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Abstract

In this thesis we prove existence and uniqueness for reflected stochastic dif-
ferential equation on a specific non-smooth, time-dependent domain. The
domain is the intersection of a finite number of smooth domains that are
allowed to vary in time. The reflection is oblique to the domain and at the
corners more than one direction of reflection is allowed.

The time restrictions on the domain is firstly the existence of a semi-
concave family of sets that are C%* in time. Secondly that the distance
function to the domain is in WP,

The first part of the proof is to construct of three kinds of test functions
with desired properties. Using these test functions, existence is proved to the
Skorokhod problem. Finally uniqueness is proved for the reflected stochastic
differential equation.

Keywords: Reflected stochastic differential equations, non-smooth, time-
dependent, Skorokhod problem






Sammanfattning

I den har mastersuppsatsen sa bevisar vi existens och entydighet for reflekte-
rade stokastiska differentialekvation pa ett icke slitt, tidsberoende omrade.
Omradet &r snittet mellan ett &ndligt antal sldta omraden som tillats variera
i tiden. Reflektionen &r ej nédvandigtvis vinkelrat till omradet och i hérnen
finns det mer &n en tillaten riktning.

Tidsrestriktionen pa omradet ar dels existensen av en familj av semi-
konkava mingder som dr C1T i tiden. Dessutom att avstandet till omradet
ar WP i tiden.

Forsta delen av beviset ar att konstruera tre hjéalp funktioner med efter-
sokta egenskaper. Med hjélp av de har funktionerna sa bevisas sedan existens
av losningar till Skorokhod problemet. Slutligen s& bevisas entydighet av den
reflekterade stokastiska differentialekvationen.

Keywords: Reflekterande stokastiska differentialekvationer, icke-slét, tidsbe-
roende, Skorokhod problemet
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Nomenclature

B(a,b) Closed ball around a with radius b

S(a,b) Sphere around a with radius b

IA|(t) The total variation of the process A\(s) at the time ¢
|IA(t)] The norm of A(s) at the time ¢

(-,-)  The inner product

a.e Almost everywhere

a.s Almost surely

C(A) Continuous functions on A

CP(A) Functions on A with p continous derivatives
CP1(A) Functions on A which p derivatives is Lipschitz

Iy Indicator function on the set A

vi



Chapter 1

Introduction

In this master thesis we prove the existence and uniqueness of a strong solu-
tion to a stochastic differential equation (SDE) with an oblique reflection, on
a non-smooth time dependent domain. Dupius and Ishii[l] proved existence
and uniqueness for SDE for two different kinds of non-smooth time indepen-
dent domain with oblique reflection, denoted Case 1 and Case 2 in. Onskog
and Lundstrom later generalized the results in Case 1 to a time dependent
domain in [2]. This thesis will generalize the result for Case 2 to a time-
dependent domain. The approach, which is similar to [2] and [1], rely on the
Skorokhod problem (SP). This approach was first used by Tanaka in [3] to
solve SDE with reflection in convex regions. The method was later used by
Lions and Sznitman in [!] to generalize the proof to non-smooth domains.
This proof will also make use of a series of functions adapted to the domain
and reflection. A time-independent variant of these functions are used in |[I]
and their existence is verified in [5], where they are used to prove existence
and uniqueness of a viscosity solution to certain partial differential equation
on a non-smooth domain.



Chapter 2

Background

2.1 Mathematical theory

2.1.1 Stochastic calculus

We begin our treatise of stochastic calculus by defining Wiener process and
Ito integral which are vital parts of the SDE theory. First we define the
Wiener process, sometimes called Brownian motion, given a filtered proba-
bility space (Q, F, (Ft), P).

Definition 2.1. A Wiener process, denoted W (s), is an Fy-adapted stochas-
tic process with the following properties

W(t) — W(s) ~ N(0,t — s) and independent of Fs.

Now we move to the construction of the Ito integral. We will first define the
integral for simple processes, defined belove.

Definition 2.2. A stochastic process X™(s) on [0,T] is simple if there exist
times 0 =ty < t] <to < --- < t, =T and stochastic variables Y1,Yo, - Y,
such that

n—1
Xn(s) - Z }/Z'I[ti,tH_l] (t)
=0

Definition 2.3. Let X™(s) be a simple process and W (s) a Wiener process.
Then we define the Ito integral of X" (s) with respect to W (s) to be

t n—1
I(X"™())(t) = /0 X7 (s)dW (s) = 3 Vi W (tir — W (L),
1=0

Next we define the Ito integral for bounded processes by approximating the
process with a simple one. The following theorem, Theorem 2.4 in [0], will
therefore be important.



Theorem 2.4. Let X; be a bounded process. Then there exists a series of
simple processes X' such that

lim [ E[|X(s)— X"(s)[*] ds = 0. (2.1)

n—o0 0

Definition 2.5. Let X; be a process and X{* be a series of simple processes
satisfying (2.1). Then the Ito integral of Xy with respect to the Wiener process
Wy is defined as follows

/X )dW (s) = lim X( )rdW (s).

n—oo

Although the Ito integral is constructed in a similar manner as the Riemann
integral, the Ito integral does not behave exactly the same. For example

/W )dW (s WQ() _t

2

2.1.2 Stochastic differential equation

Given a filtered probability space (Q, F, (F:), P) and a Wiener process W,
an equation on the form

t t
X(t) ::1:+/ b(s,X(s))ds+/ o(s, X(s))dW (s),
0 0
where b(t, z) and o (¢, x) are Borel measurable functions, is called a Stochastic
differential equation (SDE).

Definition 2.6. A strong solution to a SDE with coefficients b(t,z) and
o(t,x), driven by a wiener process W (t) is a (F) adapted stochastic process
X(t) satisfying

X(t) :x—i—/o b(s,X(s))ds+/0 o(s, X (s))dW(s), (2.2)

Usually a strong solution is hard to explicitly found. The following theorem
gives existence and uniqueness for solutions to SDE

Theorem 2.7. If the functions b(t,z) and o(t,z) fulfills the Lipschitz con-
dition
for some constant K and fulfills the linear growth condition

b(t,z)|* + |o(t,2)]? < C(1+ |z]?), (2.4)

for some constant C, then there exists a unique strong solution to (2.2).



A useful Lemma that can be used as a change of variable formula in stochastic
calculus is Ito’s Lemma

Lemma 2.8. Let f(t,z) be a twice differentiable function and X (t) a stochas-
tic process on the following form

X(t):xo+/Otb(t,X(t))dtJr/Ota(t,X(t))dW(s).

Then we have

! o(s, X (s)) 6%
f(t?X(t)) = f(O,%‘o) +/0 <%§ +b(S7X(S))g£ + <"§())gx£> ds+

t af
/0 o(s, X () 2L (s).

2.1.3 Reflected Stochastic differential equation

Now consider an SDE confined in a domain € with a reflecting boundary.
The solution should be reflected along a certain direction when the solution
is on the boundary of the domain but should otherwise behave ordinary. To
resolve this we add a reflection term to equation (2.2) which only increases
when the solution is at the boundary.

Definition 2.9. A strong solution to a reflected stochastic differential equa-
tion (RSDE) with coefficients b(t,z) and o(t,z), on a domain Q0 driven by
a Wiener process W (t), reflected along v is a pair of stochastic processes
(X (t),A(t)) satisfying

X(t):a:—i—/o b(s,X(s))ds+/0 o(s, X(s))dW(s) + A1), (25)

where X (t) € Q and
t
A|(t) = /0 Tx oo dIAl(5), (2.6)

A = [ HdialG). (2.7)

We will assume that the functions b(¢,z) and o(¢,x) satisfy the Lipschitz
continuity condition (2.3). The A function compensates so that X stays
within the domain. Equation (2.6) means that the compensation function
only increases when X is at the boundary and equation (2.7) means that
A pushes X along the direction of the reflection . In this thesis Q will
time-dependent. This means that the boundary 02 and ~ will not be fixed
in time. Closely related to RSDE is the Skorokhod problem.



