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ERGODIC APPROXIMATION OF THE DISTRIBUTION OF
A STATIONARY DIFFUSION: RATE OF CONVERGENCE

BY GILLES PAGES AND FABIEN PANLOUP
UPMC and Institut de Mathématiques de Toulouse

We extend to Lipschitz continuous functionals either of the true paths or
of the Euler scheme with decreasing step of a wide class of Brownian ergodic
diffusions, the central limit theorems formally established for their marginal
empirical measure of these processes (which is classical for the diffusions
and more recent as concerns their discretization schemes). We illustrate our
results by simulations in connection with barrier option pricing.

1. Introduction. In a recent paper [19], we investigated weighted empiri-
cal measures based on some Euler schemes with decreasing step in order to ap-
proximate recursively the distribution P, of a stationary Feller Markov process
X := (X;)r>0 with invariant distribution v (see also [15-18, 20, 21] or [27] for the
marginal case where only v is approximated, with decreasing or constant step). To
be precise, let (X 1)r=0 be such a Euler scheme, let (I'y)x>1 denote its sequence of
discretization times and let (nx)x>1 be a sequence of weights. On the one hand,
we showed under some Lyapunov-type mean-reverting assumptions on the coef-
ficients of the stochastic differential equation (SDE) and some conditions on the
steps and on the weights that

1 L _
=(n) _
vii(w, F) = e F (X1 +.)
m+---+nn,; o
(1.1)

n——+00

— Py(F) = /E[F(Xx)]v(dx) a.s.

for a broad class of functionals F including bounded continuous functionals for the
Skorokhod topology. On the other hand, in the marginal case, that is, when F(«x) =
f(«(0)), then the procedure converges to v( f). When the Poisson equation related
to the infinitesimal generator has a solution, this convergence is ruled by a central
limit theorem (CLT); this has been extensively investigated in the literature (for
continuous Markov processes, see [5]; for the Euler scheme with decreasing step
of Brownian diffusions, see [15, 17]). As concerns Lévy driven SDEs, see [22].
Our aim in this paper is to extend some of these rate results to functionals of the
path process and its associated Euler scheme with decreasing step, that is, to study
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the rate of convergence to P, (F) of (% fé F(Xs+.)ds);>1 and G (w, F))u>1,
respectively. Here, we choose to assume that (X;);>0 is an R9-valued process so-
lution to

(1.2) dX;=b(X;)dt +o(X;)dW,,

where (W;);>0 is a g-dimensional Brownian motion and b and o are Lipschitz
continuous functions with values in R? and My 4, respectively, where My , de-
notes the set of d x g-matrices. Under these assumptions, strong existence and
uniqueness hold and (X;);>0 is a Markov process whose semi-group is denoted by
(Pr)r=0- We also assume that (X;);>0 has a unique invariant distribution v and we
denote by IP,,, the distribution of (X;);>0 when stationary.

Let us now focus on the discretization of (X;);>o. We are going to introduce
some continuous-time Euler schemes with decreasing step; denoting by (I';),>0
the increasing sequence of discretization times starting from I'g = 0, we assume
that the step sequence defined by y, :=1", — [',—_1, n > 1, is nonincreasing and
satisfies

n
(1.3) lim y,=0 and T,=3 y"% foo.

n——+00 =1

First, we introduce the discrete time constant Euler scheme (X r,)n>0 Tecursively
defined at the discretization times I';, by X¢ = xo and

(1.4) Xr,., = Xr, + Yap16(Xr,) + o (Xr,, )(Wr,,, — Wr,).

There are several ways to extend this definition into a continuous time process.
The simplest one is the stepwise constant Euler scheme (X;);>o defined by

VneN,Vte[l,,Thy1) X, =Xr,.

The stepwise constant Euler scheme is a right continuous-left limited process (re-
ferred as cadlag throughout the paper, following the French acronym). This scheme
is easy to simulate provided one is able to compute the functions b and o at a rea-
sonable cost. One could also introduce the linearly interpolated process built on
(X r, )n>0 but, except for the fact that it is a continuous process, it has no specific
virtue in terms of simulability or convergence rate.

The second possibility to extend the discrete time Euler scheme is what we
will call the genuine Euler scheme, denoted from now on by (&;);>0. It is defined
by interpolating the two parts of the discrete time scheme in its own scale (time,
Brownian motion). It is defined by

Vi € N,Vt € [Ty, Top1)
(1.5) B _ _
§&=Xr, + @ —Twb(Xr,) +o(Xr,) (W, — Wr,,,).

Such an approximation looks more accurate than the former one, especially in
a functional setting, as it has been emphasized—in a constant step framework—in
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the literature on several problems related to the Monte Carlo estimation of (a.s.
continuous) functionals of a diffusion (with a finite horizon) (see, e.g., [7], Chap-
ter 5). This follows from the classical fact that the L”-convergence rate of this
scheme for the sup norm is of order ,/y instead of ,/y logy for its stepwise con-
stant counterpart (where y stands for the step). On the other hand, the simulation of
a functional of (&;);¢[¢,z+7] is deeply connected with the simulation of the Brown-
ian bridge so that it is only possible for specific functionals (like running maxima,
etc.).

A convenient and synthetic form for the genuine Euler scheme is to write it as
an Itd process satisfying the following pseudo-diffusion equation:

t t
(1.6) & = xo +/0 b(g,) ds +f0 o (&) dW;,
where
(1.7) t=Tne  with N(t) =min{n >0, Tpy1 > 7).

Taking advantage of this notation for the stepwise constant Euler scheme, one can
also note that

VtER+ X;:XL.

When necessary, we will adopt the more precise notation X* ) for a stepwise
constant continuous-time Euler scheme to specify starting at x € R at time 0 with
a nonincreasing step sequence (h,),>1 satisfying (1.3).

Since we will deal with possibly cadlag approximations of continuous pro-
cesses, we will introduce the spaces Dy (Z, R9) of R9-valued cadlag functions
on /=Ry or [0,T], T > 0, endowed with the topology of the uniform conver-
gence on compact sets, rather than the classical Skorokhod topology (see [6]). In
fact, one must keep in mind that if «: [ — R? is a continuous function and (c;,)
is a sequence of cadlag functions, oy, KaiffaSa (with obvious notation).
Furthermore, usual Skorokhod distance dsk (so-called J; and J, topologies) on
D([0, T], R?) all satisfy

dsk(a, ) < lla — Blir := sup |a(r) — B(1)]
t€[0,T]

so that any functional F :ID([0, T'], Rd) — R, which is Lipschitz with respect to
such a distance dsk, will be Lipschitz continuous with respect to || - |7 (hence,
measurable with respect to the Borel o-field induced by the Skorokhod topology).
At this stage, we need to introduce further notation related to the long run be-
havior of processes (or simply functions). Let §,(dB) denote the Dirac mass at

a e DR, R?) and o™ := (oty+1)r>0 denotes the u-shift of «.
We will see below that our aim is to elucidate the asymptotic P(dw)-a.s. weak
behavior of the empirical measures % fé 8y (w)(dB) ds as t goes to infinity, where
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Y will be the diffusion X itself or one of its (simulatable) Euler time discretiza-
tions. This suggests we introduce a time dicretization at times I",, of the above time
integral like we did to define the Euler scheme. This leads us to introduce, for any
o € D(R4, RY), the following abstract “Euler” empirical means:

7, df) = — LS sy (@) = - / 8 (dB) ds.

” k=1
Then, for a functional F defined on D(R, RY) and « € D(R,, RY),

P F)= [ o o OV @) = LS ()

n k=1
/ «®)d
T,

In the following, we will use this sequence of empirical measures for both stepwise
constant and genuine Euler schemes. Compared to [19], this means that we assume
that the sequence of weights (n,) satisfies n, = y, for every n > 1.

ADDITIONAL NOTATION. I> (x,y) = > ; x;y; will denote the canonical inner
product and |x| = /{x, x) will denote Euclidean norm of a vector x € R<.

> Let A = [a;;] € My 4 be an R-valued matrix with d rows and g columns.
A* will denote the transpose of A, Tr(A) = > ;a;; its trace and [|A| :=
VTI(AA%) = (2 al.zj)l/z. If d = g, one writes Ax®? for x*Ax.

2. Main results.

2.1. Assumptions and background. We denote by (F;);>¢ the usual augmen-
tation of o(W,,0 < s <) by P-negligible sets. Since b and o are Lipschitz
continuous functions, equation (1.2) admits a unique (F;);>p-adapted solution
(X7)i=0 starting from x € R?. More generally, for every u > 0 and every finite

JF.-measurable random variable &, we can consider (X ,(u)’E)tzo, unique strong
solution to the SDE:

2.1) dY, =b(Y)dt + o (¥,)dW™,  Yy=

(1]

’

where Wt(”) = Wy4s — Wy, t >0, is the u-shifted Brownian motion (independent

of 7). Note that X* = X" and that X% can be also defined through the flow
of (1.2) by setting

X(u) o) _ (Xt(u),x)
Throughout this paper, we consider a measurable functional F : Dy ([0, T], RY) —
R. We will denote by F7 the stopped functional defined on Dy (R, RY) by
Va € Dye(Ry, RY),  Fr(e)=F(a’)

.
[x=E

(2.2)
withal (1) =a(t A T), t>0.
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Let us introduce the assumptions on F'.

(c }p): F:Dy ([0, T], ]Rd) — R is a bounded and Lipschitz continuous func-
tional.

We set

fr) =E[Fr(X)]=E[F(X;,0<t<T)].

It is classical background (see, e.g., [12]) that, under the Lipschitz assumption on
b and o, E[supte[o’” | X — Xtyl] < Cpo.rlx — y| so that fr is in turn clearly
Lipschitz continuous. Additional regularity properties (like differentiability) can
be transferred from fr provided F, b and o are themselves differentiable enough
(see, e.g., [12]). Furthermore, it follows from its very definition and the Markov
property that

v(fr) = Py(Fr) = / E[Fr(X*)]v(dx).

(C%): There exists a bounded C2-function gF: R4 — R with bounded Lipschitz
continuous derivatives such that

Vx € R? fr(x) —v(fr) = Agr,

where A denotes the infinitesimal generator of the diffusion (1.2) defined for every
C?-function f on R¥ by

Af () = (V£,b)(x) + 3Tr(0* D fo (x)).
REMARK 2.1. In fact, we need in the sequel that fF satisfies a CLT for the
marginal occupation measures which follows (see [15, 22]) from assumption (C 127)

combined with a Lyapunov stability assumption [such as (S, ,) introduced below].
Namely, we have for a class of regular functions f satisfying f = Ag + C

1 t
2.3) Vi [ raxds - v<f>) £ NO,0)

2
n—+00
and as soon as ) y_, \}/—1’:_]( —0,

1 .
2.4) Jﬁ(F—Zykf(er_l) —”(f)> rﬁzN(O, 7P,

k=1

where
o2 = /Rd 10V g(x)Pv(dx) = —2/g(x)Ag(x>v(dx)

and £ denotes the weak convergence of (real valued) random variables. For details
on results in these directions, see [5] for the continuous case and [16, 17, 22] for
the decreasing step Euler scheme.
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Checking when assumption (C%) is fulfilled is equivalent to solving the Poisson
equation Au = f on R?. When f has compact support, well-known results about
the same equation in a bounded domain lead to assumption (C ) when the dif-
fusion is uniformly elliptic (see, e.g., [13], Theorems III.1.1 and III.1.2). Such an
assumption on fr is clearly unrealistic. In the general case, in [23, 24] and [25],
the problem is solved under some ellipticity conditions in some Sobolev spaces
and controls of the growth are given for u and its first derivatives. Finally, when
the diffusion is an Ornstein—Uhlenbeck process, one can refer to [15] where the
problem is solved in C>(R?).

