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Introduction

It is well known that viscosity solutions were conceived by Crandall and Lions
(1982) in the framework of optimal control theory. The goal was to show well
posedness of Hamilton—Jacobi-Bellman equations in the whole space, and to
prove, via dynamic programming principle, the value function of a suitable

optimal control problem being the unique solution.

When trying to extend viscosity methods to the analysis of second order
parabolic partial differential equations, PDEs for short, and getting represen-
tation formulae, it appeared clear that some stochastic dynamics must be
brought into play. Not surprisingly, this has been first done for stochastic
control models. The hard work of a generation of mathematicians, [0, 13, 19,

, 22, 25] among the others, allowed making effective dynamic programming

approach to stochastic control problems.

Prompted by this body of investigations, a stream of research arose in
the probabilistic community ultimately leading to the theory of backward
stochastic differential equations, BSDEs for short, which was introduced by
Pardoux and Peng in [26] (1990). Since then, it has attracted a great in-
terest due to its connections with mathematical finance and PDEs, as well
as with stochastic control. This theory has been in particular used to ex-
tend the classical Feynman—Kac formula, which establishes a link between
linear parabolic PDEs and stochastic differential equations, SDEs for short,
to semilinear and quasilinear equations, see for example [10, 11, 23]. See also

[28] for a rather complete overview of the semilinear case.

For sake of clarity, let us consider the following semilinear parabolic PDE
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problem coupled with final conditions,

1
~ (00", D2u) (t,z) + (V,ub)(t
oo',Diu) (t,x Lub)(t, x
2< ) (t2) + ) t€[0,T),z € RV,
+owu(t,z) + f(t,x,u, Vyuo) =0 (1)
u(T,x) = g(x), zeRY,
then its viscosity solution, see [3, 18], can be written as u(t,z) = E (V,*%),

where Y is given by the following system, called forward backward stochastic
differential equation or FBSDE in short, which is made in turn of two equa-
tions, the first one is a SDE, and the second one a BSDE depending on the

first one

Xbr=g + / o (r, X") dW, + / b(r, X0") dr,
! . ! . s€t,T),reRN.
vie—g () + [ gr X i 2= [ ziaw,

As it can be intuitively seen, the SDE takes care of the linear operator defined
by o and b, also called the infinitesimal generators of the SDE, while the
BSDE depends on f and g. In other words, this extension of the Feynman-—
Kac formula basically does not modify the treatment of the second order
linear operator with respect to the completely linear case.

Subsequently, Peng introduced in [30] (2006) the notion of G—expectation,
a nonlinear expectation generated by a fully nonlinear second order operator
G via its viscosity solutions. This work has originated an active research
field, with relevant applications to Mathematical Finance.

Peng has improved this theory in several papers and has given a com-
prehensive account of it in the book [31], where he highlights the role of the
so—called sublinear expectations, namely G—expectations generated by sub-
linear operators. Finally in [12], Peng provides representation formulas for
viscosity solutions using these expectations. More precisely, given a sublinear

operators GG and the G-heat equation

Owu(t,z) + G (D?u(t,z)) =0, te€0,T],z € RV,

(2)
w(T,z) = g(x), r € RV.
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he represents the viscosity solution as

T
u(t,z) =sup (g (x —|—/ UdeS>) ,
occA t

where A is a family of stochastic process associated to G and W is a Brownian
motion. The key to prove it is a dynamic programming principle that we will
illustrate in section 2.2. We point out that here the novelty with respect
to the Feynman—Kac formula is essentially given by the sublinearity of the
operator G.

The main purpose of this thesis is to provide a method for represent-
ing viscosity solutions to second order nonlinear PDEs given as inf or sup—
envelope function. This is the case of PDEs with sublinear operators or
second order Hamilton—Jacobi equations. The method is based upon a gen-
eralized version of the dynamic programming principle of [12]. It will be
tested on various problems, mostly using FBSDEs.

This is hopefully just a first step to further extend the Feynman—Kac
formula to general fully nonlinear PDE using the BSDE theory. In this
respect we also point out that Cheridito, Soner, Touzi and Victoir in [7]
have introduced a second order BSDE to give stochastic representation of
solutions to fully nonlinear parabolic PDEs.

The thesis is organized a follows: in chapter 1 we introduce the stochastic
setting and give a characterization of sublinear operators preliminary to our
analysis. Chapter 2 is devoted to present our method and to give us repre-
sentation formulas of viscosity solutions to various problems. Starting with a
problem which is slightly more general than (2), we then approach parabolic
PDE problems of the type

owu(t,z) + F (t,z,Veu, D*u
wult,z) + F ( ) te[0,T],z € RV,
+f<t7 x? u? V-’Z“) = 07 (3)
u(T,x) = g(x), z € RV,

where F' is a sublinear operator, with respect the third and the fourth ar-

gument. This problem is clearly a blend between (1) and (2), where the



iv Introduction

additional difficulty with respect to (1) is given by the sublinearity of the
operator, while the generalization with respect to (2) is the dependence of F'
on (t,z) of and the presence of the term f. We subsequently deal with an
elliptic version of (3), which are much harder to treat, due to the presence of
stopping times. Then, using a sample problem, we show that it is possible
by means of our method to retrieve already known representation formu-
las of viscosity solutions to some second order Hamilton—Jacobi problems.
We finally conclude chapter 2 with the analysis of a problem with singular
boundary conditions, inspired by the seminal paper of Lasry and Lions [20].

The appendices provide a compendium of the SDE and BSDE results we use.
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Notation

Here we fix the notation and some conventions that we will use later. Assume
that we have a arbitrary filtered probability space (€2, F, {Fi }1c(0,00), P), then

e given two random variables X and Y we will write X Ly it they are

equal in distribution;

e we will say that a stochastic process {H}cjo0) is adapted if H; is

Fi;—measurable for any ¢ € [0, 00);

e we will say that a stochastic process { H; }icjo,o0) is progressively measur-
able, or simply progressive, if, for any 7" € [0, 00), the application that
to any (t,w) € [0,T] x Q associate Hy(w) is B([0,T]) x Fr—measurable,
where B([0,77]) is the Borel o—algebra of [0, T7;

e a function on R is called cadlag if is right continuous and has left limit

everywhere;
e a cadlag (in time) process is progressive if and only if is adapted,;
o Fo :=o0(F|t€[0,0));
o IA/(T) := {H cLr ([O,T] x € ]RN) cHis progressive};

o L= N LX(T);

T€[0,00)

e given a stopping time 7 we will also define I5,(7) as the set made up

by the progressive processes H such that [E (fOT |Ht\pdt) < 00;

Vil
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Notation

p—a.e. denotes “almost everywhere for the measure p”, but we will

usually omit the reference to p when there is no ambiguity;
Bs(x) will denote an open ball centered in = with radius 9;

given a function f defined on a set D and a subset E of D, we will
denote with f|g the restriction of f to E;

for any Lipschitz continuous function f we will denote its Lipschitz

constant as Lip(f);
for any v, w € RY we denote with v ® w the matrix (v;w;);
if A€ RV*M then AT will denote its transpose and eig, its spectrum;

(Frobenius product) if A, B € R¥*M then

(A, B) := tr (ABY) ZZAWBJ,

=1 j=1

if A€ RM*M then |A| will denote the norm /(A A) Z A?

i=1j=

SV is the set made up by all the symmetric matrices of RV*" and Sf

is its the subset made up by all the positive definite matrices.



Chapter 1

Preliminaries

1.1 The Stochastic Setting

We will work on the filtered probability space (Q, F AFi b ep,00): ]P), where
F is a complete o-algebra, {F;}icjo,00) is the filtration defined by W which
satisfies the usual condition of completeness and right continuity and the
stochastic process {W;}icp,00) denote the N dimensional Brownian motion
on this space. Let F, be the o—algebra o(F; : t € [0,00)) and additionally
define, for any ¢ in [0, 00), the processes {W!}scp00) == {Ws — Witsep,o0)
which are again Brownian motions, the filtration {F!}ep o) generated by
these processes and, similarly as before, F. := o(F! : s € [t,00)). Notice
that the filtrations {F} }scj,), which we assume satisfies the usual condition,
are independent from F; for any ¢ € [0, 00). Furthermore we define, for any

non negative stopping time 7, the o—algebra
F.={AecF : An{r <t} e F,t€0,00)}.

It is well known that for the Brownian motion holds the strong Markov prop-
erty, that is to say that, for any a.e. finite stopping time 7, the processes
{W7 bepo0) = {Writ — Wr hicpo,00) are Brownian motions independent from
F;. Thus, as previously done, we can define the filtrations {F] }1cjo,00) gen-

erated by these processes and the o—-algebras F7 := o(F] : t € [0,00)) for

1



2 1. Preliminaries

any a.e. finite stopping time 7. As always we assume that the filtration
{F/ }ielo,00) satisfies the usual condition. For these filtrations the following

lemma holds.

Lemma 1.1.1. If 7 is an a.e. finite stopping time, then the o—algebras F,
and F] are independent for any t € [0,00). Furthermore Fo, = o(Fr, FL).

Proof. Consider the process {Wrt }iejo,00) and the filtration { Fa¢ }iejo,00) gen-

erated by this. By construction we have that

FT/\t :{AEJ:tAﬂ{T:S}G]:&SG[O’t]}

(1.1)
:{AéftiAm{TSS} E‘Féﬁs € [Ovt]}7

which correspond to the definition of the o—algebra defined by the stopping
time 7 A t. Note that, if A € F,,

Am{7<oo}:G(Am{T§t})€G}},

thus, since A = AN{7 < 0o} U B where B is a set of zero measure, A € F,
and F, C F.. From this and (1.1) we get

o(Frne it €10,00)) ={A€ Fo : AN{r <t} € Fit €[0,00)} = F,

therefore, since for any ¢,s € [0,00) FI and F,,; are independent, so are
F7 and F;. Finally, to prove that F, = o(F,, FL), is enough to note that
Foo 2 o(F, FL) and, since W, = Wy, — Wy, + W, for any ¢t € [0, 00),

Foo Co(Fr, FL). O
The following is an important result on the filtration of Brownian motions:

Theorem 1.1.2 (Blumenthal’s 0-1 law). For any a.e. finite stopping time
T and A € Fj, either P(A) =0 or P(A) = 1.

An important consequence of this theorem that we will exploit later is
the fact that any Fy—measurable function is an a.e. constant.
Let I}, (T') be the subset of L? ([0, T] x €; RY) such that its elements are

progressively measurable with respect to the filtration {ft}te[o,oo) and define
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LY = U L(T). Since the limit of progressive processes is progressive,
T€[0,00)

these are complete spaces. Moreover, for any G € 1.3, y, fot GdW, will
denote the It6’s integral of G with respect to W. The properties of the [t6’s
integral are well known and can be found in many probability textbooks,
the only result that we recall is the [t6’s formula: given the It6’s process
X, = Xo+ [y GdW, + [} Fyds, where G € L3,y and F € LY, and a

derivable function ¢, we have that
o(t, X;) =0(0, Xo) + /(GGT D2p(s, X,) >ds—|—/Vx<,osX)GdW

+/ V(s X)Fds+/ Orp(s, Xs)ds.
0

1.2 Sublinear Operators

The purpose of this section is to characterize the operators of some problems
with we will deal later.

We consider the space RY x $¥ with the inner product
1
((p, 5), (¢, 5)) = 5 {5, 5") +p'/

and the norm ||(p, S)[| = v/((p. 5, (1. 9))-

Assumptions 1.2.1. In this section we will focus on the study of continuous

operators of the form
F:[0,00) x RY x RY x 8% - R

that satisfy these properties hold true for any (t,z) € [0,00) x RY, (p,S)
and (p/,9") in RN x $V:

(i) (Convezity) If § € [0,1] then
F(t>$75p+ (1 - 6)}?,,55 + (1 - 6)5/) < 5F(t,:l:,p, S) + (1 - 5)F(t,$,p/, S/)a

(ii) (Positive Homogeneity) If § > 0 then F(t,x,0p,dS) = dF(t,z,p,S);
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(iii) (Ellipticity) If S < S', F(t,z,p,S) < F(t,x,p, ).

Note that items (i) and (ii) imply

(iv) (Subadditivity) F(t,z,p+p',S+S") < F(t,z,p,S) + F(t,z,p,S").
The operators which satisfy conditions (ii) and (iv) are commonly known
as sublinear operators. Notice that items (ii) and (iv) imply (i), i.e. every
sublinear operator is also convex.

It is common to also ask that F'is uniformly elliptic with ellipticity constants
A € (0,00) and A € (A, o0] (note that if A =0 and A = oo we have condition

(iii)):
(v) (Uniform Ellipticity) If S" > 0,
ANS| < F(t,z,p, S+ S") — F(t,z,p, S) < AlS'],
for any (t,z,p,S) € [0,00) x RY x RN x $V.
Finally we require a Lipschitz continuity condition: for any (¢,z,p,S) in

[0,00) x RY x RY x $¥ we have that there exists a positive constant ¢ such

that

(vi) (Lipschitz Continuity) for any y in R
|F'(t,z,p,8) = F(t,y,p,9)] <tz —ylll(p, )]

The main result of this section is the following characterization theorem:
Theorem 1.2.2. Let F' be as in assumptions 1.2.1 and Kg be the set of the
elements (b,a) € C°([0,00) x RY; RY) x C°([0,00) x RY;SY) such that,
for any (t,z,p,S) € [0,00) x RY x RY x §V,

*alt,2),8) +p'b(t, ) < Fit.2,p,5),

Lip(b(t)) < 2¢, Lip(a(t)) < 2v2¢ and the eigenvalues of a(t,x) are in
[2A,2A]. Then Kp is a non empty and convex set, and

1
F(t,z,p,S) = max —=(a(t,x),S) +pr(t,x)
(b,(l)GKF
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forany (t,x,p,S) € [0,00) xRN xRN xSN. Furthermore for each (b,a) € Kp

the linear operator

(t.2,0,8) = 5 a(t,2), 8) +5b(t, 2

has the same ellipticity conditions of F.

That sublinear functions are support functions is a well known result in
functional analysis and is the basis of theorem 1.2.2, however we will write
down its proof for completeness in the next lemma. What theorem 1.2.2 adds
to this is that if we a have sublinear function F' which also depends on some
parameters, t € [0,00) and € RY in our case, then we have that it can be
expressed as a supremum of functions which inherit some properties from F,

like Lipschitz continuity in our case.

Lemma 1.2.3. If F' is like in assumptions 1.2.1 then the set
Lrge ={L€ R xSV)" : L < F(t,z)}

is non empty, compact and convex for any (t,r) € [0,00) x RN. Furthermore

F(t,z) = max L.
Lelp(tx)

Proof. Chosen (]3, §) € RY x S define the space V := span ((]_9, §)) and
the application I : V' — R such that
1 (t,x, cp, cg) = cF (t,x,]_?,g)

for all ¢ € R. We want to show that I(t,z) < F(t,z) on the space V for any
(t,z) € [0,00) x RY, hence for the Hahn—Banach theorem there exists a linear
application L € Lp( ) that extends, for any (¢,2) € [0,00) x RY, I(¢,z) on
RY x §N. This is trivial for the (p,S) € V such that (p,S) := ¢ (p,S) with

¢ € [0,00), therefore we suppose that there exists a ¢ € [0, 00) which
—1I (t,a:,cfo, cg) > F (t,x, —cp, —cg)

and we will find a contradiction, in fact if this is true we have that by item (iv)

in assumptions 1.2.1

0<—1(t.2.5.5) — F (t,.2,—p,—5)
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=— (F (t,x,]_),g) + F (t,x, —D, _§))
< — F(t,x,0,0) = 0.

We have shown that the set Lp ) is not empty and that and for each (p, 5)
in RY x § there exists an L € Lp( ) such that L(p, S) = F(t,z,p, S), other-

wise said F(t,z) = L nax L. The proof that Lp ) is convex and compact
€ F(t,z)

is a simple verification, consequently the arbitrariness of (¢, z) concludes the

proof. O]

Another preliminary lemma needed to prove theorem 1.2.2 is an adap-
tation of [39, Lemma 1.8.14], which permits us to express the Hausdorff

distance using support functions.

Lemma 1.2.4. Given, A and B, two compact and convex subsets of R x §V

we define the application
ha, hg: RY x $Y¥ -5 R
as the support functions of A and B respectively, that is to say

ha((p,S)) = sup ((p,5),(»,S")), hs((p,S))= sup ((p,5),(,S5)),
(p',S"eA (p',5"eB

for any (p,S) € RN x $¥. Then, for the Hausdorff distance
dH(A, B) =

i 78 - /aS/ ) i 7S - ,75/ )
maX{(gf}Sé)ﬂng(p,{g})gBll(p )= 65 e, i [,5) (0 >||}

we have that

du(A, B) =~ max |ha((p,5)) — hs((p,5))].
(p,S)ERN xSV
l(p,S)lI=1
Proof. Assume that there exists a positive constant ¢ such that dy (A, B) < c.
Then A C B + B.(0) and consequently, for any (p,S) € RY x $ such that

I, )l = 1,

hA((p> S)) < hB+Bc(0)((p7 S)) = hB((p7 S)) +c.
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Similarly we also get that hg((p,S)) < ha((p,S)) + ¢, therefore

max |ha((p,5)) — hs((p,5))| < c.
(p,S)ERN xS
ll(p,5)[I=1

Reversing the argument we can conclude the proof. O]
We can now prove theorem 1.2.2.

Proof of theorem 1.2.2. By lemma 1.2.3 and the Riesz representation theo-

rem we then have that, for any (¢,z) € [0,00) x RY, there exists the non
empty convex and compact set

1

(bya) € RN x 8V : =

K} = 2

for any (p,S) € RY x §V

(a,S) +p'b < F(t,z,p,S)

Given a (t,z) € [0,00) x RY and (b,@) € K we define the function
(b,a) : [0,00) x RY — RN x 8V
such that

(b @), if (s,y) = (t,2),

(ba &)(S>y) = . if (S’y) =+ (t,l’).

arg min || (5 —b,a— a)
(b,a)eKY

This function is well defined because is well known that the projection of a

point onto a convex set, i.e. argmin H (Z_) —b,a— a) ||, exists and is unique.
(ba)eKy
We will show that (b,a) € Kp, since this yields that K is a non empty

convex (the convexity proof is trivial, hence we skip it) set such that, thanks
to the arbitrariness of the construction,

1
F(t,z,p,S) = (b’rgeeulgF 5(@(25,:)5), S) + plb(t, z)

for any (¢,z,p,S) € [0,00) x RY x RN x §V,
As a consequence of the definition and lemma 1.2.4 we have, for any (s, y) in
[0,00) x RV,

||<b7 a)(t7x) - (b7 a)(37y>” = min ||(b<t7x) - b7a(t7x) - CL)H

(ba)eKY
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< max min ||(by — be, a1 — as)||
(bl,a1)€Kf (bg,aQ)EKg

= max _|F(t,z,p,S)— F(s,y,p,5)|
(p,S)ERN xSV
ll(p,9)lI=1

Since |a|] < v/2||(b,a)]|| for any (b,a) € RN x $V and
la(r, z) —a(s,y)| < la(t, z) —a(s,y)| + |a(r, z) — a(t, )]
the previous inequality yields that Lip(a(s)) < 2v/2¢ for any s € [0, 00), and
similarly that Lip(b(s)) < 2¢ for any s € [0, 00).
We now prove the ellipticity part of the statement and, as a consequence,
that eig, ) C [2A, 2A]" for any (t,z) € [0,00) x RY, thus that (b,a) € Kp.
Let A and A be the ellipticity constants of F' and
L:[0,7] xRY xRN x$Y - R
1
(t.2.9.8) = 3 (alt,2), 5) + p'b(t, ),
then, by its linearity, we only have to prove that for any S € $% and (¢, z)
in [0,00) x RY

AlS| < L(t,x,0,5) < AlS|. (1.2)
Obviously we have, for any S € $& and (¢,z) € [0,00) x RY,
AMS| <F(t,x,0,0) — F(t,z,0,—S) < —L(t,2,0,—S5)
=L(t,2,0,5) < F(t,2,0,5) — F(t,2,0,0) < A|S|,

hence (1.2). Finally, let ¢ an element of RY and define Q := ¢ ® ¢, which is

an element of $& such that
QI =tr(g® qq © q) = tr(la*g @ q) = |q|".
Therefore (1.2) yields, for any (¢,z) € [0,00) x RY,
NP = M@l < 3{a(t,2). 4 © ) = Sala(t, g < AJQ| = AP

and the Rayleigh quotient formula proves that eig, ) C [2)\, 2A]Y, conclud-
ing the proof. [l
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A converse of theorem 1.2.2 holds:

Proposition 1.2.5. Given two non negative constants ¢ and X, let K be the

set of the elements (b,a) € C°([0,00) x RM;RY) x C°([0,00) x RY;§Y)
1

such that, for any (t,x,p,S) € [0,00) x RY x RY x ¥, Lip(b(t)) < —=¢,

V2
2A
Lip(a(t)) < ¢ and the eigenvalues of a(t,x) are in [2)\, —} If we define

VN

the application

1
F(t,z,p,S):= sup =(a(t,x),S) —i—pr(t,x),
(b,a)eK 2

then F' is as in assumptions 1.2.1. Furthermore X is the ellipticity constant

of F.

Proof. The proof of items (i), (ii) and (vi) in assumptions 1.2.1 is a trivial
verification. To prove item (v), and consequently (iii), note that if A € $%
then there exists a unitary matrix U such that D := UAUT is a diagonal
matrix with diagonal elements 0 < d; < --- < dy and, since the trace is

invariant under similarities,

Al =v/(4,4) = V/tr(AA4) = V/tx(DD) =

N
>
=1
N
<N di=tx(D) = tr(A) < \ [N &2 = VNJA|.
i =1

Moreover if we also have another matrix B in Sf then B := UBU' belong to
$Y and, by the Rayleigh quotient formula, B;; > 0 for any i € {1,---, N}.
Therefore

dytr(B) = dytr (B) <Y d;B;; = tr (DB) = tr(AB) = (A, B) < dy tr(B).

Finally, as a consequence of the previous inequalities, we have that, for any
S e 8, (bya) € K and (¢,2,p,S) €[0,00) x RY x RN x $%,

AS| <Atr(S") < inf 1<a(t,x),5’>

(ba)eK
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= inf (%(a(t, z),S+ 5" +p'bt,z) — %(a(t, x),S) — pr(t,x))

(b,a)eK
<F(t,z,p,S+S") — F(t,z,p,S)
1 1
< swp (Hlalt.0).5+5) + 5100 - Holt.2).5) bt )

(bya)eK

1 A
< sup —{a(t,x),S") < —1tr(5") < A|Y|.
< s 3alt.0).8) < S u(s) < Al

]

Remark 1.2.6. Note that we can also define a support function on sets, non
necessarily convex, and it coincides with the support function of the convex

hull, see theorem 1.2.2 and proposition 1.2.5.

We have characterized F' as the support function of a set of linear oper-
ators. Usually, to obtain representation formulas for viscosity solutions to a
second order PDE with linear operator, is useful to study a function o such
that oo is the diffusion part of that operator, hence we will do something
similar: if we define the application from Sﬂ\: to itself which associate via
singular value decomposition the matrix A with its square root ¢ then it is
well defined, as can be seen in |5, Section 6.5]. Moreover we know from |38,
Lemma 2.1] that, on the space of matrices with eigenvalues equal or big-
ge{ than 2\, this application is Lipschitz continuous with Lipschitz constant
2V\
is made up by the (b,0) in C°([0,00) x RN;RY) x C? ([0, 00) x RY; $Y)

, therefore the application (b,0) +— (b, 0o) that maps the set Kg, which

2
such that (b,00) € K and Lip(o(t)) < %6 for any ¢ € [0, 00), into Kp is

surjective and consequently
F(t,z,p,S) = pmax %(a(t, z)o(t, x),S) + p'b(t, z). (1.3)
Our hope is that this characterization will help us find representation formu-
las for viscosity solutions to second order PDEs with sublinear operators as
in the linear case.
We end this chapter with an useful property that sublinear operators

inherit from the linear operators and which will play a key role further on, in
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a proof of uniqueness. This lemma has already been proved in [17], here we
will adapt the arguments of |3, Example 3.6], where the proof is just given

for linear operators.