Definition 2.10. Given a function ¢, a pair of functions (¢, \) is solution
to the Skorokhod problem (SP) on a domain 2 with directions of reflection
r(x) C S(0,1), Vo € 09, if

o(t) = ¥(t) + A1), (2
¢(t) € Q,
[Al(t) < oo, (2.10)
Al(t) = ; I (s compdIA (), (2.11)

A(t) = /0 A()dIA|(5), (2.12)

where y(t) = v(t, ¢(t)) € r(z) a.s.

We see that a solution to an RSDE (X, A) should solve the SP with ¢ =
x+ fg b(s, X (s))ds+ fot o (s, X(s))dW (s) on a path-wise basis almost surely.
For more information on RSDE and the connection to SP see [0].

2.1.4 Axillary theorems

Here we define and state theorems and definitions that will be useful in the
rest of this thesis. First we define Hilbert, LP and Sobolev spaces

Definition 2.11 (Hilbert space). A Hilbert space is a complete real or com-
plex vector space with an inner product, here denoted (-,-). The inner product

induces a norm ||x|| = \/{x,z) and a metric d(z,y) = \/{(xr —y,z —y).

Definition 2.12 (LP). An LP(QY) space is the vector space of functions on a
domain ), with finite p-norm i.e.

T ( / |f|de)‘° < oo,

Definition 2.13 (WFP). A Sobolev space, denoted W*P, is the vector space
of functions, whose k:th order derivatives are in LP. Function in W*P have
the norm

171 = z 1D,

Definition 2.14. A sequence x, in a Hilbert space H with inner product
< -, - > converges weakly to x € H if

< Xp,u >—<x,u> Yu€ H. (2.13)



Definition 2.15 (Precompact). A subset X C Y is precompact, or relative
compact, if the closure X is compact.

Theorem 2.16. If a subset F' C C(X) is equicontinuous i.e Ye >0 36 > 0
such that

‘x_y‘<5:>‘f(x>_f(y>‘<€ vx7y€X7 vaFu

and all f € F are bounded, then F' is precompact.

Definition 2.17 (Martingale). A stochastic process X (s), on [0,T], adapted
to a filtration F; is called a martingale if

ElX(#)]] < oo,
EIX(t)|F)=X(s) 0<s<t<T.

Lemma 2.18 (Doob’s Martingale inequality). Let M (t) be a martingale
satisfying M(t) > 0 a.s and E[M(t)] < oo then

E [( sup M(s)ﬂ < <pl>pE[Mp(s)]. (2.14)

0<s<t pb—

Theorem 2.19 (Gronwall’s inequality). Let o, and u be real valued func-
tions on the interval [a,b]. Let 3 be non-negative and u satisfy

t
u(t) < aft) —|—/ B(s)u(s)ds VYt € [a,b].

Then we have the following inequality

u(t) < aft) + /0 ta(s)ﬁ(s)efi B gs it € [a, b].

2.1.5 Superdifferential

Since the domain we will define the RSDE on is non-smooth we will have
to introduce superdifferentials for the test functions and for the definition of
the domain.

Definition 2.20. The superdifferentials of first order to a function f : R™ —
R at the point x are

DY f(x)={peR": f(x+h) < f(x)+ < p,h > +o(|h|) as h — 0}.
The superdifferentials of second order are
D**f(z) = {(p.A) € R" x §": fla+h) <
flx)+ <p,h> +% < Ah,h > +o(|h|?) as h — 0},

where S™ is the set of all symmetric n X n matrices.



We next define the sets of functions C+ and C%+

Definition 2.21. A function f : Q — R" is in CYT if DT f(x) is nonempty
Vo € Q.

Definition 2.22. A function f is in C>% if for each compact set K there
exists a constant C < oo such that (p,CI) € D** f(x) Vo € K for some p,
depending on x, where I is the identity matriz.

We also define what it means for a family of sets to be in class C*¥.
This will be necessary for the definition of the domain.

Definition 2.23. A family of sets {B(x) : * € U C R"} is of class C**
if for all y € R™ the distance function to the set B, defined as d(z,B) =
inf(|lz — y| : y € B) satisfy d(y, B(x))?> € C>T(U x R").

2.2 Domain

We consider the domain in Case 2 in [!] but the domain is here allowed to
vary in time. Let I be a finite index set, and for each 7 € I, let GG; be an
open bounded subset of R"™! and let Q; = G; N [0,7] x R™. The domain (2
is then defined as

Q=%
i€l

We define €; and ;¢ to be the time sections of the domain, e.g Q; = {x €
R™: (t,z) € Q}. We assume that for each time the boundary 0€; ; is of class
C!. We define I(t,z) = {i € I : x ¢ Q;}, so the set I(t,z) corresponds to
those 0€;; on which x is located at time ¢. I(¢,x) will be assumed to be
upper semi-continuous which means that Vo € 9€; and V¢ € [0, T] there exist
a neighborhood V surrounding x and a interval W surrounding ¢, such that
I(s,y) C I(t,z) Yy € V and Vs € W. To define the directions of reflections
7(t, z) we assume that there exist vector fields v;(¢, z) € C%1([0, 7] x R",R"),
where C%! is the space of continuous Lipschitz functions. Let n;(t, z) denote
the inward normal to 9€); ;. Then we assume that

(vi(t,z),mi(t,x)) >0 VeedQ,, Vtel0,T], Viel(t ),

implying that ~; points inwards. We also assume that at the corners of the
domain the convex hull of {v;(¢,x) : ¢ € I(t,x)} does not contain the origin.
Now we are ready to define the directions of reflections as

r(t,x) = Z a;iy(t,x),a; >0:| Z aiy(t,x)| =1, . (2.15)

i€l(t,z) 1€l(t,x)



We will also assume there exists a v € r(t,z) such that v points inward to
Qy, that is

(y(t,x),mi(x,t)) >0 Viel(t,x), YoeedQ, Vtelo,t]. (2.16)

Our final assumption is that for each ¢t € (0,7), z € 9, there exist a
neighborhood V' to z and a neighborhood W to ¢, and a family of compact
convex subsets {B(s,y) : y € Qs} containing the origin, such that for Vy €
VNoQs, s€ W and p € 0B(s,y) the following holds

>0 If (p,mi(s,y) > —1,

(2.17)
< 0 If <p7 771(3,9) < 17

(v(t,y),n) {

where n is the inward normal to B(s,y) at p. The family of sets is jointly
CUH* in time and space and C%7 for fixed a time.

Remark 2.24. Condition (2.17) and its consequences is discussed further
in [5] and [7]. In [7] Lipschitz continuity is proved for the mapping ¢ = I'(1)
where (¢, — 1) solves the SP for 1p. The following sufficient condition for
(2.17) is proved in [5]

Lemma 2.25. If there for each x € 9y, t € [0,T], exist a set of positive
numbers b;, i € I(t,x), such that

bi(vi(t,2),mit,x)) > Y bt @) (vt x), milt )| Vi€ I(t @),
JEI(t,z)\{i}
then (2.17) holds.

For the time variation we require that there exists a p such that for all fixed
x € R" the following holds

f(t) = d(z, Qi) € WHP([0,T7, [0, 0]), (2.18)

meaning that the distance function to each set ); ¢, for fixed x, should have
a weak first derivative in time that is in LP([0, 77, [0, 00]). This also implies
that the distance function to the domain €2 is in WP([0, T, [0, o0]).

Remark 2.26. Property (2.18) implies that there exists a Holder exponential
a and a constant K such that

|d(x,Qs) — d(x, )] < Kl|s — t]|“. (2.19)

Remark 2.27. The reqularity of €Y implies that there exists a § > 0 and
a @ >0 such that for all x € Oy, y € Qy, t € [0,T), it holds that

|z -yl <0 = (y—x,n) >0l -yl

See Remark 3.3 in [1].



