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Abstract

We establish general moment estimates for the discrete and con-
tinuous exit times of a general Itd process in terms of the distance to
the boundary. These estimates serve as intermediate steps to obtain
strong convergence results for the approximation of a continuous exit
time by a discrete counterpart, computed on a grid. In particular, we
prove that the discrete exit time of the Euler scheme of a diffusion
converges in the L; norm with an order 1/2 with respect to the mesh
size. This rate is optimal.
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1 Introduction

This paper is motivated by the study of the strong convergence rate of the
discrete time approximation of the first exit time 6 of a process Z from a
non-empty open subset O.
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The interest for numerical discretization of diffusion processes dates back
to the sixties, see [Mar55, [Mul56] and [KP95] for general references. Different
approaches can be used to approximate the first exit time of a diffusion.
We briefly recall them for the sake of completeness and to make clear the
contribution of this paper.

a. By the very nature of the problem, space discretization schemes nat-
urally appear. The first version is based on the Walk On Sphere (WOS)
schemes introduced in [Mul56]. In the Brownian motion case one simulates
its position by the first hitting time of a ball contained in the domain and
centered at the starting point: the position is uniformly distributed on the
sphere and thus straightforward to sample. The sampled point is then used
as a new starting point. One repeats the above procedure until one gets close
enough to the boundary of O. For a time-homogeneous diffusion process X
the scheme is modified using small balls and an Euler-Maruyama approxi-
mation. In [Mil96, [Mil98] strong error estimates on the exit position X, are
proved, assuming in particular that the domain O is convex and that the
diffusion coefficient satisfies a uniform ellipticity condition. These results do
not include an approximation of the exit time 0. Weak approximation re-
sults — i.e. for E[¢(Xp)] with ¢ continuous and bounded — are established in
[MGI97].

b. For polygonal domains moving from spheres to spheres may not be
suitable because of the corners. One has to replace balls by parallelepipeds
(tensor products of intervals). Exit times from parallelepipeds are easy to
sample. Faure [Fau92] was probably the first one who developed these ideas.
In [MT99] these ideas are further analyzed for diffusion processes with time-
dependency by exploiting small parallelepipeds. Strong error estimates of
the exit position and the exit time are established: the order of convergence
of the exit time approximation is 1 — ¢ with respect to the space step (for
any 0 < & < 1), i.e. equivalently 1 — ¢ (for any 0 < ¢ < 1/2) with respect
to the time step, see [MT99, Theorem 8.2]. Here again, convexity of O
and strong ellipticity were assumed. Related simulations are discussed in
[ZLD10]. Extensions to non-small parallelepipeds are investigated in [DLOG].

c. To maintain a certain simplicity of the simulation, one can alternatively
perform the usual Euler scheme on a grid = with deterministic time step ||
and stop when it exits O. This is a crude approximation, nevertheless the
simplest and quickest to use: this is why it has gained much interest in the
applied probability community. It results in an order of weak convergence
equal to § with respect to ||, see [Gob00, [GMIQ]. Interestingly, it is shown
in [GMOT] that this order of weak convergence remains valid for general It6
processes, far beyond the usual diffusion framework in which one can rely



on PDE tools to decompose the error. The strong convergence of the exit
time is stated in [GMO05, Theorem 4.2] but without speed. Finally, note that
different techniques can be used to speed-up the convergence in the weak
sense: sampling the continuous time exit using diffusion bridge techniques

[Bal93, [Gob00, (possibly with local modifications of the boundary
[Gob01l, BPOG] or exponential-time stepping [JLO5]) or using discrete exit
times combined with an inward shifting of the boundary [GMI0]. To our
knowledge, no strong error estimates are available for these schemes.

As a matter of fact, until recently only little was known about the rate of
L, convergence of the discrete exit time of an Euler scheme of a diffusion to-
wards the exit time of the exact diffusion, although there are important fields
where the L; criterion is the only relevant one. As examples let us mention
the approximation of backward stochastic differential equations considered
in a domain [BM09] and the multi level Monte Carlo methods [Hei01l, [Gil08].
In [BM09, Theorem 3.1] the authors prove that the convergence rate of the
1 — & with respect to ||
(for any 0 < £ < 1/2). Because of the aforementioned applications the ques-

discrete exit time of the Euler scheme is of order

tion whether one can take ¢ = 0 in the previous estimate has been raised.
Also, their arguments are restricted to finite time horizons and the question
whether they could be extended to an infinite time horizon was open.

In this paper we answer these questions to the positive: the discrete exit
time of an Euler scheme converges at the rate 1/2 in the L; norm, even if
the time horizon is unbounded, see Theorem B.7l In the same theorem we
show that the stopped process converges at the rate 1/4 in Ly. Theorem B.7]
follows from an abstract version stated in Theorem B, which we establish
in a non-Markovian setting in the spirit of [GMO7]. As a first step of our
analysis we provide general controls on the expected time to exit in terms
of the distance to the boundary, see Theorems and 2.4] below. They are
established both for continuous exit times and for discrete exit times, i.e. the
latter are restricted to take values on a discrete grid. Essentially, we only use
a mild non-characteristic boundary type condition and a uniform bound on
the conditional expected times to exit. The fact that, as opposed to most of
the papers quoted above, we analyze situations with unbounded time horizon
in a L., sense is delicate because the usual finite-time error estimates, e.g.
on Euler schemes, blow up exponentially with respect to the time horizon.

In fact our results allow to address much more general problems than the
first exit time approximations for Markovian stochastic differential equations.
In terms of applications, many optimal stopping, impulse control, singular
control or optimal monitoring problems have solutions given by the hitting

times of a domain O by a state process Z, see e.g. [S07], [BL&4], [ShS094],



[NOQ, [Fuldl, [GLT4]. In practice, the process Z is only monitored in discrete
time and one needs to know how well these hitting times will be approximated
by counterparts computed on a finite grid. In terms of modeling, there is
also an increasing need in non-Markovian or infinite dimensional settings,
in which there is no clear connection between exit times and PDEs with
Dirichlet boundary conditions. A typical example is the HIM framework
for interest rates, see [HJMO92], but this can more generally refer to path-
dependent SDEs, see e.g. [Bul0], or to stochastic evolution equations on
Banach spaces, see e.g. [GyMi05].

The variety of possible applications motivates the abstract setting of Sec-
tion @l and Section Blin which we provide our general moment and approxi-
mation estimates on the first exit time of a process Z from a domain O. This
process does not need to be neither Markov, nor finite dimensional, we only
impose an [to dynamic for the distance to the boundary and assume that it
satisfies a non-characteristic type boundary condition, see Assumption (P).
In this general setting, we prove in particular that

E[|0 - 07[] = O(|n|?)

where 0 is the first exit time of Z, and 0™ is its counterpart computed on
a time grid 7, with modulus ||, see Theorem B.] applied to Z = X = X.
The result remains true when an extra approximation is made on Z and the
corresponding distance process converges in L; at a rate 1/2. We shall check
our general assumptions in details only for the application to the first exit
time approximation of SDEs, see Section

We would like to insist on the fact that, even in the simpler context of
a Markovian SDE, the advantage of the abstract results of Section [2is that
they can be applied simultaneously and without extra effort to the original
diffusion process and to its Euler scheme. We are not aware of any specific
proof that would simplify and shorten our argumentation when using the
particular setting of Markovian SDEs.

