FULL DISCRETISATION OF SEMI-LINEAR STOCHASTIC WAVE EQUATIONS
DRIVEN BY MULTIPLICATIVE NOISE
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Abstract. A fully discrete approximation of the semi-linear stochastic wave equation driven by multiplicative
noise is presented. A standard linear finite element approximation is used in space and a stochastic trigonometric
method for the temporal approximation. This explicit time integrator allows for mean-square error bounds indepen-
dent of the space discretisation and thus do not suffer from a step size restriction as in the often used Stormer-Verlet-
leap-frog scheme. Furthermore, it satisfies an almost trace formula (i. e., a linear drift of the expected value of the
energy of the problem). Numerical experiments are presented and confirm the theoretical results.
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1. Introduction. We consider the numerical discretisation of semi-linear stochastic
wave equations of the form

di— Audt = f(u)dt + g(u) dW in 7 x(0,00),
u=0 in 09 x (0,), (1.1)
u(-,0) =uo, u(-,0) =vo in 2,

where u = u(x,t) and 9 C R?, d =1,2,3, is a bounded convex domain with polygonal bound-
ary d2. The “” denotes the time derivative %. Assumptions on the smoothness of the
nonlinearities f and g will be given below. The stochastic process {W(f)};>0 is an L (2)-
valued (possibly cylindrical) Q-Wiener process with respect to a normal filtration {.% },>0 on
a filtered probability space (Q, % ,P,{.%; };>0). The initial data ug and vy are .%y-measurable
random variables. We will numerically solve this problem with a linear finite element method
in space and a stochastic trigonometric method in time.

We refer to the introductions of [15] and [S] for the relevant literature on the spatial,
respectively temporal, discretisation of stochastic (linear) wave equations. Further, the recent
publication [21] presents a full discretisation of the wave equation with additive noise: a
spectral Galerkin approximation is used in space and an adapted stochastic trigonometric
method, using linear functionals of the noise as in [11], is employed in time. Furthermore,
the time discretisation of nonlinear stochastic wave equations by stochastic trigonometric
methods is analysed in [20]. Finally, let us mention the recent preprint [6] which analyses
convergence in LP(Q) of the stochastic trigonometric method applied to the one-dimensional
nonlinear stochastic wave equation.

In the present publication, we prove mean-square convergence for the full discretisation
to the exact solution to the nonlinear problem . Furthermore, using this result, we derive
a geometric property of our numerical integrator, namely a trace formula. The trace formula
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(the linear drift of the expected value of the energy) for the exact solution of as well as
for the finite element solution and the completely discrete solution are presented.

The paper is organised as follows. We introduce some notations and mention some useful
results in the next section. Section [3] presents a mean-square convergence analysis for our
numerical discretisation. A trace formula for the exact and numerical solutions is given in
Section @ Finally, numerical experiments illustrating the rates of convergence and the trace
formula of the numerical solution are given in the final section.

2. Notations and useful results. Let U and H be separable Hilbert spaces with norms
Il and ||-||r respectively. We denote the space of bounded linear operators from U to H by
Z(U,H), and we let % (U, H) be the set of Hilbert-Schmidt operators with norm

_ 12
1Tl 2w m) = <Z|T€k§> ,
fo

where {e;};>_, is an arbitrary orthonormal basis of U. If H = U, then we write £ (U) =
Z(U,U)and HS = %4 (U,U). Let Q € Z(U) be a self-adjoint, positive semidefinite opera-
tor. We denote the space of Hilbert-Schmidt operators from o'/ 2(U )to H="U by ,,2”20 with
norm

||T||$20 = |TQ"?|us.

For the stochastic wave equation (I.I)), we define U := L,(2) and denote the L(Z)-norm by
Il := |Ill,(2). Further, we set A = —A with D(A) = H*(Z) N H} (2).
Let (Q,%,P,{% }:>0) be a filtered probability space and L,(Q,H) the space of H-
valued square integrable random variables with norm
W llzy@.m) = EllIVIIE]>

Next, we define the space H* = D(AO‘/ 2), for ¢ € R, with norm

. 1/2
Vlla = A% 1,9 = (Z A7 (v, q’j)i(.@)) ;
=1

where {(4;, ¢;) }7_, are the eigenpairs of A with orthonormal eigenvectors. We also introduce
the space

H*:=H*xH*!

with norm ||[v[|[ := |vi||3 + [v2]%_;, for @ € R and v = [v,v,]7. Note that H* = U :=
Lr(2) and H := H° = H° x H™!. In the following we denote (-,-) = (-,+)1,(z) and ||-|| =
N2y (2)-