Chapter 3

Outline

The Theorem we want to prove is

Theorem 3.1. Assume that Q and v are domain and directions of reflections
as described in Section 2.2. Then there exists a unique solution (¢, ) to the
RSDE on the domain Q0 with reflection .

The proof will follow the following outline

e Prove existence of solutions to the SP for C' functions by a penalty
method

e Prove that the solutions to the SP are of bounded variation and is a
relatively compact set.

e Prove existence of solutions to the SP for C functions. This is done by
approximating the continuous function by a series of C! functions and
use the previous result

e Prove uniqueness for solutions to the RSDE.

e The solutions to the SP problem makes it possible to prove existence
of a solution to the RSDE by a fix point iteration

The first three steps are carried out in Section 5 and the final two are done in
Section 6. A key ingredient in these proofs will be a series of test functions,
which will be stated and constructed in Section 4.



Chapter 4

Test functions

4.1 g and f functions

In this section we will state and construct the test functions g and f used in
Lemma 5.3 and 6.1. The test functions are similar to those in [5] but with a
time-dependence.

Theorem 4.1. There exists a function g(t,z,r) : [0,T7] X W x R" — R",
where W is a open set containing Q for all t € [0,T], with the following
properties
g(t? $’ T) ZS Cl7+7
For fized time t g(t,-,-) is C*T,
For fized time t and x g(t x,-) is O,

,0) =
(t x,r) > |7"|2
(Drg(t,z,7),vi(t,x)) =20, if (r,n;(t,x)) = —0lr],
lul <CIr?, |p| <CIrf?, gl < Clrl for (u,p,q) € DT g(t,x,r),

and for fived time t there exists (p,q) € DT g(t,x,r) such that

((p, 0),C [TEI ?D € D*Fg(t,a,1). (4.8)

To prove the rest we use the following lemmas. They are the C1'F variants
of Lemma 4.2 and Lemma 4.3 in [7]

Lemma 4.2. Let U be a subset of R™ and V' an open interval. H € CYH(U x
V) and f: U — V is CO! so that H(x, f(z)) = 0. Assume also that for
each compact set K C U there exists a & > 0 such that if x € K and
(p,q) € DY H(x, f(z)) then ¢ < —§. Then f(x) € Ct+

10



Proof. Let (p,q) € DY H(x, f(x)). Then we have as h — 0
H(x+h, f(x+h)) — H(z, f(x)) <
{p,h) +q(f(x + h) = () + o[ f(x + h) = f(2))).
Using the fact that H(x, f(z)) = 0 and rearranging gives us
—q(f(z+h) = f(z)) < < h) +o([f(x + h) = f(2)]) =
fla+h) = f(@) < (67", h) + o(h),

where we used that ¢ < —¢ and f is Lipschitz in the ordo term. This proves
that f € CL+. O

) =
) =
(
)

Lemma 4.3. Let g(z) € CYT and f(x) € C%L. Then g(f(z)) € CT.

Proof. Let p € DVg(f(x)) and let C be the Lipschitz constant to f. Then

9(f(z +h)) = g(f(x)) < (p, f(z + h) = f(x)) + o([f(x + h) = f(2)]) <
(Cp, h) + o(|h)).

This proves that g(f(z)) € CLT. O
Now we can prove Theorem 4.1

Proof of Lemma 4.1. The properties (4.2), (4.3),(4.5),(4.6) are (4.8) are time-
independent so the proof of those statements follows Lemma 4.4 in |5]. Here
we will prove (4.1), (4.4) and the time part of (4.7). First we will construct
g satisfying (4.1) with the help from the sets defined in (2.17) on the punc-
tured space. Then extending the functions to include the origin will let us
prove (4.4). Let {B(t,x)} be the family of sets defined in (2.17) and define
the function d(t,z,¢) = (dist(¢, B(s,2)))? on [0,7] x & x R". We know
from the definition of the domain that the family of sets {B(t,z)} is C1+
and for fixed time is C**. This means that d(t,z,¢) is Cb* and for fixed
time is C%F. We refer to [5] Lemma 3.2 for the proof that for fixed ¢ and z
the function & — d(t, x,&)? is in O with derivative

Ded(t,,€) = 2(& — Pryn(€),

where Pp; . (§) is the closest point on B(t,x) to . W first define the
functions on the punctured plane. Let U = R™\{0},6 > 0 and define the
function g(t,x,€) = r where r is the scalar satisfying d(t, z,r—1/2¢) = —§2.
First lets prove that g is well defined, e.g. that r exists and is unique. Since
d(t,z,s&) — oo as s — oo and d(t,z,0) = 0, r exists. To check uniqueness
we look at the derivative of d(t, z, s§)

Dsd(t> Z, 3{) = 2<S£ - PB(t,x) (sf)a £> =

2 2 2
g<8§ - PB(t,x)(8£)7 PB(t,x) <3€>> + ;d(t7 T, 3€> > gd(t, €, 85) >0

11



where we have used the fact that B(t,z) is convex and contains the origin.
This means that when d(t, z, s§) is larger than zero it is a strictly increasing
function in s. This implies that r is unique and therefore g is well defined.
To prove (4.2) we define the function H(t,z, &, r) = d(t, z,r~/2€)—§2. Since
d is a CYF function and (t,z,&,7) — (t,z,7~/2€) is smooth (for r > 0),
H is a C'* function by Lemma 4.3. To show that g is a C'* function
we use Lemma 4.2. So we need to show that g is continuous, Lipschitz
continuous and that ¢ < —§ where (s,p,q) € DT (¢t,z,&, g(t, z,€)). Since H
is differentiable in r we calculate the derivative
-3/2 2

%Ij =-1 (& Ded(t, v 1/%)) < —r~td(t.a,r1/%) = —57.
Now since r — —T_ld(t,x,r_l/zﬁ) is a increasing function we get for 0 <
r< g(t7 €T, 5)

OH 52

il G

or = g(t,z,§)
Since in Lemma 4.2 the bound is necessary for all compact sets K, so if g
is continuous and therefore bounded on each K the bound holds in Lemma
4.2. So the only thing left to prove is that ¢ is continuous and Lipschitz

continuous. Continuity follows from the uniqueness of r. To see this let
(tn, @n,&n) — (t,2,€) then

d(tn, T, 9(tn, Tn, )" %60) = d(t, 2, g(t,w,6)71/%¢),

since d(t, z, g(t, z, §)_1/2§) is constant. But since r is unique then g(t,, zp, &) —
g(t,x,&). So g is continuous. To prove Lipschitz continuity we fix an
a € (0,T) X W x U and an € > 0 such that
52
—— >¢€, Ve B(a,e).
9(x)

Let L be the compact image by g of B(a,€). Since H is C17 it is Lipschitz
continuous on the compact domain B(a,e) X L. Let z,y € B(a,€) and
without loss of generality assume that g(x) > g(y)

0=H(z,g9(z)) — H(y,9(y)) =
H(x,g(x)) — H(y,9(z)) + H(y,g(x)) — H(y, 9(y)),

then by Lipschitz continuity of H and mean value theorem

H(z,g(z)) — H(y,9(z)) + H(y,9(x)) — H(y, 9(y)) <

Myl + DL lg(a) — gl <
2
Mz —y| - gf@rm) )l <

M|z —y| — €lg(x) — g(y)l-

12



Rearranging gives us Lipschitz for g on B(a, €). Since B(a, €) creates an open
cover for every compact set K C (0,7) X W X U then there exists a finite
subcover and therefore g is Lipschitz for every compact set K. Applying
Lemma 4.2 we get that g € C1F and we have proved (4.1). Next we want to
prove (4.4), we do this by extend g when £ = 0. We observe that for s > 0

d(t,z, (s*g(t, z,6)71/%s€) = 6% = s%g(t,x,€) = g(t,z, 5€). (4.9)