Lemma 1.2.7. Let S and S’ be two elements of SV which admit a positive
constant o such that

S 0 I —I
< 3« :
(0 —S’) (—[ I )

0TSy —w'S'w < 3alv — w|*. (1.4)

or equivalently

Then if F is as in assumptions 1.2.1, there exists a constant ¢ > 0 depending
only on £ and X\ such that, for any (t,x) € [0,00) x RY,
F(t,y,a(x —y),S) — F(t,z,a(z — y),S) < calr — y|*.
Notice that (1.4) implies S < 5.
Proof. Thanks to theorem 1.2.2 we know that
F(t,y,a(x —y),S") — F(t,z,a(x — y),S)

< sup S((8,0%(69) — (S, 0lt ) + alw — ) (1) — blt,)

(bp)EKF

1
< sup o ((5,0%(Ly)) — (S, alt, ) + 2allz —yI)
(b,U)GKF

and this concludes the proof because

(S, 0% (t,y)) — (S, (t,x)) =tr(c?(t,y)S") — tr(c?(t, )9)

o(t,y)S'o(t,y) — o(t,z)So(t,x))

—~

tr

—~

elo(t,y)S'o(t,y)e; — eloi(t, x)So(t, z)e;

-

=1

3al(0i(t,y) — 0i(t, x))el?

—1

6al?N

< |z —y/*.



Chapter 2
Viscosity Solutions

Before we start this chapter we give two useful definition, bearing in mind

the following second order PDE problem:
F (z,u(z), Vu(z), D*u(z)) = 0, (2.1)

where F' is a arbitrary continuous function. To ease notation we will usually
write F (z,u, Vu, D*u) instead of F (z,u(x), Vu(x), D*u(z)).

Definition 2.0.1. Given an upper semicontinuous function u we say that a
function ¢ is a supertangent to u at x if z is a local maximizer of u — .
Similarly we say that a function v is a subtangent to a lower semicontinuous

function v at x if z is a local minimizer of v — 1.

Definition 2.0.2. An upper semicontinuous function wu is called a viscosity

subsolution to (2.1) if, for any suitable x and C? supertangent ¢ to u at z,
F (z,u(z),Vo(z), D*p(z)) > 0.

Similarly a lower semicontinuous function v is called a viscosity supersolution

to (2.1) if, for any suitable z and C? subtangent 1 to v at z,
F (z,v(z), Vi(z), D*¢(x)) <O0.

Finally a continuous function u is called a wiscosity solution to (2.1) if it is

both a super and a subsolution to (2.1).

12
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Notice that these definitions can be naturally extended to parabolic prob-
lems.

Here are also given some known results in the viscosity solutions theory
which will be used later, while for a detailed overview of this theory we refer
to [, 13].

Theorem 2.0.3. Let {ug}taca be a family of locally equibounded viscosity

subsolutions (resp. supersolutions) to (2.1) in a locally compact subset K of

RY. Then if u := sup u, is upper semicontinuous (resp. u := inlf4 Uy 1S lower
ac

acA
semicontinuous) it is a viscosity subsolution (resp. supersolution) to (2.1) in

K. The same holds true for the parabolic version of (2.1).

The proof can be found in |8, Lemma 4.2], see also |1 7], where the same
statement is shown for discontinuous viscosity solutions.

Now consider the parabolic problem
Owu(t,z) + F (t,x, u, Vu, D2u) =0, te(0,7),z¢ecR", (2.2)

where F' is a continuous elliptic operator which admits, for any ¢ € [0, 7],
(z,7,p,S) and (y,7',p',8") in RN x R x RY x $¥, a u € R and a positive

constant ¢ such that
() [F(t, @, rp,S) = Ft,,r,p, S < L(1+[z*) S = 5';
(i) [F(t, z,7,p,S) = F(t,z,rp, )| < (1 +[x])|p = p'l;
(i) |F(¢,2,7,p,5) = F(t,y,r,p, S)| < LA+ [z + |y)lz = ylll(p, S
(iv) (Monotonicity) (F(t,z,r,p,S) — F(t,x,7",p,S))(r — ') < u|r —r'|%

(v) the continuity of the function r +— F(t,x,r,p,S) is independent from

the fourth variable.

Notice that, given a compact set K C RY x R x $, item (v) and the Heine~

Cantor theorem yield the existence of a modulus of continuity wy such that,
if (z,7,9),(x,7",S) € K,

|E(t,z,r,p,S) = F(t,z,r,p, 5)| < wi(|r — ') (2.3)
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for any ¢t € [0,7] and p € RY.

In the next sections we will study some parabolic problems of this type,
therefore we give here a comparison result, which is an adaptation of [31,
Theorem C.2.3] for problem (2.2). To prove it we will need the following
theorem, adaptation of [31, Theorem C.2.2| which can be proved similarly.
Notice that condition (G) in [31] is replaced by (2.4).

Theorem 2.0.4. Let {F;}f_| be a collection of continuous functions from
[0, T] x RN x R x RN x § to RN and assume that, if (x,7,5), (y,r,S) belong
to a compact set K C RN x Rx SY, there exist a constant Cx and a modulus

of continuity wg such that, for any i € {1,---  k},
|Fi(t, 2z, m,p, ) = Fi(t,y,r,p, )| < Cr (1 + |p)|lz — yl +wi (| —yl). (2.4)

Furthermore assume the following domination condition: there exists a col-

lection of positive constants {3;}F_, satisfying

k
Z Bzﬂ(ta X, Ti, Pi, S’L) S 0
=1

k k
for each (t,z) € [0,T] x RN and (r;, p;, S;) such that Y Bir; >0, > Bipi =0

i=1 i=1
k

=1
For anyi € {1,--- k}, let u; be a viscosity subsolution of

Owu(t,x) + F; (t,x, u, Vu, D2u) =0, te(0,7),2¢cR",

k k *
and assume that » Biu;(T,-) < 0 and (z B,u,(,x)) — 0 uniformly as
= i=1

i=1

k
|z| = 0o. Then > Biu;i(t,) <0 for anyt € (0,T).

i=1
Theorem 2.0.5. Let u and v be, respectively, a viscosity subsolution and a

viscosity supersolution to (2.2) satisfying polynomial growth condition. Then,
if ulimr < V=g, u < v on (0,T] x RN.
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Proof. We set ¢(x) := (14 |z|?)2,

v > p+ £ sup ((1 + |x|)|v¢($)| + (1 + 2P |D2¢(5’3)|> ’

ERN ¢(x) ¢(z)

e Mu(t, x) e Mu(t, )
ui(t,z) = ——22% and us(t, x) := —————2-2, where c is such that both
) = gy ) = g
|uq| and |us| converge uniformly to 0 as |z| — oco. Notice that

(x)a’ 2 c c(c—2)

=Cc——7 d D = I

Vo) = 200 and Dote) = olo) (1ol + He D).

therefore 7 is well defined. We also set the operators Fi(t,z,r,p,S), given
by
et

¢(x)
and Fy(t,x,r,p,S), given by

a (t, z,elrep, et (TV¢ + ¢pT) el (rD2¢ +VoRp+pRVeo+ qﬁS)) ,

et
¢(x)
It is easy to check that, for i € {1, 2}, F; is still continuous, elliptic, Lipschitz

F(t,z,—e"r¢,—e" (rVo +¢p'),—" (rD*¢ + Vo@p + p@Ve +¢5)).

continuous in p and 9, that its monotonicity constant is

[Vo(z)| 2 W
MHERQV ((1+|x|) o) + (1 +]zf?) 5(@) )

i.e. is lower than v, and wu; is a viscosity subsolution to

Owu(t,z) — yu(t,z) + F; (t,z,u, Vu,D*u) =0, t€(0,T),z€R".

It can also be checked that, if (x,r,5),(y,r,S) belong to a compact set
K Cc RN x R x $¥, there exist a constant Cx and a modulus of continuity

Wk bigger than wg in (2.3) such that

for any i € 1,2, ¢t € [0,7] and p € RV,
Furthermore (uq 4+ ug)|i=r < 0 and Fy (¢, x,r,p,S) + Fy(t,x,—r,—p, —S) = 0.
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From these properties we have, for any r; € R, p; € RY and S; € $¥ such
that r=7r1 +1r, >0, py = —pyand S = 57 + 55 <0,

—yr + Fi(t, z, 1, p1,51) + Fa(t, ©, 72, pa, S2)

=—r+ Fi(t,x,r,p1,51) + Fa(t, o, —ry, —p1, —5h)
r
+ (FQ(t7x7T2ap2a SZ) - F2<t7$7r2 — T, P2, SZ - S));
r
< —ar+ (Fg(t,l‘,’f‘g,pg,SQ) - FQ(t7xar2 - T7p2782))_

<

< —yr+9r=0.

As a consequence we have that all the conditions of theorem 2.0.4 are satis-
fied, thus u; + ug < 0, or equivalently, v < v in (0,7] x RY. O

2.1 The Cauchy Problem

In order to illustrate our methodology, we preliminarily study a problem
which can be attacked only using the results previously given and some basic
knowledge of the stochastic differential equation, see appendix A and the

Feynman—Kac formula.

Problem 2.1.1. Let T be a terminal time F' an elliptic operator as in as-

sumptions 1.2.1 and

g:RY - R

a continuous functions for which there exists a constant ¢ > 0 such that, for

any z,7' € RV,
|9(x) — g(2)] < €|z — 2’| and [g(z)] < £(1 + |2)).
Find the solution u to the parabolic PDE

Owu(t,z) + F (t,z,Vu, D?*u) =0 te (0,T),z € RN,
w(T,z) = g(x) r € RY.
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Remark 2.1.2. To ease notation we can assume without loss of generality
that the ¢ in problem 2.1.1 is the same of assumptions 1.2.1. Since F' is
continuous, we can also assume that |b(¢,0)| < ¢ and |o(¢,0)| < ¢ for any
t€[0,7].

Notice that theorem 2.0.5 yields a comparison result.
Theorem 2.1.3. Let u and v be respectively a subsolution and a super-

solution to problem 2.1.1 satisfying polynomial growth condition. Then, if

uli=r < vli=r, u < v on (0,T] x RV,

For any (b,0) € Kp define the linear operator L, ) such that, for any
(t,z,p,S8) €[0,T] x RN x RN x §V,

1
Lo (2.9, 9) i= & (o(t.2)0(t.2).5) + (. )
and the SDE X, such that, for any ¢ € [0,7] and ¢ € L*(Q, F;; RY),

XG(s) = ¢+ /t a(r,X@fo)(T)) AW, + /t b(r, Xflfa)(r)> dr, s€ltT).

We refer to appendix A for more details on SDEs. It is well known from the

Feynman—Kac formula that the viscosity solution to the problem

O (t,z) + Ly (8,2, Vv, D20) = 0, te(0,T),z€RN
(T, z) = g(z), z € RY.

is v(t,z) == E (g (X(tfa)(T)>>. Moreover, since F' = (bgl)%ﬁp L), theo-

rem 2.0.3 yields that

u(t,z) := sup E (g (X&fa)(T)>>
(b,o’)EICF

is a subsolution to problem 2.1.1. Thus the idea is that u could also be
the viscosity solution to problem 2.1.1, but in reality we do not expect this
supremum over g to produce a viscosity solution. In more detail: generally,
we could have that, for some x € RY, ¢t € [0,T], § > 0 and for any h € (0, ),
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u(t,z)+ech = sup E (g (X&ma)(T)» +ech
(byo)eKR ’

< sup ]E((esssup ]E< <X€+hy )‘y—th (t+h)>> (2.5)

(byo)EKR b0 )eKr

§(b7§;1€pKFE( <t+h th (t+h)>>.

Moreover we have that, under some additional assumptions (see |31, Section
C.4], for example), problem 2.1.1 admits a C**22+%([0, T — k] x R") solution,
where a € (0,1) and k € (0,7"). Thus, if we assume that u is this solution

and h is small enough, from It6’s formula we get

E ( <3 X(tb"?g (t+ h))) =u(t,z) + E(/ttJth(b’U) (s, X(t,’)fg)(s), Vu, Diu) ds)

t+h
+E </ Oru (5, X(téfa)(s)) ds)
t

and by our assumptions, Jensen’s inequality and corollary A.1.5 there exist
three constants ¢;, ¢ and c3, independent from the choice of (b,0) € Kp,
such that

E ( tt+h (L(b,o) (s, X(tgi”o)(s), Vu, Diu) — Loy (8,2, Vu, Dfﬁu)) ds)
h
E < a <8tu (s X(b (s )) - 8tu(s,x)> ds)
h
_aF (ﬁt+h()X&’fG)(s) - x( | v 1)(()(5;3)(3) - x‘ + ‘X(tfg)(s) _

- h

1 e

2\ 2 2\ \ 2

<co (E( sup ‘X” s)—ux )) + ¢ (]E( sup ‘X” s)—w ))
SE[t,t+h] s€lt,t+h]

a+1

2 2\\ ?
z| | +a |E| sup ’X&xg)(s) -z
s€[t,t+h] ’

+

)

+01E< sup )Xfxa)( ) —
s€[t,t+h]

t+h
<cs (/ e'y(t—i-h—s) dS)
t
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which together with (2.5) imply that

sup ]E( (t—i—h Xbo)(t—i-h)))—u(t,x)

0 < lim 22F
R10 h
sup E <f th (L(ba) (s bea)( ),qu,D§u> +8tu<s,X&l’a)(3)>>ds>
. lIn(b ,0)EK R ’
A h
=0wu(t,x) + sup Lo (t, x, Vu, Diu) = Ow(t,z) + F (t, x, V,u, Diu)
(b,o‘)EICF

Therefore u is not a supersolution, in contradiction with our assumption that
u is a solution.

In [12, Section 3.1| Denis, Hu and Peng find a representation formula for
the viscosity solution to a version of problem 2.1.1, with a sublinear operator
that depends only on the second order term, using a dynamic programming
principle which assure that, thanks to an ad hoc construction, (2.5) never
happens. Inspired by this paper, our method to obtain representation for-
mulas relies on a dynamic programming principle, which is a generalization
of the one presented in [12] and is based on a construction on a broader set
than . This set, which we call Ar, is made up of the progressive processes,

sometimes referred as controls,
(b,0) : [0,00) x 2 x RN — RN x S

which are cadlag, i.e. right continuous and left bounded, on [0, 00) and such
that, for any (t,z,p,S) € [0,00) x RY x RN x $¥ and w € Q,

* (o(t,w,)o(t,w,2),5) +p'b{t,0,2) < F(t,2,p,5),

20
Lip(b(t,w)) < 2¢, Lip(co(t,w)) < %, the eigenvalues of (00)(t,w, x) belong
o [2X,00)" and (b(z),0(x)) € L% x L%, 5. Ap is obviously non empty,
since it contains Cg. Notice that on Ap it is possible to define a topology

induced by the convergence on compact sets, since, for any k£ € [0,00) and
(b,0) € Ap, E (fo ka |(b,0)|| ) < 00, and that, by proposition A.1.6, the
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solution to the SDE is continuous in Ar endowed with this topology.
For any t € [0,00), an useful subset of Ap, which we will use later, is A%,
which consists of the (b, o) belonging to Ap such that {(b,o)(t+ s, )} scjo,00)

is progressive with respect to the filtration {F!} We point out that

s€[0,00) "
trivially A% = Ap and Kp C AfL. Moreover, as a consequence of the defini-
tion, we have

1
F(t+s,z,p,S) = (bm)ai —{o(t+s,x)0(t+ s,7),S) +p'b(t + s,),
,0)EAL

since this is true for each w € Q, thanks to (1.3).

In what follows will be useful the next density result.

Lemma 2.1.4. The set

7 (b O')GAF ZXA bmaz |[too

where {(b;, o)}y C AL and { A}, is a Fy—partition of
is dense in Ap for any t € [0,T].

Proof. To prove this we will show that, fixed a k € IN, we can approximate,
in L2([0, k] x Q x B(0)), any element of Ax with an element of 7.
Preliminarily notice that by our assumption each element of Ap can be ap-
proximated in L?([0, k] x Q x By(0)) by a sequence of simple functions. We
will denote with B([0, k] x Bx(0)) the Borel o—algebra of [0, k] x By(0).
Furthermore, since the collection Z of the rectangles A x B where A € F,
and B € B([0, k] x Bx(0)) is a m—system which contains the complementary of
its sets and generate o (F. x B([0, k] x Br(0))), by [0, Dynkin’s lemma A1.3]
each set in o(Fu X B([0,k] x B(0))), which is the smallest d-system con-
taining Z, can be approximate by a finite union of sets in Z. Similarly, each
set in F,, can be approximated by finite intersection and union of sets in F;
and F! , since by lemma 1.1.1 F, = o(F, FL.).

Therefore, fixed (b, o) G AF, for any € > 0 there exists a simple function s,
such that s.(t,w, z) = Z Z It ) xa, (W w)xa;(w) where {4;}i_; and {A}}L,

:1]
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are respectively a F;-—partition and a F’ —partition of Q and

E ( /0 ' /B 100 - sg(t,:c)IQda:dt) <e. (2.6)

Then, for each A; and A’ with P(A; N A}) > 0, there exists a wZ € AN A,
such that
€

k
Jo) o 2 s

otherwise we would have that

E ( /0 ' /B Y (b, 0)(t, ) — s.(t, x)\2dxdt>

=k (ZZ/O /Bk(o) (b, 0)(t,z) — Sg(taxMQXAiXA;dtdzT)

i=1 j=1

k
2k < / / ‘(baa)(t,x)—sf(t,x)‘ZXAiXA/dtdx)
0 JB(0) /

>e,

in contradiction with (2.6). Finally, let wf be any elements of A; N A} if
P(A; N A}) =0 and (bF,0F) := > (b,0) (wf) X4, Then (bf,0F) € Al and

1Y 19771
Jj=1

(bE, oF) = Zn: (bf,0%) x4, is an element of J satisfying

g)r-e = 1974
* 2
E </ / |(b,0)(t,z) — (b, 0F) (¢, z)| dxdt) < 4e.
0 JBy(0)
This proves that J is dense in Ap. O

The dynamic programming principle is, in our case as in [12], an instru-
ment that allows us to break a stochastic trajectory in two or more parts
(this intuitively explain why we ask (b,0) to be cadlag in time) avoiding
(2.5), i.e., for any s and t such that 0 < s <t < T and z € R",

sup E (g (be’fj) (T)))

(bva)EAF
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7Xs,:c
= sup sup [ (g (Xzb/’;lj,)cr)(t) (T)))

(bvg) €AR (b,’gl)evAF

(2.7)
= sup E ((ess sup E (g (X&%{U/)(T» ‘y = X(ng,) (75)>> ;

(bo)eEAR v, o' eEAR

therefore we proceed by steps analyzing, for any ¢ € L2 (Q,}"t;]RN ), the

function

@(¢) 1= esssup B (g (X(5, (1) | 7).
(byo)eAR

We point out that the initial datum ( here represent the first part of the
trajectory defined by X ,) broken off at ¢, i.e. is a generalization of the
term X7 (¢) in (2.7).

Remark 2.1.5. The reasons why we ask the elements of Ap to be cadlag in
time can be seen in the first identity of (2.7):

tL,X2% (t
sup E (g <X€bi,)(T)>> = sup sup E (g <X(b/ ;l;,)a)( )(T)>) '
(bo)eAp ’ (bo)eAp (W, 0 )eAR ’

While this is true in Ag, since given two elements (by,01), (ba,09) in Ap

(b1(s),01(s)) if s €[0,¢],

(b3(s), 03(s)) ==
(ba(s),09(s)) if s € [t, T

belongs to A, this could not be true in general for a space with time con-

tinuous elements.

Preliminarily we need the following lemma:

Lemma 2.1.6. Under the assumptions of problem 2.1.1 we have that
u(t,z) := sup E <g (Xflfa)(T)>>
(bo)eARp

18 %fHO’Zder continuous with respect to the first variable and Lipschitz con-

tinuous with respect to the second one. Furthermore there exists a constant
¢, which depends only on ¢ and T, such that

wp B ([o (X(5,m)|) <e (1+ (B (c7)?)

(b,o)c AR

Jor any t € [0,T] and ¢ € L* (Q, F; RY).
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Proof. Our assumption, Jensen’s inequality and corollary A.1.5 yield, for any
t €[0,T] and ¢ € L?

B (Jo (X m)]) <t (148 (X, m)))

where ¢; is a constant which depends only on ¢ and 7', and this prove the
boundedness property. The continuity property can be proved in the same
way, in fact, for any ¢,s € [0, 7] and z,y € RY, we obtain that there exists

a constant ¢, which depends only on ¢ and T such that

ut.) —ultp)l < s E ([ (X () — 9 (X))

S Sup (B (‘Xflfo) (T) - X(tl’)%lo) (T> ‘)
(byo)EAR

2\ \ 2
< sup ¢ (]E <’X€lfa) (T) = X2, ()| )>
(byo)eAR

< (lz — y?)? = calz — .

and, assuming s < t,

u(t, ) —u(s,2) < sup B (|g (x§7,(1) — g (X35, (D))

(byo)EAR
1
2) ) 2

7AXs,ac
< w8 (|, - X))
(byo)EAR

’Xs,z
<, (B (iam -3
(byo)eAR
2) > 3

where c3 and ¢4 constants which depends only on ¢ and T'. O

<c3 (]E (‘x — X3 (t)

§C4(t - S)%a
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We can now start to focus on the dynamic programming principle and
our first step to prove it is a lattice property, which heavily relies on the
randomness of the set Ap. We point out that this method is a generalization
of the one presented by Denis, Hu and Peng in [12, Section 3.1], and will
be proved along the same lines. However in [12]| the dynamic programming
principle is applied to equation with sublinear operators only depending on
the second order terms, consequently the controls take matrices as values, and
not functions as in our case. Another difference is that we require controls to
be cadlag because they are more suitable to our needs, as will appear clear
in the next sections. While here we try to be as simple as possible, in the

next section we will obtain a more general result.

Lemma 2.1.7. For each (by,01) and (b, 09) in A there exists a (b,0) € Ap
such that

B(o (X ) )= o () 2 (a6 1)) 23

Therefore exists a sequence {(b;,0;) }iew in Ap such that a.e.

E (9 (X{,,(D)|7) 1 2:0) (29)
We also have
E(2(O) < sw B (‘g (thCU)(T)) D < o0, (2.10)

and, for any s € [0,1t],

E| esssup IE( (X :C )’.7—})
(bo)eAR

=esssup E (g (Xfl’fo) (T)) ’.Fs) :
(bo)EAR ’
(2.11)

Proof. Given (b1, 01), (by,09) € Ap, we define
A= {w eQ:E ( (bef o )) ‘ft) (w) > E <g (X(tgﬁm)(TD ‘]:t> (W)} ;

which belong to F;, and (b,0) := xa(b1,01) + Xac(b2,02). We thus have
(b,0) € Ap and (2.8). From this, by the properties of the essential supremum,
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we obtain the existence of a sequence {(b;,0;)}iew in Ap such that (2.9) is
true. Furthermore, from lemma 2.1.6, (2.8) and [!1, Theorem 1], (2.10) and
(2.11) follow. O

Lemma 2.1.8. For each x € RN, ®,(x) is deterministic. Furthermore
Oy(x) = u(t,x).

At first sight stating that ®,(z) is deterministic may seem trivial, but we
remember to the reader that in general the conditional expectation, hence
E <g <X &“:"’U) (T )) ’E), is not deterministic.

Proof. By lemma 2.1.4 7 is dense in Ap, hence, by lemma 2.1.7 and propo-

sition A.1.6, there exists a sequence

{(bi, 0:) biew = {Z X4, (i j, Uz',j)}

J=0

which belong to J such that |E (g (X(tl;jai)(T)> ’]—}) 1 ®y(x) a.e.. But
E (s (x5, (0)|7) =Sk (s (x5, (1)|7)
=0

- Z Xa, B (g (X&jjvfn,j) (T)>>
=0

g t,x
= A I (g (X(bw'vaivj)(T)»

J
=E (g (ngfji,oi,ji)(T))) :

where j; is the index that realizes the maximum in the previous formula. This

imply }an;lo E (g (Xfl;ijiyo'i,ji)(T ))) = ®(x), therefore ®,(z) is deterministic

and this concludes the proof. n

Notice that, contrary to the appearances the equality u(t,() = ®.((),

could in general be false, however it is true in our setting, as made clear by

the next lemma.

Lemma 2.1.9. For each ( € L? (Q,ft;RN), we have that u(t, () = D4(()

a.ce..
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Proof. Thanks to the continuity of u proved in lemma 2.1.6 and conse-
quently, by lemma 2.1.8, of ®, we only need to prove the statement when

(= Z Xa,;j, where z; € RN and {A;}7_ is a F;partition of Q. As seen
j_
in the proof of the previous lemma, for each x;, there exists a sequence

{(bi,ja O'Z'J‘)} in Al}r such that
lim E (g (X(tbfjjau)(T») = Ou(x;) = u(t, x;).

Setting (b;, 0;) == Z (i j,045), we have

P,(¢) 2E (9 (thggl )‘-ﬁ)

n

ZX < ( tfigi,j)(T))‘fQ Qimju(t,xj)
Jj= 7=0

=u(t, C).