The paper is organized as follows: In Section 2] we introduce a general
set-up followed by the statement of our quantitative results on the moments
of the first time to exit. The proof of the main results, Theorems and
241 is split into several subsections. We first establish general Freidlin type
inequalities on moments of exit times, which will be controlled in terms of
the probability of sub-harmonic paths in Section 24l Estimates on this
probability yield to the proof of Theorem 2.3] that applies to continuous exit
times. A final recursion argument is needed to pass from continuous exit
times to discrete exit times, see Section 2.6l The application to the exit time
approximation error is discussed in Section [B] first in an abstract setting,



then for the solution of a stochastic differential equation whose exit time is
estimated by the discrete exit time of its Euler scheme.

Throughout this paper, we let (2, F,P) be a complete probability space
supporting a d-dimensional Brownian motion W. We denote by F := (F3):>0
the right-continuous completion of the natural filtration induced by W. The
symbol T denotes the set of stopping times that are finite a.s. We write E,
and P, for the conditional expectation and probability, respectively, given
F-. Inequalities between random variables are usually understood in the
a.s.-sense without mentioning it. Finally, given a vector a € R? or a matrix
A € R™™ the notation |a| and |A| stands for the Euclidean and the Hilbert-
Schmidt norm, respectively.

2 Moment estimates for continuous and dis-

crete exit times

The main results of this section are Theorems 23 and 224l They are the basis
to prove Theorem [3.1 which is the main result of the paper in its abstract
form.

2.1 Assumptions

Let (Z,dz) be a metric space equipped with the Borel o-algebra generated
by the open sets. In the following we fix an open set O of Z with

N£0OCOC2Z,

in which O denotes the closure of O, and let (Z;);>¢ be a continuous F-
adapted Z-valued process starting in Zy = zo € O.

The two main results of this section concern estimates on the time taken
by the process Z to reach the boundary of O, where the corresponding exit
time takes values in a set m which either coincides with R, or equals to a
countable subset of R, , that can be thought to be the discretisation points
in time of an approximation scheme. Therefore the standing assumption of
this section is that either

(a) T =Ry,

(b) or 7 consists of a strictly increasing sequence 0 =ty < t; < ty < --- with
lim, t,, = 0o and |7| = sup,,> [tn —ta—1| < 1.



In both cases, we set
¢ :=max{s€nm : s<t}and ¢ :==min{s e : s>t} (1)

which are the closest points in 7 to the left and to the right of ¢.

Our first assumption concerns the path regularity of the process Z. To
simplify the notation, we set

v(t,s) :=dz(Z, Zs), t,s>0. (2)

Assumption (Z) (Regularity of Z along 7). There is a locally bounded
map K : Ry x (0,00) — Ry such that

P sup (t, ¢V T)>p| <k(T,p)ln|
T<t<7r4+T

forallT €T, T >0, and p > 0.

Although the condition (Z) is - so far - a condition on a single fixed
time-net 7, we require the upper bound in a form of a product (7, p)|7|. As
shown in Lemma [A Tl below, this is a typical form that is also required in our
later computations. Our next set of assumptions concerns the behaviour of
the process Z close to the boundary 0O of O.

Assumption (P) (Distance process 6(Z)). There exist L > 1 and an
L-Lipschitz function § : Z +— R such that 6 > 0 on O, § = 0 on 00, and
§ < 0 on O°. In addition, the process P := §(Z) admits the Ité process
decomposition

t t
ﬂ:%+/@%+/aym (3)
0 0
fort >0, where

(i) (P,b,a) is a predictable process with values in [—L, L]+,

(ii) there is a fized r € (0,L73/4) and a set Q, € F of measure one, such
that | P,(w)|Vy(t, ¢¢)(w) < r implies that |a;(w)| > 1/ L wheneverw € Q,
and t > 0.

Before we continue, let us comment on the latter assumptions.

Remark 2.1. (a) The process P = §(Z) measures the algebraic distance
of Z to the boundary 9O in terms of the function §. The existence of a
signed distance ¢ that is 1-Lipschitz can be checked in various settings easily
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(starting from the usual distance one can check whether for all segments

[z,y] ={z € Z:dz(x,2) +dz(z,y) = dz(z,y)} with x € O and y € (O)°
the intersection [z,y] N JO is non-empty), and it can be modified outside a
suitable neighborhood of O in order to be uniformly bounded.

(b) The It6 decomposition (B]) may implicitly impose additional smooth-
ness assumptions on dO: for instance, if Z is an R%valued It6 process, then P
is also an Ito process provided that the domain is C? with compact boundary,
see [GMO7, Proposition 2.1]. Hence, the condition (i) is not too restrictive.

(c) The coefficients b and a may depend on 7. This will be the case in
Section when our abstract results will be applied to an Euler scheme.

(d) The condition (ii) is a uniform non-characteristic boundary con-
dition. It ensures that the fluctuation of the paths of Z are not tangen-
tial to the boundary. When Z solves a SDE with diffusion coefficient o(-),
i.e. a] = Dd(Zy)o(Zy), see Section B2, then the natural non-characteristic
boundary condition is

D3(2)o ()| = 1/L if 13(:)] <1, (4)

i.e. |a;] > 1/L if |P| < r. In the case of an Euler scheme Z, see (7)), we
have a; = D&(Z;)o(Zy,) and P, = §(Z;). The natural condition (@) is no
more sufficient to ensure that |a;] > 1/L if || < r. But, by a continuity
argument, it is satisfied if the point Zs, at which the diffusion coefficient is
evaluated is not too far from the current position Z;, i.e. y(t, ¢;) is small as

well. See Lemma [A.3] below.

Now we can define the main objects of this section: given £ > 0, 7 € T,
and an integer p > 1, we set

Oi(t) == inf{t >7 : P, </(},

07(r) == inf{t >7 : temn, P,</{},
®Y(1) = E,[(6(r) — )7,
OP(r) = E[(07(T) —7)]r .

Our aim is to provide pointwise estimates on ®}(7) and ®;" (7). Our
arguments require an additional control on the first conditional moment of
the times to exit.

Assumption (L) (Uniform bound on expectations of exit times).
One has that ®y™ (1) < L for all 7 € T.

In Assumption (L) (similarly in Proposition 222 and Lemma 2.8 below)
we keep in mind that 6y(7) < 67(7). Therefore one has ®}(7) < &y (), so
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that ®)"(7) < L automatically implies ®}(7) < L. It should be emphasized
that Assumption (L) concerns the given process (Z;);>¢ and distance d, and
therefore the fixed distance process (P;);>0, and that the same constant L > 1
as before is taken for notational simplicity. We refer to [Fre85, Chapter
III, Lemma 3.1] for sufficient conditions ensuring that the exit times of a
stochastic differential equation have finite moments, that are bounded only
in terms of the diameter of the domain, the bounds on the coefficients of the
stochastic differential equation and a partial ellipticity condition.

In Lemma 2.8 below, we show that (L) implies that 67 (7) — 7 has finite
exponential moments, uniformly in 7 € 7. We conclude this subsection
with some equivalent variants of condition (L). The proof is provided in the
Appendix.

Proposition 2.2. The condition (L) is equivalent to either of the following
ones:

(L’) Thereis a L' > 1 such that, for all T € T,

(1) < L' a.s. on {P. > 0}.

(L”) There exist ¢ > 0 and o € (0,1) such that, for all T € T,

P 05 (T) > 74 ¢] < a.

2.2 First moment control near the boundary

Now we are in a position to state the main results of this section. We will
denote by 77 the set of stopping times with values in 7. Remember that
the following can be applied to situations where # = R, , in which case
assumption (Z) is automatically satisfied and the extra term ||z below
vanishes.

Theorem 2.3. Let the assumptions (Z), (P) and (L) be satisfied.
(a) If T €TT, then
() < ey | Pr + 17| Lipro),
where cgrg) = cm(r, L,d,k) > 0.

(b) If T €T, then
@}(r) < dgg [P + 71| 1ypzoy,

where dgrgy = dgrg) (r, L, d, k) > 0.



