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Abstract We study a class of numerical methods for a system of second-order
SDE driven by a linear fast force generating high frequency oscillatory solutions. The
proposed schemes permit the use of large step sizes, have uniform global error bounds
in the position (i.e. independent of the large frequencies present in the SDE) and offer
various additional properties. This new family of numerical integrators for SDE can
be viewed as a stochastic generalisation of the trigonometric integrators for highly
oscillatory deterministic problems.

Mathematics Subject Classification (2000) 65C20 - 60H10

1 Introduction

In this article we present an error analysis for a family of numerical schemes for the
solution of the (d-dimensional) stiff second-order SDE

.. 1 .
Xt+€7AXt = g(X;) + BW;, (D

where & < 1is a small parameter, the nonlinearity g(x) € R? is a smooth real function
and W; = (W(t), ..., W, (t))7 is a standard m-dimensional Wiener process. We will
assume that the matrix A € R?*?, which does not depend on ¢, is a symmetric positive
definite matrix such that the norm of A~! is not small compared to ¢, that is, all the
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2 D. Cohen, M. Sigg

. 1 .
eigenvalues of — A are away from zero. We will also assume that the norm of the
&

matrix B € R4 is small compared to the norm of the fast force F(x) = %Ax.
At this point, we would like to add, that we can also consider the case, where the Iilatrix
A has zero as eigenvalues. For ease of presentation, this will be shown only in the last
section of the paper. Here and in the following we will work with the Euclidean norm
or with norms induced by the Euclidean norm.

We are interested in numerical methods that can attain good accuracy with step
sizes whose product with the large frequencies in (1) need not to be small. So that the
error bounds in the position of the methods should be independent of the product of
the step size with the frequencies of our problem.

The proposed schemes can be viewed as a stochastic generalisation of the
trigonometric methods (or exponential integrators) for highly oscillatory determin-
istic problems (see [2], [5, Chapter XIII] and references therein) and appeared for the
first time in [1] for the numerical discretisation of scalar stochastic oscillators with a
high frequency. Since a key building-block in the development of stochastic trigono-
metric methods is the variation-of-constants formula, we begin by rewriting (1) as a

system of first order SDE (setting X := X,, X? := X, and 2 := éAl/z):

dXx! 0 1\ //x! 0 0
G- () (D)o () @owe

The variation-of-constants formula for the above equation will then suggest the
construction of the stochastic trigonometric schemes (see Sect. 2 for details on the
derivation of the numerical methods). After that, we will present the main theorems
on the convergence of the schemes in Sects. 3 and 4. It turns out that the proposed
schemes offer additional features similar to the one of the exact solution of (2). This
will be studied in more details in Sect. 5. Numerical experiments demonstrating the
convergence and the good long-time behaviour of the stochastic trigonometric schemes
are presented in the final section.

Let us mention that the use of the variation-of-constants formula to derive efficient
numerical schemes for large stiff systems of first order differential equations is not new.
In the deterministic setting, one may consult, for example, [6,13] and more recently
the review [7] on exponential integrators. Stochastic exponential integrators were also
considered for the numerical approximation of parabolic stochastic partial differential
equations in [9, 10, 14] and references therein.

We conclude the introduction by mentioning that there are only few numerical
works in the literature to solve stiff systems of the form (1). We are only aware of the
work [17]. The results given in this article are, in the spirit, closely related to ours; the
techniques and the equation considered here are however different. Let us finally men-
tion, that for the linear scalar case and with a frequency 1/¢ = 1 (non-stiff problems),
we are only aware of the works [8,16] and [18]. For a numerical comparison between
these schemes and the stochastic trigonometric methods, we refer to [1].
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Trigonometric methods for stiff second-order SDEs 3

2 Stochastic trigonometric methods

In this section we recall the definition of the (stochastic) trigonometric schemes. For
details on the derivations we refer to [5, Chapter XIII] for the deterministic case and
to [1] for the stochastic scalar case.

As stated in the introduction, the main building-block for the construction of the
stochastic trigonometric integrators is the variation-of-constants formula. The exact
solution of (2) with initial values X(l) = xo and X(Z) = yp satisfies

XY _ cost2) 27 'sin(r22)Y (xo
X2) T \-2sin@tR) cos(tR) Yo
t t
27 sin((t — 5)R2) | 27 sin((t — 5)R2)
+/( cos((t — )82) )g(X“)dS+/< cos((t — )82) )BdW‘Y'
0 0

We will sometimes use the notation 7 sinc(7£2) for £2~! sin(z£2), which is defined for
arbitrary matrices £2.

We now discretise the above deterministic and Ito integrals and thereby obtain a
family of explicit trigonometric numerical integrators:

X\ cos(h2) £27'sin(h$2)\ (X)
XZ2.)  \—Qsin(h2) cos(hf) X2

h? 1.
N 7tpg(cbx,b | (9 lsm(hQ)BAWn) 3)

g(lpog(q)xi) + lplg(qjxrll—ﬁ—l) COS(h.Q)BAWn

where /1 denotes the step size of the scheme and AW,, = W(¢,41) — W (t,) the Wiener
increments. Here ¥ = 1 (h§2) and @ = ¢ (h§2), where the filter functions v, ¢ are
even, real-valued functions with ¥ (0) = ¢ (0) = 1. Moreover, we have ¥y = ¥(hS2),
¥y = Y1 (h§2) witheven functions g, ¥ satisfying 19(0) = ¥1(0) = 1. The purpose
of these filter functions is to attenuate numerical resonances, see [5, Chapter XIII] for
the deterministic case. The choice of the filter functions may also have a substantial
influence on the long-time properties of the method. We will not deal with these issues
in the present paper. We note that the family of integrators (3) reduces (in the symmetric

case) to the Stormer—Verlet scheme for £2 = B = 0 and give the exact solution for
g=0and B =0.

