, DH - Da;; + 3'D*uDH - DH,
k=1 ij=1

and

ZZ,I:I Uz, (CL : Dzul‘kﬂll) = D?u - D2(5U — h)

—2 ZZ,Z:l uxkxz<al‘k ) DQUW) - Zz,lzl U,y (axkxz ) D2u)
+3"D*u(D*uDH) - (D*uDH)
4 (D2u . D2uD?HD%u+ Yty DH - Duw>

Substituting these equalities into our expression for a - D?v gives

1 n
a-D*v > (a-D%p) <2|D2u|2 + Aﬁ) +2 Z aijNz; (D2u . D2uxj + A3'DH - Duy;) +

1,j=1

n {’}/D?’u2 + D*u- D*(6u — h) — Z Upyay [2(ay, - D?ug,) + (Agya, - D?u)]
k=1

+8" [D*w(D*uDH) - (D*uDH) + Ay|D*uDH|?]| +
1/1

4 {D% - D?*uD?*H D*u + \y|D?ul? — - <2D2u|2 + m) DH - Dn
n

+DH - D(6u—h) = Y ugu; DH - Daij} } +

1,j=1

n
i {7D2u2 + Du - D(0u — h) — Z Ug;z; D Daz‘j} +

ij=1

n
1
B> Hy, [% <2]D2u|2 + m) + 1 (D*u - D*ug, + A\3'DH - Duy,) + pDu - Dug, | ,
i=1

assuming that n > 0. Recalling our computation for v,, [given in (2.21)] gives our final
expression for a - D?v:
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1
n(a-D*) > (na-D*n—2aDn- Dn) (§|D2u|2 + )\ﬁ) + 2aDn - (DU — MDQUDU) +

n {7|D3u|2 + D*u - D*(6u — h) — Z Uy [2(Ay - D*ug,) + (Agya, - D))

k,l=1
+8" [D*uw(D*uDH) - (D*uDH) + \y|D*uDH|?*| +

1/1
I [D2u - D*uD?*H D*u + M\y|D*ul? — p (§|D2u\2 + )\6) DH - Dy

X

i {fy\DZu\z + Du - D(6u —h) — Z Ugyz; D - Daij} +(3'DH - Dv. (2.22)

ij=1

+DH - D(0u—h) = Ytz DH - Day;

2,j=1

3. Let zp be a maximizing point for v. If n(xg) = 0 or o € 00, then v < v(zg) <
p|Du(zg)|* < C. This of course implies M? < C as desired. Now suppose that n(zy) > 0
and xg € O, so that

Du(mo) =0 and a(zg) - D*v(zg) <0

Inequality (2.22), evaluated at xq, gives

1
0 > —C{1+|D*ul’} + gy |D*uf” +
8| DPDHE(A — |D*ul) + 0 { (i — CID2ul) [Pl — C|DPaf? — O} (2.23)

where C' denotes various constants that are independent of € (but may depend on

n(wo), Dn(xo), D*n(zo) ete).
From (2.23), we have that if we set

A=A :=7M,,

where 7 > 0 is chosen large enough and independently of € € (0, 1),
1
0> —C{1+|D*ul’} + Sy | D*uf.
This inequality implies a bound on 7(zo)|D?*u(z)|?
independent of 0 < € < 1. Finally,

for > 0 chosen large enough and

Mf < maxv < n(x0)|D2u(m0)|2 +CM.+C < C(M.+1),
o)

and thus M, < C. O
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Proof. (of part (ii) of Theorem 2.0.1) We show here that there is a subsequence of ¢ — 0%

such that u¢ — u in C _(O), where u is the solution of (2.1). This would in particular imply

that u € W2°(0) = C2H(O).

loc loc

1. Thus far, we have established that there is a constant C' > 0 such that
U1y <€, €€ (0,1),
and for each O’ € O, there is a constant C’ such that
[u w20y < C', €€ (0,1).

We claim that there is a function v € W°(0) N W2>°(0) and a sequence of ¢ tending to 0
such that as e — 0 -
{ue — v uniformly in O

u® — v in CL(O)

loc

Set )
0, = {x € O : dist(z,00) > —,} for j €N,
J

and observe that the sequence of compact sets O; is increasing and O = U,en0O;. Without
loss of generality suppose O; # (). The above estimates and the Arzela-Ascoli Theorem
imply that there is a function v' € W*°(0) N W2>(0;) and a sequence €) — 0 as k — 00
such that u* — o' uniformly in O and u% — v' in C'(0y) as k — co.

The uniform bounds we have on the W2°(0,) norm of the sequence uck implies again
with the Arzela-Ascoli Theorem that there is a function v? € W= (0) N W2%>(0,) and a
sub-sequence (e})gs1 of (€2)r>1 such that u% — v? uniformly in O and u% — v% in C'(0y)
as k — oo. By induction, we have for each j € N a function v/ € Wh<(0) N W**(0;) and
a sub-sequence (€)1 of (€2 )g=1 such that u%  — v/ uniformly in O and u  — o in
CH(O;j) as k — oo.

The diagonal sequence (u€]1§)k€N is a subsequence of each (u)zey with j fixed. Hence,

this diagonal sequence converges uniformly on O to some v € W*°(0). Fix any O’ € O,
and note that O’ C O, for j fixed and large enough. (ueﬁ)keN being a subsequence of (4% )pen
converges in C'(0') € C*(0;) to v as k — 0.

2. We now claim that v is a viscosity solution of (2.1) and therefore has to coincide with
u by the uniqueness of viscosity solutions of (2.1). Suppose that v — ¢ has a local maximum
at zo € O and that ¢ € C*(0). We must show

max {0v(zg) — a(zo) - D*¢(x0) — h(wo), H(Dp(z0))} < 0. (2.24)

By adding z > |z — zo|? to ¢ and later sending p — 0, we may assume that v — ¢ has
a strict local maximum. Since u converges to v uniformly (for some sequence ¢, — 0) as
k — oo, there is a sequence of x; such that

3That is, u¢ — v uniformly in O and u¢ — v in C*(O') for each O’ € O through a sequence of € — 0.
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{xk—>x0, as k — oo

u* — ¢ has a local maximum at xy
As u is a smooth solution of (2.16), we have
out(xy) — alxe) - D*o(ar) + B(H (Dg(r))) < h(wp).
Since B, > 0, we can send k£ — oo to arrive at
§v(z0) — a(xo) - D*p(x0) < h(x).

By Lemma 2.2.5,
0 < Be,(H(Dp(x))) = Be, (H(Du (1)) < C,

which necessarily implies that when k£ — oo
H(Dy(z9)) <0.

Thus, (2.24) holds.
Now suppose that v — ¢ has a local minimum at xo € O and that ¢ € C*(0). We must
show

max {0v(zo) — a(zo) - D* () — h(zo), H(DY(x0))} > 0. (2.25)
Arguing as above, we discover there is a sequence ¢, — 0 as k — 0o, and z;, such that

{xk—>a:0, as k — 00

u* — 1) has a local minimum at x

If
H(Dy(w0)) 2 0,

then (2.25) holds. Suppose now that
H(Dy(x)) < 0.
Since uf is a smooth solution of (2.16), we have
du* (xy) — alxy) - D*(xx) + Be, (H (DY (a))) — h(zx) > 0. (2.26)

By the convergence established in part 1 of this proof, H (D (xy)) = H(Du*(xy)) < 0 for
all large enough k. Hence,

lim A, (H(DU(z))) = 0.
In this case, the above limit and (2.26) imply
max {0v(zo) — a(zo) - D*(x0) — h(zo), H(Dw(x0))} > dv(zo) —a(zo) - D () —h(zo) > 0.
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Remark 2.2.8. Any solution u of (2.1) satisfies Lu < h. Thus a (local) pointwise lower bound
on Lu would imply a local C1® estimate on u by the Calderén-Zygmund estimate and the
Sobolev inequality [15]. We suspect that such an estimate holds without assuming that H is
uniformly convex.

Remark 2.2.9. In the case that H is not uniformly convex, we do not know whether or not u
has locally bounded second derivatives. A small consolation is that u can be approximated
uniformly by u? where u? is the Cﬁ)’i solution of

max {Lu — h(z),0|Dul®> + H(Du)} =0, x € O
u=0, z €00

A close inspection of our methods show (a) |Du’(x)| < C for all z € O and (b) for each
O’ € O there is a constant C' = C'(0’) such that

D’ ()] < C/0

for almost every z € O'.

2.3 Probabilistic interpretation

For a specific class of convex gradient constraint functions H, equation (2.1) is the
Hamilton-Jacobi-Bellman (HJB) equation for the value function in a generic class of stochas-
tic singular control problems. In this section, we briefly outline this correspondence and
discuss how our regularity result is applicable for these value functions. For this class of gra-
dient constraint functions H we also prove that, under the appropriate norm, the solution
of the PDE is its own maximal Lipschitz extension.

2.3.1 Singular controls

Assume that (2, F,P) is a probability space equipped with a standard n-dimensional
Brownian motion (W (t),t > 0). A control process is a pair (&, p) such that

(p(t),8(t)) eR* xR, t >0,
(p, &) is adapted to W
lp(t)] =1, > 0,a.s.

€(0) =0, t — £(t) is non-decreasing and is left continuous with right hand limits a.s.

Now, let £ be a norm on R™ and consider the stochastic control problem

v(z) = ipnngm /T e o CXPEOS [l (XPE())dt + 0(p(1))de(1)], x € O. (2.27)
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Here X*¢ satisfies the stochastic differential equation (SDE)

dX(t) = =b(X(t))dt + o(X(t))dW (t) — p(t)dE(t), t >0
X(0) ==z

and 7 = inf{t > 0: XP¢(t) ¢ O}. We are assuming that o, b, ¢ are smooth on O and that
the above SDE has as unique solution (in law) for each 2 € O and control process (p,§).
In general, X will not have continuous sample paths and so it is regarded as a “singularly”
controlled process. Therefore, we say that v is the value function of a problem of stochastic
singular control.

W. Fleming and H. Soner [13] have shown that if the value function v satisfies a natural
dynamic programming principle, then v is a viscosity solution of a HJB equation of the form
(2.1). This result provides the connection between the PDE we studied in previous sections
and stochastic singular control.

Theorem 2.3.1. Assume that for each stopping time > 0 and x € O,*

v(m) — iIléf E® {67 fome C(Xp’g(s))dsU(Xp’£<T A 9))
P

b [ et (o + cotopasto) |

Then the value function v is a viscosity solution of HJB equation

{max {~30(@)o'(@) DPutb(@) - Dutcl@)u—hia) HDu)} =0, 2€0 )0

u=0, r €00
where
H(p) =max{p-v—_L(v)}, peR"™ (2.29)

[v|=1

Remark 2.3.2. In particular, H defined by (2.29) satisfies (2.3), so v is the unique viscosity
solution of (2.1) with

a(x) = %U(I)Ut(l'), xz € 0.

2.3.2 Regularity of the value function

Notice that in the case where ¢ is the standard Euclidean norm (¢(v) = |v|,v € R™)

H(p) = [p| - 1,

40 is a stopping time with respect to the filtration generated by W.
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and (2.28) becomes

max {—%a(m)at(as) D%+ b(x) - Du + c(x)u — h(x), | Du| - 1} ~0
which is equivalent to

max {—%U(x)at(x) - D*u+ b(x) - Du+ c(z)u — h(z), | Dul* — 1} = 0.

Since p — [p|*> — 1 is uniformly convex, v € CL'(O) while H(p) = |p| — 1 is not uniformly
convex! We conjecture the reduction from the convex gradient constraint defined by (2.29)
to a uniformly convex gradient constraint G' can be achieved for a large class of norms /. In
fact, we always have a candidate for such a G.

Lemma 2.3.3. Set

G(p) :=max {(p-v)* — ({(v))*}, peR™ (2.30)

lv|=1
Then H(p) < 0 if and only if G(p) < 0.

Proof. Suppose H(p) < 0. Then p-v < {(v) and —p-v < {(—v) = £(v) for |[v| = 1. Hence,
Ip - v] < {(v), and thus G(p) < 0. If G(p) < 0, then ¢(v) > |p-v| > p-v. Consequently,
H(p) <0. O

Corollary 2.3.4. The value function v is a viscosity solution of the PDE

{max {—30(x)o'(z) - D*u+ b(z) - Du+ c(x)u — h(z), G(Du)} =0, . € O
u=0, x €00

It remains to discover necessary and sufficient conditions on ¢ to ensure that G is uni-
formly convex. The example ¢(v) = |v], for which G(p) = |p|* — 1, shows there are some
norms ¢ for which G is uniformly convex.

Conjecture 2.3.5. Assume that { is twice continuously differentiable and that for each
|v| = 1 the restriction of the linear map

D?*((v) — L(v)1, (2.31)

to v+ is non-positive definite. Then G is uniformly conver.
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We now give some heuristic calculations that support Conjecture 2.3.5. Since

Ip|> = sup £(v)? < G(p) < |p|* — ‘ilnflf(v)2
jo]=1 vl=

we expect
D*G(p) >2, peR™ (2.32)

Before we show why (2.31) formally implies (2.32), let us do some preliminary computations
involving H.
We assume that for each p € R™, there is a unique v = v(p) € S*~! such that

H(p)=p-v—~L(v). (2.33)
We also assume that this v varies smoothly with p. Note that since ¢ is homogeneous of
degree 1, and in particular D{(v) - v = £(v) for v # 0, v(p) also a solution of the vector
equation

p— Dl(v) = H(p)v. (2.34)

This can be also seen as a good heuristic by applying the theory of Lagrange multipliers to
the maximization problem determined by H.
Notice that from (2.33) and (2.34)

DH(p) = wv(p)

= v(p) + Dv'(p)H(p)v(p)
(p) |
(p)

= v

Hence, when v = v(p)
DH(p) = v. (2.35)

Differentiating (2.34) gives

I, — D*((v(p)) Do(p) = DH(p) ® v(p) + H(p) Do(p).

Using (2.35) and rearranging gives an expression for the derivative of v

Du(p) = (D*(v(p)) + H(p)L,) ™" (L — v(p) @ v(p)) . (2.36)

The proof of the Lemma 2.3.3 shows that v(p) will be a maximizer for the maximization
problem determined by G(p)

G(p) = (p-v)* = (L(v))%
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and similarly to how we computed (2.35), we have

DG(p) = 2(p - v(p))v(p)-
A direct computation now yields an expression for the Hessian of G.
D*G(p) =2{v(p) @ v(p) + (v(p) - pLn + v(p) @ p) Dv(p)} . (2.37)
Now we will check that under the assumption (2.31), (2.32) holds.
First note that since Dv(p)tv(p) = (1/2)D|v(p)|? = 0,
D*G(p)u(p) - v(p) = 2.
Now let w € S"7! be such that w - v(p) = 0. (2.36) and (2.37) give

D*G(p)w - w = 2(p- v(p)) (D*(v(p)) + H(p)L,) " w-w
D?*G(p)w - w > 2 if and only if

(p-v(p) (D*0(0(p) + Hp) L) 2 1,
which by (2.33) holds if and only if

D?*((v(p)) — €(v(p)) < 0.