Let us now introduce the Lyapunov-type stability assumptions on SDE (1.2).
Let & Q(Rd ) denote the set of essentially quadratic functions, that is, C2-functions
V:R? — (0, o) such that

Iim V()= VV| < CvV and D?V is bounded.
|x]—4o00
Note that since V is continuous, V attains its positive minimum v > 0 so that, for
any A, r > 0, there exists a real constant C4 , such that A4+ V" < Cy ,V'.

Let us come to the mean-reverting assumption itself. First, for any symmetric
d x d matrix S, set A}r :=max(0, Ay, ..., Ag) where A, ..., Ag denote the eigen-
values of S. Let a € (0, 1] and p € [1, +00). We introduce the following mean-
reverting assumption with intensity a:

(Sa,p): There exists a function V € £ O(RY) such that:

(i) 3C, > 0 such that |b|> + Tr(co*) < C, V4,
(ii) there exist B € R and p > 0 such that (VV,b) + A, Tr(co*) <
B—pVe,

where A, := 2 SUp, crd M- The function V is then called a

D2V (x)+(p—1)(VVRVV)/V"*
Lyapunov function for the diffusion (X;);>o.

In Theorem 3 of [16], it is shown that this assumption leads to an a.s. marginal
weak convergence result to the set of invariant distributions of the diffusion. When
p > 2 and the invariant distribution is unique, this result reads as follows.

PROPOSITION 2.1.  Leta € (0, 1] and p > 2 such that (S, ) holds. Then,
1 & -
(2.5) sup— > w VPPN (X ) <400 as.
Let v denote the unique invariant distribution of (1.2). Then, a.s.,
= Z v f X )" =3 v(f)
L k=1

for every continuous function f satisfying f(x) = o(VPI2Ha=1(x)) g5 |x| = +o0.
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REMARK 2.2. Inthecase V(x) =1+ |x|2, one checks, for instance, that for
a given a € (0, 1], assumption (S, ,) is fulfilled for every p > 1 if Tr(co™)(x) =
o(1 + |x]?) as |x| = 400 and

bu)=—puﬁﬁr+7u> where Cy[x[2~! < p(x) < Calx 21,
X

and 7 satisfies for every x € R¢ (7T (x),x) =0and |7 (x)| < C(1 + |x|%).

With regard to the uniqueness of the invariant distribution v, we need an addi-
tional assumption related to the transition Pr. Namely, we assume that:

(S7): v is an invariant distribution for (P;);>0 and the unique one for Pr.

Then, v is, in particular, the unique invariant distribution for (#;);>0. In fact,
checking uniqueness of the invariant distribution for Pr at a given time 7 > 0 is
a standard way to establish uniqueness for the whole semi-group (P;);>¢. To this
end, one may use the following two typical criterions:

e Irreducibility based on ellipticity: for every x € R¢, Pr(x,dy) has a density
(pr(x, y))ye]Rd w.r.t. the Lebesgue measure 14 and A4(dy)-a.s., pr(x, y) > 0 for
every x € R,

e Asymptotic confluence: for every bounded Lipschitz continuous function f,
for every compact subset K of RY,

k—
sup | Per f(x1) — Par f)| =250 (see, e.g. [3, 17]).

(x1,x2)€K

2.2. Main results. We are now in position to state our main results.

THEOREM 2.1. Let T > 0. Assume b and o are Lipschitz continuous func-
tions satisfying (S4,p) with an essentially quadratic Lyapunov function V ‘RY —
(0, +00) and parameters a € (0, 1] and p > 2. Assume furthermore that V satis-
fies the growth assumption

Vp+a—1 X
(2.6) liminf 7() > 0.
|x]—400 |x|
Assume that the uniqueness assumption (Sy) holds. Finally, assume that the step
sequence (Yn)n>1 Satisfies (1.3) and

2.7) S e

Let F: Dy ([0, T],RY) — R be a functional satisfying (C,l:) and (C%).
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(a) GENUINE EULER SCHEME: Then

2.8) VL0 (@), Fr) = Po(Fp) ——> N0, 0}),
where
1
ot = ([ B| (B3 1720 - B )

(2.9) o7 5
—/ o*VgF(X;)qu) ]v(dx))
T
and A} = fO(FT(X)‘Jr ) — fr(X3))du, t >0 (is Frr-adapted).

(b) STEPWISE CONSTANT EULER SCHEME: Furthermore, if there exists 6 > 0
such that

3/2 )
(2.10) ;; Vvl
then,
(2.11) VL0 (X (@), Fr) = Puo(FD) —— N (0,07).

REMARK 2.3. By a series of computations, we can obtain other expressions
for 0129. In particular, we check in Appendix A that G% reads

) T v T
op = 2/0 <1 — ?>Cp(v)dv — 2}EV(FT(X)/(; U*VgF(Xu)qu)
2.12)
+ [ 10" VermPox.

where [E, denotes the expectation under the stationary regime and CF is the co-
variance function defined by

(2.13) Crw) =Ey((Fr(Xut) — fr(X)(Fr(X) — fr(X0))).

This expression is not clearly positive but has the advantage to separate the
“marginal part” that is represented by the last term from the “functional part”
which corresponds to the first two ones.

For instance, when F(«) = ¢(x(0)), ¢ being bounded and such that ¢ —
v(¢p) = Ah where h is a bounded C2-function with bounded derivatives, then
fr = ¢ and one observes that the first two terms of (2.12) are equal to 0 so that
o*% = Jpa lo*Vgr(x) |>v(dx). This means that we retrieve the marginal CLT given
by (2.4) (under a condition on the step sequence which is adapted to the more
general functionals we are dealing with, thus, more constraining than that of the
original paper; see below for more detailed comments on the steps conditions).
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If we now consider Fr defined Fr(a) = ¢ (x(T)), ¢ satisfying the same as-
sumptions as before, one can straightforwardly deduce from a simple change of
variable that the limiting variance is still [pa |0*Vh(x) |>v(dx). In Appendix B we
show that retrieving this limiting variance using (2.9) is possible but requires some
nontrivial computations. In particular, this calculus emphasizes the intricate nature
of the structure of the functional variance.

Given the form of 1™ it seems natural to introduce the (nonsimulatable) se-
quence

Lot W)
— | " Fr(E™) qu,
Fn/o (") du

which in fact appears naturally as a tool in the proof of the above theorem.
THEOREM 2.2. Assume the assumptions of Theorem 2.1(a). Then,

1 t
(2.14) \E(;/O Fr(E®)ds — PV(FT)> ,ﬁo/\/(o, oF).

Finally, we also state the central limit theorem for the stochastic process (X;);>0
itself. This result can be viewed as a (partial) extension to functionals of Bhat-
tacharya’s CLT established in [5] for a class of ergodic Markov processes.

THEOREM 2.3. Let T > 0. Assume b and o are Lipschitz continuous functions
satisfying (Sq,p) with an essentially quadratic Lyapunov function V and param-
eters a € (0, 1] and p > 2. Assume (Sy) holds. Let F : 1Dy ([0, T, RY) - R be a
functional satisfying (C }p) and (C%). Then, for every x € RY,

] t
(2.15) «/ZG/ F(X®O* 0<u<T)ds —]P’V(FT)) —>‘+ N, c3).
0 n——+0oo

This means that our approach (averaging decreasing step schemes) induces no
loss of weak rate of convergence with respect to that of the empirical mean of the
process itself toward its steady regime. If we look at the problem from an algorith-
mic point of view, the situation becomes quite different. First, we will no longer
discuss the recursive aspects as well as the possible storing problems induced by
the use of decreasing steps; it has already been done in [19] and we showed that
they can easily be encompassed in practice, especially for additive functionals or
functions of running extrema (see, e.g., simulations in Section 7).

Our aim here is to discuss the rate of convergence in terms of complexity. It
is clear from its design that the complexity of the algorithm grows linearly with
the number of iterations. Thus, if y,, xn™”, 0 < p < 1, then [';, ~ ’}l_—;f so that
the effective rate of convergence as a function of the complexity is essentially
proportional to n{!=#)/2. However, the choice of p is constrained by conditions
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(2.7) or (2.10) that are required for the control of the discretization error. These
conditions imply that p must be taken greater than 1/2 and lead to an “optimal”
rate proportional to n'/4~¢ for every & > 0. This means that we are not able to
recover the optimal rate of the marginal case that is proportional to n~'/3 and
obtained for p = 1/3 (see [16] for details). Indeed, in this functional framework,
the weak discretization error is generally smaller and thus, is negligible compared
to the long time error under a more constraining step condition (2.7) instead of
> ¥2/+/Tu < +00 in the marginal case.

The paper is organized as follows. In Sections 3, 4 and 5 we will focus on the
proof of Theorem 2.1(a) and Theorem 2.3 about the rate of convergence of the two
considered occupation measures of the genuine Euler scheme. Then, in Section 6,
we will summarize the results of the previous sections and will give the main
arguments of the proof of Theorems 2.1(a) and 2.3. Finally, Section 7 is devoted to
numerical tests in a financial framework: the pricing of a barrier option when the
underlying asset price dynamics is a stationary stochastic volatility model.

3. Preliminaries. As for the marginal rate of convergence (see [15]), the first
idea is to find a good decomposition of the error (see Lemma 3.1). In particular,
we have to exhibit a main martingale component. Here, since F depends on the
trajectory of the process between O and T, the idea is that the “good” filtration
for the main martingale component is (Fx7)k>0. That is why, in the main part of
the proof of these theorems, we will introduce and study the sequence of random
probabilities (P71 (w, dpB))n>1 defined by

n.T) 1 nT 1 2 kT
P ’ ,d :—/ 8 u d d - — / 8 u d d )
(@.dp) == | = 8.w(dp)du "Tg ey s @B du

where u is a deterministic real number lying in [u, u].

To alleviate the notation, we will denote from now on, G, = Fir and Ei[-] =
E[-|Gk], k = 0.