Example 1 Replacing the deterministic integral in the variation-of-constants formula
for the exact solution by its trapezoidal rule approximation yields the following explicit
scheme (see [3] for the deterministic case):

X, _( cosh2) 27 sin(h2)\ (X}
X2, —2sin(h2) cos(h$2) X2
h( 27'sin(h2)gn 27 'sin(h2)BAW,,
2 \gna1 +cos(hf2)gy cos(h2)BAW,, ’
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4 D. Cohen, M. Sigg

where g, = g(X,ll). This is exactly method (3) for the choices ¥ (¢) =
sinc(¢), Yo(¢) = cos(¢), ¥1(¢) = land () = 1.

Example 2 Another possibility is to use only the left-hand endpoint to discretise
the deterministic integral. This gives us the following filter functions: ¥ ({) =
2sinc(¢), Yo(Z) = 2cos(¢), ¥1(¢) = 0 and ¢(¢) = 1. Note that we do not have
¥1(0) = 1. One recognises the exponential Euler scheme for parabolic problems
from [14]. Another discretisation of the deterministic integral (with filter functions
Y(©) = 2(1 = cos(£))/¢2, Yo(¢) = 2sinc(¢), ¥1(¢) = 0 and $(¢) = 1) gives us
the exponentially fitted Euler scheme from [9]. We remark that the stochastic part
in the scheme presented in [9] is not treated in the same way as in (3). Moreover, a
nice feature of the numerical integrator proposed in [9] is that it takes advantage of a
smoothing effect of a linear functional of the noise-term.

Remark 1 Other discretisations of the stochastic integral present in the variation-
of-constants formula are possible and will lead to various numerical schemes. We
can for example use the following approximation:

h
/( Usin((h — 5)R2) BdW. ~ (9—1 sin(qE(m))BAWo)
cos((h — 5)2) ST\ cos(@(h2)BAW, )
0

Taking the trivial choice ¢ = 0, one obtains the numerical scheme proposed by Tocino
in [18] for scalar linear second-order SDE X X = aW, However a more natural
and appropriate discretisation of the integral is by taking the Riemann left-end points,
that is with the choice ¢(x) = x, and thus obtain the approximation present in method
(3). We will only consider this discretisation in the present paper.

Since we are interested in using large step sizes, we will consider the numerical

solution of (1) by method (3) with a step size h < ho (with a sufficiently small &g
independent of ¢) for which

>co > 0.

o | >

3 Mean-square convergence analysis

In this section, we will derive mean-square error bounds over finite time intervals for
the family of stochastic trigonometric methods derived in Sect. 2. To do so, we first
look at the mean-square error for linear problems, that is equation (1) with g = 0.
The proofs follow the lines of the scalar case given in [1]. Combining these results
with the results from [4], this then permits us to derive order one mean-square error
bounds, for the position component, independent of the product of the step size with
the large frequencies present in our problem.

Let us first recall the definition of mean-square convergence, see for example [11].
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Trigonometric methods for stiff second-order SDEs 5

Definition 1 A numerical method {Y,,} with step size & converges in the mean-square
sense with order B > 0 to the solution Y;, of an SDE at time #, = nh if 8 is the largest
value such that there exists a positive constant C, which does not depend on %, and an
ho > 0 such that

1/2
(E[IY, - va1?]) < cn?

for all i € (0, hg).

We now show that the local mean-square error in the position of our stochastic
trigonometric integrator is of order O (h3/?) for linear problems.

Lemma 1 Consider the numerical solution of (1) with g = 0 by method (3) with a

step size h < hgy (with a sufficiently small h( independent of ) for whichh/e > co > 0
holds. The mean-square errors after one step of the numerical scheme satisfy

12
(E[||X11 - X,lz||2]) < Cen\? < ch¥?

(B[1x3 - x%,nz])”2 <ch'”?,

where the constant C depends on the norm of the matrix B, but is independent of
& and h. That is, the local errors are of order (at least) 1/2 uniformly in the frequen-
cies.

Proof Let us start with the local mean-square error in the position. By definition of
the method and by the variation-of-constants formula for the exact solution, we obtain

2

h
E[IX] - X}I?] =E H/sz”(sin(m) — sin((h — 5)2)) BdW,
0
Using the Ito isometry and the triangle inequality, we get

h
E[IX] - X;0%] < ||B||2||9*‘||2/||sin<m> —sin((h — 5)2)|*ds
0
< cl27"1*h.

Using the definition of the matrix £2, we end up with the stated bounds for the local
error in the position component. The estimate for the error in the velocity component
is obtained in a similar way: we have
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6 D. Cohen, M. Sigg
]

h
< ||B||2/||cos(h[2) —cos((h — 5)82)||*ds < Ch.
0

h
E[1X3 - X2|?] = E[H /(cos(h.Q) — cos((h — )2))BdW,
0

m}

We now turn our attention to the global mean-square error of the stochastic trigono-
metric integrator (3) for linear systems. We obtain the following result.

Proposition 1 Consider the numerical solution of (1) with g = 0 by method
(3) with a step size h < ho (with a sufficiently small ho independent of €) for which
h/e > co > 0 holds. The mean-square errors of the numerical scheme satisfy

1/2
(E[nx,ﬁ - X;h||2]) ? _ce<cn
(B[IX] - X,%h||2])l/2 <cr'”? for nh < T,

where the constant C is independent of ¢, h andn withnh < T. That is, the global error
in the position component is of order 1 uniformly in the frequencies. Unfortunately,
we obtain a non-uniform global error in the velocity component.

Remark 2 We would like to point out, that it is not surprising to obtain a non-uniform
global error in the velocity in the stochastic case. This was also observed in [17].

Proof We start by substituting the exact solution into the numerical scheme (3) and

obtain
Xpi be 2 sin(h2)BAW, |, (d!
(xfn+1 =R\ T cosnyaw, ) T \a2) S

cos(hf2) 27 'sin(h$2)

where t,, = nh, the matrix R = <__Q sin(h2)  cos(h2)

) and the defects

Tny1

dl = / 27 sin((tys1 — $)2)BdWs — 27 ' sin(h2)BAW, € R¢
14
Int1

d* = / cos((tys1 — $)2)BdWy — cos(h2)BAW,, € RY.