The proof of this theorem will be given in Section below. Its coun-
terpart for discrete exit times corresponds to the following statement when
m # R, and is proved in Section 2.0

Theorem 2.4. Let the assumptions (Z), (P) and (L) be satisfied. Then
there exists an e gy = gy (r, L, d, k) > 0 such that if 7| < gy then one
has

" (1) < dp [|PT| + |7T‘%} for €T,
where dgrgy = dpzy(r, L, d, k) > 0.

Theorem is similar to [GM07, Lemma 4.2], in which the time hori-
zon is bounded and the counterpart of (P-#2) does not require (-, ¢) < r.
Our additional requirement yields to a weaker assumption and explains the
presence of the additional |7|-terms in our result. We also refer to [Fre85,
Chapter III, Section 3.3] who considers a Markovian setting for a uniformly
fast exit of a diffusion from a domain.

Theorem [2.4] is of similar nature but is much more delicate to establish.
An attempt to obtain such a result for the Euler scheme of stochastic dif-
ferential equations on a finite time horizon can be found in [BMQ9] by a
combination of their Lemmas 5.1, 5.2 and 5.3. However, they were only able
to achieve a bound in O‘ﬂ|_>0(\7r|%_€) for all 0 < e < 1/2. We shall comment
on this in Section [B] below. The absolute values on P. account for the case
where Z, is outside O and 7 ¢ T yielding a positive time to exit.

The proofs of the above theorems are divided in several steps and provided
in the next subsections (see Sections and for the final arguments).
Both start with arguments inspired by [Fre85] and that were already exploited
in [BM09]. One important novelty is our set of assumptions where we do not
use any Markovian hypothesis and where we only assume that the delay to
exit is uniformly bounded in expectation with respect to the initial time.
Furthermore, we also refine many important estimates of and use a
new final recursion argument which is presented in Section[2.6l This recursion
is crucial in order to recover the bound O|7r‘_>0(|7r\%), in contrast to the bound

Oprso(|m|27%) in [BMO9).

Remark 2.5. Lemma 2.8 below implies the same estimates for (9" (7))?
and (®27(7))?, p > 2, as obtained for &, (1) and ®,™(7) in Theorems 23]
and 2.4

Remark 2.6. Theorems and 2.4 extend to the case where O is the
intersection of countable many (O;);cr satistying the assumptions (P) and

9



(L) for some family of processes (P')ic; with the same L > 1 and r €
(0, L73/4). Indeed, denote by ®;;" and @}, the counterparts of ®y™ and @}
associated to O;, © € I, then we have, a.s.,
Dy(7) < inf () and B (7) < inf & (7)
1€ S

whenever O = N;¢;0;.

Remark 2.7. Take d = 1, O = (—o0,1) € Z = R, # = R, and let
Z = |W]?+ z with 1/2 < z5 < 1. As distance function take an appropriate
d € C*(R) with ¢ constant outside (0,2) and §(z) = 1 — z on [1/2,3/2].
Then the conditions (Z), (P) and (L) are satisfied and ®}(0) = E [6,(0)]
=E [|W90(0)|2} = 1— zy = Py, which coincides with the upper-bound of
Theorem up to a multiplicative constant.

2.3 Freidlin type inequalities on moments of exit times

We start with a-priori estimates inspired by the proof of the exponential
fast exit of Freidlin [Fre85, Lemma 3.3, Chapter 3]: a uniform bound on the
conditional expected times to exit implies the existence of uniform conditional
exponential moments for these exit times. We adapt Freidlin’s arguments to
our setting.

Lemma 2.8. Let assumption (L) hold, p > 1 be an integer, L) := p!LP,
and 7 € T. Then we have

(@5(7)? < ¢, ggPo(7) and (¥F7(1))" < ¢, gy ®o” ()

with ¢, pg) = pL®=V) _ Consequently,

(267 (7))
E, [¢<®5()="]

where ¢ € [0, L71).

Proof. 1. The estimates for ®f(7) and ®5™(7) are obtained in the same way,
we only detail the second one by an induction over p. The case p =1 is an
identity. Assume that the statement is proven for some p > 1. Observe that,
on {0f(1)>t>71}={Vse[rtjNnn:Z, € O}, we have

O5(r)=inf{s >1:sen,Z, ¢ Oy =inf{s >tVr:sen Z, ¢ O}
=05(t V).

10



Hence, for A € F, we can write
E [((I)g-i-lJr(T))p—i—llA}
p+1
= / E [14(65(7) — )" Lig5(r)>e=ry] dt
0

= / E [LaEw- [(65(tV ) =tV 7P| Lig5 (>} ] dt
0
< p!LP—l / E [1AEt\/T[93(t V T) —tV 7]1{96’(7')>t27—}] dt
0

< p!LP/ E [1A1{93(T)>t27}} dt
0
< LWE[1LE, [65 () — 7],

so that the proof is complete because A € F, was arbitrary.

2. The consequently part is now obvious. O

2.4 An a-priori control in terms of the probability of
strictly sub-harmonic paths

Now we provide a control on ®}(7) in terms of the conditional probability of
0 :={2Pb+ |a]* > L7?/2 on [r,0y(7)]}".

Intuitively we can say, the more non-degenerate the process P? from 7 to
0o(7) is, the smaller is the time of exit.

Lemma 2.9. Let assumptions (L) and (P-%) be satisfied. Then there exists
a constant ) = cm)(L, d) > 0 such that, for allT € T,

@y(7) < e Pr [AF]-

Proof. Let E := {P; > 0} € F; so that Py ;) = 0 on £ and ®{(7) = 0 on
E<. Moreover, on E we obtain that

0o (T)
90(7') — T S 1(A6)C2L2/ (2Psbs + |as‘2)d5’ + (‘90(7') — T)]__Ag

0o(7)
= g 2L*(|1Poyn|* — |PT|2)—1(A5)62L2/ 2P,al dw,

+(0o(7) — 7)1z

IN

0o (T)
_1(A5)C4L2/ Psa;rdW8+(90(T) —T)lAg.

11



Using the bound on ®}(7) from assumption (L) and the bounds from as-
sumption (P-), we obtain E [ 1;<s<gy(r)} P2 las|*ds < 0o and, on E,

bo(7) o (7)
_1(A8)6/ PsasTdWS = ET 1”46/ Psa;—dWs

< LPVA P AR (@)())2.

E,

On the other hand, Lemma 2.8 implies

2

E, [(60(r) — 7)1ag] < B3P IAG]E < e, g OH(rIP-LAT]]|

Combining the above estimates and using the inequality ab < a® + ibz gives,
on I,

1

2

(1) < ALVAP A @N(N)F + [, g @0(r)PALA]]

L1 1
< 1GLYd P [AG] + 720(7) + ¢ g PrlAS] + 3 85 (7).

which leads to the required result. O

2.5 Proof of Theorem 2.3

We start by two lemmas before we turn to the proof of Theorem

Lemma 2.10. Let U € {®}, ;™ } and assume that there is a constant ¢ > 0
such that for all 7 € T™ one has that

() < e [Pt Inl?] Losposn + Dlipary,

Then for all 0 < 7 < r there is a dp7g) = dm(r —7,L,d,c) > 0 such
that for all 7 € T one has that

U(r) < dprm, [\PT\ + \WI%] Lip <y + Llr<ipry-

Proof. The case m = R is trivial because ¥(7) < L so that we can assume
that m # R*. Using
U(r) <E, [W(6F) +|7]]

and
E, [|Pys — P|] < L[+ Vd|n|2 = Alr|z,

we can conclude by

v(r)

12



< E. [9(¢7) + Inl] Lgpi<ry + Llg<ipy
< E, [c [qui + |7T\%] 1{0§P¢i§r} + Ll{r<P¢74_r} + |7 Liip <y
+L1 <P,
< [el Pl + e+ 4) + 1] 1p<n
+LP, [r < Pyr, [P < 7] 1gpi<y + Llgaip,p
< [P+ e+ A) + 1]|7T|ﬂ S
+LP, [|Pys = P 27 = 7] 1gp<ry + Llgapop
< |dPrl+ [0(1 +A)+ 1+ %} \WI%} Lyp<iy + Llg<ppy-

Next we control the quantity P, [Af] to make Lemma applicable:

Lemma 2.11. Assume that (Z) and (P) hold. Then for all ¢ > 0 there
exists an n(c) = n(c,r, L,d) > 0 such that

P.LA7] < n(c)P- + ¢ ®}(7) + & (%7’) | as. on {P.e[0,7]}, (5

where 7 € T™ and A := {2Pb + |a|* > L72/2 on [1,0p(7)]}*.