At this stage, the reader can observe on the one hand that for a bounded func-
tional F, P™T)(w, Fr) is Gn+1 = Fnt1)r-adapted for every n > 0 and on the
other hand that P 7)(w, Fr) is very close to the random measures i (¢ (w),dB)
of Theorem 2.1(b) by taking u = u V [u] and exactly equal to its continuous time
counterpart in Theorem 2.2 if one sets ¥ = u. (This fact will be made more precise
in Section 6.)

Hence, the main step of the proof of the above theorems will be to study the rate
of convergence of the sequence (P" 1) (w, Fr)) n>0 to P, (F7) for which the main
result is given in Section 6 (see Proposition 6.1). In this way, we state in this section
a series of preliminary lemmas. In Lemma 3.1, we decompose the error between
this new sequence (P"1)(w, Fr))n>1 and the target P, (Fr). In Lemma 3.2, we
recall a series of results on the stability of diffusion processes and their genuine
Euler scheme in finite horizon. Finally, in Lemma 3.3, we recall and extend results
of [16] about the long-time behavior of the marginal Euler scheme.
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For every k € N, we define the G-measurable random variable ¢ (k) by
G er)=0  er=[ FrE)au k=2,
I

k—1

where I = [(k — 1)T, kT). Please note that ¢z (k) is Fy7-measurable.

LEMMA 3.1. For every F satisfying (C}g) and (CIZ:), we have

M ® ® ®
POT) (@, Fr) — By (Fp) = ot 4 ol £On2 £ Oni13,
nT nT
where (My)n>1 is a (Gy)-martingale decomposed as follows: M, = Z?:l M, i
with

AMy = ¢p(k) — Ex—1[pr k)],

AMy > = Ei[pp(k + D] — Er—1[@pk + 1)],

AMy 3 =/ Ek—l[FT(X(E)’éz)] — fr(&,) du,
I

AMa =~ [ (Ver@),o@)dW,)

I
and (0,.1), (©,.2) and (0, 3) are (G,)-adapted sequences defined for everyn > 1,
by

Ou1 = Zfl ]Ek—l[FT(f(’Ié)) — FT(X(E),gﬂ)]du’
k=1""k

Op2 = Z(./] Agr (&) du — AMk,4>,
k=1 "%

On3 = (pr(n) — Ey(pr(n))).
PROOF. With our newly defined notation, we have, for every n > 1,
1 n
PO, Fr) = — 3 ¢rk+1).
nT v
Now, for every k > 1, going twice backward through martingale increments, one
checks that
dr(k+1) =AM j41 + AMo g + Ex_1(pr(k + 1)).

Then, noting that E;_1(¢r(k+ 1)) = flk Er_1(Fr(& (%))) du, we introduce the ap-
proximation term A®, ; between the genuine Euler scheme & and the true diffu-
sion X so that

drk+1) =AM, g1+ AMa i+ AOy ; +./1 Ek—l(FT(X(E)’EE‘))du-
k
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At this stage the Markov property applied to the original diffusion process yields
Ex(Fr (X)) = By (B, Fr (X%)) = By fr (&) = fr (&)
since u <u <kT. As a consequence, AM ,f’ is a true Gg-martingale increment and
Gk +1) =AMyt + AMa+ MOy + MMz + [ € du.
On the other hand, fr = Agr + P, (F), so that
/ ) du—Bu(F) = / Agr() du= AL + MM

Finally, summing up all these terms yields

1 ! -
PO, Fr) —Py(F) = — (Ml?nﬂ +2 Min+) ®"7i>
i=2 i=1

1 4 3
= ﬁ (; Mi,n + ; ®n,i>

since ®, 413 = M,%_H — M,}. O

REMARK 3.1. The term ®, ; sums up the error resulting from the approxi-

mation of X Wby by its Euler scheme (with decreasing step) &,+.. The term ©, »

is a residual approximation term as well; indeed, if we replace mutatis mutandis
&, by Xy, 1t6’s formula implies that

er(Xgwnyr) — g5 (Xer) = /1 Agr(X.) du + /[ (Ver(Xa), o (Xa) dW,),
k k

8F Xu+11)—8F (Xu1) _

so that the resulting term would be, instead of ©®, », -

o(1/n).

LEMMA 3.2. Let p > 0and T > 0. Assume that b and o are Lipschitz con-
tinuous functions and that there exists ¢ € EQ(RY) such that |b|* + ||o||* < Cpo@
for a positive real constant Cyp, . Then:

(i) there exists a real constant Cp 1 p s > 0, such that for every u > 0 and
every finite F,-measurable random vector &

E[ sup ¢”(X(""®)|I 7] < Cp 109" (®)
t€[0,T]

and

E[ sup 6" o)l Fu] < Cp1pod @0
t€[0,T]
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(ii) there exists a real constant Cp, 7 > 0 such that, for every u > 0,
sSu 2
E[ sup [&er — X 5P| Fu] < Cpr (1 80P vh ) 41
t€l0,T]
(iii) there exists a real constant C,, > 0 such that, for every n > 0,
2
E[ sup & —&r,IP1Fr, | < Cpo?2En )0l
uell'y,Tpy1)
(iv) let p > 2. Then, there exists Cp 1,5 > 0 such that, for every u > 0,

2—-1
E[ sup [&uts — &ual 1] < Cp 1o @Vl
tel0,T]

PROOF. The proofs follow the lines of their classical counterpart for the con-
stant step Euler scheme of a diffusion (see, e.g., [7], Theorem B.1.4, page 276,
and the remark that follows). In particular, as concerns (ii), the only thing to be
checked is that (§,4/)/>0 is the Euler scheme with decreasing step y(”) of X8
where the step sequence y ) is defined by

(3.2) ! =Tnw —u, v =y k=2 0

LEMMA 3.3. Let p >2and a € (0, 1] such that (S, ) holds and assume that
b and o are Lipschitz continuous functions.

(i) Let g:Ry — Ry be a nonincreasing function such that [5° g(u)du <
400. Let (8;) be a nonincreasing sequence of positive numbers such that
> k>108k < +00. Then,

/ +OOIE[V"*H(&)]g(u)du <400 and
0 u.

(3.3) .
> SE[VIT T (Eu-yr)] < +oo.
k>1
(i) We have
1 t
(3.4) sup — | VPRl g ds < 400 as.
t>r; I Jo -
and
1 n
(3.5) sup — Z V”/2+a_1($(k_1)T) < 400 a.s.
nzl 1o

In particular, the families of empirical measures

1 rt! 1<
) ds) and — 1)
<t,/o & i1 n]; Ek—DT )

>1

are a.s. tight.
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(iii) Assume (Sy). Then, a.s., for every continuous function f such that f(x) =
o(VP2Ha=1(x)y g5 |x| = 400,

1 < t—+o00
/ FEds =20 and 3" flEw-nr) o).
k=1

PROOF. (i) First, note that

f vrrlE) gy du =3 0,y VI T Er, ),

n>1

where 6, =y, L r,, &) du. Consequently, the first statement is simply a rewrit-
ing with continuous tlme notation of Lemma 4 of [16]. As concerns the second one,
using Lemma 3.2(i) with ¢ = V and the exponent pta-=l yields for every k > 1 and
every u € I,

E[V[?+a—1 (SkT)] < Cp,a,TE[Vp+a_1 (Sl)]

As a consequence, considering the integrable, nonincreasing, nonnegative function
g =2 k>111_,8 leads to

S SB[V g iyr)] < Cpar Y f B[V~ (6,18 ) du < +o0
k>2 k>2
owing to the previous statement.
(i1) Set r = % +a—1>0since p > 2 and a > 0. First, for every n > 1 and
every t € [, I'hy1),

— | vr ds < —= 1’4 )
[ /0 (G ds <=1 rmkzlyk COREES &)

since ¥, is nonincreasing. Now, owing to Proposition 2.1,

n
sup 1 Z V' (r, ) < +oo a.s.
n>11n k=1
and (3.4) follows.

Let us deal now with (3.5). Given (3.4), it is clear that (3.5) is equivalent to
showing that for an increasing sequence (f) such that #p = 0, sup;~; (tx — tx—1) <
+00 and t;y — 400, B
Tk

(3.6) sup- Z((zk—rk DV (Eer) —

V’(éu)du) < 400 a.s.
nz1 2 -

Tk—1
Setting #x = I'nkr)+1 for every k > 1, this suggests we introduce the martingale
defined by No =0 and for every n > 1,

1, 17

L k X
No=Y %( V&) — V& du— [ BV Eer) - V’@g)mk_l]du).
k=1

Tk—1 Tk—1
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Set e = % so that (1 + &)r = p +a — 1. Using that sup; | (fx — fx—1) < +00 and
the elementary inequality (u + v)!*¢ <28 (' 4+ v!*%) for u, v > 0,
1 I 14¢
r r
) —WE‘ / VI (Er) — V' (6) du

k>1

+o00
<Y SB[V )]+ C /O E[v" (49 (8,)]g () du,
k>1

where 8; =k~ (17 and g is the nonincreasing function defined by g (1) =k~ (119
on [tx—1, tx). Thus, we deduce from (3.3) that

1
2 il

k>1

1+¢
< +00.

t
/t VI ) — V() du

k

It follows from the Chow theorem (see, e.g., [9]) that (N,) a.s. converges toward a
finite random variable N, which in turn implies by the Kronecker lemma that

t

1 n
—Z( V) — V&) du
=

Tk—1

n——+00

1
—/tk B[V (1) — V’(Su)lf,kl]du> s S
k—1

Then, (3.6) will follow from

1 & [
(3.7) sup— Y E[V" (&) — V' (EDNFr_ ]du < +00  as.
k=1

n>11 5 Jten

In order to prove (3.7), we need to inspect two cases for r:
Case r > 1. We decompose the increment V' (§x7) — V" (§,) into elementary
increments, namely,

N(KT)

Vir) =V &)=V &) -V &+ Y V) -V ér,).

£=N@w)+1

Owing to the second order Taylor formula, we have for every £ € {N(u) +
1,...,N(kT)},

Vr(érz) - Vr(fl"g_l)
= yi(VV", b)(Er, ) + (VV"(Er, ), o (Er, ) (Wr, — Wi, )
+ID*V (O r, —Er, )®* where 6 € (6r, . r,).