In

By Lemma 1 and properties of the Ito integral, we have the following estimates for
the defects

E[d}] = E[d}] = 0. E[Id}I*] = O(?h), E[Id2]*] = Oh).
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Trigonometric methods for stiff second-order SDEs 7

We now define the errors e,’; = thn — X,{ e R4, for j = 1, 2. A subtraction of (4)
from the definition of the scheme gives us

En+1 =R-Ej, "l‘dn,

1 1
where E, = (i’ﬁ) and d, = (Z’ﬁ) A recursion leads to the following formula for
n n

the errors:

n n
Eny1=R"Eq+ ) R dj =) R'd;,
j=0 j=0

with the matrix R~/ = cos(ln =~ j)as2) e o j)hg)).

—2sin((n — j)h2) cos((n — j)h$2)
All together and the independence of the Wiener increments give:

E[llens117] = E[ID (cos((n — Hh2)d} + 2~ sin((n — Hh2)d))?]
j=0

= ZE[MCOS((n — Hh2)d} + 27 sin((n — jHh2)d7|?]
j=0

+2 > E[(cos((n — j)h2)d} + 2 sin((n — jHh2)d?)"
j<t
(cos((n — Oh2)d} + 27" sin((n — Oh$2)d])]

= ZE[llcos((n — Hh)dj + 27 sin((n — jHh2)d7|?].
j=0

Once again using the Ito isometry, we obtain

E[llcos((n — j)h2)d} + 2" sin((n — j)h$2)d;|]
Lj+1
= JE[ / || cos((n — j)h§2)27 1 (sin((1j+1 — 5)82) — sin(h$2))B
lj

+2 sin((n — Jh§2)(cos((tj+1 —5)82) — Cos(h.Q))BIIst].
Similar to the proof of Lemma 1, we can bound the above term with:
E[llcos((n — j)h82)d} + 27" sin((n — j)h2)d7|*] = O(he?).
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8 D. Cohen, M. Sigg

Finally summing up, using the fact that 2/e > co and that nh < T give the desired
bound for the position component:

E[lleyl?] = E[IX) — X1,I7] < CTe? < CTh?.
The bound for the velocity component is obtained in a similar way. O

It is now time to consider the nonlinear case (2). Our convergence proof heavily
relies on the main result given in [4] for the corresponding deterministic case. For ease
of reading we first recall the main theorem of [4]:

Theorem 1 (Theorem 1 in [4]) Let us consider the deterministic problem X + Ax =
g(x), with A a positive semi-definite symmetric matrix, and the numerical solution
given by (3) with B = 0. Under the following assumptions:

1. Suppose that g, g’ and g" are bounded.

2. Assume that the exact solution satisfies %||)'c(t)||2 + %H.Qx(t)”2 < %Kzfor 0<
tr<T.
3. The filter functions have to satisfy the following assumptions:
r;lgglx(é)l =My, for x =@, ¥, Yo, ¥ (5)
for some constant M. There exist further constants My, M3, Ma, M5, Mg and M7
such that
¢ —1 ’ <M 6
max | =% < M, (6)
max | —! (sinc2(§) - w(g))‘ < M, %)
£20 Iy (& 2 -
1 .
max | (sine(®) — x©)| = Ma. X =9, Yo, v, ®)

Bl

gg@wahw@,gghfé(m&@)—w&ﬂsMsmd@>

1
max
§=0

L (sine(®) — ¥i(§)| < My, i =0,1. (10)

s\ —

Moreover, let us define M := max;—1, .7 M,.

If Eq. (5)—(8) are verified then the error in the position satisfies
Ix;, —xull < Ch?*, 0 <t, =nh <T. (11

The constant C only depends on T, K, My, ..., My, |Igll, g’ and ||g" |, but not on
e. If, in addition, (9) and (10) are satisfied, then
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Trigonometric methods for stiff second-order SDEs 9

%, — %l < Ch, 0<t, =nh<T. (12)

The constant C only depends on T, K, My, ..., Mg, g, ¢’ || and ||g" ||, but not on e.

As already noted in [4], these error bounds are independent of the dimension of the
problem and the constant C (resp. C) does not depend on the large norm of the matrix
present in our problem. These properties are very desirable, for example if the system
(1) results from a semi-discretisation of a nonlinear wave equation. In this case, the
bounds are independent of the mesh size used for the spatial discretisation.

Example 3 The following choices for the filter functions fulfill all the above
conditions, [4]:

¢ (&)= sinc(§), Y (§) = sinc’ (§), Yo(§) =cos(&) sinc®(£), and (&)= sinc’(&).

We can now give the main result of this section:

Theorem 2 Under the assumptions of Proposition 1 and Theorem 1, the global mean-
square errors satisfy

1/2
(E[nx,ﬁ - X;h||2]) 2 @+ 142 < ch

12
(E[nxﬁ - X5h||2]) <cr'? for nh < T,

where the constant C only depends on T, K, My, ..., My, |g|l, &'l and ||g" ||, but is
independent of €, h and n withnh < T.

Proof Let us introduce the following notations for the position component:

n—1

g1 = 27" D (cos(jhs2) sin(hs2) + sin(jh$2) cos(h2)) BAW, 1,
j=0
n—1 fn—j

G1i=0"" Z cos(jhs2) / sin((ty—j — 5)2) BdW;
j=0 fh—j—1

tp—

j
+ sin(jhs$2) / cos((ty—j — $)2)BdW; |,

tn—j—]
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10 D. Cohen, M. Sigg

1
. h -1 . . h
ry = (cos(]hQ)EhlI/gn_j_l + 27! sm(]hQ)ElI/lg,,_j
J

N h
+ 27 sin(jh) s Wogu-j1)

3
|

Il
o

n—1 In—j
Fli=07! Z cos(jhs2) / sin((1,—j — 5)2)g(Xds
j:0 th—j—1

In—j
+ sin(jh2) cos((ty—j — $)2)g(XDds |,

th—j—1

where g, = g(®X). For the velocity component, we set

n—1
qr = Z(sin(jh[)) sin(h§2) — cos(jhs2) cos(hQ))BAWn,j,l,
j=0
n—1 I
G2 :=—> | sin(jns2) / sin((ty—; — 5)$2) Bd W,
j=0

th—j—1
In—j
~+ cos(jhs2) / cos((ty—j — $)§2)Bd Wy |,
In—j—1
n—1
Pi=—> (sin(jh.Q)%h.QII/gn_j_l - cos(jh!))gllllgn_j
j=0

