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ON ASYMPTOTIC PRESERVING SCHEMES FOR A CLASS OF
STOCHASTIC DIFFERENTIAL EQUATIONS IN AVERAGING AND
DIFFUSION APPROXIMATION REGIMES

CHARLES-EDOUARD BREHIER* AND SHMUEL RAKOTONIRINA-RICQUEBOURG*

Abstract. We introduce and study a notion of Asymptotic Preserving schemes, related to
convergence in distribution, for a class of slow-fast Stochastic Differential Equations. In some ex-
amples, crude schemes fail to capture the correct limiting equation resulting from averaging and
diffusion approximation procedures. We propose examples of Asymptotic Preserving schemes: when
the time-scale separation vanishes, one obtains a limiting scheme, which is shown to be consistent in
distribution with the limiting Stochastic Differential Equation. Numerical experiments illustrate the
importance of the proposed Asymptotic Preserving schemes for several examples. In addition, in the
averaging regime, error estimates are obtained and the proposed scheme is proved to be uniformly
accurate.
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1. Introduction. Deterministic and stochastic systems are ubiquitous in science
and engineering. Traditional modelling and numerical methods become ineffective
when systems evolve at different time scales: see for instance the monographs [11, 24]
for comprehensive treatment of multiscale dynamics. Averaging and homogeniza-
tion [29] are two popular techniques which are employed to rigorously derive macro-
scopic limiting equations, starting from (stochastic) slow-fast systems with separated
time-scales.

In the last two decades, constructing efficient numerical methods for multiscale
stochastic systems has been a very active research area: let us mention the Heteroge-
neous Multiscale Method (see [1, 4, 12]), projective integration (see [15]), equation-free
coarse-graining (see [22]), spectral methods (see [2]), micro-macro acceleration meth-
ods (see [35]), parareal algorithms (see [26]). In the methods mentioned above, the
objective is to approximate the limiting model for the slow variables of interest, and
only partial but relevant information coming from the fast dynamics is taken into
account. As a consequence, these methods may not be appropriate if one wants to
approximate simultaneously the original multiscale model and its limit. In this arti-
cle, we focus on the notion of asymptotic preserving schemes, in order to overcome
this issue.

To motivate and illustrate our work, let us introduce simplified versions of the
systems of Stochastic Differential Equations (SDE) considered in this article. The
time-scale separation parameter is denoted by ¢ € (0,1]. On the one hand, in the
averaging regime (see Equation (2.1) in Section 2.1 for the more general version), we
consider systems of the type

dX; = b( X5, mg)dt,
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When e — 0, the averaging principle (see [29, Chapter 10]) states that X€ converges
(at least in distribution) to the solution X of the Ordinary Differential Equation
X = b(X) where b(z) = [b(xz,m)dv(m) and v = N(0,1) is the standard Gaussian
random variable. On the other hand, in the diffusion approximation regime (see
Equation (2.12) in Section 2.2 for the more general version), we consider systems of
the type
XG €
axe = CXOmE
(1.2 ;
€ my 1
dmy = ——-dt + —dp;.
€ €

When € — 0, the diffusion approximation result (see [29, Chapter 11]) states that X¢
converges (in distribution) to the solution X of the SDE

dXt = O'(Xt) (¢] dﬂt,

where the noise is interpreted in the Stratonovich sense. This type of results is related
to results known as Wong-Zakai approximation and Smoluchowski-Kramers limits in
the literature. In the two SDE systems (1.1) and (1.2), the fast component is an
Ornstein-Uhlenbeck process.

In this article, we are interested in the behavior when ¢ — 0 of numerical schemes
for the SDEs (1.1) and (1.2). To explain the challenge faced and the solutions proposed
in this article, we consider the following schemes, which are both consistent for any
fixed value of € > 0. On the one hand, in the averaging regime one defines

sz+1 =X, + Atb(Xf”m;+1),

(1.3) . . At 2At
My =My — ?anrl + T’Y’n

On the other hand, in the diffusion approximation regime one defines

Atme
Xy = X5+ o(Xg) =L,

. At VAR

€ —
mn+1 =Mmy — ?anrl + c Yny

(1.4)

In the schemes (1.3) and (1.4), (), <,
ian random variables. One may check that X¢ — X,, for all n > 0, in probability,
when € — 0, where the limiting schemes are given by

is a sequence of independent standard Gauss-

Xpi1 = X + Ath(X,,,0)

in the averaging regime, and

Xn+1 = Xn + V AtO’(Xn>’Yn,

in the diffusion approximation regime. Note that, in the second case, the limiting
scheme is consistent with the It interpretation of the noise, instead of the correct
Stratonovich one. In the two cases, the limiting scheme is in general not consistent
with the limiting equation, and using such a scheme in practice may lead to drawing
false conclusions about the limiting system from numerical experiments. We refer
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to [14, 27] for other examples of situations where numerical schemes perform badly
when applied to multiscale SDE systems.

The objective of this article is to design and study Asymptotic Preserving (AP)
schemes, such that the following diagram commutes (where convergence is understood
in distribution): if T'= NAt, one has

X5 229% xer)

le—)o J{eﬁo

YN At—0 Y(T)

The two schemes (1.3) and (1.4) described above are not AP. The notion of AP
schemes has been introduced in [18], for applications to multiscale kinetic Partial Dif-
ferential Equations (PDEs), which converge to parabolic diffusion PDEs. We refer
to[8, Section 7], [17], [19] and [31, Section 4] for recent reviews on AP schemes for
this type of models. To the best of our knowledge, the design and analysis of Asymp-
totic Preserving schemes for slow-fast SDEs of the type (1.1) and (1.2) has not been
considered so far in the literature. Note that a specific feature (compared with the
deterministic case) is the need to consider convergence in distribution. Let us mention
related works for Stochastic Partial Differential Equations (SPDEs), in the diffusion
approximation regime. First, in [10, 28], the authors consider Schrédinger equations
and study an abstract asymptotic preserving property. However, they do not pro-
pose implementable schemes. In [3], the authors deal with some multiscale stochastic
kinetic PDEs, driven by a Wiener process. However, the structure of the model is
different from the one of (1.2). In a future work [6], we plan to apply the findings
of this article to the SPDE models considered in [3]. The works mentioned above
concerning SPDE models are limited to diffusion coefficients of the type o(z) = x, for
which specific arguments may give a straightforward construction of AP schemes, for
appropriate discretization of the fast component. An AP scheme in the case o(x) =1
for (1.2) is proposed in [30], however the subtlety of the interpretation of the noise at
the limit is not relevant in that case. Finally, let us also mention that AP schemes
have also been studied for PDEs with random coeflicients, see [16, 20, 21] or in the
context of Monte-Carlo methods for deterministic problems, see [9, 33].

We are now in position to describe the contributions of this article. In Section 3.1,
we define the appropriate notion of AP schemes for SDE systems, related to conver-
gence in distribution, and study several general properties.

Our first main result is Theorem 3.7, which exhibits an example of AP scheme in
the averaging regime: for the simplified version (1.1), the scheme is given by

X5 = Xp + Atb(X,my, ),
(1.5) . _ar _ 24t
Mpy=¢ =m, +\1—e "< 7.

The fast component in the scheme above is discretized using a scheme which is exact
in distribution.
Our second main result is Theorem 3.8, which states error estimates of the type

sup [E[p(X§) — E[p(X(T))]| = O(VAL),

for sufficiently smooth real-valued mappings . This error estimate means that the
scheme is Uniformly Accurate.
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Finally, our third main result is Theorem 3.9, which exhibits an example of AP
scheme in the diffusion approximation regime: for the simplified version (1.2) (see
Corollary 3.11), the scheme is given by

. At . At

€ .
mn+1 =m, — 62 mn+1 + € Tns

. . o Atm,
(16) n+l — Xn + U(Xn)%a
Xeo = Xo+ o(XE) +20(Y,f+1) AthH.
€

A prediction-correction method is employed to retrieve the correct interpretation of
the noise for the limiting equation: the scheme (1.2) is indeed consistent with the
Stratonovich interpretation of the noise.

Let us also mention that another situation is considered in Corollary 3.12: for
the model (2.22) taken from [25] (with an application in astrophysics), the limiting
equation (2.23) contains a so-called noise-induced drift-term, which is captured only
for well-designed AP schemes.

Some numerical experiments (see Section 4) show that the AP schemes (1.5)
and (1.6) are effective in all regimes € > 0 and € — 0, contrary to the schemes (1.3)
and (1.4) which fail to capture the correct limiting behavior when e — 0.

The article is organized as follows. The general SDE models in the averaging
and diffusion approximation regimes are presented in Sections 2.1 and 2.2. The main
results of this article are stated in Section 3: the general theory of AP schemes is pre-
sented in Section 3.1, and it is applied in the averaging and diffusion approximation
regimes in Section 3.2 and 3.3 respectively. Numerical experiments are reported in
Section 4. Section 5 is devoted to the proof of the error estimates stated in Theo-
rem 3.8. Finally, Section 6 gives some conclusions and perspectives.

2. Slow-fast SDE models and their limits. Without loss of generality, the
time-scale separation parameter € satisfies ¢ € (0,1]. The time-step size of the in-
tegrators studied in this work is denoted by At¢. It is assumed that At = % where
T € (0,00) is a fixed time and N € N. Without loss of generality, it is assumed that
At € (0,1].

In the slow-fast systems considered in this work, the slow component X¢ takes
values in the d-dimensional flat torus T?¢, where d € N is an arbitrary integer, whereas
the fast component m* takes values in R. The framework and the models considered
in this work may be generalized in many ways to more complex situations, however
the arguments and results below are sufficient to illustrate the difficulties of designing
asymptotic preserving schemes for stochastic equations.

Let (Bt) >0 and (Bt) >0 be two independent standard Wiener processes, with
values in R and R” respectively, where D € N, defined on a probability space (€2, F,P)
which satisfies the usual conditions.

The following notation for derivatives is used below: V, = (azi)KKd € R% and
O, are the partial gradient and derivative operators with respect to x and m respec-
tively. If o is a mapping with values in My p(R) (the space of d x D matrices with real

entries), let o* denote the transpose of o, and set oo* : V2 = Z?jzl (06%);,j02,04, -
If b is a R%valued mapping, let b- V, = Zle biOy, .

ASSUMPTION 2.1. The initial conditions X§ € T% and m§ € R of the processes
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are deterministic quantities and they satisfy

X;=x5 — z0, sup |mg| < oo.
=0 €€(0,1]

2.1. The averaging regime. In the so-called averaging regime, we consider
slow-fast SDE systems of the type

dX; =b(X;,mi)dt + o(X[, m§)dBy,
m§ V2h(X§)
dmé = ——Ldt + ~———t24p,.
Ty € + \/g ﬂt
The coeflicients appearing in (2.1) are assumed to satisfy the following conditions.

ASSUMPTION 2.2. The functionsb: T* xR — R? and o : T* xR — My p(R) are
assumed to be of class C*, and h : T* — R is assumed to be of class C*. Moreover,
they are all assumed to be bounded and to have bounded derivatives.

(2.1)

Owing to Assumption 2.2, for all initial conditions X§ € T¢ and m§ € R, and for
every € € (0,1], there exists a unique global solution (Xe(t),me(t))po of the SDE

system (2.1). Since h is bounded, it is straightforward to check that

E[|me(t)]?
(2.2) sup sup“L% < o0
cc(01] t>0 1+ |mf|

This estimate will prove useful to prove Proposition 2.4.
The infinitesimal generator L£¢ associated with the SDE (2.1) has the following
expression:

1
(2.3) L= E£OU + Lo,
where

— 1 * . 2
(2.4) Lo="0b(z) V,+ 5007 Vi,
Lou = —mOy, + h(z)?0?,,

Observe that for fixed 2 € T¢, Loy is the generator of an ergodic Ornstein-Uhlenbeck
process. The associated invariant distribution is v* = N(0, h(z)?).
Define averaged coefficients as follows: for all z € T¢

(2.5) b(z) = /b(;mm)dvx(m) , alx)= /U(x,m)o(x,m)*dux(m).