Then it is clear that g(¢,z,0) = 0 gives a continuous extension and (4.4) is
proved. To prove the time part of (4.7), we first assume £ # 0. From the
definition of C1'* we have

gt +j,x+h,E+[8lk) < g(t,2,8) +uj + (p, h) + (¢, [§]k) + o(|j] + [h] + [K]).-
Now multiplying the above with |¢|72 and using (4.9) we get
gt +j,x+h €7+ k) <
g(t, 2, |€171€) + [€]7%uj + (|7, h) + (€7 . k) + olj] + [h] + k),
which proves that (|¢|~2u, |£|=2p, £ 1q) € Dt g(t, z,|¢|71€). This means that
the above must hold for j < 0,h = 0,k = 0. Together with the Lipschitz
continuity for g, we obtain
g(t + 5,2, [6]71€) < 1€]7%uj + (1)) = |€]7%u + o(|j]) <
1 _
]( gt +j, ., |€]71€) — g(t,z,[€]71€)) < C

Multiplying by [£|? and sending j — 0 proves (4.7). The rest of the proof is
the same as the time independent part and we refer to [5]. O

Next we define the family of functions { fc(t,z,y) : € > 0}

Theorem 4.4. There exists a family of functions {fc(t,z,r) : € > 0} and
constants C,0 > 0 with the following properties

ft,z,y) is CHT, (4.10)
For fized time t f(t,-,-) is C>7, (4.11)
2
fltz,y) > L vl (4.12)
€
2
fty) < B =Y (4.13)

€

for (u,p,q) € DT fo(t,z,y)

<p7 ’Yi(ta l’)> >0 if <y - !E,ni(t, l’)> 2 —9’.1' - y’? (414)
@ (62) 20 7o —ymlta) = 0wy, (119)

T — 2 Tr — 2 xTr —
<0 g < 0T E an( a) < YL (ag)
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<(p, q),% [_II _II] - M [é ?D e D>t f(t,x,y).  (4.17)

The functions fc are constructed by setting fe(t,z,y) = eg(t, z, “=%). So we
omit the proof that is identical to the proof of Theorem 4.1 in [5].

4.2 h function

We also need a function A(t,z) in the proof of Lemma 6.1. The function is
constructed so that its derivative is aligned with the reflection.

Lemma 4.5. There exists a function h(t,z) > 0 defined on Q which is C*
in time and C? in space and fulfills

(Dzh(t, x)(t,x)) = 1.

The main part of the proof will follow the same idea as Lemma 3.2 in |5]. For
the time extension we will prove that the functions in [5] are robust to small
changes in time and this will able us to define the time-dependent functions.
We will need the following Lemma, for proof see Lemma A.3 in [5]

Lemma 4.6. Let ¢ =), Biy; with 5; > 0. Then max;(n;,q) > 0.
This Lemma follows from Lemma A.1 in [5] which we state here

Lemma 4.7. Let B(t,z) be a set from the family of sets defined in (2.17).
Let p € B(t,x) satisfy (p,ni(t,x)) < 1. Then there exist a € such that
p+evi(t,z) € B(t,x).

This Lemma follows from the properties of the family of sets { B(t, z)} defined
in Section 2.2.

Proof of Lemma 4.5. Since € and [0, T] is compact it is enough to prove
that for each s € [0,7] and z € 0% there exists a function u with the
following properties

(Dyu(t,x),~i(t,x)) >0 for |z —z| < ey, [t —s| < e and i € I(s,2).
(4.18)

(Dyu(t,x),~i(t,x)) >0 for xz € 0y and i € I(t, z). (4.19)
Define the following compact convex set
K=¢- Y Bi(s,2),8>0 Y Bi=1
i€1(s,2) 1€1(s,2)

14



Using Lemma 4.6, we see that

min (n;(s,2),p) <0 Vpe K.
1€1(s,2)

Next we define the following sets from K

K.={peR":dist(p,K) <€} and L. = U tK..
t>0

From the above we get that there exists a § > 0 such that

min (n;(s,z),p) <0 Vp € Kas.
i€l(s,z)

This means that 0 ¢ Ko and that Los is a closed, convex cone with 0 as
vertex. The above inequality implies that there exists a constant 6 such that

) 1}1(111 )<ni(sa Z)ap> < *9’p| vp € L25' (420)
1el(s,z

Now due to the upper semi-continuity of I(¢, x), the regularity of v; and 9€2;
and (2.18), there exists a open neighborhood V' around z and open interval
W around s with the following properties

I(t,x) C I(s,2), YxeVNoQ, VteW, (4.21)
—i(t,x) e Ks Yz eV, VYteW, (4.22)
_ 6
Q,NV C {z +p:peR": '1}1(in)<ni(s7z)7p> > —2]p|} . (4.23)
1€1(8,z

Combining (4.20) and (4.23) we get
(24 Las) N Qs NV = {2}.
This means that there exists an € such that
{x : dist(x, 2 + Los) < 3¢} N Qs NIV = 0.

Define the set M = z+q+Los for ¢ € LasNOB(0,€) and M, = {p : p € R", dist(x, M) < n}.
From the above we notice that

MNQ,NV =0,
MggﬂﬁsﬁE)V:@.

Define a function hj(z) = dist(z, M), on R®™\M h; € C*! with derivative

x — Py(x)

P = = Pl
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Next we prove that
(DHi(x),p) <0 VxeR"\M, Vpe K.

Notice that (z — Py(x),q — Py(z)) < 0 for ¢ € M. Then from the con-
struction of Ls and M we see that p+ Py(z) € M for p € Kags, which yields
(x — Py(z),p) < 0. Now choosing p € K we get that (z — Py (z),p) <0,
since p + Ppr(x) will be an internal point to M. This proves the state-
ment above. Now take a function ¢ € C'(R) with the following properties,
('(z) > 0x € R*, () > 0 for z < e and ((z) = 0 for x > 2¢. Set
ha(z) = ((hi(x)). We conclude that for p € K;

(Dzha(z),p) <0,
(Dzha(z),p) <0 Voe R"\M,

And that supp(hs) C Ma.. Set 1 such that n < dist(2; NV, M), observe
that n < €, and then an approximation argument yields that there exists a
function hz € C#(R™), supp hg C Ms. which fulfills

(Dehs(2),p) <0,
(Dghs(x),p) <0 Vo e V\M,.
Combining the above with (4.22) yields
(Dghs(2),7i(t,x)) >0 forie I(s,x),
(Dghs(x),vi(t,x)) >0 forx € VAM,, ic€I(s,z).
Define a function o € C?(R™) with the following properties
supp a C 'V,
a=1onQ,NV Nsupp hs.

Finally set u(t,x) = hs(z)a(x). It is easy to check that wu(s,-) fulfills (4.18)
and (4.19) for the spatial variables with €; = 7 because of the Lipschitz
continuity on «; and D,yu. The idea for the time variable is that if —v;(¢, z) €
K for ¢ in some small interval W around s the above proof works for all
times in that interval. Since we have upper semi continuous for I(t,x) we
can assume that for t € W, I(t,z) C I(s, z). Then we want to prove that

= 3 it 2), >0 Y Bi=1p CKs

1€1(t,z) 1€1(t,z)

This is the same as to prove that there exists a p € K such that

= > Brilt.2) —pl <6 (4.24)

1€l(t,z)
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From the definition of K and the semi upper continuity of I(t,x) we can
represent p by — . 1(t,) Bivi(s, z). This and the Lipschitz continuity of
yields

= ) B2+ D Bivi(s)l < D Bilvilt,2) — yils, 2)] <

i€1(t,z) i€l(t,z) i€1(t,2)
> CBilt—s|=ClIt,2)|[t —s| < CI(s,2)||t - 5.
1€l(t,z)
Setting e, = m and then choosing the interval t € (s — €4, 5 + €5) we

have that —v;(t, z) € Ks. Now (4.18) and (4.19) holds. This means that we
can find an open cover for Q with functions that fulfills (4.18) and (4.19).
Since Q is compact, due to Tychonoff’s theorem, there exists a finite open
cover. This together with a partition of unity argument, adding and scaling
with some constants yields the function h. O
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Chapter 5

Skorokhod Problem

In this sections we will prove the existence of a solution to the SP for con-
tinuous functions under our assumptions on the domain and direction of
reflection.

