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WEAK ORDER FOR THE DISCRETIZATION
OF THE STOCHASTIC HEAT EQUATION

ARNAUD DEBUSSCHE AND JACQUES PRINTEMS

ABSTRACT. In this paper we study the approximation of the distribution of
Xt Hilbert—valued stochastic process solution of a linear parabolic stochastic
partial differential equation written in an abstract form as

dX: + AX¢ dt = QY2dW (t), Xo=xz€ H, tel0,T],

driven by a Gaussian space time noise whose covariance operator @ is given.
We assume that A~ is a finite trace operator for some o > 0 and that Q is
bounded from H into D(AP) for some 8 > 0. It is not required to be nuclear
or to commute with A.

The discretization is achieved thanks to finite element methods in space
(parameter h > 0) and a f-method in time (parameter At = T/N). We define
a discrete solution X' and for suitable functions ¢ defined on H, we show that

Ee(XY) — Ep(Xr)| = O(h + AtY)

where ¥ < 1 — a + (3. Let us note that as in the finite dimensional case the
rate of convergence is twice the one for pathwise approximations.

1. INTRODUCTION

In this article, we study the convergence of the distributions of numerical ap-
proximations of the solutions of a large class of linear parabolic stochastic partial
differential equations. The numerical analysis of stochastic partial differential equa-
tions has been recently the subject of many articles. (See among others [1], [7], [11],
[12], [13], [14], [15], [16], [0, [18], [19], [24], [25], [28], [29], [35], [33], [34]). In all
of these papers, the aim is to give an estimate on the strong order of convergence
for a numerical scheme. In other words, on the order of pathwise convergence. It is
well known that in the case of stochastic differential equations in finite dimension,
the so-called weak order is much better than the strong order. The weak order is
the order of convergence of the law of approximations to the true solution. For
instance, the standard Euler scheme is of strong order 1/2 for the approximation of
a stochastic differential equation while the weak order is 1. A basic tool to study
the weak order is the Kolmogorov equation associated to the stochastic equation
(see [22], [26], [27] [31]).

In infinite dimension, this problem has been studied in fewer articles. In [3],
the case of a stochastic delay equation is studied. To our knowledge, only [§], [20]
and more recently [9] consider stochastic partial differential equations. In [§] the
nonlinear Schrodinger equations are considered. In the present article, we consider
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846 ARNAUD DEBUSSCHE AND JACQUES PRINTEMS

the case of the full discretization of a parabolic equation. We restrict our attention
to a linear equation with additive noise which contains several difficulties. The
general case of semilinear equations with state dependent noise presents further
difficulties and will be treated in a forthcoming article. This case is treated in [20]
but there only finite dimensional functionals of the solution are used and the finite
dimensional method can be used. The article [9] presents a similar result to ours
but a restriction on the functional is also imposed. However, it is much weaker
than in [20].

Note that there are essential differences between the equations treated in [3] and
[8]. Indeed, no spatial difference operator appears in a delay equation. In the case
of the Schrodinger equation the linear evolution defines a group and it is possible
to get rid of the differential operator by inverting the group. Furthermore, in [§],
the data are assumed to be very smooth.

In this article, we get rid of the differential operator by using a similar trick as
in [8]. However, since the linear evolution operator is not invertible, this introduces
extra difficulties. Moreover, we consider a full discretization using an implicit Euler
scheme and finite elements for the spatial discretization. We give an estimate of
the weak order of convergence with minimal regularity assumptions on the data.
In fact, we show that as in the finite dimensional case the weak order is twice the
strong order of convergence, both in time and space.

In dimension d = 1,2, 3, let us consider the following stochastic partial differen-
tial equation:

Ou(x,t)
ot
where z € O, a bounded open set of R%, and t €]0,T], with Dirichlet boundary
conditions and initial data and n = % with 1 denotes a real-valued Gaussian
process. It is convenient to use an abstract framework to describe the noise more
precisely. Let W be a cylindrical Wiener process on L?(Q); in other words, %—‘QV
is the space time white noise. Equivalently, given an orthonormal basis (e;cn) of

L?(0), W has the expansion

(1.1) — Au(z,t) = n(z,t),

W(t) =Y Bit)e:
ieN
where (8;);en is a family of independent standard Brownian motions (see section 2.4
below). We consider noises of the form 7(t) = Q/?W (t) where Q is a nonnegative
symmetric bounded linear operator on L?(0). For exampl7 given a function ¢
defined on O, we can take

n(z,t) = /Oq(ﬂr —y)W(y,t)dy,
Then the process 7 has the following correlation function:
En(z,t)n(y, s) = clx —y)(t As) with e(r) = / q(z +1)q(z)dz.
o

The operator @ is then given by Qf(z) = fo c(z —y) f(y) dy. Note that if the ¢ is
the Dirac mass at 0, n =W and Q = I.