Note that b : T? — R? is of class C*. The averaging principle result stated below
requires the following condition to be satisfied.

ASSUMPTION 2.3. There exists an integer D € N and a function & : T —
M, 5(R) of class C* such that for all x € T¢

(2.6) a(z) = 5(2)7(x)*.

Assumption 2.3 holds if there exists ¢ € (0,00) such that @(z) > I for all z € T¢
(as symmetric matrices). This condition is satisfied when o only depends on the slow
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variable x (Opmo(z,m) = 0 for all (z,m) € T% X R), or when o(z, m)o(z,m)* > cI for
all (z,m) € T? x R. In that case, one can choose D = d. If the diffusion coefficient
is of the type o(z,m) = of(m)o’(z), with of(z) € R? and o¥(m) € R, then one can
choose D = D and 5(z) = o' (x)y/ [ o(m)2dv(m) for all x € T

We are now in position to state the averaging principle result and to define the
limiting process X obtained when € — 0.

PROPOSITION 2.4. Let Assumptions 2.1, 2.2 and 2.3 be satisfied. Let T € (0, 00).
When € — 0, the C([0,T], T%)-valued process (X<(t)) converges in distribution
to the solution (X (t)) of the limiting SDE

0<t<T

0<t<T

with initial condition X (0) = xq, where the coefficients b and & are defined by (2.5)~
(2.6), and where (Et)po
The infinitesimal generator £ associated with the limiting SDE (2.7) is given by

is a standard RP -valued Wiener process.

(2.8) L=0b(z) -V,+-505":V2,
and is such that the following property holds: let ¢ € C*(T?), then there exists a
function o' : T x R — R such that

(2.9) ©¢ = p+ epy,
(2.10) L@ —— Lop.
e—0

Finally, let p € C*(T?), then there exists C(T, ) € (0,00) such that
(2.11) |[E[p(X*(T)] — E[p(X(T))]| < C(T, p)e.

The averaging principle stated in Proposition 2.4 is a standard result, see for in-
stance [29, Chapter 16]. In general the convergence stated in Proposition 2.4 only
holds in distribution, however it holds in stronger sense (for instance in mean-square
sense) if o only depends on z.

We refer to Appendix A.1 for a sketch of the construction of the perturbed test
function ¢ which satisfies (2.9)—(2.10) (see [13, Chapter 6] for a detailed description
of the perturbed test function method). Note that the perturbed test function appears
in Proposition 3.5 below. For the error estimate (2.11), see Lemma 5.2 and its proof
below.

2.2. The diffusion approximation regime.

2.2.1. General model. In the so-called diffusion approximation regime, we con-
sider slow-fast SDE systems of the type

)

9(X§)

XE €
dxe = b(xE)dt + TED™E gy
(2.12) €
Tt +
€

dt +

h(Xf
dmi = f(X7)(~ (Et)dﬁt)
The coefficients appearing in (2.12) are assumed to satisfy the following condi-
tions.
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ASSUMPTION 2.5. The functions b : T¢ — R% and g,h : T* — R are assumed to
be of class Ct. The functions o : T¢ — R? and f : T — R are assumed to be of class
C2%. Moreover, f takes values in (0,00): we assume that min f(z)>o0.

z€T

Owing to Assumption 2.5, for all initial conditions X§ € T¢ and m§ € R, and for
every € € (0,1], there exists a unique global solution (Xe(t),me(t))po of the SDE
system (2.12). The infinitesimal generator £¢ associated with the SDE (2.12) has the
following expression:

1 1
(2.13) L= :QKOU + 251 + Lo,
where
Lo = b(z) - Va,
(2.14) Ly =mo(x) - Vo + f(2)g(x)0m,

Louv =~ f(e)mdy + 3 (@) h(x)*0}

Observe that for fixed 2 € T?, Loy is the generator of an ergodic Ornstein-Uhlenbeck
process. The associated invariant distribution is v* = N(0, M)

We are now in position to state the diffusion approximation result and to define
the limiting process X obtained when € — 0.

PROPOSITION 2.6. Let Assumptions 2.1 and 2.5 be satisfied. Let T € (0,00).
When e — 0, the C([0, T], T%)-valued process (X<(t)) converges in distribution

to the solution (X (t)) of the limiting SDE

0<t<T

0<t<T
h? h?

(2.15) dX;= (b + go + 7(0 -Vai)o — ﬁa . sza> (Xp)dt + h( X))o (Xy)dWr,

driven by a standard one-dimensional Wiener process (W(t))t>0, with initial condi-

tion X (0) = xo.
The infinitesimal generator L associated with the limiting SDE (2.15) is given by

h2
(2.16) Lo = (b+go)-Vaep+ % "V, (; : wp)
h2
=(b+go) -Vip+ ?00* (Vi
2 2

h h
+ 7(0 “Vz)o-Vaep — ﬁa-vzfa-vmgo,

and is such that the following property holds: let ¢ € C3(T%), then one constructs two
functions o1, s : T x R — R, such that

(2.17) @ = o+ €p1 + 2o,
(2.18) LS —— Lop.
e—0

Finally, let p € C3(T9), then there exists C(T, ) € (0,00) such that

(2.19) [E[p(X(T))] - E[p(X(T))]| < C(T, ¢)e.
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The diffusion approximation stated in Proposition 2.6 is a standard result, see for
instance [29, Chapter 18]. We refer to Appendix A.2 for a sketch of the construction
of the perturbed test function ¢° which satisfies (2.17)—(2.18) (see [13, Chapter 6]
for a detailed description of the perturbed test function method). Since the error
estimate (2.19) plays no role in the sequel, the proof is omitted. We refer to [23] for
arguments using asymptotic expansions of solutions of Kolmogorov equations leading
to (2.19), (see also [25] for related computations).

2.2.2. Two examples in the approximation-diffusion regime. The setting
described above encompasses several interesting examples of SDE systems. In order
to focus on the different possible issues which need to be overcome when constructing
asymptotic preserving numerical schemes in the regime ¢ — 0, we deal with two
examples described below. In addition, the asymptotic preserving numerical schemes
will have simpler formulations for these examples than in the general case. In both
examples, dimension is set equal to d = 1 to simplify the presentation, and b = 0.

Let us present the first example: consider the system

X€ €
axe = CXOmE
(2.20) mf )
dm: = —?;dt + Edﬁt,

where the coefficients in the fast equation are constant: f(z) = h(x) =1 and g(x) =0
for all z € T. Applying Proposition 2.6 in this example yields the following limiting
equation

(221) dXt = O'(Xt) e} th,

where the noise is interpreted using the Stratonovich convention. With the It6 con-
vention, the equation is written as

1
dXt = 50’(_}(})0'/(‘)(15)(&5 + O'(Xt)th.

Note that the diffusion approximation result (Proposition 2.6) may be obtained by
straightforward arguments in two cases, which will be repeated at the discrete-time
levels. Let (¢(t) = %fot me(s)ds for all t > 0. First, if o(x) =1 for all z € T, then one
has dX; = d¢;. Therefore passing to the limit yields

X(t) = X5+ (1) g ot W (t),

and the limiting equation is dX; = dW;. Second, assume that z, X¢(¢) and X (t) take
values in the real line R (instead of the torus T) and that o(x) = =z for all z € R.
Then (2.21) is written as dX; = X7d¢;. Computing the solution and passing to the
limit then yields

X¥(t) = Xgexp(C°(1)) —= o exp(W (1)) = X (1)

and the limiting equation is dX; = X; o dW;.

Note that when the function o is not constant, the It6 and Stratonovich in-
terpretations differ. Constructing an asymptotic preserving requires to capture the
correction term in a limiting scheme (which will naturally be associated with an It6
interpretation of the noise).



ON ASYMPTOTIC PRESERVING SCHEMES FOR A CLASS OF SDES 9

Let us now present the second example, taken from [25]. The coefficients f, g, h
are allowed to depend on the slow component x, whereas it is assumed that o(z) =1
for all z € T. Therefore, the system in the second example has the following expression

dxe = "t
(2.22) €

my Xf h(X;?
am = £ (ka1 S5 gy D )

Applying Proposition 2.6 in this example yields the following limiting equation

h(Xe)? f(Xe)
2.23 dX; = g(Xp)dt — ——————=dt + h(X;)dW;.
( ) t g( t) 2f(Xt) + ( t) t
The noise is interpreted in the It6 sense. Observe that when f is not constant, the
h2f/

noise-induced drift term “5F appears. The construction of asymptotic preserving
schemes for this problem requires to be careful in order to capture this additional
drift term in the limiting scheme.

3. Numerical discretization and asymptotic preserving schemes. The
objective of this section is to study the notion of Asymptotic Preserving (AP) schemes
for the slow-fast SDE system (2.1) (averaging regime) or (2.12) (diffusion approxima-
tion regime) when € — 0. The fundamental requirements to have an AP scheme are
the following ones: given a consistent discretization scheme for the SDE system,

e for any fixed time-step size At > 0, there exists a limiting scheme when € — 0,
e this limiting scheme is consistent with the limiting equation (2.7) given by
Proposition 2.4 (averaging regime), or the limiting equation (2.15) given by
Proposition 2.6 (diffusion approximation regime).
For the SDE considered in this article, consistency is understood in the sense of
convergence in distribution. As will be clear below, caution is needed in order to
satisfy the second requirement, indeed some standard but naive schemes converge to
a limiting scheme which is not consistent with the correct limiting equation. Using
such schemes would be dangerous since it could lead to wrong conclusions about the
behavior of the SDE system when € — 0, hence the need to develop simultaneously
the theoretical and numerical analysis.

After discussing general properties of AP schemes, we will provide example of
such schemes both for the system (2.1) (averaging regime) and for the system (2.12)
(diffusion approximation regime) . We will also study how this scheme applies to the
two examples (2.20) and (2.22) described above, and provide a few examples of non
AP schemes.

3.1. Asymptotic Preserving schemes: definition and properties. Let
T € (0,00), and let N € N and At = % denote the time-step size. Let (Fn)0<n<N71

and (’yn) o<n<n_1 D€ two independent families of independent standard RP and R-
valued Gaussian random variables. The initial conditions X§ and m§ are assumed to
satisfy Assumption 2.1.

On the one hand, a discretization scheme for the SDE (2.1) is defined as

(3.1) (X

n

+1am;+1):(pEAt(X:wm;va’Yn)a n=0,...,N—-1
On the other hand, a discretization scheme for the SDE (2.12) is defined as

(32) (X76L+17m;+1) :(I)EAt(Xfwm;aﬂYn)a n:077N71
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The presentation is slightly different in the averaging and diffusion approximation
regimes. In the remaining of Section 3.1, only the case of schemes of the type (3.1)
is considered. This means that if one considers the SDE (2.12) and the scheme (3.2)
(approximation diffusion regime) the variable I';, needs to be omitted — this is also
the case if 0 = 0 in the SDE (2.1) (averaging regime).

The mapping @4, appearing in the schemes (3.1) and (3.2) is referred to as the
integrator in the sequel.

Let us first discuss stability issues. Due to the presence of factors % and eiz in
the SDE (2.1) and (2.12), using the standard Euler-Maruyama scheme would impose
strong stability conditions, of the type At < Aty(e) with Atg(e) — 0 when € — 0. In
order to study the behavior of the scheme when ¢ — 0 for any fixed time-step size
At, it is necessary to avoid such conditions, and we impose the following assumption
(which is generally satisfied for some implicit or implicit-explicit methods).

ASSUMPTION 3.1. The integrator ®%, is defined for all ¢ € (0,1] and At €
(0, Atg], where Aty > 0 is independent of €.