Note that a similar development holds for V" (§,7) — V" (k). Now, one checks
that the fact that V € EQ(RY) implies that || D*V"|| < Cy V' ~! and that /V is a
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Lipschitz continuous function with Lipschitz constant [VV]. Consequently
|D*V (6) (r, — &r, )|

<Cy(JVEr, )+ [VV],ler, —&r, ) Vler, — &r, 1P

< Cr,V Vr_l (SF5_1)|EF[ - Srz_l |2 + C|51"4 - Srz_l |2r’

where we used in the second inequality the standard control |u + v|* < 25~ (|u|® +
[v|*). Then, summing over £ and using that (VV,b) < B owing to (S, ,)(ii), we
deduce that

V' Er) — V' (&)
kT
<B*T —u) + / (V7 (). 0(Es) dWy)

S 2 or AV
+Cy VI EDNE kT — Eul” + &kt — & ——,
u YN (v)+1

where v = I'y(y)+1. By (Sq,p)(1), we can use Lemma 3.2(iii) with ¢ = V“ and
p = s to obtain for every s > 0,

(3.8) Ellgoner — &l 1F) < GV 2 EDva 11-
(v)

Applying successively the above inequality with s =2 and s = 2r > 2 and using
the chain rule for conditional expectations show that

kT
E[V" Gkr) = V' G Fy 1 = BT +1Ivllso) + E[V' =€), 1dv

Ik
< C1.8llyll (1 +/lk IE[V”H(SE)IE“]du)

for some real constant C7 gjj,|..- As a consequence,

Tk

1 n
sup— > [ EIV'(&r) — V' ()| Fy_,1du

n=1 1 =

1 & [
< C(l +sup— Y E[Vr+al(§u)|-7:tk—1]d“>'

n>1 1, = i

Lete € (0, fig:ll) [note that ’r’i;’:ll = pp //22;2((61“:11)) > 0since p>2and0 <a < 1].
Hence, (14+¢)(r+a—1) < p+4+a — 1 and by Lemma 3.2(i) and (3.3), one checks
that

X1 g ta—1 ko rta—1

)3 FEH /I E[V™+~1 (&) dul Fy |1~ /, VIl (g, du

k=1 -1

1+e

P

+00 1 t s
<C) e f (VP (I Fy Jdu < +oo  as,
k=1 k=1
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by the first part of the lemma. Then, one derives using a martingale argument based
on (3.4), the Chow theorem and the Kronecker lemma that

1 & [k
sup— Yy B[V ()| F,_ 1du < +oo.

n>1M1 k=1 -1

Case 0 < r < 1. In that case, we just use that D>V is bounded so that we just
have to use (3.8) with s =2 (since a < p +a — 1). This completes the proof of (ii).

t—+400

(ii1) The fact that a.s., 1 f(; f(&s)ds —— v(f) is but the statement of Proposi-
tion 2.1 with continuous time notation. Now, let us show that a.s., for every con-
tinuous function f such that f = o(VP/?ta=1y,

1n n—4+0o0o
(3.9) =Y ) v,

k=1

First, taking advantage of (3.5), standard weak convergence arguments based on
uniform integrability show that it is enough to prove that, a.s., (3.9) holds for ev-
ery bounded continuous function f. Then, using that weak convergence on R¢
can be characterized along a countable subset S of Lipschitz bounded continuous
functions f, the problem amounts to showing that for every Lipschitz bounded
continuous function f:R? — R

1 & n—~+00
(3.10) -3 fEa-nn) 0 as.
k=1

Owing to (Sy), our strategy here will be to show that almost any limiting distri-
bution of the empirical measures is invariant since it leaves the transition operator
Pr invariant. As a first step, we first derive from a standard martingale argument
that

n——+00

(3.11) % Y flEa-vr) = Exa[fEx-nr)]—=0  as.
k=2

Now, we remark that

(3.12) Ex—2[f(Ex-17)] = PrfEx—21) + Ri—2(Ek—2)7)
with
(3.13) R =E[F(E7") = rxp)],

where Sx’V(kT) denotes the genuine Euler scheme starting from x with step se-
quence y k) defined by (3.2). Since f is bounded Lipschitz,

x,y(kT) X
Re(x) < CE[|&7" — X7 x1<my + 20 flooLijx)>m)
< CuJYNGT) + 2| f llooL{x|> M},
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where in the second inequality we used Lemma 3.2(ii) with p = 1. Thus, since

ynor) X2 0, it follows from (3.12) that, for every M > 0,

limsup — Z Ex—2[f Ex-171)] — Prf(Ex-2T))

n—+oo N ;=

. 1 ¢
<Climsup— Y 1pomy(Ex-1yr)  as.
n—+oo ;=

Then, it follows from (3.11) and from the a.s. tightness of (% pIy Sty In=1
that, a.s.,

—Z fEw-vr) — PrfEx—-nr))

1\ n—>+o0c
—Z (Ex-n1) PTf(§(k—2)T))+0<;>—+>O.

Now, since f and Pr f are bounded continuous, it follows that, a.s., for every
weak limit vy (@, dx) of the tight sequence (n~! Iy S¢u_1yrIn=1, Voo(@, [) =
Voo(w, Pr f) for every f € S. This implies that ve (w, dx) is an invariant distri-
bution for P and one concludes the proof by (S7). O

4. Rate of convergence for the martingale component. This section is de-
voted to the study of the rate of convergence of the martingale (M,) defined in
Lemma 3.1. The main result of this section is Proposition 4.1 where we obtain a
CLT for this martingale. On the way to this result, the main difficulty is to study
the asymptotic behavior of the previsible bracket of this sum of four dependent
martingales. First, we decompose the martingale increment A M, as follows:

AMy =Ey[Aps1 + Byl = En1[Ans1 + Byl,
where (A,) is a (G,)-adapted sequence defined for every n > 1 by

Au=r=1+¢rm = [ frie)du
n—1

(n—1T

- Fr(E™) du / Fr (€ du

(n—=3)T

and Bn = AM,; 4. Keep in mind that E,_; [Bn] = 0. In the following lemma, we
set

zk .= x kT).&r Vk>1,

where, following the notation introduced in (2.1), X kT).8r denotes the unique
solution to dY; = b(Y;)dt + o (Y}) dW,(kT) starting from &xr.
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LEMMA 4.1. Assume b and o are Lipschitz continuous functions satisfying
(Sa,p) with an essentially quadratic Lyapunov function V and parameters a €
(0,1]and p > 2. Let F :IDy ([0, T, R?) — R denote a functional satisfying (C })
and (C%). Then,

@.1) %éEkl[(AMk) 1 - Eroa[(AM)1Z=E20 4.
and

—kX; (Ex—2[(AMg)*] — (Bx—2[ (B Crt1)*] — E—al(Er—1Crs1)?1))
@ L0 as,

where Cry1 = Ag+1 + By with

2T
Aps1 = / Fr(Zk?) du — / Fr(ZE2) du
0
and

T
By = _/0 (Ver(ZE2), o(Z52) aw =27,

PROOF. We consider the (G, —1)-martingale (N,) defined by

n

1
Noi=3 )+ B l(AMY*] = Bxal(AM)?).
k=2

Let ¢ > 0. Using Jensen’s inequality, we have

3 By 2|ANk|l+8<CZ ——— B | AM [P0
k>2 k>2

<C)’ k1+8 = Bx ol A + BP0
k>2

Using successively conditional Burkholder—Davis—Gundy, Jensen inequalities and
(s }), we have

Ex_2|Agy1 + By ?1F®

(4.3) < 31+2€(<2||F||00T>2“+€> + (| Flloo >+

T¢ /1 Ek_z[WgF(sg)F““)||a(sﬂ)||2“+€>]du>'
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Now, since VgF is bounded and ||o ||2 <CV4,
Er2[IVerE) 1P o EDIIPNH]
(4.4) < CE[VAUI 9 (g,)]
< C(1+ Gr—2.a(1+e) Ex-2)7)):

- (k)
where G p(x) = E[supte[o’ﬂ Vp(ftx’y )]. By Lemma 3.2(i) applied with ¢ =V
and p =a(l + ¢) with ¢ € (0, pT_l), it follows that for every k > 2,
(4.5) Eea| AM P79 < Cp o 7 VAT (Eg_yr).
Then, we deduce from Lemma 3.3 applied with 8; = k~(1+¢) that
1
ZEk_2|ANk|1+8 < Z mva(l+€)($(k_2)T) < 400 a.s.
k>2 k>2

since a(l 4+ €) < p + a — 1. Finally, using the Chow theorem, it follows that (N,)
is an a.s. convergent martingale and the result follows from the Kronecker lemma.
(ii) Set Cx = Ag + By—1. We have AMj = Ex[Cr+1] — Ex—1[Ci+1] so that

Ex—2[(AM)?] = Eg—2[(Ex Cr11)*] — Ex—a[(Bx—1 Cr11)1.

Thus, it is enough to show that

1 <& - N
46 3 Bl Cir)’] - Eeal @Ci)' 130 as.
k=2
and
1 <& = —
4.7) p Z Et—2[(Br—1Crt1)*] — Ek—z[(Ek—1Ck+1)2]’ﬂ>00 a.s.
k=2

Let us focus on (4.6). Set g = pL. Using conditional Holder and Jensen inequal-

ities, we obtain -
|Ex—2[(Bx Crs-1)*] — Ex—a[ (Ex Crr-)?]]
= |Ex—2[Ex (Ci+1 — Crt 1) Ex(Crt1 + Crs1)]|
< Br—2[(Bi| A1 — Aps11”)V? Bk Crogr + Crgt])'4]
+ Bra[(Bx (Big1 — Biy)?) ' *(Ba(Cra1 + Cern)?)'?)
(4.8) < Br—2|Ags1 — Akt 1)V P 2| Crrt + Crgn|D4
(4.9) + (Bx—2) B — Be)"2(Br—a(Crrt + Cra))) 2.

Let us inspect successively the terms involved in (4.8) and (4.9).
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Set G,(x) = E[supte[O’T] VP(X7)]. Still using Lemma 3.2(i), we show [like
previously for (4.5)] that, for every k > 2 and r > 2,
Ek—2|Ckt1 + Cks1l” < C(1 4+ Gr—a,rp(Ek—2)7) + Gr2(E—2)7))
< CV'?(Ex-nr).
On the other hand, since F' and fr are bounded Lipschitz continuous functions,

Ex—a[|Axt1 — Agt117]

<c(1a Ek_z[ sup I Zf:(zk—2>T|p])

vel(k—2)T, (k+1)T]

< C(Ek—z[ sup &y — $v|p]
vel(k=2)T, (k+1)T]

(4.10)

+ Ek—z[ sup |60 — Zf:(zk—z)T’pD A
ve[(k=2)T,(k+1)T]

Then, owing to the Markov property,

B[l A1 — Aps1 171 < C[(Hr—2,37,p (Ete-27) + Ki—2,37,p (-27)) A 1]
with
(KT) (kT)
Hi,1,p(x) =E[ sup [EXYT — XY ‘P]
vel0,T] ~
and

k
Kr.r.p(x) :E[ es[l(l)pT]{ng - X)vc|p]’
velo,

(kT)
where (£;°7" "),>0 denotes the Euler scheme of X* with step sequence y *7) as
defined by (3.2). Now, using that for every v € [0, T'],

(kT)

|€__§’y(kT) —5f’y(kﬂ|p < 2p—1(|§{}v7y(kT) _ ng’y(kT)V) i |§§y _ giC’V(J<T)|p)

<27 sup [grr " —grr P,
vel0,7T] -
it follows from Lemma 3.2(iv) that
2—1
(4.11) Hir.p () < Cyflir, V@),
and by Lemma 3.2(ii),
2

(4.12) Ki.7.p () < CA+ 1x1P)yfr

so that, for every M > 0,
Er2l| A1 — Axy1l”]
(4.13) < Cvlle oy L+ VP (Eg o) + a2 7] ") g sy 1<)
+ Cljjgg_gyri>m)-
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Finally, we have

Ey ol By — Byl?] =Ek_z[ [ 10*VerE —a*VgF<Zfi‘2)|2du]
k

On the one hand, Vgr and o being both Lipschitz continuous and Vgr being
bounded, we have for every x, y € R4,

(4.14) l0*Ver(x) —o*Ver(»|> < C(1+ o) lx — yI*.