IThe equations describing this example are formal, it is not difficult to give a rigourous mean-
ing. This is not important in our context. Note that ¢ does not need to be a function and a
distribution is allowed.
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WEAK ORDER FOR THE STOCHASTIC HEAT EQUATION 847

Let us also set A = —A, D(A) = H?(O) N H}(O) and H = L*(0). Then
A : D(A) — H can be seen as an unbounded operator on H with domain D(A).
Our main assumption concerning @ is that A°/2Q defines a bounded operator on
L?(0) with ¢ > —1/2if d =1,0 > 0if d = 2 and 0 > 1/2 if d = 3. In the
example above, this amounts to requiring that (—A)?/2q € L?(O). Tt is well known
that these conditions are sufficient to ensure the existence of continuous solutions
of (TI).

If we write u(t) = u(-,t) seen as a H—valued stochastic process, then (LI can
be rewritten under the abstract Ito form

(1.2) du(t) + Au(t) dt = QY2 AW (¢).

In this article, we consider such an abstract equation and study the approximation
of the law of the solutions of (2] by means of the #-method and finite elements.
Let {Vi}n>0 be a family of finite dimensional subspaces of D(A'/2). Let N > 1 be
an integer and At = T'/N. The numerical scheme is given by

(1.3) (uZJr1 —uj,vp) + At(AuZ+9, vp) = VAL (Ql/QXnH,vh),

for any vj, € Vj,, where v At x"t! = W((n+1)At) — W (nAt) is the noise increment
and where (-,-) is the inner product of H. The unknown is approximated at time
nAt, 0 < n < N by up € V,,. In ([3), we have used the notation uZJre for
Ouy ™ + (1 — O)up for some 0 € (1/2,1]. We prove that an error estimate of the
form
[E(p(u(nAt)) — E(p(up))] < c(h* + At)

for any function ¢ which is C? and bounded on H. With the above notation, =y
is required to be strictly less than 1 — d/2 + o/2. This is exactly twice the strong
order (see [33], [35]). If d = 1 and o = 0, the condition is v < 1/2 and we obtain a
weak order which is 1/2 in time and 1 in space.

2. PRELIMINARIES

2.1. Functional spaces. It is convenient to change the notation and rewrite the
unknown of (L2) as X. We thus consider the following stochastic partial differential
equation written in the abstract form

(2.4) dX; + AX;dt = QY2dW(t), Xo=x€H, 0<t<T,

where H is a Hilbert space whose inner product is denoted by (-, -) and its associated
norm by |- |, the process {X}¢cjo,r] is an H-valued stochastic process, A a non-
negative self-adjoint unbounded operator on H whose domain D(A) is dense in
H and compactly embedded in H, ) a nonnegative symmetric operator on H and
{W(t)}ieo, 1) a cylindrical Wiener process on H adapted to a given normal filtration
{Fi}iepo,m in a given probability space (2, F,P).
It is well known that there exists a sequence of nondecreasing positive real num-
bers {A,}n>1 together with {e,},>1 a Hilbertian basis of H such that
Ae, = \p,e, with lim )\, = +o0.
n—oo

We set for any s > 0,

D(A?) = {u = (uen)en € H such that > X (u,e,)? < OO} |

n=1 n=1
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and

A’u = Z As(uyen)en, Yu € D(A®).
n=1

It is clear that D(A%/?) endowed with the norm u — ||Ju||s := |A%/?u| is a Hilbert
space. We define also D(A~*/2) with s > 0 as the completed space of H for the
topology induced by the norm |jul_s = Y00 | A\ %(u, ;)% In this case D(A~%/2)
can be identified with the topological dual of D(AS/Q)7 i.e. the space of the linear
forms on D(AS/ 2) which are continuous with respect to the topology induced by
the norm || - ||5.

Moreover, these spaces can be obtained by interpolation between them. In-
deed, for any reals s; < s < s5, one has the continuous embeddings D(AS"‘/Q) -
D(A*/%) € D(A*1/2) and by Hélder inequality

(2.5) lulls < flulls Mull2,, s = (1= A)st+ Asa,

EDR
for any u € D(A%2/2).

We denote by || - ||x the norm of a Banach space X. If X and Y denote two
Banach spaces, we denote by £(X,Y") the Banach space of bounded linear operators
from X into Y endowed with the norm || B||z(x,y) = sup,cx [|[Bz|ly /||z]|x. When
X =Y, we use the shorter notation £(X).

If L € £(H) is a nuclear operator, Tr(L) denotes the trace of the operator L, i.e.

(oo}
Tr(L) = Z(Lei,ei) < +o0.
i=1
It is well known that the previous definition does not depend on the choice of the
Hilbertian basis. Moreover, the following properties hold for a nuclear operator L

(2.6) Tr(LM) =Te(ML), forany M € L(H),
and if L is nonnegative
(2.7) Tr(LM) < Tr(L)|| M| z(py, for any M € L(H).

Hilbert-Schmidt operators also play an important role. Given two Hilbert spaces
K, Ko, an operator L € L(K7, K) is Hilbert-Schmidt if L* L is a nuclear operator
on K or equivalently if LL* is nuclear on K. We denote by L2(K7, K2) the space
of such operators. It is a Hilbert space for the norm

(2.8) L]l 2o 1 10y = (Te(L*L)Y? = (Te(LL*)) V2.