Denoting the velocity of the solution to our stochastic partial differential equation by
up .= 1 := u, one can rewrite (1.1 as

dX (1) =AX(t)dt +F(X(1))dt + G(X(¢))dW (¢), ¢ >0,

X(0) = X, @D

uj 0o I 0 0 up
here X = LA = JF(X) = ,G(X) = and X, := . The
" [“J [A 0] ¥) {f(“l )} () L’(ul) O v
operator A with D(A) = H' = H' x HY is the generator of a strongly continuous semigroup
of bounded linear operators E(t) = e on H = H* = H® x H~!, in fact, a unitary group.
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Let {9},} be a quasi-uniform family of triangulations of the convex polygonal domain &
with hx = diam(K) and & = maxge 7, hk. Let Vj, C H}(2) = H' be the space of piecewise
linear continuous functions with respect to .7, which are zero on the boundary of 2, and let
2, : HY — V,, denote the orthogonal projector onto the finite element space. The discrete
Laplace operator Ay, : Vj, — Vj, is then defined by

(Ahvh,wh) = (Vvh,th) Ywy € Vj,.
We also define discrete variants of ||-|| and H* by
2
Ivallna = 143 2vall. v €V

and H* = V;, equipped with the norm ||-||; . Finally, the finite element approximation of
(I.I) can then be written as

diip, 1 () + Apup, () dt = Py f (up,1 (1)) dt + Py g(up,1 (2))dW (1), t >0,

2.2)
up1(0) = upo, up2(0) = vpo,
or in the abstract form
dXp, (1) = ApXp(2) dt + P F (Xp,(2)) dt + PG (X (2)) AW (), >0, 23)

X1(0) = Xnp,

where Ay, := [_(l)\h (I)], X, = Bh’l}, F and G are as before, and Xj, o := [Z:ﬂ with

upo = P, vino = Ppvo € V. Note the abuse of notation for the projection 2, F (X)) =
(0, Z.f (up1))T and similarly for 92,G(X}). This will be used throughout the paper. Again,
Ay, is the generator of a Cy-semigroup Ej,(t) = e4» on Hy, := HY x H, '

We study the equations 2.1 and 2.3) in their mild form

9

X(1) = E(t)Xo + /O "E(t—$)F(X(s))ds+ /0 "E(— $)G(X(s))dW (s), 2.4)
X)(0) = Byt Xi0 + /0 "En(t — 5) PuF (Xa(s)) ds+ | /0 "Bt — 5) P0G (X(s)) AW (s),  (2.5)

where the semigroups can be expressed as

C A1/28
| oan AYs)
Ey(t) = —A,lz/zSh(t) hCh(t) ] ) 2.7

with C(¢) = cos(tA!/2), S(t) = sin(tA!/2), Cy(r) = cos(tA;/*) and S, (t) = sin(tA;').

In order to ensure existence and uniqueness of problem (I.I) we shall assume that ug €
Ly(Q,HP) and vy € L, (Q, HP~) for some regularity parameter 8 > 0, and that the functions
fiL2(2) = La(2) and g: Lr(2) — &5 satisfy

1F () = FO) + llg () =g ()]l go < Cllu—v], if >0,
1F ()]l + [lg(w)ll o < €1+ [[ul]), ifO<B<1, (28
IAP=D2 )|+ [APD g ()] o < COUH AP 2ul]),if B> 1,
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for all u,v € L(2) in the first two inequalities and for all u € H B=1in the last one. Through
the text, C (or C1,C2, K, K> etc.) denotes a generic positive constant that may vary from line
to line.

LEMMA 2.1. Assume that ug € LQ(Q,Hﬁ ), vo € Lz(Q,Hﬁ"), and the functions f and
g satisfy 2.8) for some B > 0. Then there exists a unique solution to the stochastic wave
equation 2.0)) and the finite element equation (2.3)) given by the solution of their respective
mild equation, i. e., equations @ and @

The proof of this lemma follows from [8, Theorem 7.4], see also the proof of Theorem 2.1
in [20].

We now collect some results that we will use later on.
e The error estimates for the cosine and sine operators (Corollary 4.2 in [15]]): Denote Xy =
[uo,vo]T and let

Fy(t)Xo = (Cu(t) Py — C(1) o + (A, > S3(1) P — A~V2S(8) ) vo,
Fy(1)Xo = *(A;l,/zSh(f)@h — AY28(t))ug + (Cy(t) 23 — C(t)) vo.
Then we have

2
1B (6)Xo|| < C-(1+1)-h3P[]]Xo] ||, 120, Bel03],

2

. (2.9)
1E(0)Xoll < C- (141)-h3PV][|Xo[[[g,  1>0, Be[l,4].

