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Preface

The main objective of these lecture notes is the study of stochastic equations corre-
sponding to diffusion processes in a domain with a reflection boundary. It is well known
that construction of diffusions in the entire Euclidean space is closely related to solutions
of stochastic differential equations (SDEs). Consider for simplicity the one-dimensional
case and imagine that we have already constructed reflecting diffusion in a half-line [0, o)
with reflection at 0. Then the corresponding stochastic dynamics should have a stochastic

differential of the form

d&(r)=a(t,&(t)) dr+b(1,&(r)) dw(r) (1)

when it lies inside (0, ). The process &(¢), > 0, must be continuous and should some-
how reflect when it hits 0. This reflection must be strong enough not to allow & to enter
the negative half-line. On the other hand, it should be continuous and must disappear
when the process enters (0,c0). Note that the diffusion process has an “infinite” speed, so
we cannot just change a speed to the opposite one at the instant of hitting 0.

In the pioneering paper on this topic [64]], Skorokhod proposed finding a pair of con-
tinuous non-anticipating processes & (¢) and [(¢), t > 0, such that

5@)=€W+AZK&§@Dd&+A%%&€Q»de}HOL a.s., 2)

where £(7) >0, ¢ > 0, [ is non-decreasing, /(0) = 0 and

t
l@:/ﬂmHﬂMLIEO
0

The last requirement means that [ may increase only when & visits 0.
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It turns out that equation (2)) for a pair of unknown processes has a unique solution if
a and b satisfy linear growth and the Lipschitz conditions in x. Moreover, the process
& is Markov and the corresponding semigroup matches to some parabolic differential
equation with the Neumann boundary condition.

The situation is similar in multidimensional space. The form of the SDE with reflection

at the boundary of the multidimensional domain D is the following:
d&(r) =a(r,&(1)) dr+ Y bi(r,&(r)) dwi(r) +v(r,&(2)) di(r), >0,
k

where v is a reflecting vector field, &(¢) € D, t >0, [ is a continuous non-decreasing
process such that and [(t) = [ e ()cgp d1(s), 1 > 0.

The main topics to discuss here are classical: theorems of existence and uniqueness,
continuity of a solution with respect to coefficients and initial data, the Markov property
and properties of the corresponding semigroups, relation with PDEs, etc.

A prerequisite needed for reading this book is knowledge of basic facts from stochastic
integration and SDE theory.

To simplify the presentation and understanding, results are not given in “the most gen-
eral form.” Rather, the exposition is focused on acquaintance with main ideas and ap-
proaches of reflecting SDE theory. Standard technical details from stochastic analysis are
sometimes omitted but all theorems are formulated with all assumptions and all hypothe-
ses. If a proof is not included, then the corresponding reference is given. After the main
theorems or at the end of sections, I try to give references for further development. How-
ever, I do not pretend to offer the complete historical overview, and thus, must apologize
if I forget to include a relevant or interesting article.

The material discussed here is the subject of a mini-course on reflecting stochastic
differential equations that I have given at the University of Potsdam and the Technical
University of Berlin in winter 2013 for PhD students of the Research Training Group
1845 Stochastic analysis with applications in biology, finance and physics. 1 would like
to express my sincere gratitude to Dr. Prof. Sylvie Roelly who invited me to give this
mini-course and encouraged me to write this manuscript, and to the RTG for the nice
opportunity. Many thanks also to Max Schneider for his great help in the English for-
mulation of this text and to Dr. Mathias Rafler for his TgXpertise, which considerably
improved the presentation.
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Chapter 1

One-dimensional
Skorokhod’s problem and
reflecting SDEs

1.1 The Skorokhod problem

Let us start with an informal description of a problem we will study. Assume that a
particle is located in a positive half-line and that there is a solid wall at the point zero. A
particle is driven according to the function f but is “glitching” at times when it intends to
go through the wall. Denote by g(¢) the position of the particle at the moment ¢ > 0. If
g(t) > 0,1 € [a,b], then increments for g and f should be the same. When g(r) =0, i.e. a
particle hits the wall, then all of its “intentions” to go left should be compensated. These
compensations should immediately disappear when g(z) > 0. The problem is to find g for
a given f.

We begin with a precise definition.

Definition 1.1.1 Let f € C([0,77]), f(0) > 0. A pair of continuous functions g and [ are
called a solution of the Skorokhod problem for f if

1) g(t)>0,1€0,T];

2) g(t) = f(t)+1(t),t €[0,T];



2 1 One-dimensional Skorokhod’s problem and reflecting SDEs

3) 1(0) =0, [ is non-decreasing;

T
4)/0 ]Ig(s)>0dl(s)=0. (1.1)

Equation (I.T) means that / does not increase when g(s) > 0, i.e., / may increase only

at those times when g(s) = 0. Sometimes this condition is written in the equivalent form
t
$)AHWEMWﬂ:K&t€Mﬂ.

Theorem 1.1.1 For any f € C([0,T]), f(0) > 0, there is a unique solution to the Sko-

rokhod problem. Moreover,

I(t) = —Xren[(i)r;] (f(s)n0) = srél[%ﬁ](—f(s) Vo), (1.2)
8(0) =) +1(6) = £() - min, (f(s)70). (1.3)

Remark 1.1.1 A set where the function / is increasing may be nowhere dense. This holds,
for example, if f(¢) is a typical trajectory of a Wiener process.

Proof of Theorem[I.1.1] The proof of existence is straightforward (see Figure [I.T). Let
us verify uniqueness.

Proof 1. This proof was proposed by Skorokhod in [64]. Let (g;1,/;) and (g2,) be
solutions of the Skorokhod problem. Assume that the set {r >0 : g;(¢) > g2(¢)} is not
empty. Then there exists an interval (a,b) such that g;(¢) — g2(¢) > 0, ¢t € (a,b), and
g1(a) = g2(a). Observe that g, (¢t) > 0, € (a,b), so [1(t), t € (a,b), is constant. Hence
g1(t) — g2(t) = 11(t) — (1), t € (a,b), is a non-increasing positive continuous function
such that g1 (a) — g2(a) = 0. This is impossible.

Proof 2. Let (g1,/1) and (g2,/2) be solutions of the Skorokhod problem. Since
g1(t) —g2(t) =11 (t) — Ir(¢) is a continuous function of bounded variation, we have

0< (e1(t)—g —2/ g1(s) = 2(s)) d(li (s) — a(s))
_, /()’ugl@):o(gl(s) ) di(s) -2 /u g2(s)) dh(s).  (14)

We used condition (I.1)) in the last inequality.
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Figure 1.1: The particle driving function f, particle position g and the compensating func-
tion /.

The right hand side of (1.4) equals

*2/11 —082(s) di (s 2/11 —081(s)dh(s) <0,

because g; and g, are non-negative and /; and /, are non-decreasing. So g1 (¢) = g2(¢),
t €10,T], and
L(t)=f(t) —g1(t) = f(t) —82(2) = (2). O

By I', we denote the map

() =Tf() = f(-)— min (f(s) AO).

s€(0, -]

The map I is called the Skorokhod map. It is easy to check the following properties of I'.

We leave the proof for the reader.

Lemma 1.1.1 Skorokhod’s map I' is a continuous function from C([0,7]) to C([0,T]),
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where C([0,T1) is equipped with the supremum norm, || f|| := max,c(o 77 | /()| Moreover,

D)V fi,/,€C([0,T]) :

llg1 — g2ll < 2|11 — f2ll,
[ =Ll <[fi — £,

where g; =1'f;, ;= fi—gi, i=1,2.

2) VO >0: 0,(0) < wf(6), 0(0) < wr(5),
where g =T'f, 1= f—g, 0(8) = sup|,_,.5|f(s) — f(#)| is the modulus of con-
tinuity of f.

3) Vfec([o,T]):
ITAE<20A0 <1111

Remark 1.1.2 The considerations in this manuscript are restricted to continuous pro-
cesses; however, it is natural to define the Skorokhod problem for cadlag functions (see

e.g. [13]) or to consider a possibility of a jump-type exit from the boundary (see [S5]]).

1.2 Reflecting SDE

Let {w(z), > 0} be a Wiener process adapted to a filtration {.%;,r > 0}, a = a(t,x),
b=b(t,x) : [0,0) x [0,00) — R be measurable functions, & > 0 be .%j-measurable. We
will always assume that .%; is completed by events of null probability and continuous
from the right.

The aim of this chapter is to construct a process & () with values in [0,0) that has a

stochastic differential of the form

d&(t) =a(t,&(r)) de+b(1,&(r)) dw(r)

if &(¢) > 0 and continuously reflects in some sense into the positive half-line when & hits
0. Much like the reasoning of the previous chapter, it is natural to give the following

definition.
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Definition 1.2.1 A pair of continuous .%;-adapted processes (&(f),[(¢)), > 0, is a solu-
tion of the SDE

d&(r) =al(r,&(r)) de+b(r,&(r)) dw(t) +di(r), >0,
with reflection at 0 and the initial condition & (0) = &, if
D &(1)=0,120;

2) [ is non-decreasing, /(0) = 0;

1
3) / ]Ié(s)>0dl(s):0, t>0;
0

4) é(t):éoJr/ta(s,é(s)) ds+/tb(s,§(s)) dw(s)+1(r),r >0, a.s, (1.5)
0 0
and all the integrals are well-defined.

Let us discuss a relation between the solution of (I.5) and the Skorokhod problem.
Assume that @ is such that (T.3) is satisfied. Denote

VO =&+ [ als6) dst [ bs.£0) duio)

Then all conditions in Definition for Y (¢) coincide with the conditions in Defini-

tion[L.1.1]for f(r). By Theorem[L.1.1]
E(r)=(TY)(t), t>0, (1.6)

and Y (¢) is a solution of the following Itd’s equation

Y(t)= éo—i—/ota(sIY(s)) ds—i—/otb(s,FY(s)) dw(s). (1.7)

Remark 1.2.1 For any non-anticipating continuous process Y (), t > 0, the process

(T'Y) () is also continuous and non-anticipating.

It is easy to see that if Y (¢), r > 0, is a solution of (I.7), then

St)=TIY(r), U1)=8(1)-Y()



6 1 One-dimensional Skorokhod’s problem and reflecting SDEs

is a solution of (T.3).

Applying standard results on the solvability of It6’s equation, we get the following

existence and uniqueness theorem.

Theorem 1.2.1 Let & be a non-negative .%p-adapted random variable. Assume that

measurable functions a = a(t,x), b = b(t,x) satisfy the
1) Lipschitz condition in x, uniformly in time:

IL>0Vt>0Vx,x €Rya(t,x))—alt,x)|+|b(t,x1) —b(t,x2)| < Ljx; —x2];

2) linear growth condition in x, uniformly in time:

IC>0Vr>0VxeRy:|a(t,x)|+b(t,x)] < C(1+|x]).

Then there exists a unique solution to the reflecting SDE (T.3).

For proof, it is sufficient to notice (see Lemma|l.1.1), that

Vi > 0Vy,ym € C([O,t]) :
a(t, (Fyl)(t)) —a(t, (Fyz)(t)) ‘ + ’b(l, (Fyl)(t)) fb(t, (Fyz) (t))’

<1|(Tyn) ) = (O2) (0] < 2211 =2 o

where Hf”[o,z] = SUPscio] |f(@)l;

Vi>0VyeC([0:]):
la(t, () )| + b, () )| < C1+1T3(0)]) <20 (1+ vl o).
Let us also give another way to prove uniqueness (cf. proof of Theorem which

will be useful in the multidimensional case. Let (§1,/1) and (&2,/2) be solutions of (T.3).
Then by It6’s formula,
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(&) - &)
:/o {2(51(z) —&(2)[a(z,&1(z) —a(z,&(2)] + [b(z.&1(2)) — b(z, fz(z))]z} dz

+2 [ (510 -50) d(h@) - b()

+2 [ (610 - £6) e &) bz &) dw(o).
(1.8)

Similarly to the proof of Theorem [I.T.T} we have

[ (@@ -8@) i@ -bE) <0, 120

It remains to take the expectation in and apply Gronwall’s lemma. Denote
Ty = inf{t >0: |E@)|N|E®0)] > n}
Then
2 AT 2
E[&(nm) ~ &)’ < (L+I)E [ (&) - &) ds
< (2L+17) /OZE[él(z/\'cn)—éz(z/\r,,)]zdz.