5.1 SP for C! functions

The first part of this will be to prove the existence of a solution to the SP
for C! functions. To do this we first need a Lemma.

Lemma 5.1. Let b > 0 be chosen so that d(z,$) < b, i € I(t,x), implies
that d(x,Qs) € Cl. Then there exists a constant ¢ > 0 and functions
a;(t,r) € C* satisfying a; > 0 and a;(t,z) = 0 Va & I(z). Such that

<Z ai(t,:v)%-(t,:L‘),Dxd(x,Ql-7t)> < —v Vjel(t ), (5.1)

i€l
for all x satisfying > ;o d(z, Qi) < c.

Lemma 5.1 follows from (2.15), (2.16) the compactness of Q and a partition
of unity argument, see [1|. Now we are ready to prove the following theorem.

Theorem 5.2. Let ¢ € C1([0,T],R"™) with 1(0) € Qo. Then there erists a
solution (¢, \) € WHP([0, T], R™) x WP ([0, T],R™) to the Skorokhod problem

Jor (Q,r,4)

The proof is based on a penalty method similar to the one used in [I], [2]

and [1].

Proof. Set € > 0 and consider the ordinary differential equations

ée(t) = %Ci(t, (be(t)) <Z ai(t7 (be(t))’)/i(t? (z)e(t)) +1/‘}(t) ¢e(0) = w(o)v (5'2)

il
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where d(t,z) = Y icr d(x, Qi) and a;(t, z) are the functions in Lemma 5.1.
The ordinary differential equation have a penalty term that pushes the solu-
tion ¢, back into €2 in the direction of reflection. The idea is then to prove
that ¢ — ¢ as € — 0. We define a function ¢ (¢) with the following properties

Cec <<t)={ic i;j 0<{®<1 WeR",  (53)
3

where ¢ is the constant in Lemma 5.1. Then define 4(t,z) = d(t,z)? and

V(t) = C((t, e(t))). Note that if d(t, pc(t)) > ¢'/? then ¢'(3(t, ¢c(t))) = 0.

Next we look at the derivative to V/(¢) and note that the weak derivative
Dyd(t, z) exists due to (2.18). We get

V(1) = {(3(t, 6c(1))) (Dt 6e(1)) + (Do (t, 6e(1), del1)))

We have that D,o(t, ¢e(t)) = pd(t, ¢e(t))P "  Dyd(t, ¢e(t)). With this, (5.2),
Lemma 5.1 and the Cauchy-Schwartz inequality we have the following

=( 17 t qbe )(Dtﬁ(taqbe(t))
< ﬁ t ¢6 t ¢e (Zal ¢e % t (be( )) +¢J(t))>)
<(

el

(ot ot xz%6@,¢4t»A+LDI@@,¢4t»H¢ww - (e, 0c(1).
Next, we rearrange and integrate
VO = VO0)+ 2 [ 60000705 6.(5))ds <
/c 5. 66())) Di(s, 6c(s) w+/¢ (85, 6:() | D5, 6u())][4(5) ds .

11 12

We first consider I; and notice that

|Dy(s, 3e(5))] = pd(s, d(s))P "} [ Dd(s, 6c(s))| =
pi(s, 6¢(s)) 7 | Did(s, de(s))]-

Using this and Hoélder’s inequality we get

Iww(/c )i(s, 6(5))d ) (/cﬁqx»w<@mwf

Now since d(t, ) € WP and ((t) < 1 the second integral on the right hand
side is bounded by a constant C(T"). For the I integral we notice that the
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derivative | D d(t, z, G;)| < 1 a.e. This means that |D,d(t,z)| < k, where £ is
the size of the finite index set I. Using this we get | D, (¢, x)| < pkd(t,z)P~ 1.
Applying Holder’s inequality again

hépk<4%@@¢M$DW&@®D$>ﬁl(A%@@@J@W¢@V>é

Since ¢ € C!, and C (t) <1 so the second integral is bounded by a constant
C(T). Collecting the terms, we obtain

V(t)+ ’:/O C((5,Pe(5)))0(s, de(5))ds <

C@(A%@@@&WM&@@MQ  (54)

Since both terms on the left hand side are positive, both are bounded by the
constant and hence

2 ([ s omitsdoas)” < (5.5)
Substituting (5.5) into (5.4) we get
v+ 2 [ i ot oeas s cme. o)

Choosing e so small that V (t) = C((s, ¢c(s)))) = 0(s, dc(s)) and C(#(s, pc(s))) =

1, we obtain

%@ﬁw+;AJ@@@Whéﬂﬂ- (5.7)

ep—1

Now define the functions

1e(6) = ~d(t,6.0), 6.9

Xie(t) = /0 le(8)aie(t, de(t))Vie(s, de(t))ds, (5.9)

Ac(t) =D Nie(t). (5.10)
i€l

We can assume that the functions a;  from Lemma 5.1 fulfills | Y, ; a; cvie| =
1. Now by (5.7) I is bounded in LP and \; ¢, Ac are bounded in W'P. There-
fore they converge weakly to I, \;, A in LP and W'P, respectively, as € — 0.
We see from (5.2) that ¢ = ¢ +Ac which means that ¢, converges weakly
to ¢ =1+ \. This proves (2.8). (2.9) follows from (5.7) since the first term
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must be bounded as € — 0. (5.9) implies that ).\1-76 = leca; 7 and therefore
Ai = la;y; hence

A = [ 130l = [ 1S to)astoleuoids = [ 1ds < .

iel iel
(5.11)
which proves (2.10). To prove that (2.12) holds, we look at

/Zz )@ ds_/ S ai(é(s)3(@(s) N s).

iel iel
(5.12)
From Lemma 5.1 we have that a; > 0 and a; > 0 implies that i € I(¢,z).
Since we also have that | Y ;. a;vi| = 1 we see that ) . ;a;y; € 7(x) and
therefore (2.12) holds. To prove (2.11) we look at (5.8). For ¢(t) € NG;
d(t,¢(t)) = 0 so I(t) = 0. This means that

t t t

This proves that (¢, A) solves the Skorokhod problem. O

5.2 Compactness of solutions for SP

To go from continuous differentiable functions to only continuous functions
we prove that the solution set to the SP is compact and bounded. This will
also come in handy in Section 6 when we prove tightness of the solutions to
the RSDE. The following lemma is a generalization of Lemma 4.7 in [1] Case
2 and the time-dependent approach is similar in [2].

Lemma 5.3. Let A be a compact subspace of C([0,T],R™) Then the following
holds for the set {(¢,A) : (¢, A) solves the SP for (Q,r,), 1 € A}

1. |A(T) < L for a constant L < co
2. The set {¢ : (¢, \) solves the SP for (Q,r,1), ¢ € A} is relative com-
pact
First we define the modulus of continuity of a function.

Definition 5.4. The modulus of continuity of a function f is defined as

[fllse = sup |f(t1) = f(t2)]. (5.14)

s<t1<to<t
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Proof. There exists a vector field v(¢,x) such that for some constant ¢ > 0
the following holds

(v(s,y),v(t,x)) > ¢ Yy) € XB(xz,c)NINs, Vse[t,t+c|], YVyer(sy).