Note that we have Fj, and not G, as in Corollary 4.2 in [15]. The only difference lies in the
projector present in the above equation.
e The temporal Holder continuity of the sine and cosine operators, see (4.1) in [3]:

1(Sk(8) = Su()A, P | vy < C- =51, B € 0,1], 010,
1Ch(e) = Cu(sNA, B2y < Co =P, Be,2),
together with its continuous version:
1(S(1) = S()A™P2 ) oy < C-[r —sIP B elo,1], ol
1(C(t) = C(NA~BD2| ypy <C- 5P, Bel12].

e The equivalence of Aj; and A, see the proof of Theorem 4.4 in [14]]: This uses an inverse
inequality, hence our assumption about the quasi-uniformity of the mesh family.

|AF A= < V], e [-3,1], ve H' =L,(2). (2.12)
e The equivalence of the discrete and continuous norm, see (2.13) in [1]]:
cl|AJvall < [[AYv4|| < C||AJvs|| for v, €V, and ye[-1,1]. (2.13)

Using the above estimates, one can deduce the following regularity results for the exact
solution to our stochastic wave equation (T.I)) and for the exact solution of the finite element
approximation (2.2)).

PROPOSITION 2.2. Let [uy,us)” be the solution to (1), where the initial values satisfy
u € Ly(Q,HP), vy € Lr(Q,HBY), and the functions f and g satisfy @.8) for some B > 0.
Then it holds that

sup Efflur (1) + lu2(t)ll5_,] < C
0<t<T
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and, for 0 <s <t <T,
2min(f3,1
Bl (1) = w1 (5) 2] < Cle = sP ™D (B uoll + v l[3_]

+ sup E[1+ [l ()3])-
re(0,T]

The proof of this proposition is very similar to the proof of Proposition [2.3] given below
and is therefore omitted (see also the proofs of Proposition 3.1 and Lemma 3.3 in [20]).

The next result will be useful in Section @l when we will deal with the trace formula of
the numerical solution.

PROPOSITION 2.3. Let [up,1,up2)" be the solution to the finite element problem [2.2),
where the initial values satisfy uo € Lr(Q, € Hﬁ), Vo € LZ(Q,HB’1 ), and the functions f and
g satisfy 28) for some B € [0,2]. Then it holds that

sup Bll[un,1 (0)|[7 g + lun2 (0l g1] < €
0<t<T
andfor0 <s<t<T
1 (1) = 1 (5)]%] < Cle = 5P ™ (Elllan o + 1ol 1]

+ sup E[1+ ||uh,l(r)HiAﬁ])’
re(0,T]

where we recall that upo and vy, are the initial position and velocity to the finite element
problem.

Proof. Let us start with the first estimate of the norm of Af 2
expression

up,1(¢) and consider the

A Pup s (6) = AR Cu(yuno + AV S4(0) v
T A(B-D)/2
+/0 APV, (0= 1) P f (1 (r)) dr
t
+/0 AP IR, (¢ — 1) Prgun (r) dW (1),

Using the fact that Aj, and C,,(t) commute, the boundedness of the cosine operator, together
with our assumptions on the initial values for the finite element problem, we get

E[|AP2Cy(t)unol) <€ for B €[0,2].
Similarly, one obtains
E(AP 28, (1ol < C.

To estimate the third term, we use (2.12), the assumptions on f given in (2.8), and the equiv-
alence of the norms stated in (2.13). First for 8 € [0, 1], we get

t _ e B 2
]E[H/O Syt — YAV g A-(B-/2 A8 1)/2f(uh7l(r))d,m
r
<Ci+Ca [ Bl () P)ar

t
<C+C [ Ellana ()17 gl
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For B € [1,2], we have
2
H/ Su(t = AP A BNV £ () |

t
gc/o E[1 4 [|A *'>/2uh,,(r)\|2]drgc1+c2/0 1 (7))o

t
< Cy+Cs [ Bl (7)1 pldr
Finally, Ito isometry, equations and (2.12), and the assumptions (2.8) on g give us
2 t
e[| [ AP 2500 - Zistans ) aw ()] < G5+ € [ Elluna ()R gl
All together, for § € [0,2], one thus obtains

ot
Ellns (1)1 1 < K1+ Ko | Ellun1 ()]

and an application of Gronwall’s lemma give the desired bound for E|
The proofs for the other bound is done in a similar fashion.
We now prove a Holder regularity property of the finite element solution. We write, for
0<s<t<T,