We are now in position to study the consistency of the scheme. First, it is assumed that
for all € € (0, 1], the scheme (3.1) (resp. (3.2)) is consistent with the SDE system (2.1)
(resp. (2.12)). When dealing with numerical methods for SDEs, there exist several
notions of convergence: in almost sure sense, in probability, in mean-square sense, or in
distribution. Since Propositions 2.4 and 2.6 state that X ¢ converges in distribution to
X when ¢, the relevant notion is consistency in the weak sense, related to convergence
in distribution.

ASSUMPTION 3.2. For all € € (0,1], the numerical scheme (3.1) (resp. (3.2)) is
consistent in the weak sense with the SDE system (2.1) (resp. (2.12)): for all bounded
continuous functions p : T4 x R,

Elp(Xi, my)] = Elp(X(T), m*(T))],

where the time-step size is given by At = %, for an arbitrary T € (0, 00).

Recall that the consistency in the weak sense of the scheme can be verified using
the following equivalent criterion, expressed in terms of the integrator and of the
infinitesimal generator: for all ¢ € CZ(T¢ x R),

li E[@(ta(x’maraf}/))] B QO(JT, ]l)
1m
At—0 At

= L(x,m),

for all (z,m) € T xR, where T and ~y are two independent standard R” and R-valued
Gaussian random variables.

The requirements above (Assumptions 3.1 and 3.2) only depend on the behavior
of the scheme for fixed ¢ € (0,1]. We are now in position to study the asymptotic
behavior as ¢ — 0, with fixed time-step size At € (0, Atp]. To introduce the notion of
Asymptotic Preserving scheme, one first needs to assume the existence of a limiting
scheme, as follows.

ASSUMPTION 3.3. For every At € (0, Aty], there exists a mapping ®ay @ T x
R? — T9, such that for every (x,m) € T¢ xR, and every bounded continuous function
©0: T = R,
Elp(®ae(,m, T, 7)) —o> Elp(®ac(z,I'7))]

where T and v are two independent standard RP and R wvalued Gaussian random
variables.
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Let (X”)O<n<N be defined by
(3 3) Xn+1 = (bAt(Xny Fn7 'Yn)a
Xog=x9 = 21_% x5
where (Fn) 0<n<N -1 and ('yn)o <n<n_y are two independent families of independent

standard R” and R valued Gaussian random variables. By a recursion argument,
it is straightforward to check that if Assumptions 2.1 and 3.3 are satisfied, then
X¢ converges in distribution to X,,, when ¢ — 0, for any fixed At € (0, Atp], and
0<n<N.

We are now in position to introduce the notion of Asymptotic Preserving schemes.
As for Assumptions 3.2 and 3.3 above, the consistency is understood in the sense of
convergence in distribution.

DEFINITION 3.4. Let Assumptions 3.1, 3.2 and 3.3 be satisfied. The scheme (3.1)
(resp. (3.2)) is said to be Asymptotic Preserving (AP) if the limiting scheme given by
Assumption 3.3 and (3.3) is consistent, in the weak sense, with the limiting equation
given by Proposition 2.4 (resp. Proposition 2.6): for every continuous function ¢ :
T4 - R, one has

Elp(XNn)] —— Elp(X(T))],

N —oo

where At = %, with an arbitrary T € (0, 00).

One of the main contributions of this article is the design of AP schemes in
the averaging and in the diffusion approximation regimes, see Sections 3.2 and 3.3
respectively.

To conclude this section, Proposition 3.5 and Corollary 3.6 below are general
formulations of the AP property in terms of interverting the limits e — 0 and At — 0.
As explained above, the result is stated only in the averaging regime to simplify the
presentation, however the same result holds also in the diffusion approximation regime
with straightforward modifications.

PROPOSITION 3.5. Let the setting of Definition 3.4 be satistied. The following
statements are equivalent.
(¢) The scheme (3.1) is Asymptotic Preserving.
(ii) For any continuous function o : T* — R, one has
lim lim E[p(X§)] =lim lim E[p(X}{
Aim, g Blo(Xy)) = ligy fim, (X))
where T'= NAt.
(iii) For any ¢ € C3(T?), for all (z,m) € T¢ x R, one has

At—0 e—0 At
e—0 At—0 At

where ¢ = ¢ + el is the function introduced by the perturbed test function
approach (see (2.9), Proposition 2.4 or (2.17), Proposition 2.6), and T' and
7 are independent RP and R valued standard Gaussian random variables.

Note that using the perturbed test function approach (see Propositions 2.4 and 2.6)
is the relevant point of view for the statement (iii) above.
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Proof of Proposition 3.5. The equivalence of (i) and (i) is straightforward. In-
deed

lim lim E[p(X)] = lim E[p(Xy)],

At—0 e—0
lim lim E[p(Xy)] = lim E[p(X(T))] = E[p(X(T))],
e—0 At—0 e—0
using Assumptions 3.2 and 3.3 and Proposition 2.4. The two quantities coincide if
and only if the limiting scheme is consistent with the limiting equation.
It remains to prove that (i) and (iéi) are equivalent. On the one hand, note that

B @ em Do) - o) _ | Elp(@a(@ )] - pla)
At—0 e—=0 At At—0 At

)

using the fact that ¢ — ¢ = O(e) and the definition of the limiting scheme from
Assumption 3.3.
On the other hand, one has

: : E[Soe((bZt(x’vaafy))] —QO(.’L‘) 1 € € _
iy i, Y = limy £°(z.m) = Lola).

using the consistency of the scheme for fixed ¢ (Assumption 3.2), and the prop-
erty (2.10), by construction of the perturbed test function ¢°.
Then (ii4) is equivalent to having

lim Elp(®at(z,7))] — ¢(=)
At—0 At

= Lo(z),

which means consistency in the weak sense of the limiting scheme with the limiting
equation (2.7).
This concludes the proof of Proposition 3.5. ]
The following result is a simple criterion to check whether a scheme satisfies the
asymptotic preserving property.

COROLLARY 3.6. Assume that for all ¢ € C*(T?), one has
. E[p(®at(z,7))] — ¢(z)

Lol@) = lim, At

where L is a second-order differential operator.
Then the scheme is AP if and only if the property stated in (iii) in Proposition 3.5
holds with o(x) = z; and o(x) = x;x;, with 1 < i,j <d.

The proof of Corollary 3.6 is straightforward and is thus omitted.

3.2. An example of AP scheme in the averaging regime. The objective of
this section is to propose an example of AP for the SDE model (2.1), see Theorem 3.7,
in the averaging regime. The challenge is to capture the averaged coefficients b and
7, given by (2.5) and (2.6).

THEOREM 3.7. Introduce the following numerical scheme:

o) Xiq = X5+ Ath(Xg,mé ) + VAte(X5,mG )T
3.

At 24t

cm; +\1—e " h(X})Vn.

€ —
mp=e
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This scheme satisfies Assumptions 3.1, 3.2 and 3.3 and is Asymptotic Preserving in
the sense of Definition 3.4. Moreover the limiting scheme is given by

(3.5) X1 = Xp + A( X, M(X)V0) + VALG (X, h(X0)y0) T,

Let us discuss some properties of the AP scheme (3.4) and of the limiting scheme (3.5).
To simplify the discussion, assume that h(x) = 1. First, assume that ¢ = 0. Note
that even if the limiting equation (2.7) is a deterministic ordinary differential equation,
the scheme (3.5) is random. However, in that case, the convergence of Xy to X (T)
when At — 0 holds in probability, instead of only in distribution; in that case, the
averaging principle result stated in Proposition 2.4 also holds in probability (and even
in mean-square sense). The fundamental property to obtain the AP property is that
the random quantity appearing in the limiting scheme (3.5) satisfies the property

(3.6) E[b(Xna h(Xn)'Yn)‘Xn] = E(Xn)'

In the AP scheme (3.4), the fast component is discretized exactly in distribution
(when h(xz) =1): for all n > 0, the Gaussian random variables m¢ and m¢(nAt) are
equal in distribution. The fundamental property written above cannot be satisfied if
one uses for instance the implicit Euler scheme to discretize the fast component: the
scheme defined by

X5 = X5+ Ath(Xy,m5, )

n’

(3.7) At At

€ € €
mn+1 =m, — € mn+1 + 2 c Tns

is not asymptotic preserving, since the associated limiting scheme is

Xnp1 = X, + Ath(X,,0).

/9 At

using the identity

mZH:lﬁmﬁHg% — 0,
€

+ p e—0
to pass to the limit.

Second, assume that o is not equal to 0. Then the convergence of X to X,, only
holds in distribution in general. It does not hold in mean-square sense in the following
case: assume that d = 1, and that b(z) = 0 and o(z,m) = m (in that example, the
convergence in Proposition 2.4 also does not hold in the mean-square sense). Assume
also for simplicity that x§ = 0, and that m§ = mg ~ AN (0,1) (and is independent of
the Wiener processes § and B). Then one has &(z) = 1, thus

n—1 n—1
X =Y VAT , X5=> VAtmi Tk,
k=0 k=0

and one obtains
n—1
E|X; — Xn|> = At Y Elmg,, — 1] = nAtEjmg — 1],
k=0
and the right-hand side does not depend on e. It is thus natural to consider conver-
gence in distribution in the notion of asymptotic preserving schemes for SDEs.
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Finally, note also that, as above, the scheme

sz+1 =X, +v AtU(sza m;+1)rn
At At

€ € €
mn+1 =m, — ?mn-&-l + 2?7%3

is not asymptotic preserving, since the associated limiting scheme is
Xn+1 = Xp + VAte(X,,,0)T,.
We are now in position to prove Theorem 3.7.

Proof of Theorem 3.7. 1t is straightforward to check that Assumption 3.1 is sat-
isfied. Let us prove that Assumption 3.3 holds. We have

O, (v, m,T,y) =z + Atb(x,m') + VAto(z,m')T
Dar(z, T, y) = 2+ Ath(z, h(x)y) + VAto(z, h(z)y)T,
with m’ = e~ “'m + V1 — e *"h(z)y. When € — 0, m’ converges almost surely
to h(z)y, thus ®%,(x, m,T',y) converges in distribution to ®a¢(x,T’, ), and Assump-
tion 3.3 is satisfied.
It remains to prove that the scheme satisfies Assumption 3.2 and is asymptotic
preserving in the sense of Definition 3.4, namely that the schemes (3.4) and (3.5) are

consistent (in the weak sense), with (2.1) and (2.7) respectively.
Let € > 0 be fixed. Since h is bounded, it is straightforward to check that

o2
(3.8) sup supM

< .
e€(0,1]n>0 1 + |frng|2 >

This estimate will prove useful to prove Lemma 5.4 of Theorem 3.8. Since b and o
are also bounded, we get, in L}(), when At — 0

At 2A¢
My g — My, = —?mz 1/ jh(XfL)% + o(At),
X4y — XE = Ath(XE) + VALo(XE)D, + o(AL).

Thus, using that I'y, v, and X; are independent, we get the second order Taylor
expansion of ¢ € C2(T¢ x R),

Bl (X1 1)) = Elp (X5, my,)]

1
= AE[B(XS, mi ) - Vap(X5, mi)] + 5 AtE[o0™ (X5, mi ) = Vop(X5,my)]

— A Bl 0 (X mi)] + 2L E{(X]) 50X )] + oAl
— AE[L (X5, mS)] + o(Ad).

From there, it is straightforward to check that Assumption 3.2 is satisfied.
Similarly, to prove the consistency of the limiting scheme (3.5) with (2.7), for
¢ € C3(T%), when At — 0, observe that one has

Elp(Xpnt1)] = E[p(Xn)] = AtE[b(Xy, h(Xn)7n) - Vap(Xy)]

+ %AtE[O‘U*(Xn, R(X0)vn) : Vio(X,)] + o At).
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The key argument of this proof is the following: by conditioning with respect to
Xn, and the definitions (2.5)(2.6) of the averaged coefficients, using the fundamental
property (3.6) for b and 75" = oo*, yields

E[p(Xnt1)] = Elp(Xn)] + AE[Le(Xn)] + o(AL).