Gronwall’s lemma yields

Vn>0Vr>0: P(E(NT)=60AT))=1.
Since &;(¢) are continuous in ¢, the last equality implies

P(&() = &(t),t 2 0) =1,
and hence for k = 1,2:
(1) = Eu(t) — & — /Ota(s,ék(s)) ds— /Otb(s, E(s)) dw(s) = b(1), >0, as. O

Exercise 1.2.1 Assume that a and b satisfy conditions of Theorem Denote by &,(t)
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a solution of (T.3) with the initial condition &,(0) = x. Prove that

) Vp>23K=K(p,L,C)Vt>0Vx,y>0Vz>0,

E sup [E(s)[” < K(1+ |x|P)e™, (1.9)
s€[0,1]
E sup |&(s) —x]? < K(1+ |x|p)tp/2ekt; (1.10)
s€(0,7]
E sup |&(s) —&(s)]? < Klx—y[Pek?; (1.11)
s€(0,1]
E|E(t+72) — &) P < K2P2(1+ |x|P) K+ (1.12)

Hint: Write Itd’s formula, apply Gronwall’s lemma, Lemma[T.T.T|and Burkholder’s

inequality.
2) Prove estimates similar to (T.9), (T.11) and (T:12) for the process I,(¢) and

E sup IP(s) < KeP/2 (14 |x|P) K. (1.13)
s€[0,1]

3) Prove that there exist modifications of &,(r) and [;(¢) that are continuous in (z,x).
Hint: Apply the Kolmogorov’s continuity criterion: If ¢(u) = @(uy,...,u,), [u;| <
R, is a random field such that

3B >03C>03e>0Vu,v: E|(p(u)—(p(v)|ﬁ < Clu—v|"",

then there exists a continuous modification of @ (uj,...,u,).
Take n =2, u; =t, up = x and apply (T.11) and (T.12) for &,(¢).

Let us discuss the Markov property for a solution of reflecting SDE (T.2)). The method
of proof is the same as for SDEs without reflection.

By &, 5(t),1 € [s,0), denote a solution of reflecting SDE

A& (1) =a(t,&s(r)) d+b(t,Ecs(2)) dw(t) + dlcs(2), 1 € [s,00), (1.14)

with initial condition

Ees(s) =
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It follows from Exercisethat §x7s(t) has a measurable (and even continuous) modifi-
cation in (x,7) and that & ;(r) is measurable w.r.t. the c-algebra o (w(z) —w(s),z € [s,])
completed by events of null probability. Hence &, () is independent of & (s) and with
probability 1, we have that

é[g( / dZ+/ dW( )—l—lé(‘y)’s(l), 1 € [s,00).

Observe that
ot
+ [ a(e£@) dz+ [ p(e8(@) dwla) + 10 ~165).

So (&(2),1(t) = I(s)) and (&g (s)5(1),lg(s5),5(t)). 1 € [5,00), are both solutions of (T.T4) with
initial condition & (s).

It follows from the uniqueness of the solution that

E(t) = 8e(s) (1) as.

Since & (s) is .#,-measurable and &, (1) is independent of .Z;,

P(&(r) €A|7) =E(lg, | (eal Zs) = E(Me, ()ea) | g
E(Ig, eal€(s)) = P(E(r) € A|E(s)).

Thus, we have proved the following result.

Theorem 1.2.2 Assume that functions a and b satisfy conditions of Theorem|[I.2.1] Then
{&(r),r > 0} is a Markov process with transition probabilities

P(‘:(t) EAE(S) :x) :P(‘gx,S(t) EA)'

Exercise 1.2.2 Prove that the process {(&(¢),()),t > 0} is a Markov process. Is the
process {I(t),# > 0} a Markov process?

Exercise 1.2.3 Leta=0,b =1, i.e., &(t), 1 >0, is areflecting Wiener process started at
x> 0. Set (x) =inf{r >0 : &(¢) =0}. Prove thatinf{r >0 : §(r) =&,(t)} = T(xVy)
a.s. Describe the behavior of £,(¢), r > 0, as a function of the spatial variable. Consider
also the case of non-constant coefficients.
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Example 1.2.1 Reflection for diffusions can sometimes be modelised via very intricate
stochastic equations (without Skorokhod’s construction). For example, let & (¢), t > 0, be
a Bessel process with parameter d, see [60]. Assume that 7 is a stopping time such that
&(1) > 0as. Put o =inf{r > 0: &(¢) = 0}. It is well known that
ae() = =L darrdw(e), 1efnm)
= T w 9 5 40 ),
2¢/&(1)

where w(t), t > 0, is some Wiener process.

If d € (0,1), then 7y < o0 a.s. Since (¢) >0, ¢ > 0, it is natural to conjecture that &
satisfies the following reflecting SDE

dé(r) = -1 dr+dw()+di(r), t>0.

2y/6(1)

However, this is not true if d € (0, 1). The reason for this is the divergence of the integral
J21/4/&(s) ds = o0 a.s. Note that there is some specific SDE for &, see [60], Ch. XI,
Exercise 1.26. It can be checked that the solution is strong, cf. [3].

1.3 Characterization of reflecting term as a local time

Consider the reflected SDE (I.5). In this section, we show that /(¢) is a local time at the
point 0 of the process & (¢). Let us recall basic facts about the local time of a continuous
semimartingale (see for ex. [60]).

Let {X(¢),t > 0} be a continuous semimartingale. It can be proved that, almost surely,
there exists a limit

a . I
L (t) = ll_r{(l)g 0 ]I[a,aJrS] (X(S)) d<XaX>s
for every a and ¢ > 0. This limit is called the local time of X at a.

1) The Tanaka formula for the local time

Lt) =2 <(X(t) —a)" = (X(0)—a)" — /Ot Iy (5)>a dX(s))

, (1.15)
=|X(t) —a| - |X(0) -4 —/0 sign(X(s) —a) dX(s) as.,
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) -1, x<0
where signx = .
1, x>0.

2) There exists a modification of {L?(¢),a € R,z > 0} such that the map (a,t) —
L“(¢) is a.s. continuous in ¢ and cadlag in a (henceforth we consider only this

modification).

3) For any measurable non-negative function f, the occupation times formula holds:
1 oo
/ F(X(5)) d(X,X), = / F@L() da as. (1.16)
0 —oo

Now let &(¢) be a solution of (I.5). Then &(z) = E*(r) = (§(r) — 0)* and by Tanaka’s
formula:

20 =2((60-0)" ~ (-0)" - [ 150 050))
~2(50-&- [ Tem0a(s.£6) as
- [ eatl.£0) awts) - [ 00
—2(80-&- [ a(6)as+ [ Tegy-0a(s.0)ds
= [ o) awts)+ [ g obls.0)aw(s).

Here we used that [; ll¢ ()50 d1(s) = O by definition.
Hence

LO(Z‘) =2 (l(t) — /Ot H&(s):() a(s,O) ds— /Ot Hé(s):O b(S,O) dW(S)) . (1.17)

Let us give sufficient conditions ensuring that the process & spends zero time at 0. By the

occupation times formula (1.16)),

! oo
/0Hf(s)=0d<§aé>s:/7“7]1,1:0[4“(1) da=0 as.

So [ | - b?*(s,0)ds = 0. Assume that b(s,0) # O for A-a.a. s, where A is the
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Lebesgue measure. Then,

t
P(/ Hé(s):O dS:(),l>0) =1
0

and both integrals in (1.17) disappear. Hence, we have proved the following theorem.

Theorem 1.3.1 Assume that b(s,0) # 0 for A-a.a. s > 0. Then [(¢) = %Lo(t), t>0,as.,
where L°(¢) is the local time of & at 0.

Remark 1.3.1 Under the assumptions of Theorem [I.1.1} /(r) a.s. equals the two-sided
local time of £ at 0 defined by

i (2)71 [ W (£06)) dE,©)s

-0+

Remark 1.3.2 In the pioneering work of Skorokhod [64]), the process I(z), t > 0, was
identified with some additive functional of the process & (¢), ¢ > 0. It was proved that for

almost all points

. Mt +A)—1(t)  m
ER%T_ gb([vo)ﬂn‘,‘(t)=0

1) = \/g /[0 b(s,0) o) _oV/ds.

The integral in the right hand side was rigorously defined as some limit of integral sums.

and

Example 1.3.1 (Local time and maximum process) By Tanaka’s formula,
d|w(t)| = signw(t) dw(t) +L3(t), t>0.
The process B(t) = [§ signw(s) dw(s) is a Brownian motion. So
|w(t)] = B(t) +L(t), t>0.

Observe that because L?V(t), t >0, is anon-decreasing continuous process, it may increase
only when w hits zero (see the definition of a local time). So the pair (|w(z)[,L3(r)) is a
solution of Skorokhod’s problem for B(r).
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By Theorem [I.1.T}

lw(t)| = (TB)(t), LY(t)=B(t)— (TB)(t) = —Sgl[g}]B(s).

Since a pair (I'B(-),min,c(o  B(s)) has the same distribution as (Pw(- ), mingp jw(s)),

we have proved the following result.

Theorem 1.3.2 The two processes

()] L9(0),1 20} and - {(w(e) — min w(s),~ min w(s))1 >0}

have the same distribution.

Exercise 1.3.1 ([23]], § 23) Extend functions a and b to negative values of x by
a(t,—x):=—a(t,x), b(t,—x):=b(t,x).
Assume that b(z,0) #£ 0,7 > 0. Let &(¢), t > 0, be a solution of the following SDE on R
d&(t) =a(t,&(1)) de+b(2,E(1)) dw(r), t>0.

Prove that | ()|, r > 0, satisfies (I.3) with initial condition |£(0)| and a new Wiener
process Ww(t) = [;sign&(s) dw(s).

1.4 Approximation of reflecting SDEs

Euler’s scheme. Let a,b: R, — R be Lipschitz functions, (&(r),[()) be a solution of
reflecting SDE

{dé(t)a(é(t)) dr+b(8(r)) dw(t) + di(r), =0, (1.18)

£(0) = G,

where & is a non-negative .%-adapted random variable, E(&)? < oo.
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Consider the sequence of processes that satisfy the following reflecting equation:

A&, (1) = a(E,(k/n)) di +b(E,(k/n)) dw(t) + dLu(1), 1€ [k,k“],

n n

where &,(t) > 0,1 >0; &,(0) = &y; &,(¢) is continuous in t; [,,(0) = 0; I, is non-decreasing;
Jo Lg, ()0 dn(s) = 0. The process &,(t) can be calculated successively

E(t) = &u(k/n) +a(&u(k/n)) (1 —k/n)
+b(Eu(k/n)) (w(t) —w(k/n)) +1,(1) = Lo (k/n), 1€ [k k+ 1] |

n n

where [,() is such that &,(¢) > 0 and [,(r) does not increase when &,(¢) > 0. This is the

[k k+1]

Skorokhod problem on for the function

En(k/n)+a(&(k/n)) (1 —k/n) +b(&(k/n)) (w(r) —w(k/n)).
Observe that (&,(t),/,()) satisfies the equation

&) = éo—&-/ola(gn((pn(s)) ds+/0lb(§n(<,0n(s))) dw(s) +1,(2), (1.19)

k k:l)

where @, (s) = k/n for s € [

Similarly to the proof of Theorem denote
t t
Y, = n\ Pn d b Su (@ d s
0=+ [ a(&(0u5))) ds+ [ b(E(0n()) dwis)

Y(t) = ’g'o-i-./(:a(i(s)) ds-l—/otb(é( ) d

Eu(t) = (T) (1), &) = (TY)(1)

Then

and
éo+/ (07 (@uts ds+/ dw(s).