1 (1) — un 1 (5) = (C(t) — Ci())uno + A, > (S(t) = Si(s))vo
+ /OSA,;l/z(Sh(t — 1) = Sp(s =) Ppf (up(r))dr

1 (1) 2 -

Jr/StA;l/zSh(tfr)gzhf(uh,l(’"))dr
[ A Sl =) = (5= 1) Pl (7)) AW (1)

t
4 [ A8 = 1) Pagluna (1) W ().
To estimate the first term we use (2.10) to get
~B/2 \B/2
E[(Ci(r) ~ Cals)unoll’) = EfI (Ch(0) ~ Cls)A, P2 AF P
< Cle = sPPE[IA, Punl),

for B € [0,1]. For B € (1,2] we note that A,;B/z = A;l/zl\;(ﬁfwz and that A;(ﬁfwz is
bounded in the operator norm. Using a similar argument for the second term, we get the
following estimate for the first two terms

E[[|(Ca(t) — () uno+ Ay, "> (Su(t) = S(s))vaoll?]
< Clr — P BDE |12 5 + [lvaol2 gy,

for B € [0,2]. In order to estimate the third term, we use (2.10), the assumptions on f, and
the equivalence of the norms given in (2:13). First for € [0, 1], we obtain

E[H /OSA;/Z(Sh(f —r)=Sp(s — 1)) Ppf (up, (r))dr 2}

<Ct —s|2 sup E[1+ ||”hﬂ1(f)||2]
t€[0,T]

< Cle—s* sup E[1+ lun1(1)]7 -
t€[0,T]
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For 8 € [1,2] we have, using (Z.10), 2:12), 2-13) and the fact that A;(ﬁ_wz is bounded in
the operator norm

’ 2
| [ 42516 - )= 8it5 - ) 2 tuns (o]
. /OsE[H(S,,(t —7) = Sp(s — r))A;1/2A;(ﬁ71)/21\2‘3*1)/29}!,\*(13*1)/2

x AB=V72 £y, (7)) |17 dr
§C|I—S‘2 sup E[I-I-Huh,l(t)Hi,B—l]

€[0T

<Clt—s* sup E[1+ [lup, (0”%.[3]'
€[0T

Similarly we get for the fourth term

el

/;A;l/zsh(t—r)gzhf(uh,l(r))dr 2}

< Cle—sP™ PN sup (14 [[un (1)][7 5]
t€[0,T]

To estimate terms five and six we use Ito isometry, (Z.10), (Z.12), (2-13) and the assumptions
on g to get, for B € [0,1],

IE[H/OSA,Tl/Z(Sh(l—r)—Sh(s—r))gzhg(uh’](r))dW(r)Hz}
< /OS]EHl(Sh(t*r)7sh(sfr))A;ﬁ/2A§lﬁ—1)/zt%

gl (1)) 2] dr

< Clt—s* sup E[|lg(un1(1))]%,0]
t€[0,T) 2

< Cle =5 sup E[1+ [lun,1(0)]7 5]
t€(0,7T] i

and

/st AP Su(t = 1) Pag(un () AW (r) Hz]

gl

t
< [ Bl = AP AP Digluna () glar

<Cle—s/* sup E[Ilg(uh,l(t))\@;]

tel0,T

<Cle—sP?P sup E[1+ [lup1 ()]} g]-
t€[0,T]

For 8 € [1,2] we again use that A;(B ~D/2 is bounded in the operator norm.

Collecting the above estimates give us the statement about the regularity of the finite
element solution.
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3. Mean-square convergence analysis. Recall that the exact solutions to (2.1]) and (2.3)
solve the following equations

X(t) = E(I)Xo+/OtE(l‘—s)F(X(s))ds+/OtE(t —5)G(X(s))dW(s),
Xp(t) = Eh(t)Xh,O‘F/OIEh(I —S)«@hF(Xh(S))dS+/OIEh(f —5)PpG(Xp(s))dW (s),

where

cr)  ATV2S() 172

E(t) _ |:_A1/25(t) C([) :| ’ Eh(l) _ G (t) A/:

Su(t)
AP Gl

)

with C(t) = cos(tA!/2), S() = sin(tA/2), Ci () = cos(tA}/*) and Sy(1) = sin(tA}/?).
The explicit time discretisation of the finite element solution ([2.3)) of the stochastic wave
equation using a stochastic trigonometric method with stepsize k reads