On the other hand, for any (b,0) € Ap,

£ o (¥, 0) ) - 1n B o (0] 7) < Svastn
=u(t, ().

Thus esssup E (g (becg )) ‘.7-}) < u(t, (). This completes the proof. [
(bo)EAR

Now we have all that we need to prove the dynamic programming prin-

ciple:

Theorem 2.1.10 (Dynamic Programming Principle). Let t and s such that

0<t<s<T, then under our assumptions, for any r € RV,
)

(bza)EAF
S,X(tl’fd)(s)
= sup E| esssup E(g|X, " (T))|F) | (212)
(b,O’)E.AF (b/,o’/)G.AF ’
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Proof. By the uniqueness property of the SDEs and since the (b,0) in Ag

are cadlag, we have
tx SvX(tl;iEa)(S)
sup [E (g (X(Zw)(T))) = sup sup  E | g(Xy 0 VARRE
(byo)eAR (byo)eAR (V,0')EAR

Furthermore follows from (2.11) and lemma 2.1.9 that

S,Xt’l s S,Xt’g{3 s
sup E (g (X(b’ U(f;),w( )(T)>) =IE| esssup ]E(g (X(b/ ;fjcr)( )(T)) ‘]__s> ’
(v,0")EAR ’ (v 0" )EAR ’
hence (2.12) is true. O

We finish this section solving the problem 2.3.1 using the dynamic pro-

gramming principle just proved.
Theorem 2.1.11. The function u(t,z) == sup E <g (Xfl’fg)(T)>> is the
g

(byo)eAR
unique viscosity solution to the problem 2.1.1 such that u(T,x) = g(z) for

any x in RY.

Proof. Uniqueness follows from theorem 2.1.3 and we already proved in
lemma 2.1.6 that u is well defined and continuous. Is also trivial that
uw(T,z) = g(x) for any z € RY, so we only need to prove that u is a vis-

cosity solution. We start proving the subsolution property. Fixed (t,z) in
(0,7) x RY and (b,0) € Ap, we let v(t,z) = E (g (X(tl;xa)(T)>>, ¢ be a

supertangent to v in (¢,x) and § a positive constant such that
o(s,y) —p(t,x) > v(s,y) —v(t,x) for any (s,y) € [t,t + ) X Bs(x).
By definition we know that
Op(t,x) + F (t,2, Vo, D2p) > Op(t,x) + E (L) (¢, 7, Vap, D2g))
and if we define
7, = inf {s € tT]: ‘X(tl;:fa)(s) - x‘ > 5} A (t+h),

Lebesgue’s differentiation theorem and It6’s formula yield
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Op(t,z) + E (L) (t, 2, Vo, D29))

(000 (5 X5 (5)) + Lo (5 X(55 (), Vo, D2¢)
=limE /
hl0 . h

X{m>s} |ds

:1}1?8 k <90 <Th’ X&fa)ff@)) — o(t, x)

By the uniqueness property of SDEs we have that

Ttht#EU (Th) T
B (s (™ m)) = e (o (i)
therefore, thanks to the definition of v

E (@ (7 Xy () ) ) = 9(t,2)
Dplt, ) + F (b7, Vap, Dip) = lim ( <h : )h h >>

E (v (7 X () ) = v(t. @)
> lim

h10 h

=0.

This show that v is a viscosity subsolution to problem 2.1.1, thus theo-
rem 2.0.3 yields that u is a viscosity subsolution to problem 2.1.1.

In a similar way we now show that u is a viscosity supersolution. Fixed (¢, x)
in (0,7) x RY, let ¢ be a subtangent to u in (¢,x) and § a positive constant
such that

W(s,y) —(t,x) <wu(s,y) —u(t,x) for any (s,y) € [t,t + ) X Bs(x).
By definition we know that

Ob(t,x) + F (t, 3, V0, D2Y) =0,0(t, )

+ sup E (L(b@) (t, x, Vb, Dg,’?b))
(byo)eAR

and if we define

T = inf{s € [t,T): ‘X(tlfa)(s) - x’ > 5} A(t+h)
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Lebesgue’s differentiation theorem and Itd’s formula yield

8t¢(t, l’) + E (L(b,a) (t7 x, wa’ Diw))
hwE /h at@D(S,X&f)( ))—f-L(bJ)( X () AV} DQ@/))

hl0 ¢ h

X{Thzs} dS

i (¥ (e Xt (70) ) = et )

hl0 h

Therefore, using the subtangency property of ¥, we have that

E ('@D (Tha ngxg (Th)>> w(ta .23)
Op(t, ) + F (t,2,Vatp, D2p) = sup lim
(byo)eAR hi0 h
E (u (Th,Xt )(Th)>> u(t, x)
< sup lim
(bo)eAp 0 h
sup [E (u (Th,X&’fa)(Th)>> —u(t, )
. (bo)eAr
<lim .
) h

Finally, by the dynamic programming principle 2.1.10,

sup E (u (Th, X(b 0)(Th)>) —u(t, )

m (bva)EAF
hl0 h
X (b (Th) t
sup E (g (X4, (T)) | — sup E ( (X(ba (T)))
. (bo)eAF (b,o)EAF
= lim =0

hl0 h

and this concludes the proof. O]

2.2 Dynamic Programming Principle

The scope of this section is to provide a generalization of the dynamic pro-
gramming principle 2.1.10 used on the Cauchy problem 2.1.1, so that we can
employ it to derive representation formulas for the viscosity solutions to more

general problems. We remember the reader that this dynamic programming
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principle is a generalization of the one presented by Denis, Hu and Peng in
[12, Section 3.1] and will be obtained in a similar way.

Let A be the set made up by the progressive stochastic controls
a:[0,00) x Q@ x RN = RM

such that a(x) € 1?2 for any x € RY and which are cadlag with respect to
the first variable, uniformly Lipschitz continuous with respect to the third
one with Lipschitz constant equal or lower than a positive constant ¢ and, for
each (t,z) € [0,00) x RV, there exists a closed convex set KZ such that the
ay(w, ) belong to K for any w € €. Notice that under these assumptions
A can be endowed with the topology of the convergence on compact sets as
Ap. Then, given an a.e. finite stopping time 7 and a continuous application

¢ from [0,00) x R x A into R such that
or RV X Alroe) = L' (2, Foi R)

we define the set A7, which is made of the controls a belonging to A such
that {arit}iefo,00) i progressive with respect to the filtration {F{},cp o),
and, for any ¢ € L? (Q, Frs ]RN), the function

() i= ess sup B(p(C, ) 7).

We assume that ¢;(z, ) is F. —measurable for any ¢ € [0,00), x € RN and
a € A', and, for any a.e. finite stopping time 7 and ¢ € L* (Q, F-; RY),

sup E(|-(¢, a)|) < oco. (2.13)

acA

In this section the function ® represents, roughly speaking, the viscosity
solution, ( is the first part of a stochastic trajectory broken off at 7 (this is
why we restrict ¢, on Alj; o) and ¢ the function which we will use to build
the viscosity solution.

Notice that under our assumptions the set A” are non empty when 7 is
deterministic, but they could be empty for a generic a.e. finite stopping time.

However it is easy to see that A” is non empty for any a.e. finite stopping
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time 7 if the sets K} do not depend on ¢, i.e. the following condition holds

true

K} = K¥ =: K* for any t,s € [0, 0), (2.14)

since deterministic function with value in K* belongs to A”. In this
case we will also assume that ¢, (z, «) is F] —measurable for any a.e. finite
stopping time 7, z € RN and o € A".

We proceed by steps, like the previous section, keeping in mind that the

following results are a generalization of |12, Lemmas 41-44 and Theorem 45].

Lemma 2.2.1. For each a.e. finite stopping time T and oy, ao in A there

exists an o € A such that

E(@T(C? a)|‘F7’) = E(@T(Ca O‘l)"’r‘r) \4 E(@T(ga Oég)|f~,—). (215)

Therefore there exists a sequence {a;}ien in A such that a.e.

E(pr (¢, i) [Fr) T @-(C). (2.16)
We also have
E([®-(¢)]) < itelaE(lsoT(C,a)l) < o0, (2.17)

and, for any stopping time 7" < T,

E (ess sup E(¢- (¢, a)|F7)
acA

}"T/) = esssup E(¢- (¢, )| Fr). (2.18)
acA
Proof. Given aq,as € A, we define

A= {w € Q: E(p, (¢, a1)|F7) (W) = E(r(C, a2) | F7) (w)

which belong to F-, and o := (x a0 +Xac2) X t>7}- We thus have o € A and
(2.15). From this, by the properties of the essential supremum, we obtain the
existence of a sequence {«;};en in A such that (2.16) is true. Furthermore,
from (2.15), (2.13) and |11, Theorem 1|, (2.17) and (2.18) follow. O

The next is a density result similar to lemma 2.1.4.
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Lemma 2.2.2. The set

Q€A 0o = Y Xa,iliroc), where {a;}y C AT
J" = i=0

and {A;}i, is a Fr—partition of

is dense in A for any T € [0,00). If (2.14) holds, then this is true for any

a.e. finite stopping time T.

Proof. When 7 is deterministic this lemma can be proved in the same way
of lemma 2.1.4, hence we will just prove it when (2.14) holds true and 7 is
an a.e. finite stopping time.
Let . . .

l, if J-1 <7< l,je{l,--- ,n?},

T, =4 N n n

oo, if 7>n.
Clearly 7 is the decreasing limit of {7,,} and, fixed an o € A, there exists a
sequence {af’n}iem - j% converging to o for any n € Nand j € {1,--- ,n?}.

Now take an o/ € A" and define, for any n € IN,

n2
o) = QX {t<r} T+ (Z aﬁ:—n77+t><{%§7<%} + OZQX{n<T}> X{t>7}-
j=1

It is easy to see that a™ belongs to J7 for any n € IN. Fixed & > 0 we have
that

k
E ( / / lu(z) — a?(m)\zdxdt)
0 JBx(0)
(k—7)VO0
<2E / / |y () — aTnth(x)\zX{mT}dxdt
0 By(0)

n2 (k—7)VO 4 )
22 E [ o) oy gyt

(k—7)VO0 ) ) )
+2E / / (|O‘T+t’ + |a7+t| ) X{nST}dxdt )
0 By(0)
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thus, thanks to the right continuity of o and the definition of 7, 7,, and aZ",

we have that for each positive € and k there exists a n . such that

E (/Ok /Bk(o) () — ag(x)y2dxdt) <c

for any n > nj .. Consequently J7 is dense in A. n

Lemma 2.2.3. For each 7 € [0,00) and x € RN, ®, () is deterministic.

Furthermore

O (z) = esssup E(p,(z, )| F,) = esssup E(¢,(z, )| F,). (2.19)

acA acAT

If (2.14) holds, then this is true for any a.e. finite stopping time T.

We remember once again to the reader that in general the conditional

expectation, hence E(¢,(z, a)|F,), is not deterministic.

Proof. By lemma 2.2.2 J7 is dense in A, hence, by lemma 2.2.1, there exists

a sequence
n;
{ai}ielN: E XA; QG5
Jj=0

which belongs to J7 such that E(¢,(z, ;)| F;) T ®,(z) a.e.. But

€N

E(pr (7, 0s) | F7) _ZXA E(pr (7, o 5)|F-) ZXA (or (2, i)

7=0

< max ]E(QOT(QT Oé”)) E(SOT(m amz))

7=0

where j; is the index that realizes the maximum in the previous formula.

This implies lim E(p,(z,q;;)) = @,(x), therefore ®,(x) is deterministic,
1—00

and the inequality

lim E(g,(z, a;,)) < esssup E(p,(z,a)|F;) < .(x)

1—00 OCEAT

confirms the equation (2.19). O
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Remark 2.2.4. Note that by the previous lemma and (2.18) we have that

¢, (x) =E <ess,es;‘1p E(p,(z, oz)|]-})) = iléB]E(goT(x, a))

= sup E(p-(z, )

ac AT

for any 7 € [0, 00), or, if (2.14) holds true, for any a.e. finite stopping time

T.

Lemma 2.2.5. We define the function

u:[0,00) x RY —— R

(t,x) —— Dy(x)

and assume that it is continuous. Then, for each a.e. finite stopping time T
and ¢ € L (0, Fr; RY), we have that u-(¢) = ®-(¢) a.e..

Remark 2.2.6. This lemma says, as a consequence of (2.19), that

esssup E(p, (¢, a)|F,) = esssup E(, (¢, a)|Fr)

acA acAT

for any 7 € [0, 00), or, if (2.14) holds true, for any a.e. finite stopping time

T.

Proof. By the continuity of u, and consequently of ®, we only need to prove

the lemma when 7 = Z Xa,t; and ¢ = Z X4,%;, where t; € [0,00), z; € RY
7=0
and {A;}7_, is a F; partltlon of 2. As seen in the proof of the previous

lemma, for each (t;,z;), there exists a sequence {a;;}iew in A% such that
lim B (1, (g, i) = @y () = g, ().

n
Setting ; := ) xa,0,j, we have
=0

®-(¢) ZE(p- (¢, )| F7)

XAjE (Sotj (xja ai,j)‘ftj) w Z XA;Ut; ('CEJ) - uT(C)

J=0 Jj=0



2.2 Dynamic Programming Principle 35

On the other hand, for any o € A,
E(o- (¢, )| F7) ZXA E (¢, (x5, a)| ) ZXA g, (75) = ur(Q).
7=0
Thus esssup E(¢- (¢, a)|F,) < u,(¢). This completes the proof. O
acA

Theorem 2.2.7 (Dynamic Programming Principle). Let 7 and 7' be two
a.e. finite stopping times such that 7" < 7, ¢ be a function from Al ;) to
L*(Q, Fr; RY) and assume

sup E(pr (Ca, )| Fr) < 00

acA

Then we have

esssup E(@T(Caa Oé)’./—';-/) = €S8 Sup €ss Sup E(@T(C&aﬁ)‘f‘r’)

acA acA BeA

=esssup E(u,(Ca)|Fr).
acA

(2.20)

In particular

sup B(ur (o)) = sup E(er(Ca, @) (2.21)
acA acA

Proof. Tt follows from (2.18) and lemma 2.2.5 that

ess D Bl (o)1) = B (esssup B (6o 1) P ) = Bl (G170,
peA BeA

therefore (2.20) is true (remember that the elements of A are cadlag, that

is why we can break the essential supremum in two part in (2.20)). Finally

from (2.20) and |11, Theorem 1(ii)] we get (2.21). O

Remark 2.2.8. We point out that even if we required the elements of A to be
cadlag, this condition can be weakened. Indeed if the elements of A are just

progressive, each result of this section still holds true with the same proof.



36 2. Viscosity Solutions

2.2.1 On the continuity of ¢

Here we briefly discuss on the continuity assumptions of .

It is straightforward to see that many results of this section are still true if
v is not assumed to be continuous. The continuity on the first two variables is
actually never used, since we just need and assume the continuity of functions
generated from ¢ by the essential supremum. However the continuity on the
control set is used in the proofs of lemmas 2.2.3 and 2.2.5, which are crucial
for the proof of dynamic programming principle 2.2.7. We point out that the
continuity in probability is enough to prove those results, but we just require
that ¢-(z,a) is in L' (Q, Foo; R) for any (z,) € RY x Al Luckily we
have, as a consequence of the density of the simple function in L! and that,
by lemma 1.1.1, F, = o (F,, FL), that the set

pell:¢p= ZXAi¢i7 where {¢;}1_, C L' is FI ~measurable

= i=0
and {A;}, is a F,—partition of Q
is dense in L', hence, since by (2.17) ¢, (z,a) is in L' for any o € A, we have
that there exists a sequence {¢;}iewy C J such that lim E(¢;|F,) = @, (x)
1—00
a.e.. So, define, for any ¢ € IN,

Bi:={w e Q: B(¢i|F7)(w) > - (2)(w)}, 1= dixars,
and recursively
Ci = {w € Q: B(¢s| F)(w) > E(¢; 4| F:) (w)},
51‘ = gbiXCi\Bi + Q_ZSZ',1XQ\CZ~~

By our assumptions Zlgglo P(B;) = 0 and the sets B;, C; belong to F, for
i € NN, therefore {ai}ie]N is a sequence in J such that F ($Z|.7-"T) T @, (x)
a.e.. We can then use this sequence to prove that ®.(z) is deterministic as
in lemma 2.2.3 and similarly we can prove lemma 2.2.5 for measurable ¢.

Unfortunately this method can not be used to prove (2.19) and consequently
we can not prove the last equality in remark 2.2.4 and remark 2.2.6, but any

other result of this section still holds true.
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2.3 Parabolic PDEs with Sublinear Operators

We analyze now the following problem:

Problem 2.3.1. Let T be a terminal time, F' a uniformly elliptic operator

as seen in assumptions 1.2.1 and
0T xRYxRxRY - Rand g: RY - R
two continuous functions for which there exist two constants u € R and £ > 0
such that, for any ¢t € [0,T], z,2’ € RN, y,5/ € R and 2,2’ € RY,
(i) lg(z) = g(")] < L]z —2'};

(i) lg(z)] < €1+ |=]);

(i) [f(t,2,y,2) = f(t,2',y,2)| < U|o — 2| + |2 = 2]);

(iv) [f(t 2y, 2)] < 0L+ [z] + |y + |2]);

(V) (y - y,)<f(t7x7 Y, Z) - f(tu 1’73/,7 Z)) S ,LL’y - y,|2'
To obtain uniqueness of the solution we will also assume that

(vi) the continuity of the function y — f(¢,x,y, 2z) is independent from the

fourth variable.

Find the solution u to the parabolic PDE

Owu(t,x) + F (t, 2, Vu, D*u) + f(t,z,u,V,u) =0, te (0,T),reRY,
uw(T,x) = g(x), r € RY.

Remark 2.3.2. To ease notation we can assume without loss of generality that
the ¢ in problem 2.3.1 is the same of assumptions 1.2.1. Since F' is continuous,
we can also assume that, for any (b,0) € Ap, |b(t,0)| < ¢ and |o(t,0)] < ¢
for any ¢t € [0,7]. Furthermore for our analysis the operators L, with
(b,0) € Ap will be as important as they were for the Cauchy problem 2.1.1.
Thus, to ease the notations, we define for any a.e. finite stopping time 7 the
sets L}, such that its elements are the operators L, with (b, o) in A%. As

previously done with A we also define the set Lp := LY.
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As for problem 2.1.1, by theorem 2.0.5 we have the following comparison

result.

Theorem 2.3.3. Let u and v be respectively a subsolution and a super-
solution to problem 2.3.1 satisfying polynomial growth condition. Then, if

ulimr < )i=r, u < v on (0,T] x RV,

When F'is a linear operator it is known that the representation formula of
its viscosity solution is build from a FBSDE, which we define below. Hence,
as done for the Cauchy problem 2.1.1, we will use the dynamic programming

principle to generalize this method for our case. We obviously start defining
the FBSDE.

Definition 2.3.4. With the term forward-backward differential equation, or
FBSDE for short, we will refer to a system composed of a SDE and a BSDE:

(X?Q =( + / o (r, X5°) dW, + / b (r, X1°) dr,
t t

N\

T
Vit =g (X5) + / Jo (R XPOYP4, 200 ) dr s € [6T), (2:22)

T
- / ZESdW,,

\ s

where ¢ € L? (Q,]—"t; ]RN), (b,0) € Ap, the function f, is defined as

folt,,y,2) = f (t, 2y, 2(0(t,2)) ) ,

for any (¢,z,y,2) in [0,7] x RY x R x RN and the functions f and g are
as in the assumptions of problem 2.3.1. Thanks to the uniformly ellipticity

condition we know that f, is well defined and that the Lipschitz constant for

the fourth argument of f, is ¢ \/g , but for simplicity we will just assume it
is ¢ again, possibly increasing it.

Note that under these conditions the assumptions A.1.1 and B.1.1 hold for the
SDE part and the BSDE part respectively, thus by theorems A.1.3 and B.1.3
there always exists a unique solution to (2.22). Thanks to remark A.1.8

and proposition B.1.9 this is true even if ¢ is an a.e. finite stopping time.
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We will call (X,Y, Z) a solution to the FBSDE if X is a solution to the SDE
part of this system and (Y%, Z¢) is a solution to the BSDE part for any
(t,¢) € [0,T] x L? (Q,}"t; ]RN). Moreover we will simply write Y to denote
the second term of the triplet (X,Y,Z) solution to the FBSDE (2.22), for
(b, o) that varies in Ag. For notation’s sake we will also omit the dependence

of Y from X and o or, equivalently, from (b, o).

Remark 2.3.5. Notice that the uniqueness property of the FBSDE implies
that, forany 0 <t <r <s<T,

t,¢ t,¢ ¢
(X;':Xr 7YST,XT ’Z;",Xr > — (X;f,C7 Y?Ca Zﬁ’g) )

This holds true even if ¢, r and s are stopping time.

Remark 2.3.6. We point out that since each element of L7, can be uniquely
determined by an element of A7, we can associate to each operator L € L7,

an FBSDE (2.22) and this connection is unique up to the initial conditions.

We will prove proceeding by steps that u(t,z) := sup E (Yttx) is a
(bo)eEAR
viscosity solution to the problem 2.3.1.

Proposition 2.3.7. The function u(t,z) := sup ]E(Ytt’x) is %fHé'lder
(byo)eAR
continuous in the first variable and Lipschitz continuous in the second one.

Furthermore we have that there exists a constant ¢, which depends only on £,

1 and T, such that

E(lu(r.QP) < swp B(7<) <c(1+E (). (2.23)
(byo)EAR

for any stopping time T bounded by T and ¢ € L? (Q, Fr; ]RN).

We point out that this proposition permits us to use the results of sec-
tion 2.2 on w. In particular Y, which is F]-measurable and therefore a.e.
deterministic, has the same role of ¢ in section 2.2. We already know that
Y™ is continuous, thanks to our assumptions, proposition A.1.6 and theo-

rem B.1.4, furthermore we prove here that it satisfies (2.13) and the conti-

nuity of u, which is needed for lemma 2.2.5.
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Proof. To prove our statement preliminarily note that by the definition and

the Jensen’s inequality

sip B (V)= sup B(YS)
(bo)eAR (byo)eAR

1
S Sup <E (’}/;t,x _ YSS,y‘2>) 2
(bo)eAr

ult, x) — uls,y)| =

(2.24)

and

2

E (|u(7', C)F) =1 | |esssup E (YTTvC’]:T)

(bo)eAR

< sw B(7Y), 225)
(byo)eAR

for any ¢,s € [0,T], z,y € R and ¢ € L? (Q, F; RY).
Our assumptions, theorems A.1.4 and B.1.4 yield

E (v - vif) SclE(\g (X57) — g (x) [
T
[ Vo X7 i, 27 g0 22) P
t
T
salt <|X;z - Xl / Xt — Xt ds)
t

<cy (lo =y + (T = t)|z — y?) < eslz—yf,

where ¢1, ¢5 and c3 are three constants which depends upon 7', ¢ and p. This
shows that u is Lipschitz continuous in the second variable thanks to (2.24).
Now, to prove that u is Holder continuous in the first variable, we assume
that s < t, hence, as previously done, we obtain, for a constant ¢, which

depends on ¢, yy and T,

(‘th st ) <|Y;s,z . Y;s’x|2) +9F (‘Y;t,z . Y;S’x|2>

X"

:2]E<Yt _ v )+2]E( e _y

)
s,x s,x r7s,x\ |2 t,x 6,X"
<l |fa P XY 20 P g (X)) —g (X5

of “)

2

tax vtx ot t, X% ytax ot
fo’(lraXr 7}/7‘ 7Zr )_f0'<r7Xr t 7}/; ,Z,,,)
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t
<cl’E (/ 3 (14X + [V + |23 ) dr

x5 |2

T ~
+ ‘X;“f — xBTS / ‘Xﬁ’x XX
t

2
dr) )

Then, from corollaries A.1.5 and B.1.5, we have that there exist four constants

cs, Cg, c7 and cg depending upon g, ¢ and 1" such that
T
E| sup [V ) <e:E (lg (X3 + / [fo (r, X2%,0,0)|” dr)

re(s,T)
T 2.26
s2c5£2E((1+|X§4””I2)+ / (1+|Xf“|2)dr) (220

<cg (1 + )2+ T (1 + |ac|2)) ,

and

s,T 2
£ sup [t 0 ) <l 07) < e

relt,T|

therefore these three inequality together imply that
B ([ = vee) < coft =) (1+ o)

where cg is a constants depending only on u, ¢ and 7', proving that u is
1-Holder continuous in the first variable thanks to (2.24).
Finally notice that, using remark A.1.8, as we got (2.26) we have that there

exists a constants c¢jg, which depends only on u, ¢ and T', such that
E(|v7) < ew(1+E(ICP).
This, thanks to (2.25), proves (2.23) and concludes the proof. O

Now we proceed to show that u is a viscosity subsolution. In order to do

so we need the following two lemmas:

Lemma 2.3.8. Let {U;}icp,0) be a cadlag process, then for any € > 0 there
exists a 6 > 0 such that

P({|U: — Us| < e, foranys e [t,t+05)}) > 0.
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Proof. Our argument is by contradiction. Assume that there exists an € > 0

such that for any § > 0

P{|U, — Us| < e, for any s € [t,t +d)}) =0,
which is equivalent to

P({|U; — Us| > ¢, for any s € [t,t+)}) = 1.