Proof. Let 0,(7) :=inf{t > 7: P, =1} € [0, 00]. Assumption (P-%) implies
2Pb + |a]? > L7%/2 P-a.s. on {|P|V (-, ¢) < r} for r < L73/4. Tt follows
from the restriction 7 € 7™ that on

E = {P, €[0,r]}

we have, P-a.s., that

(Ag)° 2 { sup IPtIST}ﬂ{ sup 7(t>¢tVT)§T}
)

T<t<6o(7 T<t<6o(T)

)

{66(7) < 6.(T)}N { sup  Y(t, ¢ V1) < 7‘} .

T<t<6o(T)

Setting By := {sup,<;<, 0 Y(t, ¢,V 1) <1} for T :=2¢™!, we continue on E
with

P, [A7] P.[AL, 0o(T) < 7+ T, Br| + P [0o(7) > 7 + T) + P,[BS]
P.[0,(7) < 0o(7) < T+ T,Br] + P[0o(7) > 7+ T] + P,[BS]

]P)T[ér(T) <Oo(r) <7+T,Br]+ g Oi(1) + & <§,r) ||, (6)

VARIVAN

IA
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where the last inequality follows from Chebyshev’s inequality and assumption
(Z). To treat the first term in (@l we set, for 7" > 0,

6’& =0(T)ANO(T)N(T+T).
In view of assumption (P) we can define Q ~ P by the density
dQ T
— =H:=&E(—- | N\ dW; ,
dP ( /T ’ ) o

where
Ai=alla| P AL b1 4r ) sothat |\ < L'Wd=: A,

and deduce from Girsanov’s Theorem (cf. [Bicl(, p.163]) that
0

we ::W+1[T,Oo)/ s

is a Brownian motion associated to Q. For any given ¢ > 1 we obtain
P.[0,(7) < 0y(7) < 7+ T, Br]

<P H > (] +E; [H La1<nli, - )<90(T)ST+T}1BT]

<P [H >€]+€QT[T()<90(7)§7+T,BT]. (7)
The first term above can be estimated, by using Chebyshev’s inequality, the
inequality 67, < 6(7), and Lemma

1
L)\ﬁo +2X2, c
e S o(n) < §®5<T>’ ®)

where the last inequality holds by taking the constant ¢ = ¢(c, L, d) large
enough. To handle the second term in (), set

t
M, == E2[P] + 1(;,00)(t) / Liocqr ya, AW for t>0

so that M is a w.i. Q-martingale. Let 6}(7) and 6 (7) be the first hitting
times after 7 of levels 0 and r by M, and set 87" := 0}/ (1) ANOM (7) A (T+T).
Recalling assumption (P), we see that

t

t
1[7700)(1‘,)/ 1{s<9(%rr}a;—>\sd8 = 1[7-700)@)/ 1{s<9(t)rr}bsd8 on BTﬂE.

14



Hence, on BrNE the processes M and P coincide on [, 9({ .|. By the optional
sampling theorem and the non-negativity of (M) tefrpT) 8. on E, we then
deduce '

PTlE = MTlE = Eg(lEMeéw,T) Z 1E7’Q7— (HTM(T) < 9(])\4(7') A (T + T))

> 1,r0Q, (9}(7) <O(r) <T+T, BT) .

Plugging this inequality together with (§]) into (), gives on F that
l(e, L,d)

r

P, [0,(7) < 60(r) < 7+ T, Br| < Sak(r) + P;.
O

Proof of Theorem 2.3l Part (a): For 7 € 7™ and ¢ > 0 Lemmas
and 21Tl imply

03(r) < P [45) < cgzmy [0, + e 24+ (20 In|

a.s. on {P; € [0,7]}. Specializing to ¢ = 1/(2cgrg)) leads to

di(1) < 2cp) [n((2cm))_l)PT + K <4cm,r> ‘7T|:|

on {P, € [0,7]}. On {P. < 0} we simply have ®}(7) = 0, while ®}(7) < L
on {P; > r} by assumption (L). This implies

Pj(7) < 3 |:P7' + |7T|} Lio<p,<ry + L1gcp,y, 9)

where ¢pg) = cpg) (r,L,d,rx) > 0. By a change of the constant cpm) the
assertion follows.

Part (b): Combining (@) and Lemma 210, we derive

- 1
O(7) < dpg) [\PT\ + \WP} L <y + Llg<ipy

for 0 <7 < rand 7 € T, where Jm = Jm)(r, 7,L,d,k) > 0. Observe
that ®}(7) = 0 for P, < 0, thus the above r.h.s. needs to be specialized only
for P, > 0. Then, choosing 7 = r/2 and adapting Jm), we obtain part (b).

O

2.6 Proof of Theorem 2.4

Now we are in a position to conclude the proof of Theorem 2.4l It is based
on a recursion argument. Namely, given 7 € T such that 0 < P, < r, we

15



wait until the next time ¢ in R, such that Z hits the boundary. The time
it takes, ¥ — 7, is controlled by Theorem 23 If Z ot ¢ O, then we stop:
05(r) — 7 < ¥ — 7+ |n|. If not, then we know from standard estimates
(Lemma below) that Pﬁ € [0, 7], up to some event with a probability

controlled by O(|x|2). In this case one can restart the above procedure from
¢y € m. Again, one waits for the next time in R such that Z reaches the
boundary and stops if Z ¢ O at the following time in 7. One iterates this
procedure. The key point is that the probability of the event set {Z ot € O}
is uniformly controlled by some a < 1 (see Lemma below).

Before we start with the proof of Theorem [2.4] we state two lemmas that
are needed. The first one can be verified by Doob’s maximal inequality and
assumption (P-1):

Lemma 2.12. Under the assumption (P-t) one has, for all T € T and
A>0,

1 P e
P, | max |B—PT\2>\} <XET[maX \Pt—PTP] SRV T

r<t<¢t - r<t<¢t A

where eIy = L+ 2VdL.

Lemma 2.13. Let assumptions (Z) and (P) hold. Then there exists an
0 <oapgTy) = am(r, L,d, k) <1 such that, a.s.,

P, [qui > O] <agIy on {7(7‘, 0r) < =, P = 0} S

NN ]

forallT € T and 0 < 7| < eprgy) = eray)(r, L. d, k).