It is classical that, given four Hilbert spaces K, Ko, K3, Ky, if L € Lo5(K>, K3),
M e E(Kl,Kg), N € E(Kg,K4), then NLM € EQ(Kl,K4) and

(29) HNLM||E2(K17K4) < HN||L',(K3,K4)||L||£2(K2,K3)||MHE(K1,K2)'

See [5], appendix C, or [I0] for more details on nuclear and Hilbert-Schmidt oper-
ators.

If X is a Banach space, we denote by C,(H; X) the Banach space of X-valued,
continuous and bounded functions on H. We also denote by CF(H) the space
of k-times continuously differentiable real-valued functions on H. The first order
differential of a function ¢ € Cl(H) is identified with its gradient and is then
considered as an element of C,(H; H). It is denoted by De. Similarly, the second
order differential of a function ¢ € CZ(H) is seen as a function from H into the
Banach space £(H) and is denoted by D?¢.
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2.2. The deterministic stationary problem. We need some classical results on
the deterministic stationary version of ([24]). In this case, special attention has to
be paid to the space V' = D(AY?) c H. It is a Hilbert space whose embedding
into H is dense and continuous. Its inner product is denoted by ((-,)). We have

(u,v)) = (AY?u, AY2%0), foranyu eV, veV
= (Au,v), for any u € D(A), v € H.

Then by a density argument and the uniqueness of the Riesz representation (in V)
we conclude that A is invertible from V into V' = D(A~'/2) or from D(A) into H.
We will set T = A~! its inverse. It is bounded and positive on H and on V.

For any f € H, u = Tf is by definition the unique solution of the following
problem:

(2.10) weV, ((u,v))=(f,v), foranywveV.

Let {Vi,}1>0 be a family of finite dimensional subspaces of V' parametrized by a
small parameter h > 0. For any h > 0, we denote by P, (resp. IIj) the orthogonal
projector from H (resp. V') onto V}, with respect to the inner product (-,-) (resp.
((+)))-

For any h > 0, we denote by Aj the linear bounded operator from V} into Vj,
defined by

(2.11) ((uh,vh)) = (A;luh,vh) = (Auh,vh) for any up € Vi, v € V.

It is clear that Ay : Vj, — V}, is also invertible. Its inverse is denoted by T},. For
any f € H, up = T}, f is by definition the solution of the following problem:

(2.12) up € Vi, ((uh,vh)) = (f, ’Uh) = (th7 vy), for any vy, € Vj,.

It is also clear that Aj and T}, are positive definite symmetric bounded linear
operators on Vj,. We denote by {\;n}i1<i<r(n) the sequence of its nonincreasing
positive eigenvalues and {e; x }1<i<1(n) the associated orthonormal basis of V;, of its
eigenvectors. Again, by Holder inequality, Aj satisfies the following interpolation
inequality:

(2.13) |ASun| < JAS un M A2 up|* ™, up € Vi, s = Asp + (1 — V)sa.
The consequences of (ZTI1]) are summarized in the following lemma.

Lemma 2.1. Let A, € L(V},), defined in 211)). Let T and T}, be as defined in
@I0) and @ZI2). Then the following hold for any wy, € Vi, and v € V:

(2.14) T,P, = 11,7,

(2.15) |AY 2w, = | A 2wy
(2.16) T 2w, = | TY 2wy,
(2.17) T2 Py < |TY?).

Proof. Now let f € H. We consider the two solutions u and wy, of (ZI0) and
2I2). Since V}, C V, we can write (ZI0) with vy € V3. Then, substracting we get

((u —wup,vp)) = 0. Hence, up, = IIpu the V-orthogonal projection of u onto V4, i.e.
TPy f = 1, TF.
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Equation (ZI0) follows immediately from the definition ZI1I) of Aj. We now
prove (2.I7). Equations [2.14) and (213 imply
|4, Puo| = TPl = [TATo]| < [ To]l = |42,
since Iy, : V' — V}, is an orthogonal projection for the inner product || - ||.
As regards ([2.I0), on one hand (2I7) with v = wy, € V}, C V gives the first
inequality |T;/2wh| < |TY?wy|. On the other hand, by @I,

[(Apun,vn)| = [(Aun,vp)| < |AY2uy|[AV 20y,

So Ajuy, can be considered as a continuous linear form on D(A'/2), i.e. it belongs
to D(A~1/?), and
|A™Y2 Ay < |AY 20| = | A Puy).

Taking uy, = A}, 'wy, gives [A7Y 2wy, | < |A;1/2wh|. Equation (2IG) follows. O

Our main assumption concerning the spaces V}, is that the corresponding linear
elliptic problem (ZI2) admits an O(h") error estimate in H and O(h"~!) in V for
some r > 2. It is classical to verify that these estimates hold if we suppose that IIj,
satisfies for some constant kg > 0,

(2.18) Mo —v| < keh®|A%2%0], 1<s<r,
(2.19) JAYV2(Mw — w)| < wkoh® ~HA Pw|, 1< <r—1,

where v € D(A%/?) and w € D(A/?).

Finite elements satisfying these conditions are, for example, Pj triangular ele-
ments on a convex polygonal domain or j rectangular finite element on a rect-
angular domain provided k£ > 1. Approximation by splines can also be considered.

(See [, [30]).