(5.15)
Next for a solution (¢, A) to the SP for i) € A, we define T} as the smallest
of ¢ and inf{t € [0,T] : ¢(t) ¢ B(¢(0),c)}. In other words at the time T}
the solution ¢ have moved a distance less than ¢ from the initial value and
T; < c. Define T, analogously, as T,,, = min(T, T,,,—1 + ¢, inf{t € [T),—1,T] :
d(Tm-1) ¢ B(dp(Tim-1),¢)}). Now we will show that |A| is bounded on
[Tin—1,Tn] by looking at the inner product with respect to the vector field
v.

<¢(Tm) - ¢(Tm71)> U(Tmfla ¢(Tm71))>
- <¢(Tm) - ¢(Tm71)’ U(Tmfla ¢(Tm71))> =
Tm
/ (5, 8(5)), 0(Ton—1, (T ) IN() > c(M(Tm) — N (Ton-1)).

Trm—1

In the first equality we use (2.12) and the fact that d|\| is zero unless ¢ € 0€2.
The left hand side is bounded since A is bounded and ¢ € ). Therefore we
get that

IA(Trm) = A(Tim—1) < M, (5.16)

for some constant M < oco. Now we will show a bound to the modulus of
continuity for A for all 7 € [T},—1, Tr]

1 3 a
Mz, _, - < BRANE, - + 1917, - + (T = Tm1)2), (5.17)

where ¢ € A and « is the Holder coefficient in (2.19). Since we only look at
one time-step [T},—1,T;,] we simplify the notation by setting ¢(T),—1) = 2
and T,,_1 = 0. To prove the bound we define some help functions. We use
the function g in Theorem 4.1 but use a sub-convolution to define functions
¢” which have more regularity

(¢, 2,7) = sup{g(s, g, w) 21ﬁ<|t PP - w]?)
(s,y,w) €[0,T] x W x B(0,R+1)}. (5.18)

We refer to [1] that the following properties holds for 3 sufficiently small

g% € CH1([0,T] x Q x B(0,R)), (5.19)

g° = ginC, (5.20)

(u,p,q) = DgP(t,2,r) = (u,p,q) € DT g(t + Bu,z + Bp,r + Bq), (5.21)
lu| <4Cr?,  |p| <4C|r|%,  |q| < 2C)r|. (5.22)
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C11 is the space of once differentiable functions with Lipschitz continuous
derivatives. Now we define the functions BY (t) and E(t) as follow

Bf(t) = eg’B(t, z,—A(t)/€),
E(t) _ e—C(2|>\\(t))+4t)'

Since g?(t,z,0) = 0, we get

BY(r)E(r) = B? / E(s)dB’(s / BP(s)dE(s

/E )dBP (s —20/ BP(s)E(s)d|\|(s 40/ BP(s

Now we look at the first integral and use (5.22) and (4.5)

| Beanie) - / " E(s)eDigl (s, % —A(s) e)ds
- [ BGD sz M) <4C [ Bl /s
/ E(5)(Drg? (s, ~A(s)/€), dA(5))
§4C/0 E(s)B ds—/ E(s)(Dyg?(5, 2 —A(s)/€), dA(s)).

For the second integral on the right hand side we must be careful because
of the time-dependent domain. Since the domain changes over time it is not
certain that z € Q.Vs. If z ¢ Q, we define y; as the point in Qg which fulfills
lys — z| = d(s,z). In the integrals below if z € Qg then we can replace ys
with z. We decompose the integral in three parts

/ B(s)(Drg(s, 2, ~A(5)/e),dA(s)) = I + Ir + I,
/ E(s (s,0(5), (ys — &(s))/€),7(s, (s)))d[A|(s),
I 2/0 E(s){Drg" (s, ¢(s), —A(s) /€) = Dyg° (s, 2, —A(5)/€), dA(5)),
Iy = /OT E(s)(Drg’(s,9(s), (ys — ¢(5))/€) = Dyg” (s, 8(5), —A(s) /€), dA(s)).

We first consider [, and from (5.21) we get

/ E(5)(Dyg(s+ Bu, &(5) + B, (ys — 6(5)) e+ 5a), 7(s, 6(5)))dIA| (5),

23



Where

p = Dag’(s,6(s), (ys — d(s))/e),
q= Drgﬁ(& ¢(S)7 (ys - ¢(3))/6)

Now we want to use (4.6), and notice that

/E Dyrg(sBu, (5)+Bp, (ys—(s))/e+Ba), 7 (s+Bu, d(s)+Bp))dIA|(5) > 0

Adding this term to Iy

/ E(s)(Dyg(s + Bu, ¢(s) + Bp, (s — 6(5))/e + Ba),
(5, 9(5)) — 1(s + Bu, () + Bp))dIN(3).

But since 7 is continuous (s, ¢(s)) — v(s + fu, ¢(s) + Bp) tends to zero
as § — 0 and therefore I3 < 0 as § — 0. For Iy and I3 we will use the
Lipschitz property of the derivatives and (5.22). For fixed r we can choose
2C|r| as a Lipschitz constant for D,.¢%(t,z,r) and for fixed = we can choose
4C as a Lipschitz constant. Using this, the Cauchy-Schwartz inequality and
the fact that |y| = 1 when ¢ € 9§05 and d|\| = 0 when ¢ ¢ 02, we obtain

[ E@IDg? (50050, = 2) = D98 (5,2, -75) s, 6N (s) <
| ZE OG- o) <
[ 22BN - vl + NN ) <
| 20E<s>e|“j)|2du|<s> + [ Z B - v NI <
| 2CE@B AN + [ B - wEIAElA ) <
| 2cE@B AN + [ B - v P o).
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The same argument for I3 yields

(ys — ¢(s))

I3 <
| EIDg 5,000, =) D, 5,60

=Dl oDl ) <

/OT %E(S)’ys — 6(s) + As)|dA|(s) =
/OT %E@)'ys — (s)[d|A|(s) <
/OT gE(S)(‘Z —(s)| + |2 — pa)dIA|(s) =
/OT %E(sz —(8)] + d(s, 2)d|)A[(s)-

Collecting all the terms and letting 5 — 0

B(r)E(7) < ¢ /OT E(s) (|2 = o(s)]” + 2|z — v(s)| + 2d(s, 2))d|A|(s).

€

Now with the modulus of continuity and using (2.19) we get
4C T 2 «
Be(r)E(T) < —— ; E(s)(1vllo, + 1¥llo- + E7%)d|A|(s).

Only E(s) is dependent of s in the integral and it can be estimated easily

/E(s)d|>\|(s)§/ e~ 2CNE gl (s) < —-.

Now we get

2 (64 T
Be(r) < ;(WHS,T + [ Bllg,, + K )eCERIHD.
A use of the inequality
< gle+ -a?)
z < 5e+-a%),

and (4.5) gives us

1

1 1 e 1 N
IA(T)] < 2(6+E|)\(7-)|2) < §(€+Be) < §+E(||¢||(2)77—+”¢H0,7—+KT )eC(2M+4T)’

where in the exponential we have used (5.16) and 7 < T. Now set € =
min([[[ly?, 7%/2), which implies that e < [[¢]}> +7/2 and L <[]l 2/
and 1 < 7792 With this we get (5.17) since the above hold for all T €
[T—1,Tm]. Since A is compact we know that [[1] is bounded. This implies

there exists a time 7 > 0 such that

Wl o

max([llg, 7, Mgy 1 48) <

25



By the definition of SP this implies that ||y, | 7 .+ < % From the
definition of T,, we now have a lower bound on the time partition 75, —
Tyn—1 > min(e, 7). From (5.16) we have a bound of A for each time step
so with the bound on the time step we get that |A\(T)| < M(ﬁ +1)
which proves 1 in Lemma 5.3. To prove 2 we use the Arzela-Ascoli theorem.
Since ¢(t) is bounded by Q; and (5.16) together with the lower bound of the
time partition gives us that the set {¢ : (¢, A) is a solution to SP for ¢y € A}
is equicontinuous. Since we have a bounded and equicontinuous set, the

Arzela-Ascoli theorem implies that the set is relatively compact. O

5.3 SP for continuous functions

Now we are ready to prove the main lemma of this section.