This inequality is assumed by (2.31) and is the basis for our conjecture.

2.3.3 (—Lipschitz extension formula

Equation (2.1) is a free boundary problem determined by a gradient constraint. In the
case where H is given by (2.29) i.e.

H(p) :fvnlg{p-v—f(v)}, pER",

we shall see that there is convenient expression for the solution u outside of the constraint
set. Before pursuing this matter, let us state a lemma that is of interest in its own right.
This lemma generalizes the fact that the function defined as the distance to the boundary
of a set (2 is a viscosity solution of the eikonal equation |Du| =1 in Q.

Lemma 2.3.6. Let 2 C R” be non-empty and assume that g : Q) — R satisfies

lg(x) —g(y)| < llx—y), z,y€ .

Then the function

u(z) = inf {g(y) + Lz —y)}, =€ Q (2.38)

1s the unique viscosity solution of the generalized eikonal equation

{H(Du(x)) =0, z e

u(z) = g(z), €0’ (2:39)
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Proof. 1. We first show that u is a viscosity solution of (2.39). (2.38) implies
|u(z1) — ()| < (g —x2), 1,20 € Q.

Now suppose that p € JU u(xg). That is, that
u(z) <u(zo) +p- (x—x0) + o] — o))

as Q3 —x9— 0. We set z =z — tv, for |[v| = 1 and ¢ positive, and rearrange the above
inequalities to get
p-v— L) < o(1)

as t — 0%. Hence, p-v — {(v) < 0 for all |u] = 1 and so H(p) < 0. Therefore, u is a
viscosity subsolution of (2.39) satisfying u(x) = g(z), x € 0Q. To see that u is a viscosity
supersolution of (2.39), we show that any viscosity subsolution w with w(x) = g(x), x € 00
is dominated by u. Lemma 1.2.9 then applies.

Let w be a subsolution of (2.39) satisfying w(z) = g(z), x € 092. Similar to our arguments
above, we find

|w(xy) —w(xe)| < l(xy —x2), 1,29 € S
Then it follows that

u(z) = inf {w(y) +(z—y)} Zw(z), =el
yeN
2. Uniqueness follows from standard theorems in the theory of viscosity solutions of

eikonal-type equations (see Theorem 5.9 in [1]).
]

From the above lemma, we immediately have the following corollary which roughly as-
serts: once the free boundary is known, we only need to solve the PDE Lu = h within the
region H(Du) < 0 and then perform a certain Lipschitz extension of this solution over the
whole domain O to obtain a solution of

max{Lu — h(z), H(Du)} =0, z€O.

Corollary 2.3.7. Let u denote the unique solution of (2.1) with H given by (2.29). More-
over, assume that G given by (2.30) is uniformly convex. Then

u(x) = ryne%l {u(y) +l(x —y)}, x€O.

where Q = {z € O : H(Du(z)) < 0}.
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2.4 Discussion

In this chapter, we studied (2.1) which is an elliptic PDE with a convex gradient con-
straint. We identified natural structural conditions on the gradient constraint function to
ensure the uniqueness of a viscosity solution of the Dirichlet problem and to ensure some
regularity of this solution. This work builds on previous efforts by L. C. Evans [10], M.
Wiegner [23] and H. Ishii et.al. [16].

These types of equations arise naturally in singular control theory where the value func-
tions of a broad class of control problems are viscosity solutions. Conveniently, the associated
convex gradient constraints arising in these problems possess the structural properties needed
for our analytic results. We also give an interesting characterization of the solution as being
its own Lipschitz extension across the free boundary that seems to be new.

In further research, it would be of interest to deduce whether or not our regularity result
is sharp and to extend our arguments to equations with fully non-linear operators. More
important work would be to deduce some regularity properties of the free boundary as its
known that a sufficiently smooth free boundary allows for the construction of optimal controls
(see, for instance, [21]).
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Chapter 3

The eigenvalue problem of singular
ergodic control

In this chapter, we address the following problem: find A € R such that the PDE
max {\ — Au — h(z),|Du| — 1} =0, =z €R" (3.1)

has a solution u : R* — R. We call any such A a (non-linear) eigenvalue. Here is it assumed
that h € C*°(R"™) is convex and satisfies the growth condition

lim —~* = +4o0. (3.2)

These assumptions imply that A is bounded from below and without any loss of generality
it will also be assumed that A is non-negative.
Our main result is

Theorem 3.0.1. There is a unique \* € R such that (3.1) has a viscosity solution u € C(R™)
satisfying
m ule) = 1. (3.3)

Moreover, associated to this eigenvalue \* € R is a convez solution u* of (3.1) belonging to
the space C1(R™) that satisfies (3.3).

As far as we know, this work is the first to consider the question as posed above. However,
a big part of our motivation was the work of Menaldi et. al. [20] who studied a very
closely related problem arising in stochastic control theory. With regards to the framework
we present, they used probabilistic arguments to build an eigenvalue. In this chapter, we
establish the existence of a unique eigenvalue and obtain a better regularity result than what
was obtained in [20] (as it does not require any special assumptions on h; we only require
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convexity and superlinear growth). Moreover, we have employed methods that are entirely
analytic and use nothing from probability theory. These techniques, coming mostly from the
theory of viscosity solutions, also generalize more naturally to a fully non-linear version of
the PDE problem above that we address later in this work.

The organization of this chapter is as follows. In section 3.1, we show that there can be
at most one A such that there is a viscosity solution of equation (3.1) satisfying (3.3). In
section 3.2, we present a PDE method for approximating the values of an eigenvalue. After
obtaining the required estimates, we successfully pass to the limit in section 3.5 and build
an eigenvalue. In section 3.6 we present two, new (approximate) min-max characterizations
of the eigenvalue. Finally, in section 3.7 we discuss an extension of Theorem 3.0.1 regarding
a fully non-linear, homogeneous operator.

Probabilistic interpretation of the eigenvalue. Equation (3.1) is related to the following
stochastic optimal control problem. Let (€2, F,P) be a probability space with n-dimensional
Brownian motion (W(t),t > 0). We set

XV(t) = V2W () +v(t), t >0

where v is an R™ valued control process (adapted to the filtration generated by W) that
satisfies

v(0) =0 a.s.
t — v(t) is left continuous a.s. A (3.4)
lv|(t) :=TV,[0,t) < oo, for allt >0 a.s.

We say v is a singular control as it may have sample paths that may not be absolutely
continuous with respect to Lebesgue measure on [0, 00).

The optimization problem of interest is to find a singular control v that minimizes the
quantity

lim Sup% {E /0 CB(X¥(5))ds + |u|(t)} | (3.5)

t—oo

As (3.5) is a “long-time” average, we interpret this problem as one of singular ergodic control.

To see how (3.1) is related to the control problem described above, we suppose that there
is A € R such that (3.1) has a convex solution u € C*(R"). Let v be a singular control
process. According to Ito’s rule for semi-martingales [17],

1TV¢la,b) denotes the total variation of f on the interval [a,b).
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Eu(X*(t)) = u(z )+]E/ Au(X*(s) ds+]E/ Du(X*(s)) - du(s)

+3 E / (X"(54)) — u(X"(s)) — Du(X"(s)) - (X"(s4) — X¥(s))]

0<s<t

> u(x) +tA— ]E/O h(X"(s))ds — E/O |Du(X"(s))|d|v|(s)
> u(x)—l—t)\—E/O B(XY(s))ds — [v](8).
Thus . . Bl Xt
A< 7 {E/O h(X"(s))ds + |1/|(t)} + u(X t)) — u(x)’ t>0. (3.6)
We would like to conclude that
A< nﬂilp% {]E/O h(X" (s))ds + |1/|(t)} | (3.7)

Suppose that the right hand side of the inequality (3.7) is finite or else (3.7) clearly holds.
In this case,

1 t
limsupg/ Eh(X"(s))ds < o0
0

t—o00

which implies that there is a sequence of positive numbers t, — oo as k — oo such that

limsup EA(X" (t)) < oo.

k—o0

As h grows superlinearly and as u grows at most as fast as |z, as |x| — oo,

lim sup Eu (X" (tx)) < oo.

k—oo

Choosing t = ¢, in (3.6) and sending k — oo establishes (3.7). In particular,

A< A = inf 1imsup% {E/Oth(X”(s))ds + |y|(t)} | (3.8)

v t—o0

If there is a control v* such that

A — Au(XY (1)) = h(XV (1)) = 0, for t € (0,00) a.s., (3.9)

/0 Du(X¥ () - dv*(s) = —(1), for ¢ € (0, 00) as. (3.10)
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and

w(XY (t4)) —u(XY (t) — Du(XY (1)) - (X7 (t+) — XV (t)) = 0, for t € (0,00) a.s., (3.11)

then equality holds in (3.8). In this case, we have A\* as a probabilistic formula for the
eigenvalue appearing in (3.1).

Remark 3.0.2. v« satisfying (3.9), (3.10), and (3.11) is a good candidate for an optimal
control. Designing such an optimal control can be done via reflected diffusions if enough
regularity is assumed on u and on the boundary of the set of points x such that |Du(z)| < 1.
This procedure is discussed in detail in [20] and in [21].

3.1 Comparison principle

The purpose of this section is to prove that there can be at most one eigenvalue for which
the PDE (3.1) has a viscosity solution satisfying (3.3). In order to clearly state our results,
we make the following definition.

Definition 3.1.1. u € USC(R™) is a wviscosity subsolution of (3.1) with eigenvalue A € R if
for each xo € R",
max {A — Ap(zg) — h(zo), [Dp(z0)] — 1} <0

whenever u — ¢ has a local maximum at o and ¢ € C*(R"). v € LSC(R") is a viscosity
supersolution of (3.1) with eigenvalue p € R if for each y, € R”,

max {1t — AY(yo) — h(yo), [DY(yo)] — 1} >0

whenever v — 1 has a local minimum at y and ¢ € C*(R™). v € C(R"™) is a viscosity solution
of (3.1) with eigenvalue A € R if it is both a viscosity sub- and supersolution of (3.1) with
eigenvalue \.

Towards establishing a uniqueness result, we first establish a comparison principle for
eigenvalues with sub- and supersolutions. We first present a formal argument to convey the
motivating ideas.

Proposition 3.1.2. Suppose u is a subsolution of (3.1) with eigenvalue A\ and that v is a
supersolution of (3.1) with eigenvalue p. If in addition

lim sup u) <1 <liminf vz) (3.12)

s

then A < p.



Formal proof. Here we assume that u,v € C*(R"). Fix 0 < € < 1 and set
w(z) = eu(z) —v(z), zeR"
By (3.12), we have lim|; . w*(z) = —00, so there is x. € R™ such that

w(ze) = sup w(x).
zeR?

Basic calculus gives
0 = Dw(x.) = eDu(x.) — Dv(x,)
0 > Aw(z.) = eAu(z.) — Av(z.)

Note in particular that
|Do(a,)| = e[ Dulz,)] < € < 1,

and since v is a supersolution of (3.1) with eigenvalue y,
0 <pu—Av(z) — h(z.).
As w is a subsolution of (3.1) with eigenvalue A

eAu(x.) — Av(z.) — (1 — €)h(x.)
—(1 = e)h(xe)
0.

EN— [

VAN VANRVA

Here we have used that h is non-negative. Letting ¢ — 17, gives A < p.

We now make this rigorous by using a “doubling the variables” type of argument.

Proof. (of the proposition) 1. Fix 0 < e < 1 and set
w(z,y) = eu(z) —v(y), =z,yeR"
For § > 0, we also set
ps(,y) = %Ix —yl, @z yeR"
The inequality

way) —pley) = elule) —uly)) — ke — ol + euly) — oly)

< (o= vl gl =) + u) — o)

37
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implies
oim Aw(2,y) = es(r,9)} = —oo.
Therefore, w® — ys achieves a global maximum at a point (xs,ys) € R" x R™.
2. According to the Theorem of Sums (Lemma 1.2.7), for each p > 0, there are X,Y €

S(n) such that

(aw —-yaj)(> = (Daps(xs, ys), X) € T (eu)(zs),

5
(2527 ) = (-Dypalias. o). ¥) € T o(as). (313

and
(§_$)§A+mﬁ (3.14)

Here

1/ 1, -1,
A:D2g05(x5,yé):g(_]n I, )

Applying both sides of the matrix inequality (3.14) to the vector (£,€)! € R?*" and then
taking the dot product with (&, £)" yields

XE-E-YE-€<0.
As £ € R" is arbitrary, X <Y.

3. We also have

Las —ys c Fht
)

and since |Du| < 1 (in the sense of viscosity solutions),

U(SC(;),

Ts —Ys

<e<l1.

Since v is a viscosity supersolution of (3.1) with eigenvalue p, we have
0 < p—trY — h(ys)
by (3.13). As u is a viscosity subsolution of (3.1) with eigenvalue A,

X
A 22 ) <o,
€

Therefore,

€A — p < tr[X = Y]+ eh(ws) — h(ys) < h(xs) — h(ys). (3.15)
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4. We now claim that xs € R™ is bounded for all small enough ¢ > 0. If not, then there

is a sequence of § — 0, for which (w® — ¢s)(xs,ys) tends to —oo as this sequence of § tends
to 0. Indeed

x5 — y(s|2
20

|25 — ys|”
20

(W = ps)(w5,55) = (eulws) —v(ws)) + v(zs) — v(ys) —
< (eu(ws) —v(zs)) + |25 — ys| =

< eu(ws) —v(xs) + g

which tends to —oo as 0 — 0 provided lims o+ |z5| = +00. This would be the case for some
sequence of § — 0, provided x4 is unbounded.
However,

(w = o) = o {eute) — o) - L2
’ z,y€R™ 20

> eu(0) — v(0)

> —oo,
and thus z; lies in a bounded subset of R". |zs — ys|?/20 — 0 by Lemma 1.2.6, and thus ys
is also bounded for all 6 > 0 and small. Again by Lemma 1.2.6, we have that the sequence
((ws,9s))s>0 has a cluster point (z.,x.) for a sequence of & — 0T. Passing to this limit in
(3.15) along this such a sequence gives

ex—p <0.
We conclude by letting e — 17. O]

Uniqueness of eigenvalues with solutions having the appropriate growth for large values
of |z| is now immediate.