Let, for any positive integer n,

1
A, = {|Ut—Us\ > ¢, for any s € [t,t%——)},
n

then A, C A, if kK <n and

= =q1li — > .
A ,DlAn {gglwt US|_5}

Since U is right continuous we know that P(A) = 0 which contradicts our

assumption, since P(A) = lim P(A4,) = 1. O
n—oo

Lemma 2.3.9. For any t € (0,T), let L be an element of L. and (X,Y,Z)
the solution to the FBSDE (2.22) associated to L as in remark 2.3.6. If we
define, for any x € RN and s € [t,T)], ur(s,z) := E(Y>%) we have that, for

any supertangent ¢ to uy, at (t,z),
L (ta z, V;BQO, D:?:QD) > _aﬁO(tu l‘) - f (ta T, Uur, V.TSO) :

Proof. Preliminarily we denote (b, o) as the element of A% associated to L
and point out that since (b, o), restricted in [, T, is progressive with respect
to the filtration {F!}sci, 1), so are L, X* and Y, therefore they are constants
a.e. in t. As a consequence uy(t,z) = Y;"" a.e. for any z € RV,

Given x € RN and a supertangent ¢ to uz, at (t,x) we can assume without

loss of generality that ur(t,xz) = ¢(t, x), so we suppose that, a.e.,

Qp(t,x) + L (t,2, Vo, D2p) + fo(t,x,ur, Vapo) <0 (2.27)
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and we will find a contradiction. Note that, as a consequence of the Blumen-
thal’s 01 law 1.1.2, this is a deterministic inequality a.e.. By the definition
of supertangent, there exists a § € (0,7 — t) such that, for any s € [t,t + ¢]
and y € Bs(z),

ur(s,y) < ¢(s,y), (2.28)

hence we define the stopping time
Ti=(t+0)Ainf {s € [t,00) : | XL" — x| > 6}
and assume, possibly taking a smaller 7, that

SAT SAT?

O (sAT, XLE) + L (s AT, X5, Vg, D2p) 220
+fo (s AT, X5V, 0, Vapa) <0. '

SAT

We point out that, by (2.27) and lemma 2.3.8, the previous inequality holds
true on a set of positive measure for the xy ,15dt X dPP measure, thus 7 > ¢
on a set of positive measure.

Let (Ys, Zs) == (Yais, Z2%,), which solve the BSDE

T

V.= v+ / by (XY, Z,) dr - / Z.dW,. se T,
SAT SAT
and (K, ZS> = (¢ (s, Xsz) , (Vo) (s AT, Xﬁf@)) which, by It6’s formula,

is solution to

)A/s =p (T, Xix) — / ZrdWT
, AT s €t T).
_ / (B (1, X%) + L (r, X%, Vo0, D2p) ) dr.

AT

By (2.28) we have that
ug (1, X5%) — o (1, X1%) = Yy (r, X") <0

and (2.29) imply, thanks to corollary B.1.8, that Y;"* < ¢(t, z) a.e., but this
lead to a contradiction since we know that, by our assumptions, ¢(t, z) = Y;**

a.e.. This concludes the proof. O
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Proposition 2.3.10. The function u(t,x) is a continuous viscosity subsolu-

tion to the problem 2.3.1.

Proof. We know from proposition 2.3.7 that u is continuous, thus we just
have to prove the subsolution property to conclude the proof.
Let L be an element of £ and uy, as defined in lemma 2.3.9, then if ¢ is a

supertangent to uy, in (t,2) we have that, by the definition of L%,
F (t,2,Vop, Dip) > L (t,2,Vap, Dip) > —0ip(t,z) — f(t,2,ur, Vap),

therefore uy, is a viscosity subsolution to the problem 2.3.1 at (¢, x). Thanks
to the arbitrariness of £, L and = we then have that uy, is a viscosity subso-
lution in (¢,z) for any L € L5, € R and t € (0,T). From remark 2.2.6

we have that

sup ur(t,z) = sup E (V") = sup E (V") =u(t,2),
LeLt, (b,o)e AL, (bo)eAR

therefore the family of functions {up} is locally equibounded, thanks to

proposition 2.3.7. Theorem 2.0.3 hence yields that

sup ur(t,x) = u(t, x)
LeLt,

is a viscosity subsolution for any (¢,z) € (0,T) x RY. O
Before concluding this section proving that w is also a viscosity super-

solution, we need this preliminary lemma which expresses the dynamic pro-

gramming principle for this problem.

Lemma 2.3.11. For any (b,0) € Ap we let (7, 7) be the solution of the
BSDFE

Y. = u(r, X5) + /

SA

T T

fo (r, XE"Y,, Z,) dr — / Z,.dW,., (2.30)

AT

where s € [t,T] and T is a stopping time with value in [t,T]. Then we have

that sup E (V) = u(t,z).
(byo)eAR
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Proof. Fix (b,5) € Ap in (2.30) and define X := X(; ,) and the subset of Ap
Ap = {(b,0) € Ap : (b,0)(s) = (b,5) (s) for any s € [t,7]}.
From lemma 2.2.5 we know that

sup ]E(fo}}"T) = sup E(Y:th’z
(b,o’)EXF (b,O’)EXF

.7-}) =u <7’, 7?)
and lemma 2.2.1 yields the existence of a sequence {(b,,0,)}nen in Ap and

a corresponding sequence {Y;, }new such that

lim E (Y,f’ﬂ]—}) = sup K (YT”{_/TT) =u (7’, 7?) )

’T —_—
n—oo (b,0)EAR

Then, by theorem B.1.4, corollary B.1.5 and the dominated convergence the-

2
)0

lim E (Y,7) =E (Y3). (2.31)

n—0o0

orem, there exists a constant ¢ such that

lim B (|7, = V5 [") < lim cE (’u (nX) -~y

n—oo n—oo

hence, up to subsequences,

Furthermore, thanks to theorem B.1.7, Y;"* <Y, for any (b,0) € Ap, which

together with (2.31) implies that sup E (Y;”) =E (Yt). Therefore we can
(b,o’)EXF
use the arbitrariness of (5, E) and the dynamic programming principle 2.2.7

to obtain our conclusion:

sup E (V) = sup E (V") =u(t,2).

(bo)eAr (bo)eAr
O
We can now prove the main statement of this section.
Theorem 2.3.12. The function u(t,z) := sup E (Y;"") is the only vis-

(bo)eAR
cosity solution to the problem 2.3.1 satisfying polynomial growth condition

such that u(T,x) = g(z) for any x in RY.
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Proof. The uniqueness is a consequence of theorem 2.3.3 and (2.23), hence
we only have to show that u is a viscosity solution.

From proposition 2.3.10 we know that u is a continuous viscosity subsolution
and it is easy to see that u(T,z) = g(z) for any z € R", so we only need to
prove the supersolution property of u. Fixed (¢,z) in (0,T) x RY, let 1 be a
subtangent to w in (¢, x) which we assume, without loss of generality, equal

to w in (¢,x) and § a positive constant such that
U(s,y) <wuls,y)  forany (s,y) € [t, + 0] x Bs(x). (2.32)

We know, thanks to theorem 1.2.2, that there exists a continuous and deter-

ministic L € L for which
F (t,m, V.1, Dﬁw) =1L (t,x,wa,Diw)
and assume by contradiction
F (t,z, Vo, D) = L (t,2, V1, D2¢) > —0(t, x) — fo(t, z,u, Vaibo).
Then, by continuity,
Orb(s.y) + L (5,9, Varb, D3tb) > = fo(s,y,9, Vitoo) (2.33)

for any (s,y) € [t,t 4+ d] X Bs(x), possibly taking a smaller 4.
We denote with (b,0) and (X, Y, Z), respectively, the element of Ag, which,
to repeat, is continuous and deterministic, and the solution to the FBSDE
(2.22) associated to L. We define the stopping time

Ti=(t+0)Ainf {s € [t,00) : | XL* — 2| > 6},
let (?8,75) be the solution to the BSDE

Y, =u(r,X:") +/

SA

T T

by (n X2\, Z,) dr — / Z,dW,, set,T]

AT
and ()A/S, ZS> = (¢ (S,Xﬁﬂ) , (Vo) (s,Xﬁf})) which, by It6’s formula, is

solution to

Vo= (rxe) - [ zaw,
] an seltT].
- / (O (r, X1%) + L (r, X1, V0, D20)) dr,

AT



2.3 Parabolic PDEs with Sublinear Operators 47

We know from lemma 2.3.11 that
sup E(Y,) =u(t,z) = ¢(t, ), (2.34)
(bo)EAR
but by (2.32) we have u (7, Xt*) > 4 (7, X1®), which together with (2.33)
imply, thanks to corollary B.1.8, that Y, > (¢, z) a.e., in contradiction with
(2.34). ]

Remark 2.3.13. Assume that F' and f in problem 2.3.1 do not depend on ¢
and let u be the viscosity solution to this problem. Then it is easy to see
that v(t,z) := u(T — t,x) is the viscosity solution of the following parabolic

problem:

F(z, Vv, D3v) = Op(t, @) + f(z,v, Vo) =0, t€[0,00),z € RY

v(0,2) = g(z), r e RV.
We thus have that, for any 7' € [0,00), v(t,z) := sup E (YTT::’I), where
(b,U)EAg_t

Y is the solution to the FBSDE

S

'XST_W =z + / o (7’7 X?_t’x) dW, + / b (T’ X?_m) dr,

T—t T—t
T se [T —tT)
Y;Tft,a: =g <X’17:—t,z> + / fo’ (Xg‘ft,x’ Y;Tft,x’ szft,:(:) dr [ ]
s S RN,
T
- / Zr=trqw,,
\ s

with (b,0) € AL~". Note that even in the time independent case we still need
to rely on time dependent ¢ and b in order to use the dynamic programming
principle. To eliminate T' from this representation formula we can, for ex-
ample, use the fact that, in this case, for each (b,0) € AL there exists an
element (V',0') € Ar which has the same distribution of (b,0)(T —t + s, )
for any (s, z) € [0,¢] x RY. From this, if we define the FBSDE, with notation

changed to point out the terminal time instead of the initial time,

te $ tx i t.x
Xs —JI+/O O'(T7Xr )dWT—i_/O b(T’XT )d?“, SE[t,T],

t t
Vi =g (XP7) + / Jo (XE7, Y17, 207 dr — / zeaw,, © € R

S
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with (b,0) € Ap, we then have that v(t,z) :== sup E (Yy?).
(bo)eAR

2.4 The Dirichlet Problem with Sublinear Op-

erators

The problem which will be examined in this section is static, i.e., time inde-
pendent. It makes this problem more difficult to study, since we also have to

analyze the behavior of the stopping times

= inf {S € [0, OO) : X(tlfo‘),t—ﬁ—s ¢ D} ’
where D is the domain on which is defined the problem and X is a solution
to the SDE in (2.22). We already know that this is an a.e. finite stopping

t7§
T(b,0)

times thanks to proposition A.2.1.
Before starting with this section’s problem, we give the following defi-
nition, which will play a key role in the proof of the continuity of the exit

times.

Definition 2.4.1. We will call a set C C RY a convex cone if for every
x,y € C then x +y € C and ax € C for any non negative a.

We will say that a set D satisfies the exterior cone condition if, for any
x € 0D, there exists a convex cone C' with int C' # () and a positive ¢ such
that (v + C) N DN Bs(x) = {z}.

Problem 2.4.2. Let D C RY be an open bounded set which satisfies an
exterior cone condition, F' a uniformly elliptic operator as seen in assump-
tions 1.2.1, which we also assume time independent with

(i)  max F(z,p,5) <,
(0.S)eERN xsN  |(p, )]
and

F RVXRxRY 5 Randg:RY - R

two continuous functions for which there exist three constants € R, 1 > 0
and ¢, which we assume to be the same one in assumptions 1.2.1 for F', such

that, for any z,2' € RY, 5,9/ € R and z,2' € RY,
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(i) [g(x) = g(2")| <tz —2'[;
(iii) [g(z)| <4

() 1f(0,9.2) — flay, 2 |<z\f|z_z

V) f(2,y,2) = f(@',y,2)] < llw — 2|

(vi) [f(2,0,0)| <¢;

(vil) [f(z,y, 2)] < (1 +[yl);

(viii) (y —¢)(f(z.y,2) = f(x,y', 2)) < ply —y'*.

Furthermore assume that there exists a constant ¥ > [? + p such that

0 T
(ix) sup suplE ( T(b0) ) < 00.
(b,o)eAp TED

Find the solution u to the elliptic PDE

F (z,Vu, D*u) + f(z,u,Vu) =0, € D,
u(z) = g(x), x € 0D.

Remark 2.4.3. Here we comment on the assumptions for problem 2.4.2.

It is easy to see that, by item (i) in problem 2.4.2, |b| < ¢ and |o|* < 2¢ for
any (b,0) € Ap. It will also be convenient to assume f equal to 0 outside D.
We point out that even if F' do not depends on time, we still require that the
elements of Ap are cadlag in time. This is because we need it to apply the
dynamic programming principle 2.2.7.

A consequence of the fact that the operator F' does not depend on time,
is that for any (b,0) € Ap and a.e. finite stopping time p we can take a
(b,5) € A% such that (b,0)(t,x) < (b,7) (p + t,z) for any t € [0,00) and

x € RY. Consequently, by remark A.1.9, we get that X Ox) =X 2’ i 7)okt for

any t € [0,00) and x € D, which also implies that 7—(1; o) < T(bg
Item (ix) is a standard assumption for stochastic representation formulas for

viscosity solutions to elliptic problems in the linear case, as can be seen for
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example in [3, 9, 27, 28]. The role of this condition is to assure us that
our candidate viscosity solution does not explode at some point in D, as
we will see in lemma 2.4.7. We also note that while we know, thanks to
proposition A.2.2; that there exists a constant ¢ which realize item (ix) in

problem 2.4.2, it may not be greater than (? + u.

A comparison result holds for this problem as a consequence of |3, Theo-

rem 3.3] and lemma 1.2.7.

Theorem 2.4.4. Let u and v be respectively a subsolution and a supersolu-
tion to problem 2.4.2 such that v < v on OD. Then, if p < 0, u < v on

D.

As previously done, we start our analysis defining the FBSDEs we will
use to build our viscosity solution. The main difference with the parabolic

problem is that this one has random terminal time.

Definition 2.4.5. Consider the FBSDE with random terminal time

(

t+s t+s
X =+ / o (r. X)W, + / b (r, X1€) dr,
t t

t+7't‘<
(b,0)
s (Wil )+ [ X 2
t

t+’r(b70) +5/\T(tC

bo) s €[0,00), (2.35)
H )
— / ZLSdW,,
t

t,¢
+s/\‘r(b70)

\ fos =0, on {Tfé,g) < s} ,
where ¢ € L? (Q, F; RY), (b,0) € Ap, the function f, is defined as

folt,z,y,2) = f (a:,y, Z(O‘(t,I))_l) )

for any (¢, z,y,2) in [0,00) x RY x R x RY and the functions f and g are as in
the assumptions of problem 2.4.2. Is easy to see that the Lipschitz constant
for the fourth argument of f, is [.

Note that under these conditions the assumptions A.1.1, (A.4) and (A.5) hold
for the SDE part, while assumptions B.2.1 hold for the BSDE part (item (viii)



2.4 The Dirichlet Problem with Sublinear Operators 51

is true by remark 2.4.3), thanks to lemma 2.4.9 which we will prove below.
Therefore by remark B.2.3 and theorems A.1.3 and B.2.4 there always exists
a unique solution to (2.35) and thanks to remark A.1.8 and proposition B.1.9
this is true even if  is an a.e. finite stopping time.

Once again we will call (X,Y,Z) a solution to this FBSDE with random
terminal time if X is a solution to the SDE part of this system and (Y, Z%)
is a solution to the BSDE part for any ¢ € [0,00) and ¢ € L? (Q, Fi; RN).

Remark 2.4.6. Notice that the uniqueness property of the FBSDE implies
that, for any 0 <t <r < s,

XEC v XES e XS t, £ ot
(X7, 2o ) = (X0 v, ZE6)

Moreover 7%+ = (75" — (r —t)) V 0. This holds true even if ¢, r and s are
stopping time.

As before we will simply write Y to denote the second term of the triplet
(X,Y, Z) solution to the FBSDE (2.35), for (b,o) that varies in Ap. For
notation’s sake we will omit the dependence from (b, o) of X, Y, Z and even
7 when obvious. Furthermore we will also write X, Y*, Z* and 7" instead
of X0 YOz 702 and 7% respectively.

We preliminarily analyze the exit times.

Lemma 2.4.7. For any a.e. finite stopping time p, v € RY and (b,0) € A,
define the stopping time 79 := inf {t € [0,00) : X¥, ¢ D}. Then

P(rP® = 70%) = 1 (2.36)

for any a.e. finite stopping time p, (b,0) € Ap and x € RN .

The importance of this lemma is due to (2.36), which is used in the-
orems A.2.4 and A.2.5 to prove the continuity of the exit times and con-
sequently will allow us to prove the continuity of our candidate viscosity
solution. This lemma is the reason why we require D to satisfy an exterior
cone condition and is a generalization of |3, Proposition III.3.1], where the

author consider deterministic (b, o).
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Proof. Preliminarily note that if 2 ¢ D this is obviously true, while, if z € D,

by remark 2.4.6 our statement is equivalent to
P (7~ 0) = 1, (2.37)

for any a.e. finite stopping time p and (b,0) € Ap. Instead of (2.37) we will
prove the stronger result
P =0)=1 (2.38)

for any a.e. finite stopping time p, (b,0) € Ap and y € dD.

We will proceed by steps.

Step 1. Fixed x € 0D, in the first steps we will prove that P(7* = 0) = 1 for
any (b,0) € Ap, and from this we will then prove (2.38) by approximation.
We can assume without loss of generality that z = 0, since if X* is solution
to the SDE (b, ), then X* — x is solution to the SDE (b(- + z),0(- + z)).
Step 2. Thanks to our assumptions we have that there exists a convex cone
C with int C' # () and a positive § such that C N D N B;(0) = {0}, hence
there exists an x € C' and a positive constant € such that B.(x) C C'N Bs(0).
Fixed t € [0,00) define the continuous function ¢ : [0,#] — R such that
©(0) = 0 and (t) = x. Then, by proposition A.2.3, there exists a positive
constant ¢, which depend on ¢, A\, t and the modulus of continuity of ¢, such
that

P (sup | X7 —p(s)] < 5) > c.

s€[0,t]
Step 3. Now for any a > 1 let by (t,x) := a~'b (a%, ﬁ), ou(t,x) =0 (ﬁ, %)
and Wy, = ona%. Note that W, is still a Brownian motion and, since
a > 1, for o, and b, hold the same assumptions, with the same constants ¢

and )\ of ¢ and b. Therefore

t t

X0, i=aXt, - / o (s, X0) dW, + / b (5, X°) ds
@ 0 0

t t
= [ oxmyawe s [h, G x0)
0 0

that is to say that X? is solution to the SDE (o4, by)-

Step 4. By the previous steps and since cones are invariant under scaling, we
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have for any o > 1

t
]P(?OS—Q) 2P<Xgeintc> =P (X2, €intC) >c> 0.
(6] a? ’

Thus, sending a to oo, we get P(7° = 0) > 0, so Blumenthal’s 0-1 law 1.1.2
and the arbitrariness of z yield P(7* = 0) = 1 for any (b,0) € Ap and
x € 0D.

Step 5. Since for any a.e. finite stopping time p and (b, o) € A% we can take

an (b,7) € Ap such that, for any y € 0D, X@%’U%Ht and XEJE,E),t have the

same distribution, we have that ?'(Ol;f”g) and FZ(%,E) have the same distribution,
and consequently (2.38) is true for any a.e. finite stopping time p, (b,0) € A%
and y € 0D, but not for any (b,0) € Ap.

Step 6. Consider the set

(b,O’)GAF b o ‘[poo ZXA bzagl ‘[Poo
J =
where {(b;,04)}7 C A% and {A;}, is a F,—partition of

Moreover, for each (b,0) := Z X4, (bi,0:) € J, (2.38) holds true for any a.e.
finite stopping time p and y E 8D since, by the previous step,

P (7 =) = oF (40 {fi) =0)) = S ria (7, o)
:Z]P(A):

Step 7. We know by lemma 2.1.4 that 7 is dense in Ap, therefore, fixed a
(5, E) € Ar and two positive constants o and ¢, we will prove that there
exists a (b,0) € J such that

P (?’E;}ya) > T T a) < e. (2.39)

Notice that by the previous step 7% ) = 0 a.e. for any (b, o) € J, thus (2.39)

P (T’(”byg) > a) <&,

is equivalent to
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therefore the arbitrariness of (l;, 5), y, p, « and € proves (2.38) for any a.e.
finite stopping time p, (b,0) € Ar and y € dD concluding the proof.
Fix an a.e. finite stopping time p, y € 0D and define for any (b,0) € J the

stopping times
T(ﬁbm = inf {t €[0,00) : Zlgf ‘X/fft —z‘ > 5}_

By proposition A.2.1 we can take a positive T depending only on D, ¢, A and
e such that P <7"Z id 7) >T ) < % Similarly we can choose a 3, depending on

a and e, such that P < Too) > T'(Obya) + a> < % for any (b,0) € J, in fact if

that would not be true we should have, thanks to the reverse Fatou’s lemma,

]P(?flf) >>11msup]P<( )>7‘€y)+a>

E
B0 3

for some y € D, in contradiction with the previous step. Thus we have that
=p, =P,y B =P,y =P,y
P <7‘<b7 ) > Ty T a) <P (T(b’g) > Thoy T a) + P (T(bp) > T)
+P (7Y > } U {?”’y < T})

({ (b,o) (o) (b,a)

2e

—p,y B =Py -

<P ({T(M) > T(bﬂ)} U {T(b,a) < T}) + 5

Finally Markov’s inequality and theorem A.1.4 yield

P ({?’EZU) > 74, } U {—’(’y ) < T})
(v )
th>

1
ﬁ
Py _ Py
t X(b,o),p+t> b (t’X(b,a),ert)
2
dt) |

o (1x72) o (0.

pY 5
p+7—(b o) (b70)7p+7—<b$0)

Xpy

IN

vay
p+t (b70)7p+t

ev(T 01p

IN

‘E
B2

sup
t€[0,T

ﬁi (/ (T |5
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where ¢ depends only on T, o and ¢, hence, by proposition A.1.6, we can
€

choose a (b,0) € J such that P ({ ’Z 2) > Tia } U {—/(’bya) < T}) <3
proving (2.39).

The previous lemma permits us to use theorems A.2.4 and A.2.5 to prove
that:

Proposition 2.4.8. The function 7% : RN x Ap — [0,00) is, under our

assumptions, continuous in probability for any a.e. finite stopping time p.

As previously said, the next lemma implies that the BSDE part of the
FBSDE in definition 2.4.5 satisfies for any initial data assumptions B.2.1, or

more precisely items (vi) and (vii) in assumptions B.2.1.

Lemma 2.4.9. For any a.e. finite stopping time p and ¢ in L? (Q,]:p; RN)
we have sup [E (e’%p’<> < sup supk (e‘%m) < 00.

(bo)eAR (byo)eAR €D
Proof. By remark 2.4.3 we know that for any (b,0) € Ar we can take an
(b,5) € A% such that Tho) < T&”;) and vice versa, therefore item (ix) in

problem 2.4.2 implies that sup supE (e""") = sup supE (¢’") < ooc.
(b,U)EA% zeD (b,O’)EAF zeD

Thanks to the continuity of 7 and the fact that we can approximate any

(b,o) € Ap with a sequence in

7 (b,O’) € Ar: b o |[poo ZXA bzagz |[poo

where {(b;, 0;)}7y C A} and {A;}7, is a F, partition of Q

we have that

sup supE (eﬁTM) = sup supl (eﬁTp’x) < sup supE (eﬂTM) .
(b,o)eAp z€D (b,0)€T z€D (bo)eAg z€D

Finally, since each ¢ € L? (Q,]:p; RY ) can be approximated by a sequence

of simple functions, is easy to see that It (eﬁTp’(;) < supkE (eﬂTM), and this
xzeD
concludes the proof. O
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We can now prove, proceeding by steps, that u(z) := sup E(Y{) is
(byo)eAR
a viscosity solution to the problem 2.4.2. We start proving that we can

apply the dynamic programming principle 2.2.7 on u, showing continuity

and boundedness of Y, which is the analogue of ¢ in section 2.2.