The limiting scheme is thus consistent with the limiting equation. This concludes the
proof of Theorem 3.7. ]

Beyond the asymptotic preserving property, it is possible to obtain error estimate,
and to prove that the scheme (3.4) given in Theorem 3.7 is uniformly accurate (in
distribution).

THEOREM 3.8. Let Assumptions 2.1, 2.2 and 2.3 be satisfied. For any T € (0, c0)
and any function ¢ : T — R of class C*, there exists C(T, ) € (0,00) such that for
all At € (0,Atg] and € € (0,1] one has

(39) [Elp(X5) ~ Elp(X“(T)]| < (T, ¢y min( 24, ar +-¢),

and the scheme (3.4) is uniformly accurate with the following error estimate: for all
At € (0, Atgl, one has

(3.10) sup. [E[p(X5) — E[p(X9(T))]| < C(T, ¢)VAL.

The error estimate (3.10) implies that the error [E[p(X§) — E[p(X<(T))]| goes to 0
when At — 0 uniformly with respect to e — 0. Note that (3.10) is a straightforward
consequence of (3.9), considering the cases VAt < ¢ and ¢ < /At separately. This
argument implies a reduction in the order of convergence appearing in (3.10): it is
equal to 1 whereas for fixed € > 0 (in (3.9)) or when € = 0 the order of convergence
is equal to 1.

The proof of Theorem 3.8 is long, technical and requires several auxiliary results,
it is thus postponed to Section 5.

3.3. An example of AP scheme in the diffusion approximation regime.
The objective of this section is to propose an example of AP scheme for the SDE
model (2.12), see Theorem 3.9, in the diffusion approximation regime. The challenge
is to let the limiting scheme capture the additional drift term appearing in the limiting
equation (2.15) when o or f is not constant.

THEOREM 3.9. Let 0 € [%, 1]. Introduce the following numerical scheme:
(3.11)

y o AH(Xp)gy | ALF(XE)g(XE) | F(XDR(XE) VAL,
i =, — ST K| <€>< ) ><6> |

o€ € € € Atm; 0

o AFXG ML, A(XGL)9(XG) | FX)MX ) VAT,
" €2 € € ’

€ € € € Atm: [
)/n+1 = Xn + Atb(Xn) + U(Xn)%v

€ —
My 1 =M

o(X5) + (Vi) At 1y g+ M4

X¢ ,
2 € 2

S = X5+ A(XE) +
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where

mfb-i—@ = (1 - e)m; + am;—&-l
my, 9 = (1 —0)m;, +0m;,_ .

This scheme satisfies Assumptions 3.1, 3.2 and 3.3 and is Asymptotic Preserving in
the sense of Definition 3.4. Moreover the limiting scheme is given by

Xog1 = X 4+ AL (0(X,) + 9(Xn)o (X)) 4 0(X0) (X n) VA,
Vi1 = X + At(0(X) + 9(X,)o (X)) + a(Xn)h(Xn)&\/KtVH,

f(Xn—H)
O'(Xn) + U(Yn+1))
2

(3.12)

Xn-‘rl = Xn + At (b(Xn) + g(X'fL)

f(Xn)

X Y, X
0’( ’ﬂ) +20( ’ﬂ+1> f(2X7L+1) h(Xn)\/E’Vn

+

The design of the scheme 3.11 is based on a carefully chosen prediction-correction
procedure. The limiting scheme (3.12) then also contains prediction steps which are
the key elements to satisfy the consistency with the limiting SDE (2.15). The choice of
the prediction-correction procedure is made clearer looking at the two examples (2.20)
and (2.22), see below Corollaries 3.11 and 3.12 respectively. The prediction-correction
procedure is crucial to obtain the AP property for the scheme: the following simpler
scheme (with § = 1 to simplify the presentation)

At
X1 = Xo + Ath(XF) + U(X;)?mfﬂ—l,

XAt X g(XE)At XEh(XE)V AL
i =y T ORI ICINGVEL

(3.13)

is not asymptotic preserving, since the associated limiting scheme (see the proof of
Theorem 3.9 for the derivation of the limiting scheme) is

Xnt1 = Xp + AL(B(X0) + 9(X,)0(Xn)) + h(Xn)o(X,) VALY,

This limiting scheme is consistent with the SDE dX; = (b(X¢) 4+ g(X;)o(Xy))dt +
h(X:)o(X:)dWy, which differs in general — when o or f is non constant — from the
correct limiting equation (2.15).

Observe that in the AP scheme (3.11) the fast component m*¢ is discretized us-
ing the #-method. Choosing 6 € [%, 1] ensures the mean-square stability of the
scheme (Assumption 3.1), uniformly with respect to e. Note that the same quan-
tity (1 — @)ms, + 0n;,, appears in the expressions of mf,; and )A(fﬂrl in (3.11).
Similarly, the same quantity (1 — @)ms, + 6ms, ,; appears in the expressions of my, ,
and Y | in (3.11): this highlights the fact that in order to get a limiting scheme, it
is fundamental to choose the quadrature rules in this consistent way.

Remark 3.10. There would be no loss of generality to assume that 6 = 0. Another
example of AP scheme would be obtained in the case b # 0, using a splitting technique:
combining the scheme (3.11) with b = 0, with a standard explicit Euler scheme to
treat the contribution of b. Writing the expression of the resulting scheme is left to
the reader.
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Proof of Theorem 3.9. 1t is straightforward to check that Assumption 3.1 is sat-
isfied.

Let us prove that Assumption 3.3 holds, namely that (3.11) converges to (3.12)
when € — 0. Note that for fixed At > 0 and 0 <n < N, one has

(3.14) sup E[|my,| + |y, |] < +oc.
>0

This is proved by a straightforward recursion argument. As a consequence, one obtains
convergence of the quantity,

At €
n+6 € €Y,/ €

—= = Atg(X;) + h(X;)VAty, my, m,,) .
€ (X5) (X5) f(Xe) ( + )

Thus one has Y,;,; — Y,;1 and XZH — Xn+1- Similarly, one obtains the
e—0 e—0

n

Atms, . .
convergence of —_*%, which yields Y5, — Yoy and X5 - Xnt1-
€e— e—

It remains to prove that the scheme satisfies Assumption 3.2 and is asymptotic
preserving in the sense of Definition 3.4, namely that the schemes (3.11) and (3.12)
are consistent (in the weak sense), with (2.12) and (2.15) respectively.

On the one hand, let € > 0 be fixed. To prove that (3.11) is consistent with (2.12),
it is sufficient to prove that, for ¢ € C? (T? x R), when At — 0,

(3.15) Elo(X51, mp1)] = Elo(X5, mi, )] + AE[L (X5, my, )] + o(At).
It is straightforward to check that, in L(Q),

(0 Xy, Vi ) = (1, Xy, X5) + o(1),
hence

i = VORI (SO | SODOUENY |

€ € €

o (X5)m;,
€

X=X, + At (b(X;) + ) + o(At).

Since v, ~ N(0,1) and the random variables 7, and X, are independent, one ob-
tains (3.15).

On the other hand, it remains to prove that the limiting scheme (3.12) is consistent
with (2.15), i.e. that, for ¢ € C?(T4), when At — 0,

(3.16) Elp(Xni1)] = Elp(Xn)] + ALE[Lo(X,)] + o(Al).

To simplify the presentation, for any function v, the following notation is used below:

Un =9(Xn), Vi =Vi(Xy)

The key argument of this proof is the analysis of the asymptotic behavior of the
f(X”L)

o(Xn)to (V) T FE D

2 2

quantity , which appears in the scheme in order to capture
the drift terms in the limiting equation (2.15). R
First, performing expansions at order VAt for X, 11 and Y, yields

X1 = X + VAthyvnon + o(VAL), Y1 = X + VAthyymon + o(VAL).
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onto(Yni1) _ o(Ynt1)—on In _ 1
2 = On + 2 and X)) 1 Iz In
i

n

Second, writing

one
obtains the following expansion at order /At for the quantity:
fTI

on + U(Yn-‘rl) 1+ f(Xn;i»l)
2 2

= <an + %\/Ehn%(on Vo + o(\/E)) (1 — i@hnwn Vo + oN@)

:Jn—i—vAt(— 1

1
+ o(VAt).

Finally, one obtains the following asymptotic expansion of X, 41
XnJrl =X, +v Athn’Yno—n

1 1
n
Since 7, is centered and ~, and X,, are independent random variables, one obtains
the first order expansion (3.16).
This concludes the proof of Theorem 3.9. ]

The proposed AP scheme given by Theorem 3.9 can be simplified when it is
applied to one of the two examples of SDE models introduced in Section 2.2.2. These
two examples are employed in the numerical experiments below. To simplify the
presentation, we only consider the case 6 = 1.

COROLLARY 3.11. Consider the SDE (2.20). The AP scheme (3.11) given by
Theorem 3.9 is written as follows:

. AL, VAL

€ —
My =My — ?mn+1 + 6 Tns

Atme
(317 Ve, = XS4 o(XE) St
€
X;+1 = sz + O—(X;L) +20'(er+1) Atm;_i_l .
€

The scheme (3.17) is Asymptotic Preserving, and the limiting scheme (3.12) is written
as

Yo+1 = X, + VAo (X)) Vn,

~—o(X, Y,
XnJrl = Xn + AtJ( ) +20( +1)’yn.

(3.18)

The limiting scheme (3.18) is consistent with the limiting SDE (2.21).

The prediction-correction procedure appearing in the limiting scheme (3.18) allows to
recover the Stratonovich interpretation of the noise in the limiting SDE (2.21).

COROLLARY 3.12. Consider the SDE (2.22). The AP scheme (3.11) given by
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Theorem 3.9 is written as follows:

(3.19)
Atf(XE AtLf(XE)g(Xe X5)h(XE)V ALy,
ey = e — DG e ACG)9G) | SXEMXE)VAL
€ € €
, At
Atf (X Atf(R5i1)9(Xs) | [(XD(Xg)VAT,
mfﬂrl:m;—%m;*_lﬁ- i -21)9( )+f( ") (en)rvl
At 1 :
X;+1:X;+TM

2

The scheme (3.19) is Asymptotic Preserving, and the limiting scheme (3.12) is written
as

X1 = X + Atg(Xn) + h( X))V Ay,

(3.20) 14 F(Xn)
X1 = Xo + Atg(X,) + —LE (X, )V ALy,

The limiting scheme (3.20) is consistent with the limiting SDE (2.23).

The prediction-correction procedure appearing in the limiting scheme (3.18) allows to
recover the noise-induced drift term appearing in the limiting SDE (2.23).

Remark 3.13. Consider the first example (2.20), with o(x) = = and assume that
x takes values in the real line R (instead of the torus T). The following scheme

. . At
Xn+1 = Xn GXp(

€

[(1 = 0)ms, + 0ms,1])

3.21
(3:21) . . At . . VAL
Mpy1 =My — 672 [(1 - e)mn + 9mn+1] + T’Yna
where 6 € [%7 1], is another example of AP scheme for this problem. The limiting

scheme is given by
(3.22) Xnt1 = Xp exp(VALy,)

which is consistent with the limiting equation dX; = X; o dW;.
However, the construction is more subtle if the fast component is discretized using
an exponential method: let

At 1-— 672 2

= e Fom
then m¢ - L and definin
n+1 €0 \/5’)/77.) g

At
sz+1 =X, exp(?mflﬂ)

does not provide an AP scheme, since there exists no limiting scheme when ¢ — 0.
Inspired by the identity %fg me(s)ds = e(m§ —m*(t)) + B for all t > 0, one may
set
Xy1 = X5 exp(e(my, —mf ) + VAY,),
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so that one has

N-1
Xt = af exp(elm — miy) + VAE S 7).
n=0

When ¢ — 0, one obtains the limiting scheme (3.22) again. However, the general-
ization of this construction to the case o(x) # x is not straightforward, whereas the
scheme proposed in Theorem 3.9 applies directly to the general case.