Corollary 3.1.3. There can be at most one A € R such that (3.1) has a viscosity solution
u satisfying the growth condition (3.3).

3.2 Approximation

Another interesting corollary of Proposition 3.1.2 is
Corollary 3.2.1. Suppose there exists an eigenvalue \* as described in Theorem (3.0.1).
Then

A= Sup{ A € R: there exists a subsolution u of (3.1) with eigenvalue A,

satisfying lim sup Q } (3.16)

jel—oo |2 7
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and

A= inf{ p € R : there ezists a supersolution v of (3.1) with eigenvalue p,

satisfying lim inf v(z) > 1.} (3.17)

It would be of great interest to show both expressions on the right hand sides of (3.16)
and (3.17) are equal and that this number is the unique eigenvalue of equation (3.1). Such a
procedure for producing eigenvalues would be reminiscent of Perron’s method for exhibiting
viscosity solutions of PDE enjoying a comparison principle. Unfortunately, this method does
not work so directly in our context as it is not clear that if, say, the right hand side of (3.16)
is not an eigenvalue we can find a strictly bigger number with a corresponding u that is a
subsolution of (3.1). Therefore, we are led to an alternative procedure of approximating an
eigenvalue.

The method we propose is a PDE version of the probabilistic approach used by Menaldi
et.al [20]. However, we believe the earliest application of this method appears in periodic
homogenization of viscosity solutions of PDE in [19] and [10]. This approach essentially
amounts to replacing A in (3.1) with “du™ and studying the resulting PDE for § > 0 and
small. If this resulting PDE has a unique solution us, the hope is that there is a sequence of
0 tending to 0 such that dus tends to .

To this end, we will study solutions of the PDE

max {0u — Au — h(z),|Du| — 1} =0, zeR" (3.18)

In particular, we seek a viscosity solution u satisfying (3.3)
u(x
m Q = 1.

Proposition 3.2.2. Suppose u is a subsolution of (3.18) and that v is a supersolution of
(3.18). If in addition
u(z) v(z)

limsup —= <1 < liminf —=,
then u < wv.
Proof. We omit the proof as it is almost identical to the proof of Proposition 3.1.2. O]

Corollary 3.2.3. There can be at most one viscosity solution u (3.18) satisfying the growth
condition (3.3).

With a comparison principle in hand, we can now employ a routine application of Perron’s
method to obtain existence of solutions once we have appropriate sub and supersolutions.
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Lemma 3.2.4. Fiz 0 < < 1.
(i) There is a universal constant K > 0 such that

wz) = (Jzg| - K)", z € R" (3.19)

is a viscosity subsolution of (3.18) satisfying the growth condition (3.3).
(i1) There is a universal constant K > 0 such that

reR" (3.20)

Y

oy [ <

is a viscosity supersolution of (3.18) satisfying the growth condition (3.3).
Proof. (i) Choose K > 0 such that
u(z) < hiz), zER"

Such a K can be chosen due to the superlinear growth of h.
As @ is convex and as Lip(u)=1, if (p, X) € J*>Tu(x)

Ipl <1 and X >0.
Hence,
max {ou(zo) — trX — h(xg), |p| — 1} < max{u(xg) — h(zo), |p| — 1} < 0.

Thus u is a viscosity subsolution.
(77) Choose

K :=n+ maxh(z)
lz|<1

and assume that (p, X) € J®> u(xg). If |zo| < 1, @ is smooth in a neighborhood of z and

Therefore,

which implies

max {du(xg) — Au(zg) — h(zo), |Du(xe)] — 1} > 0. (3.21)
Now suppose |zo| > 1. @ € C*(R"), so p = Diu(xg) = zo/|xo| and in particular |Dii(zg)| = 1.
Thus (3.21) still holds, and consequently, @ is a viscosity supersolution. O

The following result follows directly from Theorem 1.2.10 using u and @ above.

Theorem 3.2.5. Fiz 0 < § < 1. There is a unique viscosity solution u = us of the (3.18)
satisfying (3.3).
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3.3 Basic estimates

Before we attempt to pass to the limit as 6 — 0, we will obtain some better estimates on
us that will help us build an eigenvalue A* and establish estimates on a solution u* of (3.1)
corresponding to this eigenvalue. So far we have shown that (3.18) has a unique solution us
that satisfies the growth condition (3.3). Moreover, from the sub- and supersolutions (3.19)
and (3.20) above, we have for each 0 < § < 1

(Jz] = K)7 < ug(z) <

K
?+|ZE|,ZE€R”

and
lus(z) —us(y)| < |z —yl, z,y € R".

Our goal now is to obtain second derivative estimates on ug. We first prove

Proposition 3.3.1. There is a constant C' > 0 such that for all 0 < § < 1 and (Lebesgue)
almost every x € R", the following estimate holds

1
0 < D?us(z) < = max |D?*h(y)|. 3.22
< DPus(z) <  max| D*h(y) 322

The above proposition follows from the following two lemmas. In the first lemma, we
show that us is convex by adapting the classical “convexity maximum principle” argument
of Korevaar [18]; in the second lemma, we estimate the second-order difference quotient of
ugs from above to obtain the upper bound in (3.22).

Lemma 3.3.2. u;s is conver.

Proof. 1. We first assume u € C?(R") and for ease of notation, we write u for us. Fix
0 <e< 1 and set

C(r,y) = eu (1: ; y) _ u=) —;—u(y)’ x,y € R".

We aim to bound C¢ from above and later send € — 1~.
We first claim that C¢ achieves its maximum value at some point (z.,y.) € R" x R"; it
suffices to show

lim C(z,y) = —oc0. (3.23)

|(z,y)|—c0

Let (zk,yx) € R™ x R™ be such that

|zk| + [yr| — o0

as k — oco. Let N be large enough so that |z;| + |yi| > 0 for £ > N. Note that for £ > N
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C(rryn) _ v (%5=) 1 {( A ) ulr) ( Y| ) u(’yk)}
|2k | + |y 2kl + lyel 2 U\ zw| + lysl ) |2 |zl + vl ) k]
< fu (%5%) 1 {( || ) u(wy) N ( |y ) U(ykz)}
=2 |zt 2 L\ ]+l ) fa] 2] + lykl ) [kl

when of course |z + yx| > 0.
If |z1 4+ yx| happens to be bounded, then

Ce 1
limsupM < —=<0.
koo |Tr| + Ykl 2

while if |z + yx| — 00, as k — oo, we still have

C(wp,yp) _ —(e—1)

lim sup < < 0.
koo |Tk| + Ykl 2
Consequently, lim sup,_, . C¢(zx, yx) = —oo. The claim (3.23) follows since (zy, yx) was an

arbitrary unbounded sequence.
2. As (z.,y.) is a maximizing point for C,

1
0= D,C(x,yc) =  Du <a:€ + ye) — —Du(x,)

2 2 2
and .
¢ € Te + Ye
0= D,C(xe,ye) = §Du ( 5 ) — §Du(ye).
Thus,

eDu (”’ ; y) — Du(z.) = Du(y.).

The function v — C*(x, + v,y + v) has a maximum at v = 0 which implies

0> eAu (:c + y) _ Aufz) + Aulye)
2 2
Since,
|Du(z.)| = |Du(y)| = ¢ | Du (”““;y)\ <e<t
we have

du(z) — Au(z) — h(z) =0, z=z,v..
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Combining the above inequalities gives

iC(x,y) < 0C(xe,ye)
PN S TAN TR

2 2
< Au (31:€ - yﬁ) _ Aufz) + Au(y)
2 2
" (:c + y) ~ h(wd) + h(ye)
2 2
A RGRT
- 2 2
< 0

by the convexity of h, for each x,y € R".

3. To make this formal argument rigorous, we employ a doubling the variables type
of argument. Moreover, since C¢ above is a type of doubling the variables function, it is
appropriate going to “quadruple the variables.” This can be done by fixing 0 < € < 1 and

setting
! /
w(z,y, 2", y) = eu (x ; y) _ ul@) ;r u(y), z,y, 2,y € R,

and for n > 0, setting

oy, y, 2,y ——{!x P+ ly -y}, zyay €RY

Notice that

. T4y '+ 1
w = eapat) = e{u(TF) - ( V= o =Py - o)

vy @) +uly)
+eu( 5 ) 5

x—a Yy — y 1
S (| 5 |+’ | {‘x x/‘Z_i_’y_y/‘Z})

+w(f;y)_ ();My)

From our computations above, it follows that

lim (we - (Pn)(l', Y, xl?y/) = -0

|(zy,2"y")|—00
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and, in particular, that there is (z,,y,, 7;,9;) € R" x R" x R" x R" maximizing w* — ¢,. By
the Theorem of Sums, for each p > 0 there are X,Y € §(2n) such that

—2 4 z+y
(Dmapn(xn,yn,x%,y;]),Dygon(:En,yn,:E;],y;]),X) €J ((may) = cu <2>)

9
T=Tn,Y=Yn

/ /
D —=2,— u(x") + uly
(=Daron (2, yns > Y1) = Dyripn (s Yo 7y, y), V) €T <($/’y/) ) )>

2 x'=xp.y'=yy, ’
and
X 0 9
< . .
(0 _Y)_A+pA (3.24)
Here .
L -1
_ 2 / AN 2n 2n
Note that the matrix inequality (3.24) implies X <Y.
Set )
Ty, — X
pn = DI¢U($n7yna$;77y;7) = _Dx’SOn(fEmymf;py;,) = L 77 777
Yo — Y,
qn ‘= Dygoﬁ(xmym‘r;py;) - _Dy'gpﬁ('rmym*r;py;) == n 177

and also write
(XX (Y,
X—(X3 X4) and Y—(Y3 }/4)
for appropriate n x n matrices X;,Y; i = 1,...,4. As X, Y € S(2n), X1, X4, Y1,Y, € S(n)

and X} = X3, Y} =Y5.
By direct verification, we have

(

Moy (3.25)

Since the Lipschitz constant of the function = — eu((z + y,)/2) is less than or equal €/2,
lpn| < €/2 < 1/2. Since p, € J"~ (3u) (z]) and w is a viscosity solution of (3.18),

ou(x,) — tr¥y — h(z;) = 0.

Likewise, we conclude that

ou(y,) — tr¥y — h(y,) = 0.
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As wu is a viscosity solution of (3.18), we have from the first two inclusions in (3.25)

(238) - (252) o

2 €

and

2 €

Averaging the two above inequalities gives

su (a:n —|—yn) CXa+ X " (mn —|—yn> <0
2 2¢ 2

Su <xn+yn> Xy L <%T+yn> <0

Altogether we have

/ + /
5 {eu (xn ; yn) () . U(yn)} < %tr[Xl — Y]+ %m«[}g ~ Y]

o (B ) 060

2 2

1 Tty \  h(a) +h(y)
= 5tﬂX—YHh( 5 )— 5
< (:cn ; yn) W) -2F hlys) (3.26)

4. Another simple estimate for w® — ¢, is

) )t

€ / / —
w = eeat)) = e !

u(x) —u(x)—;u(y) _u(y) . % {|.’L’—Q3/|2+ ’y_y/|2}

» (a: +y) ~u(z) +uly)

IN

2 2 *

[z —2|+ly—y] 1
5 — %{lﬂﬂ—x’ler ly—y'|*}

< eu (as—;y) _u(z) ;rU(y)

Ui
+2.

This estimate implies that (z,,y,) is a bounded sequence. For otherwise, (w*—,)(2y, yn, 25, Yy,)
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tends to —oo (by the above estimate on w* — ¢,)) while

(W = n) (@, Yy 22, ¥) = max (w —y) (2,9, 2",y
Z (wE - 8077)(0707070)
= (e=1u(0)

—0Q,

V

for each 7 > 0. By Lemma 1.2.6, there is a cluster point (x, y, Z, y.) of the sequence
(0> Yn» T35 Yp) Jp>0 through some sequence of 7 — 0 that maximizes the function

() e (1Y) - M)

2 2

Passing to the limit through this sequence of 7 tending to 0 in (3.26) gives for any =,y € R"

. (w;ry) 3 U(:v);rU(y) <h (fv;y> _ h(zo) -QF h(ye) <0

due to the convexity of h. Finally, sending ¢ — 1~ establishes the claim. O]
Aleksandrov’s Theorem [12] now implies the following corollary.
Corollary 3.3.3. ug is twice differentiable at (Lebesgue) almost every point in R™.
Since ug is convex and h grows superlinearly, we expect
dus(x) — Aug(z) — h(z) < dus(x) — h(z) < K+ |z| — h(z) <0

for all x large enough and all 0 < § < 1. Here K is the constant in the (3.20). In other
words, if |Dug(x)| < 1, then |z| < C for some C independent of 0 < § < 1. We give a proof
of this in terms of jets.

Corollary 3.3.4. There is a constant C > 0, independent of 0 < § < 1, such that if |x| > C
and p € JY""us(x), then |p| = 1.

Proof. Let K be the constant in the (3.20) and choose C' so large that
K+ |z| < h(z), |z|>C.
Recall that J'~us(z) = dus(x) by the convexity of us (see Proposition 4.7 in [1]). Here
u(z) ={p € R" s u(y) = u(x) +p- (y — ) for all y € R"}

is the subdifferential of u at the point x.
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Moreover, (p,0) € J*> us(z), and so
max{dus(z) — h(z),|p| — 1} > 0.
As
dus(z) — h(z) < K+ |z| — h(z) <0,
Ip| = 1. O

Lemma 3.3.5. Let C; > C, where C' is the constant in the previous corollary. For almost
every r € R",

forall0 <d < 1.