Lemma 2.4.10. Under our assumptions, for any a.e. finite stopping time
p, the function (x, (b,0)) € RN x Ap Y[® is continuous in probability and
uniformly equicontinuous in the L*—norm on the first variable with respect to
the second one. Furthermore there exists a constant c, which depends only
ontl, p, I and ¥ such that

E (‘Yp’)’<|2> <c sup suplk (e’w) (2.40)
(bo)eAp z€D

for any a.e. finite stopping time p, (b,0) € Ap and ( € L? (Q,]—"p; ]RN).
Proof. The continuity in probability is just a consequence of theorem B.2.5
and propositions A.1.6 and 2.4.8, while corollary B.2.6 and lemma 2.4.9 yield

that there exist two constants ¢; and ¢y depending on ¢, [, 1 and ¥ such that,

for any a.e. finite stopping time p, (b,0) € Ap and ¢ € L? (Q,]:p; ]RN),

2 ¢ 2
e (v ) s (oo (gt + [ s (xgto00) )
0

< @
< B (ewp ) <c sup supkE (eﬁT ) ,
(b,0)EAp TED

proving (2.40). Thus we only have to show the equicontinuity.

To prove the equicontinuity we fix a positive ¢ and find a ¢ for which
D (‘Ypp’x o Ypp’y‘) <€

for any (b,0) € Ap, * € RY and y € B;s(x). Preliminarily fix an a.e. finite
stopping time p and define 7, := 77*AT, 7, := (7, —a)V(T"Y (T, +)), where
T and « are positive number that will be chosen later. Let (Yx, Y”, 7@) and
(Yy, Y, Ey) be respectively the solutions in x and in y to the FBSDEs (2.35)

but with stopping times 7, and 7, instead of 77* and 7Y, then
1
2> ) 2

e - vpe) < (B (- Ti)) o (e (7 v
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(B (7T

and by theorems A.2.4 and B.2.5 and proposition A.2.1 we can choose a T,

an « and a é such that

0. —r |2 52 Y 0.y 2 52
E(jvp -V, ) <5 and E(V-vp[) <5 (2.41)
Therefore we just have to prove that, for a suitable d,
T —y |2 52
E(V,-V[) <5 (2.42)

for any (b,0) € Ap, v € RN and y € B;(x).
Thanks to theorem B.2.5 we have for any fixed (b,0) € Ap

eﬂ%g (Xp’x )—eﬁ%g (Xp’y ) ’

p+Ta p+Ty

E(]V; V) < E(

TNy T =T T =T
+ /0 61% ‘fU (tu ngm Yp+t7 Zp+t) - fo (ta ngm YertJ Zp+t) ‘2 dt) )

where ¢3 is a constant which depends on ¥, [ and p, hence to prove (2.42) we

will give an upper bound to both the elements on the right of the inequality.

)

2
+ 61971«

For the first one is easy to see that

dl

T (X)) — e F g (Xp0,)

9Ty

<20°F (‘eﬂgz —e2

2
T Py
X0ro— X0V )

9?02
<—

. ITHIle | 402 9T <|Xp,a: _XP

p+Tz p+Tz

2 2
Py Py
+ ‘Xp T Xp Ty > .

Furthermore, thanks to theorem A.1.4 and corollary A.1.5, there exist a
v > £? 4+ 20 and two constants ¢4 and c5 depending on v and ¢ with

2 2
P,z Py Py Py
B (g, — Xt [*+ [xp, - xp2, )

XP+TT /\Ty 7X£f7—z /\‘ry _ Xp,y
pHTa ATy +t P72 ATy

2
te[0,a] )

v V|2
<E < sup | X5, — XD4|" 4+ sup
te[0,T]

<csT|6)? 4 csae?,
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so, taking o and § satisfying (2.41) small enough, we have that

CgE (

For the second part note that by our assumptions and theorem A.1.4 there

Iy

F () - <P (X01)

p+Ta Pty

N 9.43
><E' (2.43)

exists a constant cg, depending on v and ¢, such that

TaVTy .
E (/0 61% ‘fo ( prjHHYp—l—t? p—i—t) fU ( Xg-&—yta Yp—l—t? Zp+t>| dt)

Ja
2 9T @ v 12 e’ —1
<le ]E(/O | X0 — XDY dt) +0—

2_(9+7)T| 512 2619& -1
<cgl?e N5 4 ¢ 5
Thus, possibly taking a smaller o and 9, we get
TaVTy 9t . 52
CBE (/0 € |fa (taX;l)):l-taYpJ,-t) p+t) fa ( X;I))-gtvyp-&-t) p+t } dt) 18
which together with (2.43) yields (2.42). O

As an immediate consequence of the previous lemma we have the following
proposition.

Proposition 2.4.11. The function u(z) := sup E(Y{) is bounded and
(byo)eAR

continuous. In particular, for any x € RN and a.e. finite stopping time p,

u(z) = sup E (V7).
(byo)EAR

One of the consequences of this proposition is that it permits us to study
u(¢) as esssup E (Ypp’c‘}"p), if Cisin L* (Q, F,; RY).

(b»U)GAF

Proof. By definition and the Jensen’s inequality, for any z,y € RY,

u(e) —ul) = | swp BOZ) - sup BOD|< s BYE - V)
(bo)eAR (bo)eAR (bo)eAR
and
2
lu(z)* = | sup E(Yy)| < sup E (Y5,
(byo)eAR (byo)eAR
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thus boundedness and continuity are a consequence of lemma 2.4.10.

To prove the second part of the statement note that, since F' is time indepen-
dent, for any (b,0) € Ar we can take an (b,5) € A% such that X7 = YZ’L
for any ¢ € [0,00) and z € R". Hence for any solution Y to (2.4.5) we can
take another solution Y such that Y;* = YZ’L for any t € [0,00) and x € RY.
The statement is then a consequence of remark 2.2.6 and the reversibility of

the argument. O

Now we proceed to show that w is a viscosity subsolution. In order to do

so we need the following lemma:

Lemma 2.4.12. Let L be an element of Lr and (X,Y,Z) the solution to
the FBSDE (2.35) associated to L as in remark 2.3.6. If we define, for any
= IE(

x €D, up(r) Yy) we have that, for any supertangent ¢ to uy at x,

L (O,ZL’,V(,O, DQSO) Z _f($7uLavS0)‘

Proof. Preliminarily we denote (b, o) as the element of Ap associated to L
and point out that since (b,0) is progressive with respect to the filtration
{E}te[gm), so are L, X and Y, therefore they are constants a.e. in 0. As a
consequence ur(x) = Y a.e. for any xz € D.

Given x € D and a supertangent ¢ to uy at x we can assume without loss

of generality that ur(z) = ¢(z), so suppose that, a.e.,
L (0,$, V(p,D2g0) + fo(0,z,up, Vo) <0 (2.44)

and we will find a contradiction. Note that, as a consequence of the Blumen-
thal’s 01 law 1.1.2, this is a deterministic inequality a.e.. By the definition
of supertangent, there exists a § > 0 such that, for any y € Bs(z) C D,

ur(y) < ¢(y), (2.45)

hence we define the stopping time

p =0 Ainf{t € [0,00) : | X[ — 2| > 0}
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and assume, possibly taking a smaller p, that
L(tAp, Xinps Voo, D*p) + f, (t A p, Xinps 5 Vo) < 0. (2.46)

We point out that, by (2.44) and lemma 2.3.8, the previous inequality holds
true on a set of positive measure for the xjo 5dt X dIP measure, thus p > 0 on

a set of positive measure.
Let (Y, Z,) == (Ytﬁp, Zf/\p), which solve the BSDE

Ytzypx+/ I (S,X;f,ys,zs)ds—/ Z.dW,, te 0,4,
tAp t

A Ap

and (Yt, Zt) = (¢ (X#,) > (Vo) (t, X},,)) which, by Ito’s formula, is solu-

tion to

=)~ |

tAp

P P
L(s,Xf,Vap,Dng)ds—/ ZdW,, t€]0,d].

tAp
By (2.45) and proposition 2.4.11 we have that

x x ng x
ur (Xp)_gp(Xp):YPp _@(Xp) <0
and (2.46) imply, thanks to corollary B.1.8, that Y;* < ¢(z) a.e., but this
lead to a contradiction since we know that, by our assumptions, p(z) = Yy

a.e.. This concludes the proof. O]

Proposition 2.4.13. The function u is a continuous viscosity subsolution
to the problem 2.4.2.

Proof. We know from proposition 2.4.11 that u is continuous, thus we just
have to prove the subsolution property to conclude the proof.
Let L be an element of Lz and uy as defined in lemma 2.4.12, then if ¢ is a

supertangent to uz, in x € D we have that, by the definition of L,
F (x,Vgp,D2g0) > L (O,x, Vgo,DQ@) > —f(x,ur, Vo),

therefore uy, is a viscosity subsolution to the problem 2.4.2 at x. Thanks to

the arbitrariness of L and x we then have that u;, is a viscosity subsolution



2.4 The Dirichlet Problem with Sublinear Operators 61

inz for any L € Ly and z € D. Lemma 2.4.10 yields that the family of

functions {ur} is equibounded, therefore, thanks to theorem 2.0.3,

sup ug(x) = sup E (V) = u(z)
LGEF (b7U)€AF

is a viscosity subsolution for any x € D. O]

As for problem 2.3.1, to prove that u is viscosity solution we need to

formulate the dynamic programming principle for this problem:

Lemma 2.4.14. For any (b,0) € Ap we let (Y,Z) be the solution of the
BSDE

f,,(r,Xf,?r,Er)dr—/ Z.dW,,  se[0,00),

AT

?s:u(Xf)Jr/

SN\

where T 18 a stopping time smaller than 7°. Then sup E (?0) = u(x).
(byo)eAR

The proof of this lemma is the same as lemma 2.3.11, we just point out
that X7, . € L? (Q, F,; D), therefore the results of section 2.2 are still true
in this case.

We can now prove the main statement of this section.

Theorem 2.4.15. The functionu(x) := sup E(YF) is a viscosity solution

(byo)EAR
to the problem 2.4.2 such that u(x) = g(x) for any x € OD. If u < 0 it is

also unique.

Proof. The uniqueness is a consequence of theorem 2.4.4, hence we only have
to show that u is a viscosity solution.

From proposition 2.4.13 we know that w is a continuous viscosity subsolution
and it is easy to see that u(z) = g(x) for any x € 9D, so we only need to
prove the supersolution property of u. Fixed x € D, let ¢ be a subtangent
to u in x which we assume, without loss of generality, equal to v in = and

a positive constant such that

Y(y) <wu(y)  for any y € Bs(z) C D. (2.47)
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We know, thanks to theorem 1.2.2, that there exists a continuous and deter-

ministic L € L for which
F(z,V¢,D*)) = L (0,2, Vi, D*)
and assume
F (z,V¢,D*)) = L (0,2, V¢, D*¢) > —f,(0,z,u, Vipo).
Then, by continuity,

L (t,y, Vo, D) > —f,(t,y,¥, Vo) (2.48)

for any (¢,y) € [0,d) x Bs(z), possibly taking a smaller ¢.

We proceed by contradiction, as in the proof of lemma 2.4.12 denoting with
(b,o) and (X,Y,Z), respectively, the element of Ap, which we stress out
that is continuous and deterministic, and the solution to the FBSDE (2.35)
associated to L. We define the stopping time

p =0 Ainf{t € [0,00) : | X} — x| > 0},
let (Vt,zt) be the solution to the BSDE

P P
E:u(x;)+/ fo(s,Xf,Vs,Z)ds—/ Z.dW.,  tel0,d
P t

A Ap

and <}Aft, Zt) = (w (Xf/\p) , (Vo) (t, Xf,\p)) which, by Itd’s formula, is solu-

tion to

i—ux) - [

tAp

P P
L (s, X2, Vi, D)) ds—/ Z,dWs, t €[0,4].

tAp
We know from lemma 2.4.14 that

sup E (Vo) = u(z) = ¢(z), (2.49)
(b,o)eAR

but by (2.47) we have u (X;f) > ) (X;f), which together with (2.48) imply,
thanks to corollary B.1.8, that Yy > 1(x) a.e., in contradiction with (2.49).
O
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2.5 Parabolic Second Order Hamilton—Jacobi
PDEs

We apply the method developed in the previous sections for study PDEs
with sublinear operators to the analysis of a generalized form of second order

Hamilton—Jacobi PDEs. The classical Hamilton—Jacobi equations is

Owu(t, z) + sup (% (o0'(t,2,a),S) + p'b(t, z,a) + c(a)u(t,z) + f(t, z, a))

a€A

and it has been deeply studied by many authors using stochastic formulas.
In this setting we cite, among the others, [21, 22, 29, 32].
The problem we are going to study in this section will present a more

general function f, also depending on the first and zero order term.

Problem 2.5.1. Let T be a terminal time, A a closed subset of R and

o [0,T] x RV x A= RN 5:[0,T] x RN x A — RY,
FO0TIxRYxAxRxRY 2R ¢g:RY =R

four measurable functions for which there exist two constants y € R and
¢ > 0 such that, for any ¢t € [0,7], z,2’ € RY, a € A, y,¥/ € R and
2,2 € RV,

(i) (5,0) — (b(s,z,a),0(s,z,a), f(s,z,a,v, 2)) is continuous;
(i) |b(t,z,a) — b(t, 2", a)| < |z — 2'];

(iii) |o(t,z,a) — o(t,2’,a)| < f]z — 2

(iv) [b(t, 2, a)] < €1+ |z]);

(V) [o(t, 2, a)] < €1+ |z]);

(vi) lg(z) — g(2')| < Ll —2'|;

(vii) [g(a)] < €(1 + [z]);
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(Vlll) |f(t7 T,a,Y, Z) - f(ta xla a,y, Z/>| < g(‘]} - ZL'/| + |Z - Z/|)7
(%) £t a,9,2)| < 00+ [] + [y] + [2]):
(X) (y - y,)<f(t7'r7 a,y, Z) - f(t,.’lf, a, ylv Z)) < :uly - y,|2'

To obtain uniqueness of the solution we will also assume that

(xi) the continuity of the function y — f(t,z,vy, 2z) is independent from the

fourth variable.

Define the elliptic functions

L:[0,T]xRY x Ax RN xS = R

and
H:[0,T] x RY xR x RY x 8% = R,
such that
Ly(t,x,p,S) := L(t,z,a,p,S) := % <0‘O‘T(t, z,a),S) + p'b(t, z, a)
and

H(t,2,y,p.S) :==sup (Lo(t,z,p, S) + f (t.z,a,y,p'0)),
acA

and further assume that, for any (¢, z,y,p,S) € [0,7] x RN x R x RN x §¥,
(xil) |H(t,2,y,p,5)| < oo;
(xiii) H is continuous.
Find the solution u to the parabolic PDE
Owu(t,x) + H (t,z,u, Vou, D2u) =0, te(0,T),x € RY,
u(T,z) = g(z), r € RV,

It easy to see that items (iv), (v) and (ix) imply item (xii). Also notice
that here we do not require uniform ellipticity, since this time we do not need
a bound to the inverse matrix of o.

Once again, we have that from theorem 2.0.5 follows a comparison result.
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Theorem 2.5.2. Let u and v be respectively a subsolution and a super-
solution to problem 2.5.1 satisfying polynomial growth condition. Then, if

ey < V|i—r, u < v on (0,T] x RV,

Similarly as what we have done in the previous sections we define the
sets A7, which is made up by the progressive, with respect to {F} }tco,00):
processes with value in A. Notice that here we require the processes to be
only progressive instead of also cadlag to be consistent with the previous
literature, but everything we say in this section hold true also for cadlag
processes. For any control a, ( € L? (Q,]—"t; RN ) and functions b, o, f and
g as in the assumptions of problem 2.5.1 we define the following controlled
FBSDE:

S

(Xz’c’a :C +/ g (Ta X?C’a7 a/?">dWr +/ b (T’ X?C’a’ aﬁr)dr7
¢ t

T
vt =g (X50) + / F(r X0 ap, YO, 200 dr s € [t,T). (2.50)

s

T
— / ZHqW,,

\ s

Note that under these conditions the assumptions A.1.1 and B.1.1 hold for
the SDE part and the BSDE part respectively, hence under our assumptions
there always exists a unique solution to (2.50).
We then define the function u,(t, z) := E (¥;""*), which is obviously measur-
able in Ay. We will prove that u(t,z) := sup u,(t, x) is a viscosity solution
to problem 2.5.1. e

The natural question that arises, now that we have setted up the problem,
is if the dynamic programming principle holds in this case, which presents
some issues with respect to the previous problems. This question has a pos-
itive answer thanks to remark 2.2.8, section 2.2.1 and the next proposition,

which shows the continuity and the boundedness of u. We only state the

result, since the proof is identical to the one of proposition 2.3.7.
Proposition 2.5.3. The function u(t,z) := sup E (Yf’w’“) is 3—Holder con-
a€EAy

tinuous in the first variable and Lipschitz continuous in the second one. Fur-
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thermore we have that there exists a constant ¢, which depends only on £,

and T, such that

B (Ju(r, Q) < sup B ([y7¢") <c(1+E(I¢P)), (2.51)

a€EApR
for any stopping time T bounded by T and ¢ € L? (Q, Fr; ]RN).

The next step is to prove that u is a viscosity subsolution. Since this time
for a fixed a control we can not rely on right continuity in time, the proof

will be slightly different from what we have seen in the previous sections.
Proposition 2.5.4. The function u(t,z) is a continuous viscosity subsolu-

tion to the problem 2.5.1.

Proof. We know from proposition 2.5.3 that u is continuous, thus we just
have to prove the subsolution property to conclude the proof. In order to do
so we will show that, fixed (¢,z) € (0,T) x RY, u,(t,z) is a subsolution in
(t,z) to problem 2.5.1 for any a € Ay. Then u is the supremum of a family
of locally equibounded subsolutions, hence is a subsolution by theorem 2.0.3.
Given (t,z) € (0,T) x RN, a € Ay and a supertangent ¢ to u, at (¢, z) we

can assume without loss of generality that u,(t, x) = ¢(t, x), so suppose that
Op(t,x) + H (t, X, Ug, Va0, Dig&) <0

and we will find a contradiction. By the definition of supertangent, there

exists a § € (0,7 — t) such that, for any s € [t,t + ¢] and y € Bs(x),
Ua(S, y) S ()0<87 y) (252>
and, possibly taking a smaller ¢,

0 >at80(87 y) + H (87 Y, P, VQUQO, Dig&)

(2.53)
>0,p(5,y) + La (5,9, Voo, D2g) + [(s,y,a, 0, Vupo),

thanks to the continuity of H and ¢. Now we define the stopping time

7= (t+0) Ainf {s € [t,00) : | XL™* — x| > 6},
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let (Y, Z,) = (Yst;\”i“, sz;a), which solve the BSDE

T T

f (X 0V, 7)) dr - / Z.dW., seltT],

SAT

?s — Y:‘/,x,a +/
SAT
and <Ys, ZS> = (¢ (s, Xou") , (Vaupo(a)) (s A7, X5%")) which, by Ito’s for-

mula, is solution to

Y, =¢ (1, Xt5) — / Z,.dW,
- AT set,T].
- / (@gp (r, Xﬁ’””’“) + L, (T, Xﬁ’m’“, V., Digp)) dr,

AT
By (2.52) we have that, a.e.,

t,z,a

ug (1, X5 — o (1, XE") =Y — o (1, XE5) <0

and (2.53) imply, thanks to corollary B.1.8, that Y;"** < ¢(t, z) a.e., but this
lead to a contradiction since, by our assumptions, ¢(t,z) = E (Yf””’“). This

concludes the proof. O

Once again, to prove that u is the viscosity solution we need to express

the dynamic programming principle for this problem:

Lemma 2.5.5. For any a € Ay we let (?, 7) be the solution of the BSDE

T T

f (XY Z,) dr — / Z.dW,,  seltT],

SAT

V.= ufrxe) +

SAT

where T is a stopping time with value in [t,T]. Then sup E (Vt) = u(t,x).
a€EAy

The proof of this lemma is similar to the proof of lemma 2.3.11, hence we
skip it.
We can now prove the main statement of this section.
Theorem 2.5.6. The function u(t,z) := sup E (Y;"") is the only viscosity
a€EAy

solution to problem 2.5.1 satisfying polynomial growth condition such that

uw(T,z) = g(z) for any x in RN,
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Proof. The uniqueness is a consequence of theorem 2.5.2 and (2.51), hence
we only have to show that u is a viscosity solution.

From proposition 2.5.4 we know that v is a continuous viscosity subsolution
and it is easy to see that u(T,z) = g(z) for any z € R", so we only need to
prove the supersolution property of u. Fixed (¢,z) in (0,T) x RY, let 1 be a
subtangent to w in (¢, x) which we assume, without loss of generality, equal

to w in (¢,x) and § a positive constant such that
U(s,y) < uls,y) for any (s,y) € [t,t + d] x Bs(x). (2.54)
As in the proof of proposition 2.5.4 we proceed by contradiction, assuming
H (t,x,u,vxw,Diw) > 0.
Thanks to the definition of H we know that there exists an a € A for which
% <00T(t,x, a), D2y(t, :v)> + Vo b(t, 2)b(t,x,a) + f (t,x,a,9, Vpo) > 0,

thus if we define, with an abuse of notation, a as the control which is identi-

cally equal to a, then we have by continuity

Lo (8,9, Voo, D2) + f (s, y,a,¢, Vo) > 0, (2.55)

for any (s,y) € [t,t + ] X Bs(x), possibly taking a smaller ¢.

Once again we define the stopping time
7= (t+0) Ainf {s € [t,00) : | XL™* — x| > 6},

let (78,78) be the solution to the BSDE

Vo= u(rxi) +

SAT

T T

f(r XY, Z,) dr — / Z,dW,, sel[t.T]

SAT

and (378, ZS> = (¥ (8, X50) . (Vabo) (s, X4u*)) which, by Ito’s formula, is

solution to
Vo—o(rxe) - [ zaw,
) anr se[LT].
- / (0 (r, X179 + L (1, X152, V40, D20))) dr,

AT
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We know from lemma 2.5.5 that

sup E (V) = u(t,z) = o(t, z), (2.56)

a€Ag

but by (2.54) we have u (7, X2%%) > o) (1, X1%), which together with (2.55)
imply, thanks to corollary B.1.8, that Y, > (¢, z) a.e., in contradiction with
(2.56). O

2.6 A Nonlinear PDE Problem with Singular

Boundary Conditions

This section is mostly inspired by the seminal paper [20] in which Lasry and
Lions study a class of stochastic control problems using the associated semi-
linear PDEs. What they do is showing existence, uniqueness and comparison
results for solutions to the PDE in a bounded domain D

1 * — pu(x r) = z
Au(z) = [Vu(@)|” = pu(z) + f(x) =0, =€ D, (2.57)

u(x) — oo, as dist(x,0D) — 0

under various conditions obtaining a complete solution to the stochastic con-

trol problem, which is also solution to the previous PDE,

oo g
. S _Nt |qt|
;23 J(z,q) : ;g‘E (/0 e (f(Xt) + a(ﬁl)ﬁ) dt) : (2.58)

a T Xy =x+ fot qsds+ Wy and A is the set of controls

where x € D, (8 :=
!

which enforce the state constraint conditions, i.e. such that X, € D a.e. for
any t € [0,00) and consequently 7 := inf{t € [0,00) : X; ¢ D} is equal to
infinity a.e..

What we will do here instead is, as we have done in the previous sections,
to use the stochastic control problem to find the existence and a represen-
tation formula for the solution to a PDE problem with singular boundary
conditions. This PDE problem is a generalization of a particular case stud-

ied in [20], where the first order term is an Hamiltonian subquadratic in the
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first order term which presents a strong monotonicity with respect to the zero
order term. The main difficulty of this problem is that it requires controls
not uniformly bounded, which cause some issues when combined with the
exit times necessary to study stationary problems. This force us to consider
simpler operator than the ones used in the previous sections.

It is worth noticing that there exist some articles which study BSDEs
with singular terminal condition and use them to find viscosity solutions to
PDE problems (|34, 35]) or to solve optimal control problems (|2]), but all
use generators which are independent from the first order term.

Before we can deal with the singular boundary conditions, it is necessary

to study the associated Dirichlet problem.

