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ABSTRACT. We propose a geometric numerical analysis of SDEs admitting Lie
symmetries which allows us to individuate a symmetry adapted coordinates
system where the given SDE puts in evidence notable invariant properties. An
approximation scheme preserving the symmetry properties of the equation is
introduced. Our algorithmic procedure is applied to the family of general linear
SDEs for which two theoretical estimates of the numerical forward error are
established.

1. Introduction. The exploitation of special geometric structures in numerical
integration of both ordinary and partial differential equations (ODEs and PDEs) is
nowadays a mature subject of numerical analysis often called geometric numerical
integration (see e.g. [19, 26, 30, 42]). The importance of this research topic is due
to the fact that many differential equations in mathematical applications have some
particular geometrical features such as for example a conservation law, a variational
principle giving rise to the equations, an Hamiltonian or symplectic structure and
more general symmetry structures (for example see [38], [2]). The development of
geometrically adapted numerical algorithms permits to obtain suitable integration
methods which both preserve the qualitative properties of the integrated equations
and have a more efficient numerical behaviour with respect to the corresponding
standard discretization schemes.

In comparison the study of geometric numerical integration of stochastic dif-
ferential equations (SDEs) is not so well developed. In the current literature the
principal aims consist in producing numerical stochastic integrators which are able
to preserve the symplectic structure (see e.g. [3, 37, 45]), some conserved quantities
(see e.g. [7, 25, 34]) or the variational structure (see e.g. [4, 5, 24, 47]) of the
considered SDEs. For the study of the algebraic structure of stochastic expansions
in order to achieve optimal efficient stochastic integrators at all orders see [13].
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Although the exploitation of Lie symmetries of ODEs and PDEs (see e.g. [40]) to
obtain better numerical integrators is an active research topic (see e.g. [6, 12, 33, 32]
and references therein), the application of the same techniques in the stochastic
setting to the best of our knowledge is not yet pursued, probably because the
concept of symmetry of a SDE has been quite recently developed (see e.g. [8,
11, 10, 9, 18, 29, 31, 35]).

In this paper we introduce two different numerical methods taking advantage of
the presence of Lie symmetries in a given SDE in order to provide a more efficient
numerical integration of it.

We first propose the definition of an invariant numerical integrator for a sym-
metric SDE as a natural generalization of the corresponding concept for an ODE.
When one tries to construct general invariant numerical methods in the stochastic
framework, in fact, a non trivial problem arises. Since both the SDE solution as
well as the Brownian motion driving it are continuous but not differentiable pro-
cesses, it can happen that the finite differences discretization does not converge to
the SDE solution. We give some necessary and sufficient conditions in order that
the two standard numerical methods for SDEs (the Euler and the Milstein schemes)
are also invariant numerical methods. By using these results, in particular, we are
able to identify a class of privileged coordinates systems where it is convenient to
make the discretization procedure.

Our second numerical method, based on a well-defined change of the coordinates
system, is inspired by the standard techniques of reduction and reconstruction of
an SDE with a solvable Lie algebra of symmetries (see [10, 28]). Indeed an SDE
with a solvable Lie algebra of symmetries can be reduced to a triangular system
and, when the number of symmetries is sufficiently high, the latter can be explicitly
integrated. In the stochastic setting the explicit integration concept is of course a
quite different notion with respect to the deterministic one. Indeed the evaluation
of an Ito integral, a necessary step in the reconstruction of a reduced SDE, can only
be numerically implemented.

We apply our two proposed numerical techniques to the general linear SDEs,
being the first non-trivial class of symmetric equations. In this case the two algo-
rithmic methods can be harmonized in such a way as to produce the same simple
family of best coordinates systems for the discretization procedure. Interestingly,
the identified coordinate changes are closely related to the explicit solution formula
of linear SDEs. Although the integration formula of linear SDEs is widely known,
our results are original in showing that the proposed numerical scheme for linear
SDEs is a particular case of implementation of a general procedure for SDEs with
Lie symmetries. We finally point out that the SDE with affine drift and diffu-
sion coefficients plays an important role since any SDE with real analytic drift and
diffusion coefficients can be seen locally as such as an affine SDE.

Moreover we theoretically investigate the numerical advantages of the new nu-
merical scheme for linear SDEs. More precisely we obtain two estimates for the
forward numerical error which, in presence of an equilibrium distribution, guar-
antee that the constructed method is numerically stable for any size of the time
step h > 0. This means that for any A > 0 the error does not grow exponentially
with the maximum-integration-time 7', in fact it remains finite for 7' — +o0. This
property is not shared by standard explicit or implicit Euler and Milstein methods.
The obtained estimates are new mainly because the coordinate changes involved in
the formulation of our numerical scheme have strongly non-Lipschitz features, and
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so the standard convergence theorems can not be applied. We also illustrate our
theoretical results through numerical calculations.

It is interesting to note that the main part of the theory, in particular the def-
initions of strong symmetry of an SDE and of a numerical scheme, can be easily
extended to Stratonovich type SDEs driven by general noises ([8]), for example by
exploiting rough paths theory. Unfortunately, since the proofs of Theorem 5.1 and
Theorem 5.2 use in an essential way the (forward and backward) Ito formula, the
long terms estimates obtained here cannot be straightforwardly generalized to the
rough paths driven SDEs framework. At the same time we think that some ideas
in the proof of Theorem 5.2 can be suitable exploited to obtain pathwise estimates
of the long term error in the rough paths setting.

The article is structured as follows: in Section 2 we recall the notion of strong
symmetry of an SDE and we describe the two standard discretization schemes used
in the rest of the paper. In Section 3 we present two numerical procedures adapted
with respect to the Lie symmetries of an SDE. We apply the proposed integration
methods to general one and two-dimensional linear SDEs in Section 4 . In Section
5 some theoretical estimates showing the stability and efficiency of our adapted-to-
symmetries numerical schemes in linear SDEs are proved. In the last section we
present some numerical experiments confirming the theoretical estimates obtained
in the previous section.

2. Preliminaries.

2.1. Strong symmetries of SDEs. For simplicity in the following we take M =
R™. If F: M — R¥ we denote by V(F) the Jacobian of F i.e. the matrix-valued
function

V(F) = (3xi(Fj))|j:1 ----- k-

1=1,...,n
Furthermore we can identify the vector fields Y € T'M with the functions Y : M —
R", and if ® : M — M is a diffeomorphism we introduce the pushforward

O, (V)= (V(®)-Y)od L

Definition 2.1. Let (Q, F, F;,P) be a filtered probability space. Let u and o be
two smooth functions defined on M and taking values in an n-dimensional vector
space respectively in the vector space of n x m matrices. A solution to an SDE(u, o)
is a pair (X, W) of adapted processes such that

i) W is a F;-Brownian motion in R™;

ii) Fori =1,2,...,n

X! = X0+/ ds+/ AW, t>0. (1)
Remark 1. In particular all the integrals are meaningful if a.s.:

/Z s)ds < 400, /Zm s)|ds < +o0

Definition 2.2. A solution (X, W) to an SDE(u, o) on (2, F, (Ft)i>0, P) is said to
be strong solution if X is adapted to the filtration 7}V generated by the Brownian
motion W and completed with respect to P.
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Of course a solution (X, W) is called a weak solution when it is not strong. In
the weak solution case the Brownian motion is not given a priori but it is part of
the solution (see [43]).

In this paper we fix a Brownian motion W, that is we consider only strong
solutions of an SDE(u, o) and, consequently, we denote them simply by X. For a
symmetry analysis focused on weak solutions of SDEs see [11],[10],[1].

