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High order numerical approximation of
the invariant measure of ergodic SDESs

Assyr Abdulle!, Gilles Vilmart?, and Konstantinos C. Zygalakis®

Abstract

We introduce new sufficient conditions for a numerical method to approximate
with high order of accuracy the invariant measure of an ergodic system of stochastic
differential equations, independently of the weak order of accuracy of the method. We
then present a systematic procedure based on the framework of modified differential
equations for the construction of stochastic integrators that capture the invariant
measure of a wide class of ergodic SDEs (Brownian and Langevin dynamics) with
an accuracy independent of the weak order of the underlying method. Numerical
experiments confirm our theoretical findings.

Keywords: stochastic differential equations, invariant measure, weak convergence,
modified differential equations, backward error analysis, ergodicity.
AMS subject classification (2010): 65C30, 60H35, 37TM25

1 Introduction
We consider a system of (Itd) stochastic differential equations (SDEs)
dX(t) = f(X(t))dt + g(X(t))dW(t), X(0) = Xo, (1)

where X (t) is the solution in the space F, Xy € E is the initial condition, f : E +— FE,g :
E — E™, and W(t) is a standard m-dimensional Brownian motion. The space E denotes
cither £ = R? or the torus £ = T¢, and this is specified when needed. With the exception
of some special cases, the solutions to (1) are not explicitly known, and numerical methods
are needed. We consider a one step numerical integrator for the approximation of (1) at
time ¢ = nh of the form

Xny1 = V(Xn, h, &) (2)

where h denotes the stepsize and &, is a random vector. The choice behind the numerical
method used to approximate (1), depends crucially on the type of the approximation
that one wants to achieve. In particular, for the approximation of individual trajectories
one is interested in the strong convergence properties of the numerical method, while
for the approximation of the expectation of functionals of the solution, one is interested
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in its weak convergence properties. The numerical approximation (2), starting from the
initial condition Xy of (1) is said to have local weak order p if for all functions! ¢ :€
CIQ__,(PJrl) (Rd, R),

[E(¢(X1)) — E(6(X (h))] < C(Xo)hP*, (3)

for all h sufficiently small, where C'(Xj) is independent of h. Under appropriate conditions
one can infer “a global weak order p” from the local weak error [15] (see [16, Chap.2.2]).
This results will be briefly discussed in Theorem 2.6 (we need a slight reformulation of the
existing results).

Strong and weak types of convergence relate to the finite time properties of (1) and
its numerical approximations. We say that the process X (t) is ergodic if it has a unique
invariant measure p satisfying for each pu—integrable function ¢ and for any deterministic
initial condition Xy = z,

T
lim 1 d(X(s))ds :/ o(y)du(y), almost surely. (4)
T—oo T 0 E

Before considering the different sources of error, one needs to make sure that the
numerical approximation is itself ergodic. In particular, the case where the coefficients
are not globally Lipschitz is particularly challenging and it is still an active research area
[17, 13, 19, 20, 22, 9]. This important question is however not the focus of the present
paper as we will rather assume ergodicity of the numerical method. We recall that the
numerical method (2) is called ergodic if it has a unique invariant probability law p” with
finite moments of any order and

N
lim %;Wn) = [ i), atmost surcly (5)

N—oo

for all deterministic initial condition Xy = = and all p/-integrable functions ¢.
We will say that the numerical method (2) has order r» > 1 with respect to the invariant
measure if

lim lZ¢(Xn)— /E ¢(y)dp(y)

N—oo N
n

e(p,h) == <Cn. (6)

In the sequel, we will assume that the ergodic measure p has a density function ps.. The
study of the error e(¢,h) in approximating the invariant measure, its relation with the
weak error and the construction of numerical method with high order of convergence with
respect to the invariant measure is the main focus of our paper. We mention that various
papers related to the study of e(¢, h) appeared in the literature. In [21] an error estimate
for e(¢, h) has been established for a variety of different numerical methods. In addition,
in [23] with a use of a global weak error expansion, an expansion of (6) in powers of
h was derived for Euler-Maruyama and the Milstein methods. This allowed the use of
extrapolation techniques to further reduce the bias in the calculation of the error e(¢, h)
between the numerical time average and its true value.

The error e(¢,h) was also the subject of study of [14]. Given an ergodic integrator
of weak order p for an ergodic SDE (1), it is shown that it has order r» > p for the

'"Here and in what follows, C% (Rd, R) denotes the space of ¢ times continuously differentiable functions
R? — R with all partial derivatives with polynomial growth.



invariant measure (6). In [12] an example of integrator with r > p is given: for the so-
called stochastic #-method with § = 1/2 applied to the Orstein-Uhlenbeck process, we
have e(¢, h) = 0 despite the weak order two of the method. Related works where such a
mismatch is mentioned are [3, 2, 10].

In this paper, we present two results for the numerical approximation of ergodic nonlin-
ear systems of SDEs. Firstly, we derive new sufficient conditions for an ergodic integrator
to have high order (6) for the invariant measure, possibly larger than its weak order of
accuracy (3). A crucial ingredient is a new expansion of the error e(¢,h) based on the
work [23], and the analysis in [4] of numerical invariant measures. Secondly, we introduce
a systematic procedure to design high order integrators for the invariant measure based on
modified differential equations for SDEs proposed in [1]. Our new methodology is based
on modified differential equations, which is a fundamental tool for the study of geometric
integrators for ODEs [6, 11]. It was recently extended to SDEs in [24, 4] for the backward
error analysis of stochastic integrators and in [1] for the construction of high weak order
integrators.