. h
— cos(jhS) s Wogu-j-1)

n—1 fn—
Fri=—> | sin(jns2) / sin((ty—; — $)§2)g(Xds
j=0

th—j—1
In—j
— cos(jh$2) / cos((ta—j — $)82)g(XHds

h—j—1
The nth iterate of the numerical scheme (3) thus reads

X} = cos(mh2)X} + 27 sin(mh2) X5 + q1 + 1
X2 = —2sin(nh2)X} + cos(nh2)X3 + q2 + r2,

and for the exact solution we have
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Trigonometric methods for stiff second-order SDEs 11

X! = cos(mh2)X} + 27 sin(nh2)X3 + g1 + 71
X2, = —@sin(nh§2)X} + cos(nh2) X3 + G2 + 2.

We thus get, for the global mean-square error in the position:
Elix! 1271 ) ~ 2 A2
11X, = Xa 7] = E[llgr +r1 = g1 = 711I°) < 2E[lg1 = @111*] + 2E[lIr1 = 7111%].

The first term on the right-hand side is the global mean-square error in the linear case
(see Proposition 1) and the second one is the global error in the deterministic case (see
Theorem 1). We finally obtain

E[I1X, = XuI°] = 2E[llg1 — G111*] + 2E[llr = 7111°] = C(e? + h™.
The bound for the velocity component is obtained in a similar way. O

We conclude this section by mentioning the fact, that for fixed ¢, the numerical schemes
still converge as the step size goes to zero.

Remark 3 In this case Taylor expansions of the expressions in the proof of Lemma 1
can be used to determine the mean-square errors after one step. We have

h
E[I1X] — X}1I°] < ||B||2||9*‘||2/||sin(h9) — sin((h — 5)§2)|1%ds
0

h
_ n2
- ||B||2||$?_1||2/Hsin(h_(z)—zsin(n)(hg)ﬁ” .
n.
0

n>0

<ch
and similarly
E[I1X] - X71I] < CR°.
Hence, for a fixed ¢, we obtain, instead of Theorem 2, the following error bounds
1/2 -

<Ch

12
<Ch for nh <T.

(B - x217])

(B2 - x2,17])

4 Convergence in the second moment

In this section, we will derive error bounds for the stochastic trigonometric methods
in the second moment. Let us quickly restate the definition.
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12 D. Cohen, M. Sigg

Definition 2 A numerical method {Y,} with step size i converges in the second
moment with order y > 0 to the solution Y;, of an SDE at time ¢, = nh if y is
the largest value such that there exists a positive constant C, which does not depend
on &, and an hg > 0 such that

E[IIY, 1I7] = E[IY.1I*]| < ChY

for all & € (0, hyp).

We first show that the local error in the second moment for the position of our
stochastic trigonometric integrator is of order O (%) for linear problems.

Lemma 2 Consider the numerical solution of (1) with g = 0 by method (3) with a
step size h < hg (with a sufficiently small hq independent of € ) for whichh /e > ¢y > 0
holds. The errors in the second moment after one step of the numerical scheme satisfy
E[I1X11%] = E[IX41%]| < Che* < Ch’
E[I1X71%] = E[IX3I%]l < Ce < Ch,

where the constant C is independent of € and h. That is, the local errors are of order
(at least) one uniformly in the frequencies.

Proof Let us start with the error in the position. By definitions of the scheme, of
the exact solution, and using some properties of the Wiener increments and the Ito
isometry, we obtain

E[IX{17] - E[I1X,1I*]l = ‘E[nfz—l sin(h$2) BAWy||*]

h

_E[H/Q—lsin((h — $)2)BdW, z]'
0

= ‘E[Hﬂ_l sin(h§2) BAW||*]

h
—/||Q—1 sin((h — $)22)B||*ds| < Che?.
0

Similarly, concerning the error in the second component, we have

IE[IXF1I1°] — E[IX711*]l = 'E[ncos(m)BAWonz]

2]‘

—IE[H/hcos((h — $)2)BdW,
0
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Trigonometric methods for stiff second-order SDEs 13

= 'IE[Hcos(h.Q)BAW()Hz]
h
—/llcos((h —5)2)B|%ds| < Ch.
0

O

We can now derive global error bounds for the linear case. We obtain the following
result.

Proposition 2 Consider the numerical solution of (1) with g = 0 by method (3)
with a step size h < hg (with a sufficiently small ho independent of €) for which
h/e > co > 0 holds. The errors in the second moment of the numerical scheme satisfy

IE[IXAl17] — E[I1X2,1%]I < Ce*T < Ch?

IE[IX21%] - E[I1X2,01%]| < CT for nh <T,

where the constant C is independent of ¢, h and n with nh < T. That is, the global
error in the position component is of order two uniformly in the frequencies.

Proof In order to determine the global order of convergence in the position, we study
the expression [E[|| X} 2] —E[|| X}, II*]|. Using the notations of Theorem 2, we obtain

E[I1X}117] = E[IX),117]1 = IE[llcos(nh2)X{ + 27" sin(nh2)X§ + q111%]

—E[llcos(nh2)X§ + 2" sin(eh2) X3 + 41 11%]I-
Using properties of the Wiener increments and of the Ito integral, we get

IE[IX, 1] — E[I1X 0, 17]1 = [E[lIq117] — E[llg117]I

n—1
= ‘ ZE[||Q_1(cos(jh[2) sin(h$2) + sin(jhs2) cos(h§2)) BAW,_ ;4 ||2]
j=0
n—1 i
-3 [ 19 Costin@)sin(-; - 92
j=0tn7j71

+sin(jh82) cos((tn_; — $)82))B|ds

< Ce’nh < Ce’T.
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14 D. Cohen, M. Sigg

Analogously we get for the global order of convergence in the velocity

IE[IX211°] — E[I1X2,17]I = [E[Ig211] — E[lI42117]I
n—1
= ) ZE[”(sin(jh.Q) sin(h§2) — cos(jhs2) cos(h2))BAW,_;_1|*]
j=0

Ih—j

n—1
+Z / I(sin(jh$2) sin((tn_j—s)9)+cos(jh52)cos((tn_j—s).Q))Bszs‘
7=04, 55
<Cnh <CT

or the boundedness of the global error in the velocity. O

We can now state the main result of this section:

Theorem 3 Under the assumptions of Proposition 2 and Theorem 1, the global errors
in the second moment satisfy

IE[IXL2] — E[I1Xp, 1]l < C(e* + (h +&)* + h? + (he + &%) < Ch?
IE[I1X717] = E[IX741°]l < C(T +h) < CT for nh < T,

where the constant C only depends on T, K, My, ..., My, |lg|l, I|g’|| and ||g" ||, but is
independent of ¢, h and n withnh < T.