As a consequence, using the Schwarz inequality and assumption (S, ,)(i), it fol-
lows that

Ex_[|Bx — Bx|*]

12
<C(Brafl+ sup v*(zE))
welT,2T]
~ 12
X (Ek—z sup &, — ZII;—%k—Z)T|4> :
wel(k—DT.kT]

Owing to Lemma 3.2(i), it follows that
B[ Bx — Bil*1 < CV (g—2y7) (Hi2.21 4 (E—y7) + Kia. 072 (Ee—2y7)) '/
and by (4.11) and (4.12) that
Ex—a[| By — Bl’]
= CV*(a—2r) (Vv V Ex-2r)
+ - (1+ [Ex-27[)
< ' yna—an (1 + V*Ea-o1) + [se-2r "),

where we used in the last inequality that V (x) < C(1 + |x|2). On the other hand,
since

(4.15)

|0*Vgr(x) —o*Vgr(* < C(llo () * + lo M),
we deduce likewise from (S, ) (i) and Lemma 3.2(i) that
(4.16) Ei_2| B — Br|* < CV9(Eu—27).

Thus, plugging the inequalities obtained in (4.10), (4.13), (4.15) and (4.16) into
(4.9) and (4.8) yields for every M > 0,
B —2[(Ex Cr)*1 = Ex—2[(Bx Ci)]|

1/4A(1/2=1/p)
<Cuvne T Nexayri=my + CV(Ea—27)Ljgq_yrl=M)-
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Since ynr) — 0 as k — oo and p > 2, it follows that a.s., for every M > 0,

1 -
limsup = > [Ex—2[(BxCi)?] — Ex—a[ (B Cp)?|

n——+00 k=2

. I ¢
< Climsup — Z VEEw-27) g4 ayr1>M)-

n—+oo N k=2

Since p > 2, there exists € > 0 such that a(1 + ¢) < % + a — 1. Hence, it follows
from (3.5), that

1 n
sup — Z ya(l+e) (E(k,Q)T) < +00 a.s.
nzl My
Then, we deduce by a standard uniform integrability argument that
1 n
lim sup lim sup — Z ve (S(k—Z)T)l{IS(k,2)7\>M} =0 a.s.
M—+o00 n——+00 n k=2
This completes the proof of (4.6). The proof of (4.7) is similar and the details are
left to the reader. [J
LEMMA 4.2. Assume that b and o are Lipschitz continuous functions.
(i) Foreveryk>1,
@17 B2l ExCrr)’] = Exal Bro1 Cre 1) = W (§ge—2y7)

where
2T 2
W(x) =E[(E(A§T|fzr> ~BANFD - [ a*VgF(X;:)qu) }

with A := [§(Fr(X:,) — fr(X}))du, t > 0.
(1) If (C;) holds, W is a continuous function on R%. As a consequence, if
moreover (C%), (S7) and (Sq,p) hold for a € (0, 1] and p > 2,

n——+0o
—_—

(4.18) EZE;{_Z[(AM;()Z] o} =f\p(x)v(dx) a.s.
=2

PROOF. (i) Let A be a bounded (or nonnegative) Borel functional defined
on C(R, R?). Since pathwise uniqueness holds for SDE (1.2) (b and o being
Lipschitz continuous), there exists a measurable function & ‘R x C (R4, RY) —
CRy, ]Rd) such that a.s., for every k > 2,

k=2 _ x((k=DT)54-21 — h(f(k—Z)T» W((k*Q)T))
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(see, e.g., [11], Corollary 3.23). Then, using that &x_2)7 is Gk—2 = F—-2)T-

measurable, that the Brownian motion W(*=27) is independent of F_2)7 and

(:=2)T) .
that i = Fou—21 V }"ZV; , one derives that

Ey (A (X((k—Z)T),g(k_z)T))
= E(A(X((k—Z)T)f(k—Z)T) |f%((k—2)T))

= E(A (X((k—Z)T),x) |f%((k72)7))

[x=Ek—2)T"

Using again the representation with function % (or the fact that strong uniqueness

implies weak uniqueness), one observes that the spatial process (E(A (X ((k_Z)T)’x)I

fzv?((kfzm))xew has the same distribution as (}E(A(Xx)lfzv?))xeRd where

(X7):>0.xeRrd 18 the flow of SDE (1.2) at time 0. Consequently,
Er—2 (Ex (A (X ¢72D80621))%) = [E (B(AX)IFI) Tt ar-
Similar arguments show that
Ek—z(Ek—l(A(X((k_z)T)’é(k_z)T))Q) = [Ex (E(A(Xx)|f}"))2]x:5(k_2)T.
Thus, it follows from the definition of Ay, and By that

Ex o[ (BxCry1)*] — Ex_2[(Ex—1Cr11)*]
= [Ex (E(A1(X)IF)* = EA1(XHIF))]

x=Ex_2)1’
where
2T 2T T
M= [ RO du— [ fF<Xz:)du—/0 (6*Vgp(XX), dW,)
2T 2T

=, Fr(X;,)du— . fr(X;)du

T
- (8F(X§) —gr(Xy) _/0 AgF(X,f)du).

Note that the second expression clearly defines a functional on the canonical space.
Now,

Ex(E(A1(XY)|Fr)? —E(A1(X)IF)HP)
=B, [(E(A (X)) — B(AL(X)IF))]
= E.[(EA 1 (X)FY) —ER L (XHIFN)],

where A1 (X*) = Aj(X¥) — fOT fr(X;)du. The result follows using that ]-'SW =
Fy, that ([5(0*Vgp(X2),dW,)>0 is a (F)>o-martingale and that E[A2r —
Ar|Fr]=0.
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(i) Let x € R and set
2T
V(x,) =E(A3 ;| For) — E(AT|Fr) —/T o*Vgr(X;)dW,.

Let (x,) be a convergent sequence of R? to x. Owing to the standard identity

a? — b* = (a — b)(a + b) and Schwarz’s inequality,

W (x) — W (x) | <E[Y(x, ) — ¥ G, ) PTPEY (x, - + ¥ (e, ) 1712
Let S = {x}U{x,,n > 1}. Since F and fF are bounded,
E[¥(x, ) + ¥ (x, )]

2T 2
§C(l —I—supE[(/ U*VgF(X;)dWM) D
veS T

2T
C<l+sup E[IU*VgF(XZNZ]d”)
veSJIT

A

C(1+sup sup E[V(X])])
veSue([T,2T]

< C(l + sup Va(xn)),

n>1

owing to Lemma 3.2(i). Thus,

W (x) — W (x,)| < CE[|¢ (x, ) — ¥ (xn, -)[21/2

2
< C Y E[E[A}; — A% Fr2]
i=1

(4.19) -
+ CIEH/T (Vgr(X;),o(X;)dW,)

2}1/2

On the one hand, F' and fr being Lipschitz continuous, elementary computations
show that fori =1, 2,

2T
—/T (Vgr(XI), 0 (X2 dW,)

X Xn 7|2 X Xn 2
E‘E[AiT _AiT|ET]| <| sup |X;—X;"| 5
t€[0,3T]

On the other hand, one checks that
2T 2T 2
E‘/T (Vgr(X,),o(X;)dW,) —/T (Ver(X;m), o (X)) dWy,)

2T
= Elo*Vgro (X)) —o*Vgr(X2")|3du.
T
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Then, using (4.14), it follows that

‘ZT 2

27
(Ver(Xy), o (X;)dW,) — /T (Ver(Xy"), o (X)) dWy)

<c(E[i+ sp iir] e[ o i-xipr]")

1/2
<c(a+xH'"E] sup x5 - x2*]T)
uelT,2T]
owing to Lemma 3.2(i). Now, since b and o are Lipschitz continuous functions,
for every p > 0, there exists a real constant Cp, 4, ,, 7 > 0 such that (see, e.g., [12]
or [26]),

| s x5 -
tel0,37]

p
» = Cb,a,p,Tlx —xnl?.

The continuity of x — W(x) then follows from the preceding inequalities and from
(4.19).

Lemma 3.2, (S;,») and the boundedness of functions F, fr and Vgp imply
that ¥ (x) < CV%(x). Thus, (4.18) follows from Lemma 3.3(iii) and the fact a <
p/2+a — 1 when p > 2. The proof is complete. []

PROPOSITION 4.1. Suppose that assumptions of Theorem 2.1(a) hold. Then,

M
(4.20) 77_2 — LS N©,02)  asn— +oo.
PROOF. By Lemma4.2,
—Z]Ek AAMYNI= 0} as.
k 2

Then, we only need to prove a Lindeberg type condition (see [9], Corollary 3.1).
To be precise, we will show that for every ¢ > 0

1< ) P
o > Er—i[lAMy] L amyze ] —0.

k=1 n——+00

First, a martingale argument similar to that of the beginning of the proof of Lem-
ma 3.1 yields that

P

—Z Ex1[|AM Py ppgy 26 ymy] — Ek—z[lAMHZIHAMHES\/Z}])mo'
k 2

Second, using conditional Holder and Chebyshev inequalities, we have for every
g,6>0

Er—2[| AMi P apgy e yimy] < —55 B2 [| M P0H],

1
—( )26
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and thanks to (4.3) and (4.4), we deduce that
_ C
Ei—2| AMi P a6 v < CGr—n.a148) E—27) < n—;; VAl (&g 7).

Thus, taking & € (0, %) so that a(1 +§8) < p/2 + a — 1, we have for every
6>0,as.,

. 1 ¢
limsup — Y " Ey_; [|AMk|21{|AMk|zsﬁ}]
n—+oo N k=1

n—+oo N

1 n
=< Ce limsup ——~ Z Vet (g, 1) =0
k=1
by applying Lemma 3.3(ii). O

S. Study of (©,,1), (©y,2) and (0, 3). In this section, we focus on the re-
mainder terms of the decomposition of the error (see Lemma 3.1). Owing to Propo-
sition 4.1, it is now enough to prove that

®n,i
N

P . . . .
where — denotes the convergence in probability. For i = 1, 2, these properties are
stated in Lemmas 5.1 and 5.2. For i = 3, the result is obvious.