Lemma 5.5. Let ¢ € C[0,T] with (0) € Qo. Then there exists a solution
(¢, A) to the SP for 1.

The proof is the same as for Theorem 4.8 in [1], and is similar to the proof
of Theorem 3.1 in [8] and Theorem 5.1 in [9]. For completeness we include
the proof

Proof. Let v, € C'([0,T]) be a series of functions that converge uniformly to
1. By Lemma 5.2 there exists a solution to the SP for ¢, denoted (¢, \n).
From Lemma 5.3 we know that )\, is bounded for all n and that A, is
equicontinuous, therefore by Arzela-Ascoli theorem there exists a convergent
subsequence which converges to A. Set ¢ = ¢ + A\ and the pair (¢, A) fulfills
(2.8), (2.9) and (2.10) in the Skorokhod problem. To show (2.11) and (2.12)
we define the measures y, on Q x S(0,1) as

1in([0,8] X A) = /[0 ) (5,60 (5) v (5,0m(5))€4) | An ] (8),

for every Borel set A C Q x S(0,1). Define ﬁ[o,t] = 0N ([0,] x R") and
Qg = 2N ([0,7] x R™). This means that

|)‘n|(t) = ,U/n(ﬁ[o,t] X S(Ov 1))3

which together with the definition of a solution to the SP gives

Ap = / Yd Ly,
Q[O,t] XS(O,l)

Since |A,|(T") < oo, we have, by the Banach-Alaoglu theorem that p, con-
verges to a measure p in the weaks*-topology. By the weak* convergence we
have that

Q[O,t] X 5(0,1)

A(t) = / ydu. (5.23)

26



Next we define the following sets

1 = Qo X S(0,1),

Yo ={(s,z,y)s € [0,T],z € 004,y ¢ r(s,x)},
% ={(s,z),5 € [0,T], |z — ¢(s)| > &} x S(0,1),
Y3 ={(s,x),s €[0,T],x # ¢(s)} x S(0,1).

From the definition of p,, and (2.11) we conclude that for large enough n

pn (1) = pn(X2) = :un(zg) =0.

From the weak* convergence we then have

p(X1) = p(3E2) = p(X3) = 0. (5.24)

We define a new measure v on [0,7] by

v([0,]) = n(Qp % S(0,1))).

Combining (5.23) and (5.24) yields
t
At) = / ydp = / Iy(s)eon, / vp(s, dv)dv,
(S,CE,y)(ﬁ(S)E@QS7y€7“(87¢(8)) 0 T(87¢(S))

(5.25)
where p(-, A) is a non-negative v-measurable function for all Borel sets A.
From (5.23) we see that A is of bounded variation and therefore

A®=AﬂMW@- (5.26)

From (5.25) and (5.26) we conclude that || is absolutely continuous with
respect to v. This fact and (5.25) gives us (2.11). The absolute continuity of
|A| w.r.t v, (5.25) and the Radon-Nikodym theorem gives that the existence
of a positive function [(t) such that

l@%h/wwwww- (5.27)

Then using the fact that the set {ay,a > 0, € r(s,z)} is convex for z € 9
allows us to conclude that 5(s, ¢(s)) € (s, #(s)). This fact and (5.26) finally
gives us (2.12). O
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Chapter 6

Stochastic differential equation

6.1 Uniqueness of RSDE

Now we will prove the existence and uniqueness of solutions to RSDE by
using the existence of solutions to the SP problem and a Picard iteration
scheme, see [10]. The only thing left to prove is then uniqueness for the
RSDE, Assume the following

Y(t)== —I—/O b(s, X(s))ds + /0 o(s, X (s))dW + A(t), (6.1)

A1) = / IyeondAlls) < oo, (L) = /0 V() AIA),

0’

where b, o is Lipschitz continuous. Now let Y/ be defined as the above but
with x replaced by 2/, X replaced with X’ and 7' = ~(s,Y’(s)), then we
have the following lemma

Lemma 6.1. Let Y(s) and Y'(s) be defined as (6.1). Then we have the

following inequality

E | sup |Y(s)—Y’(s)|2] SC(]m—x/\Z—F/OtE[Sup |X(s)—X'(s)y2dsD.

0<s<t 0<s<t

The main tool in the proof of Lemma 6.1 is a function v which will be a
time extension of the function v in 1] with the correction [11]. Let ¢(z,7) =
(|z|? + A)|r|? and choose B large enough so that

h(t,x,r) = g(t,z,r) — Bo(x,r),
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is convex in the spatial variables. Now to get required smoothness we sub-
convolute h

1
IO TR — {h<s,y,w> sy - w|2>} ,
(s,2,w)€[0,T]XW XW 26

and then ¢?(t,z,r) = h3(t,z,r) + Bo(z,r). We set f© = eg(t, x, (x;y)) and

see that f7 — f.in C([0,T] x W x W). As in the proof of Lemma 5.3 we
have that for (u,p,q) € fo(t,:r:,y)

et (0,7 x O x Q, (6.2)

AC |z —y|? |z —y]
lul < 7’93 —yl* Ip+dql < Cf, max(|p], |q]) < Cf (6.3)
We also know since ff is Lipschitz continuous and W is compact that (p, q)
are bounded independently from z,y. In the proof we will use Ito’s lemma
and for that we require the functions to be twice differentiable in space. To

achieve this we define the mollifier p,
Po >0 supp po = B(0, ) / Pa=1 po€C™,

and the convolution 2 = fZ % p,. For fixed time ¢ we refer to [11] for the
following inequality

D2 ff(t, 2, y) <

c [ I _[] N Clz — y|? [I 0]. (6.4)

e |—I I € 0 I

Now using the function h defined in Lemma 4.2 we define the function
u(t, z,y) = e MG TREY) X > 0 constant, and then define

v (t, 2, y) = ult, 2, y) F2 L, 2, y).

We will specify A later, until then we will denote C'(\) a constant that
depends on A. Before we prove Lemma 6.1 we state a lemma that will be
helpful.

Lemma 6.2. For fixed time t we have that the second derivative of the spatial
variables satisfies

D%f’a(t,x,y)—C’()\)(l [_II ‘II] Lol [é ?D

€ €

The proof is identical to the proof of Lemma 5.7 in [1] with f exchanged for
f2°%. An easy extension of Lemma 6.2, using the Lipschitz continuity of o is

T
o(v oy C
[U((fg] D%Eﬂ(t,%y) [U&H < (e)\) ((‘y _ 5’2 + ‘w . y,Q)) I (6.5)
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Now we are ready to prove Lemma 6.1. We will denote ve**(s,Y (s),Y'(s)) =

v2 and the same with u and o,

Proof of Lemma 6.1. We prove the Lemma for t < 7 where 7 is a stopping
time defined as

7 =inf{s € [0,7],|Y(s) = Y'(s)| < 6},

and ¢ is the constant in Remark 2.27. This is without loss of generality since

E | sup \Y@)-Y’(s)?} < (?)4E [ sup |Y(s) = Y'(s)]?|

0<s<t 0<s<r

where B is the diameter of the smallest ball containing €2, for all t. An
application of Ito’s lemma yields

vf’a(t, Y(t),Y’(t)) = vf’a(O,x,x') + /t stf’ads
0
t t
v (s s s V2 bis. X' (s s
+/O<Dxe b(s, X (s)))d +/0<Dy6 b(s, X'()))d
t t
4 /0 (Dyu?®, (s, X(s))dW (s)) + /0 (Do, (s, X' (s))dW (s)

t t
+/ (Da:vf’“,v(s,Y(S))>dIA!(S)+/ (Dyod®, 7(s,Y'(s)))d|K|(s)
0 0

o[ TG po gy oo [TXENT Y 4
“) (L(X%s))] Dre ) [a(X%s))])d'

Now using (6.5) to get rid of the second order derivative, we get

vf’a(t, Y(t),Y'(t) < vf’o‘(O,x,x/) + /t stf’ads
0
t v b(s s)))ds t v b(s, X'(s)))ds
+ [ Db s, X()his + [ (D . X ()
+/0 <DIU§’Q,U(S,X(S))dW(S)>+/0 <Dyvf’°‘,a(s,X/(s))dW(s))

t 03 ~(s s s t V2~ (5. Y (s s
+/O<D“ (5 Y ( >>>d\Ar<>+/0<Dye (s, Y (5)))dlk|(s)

€

+/0 N (1x(s) = X' (52 + Y (s) = Y'(s)]2))ds.