Proof Let us first define the following quantities
pr=cos(nh2) X} +2 7 sin(nh2)X} and py=— sin(nh§2)X}+cos(nh2) X3
so that the numerical scheme can be written as
Xy=pi+q+rn and X;=pr+q+r.
For the error in the second moment for the position, we thus obtain

E[IXM 2] = E[1X2,0%] = [E[2p] g1 + 20T ri + qf 1 +2q7 ri + 1] 1
—q{ g1 — #{ 71 —2p{ 1 —2p{ 41 — 24 7]
< |E[ligilI* = 1G1 171 + [E[lr1 11> = I701%]I
F2E[|p] (r = FOI] + 21E[q] 11 — 4T 7]
due to the fact that ]E[A W, — j—l] = 0 and due to the martingale property of the Ito

integral. We will now estimate the four terms on the right. Thanks to Proposition 2,
we have

E[llgilI* — 14111%]1 < CTe?.
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Trigonometric methods for stiff second-order SDEs 15

Using the bounds for the function g, the bounds for the filter functions and the triangle
inequality, we get

B[ = 17021 < E[Ir117] + E[I712] < (Cn(h? + he))* + (Cnhe)?
< CT?*(h +¢)°.

The Cauchy—Schwarz inequality and Theorem 1 give us the bounds
2E[|p{ (r1 = D] < 20l p1IE[llr = 711]] < Ch2.

For the last term, we obtain

E[lg{ il < E[lIr1llllgil]] < CT(h + &)E[llgill] < CT(h + &),/E[llq1?]

<CT(h+¢e)e

thanks to the Cauchy-Schwarz inequality, the bounds for the function g and
Proposition 2. This finally gives us

2AE[q] ri — Gl 1]l < CT (he + 7).
All together, we obtain the bounds for the position

E[IX}17] = E[IXL,I17]l < C(e* + (h + &)* + h?* + (he + &%)).

For the velocity component we consider the expression

IE[IX21%] — E[1X2,1%] < IE[llg20* — 1G217]1 + IE[lIr211* = I7201%]]
+2E[|p2 (r2 — )] + 2E[q3 r> — g2 2]|I.

Similarly, we get the following bounds for the individual terms on the right

E[llg2l1* = 1g21%]1 = OT),  [E[lIr2]I* = II201*]1 = O(D),
2E[1pd (o = #2)I] = O(h),  2IE[q] r2 — 3 72]| = O(T).

This yields for the whole expression

E[IX21%] = E[I1X2,1%]| < C(T + k)

nh
or the boundedness of the global error in the second moment for the velocity. O

As in the mean-square case, we conclude this section by looking at the convergence
for a fixed €.
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16 D. Cohen, M. Sigg

Remark 4 We thus fix ¢ and let 4 tend to zero in order to illustrate the convergence
behaviour. Therefore Taylor expansions of the expressions in the proof of Lemma 2
can be used to determine the errors in the second moment after one step.

IE[1X}12] = E[1X}12]1 = [E[127" sint:2) BAWo 1]
h
—/||52*1 sin((h — s).Q)BHZdS‘
0

- (E[HQ—I sin(h2) BAW, %]

h
_ n 2
- / H.Q—l > sin®h2) S p ” ds
0 n>0
<Ch?
and similarly
IE[I1XT11°] — E[IX;1%]| < Ch.

Hence, for a fixed €, we obtain, instead of Theorem 3, the following error bounds

IE[IX, 1] = E[I1X,,17]1 < Ch
E[IX21] = E[IX2,1%]| < €T for nh < T.

5 Growth rate of the expected energy

The exact solution of our problem (2) with a smooth gradient nonlinearity g(x) =
—VU (x) has the following interesting geometric property:

Applying Ito’s formula, it is known (see for example [15]) that the expected value
of the energy has a linear growth in time:

E[LUXAP + 12x!1) + U xh]

Tr(BBT)t

2, (13)

1
= S (I1yol > +112x011%) + U (x0) +

where X, (1) = xo and X% =y are the initial position, resp. velocity for the problem (2).

In a geometric numerical integration approach (see the monographs [5,12] for
the deterministic case), one would seek numerical schemes that reproduce geometric
properties of the exact solution of the differential equation. We will see that the
proposed schemes capture almost the correct energy growth rate.
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Trigonometric methods for stiff second-order SDEs 17

In order to show the almost-linear growth rate of the expected value of the energy
for the numerical solution, we need the following lemma:

Lemma 3 Under the assumptions of Theorem 2 we have
E[II2(r1 —F)I] < Ch for nh <T,

where r| and | are defined in the proof of Theorem 2.

Proof Writing down the definitions of 7| and 7| we get

n—1

A . h
1201 =)l = | > (cos(jh2) 5 hRWgn— ;-
j=0

.. h . . h
+sin(jhs2) S ¥ign—j + sm(JhQ)E‘I’ognfjfl)

n—1 i
=3 [costine) / Sin((ta_j — 9)2)g(X") ds
=0

In—j—1

th—j
+sin(jh$2) / cos((ty_j — )2)g(X}) ds

In—j—1

n—1 n—1
= > 2cos(jhR)en—j1 + D _sin(jh82)e],_;_,
j=0 Jj=0

n—1 n—1

Z.QCOS(th)en—j—l + Zsin(jhf?)e:z—,i—l ’
Jj=0 j=0

IA

where

In—j
h 1 .
enj-1 = shWgn_j1 — / Q7 sin((ty—; — $)2)g(X)ds and

th—j—1

In—j
h h
e j1 = 5¥18n—j + 5%08n—j-1 — / cos((ta—j — $)2)g(X}) ds.