A solution X to an SDE(u, o) is a diffusion process admitting as infinitesimal

generator:
L= Z Z iafxoéaxixj + Z,ul@xi.
a=11i,j=1 i=1
The following celebrated formula is particularly useful for obtaining stochastic dif-
ferentials (see, e.g., [39],[43]).

Lemma 2.3 (Ito formula). Let X be a solution to the SDE (u,0) andlet f : M — R
be a smooth function. Then f(X) has the following stochastic differential

df (X¢) = L(f)(Xe)dt + V(f)(Xy) - o(Xy) - dW.
We recall important definitions of symmetries of an SDE.

Definition 2.4 (strong finite symmetry). We say that a diffeomorphism ® is a
(strong) finite symmetry of the SDE (i, o) if for any solution X to the SDE (u, o)
also ®(X) is a solution to the SDE (p,0).

By using Ito’s formula it is immediate to prove the following result.
Theorem 2.5. A diffeomorphism ® is a symmetry of the SDE (u, o) if and only if
L(®) = pod
V(®)-0 = 0c0d.
where (L(®))" = L(®Y).
Proof. See [11], Theorem 17. O

It is well-known that vector fields acting as infinitesimal generators of one pa-
rameter transformation groups are the most important tools in Lie group theory.

Definition 2.6 (strong infinitesimal symmetry). A vector field YV is said to be a
(strong) infinitesimal symmetry of the SDE (u, o) if the group of the local diffeo-
morphism ®, generated by Y is a symmetry of the SDE (u, o) for any a € R.

The following determining equations for (any) infinitesimal symmetries are well-
known (see, e.g., [18]). For their generalization to a weak solution case see [11], [10],
and [1] for SDEs driven by semimartingales with jumps.

Theorem 2.7 (Determining equations). A wvector field Y is an infinitesimal sym-
metry of the SDE (u,0) if and only if

Y(p) = LY) = 0 (2)
[Y,o,] = 0. (3)
where o4 is the a-column of o (o =1,...,m) and [-.-] are the standard Lie brackets

between vector fields.

Proof. For a proof with the above notations see [11], Theorem 19. O
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2.2. Numerical integration of SDEs. For reader’s convenience, we recall the
two main numerical methods for simulating an SDE as well as a theorem on the
strong convergence of these methods (for a detailed description see e.g. [27]).

Consider the SDE having coefficients (u, o), driven by the Brownian motion W,
and let {t,}, be a partition of [0,7]. The Euler scheme for the equation (u,o)
with respect to the given partition is provided by the following sequence of random
variables X,, € M

X;:szfl"’_u( nlAt +ZO’ AWQ

where At,, = t, —t,—1 and AWS = W — th—l' The Milstein scheme for the
same equation (u,0) is instead constituted by the sequence of random variables
X,, € M such that

X o= X+l nlAt+ZU X, 1) AW +

£33 D o (K1) (0h) (K ) AW,

1o,8=1

j:
where AW®# = fti"il (WE — W/ )dWe. We recall that when m = 1 we have
that

1
AW = S(AW,)? = Aty).

Theorem 2.8. Let us denote by Xy the exact solution of an SDE (1, 0) and by Xy
and Xy the N-step approximations according to the FEuler and Milstein schemes
respectively. Suppose that the coefficients (u,o) are C* with bounded derivatives

and put t, = ﬂ and h = % Then there exists a constant C(T, u,c) such that

en = (Bl X7 — Xn|2)"? < C(T, p, o) hM/2.

Furthermore when the coefficients (u, ) are C3 with bounded derivatives then there
exists a constant C(T, u, o) such that

_ > /2 _ A
en = (Bl X7 — Xn|2)"? < (T, 1, 0)h.
Proof. See Theorem 10.2.2 and Theorem 10.3.5 in [27]. O

Theorem 2.8 states that Xy and Xy strongly converge in L?(2) to the exact
solution X of the SDE (u, o), where the order of the convergence with respect to
the step size variation h = % is % in the Euler case and 1 in the Milstein one.

Nevertheless, the theorem gives no information on the behaviour of the numer-
ical approximations when we fix the step size h and we vary the final time 7.
In the standard proof of Theorem 2.8 one estimates the constants C(T, u,0) and
C(T, u,0) by proving that by the Gronwall Lemma there exist two positive con-
stants K (u,0), K'(u, o) such that O(T, ju,0) = exp(T - K(p,0)) and C(T, u,0) =
exp(T - K'(p1,0)). In some cases the exponential growth of the error is a correct
prediction (see for example [36]).

Of course this is not always the case. In fact, if the SDE (u,0) admits an
equilibrium distribution, it could happen that the two errors remain bounded with
respect to the time 7. Unfortunately this desired behaviour only happens for a
restricted set of step sizes h. The phenomenon just described is known as the
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stability problem for a discretization method applied to an SDE. This problem,
and the corresponding definition, is usually stated and tested for some specific
SDEs (see e.g. [21, 46] for the geometric Brownian motion, e.g. [20, 44] for the
Ornstein-Uhlenbeck process, e.g. [22, 23] for non-linear equations with a Dirac
delta equilibrium distribution, and see e.g. [48] for more general situations). In
Section 6 we shall provide some numerical examples for the stability problem and
phenomenon for general linear SDEs.

3. Numerical integration via symmetries.

3.1. Invariant numerical algorithms. When a system of ODEs admits Lie-
point symmetries then invariant numerical algorithms can be constructed (see e.g.
[33, 32, 12, 6]). For the sake of exposition we first recall the definition of an in-
variant numerical scheme for a system of ODEs, in the simple case of one-step
algorithms. The obvious extension for multi-step numerical schemes is immediate.
The discretization of a system of ODEs is a function F' : M x R — M such that
if xp,x,—1 € M are the n,n — 1 steps respectively and At,, is the step size of our
discretization we have that

Tp = F(xp_1, Aty).
If ®: M — M is a diffeomorphism we say that the discretization defined by the
map F' is invariant with respect to the map & if
O(xy,) = F(P(xp—1), Aty).
Requiring that such property holds for any x,, € R™ and for any At,, € Ry we get
O~ (F(®(x),At)) = F(x, At) (4)

for any x € M and At € R. If ¢, is an one-parameter group generated by the
vector field Y = Y*(z)8,:, by deriving the relation ®_,(F(®,(z), At)) = F(z, At)
with respect to a, we get

Yi(F(z, At)) — Y*0,0 (F)(z, At) = 0 (5)

which guarantees that the discretization F'is invariant with respect to the semigroup
®, generated by Y.

We can extend the previous definition to the case of an SDE in the following way.
Consider an integration scheme depending only on the time At and on the Brownian
motion AW o = 1,...,m (e.g. the Euler method). Extension of this approach
to integration methods depending also on AW®# or other random variables (such
as the Milstein method) is immediate. In the stochastic case the discretization is a
map F : M x R x R™ — M and we have

Ty = F(x,_1, A, AW L AW™).
Equations (4) and (5) become
O YF(®(x), At, AW?)) = F(z,At,AW®),  (6)
Yi{(F (2, At, AW®)) = Y*0, (F)(x, At, AW®) = 0. (7)
We stress again that, since the Ito integral strongly depends on the approxi-
mation being backward (and not forward), it is not easy to prove that a given

discretization X,, converges to the real solution of the SDE (u, o). Indeed, different
kinds of discretization (or smooth approximation like in Wong-Zakai theorem) of
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the Ito integral converge to different stochastic integrals. In the case of a back-
ward approximation one obtains an Ito integral, with a symmetric approximation
a Stratonovich integral and so on. This phenomenon is peculiar to the stochastic
framework. Since in the case of deterministic ODEs backward, forward and sym-
metric approximations converge to the same result, the formulation of invariant
numerical schemes in a deterministic setting is easier (see the study of symplectic
scheme for SDEs in [24], [37],[36]). The following theorem provides a sufficient (and
necessary) condition in order that the Euler and Milstein discretizations of an SDE
are invariant with respect to any strong symmetries Y7, ..., Y.