The paper is organized as follows. In Section 2, we present the framework and derive
a new expansion of the error e(¢,h). In Section 3, we derive our main results: sufficient
order conditions for the invariant measure of an ergodic integrator and a construction
procedure of high order integrators based on modified differential equations. In Section 4,
we apply our methodology and construct a range of new integrators based on the stochastic
f-method for Brownian dynamics. Finally in Section 5, we present various numerical
investigations, that illustrate the behaviour of our new integrators and corroborate the
claimed orders of convergence.

2 Preliminaries

In Section 2.1, we describe some preliminary results related to ergodicity of SDEs and
their numerical approximations, using the standard framework of the Fokker-Planck and
backward Kolmogorov equations. In Section 2.2, We discuss a global error expansion for
both the weak error and the error with respect to the invariant measure.

2.1 Exact and numerical invariant measure for ergodic SDEs

Let us denote by p(x,t) the probability density of X (¢) defined by (1) with initial condition
Xy = x. Then we have

BN =) = [ sy, @
where p(y,t) is the solution of the Fokker-Planck equation
dp *
% = L*p, (8a)
p(y,0) = po(y), (8b)

here po(y) = 6(y — z) (Dirac mass) for the deterministic initial condition of X (¢) and L£*
is given by

Lp=-V, (f(y)p) + %Vy -Vy - (9" W)g(y)p)- (9)



This operator is the L?-adjoint of
1
L:=f(x) Vi+ ig(x)gT(:c) :VaVy, (10)

the generator of the Markov process X (¢) defined by (1). Recall that if po, is the density
of the invariant measure of (1) (assuming ergodicity), then ps is the unique stationary

solution of (8) and thus satisfies
L pso = 0. (11)
Next, we consider
u(z,t) = E(6(X (1)) Xo = 2), (12)

where X (t) is the solution of (1). We note that u(z,t) is the solution of the backward
Kolmogorov equation

ou
% = Lu, (13a)
u(z,0) = o(x). (13b)

A formal Taylor series expansion in terms of the generator operator L of the Markov
process is derived in [24] for w and a rigorous finite term expansion is proposed in [4]
namely

l
u(e,h) - Zh—, 2) + B (f, 9, 6) (@), (14)

for all positive integer [, with a bound of the form |r;(f, g, ®)(z)| < ¢ (1 + |z|"™).

Remark 2.1. One way to turn u(x,h) = ¢(x) + hLop + %2£2¢ + .-+ into a rigorous
expansion (14) is to restrict (1) to E = T? as it was done in [4]. Another way is to follow
the approach in [23, Lemma 2] and assume that f, g are C* where derivatives of any order
are bounded. This together with the assumption that

¢(z)] < C(1+[x]*) (15)

for some positive integer s are enough to prove that the solution u of (13) has derivatives
in space of any order that have a polynomial growth of the form (15), with other constants
C, s that are independent of t € [0,T], and this implies that (14) holds.

In terms of the numerical solution (2) one can define
Uz, h) = E(6(X1)|Xo = x)), (16)

for the expectation at time h, where again for simplicity one assumes that the initial con-
dition X is deterministic. We make the following regularity and consistency assumption
on the integrator, which is easily satisfied by any reasonable numerical method.

Assumption 2.2. Let f,g be C'° with bounded derivatives of any order. We assume for
all deterministic initial conditions Xq that

|E(X1 — Xo)| < C( + | Xo|)h, | X1 — Xo| < M,(1+ |Xo|)Vh, (17)



where C' is independent of h small enough and M, has bounded moments of all orders
independent of h. We assume that (16) has a weak Taylor series expansion of the form,

Uz, h) = ¢(z) + hAo(f. 9)(x) + h* A (f, g)o(x) + ..., (18)

where A;(f,g), i = 0,1,2,... are linear differential operators with coefficients depending
smoothly on the drift and diffusion functions f,g, and their derivatives (and depending
on the choice of the integrator). In addition, we assume that Ao(f,qg) coincides with the
generator L given in (10), which means that the method has (at least) weak order one,

Ao(f.9) = L. (19)

Example 2.3. Consider the stochastic 0-method [8] for (1) where g = ol and d = m
(additive noise case) defined as

Xn+1 = Xn + h(l - H)f(Xn) + ef(XnJrl) + O-\/Egn (20)

For 6 = 0, this scheme coincides with the explicit Fuler-Maruyama method while for @ # 0
it is implicit, i.e. it requires the resolution of a nonlinear system at each timestep. A
straightforward calculation yields that the differential operator Ay in (18) is given by

1 o2 d ot d
A1¢ — §¢I/(f7f)+Ez(ﬂ/l(eiaelﬁf)—i_g Z ¢(4)(ei7eiaej7ej)
i=1 ij=1

o2 & o> &
+ 0+ 5 Y e e) + = D (Feien), (21)

i=1 i=1
where e1, ..., eq denotes the canonical basis of R and ¢'(-),¢"(-,-), ¢" (-,-,-), ..., are the
derivatives of ¢ which are linear, symmetric bilinear, trilinear, ..., forms, respectively. In

dimension d = 1, it reduces to A1¢p = 5 f2¢" + (’;f(b'”—i—%l(b(‘l) +9(f’f¢'+”—22f/'¢’+("2—2f’¢”).

Assumption 2.2 immediately implies that we have the rigorous expansion

l
Uz, h) = d(@) + Y B Af, 9)o(@) + WP Ri(f. g, 6) (x) (22)

1=0

for all positive integers I, with a remainder satisfying |R;(f, g,¢)(z)| < Cy(1 + |z|*). We
also deduce that the moments of the numerical solution are uniformly bounded, as stated
in the following result, shown in the proof of [16, Lemma 2.2, p.102]. We observe that if
the numerical solution (2) has local weak order p (see (3)) and satisfies Assumption 2.2
then

oan

(p+1)!