®+/ w+/
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Exercise 1.4.1 Prove that

supE sup ((Y,,(t))2 + (Y(t))2> < oo,
n t€[0,7]

Applying the Lipschitz condition for a and b and the Burkholder inequality, we obtain,
forr €[0,7],

E sup (Y(s) —Y,(s))?
s€[0,¢]

<CE/ T, (¢ulz )))zdz

2 2
<2CE /0 IY(2) —FY(%(z))) + (IY (@0(2) =T (@u(2) )| dz
! 2 t 2
<2C E/ (FY(Z) —FY((pn(z))> dz+ | E sup (IY(s) —TY,(s)) dz |,
0 0 se0.)
where C is a constant. Applying Gronwall’s lemma yields

2
E sup (Y(s) -, <E/ FY ~TY (@u(z ))) dz *. (1.20)
s€[0,]

It follows from Exercise[I.4.1]and the Lebesgue dominated convergence theorem that

E sup (Y(s)—Y(gon(s)))2—>0, n— oo. 1.21)
s€[0,T]

The application of (1.20), (I.2T)) and Lemma I.1.T]yields the convergence

lim E sup (Y(s)—Y, (s))2 =0.

n=ee selo,T]

Exercise 1.4.2 Prove that

c

VT >0Ve>0,3c>0: E sup (Y(s)—Y((p,,(s)))2§ (1.22)

1—¢
s€[0,T] n

Hint: Use that /Ot b((FY) (s)) dw(s)=B </Ot »? ((FY) (s)) ds) , where B is a Brownian

motion. Since a and b are bounded, it suffices to prove (I.22) for B instead of Y.
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Estimate (T.22) together with (T.20) to give a rate of convergence for Euler approxima-

tions.

Remark 1.4.1 For more on Euler’s schemes and estimates for their rates of convergence

for reflecting SDEs in multidimensional domains, see, for example, [67, 147} 40,48, 68].

Penalization method. Let &(r), 1 > 0, be a solution of (I.18)), where a and b are Lips-
chitz functions. Extend a and b to (—e0,0) such that their extensions are again Lipschitz
functions. For example, put a(x) := a(0), b(x) := b(0) for x < 0. The idea of the penal-
ization method is the following. Let us allow a process to penetrate into the set (—eo,0),
at which time we add a very large drift term that pushes the process upward. Namely,
denote by &,(¢) a solution of the SDE

d&(r) = a(&u(r)) dr+b(&(1)) dw(t) +gn(&n(r)) dr, 120,

where

0 x>0
gn(x) = ) (1.23)
—nx x<0

Theorem 1.4.1 Assume that &,(0) = £(0) =x > 0. Then

P

sup |8, (1) —&(t)] — 0, n— oo, (1.24)
t€[0,7]
! P
sup / gn(&n(s)) ds—1(r)] — 0, n— oo. (1.25)
t€[0,77170

Let us sketch the main steps of the proof as a sequence of exercises.

Step 1. Apply 1to’s formula to |&,(¢)|”, where p > 2, and prove that

sup sup E|&,(2)]7 < oo, (1.26)
n rel0,T]

T P
supE’/O gn(Ea()) dt| <o (1.27)

Step 2. Use the Burkholder inequality and prove that for any p > 2

supE sup |&,(¢)|P < oe. (1.28)
n te€l0,T]
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Step 3. Use 1t6’s formula for p > 2:

1
SO g0 < —np [ 16(2)1" Mg,y 2

te [ (1&@P2+EP +EEP) dot M),

t
where M(t) = —/ p|§n(z)|”*1Hg}l(zkob(én(z)) dw(z), EM(t) = 0 and c is a constant
Q
independent of n. Prove that

—1 -2 np » €1
(x4 xP )§7 +W, x>0.

Further, make the conclusion that

2
tes[l(l)g]Elé()l I, )<o < s

T » 2
E/O 1&g, <0 dz < — 75

Step 4. Apply Burkholder’s inequality and prove that

P €
Etes[l(l)PT] |1En (1) |7 e, (1)<0 < P (1.29)

Step 5. By 1t&’s formula

(&(r) — En(1)?
< [ 2(8(0) ~ £0(0) (~181() 10+ mEn (2 g 10) 2
teu [ (G0~ Enla) dz+M@), (130

where M(t) is a martingale, EM(r) = 0. The first term in the right hand side of (I.30)
does not exceed

t
21+m) [ 8(2)8n(2)Tg <ol 120 4.
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It follows from (T.27) and (T.29) that

T
E /0 n&n(2)&m(2) Ug, ()<0 e, (2)<0 dz

T
<E [ 60 Mg <02 s0p (6000000

t€(0,T

T g\ 1/q
<<E< i n|én<z>ngn<z)<0dz>> E( sup[&,(0)]7 Mg
0 t€[0,T]

Cs
= L2-1/p-

Combining Gronwall’s lemma, (T.30) and (I.3T)) yields

2 1 1
E(&E,(t)—En < .
0 B0~ &:0)" <o (Lt + s )

Applying Burkholder’s inequality again, we can get

2 1 1
B (&(0) = Gn()" < e (nl/zl/p + m1/21/1’) :

1/p
t)<0>

(1.31)

(1.32)

Step 6. 1t follows from (T.32) that there is a continuous non-anticipating process E (1)

such that

~ 2
E sup (gn(;) —g(;)) 50, n—o.
t€[0,T]

It remains to verify that & (¢) is a solution of (I.18). Indeed, (I.33) yields

2
Etes[l(l)g'] </0 a(&(s)) ds—/0 a(&(s)) ds>

2
+E sup </ b(E(5)) dw(s)f/o b(g(s))dw(s)> 0,

te0,7] \ /0

This implies that there is a continuous process /(¢), ¢ € [0,T], such that

’ N2
E sup <n/ En($)lg, (5)<o ds — l(t)) — 0, 71— oo,
1€[0,T] 0

(1.33)

n — oo,
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This process is non-negative and nondecreasing as a limit of such processes. It is easy to
T 70¢) —
see that ]Ig ()50 di(s) =0a.s.

It follows from ([.29) and (T.33) that g(t) >0,7€10,T], as. Thus, (E(I)J(t)) is a
solution of (T.I8). This completes the proof of Theorem [I.4.1]

Remark 1.4.2 The idea of the proof is taken from [42], where the approximation scheme
for reflecting SDE in a multidimensional convex set was considered. Note that we can
even find some estimates for a rate of convergence using the reasoning above, see also [48,
68 139].

A penalization coefficient g, must not necessarily be of the form (T.23). The statement
of Theorem|[1.4.1]holds true, for example, for g, (x) = g(nx), where g is a smooth function
such that

1

gx)=0, x>0 and gx)=—, x€(0,1);
X

see [52]. In this case a process &,(¢) cannot even reach 0.






Chapter 2

Multidimensional reflecting
SDEs

2.1 Warm up calculations. Skorokhod’s problem in a
half-space

In this section we consider the reflecting problem in a half-space RZ = R?~! x [0, ).
On the one hand, we will see a lot of similarities with the one-dimensional case. On
the other hand, we will see possible ways of generalization to more complex domains or
non-normal reflections.

As in the previous chapter, let us start with a deterministic Skorokhod’s problem.

Definition 2.1.1 Let f = (fi,...,fs) € C([0,),R?) be a continuous function such
that £(0) € RY. A pair of continuous functions g = (g1,...,84) € C([0,%0),RY) and
1 € C([0,00)) is called a solution of Skorokhod’s reflecting problem in R with normal
reflection at the boundary dRY = R~! x {0} if

1) g(t) eRL, >0,
2) g(t) =f(@)+nl(t),t >0, where n = (0,...,0,1);

3) [is non-decreasing, /(0) =0,

/0 Ioygame d1(s) =0.

21
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It is easily seen from the definition that

gi(t) = fi(t),..., ga—1(t) = fa-1(1),
and .
8a(t) = fa(t) +1(r), /0 Iy, (5)>0 d1(s) = 0.

Thus, the pair (g4,1) is the exact solution of the one-dimensional Skorokhod problem for
fa- Therefore

I(t) = — min fy(s) N0, ga(t) = fa(t) — min fu(s) NO=T/fy(t).
s€[0,1] s€[0,1]

Define a multidimensional Skorokhod’s map by the same symbol:

Ff(t) = F(fl,...,fd)(t) = (fl(t),...,fd,](t)Ifd(t)).

Obviously, all estimates of Lemma[I.1.1]hold true for this situation.

Let us consider a multidimensional reflecting SDE in Rﬁ with normal reflection at the
boundary.

Leta = a(t,x) : [0,00) x R — R, by = by(t,x) : [0,00) x R — R? k = 1,m, be mea-
surable functions, {wy(¢),z > 0}, k = 1,m, be independent Wiener processes adapted to
a filtration % and &) be %#-measurable. Similarly to Deﬁnition we say that a pair
of continuous .%-adapted processes (&(r),1(t)), ¢ > 0, is a solution of a reflecting SDE

dé(t) =a(t,&(r)) dr+ ibk(z,é(t)) dwy(t)+n di(t), t>0,

k=1

in R? with normal reflection at the boundary and with initial condition § € R< if the

following conditions are a.s. satisfied:
1) E@)eRLt>0;

2) 1(0) =0, [ is non-decreasing;

t
3) /0 ) gope d1(s)=0.1>0;
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4 E(1) 0+/ ds—i—Z/ bie(s.E(5)) dwi(s) £nl(r), 120,  (@.1)

and all the integrals are well- deﬁned

In coordinate form, equation (2.1)) is as follows

dé](l‘) =a (l,é(l‘)) dr+ ibkvl (t,é(l‘)) de(l‘)7
k=1

A&y 1(1) = ag—1(t,€(1)) df+zbkd 1(,6(2)) dwi (1),

k=1

QE(1) = aa(E0) di+ Y ba(r,E(0) dwile) + dI(r).

k=1

If we denote

Y(t)= §0+/Ota(s,§(s)) ds+ i bk(s,é(s)) dwy(s),

then &(r) = (T'Y)(r) (compare with (T.6), (7)) and
§o+/ ds—l—Z/ bi(s, (TY) (5)) dwi(s).
Since the multidimensional Skorokhod’s map I satisfies the Lipschitz condition in a space

of continuous functions (see Lemmal|l.1.1}), we have the following existence and unique-

ness theorem. The Markov property can also be proved similarly to Theorem

Theorem 2.1.1 Assume that functions a and by, k = 1,m, satisfy the

1) global Lipschitz condition in x:

m
JLVt > 0Vxy,x; € Ri : }a(t,xl)—a(t,xz)f + Z |bk(t,x1)—bk(t,x2)| <Ll|x1 —x2|;
k=1
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2) linear growth condition in x:

3CVe>0vx e RY :a(r,x)| + Z |bi(t,x)| < C(1+x]).
k=1

Then there exists a unique solution to (2.1). The process & (¢), r > 0, is a Markov process.

Exercise 2.1.1 Solve Exercise[I.2.1]under the conditions of Theorem 2.1.1]

Remark 2.1.1 Tt is well known, see e.g. [36], that an SDE in the entire Euclidean space
R¢ with smooth bounded coefficients generates a flow of diffeomorphisms of R¢. This
is not true for reflecting SDEs. Assume for simplicity that coefficients of (2.1)) are time-
homogeneous, infinite-differentiable with bounded derivatives and that diffusion is not
degenerate everywhere. Then for any fixed # > 0, a map Ri dx—&(r) € Ri is not an
injection with probability 1. Moreover, this map does not belong to a class C! (R4, R%)
(see Exercisefor one-dimensional case). Nevertheless & () € 51 W) e (RL,RE)
and its Sobolev derivative satisfies a particular stochastic equation. See results on stochas-
tic reflecting flows in [3} [11} [12} 149, 150L 514 (52} 153 154].

2.2 Skorokhod’s problem in a domain. Definition and
preliminaries

As we have seen in the previous section, if one is able to prove nice properties of the
Skorokhod map, then the theorem on existence and uniqueness for reflecting SDEs can
be easily proved. We now give an abstract definition of the Skorokhod problem in any
domain. We even assume the possibility of a multivalued reflecting vector field. This
may be useful if we consider domains with a non-smooth boundary; for example, if we
need to define a direction of a reflection when a process visits a vertex of a corner.

Let D C R? be an open set with a boundary dD. By D, denote the closure of D. Assume
that, for any x € dD, a non-empty set of reflecting directions K is given. We will assume
that |v| # 0 for any v € K,. Let f € C([0,),R?), £(0) € D.