4. Numerical experiments. To simplify the discussion, the dimension d is set
equal to 1.

4.1. Illustration in the averaging regime. The objective of this section is to
illustrate qualitatively the superiority of the AP scheme (3.4) proposed in Section 3.2,
when the parameter € is small, compared with the use of crude integrators which
are not AP. In particular, the numerical experiments below confirm that the limiting

scheme (3.5) is consistent with the limiting equation (2.7).

m2

We consider the equation (2.1) with a drift given by b(x,m) = cos(2wz)e™ =,
and diffusion coefficient o(z,m) =0. Let T =1, z§j = 1 and m§ = 0.

Recall that the AP scheme is given by (3.4), the limiting scheme is given by (3.5)
and the limiting equation is given by (2.7), with b(z) = % cos(2mz) and & = 0. Let

us define X'*f using the standard Euler scheme applied to this limiting equation:
(4.1) Xieh = X+ b(Xeh At

The scheme (4.1) plays the role of a reference scheme to illustrate the consistency
of the limiting scheme (3.5) with the limiting equation, and to illustrate the fact that
the crude scheme defined by (3.7) fails to capture the correct limit and is not AP.

In Figure 1, we represent the evolution of X¢, X,, and X' as time t,, = nAt
evolves, with At = 0.004 and for different values of e. In Figure 1(a), X5 and X,, are
computed using the AP scheme (3.4) and the limit scheme (3.5), while in Figure 1(b),
X¢ is computed using the crude scheme (3.7). Observe that, in both case, the scheme
converges when € — 0 and that the AP scheme (3.4) does capture the correct limiting
equation only with AP scheme (3.4), as opposed to the crude scheme (3.7).

——-- epsilon = 0.1 ,v —-- epsilon = 0.01
105 ; —-- epsilon = 0.01 1054 7 —-- epsilon = 0.001
--- Limitscheme | ¥ e Limit scheme

— Reference scheme | — Reference

0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 10
B v

(a) AP scheme (3.4) and its limit (3.5) (b) Crude scheme (3.7)

Fic. 1. Ewvolution of the AP scheme (3.4) (left), the crude scheme (3.7) (right), and the
reference scheme (4.1) (averaging regime), with At = 0.004.

In Figure 2, we represent the evolution of X¢ and X' *f as time ¢, = nAt evolves,
with At = 0.004 and € = 0.001, when X, is computed using the AP scheme (3.4) or
the crude scheme (3.7). It illustrates the superiority of the AP scheme over the crude
scheme for a small e.
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1054 —-=-- AP scheme
—-- Crude scheme
—— Reference scheme

0.0 0.2 0.4 0.6 0.8 10
+

F1G. 2. Evolution of the AP scheme (3.4), the crude scheme (3.7) and the reference scheme (4.1)
(averaging regime), with At = 0.004 and ¢ = 0.001.

4.2. Illustration in the diffusion approximation regime. As in the previ-
ous section, the objective of this section is to illustrate qualitatively the superiority
of the AP scheme (3.11) proposed in Section 3.3, when the parameter € is small,
compared a not AP scheme.

The two examples described in Sections 2.2.2 are considered below.

4.2.1. First example. Let us consider the first example, see Equation (2.20).
The diffusion coefficient is given by o(z) = cos(2mz). Let T =1, 2§ = 1 and m§ = 0.

Recall that the AP scheme derived from the general case (3.11) in this case is given
by (3.17), the limiting scheme is given by (3.18) and the limiting equation is given
by (2.21). Let us define X' *f using the standard Euler-Maruyama scheme applied to
this limiting equation (rewritten in It6 form):

1
(4.2) Xih = X+ o (X' (X At + o (X)) VAL,

The scheme (4.2) plays the role of a reference scheme to illustrate the consistency
of the limiting scheme (3.18) with the limiting equation, and to illustrate the fact that
the crude scheme defined by (3.13) fails to capture the correct limit and is not AP.

In Figure 3, we represent the evolution of X¢ and X'f as time ¢, = nAt evolves,
with At = 0.004 and for different values of e. The discretization X/, is computed
using the AP scheme (3.17) in Figure 3(a) and the crude scheme (3.13) in Figure 3(b).
Observe that, in both case, the scheme seem to converge when ¢ — 0 but only the
AP scheme (3.17) captures the correct limiting.

124

114

1.0 4

--- epsilon = 0.1
~ —-- epsilon = 0.03

0.9 1
—— Reference

0.8 { W

=== epsilon = 0.1
—-- epsilon = 0.03
— Reference

0.7 "_ j\dr :
0.6 Y

0.0 02 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
+ v

(a) AP scheme (3.17) (b) Crude scheme (3.13)

F1G. 3. Evolution of the AP scheme (3.17) (left), the crude scheme (3.13) (right), and the
reference scheme (4.2) (diffusion approximation regime regime, first example), with At = 0.004.
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In Figure 4, we represent the evolution of X¢ and X *f as time t,, = nAt evolves,
with At = 0.004 and € = 0.01, when X¢ is computed using the AP scheme (3.17) or
the crude scheme (3.13). Note how the behavior of the crude scheme differs from the
reference. It reveals the superiority of the AP scheme for a small e.

124

114

=== APscheme
—-- crude scheme
—— Reference scheme

1.0 4

0.9 1

0.8 1y,

0.7 i

0.0 0.2 0.4 0.6 0.8 10

Fic. 4. Ewvolution of the AP scheme (3.17), the crude scheme (3.13) and the reference
scheme (4.2) (diffusion approximation regime, first ezample), with At = 0.004 and ¢ = 0.01.

4.2.2. First example with o(z) = z. In this section, we illustrate the perfor-
mance of the AP scheme presented in Remark 3.13, and an important feature of all
the AP schemes presented in this article, concerning the consistency of quadrature
rules for discretizations of the fast component.

As explained in Remark 3.13, when o(x) = x, where = € R belongs to the real
line instead of imposing periodic conditions, another type of AP scheme (3.21) can
be designed. The limiting equation is dX; = X; o dW; or, with an Itd6 convention,
dX; = %Xtdt—i—Xtth, and the Euler-Maruyama scheme (used as a reference scheme)
for this limiting equation is written as

1
(4.3) Xref = xref 4 ixgefm + XV Atry,,.

Recall that in (3.21), the quadrature rule used to discretize the integral in the
exponential is closely related to the choice of the scheme for the discretization of the
fast component. Let us introduce the following scheme where the consistency is not
satisfied (scheme (3.21) corresponds to 8 = 8" below):

At
X5 =X, exp(?[(l —0)ms, + 0m;+1])
At VAL

My = mp, = S (= 0+ O] +

(4.4)

with 6,0’ € [1,1].

In Figure 5, we represent the evolution of X¢ and X'*f as time evolves, with
At = 0.004 and € = 0.01. In Figure 5(a) X is computed either the specific AP
scheme (3.21) or the general AP scheme (3.11), while in Figure 5(b), it is computed
using the scheme (4.4) above with § = 1 # 6’ = 0.5. It illustrates the AP property of
both schemes (3.21) and (3.17) and the non convergence when the quadrature rules
are not chosen consistently.

4.2.3. Second example. Let us now consider the second example described in
Section 2.2.2; see Equation (2.22). The coefficients are given by f(x) = cos(2wz)+1.5,
g(x) =0and h(x) =1. Let T =1, 2§ = 1 and m§ = 0.
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-=-- Specific AP scheme [ —-- Different theta's
—-- General AP scheme 304 | —— Reference scheme
—— Reference scheme f
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B v

(a) AP schemes (3.21) and (3.17) (b) Scheme (4.4) with 0 =1#6" =0.5

F1G. 5. Ewolution of the AP schemes (3.21) and (3.17) (left), the crude scheme (4.4) with
0 # 0" (right), and the reference scheme (4.3) (diffusion approzimation regime, first ezample with
o(z) =), At = 0.004 and ¢ = 0.01.

The general case (3.11) gives in this case the AP scheme (3.19) and the limiting
scheme (3.20), whereas the limiting equation is given by (2.23). The reference scheme
is obtained by using the standard Euler-Maruyama scheme applied to the limiting
equation:

h( Xref)Qf/( Xref)
ref ref n n
(4.5) Xref = X1t - At D7 () + VAt

We represent in Figure 6 the evolution of X¢ and X! as time evolves, with
At = 0.004 and € = 0.01, where X{ is computed using the AP scheme (3.19) (left)
and the crude scheme (3.13) (right). Observe that the AP scheme captures the correct
limiting equation when ¢ — 0, whereas the crude scheme does not.

=== AP scheme
—-= Crude scheme
1 — Reference scheme

Fic. 6. FEwvolution of the AP scheme (3.19), the crude scheme (3.13), and the reference
scheme (4.5) for the second example (2.22) (diffusion approximation regime, second example), with
At = 0.004 and e = 0.01.

5. Proof of Theorem 3.8. The objective of this section is to prove the error
estimate (3.9). The proof follows from proving the following four auxiliary lemmas.
In their statements, let Assumptions 2.1, 2.2 and 2.3 be satisfied. Let T € (0, 00) be
fixed and assume that ¢ : T¢ — R is of class C*. Recall that the identity T = NAt is
assumed to hold. In addition, recall that (X (t)) >0 and (X”)n>o are defined by the

limiting equation (2.7) and the limiting scheme (3.5) respectively.
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LEMMA 5.1. There ezists C(T,p) € (0,00) such that for all At € (0, Aty] and
e € (0,1] one has

At

(5.1) [Elp(X5)] = Elp(X(T))]| < C(T )=

LEMMA 5.2. There exists C(T,¢) € (0,00) such that for all € € (0,1] one has
(5.2) [E[p(X(T))] — E[p(X(T))]| < C(T, p)e.

LEMMA 5.3. There exists C(T, @) € (0,00) such that for all At € (0, Atg] one has
(5-3) [E[p(Xn)] — E[p(X(T))]] < C(T, p)At.

LEMMA 5.4. There ezists C(T,p) € (0,00) such that for all At € (0, Aty] and
e € (0,1] one has

(5:4) [E[p(XR)] — Elp(Xn)]| < C(T, @) max(At, c).

The first auxiliary result (Lemma 5.1) states a weak error estimate for the nu-
merical scheme (3.4) for fixed € € (0,1]. Due to the stiffness of the fast component
ms,, the right-hand side is not uniform with respect to €, and it is natural to expect
that the upper bound depends on 7 = %.

The second auxiliary result (Lemma 5.2) gives an error estimate in the averaging
principle (see (2.11) in Proposition 2.4), in the weak sense. This is a standard result
in the literature, see for instance [23] for an approach using asymptotic expansions for
solutions of Kolmogorov equations. The strategy of the proof provided in Section A.1
is based on the introduction of the solutions of relevant Poisson equations, in the
spirit of [29, Chapter 17] where strong convergence is studied, see [5] and [34] for the
weak convergence case.

The two remaining auxiliary lemmas and their proofs are more original than the
first two. Lemmas 5.3 and 5.4 are quantitative statements concerning two fundamental
requirements in the notion of AP scheme (see Definition 3.4). On the one hand,
Lemma 5.3 is a quantitative statement of the consistency of the limiting scheme (3.5)
with the limiting equation (2.7), since it provides a weak error when At — 0. Since
the scheme is not classical (it is not a standard Euler-Maruyama type method, in
particular recall that the scheme is random even if X (7T') is deterministic, when o = 0),
a proof is required. On the other hand, Lemma 5.4 is a quantitative statement about
the convergence to the limiting scheme, for fixed At € (0, Atp] (see Assumption 3.3).
In fact, the left-hand side of (5.4) goes to 0 when ¢ — 0, however in the right-hand
side of (5.4) an additional error term At appears. Proving Lemma 5.4 is the most
challenging step towards the proof of Theorem 3.8, whereas a key argument will be
identified in the proof of Lemma 5.3 related to the consistency of the limiting scheme
with the limiting equation.