E(¢(X (h))) — E(¢(X1)) = hP* ( - A,,> ¢(Xo) + O(hF+2). (23)
Proposition 2.4. Assume (17). Then, for all positive integers k, there exist constants
Cl, Dy such that

E(\Xn\k) < CpeP*T . forall nh<T. (24)



2.2 Global error expansion for the weak error

We now study how accurate the numerical invariant measure pé‘o is compared to the true
invariant measure po,. The first step to show this is the establishment of a global error
expansion for the weak error

E(¢7 h7T) = ’E(¢(X(T))) - E((b(XN))’v (25)

where X denotes the numerical solution at the final time T' = Nh calculated with a time
step h with a numerical method of weak order p.

In the sequel, we assume that solution X (¢) of (1) ergodic. We recall in Remark 2.5
some necessary conditions in order for X (¢) to be ergodic.

Remark 2.5. Let X (t) the solution of (1). The following assumptions implies that (X (t))
is ergodic (see [7]),

1. f,g are of class C*°, with bounded derivatives of any order, and g is a bounded
function;

2. The generator L in (10) is a uniformly elliptic operator, i.e. there exists a > 0 such
that ¥V x,& € RY, aTg(€)g(€)"x > alz|?;

3. there exists B > 0 and a compact set K in R? such that ¥V x € R? — K, (z, f(z)) <
— B2,

Likewise, we assume that the Markov chain defined by our numerical solution is ergodic
(see equation (5)). The following theorem combines results derived by Talay and Milstein.
Precisely, the expression (26) has been proved in [23] for specific methods (e.g., he Euler-
Maruyama or the Milstein methods), while the general procedure to infer the global weak
order from the local weak order is due to Milstein [15] (see [16, Chap.2.2]). The novelty
here is the new formulation of the error function (27) in terms of the operator A; in
Assumption 2.2 and generator £ that will be useful for our main results.

Theorem 2.6. Assume the hypotheses on f,g in Remark 2.5. Let Xn be a numerical
solution of (1) on [0,T] (E = R?) satisfying Assumption 2.2 and the local weak order
p estimate (3) where C(x) satisfies (15). Then, we have the following expansion of the
global error (25), for all ¢ € C12_7p+4(]Rd,R),

E(¢,h,T) = hP /OT E(¢e(X(s),))ds + O(hPT) (26)
where e (x,t) satisfies
(o, t) = (ﬁzﬁ“ - A,,) ol 1), (27)
with v(z,t) = E(¢(X (T))|X (t) = =) satisfying
% +Ly = 0, (28a)
o(@,T) = ¢(x). (28b)

Proof. The proof, similar to the one found in [23] and [16, Chap.2.2], is provided for
completeness in the Appendix. O



Using Theorem 2.6 one can obtain a similar expansion to (26) for the difference between
the true and the numerical ergodic averages. In particular we have the following theorem.

Theorem 2.7. Assume that the conditions 1.,2.,3. from Remark 2.5 hold, and let ¢ :
R? — R a smooth function satisfying (15). Then, if a numerical method of weak order p
is ergodic, it satisfies

N

) 1

lim 5 2 60%) = [ oo (w)dy = A7 + O (29)
i=1

for any deterministic initial condition, with A, defined as

+oo
Ap = /0 /R Vet y)poo(y)dydt (30)

with . satisfying (27).

Proof. The proof is similar to the one found in [23, Theorem 4], with the main difference
being that now (26) is used as the starting point of the proof instead of the specific formula
for the Euler-Maruyama method used in [23]. O

Theorem 2.7 provides an explicit expression of the first term in the error e(¢, h) in (6)
for the invariant measure. It will thus be the key result in deriving integrators that have
an order for the invariant measure strictly larger than the weak order of accuracy.

3 Main results: high order approximation of invariant mea-
sures

In this section, we present our methodology for constructing integrators of weak order
p that approximate the ergodic averages with order p + k, with & > 1. In Section 3.1,
we provide a characterization of numerical methods with high order invariant measure on
E = R?% with k = 1 and then on E = T? with arbitrary k& > 1. We then introduce in
Section 3.2 a framework based on modified equations to construct numerical method with
high order invariant measure.

3.1 A characterization of high order numerical invariant measure

An immediate consequence of Theorem 2.7 is the following result in R? which gives nec-
essary conditions for an ergodic integrator of weak order p to have the higher order p 4+ 1
for the invariant measure.

Theorem 3.1. Assume the hypothesis of Theorem 2.7. If an ergodic integrator of weak
order p satisfies Ajpoc = 0 in the weak Taylor expansion (18), then it has ergodic order
r=p+1in (6).

Proof. We consider the identity (27) and denote D, = (ﬁﬁp“ — A,). The idea is to

use the adjoint operator of D), in (29), i.e., (Dpv, p) = (v, D} pso). Using (11), we deduce
from (29) in Theorem 2.7,

+o0
e(¢,h) = P /0 /Rdv(y,t)A;poo(y)dydt + O(hPT),

7



where v is the solution of (28). Using the assumption A} p., = 0 yields the result e(¢, h) =
O(hPTh). O

We next show that sufficient conditions up to arbitrarily high order can be derived
for the invariant measure error (6) on the torus £ = T?. To this aim, we first recall a
result from [4], which permits to expand the numerical invariant measure " of an ergodic
method in series with respect to h. The idea originating from backward error analysis is
to construction a modified generator given as a formal series

L=L+) WL
i>1

such that U(h,x) in (18) satisfies formally
Ulw,h) = ¢) = )~ L/6(x).

The operators L,, can be computed recursively as

1

1
Lp=Ay — ~(LLpq + Ly L) — - —

£n+1 (31)

where A;, ¢ = 1,--- ,n are the differential operators defined in (18). Equation (31)
has been derived in [24] in the framework of modified equations and coincides with an
expression used in [4] involving the Bernoulli numbers.