Definition 2.2.1 A pair of continuous functions (g,!) : [0,0) — R¥ x [0, o) is a solution
of the Skorokhod problem for (D, K, f) if, for any ¢t > 0,
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D g0) =50+ [ v(elo) allo) 02)
2) g(t) €D, v(g(1)) € Ky if (1) € ID,

3) [ is a non-decreasing function, /(0) = 0, and

[

If the Skorokhod problem has a unique solution, we denote g by I'f and call I" the Sko-

1
v(g(s))‘dl(s)<<x>, /()1g<s)¢acd1(s):o, t>0.

rokhod map.

Remark 2.2.1 Sometimes it is convenient to assume that |v| = 1 for v € Ky, x € dD. If we

denote (1) := [ v(g(s)) di(s), then @(r) = [5v(g(s)) d|@|(s), where |@](r) is the total
variation of @ on [0,7].

Remark 2.2.2 Let K, = {c(x)v(x) : v(x) € K}, where ¢ is a positive continuous function.
Then (g,!) is a solution of the Skorokhod problem for (D, K, f) iff (g,I) is a solution of
the Skorokhod problem for (D,K’, f), where I'(t) = [5 ¢~ (g(s)) dI(s).

Remark 2.2.3 1f the set K, contains only one element v(x), then we interpret (2.2)) as a re-
flecting problem with reflection along a vector field v. In particular, the case D = Rﬁ with
normal reflection was considered in the previous section. We will also sometimes say that
g is a solution of (2.2 without mentioning / and conditions 2) and 3) of Definition [2.2.1

Now let {-%;,t > 0} be a filtration satisfying usual assumptions; {wy(t),r > 0}, k =
1,m, be independent Wiener processes adapted to {.%;,t > 0}; a = a(t,x), by = bi(t,x),
k = 1,m, be measurable functions; & € D be .%y-measurable random variable.

Definition 2.2.2 A pair (£(r),I(t)) of continuous .%;-adapted processes is a solution of
areflecting SDE

d&(t) =a(t,&(r)) dr+ ibk(t,é(t)) dwi(t) +v(&(r)) di(r), >0, (2.3)

k=1

with initial condition £ (0) = & if
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[ is non-decreasing, /(0) = 0,

[

where v(&(s)) € Kg s if &(s) € D; fort >0,

v(E(s ))‘dl( /115 y¢ap dl(s) =0, >0,

t):§0+/ota(s, ds+2/ bic(s,E(s)) dwy(s +/ )di(s), (24)

and all the integrals in (2.4) are well defined.

Remark 2.2.4 Sometimes we say that “& (¢) is a solution of (2.3).” In this case we always
have the process /(¢) in mind as well.

Remark 2.2.5 Together with (2.2)) and (2.4)), equations with a time-dependent vector field
v = v(t,x) can be considered (the corresponding definition is similar). This situation is
investigated in however, almost all results of this chapter (except §2.5) have
natural generalisations to the case of time-dependent reflection.

We have seen in the previous section that there is a strong relationship between prop-
erties of Skorokhod’s problem and reflecting SDEs. Namely, assume that Skorokhod’s
problem has a unique solution and the Skorokhod map I' is a continuous mapping
in C([0,00),R?). This implies that the map I" : C([0,0),R?) — C([0,0),RY) is non-
anticipative. Observe that the process &(¢) from (2.3 is a solution of the Skorokhod
problem for (D,K,n) with

t)=§o+/0ta(s, ds+Z/ bi(s,&(s)) dwe(s), t>0. (2.5)

That is, (), ¢ > 0, is a solution of Itd’s equation
t m r
t)=6+ /0 a(s,I'n(s)) ds+ Z /0 bi(s,Tn(s)) dwi(s). (2.6)
. k=1

Vice versa, if 17 is a solution of (2.6), then & =I'n is a solution of (2.4).

Remark 2.2.6 Since I' is a non-anticipative map in C ([O,oo),Rd), for any continuous
F,-adapted process 1(t), t > 0, the process (I'n)(z), t > 0, is also continuous and .%,-
adapted.
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Exercise 2.2.1 Prove Theorem for a general domain D and reflection directions K

if I' is a Lipschitz map in a space of continuous functions.

Remark 2.2.7 Notice that the local Lipschitz condition is usually sufficient for uniqueness
of a solution to It6’s SDE. If we could additionally ensure that a solution does not blow
up, then we are able to prove the global existence too. This means that an investigation of
properties of deterministic Skorokhod’s maps such as continuity, the Lipschitz condition
or the local Lipschitz condition, etc., is very important for the study of reflecting SDE:s.
We already know that the Skorokhod map in a half-plane with normal reflection is Lip-
schitz continuous. In the next section, we use a change of variables and localization to

reduce some reflecting SDEs to the known case.

Example 2.2.1 (Skorokhod’s problem with oblique reflection in a half-space) Let
D =RI"1x(0,00), v(x), x € IR, be a vector field with values in R?, f be a continuous
function with values in R, f(0) € RZ.

Consider the Skorokhod problem
1

8(0) = £+ [ v(s(9) d1(s). e

where [ is a non-decreasing continuous function, /(0) = 0,
!
() = /0 Myycome 41(5).

Assume that the scalar product (v(x),n) is equal to 1 where n = (0,...,0,1), i.e.,

v(x) = (vi(x),...,va-1(x),1). (2.8)
Let us write (2.7) in the coordinate form

a0 =i+ [ " (5(s)) dis), 120,

t (2.9)
g 1(6) = fa () + /0 va_1(2(s)) di(s), >0,

ga(t) = fa(t) +1(1), t>0.
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The last equality in (2.9) means that g, is a solution of the one-dimensional Skorokhod

problem. Therefore

()=~ min (fu(s) A0

and

ga(t) = fa(t) — min (f4(s) AO).

s€[0,1]
The first (d — 1) equations in (2.9) are integral equations. If v satisfies the Lipschitz

condition, then there is a unique solution to (2.9).

Exercise 2.2.2 Assume that v satisfies the Lipschitz condition. Let { ("} converge to f

uniformly on [0, T]. Prove the uniform convergence
IW =1 and g" =g asn-—s oo,

on [0,7].

Exercise 2.2.3 Assume that v is continuous and (v(x),n) < 0 for all x from some open
set of JRY. Construct an example when a solution of the Skorokhod problem does not

exist.

Exercise 2.2.4 Letv(x) =v = const, x € RZ, (v,n) > 0. Find a solution of the Skorokhod
problem and prove that Skorokhod’s map is Lipschitz continuous.

Assume that v is a Lipschitz function and that (v(x), n) =1, x € IRZ. Let us make the
traditional estimates in (2.9) and try to prove that Skorokhod’s map is Lipschitz continu-

ous.
Let /1), 72 ¢ c([0,7],RY), F1(0), f2)(0) € RL. We know from that
11 =12 <2 £ — £

)

where || f|| = max,c (o 7] | f(#)]. We have
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+ /Otv(g(z)(s)) d (1 (s) = 1P(s)) ], (2.10)

where c is the Lipschitz constant of v. If we remove the third term in the right hand side
of and apply Gronwall’s lemma to (Z.10), then the bound for [g(!) (r) — g®)(r)| will
be at least exp {cIV (1) }| £V (r) — £@)(¢)|. Recall that V) (1) = —minc g, (fél)(s) AO)
depends on £,

Therefore, the Lipschitz constant might be non-global and might depend on || f||. But in
areflecting SDE, the role of f has an unknown process 7 (z), that depends on &, see (2.3).
This adds some difficulties to the study of reflecting SDEs in a general domain.

Note that we forgot to consider the third term in (2.10). It is questionable that a function

of the form

/0 "(g(s) d (1D (s) — 12)(s))

can be bounded by const- || f!) — £()|| if we do not have some specific assumptions on
g. This example shows that in very simple situations, the traditional approach might be

inapplicable. Surely, some other way to show the Lipschitz property may exist.

2.3 Weak solution of reflecting SDEs. Existence and
convergence

Definition 2.3.1 We say that (2.3) has a weak solution if there exists a probability space
with filtration (Q, .7, P,.%,), .%,-Wiener processes {wy(t),t > 0}, k = 1,m and processes
{E(t),t >0}, {o(1),t > 0} that satisfy all conditions given in

Theorem 2.3.1 Assume that the Skorokhod map of a reflecting problem for (D, K, f) is
uniquely defined and continuous in f. In other words, if f, € C([0,0),R?), f,(0) € D,
n > 0 are such that

VT >0: max |fu(t)— fo(t)] =0, n— oo

t€[0,7]
then
YT >0 max [(C)(0) - (Cho) ()] 50, .
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Suppose that a = a(t,x), by = bi(t,x) are bounded functions which are continuous in

(#,x). Then there exists a weak solution to equation (2.3).

Proof. Let @,(1) =%, 1€ [k, k*—l) Consider a sequence of reflecting SDEs

n’ n n
a& () =a(E (@) ) dr + Y. bu(1.80(0u1)) dwele) + v(&0)) dLi(e). 120,
! 2.11)
with the initial condition &,(0) = 'g'o Observe that (2.T1)) can be solved successively on

k k+1)

each interval [ similarly to §1.4] The existence and uniqueness of a solution to the

Skorokhod problem ensures the existence and uniqueness of a solution to (2.11J).

Lemma 2.3.1 Let {a,(r),7 € [0,T]}, n > 1 be a sequence of measurable .%;-adapted
processes. Assume that
supsupsup‘an(t,a))‘ <o
n t [

Then distributions of sequences { [ &(s) ds,r € [0,T]},.; and { 5 0u(s) dw(s),1 €
0,77}, ., are weakly relatively compact in C([0,7],R?).

A proof can be found in, e.g. [30]].

Denote

éO‘f’/ gn (s ds+2/ bils gn Ou(s ))) dwi(s).

Then,
én(t) = an(t)-

It follows from Lemma [2.3 1] that if the distributions of

/()[a(s7§n ((pn(s))) ds, /O’bk (S,én((Pn(S))) dwy(s), n>1,

are weakly relatively compactin C([0,7],R?), then so are the distributions of {n,,,n > 1}.
Since I is continuous, distributions of {&,,n > 1} are also weakly relatively compact. Se-
lect a subsequence {n,k > 1} such that all mentioned sequences are weakly convergent.
Without loss of generality, we will assume that these sequences are weakly convergent

themselves.
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We need the following Skorokhod’s representation theorem; see [65]] or [31]] for more
information.

Theorem 2.3.2 Let {{,,n > 1} be a sequence of random elements with values in a
complete separable metric space. Assume that the distributions of {{,,n > 1} converge
weakly. Then, there is a probability space and a sequence of random elements {En, n>1}
defined on it such that

= d
1) Cn = Cmnz 1,
2) the sequence {En,n > 1} converges almost surely.

Let us apply Skorokhod’s representation theorem to the sequence

{80 [ a(s&(000)) 05, | 5158 (0:05)) awelshme( )

ksz)} ,
n>1

where the metric space is the space of functions which are continuous on [0,7] with
values in R? x RY x RY x R x R™.

We obtain a sequence of copies
Xn: (ﬁnvgnvgmgn,kawn,kak:m)7 nz 1

that converges almost surely as n — oo. Let ,]24’,/” be a filtration generated by {X,(s),s €
[0,7]}, completed by sets of null probability. It is easy to see that {w,(t),r € [0,T]},
k = 1,m, are independent ;’?’-Wiener processes (they may depend on n). It can be seen
that gn = Fﬁm

Ant) = /Ora(s,g,,((pn(s))) ds as., (2.12)
Boi(t) = /0 tbk(s,gn((pn(s))) di(s) as. (2.13)

By X = (ﬁ, E,X, By, Wi,k =T,m) denote the limit of {X,}. Let us pass to the limit in the

N———
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equation

én +/ &n (pn dS-i—Z/ bi|s ‘sn q)n ))) d‘;n,k(s)-
We have uniform convergence, i.e.

E()=E(), n—e as.

By continuity of a in x, boundedness of a and Lebesgue’s dominated convergence theo-

rem, we have
/(; ( én On(s ds:&/ ds, n—o as. (2.14)
Since I is continuous, convergence (in the space of continuous functions)
M — 17, n—oo  as.

yields
rn, —»Tn, n—oo as.