2.6.1 The Dirichlet Problem for a PDE Concave and

Coercive with respect to the First Order Term

Problem 2.6.1. Let D C R" be an open bounded set which satisfies an
exterior cone condition as in definition 2.4.1, ¢ an N X N real matrix, a
constant G and H : RN x R x RY — R two continuous functions. Assume
that there exist three positive number A, i and ¢ such that, for any p € RV,
z,2' € RN and y,y' € R,

(i) |H(z,y,p) — H(',y,p)| <z — 2');
(il) (y— ) (H(z,y,p) — H(z,y',p)) < —ply —y'|*
(lll) |H(:L‘,y,p) - H(C(J,07p)| S V(l + |y|)7

(iv) p— H(z,y,p) is concave;

(v) lim —H(x, y.p)

plsoo ]

(vi) afootz > x|
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Find the solution u to the elliptic PDE

1
5 (00", D*u(z)) + H(z,u,Vu) =0, z € D,
u(z) = G, xr € 0D.

As for problem 2.4.2, we have that holds a comparison result, which is a

consequence of |3, Theorem 3.3].

Theorem 2.6.2. Let u and v be respectively a subsolution and a supersolu-
tion to problem 2.6.1 such that u < v on D. Then u < v on D.

Without the Lipschitz assumptions for the first order term is difficult
to solve directly this problem using the method employed on the previous
sections, therefore, in order to overcome this difficulty, we will use the convex
conjugate of —H

flx,y,q9) = sup (¢'p+ H(z,y.p)) .
pERN

We point out that f is continuous, has superlinear growth at infinity and is

convex in ¢, and satisfies items (i) to (iii) in problem 2.6.1. Furthermore
H(z,y,p) = inf z,9,q) —q
(z.9,p) = Wf (f(z,y.9) ~a'p)

and both the infimum and the supremum in the previous formulas is achieved
at some point in RY, since both —H and f have superlinear growth. We will
conveniently assume that

sup | f(x,0,0)] < 4. (2.59)

zeD

The control sets that we will use this time to solve the problem are the
AP made up by the cadlag processes ¢ € L% N L% such that { @+ }ei0,00)
is progressive with respect to the filtration {F/}icj,o0) and there exists a
constant ¢ such that |q| < c. As always A := A° and we have that, for any
p€C?and t € 0,00),

1
5 (00", D*p(2)) + H(z, 0, V)
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= inf <% <00T, DQQD(x)> — Vo) + f(r,u, qt)) .

geA

The lack of a bound for our controls ¢ constitute the main difference between
this Dirichlet problem and the one presented in section 2.4.
The FBSDEs that we will use to build our viscosity solution this time

assume the following form,
( pts .
Aﬁfszg+l/ odW,,
p

pH7P¢ N
ves—c- [ zea,
p+sATPC S € [O, OO) (260)

p+7-P,C
4 / (F (X84, Y2, q,) — 20%964.) dr,
p

+SATPS

Zp7C7q :O

& , on {T’)’C < s},

where p is an a.e. finite stopping time, ¢ € L? (Q,]:p; RN), qg € Aand ¢
is the exit time of X?¢ from D. As in the previous sections our candidate
solution is u(x) := ;ggE (ver).
Note that under these conditions the assumptions A.1.1, (A.4) and (A.5)
hold for the SDE part, while assumptions B.2.1 holds for the BSDE part
(we enforce item (viii)), thanks to the definition of A, but this time some
constants in these assumptions will vary depending on ¢, since the elements
of A are not uniformly bounded. Furthermore under our assumptions, by
remark B.2.3 and theorems A.1.3 and B.2.4, always exists a unique solution
to (2.60). We will use the same notations and conventions used in section 2.4,
explicitly stating the dependence from the controls in A only when needed.
We start proving that we can apply the dynamic programming princi-
ple 2.2.7 on u, showing first that it is bounded and later that it is continuous.
max H~ (z,0,0)
Proposition 2.6.3. Let C := -G~ — rel . Then we have that,

U
forany g € A andt € [0,00), Y;"" > C a.e.. In particular

=1 n >l
u(z) = inf B(Yy') > ¢
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Proof. Is trivial that G > C and f(X],C,q) > H(X},C,0) > 0 for any
g € Aand t < 7. Moreover the couple (C,0) is solution of the BSDE
(C,0,77), therefore theorem B.2.9 imply our statement. O

Proposition 2.6.4. The function u(x) := inlfglE(YOx) is bounded from above
g€
by a constant that depends only on D, G, X\ and /.

Proof. Fixed the control ¢ = 0 proposition A.2.2 yields that there exists a

¥ depending on ¢, D and X such that sup E (e”%x) < o0. Then we can use
xzeD

corollary B.2.6 with v = 9 and p = 0 to obtain that there exists a constant

¢ depending on ¢ and ¥ such that, thanks also to (2.59),

sup E (|Y{'|*) < supcE (BWEG + / 6ﬁt€dt)
zeD xeD 0
and this concludes the proof since sup inf E(Y;"?) < sup E (Yoz’o). ]
zeD 4€A x€D

To study the continuity of u, we will use another formulation of our
FBSDEs (2.60) given by the Girsanov’s theorem, which is explained in detail

in [37, Chapter VIII] and we summarize in the following.

Theorem 2.6.5 (Girsanov’s Theorem). Let H € I, W a Brownian motion
under the probability measure P and assume that for any t € [0,00) the

process
E(H), = el HWemb [} 11, 2ds

is a martingale with E(E(H);) = 1. Then if we define for any t € [0,00) the
measure dQ|z, := E(H ) dP|z,, Q is a probability measure on Fy equivalent
to P. Purthermore W := W — fo Hyds is a Brownian motion for Q.

Since ¢ and o' are bounded and £(—o1q) is solution to the SDE

t
E(—olg), =1 / 0 08 (—o ') AW,
0

it is easy to see that £(—o~1q) satisfies the conditions of the Girsanov’s theo-

rem 2.6.5, therefore we have that under the measure Q? defined by £(—o~1q)
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the FBSDE (2.60) take the form
y pts pts
X[J)-fs :C +/ odW, — / qrdT,
P P

p+7P<C
Ve =G [ (e ypdig)dr
p

+sATPS S € [O, OO) (261)
pF7P<
- / ZPSdW,,
pHSATP:S
\ ngs =0, on {Tp’c < s} ,

In general the expectation under IP of a stochastic variable is different
from the expectation under an equivalent measure @) of the same variable,
but, since Y/»* is a constant a.e. and P and Q are equivalent measures,
EP (Y/7) = E? (V") = Y/ a.e.. We point out that in this form the value
of the SDE, and consequently of the exit time, depends on gq.

Remark 2.6.6. As said before, we lack a uniform bound for the controls in
A which cause a lack of a uniform bound for the exit times of the SDE in
equation (2.61) from D. The bound for the exit times is an important tool
to prove their equicontinuity and consequently the continuity of viscosity
solutions, as we have done in section 2.4. To obtain the equicontinuity of the
exit times in this setup we will use that the paths defined by the SDE part
of (2.61) are easy to study, in fact we have that

geA s€[0,00)

x (2
supE( sup ‘Xg;s—ngs ):|:B—y|2.

Lemma 2.6.7. Under our assumptions we have that fized two positive con-

stants € and «, there exists a 6 > 0, depending on € and «, such that
QI(|m7" — 7P| > a) <e
for any x € RN and y € Bs(z).

We recall that from lemma 2.4.7, which is true for each ¢ € A, and
theorem A.2.4 that the exit times are continuous for the measure P and
hence for Q. The purpose of this lemma is to give a bound, uniform with

respect to ¢, that we will use to prove the continuity of u.
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Proof. To ease notation assume that p = 0 and restrict = in D, since for

x ¢ D this is obviously true. We start fixing « € D, defining for any y € D

74 = inf {t €10,00) : Zlglf)\X,;y —z| > 6}
and noting that

Qr* =7 > ) =Q ({r¥ > " +a}n{rf > 7" + a})
+Q{ > 1" +a}n{r§ < 7" +a})
+Q({7’x>7'y+a}ﬁ{rg>7y—l—a})
+Q " >+ an{rf <1V +a})
Qs> +a)+ Q{7 >75}) +Q (1) > + )
+Q({m">14}).

We can choose a 3, depending on « and ¢, such that Q (Tg > 7Y 4 a) < Z

for any y € D, in fact if that would not be true we should have, thanks to

the reverse Fatou’s lemma,

Q7Y > 7¥+ ) > limsup Q (Tg >7¥+a) >
B—0

> ™

for some y € D, in contradiction with lemma 2.4.7, which holds true for each
qge A

Now, for the last terms, we can use Markov’s inequality and theorem A.1.4

Zﬁbfimgfp

to get

Q=) = o ({x - Xy

and similarly

2
Q({r > < 22

Therefore there exists a § > 0 depending on € and « such that

Q" >75}) +Q({m" > 7)) <

DO | ™

for any y € Bs(x) and consequently Q (|77% — 7Y > a) < €. O
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Proposition 2.6.8. Under our assumptions, for any a.e. finite stopping
time p, the function (z,q) € RY x A+ Y is continuous in probability and

the function u(x) = inf\E(YO’”) is bounded and continuous. In particular,
qe

for any x € RY and a.e. finite stopping time p, u(z) = infl]E (Ypp’””).
q€

One of the consequences of this proposition is that it allows us to study

u((¢) as es(.]segle (Ypp’4|]-"p), if ¢isin L2 (Q, Fp; RY).

Proof. To prove the last part of the statement note that for any ¢ € A we
can take an ¢’ € A” such that Y;"? 2 Yp’ﬁ’q, for any t € [0,00) and z € RY.
Hence for any solution Y to (2.61) we can take another solution Y such
that Y}* L 7£fft for any ¢ € [0,00) and z € RY. The statement is then a
consequence of remark 2.2.6 and the reversibility of the argument.

The continuity in probability of Y is just a consequence of remark A.1.7
and theorems A.2.4, A.2.5 and B.2.5. Moreover, thanks to propositions 2.6.3
and 2.6.4, we already know that u is bounded, thus we only have to show
the continuity of w.

Since Yj is continuous in probability and Fy—measurable, it is continuous a.e.
and wu is upper semicontinuous as the infimum of continuous functions: let

{Z,}new be a sequence in D converging to a fixed x € D, then we have that

limsup u(z,) = u < u(x).
n—oo

We can extract a subsequence, which we denote again as {z,}nen, such

1
that |u(z,) — u] < — and a sequence of controls {¢"}n,ew C A such that
n

n 1 . n
u(x,) =Yy | < —ae, 4" = ' onqn- We thus have that nh_{go Yt =y

a.e. and that the sequence {Yox”’qn} is equibounded, hence to prove the
continuity of v we will show that u(z) < nh_)n;@ Y4 =y ae.. To do so we
will build some BSDEs that will help us in this task.

Define, for any ¢ € [0, 00), the functions x; := lif? X{v.<c} and note that x;

is cadlag with jumps of size 1, thus it has quadratic variation equal to 0 and
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[to’s formula yields

Ta:n,qn

Vo =G+ [ (XY ) s
thremet (2.62)
c (P =) - [z,
tATEN,a"

where JO(t) and J'(t) are respectively the sets made up by the points of
discontinuity s of y between ¢ and 7%»%" such that xy, = 0 and y, = 1. We
will now prove for almost any w € € that

G,n G,n
Tt Tt

f X Y q)) ds — / 7ot AW, (2.63)

t/\TtG’n

Vi, = GXt+/ ¢

AT

where 77" := 74" Ainf{s € [t, 00) : x5 = 0}. Notice that by definition B.2.2
Xrenan = 1, therefore | JO(¢)| —|J*(¢)] is equal to 0 or 1 if we have respectively
an even or an odd number of jumps. For a fixed w € €2, assume that we have
2n jumps, then y, = 1 for any s € [t,TtG’"], |J°(t)| — |J'(t)] = 0 and
Yféffnxnc,n = G, thus (2.63) follows from (2.62). Now assume instead that
W(; have 2n + 1 jumps, then x; = 0 and 77" = ¢, and (2.63) is obviously
true. Finally define, for any ¢ € [0,00) and for any n € IN, the stopping time
7= 7", the BSDE

T2,q™ )

the sets
Ac= L (X Y ar) > f (x5 v 0) |
the controls g} := ¢} <1 — XAtX{TI,qn%}) and the BSDE

n

Y;”:G+/ f (X YY) ds—/ Zndw,.
t t

AT AT

n

We have by (2.63) that, for any ¢ € [0,00) and n € IN,

N

Yiyraan :Y(fx;qn)wz,qn X (tarmyvrea® + G (1 - X(tmn)wrvqn)
=G NY

AT VT

(2.64)
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and, by theorem B.2.9,
VP <Y, and Y] <Y, <Y (2.65)

Using theorem B.2.5 we have that there exist a v € (0, —u) and a constant ¢
depending on p and v such that

)

z,q" n
et =l

E (\Yo’”’q” - Yy

SCIE}(

By definition we have
F(XET YT G ) X ey = H (X7 ,G0)
and, thanks to (2.64), (2.65) and the monotonicity of f,

P (XY G X ey =F (XE7 G0 Xy
<f (Xf”’qn,ﬁﬂw X{isream)
<F (X V0) X poany
<F (X C0) Xy e

where C' is the lower bound defined in proposition 2.6.3. This means that
" 2 T
/ et dt <2 / et
72,9 T2,q™
T’I’L
+ 2 / et
Tz,q"

thus the dominated convergence theorem and lemma 2.6.7 yield that
2
) =0. (2.66)

We can then conclude the proof since (2.65) and (2.66) imply, a.e.,

n z.g" —n 2
F(xe v )| ar

2 ™"
G* + et
Tzqu

75a" . . . . 5
s [ ey (e ) < g (e Y ) dt) .
0

H(X?@ZGm)fﬁ

F (e e )

n 2
7 (xe,c,0)]

n—o0

nmE(Wﬂﬁqq

w(z) <liminf Y7 = liminf Y < lim Y™ = u.
n—o0 n—o0 n—oo
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Now that we have checked that u exists and is possible to apply the tools
developed in section 2.2, we will focus on proving that u is a viscosity solution

to problem 2.6.1.

Proposition 2.6.9. The function u is a continuous viscosity supersolution

to the problem 2.6.1.

Proof. We know from proposition 2.6.8 that u is continuous, thus we just
have to prove the supersolution property to conclude the proof. In order
to do so we will show that, fixed z € D, YOO"’q is a supersolution in z to
problem 2.6.1 for any ¢ € A. Then u is the infimum of a family of locally
equibounded supersolutions, hence is a supersolution by theorem 2.0.3. In
this proof the FBSDEs are intended in the (2.60) form.

Given x € D, q € A and a subtangent ¢ to Y, a.e. at z we can assume

without loss of generality that Y, ? = ¢(x) a.e., so suppose that
1
3 (00", D*(2)) + H(z, ¢, Vi) >0

and we will find a contradiction. By the definition of subtangent, there exists

a positive ¢ such that, for any ¢ € [0,0] and y € Bs(x) C D,
V> h(y), ae. (2.67)

and, possibly taking a smaller ¢,

0 <5 (00!, D*0(y)) + Hly, v, V¥)

2 (2.68)
<5 (00", D*Y(y)) + f(y, ¥ @) — VU(y)q,

thanks to the continuity of H and 1. Now we define the stopping time
7:=Jd Ainf{t € [0,00) : | X} — x| > 6},

let (Y, Zy) == (Yiu2, Z[;1), which solve the BSDE

T T

YV, = yea / (f (X2.V0q)) — Zoo'q.) ds — / Z.dW..
t

AT tAT
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for any ¢t € [0, 4], and (f/},ZAt) = (V(X],), (Vo) (X},.)) which, by It6’s

formula, is solution to
. T T 1
3@:1/}(7,)(:)—/ ZSdWS—/ §<00T,D2@/}(X§)>ds, t € [0,4].
tAT tAT

By (2.67) we have that Y77 > ¢ (X®) a.e. and (2.68) imply, thanks to
corollary B.1.8, that Yy > 4 (z) a.e., but this lead to a contradiction since,
by our assumptions, 1(x) = Y;"?. This concludes the proof. O

As before, to finally prove that u is a viscosity solution we need a dynamic
programming principle for this problem, which can be proved as in the proof
of lemma 2.3.11.

Lemma 2.6.10. For any q € A we let (?, 7) be the solution of the BSDE

T T

(f (X2.V0q.) — Zoo'q) ds — / Z.dW.,.

tAT

Y, = u(X?) +/

tAT

for any t € [0,00) and where T is a stopping time smaller than 7. Then

inf £ (Y,) = .

2B (Vo) = (@)

Theorem 2.6.11. The function u(z) := inﬁ]E(Yox’q) is the only viscosity
q€

solution to problem 2.6.1 such that u(x) = G for any x € OD.

Proof. The uniqueness is a consequence of theorem 2.6.2, hence we only have
to show that u is a viscosity solution.

From proposition 2.6.9 we know that u is a continuous viscosity supersolution
and it is easy to see that u(x) = G for any x € 9D, so we only need to prove
the subsolution property of u. Fixed = in D, let ¢ be a supertangent to u
in x which we assume, without loss of generality, equal to u in x and ¢ a

positive constant such that
¢(y) > u(y)  forany y € Bs(x) C D. (2.69)
As in the proof of proposition 2.6.9 we proceed by contradiction, assuming

1
5 (00", D2p(2)) + H(w, ¢, Vi) < 0
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Since ¢ is a C? function we have that V¢ is bounded, thus, if we define the
stopping
T:=J Ainf{t € [0,00) : | X} — x| > 6},

there exists a g € A such that, for any ¢ € [0, 4],

f( Xm0, tinr) — Vo(Xin ) @inr = H(XG,, 0, Vo).

As a consequence of this we have that, by continuity,

1
5 <0-O-T7 DQSO(X;C/\T)> + f(Xf/\‘rJ 2 Qt/\T) - VSO(Xf/\T)qt/\T < 07 (27())

for any t € [0, 0], possibly taking a smaller 0.
Let (7t77t) be the solution to the BSDE

T T

Y= u(n X7) + / (F (X2 T 0r00) — Zoo'qu) ds — / Z,dW,.
tAT tAT
for any t € [0, d] and (?},Z}) = (¢(s, X7.), (Vo) (X)) which, by Itd’s
formula, is solution to

Ytzso(Xf)—/

tAT

T 1 T R
§<UJT,D2<,0(X”” )>ds—/ ZdW,, t€]0,d].
t

SAT
AT

We know from lemma 2.6.10 that

sup I (Yo) = u(z) = ¢(2), (2.71)

but by (2.69) we have u(X?*) < ¢(X7*), which together with (2.70) imply,
thanks to corollary B.1.8, that Yy < ¢(z) a.e., in contradiction with (2.71).
[

2.6.2 A PDE with Blow Up Conditions

Here we will use the information gathered in the previous subsection to study
an elliptic problem with blow up condition on the boundary. To ease notation

we define the signed distance d(x) := inf |r—y|— inf |x —y| and the sets
yeRN\D yeD

I :={zeR":|d(z)] <d}, D°:=DNI%and Ds:= D\ D°.
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Problem 2.6.12. Under the same conditions of problem 2.6.1 assume that
dD is C? and there exist an o € (1,2], a A > X and two constants K > k > 0
such that, for any z,p € RV,

H(,0
(vii) —Kp|* < lim &0

T et c

< —k|p|*;
(viii) afootz < Alz|?.
Find the solution u to the elliptic PDE

1
5 (00", D*u(x)) + H(z,u,Vu) =0, z € D,

u(x) — oo, as d(z) — 0F.

The idea to find a representation formula to solutions of this problem is
simple: our candidate viscosity solution is u := Glgrolo ug, where ug is the
solution to problem 2.6.1 equal to G on dD (similarly we will denote with
(Yo, Zc) as the (Y, Z) solution to the BSDE of (2.60) with final condition
G). To do so we need a bound for this limit. The next theorem will provide
this bound and is essentially a restatement adapted to our method of a result
given in [20].

Remark 2.6.13. Tt is well known, see |15, Section 14.6|, that if 9D is C*
then there exists a &y such that d € C* (F‘SO) with bounded derivatives, in
particular |[Vd| = 1 in T'%. Thus with an abuse of notation we will denote

with d any function C* equal to d in D°, for a § € (0, ), and bigger than §
in D(;.

Theorem 2.6.14. Under our assuming the limit function u := Glim UG exists
—00

and 1s locally bounded in D. Furthermore we have that

Co O() 4 .
(@) @y "¢ fac(l2)

—coIn(d(z)) — ¢ <wu(z) < —Coln(d(x)) +ct, ifa=2,

—c <u(zr) <

where 6 .= %, ¢t and ¢ are two positive constants depending on D, o, H
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and respectively on k, A or K, \, and

(co, Cp) = (% (%)Qll% (/\(12—29))51> , ifa e (1,2),

AA .
(ﬁ’ﬁ)’ 'LfCY—Q.

Proof. In this proof we will always assume that « € (1,2), since the case
a = 2 can be handled similarly. Thanks to theorem B.2.9 we know that if
G < G’ then Y2 < Y{, for any ¢ € A and consequently ug < ug. This
implies that the limit function u exists, since for G — oo the functions ug
converge monotonically to a function wu.

Now, to prove that u is finite, we will define a function w finite in D and
we will prove that v < w. Let € be any positive constant, ¢* a positive
number that we will choose later and C. := Cy + . Then we define the
C?(D) function, see remark 2.6.13,

As a first step in proving this theorem, we will show that w is a supersolution

to problem 2.6.12 starting with the following inequality:
1
3 (00", D*w(z)) + H(z,w, VI)

§% <O'0'T, DQE(x)> + H(x,0,Vw) — pw(z)

(0 C. 0C.Vd(x
:% (007, Vd(z) ® Vd(z)) + H (x 0, _W);ﬂ))
0C. 9 C.
= sty (o7 ) = gy e
Now we define the function
) = w ool T T N2 _QCan(l")
blo) i= 2V (oo, Vo) V(o)) + (d(e)) 21 (0.~ ).

then, since 6 + 2 = «(f + 1), for any T € 0D we obtain from item (vii) in
problem 2.6.12 that

lim h(z) < b6+ 1)C J;UCE

T—T

(00", Vd(T) ® Vd(T)) — k6%(C.)*|Vd(T)|*.
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We point out that if |[Vd(z)| = 1, which surely happens when d(z) is little

enough, then, if ¢ > 0, lim A(z) < 0 therefore, by continuity, there exists a
Tr—T

§ > 0 such that h(z) < 0 for any x € D°. We have from our assumptions

that there exists a constant ¢; such that

% (00!, D*w(z)) + H(z,w, V)
h(m% TR - nCs 5 — et (2.72)

(d(z))**2 — (d(x))**t  (d(x))

When z € D° we have that h is negative, thus when d(z) is little enough this

<

guarantees us that (2.72) is negative, while in the other case we can choose
¢t big enough to achieve that. This prove that W is a supersolution and this
yields, thanks to theorem 2.6.2, that ug < w for any G, and consequently
0 +

+cT.

(d(x))?

To conclude we will proceed as before and prove that for an opportune con-

that w < w. Then, by the arbitrariness of €, u(x) <

stant ¢ and ¢, := ¢ — ¢ that

= (i e

is a subsolution to problem 2.6.1 for any positive € and € such that d is C?

in I'“. As previously done we start with the inequality

1
5 <O-O-T’ D2we(l‘)> + H('r7we7 ng)

Z% <UJT7D2we<x>> + H($>Ov Vwe) o V’we(x)’ -V

00+ 1)c ool . . 2.0, — Oc.Vd(x)
Sy s o V) Vel + (0.~
- L oo, D*d(x)) — v e c |-V
) + ot 07 D) v G

and define the function
0(0 + 1)c.
2

+ (d(z) + €)' H (x, 0, —%) :

h(z) = (00", Vd(z) ® Vd(z))
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As before we obtain from item (vii) in problem 2.6.12 that, for any T such
that d(T) = —e,

00+ 1)c.
lim h(z) > b0+ Ve (00", Vd(T) ® Vd(z)) — K6°c2|Vd(T)|*,
Tr—T
which is positive if € > 0, therefore, by continuity, h(z) > 0 if d(z) + € is

little enough. Finally we have that there exists a constant ¢y such that

1
5 (00", D2w (2)) + H(z,w,, Viw,)
h(z) N o B vee B
~ (d(z) +06)2  (d(x) +6)" (d(z) +6)°
which can be made positive for any little enough e choosing an opportune

¢~, thanks to the positivity of h(z) for d(z) + € little enough. Then w, is

ve

a bounded subsolution to problem 2.6.1, thus there exists a G, such that
w, < G, on 0D and by theorem 2.6.2 w, < ug, < w on D. Hence the

¢
arbitrariness of ¢ and € yields u(z) > ———— — ¢ O

(d(x))’

If D is C* we can improve theorem 2.6.14.