Proof. 1. Fix 0 <e< 1,0 < |z] < Cy — C, and set
C(z) == eus(x + z) — 2us(x) + eus(z — z), =z €R™

As in previous arguments, we will give a formal proof (i.e. assuming v € C*(R")) first and
then later describe how to our justify arguments. For ease of notation, we write u for us.
As limjg|—oo u(x)/|z| = 1,
lim C(z) = —o0.
|z —00
Thus, there is € R™ such that
C(z) = maxC(x).

reR”™

At z, we have

Thus,

and in particular

|z| < C (from the previous corollary)
ou(z) — Au(z) — h(z) =0
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Hence, for x € R"

C(x) < 6C(z)
= e(0u(z + 2) + du(z — z)) — 2u(z)
< eAu(Z 4 2) — Au(Z) + eAu(t — 2) +
+e(h(Z + 2) + h(z — 2)) — 2h(2)
< h(E+z2) = 2h(z) + h(Z — 2)
< _max, D*h(% +€2)z - 2
2 2
< max [DA(y)[=l"

As the last expression is independent of €, we send € — 1~ and arrive at the inequality

wr+2) —2u(z)+u(lr—2) 1 )
<= D - C.
EE =5 ér‘lgaél h(y)l, 0<|z|<Cy—=C

The claim now follows as D?u exists a.e. in R".
2. Similar to previous proofs, we will “triple the variables.” Again we fix 0 < ¢ < 1 and
0<|z]<Cy—C. Set

{w(:vl, Ta, x3) = €(u(z1 + 2) + u(re — 2)) — 2u(xs)

8077(371,552,1?3) = % {]z1 — 373\2 + |zy — $3|2}

for x1, x5, z3 € R™ and 1 > 0. Notice that

(w—n)(z1,22,23) = €e(u(xy +2) —u(zs — 2) +u(re + 2) — u(rs — 2))

1
+C(ZE3) — % {ll‘l — ZE3|2 + |ZE2 — ZL‘3|2}

1 1
< (‘Il — l’3| — 2—n|331 — 1’3‘3) + <‘$2 — $3| — 2—n|$2 — l’glg) +C(.’E3),

which immediately implies

lim  (w— ) (21,22, 23) = —00.
|(z1,22,25)|—00

In particular, there is (7,23, 217) globally maximizing w — ¢,. Now we can invoke the

Theorem of Sums and argue very similarly to how we did in the proof of the convexity of
solutions of (3.18). We leave the details to the reader.
O
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Corollary 3.3.6. We have the following:
(i) us € CH(R™).
(i)
Qs :={z € R" : |Dugs(z)| < 1}
1s open and bounded independently of all 0 < d < 1.
(iii) us € C*2%(Qs), provided h € CH*(R") for some 0 < a < 1.
(iv) There is L (independent of 0 < § < 1) such that

D*us(x) < L, x € Q.

Proof. As usual we write u for us. (7) is immediate from Proposition 3.3.1. (i7) follows from
Corollary 3.3.4 and (i), since x +— |Du(x)| is continuous on R™. (iii) follows from basic
elliptic regularity theory since u satisfies the linear elliptic PDE

u(z) — Au(z) = h(z), x € Qs

(see Theorem 6.17 [15]). As for (iv), we have by convexity that if z € 5 and |§| =1

D*u(z)¢-& < Au(z)
= odu(r) — h(z)
< K+6|z|
< K+C=1 (3.27)

[]

We conclude this section with a statement that us is a Lipschitz extension of its values
in Q(s.
Proposition 3.3.7.
us(z) = min {us(y) + [z —yl}, z€R™ (3.28)
yeQs
Proof. Tt is simple to check that, since Lip[us] < 1, the formula above holds for x € Q5. We
now proceed to show that the formula above also holds in the complement of €2s.

As easy argument using the convexity of u; establishes that the minimum in (3.28) is
achieved on 025 = 085 for x ¢ Qs. So we are left to show

ug() = min {us(y) + e —yl}, = &0 (3.29)

To this end, we first notice that us satisfies the eikonal equation
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{|Dv(x)| =1, z ey (330)

v(z) =us(x), =€

and we claim this PDE has a unique solution given by the right hand side of (3.29). It is
not hard to see that the right hand side (RHS) above is a solution of (3.30). RHS clearly
defines a function with Lipschitz constant at most 1 and hence is a subsolution of (3.30).
The RHS also dominates every subsolution of the eikonal equation that is equal to us on
0Qs and therefore is a supersolution of (3.30) by Lemma 1.2.9. The proof of uniqueness is a
straightforward adaptation of the proof of comparison of sub- and supersolutions of (3.18)
(see also Theorem 5.9 of [1]). O

Corollary 3.3.8. There is a universal constant C' > 0, such that the estimate

1

D? <
us(@) < TG

a.e |z| >C

holds for all 0 < 6 < 1.

Proof. Recall that 25 is bounded independently of 0 < § < 1; let C' be chosen so large that
if x € Qg, then |z] < C. Also recall that z +— |z| is smooth on R™ \ {0} and that

| 1
Da| = — (1, - 225) < =1,z #£0.
|| Ed ||

Let z € R" with |z] > C. From (3.28), there is y € 0§25 such that us(z) = us(y) + | — y|;
moreover |y| < C. Also from (3.28) and the above computation, we have that as |z| — 0

us(z + 2) — 2us(x) + us(z — 2) e +z—y| =2z —y|+ |r — 2z —y

<
|22 B |22
< ! +o(1)
< 0
[z =yl
< ! +o(1)
< 0
|z = y]
< ! +o(1)
o(1).
~ x| =C
The corollary now follows as ug is twice differentiable almost everywhere in R™. O]

3.4 A uniform second derivative estimate

According to Corollary 3.3.8, D?us is bounded from above for all x large enough in-
dependently of all § positive and small. However, the upper bound we have in the whole
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space
1
- max |D?h
max | D h(y)l,
blows up as 6 — 0. Our aim in this section is to obtain an estimate on the second derivative
of us that is uniform in all small 6 > 0. In fact, we prove

Lemma 3.4.1. For each ball B C R™, there is a constant C' = C(B) such that
[Dus(x) — Dus(y)| < Cle —yl, x,yeB
for each 0 < 0 < 1.

Having established the above lemma, we would immediately have from Corollary 3.3.8
the following uniform second derivative estimate.

Theorem 3.4.2. There is a universal constant L such that
0 < D*us(z) < L, a.e.z € R"
forall0 < § < 1.

Towards proving Lemma 3.4.1, we fix 0 < 6 < 1 and for € positive and small study the
solutions of the PDE

{5U—Av+ﬁe(!Dvl2—1) =h(z), zeB (3.31)

v = us, r € 0B’
where ()0 is the standard penalty function and B C R" is a fixed ball. As (3.31) is a
semi-linear elliptic PDE with smooth coefficients, it has a unique smooth solution v, for each
€ > 0 [15]. Our goal is to deduce a pointwise bound D?v, that is independent of all € (and
J) positive and small. With such an estimate we would be in a good position to pass to the
limit and show v, — us in C'(B) and in particular that us € W%*(B).

This is a very similar approximation to the one used in the previous chapter; see equation
(2.16). The primary difference between equations (3.31) and (2.16) is that equation (3.31)
has a non-zero boundary condition. However, as u; is a subsolution of (3.31), the arguments
go through just the same. Using these methods, we obtain the following bounds.

Theorem 3.4.3. (i) There is a constant C' such that the following estimate holds
Du(a)|<C. zeB
forall0 <e< 1.
(ii) For each B' € B, there is a constant C' such that the following estimate holds
L>(B)

D% (z)] < C" (1 + 160 oo ) + | Do 2 ) , z€D (3.32)

forall0 <e< 1.
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With the above estimates, we are now ready to establish Lemma 3.4.1.

Proof. (of Lemma 3.4.1) 1. Let B C R” be a ball. Theorem (3.4.3) asserts that there is a
constant C' > 0 such that
’UEIWLOC(E) S C, € G (O, 1),

and for each B’ € B, there is a constant C’ such that
|’U€|W2,oo(3/) < Cl, €E (0, 1)

As in the proof of Theorem (2.0.1), it follows that there is a function v € W1 (B)NW>(B)
and a sequence ¢ tending to 0, as £ — oo, such that

— v in CL,

v, — v uniformly in B
(B)

Ve,

as k — o00.

2. A similar argument to the one presented in the proof of Theorem 2.0.1 shows that v
is a viscosity solution of (3.18). Therefore, v has to coincide with wug, the unique viscosity
solution of the PDE

max {6v — Av — h(x),|Dv| -1} =0, z€B
v=u;, x€0B’

by a variant of the uniqueness assertion of Theorem 2.0.1.
3. From estimate (3.32), we have that for z,y € B’ € B, there is a constant C’ such that
| Dve, () — D, (y)] < C" (1+ |0ve |1 (s) + [ Dve, 1o (5)) 17 — Y]
for all k sufficiently large. As v, — us in CL (B), and as
|0us| () + | Dus|ie(p) is bounded for 0 < § < 1,
we let k — oo to discover that there is a constant L such that

|Dus(x) = Dus(y)| < Lle —yl, wye B, 0<d<1.
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3.5 Passing to the limit

We now have the following estimates on us (0 < § < 1)

(Jz| = K)" <wus(z) < B +]z|, zeR"
|Dus(z)] <1, zeR"
|Dus(x) — Dus(y)| < Llx —y|, =,y € R™

Our aim is to pass to limit as & — 0% and prove there is an eigenvalue \* as stated in
Theorem 3.0.1. To this end, we define

{)\5 = (51&5(.T5>

vs() = us(x) — ug(xs)

where x5 is a global minimizer of us. Of course Dus(zs) = 0, and in particular z5 € Q.
Moreover, Corollary 3.3.4 asserts that |zs|] < C for some constant C' independent of all
0<o< 1l

For this constant C, we have that

0<N<K+C

and that vs satisfies
vs(@)] < [z| +C
|Dvs(z)| <1 ,
|Dvs(z) — Dus(y)| < Ll — y

for all x,y € R", 0 < 6 < 1. We will now use the above estimates to prove the following
lemma which completes the proof of Theorem 3.0.1.

Lemma 3.5.1. There is a sequence 0, > 0 tending to 0 as k — oo, A* € R, and u* €
CHY(R™) such that

(3.33)

— u* in C’lloC

{)\* = limy oo \g,

Vg, (R™), ask — oo

Moreover, u* is a convex solution of (3.1) satisfying the growth condition (3.3) with eigen-
value \*.

Proof. Routine compactness and diagonalization arguments establishes the convergence (3.33);
similar arguments were used to prove Lemma 3.4.1.

It is immediate from the definition that viscosity solutions pass to the limit under local
uniform convergence. It follows that u* satisfies the PDE

max{\* — Au* — h,|Du*| -1} =0, z€R"
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in the sense of viscosity solutions. As |u*(z)| < |z| + C for all z € R",

lim sup w(z)

<1

By the Lipschitz extension formula (3.28) and Corollary 3.3.4, we also have for all |z| suffi-
ciently large,
vs(z) = us(x) — us(xs) > |z| — C

for some C' independent of 0 < § < 1. Thus,

and so u* satisfies (3.3). O

Remark 3.5.2. As we established for us, u* is its own Lipschitz extension

w*(2) = min {u'(y) + o — yl}, @ ER”
yeQo

where Qg = {z € R" : |Du*(z)| < 1}. Therefore, it suffices only to know u* within Qy to
know it everywhere in space.

3.6 Min-max formulae

Recall formula (3.16)

A" = sup { A € R : there exists a subsolution u of (3.1) with eigenvalue A,

satisfying lim sup u|(_97) < 1.}
2| —oo T
and formula (3.17)
A* = inf { p € R : there exists a supersolution v of (3.1) with eigenvalue g,

satisfying lim inf M > 1.} ,

|z|—o00 ‘23|

which are consequences of the comparison principle established in Proposition 3.1.2. We shall

use these characterizations to establish the following “min-max formulae” approximations of
A"
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Proposition 3.6.1. Define

A = sup{ ieann {A¢(z) + h(x)} : ¢ € C*(R™), | Dg| < 1} (3.34)

and

A =inf ¢ sup {A¢Y(x) + h(z)} ¢ € CH(R"),liminf —= > 1. (3.35)

|Di(a)|<1 zl—o0 [2]
Then (i)
A=< Ay,
and (i) if there is a C*(R™) supersolution v* of (3.1) with eigenvalue \*, such that
lminf 2 5 .

then \* = A\ ,.

Proof. 1. (\* = A\_) For ¢ € C?(R") with |D¢| < 1, set
W= inf {A(r) + h(a)}.
If 4® = —o0, then p® < \*. If u® > —oo0, then
max{u® — A¢(z) — h(z), |Dp(z)| — 1} <0, 2 € R™.

(3.16) implies u® < A*. Consequently, A_ = sup u? < \*.
Now let u* be a convex, C11(R") solution associated to A\* and u® := 7° * u* be the
standard mollification of u* for € > 0. Note that as |[Du*| <1 and 0 < D?u* < L, we have

|Du| <1 and 0< D?*u<L, forall e>0.

Also note that as u* € C*!
Aut=n"*x Au* > \* — h°,
where A€ is the standard mollification of h.
As h grows superlinear and D?u is bounded, there is R > 0 such that x — Au(x) + h(z)
achieves is minimum value for an x € Bp, for all ¢ > 0. Hence, as ¢ — 07

< |g&f3 {Au(z) + h(x)}
< inf {Au(@) + h(2)} +o(1)
< inf {Au(z) + h(z)} +o(1)
< A +o(l).
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2. (A* = \;) Assume that ¢ € C*(R™) and that liminf |, ¢(x)/|z| > 1. Similar to our
argument above, we set

™= sup {Ay(z)+h(x)}.
|Dip(z)|<1

If 7¥ = 400, then A* < 7%, If 7¥ < 00, then
max{r* — Ad(z) — h(a), [D(x) — 1) > 0, o € B,

(3.17) implies A\* < 7¥. Consequently, \* < inf 7% = \,. This proves (7).
If there is a C*(R™) supersolution ¥* of (3.1) with eigenvalue \*, such that

lminf 2 5 .
then
A< s {A() + (@)} < N
[ Dy ()] <1
which proves assertion (7). O

We believe that the assumption on the existence of ¥* is not needed. Our intuition is
that the solution u* we constructed in Lemma 3.5.1 is twice continuously differentiable on
the set of points that |Du*| < 1, and therefore, should be amongst the class of 1 in the
infimum defining A, ; in this case

A= sup {Au(x)+h(x)} > A

|Du*(z)|<1

Conjecture 3.6.2. \* = \,.

3.7 Generalizations

We conclude this chapter with an interesting question: what are appropriate assumptions
on an elliptic non-linearity F' to obtain a result analogous to Theorem 3.0.1 for the PDE

max {\ + F(D*u, Du,z),|Du| —1} =0, z € R" ?

While we are not in a position to answer this question, we claim that the method of proof
we used actually implies the following

Theorem 3.7.1. Let F : S(n) — R satisfy
F(M)<F(N), N<M

F(tM) =tF(M),
F(M+N)<F(M)+ F(N)
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for each N,M € S(n), t > 0. That is F' is elliptic, homogeneous, and concave. Then there
15 a unique \* € R such that the PDE

max {\ + F(D*u) — h(z),|Du| — 1} =0, z € R"
has a viscosity solution u satisfying (3.3)

lim @ =1.

Associated with \* is a convex viscosity solution u* satisfying (3.3).