Theorem 3.1. Let Y1, ..., Y, be strong symmetries of an SDE (u, o). Iiji =Y;(z")

are polynomials of first degree in x',...,x™, then the Euler discretization (or the

Milstein discretization) of the SDE (p,0) is invariant with respect to Yi,...,Y,.
Additionaly, If span{o1 (o), ...,0m(xg)} = R™ for some xg € M, then the converse
holds.

Proof. We limit ourselves to the proof for the Euler discretization because for the
Milstein discretization the proof is very similar. In the case of the Euler discretiza-
tion we have that 4 4 . 4
F'(z) = 2" + p*(2) At + o, (z) AW,
The discretization is invariant if and only if
0 = Y;(F)(z) - Y](F(x))
= +Y O, (F)(2) - Y (F(x))
= Yj(x) + Y] (2)0,x (') (2) At
+Yj’€( )0, (0L) (@) AW = Y] (x + pAt + oo, AW®).

Recalling that Y; is a symmetry for the SDE (u, o) and therefore it has to satisfy the
determining equations (2) and (3), we have that the Euler discretization is invariant
if and only if

}/ji (1‘) + :uk (x)awk (Y']Z)(.Z‘)At + %_Za O-ﬁagamkxh (}/j)(l‘)At (8)
ok (2)0,x (Y)) (@) AW =Y} (z + pAt + 0o, AW).

Suppose that YZ Bl + C” kxk then
Y} (@) + i (@), (V) (@)D 4§ 5, 050D, (V) (2) A
+0’Oﬁ(x)8mk(Y-i)( JAW® = Bl +Cz,€m +C’ KM k(x )At+C’;7k o (£) AW
— Bi+ Ol ok + (@) At + ok (2) AW?)
=Y/ (z + pAt + 0o, AW®).

Conversely, suppose that the Euler discretization is invariant and so equality (8)
holds. Let xg be as in the hypotheses of the theorem and choose At = 0. Then

Vi(zo + 0aAW®) = Y (x0) + 0k (20) 0, (V) (x0) AW™.
Since AW* are arbitrary and span{oy(zo),...om(x0)} = R", Y} must be of first
degree in z!, ..., z™. O
Remark 2. The affinity of the coefficients sz in Theorem 3.1 is a direct consequence
of the Euler and Milstein numerical approximations’ affine dependence from the

noise At, AW*, AW*5, Non affine numerical approximations could admit non
affine symmetries Y7, ..., Y, (see the discussion below).
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Theorem 3.1 can be fruitfully applied in the following way. If Yi,...,Y, are
strong symmetries of an SDE we look for a diffeomorphism ® : M — M’ = R"
(i.e. a coordinate change) such that ®.(Y7),...,®.(Y,) have coefficients of first
degree in the new coordinates z'!, ..., 2" .Applying the Euler scheme to the trans-
formed SDE ®(u,0) we obtain a discretization F(z/, At, AW®) which is invari-
ant with respect to ®.(Y7),...,P.(Y;). As a consequence, the discretization F' =
<I>(F(<I>_1(x), At, AW®) is invariant with respect to Y7,...,Y,. It is easy to prove
that if the map ® is Lipschitz the constructed discretization converges in L' to the
solution, while if the map @ is only locally Lipschitz, the weaker convergence in
probability can be established.

The existence of the diffeomorphism ® allowing the application of Theorem 3.1
for general Y7, ..., Y, is not guaranteed. Furthermore, even when the map ® exists,
unfortunately it is in general not unique. Consider for example the following one-

dimensional SDE
b2

dX; = (atanh(Xt) -3 tanh3(Xt)> dt + btanh(X;)dW;, a,beR 9)

which has
Y = tanh(x)0,

as a strong symmetry. There are many transformations ® which are able to reduce
Y to differentials with coefficients of first degree, for example the following two
transformations:

®y(z) = sinh(x)
®y(x) = log|sinh(x)|.
Indeed we have that
D14 (Y) = 2100, P2 u(Y) = 0y

While the map ®; transforms equation (9) into a geometrical Brownian motion,
the transformation ®5 reduces equation (9) to a Brownian motion with drift. By
applying Euler method by means of ®; we obtain a poor numerical result (in fact
®; is not a Lipschitz function and in this circumstance errors are amplified). By
exploiting ®, to make the discretization we obtain instead an exact simulation.
The example shows that this first approach strongly depends on the choice of the
diffeomorphism ® (which has to be invertible in terms of elementary functions).
So it is better to have another procedure able to individuate the best coordinate
system for performing the SDE discretization.

3.2. Adapted coordinates and triangular systems. We now introduce another
possible application of Lie’s symmetries in the numerical simulation of an SDE, one
that has no analogue in the context of ODEs. Indeed, in the deterministic setting,
one can obtain a completely explicit result.

Suppose that M = Mj x My, with standard cartesian coordinates z1, ..., 27, x3, ...,
xy " for some 1 < r < n, and consider the following triangular SDE

dX3, = ph(Xo)dt+ oh o (Xo)dW,
dx{, = pl(X1, .. Xi3" Xag)dt + 0] (X1, X171, Xo ) dWP,

where pf,0} , do not depend on j,...,z]. The above SDE is triangular in the
variables (z1,...,27). By discretizing a triangular SDE (u, o) it is reasonable to
expect a better behaviour than in the general case. Furthermore, if le)t, . X;t_r
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can be exactly simulated with o ,, i growing at most polynomially, we conjecture
that the error grows polynomially with respect to the maximal integration time T

We recall that the triangular property of stochastic systems is closely related
with their symmetries and in particular to SDEs with a solvable Lie algebra of
symmetries. In order to briefly explain the connection between symmetries and the
triangular form of SDEs, we introduce the following definitions (for more details see
[10]).

Definition 3.2. A set of vector fields Y7,...Y, on M is called regular on M if, for
any © € M, the vectors Y1 (z), ..., Y, (x) are linearly independent.

Definition 3.3. Let Yi,...,Y, be a set of regular vector fields on M which are
generators of a solvable Lie algebra G. We say that Y7, ..., Y, are in canonical form
if there are iy, ..., 7; such that i; + ... +4; = r and

0 0 I;
0 0 0 0

where G! : M — Mat(ip, i)) are smooth functions.

Theorem 3.4. Let an SDE (p,0) admit Yy, ..., Y, as strong symmetries and suppose
that Y1, ..., Y, constitute a solvable Lie algebra in canonical form. Then the SDE

(u,0) assumes a triangular form with respect to x*,....,x".

Proof. The proof is an application of the determining equations and Definition 3.3
(see [10]). O

As a notable consequence we can apply a methodology similar to the one proposed
in the previous subsection to any SDE (p,0) that admits a solvable regular Lie
algebra Y7, ...,Y, of strong symmetries. We begin by searching a map ® : M —
M’ such that ®(Y7),..., ®(Y;.) constitute a solvable Lie algebra in canonical form,
implying that ®(u, o) is a triangular SDE. We can then apply to ®(u, o) one of the
standard methods obtaining a discretization F. By composing F with ® we obtain
another discretization F(z, At, AW®) = & (F(®(z), At, AW®) which, when ®
is Lipschitz, will be a simpler triangular discretization scheme. Differently from
Theorem 3.1, in the present situation we can always construct the diffeomorphism
®, as the following proposition states.