Proof. 1t is sufficient to check for B € F., of positive measure with

BC {y(re) <5, P =0f

that

P [P(ﬁ > 0, B} < opzyP [B].
Let

B = { max (|B|Vy(t, ¢ V7)) < f} nB

r<t<pt 2

so that
Bg{ max ([P V (¢, ér) §7‘}. (10)
T<t<¢7

16



We use assumptions (P), (Z) and Lemma to continue with
P[P+ >0,B]

[ rof oF
= IP/ bsds+/ aldW,>0,B

[ ot
/ aldW, > —L(¢F —7),B| +P[B°N B]

IA
=

[ rof
P / aldW, > —L(¢F — 1), B

IA

r AV T
+ [n (1, 5) 7| + TW] P[B].
Assuming that we are able to show that
oF
P [/ aldW, > —L(¢F — T),B] < 0P [B] (11)

for some 6 = 0(L,d) € (0,1), the proof would be complete as

2 1
P[Py >0,B] < [9+%<1,g) || + C@IW} P [B]

and EEIR) = Em(r, L,d, k) > 0 can be taken small enough to guarantee

IP’[P

,+ >0, B] < aP[B]

for some o = a(r, L,d, k) € (0,1). In order to check (IIl) we let
TVt
Mt = eTVVt/\T +/ d;rdWS

where a5 1= asly, 44y + el 4oy With e = d=2(1,..,1)T. Define A(s) :=
inf{t > 0 : (M), > s}. Applying the Dambis-Schwarz Theorem [RY05] p.
181] yields that B := M, is a Brownian motion in the filtration G = (G;)i>o
defined by G = Fp and M = B;y. One can also check that 7. C Gy, .
Letting 1 := ¢ —7 (which is F;-measurable), observing n < /7 and nL 2 <
(M) 4y — (M), < ndL* on B by assumption (P) and (I0), and taking an
auxiliary one-dimensional Brownian motion B defined on some (ﬁ,ﬁ), we
conclude by

o
P / al dW, > —L(¢F —71),B

=P [B<M> — By, > —L(¢7 —T),B]

o
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< P sup By — By, > —Ln, B
| tE[M)7+nL =2 (M) +ndL?]

< P sup By — By, > —Ln, B
| tE[(M)7+nL =2 (M) +ndL?]

< PxP sup B, > —L\/n,B

| L2 <u<ndL?
PxP sup §u>—L,B

L—2<u<dL?

IN

P[B]

L—2<u<dL?

=: 0P[B].

= I?P;[ sup §u>—L

O
Proof of Theorem 2.4l (a) First we assume that 7 € 7. For i >0
we define

Do :=00(1) , Viy1:=00(dy,), U5 :=065(1), 7, :=05(dy),
E; = {Pﬁi >0}, and A; = No<j<i B € ]:(b;i.
1. From the definitions we obtain for 7« > 0:
a) Viy1 < U7, (by definitions of the stopping times);
b) é5,., < Viy1 + |7| (by the definition of ¢*);

¢) U7, =9V, on Ejyy = {Z@i+1 € O} (since ¢ < V7, on Eiyy);

d) 97, < Vi +|mon (Eiyq)¢ = {Z¢§_+1 ¢ O} (by definition of the stopping

time V7).
Item c) leads to
19?—1—1 = 19?+21Ei+1 + 19?+11[Ei+1]c’
19?—1—1 - gb;: - (19?—1—2 - ¢$i+1)1Ei+1 + (Qs—v}iH - ¢;i)1Ei+1 + (19?4-1 - ¢$i)1[Ei+1}c'
With b) and d) we continue to

ﬁ?—i—l - Qf,i < (19?-1-2 - ¢1—;i+1)1Ei+1 + (ﬁi-i-l + |7T| - ¢$—i)1Ei+1
‘l'(ﬁi-‘rl + |7T| - ¢;i)1[Ei+l]c
= (V2 — 05, ) ey T 71+ (Wi — ¢3,)

18



and

E, (07— 65)1a] < E, [(ﬂz;g %H 1415,

)
+|7T|]P) [( i+1 _¢19 ]-AJ
= E; [(19?4-2 ¢191+1>1A1+1}
|7T|]P) [( i+1 _¢19 ]-AJ

Summing up the above inequalities from ¢ = 0 to : = n — 1 yields
K, [(197{ - ¢$0)1A0} < E; [(1924-1 - ij?_n)lAn}
n—1
+ 3 (17 [Py [A] + Er [(9i41 — 05)14]) - (12)
i=0
2. For o € T set A7 := {v(0, ¢,) < r/2} € F, so that, for i > 1,
P [A] = E, [l 10y, [E]] +—ET[1AFJP¢$71[LqucrwﬁhI
Yilc
< aprgPr A +E, [1“4@'*1%,1 [[A%]° Ei}] ,
because of .7:¢+ C Fy,, Lemma L and Py, = 0 on A;_;. To treat the
second term we take a fixed T'> 0 and use (Z) and (L) to get

Py [MNE] < Py [(300560) > r/2} N {0: < 05, +T}]

i—1

+mhjm>%%+ﬂ

< Pyt sup Y(t, ¢V oy, ) >1/2
o ¢§i71§t§¢>$i71+T
951
<

ST, /Dl + By 0ol /T
< ®k(T,r/2)|7|+ L/T.
By taking 7" > 0 large enough and then £73) € (0, ep13)] small enough such
that I

gty + (T, r/2)ery) + 7= o< 1

and assuming that |7| < £ We obtain P, [A4;] < aP,[A;_1] and, by in-
duction,
P, [A;] <ol forall j>0. (13)
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3. Let us set F; := {Pﬁ_ > r} for i > 0. Because of ¢ € T, applying
@) from the proof of Theorem and using the fact that A; € F,¢ and

assumption (L), lead to

ET [_( +1 ¢19 )]—AJ
Eyi [0~ 6314

ez (Pys )" + |7T|)1Ai711Eiﬂ[Fi]C} + LP; [A; N F]
< E-[ogm (P + 7)1, | + LE, [La Py, [F]],
where A_; := Q. Because Py, < 0, Lemma implies

|
=
s

IN
=
\‘

B, [(P;)"] < cgplrlt and By, () < BB ),
and (I3) yields
E. [(Yix1 — &5,)14,]

E- [Em (Cm‘ﬂ'ﬁ + |7T‘%)1Ai71] + LIP, [Ai_l] ‘

[ak

IA

with D := cpmycpTo) + ce) + Lcm/r. If we insert the last estimate
into (I2) and let n — +o0, then we get

|7T|2+(2—a)D
11—«

Y

E, [(07 — ¢§,)10) < |7[2
where we exploit Lemma 2.8 to check
E, [[07,, — ¢5 [14,] < VIOP, [A,] .
Observe now that
05 (1) = [of, + (9T — &) Lo + O Liag)e < ||+ Do + (07 — ¢, )14,

so that by an application of the previous estimate, (@) and Assumption (L)
we obtain

(1) < oy | Pr + 1712 | Losricn + Ly, (14)

for 7 € T and cpa) = Em)(r,L,d, k) > 0.
(b) We now consider the general case 7 € T. Applying Lemma to
(I4)) we obtain for 0 < 7 < r that

x - 1
o™ (7) < dp [IPTI + |7T|2} P <y + Llgicippy,

where dm) = ddﬂb(r 7,L,d, k) > 0. Taking 7 = r/2 and adapting ddﬂb
we obtain the statement of the theorem.
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3 (General Li-error for exit time approxima-

tions

The main application we develop in this paper is the study of the error made
by estimating the exit time 6 of a diffusion X from a domain O by the
discrete exit time @ of an approximation process X, which can be X itself
or its Euler or Milstein scheme etc, computed on a grid 7. We only assume
that the corresponding distance processes remain close, at least at the order
|7_r|% in L;. If X exits before X, then our assumptions imply that X is close
to the boundary as well. If we also know that the expectation of the time
it takes to the approximation scheme X to exit the domain is proportional
to its distance to the boundary up to an additional term |77'|%, then we can
conclude that E[|§ — 0|1(5<4] is controlled in |7|2. The same idea applies
if X exits before X. In this section, we show how Theorems and 2.4]
are used to follow this idea. We start with an abstract statement and then
specialize it to the case where X solves a stochastic differential equation and
X is its Euler scheme.