Lemma 3.2. [/] Let E = T% and assume Assumption 2.2. Consider L, the operators
defined in (31). Then there exists a sequence of functions (pp(z))n>0 such that py = peo
and for alln > 1, [r4 pn(x)dz =0 and

n

‘C*pn = - Z(Ll)*pn—l- (32)
=1

For any positive integer M, if ph,(2) = poo(z) + Zﬁ/lzl h™pn(z), then
[, etz =1, (33)
Td
and there exists a constant C(M) such that for all smooth ¢ : RY — R,

< C(M)RMHL, (34)

b du () — / o)l ()
Td Td

where C(M) is independent of h and p"(x) is the unique invariant probability measure of
the numerical method (16).

We observe that Lemma 3.2 not only provides an expansion for the numerical invariant
measure in powers of h, but also provides an explicit way for calculating the corrections
pn. For example, po satisfies

Lpy = —Lip1 — L3pes



and since p; = 0 (assuming A} psc = 0) we have that

L7py = A3poc = 5 (LLT + LIL) poo = £ (L) poc

Using (11) and L} pec = Afpoc — %Lgpoo = 0, this implies that
L¥ps = A3pec.

We thus see with a similar argument as before that if a weak first order method satisfies
Al poo = ASpoc = 0 then its order of convergence for the ergodic averages is 3. Similarly,
as generalized in the next theorem, we see that a sufficient condition for a numerical
integrator of weak order p to have r-th order of convergence for the ergodic averages is

Aipoo =0, for j=1,---7—1 (35)

Of course an obvious way for achieving this is by choosing a method of weak order r
(which implies A% = 0 for all j < r, since (j + 1)!4; = £I*1), but as we will see in the
next section for a certain class of ergodic SDEs we can achieve this by using a numerical
integrator only of weak order one.

Theorem 3.3. Consider equation (1) on T? solved by an ergodic numerical method sat-
isfying Assumption 2.2 and (35). Then it has order r in (6) for the invariant measure.

Proof. We start our proof by noticing on the one hand that since our numerical method
is ergodic then

N
iy 20K = | W),

for all deterministic initial conditions Xy = x. Thus, in order to prove the theorem one
needs to bound the difference

o(y)du" (y) / o()ps0 (1) dy. (36)
Td Td

On the other hand, Lemma 3.2 allows to expand pﬁ/[(y) in powers of h and allows for an
explicit characterization of each term in the expansion. Using (11), (31), and (32), we
prove by induction on j that £*p; = A%pec = 0 and p; = 0 for j =1,...,7 — 1. Finally,
using equation (34) with M = r — 1, observing that po.(y) = p/_;(y) implies that

s w) ~ | ¢<y>pm<y>dy‘ <cn,
']Td ']Td

where C depends on r but is independent of A. Thus the proof is complete. O

Remark 3.4. One can extend to arbitrarily high order the extrapolation results described
in [23] for the Euler and the Milstein methods. In particular, under the hypotheses of
Theorem 2.6, a straightforward calculation shows that if one considers the Romberg ex-
trapolation

2p 1
Zh = 51 0(X0)") = g 4(X0), (37)



where X! denotes the numerical solution at time T = nh with stepsizes h, then Z" yields
an approzimation of weak order p+ 1, i.e. |E(o(X(T))) — E(ZM)| < ChPHL. Analogously,
considering an ergodic method X,’} of order p for the invariant measure and under the
assumptions of Theorem 3.3, the Romberg extrapolation (37) yields an approximation of
order p + 1 for the invariant measure, i.e.

N
fim 320~ [ oo )dy| < ORI,
—1 T

N—oco N
n

3.2 High order numerical methods for the invariant measure based on
modified equations

Our second main result is the derivation of a framework for the construction of numerical
methods with high order (6) for the numerical invariant measure. We explain how Theorem
3.3 permits to construct high order integrators for the invariant measure by considering
the framework of modified differential equations, an approach first considered in [24, 4] in
the context of backward error analysis for the study of numerical integrators, and extended
in [1] for the construction of high weak order integrators.

Precisely, given an ergodic integrator (2) with weak order p for an ergodic system of
SDEs (1), we search for modified vector fields f; and g, of the form

R A R T N SR RPE )
such that the integrator (2) applied to the modified SDE
dX = fpdt + gndW

has order r = p+m in (6) with respect to the invariant measure. To this aim, we consider
an ergodic SDE (1) and assume that it has an invariant measure whose Gibbs density

function has the form
poo() = 2™V (38)

where Z = ([ e V@ dz)~! is a normalization constant. Again, we assume that it has
bounded moments of any order, i.e. for all n > 0,

/ |2|" poo (z)dx < 00
E

and we assume that the potential function V' : E — R is a smooth function in C¥ (£, R).
Notice that the above assumptions on p,, are automatically satisfied if ps is a smooth
positive function on the torus E = T¢ Furthermore, in the case E = R% such an
assumption is satisfied in the case of Brownian and Langevin dynamics (see Section 4).

Lemma 3.5. Let E =R or T, For all ,w € C¥ (R4 R), consider the linear differential
operator

e
B¢ =w—"—7— 39
Qb waﬁﬂkl“‘axkj, ( )
where k;, i =1,...,7 are indices with 1 < k; < d. Then, the following identity holds
[ (Boypds = [ (Boypmds. jor ait s € CFER) (40)
E E

10



where B is the order one linear differential operator given by

99

31‘k1

B¢ := (Dy, 0+ 0 Dy, (w))

with D;, 1 < i <d the linear differential operator defined as

oV  ow

Diw = _
" w&ci a$i7

(41)

where V' is the potential involved in the density (38).