2.3. The deterministic evolution problem. We recall now some results about
the spatial discretization of the solution of the deterministic linear parabolic evo-
lution equation:

t
(2.20) 8;‘5 ) Au(t) =0, u(0) =y,
by the finite dimensional one:

Oup,(t)
ot
It is well known that, under our assumptions, (2.20) defines a contraction semi-
group on H denoted by S(t) = e~*4 for any ¢+ > 0. Its solution can be read as
u(t) = S(t)y where t > 0. The main properties of S(t) (contraction, regularization)
are summed up below:

+ Ahuh(t) =0, uh(O) = Pry € V3.

(2.21) le=*z| < |z|, for any z € H,
and
(2.22) |Ase g < C(s)t™%)2],

for any ¢t > 0, s > 0 and x € H. Such a property is based on the definition of A®
and the following well known inequality

(2.23) supzfe ™ < CO(e)t™¢, for any t > 0.
x>0
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In the same manner, we denote by Sj(t) = e 4 the semi-group on Vj, such
that up(t) = Sp(t)Pry, for any ¢ > 0.

We have various types of convergence of uy, towards u depending on the regularity
of the initial data y. The optimal rates of convergences remain the same as in
the corresponding stationary problems (see ([2I8)—(ZTI9)). The estimates are not
uniform in time near ¢ = 0 since the regularization of S(t) is used to prove them.
The following lemma gives two classical properties needed in this article.

Lemma 2.2. Let r > 2 be such that (ZI8) and @2I9) hold and q, ¢, s, s’ such
that 0 < s <qg<r,sd >0,1<q¢g+s <r—1and ¢ < 2. Then there exists
constants k; > 0, i = 1,2 independent on h such that for any time t > 0, one has:

(2.24) 1S (8) Py — St c(piasreymy < w1 h9t @792,
(225) Hsh(t)Ph - S(t)||‘C(D(ASI/2),D(A1/2)) < Ko hq’—i-s’ t_(q/+1)/2~

The proof of ([2:24)) can be found in [2] (see also [32], Theorem 3.5, p. 45). The
proof of (228 can be found in [2I], Theorem 4.1, p. 342 (with f = 0). In fact, we
use only s = s’ =0 and ¢’ = 1 below.

2.4. Infinite dimensional stochastic integrals. In this section, we recall basic
results on the stochastic integral with respect to the cylindrical Wiener process W.
More details can be found for instance in [5].

It is well known that W has the expansion

W= iﬁi €4,
i=1

where {;};>1 denotes a family of real-valued mutually independent Brownian mo-
tions on (2, F,P, {Fi}i+>0). The sum does not converge in H and this reflects the
bad regularity property of the cylindrical Wiener process. However, it converges
a.s. and in LP(Q;U), p > 1, for any space U such that H C U with a Hilbert-
Schmidt embedding. If H = L?(0), O C R? is open and bounded, we can take
U=H7*(0), s>d/2.

Such a Wiener process can be characterized by

E(W(t),u)(W(s),v) =t As (u,v)

for any t,s > 0 and u,v € H.
Given any predictable operator-valued function ¢t — ®(t), t € [0, T, it is possible

to define fOTé(s)dW(s) in a Hilbert space K if ® takes values in Lo(H, K) and

fOT ||<I>(3)H%2(H’K)ds < 0o a.s. In this case fOT ®(s)dW (s) is a well defined random
variable with values in K and

T<I> dw 7°° TCI) d
/0 W) =3 / (s)esdBi(s).

Moreover, if E (fOT ||¢>(5)||2£2(H’K)ds) < 00, then

E (/0 @(s)dW(s)) =0,
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T 2
E / O(s)dW (s)
0

T
~E ( / ||<I><s>|%2<H,K>ds) .
K 0

We will consider below expressions of the form [ 4(s)Q"/2dW (s). These are then
square integrable random variables in K with zero average if

E( / |¢<s>@1/2|%2(H,K>ds> - / Tr (4" (5)Qub(s)) ds < oo.

The solution of equation (24 can be written explicitly in terms of stochastic inte-
grals. In order that these are well defined, we assume throughout this paper that
there exist real numbers a > 0 and min(a — 1,0) < 8 < « such that

(2.26) SN =A%, ) = Tr(A™) < oo
n=1

and

(2.27) APQ € L(H).

Condition (ZZ7) implies that @ is a bounded operator from H into D(A®). By
interpolation, we deduce immediately that for any \ € [0, 1], AMQ* € L(H) and

(2.28) 1AM QM2 ey < IAP QN2 (-

Example 2.3. If one considers the equations described in the introduction where
A is the Laplace operator with Dirichlet boundary conditions, it is well known that

[2:28) holds for o > d/2.

We have the following result.
Proposition 2.4. Assume that 2.28), 221) hold and
(2.29) 1—a+p3>0.