Now since feﬁ € C1, the function v2"* and its first derivatives converge to vf

and its first derivatives when we let « in the mollifier go to zero. Since we
no longer have the second derivative on the right hand side we let o — 0.
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So we drop the « from v:'*. Now we look at the integrals and bound them.
First the time derivative part is evaluated

t t ¢
/ DowPds = / fPDyuds + / uD, fPds. (6.6)
0 0 0

For first term in (6.6) we use the regularity of u to bound the derivative and
use (4.13) for § small enough. For the second term in (6.6) we use (6.3) and
the fact that u < 0, to conclude that

V()= Y(s)”

t
/ DywPds < C(N)

0
Next we look at the integrals involving b(s, X (s)), and get

/(Dw?,b(s,X(s)))ds—l—/(Dyvf,b(s,X'(s)»ds:
0 0

[ Df? 4 2D b5, X6 ) + [ Dy 2+ 520,005, X(6))) s =
0 0

/0 (u(Dyf? + Dy f2),b(s, X'(s)))ds + /O (uDy 2, b(s, X'(s)) — b(s, X (5)))ds

+/0 FE({Dau,b(s, X (s))) + (Dyu, b(s, X'(s))))ds. (6.7)

Du and b are continuous on a compact domain and can therefore be bounded
by a constant C'(A). Then setting § small enough to use (4.13), using (6.3)
and the Lipschitz continuity on b, we obtain

/O(Dmvf,b(s,X(s)))der/O (Dyv? b(s, X'(5)))ds <
t s) —Y'(s)|? s) — X'(s 5)—Y'(s
C(A)/o <IY() Yis)l? |, [X(s) = XU(s)[[Y(s) Y()I>ds_

€ €

Now for the integrals with respect to d|A|, we start by expanding Dvf as in
the previous cases

/ (D8 (5, (5)))dIA|(s) + / (Dyo8, (5, Y (s)dIN'|(s) =
0 0
/0 (D4 2,5, Y ()))d|Al(s) + / (D (s, Y (s)))dIAl(s)

t
0

+ / WDy 2, (s, Y (s)dIA'|(5) + / (2 Dy, +(5, Y (5)))dIA'|(5) =
0

/ (Do f2, (5, Y (s)))dIAl(5) + / (uDy £, (s, Y'(s)))d|A|(s)
0 0
0

—A/ (fPuDgzh,y(s,Y (s)))d|A|(s) —A/ (fPuDyh, (s, Y"(s)))d|A'|(s).
0
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For sufficiently small 5 we can use (4.12), this and Lemma 4.2 yields

—A/ <fquxha7(8aY(S))>d|/\|(5)—>\/ (fPouDyh, (s, Y'(s)))d|A'|(s) <
0 0
o [ YO YRy [ Y OP
v Y| T o).

We now state a lemma that is Lemma 2 in [11]

Lemma 6.3. There exists a 7 > 0 and a function wr(z), w(0) = 0, such
that for all R > 0

<Drgﬁ(tax77q)77i(t7x)> > _wR(ﬂ)7
forx e 0Q, i€ I(t,z), |r| < R, (r,n;) > —7|r|

Choosing R = £ and by Remark 2.27, the assumptions in Lemma 6.3 is

€

fulfilled. Applying this to the term <Dyff(s, Y (5),Y'(s)),v(s,Y'(s))) yields

(Dyf2(5,Y (5),Y'(5)),7(5,Y'(5)))
= —D;g"(,Y (5),Y'(5)),7(s,Y'(5))

= —(D,¢°(5,Y(5),Y'(5)),7(5,Y'(5)) — (5, Y (5)))
—(Dyg°(5,Y(5),Y'(5)),7(s,Y(s)))

2
< CM + Cowr(fB),

€

where we also have used the Lipschitz condition of v and that |D,g| < C|r|.
For the D, term, we see that to use Lemma 6.3, (r,n;) > —7|r|must hold.

The assumptions in Lemma 6.3 is fulfilled with r = M, since we have

r = w we define 1y = —r and get

(D fP(5,Y (5),Y'(5)),7(5, Y (5)))

= (g (s, TNy 4, g, YLD,
s)—=Y'(s)|? s)—Y'(s
C‘Y<) €Y()’ _<Drlgﬂ(s’y()€y())>
<YYo )

€

Collecting all the d|A| terms, we obtain

+ Cowg(B )IAl( )+Csz( BIN|(t). (6.8)
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Setting A = C and letting 5 — 0, the terms in (6.8) disappears. The terms
containing dW define a martingale which we denote by N(t), that is

¢ t
N(t) = [ (Darl o5, XE)AW() + [ (Dyof o5, X' ()W (s).
0 0
Collecting all terms and using (4.12), we obtain

V() - Y' (1)

€

v(0, Y(0), Y'(0)) + N(t) + c/o (

<ue(t,Y(t),Y'(t) <

VYR | X XY o

€ €
Next we multiply by €, square, applying Holder’s inequality, take supremum,

use (4.12) and take expectation, which yields

E [ sup (|Y(s) — Y’(s)|4)] < C<|x — "+ EE [ sup (N(t>2)]

0<s<t 0<s<t
+ [ BV -V + (X6 - X)) ds ).
0

For the martingale term we use Doob’s maximal inequality

E Liﬂ% (N(t)Q)] <4E[(N®?)].

Now using the same method as in (6.7) we get

2B [(NW?)] < C /O B[V ()~ V() + (1X(s) — X'()[)]) ds.

Finally we apply Gronwall’s inequality and get the desired inequality

Esw(W@—YwﬂﬂchWﬂ%+A(EmX@—wanwﬁ-

0<s<t

O

6.2 Existence and Uniqueness of RSDE

Now we are ready to prove Theorem 3.1. The proof follows the outline of
the proof of Corollary 5.2 in [1| which is based on the proof of Theorem 4.3
in [4].

Proof of Theorem 3.1. Assume that for a continuous F; adapted martingale
X there are continuous F; adapted processes (Y, A) that fulfills (2.2). Then

33



a Picard iteration scheme, see [10], converges to a fix-point and with the
uniqueness Lemma 6.1 we have existence and uniqueness for the RSDE. So
the only thing to check is the existence of Y; and A. Since strong uniqueness
and weak existence implies strong existence [12| and since we have strong
uniqueness for Y; from Lemma 6.1, we only need to prove existence for Y; in
distribution. Set

w::c+/0 b(s,X(s))ds—i—/O o(s, X(s))dW,

and then let ¢, be a continuous, bounded variation, F;-adapted semimartin-
gales converging uniformly to ¢. Let (Y,,A,) be the solution to the SP
for ¢, which exists due to Lemma 5.2. Since 1), is of bounded variation,
Lemma (5.3) gives us that the solution (Y,,A,) have bounded variation.
Since bounded variation implies measurably we have that Y,, is F;-adapted.
Finally from Lemma 5.3 we know that (Y},) is relatively compact and by
Prokhorov’s theorem tight. This together with the fact that S,, converges to
S gives us that Y, — Y in distribution where Y fulfills the SP for S. But
this is what we required and concludes the proof of Theorem 3.1. O
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