The following auxiliary results concerning solutions of Kolmogorov equations are
required in order do prove the four auxiliary results stated above.

LEMMA 5.5. Define u(t, ) = Ep m[p(X(t))], for allt >0, z € T and m € R,
where (X°(t), me(t))t>0 is the solution of the SDE system (2.1), and E, ., means that
X¢(0) = x and m*(0) = m. For all € € (0,1], one has u¢ € C([0,T],C3(T? x R,R)).
In addition, there exists C(T, ) € (0,00) such that for all j € {1,2,3}, one has

(5.5) sup sup | DIus(t,z,m)|| < C(T, ).
e€(0,1] (t,z,m)€[0,T]xTdxR
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LEMMA 5.6. Define u(t,z) = E,[p(X(t))], for all t > 0 and x € T¢, where
(X(t))t>0 is the solution of the SDE (2.7) and E, means that X(0) = z. One has

u € C([0,T],CHT R)). In addition, there exists C(T, ) € (0,00) such that for all
j€{1,2,3,4}, one has

(5.6) sup [|Du(t, )|l < C(T, ).
(t,z)€[0,T]x T4

LEMMA 5.7. Let At € (0, Atg).

Define un(v) = E.[p(X,)], for alln € N and x € T¢, where (X")n>0 is defined
by the limiting scheme (3.5) (see Theorem 3.7), and E, means that Xo = x. For all
n >0, one has u, € C*3(TY). In addition, there exists C(T, ) € (0,00) such that for
all j € {1,2}, one has

(5.7) sup sup ||D;un(x)|| < C(T, o)
0<n<N zeTd

and, for all At € (0, Atp], one has

(5.8) sup  sup ||D§,un+1(ac) — D;un(x)H < C(T, p)At.

0<n<N—1 zeTd

Based on the auxiliary results stated above, the proof of Theorem 3.8 is straight-
forward.

Proof of Theorem 3.5. Note that

|Elp(X5) — Elp(X(T))]| < |E[p(X(T)) — E[p(X(T))]|
+ |E[p(Xn) — Elp(X(T))]|
+ |Elp(XR) — Elp(Xn)]

thus combining (5.2), (5.3) and (5.4) (with max(At,e) < At + ¢€) yields

b

[Elp(X§) — E[p(X(T))]| < O(T, p) (At +¢).

Combining that error estimate with (5.1) then concludes the proof of the error esti-
mate (3.9). As already explained above, the error estimate (3.10) is a straightforward
consequence of (3.9) (considering the cases VAt < e and VAt > e).

This concludes the proof of Theorem 3.8. O

Let us now give proofs of the auxiliary lemmas 5.1, 5.2, 5.3 and 5.4, employing
the results of Lemmas 5.5, 5.6 and 5.7 (proofs are given below).

The following notation is used below in the proofs of the auxiliary results: for
all A\,u > 0, A < p means that there exists C(T, ) € (0,+00), independent of At,
e and n, such that A < C(T, ¢)u. In addition, the following notation is used for the
infinitesimal generator of the Ornstein-Uhlenbeck process:

bu = —mOm + h(x)*07,,

in order to let the dependence with respect to x be clear.

Proof of Lemma 5.1. Let us introduce auxiliary continuous-time processes Xe
and m° , such that, for all n € {0,..., N}, one has X = X<(t,) and m¢ = m(t,)
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(recall the definition (3.4) of the scheme): for ¢, <t < ;41

X(t) = X5 + (8= ta)b(X5, m*(1)) + (X5, m“(2)) (B(t) — B(tn))
V2h(X5)
N

Note that m¢ does satisfy mS, = m(¢,), since ms, is exact in distribution and m°

dint = — M gp 4 YA gg
€

€\2 ~
is an Ornstein-Uhlenbeck process with variance w The process X°€ satisfies
on each subinterval [t,,t,+1] the following stochastic differential equation: for all
t € [tn,tnt1], one has

dXE = b(XE, m)dt + o(XE,mE)dBy + (t — tn)dmb( XS, ) ding
h(Xe)Q

n

+ 0o (XE,mS)(By — By, )dms + (t — tn)02 b(XE, mS)dt

M g2 (i) (8, - By,

The expressions for X¢ are complicated due to the fact that in the scheme (3.4), b
and o are evaluated with m = mjy,,, which is required to satisfy the AP property.

Owing to Lemma 5.5, the auxiliary function u¢ is of class C? and is solution of
the Kolmogorov equation d;u® = Lu¢. Using a telescoping sum argument and the
definition of the auxiliary processes X¢ and m¢, the application of Itd’s formula yields
the following standard expression for the weak error:

Elp(X§)]—Elp(X(T))] = E[u (0, X5, m(tn))] — E[u*(T, X§,m(0))]
N—-1
= E[us (T — tns1, X (tnr1), M (tng1)) — u(T — tn, X(tn), ()]
n=0
_ /”“ (—0) + £ (T — 1, X(8), e (1)) dt
o o ~
-3 / LY (T — t, (1), (1)),

where the auxiliary differential operator £, is such that
Lo (T =, X (), () = b(X5, me(1)) - Vou (T — t, X (1), m (1))
1 -
+ 500" (X5, (1)) : Vau (T — ¢, X°(t), (1))

- %E)O(f}ue(T —t, XE(t), me (1) + re (1),
and where the remainder term r¢ (¢) is given by
(t = tn) Lo, (1)) - Ve
L35 (1) (B() — Blta) - V'

x

+ %D2u€ ((t = t0)Omb(X 5, 1 (1)) + Do (X5, (8)) (B(E) = B(ta)))” s
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where u¢ and its derivatives are evaluated at (T —t, X¢(t),m<(t)), and where we used
the notation D?¢(z) - (y)? = yy* : V2é(x) to simplify the presentation.

Let us first deal with the remainder term 7% (¢). Observe that the processes
(B(t) — B(t"))te[tn,tn+1] and {X¢, (mg(t))te[tmtnﬂ]} are independent, thus using a
conditioning argument and the regularity estimates from Lemma 5.5, one has for all
t € [tn,tni1]

It remains to deal with
(£ £ (T — 1, X(1), (1)) — 5 (4)
= (b(Xg, (1) = DX (1), (1)) - V(T = 1, X(1), i (1))
1 oo* (X5, m(t)) — Uo*(XE(t),erE(t))) cV2uS(T —t, X(t), me(t))

2
(X5 = R(XE(0)?) O2(T — £, X (), (1)),

where the expressions (2.3) and (2.4) for the infinitesimal generator £¢ have been
used. The three quantities appearing in the right-hand side of (5.9) above are of the
type

(VR (1)) = V(X5 (1)) UK (1), 0 (1),

for V.=b, 0o* or h? and U® = V,u(T —t), VZ2u(T — t) or d2u*(T —t). Using
again the independence of (B(t) — B(ty ))tn<t<tn+1 and {Xf, (M E(t))te[t",tnﬂ]} and
regularity properties of u¢ given in Lemma 5.5, applying [t6’s formula and conditioning
with respect to (X, (m(t)):,<t<t,.,), one obtains

E [(V(Xf(t)ﬁﬁ(t)) - V(X5,m6(t))) Ue(Xfl,mE(t))} | St —tn.

< 1. There-

Moreover, HVHC1

(T4,C(R)) S Hcl(w C(R)) ~

fore, we have

E|| (v<X€< ) (1)) = V (X5, e (¢ >>) (U< e (1) - U (X (0)) ||

DlleserayE (10 O en a1 X°(2) = X5

<E [HXf(t) .| } <t —ty,

< ||V (., me

where the last inequality comes from the definition of X €(t). Gathering the two
estimates above gives, for all t € [t,, tni1],

[E (VR (1) = V(X5 (0)) UKW, 0)] | St b,

and using (5.9) finally yields, for all ¢ € [t,,, t,11],

E (|6, — £9u(@ 1 K@ me )] S 1 -t g B0

~
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One then obtains

N-—1 tnt1 _ ~ At
30 [ I - (- Ko@) £
n=0 tn
which concludes the proof of (5.1) and of Lemma 5.1. d

Proof of Lemma 5.2. For all x € T?, introduce the auxiliary Ornstein-Uhlenbeck
process m® solving the SDE

dm? = —mZdt + V/2h(z)dp,

Let m®(t, m) denote the solution at time ¢, if the initial condition is given by m* (0, m).
The invariant distribution of the process m? is equal to v*. Note that for m and
m' € R, one has m®(t,m) — m*(t,m’) = (m — m/)e”*. Consider V.=bor V = oo*,
and let

5(t,z,m) = E[V(z,m(t,m)) — V(z)].

Note that for m and m’ € R, one has m*(t,m) — m®(t,m’) = (m —m/)e”". As a
consequence, we have

|6(t, z,m) — &(t,z,m)|| < [m —m'|e”".

By integrating with respect to m’ and using the equality V(z) = [V (z,m’)dv"(m’),
one obtains

(5.10) |6(t,z,m)|| S (1+ |m|)e ™.

Using the fact that ¢ and its derivatives satisfy (5.10) with V' = b, one is able to check
that the function v given by, for all € T¢ and m € R,

Dy, m) = — /Ooo Efb(z, m (£, m)) — b(x)]dt

is well-defined (by definition of b, see (2.5)) and is of class C2(T?¢ x R). Moreover,
1 and its derivative have at most linear growth in m. In addition, ¥y(x,-) solves
the Poisson equation L£%4y(z,m) = b(z,m) — b(x), for all x € T? (indeed v is the
invariant distribution associated with the generator £, of the Ornstein-Uhlenbeck
process m?).

Similarly, define, for all z € T¢ and m € R,

Yo(x,m) = — /OOO Eloc*(z,m"(t,m)) — " (x)]dt.

The function v, is well-defined: owing to (2.6) (Assumption 2.2) one has the equality
Joo*(z,m)dv*(m) = 55*(x) for all z € T?, and using the same arguments as above,
Ye(x,-) solves the Poisson equation L9, (x,m) = oo™ (x,m) — 5o (z), for all z €
T

Now, for all t € [0,T], z € T? and m € R, let

O(t,z,m) = Yp(x,m) - Vou(T — t,z) + s (z,m) : Viu(T —t,x),
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where u is given by Lemma 5.6 and solves the Kolmogorov equation d;u = Lu.

On the one hand, applying It6’s formula yields the following expression for the
error term:

T
/0 E[L5y @ (t, X(£), m* (t))]dt,

by definition of the auxiliary function ®, since i, and v, are solutions of Poisson
equations.
On the other hand, applying It6’s formula also gives the identity

E[@(T, X*(T), m*(T))] — E[®(0, X*(0),m*(0))]

T
:/ E[(Q; + bV, + %oa* V2 %C@U)q)(t,Xe(t),me(t))]dt.
0

Combining the two expressions then gives

T
E[p(X(T))]-Elp(X(T))] :/0 E[LEy ®(t, X(t), m(t))]dt
= e (E[@(T, X*(T), m*(T))] — E[2(0, X*(0), m*(0))])

< VBI04V 4 a0 s VAR X, m (1)
0

Using the regularity estimates from Lemma 5.6 and the identity
Ou=>b-Vyu+scao*: Viu,

it is then straightforward to obtain (5.2). This concludes the proof of Lemma 5.2. 0O

Proof of Lemma 5.3. Let us introduce the continuous-time auxiliary process X,
such that, for t € [t,,t,+1], one has

X(t) = Xn + (t = t0)b(Xn, h(Xn)¥n) + 0(Xn, R(Xn)vn) (B(t) — B(tn))-

Introduce also the second-order differential operator £, = b(X,,h(Xn)v,) - V +
100*(Xn, h(Xn)ys) + V2. With this notation, for any function ¢ € C*(T?), Ito’s
formula gives, for all ¢ € [t,, tp11],

(5.11) $(X(1) - d(X,) = / Lad(X(s))ds + / Vo(X(s)) - 0(Xns h(X,)70)dBs.

n

Using the same (standard) arguments as in the proof of Lemma 5.1, one obtains the
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following decomposition of the error:
Elp(Xn)] = E[p(X(T))] = E[u(0, Xn)] — E[¢(T, Xo)]

tnt1
_ / E[u(T = tny1, Xns1) — (T — tn, X)]
t

N1
-y / [(—8: + Lo)ul(T — t, X (t)]dt
S [ B (0060 X))~ BE@) - Vo — 1. (0)] d
nzloN:; tnt1 ~
+3 / E [ (00" (Xa, A(Xa)m) =77 (X)) : VE2u(T ~ 1, X(1))] d
n=0 Y tn

The error term E [( (X B(X ) ) — B(X(t))) V(T —t, X(t))} (with V = b and
U = V,u) and E [( (X s h(Xn )y )765*(5((1&))) :Vﬁu(Tft,X(t))} (with V =
oc* and U = V2u) are written as

(V(Xa A(X) ) = V(X)) UT = £, X(1)).
Note that X (tn) = Xn. As a consequence,

E[(V (X h(Xa)ya) = VX)) UT = t, X@)] = 63(8) +82(0) + 53(8) + 55(0),

where
6h () =E [(V(Xn, H(Xn)vn) — V(X)) UT — t, X,)]
02(t) = E [ (V(X,) - V(X (1)) U(T ~ 1, X,.)|
63(8) = B[ (V(Xo, h(Xn)ya) = V(X)) (U(T = £, X(1) = U(T ~ 1, X)) |
St =E [(V(Xn) - V(X(t))) (U(T —t,X(t)) - U(T —t, Xn))} .