Then there exists a unique Gaussian stochastic process which is the weak solution
(in the PDE sense) of [Z.4) continuous in time with values in L*(Q, H). It is given
by the formula which holds a.s. in H:

t o t
X, = eftAx_i_/ ef(tfs)AQ1/2 dW(S) _ €7tA.’L'+Z (/ e(ts))‘idﬁi(s)> Q1/2€i~
0 — \Jo

Proof. By Theorem 5.4, p. 121 in [5], it is sufficient to see that the stochastic
integral makes sense in H, i.e.

t t
/ ||e*(t*S)AQ1/2||iQ(H)ds = / Tr (e*(t*S)AQe*(t*S)A) ds < o0,
0 0

for any ¢ € [0,T]. We use [2.9) to estimate the Hilbert-Schmidt norm:

e DAQY | yary < 1 APPQY2 oy | A2 o amy lle™ A ATEFO 2
< et — 5) YA

by 222), 2.20) and ([228). The conclusion follows since —f§ + a < 1. O
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3. WEAK CONVERGENCE OF AN IMPLICIT SCHEME

3.1. Setting of the problem and main result. In this section, we state the
weak approximation result on the full discretization of ([2:4]).

We first describe the numerical scheme. Let N > 1 be an integer and {Vj }r>0
the family of finite element spaces introduced in Section Let At = T/N and
t, =nAt, 0 <n < N. For any h > 0 and any integer n < N, we seek X', an
approximation of X, , such that for any v, in Vj,:

(3.30) (XY — X7 on) + At (AXPH ug) = (QY2W (tns) — QY2W (), vn),
with the initial condition
(3.31) (XD 0n) = (x,vn), Vo € Vi,
where
XpHo =ox] + (1-0)X},
with
(3.32) 1/2<0<1.

Recall that the #-method defines a strongly stable scheme only when 6 € (1/2,1].
For # < 1/2, a CFL condition is necessary.

Then B30)-B.31) can be rewritten as

(3.33) XpHh - XP 4 At AR X0 = VAP, QY2 T,
where
1

Xn+1 - =

VAL

and where we recall that P, : H — V}, is the H-orthogonal projector. Hence

{X"}n>0 is a sequence of independent and identically distributed Gaussian random
variables. The main result of this paper is stated below.

(W((n+1)At) — W (nAt)),

Theorem 3.1. Let ¢ € C’g(H), i.e. a twice differentiable real-valued functional
defined on H whose first and second derivatives are bounded. Let a > 0 and 5 >0

be such that [226), @27) and Z29) hold. Let T > 1 and {Xi}icpo,r) be the
H-valued stochastic process solution of (24l given by Proposition 24 For any

N > 1, let {X}"}o<n<n be the solution of the scheme (B33)—-B34). Then for any
v<1l—a+p <1, there exists a constant C = C(T, p,, |z|) > 0 which does not
depend on h and N such that the following inequality holds:

(3.35) [E@(X) —Ee(Xr)| < C (h* + AtY),

where At =T/N < 1.

3.2. Proof of Theorem 3.1l The scheme [B33)-(B34)) can be rewritten as
n—1

(3.36) X} = Sit aePrz+ VALY SpAETHI 4 0AtA,) T P, 0<n <N,

k=0
where we have set for any A > 0 and N > 1:

Spoae = (I +0AtAL) NI — (1 - 0)AtA).
We split the proof into several steps.
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Step 1: We introduce discrete and semi-discrete auxiliary schemes which will
be useful for the proof of Theorem [3.1]

First, for any h > 0, let {X4(t)}+cjo,7] be the Vj-valued stochastic process solu-
tion of the following finite dimensional stochastic partial differential equation

AXps + ApXpdt = P, QY2dW (), Xpo = Pua.

It is straightforward to see that Xj, ; can be written as
t
(3.37) Xpt = Su(t)Pox + / Sp(t — s)PaQY2dW (s).
0

The last stochastic integral is well defined since

t— Tr((Sh(t)PhQ1/2)*(Sh (t)PhQ1/2))

is integrable on [0,77] .
We introduce also the following Vj-valued stochastic process

}/}L,t - Sh(T - t) X}L,t; te [Oa T]a

which is the solution of the following drift-free finite dimensional stochastic differ-
ential equation

(3.38) AYy = Sp(T — )P, QY2AW (t), Yy = Sp(T)Py.
Its discrete counterpart is given by

(339) Yy = SN Xp

= SNaPur+ VA ZS{]Af YT+ 0AtA,) ' P, QY21
k=0

for 0 <n < N.
Eventually, we consider a time continuous interpolation of Y;* which is the Vj,-
valued {F;}-adapted stochastic process Y}, defined by

t N—1
(3.40) Yy, = = Sp asPra + / S,QVA;;Z YT+ 0AtAL)11,,(s) PQY2dW (),

where 1,, denotes the function 1[tmt" )
It is easy to see that for any ¢t € [0,7] and n such that ¢ € [t,,, t,+1), we have

Vi =Y+ SAr NI+ 0AtAL) T PLQYA(W () — W (tn)).

Step 2: Splitting of the error.
Now let ¢ € CZ(H). The error Ep(X}Y) —E@(X7) can be split into two terms:

Eo(Xy) —Ee(Xr) =Eo(X)) —E@(Xnr) + E@(Xnr) — E@(XT)

3.41
( ) =A+B.