Note that [T, = &, 0@, — &, n— w0 a.s. So '] = € a.s. To conclude the proof, it suffices
to verify that 7](¢) satisfies the SDE

= +/ (s,T7 (s ds+2/bk 5, T7(s)) dwi(s).
It remains to check the convergence of stochastic integrals

/Otbk(s,gn(%(s))) dka(s)%/Otbk(s,g(s))dﬁk(s), 7 — oo, (2.15)

The application of the following result completes the proof of Theorem [2.3.1} O

Theorem 2.3.3 ([65]) Let {w,(¢),t € [0,T]}, n > 0, be a sequence of ¥/-Wiener pro-

cesses, where ¢/ are some filtrations. Assume that ¢"-adapted measurable processes
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gn(t), 1 €10,T], n > 0, are such that

T
| g9 ds <, n>o0,
0

and
‘/0 E(gn(s) —go(s))2 ds < oo.

Then
2

E[/OTg,,(s)dw,,(s)—/ngo(s)dWo(s)} 50, n—soe.

Remark 2.3.1 We assume boundedness of a and by in Theorem [2.3.T|only to have simple
conditions ensuring weak compactness of integrals and the possibility to pass to the limit
in 2.14) and (2.13). If we have some growth conditions for a and b; and some a priori
moments estimates of solutions of (2.11)), then the proof can be done similarly.

Remark 2.3.2 The corresponding idea of the proof of a weak solution existence for an
SDE without reflection belongs to Skorokhod, see [64, 166]. For the proof for a reflect-
ing SDE in a domain, see [45}61]. Another effective method to prove the existence or
convergence of weak solutions is based on an investigation of a submartingale problem
proposed by Stroock and Varadhan [[71]], see §3.2 further.

The following theorem gives us a continuous dependence of the solution of a reflecting

SDE on its equation’s coefficients.
Theorem 2.3.4 Let &,(t), t € [0,T], n > 0, be weak (or strong) solutions to the SDE

d&,(t) = ay (taén(t)) dr+ i bn,k(&én@)) dwy (1) +V(én(t)) dly(t), t>0
k=1 (2.16)

£(0) = &,

where €, are .%y-measurable and the reflection vector field v is the same for all n > 0.
Assume that

1) functions {a,,b,x} are bounded by the same constant:

m
sup supsup <|an(t,x)’ + Z |bn_’k(t,x)|> < ¢ < oo;
tel0,7] x n k=1
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2) coefficients converge locally uniformly in x, i.e.

VNVt €]0,T]: lim sup (‘an(t,x) —ap(t,x)|+ Y |bu(t,x) —b07k(t,x)|> =0;
k=1

ni}m\x\SN

2.17)
3) forany 7 € [0,T], functions ag(t, -) and b «(t, - ) are continuous in x;
4) Skorokhod’s map for reflection vector field v is continuous;
5) the initial conditions converge: &, — &, n — oo weakly (or in probability);
6) equation has a unique weak (or strong) solution for n = 0.

Then we have convergence &, — &y, n — o in distribution in C ([0, T],R?) (or uniformly

in probability if the solutions were strong).

Proof. Similarly to the proof of the previous theorem, a sequence of processes

X,= (m(->,én<->,/0'an<s,én<s>)ds,/o'bn,k(s,én@)) dvea(s) il )k = Lm), n>1

is weakly relatively compact in a space of continuous functions on [0, 7.

To prove the convergence, it suffices to verify that, for any subsequence {&,, }, there
is a sub-subsequence {énkl} that converges to &. So, without loss of generality we may
assume that a sequence {X,,n > 1} is weakly convergent. We will show that the limit is
Xo.

By Skorokhod’s representation theorem, construct a sequence of copies X, that con-

verges almost surely (in the space of continuous functions):

<ﬁn,§n, [ (5,850 . [ b, 89)) auss), ek = 1,m)

— (ﬁ07507A07Bk7Wk7k:1,7m) 5 n— o a.s.

It follows from the assumptions of the theorem that

/Ot a (s7gn(s)) ds — /Ot ao (s, go(s)) ds, n—oc as. (2.18)
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and by Theorem [2.3.3] we have that

%:a%(&gxg)dﬂ@k@)féjjmw(&&xg)d@@@y 1= oo, (2.19)

By continuity of I,
& =T, =T, n—oo  as.

So Ty = g() and Eo is a solution of the limit reflecting SDE, and as the solution must be
unique, & 4 &o. Hence the convergence

E,—&, n—eo as
in C([0,T],R?) also yields the weak convergence
&n = &o, n — oo.
If all solutions {&,,n > 0} are strong, consider a sequence
X = (M M0, Ens €0, Wi,k = 1,m)

and a corresponding sequence of copies

X, = (ﬁnaﬁn,OaEna &0y Wk = 1,m)
that converges a.s. to

Xo= (ﬁo,ﬁo,o,go,go,oﬁk,k =1,m).

As before

En —>§0, n—o as.

and
5n,0 — 50,0, n—o as.,

where & and &y are solutions of the same reflecting SDE with the same Wiener pro-
cesses Wy.

By uniqueness of the strong solution, we have the equality Eo = 5070 a.s. Therefore the
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convergence
& —&0—0, n—oo  as.,

implies the convergence in probability
E—& D0, n—eo

because En — gn,o 4 & —&o. -

Remark 2.3.3 The assumption of locally uniform convergence of coefficients in (2.17)
can be relaxed. Indeed, we used only in the proof of Z.18) and (2.19). To verify
them, it is sufficient to prove convergence in probability for a, (s, En (s)) = aofs, go(s))
and by, x (s, g,l(s)) — box (s, Eo(s)) as n — oo, If we have some uniform a priori estimates
of transition densities for &,(s), n > 0, then pointwise convergence of the coefficients is
sufficient. This follows from the next result.

Lemma 2.3.2 Let X and Y be complete separable metric spaces and (Q,.%, P) be a prob-
ability space. Let 1, : Q = X, h, : X — Y, n > 0, be measurable mappings such that

1) M, — Mo, n — oo, in probability;
2) hy, — hg, n — oo, in measure v, where V is a probability measure on X;

3) for all n > 1,the distribution P, of 1, is absolutely continuous w.r.t. the measure v;

4) the sequence of densities {d(f win > 1} is uniformly integrable w.r.t. the measurev.

Then h,(N,) — ho(Mo), n — oo, in probability.
The proof can be found, for example, in [8], Corollary 9.9.11 or [16], Lemma 2.

2.4 Localization

Let D C R? be an open set with a smooth boundary @D and & (1), t > 0, be a solution
of the reflecting SDE in D:

QE@) = alt,E0) di+ Y b(6,E(0)) dwile) +v(EW) i), 120,
k=1
£(0) = &o,

(2.20)
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where v is a single-valued vector field. For simplicity, we assume that a and by are locally
bounded.

Assume that there exists a twice continuously differentiable function ¢ : RY — R¢ such
that ¢ is an injection in some neighborhood of D. This implies that the inverse map is also
C? in some neighborhood of ¢(D).

Denote D' = (D), &'(t) = @(&(t)). Then by Itd’s formula,

d&'(t) = Lio(1,£(1)) dl+kilv<l>(€ (1)) bi (2,6 (1)) dwi (1) + V(&) v(& (1)) di(r)
= (68 0) dit Y B E ) dwile) +v/ (E1()) i), 221)
k=1

where

i=1 ax,' Elj:lk=1 8x,-8xj’
a,(tay) :Lt(p(ta(p_l(y))v
bi(t,y) = Vo (@~ () be(t, 07" (7)), (2.22)

Observe that dD' = 9 (¢(D)) = ¢(dD), so

t
/ ]Ié’(s)eD’ dl(S) = O, t> 0.
0

We may consider (2:21)) as a reflecting SDE in D’ with a reflection vector field v/(y),
y € dD'. Vice versa, if £/(¢), t > 0, is a solution of with @', b}, and V' from (2.22)),
then &(z), 1 > 0, is a solution of (2.20). Hence, if we are able to find a change of variables
¢ such that (Z.2T)) has a unique solution, then (2.20) has a unique solution. For example,
we know from Theorem that if D' = Ri, v/ =n, and ¢’ and b}, are of linear growth
and satisfy the Lipschitz condition, then there exists a unique solution to (Z.21). We
reduce to this case (at least locally) for a reflecting equation with Lipschitz a and by if v
is sufficiently smooth and dD is a smooth manifold.

It is certainly possible that the global map ¢ does not exist. Suppose that D C R is a
bounded open set, D = U]_, Dy, where Dy, are open and either D; C D or there exists a
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C3-diffeomorphism ¢ : R? — R such that

o (Dy) = {x eRY : x| < 1}, (2.23)
(DN ID) = {x € IR : x| < 1}, (2.24)
Vi (x)v(x) =n, x€dDyNaID. (2.25)

Assume that a and by, k = 1,m, are bounded and Lipschitz in x. Solution of can be
constructed as follows, see [2]]. Let £(0) € D;,. If D;, C D, then the last term in (2:20)
has a value of 0 before the instant 7y when & exits D;,. So (2.20) is a usual SDE without
reflection and & is well defined up to 7.

If D;, ¢ D, then we make a change of variables

Eo(r) =i, (§(1))-

The process &) satisfies a reflecting SDE with Lipschitz coefficients in B = {x € R% :
x| < 1}, where the reflecting vector field at {x € dR? : x| < 1} is n = (0,...,0,1). So
&} and & are uniquely defined up to the stopping time

T =inf{s >0: & (s) ¢ B} =inf{s > 0: &(s) € D\ D, }.

If 7y = oo, then & is already constructed. If 7) < e and £(79) € D;,, then, similarly to the
previous reasoning, we can uniquely extend & up to the moment Ty,

7 =inf{s > 19:&(s) e D\ Dy, },
and so on. Therefore & is uniquely defined up to To = lim, e T,.
Exercise 2.4.1 Prove, under the assumptions made on D, a and by, that
P(T = +o0) = 1.

If D is unbounded and can be represented as an enumerable union of Dy with the
properties described above, and coefficients a and by, k = 1,m, are locally bounded and
locally Lipschitz in x, then, using the same reasoning, the process & can be uniquely

constructed up to T.
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Example 2.4.1 Let D = R%. Assume that a sufficiently smooth vector field v(x), x €
8Ri, satisfies (cf. Example[2.2.1)

(v(x),n) =1, x€IRL. (2.26)
We are going to find a diffeomorphism ¢ : Rﬂ’r — ]R’i such that
Vo(x)v(x) =n, x€IRY.

One of the ways to do this is the following. Extend v to R? such that this extension is also
smooth and v, (x) = 1. Consider the first order PDE

Vox)v(x)=n, xeR? (2.27)
where ¢ : RY — R? is such that

(p(xl,...,xd,l,O) = (xl,...,xd,l,()),

p(x)=x, x€IRL.

Denote

= (x1,...,%q-1), t=x4, Q©=(Q1,...,0q)

v(x) = (vl(xl,...,xd_l,O),...,vd_l(xl,...,xd_l,O)).

Recall that v;(x) = 1. Then equation (2.27) is equivalent to d systems of first order PDEs:

ot = ox; (2.28)
(f)k(x,O):xk, kZl,d—l,
_ d—1 _
dQy(%,1) N vi(zt)aq)d(xﬁ) _1,
ot P dx; (2.29)
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By ii(%,1) = (it (%,1),...,i41(%,1)), denote a solution of the following ordinary differ-

ential equation in RY~! :

with initial condition

1N

(%,0) = %

It is well known (see e.g. [17]) that, for any g € C'(R?"!), the function y(%,7) =

g(@(x,1)) is a unique solution of the equation

Iy(r1) & dp(Et)
% +i§iv,(x) e =0
with initial condition
Y (%,0) = g(¥)

So

(pk()?,l‘) = lzk()f,l‘), k=1,d—1.
If k = d, then a solution of (2.29) is
Pu(%,1) =1t.