In—j—1
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18 D. Cohen, M. Sigg

We will now use some lemmas from [4] to estimate the above expressions. We begin
by the term with e, ; 1. We write

ty

j
h 1 .
en—j_1 = Eth(deflnqu) — / fo sin((t,—; — s).Q)g(X},)ds

In—j—1

+%h2tpgn_j_1 - %hzlllg(de] ).

In—j—1

Using Lemma 1 from [4], we get

en_j_1 = —%hz (sin02 (?) _ w) g@x! )

Tn—j—1

1 1
~h 2yt hPW g — SHPPG(PX, )

with [|z,— ;1| < C and ||h2z,—j—1]| < C. It follows, see also Lemma 5 from [4],
that

n—1 n—1
. 1 .
|>° 2 cos(in@renj1| = 13vaill+ |12 > 2 cos(ih@rzn- ;-1
j=0 j=0

n—1
+” Th D82 cos(jh2)W (gn—j1 — (DX} )

Ih—j—1

I

j=0
where v,,_; is defined as
- he
vt = 3h > h@2 cos(jh) (sine? (“2) = w) g(@x} )
j=0

and can be written as (see Lemma 5 from [4])
n—2
vt = Ey_ (h)g(DX) + D E;(h)(e(@X) ) —g(®X, ),

=0

where

Ej(¢) = 2§in_EE) (sinc2 (%) - ¢(§)) (sin (jé + %) — sin (%)) )
\2
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Trigonometric methods for stiff second-order SDEs 19

Due to (9) and Lemma 5 from [4], E ; are bounded and so is v, _. It thus follows that
n—1
”Z 2 cos(jh2)e,—j1 H <Ch+Ch’n
j=0

+”;hr§hﬂcos(jh9)‘1/(8n—j—l_g((le ))H'
=0

n—j—1
J=

Using the bounds (5) and (9) for the filter functions together with the mean-square
error bounds in the position, we obtain

n—1

E[”ZQ cos(jh2)en—j—1 H] < Ch.
j=0

n—1
Now, we have to estimate || z sin(jh.Q)e;l_j_l [|. To do this, we first rewrite e, _

i—1
Jj=0 /

as

th—j
h h
e j1 = 5%18n—j+ 3%08n—j-1— / cos((tn—j — $)2)g(X}) ds

In—j—1

h h h h
= SWign—j + 3%0gn—j—1 — 3¥18(PX, ) — SWg(PX, )

tn—j tn—_j—l

In—j

h h
— / cos((tn_j—s).Q)g(Xsl)ds+§l111g(q§X,1n7j)+ElI/0g(¢X1 )

n—j—1

th—j—1

h h h h
= V18— + 5%08gn—j-1 — 3¥18(@X; ) — SWg(PX, )

th—j—1

—%h(sinc(h.Q) —wpg(@Xx! ) — %h(sinc(hQ) —wg(@X! )

Ih—j—1 Ih—j
1
1
—Eh/cos((h —h)D@X, . py) —8(@X, . ))ds

In—j—1
0

1

_%h / cos((h — hs).Q)(g(Xt]n_j_l_,’_hs) — g(q§X,1n7j)) ds
0

using Lemma 2 from [4]. The triangle inequality gives us
n—1 n—1 f
B> sinGineie, ;|| = B[ D sinh2) s v (- — s@x) ]
j=0 j=0
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20 D. Cohen, M. Sigg

[ n—1

P h
E | |3 sin(h2) s wo(gu-j-1 - g@X]_ )|
J=0

B n—1
+E stin(jm)-d,;,j,lu :
L Jj=0

where d,’l_j_1 is defined as

1 . 1 .
h—jo1 = yh(sine(h2) — Yo)g(@X, )+ Sh(sine(h$2) — v)g(@X, )
1

+5h / cos((h — hs)Q)(g(X) 1) — 8(@X)  ))ds

0
1

+5h / cos((h — hs)R)(g(X} 1) — g(@X]_))ds.
0

Replacing cos(jh$2) by sin(jhs2) in Lemma 6 from [4] (with a shift in the indices)
permits us to bound the terms containing the factors sinc(h§2) — ¥; fori = 0, 1.
For the terms containing the integrals, we use the mean-value theorem and finally, an
application of Theorem 2 gives us the desired bound

n—1
E ”Zsin(jm)e;,j,l” < Ch.
j=0

We thus finally obtain the estimate
E[2(r1 — )] < Ch.

O
Theorem 4 Under the assumptions of Theorem 2, the numerical solution (3) of the
stochastic oscillator (2) with a smooth gradient nonlinearity g(x) = —VU (x) satisfies
1
E[ (I1X3117 + [12X,11%) + UX,)]

Tr(BBT)
2

= 2 (I1yol P + 12x0]%) + U xo) + .+ O,

where t, = nh < T. The constant symbolised by the O-notation only depends on T,
K, My,...,My, g, Ig'|l and ||g"|l, but is independent of &, h and n withnh < T.

Remark 5 One can show that the energy of the numerical solution (3) has exactly the
same growth rate as the exact solution of (1) in the case where g(x) = 0. The proof
is an adaptation of the proof of Theorem 2.2 in [1].
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Trigonometric methods for stiff second-order SDEs 21

Proof Instead of the expected value of the energy
1 1
E[512X, 17 + S1X2 1% + UX,)]
we will calculate and estimate the expression

LE[1I2 XM — 12X 5012 + 1X21% = 1X2,017] + E[Ux)) — ux))]

[ 12x!,01% + ,”X ZIP+Uuxly]-

Since the last term is the expected value of the total energy along the exact solution
of our problem, it is thus equal to the initial energy plus the drift:

T BB
E[S12X 17 + 21X, 12+ U (X3)] = 2125012+ 5 1yoll? + U o)+ 25 .