The term A contains the error due to the time discretization and will be estimated
uniformly with respect to h. The term B contains the spatial error.
Step 3: Estimate of the time discretization error.
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Let us now estimate the time error uniformly with respect to h. In order to do
this, we consider the solution vy : [0,T] x V;, — R of the following deterministic
finite dimensional Cauchy problem:

(3.42) { S (1) = 3T (ST = PAQY2) D21, )(Su(T = DFAQY)).

vr(0) = .

We have the following classical representation of the solution of ([3:42]) at any time
t € [0,7T] and for any y € V}, (see for instance [0]):

(3.43) (T —t,y) =Ep <y + / Si(T — 5)Py, Ql/QdW(s)> .

It follows easily that

(3.44) lon(Ollczey < lellczamy, t€10,T].

Now, the estimate of the time error relies mainly on the comparison of It6’s
formula applied successively to t — vy (T —t,Y3 ) and ¢ +— v, (T — ¢, Y}, ). First,
by construction, ¢ — vy (T —t,Y} ) is a martingale. Indeed, It6’s formula gives

dop(T — t,Yis) = (Dvh(T —t,Yia), Sn(T — t)Pth/ZdW(t)) .

Therefore,

t

o (T—t, Yi0) =vn (T, Su(T) Py) + / (DA (T = 5,Y3.0), Sul(T = $)PLQ"2aW (s) )
0

Taking t = T and the expectation implies since x is deterministic

(345) E gO(Xh7T) = Up, (T, Sh(T)Ph:C)

On the contrary, t — v, (T — t,}N’M) is not a martingale. Nevertheless, applying
Itd’s formula gives, thanks to (3.40),

T (9’Uh

Evn(0,Y5r) =Eon(T,Yi0) =E | —2
o Ot

—I—E/

where here and in equations ([3.48)), (3.47) below, D?v, is evaluated at (T'—t, 17h¢)~
Also we have set

(T —t, ?h,t) dt

TN 1
|:S;LVA:L T aePLQY ) 2Uh(ShAt "Th At PrQ /2)} n(t)dt,

Thoae = (I +0AtA,)!
Thanks to ([3:42) we get

E@(X)) = on(T, S} asPr)
7 N—-1

(3.46) + / ZTI|:(Sh N 1Th,AtPhQ1/2) D2y, (Sh ~ 1Th,AtPhQ1/2>

_ (Sh(T—t)PhQ1/2) D2, (Sh(T—t)P;LQl/Z)}ln(t) at.
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At last, the comparison between (B:45]) and ([340]) leads to the following decompo-
sition of the time error A,

Eo(Xy) — E@(Xn1) = vn(T, Sp asPr) — vn (T, Sp(T) Pyv)

T N-—1 .
(3.47) + = IE/ Z Tr[ S,]x;f‘lTh,AtPth/Q) D2y, (S}JLVA;L lTh,AtPth/2>

(sn(T - t)Pth/z)* D2, (Sn(T ~ 1) PQ'?) } 1,(t) dt,
I+11.

The term I is the pure deterministic part of the time error. Thanks to the repre-
sentation ([B.43]), we have

I < llley (1S (T)Pr — Sit asPhlle el

Thanks to ([B32) it is possible to bound I uniformly with respect to h. More
precisely, we have (e.g. see Theorem 1.1, p. 921 in [23])

(348)  [[(Sh(NAL) = S ad) Prllecny = sup e VXAt PN(N; AL
12
< sup‘e_NZ—FN(z)‘
z>0
c At
< Z o=
- N ¢ T

We have used the following notation:

1-(1-6)z
Fz)= —+ "7~ .
(2) 465 z>0
We obtain
At
(3.49) I< CH@HC&(H)? ||

Let us now see how to estimate the term I1. First, using the symmetry of D?vy,
we rewrite the trace term as

(15— 507
D2vy (Sh ar  ThaePaQY? — Si(T — t)th1/2>)

+2r ((Su(T = O PQY2)" Dop (21" Th aPUQY2 = Su(T — )P,QY2) )
= an(t) + by(t),

for t € [tn, tni1)-

Now let o > 0 and 8 > 0 such that (Z26]) and (Z27) hold with0 < 1 —a+5 < 1.
Let y>0and v >0suchthat 0 <y <y <1l—a+ <1
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We first estimate the term a,(t). We use (Z0), 21), 23), (344) and 29) to

obtain for ¢t € [t,, tnt1)
an(t) < lvn(T =)l ez
T ((SAr ThadPAQY2 = Su(T = ) PQY? )
(SNEI T s PaQ? = Su(T — ) PiQY?) )
< lpllogm |l (Shar ™" Thae = Su(T = 1)) Pu@ I,
< llellozenll (SN A Thae = Su(T =) A2 B3 )

—-1)/2
1A 2P QY2 2, -

(3.50)

Let us set for ¢t € [ty,, tpt1)
B H (SflVA? "Th,at — Sn(T — t)) Ag*%)/QPhH

FN=m=1(); hAt) _ e hin(Tt)
1+ O\ AL

L(H)

(3:51) A=/,

= sup
1<i<I(h)

Using similar techniques as for the proof of the strong order (see e.g. [28]), we have
the following bound, for n < N — 1,