Proof. Integrating by parts successively with respect to x,, ..., xy,, we obtain

8jgz5 i1 ¢ aj_l(w/OOO)
Bopoodr = —Wpsodx = (—1)’ d
fyBonate = [ G uste = (1 [ e e

J

We conclude using repeatedly the identity

I(wpoo)

= - Dl [eS)
oz, (Diw)p

for all w and all ¢ = kg, ..., k; (a consequence of %’)T"j = —g—;/ipoo). O

The above lemma is a crucial ingredient to prove the following two theorems (for the
space E = R% and E = T¢, respectively) on the construction of numerical integrators that
approximate (1) with high order for the invariant measure.

Theorem 3.6. Let E = R%. Consider an ergodic system of SDEs (1) with an invariant
measure of the form (38) and a numerical method (2) or order p for the invariant measure,

and satisfying Assumption 2.2. Then, there exists f, such that if the numerical method
applied to the modified SDE

dX = (f + WP fp)dt + gdW (42)
is ergodic then it has order r = p+ 1 in (6) for the invariant measure.

Proof. By Assumption 2.2, the differential operator A, in (18) is a sum of differential op-
erators of the form (39), where w is an expression involving f and g and their derivatives.?
It follows from Lemma 3.5 that there exists a smooth vector field f, : R? — R such that
AY = Al peo, where Ay = —f, - V@, equivalently Afps = div(fppoo). Using (19) and the
definition (10), we deduce

AL + P fp, 9)d = Ap(f, 9)¢ — div(fpe) = 0.

Applying Theorem 3.1, we obtain that the numerical method applied to (42) yields an
approximation of order p + 1 for the invariant measure of (1). O

2See for example the expression for A in (21) for the -method.

11



Using Lemma 3.2 and extending the idea of the proof of Theorem (42), we derive the
following result, for the construction of arbitrarily high order integrators for the invariant
measure.

Theorem 3.7. Let E = T?. Consider an ergodic system of SDEs (1) with an invariant
measure of the form (38) and a numerical method (2) or order p for the invariant measure,
and satisfying Assumption 2.2. Then, for all fited m > 1, there exist a modified SDE of
the form

dX = (f+hPfy+ ...+ hPT ) dt + gdW (43)

such that the numerical method applied to this modified SDE satisfies
A(f+ RS+ AW i 1,9)pee =0 k=p,...,p+m—1, (44)

Furthermore, if the numerical method applied to this modified SDE is ergodic, then this
yields a method of order r = p+ m in (6) for the invariant measure of (1).

Proof. The construction of the vector fields fr,k < p + m is made by induction on k.
Assume that f;,7 < k has been constructed. Consider the scheme obtained by applying
the numerical method to the modified SDE

dX = (f + ...+ ¥ fr_))dt + gdW

and the corresponding weak expansion (22) involving the differential operators A;(f +
c R 1, g), 7 = 1,2,3,.... Tt follows from Lemma 3.5 that for all differential
operator of the form (39), we have B*p, = B* Poo Where Egb is a differential operator of
order one. Since by Assumption 2.2, A is a sum of such differential operator, we obtain
that there exists a vector field f; such that A7 (f + ...+ Rl e 1, 9)pee = gZpoo where
gkqﬁ = —fi - Vo, equivalently

Ap(f 4+ D i1, 9)poo = div(frpoo)- (45)
Using (19) and the definition (10), we have
AG(f A+ A DT ooy + R fro9)d = AG(f + -+ BT fror, 900 — W div(frg),
which yields
A(f+ o AT e+ B e 9)0 = AL(F 4+ B i1, 9)¢ — div(frg).
Using (45), this achieves the proof of (44). Applying Theorem 3.3, we conclude that the

scheme applied to the modified SDE (43) has order p + m for the invariant measure. [

Note that the proofs of Theorems 3.6 and 3.7 not only show the existence of the vector
fields f;, but also provide an explicit way for calculating them. This is exemplified in the
next section, where we discuss long time integrators for Brownian and Langevin dynamics.
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4 Examples of high order integrators

We mention two wide classes of ergodic SDEs that have an invariant measure of the
form (38), with a wide range of applications in different branches of physics, biology and
chemistry.

The first one is the Langevin equation which describes the motion of a particle in the
potential U(q) subject to linear friction and molecular diffusion [18, 5]

dq = pdt, dp = —(yp+ VU (q))dt + odW (t) (46)

where ¢(t),p(t) € R U : R? — R is a smooth potential ¢ > 0 is a constant, and W =
(Wi,..., Wd)T is a vector of independent Wiener processes. It has the invariant measure
density (38) with V(p,q) = 2v/0? H(p,q) and H(p,q) = 3p? + U(q) is the Hamiltonian.

The second one is the Brownian dynamics equation, describing the motion of a particle
in a potential subject to thermal noise [18, 5]

dX(t) = —VV(X(8))dt + ocdW (¢), (47)

where V : R? — R is a smooth potential, o > 0 is a constant, and W = (Wy,..., Wy)T is a
vector of independent Wiener processes. Assuming ergodicity, the Gibbs density function
of the invariant measure is given by

Poo = Ze—QV($)/O'2’
where Z is a renormalization constant such that fRd Pocdr = 1.

In this section, we shall focus on the class of ergodic SDEs (47) and construct numerical
integrators that have low weak order of accuracy but high order with respect to the
invariant measure (6). We emphasize that similar constructions could be obtained in the
context of the Langevin equation (46).