Proposition 1. Let G be an r-dimensional solvable Lie algebra on M such that G
has constant dimension v as a distribution of TM. Then, for any xo € M, there
exist a set of generators Y1, ..., Y, of G and a local diffeomorphism ® : U(xg) — M,
such that ®,(Y1), ..., 2.(Y;.) are generators in canonical form for ®.(G).

Proof. See [10]. O

We conclude by pointing out that for a general solvable Lie algebra Y7, ...,Y,
the map ®, whose existence is guaranteed by Proposition 1, does not transform
D, (Y1),...,0.(Y,) into a set of vector fields with coefficients of first degree in
2'',...,2'™. For this reason and by Theorem 3.1, the discretization F constructed
by using the diffeomorphism ® and the usual Euler’s scheme is not invariant with
respect to Yp,..., Y.
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However, if we consider solvable Lie algebras satisfying a special relation, then
®, (Y1), ..., ®.(Y,) will have coefficients of first degree in 2’1, ..., 2'", as we shall show
in the following;:

Proposition 2. Suppose that the Lie algebra G = span{Yi,...,Y,.} is such that
[[G,G],[G,G]] = 0. Then the coefficients of ®.(Y1),..., 2. (Y;) are of first degree in
2’ ..., 2. Moreover one can choose ® such that the coefficients of ®.(Y1),...,

®.(Y,) are of first degree in all the variables z'1, ..., 2.

Proof. Suppose that Y7, ...,Y, generates G = [G,G]. Then ®*(Y;) = (d!) for
i =1,...,k. Using the fact that [V;,GM] € G and the fact that ®,(Y7), ..., ®.(Y;)
are in canonical form, we must have that ®,(Yxy1),..., P.(Y,) do not depend on
2’81 2'" and their coefficients must be of first degree in z'!, ..., 2'".

The second part of the proposition follows from the well known fact that when
the vector fields Z1, ..., Z, generate an integrable distribution, it is possible to choose
a local coordinate system such that the coefficients of Z1, ..., Z, do not depend on

A AL O

4. General linear SDEs. We first consider the one-dimensional linear SDE
dXt = (aXt + b)dt + (CXt + d)th, (10)

where a,b,c,d € R and we apply the procedure previously presented in order to
obtain a symmetry adapted discretization scheme.

Although it is possible to prove that equation (10) for ad — bec # 0 does not
admit strong symmetries (see [11]), we can look at equation (10) as a part of a two
dimensional system admitting Lie symmetries.

Let us consider the system

dXt - G,Xt + b CXt + d
(dZt )_< ‘. )m( o >th, (1)
on R x Ry = M, consisting of the original linear equation and the associated

homogeneous one. It is simple to prove, by solving the determining equations (2)
and (3), that the system (11) admits the following two strong symmetries:

e (6)
v (0).

The more general adapted coordinate system system for the symmetries Y7, Y5 is

given by
e 2773
(,2) = log(z) +1 )’

where [ € R and f: Ry — R is a smooth function. Indeed in the coordinate system
(2',2")T = ®(x, z) we have that

¥ = <1>*<Y1>=(})),

Y2’ = B, (Ys) = ( —x/—l—ez’—l@z(f)l(ez/—l)+f(ez/—l) )

In order to apply 3.1, thus guaranteeing the invariance of Euler and Milstein dis-
cretization schemes, we require that the coefficients of the infinitesimal symmetries
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are affine functions of the coordinates. A possible choice to satisfy this condition is

flz) = —% for some real constant k, for any z # 0.
In the new coordinates the original two dimensional SDE becomes
dx! = ((b —ed + ak — k) e—ZN) dt + (d + ck)e~ZHaw,  (12)
2
az, = <a - 2> dt + cdW;. (13)

In the following, for simplicity, we consider the discretization scheme only for [ = 0.
The Euler integration scheme becomes:

<Z’/}) = <Z;}1>+ (“_%) At, +
Xn n—1 (b —cd + ak — C2]€) E_Z’/Lfl
C
* ( (d + ck)e Zn- ) AW,

and the Milstein scheme:

Z, Zy ) (a-%)
n) = " - , Aty +
( X5, > ( X51 (b - %chr ak — 627’“) e Zn
c 0 (AW,,)?
+ ( (d+ ck)e™Zn ) AW + ( —(cd 4 c2k)eZn— ) 2
We note that when ¢ # 0 and k = —g the two discretization schemes coincide.

Coming back to the original problem, in the Euler case we get:

2
X, =exp ((a — CQ) At, + cAWn) -

[Xp—1 4 (b—cd + ak — Pk)At, + (d + ck)AW,, — k] + k
and in the Milstein case we obtain:
X, = exp ((a _ 02—2) At,, + cAWn) - {Xn_l + (b+ ak — %) At +
H(d + ck) AW, — EEER Ay, y2 k} + k.

(14)

(15)

Remark 3. There is a deep connection between equations (14) and (15) and the
well-known integration formula for scalar linear SDEs. Indeed the equation (10)
admits as solution

ty t
X, =®, <X0 +/ b Cdds +/ ddWS) (16)
0 (I>S 0 q)s

2
P, = exp ((a— 2) t—i—th) .

Equation (14) and (15) can also be obtained by expanding the integrals in formula
(16) by applying the stochastic Taylor’s Theorem (see [27]). Indeed expanding the
Ito integral to first order (w.r.t. W;) is equivalent to applying the Euler scheme
(which is a first order numerical scheme), while expanding up to second order we
recover the same result as in the Milstein scheme. This fact should not surprise
since the adapted coordinates obtained in Subsection 3.2 were introduced exactly
to obtain formula (16) from equation (11). Since the discretizations schemes (14)

where
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and (15) are closely linked with the exact solution formula of linear SDEs we call
them exact methods (or exact discretizations) for the numerical simulation of linear
SDEs.

Let us now consider the following two dimensional SDE
dXt - Xt _th Cc1
(i) = (5 )2 (5 )0
X, dy 1 Y €1 2
+[a< ¥ )+<d2 )}th+ () () aw
where «, 3, ¢1, ca, 0,0",dy, da, €1, e are real coefficients and W}, i = 1,2 are indepen-

dent standard Brownian motions. The previous equation can be solved explicitly.
In particular the homogeneous linear part has solution given by (see, e.g. [14])

o ) seniwy) [ cos(B(t—t) +o'(WE = W)
E sin(B(t — ') + o' (W2 —W3))
—sin(B(t —t') + o/ (WE — W}2))
cos(B(t —t') + o' (W2 —W2)) ’

where = a + "7,2 Thus the solution of the initial equation is
Xt o XO t —1 C1 7O'd1+0'/€2
(Yt) = q)t,O'(YO)—&-CDt,O'(/O (Ps0) - sy — ody — 0’6y ds +

+ /Ot (®s50) " - ( 2 )thl +/Ot (®s0)~" - ( Z; ) de)

The Euler discretization of the previous equation becomes:
Xt, _ Xty c1 —ody +0o'ey
( thn ) = @tn7tn71 (( Y*tn_l + cy — O'd2 I 0'/61 Atn+

+<d1 )AW5+(61 )Awg),
dg €2

where Atn = tn - tn—l and AW;L = thn - Wtin—l'

5. Theoretical estimation of the numerical forward error for linear SDEs.
We provide an explicit estimation of the forward error associated with the exact
numerical schemes proposed in the previous section for simulating a general linear
SDE. The explicit solution of linear SDEs is well known and widely applied in their
simulation but, in the literature, to the best of our knowledge, there is no explicit
estimation of the forward error.