For the central term, we use the mean-value theorem and Theorem 2 to obtain
E[UX}) - UX)] = VU@)TE[X]) - X,] = Oh).
Finally, using the notations of Theorem 2, we obtain for the first term:

E[12X5 17 = 12X, 17 + 1X212 = 1X2,012] = E[I124111* + llg21 — 1124111
—11G21%] + 2(2p)TE[2(r — FD)] + 2pF E[ra — 2] + E[l12r1 12 — 1827111?]
+E[lIr211? = 17201%] + 2E[(2¢D)T (2 (r1 — 71))] + 2E[q] (r2 — 72)].

We will now estimate each of the above terms. Let us begin with

[||9611|| + ||612|| ZA 1B (sin®(h$2) cos®(jhS2)

+sin(h$2) sin>(jh§2)) BAW,— -
+Aaw, ;| B" (cos®(h§2) sin®(jh2)

+cos®(h§2) cos® (jh2)) BAW,—_j_1
=E[nAW, ;| B"BAW,_j 1] =Tr(BB")nh.
Analogously we find E[[|241 1> + 1g211°] = Tr(BB”)nh and thus
E[I12¢:11* + llg21* — 12411* — 1321*] =
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22 D. Cohen, M. Sigg

Next, using Lemma 3 and Theorem 1 we get
22p) E[2(r — #)] + 2pl E[r, — 72] = O(h).

For the following term, the Cauchy—Schwarz inequality together with Lemma 3 and
Theorem 1 give us the bounds

E[I2r111* — [127117] + E[lIr2lI* — 1720%] = E[(2(1 — 2T (201 + 71))]
+E[(r2 — 72 (2 + 72)] = O().

Finally, for the last term, we have

2(2q)" (R2(r1 — 1)) +2g3 (2 — F2) <2121 112011 — Pl + 2llg2llllr2 — 72|

by the Cauchy—Schwarz inequality. Using Lemma 3 and Theorem 2 we thus obtain
E[2(2q)" (21 = 7)) +243 (2 — )] = O(h).

This concludes the proof. O

6 Numerical experiments

In this final section, we will consider two problems in order to illustrate the robustness
of the stochastic trigonometric schemes.

6.1 The stochastic Fermi—Pasta—Ulam problem

The deterministic Fermi—Pasta—Ulam (FPU) problem is often used as a model for
highly oscillatory problems. For more details on the deterministic case we refer to
[5, Chapters I, XIII]. In this section, we will look at a stochastic FPU problem in order
to demonstrate the growth rate in the energy and the convergence behaviour of the
stochastic trigonometric method.

The deterministic FPU problem describes a chain of 2/, mass points, connected with

alternating soft nonlinear and stiff linear springs (with angular frequency w := é > 1).

The variables q1, . .., g2;; denote the displacements of the mass points, the variables
pi = ¢; their velocities. The behaviour of the system is described by a Hamiltonian
system wherein the total energy is conserved. After a change of coordinates we obtain
the new Hamiltonian function

21 ,
H(y,x) = %Zy,z + 5D i+ % (1 — X
i=1 i=1
-1
+ D it = Xiigisr — X — %)+ x|

i=1
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Trigonometric methods for stiff second-order SDEs 23

where x;, i = 1, ..., m represents a scaled displacement of the ith stiff spring, x4,
a scaled expansion of the ith stiff spring and y; and y;; their velocities.

Furthermore, in the deterministic case, another quantity is almost conserved, the
oscillatory energy. Let

L. 2 2.2
Ij(erH-j? yﬁl-i-/) = 5()’,;14_] +w ‘xrﬁ—i-j)

denote the energy of the jth stiff spring. As time passes, there is an exchange of energy
between the stiff springs, but the total oscillatory energy of our problem

m
1=le

remains almost conserved.
Writing down the Hamiltonian equations, we obtain the following second-order
differential equation:

o (00
i+ 02°x =g(x) with 9_(0w1 , (14)

where [ is the m x m identity matrix and the frequency w is supposed to be large.
Now we will turn to the stochastic Fermi—Pasta—Ulam problem. By adding a noise
term to the equation (14) we get the system

X + 2°X, = g(X;) + BW,. (15)

Since the matrix £2 is not positive-definite, the convergence of the stochastic trigo-
nometric methods is not obvious. However, setting §2 = 0, the expression for the
mean-square error in the position in the proof of Proposition 1 reduces to

E[1X) — X3, 11°] = D E[Id] + (0 — HiydH|?]

j=0
n Lj+1
-SE /n(rm s~ )BIPds
=0 |
Ll
= ||B||22/(tj —5)%ds
=07

n
1 2 3
SIBIPD h
j=0

since djz = 0 and thus we obtain

1/2
(B[1x) - x1,I7]) = cn,
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24 D. Cohen, M. Sigg

for t, = nh < T. For the mean-square error in the velocity we find analogously

(=[1x2 -~ x3,0%)) "~ = cn

For the expression for the error in the second moment for the position in the proof of
Proposition 2 we obtain in the case £2 = 0:

IE[IIX, 1] — E[I1X 1, 17]1

n—1 =i

n—1
= D B[t + jmBAW, ;1P = > / (ta—j — s + jh)BIds
Jj=0 J=0, "

n—1 =i

n—1
= | B =3 [ = s mPIE s
j=0 j:O[nfjfl

n—1
= |2 (hG+ 1 + G = LG+ )
J

n—1

= >8I (jh3 + 2/3h3)

Jj=0
< Ch.

Analogously we get for the velocity component
IE[I1X317] = E[IX3, %]l < €T
Due to the block structure of the matrix £2 we can split the equation (15) into

two equations and write X! = (X1 12)T and X? = (X2 22)T where X!

t,1°
th X 11 5 X2 )€ R™. The slow component of the system will thus be X/ | and the

fast one X tl 5. Therefore we obtain for the mean-square error in position

(E[1x, - thllz]) = (B[1X},1 — X}y 17] +E1X) 2 - X,ﬁh,znz])]/2 < Ch
and similarly for the velocity component

(E[llx,% - X,%hnz])l/2 <cr'2
For the errors in the second moment, we get

E[IXM17] - E[IXL, 1%l < Ch, |E[1X21%] — E[IX2,1?] < CT.
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Trigonometric methods for stiff second-order SDEs 25

For our numerical experiments, we will take 2/m = 6 mass points, a spring constant
w = 50, and we will consider

O =1, O =1 xu@®=0"', yuO=1
and zero for the remaining initial values. For the stochastic term we choose
B=(010.5500.01)7.