For the nonlinear system of SDEs (47), consider the standard #-method defined in
(20) where f = —VV. For general nonlinear systems (20), it can be checked that the
weak order and the error (6) for the invariant measure coincide: it is 1 for  # 1/2 and 2
for # = 1/2. In this latter case, it is shown in [12] that the method samples exactly the
invariant measure for linear problems (i.e. e(¢,h) = 0 in (6) if V quadratic), but this is
not true for nonlinear systems in general. In this section, we explain using the strategy of
modified equations introduced in the previous section how the #-method can be modified
to increase the order (6) of accuracy for the invariant measure for nonlinear systems.

4.1 An illustrative example: linear case

As an example, consider first the linear scalar case where V(z) = 2?2, corresponding to
the classical Orstein-Uhlenbeck process,

dX = —yXdt + odW. (48)

The exact solution X (¢) is a Gaussian random variable satisfying lim; ., E(X (t)?) = %

Considering the Euler-Maruyama method, 41 = @, —yhan+Vhoé,, a calculation yields
2

lim E(22) = ————.
n 300 (zn) 2v(1 — vh/2)

13



Then, applying the Euler-Maruyama method to the modified SDE
dX = =y Xdt + odWy,

where 4, satisfies 4,(1 — Jph/2) = 7, i.e. for all h < 1/(27),

h2 h23 5h34 7h45
&h:h_l(l—\/l—Qh'y):'y—i—%—i- 27 + 87 + 87 v (49)

yields a method which is exact for the invariant measure (p = puo), i.e. the left hand
side in (6) is zero, even-though the approximation has only weak order 2. Notice also that
truncating (49) after the h?~! term and applying the Euler-Maryuama yields a scheme of
order p for the invariant measure.

4.2 Nonlinear case: modified theta method of order two for the invariant
measure

Given a vector field fq, consider the § method applied to the modified SDE dX = (f +
hfi)dt + odW, i.e.,

Xng1 = Xn+ (L= 0)(f + hf1)(Xn) + 0(f + hf1)(Xns1) + Vho&s. (50)

The following proposition with proof postponed to Appendix states that order two for the
invariant measure can be achieved if the corrector fi is appropriately chosen.

Proposition 4.1. Let E = R? or T. Consider the numerical method (50) applied to
(47). If

1, o?
fi=—(1=20)(5/'7 + T AF) (51)
and (50) is ergodic, then it has order r = 2 for the invariant measure in (6).

Remark 4.2. In [1], a modified weak order two 0 scheme was constructed for general
systems of SDEs with non-commutative noise. In the context of additive noise (47) it has
the form

Xn+1 = Xn + (1 - 9)(f - hfl)(Xn) + 9(f - hfl)(XnJrl) + \/Eo-(gn + h(% - H)f/(xn)gn)

It can be observed that both the drift and diffusion functions are modified in contrast to the
scheme (50) where only the drift function is modified. Notice that for 8 = 1/2, we have
f1 =0 in (51) which is not surprising because in this case, the 8-method has weak order
two of accuracy.

Applying the recursive procedure of Theorem 3.7 we may next derive a modification
of the 6 method of order 3.

Proposition 4.3. Let E = T¢. Consider the Euler-Maruyama method applied to the
modified SDE dX = (f + hf1 + h?fa)dt + odW i.e.

X1 = Xy + hf(Xn) + B2 f1(X0) + 3 fo( X)) + VREn, (52)

14



where f=—=VV, f1 is defined in (51) with 0 =0 and fo is defined by
fom— (31 5T+ 8D 4502 S0 flen fre) + 102 A (53)

Assume that the obtained numerical method applied to (47) is ergodic. Then, it has order
r =3 for the invariant measure in (6).

The proof of Proposition 4.3 is postponed to Appendix.

Remark 4.4. We highlight that integrators with arbitrarily higher order for the invariant
measure could be constructed analogously using Theorem 3.7. The statement of Proposition
4.3 can be generalized to the 6-method (20) and yield again an order 3 method for the
invariant measure, but the calculation becomes rather tedious. In the linear case (48), the
obtained scheme reduces to

2 3
Xpi1 = Tn— (hy+(1— 29)h”7 + (1 — 29)%377)((1 —0)Xn + 0Xn41)

+ oVhén. (54)

For 6 =1/2, it coincides with the standard 6-method (20) which is not surprising because
it samples the invariant measure exactly in this linear context [12].

We shall discuss in the next Section 5 derivative free implementations of the new
derived schemes.

5 Numerical experiments

In this section, we illustrate numerically our main results. We consider first the linear case
(48) where V (z) = 2%/2, and compare the Euler-Maruyama method and the modifications
of orders 2 (Proposition 4.3, § = 0). and 3 (Proposition 4.3, § = 0). In Figure 1, we
plot the error e(¢,h) defined in (6) for ¢(x) = x? (second moment error) and many
different stepsizes h. In theory computing one long trajectory suffices, however in practice
computing several long trajectories allows also to draw some statistics such as the variance
of the error. We therefore approximate the error using the average over 10 long trajectories
on a time interval of length 7" = 10% and the deterministic initial condition® X, = —2.
We observe the expected lines of slopes 1,2,3 for the Euler-Maruyama method and the
modifications of order 2, 3.

We next consider examples of nonlinear problems in £ = R¢ which have non-globally
Lipschitz coefficients. We emphasize that our results do not apply in this situation. How-
ever, numerical experiments still exhibit the high order convergence of the numerical in-
variant measure predicted in the Lipschitz case.

In Figure 2, we perform the same convergence experiment in the nonlinear with a
quartic potential, either symmetric (left picture) or non-symmetric (right picture). Again,
we observe the expected lines of slopes 1, 2,3 which corroborates Propositions 4.1 and 4.3.