(3.52) M, (t) < CA2((N —n — 1)A) " E=1HD/2 for ¢ € [t tni1),

where here and below C' denotes a constant which depends only on v1, -, ||<P||C§( H)»

|APQ|| z(rry and Tr(A~%). In particular, these constants do not depend on h or At.
The proof is postponed to the appendix at the end of this article.
We then estimate the last factor in (350). Using (Z.3]), we get

”A;lVl*l)/?Pth/QH[é(H) < HA;’Yl*l)/QPhA—B/Q||£2(H)HAB/QQl/QHE(H).
Using ([Z13) and (ZTI7), we have
~1)/2 _ —-1)/2 _
||A§71 )/ P,A B/2||2L2(H) :ZieN |A§L’Yl )/ P,A ﬁ/26¢|2

< e |4y PPy AT O e, P10 | Py A8 2e 20
< Yien AT 2 P | A6 e 20

_ Z N)‘ (1- 'YI+B)
i€ 1
We deduce from 1 —v; + 5 > « and (Z28) that
I P PR ATP R iy < AT ACQU G Tr(AT).

L(H)
Plugging this and [B352) into (B50) ylelds forn < N—1,1€ [tn,tny1):
(3.53) an(t) < CA((N —n —1)At)~ A=+,
Forn=N —1, for t € [ty_1,T], we derive similarly,
(3.54)

an-1(8) < lelloz el (Thae = Su(T = ) AL 2% AR ™2 Q1 s
— 2 1— 2
< C (IThae Al 21 ) + 10T = DAL )
<C(Amt (T -t )
<or-Hm,
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Concerning b,,, we write for t € [t,, tnt1),
bu(t) = 2T ((S(T - t)AEj*%)/QAﬁjl*”/QP,LQU?)* Du,
(SYar T = Su(T = 1) AL 2T RQV2)
< lelloz(en 1Sn(T = VAL 2 ooy | (SR Thae=Su(T 1)) ALy
X ||A§?1_1)/2PhQ1/2Hfzz(Hy
Using a similar argument as above, we prove

150 (T — ) AS 2| £y < O(T — 1) =172
and’ forn <N — 1’ te [tnvtn+l)a

I (S;]xg;thh,At — Su(T — t)) Agll—’n)/?Hﬁ(H) < CAtW((N_n_1)At)*((1771)/2+7)

so that for n < N — 1, ¢ € [tn, tnt1):

(3.55) ba(t) < CALY (N —n — 1)At)~ =0+,
Forn=N—1,t¢€ [ty_1,T], we have
(3.56)

1— 2
by-1(t) < @lloz(n ST = ATl 2
1— 2 1— 2
x| (Thoat — ST = ) A2 Bl v 1AL V2 PaQY 212, v
<C(T -ty L

We are now ready to bound I7 in (B47). Indeed, (B53)), B54), (B55), (B56]) imply

T—-At N—2
1< C/ D AO((N —n— )AL TUTENL, (4) dt
0 n=0

(3.57) T
+ C’/ (T —t)y"~tat
T—At
< CA.
Then, plugging (3.49) and (3.57) into (341) we obtain
At
(3.58) Al < CH@HC;(H)? |z| + CAtY
< CAY,

forT > 1, At <1.
Step 4: Estimate of the space discretization error.
Let us now estimate the spatial error B. The method is essentially the same as
above: we use the Kolmogorov equation associated to the transformed process Y;.
We consider the following linear parabolic equation on H:

(3.59)

%(t,x) - %Tr((S(T QY2 D2u(t, 2)(S(T — t)Q1/2)>, t>0, zeH,

together with the initial condition

v(0,2) = p(x), zeH,
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where v is a real-valued function of ¢t and x € H. We have the following represen-
tation of v (see e.g. [6], Chapter 3) at time ¢t € [0, 7] and any y € H:

T
(3.60) (T —t,y)=Eop <y + /t S(T — s) Ql/QdW(s)> .

We apply the Ité formula to ¢t — v(T —t,Y;) and t — v(T —t,Y} ). We subtract
the resulting equations and obtain
(3.61)

Eo(Xr) — Eo(Xpnr) = o(T,S(T)z) — v(T, Sp(T)Prx)

—i—% E/OT Tr |:(Sh(T - t)PhQ1/2)*D2U(T —t, Y1) (Sh(T _ t)th1/2)} da
_% E/OT Tr {(S(T — t)Q1/2)*D2U(T —t,Yh4) (S(T _ t)Q1/2)] dt.

The first term on the right hand side of ([B.61]) is the deterministic spatial error
which can be bounded thanks to [224) (with s = 0 and ¢ = 2y < 2) and (3.60).
We obtain:

(3.62) [0(T, S(T)2) — (T, Su(T) Prz)| < wallell ey (anh® Tl

For the second term, we use the symmetry of D?v and write
Tr [(Sh(T - t)PhQ1/2>*D2v(5h(T — t)Pth/Z)
_ (S(T - t)Q1/2)*D2v(S(T - t)Qlﬂﬂ
N [(sh(T—t)Pth/Q —S(T—t)Ql/Z)*D% (Sh(T—t)Pth/Q—S(T - t)Ql/Q)]