3.1 Upper-bound in an abstract setting

We fix an open non-empty subset O of a metric space (Z,dz), satisfying
the assumptions of Section 1], and two Z-valued processes X and X. We
consider the first exit time 6y := 6y(0) of X on 7 := R, and 5 := 05 (0) of
X on 7 C R, (where 7 satisfies the conditions of Section 2.1]), i.e.

Op :=inf{t >0 : X, ¢ O} and O :=inf{t>0 : t€7and X, ¢ O}.

We let ¢ and ¢t be the functions defined in () associated to 7.

We also fix a distance function 6 : Z — R such that 6 > 0on O, 6 =0
on 90, and § < 0 on O°, and set P :=§(X) and P := §(X).

Throughout this section we assume that the assumptions (Z), (P) and
(L) of Section 2 hold for (X, 7, P), (X, 7, P), and § with the same (r, L, k).
Obviously, the estimate contained in (Z) is trivial for (X, m, P) since 7 = R
and ¢ is the identity.

Theorem 3.1. Assume a stopping time v : Q — [0, 00| and some p > 0 such
that

E[|Py— Pyl <pla|z forall 9 €T with 9 <6 Av. (15)
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Then for all integers p > 1 there exist B = cm(r,L,d, K,p,p) > 0 and
@D = 5@(7", L,d, k) > 0 such that, for |7| < EET)
E [|[60 A v] = [05 A )] < ey |7
Proof. Define vy := 0y A v and vy := ég A v. We observe that
Ego [[vo —00]"] < (@5(00))”  on {vg > v},
Ey, [[00 —v0]"] < (25" (v0))” on {vg < v}
and continue with Lemma 2.8 to get
El_)o [[UO — ?_Jo]p] S p!Lp_lq)(l)(T_}()) on {UO Z ?_)0},
E., [[To — vo]?] < plLP7® ™ (vy) on {vy < o}
Applying Theorem to (X, m, P) and 7 = 0y we get
Eﬁo [[UO - @0]17] p!Lp_lcmpﬁol{Pﬁo >0}

<
< p!Lp_lcm\P,;o — Py

on {vg > ¥y}, where we use that on {vy > Tp} we have vy = 05 and therefore
Py, = pgg < 0. Consequently,
Es, [[vo — D0]?] < p!Lp_lcm\P,;o — Py, | on {vg > 0o}
Applying Theorem 24 to (X, 7, P) and 7 = vy implies
_ = _1
Eu, [[00 —vol!] < plLP dgzg[|Po| + |7]7]
= pIL" 'dggl|Pey — Puol + 7]
on {vy < Uy}, where (similarly as above) on this set vy = 6y and therefore
P,, = Py, = 0. Letting ¥ := vy A Uy, the above inequalities imply
Ey [|vo — ol"] < plLP ey V d) | 1P — Pol + |72

which, by Assumption ([IH]), leads to the desired result. O

We conclude this section with sufficient conditions ensuring that ()
holds. In the following, |||/, denotes the L,-norm for ¢ > 1. The proof being
standard, it is postponed to the Appendix.

Lemma 3.2. Assume ¢, 7 € T such that 0 <9 < 7.

(a) We have that

o0

s (X0, X)), < inf > Plr=A

g—1 _
o || sup dz (X, Xy)
telk,k+1)

q
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(b) Assume a > 0,0 < < o0, 1< q<o0, and Q(+,q) : {0,1,2,...} — R,
such that

(i) Plr >kl <ae P fork=0,1,2,..,

(i) [|[supregpiin dz (Xo, Xo) ||, < QR @)l7* for k= 0,1,2,..
(iit) ¢ 1= 223, " Qk, ) < oo,
Then one has ||dz (Xy, Xy)||, < al_%c\ﬂ% = O(|7]2).

Here we have some kind of trade-off between the decay of P[r > k], mea-
sured by /3, and the growth of HSUpte[th) dz (Xt, Xt) Hq measured by Q(-, -).

In the product eﬁ(%_l)kQ(k, q) the factor Q(k, q) is thought to be increasing

in ¢, but the factor ¢’ (G-1)k decreases as 3 and ¢ increase.

Combining Theorem B.1] and Lemma [B.2] and using
[Py — Py = 6(Xy) — 6(Xp)| < Ldz (Xo, Xy) ,

gives the following corollary.

Corollary 3.3. Let v be a stopping time. Assume that the conditions of
Lemmal3.4(b) are satisfied with T = 6yAv, and let p > 1 be an integer. Then
there is a ¢ > 0, depending at most on (r,L,d,k,p,«, 5,q,Q), such that

E [[[foAv] — (G5 A0]P] < |7|F whenever |7| <egmy

with ey > 0 taken from Theorem [l

3.2 Application to the Euler scheme approximation of
the first exit time of a SDE

Now we specialize the discussion to the case where Z = R? endowed with the
usual Euclidean norm |-| and where X is the strong solution of the stochastic
differential equation

t t
X = xg —|—/ pu(Xs)ds +/ o(Xs)dW;
0 0

for some fixed xq € O, where (p,0) : R — (R4, R%*4) satisfy

Assumption 3.4. There exists 0 < L,, L, < L such that, for all z,y € R?,

l(x) — p(y)l < Lule —yl,  o(z) —o(y)| < Lelz —yl,

and ()| + |o(2)| < L.
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Remark 3.5. As usual some rows or columns of o can be equal to 0. In
particular, the first component of X can be seen as the time component by
setting the first entry of u equal to 1 and the first row of o equal to 0, i.e. X; =
(t, X?) where X” is a diffusion process in R%~!. This allows to consider time
dependent coefficients (where one could investigate to what extent weaker
assumptions on the first coordinate of u and o, like 1/2-Hélder continuity,
would be sufficient for the purpose of this paper). This formalism allows also
to consider time-dependent domains as in [GMI0], i.e. O = -, ({t} x O))
where (0?);>0 is a family of domains in R**. Then the distance function
§((t,2”)) shall be the signed spatial distance to the boundary O).

In the following we denote by D§ and D?§ the gradient (considered as
row vector) and the Hessian matrix of d, respectively. To verify condition
(P) we use the following sufficient assumption:

Assumption 3.6. There exists a bounded C} function 6 : R? — R such that
§>00n0,6=00n00 and § <0 on O°, which satisfies |DS| < 1 and the
non-characteristic boundary condition

|DS o| >2L7" on {|5] < r}. (16)

Note that this condition is usually satisfied if o is uniformly elliptic and
the domain has a C? compact boundary, see e.g. [GiTr01].

We let X be the Euler scheme based on the grid 7, i.e.

¢ ¢
X, =z + / (X3, )ds + / o(Xg,)dWs. (17)
0 0

We are now in a position to state the main results of this section, whose
proofs are postponed to the end of the section. Note that a sufficient condi-
tion for the assumption (I8) below is given in Lemma [A4l See also [Fre85,
Chapter 3].

Theorem 3.7. Let the Assumptions and [3.4 hold and assume that
E. [|65(T) — 7|+ |6o(T) = 7|] <L forall T€T. (18)
Let v be a stopping time with values in Ry U {oco}. Assume that there are
p>0,4<q<oo, and B > qq_—dl(6Lu + 3qL?%) such that
P [GoAv > k] < pe % for all k =0,1,2, ...