We finally consider a multi-dimensional case (d = 2) of Brownian dynamics (47) with
the nonlinear potential
T1T2 | T2

2 5’

V(e) = (1-a1)* + (1 -23)° + (55)

3Recall that the choice of the initial condition has no influence on the results.
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Figure 1: Linear case (V (z) = 22/2). Euler-Maruyama method (order 1) and modifications
of orders 2 and 3. Error for the second moment [ 22 p(x)dx versus time stepsize h obtained
using 10 trajectories on a long time interval of length 7' = 108. The vertical bars indicate
the standard deviation intervals.

This potential has one local maximum close to the origin and four local minima represented
by white crosses in Figure 3 where we plot the Gibbs density function (38) together with
10 level curves (left and middle picture). The 10° gray dotes in the right picture indicate
one numerical trajectory of the scheme (57) (discusses below) with stepsize h = 0.02 and
time interval of size T = 2 - 103 (the initial condition is Xo = (-2, —2)).

Since calculating the derivative f’f and Af in (50)-(51) is not convenient in general for
multi-dimensional systems and can be computational expensive, we introduce the following
Runge-Kutta type scheme for (47)

Vi = X,+V20Vhe,

Y, = Xn—ghf(Y1)+“T§a¢ﬁsn

Xny1 = Xy — éhf(Yl) + %hf(YQ) +oVhé, (56)

where f = —VV, &,; ~ N(0,1) (or alternatively P(&,; = £v/3) = 1/6, P(¢,; = 0) = 2/3),
are independent random variables. It can be checked straightforwardly that the weak
Taylor expansions (18) of the schemes (56) and (50)-(51) coincide up to order 2, i.e. they
have the same operators Ay, A; and thus the same order 2 in (6) for the invariant measure,
and the same weak order 1. This is detailed in the Appendix (see Proposition 6.1).

Our investigations indicate that there does not exist a similar Runge-Kutta type ap-
proximation of the scheme (52) with only 3 evaluations of the function f per timestep. We
thus propose the following Runge-Kutta type method which has order 2 in (6) for general

16
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Figure 2: Nonlinear problem with double-well potential. Left picture: V(z) = (1 — 22)?
(symmetric). Right picture: V(x) = (1 — 2?)? — 2/2 (non-symmetric). Euler-Maruyama
method (order 1) and modifications of orders 2 and 3. Error for the second moment
fR x?p(x)dx versus time stepsize h obtained using 10 trajectories on a long time interval

of length T'= 10%. The vertical bars indicate the standard deviation intervals.

nonlinear multi-dimensional problems (47), but order 3 for linear problems,
Vi = X, +oVh&,
Vs = X, +3hf(Y1) —2hf(Yas) +oVhé,
3 1
Xny1 = Xp— §hf(Y1) +2hf(Y2) + §hf(Y3) +oVhé, (57)
where f = —=VV and &, is a vector of independent random variables with &, ; ~ N(0,1).
We plot in Figure 4 the errors e(¢, h) for ¢(z) = 22 +y? for the Euler-Maruyama method,

and the modifications (56) and (57). We observe the expected lines of slope 1,2. Notice
that the error constant for the variant (57) is about twice as smaller than the error for

ZXKONE

Figure 3: 2D problem (47)-(55). Left picture: 3D plot of the Gibbs density (38). Middle
picture: ten level curves of the Gibbs density are represented in solid lines (the five extrema

are represented with crosses). Right picture: a numerical trajectory {X,} of the scheme
(57) (with h =0.02, T = 2-103).
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Figure 4: 2D problem (47)-(55). Errors for ¢(z) = x?+y? for the Euler-Maruyama method
(order 1), and the modifications (56) (order 2) and (57) (order 2 but 3 for linear problems)
with 7' = 10,

(56). The results for the scheme (50) are not included in this plot, but are nearly identical
to that of (56).

6 Appendix

We provide in this Appendix a proof of Theorem 2.6 for the derivation of a global error
expansion for a weak numerical method of arbitrary order p. We next give the proofs of
Propositions 4.1, 4.3, 6.1.

Proof of Theorem 2.6. Consider u the solution of (13), then v(z,t) = u
solution of the Kolomogorov equation (28) with v(z,t) = E(¢(X(T))| X (
t; = ih, the weak error (25) can be expressed as

E(¢,h,T) = E(¢(X(T))) —E(¢(Xn))
= E( (X07 )) (U(XNvT))

(x, T —t) is the
t) = x). Setting

N
= Z Xi-1,ti1)) —E (v(Xi, t))) (58)
=1
where Nh = T.Now using properties of conditional expectations give
N
E(¢,h,T) = <E(U(X(tz‘)7tz‘)\X(ti—1) =Xi-1) - E(U(Xiati))>'
i=1

If we denote by g;(z) = eT=%)£¢(x) the solution of (28) at time ¢ = ih, we obtain

N
Bo.hT) = Y (E(g(X(E)(X(tir) = Xim1) — E(g:(X,) )
i=1
Using (14),(22) and the weak order of convergence p of the method, we obtain

N
E(¢,h,T) = > E (WP Dygi(Xi1) + WP 2d;)
=1
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I
.MZ

<hp+1E (Dpeihﬁgi—l(Xi—1)> + hp+2E(di))

i=1

I
.MZ

(hp+1E (Dpe_hLU(Xi_l, ti_l)) + h”“E(di))

i=1

where we have used the fact that g; = e "g,_;, and for notational brevity we have
dropped the dependence of d; on f,g,¢,h and X (t), X;_1. Next using (23), we see that
D, = mﬁp“ — A,. Using the regularity of the solution of (28) we obtain
N
E($.T.h) = > (WE@We((Xio1,tio1))) + hH2E(d)), (59)
=1
T N
_ / E(e(X(s), 5))ds + 7+? 3 E(dy) (60)
0 i=1