Lemma 2.6.15. If 0D is C? we have that

c(x) N C(z)
— =) <

(d(x))? - )’
—c(z)In(d(z)) — ¢~ <u(z) < =C(x)In(d(x)) +c", if a =2,

+ct, if a € (1,2),

where 0 := %, ¢t and ¢ are two positive constants depending on D, o, H,

o and respectively on k or K,

1 <<aaT, Vd(x) ® Vd(x)) (1 + 9)) T

C(x) = ? T 2k > et
o', Vd(z) ® Vd(z) .
ok , if o =2
and
1 <00T, Vd(z) ® Vd(x)> (1+6) o .
@) i 5( 2K ) et
<00T, Vd(z) ® Vd(x)> ifa=2.

2K ’
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Proof. We will always assume that « € (1,2), since the case « = 2 can be
handled similarly. Let € be any positive constant, ¢ a positive number that
we will choose later and C.(z) := C(z) + . Then we define the C3(D)

function, see remark 2.6.13,

. Ce(x) ot
w(x) = (@) +c'.

We will prove that w is a supersolution to problem 2.6.12, starting with the

following inequality:

—<(7(7T D*w(z)) + H(z,w, V)

—_

<= (oo, D*w(z)) + H(z,0, V) — pw(x)

_0(0 +1)Ce(x) (
2(d(z))"+

[\'J

ool Vd(z) @ Vd(z)) + (00!, D*C.(z))

2(d(x))’
(007, VC.(z) ® Vd(z) + Vd(z) ® VC.(2))

(
Ce() — et
(d)? "
(x

)>‘

(00", Vd(z) ® Vd(z))
VC.(z) 6C.(x)Vd(x)
(d(x))®  (d(x))**! )’
then, since 0 + 2 = «(6 + 1), for any T € 9D we obtain from item (vii) in
problem 2.6.12 that
S
We point out that if |Vd(z)| = 1, which surely happens when d(z) is little
enough, then, if ¢ > 0, il_}r% h(z) < 0 therefore, by continuity, there exists a

o0
2(d(x))"*
—GCE( <O’(TT D?d(x )> —

T 9+1

<<  C.(2)Vd

(d(z))o*
Now we define the function

) 00 12)05(:5)

+ (d(2))'*H (x, 0,

(00", Vd(T) ® Vd(T)) — k6*(C())*|Vd(T)|".

§ > 0 such that h(x) < 0 for any x € D°. We have from our assumptions

that there exist two constants ¢; and ¢s such that
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1
5 (00", D*W(2)) + H(z,w, VW)

h(z) “ €2 +
—pct. (2.73
@@y * @apn @y e @
When x € D° we have that h is negative, thus when d(x) is little enough this
guarantees us that (2.73) is negative, while in the other case we can choose

¢ big enough to achieve that. This prove that w is a supersolution and this

yields, thanks to theorem 2.6.2, that ug < w for any G, and consequently
Clx) | .

g ¢’
(d(z))

To conclude we will proceed as before and prove that for an opportune con-

that w < w. Then, by the arbitrariness of €, u(x) <

stant ¢~ and c.(x) := ¢(x) — € that

_ c(x) .
w(r) = (d(z) + )

is a subsolution to problem 2.6.1 for any positive € and € such that d is C?3
in I'“. As previously done we start with the inequality
1 R,
5 <UU ) D we(x)> + H<x7we7 vwe)

1

25 <00T, D*w(z)) + H(z,0,Vuw,) — viw, ()| — v
0(0 + 1)c.(x) 1
7 <O’0’T, D2ce(a7)>

:W (007, Vd(z) ® Vd(z)) + 2(d(z) + €)?

- # 0'0']L Ce(T €T €T c-(x
2(d(x)+€>9+1< ,Vee(z) @ Vd(z) + Vd(z) @ Vee(z))
B fce(x) ool D2d(2)) — v ce(x) A
) + g (o0 D@) —v | s
. Ve () B Oce(x)Vd(x)
(0, G o ) 5 )

and define the function

h(x) ::M (00", Vd(z) ® Vd(z))

2
42 Ve (x) Oc.(z)Vd(x)
+{d)+ 9" ( O reP ) + >) '
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As before we obtain from item (vii) in problem 2.6.12 that, for any T such
that d(T) = —e,

0(0 4+ 1)c.

lim h(z) > @) (oot Vd(T) @ Vd(z)) — K6°(c.(T))*|Vd(@)|,

T—T 2

which is positive if € > 0, therefore, by continuity, h(z) > 0 if d(z) + € is
little enough. Finally we have that there exist two constants c3 and ¢4 such
that

1
5 (00", D2w (2)) + H(z,w,, Viw,)

h(x) C3 ¢4
= () + 002 (dx) + 00T | (d(z) +0)°

ve

which can be made positive for any little enough e choosing an opportune
¢~, thanks to the positivity of h(z) for d(z) + € little enough. Then w, is
a bounded subsolution to problem 2.6.1, thus there exists a G, such that
w, < G, on 0D and by theorem 2.6.2 w, < ug, < uw on D. Hence the
HECONN O
(d(x))°

Remark 2.6.16. Using(tf)le same technique in the proof of lemma 2.6.15 we can

c(x

(d(z))’
tending to oo as d(x) — 0. Similarly, given a subsolution u to problem 2.6.12

arbitrariness of € and € yields u(x) >

prove that v(z) > — ¢~, where v is a supersolution to problem 2.6.12

finite in D and tending to oo as d(x) — 0, we can use the functions

+ ¢, since w,

defined for € > 0 small enough, to prove that u(z) < (ci(x)))e
x

is a supersolution to problem 2.6.12 in D, which tends to co as d(z) — €.

From this we can obtain a comparison result.

Theorem 2.6.17. Let v and v be respectively a subsolution and a supersolu-
tion to problem 2.6.12 tending to oo as d(x) — 0. Then, if OD is C3, u=v
and k = K, uw < v on D. Furthermore, if A\ = A, this is true even if 0D is
Just C?.
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Proof. In this proof we will assume that a € (1,2) and A < A, since the
cases a = 2 and A = A can be handled similarly. Remark 2.6.16 yields that
v(z) > Clz) —c¢” and u(x) < ()
— (d(x))” ~ (d(x))”

of these inequalities we have in a neighborhood of 9D that

+c*, since k = K. As a consequence

m

(o) 2 ule) + (1 =) = o), (274)

where v € (0,1) and m := —mag)(u_(:c) — maDXH_(:c,O,O) — p. Notice that
TE €

m
if ¢ is a supertangent to v in x, then y¢ + (1 — v)— is a supertangent to u.,

in = and vice versa. There exists a ¢ € R" such that

% (00", D*o(x)) + H (:r yu+ (1 — 7)%7 W90>

m

)+ (x yut (=)0 )—Ws@( )q
>1 (00!, D%(a) + f(r,u,0) ~ 7Vp(x)a + (1~ ) () —m)
>2 (00", D%p(w)) +H (4, V) + (1 = ) (f(w,u,q) + pu(x) = m)

Z(l - '7)<H('r7u70) + ,uu(x) - m),

where the last inequality is a consequence of u being a subsolution to prob-

Tl snt 20
22<00,D

lem 2.6.12. If u(z) < 0 then we can use the monotonicity of H to obtain
H(z,u,0)+ pu(z) —m > H(x,0,0) —m >0
and if u(x) > 0 we have, since pu = v,
H(z,u,0) + pu(x) —m > H(x,0,0) — u—m > 0.

This implies that u, is a subsolution, hence (2.74) and theorem 2.6.2 yield
that v > w, in Ds for any ¢ little enough and v € (0,1). Finally letting
0 — 0 and v — 1 we can conclude the proof. ]

Remark 2.6.18. Notice that the previous proof works also for v < p. But by

our assumptions we have that, for any y > 0,
py < H(0,0,0) — H(0,0,y) <v(l+y),

which implies that p < v.
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Now we come back to our candidate viscosity solution u, discussing its

representation formula. Preliminarily define, for any € D, the sets
S, = {{qn}nem Cc A: lim 77 = a.e.}
n—oo

and the FBSDEs

4 pts pts
X0 =C+ / odW, — / g.dr,
P P

p+7P¢ p+7P¢
> > = s € 0,00).
Yp&i’ :/ f <X75)7C7 YTMC7 QT> dr — / Zf’gdWT, [ ] )
p+s/\TPv< p+s/\7—PaC
\ Z/f,’fs =0, on {T”’C’q < s},

For any fixed x € D and {¢"} € S, theorem B.2.5 yields the existence of a

constant ¢ depending on v and g such that
2 "
) < cE <6_2W ’ Gi) )

hence, if we choose a v € (0,u) and an increasing sequence {Gp,}nen for
which lim G, = oo and lim E (6_27735,(;") G? =0, we have that

n—oo n—o0

z,q"  ya,g"
E (]YGn,O -

lim inf E (anqg> = liminf E (17()$’qn> :

n—o0 n—o0

Since E (Yéﬂqg) > ug, (), this means that inf liminfE <§70$’qn) > u(x).

{q"}€S: n—©
On the other hand, we can choose two sequences {G,, }nenw C Ry and {¢" }ren

in A such that lim ’Yg’qg — u(x)‘ = 0 a.e.. From theorem B.2.9 we know
n—00 n

that Y27 > Y™ ae., which implies that limin Y®4") < w(z). Thus,
hat Y27 > Y4 hich implies that liminf E (Y7") < Th
ny n—oo

if we can prove that {¢"} € S,, we will have that

w(z) = inf liminfE ()N/()m’qn) . (2.75)

{q" } €S, n—oo

As in the proof of proposition 2.6.8 we can define x} := lim

h
slt },t ¢

My iison
stopping times

=17 Adnf{t € [0,00) : X7 = 0}
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and the BSDEs

tAT™

n n

T T

f (st,q"’?;b,qg) ds _/ 7ZdWs7

tAT™

which is equal to G, A Yé;g:mn. Using [t6’s formula it is easy to see that

n n

e (f(XZTYL, q2)+ VY, ) ds— / e 7 dW,

tAT™

T
—utx N S )
eutytzezzTGn_'_/
t

AT

therefore, letting ' 1= X 7oy and C be the lower bound defined in propo-
sition 2.6.3, we get
E(V)) =B (e—w"an n /0 T (X5 T ) o7 ds)

> (e—"T”Gn + /0 " (H (X27)Y,,0) +vY)) ds)

>F (e—”"Gn - /0 " (H (X27,0,0) +v (Y, —|Y,]) —v) ds)

n

>E (e—W"Gn + / e (H (X27,0,0) + 20CX? — v) ds> :
0

By theorem 2.6.14 Yg;zg, and consequently Y7, are bounded by above, which,
thanks to the last inequality, implies that [E <e*”71’qn Gn> is bounded, hence

lim 729" > lim 7" = oo a.e.. This prove (2.75).
n—o0 n—oo

Theorem 2.6.19. Under our assumptions u is a continuous function in D.

Proof. As a supremum of continuous function u is lower semicontinuous, thus
fixed an x € D and a sequence {x, },en converging to it we have that

liminf u(x,) =u > u(z).
n—oo

We can then choose a subsequence of {x,}, which we will denote again with
{z,}, and an increasing sequence of positive numbers {G,, },en, for which

lim G, = oo, such that ug, (z,) converges to u. Now let {¢"},ew be a
n—oo

sequence of control in S, such that lim Y"7" = u(z) a.c. and ¢?

_ qn
— x, T .
00 tATT4

Notice that for any n € IN we can find and N > 0 such that 777" < T
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for any k£ > N, hence, by lemma 2.6.7, we can extract a subsequence, which

we will denote again with {¢"}, such that not only lim 7% = oo a.e., but
n—oo

also
lim B (e=7"") G2 =0 (2.76)

n—oo

n— o0

proceed as in the proof of proposition 2.6.8, defining a sequence of BSDE
~ . 2
{Y"},en such that Y* < Y% and lim E ( Yéf:”g Yy ) = 0.

for a given v € (0, ). It is obvious that liminf |5 <Y§f’g> > 1, thus we will

n—o0

n . 13 . n . .
Define x} := l;gl X (7" <G, the stopping times
7 = 754" Ainf {t > 7\ = 0} ,

the BSDEs

n n

T T

ﬁ? / f (st,q"’?gqu) ds _/ 7:dWs7
t t

AT AT

>~<
I

the sets
Ac={r (X0 V] ) > £ (x5, 770) )
the controls g} := ¢} (1 — XAtX{T%qn>t}) and the BSDE

n n

T

Yt":/ f(X2T YY) ds—/ ZdW.
tAT™

tAT?

We have that, for any ¢ € [0,00) and n € N,

n

Y ramar = G A Y(f/’\an)W%qn (2.77)
and, by theorem B.2.9,
Y <Y, and YI'<Y,<Y" " (2.78)

Using theorem B.2.5 we have that there exists a constant ¢ depending on p

)

and ~ such that

E(Mﬁ?—ml
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n

.
_ zn,q" _
<cE e ™™ Gi+/ e~ 2t
Tzn,qn

FTn,q" 9
+ / e (g g ar) - (XPT e ) dt).
0

2

dt

F(xe e )

By definition we have
f <X Yxnvq ’qt> X{t>7—1n qn} >H (Xx .G, 0>
>H (vaq 0, o) G, —

and, thanks to (2.77), (2.78) and the monotonicity of f,

f (Xf’q e t,qt) X{tsrenam} f( mqt> X{i>renan
<f (e _wqt) !
<f <Xf7q b 0) ST
<f (Xf’qn7 C, 0) X {1 ronan s

where C' is the lower bound defined in proposition 2.6.3. This means that

™ 2t 2 ™ 2t
e dt <4 e
TTn,q" TTn,q"

+ 2V2(G31 + 1) <6—2yfr" _ 6—2')/7'9”"’qn)
v

T’ﬂ
+4 / e 2t
Ta:n,q"

thus lemma 2.6.7, the fact that 7 > 7%%¢" (2.76) and the dominated con-
vergence theorem yield that

2

)-o

From this follows that u(z) = @, concluding the proof. ]

N 2
H(vaq ,Gn,0>‘ dt

(e a)

f (Xf’q", C, o) ‘2 dt,

n—oo

lim E (‘Yg:;g" —yp

It is left to proving that u is a viscosity solution to problem 2.6.12. That
u is a subsolution follows from theorem 2.0.3, since it is a supremum of solu-

tion, while the supersolution property can be showed with the exactly same



94 2. Viscosity Solutions

method used in theorem 2.6.11, we only need to prove a dynamic program-

ming principle for wu.

Lemma 2.6.20. For any q € A we let (?, ?) be the solution of the BSDE

T T

Y, = u(X?) + / (f (X2, Y 0r00) — Zooqu) ds — / Z.dW,.

tAT tAT

for any t € [0,00) and where T is a stopping time smaller than 7. Then

inf Yy = .
essinf Yy u(z)

Proof. Define Y as the BSDE such that inﬁ]E (?G,O) = ug(r) seen in
qe
lemma 2.6.10. Then corollary B.1.8 yields Y <Y a.e., which implies

w(z) = lim ug(z) = lim essinf Yoo < essinf Y.
( ) G—o0 G( ) G—oo €A GO = geA 0

On the other hand, if we let {G,,}hen and {¢" }nenw be two sequences such
n 1 n
that |u(z) — Y% | < — a.e., then we have that iminf Y/ > u(X?) a.e.,
nsy n n%w nsy
since Y3 > ug, (X7) a.e.. Consequently

. n . X
u(z) = lim Y3 > ess glf Yo,
n—00 ’ qe

concluding the proof. O

Theorem 2.6.21. The function u := C}im ug 1S a continuous viscosity so-
—00
lution to problem 2.6.12. Furthermore, if the assumptions of theorem 2.6.17

are true, the solution is unique.

Proof. As previously said we already know that u is a viscosity solution,

while uniqueness is a consequence of theorem 2.6.17. O

2.6.3 The Ergodic Problem

A natural use of the previous results is the study of the so called “ergodic
problem”, which is the stochastic control problem (2.58) with p = 0. This

study is performed in [20] analyzing the behavior of the solutions to (2.57) as
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1 tends to 0. A rather complete overview of this problem in the subquadratic

case has been done by Porretta in [36] where, studying the solutions to

1 ¢ — pu,(x T)= T
58u(x) = [V (2)|* = pu () + f(2) = 0, @ €D, (2.79)

u,(x) =0, xr € 0D
as 1 tends to 0, he obtain that either (2.79) with x4 = 0 admits a bounded
subsolutions and u,, tends to its solution, or lir% u,(x) = —oo and the ergodic
—
limit piu,, tends to the unique ergodic constant ¢y > 0 such that

1 o C Tr) = xr
§Av(x) — |Vo(x)] o+ f(z)=0, z€D, (2.80)

v(z) — oo, as d(z) — 0
admits solutions. Furthermore w, + ||u, ||~ tends to the unique solution v to
(2.80) such that mi]g v(z) =0.
xe
The analysis of this problem in our framework is outside the scope of this
thesis, however here we will briefly discuss about it. In our case the problem

is, roughly speaking, to find representation formula of viscosity solutions to
1 )
5 (00", D*u(z)) + H(x,Vu) — ¢o = 0, z €D, (2.81)

where H(x,p) := H(x,0,p), which explodes as d(x) go to 0. The idea to do
that is to use the same method employed in [36] studying the solutions u, to
problem 2.6.1 with G = 0 as v, and by remark 2.6.18 also u, tends to 0.

First of all notice that if (2.81) admits a solution u equal to 0 in 9D, then
u + ¢ is a solution to (2.81) equal to ¢ in D, hence, since theorem 2.6.2
is still true for p = 0, it can not have a solution which blow up near the
boundary and is also finite in D. Proposition 2.6.4 holds for ;. = 0, but the
lower bound defined in proposition 2.6.3 explodes, thus, if u, has a lower
bound as v tends to 0, we expect that its limit converges to the unique
viscosity solution to (2.81) with ¢y = 0 which is equal to 0 in 0D. If instead
u,, — —oo we would like to get a result similar to the one obtained by Porretta
in [36], where u, + ||u, || tends to a viscosity solution to (2.81) with singular

boundary conditions. What is important is to understand what happen to
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the term f (X£<, Y, q,) in (2.60) as v tends to 0, in particular if it tends
to f (Xf’c,qr) — ¢o i.e. if we get an ergodic constant as for (2.80). As for
the other problems previously covered in this section, the main difficulty
comes from the lack of a uniform bounds for our controls, with the added
difficulty that this time we can not use y as in the proof of proposition 2.6.8
and theorem 2.6.19 to deal with the exit times.

As a final note we point out the reader that the ergodic problem is not
new in the BSDE literature and it has been studied in different framework

still related to PDE and optimal control problems in, among the others, |1,

, 16, 24].



Appendix A

Stochastic Differential Equations

In this appendix we expose some results on stochastic differential equations,
SDEs for short, that are needed to our study.

A.1 Basic Results on SDEs

We will work under these assumptions:
Assumptions A.1.1. Let ¢ € [0,00), ¢ € L* (Q, F; RY) and
b:[0,00) x O x RY - RY and o:[0,00) x @ x RN — RM*M

be two functions which admit two positive constants ¢, ¥ and a real number

p such that a.e., for any s € [0,00) and x,y € RY,
(i) (z—y)(b(s,2) = b(s,y)) < plz —yl*
(if) [b(s, z)] < v(1+ |z));
(i) |o(s,2) —o(s,y)| < Lo —yl;
(iv) t+— (b,0)(t,0) € L3 x L&, /-

Notice that under these assumptions (b, o) belongs to the set of measurable

functions such that, for any &k € [0, 00),

E (/Ok /Bk(o) (16]* + |o]?) (t,x)dzpdt) < 0.

97
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Let £ denote this set and endow it with the topology induced by the con-

vergence on compact sets.
Definition A.1.2. We say that X*¢ is a solution to the SDE (b, o) if, for
the initial conditions ¢ € [0,00) and ¢ € L? (Q, Fi: RN ), the identity

Ximcr o xans [ X selboo). (a1
t t

is true and X*¢ is a continuous process in 3. We usually write X to
denote the solution to the SDE (b,0) for any initial conditions ¢ € [0, 00)
and ¢ € L? (Q, F; RY).

We state here some classical result which can be found in many probability
textbooks, such as [4, 19, 37]. We start with an existence and uniqueness

theorem.

Theorem A.1.3 (Existence and uniqueness). Under assumptions A.1.1 the
SDE (A.1) has a unique solution for any t € [0,00) and ¢ in L* (Q,]—"t; RN).

The next one is a continuity result which will be used to study the con-

tinuity of our viscosity solutions.

Theorem A.1.4 (Continuity). Let X and X be the solutions to the SDEs
(b,0) and (137 6) under assumptions A.1.1 with constants £, u, v and é, i, U

respectively. Then, for any v > 2+ 2f1, there exists a positive c, depending
upon 0, i and v, such that, for any t € 0, 00), ¢, e L2 (Q,}"t;]RN) and

T € [t,00),
2 T 2
+/ e ds
t

|2 T . 2
¢ + / e b (5. X1) — b (5. X19) ds)
t
T
+ cE (/ e o (s, X)) — 6 (s,X§’<)|2ds) .
t

From the previous theorem follows this important corollary.

X?C _ X};»é X?C _ X};?é

E ( sup e 7®

s€[t,T)

<cE (e‘”t
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Corollary A.1.5. Under assumptions A.1.1, for any v > (* + 2u, there

exists a positive constant c, depending upon £, u and v, such that, for any

te0,00), C€L*(QF;RY) and T € [t,00),

T
E < sup e * ‘X?C — C|2 +/ e s |X§’C — Cf)
s€[t,T) t

< b (/tT e (Ib(s, 0)[* + o (s, 0)) dS) :

T
E | sup e‘”s‘X§’<|2+/ 6_73|X§’C‘2
s€(t,T) t
T
< B (P [ (s, + ol 0)P) ds ).
t

As seen in assumptions A.1.1, we have a topological structure on the set of
the admissible generators (b, o) inherited by .#. Thus, given the continuity
result stated in theorem A.1.4, is natural to ask if there is some sort of
continuity for the solutions to the SDEs with respect to this topology. In
the next proposition we give a positive answer to this question under some

additional assumptions.

Proposition A.1.6. Let {(b,,0,) }nen and (b, o) be, respectively, a sequence
and an element in £ both satisfying assumptions A.1.1 and denote with X,
and X the solutions to the SDEs (by, 0,,) and (b, o) respectively. Assume that
b, o, {b,} and {o,} are equi-Lipschitz continuous in the third variable with
Lipschitz constant ¢ and that, as n tends to 0o, (b,,0,) tends to (b, o) in £ .
Then, given a v > (%> + 20 and an a.e. finite stopping time T such that

sup E </T e ([b(s,0)* + |o (s, 0)]* + [ba(s, 0)[* + |on(s,0)[?) ds) < 00,

0

nelN
lim £ | sup }Xﬁi - X;’<|2X{T>s} =0
n—00 SE[t,00) ’ B

for any t € [0,00) and ¢ € L* (Q, F;; RY) such that

E (X" |¢]?) < oo (A.2)
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Proof. To ease notation we preliminarily assume that b and each b, are iden-
tically equal to 0. The general case can be proved similarly.
Fixed ¢ € [0,00) and ¢ € L? (Q, F;; RY), theorem A.1.4 and corollary A.1.5

yield that there exists a constant ¢ satisfying, for each n € IN,

5 < sup ‘Xrt;fs - X£7<|2X{725}>

s€[t,00)

et ([ (5, X) — a0 (5. X0 s
t
<3ckE (/ eV(r=s) (!a(s, 0)” + [on(s, 0)|* + 4¢3 !X§’<\2> ds>
t
<3E <4cgzey<f—t>|c|2+ / ) (14 4cl?) |0 (s,0)[* + 0w (s, 0)%) ds) :
t

which by our hypothesis is equibounded with respect to n. Thus there exist,
for each m € IN, a T}, > 0 and a compact set K,, C R" such that, if { > m,
T, <71, K,, C K; and, for any n € IN,

SE[t,00)

2 1
E < sup ‘X:L:C; - X;7C| X{szax{Tm,s}}) < E,

(A.3)
1

2
E ( sup ’Xf{fs — X?C‘ X{TmZTZS}X{X§,<¢Km}> < E

SE[t,00)
Let xs := X{Tw2r2s)X [ xt€ ek, } and cs be the volume of the ball with radius
§ in RY, then by theorem A.1.4 we have

E ( sup ‘Xflg — X£’<|2Xs>

SE[t,00)
< ( [ o (5.x59) = 0 (5. X29) Xsds)
¢
) / / e’ (79 |a (s, Xﬁ’g) — o (5, X59) ‘2 Xsdxds
Cs t JBs(x0)
§§E / / T o (s, X5C) — J(s,x)|2 Xsdzds
Cs t Bg(Xﬁ’C)

3 T
+ R / / o (s, ) — 0,(s, ) |*xsdrds
Cs t JBs(x50°)
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+ IE // Ts|ansm—anth<|Xsd:1:ds
B(; X’fC
« (/ / o(s,x) n(s,x)IQXdeds>
B(S Km)

+6c€252/ eV (Tm=5) s,
t

Therefore, since ¢,, converge to ¢ in .Z, we can choose a d,, and a NV, such
that
E| sup ‘Xn’,s - Xy | Xs | < —
SE[t,00) m

for any n > N,,. This, together with (A.3), conclude the proof. O

Remark A.1.7. Notice that if the conditions (A.2) and

sup E =) (1b(s,0)|> + o (s, 0)]> + |bu(s, 0)|? + |on(s, 0)?) ds | < oo
p ? 7 9 Y

nelN 0

in proposition A.1.6 does not hold, we can use the last part of its proof to

obtain that sup |X.$ — Xﬁ’C‘Q X{r>s} converge to 0 in probability.