Note however that we do not make any further claims about the regularity of u*; perhaps
if F' is uniformly elliptic, more regularity of u* can be obtained. The method of the proof
of the above theorem is essentially the same as the proof of Theorem 3.0.1. The comparison
principle for eigenvalues is virtually unchanged and to approximate \*, one studies solutions

of the equation
max {0u + F(D*u) — h(z),|Du| — 1} =0, z € R"

satisfying the growth condition (3.3). A comparison principle holds in this case as before
and analogous sub and supersolutions (to u and @) can be written down to establish the
existence of solutions via Perron’s method. The concavity of F' is what is used to obtain the
convexity of the solution us; and as u* will (essentially) be a pointwise limit of us as § — 0,
u* will be also be convex. We hope to settle more general matters in forthcoming work.
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Chapter 4

Asymptotic analysis of parabolic PDE
with applications to option pricing

In their celebrated paper [3], F. Black and M. Scholes derived a formula for the fair price
of a European call option on a single stock in an arbitrage free market. They also presented a
“replication portfolio” that enabled the issuer of the option to hedge his position upon selling
the option. The Black-Scholes model presented the first rational method for valuing options,
and consequently, this model has been used in a large number of industrial applications.

Aside from the financial implications, interesting mathematics also came out of this work
as the Black Scholes formula is a solution of a certain linear, parabolic PDE

1
wt + 502172%;9 + prp - Wﬂ = 07

now known as the Black-Scholes equation. The purpose of this chapter is to discuss an
extension of the Black-Scholes model and further connections between non-linear PDE and
option pricing.

The Black-Scholes model, being the first of its kind, has various shortcomings. One such
shortcoming is the assumption that there are no costs for making transactions; in fact, in the
Black-Scholes model, the issuer of an option is trying to hedge his position at each moment
of time and thus transaction costs would be ruinous. This fact has been formalized and
proved rigorously [22]. Another shortcoming of the model, is that it does not account for
risk preferences of option issuers or purchasers; option prices are the same for buyers and
sellers and each price is completely determined by known market parameters and the option’s
payoft.

An alternative model, that addresses the aforementioned modeling issues, was presented
by Davis, Panas, and Zariphopoulou [8]. This model (which we will call the DPZ model)
uses the principle of certainty equivalent amount to define option prices and poses the option
valuation problem as a problem of stochastic control theory. Within the DPZ model, G.
Barles and H. Soner [2] discovered that in markets with small transaction costs &~ /¢, the
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asking price z¢ of a European option by a very risk averse = % seller is approximately given

by
Up(t,p) — y
\/E Y
as € tends to 0. Here 1 is a solution of a PDE resembling a non-linear version of the
Black-Scholes equation

2(t,p,y) = Y(t,p) + eu (p

Y+ e TN T p2p,) + rpi, — rib = 0,

and A = A(A) and = — u = u(z; A) satisfy the ODE
2
max{)\ - % (A+ A% + (z + Ad)?) | — 1} =0, z€eR

for each A € R. We shall see below how this ODE is naturally associated to a non-linear
eigenvalue problem. Establishing the convergence of z¢ to 1, as € tends to 0, is a problem of
asymptotic analysis of parabolic PDE as 2¢ is a solution of a PDE of the form

max {—zt — %azp2 (zpp - %(zp - y)Q) 2y — \/Ep} = 0.

In this chapter, we discuss a model problem for the generalization of the Barles and Soner
result to options on multiple assets. We do not directly address the multi-asset problem
as formidable technical problems arise. The most notable problem is that the associated
eigenvalue problem amounts to solving a non-linear PDE and does not seem able to be
resolved by trivial means. Moreover, understanding basic properties of the eigenvalue is also
non-trivial. Nevertheless, we found the model problem presented below to be both interesting
and instructive. We believe this work sheds light on the open and difficult problem of
deducing the large risk aversion, small transaction cost limit for options on multiple assets.

4.0.1 A model problem

We consider solutions z¢ = z¢(¢, z,y) of the initial value problem

max {z — (A2 + L[Dyz +y[?) ,|Dyz| — e} =0, (0,7) x O x R"
z=g(x), {t=0}x0OxR", (4.1)
z =0, (0,T) x 00 x R™

where O C R” is open, bounded and has smooth boundary 0O. It is assumed that ¢ and T

are positive and g € C(O) is non-negative. We do not establish the existence of solutions
of (4.1), although we believe that this can be accomplished by standard methods. It will
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be a standing assumption that 7" and ¢ are chosen such that there is a continuous viscosity
solution z¢ of (4.1) for all € positive and small. We also assume

<t
hmZb%w

lyl—o0  \/€ly|

uniformly for all € positive and sufficiently small and for all z in a compact subset of O. Our
goal is to understand the behavior of solutions when € tends to 0.
In analogy with the aforementioned work of G. Barles and H. Soner [2], we shall formally

see that
Di(t, x) +y
Ve
as € — 07, where ¢ = 1 (¢, x) is a solution of the Cauchy problem for a non-linear, diffusion
equation

=1 (4.2)

2(t,x,y) = P(t, z) + eu (

¢t:>\(D2¢)7 (O7T>XO
Y=g, {t=0}x0. (4.3)
=0, (0,7) x 00

We shall also see that A = A(A) and z — u(x; A) together satisfy the PDE
max {\ — tr (A + AD*uA + (z + ADu) ® (z + ADu)) ,|Du| — 1} =0, z € R" (4.4)

for each A € S(n).
Our first theorem is

Theorem 4.0.1. (Solution of the eigenvalue problem) For each A € S(n), there is a unique
A = A(A) such that (4.4) has a viscosity solution satisfying

m ul) = 1. (4.5)

|z|—o0 ]93\
Moreover, associated to M\(A) is a convex viscosity solution u satisfying (4.5).

It follows from Theorem 4.0.1 that the eigenvalue problem associated to the PDE (4.4)
has a well defined solution A : §(n) — R. Using this function A and making some technical
assumptions, we establish the following theorem, which is the main result of this chapter.

Theorem 4.0.2. (Convergence of solutions) Assume the following technical conditions:

(i) There is a function v € C([0,T] x O) such that for each closed interval I' C (0,T)
and each compact O' C O

Ii “(t,z,y) —¥(t,x)| = o(1), 0t,
;gm£%OV(xw U(t,x)| =o(1), as n—
Vely|<n
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(i) X is continuous and monotone non-decreasing, and

(1ii) when det A # 0, there is a conver solution u € C*(R™) of (4.4) with eigenvalue \(A)
that satisfies (4.5),

Then 1 is the unique viscosity solution of (4.3).

In section 4.1, we study the eigenvalue problem in detail. After showing the eigenvalue
problem has a unique solution, we deduce important properties of A in section 4.2. In
section 4.3, we prove Theorem 4.0.1. Finally, in section 4.4, we present a multi-asset option
pricing model and pose a problem analogous to the single-asset problem solved by G. Barles
and H. Soner [2]. Before we undertake this work, we shall perform some important formal
computations that will guide our intuition for analyzing z¢ for e small.

4.0.2 Formal asymptotics

Here we give a step-by-step formal derivation of how we arrived at the PDE [equation
(4.3)] for the limit ¢ and the PDE [equation (4.4)] arising in the eigenvalue problem. These
heuristic calculations are arguably the most important part of our work since the techniques
we later use are founded on these results. These computations are based largely on section
3.2 of [2].

Step 1. |D,z| < /¢, so we expect lim._o+ 2¢ to be independent of y. This observation
leads to the choice of ansatz

2w, y) =Yt o) + eu(at (X, 2, y)),

for € small. Here ¢, v and x¢ are yet to be determined. Using this ansatz, we formally
calculate

zy & P+ eDu(xf) -z
D,z* e(Dyz) Du(z°)
D,z D + e(Dya) Du(z¢)
D2z ~ D*)+e((Dya) D*u(z) Doz + D22 - Du(xf))

Q

Q

2.€ € € € T4 —
where (Dgz - Du(x9)),; == a5, - Du(z), 1,7 =1,...,n.

Step 2. We also observe that since
€l(D,*) Du(a)| = |D,=| < Ve,

z¢ (and its derivatives) should probably scale at worst like 1/y/e. With this assumption, we
calculate
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1
I° = z — <Azze + Z‘D‘TZ& + y|2)

Dy +y

e + (vVeD,x%) Du(z°)

Y — Atp —

Q

|

tr (v/eD,a)' D*u(z)v/eDyat) + ‘

Q

WPy — tr [D2¢ + (VeD,x%) ! D*u(z) /e Dyt +

Step 3. Notice that

This basic observation and the above computations lead us to choose the new “variable

xL_Dw+y
e

7

and the new “parameter”
A = D*).
We further postulate that there is a function A such that
Step 4. With the above choices and postulate,
I° ~ A(A) — tr (A+ AD*u(2)A + (2° + ADu(a) @ (z° + ADu(z)))
and also
|Du(z)| < 1.

Since

max{I¢,|D,z| — e} =0,
we will require that u and A\(A) satisfy

max {\ — tr (A + AD*uA + (z + ADu® (z + ADu) ,|Du| —1} =0
for z € R™. Since limy|_. 2°(¢, 2, y)/|y| = V€, we additionally require
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lim M =1.

In summary, we have the following (non-linear) eigenvalue problem:

For A € §(n), find A € R and u : R" — R satisfying
max {\ — tr (A + AD?*uA + (x + ADu) ® (z + ADu)),|Du| —1} =0, z € R®
lim‘x|ﬂoou($)/|$| =1

If we can solve the above eigenvalue problem uniquely for a monotone function A\, we
have the solution of the PDE (4.3) as a candidate for the limit of 2¢ as ¢ — 07. We remark
that, philosophically, the procedure we described above is similar to the formal asymptotics
of periodic homogenization. In analogy with that context, A plays the role of the effective
Hamiltonian, and the eigenvalue problem plays the role of the cell problem [19, 10].

4.1 Analysis of the eigenvalue problem

In this section, we prove Theorem 4.0.1 which we restate for the reader’s convenience.

Theorem 4.1.1. For each A € S(n), there is a unique A = A\(A) such that equation (4.4)
max {\ — tr (A + AD*uA + (z + ADu) ® (z + ADu)) ,|Du| =1} =0, z € R"
has a viscosity solution satisfying (4.5)

m le.

Moreover, associated to \(A) is a convex viscosity solution u satisfying (4.5).

Notice that the above statement is a non-linear version of Theorem 3.0.1, the main result
of the previous chapter. To our good fortune, many of the methods we used in Chapter 3,
can be used for the above eigenvalue problem. We highlight the differences and omit proofs
where similar arguments have already been made. First, we give a definition that will allow
for clear statements below.

Definition 4.1.2. u € USC(R") is a viscosity subsolution of (4.4) with eigenvalue A € R if
for each xo € R,

max {\ — tr (A + AD?*p(x0)A + (zo + AD¢(x0)) ® (zo + ADp(x0))) , |D(x0)| — 1} <0,
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whenever u — ¢ has a local maximum at xo and ¢ € C*(R"). v € LSC(R"™) is a viscosity
supersolution of (4.4) with eigenvalue p € R if for each yo € R",

max {A — tr (A4 + AD*)(y0) A + (yo + ADY(%0)) ® (yo + ADY(y0))) [ D¥(yo)| — 1} > 0,

whenever v —1 has a local minimum at yo and ¢ € C*(R"). u € C(R") is a viscosity solution
of (4.4) with eigenvalue A € R if its both a viscosity sub- and supersolution of (4.4) with
eigenvalue \.

4.1.1 Comparison principle

We start our treatment of the eigenvalue problem by establishing a fundamental compar-
ison principle that will allow us to compare eigenvalues associated to sub- and supersolutions
of (4.4).

Proposition 4.1.3. Suppose u is a subsolution of (4.4) with eigenvalue A\ and that v is a
supersolution of (4.4) with eigenvalue . If in addition

lim sup M <1 < liminf @ (4.6)

jal—oo | jal—o0 ||
then A < p.

Proof. Let us first assume that u,v € C*(R"). Fix 0 < € < 1 and set
w(z) = eu(r) —v(x), ze€R"™
By (4.6), we have that lim,_., w*(z) = —00, so there is z. € R™ such that

w(ze) = sup w(x).
TER™

Basic calculus gives
0 = Dw(z) = eDu(z.) — Dv(x,)
0 > D*w(z.) = eD*u(z.) — D*v(x,)

Note in particular that
[Dv(ze)| = e[ Du(ze)| < e <1,

and since v is a supersolution of (4.4) with eigenvalue
p—tr (A+ AD*v(z)A+ (ze + ADv(z.)) ® (z. + ADv(x.))) > 0.

As w is a subsolution of (4.4) with eigenvalue A,
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IN

tr [(e — 1)A + A(eD*u(z.) — D*v(z,))A

+e(ze + ADu(z,)) ® (z. + ADu(z,)) — (x. + ADv(z,)) ® (e + ADv(z,))]
tr[(e — 1)A + e(x. + ADu(z.)) ® (z + ADu(x.))

—(ze + eADu(z.)) ® (x. + eADu(z,))]

tri(e —1)(A+z. ®@x) + €(1 — ) ADu(z.) @ ADu(x.)]

(e — DtrA + (1 — €)|ADu(z,)|?

(e — D)trA + (1 — €)| AP

EN— L

IN

IN A

We conclude by letting e — 17. We can now argue as we have previously (in, say, Proposition
3.1.2) to make the formal argument above rigorous. O]

Corollary 4.1.4. For each A € S(n), there can be at most one X\ such that (4.4) has a
solution u satisfying (4.5).

4.1.2 Approximation
To approximate the values of a potential eigenvalue, we study the PDE
max {0u — tr (A 4+ AD*uA + (z + ADu) ® (x + ADu)),|Du| — 1} =0, z € R* (4.7
for 6 > 0 and small, and seek solutions that satisfy growth condition (4.5)
u(z
Tim. ’<T|> 1

The goal is to show that the above PDE has a unique solution us and that there is a sequence
of § — 07 such that dus(0) — A(A). Moreover, that we hope that us — us(0) converges to
a solution w of (4.4). First, we address the question of uniqueness of solutions of (4.7). As
this can be handled similar to the comparison principle for eigenvalues, we omit the proof.

Proposition 4.1.5. Suppose u is a subsolution of (4.7) and that v is a supersolution of
(4.7). If in addition

then u < .

Corollary 4.1.6. For each A € S(n), there can be at most one solution of (4.7) satisfying
(4.5).