5.1. Statements of the theorems. Dividing [0,T],7 > 0 in N parts we obtain
N + 1 instants tg = 0,t, = nh,ty = T, with h = % We denote by XtN’T the
approximate solution given by exact Euler method, XtN T the approximate solution

with respect to exact Milstein method and by X; the exact solution of the linear
SDE (10). In the following we will omit 7" where it is possible.

Theorem 5.1. For allt,T € R,t € [0,T], we have

1/2

en = (BICX = XMT)) 7 < f(Dg(h)h'2,
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where h = %, g s a continuous function and f is a strictly positive continuous
function such that for x — +o00

flx)y=0(1) if a<—c*/2
fl@)=0(x) if a=-c/2
F(@) = (@) if a>—c/2,
for some positive C(a,c).
Theorem 5.2. For allt,T € R,t € [0,T], we have
ex = ElIX, — XN < F(D)g(mn2,

where h = %, g is a continuous function and f is a strictly positive continuous
function such that for x — +o00

flz)y=0(1) if a<0
flz) =0 @) if a>0,
with a constant C'(a,c) € R4.

Before giving the proof of the two previous theorems we propose some remarks.
We recall that a linear SDE with ad — be # 0 has an equilibrium distribution if and

only if a — % < 0. Furthermore the equilibrium distribution admits a finite first
moment if and only if ¢ < 0 and a finite second moment if and only if a + % < 0.
Since we approximate the Ito integral up to the order h'/2, the three cases in
Theorem 5.1 follow from the fact that for giving an estimate of the error in the
Euler discretization a bound for the second moment is needed. More precisely we
can expect a bounded error with respect to T" only when the second moment is finite
as T — +o0.

Since in the Milstein case a finite first moment suffices, from the second theorem
we deduce that the error does not grow with 7" when a < 0. We can obtain an
analogous estimate for the Euler method when d = 0, i.e. in the case where the
Milstein and Euler discretizations coincide (this is a situation similar to the one in
an additive-noise-SDEs setting). Using only the first moment finitess for estimating
the error has a price: we obtain an h'/? dependence of the error. We remark that
the techniques used in the proof of Theorem 5.2 exploit some ideas from the recent
rough path integration theory (see e.g. [17]), and in particular this circumstance
explains the % order of convergence. Due to this we conjecture that our results are
also valid in the general rough path framework (for example for fractional Brownian
motion by following [16]). If in Theorem 5.2 we do not require an uniform-in-time
estimate, we can apply the methods used in the proof of Theorem 5.1 to obtain an
error convergence of order 1.

Essentially, the above theorems prove that for a + % < 0 and for a < 0 respec-
tively, our symmetry adapted discretization methods are stable for any value of h.
In Section 6 we give a comparison between the stability of the adapted-coordinates
schemes with respect to the standard Euler and Milstein ones, via numerical simu-
lations.

We conclude by noting that Theorem 5.1 and Theorem 5.2 cannot be deduced in a
trivial way from the standard theorems about the convergence of Euler and Milstein
methods (such as Theorem 2.8). Indeed the Euler and Milstein discretizations of
equations (12) and (13) do not have Lipschitz coefficients. Furthermore, even if
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a given discretization (X, Z!) of the system composed by (12) and (13) should
converge to the exact solution in L?(f), the coordinate change ® ( introduced in
Section 4) being not globally Lipschitz, this convergence does not imply that the
transformed discretization (X,,, Z,) converges to the exact solution (X, Z) of the
equation (11) in L?(Q). Finally, as pointed out in Subsection 2.2, Theorem 2.8 does
not guarantee an uniform-in-time convergence as the one stated in Theorem 5.1 and
Theorem 5.2.

For proving the theorems we need the following two lemmas. The second allows
to avoid very long calculations (see Appendix A).

Lemma 5.3. Let W, be a standard real Brownian motion, o, 3 € R and n € N then
foranyt € Ry
Elexp(at + W)W/,

is a continuous function of t and in particular it is locally bounded. Moreover we
have that

2
Elexp(at + fW,)] = exp (a + B2> t.

Proof. The proof is based on the fact that W; is a normal random variable with
zero mean and variance equal to t. O

Lemma 5.4. Let F: R? — R be a smooth function such that F(0,0) = 0 and such
that

E{[0:(F)(h, Wi)[*], E[0w (F) (h, Wh)], E[|Oww (F) (h, W)|*] < L(h),

for some a € 2N, for any h and for some continuous function L : R — Ry. Then
there exists an increasing function C' : R — R such that

E[|F(h, Wy)|*] < C(h)h*/?.

If furthermore 0,,(F)(0,0) =0 and
E [|Owww (F) (h, Wi)[]]

then there exists an increasing function C' : R — R such that

E[|F(h, Wp)|*] < C'(h)h*.

< L(h), E[|0p (F)(h, Wi)[*] < L(h),

Proof. The statements of the lemma derive as special cases from Lemma 5.6.4 and
Lemma 5.6.5 in [27]. O

5.2. Proof of Theorem 5.1. We consider the case t = T'. In fact we will find that
our estimate is uniform for ¢ < T. Using the notations in Remark 3 we can write
XT = Il + IQ where

I

T
<I>T/ (b—cd)®;  ds
0

T
L, = <I>T/ (d)®; dW,.
0

Also the approximation X% can be written as the sums of two integrals of the form
XN = IV + IV where

N N
IV = (b—cd)Y ®r®; ' A, I =d) rd,' AW,

i=1 i=1
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Obviously the strong error ey can be estimated by ||I; — I{¥||o + ||z — I3 ]|2, where
hereafter || - ||, = (E[| - |*])*/«.

5.2.1. Estimate of ||[I; — I ||2. Setting Wy, = ®,(®5)~! for any s < t, we obtain
(With At; = h)

1/2
N 271/

T
I =02 =E ‘/ (b —cd) W rdt — Z(b —cd)Wy_,,rh
0

i=1

o7 1/2

=E

t;
/ (b— cd)(Voq — Uy, p)dt

ti—1

N
i=1
5 1/2

N t
< |b— cd| ZE </ |We 1 — \I/ti_l,T|dt>
i=1

ti—1

By Jensen’s inequality

N t;
Y E / | Oy — Wy, p|dt
i=1 ti—1
N 4 1/2
<h'/2y (E / (U — szt“,T)2dtD :
ti—1

i=1
and by Fubini theorem we have to calculate E[(¥; 7 — ¥, , 7)?]. Since

2
U, = exp ((a — 2) (t—38)+c(W; — Ws)> .
and Vs =W, VU, for any s < u <t we obtain that

E[(Wer = Ur,,7)°] = E[(Per)’|E[(1 = Ty, 1)) (17)

because ¥; r and W, , ; are independent as a consequence of independence of the
Brownian increments.
It is simple to note that the function