+2Tr [(S(T - t)Ql/z)*Dz’U(Sh(T —)PQY? = S(T - t)Ql/Q)}
=a+b,

where here and below D?v is evaluated at (T —t, Y} ).
Let v > 0 and 7; > 0 such that 0 < v < v <1—a+ 8 < 1. Thanks to (2.0),
@17 and B60), we get the following bounds:

b

2T (S(T — )D*0(Sy(T — t)Py — S(T — t))Q)

= 2Tr (AVI*l*ﬁAP“S(T — )D*u(Sy(T — t)Py, — S(T — t))QAﬂ)
2[|(Sh(T = )P = S(T = )l e lellcz e 1A ST = ) 2y
% |QAP || g (ary Tr(A 71 7F),

Then, owing to (Z22)), (Z24) (with s =0 and ¢ = 2y < 2), we obtain

(3.63) b< Ch2(T —t)~ (=)

IN

where again C' denotes a constant which depends only on v1, 7, [[¢llczem).
|A%Q| z(rry and Tr(A~*), but not on h or At.
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In regard to a, we get first, thanks to ([27), (Z28) and (3.60),

a < lellezm TY(Q(Sh(T = )P, = S(T =) (Sp(T = t) P, — S(T' — t)))
= lellezamn Q2 (Su(T = t) Py — S(T = )12, an)
< lellezanllQY2 A% 2| 7wy | AC 2 (S (T = ) Py — S(T = ) 2
X ||A7(17V1+ﬁ)/2“%2(H)
< CIAYTIR (ST = 1) Py — S(T = )| Za1);

where we have used (Z28)). If y; + v > 1, we interpolate (224) with ¢ = (y+ 71 —
1)/, s =0 and [228) with s’ =0, ¢’ =1 and get

(3.64)  [JALTW2(S (T — )Py — S(T — 1) ooy < ChY(T — 1)~ L-mt0/2,

If 1 + v < 1, we interpolate (Z24) with ¢ = 0, s = 0 and (220) with ' =0, ¢’ =1
and get

(3.65)  [ACT2(S,(T — )P, — ST — )]l cqary < CH= (T — 8=,

We use again an interpolation argument to get
(3.66)
[AC=12(S)(T — 8) Py — S(T —t))l| e
< ON(SW(T = t) Py = S(T = )iy IAV2(Sh(T = 1) Py = S(T = )| £ 3
< C (| AY2S0(T = ) Pal cqan) + | AYV2S(T = )| cany)
<O(T - t)(lfvl)/{

thanks to (222) for A and Aj, and (ZIH). A further interpolation between (B.65)
and (B.60) gives

JAC= (S (T — ) Py = S(T — 1))l

(367) < Ch)\(l_»yl)(T _ t)—(l—’y1)()\+(1—)\)/2)'

Taking A = v/(1 — 1) shows that (8:64]) again holds for v, + v < 1.
We deduce

(3.68) a < Ch?V(T —t)~ =,

Plugging B.62)), B63) and [B6]) into (LI leads to, after time integration

which is relevant since 1 —vy; +v < 1,
(3.69) |B| < C h?*,
for T > 1.

Conclusion. Gathering (358)) and (8:69) in (B:41) ends the proof of Theorem Bl
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APPENDIX

We now prove the estimate (3.52]) on M,,, n < N — 1, defined in (3.51)).
Below, t € [t,,tn11). We proceed as follows:

Fanfl()\, hAt) _ e*Ai,h(T*tn-H) (1— 2
3.70) M,(t) < su L AL/
( ) n(t) < lgz’g?(h) 1+ 00X AL i,
N sup e*)\i,h(T*tn+1) _ e*)\i,h(T*t) (1_71)/2
ISiSI(h) 1 + eAz,hAt Z,h
e (T— 1 1—v1)/2
L s e T (1 _ 7) AL
1§z§5)(h) 1 + oAt)\%h Z,h
= ay —+ a2 —+ as.
Thanks to (3.48) with IV replaced by N —n — 1 we get
g Ky /\E’lh*’Yl)/?
M= N a1\ T onAt
kyAt(1—=1)/2 (A hAt)(lfvl)/Q
= UV—n—UUﬂﬁWﬁ?£< 1+9MﬁAt>
H4At7/2

< .

= (N —n-DApa—i2
Indeed, since (1 —; +7)/2 <1, (N—n—1) > (N —n—1)3=71%7/2 In the same
way, we have

as sup

i>1

(]. + eAt)\z,h) i,h
< C(y) A2 sup (Aglh—fn+w)/267(N7n71)AtAi,h)
< :

i>1

<1 — 6_(tn+1—t)>\i,h )\(171)/26—(N—n—1)At>\i,h)

0(7771) AtV/Z
(N = n— AT/’

<

where we have used that [t—t,1| < At and the inequality |e ™ —e™¥| < C, |z —y|"/?
and (2:23). Eventually, similar computations lead to

OAEN ) 2 (i,
. < At’y/2 Z’—A Y1t (T t))‘l,h
o = ol (MERE I

< Clv,m) At'Y/Q(T — t)—(1—71+fy)/2

< Cly,m) A ((N —n — 1) A~ 0472,

where we have used again the inequality (Z23)).
Gathering these three estimates in (B.70) yields 852), for n < N — 1.
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