To establish uniqueness, we need sub- and supersolutions with the appropriate growth
as |r| — oo.
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Lemma 4.1.7. Fiz 0 < < 1.
(i) There is a universal constant K > 0 such that

w(z) = (Jz| — K)" + %, r e R" (4.8)

is a viscosity subsolution of (4.7) satisfying the growth condition (4.5).
(i1) There is universal constant K > 0 such that

1).2
a(z) = % + {ilf'_% :i: ; 1 , z€R" (4.9)
is a viscosity supersolution of (4.7) satisfying the growth condition (4.5).
Proof. (i) Choose K > 0 such that

(|o] = K)* < (Jz[ = [A])*, @ €R"
As W is convex and as Lip(u)=1, if (p, X) € J>Tu(x)

Ip) <1 and X >0.

Hence,

du(zg) —tr (A+ AXA+ (xg+ Ap) ® (zo + Ap)) (|zo| — K)t — trA2X — |z + Ap|?

(lzol = K)" = (lzo| — [A])*
0.

IA A IA

Thus u is a viscosity subsolution.
(77) Choose
K = ‘mlzixtr [A+ A%+ (I, + A)z @ (I, + A)z]
x|<1
and assume that (p, X) € J> u(xg). If |zo| < 1, @ is smooth in a neighborhood of z and
ﬂ(l’o) = % + @
Du(xg) =xz0=1p
D%u(xo) = I, = X
Therefore,
5u(zo)—tr (A+ AXA+ (o + Ap) @ (zo + Ap)) > K —tr [A+ A* + (I, + A)zo ® (I, + A)xo] >0,
which implies
max {0u(zg) — tr (A+ AXA+ (2o + Ap) @ (xo + Ap)) , | Du(xg)| — 1} > 0. (4.10)

Now suppose |zo| > 1. u € C'(R"), so p = Dii(zy) = zo/|xo| and in particular |Du(xg)| = 1.
Thus (4.10) still holds, and consequently, @ is a viscosity supersolution. O
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As the existence of a unique viscosity solution now follows directly from Theorem 1.2.10,
we also omit the proof.

Theorem 4.1.8. Fiz 0 < 6 < 1. There is a unique viscosity solution u = us of the (4.7)
satisfying (4.5).

A fundamental property of the solution us that we deduce below is that it is convex.
Many other properties of us will be derived directly from this property. The method proof
is virtually the same as Lemma 3.3.2 in the previous chapter, so we only give a formal
argument.

Proposition 4.1.9. us is convex.

Proof. 1. We assume u € C*(R™) and for ease of notation, we write u for us. Fix 0 < e < 1
and set

x,y € R".

(o) = eu

We aim to bound C¢ from above and later send € — 1™
2. As in the proof of Lemma 3.3.2, there exists (z., y.) maximizing C¢. At this point,

T+ y) ~u(@) +u(y)
2 2 ’

€ € 1
0= Dxce(wmye) = EDU <x Y ) - —DU(.’EG)

2 2 2
and )
¢ € Te + Ye
Thus,

eDu (""”’ ; ye) — Du(z.) = Du(y,).

Also observe that v — C*(x. + v,y + v) has a maximum at v = 0 which implies

0> €D2u Te + Ye . Dzu(xe) + D2u(y€)
- 2 2 '
Since,
|Du(z.)| = |Du(y.)| = ¢ | Du (”“" ; y) ‘ <e<l.
we have

du(z) — tr (A+ AD*u(2)A+ (2 + ADu(z)) ® (z + ADu(2))) =0, 2z =z, Y.
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Set z. = (ze + ye)/2, pe = Du(z.), and notice

IC(x,y) < IC(xe,ye)
C(metum | Su(ed + uly)
= edu ( 5 ) - 5
etr (A + AD*u(2)A + (2 + ADu(z)) © (ze + ADu(z)))

IN

—%tr (A+ AD*u(z)A+ (zc + ADu(.)) ® (zc + ADu(z.)))
5t (A + AD%u(y) A + (y. + ADu(y) @ (y + ADu(y.)))

= (e—1)trA +tr [A (GDQU(ZJ - Dl DQU(%)) A}

2
s 1 s 1 2
+e|ze + ADu(z)|* — §|xE + ADu(z.)|” — §|yE + ADu(y.)|

IN

1 1
(e — )trA + €|z + Ap|* — §|m€ + eAp)?* — §|y€ + eAp.|?

(e—1)
9 (‘x6|2+ ’ye’2)+6<1_6>|‘4p6|2

< (e—DtrA+e(1 —e)|AP

= (e—1Dtrd+

for each x,y € R™. We conclude by sending ¢ — 17. O
Aleksandrov’s Theorem [12] now implies the following corollary.
Corollary 4.1.10. u; is twice differentiable at (Lebesgue) almost every point in R™.
Since ug is convex and us < @ given by (4.9), we expect
dus — tr (A + AD’usA + (x + ADus) @ (x + ADug)) < dus(x) — trA — |z + ADus(z)]?

K+ |z| — trA = (| - |A])°

<
< 0

for all = large enough and § € (0,1), where K is the constant in (4.9). In other words, if
|Dus(x)| < 1, then |z| < C for some C independent of § € (0,1). The appropriate statement

in terms of jets is given below, and the proof is omitted as it is very similar to Corollary
3.3.4.

Corollary 4.1.11. There is a constant C' = C(A) > 0, independent of 0 < 6 < 1, such that
if x| > C and p € J""us(z), then |p| = 1.

Corollary 4.1.12. There is a constant C' = C(A) > 0, independent of 0 < 6 < 1, such that

us(x) = min {us(y) + [z —y[}, z € R™ (4.11)
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Proof. Choose C such that
K+ |z| —trA — (|z| — |A])* <0 for |z| > C,

where K is the constant appearing in the definition of @ in equation (4.9). Also set v to be
the right hand side of (4.11). As Lip|us] < 1,

Uy < v

and v = ug for |z| < C.

It is clear that Lip[v] < 1, and it is also straightforward to verify that as us is convex, v
is convex, as well. Now let (p, X) € J>Tv(zg). If |zo| < C, the v = us is a neighborhood of
zo and so

max {dv(xg) — tr (A + AXA+ (xo + Ap) ® (o + Ap)) , |Dv(xg)| — 1} < 0.
If |zo| > C, then by the convexity of v

dv(zg) —tr (A+ AXA+ (x0+ Ap) ® (2o + Ap)) §v(wg) — trA — | + ADp)|?
0(u(0) + |zol) — trA — (|| — | A])*
K + |zo| — trA — (Jzo| — |A])?

0,

VAN VAN VANRVA

while we always have |p| < 1. Therefore, v is a subsolution of (4.7), and consequently
v < Ug.

]

Towards establishing an important lower bound on ugs, we first observe that us has its
global minimum value at x = 0.

Proposition 4.1.13. 0 € Jus(0), and in particular us achieves its minimum value at x = 0.

Proof. By Theorem 4.1.8,
us(r) = us(—x), = €R"

as x — us(—x) satisfies (4.7) and (4.5). If us is differentiable at « = 0, then Dus(0) = 0. By
convexity,
us(x) > us(0) + Dus(0) - v = us(0), =€ R™

In general (not assuming differentiability at = 0), we write u = us and set

wle) =i ule) = [ o @ua - p)dy, v R
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where 1 € C* is the standard mollifier. Recall ¢ is radially symmetric, is supported in the
ball B., and satisfies [n° = 1 for all € > 0. As u is continuous, u¢ — u locally uniformly
as € — 07. One checks that u¢ is convex and also that u(z) = u(—x). From our remarks
above, we conclude uf(x) > uf(0) for x € R™. Sending ¢ — 07, gives u(z) > u(0) for all
x € R™. [l

We conclude this subsection by establishing an crucial lower bound on wugs; this lower
bound is key to establishing the existence of an eigenvalue.

Corollary 4.1.14. There is a constant C' = C(A) > 0, independent of 0 < 6 < 1, such that

us(z) > us(0) + (|z| = C)", = € R™.

Proof. By above proposition us(z) > us(0) for all z € R™ and so the claim follows directly
from Corollary 4.1.12. O]

4.1.3 Convergence of scheme

We assume that A is a fixed n X n symmetric matrix and will now establish the existence
of a unique eigenvalue A(A). Proposition 4.1.3 asserts uniqueness, so all that is left to prove
is the existence of an eigenvalue. To this end, we will use the estimates we have obtained on
the sequence of solutions us:

(l2] = K)* + %2 < us(x) < 5+ af
|us () — us(y)| < |z —yl
us ((z+y)/2) < (us(x) + us(y))/2,

for x,y e R" and 0 < 9§ < 1.
Define

)\5 = 5U5<0)
vs(z) = us(x) — us(0)
Notice that
trA S /\5 S K

and v satisfies

|vs(z)| < |z
|Dvs(x)] < 1

for x € R™. We are now in a good position to prove the following lemma, which will complete
the proof of Theorem 4.0.1.
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Lemma 4.1.15. There is a sequence 0 > 0 tending to 0 as k — oo, AM(A) € R, and
u* € C(R™) with Lip[u*] <1 such that

{)\(A) = limyoo As,

— u* in locally uniformly as k — oo

(4.12)

U(;k

Moreover, u* is a conver solution of (4.4) with eigenvalue A\(A) that satisfies the growth
condition (4.5).

Proof. The convergence assertion follows from an argument very similar to the proof of
Lemma 3.5.1. It also follows easily from convergence assertion that u* satisfies the PDE

max {A\(A) — tr (A + AD*u*A + (z + ADu*) ® (z + ADu")) ,|Du*| — 1} =0, z € R"

in the sense of viscosity solutions. As |u*(z)| < |z| for all x € R",

By Corollary 4.1.14, for all |z| sufficiently large
vs(z) = us(z) —us(0) > |x| — C,

for some C independent of 0 < § < 1. Thus,

and so u* satisfies (4.5). O

4.2 Properties of the eigenvalue

In view of Theorem 4.0.1, the solution of the eigenvalue problem defines a function that
we shall denote A : §(n) — R. We will establish a few important properties of this function.
Our basic tool will be the comparison principle. Our first result is a direct consequence of
this principle.

Proposition 4.2.1. Let A € S(n) and assume that A\(A) is the solution of the eigenvalue
problem associated to equation (4.4). Then

AMA) = sup {)\ € R : there exists a subsolution w of (4.4) with eigenvalue A,

satisfying lim sup M < 1.} (4.13)
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and

A(A) = inf {,u € R : there exists a supersolution v of (4.4) with eigenvalue p,
satisfying lim inf ia:) > 1.} (4.14)

The above formulae, manifestations of the comparison principle, will be used below to
establish bounds on the eigenvalue by what we call “min-max” formulae. Our hope is that
the eigenvalue itself is given by these min-max formulae, and in the future, they will help us
deduce the behavior of the eigenvalue function A as A varies. We also use formulae (4.13)
and (4.14) to show that there are monotone non-decreasing upper and lower bounds for \; we
believe that A itself is monotone non-decreasing and view these bounds as positive evidence
for this conjecture.

4.2.1 Min-max formulae

In this subsection, we prove

Proposition 4.2.2. For A € §(n), set

A_(A) = sup {g;ien]an tr[A+ AD*¢(z)A+ (z + AD¢(z)) @ (z + AD¢(x))] :

6 € CHRY).IDOl <1} (4.15)

and

A (A) = inf {Dds)(ul)o|<1 tr[A+ AD*¢(2)A + (z + ADY(z)) ®@ (x + ADy(z))] :

(RS CQ(R”),liminfM > 1} . (4.16)

Then
A-(4) < AA) < A (A).

Moreover, if there is a C*(R™) subsolution of (4.4) with eigenvalue M\(A), then A\_(A) = A\(A);
and if there is a C*(R™) supersolution u of (4.4) with eigenvalue A\(A) satisfying

lim infM >1 (4.17)

then AM(A) = A, (A).
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Proof. (A\_ =) Fix A € S§(n), let ¢ € C? and suppose that |D@| < 1. Now set

p?(A) == inf tr [A+ AD*¢(z)A+ (z + AD¢(z)) ® (x + AD¢(x))] .

z€eR™

If u?(A) = —oo, then p?(A) < A(A); if u?(A) > —oo, by the assumptions on ¢ and the
definition of u?®(A)

max{u?(A)—tr [A+ AD*¢(z)A+ (z + AD¢(z)) @ (x + AD¢(z))] , |Dé(z)|—1} <0, = € R™.
By (4.13), we still have u?(A) < A(A). Thus,
A_(A) = sup p(A) < A(A).
If there is C*(R™) subsolution u of equation (4.4) with eigenvalue A\(A), then
A(A) < p(4) < A_(4).
(A+ =) Again fix A € S(n). Now let ¢ € C? satisfy liminf|,_, ¢(z)/|z| > 1 and set

™ (A) == lDi}l}))Kl tr [A+ AD*Y(z)A+ (z + ADY(2)) @ (xz + ADy(x))] .

If 7¥(A) = +oo, then 7¥(A) > A(A); if 7¥(A) < +o0, by the assumptions on ¢ and the
definition of 7¥(A)

max{7¥(A)—tr [A + AD*¢(2)A+ (z + ADY(2)) ® (x + ADY(z))] , |D¢(z)|-1} > 0, z € R™.
By (4.14), we still have 7¥(A) > A(A). Hence,
Ay (A) =inf79(A) > \(A).

If there is C*(R™) supersolution u of equation (4.4) with eigenvalue A\(A) satisfying (4.17),
then
AA) > 7(A) > A, (A).

4.2.2 Monotone upper and lower bounds

In this subsection, we establish the following proposition.

Proposition 4.2.3. There are monotone non-decreasing functions A\, \ : S(n) — R such
that
AA) < A(A) < M(4), A€ S(n).
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A much sharper result has already been established in dimension n = 1 by G. Barles and
H. Soner [2]. Specifically, they showed that the eigenvalue problem associated to the ODE

max{\ — (A + A% + (z + Au')?), |u/| =1} =0, z€R (4.18)

has a unique solution A : R — R that is monotone increasing and continuous. Moreover,
associated to A\(A) is a solution u = u(- ; A) € C'(R) that satisfies

ue) g,

Furthermore, when A # 0, u(- ; A) € C?(R). We will need the following variant of this result
for our purposes.

Lemma 4.2.4. (solution of the 1D eigenvalue problem)
(i) For each A € R and o > 0, there is a unique A = A\ (A, a) € R such that the ODE

max{\ — (A + A% + (z + Au')?), |u/| —a} =0, z€R (4.19)
has a solution u = uy (- ; A, a) € C(R) satisfying

m uz) =a. (4.20)

When A # 0, u(- ; A, a) € C*(R).

(i) The function A — X\ (A, «) is continuous and monotone non-decreasing for each o > 0.