We finally want to note that all the expected values are computed numerically using
sample averages. In order to make these approximations as accurate as necessary, we
took enough sample paths in all our numerical experiments.

Figure 1 displays the linear growth rate of the expectation of the energy along the
numerical solution of the stochastic trigonometric method (3) with filters given in
Example 3 and along the numerical solution given by the Euler-Maruyama scheme.
The growth rate given by Theorem 4 is observed and on the contrary, if we solve (15)
by the Euler—-Maruyama method, the expectation of the total energy of the system
grows exponentially.

In Fig. 2 we notice a linear growth of the total oscillatory energy in the stochastic
case. As a comparison, we plot the oscillatory energy of the deterministic FPU prob-
lem. Both in the deterministic and in the stochastic case, there is an exchange of energy
between the stiff springs.

The convergence behaviour of the method is illustrated in Figs. 3 and 4. We
calculated M = 20,000 sample paths for the mean-square convergence and for the
convergence in the second moment. For the error in the second moment in the velocity
component we chose w = 10 in order to avoid the large number of samples that would
be required for w = 50.

Finally, in order to illustrate the fact that our error bounds are independent of the
large parameter w, we chose w = 500 in Fig. 5 and observe the same orders of
convergence for the position component as for smaller w.

700 600
Exact Exact
600 —%— Stochastic Trigonometric Method 500 —*— Euler-Maruyama
500
400
— 400 —
I L. 300
W 300 w
200
200
100 100
0 0
0 10 20 30 40 50 0 2 4 6 8 10
Time Time

Fig. 1 The stochastic trigonometric method (3) with step size 4 = 0.1 and M = 10,000 sample paths
reproduces the linear growth of the energy almost exactly (left picture), while the numerical energy obtained
by the Euler-Maruyama method with step size h = 10~% and M = 10,000 sample paths grows exponen-
tially (right picture)
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14 2500

E[l]

12
| 2000
1500
1000
El,]
500 Elly] ~
Ell,]
” . 0 _—
0 50 100 150 200 0 50 100 150 200
Time Time

Fig. 2 In the deterministic case the total oscillatory energy is almost conserved, while the stiff springs
exchange energy among each other (left picture). In the stochastic case there is also an exchange of energy
between the stiff springs, but the expected value of the total oscillatory energy obtained by method (3) with
step size h = 0.01 and M = 10,000 sample paths grows linearly (right picture)

10° 10
10°
10™
10™
107
107
1073 3 2 1 0 1073 3 2 1 0
107 107 10 10 10 107 10 10
h

Fig. 3 Mean-square error in the position (left picture) and in the velocity (right picture) for the stochastic
FPU problem (15). The dashed lines have slope one

10’ 10
---h
10° 10’
10™" 10°
107 107"
107 107
10_4 3 2 1 10_3 1 0
10 10 10 10° 10° 107 10 10

h

Fig. 4 Error in the second moment for the position (left picture) and for the velocity (right picture)
component for the stochastic FPU problem (15). The dashed lines have slope one
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10° - 10
-—-h
10° i
10” B
10
2 /////
10 -
1072 /////
107°
107 3 2 1 0 10" 3 2 1 0
107 107 107 10 107 10 10 10
h h

Fig. 5 Mean-square error (left picture) and error in the second moment (right picture) for the position
component for the stochastic FPU problem (15) with @ = 500. The dashed lines have slope one

6.2 Semi-discretisation of a semi-linear stochastic wave equation

As a final example, we consider the pseudo-spectral semi-discretisation (using the
eigenfunctions e, (x) = +/2/m sin(nx)) of the semi-linear stochastic wave equation
from [15]:

i (x, 1) = 0%ty (x, 1) + (ao — azlu(x, 1)[7)u(x, t) + b,

where (x,1) € (0, ) x (0, 00) and & is white in time and spatially correlated. We
impose homogeneous boundary conditions u(0, t) = u(w,t) = 0. This gives us the
following system of SDEs for the Fourier coefficients ¢, = ¢, (¢):

o0
¢ + (02n2 —ap)c, + ap Z c,zn cn =b,W,.
m=1

Truncating this system at N F' Fourier modes, we end up with a system of the form (1).

To illustrate the excellent long-time behaviour of the stochastic trigonometric
scheme (3) with filter functions given by Example 3, we compute the expected energy
from Theorem 4, i.e. the trace formula in [15]:

NF
E % > (a0 + (@70 = ag)ca (1)) ch(t)z
n=1
NF NF 2
= % Z}(vn (0)2 + (02n% — ag)ca (0)%) + %2 (Z‘; Cn(0)2) sz t

where N F is the number of Fourier modes and v, (f) = ¢,(t). Figure 6 shows the
expected value of the energy for the following parameters: NF = 1024 Fourier-
modes, 0 = 1,a9 = 0.5,a, = 0.2, b, = 1, M = 1000 samples, 7 = 0.2 time step
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4
6 x 10 1 5
- ’ WW
s |
=1 0 _5
g 0 2 0 2
% Time t=0 Time t=2
3 5 5
'_
0 0
-5 -5
0 20 40 60 80 100 0 2 0 2
Time Time t=4 Time t=5

Fig. 6 Linear growth rate in the energy of the stochastic wave equation along the numerical solution given
by (3) (left). One sample numerical trajectory (right)

and initial values ¢, (0) = 0 and v, (0) = 0 except for the first 500 Fourier modes,
where we set ¢, (0) = 0.01. The time interval ranges from 7 = 0 to T = 100. We
also display one sample trajectory of the numerical solution to the wave equation. A
detailed analysis of the good behaviour of the stochastic trigonometric methods for the
time discretisation of the stochastic wave equation will be presented in a forthcoming
publication.
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