It is easy to see that if v is r times continuously differentiable and has a bounded deriva-

tive, then the constructed mapping ¢ is C"-diffeomorphism of R? and

p(RY) = RS, p(ame)= IRL,
Vo(x)v(x) =n, x€ IR,

Hence, sufficient conditions ensuring existence and uniqueness of a solution to the initial

reflecting SDE in RY are

1) a and by, k = 1,m, are globally Lipschitz in x;

2) a and by, k = 1, m, satisfy a linear growth condition in x;

3) veCp(dRY).
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Exercise 2.4.2 Let G C R? be an open set. Let there be a x* € dD such that dD in
a neighborhood of x* has a form {()E,g()f)),i = (X1,...,%4-1) € U}, where g : U C
R?~! — R is a smooth function. Construct a neighborhood D+ and a map ¢ = @+ (x),

x € D+, that satisfies properties (2.23), (2.24) and [2.23).

Hint: Lety = y(x,f),x € R4, ¢ > 0, be a solution of the ordinary differential equation

dy
_— = >
o v(y), t>0,

y(x,0)=x, xeR’

Define a mapping
x= (%x) = W) = y( (F.8() xa)-

Verify that, if g € C' and v € C!, then there exists an &€ > 0 such that y is a C'-
diffeomorphism of the ball B((¥*,0),€) and

1 1//(3(()6*,0),8) N{xg > 0}) c D, l[/(B((X*70)78) N{xg = 0}) c D,

2) the inverse map @ := y~! is such that Vo(x)v(x) = n for all x € dD from some
neighborhood of x*.

Summing up all of the reasoning in this section, we may prove the following result.

Theorem 2.4.1 Let D be a bounded set with C3 boundary. Assume that @ and by, k= 1,m,
are bounded functions on D satisfying the Lipschitz condition in x; let v be a C*-function
on dD. Then there exists a unique solution to (2.20). The process & (¢), ¢ > 0, is a Markov
process.

Exercise 2.4.3 Formulate an analogue of Theorem for unbounded D. Find some

sufficient conditions ensuring that a solution does not blow up almost surely.

Exercise 2.4.4 Construct a localization procedure for a time-dependent reflecting vector
field v =v(z,x).

2.5 Properties of multidimensional Skorokhod’s problem

In this section, we give results on existence, uniqueness and continuity for a solution

of the deterministic Skorokhod problem. The most general results have been obtained for
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the normal reflection, i.e., if K, = N,, where the set N, of inward normal unit vectors at
x € dD is defined by

Nx = U Nx,r:

r>0

Ny, ={neR?:|n|=1,B(x—rn,r)ND =0}

If dD is a smooth manifold, then N, naturally consists of the only vector which is the
unit inward normal to the manifold. In the general case, it is possible that N, is empty or

infinite.

Definition 2.5.1 A set D satisfies the uniform exterior sphere condition if
drg>0Vx€dD: Ny =Ny,, #O. (2.30)

Exercise 2.5.1 Prove that a convex set satisfies the uniform exterior sphere condition

with any ro > 0.

Exercise 2.5.2 Prove that n € N, if and only if

_ 1
WeD: (y=xn)+7 y—x>>0. (2.31)

-
Hint: B(x—rn,r)ND =@ ifand only if Vy € D: |[y— (x—rn)| > r.

It can be proved (see [41]) that the uniform exterior sphere condition ensures unique-
ness for the deterministic normal reflection Skorokhod problem. Let us show that this

condition implies the pathwise uniqueness for a solution of a reflecting SDE if its coeffi-
cients satisfy the Lipschitz condition.

Theorem 2.5.1 Assume that a domain D C R satisfies the uniform sphere condition
property; let a,by : [0,00) x D — RY, k = T, m, satisfy the Lipschitz condition in x. Let
&i(1), Ii(t), £ > 0,i=1,2, be solutions of

d&(t) =a(t,&(r)) di+ i bi(t,€(1)) dwi(t) +n(&(r)) di(z), t>0, (2.32)

k=1

where n(x) € Ny, £1(0) = £,(0). Then P(&(l‘) =&, L) =h(@),t> 0) =1.
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Proof. Let us apply Itd’s formula and use the Lipschitz condition:

|&1(6) — &) exp{ —C(n (1) + () +1) }
s/<L—c>yél<s>—éz<s>|2exp{—c(m )+ h(s) +5) )} ds
/ &(5)n(& (5) ~Clé(s) ~ &) ) di(s) (2.33)
+ [ (286) - 86).nE0) ~Clae) - &) dae) +Ma),

where L depends on the Lipschitz constant and M(¢), ¢ > 0, is a continuous local martin-
gale, M(0) = 0. It follows from (2.3T)) that the second and third terms in the right hand
side of (2.33)) are non-positive if C > %. So for C > rlo V L, the process

1) =|&(0) = &) exp{ —C(Li (1) + (1) +1)}

is a non-negative continuous supermartingale with 17(0) = 0. Hence 1(t) =0,¢ > 0, a.s.
and & (1) =& (1), 1 > 0, ass. O

Exercise 2.5.3 Prove that [;(t) = (z), t > 0, a.s. (Note that even if & (¢) = &,(¢), theo-
retically different representatives for n(&;(¢)) and n(&(t)) can be taken in 2:32).)

Theorem 2.5.2 ([61]) Assume that a domain D satisfies
a) the uniform exterior sphere condition,
b) the uniform cone condition:
36 >03a€(0,1)Vxe dD 3, || =1VyeB(x,6)NadD:

C(y,ly,2)NB(x,8) CD

where C(y, I, o) = {z € R?: (z—y, 1) > alz—y|}.

Then for any f € C(RY,R?) with f(0) € D, there exists a unique solution to the Sko-

rokhod normal reflection problem

1)+ /Otn(g(s)) di(s), t>0. (2.34)
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Moreover, g depends continuously on (z, f).

A proof for convex D was considered in [72]]. Existence of a solution for (2.34) for
arbitrary D satisfying assumptions of the theorem can be verified using approximations

by step functions; see details in [61]. Namely, assume at first that f is a step function,

ft)=f(t), tE€lti,trr1),

where 0 =1y <t <..., ILm ty = 0, SUP~( ’f(tk_H) ff(tk)| < rp. Set
n—yoo -

£(0), 0<t<n

gt) =
gtee1) + f(te) — f(te—1), 1 <t <1, k>1,

where % is such that [ — x| = inf{|y — x| : y € D} (if x € D, then x = ¥). Condition (2:30)
ensures that X exists and is unique if dist(x,D) < rp. Set

0, 0<t<n

@) = @(t—1)+g(te—r) + f(tx) — f(tx—1)
—gtr1) = ft) + fter1), B <t<tr_y, k>1.

Then
g()=f0)+ | n(g(s)) di(s),

“ [07[]

where [(t) = Var(p’:). If f is continuous, then define

() = fltus)s 1€ [tnsotngs1),

where 0 =1#,0 < 1,1 < ..., lim sup(t, x41 —t, k) = 0. Certainly one needs some a priori
: frath :

estimates for solutions of the Skorokhod problem to check that the limit of {g,,n > 1}
constructed for { f,;,n > 1} exists and satisfies (2.34).

Another way to prove the existence of a solution of the Skorokhod problem is the
penalization method. Assume that dD is smooth and that there exists a function p €
C*(R9) such that p(x) =0, x € D; p(x) >0, x ¢ D; p(x) = (dist()c,ﬁ))2 for x in a
neighborhood of D. Then a solution of (2.34) can be approximated by solutions of the
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following equations
t
ge(t) = f(t)+ 7! /0 Vp(ge(s)) ds.

See details in [41], where it is also proved that the Skorokhod map satisfies the Holder
property of order 1/2.

The question of the existence, uniqueness and properties of a solution to the oblique
Skorokhod problem is a difficult one, see [28, 18| [15] 20], where the Skorokhod problem
was considered in non-smooth domains, in particular in orthants or polyhedras. Some
conditions ensuring that the Skorokhod map is a Lipschitz function on the input function
f were obtained in the above sources, which also considered non-normal reflection. This
had specific structure sometimes; however, such reflection vector fields appear naturally
in some limit models of queuing theory. See also [19, 6] for SDEs with oblique reflection
in non-smooth domains. Note the paper [S7]], where some generalization of the Sko-
rokhod problem was considered. There, the condition that a reflection term has bounded

variation is relaxed.

Theorem 2.5.3 ([61]) Assume that D satisfies conditions of Theorem [2.5.2] and that a
and by, k = 1,m, are bounded continuous functions. Then there exists a weak solution
to (2.32).

To prove the existence of a weak solution, we may use Theorem [2.5.2] together with
the Euler approximations and compactness arguments, similarly to

By the Yamada—Watanabe theorem, pathwise uniqueness and existence of the weak so-
lution imply the existence of a unique strong solution. This theorem was proved for SDEs
without reflection, but the proof remains true also for reflecting SDEs. So Theorems[2.5.1]
and [2.5.3]yield the following result.

Theorem 2.5.4 Assume that D satisfies the conditions of Theorem[2.5.2] If a and by, k =
1,m, satisfy the Lipschitz condition, then there exists a unique strong solution to (2.32)).

Remark 2.5.1 1f all the coefficients of a reflecting SDE are smooth and dD is a smooth
manifold, then the existence and uniqueness of a solution can be obtained by localization,
see §2.4.






Chapter 3

Other approaches to
reflecting SDEs

3.1 Reflecting SDEs and PDEs

Consider the reflecting SDE

dé(t) =a(&()) dt+Zbk )) dw(t) +v(E(t)) di(t). (3.1)
k=1
Recall that under some regularity of the coefficients, the process &(¢), z > 0, is a Markov
process, see §1.2, §2.4. We can therefore construct a semigroup corresponding to this
Markov process, use Kolmogorov’s equations and so on. One of the aims of this section is
to associate Partial Differential Equations (PDEs) with expectations of some functionals
of reflecting SDEs.
Introduce a second order differential operator

d 1 d 32
; ax, i.jZ:l Oij (X) 3x,-8xj ’ (32)

where
oij(x Z bii(x) by j (x (3.3)

47
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Further, in this section we will always assume that all reflecting SDEs have weak solu-

tions.

Exercise 3.1.1 Let f € Cl% (D) be such that % =0,x € dD. Assume that a, by, k=1, m,

v

v are bounded and continuous functions. Set u(,x) = E.f (&(r)). Apply Itd’s formula and
prove that

Vx €D, oult, )
at

=Lf(x). (3.4)

t=0

Exercise gives us an idea that the generator of a semigroup T; f(x) = Ef(&(¢)),
t > 0, equals L, where

2(L) = C3(D)N {f : ‘9](;(:‘) =0,x¢ 8D} . (3.5)

Certainly, a lot of problems should be discussed if we are going to apply the Hille-Yosida
theorem or to determine a semigroup (see the analytical approach to reflecting SDEs
in [9} 163} 173 (74} 56]). For example,

o We have to determine a Banach space on which 7; acts. The natural choices could
be, e.g., a space of bounded continuous functions, a space of Holder continuous
functions or a space of Sobolev differentiable functions.

o The limit 2G| _ i
ot t=0 t—0+

the generator, it should be a limit in a proper Banach space.

t,x)—u(0
M in (3.4) is point-wise. To determine

o It is usually difficult to describe the whole domain of the generator. It would be
nice to show that Z(L) defined in (3.5)) is rich enough to determine a semigroup.

We are not going to proceed with the steps above and show the one-to-one correspon-
dence between a reflecting SDE and a semigroup with the generator L. However, we do
not actually need this to prove many results including, for example, the Feynman-Kac

formula.

Let £(¢), t > 0, be a weak solution of the non-homogeneous reflecting SDE

m

d&(r) =a(r,&(t)) dr+ Y bi(1,&(t)) dwi(r) +v(2,8(2)) di(z). (3.6)

k=1
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Denote

52
Za 55 PR ZG” t,3) 9x;0x;’

0;j(t,x) Zbk, (t,x)byj(t,x).