]—P;O asn — +oofori=1,2,3,

LEMMA 5.1. Assume b and o are Lipschitz continuous functions such that
(Sa,p) holds with parameters a € (0, 1], p > 2, and an essentially quadratic Lya-
punov function V satisfying liminfjy|— ;o Vrta=l(x)/|x| > 0. Let F:Dy. (R,
R?) — R be Lipschitz continuous. If the step condition (2.7) holds, then

®n,1

Jn

PROOF. Since F is Lipschitz continuous, it follows from Lemma 3.2(ii) (ap-
plied with p = 1) that, for every u € I,

P
-0 asn— +o00o.

sSu (N) (ﬂ)fg
Ee 1| Fr(®) — Fr(x“%)| < [FlupEe [ sup &, - X, ]
tel0,T]

< Cho.1,F JYN@) (1 + Ex—1]&4]).

Consequently,

n
® <C / du(l+E;_qsu
|On,1] < b,a,T,Flg A JVN@)+1 u( k—1 P|§v|)

vely

n
<Cpor,F / YNa+1du(l + [Eg—nT
o kg TN (1+ |Ex—1)

).



1086 G. PAGES AND F. PANLOUP

where in the second inequality, we used Lemma 3.2(i). Since

l)lcllgmofO vPra=lix) /x| > 0

and N (¥) = N (u), we deduce that

|®n1|

5.1 w1 du(l+ vrtre!
(5.1 Tn = [k 1/ VVN@+1du(l (w-11))-

Thus, owing to the Kronecker lemma,

®n,1 n—4o00
—

«/ﬁ 0 a.s.
as soon as
+o0o
> 8(1+ VP Egonr)) <400 as.
k=1
with

1
S = — / -1 d )
k «/E( Ik«/)/zv( y+1du

Now, as (8x) is nonincreasing, it follows from Lemma 3.3(i) that it is now enough
to show that 3 ;| ¢ < +00. We have

26k<c(1+/1 [P, )

k>1
and
T [YNw 1 Yer1
/ du <) /vim / —du<2\/w+ N
421 u >1 £>1

Using that the step sequence ()4,) is nonincreasing, we deduce from condition (2.7)
that

3/2

(5.2) ,/ VN(M)H du < Z = < +00. .

€>1

LEMMA 5.2. Assume b and o are Lipschitz continuous functions satisfying
(Sa,p) with an essentially quadratic Lyapunov function V and parameters a €
(0,1]and p > 2. Let F : Dy ([0, T], R%) — R be a functional satisfying (CIF) and
(C%). If the step condition (2.7) holds, then

®
\}%ZLP)O asn— +o0o.
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PROOF. Owing to the It6 formula, we have
gr(&r) — gr(Ex_1yr) = /I Agr (€, £ du + fl (Ver ), o (E) dW,),
k k

where

Agr(x,y) = (Vgr(x),b(») + 3 Tr(c* () D*gr (x)a ().
Then, it follows from the definition of ®,, 5 that

Onz =3 erer) — gr o) + / (Agr (&) — Agr (&, &) du

k=1

nT
+ /0 (0*(E)VEr () — 0* (EDVer(E). dW,).
Since gr is bounded,

[ ZgF(ékT) —gr(u—nr) = gF(gnTi/_ﬁgF(SO) 250 as n — +o0o.

Then, it is now enough to show that

5.3 L4 A dus0
(5.3) ﬁfo (Agr(E) — Agr (6 50)du >0 asn — +o
and that

1 nt a.s,
N | 0" €Ver @) — 0" @) Ver €. dW.) =50

5.4)
asn — +o0.

First, using that gz is a bounded C?-function with bounded Lipschitz continuous
derivatives, that b and o are Lipschitz continuous functions, one checks that

|Agr(x)—Agr(x, x)| < C(lx —x|- |b@)|+1x — x|+ |x — x>+ [lo )| |x —x]).
Then, using that
max (|, — &ul, [§u — &ul) =2 sup 1§ — &ul,

VE[C Ny @) Cnw)+1)

it follows from Lemma 3.2(iii) applied with ¢ = V¢, p =1 and p =2, that
El|Agr (§4) — Agr (Eu, €11 Fu
< C(YTNa+1 V2 ED (1 +10ED] + o EDIP) + yva+1VE ED).

By asssumption (S, »), we deduce that

LIE:[/"TM (&) — Agr (€, £ ]<£/HTE[V3“/2($ N —rd
\/ﬁ 0 8F 5y 8FSu,Su)lau _ﬁ A w YNw+1du.
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Now, since p > 2, %a < p-+a—1,andby (5.2), we have

3/2
/ /VN(M)—H du < CZ

k>1

Then (5.3) follows from Lemma 3.3(i) and the Kronecker lemma like in the proof
of Lemma 5.1.
Second, we focus on (5.4). Set Zo =0 and

|
Zi=Y = [ 0" €VerE) — " @) Ver @) dW),  n=1.
k=1 \/]; I - -
The sequence (Z,) being a (G, )-adapted martingale, it follows from Doob’s con-

vergence theorem for L?-bounded martingales that (5.4) holds if

(5.5) supE[(Z,)?] < +oo.

n>1

Let us show (5.5). First,

E[(Z)*1 =Y f Ello* €0 Ver () — 0" Ver ) Pldu
k>1

By similar arguments as for (4.14),
0¥ () Vgr(x) —o*Vegrx)> < C(1+lo* @ 1% (Ix — x>+ |x — x ).

Then, owing to the fact that u € [u, u], it follows from (S, ,) and Lemma 3.2(iii)
that

Ello* () Vgr &) — 0*Vegr E)IF] < Cyna 1 EIV €],

Thus, since u < kT for every u € I,

S E[AZ<ElZ 1 +C 2/ BV 61 Y
k=1 k>2

§c<1+/+ E[Vza(su)]yM“)H du).

Finally, by a similar argument to (5.2), we have

+o0 2
1

u k=1 Fk

and (5.5) follows from Lemma 3.3(i) and from the fact that 2a < p + a — 1 when
p=>2. 0O
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6. Proof of the main theorems. The first step for the proof of these theorems
is now to state our main result about the sequence (PD(w, F1))n>1 studied in
the two previous sections.

PROPOSITION 6.1. Let T >0, a € (0,1] and p > 2. Assume b and o are
Lipschitz continuous functions satisfying (Sq, ) with an essentially quadratic Lya-
punov function V such that liminf|y| 4 Vp+“ 1()c)/l)cl > 0. Assume (Sy). Let

F : Dy ([0, T1, RY) be a functional satisfying (C F) and (C ). Finally, assume that
the step sequence (y,),>1 satisfies (1.3) and (2.7). Then,

6.1) T (P®T) (w, Fr) — PV(FT))IﬁZN(O, o2).

PROOF. Owing, respectively, to Lemmas 5.1, 5.2 and the fact that F is
bounded, ®, 1, ®, 2 and ®,1 3 defined in Lemma 3.1 satisfy
On1+0,20+0,4113 P
—0 asn — +o0.
nT

Then, the proposition follows from Proposition 4.1 and from the decomposition of
PnT) _ P (Fr) stated in Lemma 3.1. O

We are now able to prove Theorems 2.1 and 2.2.

PROOFS OF THEOREMS 2.1(a) AND 2.2. First, let (#)x>1 denote a sequence
of positive real numbers such that #; — +o00. Set ny = L%J . Since Fr is a bounded
functional, we have

1 . :
ﬁ(g/ok FT(g(N))dM_]P)v(FT)> — VT (P"D(w, Fr) — P, (Fr))
T — 400
<2/ Frlloo(vTk = /7kT) + | F7 [l \/,JZ—kT 2100 as.

Thus, Theorem 2.2 follows taking y = u. For Theorem 2.1(a), setting u = u Vv
(lu/T|T) and t,, =T, we obtain that

1 Tn
\/Fn(r—/ (@ W/ TIT) gy (FT)) S N, 0) as n — 400.
n Jo
Now,
JT 5™ (E(w), Fr) ! /F" Fr (6@ W/TIT)) g ‘ 177l o LF"X/:TJ
v W), I'T) — =~ T\S VYN(KT)+1-
8 'y Jo \/F_n k=1 e
By the definition of N (kT) and the fact that (y,,) is nonincreasing, we have
N(kT) ) N(T)
, 2
Z VizT —yNaT)+1 = YNGD)+1 = = Z Vi

i=N((k—D)T)+1 i=N((k—=1)T)+1
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for every k > ko where ko =inf{k > 1, T — yn«1)+1 = T/2}. Thus,

1 LFVI/TJ C k() n )
N Z YNKT)+1 = m(Z YNKT)+1 + Z Vi )

k=1 k=1 i=N(koT)+1

By (2.7) and the Kronecker lemma, we obtain for every s > 3/2

1 i s h—>+00 0
vIni4 . .
Applying this identity with s = 2 yields the result. [J

PROOF OF THEOREM 2.1(b). Owing to Theorem 2.1(a), it is now enough to
show that

n——+00

VT, (0" (X (w), Fr) — 9™ (E(w), Fr)) 0.

Since Fr is a Lipschitz bounded functional, it follows from the definition of the
previous occupation measures that

VLLE[[p™ (X (), Fr) — 9™ (£(w), Fr)|]

[FrlLip /F"
< El sup [§yts — Eusts||du.
VT, Jo [se[O,T] o _LS]

By Lemma 3.2(iv) and Jensen’s inequality, for every g > 1,

1/q
E[ sup |§g+s - Sg-l—sH]'—g] = E[ sup |'§g+s - §g+s|q|}-gi|
s€[0,T] - s€[0,T] -

2-1 41
= C(Vaq/z(él)yl?/{u)—&—l) 1

1/2—1
=< CVQ/Z(%&)VN/(M)_;_{‘I-

Thus, we deduce that
& 32 Vg a)
E[ sup |6 — Eupsl|du < C Yy P VIRV e ).
0 s€[0,T] - k=1

Let § be a positive number such that (2.10) holds. Taking ¢ such that 1/g <§, we
deduce from (2.10) and Lemma 3.3(i) that

y3/2—1/q +00 )/1:3//(2)_1{[]

k aj2 _ a/2 u)+

Ve gy (sr_)]—f BIV2(5)] YO gy < foc,
,; VT o 0 VTN @+1

We again deduce the result from Kronecker’s lemma. [l



APPROXIMATION OF THE DISTRIBUTION OF A STATIONARY DIFFUSION 1091

PROOF OF THEOREM 2.3. We only give the main ideas of the proof of this
result about the “perfect Euler scheme” (X);>0, that is naturally simpler than that
of the discretized processes. First, the reader can check that setting

~ 1 nT
P("’T)(a), Fr) = _/ FT(X(M)) du,
nT Jo

one obtains a similar decomposition as that of Lemma 3.1 replacing u by u and
$F by ¢ defined by

ér(1)=0 and 1 Fr(X"Ydu  ifk=>2.
k—1

The main difference in this decomposition is that the term corresponding to ®,, 1 is
null. Then, since the assumption liminf}y|— ;oo VPta=l(x)/|x| > 0 is only needed
in the proof of the result about ®, 1 (see Lemma 5.1), we deduce that it is not
necessary here. Then, the sequel of the proof works since the statements of Lem-
ma 3.3 still hold if one replaces £ by X. To be precise, the first statements of (i)
and (ii) can be directly derived from [20], Chapter 1, and the second ones from an
adaptation of the proof of this lemma. [J