97 1/2

Fult— o, Wy — Wy ) = 1 — 0 (ems ) reWemwe) oy
satisfies F1(0,0) = 0 and, by Lemma 5.3,
E[0:(Fy)(t — ti, Wy — W,)], E[0w (F1) (¢ — 3, Wy — W,)],
E[Oww (F1)(t — t;, Wy — Wy,)] < 400
Thus, by Lemma 5.4, there exists an increasing function C; such that, for all t > ¢;:
E[(Fi(t —t;, Wy — Wy,))?] < Ci(t —t)(t — t;).
Using Lemma 5.3 we get
E[92,] = exp((2a+ *)(T — 1),

obtaining

1= 1 < ey 2L e ((at 5 ) T—m)h g
|b— cd|\/CL(R)G1(T)h'?,

IN N
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where

G1(T) = /OTeXp<<a+C;> (T—t)) dt = a+1022

5.2.2. Estimate of ||[Ia — I3'||2. We first consider I = (d)®r fOT (®,)~1dW;, where
(d) is the coefficient in (10). Since the Ito integral involves adapted processes we
cannot bring ®7 under the integral sign. However it is possible to take advan-
tage of the backward integral formulation which allows to int egrate processes that
are measurable with respect to the (future) filtration F* = o{Ws|s € [¢,T]}. In
particular when X, is F*-measurable then

T n
X dTW, = i Xin(Wen — Win
f, X (Z u (W W%”)’

where {t'}]; is a sequence of n points partitions of the interval [0, T], having am-
plitude decreasing to 0 and the limit is understood in probability.
When F' is a regular function, F(Wy,t) is a process which is measurable with

(exp((a+c*/2)T) —1). (19)

respect to both the filtrations F; and F*; therefore one can calculate either fOT

(Wt, )th or fO Wt, )dJrWt.
The next well-known lemma says that we can write Iy in terms of a backward
integral, which allows to bring ®; under the integral sign.

Lemma 5.5. Let F: R? — R be a C?-function such that
E[(F(Wi,1))?] < +oo0.
Then

/OT F(W,, 6)dW, — /OT F(W,, )dH W, — / O (F) (W, )dt.
Proof. We report the proof for convenience of the reader (see, e.g., [41]). Setting
F(w,t) = /Ow F(u,t)du,
since F' is C? then also F is C2. From this fact one deduces that

t
F(Wy,t) — F(Wy,s) = /F(WT, dW, +/ O (F) (W, T)dT

o4 [ o
F(Wy,t) — F(W,,s) = / F(W,,7)d*W, +/ O (F) (W, 7)dr
—7/ Ow (F) (W, T)dT.

By equating the two expressions one obtains the final formula. O

Since
(@) 7! = exp(—(a — ?/2)t — cWy) = F(W, t),



A SYMMETRY-ADAPTED NUMERICAL SCHEME 341
and Oy (F)(w,t) = —cF(w,t), by Lemma 5.5, we can write

I, = @T(d)/o (@)~ dW,

= ®p(d) (/T (@)~ tdt W, +c/T (<I>t)_1dt>
0 0
T T
= (d) (/0 ‘I/t,Td+Wt+c/0 \I/t,Tdt> .

Introducing I = (d) fOT U, pd™W; and

N
I = (d)> Wy, 2 AW,
i=1

we have that

T
Itz = 1 <z = T+ (B~ ) 4 cd | Wi (20)
0

2

We first consider the term ||l — I2V||y. The process I can be written as fOT
(d)H;dW," where H; is the F*— measurable process given by

N
H, = Z Uil _1 (1),
i=1

where 1(¢,_, 4,1 is the characteristic function of the interval (¢;_1,%;]. By Ito’s isom-
etry and Fubini’s Theorem we obtain

@2 | (fy (e — Ht)th)Q]
= (@E|f) (Vo — H)dl) (21)
(d)? [y E[(Wer — He)?dt
() 2Ly fi, Bl(Wer — W, 7).

Since Brownian motion has independent increments, we have that

E[(Wer =i r)’] = E[(Uer)2E[(1 - P:y,)°].
Introducing the function:

Ht; —t, Wy, — W) =1-— Wy 1,

which satisfies H(0,0) = 0, by Lemma 5.4 and Lemma 5.3 we obtain

Iz~ 1|5 =

N
Iz = 1Y)5 < (@)Y exp((2a + )T — 1)) Ca(h)h?
i=1

where Cy(h) is an increasing function and, finally,
12 = 13Y]|2 < (d)V/(G2(T)Ca(h)h'/? (22)
where

T
G (T) = /0 exp (20 + ¢2)(T — )dt. (23)
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In order to estimate the other term in the right-hand side of (20) we note that by
introducing

2
Ki(t, Wt) = exp ((CL — C2> (T — t) + C(WT — Wt)) (Wti — Wt)
we have
N
Iév = (d) ZKi(ti_17Wti—l)7
i=1
and
K;(t;,W,) =0
By applying Lemma 5.5 to K;(t;, W,) we can write
ti ti
0— K;(t, W) = Ow (K (8, W)dT W, + 0s(K;) (s, Ws)ds +
t t

t; 2 t;
—c/ W, rds — c—/ K;(s,Wy)ds.
t ’ 2 /i

From the previous equality, by Ito isometry and Minkowski’s integral inequality we
get

T
IN 1Y 4 cd / U, pdt
0

2
N ti
= d Z/ Uy, pdt W,
i=17ti-1
ts ti
+ aw(Ki)(tv Wt)d+Wt + 8t(Ki)(t, Wt)dt
ti—1 ti—1
2 [t
_7/ K;(t, Wy)dt
2 i,
‘ 2
T T
< d(‘/ Ryd™Wi|| + / M,dt ),
0 9 0 5
T 1/2 -
< d </ E[R?]dt> +/ EM)) e |
0 0
where
N
Ry = Z(aw(Ki)(taWt)+‘I’ti,T)1(tLl,ti](t)
i=1
N 2
My = Z(at(Ki)(t’Wt)2Ki(taWt)> Ly (@)

=1

When t;,_1 <t < t;, by independence
E[R]] < 2B[U] pJE[(cWse, (Wi, — Wi))? + (Wer, — 1)7).
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Introducing

2

Fy(t; — t, Wy, — Wy) = cexp <<a - 2) (t: —t) + (W, — Wt)) (W, — Wi)

2
Fatts =95, = W) =exp ( (= 5 ) (6= 0+ el = W)) — 1

we have that F5(0,0) = F5(0,0) = 0 and E[|0, (F;)(t, Wi, — Wi)|?], E[|Oww (Fi)(t,
Wi, — W)|2], E[|0:(F;) (t, Wy, — Wi)|?] < L(t; — t). So, by Lemma 5.4, there exist
two continuous increasing functions Cs5(t), C4(t) such that

E[R}] < 2exp ((2a + *)(T — t;)) (C3(t; — ) + Calt; — 1))|t; — t].
Since by independence
E[M{] = E[(a¥, (Wi, — Wi))?] = E[(¥¢, 1) JE[(a®, (Wi, — W7))?]
analogously we can prove that there exists an increasing function Cy such that
E[M?] < exp ((2a+ ) (T —t;)) Cs(t — t)|t; — t|.

For the second term in the right-hand side of (20), we have finally the following
estimate

<d {V/G(T)(v/2(Calh) + Ca(h)
2 (24)

G (T) 05(h)} B2,

T
-1 4 cd / W, pdt
0

where G1(T') and G2(T) are given by (19) and (23) respectively.

5.3. Proof of Theorem 5.2. We make the proof only for a < 0, since in the other
case the estimate are equal to the Euler case and can be addressed by the same
proof. We introduce the two integrals

N
Vo= (b—cd)) or®;" At
1=1
B N cd N
N = le drd, L AW, — o) ;%@;}I((Awy — (At)).