It remains to treat the four error terms &% (t), j = 1,2, 3,4. B

Let us start with the most important observation: by definition of V(z) =
J V(z,m)dv*(m), the independence of the random variables X,, and 7, yields the
identity

E [(V(Xm h(X5)vn) — V(Xn)) U(T —t, Xn)]
=E [E [(V(Xnv h(Xn)vn) — V(Xn)) UT-tX,)| Xn]] =0.

The fact that this term vanishes is fundamental since it justifies the consistency of the
scheme (3.5) with the limiting equation (2.7) (see also Theorem 3.7 and its proof),
and the AP property.

To treat the second term, observe that X, and (X(s), B(s))s>¢, are indepen-
dent random variables, thus conditioning with respect to X,, and applying It6’s for-
mula (5.11) gives

E[(V(Xn)fV(f((t))) U(Tft,Xn)} - E[/ttﬁnV(X(s))dsU(Tt,Xn) .
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Since U is bounded (owing to the regularity estimates from Lemma 5.6) and since
V € C*(T?) (by assumptions on the coefficients b and o, see Assumption 2.2), one
obtains

& KV(X”) - V(X(t))) U(T - t,Xn)} | St—t.

The treatment of the third term uses a conditioning argument, and Ito’s for-
mula (5.11): one has
E [ (VX0 h(Xa) ) = V(X)) (U(T = £, X (1) = U(T = £, X)) | X 70]

E{(V(Xn,h(Xn)fyn)V(Xn))/t EnU(Tt,X(s))ds|Xn,fyn}

n

Using the regularity properties from Lemma 5.6, one obtains
[ [(V (X h(Xa) ) = V(X)) (U(T = £, K(1) = U(T = £, X)) | | S t = ta.

The treatment of the fourth error term is straightforward: since U and V are
Lipschitz continuous (owing to Lemma 5.6), one has

E [(U(T X))~ U(T —t, Xn)> (V(Xn) - V(f((t))ﬂ |<E {qut) - Xnyﬂ
<t—t,.
The estimates above are of the type
|5¥L(t)| 5 t— tna

for all t € [tn,tn41] and j = 1,2, 3,4. Finally, one obtains

N—-1 trnt1
Elp(Xn)] - o(X ()] < 3 / (t — ta)dt < At,
n=0 ’tn

which concludes the proof of Lemma 5.3. ]

Proof of Lemma 5./. The idea is to adapt the proof of Lemma 5.2 (see Sec-
tion A.1) to the discrete-time situation. Let us start with preparatory computations.
A telescoping sum argument yields the equality

Elp(X§)] — Elp(Xn)] = Eluo(XR)] — un (Xg)

2

(5.12)

(E[uanfl(X:erl)] - E[uan(sz)]) )

n=0

where the auxiliary function wu, is defined in Lemma 5.7. Using the definition of

the scheme (3.4), and Markov property combined with the expression of the limiting
scheme (3.5), one obtains

U1 (X5 ) = tn—n1 (X; + A(XE,mS ) + VALe(XE, mgﬂ)rn) ,

Efun—n(X5)] = E [un—n-1 (X5 + A(Xg, A(Xg)7) + VAIr(X, h(X5)3)Tn )| -
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A second order Taylor expansion then gives

Elun—n—1(X511)] = Elun—n(X7)]
= AR [(b(X;,m5,40) — b5, (X 0)7m) - Vaun—n-1 (X))

At
- E [(oTnlho™ (X5, mG 1) — oTu o™ (X5, h(X5)m)) : Vaun—n1(X})]

+ VAIE [(U(Xrew my 1) — o(X5, h(X:L)'Vn)) Ly - V:L’Uanfl(Xri)]

+ ABPE [(0T,b" (X5 mé 1) — oLnb™ (X5, h(X5) 1)) : VEun—n_1(X)]

+ APE[R,,(At)].

Using the regularity estimates from Lemma 5.7, one has |Rn(At)| < 1. Note that
the terms of the orders Atz and At? in the right-hand side above vanish, since the
random variables I',, and (X, ms,, 1, V,) are independent, and E[I',,] = 0. In addition,
since E[I",,I"*] = I, a conditioning argument yields
(5.13)
Eluy —n-1(X511) — un—n(X;)]
= AtE [(b(Xe my 1) — (X5, h(sz)’Yn)) ‘ VrUN—n—l(sz)]

- AME [(00" (X5t 1) — 00" (X A(XE)90) £ V2un—o1(X5)]

+ A’E[R,,(At)].
Like in the proofs of Theorem 3.7 and of Lemma 5.3, a conditioning argument allows
us to rewrite the expressions above in terms of the functions b and @: one has

E[(b(X7,m5 1) = b(X 5, h(X)m) - Vaun—n—1(X)]
= E[(b(X7, m 1) — b(X5) - Voun—n—1(X7)],

and

El(o0" (X5, miy 1) — 00" (X5, M(XE)m) : Vun—no(X5)]
= E[(00" (X5, mi1) 75" (X5) : Vdun—uoa (X5,

We are now in position to employ similar arguments as in the proof of Lemma 5.2 (see
Section A.1), with important modifications due to the discrete-time setting. Introduce
the auxiliary parameter 7 = %. Instead of studying Poisson equations associated
with the infinitesimal generator Lf,;;, one needs to consider the generator L and the

transition semigroup of a Markov chain: let

pPr—1
L7 = where PP p(m) = E, nro,]é(e”™m + V1 —e 2Th(z
T
We claim that the function 1] defined by
P ( :—TZ (P*)" b(x,m) — b(x)).

is well-defined and solves the Poisson equation L] (z,-) = b(z,-) — b(z). Indeed, let
(m}(m)),, be defined by

My (m) = e Tmy(m) + V1 — e ?Th(x)y,,  mg(m) =m.
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Then, for all m and m’ € R, and all n € N, one has

T (m—m').

Observe that since b is a Lipschitz continuous function, standard arguments give the
following upper bound: for all n € N, x € T¢ and all m,m’ € R, if 6,(x,m) =
(P%)" b(x,m) — b(x), then one has

B0 (oam)| = | (P2)" b ) — [ (PEY" bl ()|
< / |Eb(z, mf(m)) — Eb(z, m§(m) |dv* (m/

S e " (1A |ml).

Similarly, since the derivatives of m? with respect to  do not depend on m, one can
check that the inequality above holds for D,§ and D26 then concludes the proof of
the claim. Since 73 je "™ = —— < max(7,1), for all 7 € (0,00), one obtains
inequalities of the type

[z, m)||

5.14
( ) 1+ |m|

< max(T, 1),

for 47, and its derivatives D v7 and DZy7.
Similarly, define for all € T and m € R,

+oo

Yo (xz,m) —TZ (P oo™ (z,m) — 50" (x)).

n=0

Then 7 is well-defined and solves the Poisson equation L%, (z,:) = oo*(x,-) —
(z)a* (), by definition of 7(z), see Assumption 2.3. In addition, ¢7 and its deriva-
tives satisfy upper bound of the type (5.14).

Like in the proof of Lemma 5.2 (see Section A.1), introduce the auxiliary function
defined by

(I)n(l'v m) = %(3% m) : kuN—n—l(x) + w;(x, m) : ngcuN—n—l(x)a

for all n € {0,...,N — 1}, # € T¢ and m € R, where u,, is defined in Lemma 5.7.
Combining the decomposition of the error (5.12) and the identity (5.13), one then
obtains the following new expression for the error:

(5.15)  E[p(X5)] — E[p( At2ZJE (At)] +AtZL "D, (XS, mé ).
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On the one hand, a telescoping sum argument yields the following expression:

B[P @y (X§, mYy) — Prodo(Xs, m)]

N—-1
= 3 B[P R (X mi) — P 0 (X )]

n

n=0
N-1
X161+1 € € Xfwrl € €
= Z E |:PT (I)n+1(Xn+17mn+1) - Pr (I)”(Xn+1’mn+1)}
n=0
N-1
X;+1 € € X5 € €
+ E [P-,— q)n(Xn+1vmn+1) - Pr nq)n(Xmmn+1)]
n=0
N-1 . .
+ Y B[P (X mi) — PR (X m)|
n=0

Note that using Markov property, the first sum on the right-hand side above can be
written as 25:_01 E [‘I)n+1(sz+1a My i) — Po(X5 4, m;+2)}.

On the other hand, by definition of the operator L? with the parameter 7 = %,
one obtains

AE[LY " @, (X5, mSy )] = €B[PYm @, (X5, mb ) — Pu(XG, ml )]

X, € € X5 € €
= cE[P; nq)n(Xnamn-H) - Pr (I)"(Xn’ mn)]

Finally, combining the two identities above, one obtains the following expression for
the error:

N-1
Elp(X%)] — E[p(Xn)] = A Y E[R,]
n=0
+e€ (E [(I)N(Xjeva m?\/—i—l) - (I)O(ngmi)])
N1
—€ Z E [®n1(Xp1:Mypa) = P (Xppr,mp40)]
n=0

N—-1
¢ E [Pf““cpn(xgﬂ,mgﬂ) - PTX"%(XZMZH)} :
n=0

It then remains to use auxiliary upper bounds to deduce the result, in particular
using (5.14). Note that e max(7,1) = max(At,e).
e as explained above, E[|R,(At)|] < 1, thus the first term satisfies

N-1
E[|A#* Y R,|] S At
n=0

e Using the upper bound (5.7) from Lemma 5.7 and (5.14) with ¢ = ] and

1 = 17, the second term satisfies

€ (E [@N(va,mﬁ\Hl) — (X5, mi)]) < max(At,€).
e Observe that one has for all z € T? and z € R,

Qpi1(z,m) — @p(x,m) =Py (x,m) - (Voun—n(v) = Veun—pn-1(z))
+ 92 (z,m) + (Vun—n(z) — VEun_n_1()).
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Using the upper bound (5.8) from Lemma 5.7 and (5.14), one has
|®ps1(z,m) — @z, m)|  Atmax(r,1)(1 + |m]).