7. Numerical test on barrier options in the Heston model. As shown
in [19], our algorithm can be successfully implemented for pricing path-dependent
options in stochastic volatility models when the volatility process evolves in its
stationary regime. Furthermore, such stationary versions of stochastic volatility
models are more performing to take into account the behavior of implicit volatil-
ity for short maturities. Then, even if the assumptions of our main theorems are
usually not satisfied for the functionals involved in this context, we choose in this
section to illustrate them by such an example. To be precise, we test numerically
the asymptotic normality obtained in the main results on the computation of several
barrier options in a Heston stationary stochastic volatility model. The dynamics of
the traded asset price process (S;);>0 is given by

dS; = S/(rdt +/(1 — p2v dW! + pJo,dW?),  Sy=s0>0,
dv, =k© —v)dt + cJv dW?, v >0,

where r denotes the interest rate, (W!, Wz) is a standard two-dimensional Brown-
ian motion, p € [—1, 1] and k, 6 and ¢ are some nonnegative numbers. This model
was introduced by Heston [10]. The equation for (v);>¢ has a unique (strong)
pathwise continuous solution living in R. If, moreover, 2k6 > g2 then, (v/)=0
is a positive process (see [14]). In this case, the volatility process (v);>0 has a
unique invariant probability vg with gamma distribution, namely, vy = y (a, b)
with a = (2/{)/;2 and b = (2k9)/g2. Thus, we assume that (v;);>0 evolves in
its stationary regime, that is, that

L(vg) = vg.
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Under this assumption, we showed in [19] that any option premium can be ex-
pressed as the expectation of a functional of a two-dimensional stationary stochas-
tic process. Let us recall the idea; we will write (S;);>0 as a functional of a station-
ary process. Elementary It6 calculus yields

1 rt t t
(7.1) St=soexp<rt—§/(; vsds—i—p/(; mdwf+,/1—p2/() mdwsl>.

Introducing the two-dimensional SDE,

(72) dy, = =y, dt + /o dW},
‘ dv, =k —v;)dt + ¢ /o, dW?,

and using the fact that
t t
/0 JUsdW, =y —yo+f0 ysds

and

l t
s U —vg— kOt +k [yusds
| asaw? = R,

we deduce that we can construct a (continuous) map ¢ from C(R+,R2) to
C(R4,R) such that (S;);>0 = ®((y, v1)r>0). Now, we have built (y;);>0 so that
(yr, vr)r>0 has a stationary regime. Denoting by p the invariant distribution of
(¥t, v1)r>0, We obtain that

E[F(S,0<t<T)]=E,[Fo®((y:,v),0<7r<T)].

For further details we refer to [19]. Here, we are interested with an up-and-out
barrier option whose discounted payoff is given by

F(S,0<t<T)=e""(S7 = K)+ Ysupy_,y S,<L}»

where L > K > 0. We now specify the discretization. First, the genuine Eu-
ler scheme of the so-called Heston volatility process (also known as the Cox—
Ingersoll-Ross process) (v;);>0 cannot be implemented since it does note preserve
the positivity. Thus, we must replace it by a specific discretization scheme; we de-
note by (v;);>0 the stepwise constant Euler scheme built as follows:

Or,, = |or, + kyas10 = or,) + 6\/or, (WE,_, — WE)| and p=x>0.

Note that convergence properties of this scheme have been studied in a constant
step framework in [4] (see also [1, 8] and [2] for other specific discretization
schemes).

Second, we denote by (&;);>¢ the continuous discretization scheme of

(o2(s0))..
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defined by &g =0 and

& =&r, + (r — 3or,)t + p\/or, (W2 — WE )

+ A= p?)ir, (W —Wp ), e[l Thyil.n>0.

Note that we do not need to introduce the Euler of (y;);>¢ since its use is nothing
but a theoretical way to justify why an algorithm for the approximation of the
stationary regime can be adapted to this context. Finally, in order to compute the
supremum of (§;);>0, let us recall the principle of the so-called Brownian bridge
method (transposed to this framework). Set

Ty /
Wt( ) = p(Wl'l‘n+[ - Wl'l‘n) + l - pZ(W%n+l - ngn)

and let (Y,W’y) denote the Brownian bridge on [0, y] defined by YtW’V =W, —
%Wy, t €10, y]. Forevery t € [T, T,11], we have

(7.3)

gl—‘n - Ern _ w(Tn) '
& =é&r, + " — T +,/or, Y, 7
1—‘n-i-l Iy
Using the independence and the Gaussian properties of the Brownian motion, one
deduces that, for every n > 1, the processes (& )se[r;,ry, 1, L €1{0,...,n — 1}, are

conditionally independent given the o-field o ((§,, vr,,0 <! < n) and that

E((SI)IG[FI,F1+1]|($F17 SF[_H’ I_JFI) = (XI, XI+1, Ul))

Xi4+1 — X] W,

:£<xl++7t+\/v_lYt yl+1vt€[07 yl+1]>7
L1 =17

where W denotes a standard Brownian motion. Then, using the symmetry princi-

ple, one can show that, for every x, y € R, for every z > max(x, y) and positive A

and y,

t 2
IP’( sup x+(y —x)—+ XYIW’V < z> =1- exp(——z(z —x)(z — y)).
1€[0,y] 14 YA
It follows that given (&r;,&r, ;. Ur;), SUpP;er, r,,, 6 can be simulated by the
method of inversion of the distribution function.
Let us now detail the algorithm.

STEP 1. From n =0 to n = N(T). At each step between n =0 and n =
N(T) — 1, simulate recursively, vr,,, and &r,_,. Then, use the Brownian bridge
method to simulate V,, = sup,¢r, r,. 1§ given (ér,, ér, . vr,). Compute recur-
sively M,, :=max(Vy, ..., V) =max(M,_1, V;;). Attime N (T), compute

W E @), F) = e (soexpEr) — K) | s supyeo 7 expE)<L)-
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STEP i. From n = N(T +T'i_1) + 1 ton=NT +T'}). If Mya+r,_+1) =
Vi—l’ replace MN(T—H",-_l—i-l) by max(Vi, ey VN(T+F1-_1+1))' Store (%-Fi—l’ ey
EFN(HF,«_I)H) and (Vi, ..., V41, ,+1))- Asin Step 1, fromn = N(T +T";_1) +
1 to n = N(T + T';), compute recursively vr,.,, ér,,,, V» and the maximum of
Vi, Vit1, ..., Vy. Then, at time N(T +T';),

D (& (w), F)
=V (E(w), F)

+ DL e (g exper — £, ) — K) Ay e ) — 00 V@), F),

where H,; = sup{soexp(&; —&r,_ ).t € [[i—1, Cnarar_p+11).

For the following choices of parameters,

so =50, r =0.05, T =1, o0 =0.5, 0 =0.01,
(7.4)
¢=0.1, k=2, K =50, L =355,

we now want to obtain an approximation of the distribution of the (asymptotically
normal) normalized error

En =VTN (v E @), F) — e TEB[(ST — K)+ jsupy_,p 5i<L1])-

First, we need to have an accurate approximation of the (risk-neutral) price. In
this way, we choose to combine a very long simulation with a variance reduc-
tion method taking the corresponding barrier option in the Black—Scholes model
as a control variable. Indeed, on the one hand, it is well known that the price of
such barrier option has a closed form in the Black—Scholes model (based on the
Black—Scholes formula for European options) and, on the other hand, this price
can be approximated using the algorithm described above by simply replacing the
stochastic volatility (v;) by a constant volatility denoted by . Note that the natural
choice for o is the long term volatility 8 which is the mean of the stationary volatil-
ity process (v;) as well. Then, denoting by (SIBS) the genuine Euler discretization
scheme of the Black—Scholes model (especially with the same trajectory for W)
with constant volatility 8, we approximate the price of the option by

M (& (w), F) =™ (B (), F) + CES(r, V0, T, K, L),

bar

where Cllfasr denotes the (explicit) price of the up-and-out barrier option in the
Black—Scholes model. Doing so with a simulation size N = 2.108, we get the

following accurate approximation of the premium:
eirTE[(ST - K)+1{sup05,5T S[§L}] ~ 1,689.

Then, setting N = 5.103, we proceed M = 10* independent Monte Carlo simula-
tions of &y. We denote by 612; the empirical variance of the sample (£}, ..., & 1’\‘,4 )
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F1G. 1. Comparaison of the approximate density fh of En (dotted line) with the density of
N(@©,62),N=5-10°, M =5-10°, h=M"1/5.

(which corresponds to an estimation of o%). In Figure 1 are depicted the density of
a centered Gaussian random variable with variance 6% and the empirical density
fh (smoothed by a convolution with a Gaussian kernel) defined by

.1 ¥ (x—e}v‘))z)
fh(x)—thmeXp< o .

As a conclusion, this numerical experiment first illustrates that the CLT occurs
at a reasonable range (for numerical purpose) and also suggests that a local ver-
sion holds true as well (“convergence of the density”’). Another extension of our
result could be, in the spirit of Bhattacharia’s result in [5] to establish an invariance
principle of Donsker type.

APPENDIX A: PROOF OF IDENTITY (2.12)
We have to deduce (2.12) from (2.9). First, we have (dropping * in A7)

2T
Ev[(E[Amsz] - /T o*VgF<X;‘>qu)1E[AT|fT]]

=E,[E[Asr | For IE[AT|Fr]]
=E,[(E[A7]FrD?].

since one easily checks that E[A;7 — A7 |Fr] = 0. It follows that

2T 2
Tol =1Ev[(E[A2T|f2T] - fT o*VgF(Xu>qu) ] B [(E[A7IFr ).
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Second, using the Markov property [or the fact that X ¥ = (X b W®)] and the
stationarity of the process, one observes that E[A>r — Ar|For] and E[Ar|Fr]
have the same distribution under P,,. In particular,

E,[(E[A2r — A7|Far D1 = E,[(E[A7|Fr])?.