SE[t,00)
Remark A.1.8. The results obtained in this section and in the next one hold

even for SDEs with an a.e. finite stopping time 7 as starting time. In fact if

for any ¢ € L* (€, Fr; RY) we define
E(t, x) == b(t,x + )Xfr<py and (L, 2) := o(t,x + () X{r<t}

then X7 is solution of the SDE (b, ) if and only if X = X7 — ( is
solution of the SDE (5, 6).

Remark A.1.9. By the strong Markov property, for any a.e. finite stop-
ping time 7, the processes {W/ }ico,00) := {Wrtt — Wrticp,0) are Brown-
ian motions. Thus if b and o are progressive with respect to the filtration
{F7 }tejo,00) then any solution to the SDE (b, o) with initial data 7 4 ¢ and
Cel? (Q, Fii RN) is also progressive with respect to that filtration. In fact,
in this case, the stochastic integral with respect to W} is the same that the

one with respect to W.,.
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A.2 The Exit Times

In this section we will study a special kind of stopping times: the exit times
of an SDE X from a set D, or more precisely, for ¢ and x varying respectively

in [0,00) and RY, the stopping times
70 .= inf {s € [0,00) : X, & D}.

To ease notation we additionally define 7% := 792,

We will usually require that, besides assumptions A.1.1, the SDEs will also

satisfies, for any (¢,z) € [0,00) x RY, the following condition:
eig(aa*)(t,x) - [2/\7 OO>N7 |b(t,[E)| < £7 (A4)

and sometimes even

o (t, 2)|? < 2¢. (A.5)

where A\ is a positive constant and ¢ is, for simplicity, the same ¢ in assump-
tions A.1.1.

The following results are already known, see for example [3, 33]. What
we add is a sort of uniformity with respect to the initial conditions, which is

needed to our study of elliptic PDEs.

Proposition A.2.1. Let D be a bounded set, X the solution to the SDE
(b, o) under assumptions A.1.1 and (A.4) and T the exit time of X from D.
Then there exists a constant ¢, which depends only on D, ¢ and A, such that
E (75%) < ¢ for any t € [0,00) and v € R,

In particular 7% is a.e. finite and for any positive € there exists a T € [0, 00),
which depends only on D, £, X\ and &, such that P (7%* >T) < ¢ for any
t €[0,00) and z € RN.

Proof. We will just study the case x € D, since if x ¢ D then 7% = 0 for any
t € [0,00). Thus fix (¢,z) € [0,00) X D and let X! be the first component of
the vector X%®. Since D is bounded there exists a positive constant ¢ such
that if X! ¢ [—4, ] then X1® ¢ D. Hence, if we define

75 = inf {5 €[0,00) : X}, ¢ [0, 5]} ;
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by the arbitrariness of x and ¢ will be enough to prove that E(75) < ¢ for
some constant c.

Thanks to 1t6’s formula we have, for any positive v and s,
x} i 1 12 .2 1 X}
T =15 (& s —/ 3 o1 (r, X)) |72 + 01 (r, X))y ) €%rdr )
t

l
where o, denote the vector (o ;), therefore, if we choose v > N (A.4) yields

1 t+sATs |
e’ < (e”Xst — (M2 = ty) / e X d'r’)
t
<E (e”th“ATa — ()\72 — ﬁfy) s A 75 inf e”’xl) :
€D

Finally we can use the dominated and monotone convergence theorems to
obtain

A2 — inf e’ < e’ _ inf 7%t
O =) Juf () < e = lnf ™,

which implies E(75) < ¢, where ¢ is a constant depending on D, ¢ and A.
We can now conclude the proof using the Markov’s inequality: fixed ¢ > 0

we have, for T" big enough,

E (75%)

P(r"*>T) <

IN

for any ¢ € [0,00) and z € RV, O

Proposition A.2.2. Let D be a bounded set, X the solution to the SDE
(b, 0) under assumptions A.1.1 and (A.4), and T the exit time of X from D.
Then there exists a positive ¥, which depends only on D, ¢ and \, such that

E (e’ .
SpE (¢777) < o0

Proof. By proposition A.2.1 we know that there is a positive T, which de-
pends only on D, ¢ and )\, such that

1
sup P (Tt’x > T) < -
(t,2)€[0,00)x D 2
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Moreover we have that, for any (¢,z) € [0,00) x RY and n € N,
X{rteonry) = B (X{rtes>1y XirtoznT))
Xrtw>ry I (X{Tt *2>nT} |Xt+T )

=E (x
=E (
=E (x> B (Xrterozmo1yry | Xiir = v)
<E (X{rtr>1) sup 12 (Xgr+wz(mn-1)1y)

=P (r**

™" > T)supP (7' > (n — 1)T)

yeD

1
<=supP (7" > (n — 1)T),
2 yeD

hence by induction

1
sup IP(”>nT)<—
(t,2)€[0,00)x D 2"

OT
e
Finally, if we choose a positive 9 such that - < 1, the previous inequality

yields, for any (t,z) € [0,00) x RY,

E (emm> < Z TP (% € [(n — 1)T,nT)) Zeﬁ"TIP > (n—1)T)
n=1

T
<e —_—
> (F)
n=0
which implies our statement. O

Proposition A.2.3. Let ¢ : [0,T] — RY be a continuous function such that
©0(0) = x € RY, X% the solution to the SDE (b, o) under assumptions A.1.1,
(A.4) and (A.5), and e a positive constant. Then there is a positive constant

¢, depending only on e, X\, £, T" and the modulus of continuity of ¢, such that

]P<sup !XO’” o(t)] <s> > c.

t€[0,T)

Proof. The proof of this is the same of |3, Theorem 1.8.5]. O
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Theorem A.2.4. Let D be a bounded set, X the solution to the SDE (b, o)
under assumptions A.1.1 and (A.4), T the ezit time of X from D and T the
exit time of X from D. Assume that, for somet € [0,00), P (74% = 74%) = 1
for any x € RN. Then, fized two positive constants € and o we have that

there exists a § > 0, depending on D, i, ¢, X\, € and «, such that
P (‘Tt’x — Tt’y‘ > a) <e

for any x € RY and y € Bs(z). Therefore T is continuous in probability

with respect to x.

Proof. To ease notation assume that ¢ = 0 and restrict = in D, since for

x ¢ D this is obviously true. We start fixing « € D, defining for any y € D
74 = inf {t € 10,00) : Zlglf)\X,;” -zl > 6}
and noting that

P(|7* = 7Y > a) =P{|7" = Y| > a} N {r* > T})
+P({r' > +afn{m > +a}n{r" <T})
+P({ > +a}n{rf <" +a}n{r" <T})
+P({r" > +a}n{ri > +a}n{r" <T})
+P({r > +a}n{ry <V +a}n{r’ <T})

<P(r*>T)+P (15 > 7" + )

+P({r >} n{rs <T+a})+P (1§ >7"+a)
+IP({T’3>T§}|’W{T§<T}),

where the last term is a consequence of the inequality

]P({Tx>7'y+a}ﬁ{7'g§7'y+oz}ﬂ{7'x<T})
=P({r" > +a}n{rf <" +a}n{r" <T}n{r¥ <T —a})
<P ({TI >7‘g}ﬁ{7‘g <T}).
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By proposition A.2.1 we can take a positive T depending only on D, ¢, A
and € such that P(7* > T) < g Similarly we can choose a 3, depending on

a and €, such that P (Tg > 7Y 4 a) < % for any y € D, in fact if that would

not be true we should have, thanks to the reverse Fatou’s lemma,

P(7 > 7Y+ a) > limsup P (Tg > 7Y +a) >
B—0

ot ™

for some y € D, in contradiction with our hypothesis.
Now, for the last terms, we can use Markov’s inequality and theorem A.1.4

to get

P({r>75}n{r < T+a}) <P ({|x5 - x4,

> 8} {r <T+a})

1
<3 (-t

B2 \te0,r+aq]
C1 2
S@VU -y,

where ¢; depends only on 7', o, u and ¢, and similarly
x C2
P ({7 >Tg}ﬂ{Tg<T}) §E|$—y|27

where ¢, depends only on 7', i and ¢. Therefore there exists a 0 > 0 depend-
ing on D, u, ¢, A, € and « such that

(> 5} {rf <T4al) + P (> sy ot < T < 2

for any y € Bs(z) and consequently P (|75 — 79| > ) < e. O

We point out that under the same assumptions and with a similar proof,
we can prove that the exit times are also continuous in probability with

respect to b and o. More precisely:

Theorem A.2.5. Let D be a bounded set, A be a set made of equi—Lipschitz
continuous (b, o) as in assumptions A.1.1 and denote with Xy, 5y the solution
to an SDE (b, o), with 744 the exil time of Xy from D and with 7, 0
the exit time of Xy from D. Assume that there exist a (5, E) satisfying
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(A4) and a dg > 0 such that P (T&f’;) = ﬁiv)) =1 holds true for some fized
(t,z) € [0,00) x RN and for any solution to the SDEs (b, o) with (b,o) in
AN Bs, (I_), 6). Then, fized two positive constants € and o we have that there
exists a 6 € (0,0, depending on D, u, ¢, X\, € and «, such that

P sa) <

for any (b,o) € AN Bs (1_7, 7). Therefore %% is locally continuous in proba-
bility at (b,7) in A.

t,x

t.x
T(bz) ~ T(bo)




Appendix B

Backward Stochastic Differential

Equations

In this appendix we expose some results on backward stochastic differential
equations, BSDEs for short, that are needed to our study. Most of these
results are well known in the BSDE field and hold even under more general
assumptions. We refer to |9, 27, 28, 32|, among the others, for the proof of

most of these results.

B.1 BSDEs with Deterministic Terminal Time
We will work under the followings assumptions:
Assumptions B.1.1. Let T € [0,00), { € L* (Q, Fr, P; RM) and

f:00,T] x Q@ x RM x RM*N — RM

a function which admits two positive constants ¢, v and a real number p such
that a.e., for any t € [0,T], y,v' € RM and z, 2 € RM*V,

(i) s+ f(s,0,0) € L2,(T);
(i) |f(ty,2)] <[f(E0,2)[+v(1+[y]);
(it)) [f(t,y,2) — f(t,y,2")| < L]z —2');

108
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(iv) (v =y (f(ty,2) = [ty 2) < ply —y'%
(v) v+ f(t,v,2) is continuous.

Definition B.1.2. A solution to the BSDE (¢, f,T) is a pair (Y, Z) of pro-
cesses belonging to I2,(T) x L2, x(T) such that

T T
Y, =¢ —l—/ f(s,Ys, Zy)ds — / ZdWs, for any t € [0,T]. (B.1)
¢ ¢

¢, f and T are commonly referred as the terminal or final condition, the

generator and the terminal or final time respectively.

The followings are classical results of BSDE theory which we rewrite here

for the reader’s comfort. We start with an existence and uniqueness result.

Theorem B.1.3 (Existence and uniqueness). Under assumptions B.1.1 the
BSDE (B.1) has a unique solution (Y, Z).

We are particularly interested in the study of the relationship between
the solutions to BSDEs and their initial data, hence the next results will

focus on that.

Theorem B.1.4 (Continuity). Let (Y, Z) and (Y',Z") be the solutions to
the BSDEs (&, f,T) and (&, f',T) under assumptions B.1.1 with constants
v, wand 0, V', 1 respectively. Then, for any v > €'* + 24/, there exists a
constant ¢, which depends upon ', u' and v, such that

T
0

t€[0,T]
T
< oF (e”ls —eP+ [ sz - Y, Z»th) .
0

In particular there exists a constant C, which depends upon T, €' and p’,

such that

T
E | sup |14—1@’|2+/ |Z — Z{[Pdt
t€[0,T) 0

T
< CE (|5 —eP+ [ 1Yz - £ Zt>|2dt) .
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Corollary B.1.5 (Boundedness). Under assumptions B.1.1, if (Y,Z) is a
solution to the BSDE (B.1), then there exists a constant ¢, which depends
upon T', p and €, such that

T T
B sup i+ [ 1ara) < e (e + [ Irwoorar).
te(0,7) 0 0

The next theorem is a comparison result, which we will generalize in the
successive corollary, that play an important role in our study, but to prove

it we need this lemma:

Lemma B.1.6. Assume M = 1. Given (Y, Z) solution of the linear BSDE

T T
Y = 5 + / (As}/s + ZsB, + Cs)ds - / stWsa
t t

where C' € 12(T) and A, B are bounded progressive processes valued in R

ft)a

belongs to L(T).

and RN respectively, we have that

T
Y, =E (Ft,Té- + / 1—‘t,sctsds
t

T A= B2 gy 1t BLaw,
where Ty =\ 2 s
CHARN

Proof. Preliminarily note that I';, is solution to the SDE

t t
Ty, =1+ / L., Audr + / T, BrdW,.

By Ito’s formula we get
T T
FO,tY;f - 1—‘O,Tg + / FO,SCSds - / FO,S(ZS + BsY:s)dWsa (BQ)
¢ t

then if we prove that {f(f Los(Zs + BSYS)dWS} is a martingale we can

te[0,7
)

take the conditional expectation to obtain

T
Lo Yy = E (Fo,Tf + / [o,sCsds
t
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and conclude the proof. Since by corollary A.1.5 E < sup I’ 3715) < 00, we

te[0,T
have
t % 1 T
E (/ %@2;+3¢@%@) <SE &m]%¢+2/mﬂBﬁﬂ2+ﬂMﬂdt
0 te[0,7] 0
<00,
thus the local martingale in (B.2) is a martingale. O

Theorem B.1.7 (Comparison 1). Assume M = 1 and suppose that & < &'
a.e., f(t,y,z) < f'(t,y,z) dt x dP a.e. for any (y,z) € R x RN and let
(Y, Z) and (Y', Z") be the solutions of the BSDEs, under assumptions B.1.1,
&, f,T) and (¢, f',T) respectively. Then'Y; <Y/ a.e. for anyt € [0,T)].

Furthermore if Yo = Yy a.e., then Y, =Y/ a.e. for anyt € [0,T], or in other
words, whenever either P({{ < &£'}) > 0 or f(t,y,2z) < f'(t,y,2), for any
(y,2) in R x RN on a set of positive dt x dP measure, then Yy < Y] a.e..

Proof. For t € [0,T], define
f(tv Y;tla Zt) - f(ta th; Zt)
At = }/;f/ - }/t ,
0, it Y; =Y,

if Y, £ Y,

and the RY valued process
(8 20) = r (v 200)
By := Z -7 ’
0, if 7t = Z},

it 7} # 70

where 7" = (Z,....,21, Z*, ..., Z)). We note that A and B are pro-
gressively measurable and |Ay| < u, |By| < v/N{. Now, for s,t € [0,T],

t _IBrl2 - tr a o _
define Ty, := o (AT ’ >d ey (Y, 2) =(Y' =Y, 2/ - Z), =€ —¢

and Cy := f'(t,Y/, Z}) — f(t,Y/, Z}). Is easy to see that (Y,Z) solves the
linear BSDE

T T
Y, -+ / (AY.+Z.B, +C.) ds - / Z.dW.,
t t
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therefore, by lemma B.1.6,

T
?t =FE (FmTE + / Fmscsds
t

7).

Since E, 't s and C are a.e. non negative, then Y; <Y/ a.e. for any ¢t € [0, 7.
In particular, if Yy = YJ a.e., £ and C are equal to 0 a.e. for the measures
o rdlP and I'gdt x dIP, respectively, which are equivalent to P and dt x dIP.
Then Y; =Y/ a.e. for all ¢t € [0, 7], ending the proof. O

Corollary B.1.8 (Comparison 2). In the M = 1 case, let (Y,Z) be the
solution to the BSDE (&, f,T) under the assumptions B.1.1 and

T T
Yt’:§’+/ V;ds—/ Zldw,,  telo,T),
t t

where £ € L*(Q, Fr,P;R), Y,V € L2(T) and Z' € 1%(T). Suppose that
£ <& ae and f(t,Y/,Z])) <V, dt x dP a.e.. Then, for any t € [0,T],
Y: <Y/ ae.

Furthermore if Yo = Yy a.e., then Y, =Y/ a.e. for any t € [0,T], or in
other words, whenever either P({§ < &'}) > 0 or f(s,Y!, Z!) < Vi on a set

of positive dt x dPP measure, then Yy < Y| a.e..

Proof. 1f we define f'(t,y, z) := f(t,y,2)+V,— f(t,Y/, Z]), then the corollary

is a consequence of theorem B.1.7. O

We conclude this section with a result concerning bounded stopping time.

Proposition B.1.9. Let (Y, Z) be the solution to the BSDE (B.1) and as-
sume that there exists a stopping time 7 such that 7 < T, & is F,—measurable
and f(t,y,z) =0 on the set {T < t}. Then, for anyt € [0,T], Y; = Yns and
Z; =0 a.e. on the set {T < t}.

Thanks to this proposition we can check that any result we proved on

this section is still true for BSDE with random bounded terminal time.
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Proof. Since Y is progressive

T
Y, = B(Y|F) = E (g - [ zaw,

F)=¢

T T
Y2+ / 1Z.2ds = |¢? — 2 / yiz.aw,

On the other hand, by 1t6’s formula,

therefore, since |Y,|? = |¢|?, we have that E <fTT |Z5|2ds> = 0, and conse-
quently fTT |Zs|?ds = 0 a.e.. This concludes the proof. O

B.2 BSDEs with Random Terminal Time

This section contains some basic results on BSDEs with random terminal
time, which are needed for the study of elliptic PDEs.

Assume the followings:

Assumptions B.2.1. Let 7 be a stopping time, £ € L? (Q, F;, P; RM) and
f:[0,00) x Q x RM x RM*N — RM

a function which admits two positive constants ¢, v and a real number p such

that a.e., for any t € [0,00), y,4' € RM and 2, 2/ € RM*V,
(i) s+ f(s,0,0) € L3;
(i) [£(ty,2)| < [f(£0,2)] + v(1+ Jyl);
(i) |f(t,y,2) = ft,y,2)] < L]z = 2);
(v) (v =) [ty 2) = f(ty,2) < ply =y
(v) v f(t,v,2) is continuous.

Furthermore let 9 > ¢2 4+ 2 be a constant such that

(vi) E (/OT e’ (1+]f(¢,0,0)%) dt) < 00;



114 B. Backward Stochastic Differential Equations

(vii) E(e'T|¢]?) < .

To ease notation we will also assume, without loss of generality, since we are
not interested in the behavior of f(¢) in the set {7 < t} and we can just

study the function f(t)x{->4 instead,
(viii) f(t,y,2) = 0 on the set {7 <t} for any (y,z) € RM x RM*¥,

Definition B.2.2. A solution to the BSDE (¢, f, 7) is a pair (Y, Z) of pro-

cesses belonging to I3, x 1.2, » such that
(i) lim B (e”[Y; - ¢J?) = 0;
(i) (Y%, Z:) = (£,0) on the set {r < t};

T T
(iii) Y, = Yr +/ f(s, Yy, Zg)ds — / ZdW,, for any T' >t > 0.
t t

Remark B.2.3. Intuitively we are solving the BSDE

Yt':§+/ f(s,Ys,Zs)ds—/ ZdW., o {t<7}, (B.3)
t t

but the integrals here may not make sense on the set {7 = co}. In fact, if
P(7 < o) = 1, asking that a pair of processes (Y, Z) € .3, x L3, satisfies
(B.3) and item (ii) in definition B.2.2 is equivalent to the definition B.2.2.
Moreover, for consistency reason, we will require that a solution to a BSDE
with deterministic terminal time will also satisfy item (ii) in definition B.2.2,

so definition B.2.2 coincides with definition B.1.2 in that case.
As in the previous section we will show existence and continuity results.

Theorem B.2.4 (Existence and uniqueness). Under assumptions B.2.1 the
BSDE (&, f,T) admits a unique solution.

Theorem B.2.5 (Continuity). Let (Y, Z) and (Y', Z') be the solutions to the
BSDEs (&, f,7) and (&, f',7") under assumptions B.2.1 with constants ¢, v,
woand €', V', i respectively, but same 9. Then, for any v € (02 + 2,9,

there exists a constant c, which depends upon ¢, 1 and -y, such that
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YEAT 'yt/\‘r/

ez Vi—e 2 Y/

2 TvT/
E| sup +/ (Y, =Y/ +1Z — Z))*) dt
te[0,00) 0

< cE (‘625 —er ¢

v/
+ / Of (Y Z2) —f/(t,Yt,Zm?dt).
0

We point out that condition (viii) in assumptions B.2.1 allows us to prop-

erly express the previous inequality.

Corollary B.2.6 (Boundedness). Let (Y, Z) be the solution to the BSDE
(&, f,7) under assumptions B.2.1. Then, for any v € ((* + 2u,9], there

exists a constant ¢, which depends upon €, i and vy, such that

E<wpawmﬁ+/awmﬁ+%mﬁ>
0

te[0,00)

SEwa+/ewm&mwQ.
0

Remark B.2.7. By definition

& =B+ /O W, = ¢ / ",

therefore is easy to check that (&, 7:)icpo,00) is solution to the BSDE (¢,0, 1)

and consequently

E( sup €77 |& 2 +/ e (1€ + Iml?) dt) < cE (e77]¢]%) < oo,
t€[0,00) 0

where ¢ is an opportune constant.

Even in this case we have that holds a characterization for linear BSDEs

and a comparison result.

Lemma B.2.8. Assume M = 1. Given (Y, Z) solution of the linear BSDE
(&, Ayy + 2B; + Cy, 7) under assumptions B.2.1, where C € 1.2 and A, B are

bounded progressive processes valued in R and RN respectively, we have that

A,

belongs to 1.2(c0).

Y, =E (Ft,Té. + / I-‘t,sctsds
t

1A= B2 gy gt BLaw,
where Tyy =€\ ° T
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Proof. Preliminarily note that by our assumptions A < p, |B| < ¢ and
both, together with C', are equal to 0 when t is bigger than 7. Moreover
e VA T=T_, is solution to the SDE

¢ t
efﬁ(t/\rfs)r&t -1 +/ (Ar _ ﬁ)e*ﬁ(tATfs)Fs’tdr +/ eiﬁ(tAT?S)Fs,tBrdW’fW

thus, by corollary A.1.5, there exists a constant ¢ depending on ¢, ¢ and u
such that

E ( sup e_Qﬂ(t/\T_S)Fit +/ G_Qﬂ(TAT_S)FdeT) <ec. (B.4)

te[s,00)
9.

1 1
Ft,TYT S 56_219(T/\T_t) FL%T _|_ 56219(T/\T_t) YY%

By lemma B.1.6, for any T € [t, ),

T
n:E@Mn+/I@@@
t

and by the Young’s inequality

and

Ft,sCs < %6—219(3/\7—15)1—128 + %GQ§(SAT_t)Cs2’

Then this lemma follows from corollary B.2.6, item (i) in definition B.2.2,
item (vi) in assumptions B.2.1, (B.4) and the dominated convergence theo-

rem. ]

A comparison result follows from lemma B.2.8 as corollary B.1.8 follows

from lemma B.1.6.

Theorem B.2.9 (Comparison). In the M =1 case, let (Y, Z) be the solution
to the BSDE (&, f,7) under the assumptions B.2.1, £ € L?(Q, F.,P;R),
V € L*(7) and assume that for some positive constant 9

E (/ 20t (1 + ‘Vt‘z) dt) < oo and T (@2197’5/’2) < Q.
0

Define (Y', Z') as the solution to the BSDE (', V,T) and suppose that £ < &
a.e. and f(t,Y/, Z]) <V, dt x dP a.e.. Then, for any t € [0,00), V; <Y/
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a.e..
Furthermore if Yo = Yy a.e., then Y; =Y/ a.e. for any t € [0,00), or in
other words, whenever either P({§ < &'}) > 0 or f(s,Y!, Z!) < Vi on a set

of positive dt x dIP measure, then Yy < Yy a.e..
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