Theorem 3.1.1 (Kolmogorov’s equation for a semigroup) Let u(7,x) be a solution of
the PDE

du(t _
”g %) 4 Lu(tx) =0, xeD,t<T, 3.7)
with the boundary condition
du(t
“IX) o xedp.i<T (3.8)
v
and the terminal condition
u(T,x) = f(x), xeD. (3.9)

Assume that functions f and b; are bounded and
ueC,?([0,T] x D). (3.10)

Then
u(t,x) = Encf (E(T) = E(F(E(T) [E(0) = x). 3.11)

Proof. By Itd&’s formula

f(é‘(T))=u(T€(
N +/ (au D (s é(s))) ds
+/(wm£@»waw»mw
+Z/ (Vu(s, £(9)),bi(s,€(5))) dw(s), ¢<T.  (3.12)

The second and the third terms in the right hand side of (3.12) are equal to zero. Let

us calculate the conditional expectation in (3.12), given &(¢) = x. Since Vu and by are
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bounded, we have

T
B ([ (Tl )bu(5.£0)) ()

an:x>=o. (3.13)

Hence representation (3.11)) is proved. O

Remark 3.1.1 The assumptions for Theorem [3.1.T] are very strong. They can be relaxed
in various ways. For example, we supposed boundedness of Vu and b; simply to en-
sure (3.13). If we can guarantee (3.13)), then to obtain (3.T1)), it is sufficient to assume,
for example, that u € C'2([0,T) x D) NC,([0,T] x D). Moreover, It6’s formula can

sometimes even be applied for u € Wp1 2 1If this is the case, nothing changes in the proof.

Remark 3.1.2 'We do not prove the existence of the solution for the PDE in Theorem[3.1.1]
The corresponding theory is well developed for domains D with a smooth boundary if L,
satisfies strong ellipticity conditions. For existence and uniqueness of a solution, it is suf-
ficient to assume that all coefficients of the equation are bounded and Holder continuous,

see for example [21} 38 [22]. In this case, the solution can be written as
1) = [ GlexT.9)f0) dy.

where G is the Green function. Moreover, [, G(t,x,T,y) dy =1 and G(t,x,T,y) > 0 and
satisfies the Chapman-Kolmogorov equation. It can be proved under the same (and even
weaker) assumptions that there exists a unique weak solution of and this solution is

a Markov process, see §3.2. So the Green function G is the transition density of &.

Assume now that the coefficients are homogeneous in time. Let us use the following
change of variables:
g(t,x) :==u(T —t,x).

It is easy to see that g(,x) satisfies the initial value parabolic PDE

dg(t,x)

o =Lg(t,x), t>0,x€D,

8(0,x) = f(x), xeD,
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with boundary condition

So

glt.0) = E(F(6(1)|6(T 1) =x) = E(£((0)](0) = x) = Eof (£(1)-

If p(z,x,y) is the transition density of £, then we have the representation
g(t,x) = /Df(y)p(hx,y) dy.

Theorem 3.1.2 (Feynman-Kac formula) Assume that a bounded continuous function
u(t,x) satisfies PDE

du(t,x)

3 +Lou(t,x) = r(t,x)u(t,x), t<T,x€D,

M(Tax) :f(x)a xeD,

and the boundary condition

du(t,x)

=0, x€dD,t<T,
v

where r is either a bounded or non-negative function. Suppose that for any t < T, x € D,

k=1

Eix (f /I'T (w(s,e:(s)),bk(s,g(s»)zds) <o

Then

u(t,x) = Erx <f(§ (T)) exp { /IT r(s.£(s)) ds}> . (3.14)

Exercise 3.1.2 Apply Itd’s formula to u(s,&(s)) exp{ — [’ r(z,£(z)) dz}, s € [t,T], and

prove (3.14).

Exercise 3.1.3 Assume that the operator L, = L is homogeneous in time and u(z,x) sat-
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isfies the equation

w = Lu(t,x) —r(t,x)u(t,x), t>0,x€D,
u(0,x) = f(x), x€D,
du(t,x) —0, xedD,1>0.
v

Prove that

u(t,x) = Ecf((r)) exp {—/(:r(t —5,&(s)) ds} .

Let K,D C R? be open sets, K C D and &(1),t > 0, be a weak solution of the homoge-
neous in time equation (3.1)). By 7x, denote the hitting time of K

tx =inf{r >0:&(r) eK}.

Theorem 3.1.3 Suppose that all coefficients of (3.1) are bounded, continuous functions
and that D is bounded. Assume that there exists u € C2 (5\ K ) satisfying the elliptic PDE

Lu(x)=—1, xeD\K,

du(x)
dv

u(x)=0, xecdk.

=0, xe€adD,

Then Tx < o a.s. and

Proof. By It&’s formula,
(Emnn) =u(@) = [ dst X [T (VUG nlE ) dm()

Take the conditional expectation given & (0) = x to obtain

Eu(&(tx A1) = u(x) — Ex(tk At). (3.15)
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By the monotone convergence theorem,
E,tx = lim EX(TK A f).
f—ro0

Since u is bounded (the set D\ K is a compact), the limit in the right hand side of (3.13)

is finite. So Tx < o a.s. and
u(x) —E.tx = t]g{.loExu(é (TK /\t)) = Exu(é (TK)) =0.
Theorem [3.1.3]is proved. O

Exercise 3.1.4 Let D= {x ¢ R?: [x| <R}, K = {x ¢ R : |x| < r}, where 0 < r < R.
Assume that £ is a solution to the SDE

dE(r) = dw(r) - mj;nf,«,)ew aie),

where w(t), t > 0, is a Wiener process in RY ie., &(r) is a reflecting Brownian motion in
a ball D with a normal reflection at the boundary. Find E, Tx.

Hint: Search for a function u(x) that takes the form a|x|* + B|x|>~¢ +yif d > 3 and
u(x) = o|x|> + Bln|x| +yifd = 2.

Exercise 3.1.5 Let & be a solution of the one-dimensional reflecting SDE with a reflect-
ing barrier at x| so that

d&(r) =a(&(t)) dr+b(&(r)) dw(r) + Tg )y, A1),

where a and b are continuous functions, b(x) > 0, x > x;. Find E,7y,, where x; <x <xp
and
T, =inf{t > 0:§(1) =x}.

(We assume in all exercises that the reflecting SDEs have solutions.)

Exercise 3.1.6 Assume that there exists a function u € C? (5 \K ) such that

Lu(x) < —1, x€D\K,

<0, xe€dD.
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Prove that the solution of (3.T)) is such that E,Tx < 2sup, |u(y)|.

Exercise 3.1.7 Assume that coefficients of (3.1]) are bounded and continuous functions, D
is a bounded, connected and open set with sufficiently smooth boundary, K C D is a non-

empty open set, (v(x),n(x)) >0, x € dD and L satisfies the strong ellipticity condition

IC>0VxeD\KVAERY: Y 0y;(x)id; > c[A[*.
iJ

Prove that sup E, Tx < oo.
xeD

Theorem 3.1.4 Let assumptions of Theorem be satisfied. Suppose that u € C? (5\
K) is such that

Lu(x) =0, x€D\K, (3.16)
u(x) =0, xe oKk, (3.17)

M) __p), xeap (3.18)
v —flx), ’ ’

where f is a continuous function. Then

) = B [ (E0) ato):

Exercise 3.1.8 Prove Theorem[3.1.4]
Exercise 3.1.9 Find E,/(tx) for the reflecting SDE from Exercise

Exercise 3.1.10 Find E,/(7,,) for the reflecting SDE from Exercise

3.2 Submartingale problem

Stroock and Varadhan proposed a very effective method of construction and in-
vestigation of diffusion processes connected with solving some martingale problems,
see [69,70]. It is convenient to associate the study of diffusions with boundaries with

some submartingale problem.
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Let &(), t > 1o, be a solution of a reflecting SDE in G C R4

m
d&(t) =a(t,§(1)) de+ Y bi(t,&(0)) dwi(t) +¥(1,8 (1)) di(2), t>1.  (3.19)
k=1
Assume for simplicity that a, by and y are bounded. Introduce the operators
d 0 1 4 92 _
L, = i, X)=—+ = iji\lX)=——=— t > G
t ;al( ,X)aXi+2i_]z::]Glj( 7x)axiaxj7 - O,XE 9

d P
L:Z%mm;; t > 1, x € JG,
i=1 l

m
where 6;j(1,x) = Y byi(1,x)byj (1, x).
k=1

It follows from Itd’s formula that, for any f € C(l)’2 ([to,°°) x RY) such that
Jif(t,x) >0, t>1, x€JG, (3.20)

the process

F(t,&(1)) —/t (CN(S&’f(S)) —|—Lsf(s,§(s))> ds, t>to, (3.21)

fo
is a submartingale.

It turns out that the converse statement is also true. That is, if (3.2T) holds for all
£ €Cy*(Jto,0) x RY) satistying (320), then & is a (weak) solution to (3.19).

Let us introduce the general setup and assumptions. We follow Stroock and Varad-
han [71]]. Suppose that G C R¢ is a non-empty set such that for some ¢ € Cg (Rd)

G={xcR?:p(x) >0}, IG={xcR?:q(x)=0},

and |V(p(x)’ >1,x€dG.

Let 0 = (o; j(t,x))szl be a bounded, measurable function with values in a set of

symmetric non-negative definite d x d matrices; a : [ty,0) x G — R? be bounded and



56 3 Other approaches to reflecting SDEs

measurable; ¥ : [tg,o0) X dG — R4 be a bounded, continuous function such that

inf _ (y(t,x),Ve(x)) > 0;

t>1y, x€dG

p : [to,0) X dG — [0,0) be bounded and continuous.

Definition 3.2.1 A probability measure P on C([to, ), R?) equipped with the Borel o-

algebra solves the submartingale problem on G for coefficients a, 6, ¥ and p if

1) the coordinate process &(¢), t > fo, is such that

P(E()eG) =1, t>1; (3.22)

2) forany f € C(l)’2 ([to,o0) x R?) such that

paa—{ +J:f >0 on [f,) x JG,

the process

af(s,&(s))

F(0.E0) —/ 16 (&(s)) (as—i—LSf(s,é(s))) ds, t>1, (323

fo

is a P-submartingale. If P(é (to) = xo) = 1, then we denote the measure P by F; ;-

Remark 3.2.1 Functions a and ¢ from the definition are defined only for x € G. In contrast
to (3:21), there is an extra indicator function I (& (s)) in the integral in (3:23). However,
if .
P </ o6 (E(s)) ds = o) —1 (3.24)
]

and p = 0, then the processes in (3.21) and (3.23) are equal a.s.

Theorem 3.2.1 A measure P solves the martingale problem for @, 6, p and 7 if and only
if there exists a continuous, non-decreasing and non-anticipating function [ : [fg, ) x
C([to,),R?) — [0,0) such that
1) the process
! 1

M) =&~ [ 16(EE)als.£6)) ds— [ Ta6(E6))7(5.66)) dl(s), 1210,

0 fo
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is a continuous P-martingale with square characteristics

<M,',Mj>(l‘) = /0’ Hc(g (s))Gij(s,é(s)) ds, t>ty, P-as.;

2) tt Ty6(E(s)) ds = /tp(s,é(s)) di(s), t>r1, P-as.; (3.25)

Io
The proof follows from [71]], Theorem 2.5, where only a positive definite ¢ is consid-
ered, see also [27]].

Remark 3.2.2 Instead of Definition[3.2.1] the equivalent martingale problem is also some-
times considered. It is required that there is a non-anticipative, non-decreasing, continu-

ous process (f), t > fo, such that [(0) =0, (1) = [§ g (cap d1(s), (323) and (3.22) hold
and, for any f € Cé’z([to,oo) x RY),

P(eg@)- [ (‘”(“(;f(”)Mf(s,é(s))) ds

t| [ If(s,&(s
-/ KWJJJ(&&(S)))
—p(s,&(s)) (af(séf(s))JrLsf(s,é(s)))] di(s), t>1, (3.26)

is a P-martingale. Moreover, it was shown in [27] that in (3.20), it suffices to consider
only time-homogeneous functions f, i.e., for all f € C}(D),

f(E@) - tothf(s,é(s)) ds
- / (S (5.£9) =P (5. £ LS (E() ) dl(s), 1210, (327)

is a P-martingale.

m

Remark 3.2.3 If 0;;(t,x) = Z byi(t,x)byj(t,x), then there are independent Wiener pro-
k=1

cesses {wy(t),t >1to}, k=1, m which may be defined on some extension of the probability

space such that
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aE(®) = 16(£(0) (alt.£(0)) dr+ Y. bi(t. () (o))

k=1

+1p6(E(0) (1. &) di(r), t>1. (328)

As in Remark [3.2.1} if p = 0 and (3.24) holds, then &(¢) also satisfies (3.19).