Since E[Ax7 | For] = Ar +E[Axr — Ar|For]and E [A7E[Ayr — A7 |For]] =0,
we obtain that

Tol =E,[A2] — 2E, [E[Amfm / *VgF(Xu)qu}

2T 2
—HEU[(/T a*VgF(Xu)qu> }

All we have to do now is to check that the three above terms correspond, respec-
tively, to the three parts of (2.12). First, by Fubini’s theorem,

T /T
B A= [ [ EJ(F(XY) = fr ) (F(X®) = fr(X)]dv
u= V=
Owing to the stationarity of the process under P,,, we have

E,[(F(X") — fr(X)(F(X®) — fr(Xy))] = Cr(lu —v)),
where Cr is defined by (2.13). This yields

[A%] :2/0T /(;u Cr(u—v)dvdu = 2/0T(T —u)Cr(u)du.
Second, setting
(A1) Ml = /Oto—*Vf(Xu)qu,
we have

2T
B, |Bldar|Far] [ 0" Vgr (X, dW,]
2T w p p
= [ Bl (x) = e ) MEF — M)
= [ B () ~ 00, — M) du

2T
+ f E[(Fr(X®) — fr(X))(MSE — MET)] du

Now, the fact that MT+u MiF =gr(X74) — gr(X7) — fTT+” Agr(Xy)dv
implies that we can make use of the stationarity property to obtain for every u €
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[0, T,

Eu[(Fr(X®) — fr(X) (M3, — M3)]

T
_E, [(FT(X)  fr(X0)) (gF(XT) — gr(Xo) - fo Agr(Xy) dv)]

= E,[(Fr(X) — fr(Xo))(M;F — M5 ).

With similar arguments, one checks that for every u € [T, 2T],

E [(Fr(X"™) — fr(X.))(M5E — My™)] =E,[(Fr(X) — fr(Xo))Msk_].
It follows that

2T
EV[E[AQTWT] /T a*VgF<xu)qu}

T 2T
=B, (Fr 0~ frto) (M7 = [ w5 au [y au) |

= TE,[Fr(X)M;"].
Finally,

2T 2 2T
E[< / a*VgF(Xu)qu) ] — [ Ello*Ver(Xw)21du
T T

-7 / 10"V gr () 2v(dx)

owing to the stationarity of the process. The proof is complete.

APPENDIX B: COMPUTATION OF a% WHEN F (o) = ¢ (ar)

As mentioned in (2.3), when ¢ = Ah + C, the CLT for marginal functions com-
bined with a change of variable yields 01% = [pa lo*Vh(x)|?v(dx). Let us check
this formula starting from (2.9). Following the notation introduced in (A.1), we
have

2T
E[Aar|For] — E[A7|F7] —/T o*Ver(X;)dW, =¢i(x,") — @a(x, -,

where
T 2T
o1(x, ) = fo O du+ [ Bl (X ) For)du
2T g g
— /. fr(X;)du— (Myr — M7")
and

T
oa(x.) = [ EIOX )| Frdu
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In this case, fr = Pr¢ and using that A and Pr commute, one checks that fr —
v(fr) = APrh. This implies that gr = Pr¢. For the sake of simplicity we may
assume w.l.g. v(fr) = v(¢) = 0. Then, on the one hand,

2T

2T
o1(x,) = /T ABX) dut [ Py Ctar) du

—[gr(Xor) — gr(X7)]
= h(Xar) — h(XT) — (MY, — M})
T
+ fo AP h(Xar) du — (g7 (Xor) — g7 (X7)]

= h(Xar) — h(XT) — (Myy — M) + Prh(Xor) — h(Xa2r)
\—(—/
=gr(Xar)

—[gr(Xor) — gr(X7)]
= gr(X7) — h(XT) — (ML, — MD).

On the other hand,
T
or(x, ) = fo P (X7) du

T
_ /0 AP (X7 du = Prh(X7) — h(X1)

=gr(X7) —h(XT)

so that
2 1 h h\2 1 T * 2
op = =E,[(Myr — M7)"] = = Eu[lo*Vh(X,)|"1du
T TJr
:/|6*Vh(x)|2v(dx).
REFERENCES

[1] ALFONSI, A. (2005). On the discretization schemes for the CIR (and Bessel squared) pro-
cesses. Monte Carlo Methods Appl. 11 355-384. MR2186814

[2] ANDERSEN, L. B. G. (2007). Efficient simulation of the Heston stochastic volatility model.
Available at http://ssrn.com/abstract=946405.

[3] BASAK, G. K. and BHATTACHARYA, R. N. (1992). Stability in distribution for a class of
singular diffusions. Ann. Probab. 20 312-321. MR1143422

[4] BERKAOUI, A., BOSSY, M. and D10P, A. (2008). Euler scheme for SDEs with non-Lipschitz
diffusion coefficient: Strong convergence. ESAIM Probab. Stat. 12 1-11 (electronic).
MR2367990


http://www.ams.org/mathscinet-getitem?mr=2186814
http://ssrn.com/abstract=946405
http://www.ams.org/mathscinet-getitem?mr=1143422
http://www.ams.org/mathscinet-getitem?mr=2367990

(5]

(6]
(7]

(8]

(9]
(10]
(11]

(12]

[13]
(14]
[15]

(16]

(17]
(18]
[19]
(20]
(21]
[22]
(23]
[24]
[25]

[26]

APPROXIMATION OF THE DISTRIBUTION OF A STATIONARY DIFFUSION 1099

BHATTACHARYA, R. N. (1982). On the functional central limit theorem and the law of
the iterated logarithm for Markov processes. Z. Wahrsch. Verw. Gebiete 60 185-201.
MR0663900

BILLINGSLEY, P. (1968). Convergence of Probability Measures. Wiley, New York.
MRO0233396

BOULEAU, N. and LEPINGLE, D. (1994). Numerical Methods for Stochastic Processes. Wiley,
New York. MR1274043

DEELSTRA, G. and DELBAEN, F. (1998). Convergence of discretized stochastic (interest
rate) processes with stochastic drift term. Appl. Stochastic Models Data Anal. 14 77-84.
MR1641781

HALL, P. and HEYDE, C. C. (1980). Martingale Limit Theory and Its Application: Probability
and Mathematical Statistics. Academic Press, New York. MR0624435

HESTON, S. (1993). A closed-form solution for options with stochastic volatility with applica-
tions to bond and currency options. Review of Financial Studies 6 327-343.

KARATZAS, I. and SHREVE, S. E. (1991). Brownian Motion and Stochastic Calculus, 2nd ed.
Graduate Texts in Mathematics 113. Springer, New York. MR1121940

KUNITA, H. (1984). Stochastic differential equations and stochastic flows of diffeomorphisms.
In Ecole d’Eté de Probabilités de Saint-Flour, XII—1982. Lecture Notes in Math. 1097
143-303. Springer, Berlin. MR0876080

LADYZHENSKAYA, O. A. and URAL’TSEVA, N. N. (1968). Linear and Quasilinear Elliptic
Equations. Academic Press, New York. MR0244627

LAMBERTON, D. and LAPEYRE, B. (1996). Introduction to Stochastic Calculus Applied to
Finance. Chapman and Hall, London. MR1422250

LAMBERTON, D. and PAGES, G. (2002). Recursive computation of the invariant distribution
of a diffusion. Bernoulli 8 367-405. MR1913112

LAMBERTON, D. and PAGES, G. (2003). Recursive computation of the invariant distribu-
tion of a diffusion: The case of a weakly mean reverting drift. Stoch. Dyn. 3 435-451.
MR2030742

LEMAIRE, V. (2005). Estimation numérique de la mesure invariante d’un processus de diffu-
sion. Ph.D. thesis, Univ. Marne-La Vallée.

LEMAIRE, V. (2007). An adaptive scheme for the approximation of dissipative systems.
Stochastic Process. Appl. 117 1491-1518. MR2353037

PAGES, G. and PANLOUP, F. (2009). Approximation of the distribution of a stationary Markov
process with application to option pricing. Bernoulli 15 146—177. MR2546802

PANLOUP, F. (2006). Approximation du régime stationnaire d’'une EDS avec sauts. Ph.D. the-
sis, Univ. Paris V1.

PANLOUP, F. (2008). Recursive computation of the invariant measure of a stochastic differential
equation driven by a Lévy process. Ann. Appl. Probab. 18 379-426. MR2398761

PANLOUP, F. (2008). Computation of the invariant measure for a Lévy driven SDE: Rate of
convergence. Stochastic Process. Appl. 118 1351-1384. MR2427043

PARDOUX, E. and VERETENNIKOV, A. Y. (2001). On the Poisson equation and diffusion
approximation. I. Ann. Probab. 29 1061-1085. MR1872736

PARDOUX, E. and VERETENNIKOV, A. Y. (2003). On Poisson equation and diffusion approx-
imation. II. Ann. Probab. 31 1166-1192. MR1988467

PARDOUX, E. and VERETENNIKOV, A. Y. (2005). On the Poisson equation and diffusion
approximation. III. Ann. Probab. 33 1111-1133. MR2135314

PROTTER, P. E. (2005). Stochastic Integration and Differential Equations, 2nd ed. Stochastic
Modelling and Applied Probability 21. Springer, Berlin. MR2273672


http://www.ams.org/mathscinet-getitem?mr=0663900
http://www.ams.org/mathscinet-getitem?mr=0233396
http://www.ams.org/mathscinet-getitem?mr=1274043
http://www.ams.org/mathscinet-getitem?mr=1641781
http://www.ams.org/mathscinet-getitem?mr=0624435
http://www.ams.org/mathscinet-getitem?mr=1121940
http://www.ams.org/mathscinet-getitem?mr=0876080
http://www.ams.org/mathscinet-getitem?mr=0244627
http://www.ams.org/mathscinet-getitem?mr=1422250
http://www.ams.org/mathscinet-getitem?mr=1913112
http://www.ams.org/mathscinet-getitem?mr=2030742
http://www.ams.org/mathscinet-getitem?mr=2353037
http://www.ams.org/mathscinet-getitem?mr=2546802
http://www.ams.org/mathscinet-getitem?mr=2398761
http://www.ams.org/mathscinet-getitem?mr=2427043
http://www.ams.org/mathscinet-getitem?mr=1872736
http://www.ams.org/mathscinet-getitem?mr=1988467
http://www.ams.org/mathscinet-getitem?mr=2135314
http://www.ams.org/mathscinet-getitem?mr=2273672

1100 G. PAGES AND F. PANLOUP

[27] TALAY, D. (1990). Second order discretization schemes of stochastic differential systems for
the computation of the invariant law. Stoch. Stoch. Rep. 29 13-36.

LABORATOIRE DE PROBABILITES INSTITUT DE MATHEMATIQUES DE TOULOUSE
ET MODELES ALEATOIRES UNIVERSITE PAUL SABATIER AND INSA TOULOUSE
UMR 7599, UPMC, CASE 188 135, AV. DE RANGUEIL
4 PL. JUSSIEU F-31077 ToULOUSE CEDEX 4
F-75252 PARIS CEDEX 5 FRANCE
FRANCE E-MAIL: fabien.panloup @math.univ-toulouse.fr

E-MAIL: gilles.pages @upmc.fr


mailto:gilles.pages@upmc.fr
mailto:fabien.panloup@math.univ-toulouse.fr

	Introduction
	Main results
	Assumptions and background
	Main results

	Preliminaries
	Rate of convergence for the martingale component
	Study of (Thetan,1), (Thetan,2) and (Thetan,3)
	Proof of the main theorems
	Numerical test on barrier options in the Heston model
	Appendix A: Proof of identity (2.12)
	Appendix B: Computation of sigma2F when F(alpha)=phi(alphaT)
	References
	Author's Addresses