5.3.1. Estimate of ||I, — IV||;. First we note that (with At; = h)

N t;
=T < e} @T/ ;7 ldt — Drd; D
i=1 ti-1 1
N t;
< |b_dC‘ZH\I/ti,T”a / \Iltgtidt_\llti—l’tih
i=1 tia

2n

h N
= [b—dc] / (W10 = Do,n)dt (Z |\Ifti,T||a>
0 2n \i=1
where we have taken, n € N, 3~+1 =1l and 1 < a < 2such that aa+a(a—1)§ <0
(the last condition guarantees that when T — oo we have E[¥{ 7] — 0). By
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Jensen’s inequality and Lemma 5.4 we can derive the following estimate:

where C5(h) is an increasing function and in the last inequality we have used the
fact that the function Fy(t, W;) = ¥, j, — ¥ 5 is such that F4(0,0) = 0. By Lemma

5.3, we have that
C2
sl = exp ((a+ Sla=D) - 1).

2n

IN

h h
/ (Vs — Wo p)dt h2"—1/ E[(U; ), — Vo p,)*"]dt
0 0

2n

< A"Cs(h),

and so

N 2
L =TIV <|b—cd Zexp <(a + %(a - 1)) (T - ti)> (Cs(h))' /2 n3/?

=1
< b — ¢d|G4(T)(Cs(h))Y/*"nt/?

G4(T):/0Texp<(a+C;(a—m(T—t)))dt. (25)

5.3.2. Estimate of ||[Io — IYY||;. First we note that

where

N ti
I =LY < d> ] (I)T/ O, AW, — O, AW+
i=1

ti—1

+g<I>T‘I>EL((AWi)2 - h)Hl

N
1 1, rll,
=1

C
+§‘Ijti—17ti ((AWZ)Q - h)

IN

ti
®,, / O YAW, — Uy, AW+

ti—1

2n

where a, n are as in the previous subsection. We introduce the following notation

tq
Bu = O [ (@)W,
ti—1

ts t;
= O, (/ (fbt)’ld+Wt+c/ ((I)t)ldt>
ti—1 ti—1

ti t'i
= / \Ijt,tid-i_Wt + C/ \I}t,tidtv

ti—1 ti—1

where we have used Lemma 5.5 and the fact that ¥, ; = ®;(®5)~'. By introducing
also IAZ,ti = ftt-i,l \Ijt,tid+Wt and

= &
Ié\,[ti = \Ijti—l,tiAWi - éwti—l7ti((AWi)2 - h)

IV, = Uy AW+ g((AWz‘)Q —h),
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we have that

12,0, — I Nl2n < |20, — IV,

t;
on + |10y, — I3 + c/ W, dt

ti—1

2n

It is simple to see that the two norms on the right-hand side of the previous expres-
sion do not depend on ¢; but only on the difference h = t; — t;_1, so we study the
functions (with ¥, ;,, = 1):

h 2n
20 = M= Il = | [ (= 1= oW~ W)W,
0
2n
t 2n
Zg(h) = (fé\,,ti — I_é]\,]tl) + C/ \Ilt,tidt
ti—a 2n
h 2n
C C
= (U= W)W+ 5 (o + DWE = £ (W, + Dl / W, pdt
0
2n

By a well-known consequence of Ito isometry (see, e.g., [15]) we can estimate the
function Z;(h) as follows:

h
Z1(h) < Dnh”*I/ E[(Urp — 1 — (W), — Wy))2"]dt,
0

where D,, = (n(2n — 1))™. Since the function

2

Fs(h —t, W), — W;) = exp ((a - %)(h —t) + c(Wy, — Wt)> —1—c(W, —Wy)

satisfies F5(0,0) = 0, (F5)(0,0) = 0, by Lemma 5.4 there exists an increasing
function Cg(h) such that

Zi(h) < Cg(R)h™".
Concerning the function Z3(h), by introducing

Kt W,) = (1— U)Wy — Wy) + g(\pt,h F1)(Wh = Wo)? = Sy + 1)(h—t),

c
2
it is immediate to see that

h 2n
Zs(h) = HK(0,0) + c/ U, pdt
0
2n
By applying Lemma 5.5 to K (h, W}), and by noting that K (h, W) = 0, we obtain

h 1 h
OfK(O,O):/O (0, (K)(t, Wt)—iaww(K)(t,Wt)dt+/O O K (£, W,)d W,

Since we have that —0,(K)(h, W) + Oww(K)(h,Wh)/2 + ¢¥o, = 0, and that
K(h,Wp) = 0w (K)(h, Wp) = Oww(K)(h, W) = 0, by Jensen’s inequality, Lemma
5.4 and by applying the same techniques used for obtaining (24), we find that

Zg(h)l/zn < {(07(h))1/2n + (Cg(h))1/2n}h3/2

or, equivalently,
Zo(h) < Co(h)R*™,
with the obvious definition of the function Cy(h).
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Finally we have

IV — IV < |d|(Cs(h)2™ + Co(h)/2m) -
N C2
.Zexp ((a + E(a - 1)) (T — ti)) 13/2
i=1
< |d|(Co(h)Y/2™ + Co(h)/*™)Gy(T)hM?,

where G4(T) is given by (25).

6. Numerical examples. We present some numerical results which confirm the
theoretical estimates proved in Section 5 and permit to study other properties of
the new discretization methods introduced in Section 4.

We simulate the linear SDE (10) with coefficients a = —2, b = 10, ¢ = 10 ¢
d = 10. The coefficients are such that a + % > 0 with @ < 0. This means that
the considered linear equation admits an equilibrium probability density with finite
first moment and infinite second moment. The coefficient d has been chosen to be
big enough in order to put in evidence the noise effect.

We make a comparison between the Euler and Milstein methods applied directly
to equation (10) and the new exact methods (14) and (15) with the constants k =0
and k = _Td = —1. In particular we observe that when k = —1, the schemes (14)
and (15) coincide. We calculate the following two errors:

e the weak error E¥ = [E[X; — X}Y]],
e the strong error E* = E[|X; — X}V|].

The weak error is estimated trought the explicit expression
E[X;] = e*,

for the first moment of the linear SDE solution, and by using a Monte-Carlo method
with 1000000 paths for calculating E[X/V]. The strong error is estimated by ex-
ploiting a Monte-Carlo simulation of X; and X}¥ with 1000000 paths. In order
to simulate X; we apply the Milstein method with a steps-size of h = 0.0001, for
which we have verified that it gives a good approximation of both E[X};] and the
equilibrium density for ¢ — +o00. Since we use Monte-Carlo methods for estimating
E" and E®, the two errors include both the systematic errors of the considered
schemes and the statistical errors of the Monte-Carlo estimate procedure.

In Figure 1 we report the weak and strong errors with respect to the maximum
time of integration ¢ which varies from 0.1 to 1 and stepsize h = 0.025. As predicted
by Theorem 5.2, the error of the exact method for £ = —1 remains bounded. It is
important to note that for the exact method in the case k = 0 (where Theorem 5.1
and Theorem 5.2 do not apply) the errors remains bounded too, while for the Euler
and Milstein methods the errors grow exponentially with ¢.

In Figure 2 we report the weak and strong errors with respect to the maximum
time of integration ¢, which varies from 0.1 to 1, and stepsize h = 0.01. In this
situation also the errors of the Mistein method remain bounded. In other words
h = 0.01 belongs to the stability region of the Milstein method but not to the
stability region of the Euler method.

In Figure 3 we plot the weak and strong errors with fixed final time ¢ = 0.5 and
steps number N = 10, ..., 80, where the stepsize is h = % Here we note that the
weak and strong errors for the exact methods do not change with the stepsize. This
means that with a stepsize of only A = 0.05 the exact methods have weak and strong
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systematic errors less than the statistical errors. Instead for the Milstein scheme
the errors grow and only with a stepsize equal to h = 0.0125 the systematic errors
are comparable with the statistical ones. Equivalently we can say that the stability
region is [0,0.0125]. In the Euler case the systematic error is not comparable with
the statistical one.