As a consequence, owing to (3.8) and Assumption 2.1, the third term satisfies

N-1 N-1
€ Z E [©n+1(XTEL+17mf’L+2) - ‘I)n(X:L+1am%+2)] Se Z Atmax(r, 1)
n=0 n=0

< max(At, e).

e Note that ®,, and its derivatives satisfy the upper bound (5.14), owing to (5.7)
from Lemma 5.7. Let

folxz,m) = Pr®,(x,m) = Eyno,)[Pnl(z, e "m+ V1 —e 2Th(x

It is straightforward to check that f; is twice differentiable. In addition, f;
and its derivatives satisfy (5.14). Using a second order Taylor expansion, one
obtains

X< XE
|PT +1@n(X’rEL+17mf‘L+l)_PT @n(X;,m;HM

= | £ (X mi ) — (X5, ms)|
< Atmax(r, 1)(1+ ’m’)

Finally, using (3.8) and Assumption 2.1, one obtains
€ Z {P O (X my ) — PTX;CI) (X5 mn—i—l)} < max(At, €).

Gathering the estimates then concludes the proof of Lemma 5.4. O

We refer to [7, Theorem 1.3.6] for the proof of Lemma 5.6. It thus remains to
provide the arguments for the proofs of Lemmas 5.5 and 5.7. The strategy is standard
in the literature, see for instance [7]. As a consequence, in order to reduce the length
of the manuscript, below the details are only given for the proofs of the estimates for
first-order derivatives.

Proof of Lemma 5.5. Owing to [7, Proposition 1.3.5], for all k = (k, k) € RY x
R, one has

Doyt (£, 2,m) - kb = Exe (0)=0.me (0)=m [Dp(X“(£)) - 2 (1)),

where the process n“E = (ni’k,nfﬁh) is the solution of the first variation equation
associated with (2.1): for all ¢ > 0,

dnS¥ = Db(Xg,m§) - nydt + Da(Xf, ms) - ncEdB,
ek
Nt

2Dh
d77€7E _ ot + \/> ( ) nzt

= d
m,t € \E Bh

with initial conditions 77;’&(0) =k, and rﬁ,’z&(O) =k,,.
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On the one hand, the component nff satisfies the following equality,

t—s

¢ 1 [t
nf,’lk(t) =e <k, + —/ e e \/iDh(XE(s)) ~T];’E(S)dBS,
Ve Jo

and by means of It6’s isometry formula, one has

2|

h o
ltllesosy [ e wlnk o) Pl
0

El|lngE @] < k2 + —

On the other hand, the functions b and o are globally Lipschitz continuous (see

Assumption 2.2), and one has Hne*k||2 = ||77§E||2 + anﬁEHQ : using Itd’s isometry

formula, and Minkowski’s and Young’s inequalities, one obtains

Bl OIS Il + [ (Bl + Bl 1) ds.

Combining the two estimates above then yields

¢ 1 [° L er
s BT S e+ (Bl 2 [ e = Bl ) as

3

t
S+ [ s Bl )]s
re|0,s

where the inequality % fos e 2 dr < % has been used. Applying Gronwall’s lemma,

then inserting the result in the estimate above, one obtains the upper bounds

sup E[|lns 0|1 S [|&7 . suwp Elllngk@)]”] S &)
te[0,T) t€[0,T7]

Since ¢ is Lipschitz continuous, using the expression for D, ,,uc(t, z, m) stated above,
one finally obtains (5.5) for the first-order derivative: for all & € R4*!, one has

sup | Do (t,2,m) - K| < |E]-
(t,2,m)€[0,T]x T xR

The treatment of higher-order derivatives follows from similar arguments which are
omitted. This concludes the proof of Lemma 5.5. ]

Proof of Lemma 5.7. For all k € R%, one has
Dun(x) - k = Ex[Dp(Xn) - 0],
where ' = h, and for all n € {0,..., N — 1}, one has
Mn1 = 1y + AtDO(X, (X)) - 111
+ At0pb( X, h(X0)¥n) DR(X5) - iy,
+ VALD,0 (X, (X)) - 7T
+ VAL (X, (X)) DR(X0) - 1Ty

The functions b, h and o are Lipschitz continuous (see Assumption 2.2). Since 7,
and I' are independent centered Gaussian random variables, it is straightforward to
obtain the upper bound

E(||nf )" S (L + ADE]||nE ).
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A straightforward recursion argument then gives, for all n € {0,..., N},
El|lnx]| < 1%
and one obtains (5.7) for the first-order derivative: for all n € {0,..., N},
|Dunp () - k| < (K]

The treatment of higher-order derivatives would be similar and is omitted. It thus
remains to prove (5.8). On the one hand, by definition (3.5), a second order Taylor
expansion yields, for all x € T? and n € {0,..., N — 1},

|Un+1(x) - un(x)| = |EI[‘P(XH+1) - @(Xn)” S At,
On the other hand, one has
Dun+1($) -k — Dun(x) k= Ex[D‘P(Xn+1) ’ 775+1 - D@(Xn) : 775]
= E[(Dp(Xn11) = Dp(Xn)) - ()41 — 717)]
+E[Dp(Xy) - (1 — 03]
+E[(Do(Xnt1) = Dp(Xn)) - 1)

It is straightforward to check that one has the inequalities E[|| X, 1+1 — X, |?] < At and
E[lln% ., — nFl?] < At||k||?. Since ¢ is Lipschitz continuous, using Cauchy-Schwarz
inequality gives

[E[(Dp(Xnt1(2)) = Dp(Xn(2))) - (DXnp1(2) - k = DX (2) - k)]| S At]lk].

Using a conditional expectation argument, since ~,,I',,, X,, are independent random
variables, one has

|E[D(Xy) - (i ey — ni)]| = AE[D@(Xy) - Dab(Xn, A(Xp)vn) - ni]| S Atl|E]-

Finally, using a second-order Taylor expansion and conditioning arguments, one ob-
tains

[E[(Dp(Xn+1) = Dp(Xan)) - 13| S At|].

As a consequence, one obtains (5.8) when 7 =0 and j = 1.
This concludes the proof of Lemma 5.7. ]

6. Conclusion. In this article, we have studied a general notion of Asymptotic
Preserving schemes, related to convergence in distribution, for a class of SDE systems
in averaging and diffusion approximation regimes. Let us mention that some assump-
tions made to simplify the setting (the slow component takes values in a compact
set T? and the fast component is one-dimensional) may easily be relaxed. Note that
when the slow component takes values in R, it is necessary to also study the stability
of the numerical schemes, for instance in mean-square sense.

A limitation of our study is the fact that the fast component is an Ornstein-
Uhlenbeck process (when the slow component is frozen): even if the general theory of
AP schemes described in Section 3.1 holds in more general settings, the construction
of implementable AP schemes (such as the ones described in Sections 3.2 and 3.3) is
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not straightforward if for instance the fast component is solution of a general ergodic
SDE with nonlinear coefficients.

We have also left open the question of obtaining a version of the error estimates
stated in Theorem 3.8 in the diffusion approximation case. This question will be
studied in future works.

Finally, it would be natural to apply the recipes for the design of AP schemes
described in this article to SPDE models. For instance, in a future work [6], we plan to
design, analyze and test AP schemes for the stochastic kinetic PDE model considered
in [32].

Appendix A. Derivation of the limiting models.

A.1. Sketch of proof of Proposition 2.4 (averaging). Let us first give de-
tails concerning the construction of the perturbed test function ¢ given by (2.9),
such that (2.10) holds. Recall that this construction is used in the statement of
Proposition 3.5.

Owing to the multiscale expansions (2.4) and (2.9) of the generator £¢ and of the
perturbed test function ¢ = ¢ + €pq, one has

(A1) L = Love + (Lop + Loupr) + eLopr.
Since the test function ¢ does not depend on m, one has Loye = 0, thus the

term of order ¢! in (A.1) vanishes.
Define, for all x € T¢ and m € R,

Lolz) = /R Cop(z, m)di* (m)

=b(z) - Vao(z) + 50" (2) : V()
Uz, m) = Lop(z,m) — Lo(x)
= (b(z,m) = b(2)) - Voip() + (00" (x,m) = 77" () : Vip(x),

where we recall that v = N(0,h(z)?) is the invariant distribution of the ergodic
Ornstein-Uhlenbeck process m? associated to Loy on R, for any fixed 2 € T¢

dm? = —mZdt + /2h(z)dp;.
Let m® (¢, m) denote the solution at time ¢, if the initial condition is given by m?®(0, m).

Therefore, the centering condition [ ¥(z, m)dv®(m) = 0 is satisfied and the Poisson
equation —Loypi(z, ) = J(x,-) admits a solution

pr(am) = [ B0 (e m) .
0
The multiscale expansion (A.1) becomes

L@ = Lo+ eLoypr.

To prove (2.10), it only remains to get estimates on Lo uniformly in e. Consider
V=borV =00* and let

§(t,z,m) = E[V(z,m*(t,m)) — V(z)].
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Note that for m and m’ € R, one has m*(t,m) — m*(t,m’) = (m —m/)e”*. As a
consequence, we have

|6(t, 2, m) — 6(t,z,m)|| < [m—m'le”".

By integrating with respect to m’ and using the equality V(z) = [V (z,m’)dv"(m’),
one obtains

(A.2) |6(t, z,m)|| < (1 + |m|)e ™.

Since V is of class C? with bounded derivatives, and since the derivatives of m®(t, m)
with respect to x do not depend on m, it is straightforward to generalize A.2 to the
derivatives of . It gives that ¢; € C?(T¢ x R) and that ¢; and its derivatives have
at most linear growth in m, hence Lyp; also does. This leads to (2.10) using (2.2).
This concludes the identification of the limiting generator £ using the perturbed test
function method. The remaining ingredients of this strategy to prove the convergence
in distribution of the process X€ to the solution X of the limiting equation associated
with the limiting generator £ are standard and are thus omitted.

A.2. Sketch of proof of Proposition 2.6 (diffusion approximation). Let
us first give details concerning the construction of the perturbed test function ¢
given by (2.17), such that (2.18) holds. Recall that this construction is used in the
statement of Proposition 3.5.

Owing to the multiscale expansions (2.14) and (2.17) of the generator £¢ and of
the perturbed test function ¢ = ¢ + ep; + €29, one has

(A3) LY =€ Lovp+e " (Lip+ Lovpr) + (Lo + Ligr + Lovps)
+ € ([,()QD1 + £1<p2) + 6250@2.

Since the test function ¢ does not depend on m, one has Loyy = 0, thus the
term of order €2 in (A.3) vanishes. Define

o(x)
f(@)
Then it is straightforward to check that £1p 4+ Loy = 0, thus the term of order
e !in (A.3) vanishes.

It remains to construct the function @9 such that the term of order 1 in (A.3) is
equal to Ly. Define, for all z € T? and m € R,

Lolz) = / (Lo + Lapr) (2, m)dv(m),
Hax,m) = (Lop + Lip1)(x,m) — Lo(x),

where we recall that v* = N(0, %W) is the invariant distribution of the ergodic
Ornstein-Uhlenbeck process associated to Loy on R, for any fixed 2 € T<.
Let 2 € T¢, then the Poisson equation —Loppa(z,-) = ¥(z,-) admits a solution

(2, since the centering condition [ ¥(z,m)dv*(m) = 0 is satisfied. Precisely, one has

the expressions
2
oam) == (1l = I ) v (92,

(A.5) 0a(-ym) = ME VY, <U . VM) _

(A4) p1(x,m) =m -Vaep(x).



40

C.-E. BREHIER, S. RAKOTONIRINA-RICQUEBOURG

With the functions ¢q and @ constructed above, the multiscale expansion (A.3) is
rewritten as

L@ = Lo+ e(Lopr + L192) + € Lopa,

which gives (2.18), more precisely

sup |L9¢(z,m) — Lo(z)| < C, (e)m| + €m|?)
zeTd

for some constant C,, depending only on ¢ and on the coefficients of the SDE.

It remains to check that Lo(x) = [ (Lo + L1¢1)(x, m)dv®(m) gives the expres-

sion (2.16). This concludes the identification of the limiting generator £ using the
perturbed test function method. The remaining ingredients of this strategy to prove
the convergence in distribution of the process X¢ to the solution X of the limiting
equation associated with the limiting generator £ follows from standard arguments
which are omitted.
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