Then there exist c,e > 0 and, for any integer p > 1, a constant ¢, > 0 such
that, for |7| <e,

1

E [[[foAv] — [G5A0]P] < 7|7 and (E [|X9W —ngﬂ)ﬁ < c |7k
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Remark 3.8. Assuming (for example) v = oo, for the purpose of this paper
the estimate E [|0) — 05]?] < ¢,|7|? is sufficient, as we know from [Goh00,
IGM10] that it can not be improved for p = 1. However, it would be of interest
to find the optimal exponents a,, > 0 such that E [|0y — 05|P] < ¢,[7|*, in
the case p > 1. This is left for future studies.

In the case where we are only interested in a finite horizon problem, then
the integrability condition (I8]) is not necessary.

Theorem 3.9. Let the Assumptions and [F8 hold. Fix T > 0. Then
there exist c,e > 0 and, for any integer p > 1, a constant c, > 0 such that,
for |7 <e,

1

E[|[0AT] = FATIF] < ¢ |72 and (E || Xoonr = Xggorl?] )" < e [

Remark 3.10. The main aim of [BM09] was to study the strong error made
when approximating the solution of a BSDE whose terminal condition is of
the form ¢(Xp,ar), for some Lipschitz map g and 7' > 0, by a backward
Euler scheme; see [BM09] for the corresponding definitions and references.
Theorem complements [BM09, Theorem 3.1] in which the upper-bound
takes the form Ow_m(|7’r|%_5) forall 0 < £ < 1/2. Moreover, the upper-bound
of the second inequality of [BM09, Theorem 3.3] is of the form Oz —o(|7| 179)
for all 0 < e < 1/4. This comes from the control they obtained on the exit
time of their Theorem 3.1. With Theorem B.9]of this paper it can be reduced
to O‘,—T‘_>0(|7_r\i). Our results open the door to the study of backward Euler
type approximations of BSDEs with a terminal condition of the form g(Xj,),
i.e. there is no finite time horizon 7" > 0. This will however require to study
at first the regularity of the solution of the BSDE, which is beyond the scope
of this paper.

Proof of Theorems 3.7 and (a) Theorem B.7] is an immediate con-
sequence of Lemmas [3.2] [A.J] [A.2] and [A.3] (see the Appendix below) and
Corollary B.3l

(b) To prove Theorem we verify that condition (I8]) can be avoided
when the time horizon is bounded. First we extend R? to R%*! equipped
with the Euclidean metric and consider a function ¢ € CZ(R) such that

1. 0 <0 and p(0) =0,
2. o is strictly increasing on [—2L, 0] and strictly decreasing on [0,2L],

3. o=—Aon [-2L,2L]° for some A > L,
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4. Do=1on [-L—(r/2),—(r/2)] and Do = —1 on [(r/2), L + (r/2)].

Note that our assumptions 0 < r < 1/(4L%) and L > 1 guarantee the
existence of such a p. Moreover, we can assume that |6|, < L as P and P
take values in [—L, L] only. We define the Lipschitz function 6% : R4 — R
by

0% (x,y) = d() + o(y)

and extend the open set O to an open set
OF .= {* > 0} C R,
By our construction we have that
1. B # O# C O# C R,
2. 0% C R4 x [-2L,21],
3. 6% is a distance function for O in the sense of Assumption (P).

Assume an auxiliary one-dimensional Brownian motion B = (B;);>0 on a
complete probability space (€', F’,P') and define Q := Q x Q' equipped with
the completion F of F ® F' with respect to P := P ® P'. We extend the
processes W, B, X and X canonically to Q (where we keep the notation of the
processes) and define the additional process Y by Y, := By,r— Br. The right-
continuous augmentation of the natural filtration of the (d + 1)-dimensional
Brownian motion (W, B) is denoted by (F;)i>o. Therefore, letting

X* = < if ) o X7 ( ;)f ) . and (P#, PF) = (6%(X7), 6%(X7)),

we obtain a setting that fulfills the assumptions of this paper. Now we check
that (X7#, 7, P#) and (X7#, 7, P#) satisfy the conditions (Z), (P) and (L)
with possibly modified parameters (k, L, 7).

Assumption (Z): For (X# m, P#) the assumption is trivial, the case
(X#, 7, P*) follows from the proof of Lemma [A1l

Assumption (P) for (X#, 7, P#): The process P¥ admits an [t6 decom-
position

dP# = b#dt+a#Td< Vg ) ,

where b7 is uniformly bounded and

AT .:<D6<X>0<X> 0 )
‘ (0,...,0)  Do(Y) L
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is also bounded. The condition (P-#i) follows from the observation that
|67 < r/2 implies either 6| <7 or r/2 < |o| <r/2 + L.

Assumption (P) for (X#, 7, P#): Similarly, using (P-42) for /2, implies
that |P;| <r and |X; — Xy,| <7/2,0r 7/2 < |o| <7/2+ L.

Assumption (L): It is sufficient to check the exit time of the process Y’

from [—2L,2L] computed on 7. This follows by the arguments of the proof
of Lemma [A.4]

Finally we observe that Py = PjT, Par = PMT, O NT = 9# AT,
and 0 AT = 637 AT, where the quantities without # are taken with
respect to (X, X, O) and the other ones for (X#, X#, O#). This implies that

1
E [|[90/\T] _ [ég/\THP} < ¢ |7_r‘% and therefore (E [\X(;OAT - X@gAT‘2:|> " <
¢ |73, -

A Appendix

A.1 Proof of Proposition [2.2.

(L)<=(L’): The condition (L) obviously implies (L’). Conversely, since
;7 (7) < E, [057(67)] +|r|, where |7 < 1, and &5 (¢7F) = 0 on {Py+ <0},
the assumption (L’) implies that &y (1) < L' +1 for all 7 € T.

(L)<=(L”): Indeed, (L) implies (L”) by Markov’s inequality applied
to the level ¢ := L/a for a given a € (0,1). Conversely, the fact that
05 (1 + ke) = 05 (1) on {05 (1) > 7 + kc} implies that
P05 (1) > 74 (k+ 1)c] = By [Lig5(r)2 k) Prael0F (T + k) > 7+ (k+1)d]].

Applying (L”) inductively, allows us to conclude that the left-hand side
above is controlled by o**!. Tt follows that

E-[65(r) —7] < c+e) P 65(r) =7+ (k+ 1)

k>0

< c+cZak+1 =c/(1—a)=: L.
k>0

This proves that (L”) implies (L). O

A.2 Proof of Lemma

(a) For ¢ > 1 we simply observe that

|dz (X, Xo)||, < ZE sup  dz (Xp, Xy) Loeprer)
telk,k+1)
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oo

< E:IEDWG[/7<:,/7<:+1)]%1 sup  dz (X;, Xy)

=0 telk,k+1) ;
< Y Plr=HT | sw ds (X, X))
=0 telk,k+1) .
(b) follows immediately. O

A.3 Verification of the assumptions for the Euler scheme

approximation

All over this section, we work under the framework of Section B.2. We start
with the condition (Z) that is - in a sense - independent from the set O.

Lemma A.l. Under the Assumption the processes X and X satisfy
condition (Z), where the function k : Ry x (0,00) — R, depends at most on
(L, d).

Proof. For the process X with the time-net 7 = R, it is trivially satisfied.
Let us fix 7 € T, A € F. of positive measure, T' > 0 and set

Y= X, rla fort e [0,1].
For 2 < p < oo Assumption 3.4] implies that
E[|Y, = YiP] < c[T” + T?]Jt — 5|2 P[A]

for some ¢ = ¢(L,d,p) > 0 independent from the choice of A € F,. Fix

ae (01— %) Then it follows from the continuity of ¥ and (the proof of)

Kolmogorov’s theorem in [RY05, Theorem 2.1, p.26] that

Bl s - X P| < Bl s rovp

r<t<r+T [t—s|<|z|/T
|7|Pe |V = Y|P
< 14 sup =1 7 on
Tr lt—s|<|xl/Tss,0en ([7T]/T)Pe
—|pa Y, — Y; p
< 7] E {1,4 sup g]
Tre 0<s<t<listeD |t — s[P*
_ ipa
< e+ THR]

where ¢ = (¢,p,a) > 0 and D C [0, 1] are the dyadic points. Choosing
p=6and a=1/6¢€ (0,5 —1)=(0,2) gives

2 p

E.| sup |X;— X&MV] < d[T° + T?|x|

T<t<7+T
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and

_ _ /T5 T2
P, | sup |X;— X5, >p| < w\ﬂ for p > 0.