Exercise 3.2.1 Prove that [(z), t > 19, is uniquely determined from (3.28)), up to a null
set, if [(19) = 0 and f; ey di(s) =0,1>10.

Remark 3.2.4 Let & be a solution of (3.19) and
m
Z bi(t,x),Vo( )) >0, t>ty, x<dG.

Then, similarly to the one-dimensional case (see §I.3)), it can be shown that (3.24) holds
true. See also [[62]] where the process [(¢) is associated with an analogue of a local time
on dG.

Remark 3.2.5 Function p corresponds to the case when the boundary dG is “elastic.” A
solution for positive p can be obtained from the case p = 0 by some transformation of
time. This transformation slows down time in the proper way when & (r) with p = 0 visits
dG, see [29]]. It also should be noted that if p > 0, then the solution of (@D may not be
a strong solution even if all coefficients are C* [14].

Theorem 3.2.2 (Existence of a solution; [71], Theorem 3.1) Suppose that, in addition
to all assumptions on a, 0, p, ¥, ¢ and G, the function o is continuous and o (z,x) is
positive definite for all # and x. Then there is a solution P to the submartingale problem,

starting from xo € G at time fq.

Theorem 3.2.3 (Uniqueness of a solution; [71], Theorems 5.5 and 5.7) Let assump-
tions of Theorem be satisfied, ¥ be locally Lipschitz in (#,x), and either p =0 or p
is bounded and locally Lipschitz. Then a solution to the submartingale problem is unique

for any starting point. Moreover, the corresponding solution F; x, depends measurably

on (l‘o,xO).

Remark 3.2.6 If we have a unique solution of a submartingale problem, then this solution
is a strong Markov process. The proof is similar to the case of the martingale problem,
e.g. [70].
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Example 3.2.1 Let G =[0,), y=1,6=1,a=0, p =0, & be a Wiener process
reflected at 0 and &, be a Wiener process stopped at 0. Then &; is a solution to the
submartingale problem (and satisfies the martingale problem discussed in Remark [3.2.2))
but &, does not satisfy the submartingale problem. However

/ >0f §2< )) t >0,

is a submartingale for any f € C(% (R), f7(0) > 0. This example shows that, for homoge-
neous in time coefficients, we cannot restrict the definition of the submartingale problem
to f € C5(R?) such that p(x) f(x) + Jf(x) > 0,x € IG.

Remark 3.2.7 All coefficients in the previous theorems were assumed to be bounded only
to enable convenient formulations and corresponding proofs in [71]. A localization for
the submartingale problem can be done. For example, it was proved in [71]], Theorem 5.6,
that if coefficients a, ¢, p, yand ', ¢’, p’, ¥ from Theorem|[3.2.3|coincide in a set [ty 7o+
€] x S, where S is a neighborhood of xg, then solutions of the corresponding submartingale
problems coincide until the exit time from this set.

Remark 3.2.8 The boundary conditions for the submartingale problem discussed in Def-

inition [3.2.1)and Theorems [3.2.1] [3.2.2]and [3.2.3]are not the general ones, see [80, [81]].
For example, one may have some diffusion term during a time when the process vis-

its a boundary or the jump exit from dD, among other conditions. It is also inter-
esting to consider reflecting SDEs with Lévy noise or the corresponding submartin-
gale problems. However these problems exceed the scope of this manuscript, see
e.g. [79,146, 11,129,143} 144, 14,176,156, 132, 33, 134} 35].

Remark 3.2.9 Let D be a cone with a smooth surface and O be its vertex. Suppose that
coefficients of a reflecting SDE are smooth. Then we can construct a strong solution to
this SDE until it visits O. If we do not assume that the reflection coefficient satisfies the
uniform exterior sphere and the uniform cone conditions, then we have no instruments to
construct reflecting diffusion in D after the instant of hitting O. It turns out that instead of
requirements on a reflection at the vertex, we may make the natural assumption that the
time spent at the vertex equals zero a.s., see the corresponding submartingale problem and
construction of reflected Brownian motion in a cone in [[77, (78, [37]]. Note that constructed

processes are not always semimartingales (compare with Example [I.2.T).
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3.3 Reflecting SDEs and the Queueing Theory

The aim of this section is to show a possible relationship between reflecting SDEs
and some models of queueing theory, which is a subject of very intensive investigations.
We consider a limit theorem for one simple model of queueing theory that leads us to a
reflection SDE and discuss possible generalizations.

Consider a queueing system M/M/1/m, i.e., assume that
a) there is one device that processes requests;

b) the maximal number of requests in a system equals m (buffer size); if a new request
arrives and the buffer is overloaded, then this request is discarded;

¢) inter-arrival times are exponential i.i.d. with intensity o, service times are expo-

nential i.i.d. with intensity u.

Denote by X () = X**(¢) the number of requests in the system at an instant # > 0.
It is well known that X (¢) is a birth and death Markov process with a state space E =
{0,1,...,m}, birth intensity o and death intensity (.

The process X (¢) can be represented as
XOH (1) = X¥H(0) + N (t) — Ny (t) + Lo (1) — LEH (1), (3.29)

where Ny (1) and Ny (), r > 0, are independent Poisson processes with intensities o and
1 respectively; Ly (t) and Ly,* (t) are jump processes with possible jumps equal to 1;
Ly* (t) jumps only when Ny, (£) — Ny (1—) = 1 and X*# () = 0; L,* (t) jumps only when
Ny (t) —Ng(t—) =1 and X% (1) = m.

The process Ny (¢) can be interpreted as the number of requests which have arrived
before t; Ly* (¢) is the number of discarded requests before ¢; Ny (¢) is the cumulative
service capacity over [0,¢]; Lg* (t) is the cumulative lost service capacity over [0,t];
(Nu(t) — Ly ™" (1)) is the number of processed requests before ¢.

It is well known that
:> w(t), a — oo, (3.30)

33

in a space D([0,0)), where w(r), t > 0, is a Wiener process.
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Assume now that 4 = p(a) and m = m(a) are such that

po)=o+cv/a+o(va), a— o, (3.31)
m(a) =dva+o(va), o — oo, (3.32)

where ¢ and d are constants. Then

No(t) — Ny(t
“()\ﬁ““() = V2w(t) —ct, o — oo,
in D([0,0)).
Equation (3.29) can be considered as the Skorokhod problem (for step functions) with
reflecting barriers at 0 and m. It can be proved that if (3.31)) and (3.32)) are satisfied and
X%H(0) = x, ¢ — oo, then

oL, oL .
in D([0,e0)), where (&, 1y,1y) is a solution of the Skorokhod problem in [0,d];
§0) = x4 VoWl et i) ~la(0), 120 8@ €04 (39

1o(0) =1,;(0) = 0; and /y and I, are continuous, non-decreasing processes such that

1 1
/0 ]Ig(s)>0 dl()(s):/o H5(5)<d dly(s)=0, t>0.

So, the process I;(t) is an analogue of the number of lost requests during time . We
will find a limit /;(¢)/t as t — +oo. This limit characterizes the average number of lost
packets per unit of time. But before we start to calculate the limit, let us make a remark

on possible generalizations.

Remark 3.3.1 An analogue of (3.30) and (3.33) is valid not only for a Poisson process
of arrivals or processing. The Donsker invariance principle holds under various assump-
tions, see for example [7]]. Diffusion approximations can be applied for group arrivals or
even non-independent group arrivals (but certainly with some mixing condition), arrival

and service rates may depend on the queue length, multi-server queueing systems can be
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considered, etc. Another generalization of the model described above is to assume that
requests may have different priorities. Then the study of such queueing systems is asso-
ciated with some Skorokhod’s problem on an orthant or simplex. For further references,
see e.g. [10L 251 26| 58] 59, 82} [83]].

Remark 3.3.2 If there is a long range dependence between requests, then the fractional
Brownian process may arise under some scaling of the arrival process [75)]. The limit
behavior of I(#) as t — oo for a reflected fractional Brownian process cannot be studied by

the methods described here and the corresponding problem is very difficult to investigate.

Consider the following generalization of (3.34)
E(t) =x+at+bw(t)+1o(r) —la(t), t=0, (3.35)

where b # 0 and a # 0.

Introduce the stopping times

Go—lnf{t>0 E@r) = }
T =inf{t > o3 : {(1) =d},

O+1 = inf{t > T 6([ }

Observe that { Gy — Ok, k> 0} are i.i.d. and {l;(0k+1) —ls(0k), k >0} arei.i.d. It can
be shown (see §3.1)) that Eoy < o and El;(0}) < .

So, by the law of large numbers,

n—1

1a(00) + Y (la(Ors1) = la(0k))

tim 1209 _ iy 0
n—e Oy n—soo n—1
Op + Z (Gk+1 - Gk)
=0
_ E(l4(01) —la(00)) _ Eola(01)
E (61 — G()) Eyoy

Since E (01 — 6p) < e and E (I4(01) — 14(0p)) < oo, it can be also deduced that

E
fim ) _ i la(0n) _ Eola(on) o (3.36)
t—too  f n—eo Oy Eyo
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The process I; does not increase before & reaches d, so Eoly(01) = Eyly(0p). The
last expectation equals u(d), where the functions u(x) satisfies the equation (see Theo-
rem [3.1.4)

Lu(x)=0, x€][0,d], (3.37)
with boundary conditions
u(0) =0, (3.38)
u'(d) =1, (3.39)
where
b2
Lu(x) = au' (x) + ?u”(x).

The general solution of (3.37) is K; + K>exp{—2ax/b*}. Boundary conditions (3.38)
and (3:39) take the form

Ki+K,=0
2K>a

5 exp{—2ad/b*} = 1.

So

b2
K, = ~% exp{2ad /b*},

b2
Eola(01) = 5~ (exp{2ad/b*} —1). (3.40)

To find Eyo;, observe that
Eyo1 = EyT1 + E400.-

By Theorem 3.1.3] we have that Eqgt; = u(0), where

Lu(x)=—1, xe€][0,d],
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Hence
u(x) = 7 + K| + Ky exp{—2ax/b*}.
a

It follows from the boundary conditions that

d
— = + Ky +Kyexp{—2ad /b*} =0,
a

1 ZaKz
- — — = O
a b?
and
b? )
Eoti = u(0) = » + ﬁ(exp{—Zad/b }— 1).

Exercise 3.3.1 Check directly that the right hand side of (3.41) is positive.

Similarly to (3.4T)), we obtain
2

d b )
Eqop=——+ g(exp{—%zd/b }-1).

Formulas (3.36)), (3.40), (3.41) and (3.42) yield

2
. L() _ Iz’—a(exp{—2ad/b2} -1)
t=rteo f % (exp{—2ad/b*} +exp{2ad /b?} —2)
a

T 1—exp{—2ad/p?}

In particular, if @ = —c and b = /2 as in (3.34), then

. ld (l) c
lim = .
t—eo  t exp(cd) — 1

la(t)

Exercise 3.3.2 Find Eyl;(01), Egt; and the limit lim - ifa=0,b#0.

t—roo

(3.41)

(3.42)

(3.43)

(3.44)

As we have noted, equation (3.35) may appear as a limit of queueing systems under

very general assumptions. Certainly, it is almost impossible to obtain a nice formula for

the average number of lost requests of general queueing systems. However, for a model
M/M/1/m, the limit lim, .. Ly;* (t) /t can be computed easily. Let us find this limit and

compare with (3.43)).

The process X%*(t), t > 0, is a birth-and-death Markov process. Thus, its stationary
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distribution 7 = (7, . .., T, ) satisfies the relation

7= (/1) 0.

So

Therefore

If o, pt and m satisfy (3.31)) and (3.32)), then the last expression is equivalent to expc(‘c/f)il .
This completely agrees with (3.33)) and (3.44).

la(t
Exercise 3.3.3 Find thﬁm # for the reflecting SDE

d&(t) =a(&(r)) dr+b(&(r)) dw(r) + dlo(r) — diy(r),

where a and b are Lipschitz continuous and b(x) > 0, x € [0,d], see [24].
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