In Figure 4 we report the total variation distance between the empirical proba-
bilities of X; and of X}V obtained simulating 1000000 paths. We note that there is a
big difference between the exact method for kK = 0 and for kK = —1. The discrepancy
is due to the fact that the exact method with & = 0 tends to overestimate the points
with probability less then %‘i (for ¢ # 0) more than the Euler scheme does.

Now we simulate the two dimensional linear SDE analized in Section 4 by where

a —B
AZ(ﬂ a)
5i-e(3 )
, (0 —1
781 o

choosing @ = =20, 8= —0.5,0 =0’ =5,c =e = (0.1 0.1)" andd = (1 1)".
Our choice of the parameters guarantees the existence of an equilibrium probability
density.

We compare approximated solutions obtained by the Euler method and by our

exact method using h = 0.01. To this end we calculated both the strong and weak
componentwise error

B,

Ef = [E[X] - X7 (26)
Ey =E[1X] - X;|] (27)

where X} is the i—th component of the solution. This time our true solution is
calculated using the Euler method with timestep h = 0.0001. As in the previous
example the error are estimated using a Montecarlo simulation, this time with 10000
paths, both for the approximated and the true solution. Again we expect E}’ and
E? to include both systematic and statistical errors.

In Figure 5 and Figure 6 we compare the strong and weak errors of both compo-
nents of the simulated solutions with respect to the maximum time of integration
varying from 0.1 to 1. As can be seen the error from our new method is bounded at
all times while the Euler method errors show an exponential growth with respect
to the maximum time.

In Figure 7 and Figure 8 we compare the errors of both approximations for solu-
tions with 7" =1 and timestep size varying between 0.1 to 0.01. As in the previous
one-dimensional case we can see how the new exact method gives a good approxi-
mation of the true solution even with large timesteps, while the Euler method fails
to achieve the same magnitude of error even using significative smaller timesteps.

Appendix. In the proof of Theorem 5.1, by using Lemma 5.3 and the indepen-
dence of Brownian increments, we can estimate the errors in a very explicit way
without exploiting Lemma 5.4. Here we show the main steps and final results of
the procedure.
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From (17) we obtain that

| Bl IR~ )Pt = ()

with

—a —c® + hexp ((2a + 2)h)(c* + 3ac? + 2a?) N

Mu(h) = ct 4 3ac? 4 2a?

(c? + 3a) exp ((2a + ¢®)h) + (2¢* + 4a) exp (ah)
c* + 3ac? 4 2a?
Since M1(0) = 9,M1(0) = 0, then [M;(h)| < My(h)h? with My(h) := mazyep,n)
|02 M, ()|, and, finally,

15 = 1Y l2 < [b— ed|h"/> /M ()G (T)

where G1(T) is given by (19), in agreement with (18).
From (21) we obtain

+

N t;
5= B = @23 [ B P[0+ 1= 200,

i=1 7 ti—

N
= (d)? Z exp ((2a + ¢2)(T — t;))Ms(h)

3a +2¢% + aexp (2a + c2) + h(2a + ac?) — (4a + 2¢?) exp (ah)
2a? + ac?

M3z(h) =

Since M3(0) = 9,M3(0) = 0, we have that |M3(h)| < My(h)h? with My(h) :=
mazkeo,n| 03 Ms(k)|, and

12 = I¥|1* < (d)/Ga(T) Ma(R)h'?,

that is, Inequality (22).
The second term on the right-hand side of (20) becomes
2

T
vy +cd/ U, pdt
0

N
= d°E l(z \Iltin(l - \I/ti—hti)(Wti - Wti—l)
i=1

2

N 2
tq
+ Z \Ijti,Tc/ \I]t,ti dt)

ti—1

= d° ZE U, 7)?|E[(K; + H;)*+

+2ZE o, ) B[y, e, (Hy + K-

i<j

B[, 1 JE[(H; + K5))
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where we have used independence and we have set

t;
K; = (1 - \Ijti—lqti)(Wti - Wti—l)a H; = C/ \I/t-,tidt
ti—1

Let us consider
E[(H; + K;)?] = exp (2a + ¢)(4c*h? + h) — 2exp (ah)(c*h* + h) + h

(1 —exp ((2a+ c*)h)  A(exp ((2a + c®)h) — exp (ah)

a(c® + 2a) ala + c?)

1o [ 2l (20 + CQ)hgc(thEac;-);Q) — 1) +exp (ah)]

c2lexp ((2a + c®)h) — exp (ah)(1 + h(a + c¢?))]

(a+c?)?
c2[(ah — 1) exp (ah) + 1]
a2

M5(h) =

Since M5(0) = 9, M5(0) = 0, we have that |Ms(h)| < Mg(h)h?, where Mg(h)

maxke[o,h]|8ﬁM5(k)|. Being:

My(h) = E[W_ . (H; + Kj)]
_cexp ((2a + ¢?)h) — cexp (ah) + ch(a + c¢*) exp (ah)
(a+¢?)
 2chexp ((2a + )h)(a + )
(a+¢?)
B, ] = explalti1—t))
E[H; + K;] = —chexp (ah) + M,

then by putting Mg(h) = M7 (h)Ms(h), one can easily verify that
My(0) = 0, My(0) = 87 My(0) = 9; My(0) = 0

(because M~7(0) = 0, M7(0) = Mg(0) = 9,Mg(0) = 0) and, therefore, |Mg(h)| <
Mo (h)h*, where Mig(h) := maxyeo,p)|0; Mo(k)|. Finally we get the following esti-

mate:
2

T
-y +cd/ W, pdt
0
2

N
< &2 [Z exp ((2a + ) (T — t;))Ms(h)h*+

i=1

#2) exp (20 + )T~ 1)

-exp (a(tj—1 — ti))MQ(h)]
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< d?® |Go(T)Mg(h)h + 2Myo(h) -

> exp ((2a+ )T — tiga))h'+

i

+ Z exp ((2a + ) (T — t;)) exp (a(t;_1 — t;))h*

1<j+1
that is
T 2
IN 1Y 4+ cd / Uy pdt|| < d® [Go(T)Mg(h)h + 2Mo(h)(G2(T)h* + G(T)h?)]
0
2
with

T t
G(T) = /O /O exp (20 + )(T — t) + a(t — 5))dsdt,

from which we get:

T
N -1V +cd / U, pdt]| < d [\/GQ(T)MG(h) + 2M1o(h)G(T)h/?
0
2

+ 2M10(h)G2(T)h3/2] ,
to be compared with (24).
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FIGURE 1. Strong and weak errors with ¢ € [0.1,1] and stepsize
h =0.025
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FIGURE 2. Strong and weak errors with ¢ € [0.1,1] and stepsize
h =0.01
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FIGURE 3. Strong and weak errors with ¢ = 0.5 and step number
N =[10, 80]
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FIGURE 4. Total variation distance with ¢ = 0.5 and h € [10, 80]
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FIGURE 5. X, strong and weak errors with ¢ € [0.1, 1] and stepsize

h =0.025
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FIGURE 6. Y; strong and weak errors with ¢ € [0.1, 1] and stepsize
h =0.025
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FIGURE 7. X; strong and weak errors with T" = 1 and step number
N =[10, 100]
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FIGURE 8. Y; strong and weak errors with 7" = 1 and step number
N =[10, 100]
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