T<HSTHT PP
O
The next lemma is similar to [Avi07, Theorem A.1], which however in-
volves a T? term in the exponent, while we need a linear term. It corresponds
to the condition (b-ii) of Lemma

Lemma A.2. If Assumption[3.4) holds, then one has for all 4 < q < oo that

< Q(T,q)|7|,

q

sup ‘Xt - Xt‘

te[0,T

where Q(T, q) := cQq(T)e*™ with ¢ > 0 depending at most on (q, L, L,,, L,, d),
a non-negative polynomial Q,, and « := d(6L, + 3qL2).

Proof. 1. Let 2 < v < 0o and set A := X — X. It follows from It6’s Lemma
that

S d S
A2 = /0 20| AP A dAL + Y /0 0| A2 2d(AY,
i=1

d S
+> 2w - 1)/ AN AP (AT A,

ij=1 0
Under Assumption B4 we obtain
E [|A*]
< [ 2B AP ) - (X)) du

0

—I—/Osv(l +2d(v—1))E [|Au|2”_2|a(Xu) — U(X(;u)|2} du

IN

A [ TR AP (180 + 1K, - Xa)] du

+8 [ B AP+ 1~ X, ]

= [A+ B] /OSEHAUFU} du+A/OSIE[|Au|2”_1|Xu—X¢u\] du
+B /OSE A2 X, — X3, 7] du

for A:=2vL, and B :=2v(1 + 2d(v — 1)) L2 < 6dv*L2. Exploiting

20—1
2v

v—1| v % v 1 \ v
|Au* Xy = X5,| < Al + 5| X = X5, |7
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and v—1 1
‘Au‘2v+_|Xu_X¢§u‘2v
v v

‘Au‘2v_2‘Xu o X$u|2 S
we arrive at
E [|A[*]

-1
v

IN

{A+B+AQU2 +B”_1}/ E [|Au*] du
v 0

A B s - S 2

éJFE}/ E[| X, — X5,1*] du
v1Jo

< o) [E A hes [

< 12d[vL, +v*L2] / E [|AL*] du
0

+6d[L, +vL2) / E [|X, — X% du.
0
Exploiting

sup B [| X, — X5, 7] < |7
u>0

for some constant ¢, = ¢(v, L) > 0, where we use the boundedness part of
Assumption [3.4] we derive

E [|A*] < 12d[oL, + v*L2] / E [|A*"] du + 6d[L, + v]sc,|7["
0

and, by Gronwall’s Lemma,

E [|A,*] < 6d[L, + vL2]c,set 2ol LE] 7 .

2. Using the It6 decomposition of |A|* and the Burkholder-Davis-Gundy and
Hélder inequalities, we obtain (for another constant ¢, = (v, L, L,) > 0)
that

T

E [ sup |A8|2”} < [T+ T”/2_1]/ E [|A> + | Xy — X5, %] du
0<s<T 0

&, [T% + T2 |" ey + 6d[Ly, + vL2]c,e! 2T hutr?La]]

<
< de, [T°+T"?|[1+6d[L, +vL2]] 12T Lut? L3 ] 7 o
Consequently, for ¢ > 4,

< C(q, L, Ly, Ly, d)Qq(T)eTH60u 3413 1725

q

sup A
0<s<T

Now, we verify assumption (P):
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Lemma A.3. Let the Assumptions and [3.8 hold. Then P and P sat-
isfy the condition (P) for r > 0 small enough and L > 1 large enough,
independently of |T|.

Proof. First we apply It6’s Lemma to obtain that dP, = b,dt + a; dW,; with
_ _ _ 1 _ _ - _ _
by := DO(Xy)p(Xg,) + iTr[(aaT)(ngt)Dzé(Xt)] and a, := D§(Xy)o(Xy,).

Up to an increase of L in Assumption (P) (which potentially leads to a
decrease of r to satisfy 0 < r < 1/(4L?)), condition (i) is satisfied because
S, 1, 0, D6, D?§ are bounded. Since Dd is bounded by L and o is L-Lipschitz,

Consequently,

|D5(Xt)U(Xt)| - ‘Dé(Xt)U(X&t) - D(S(Xt)a()zt)}
|D6(Xy)o(Xy)| — LP| X, — X$t|-

lay >
>

For |P| <r, |X;— X;,| <rand 0 <r < 1/(4L?%) this finally gives |a,| > 1/L
so that P satisfies (P-4%). The argument for P is analogous. O

We finally consider consider the Assumption (L). Conditions of type (19)
below can be found in [Fre85, Chapter 3].

Lemma A.4. Let Assumption [3.4] be satisfied and assume an R > 0 and a

non-increasing function ¢ : [0, 00) — (0, 00) with limy_, (1) = 0 such that
supP [05(R) > T] < (T) forall T >0, (19)
€O

where the open set O(R) := O + By (Bg is the open ball centered at zero

with radius R > 0) satifies O(R) € O(R) € R? and 6%(R) = inf{t > 0 :

Xz & O(R)} for x € O with (XF)o being the diffusion started in x € RY.

Then there ezist € € (0,1] and a constant K > 0 such that |7| < & implies

E. [65(7) = 7] + E; [6o(T) = 7| < K forall T€T.

Proof. We only consider the estimate which involves 67 (7) (the other one
follows directly from Proposition 22)). By Proposition 22 the case 07 (1) can
be reduced to find a € (0,1) and ¢ > 0 with

P, [9{}(7’) —7> c} <a forall T€T. (20)

Because for ¢ > 1 one has

P, [05(r) = 7 = c] <E. [Py [07(6F) — 6 2 c—1]],
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it is sufficient to check ([20) for 7 € T7. Given 7 € T7, we let
_ t t
Xt :ZL’0+/ ,[Lsds—‘—/ 5’8dW8
0 0

with 1, == 10 (t)(X3,) + Lre)(t)p(X;) and with the corresponding defi-
nition for 7. Let y(7, R) := mf{t >7:X, ¢ O(R)}. Forc>2and 7€ T"
with |7] < &, where £ € (0, 1] is chosen at the end of the proof, we get from
Lemma [A.2 applied to ¢ = 4 and some Ty > 0, for a set A € F, of positive
measure with A C {7 = t} N {X[ € O} (note that 7 takes only countable
many values) that

P[AN{65(T) — 7 > c}]
= PlAN{65(t) —t > c}]

< PIAN{Oo(t,R) —t > ¢/2}]

+P [A N {|Xéo(t,R) — Xoory| = R/Q}}

+P [Am {|X¢>§ - — Xoory| = R/Q}]
< PI[A] {sggP[@é”(R) > ¢/2]

g P X~ Kl 2 /2] + G |
<

PLA] | supPI65(0) = /2] + sup P65 () = T

z€0 zeO

. (L),
s P (1K, = Kfoan) > R12] +

< pife (5) + o+ (Zemamn) 4“2,

where X®7 is the Euler scheme for X* based on the net 7. First we choose
¢ > 2 and Ty > 0 large enough, then £ small enough in order to arrange (20])
for all 7 € T™ and some a € (0, 1). O
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