Proof. Let A : R — R be the solution of the eigenvalue problem associated to the ODE
(4.18), with solution u = u(-; A) for each A € R as described above. It is easy to check that

ui(z; A, a) = u(az;a’A), z€R

is a solution of (4.19) with eigenvalue

M(A a) =

that satisfies (4.20). The uniqueness of A; follows from the same ideas used to prove Propo-
sition (4.1.3). O

We shall use A\; to design A and A in Proposition (4.2.3). Our main tool will be the
comparison principle, and in particular, formulae (4.13) and (4.14). First, however, we will
perform a change of variables and rewrite (4.4). For a given A € S(n), we may write

A= PAP!



where P'P = I, and
ai
5)

an

Note that

trA = i a;,
i=1

trAD*uA = tr[PAP'D*uPAP"]
= tr[AP'D*uPA]
tr[A* P! D*uP]
= Za?(PtDzuP)ei-ei

i=1
n

= Z a?D*uPe; - Pe;

=1

n

_ E : 2
- ; Upe;,Pe; 5

i=1
and

tr(z + ADu)(x + ADu) = |z + ADul?
= |PP'z + PAP'Dul?
= |P'z + AP'Dul?

= Xn:(a: - Pe; + azupe,)*.
i=1
Making the change of (independent) variables
y= Pz, =Py
and the change of (dependent) variables
v(y) = u(Py), u(z)=v(P'z), z,yeR",

we have that if

max{\ — tr [A + AD*u + (z + ADu) ® (z + ADu)] , |Du| — 1} =0,

r e R
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(4.21)
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then .
max{\ — Z (ai + vy, + (yi + aivyz.)Q) J|Dv| =1} =0, yeR"™
i=1
The above PDE is closely related to the equation

n

max {\ — (ai + a?vyiyi + (yi + aivyi)Q) oy — 1} =0, yeR",

1<i<n
i=1

which has the separation of variables solution

A= ZAI(ai’ 1) and w(y) = Zul(yi;ai, 1), yeR™
i=1 i=1

These computations motivate the following lemma.

Lemma 4.2.5. Let A € S(n) and assume that A = PAP" where P'P = I,, and A is given
by (4.21).
(i) Set

A= Z/\l(ai; 1/v/n) and wv(y) == Zul(yi;ai, 1/v/n)

where Ay and uy are the solutions of (4.19) as described in Lemma 4.2.4. Then u : x
v(P'z) is a subsolution of (4.4) with eigenvalue \.

(ii) Set
A= Z)\l(ai, Vvn) and v(y) = Zul(yi;ai, Vn)

where Ay and uy are the solutions of (4.19) as described in Lemma 4.2.4. Then u : x
v(P'z) is a supersolution of (4.4) with eigenvalue \ satisfying

lim inf 2% > 1 (4.22)
Proof. We prove the case where det A # 0, so that uy(+;a;,-) € C*(R) for i = 1,...,n. The
general case follows analogously.
(7) By assumption, v is a solution of the equation

n 1
2 2 n
gfg}fz{A_ El (ai—i—aivyiyi +(yi—|—aivyi) ),|in| — _\/ﬁ} =0, yeR"

n

tr [A+ AD*u+ (z 4+ ADu) ® (z + ADu)| = Z (a; + ajv

2
—YilYi + (yi + aiyyi) ) ’

=1



and
|Du(x)| = |PDuy(P'z)|
= |Dy(P'z)|
t
< \/ﬁlrg%!yyi(PxN
1
< Vn——

NG

= 1,
we have that
max{\ — tr [A + AD’u+ (z + ADu) ® (z + ADu)],|Du| — 1} <0, =z €R"

Thus w is a subsolution of (4.4) with eigenvalue \.
(77) By assumption, v is a solution of the equation

max {/\ — Z (ai + a?vyiyi + (yi + aivyi)2) vy | — \/ﬁ} =0, yeR"
i=1

1<i<n

Notice that

tr [A+ AD*U + (z + ADU) ® (z + ADW)] = > _ (a; + a;Ty,y, + (vi + aivy,)?)

i=1
and

\Du(x)] = |PDu(P')|
= |Do(P'z)]
1

_ — t
T 2 [0y, (Pr),

v

which of course implies

Vi (IDT()| = 1) > max vy, (P'a)| = v/n.
It follows that
max{\ — tr [A+ AD*u+ (z + ADu) ® (z + ADu)],|Du| — 1} >0, =z €R"

Since,

u(r) N 7(y) > Z?zl ur (35 ;)

lz| |yl T Vrmaxici<n |yl

78



where y = P'z, and

we have

Hence, 7 is a supersolution of (4.4) with eigenvalue A that satisfies (4.22).

Corollary 4.2.6. Set

AA) = trA (A, 1//n)
and

MA) := tra (A, /n).

for A€ S(n). Then B
ASAZA

Proof. For A = PAP! where P'P = I, and A is given by (4.21), we have
trA (A, 1/v/n) =) Ai(ai, 1/v/n)
i=1

and

tI')\l A \/_ Z)\l CL“
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Therefore, this corollary follows directly from the above lemma and formulae (4.13) and

(4.14).

]

Finally, Proposition 4.2.3 is established by the following proposition which is proved in

Appendix A.

Proposition 4.2.7. Let f € C(R) be monotone non-decreasing. Then S(n) > A w— trf(A)

is monotone non-decreasing with respect to the partial ordering on S(n).

4.3 Passing to the limit

This short section is dedicated to the proof of Theorem 4.0.2 which we restate below.

Theorem 4.3.1. Assume the following technical conditions:



80

(i) There is a function v € C([0,T] x O) such that for each closed interval I' C (0,T)
and each compact O' C O

li “(t —(t =o(1 0"
eil(% (t,zr)léé}?ia ‘Z ( ,x,y) W ,x)| of )’ 881 =
Velyl<n

(i) X is continuous and monotone non-decreasing, and

(iii) when det A # 0, there is a convex solution u € C*(R™) of (4.4) with eigenvalue \(A)
that satisfies (4.5),

Then 1 is the unique viscosity solution of (4.3).

We adapt the perturbed test function method of L. C. Evans [9] and some aspects of the
convergence proof given in the work of G. Barles and H. Soner [2]. We will make use of the
following technical lemma, which is proved in Appendix B.

Lemma 4.3.2. Assume m > 1, U C R™ is open, and for each 0 < e <1, u¢ € C(U x R").
Moreover, suppose that that for each compact U' C U

u(z,y)
yl—oo |y

=—1

uniformly in 0 < e <1 and in x € U’ and that

I ‘ =o(1
Jim - max |u*(z,y)| = o(1)

Velyl<n

as n — 0%. Then there is a sequence of positive numbers €, tending to 0, as k — oo, such
that

U3 ax— sup u™(x,y)
yeR™

converges to 0, as k — oo, locally uniformly in U.

Proof. (of Theorem 4.0.2) 1. First assume that ¢» — ¢ has a local maximum at some point
(to, o) € (0,T) x O. We must show

Gy (to, 1) — M D*¢(tg, 20)) < 0. (4.23)

By adding & — £|z — 20|* to ¢ and later sending p — 0%, we may assume that (o, zo) is a
strict local maximum point for ¢ — ¢ and that

det D2¢(t0, l’o) 7£ 0.
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We fix § > 0 and set

( x) == (1+6)2D%(t,x)
A( )
w( 7, )—¢(t 2) + eu (°0(t, 2, ); Ao)

for (t,z,y) € (0,T) x O x R". We are assuming that u is a convex, C*(R™) solution of (4.4)
with eigenvalue A\(Ap) that satisfies (4.5).
2. Tt is easily verified that

1.— €,6 t — t < (1 0
efﬁwamg%¥w0‘¢ (t,z,y) — o(t,x)| < (1+0)n
Velyl<n

and 5
lim (b ’ (tv x, y) - (b(t? II?)
lyl—o0 Velyl

uniformly in € € (0,1] and in (¢,2) € [0,7] x O. Therefore, the hypotheses of Lemma 4.3.2
are satisfied with

=1+

m:=n-+1
U:=(0,T)x O
u(t,x,y) =5 {(z° = ¢)(ta,y) — (¥ —9)(t,2)}, (t,z,y) €U xR

Consequently, there is a sequence € — 0% tending to 0 such that

sup (2 — ¢°°) — ¥ — ¢

yeR™

locally uniformly on (0,7) x O. As 9 — ¢ has a strict local maximum at (%o, x¢), there is a
sequence of €, > 0 tending to 0, as k — oo, and a sequence (ty, zx) € (0,7) x O such that

(tkwrk) - (t0,$0)7 as k — oo
SUP,cpn (2% — ¢%?) has a local maximum at (ty, zy), k € N

Moreover,
lim (ZEk - ¢€k76)(tka Tk, y)

lyl—o0 Verly|

which implies there is a sequence (yx)r>1 C R such that

= —5,

y = (2% — %0 (ty, Tk, y)
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has a maximum at y, for each k € N. It is readily verified that (fx, g, yx) is point of local
maximum for z% — ¢+, for k € N.
3. Since, z¢ is a subsolution of the eikonal equation

|Dyz| = Ve

and ¢° € C%((0,T) x O x R"), we have at the point (¢, Tx, ys)

Dy’ < Ve
Thus

|Du($€k’5)| < |1+ 5)Du(xe’“’5)|
P 1 €k76
- \/a|,/ek(1—|—(5)Du(x )|
1
— D €150
\/a| y¢ |

1.

IN

Hence,

|zek%| < C
)\(Ao) — tr[Ao + A()DQ'LL(.T%’(S)AO + ($€k’6 + AoDU(fﬁek’(s)) X (376’“’6 -+ AoDU($6k76>>] =0

for all £ > 1. Computing as we did in subsection 4.0.2 we arrive at

o
v

1
w0 (Beot o LD )
k
o (t, o) + o(1)

1 tr[AO +A0D2u(l‘ﬁk’6)z40 + (xexg,é +A0Du(x€k,5>) ® (IE’“’(S —l—AODU(IE’“’é))]

(14 6)?
1
¢t<t0, I()) — m)\ (A()) + 0(1)

ﬁA (1+8)°D6(to, 20)) + o(1)

Vv

= P(to, z0) —

as k — oo. Therefore, we let k — oo and then 6 — 07 to conclude (4.23).
4. Now assume that 1) — ¢ has a local minimum at some point (g, zo) € (0,7) x O. We
must show

qbt(t(), ZL‘Q) — )\(DQQb(tQ, 270)) Z O (424)
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By subtracting z — 2|z —xo|* from ¢ and later sending p — 0T, we may assume that (to, zo)
is a strict local minimum point for ¥ — ¢ and that

det D2¢<t0, (L’()> 7é 0.
We fix § € (0,1) and set

AO = 14(S to,xo)
(¢, @, y) = (1 — §) PP
¢ (t,z,y) = P(t, x) +eu( At x,y); AO)

for (t,z,y) € (0,T) x O x R". We are assuming that u is a convex, C?(R") solution of (4.4)
with eigenvalue A\(Ap) that satisfies (4.5).
5. It is easily verified that
im — max [¢°°(t,2,y) — ot )| < (1—d)n

e—0t (¢,2)€(0,T)xO
Velyl<n

and 5
lim ¢7 (t,x,y) —¢(t,$)
[yl—o0 Velyl
uniformly in € € (0,1] and in (¢,z) € [0,7] x O. Therefore, the hypotheses of Lemma 4.3.2
are satisfied with

—1-96

m:=n-+1
U:=(0,T)x0
u(t,,y) =5 {=( = o)tz ) + (@ — @)t x) ), (tx,y) €U xR

Consequently, there is a sequence of € — 0T such that

inf (€~ ¢°°) — ¥ — ¢

yeR?

locally uniformly on (0,7") x O. As 9 — ¢ has a strict local minimum at (o, zo), there is a
sequence of positive numbers € tending to 0, as k — oo, and a sequence (tx, zx) € (0,7) x O
such that

(tk, zx) — (to, o), as k — 00
inf,epn (2% — ¢°) has a local minimum at (g, xx), k € N

Moreover,

lim (2% — ¢%°) (t, T, y)

=+,
lyl—o0 NG
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which implies there is a sequence (yx)r>1 C R™ such that

Y (2% — %) (th, 71, )

has a minimum at y; for each k € N. It is readily verified that (¢, xy,yx) is point of local
minimum for z% — ¢*°, for k € N.
6. As u € C*(R"), we have at the point (tx, Tx, yr)

Dy = |(1 = 0)y/exDu(z™?)]
< (I-d0)Ve
< Ve

Since 2 is a viscosity solution of (4.1) and ¢%° € C%((0,T) x O x R"), we compute as in
subsection 4.0.2 to get

o
IN

1
- (Axaﬁf’“‘s + E—\Dxdf’“é + yk|2)
k
G4 (tr, x1) + o(1)
1
(1— 5>2tr[A0 + AgD*u(x%°) Ay + (%0 + AgDu(x%°)) @ (x° + AgDu(z*))]

¢t (tk7 xk) -

IN

IN

1

= ¢(to, o) — ﬁx ((1 — 0)2D%(to, xo)) +o(1)

IN
&
=
S
8
(=]
~—

as k — oo. We conclude (4.24) by first letting & — oo and then 6 — 0.
7. Uniqueness of solutions of the PDE (4.3) follow from our assumptions that A is

continuous and monotone (elliptic). See section 8 of the reference [6] for a proof of this
fact. O

4.4 Financial application

We close this chapter by presenting a multi-asset version of the Davis, Panas, Za-
riphopoulou (DPZ) option pricing model. In this setting, we consider the analog of the
limit discovered by Barles and Soner. We show that the analogous limit again amounts to
understanding a limit of a sequence of solutions of a non-linear PDE very similar to the one
considered in this paper. However, new technical issues arise and our methods seem to be
just short of handling these issues. Nevertheless, we formulate a very reasonable conjecture.
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4.4.1 Option pricing model

We consider a Brownian motion based financial market consisting of n stocks and a money
market account (a “bond”) with interest rate » > 0. The stock is modeled as a stochastic
process satisfying the SDE

dP'(s) =Y 0y P'(s)dW(s), s>0, i=1,...,n

J=1

where (W (t),t > 0) is a standard n-dimensional Brownian motion and ¢ is a non-singular
n X n matrix. We assume each participant in the market assumes a trading strategy which
is simply a way of purchasing and selling shares of stock and the money market account.
Furthermore, in this model we assume that participants pay transaction costs that are pro-
portional to the amount of the underlying stock; the proportionality constant we use is

NG

On a time interval [t, T], a trading strategy will be modeled by a pair of vector processes
(L, M) = ((L*,...,L™),(M",...,M™)). Here L'(s) represents the cumulative purchases of
the ith stock and M*(s) represents the cumulative sales of the ith stock at time s € [t, T]; we
assume L*, M* are non-decreasing processes, adapted to the filtration generated by W, that
satisfy L'(t) = M'(t) =0 for i = 1,...,n. Associated to a given trading strategy (L, M) is
a process X, the amount of dollars held in the money market, and processes Y, the number
of shares of the ith stock held, for © = 1,...,n. These processes are modeled by the SDE

t<s<T.