N T
+ o (hZEwe(XH,tH))— /0 Ewe(X(s),s))ds). (61)
i=1

Using Remark 2.1 and Proposition 2.4 we see that E(d;) < C(T"). To conclude the proof,
it remains to show

N T
Y E(e(Xio,ti 1) — /0 E(e(X (s), 5))ds = O(h). (62)
=1

Indeed, this term can be bounded by
N
R IE@e(Xio1, tio1)) = E(We(X (tio1),ti1))] (63)
i=1

+ (64)

N T
RS B (X (t1) b)) — /0 E(e(X(s), 5))ds|
=1

The first term is bounded by O(h) using E(¢e(-,t;), T, h) = O(h) uniformly in t; < T.
The second term is bounded by O(h) using that s — E(¢.(X(s),s)) has a continuous
derivative. O

Proof of Proposition 4.1. Consider the weak Taylor expansion (18) for the # method. Ap-
plying Lemma 3.5 to each differential operator of order greater than 1 in .4; given in (21)
and using f = —VV, we obtain

D) = (0 + NI+ IR,
<022¢m(f, ei,€¢)> = <¢/(022f”(6i,6i)+4flf+2(din)f+%\|f\|2f)>,
<UZZ¢(4)(€i,€i,€j,€j)> = <—22¢lﬂ(f,€z',€¢)>,
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2
<% Z¢/,(f/€i,€i)> = <—¢/(02 Zf”(ei,ei) - 2f’f)> ,

where we use the notation (u) = [, u x)dx and the sums are for i,7 =1,...,d and
e; is the canonical basis of ]Rd Usmg the above identities, a straightforward Calculation
then yields that f; in (51) satisfies (A1¢) = (f1 - V@), equivalently Afpoo = div(f1poo)-
Theorem 3.1 (for E = R%) and Theorem 3.7 (for E = T¢) conclude the proof. O

Proof of Proposition 4.3. Consider the weak Taylor expansion (18) for the modified 6
method (50) (0 = 0). We have Ag = L because the method has weak order 1, and
by the construction of Theorem 3.7, Ajpoc = 0. A calculation of Ay yields

A2<z>=——<z>” (f, f'1) - Z S F, e )
—Z ¢3> feire), e, ;) Za oS (f' f,eire;)
O (f, f. ) +Z TSN, ren e +Z 7 g0 (f,eiseirej es)
+ZZ—8¢<6’>(ei,ei,ej,ej,ek,ek).

ijk

Applying repeatedly integration by parts as in Lemma 3.5 (see the proof of Proposition
4.1) then yields

(2" (flei, 'er)) = (¢(=a”f"(es, [ler) = f'V(o>div f +[|£]1*)))
GULD) = (~HELE+IGD+ @D+ ZUPD)

'( f(4 (€i,€i,€j,e;) + 4o f’"(f, €i, €;)
(div f)f”(eh ei) + 4| fll f”(e,, 61))>
<0’2¢(3)(f/f7 ei7ei)> _ < /// (f.ei,ei) + 20 f//(f e, e:) + O'Zf/f”(ei,ei)
b ALLT+ D) + 2l T T+ IAPED)
< (f, fleiser) > = (=0*¢"(f. [ (e ) — 02¢/I(f'€i7f'€i) —2¢"(f' 1. 1))
< 4¢(4 ela €i, f €5, €5 _U4¢(3) (f”(ei’ 62‘), €js ej) - 2J2¢(3) (f/fa €i, el)>
(a6D(f, f.ei,e1) ~209(f.£.1) = 20209 (f. ez e )
< 4¢(5 fa €i, €i, €5, €5 _20-2¢(4) (f’ f’ €i, 62‘) - 0-4¢(4) (eia €i, flej’ 6])>

4
<06¢ (elael7ejaej7ekaek —20 ¢(5)(f7eiaei7ejaej)>

. 2
s €;,€; = €;,€; 1v €i,€; D) 2 €;,€;
(67" ee)) = (=" ) + (@ ) enen) + TIPS )
<04¢(3)(f"(€z‘7ei)7€j7€j)> = <
2

I
P N N

)
)
)
)
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where sums should be taken over all indices 7, j, k = 1, ..., d in the above formulas (omitted
for brevity of the notation). Using the symmetry of f/ = —V2V, we have Vdiv f = Af
and V(|| f||?) = 2f'f in the first equality and we obtain A%ps = div(fapeo). We conclude
the proof using Theorem 3.7. O

Proposition 6.1. Consider the method (56) for (47) on the space E = R% or T and
assume that it is ergodic. Then, it has order order r = 2 in (6) for the invariant measure.

Proof. We justify the construction of the derivative free implementation (56) of the scheme
(50) (@ = 0). Consider a Runge-Kutta type scheme of the form

Y; = X+hZan Y)) +evVhén, Xnp1= X+h2bf Y;) + ovVhé,,

7j=1

with coefficients a;j,b;,¢;, with 7,57 = 1,...,s. Setting ¢; = 2;21 a;j, we expand in Taylor
series the numerical solution,

X1 = Xo+ h(Z bi)f + Vhoty + h3/2cf(§j bici) f'én

+ K2 Zbcl ff+— Zb T (€ny 6n) +

and we deduce the differential operators in the weak Taylor expansion (18),

g = (3)F Vot 30*Ag,
=1
Ay = Zbc,ff—i— Zbcl odivf + 2 Zb

Then, imposing the order conditions

S S S S
Soh=1 Yha-—z Yha-0. Ybd -3
=1 i=1 =1 i=1

yields the same operators Ag = £ and A1¢ = —(%f’f + %QAf) -V ¢ as for the scheme (50)
(0 = 0) and thus the same order two for the invariant measure. O
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