{dX(S) =rX(s)ds + >0, (=(1+Ve)P(s)dLi(s) + (1 — Ve)P'(s)dM'(s))
dY'i(s) = dLi(s) — dMi(s) i=1,...,n

We assume that for a given amount of wealth w € R, a seller of a European option with
maturity 7" and payoff g(P(T")) > 0 has the utility

Ufw) =1—e /e
and in particular has constant risk aversion

U'(w) 1

U(w) €
If the seller does not sell the option, his expected utility from final wealth is

vl (t,x,y,p) = sup EU(X(T)+Y(T)- P(T)).!

'Here, and below, we are assuming that X (t) = z,Y (t) = y and P(t) = p.
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If he does sell the option, he will have to payout g(P(7T)) at time T, so in this case his
expected utility from final wealth is

ve(t, 2, y,p) = sup EUL(X(T) +Y(T) - P(T) = g(P(T))).

Note that since U, is monotone increasing v¢ < v“/. We define the seller’s price A, as the
amount which offsets this difference (and makes the seller “indifferent” to selling the option
or not)

ve(t,x + A, y,p) = ve’f(t, T, Y, D)

As in the single asset case [8], we expect the following proposition

Proposition 4.4.1. Suppose that v = v¢,v" satisfy the dynamic programming principle:
for each W stopping time T € [t,T)|

v(t,z,y,p) = sup Eo(r, X(7),Y(7), P(7)),
LM
fort € (0,T),r € R,y € R",p € (0,00)". Then v¢,v are viscosity solutions of the PDE

1
Jnax {in — (1 + Ve)pive, —vy, + (1 — Ve)pivg, v + §d(p)aatd(p) . Dzv +7rp- Dpv + m:vx} =0,
o (4.25)
in the regiont € (0,T),x € R,y € R", p € (0,00)" with

v (T, z,y,p) =1 —exp(—(z+y-p—g(p))/e) and v/ (T,z,y,p) =1—exp(—(z+y-p)/e).

Important reductions: (a) To simplify the presentation, we set » = 0. However, this is
done without any loss of generality as the function

T—t)

o(t,x,y,p) = v(t,e " T a,y, e 7T p)

satisfies the PDE (4.25) with » = 0, provided of course that v is a solution of (4.25).
Moreover, 0(T, z,y,p) = v(T, z,y, p).
(b) The main virtue of working with the exponential utility function is that the value

functions typically depend on the z variable in a simple way. Notice that (upon setting
r=0)

XP(s) = x + /: {=(1+Ve)P(s) - dL(s) + (1 = Ve)P(s) - dM(s)}, t<s<T

and so v = v, v/ satisfy
o(t,z,y,p) = L+ e " (o(t,0,y,p) — 1). (4.26)

This is convenient as it reduces the variable dependence of solutions of (4.25).
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4.4.2 The large risk aversion, small transaction cost limit

In order to use the PDE methods to study A., we define 2¢, 25/ implicitly via

vV'=Ulr+y p—2)=1—exp(—(z+y-p—29/e

and

v =U(z+y-p—29)=1—exp(—(z+y-p—27)/e).

In particular, notice that
A, =2 — 257,
Moreover, using (4.26), it is straightforward to check that
z = 2%, 25 are independent of .

Another consequence of this change of variable is that as v¢, v/ are expected to be viscosity
solutions of (4.25), z¢, 26/ are expected to be viscosity solutions of

1 1
{1 5d@lao'dlp) - (D3 + LDz =) @ (D —0)) s,

1<i<n 2

- \/Epz} =0 (4.27)
for t <T,p € R,y € R" with

2(T,p,y) = g(p), and z°/(T,p,y)=0.

Note the resemblance of equation (4.27) with (4.1), the PDE we focused on in this chapter.
A formal application of the maximum principle has

0 <29(t,y,p) < \/Esz|yz|
=1

for all (t,y,p) € (0,T) x R" x (0, 00)". Therefore, we expect that the option price is approx-
imately
A= 26— 280 & 2

as e — 0.
Performing heuristic computations as we did for solutions of PDE (4.1), we find

M) s e 0t

2(t,p,y) = Y(t,p) + eu (d(p) e
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where

Pn

and v is a solution of the non-linear Black-Scholes equation (when r = 0)

Y+ A (d(p)D*d(p)) = 0.2 (4.28)

What’s more is that the non-linearity and function u in the error term for 2¢ together solve
the following corrector problem: for each A € §(n), find A € R and u : R” — R that satisfy
the PDE

1
max {)\ - §tr [o0" (A+ AD*uA + (z + ADu) ® (z + ADu))] , |ug,

1<i<n

— 1} =0, zeR"
(4.29)

Using the methods we presented in this paper, it can be shown that for each A € S(n), there

is a unique A\(A) such that there is a continuous viscosity solution u of the (4.29) satisfying

lim ————=1.
jal =00 D20y [l

This defines the function that appears in (4.4) and will be crucial to rigorously establish the
limit described above.

The methods we have employed must be augmented and strengthened to establish the
analog of the limit established by G. Barles and H. Soner. Two technical issues that now
arise are that 1) the PDE (4.27) has a unbounded domain for the p variable, so appropriate
growth conditions must be required of solutions; and 2) the function determining the gradient
constraint

H(p)= max |pi[ —1, peR
is not uniformly convex (recall the assumptions of Theorem 2.0.1), so we will expect to have
less regularity of solutions of equation (4.29). We hope to resolve these issues in future
research and prove the following conjecture.

Conjecture 4.4.2. Solutions z¢ of (4.1) converge locally uniformly to a viscosity solution
of the PDE (4.28) satisfying the terminal condition (T, p) = g(p), p € (0,00)", as e — 0.

2When 7 £ 0, ¢y + e~ (T=1) ) (er(Tft)d(p)Dgwd(p)) +rp- Dy — ri = 0.
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Chapter 5

Concluding remarks

In this dissertation, we considered three problems involving PDE of the form (1.1)
max { F(D*u, Du, u,z), H(Du)} = 0

where F' is elliptic and H satisfies a monotonicity condition. Regarding the first problem,
we showed the Dirichlet problem associated with the PDE

max{Lu — h(z), H(Du)} =0

is well-posed, where L is a linear, uniformly elliptic operator. Moreover, if H is uniformly

convex, the solution of the Dirichlet problem belongs to Cﬁ)’i .

For the second problem, we proved that there is unique A* € R such that the PDE
max{\ — Au — h(z),|Du| -1} =0, =z €R"
has a solution u satisfying
u(z)

lim ——= =1.
|z|——+o0 |J}|

Moreover, we showed that associated to A* is a convex solution u* belonging to C11(R").
In the third problem, we established under technical assumptions that appropriate limits
(as € tends to 0) of solutions z¢ of the PDE

1
max {zt - (Amz + =D,z + y|2> .| Dyz| — \/E} =0
€
must satisfy a non-linear, parabolic equation of the form

Yy = A (DQ@Z)) .

Moreover, we find that the non-linearity A : S(n) — R is the solution of an eigenvalue
problem associated with the PDE

max {\ — tr (A + AD*uA + (z + ADu) ® (z + ADu)) , |Du| — 1} =0
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where A € S(n).

These PDE arose naturally in mathematical models involving the optimal control of
singular stochastic processes. We regard this work as progress in rigorously interpreting
the PDE that arise in these applications. However, many fundamental questions remain
unanswered about these equations and in general about the PDE in the class (1.1). We close
by discussing some interesting, yet largely unexplored research directions.

Consider the Dirichlet problem associated to equation (1.1):

max { F'(D*u, Du,u,x), H(Du)} =0, x¢€O
u=g, «€00’

where g € C(O), F is fully non-linear and elliptic, and H may satisfy (1.4). What are the
appropriate structural conditions on ¢, F', and H so that the above equation has a unique
(viscosity) solution? In particular, is there an analog for Theorem 2.0.1 in the case where F
is uniformly elliptic and H is uniformly convex? In general, we are asking: how do solutions
of fully non-linear, elliptic PDE behave when a pointwise gradient constraint is imposed?

Next, we inquire about the local geometry of the free boundary associated to (1.1). This
is defined to be the boundary of the set

Q={xeQ:H(Du(z)) <0}.

We ask: what are the local regularity properties of 027 This question is motivated by results
for the PDE
max{Lv — h(z),v — g(z)} = 0.

Here is known that if h and ¢ are sufficiently regular functions, the boundary of the set
Q' ={reQ:vx)<gx)}

is locally the graph of a smooth function (at most points) [4]. A regularity result about 02
may have modeling implications, as well, as optimal controls for singular control problems
can be constructed via reflected diffusions, provide 952 is smooth enough [20] [21].

As a final remark, we mention that it would also be of great interest to design a general
problem involving asymptotic analysis of PDE to which our results on Chapter 3 on eigen-
value problems can be applied. We presented a very involved example of this in Chapter 4,
and we now seek a simple yet interesting model problem for such phenomena. The motiva-
tion for this question is from the theory of periodic homogenization, where the fundamental
cell problem is a non-linear eigenvalue problem and is used to understand non-trivial limits
of solutions of PDE [9].
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Appendix A

Monotonicity of A — trf(A)

In this appendix, we prove Proposition 4.2.7, which we restate for the reader’s conve-
nience.

Proposition A.0.3. Let f € C(R) be monotone non-decreasing. Then S(n) > A — trf(A)
is monotone non-decreasing with respect to the partial ordering on S(n).

We first prove a version of this proposition for smooth functions.

Proposition A.0.4. Let f € C*(R) and N € S(n). For each A € S(n), we have
A+1tN) — A
Dirlf(A)]N := lig AT IN) = 1 (A)

t—0 t

= tr{f'(A)N]. (A.1)

Proof. A = OAO?, where O'O = I,, and A is diagonal; we shall also write A = (a;;)1<ij<n
and A = diag(\q, ..., A,). With this notation,

trf(A) = Z f(N).

Now )\, = AOe; - Oep, and A = szzl aije,-eg. Therefore

A
O eietOey - Oey + A O Oy Ocr + A0y - 2 0e,
8(Zij aij CLij
= eéOek . eﬁOek + 2A0ey - a”Oek
ij
0
= Osz]k -+ 2)\kO€k : Oek
aaij
2 |0eif?

= Osz]k + )\ka

aij

= 0iO0j,
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since O'O = I,,.
Let N € §(n). We have from the definition of Dtr[f(A)]N in (A.1), the chain rule, and

the above computations that

Dur[f(A)IN =

8@

1]1

DIy

1,j=1 k=1

= Zf )\k ZOlkO]kNZ]

= Zf )(O'NO)
= tr[f (A)N].
O

Lemma A.0.5. Let f € C*®(R) be non-decreasing. Then S(n) > A +— trf(A) is non-
decreasing.

Proof. Let A, B € S(n) with B > A. From the above proposition,

tef(B) — trf(A) — /O%trf(Ath(B—A))dt

/1 Dtrf(A+t(B— A))(B— A)dt

1
- / G/ (A+ (B — A)(B — A)dt
0
> 0,
as the matrix f'(A+¢(B — A)) >0forallt € [0,1] and B— A > 0. O

Proof. (Proposition (4.2.7)) Let f¢ denote the standard mollifier of f and suppose A, B €
S(n) with B > A. By the above lemma, trf<(B) > trf<(A) for all ¢ > 0 as f€ is non-
decreasing. Letting ¢ — 07 implies trf(B) > trf(A). O
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Appendix B

Technical convergence lemma

Here, we verify Lemma 4.3.2, which we restate for the reader’s convenience.

Lemma B.0.6. Assume m > 1, U C R™ is open, and for each 0 < e <1, u¢ € C(U x R").
Moreover, suppose that that for each compact U' C U

u(w,y)

=—-1 B.1
lyl—oo Y] B
uniformly in 0 < e <1 and in x € U and that
li ¢ = .
Jim - max |u*(z,y)| = o(1) (B.2)
Velyl<n

as n — 0F. Then there is a sequence of positive numbers €, tending to 0, as k — oo, such
that

U3 xw— sup u*(z,y)
yeR”

converges to 0, as k — 00, locally uniformly in U.

Proof. 1. Fix a compact U’ C U. We first aim to show there is a sequence of € — 0" such
that

li ‘ = 0. B.3
T s ) 3
Note that (B.1) implies

‘1|im u(z,y) = —o0

y|—o0

for each € € (0,1] and z € U’, and (B.2) implies

u® — 0 locally uniformly in U’ x R™.
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In particular, for each € € (0,1] and x € U’ there is y©* such that

max u(x,y) = u(x,yo").

As

€
z - max u’(z, y)

is continuous and U’ is compact, there is ¢ € U’ such that

max
zeU’

)| = o ()|

for 0 < e <1.
2. The sequence (1/ey“*,0 < ¢ < 1) must be bounded for all ¢ > 0 and small enough.
Otherwise, there exists a sequence (y/€xyr)ren such that
rp=x% keN
Y =y ke N
limk_m € = 0

Necessarily limy_, |yx| = 0o, and by assumption (B.1)

u*k (Tk, Yg)

kh_}r{.lo W =—1. (B.4)
It follows that
Jim o) = o
however, this contradicts
limy, ou™ (g, i) = limy,_ou™ (2, 0) =0, (B.5)

which holds by local uniform convergence.
3. Let (y/€xyr)ken be a convergent subsequence of (y/ey,0 < e < 1) and set

Mk = Verlyel, k€ N.

Without loss of generality, we assume the sequence (7 )gen converges to some limit 7. If
no = 0, then we conclude (B.3) by noting

lim max |maxu®(z,y)| = lim max| max u®*(z,y)
k—oo zeU’ |yeR™ k—oo zeU’ | /exy<nk
< lim max [|[u*(z,y)|
k—oo zeU’
Very<ng

= 0.
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The last equality above follows from assumption (B.2). If g > 0, |yx| must tends to +oo.
Again we would have (B.4), which implies

lim u (xg, yx) < 0;

k—o0

As (B.5) still holds, we have

klim u*(xg, yr) = 0,

and in particular,

lim max
k—oo zeU’

() = Jim o) =0

Therefore, we have established (B.3).

4. Since U’ was an arbitrary compact subset of the open set U, we can employ a stan-
dard diagonalization argument (see the proof of Theorem 2.0.1) to conclude that there is a
sequence €, — 0, as k — oo, such that

U3 ax— sup u™(x,y)
yern

converges to 0 locally uniformly on U, as k — oo. O]