U™ = E,(k)U" + Ej, (k) 2, F (U™)k + Ej, (k) 2,G(U™) AW™",

that is,
Uflﬂ}_ Gk Asik) {Uf‘] [AZI/zsh(k)}(@ Uk
{Ué’“ I e i 1 L R ST
Afl/ZSh(k) n n
+[ "C(k) }‘%gwl v -

where AW" = W (t,+1) — W (t,) denotes the Wiener increments. Here we thus get an approx-
imation U} ~ up, ;(t,) of the exact solution of our finite element problem at the discrete times
t, = nk. Further, a recursion gives

n—1 n—1
U" = Ep(ta)U°+ Y. Ep(ty —1;) PuF (U k+ Y En(ty — 1) PyG(U7) AW
Jj=0 Jj=0

We now look at the error between the numerical and the exact solutions U" — X (¢,). We
follow the same approach as in [22] for parabolic problems, see also [L6], and obtain

E[||U" — X (ta) 1] < 3(E[|[Erro||*] + E[|[Errg||*] + E[|[Brrs 1 2]),
where we define

Errg := (En(ta) Ph _E(tn))X07

=l erjy )
Errg := ;0/,, (Ealtn — 1) 24 (UF) — Bty —5)F (X(s)) ) ds
and

n=l ptje .
Brryi= Y [ (Bult — 1) 24GU7) ~ E(t, ~ 9)G(X(5)) ) W (s).
j=07%j
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We next estimate the above three terms.
Estimate for the initial error Erry. By (2.9), the first component reads

E[l|(Ca(tn) Ph — Clta))uto + (A, "> Sh(tn) Ph — A28 (1) v ]
< C(1+1)2h3P (Elluoll + Ivollg—11)*
for B € [0,3]. Similarly for the second component
E(|— (A2 Si(ta) Ph — A28 (1) o + (Ca(ta) 23 — Cta) ol ]
< C(1+1,)*h3 B~ (E|luollg + Ivollg—11)*

for B € [1,4].
Estimate for the deterministic part, Errq. We write the deterministic error as
tj+l
Errg = z / En(tn — 1)) P4F (U) — E(ty — ) F(X(s)) ) ds
l
n=l i .
=) En(ta —1;) Zp(F(U’) = F(X(17)))ds
j=0"1j
Tj+1
| Ep(tn —1;) Zp(F (X (1j)) — F(X(s))) ds
=071
nl et
+ Z/, (Enltn —1;) Py — E(ta — 1)) F(X (5)) ds
j=0"1j

nol et
+ Z/ (E(ta—1;) = E(t, —5)) F(X(s))ds
j=0"1j

=Lh+hL+5+1,

and estimate the second moment of each term in the above equation. For the first component
of the first term we get the following estimate by using (2.11)) and 2.8))

(Bl ) ‘/2<Z [ (B S -1 2400 )

<czk( of —utep)) ",

so that

2 . '
Bl < (CkZ( o —u(ep) 1)) ﬂ) < Ck X B[] ~u()I)

The second component is estimated in the same way

CIPTEED / " (&l - 2]~ raniP)  a

<CZk( o —utel)
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For the second term, using Proposition 2.2} we get

1/2
(wam P
1/2

lj+1 _
[ 1A, 2840 1) 24 1)) = S (D)IP]) s
n—1 1jt1 1 2
éCZ/ﬁ (B s (17) —  (5) )
n-1 Tjit1 . 1/2
<CY [ om0 as(Eluolfy + ol )+ sup B[t + [ (1))
1 t€[0,7T]
S Ckmin(ﬁ.,l),
for B € [0,3]. Thus
E[|[ I [|4] < ck*minB:1),

The second component Ij; 5] is estimated in the same way.
The third term reads, using Fj,(¢) in (Z.9) with ug =0 and 8 € [1,3],

1/2

n_l ety _
(E[||I[3=']||2])1/2§Zz)/t. (LA, S0t 1) 20 = A28 = 1) S (D)IP]) s
J=0"%

=Y [ @G )P ds
j=0"1j

) n=l i B 1/2
<cniP Y [ (BIAC 2 pn (9)]?) " as
j=0"71j

1/2
<cnif ( sup E[1+Ilu1(t)|%1]>

t€[0.T]

<Ch3b,

For 8 € [0, 1] we simply note that

E[APD £ ()]7] < CE[|l £ (i (5))]P] < €

The estimate for the second component is done in a similar way using now Fj,(¢) in (2:9) with
uo =0 to get, for B € [1,4],

48—
E[||I[3,2]||2} < Ch3B-1),

For the fourth term with 8 € [0,3], using (Z:T1)) and the assumption on the function f in
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(2:3), we get

(=111 <§:/m‘ (1)~ Slen— DA~ ()P as
gczj“'n (= 15) =St = DA 0 Bl ()171) s

<CZ/ (Js = ;PR + [lus (5)]2)) 2

j=0"1j
< Ck.

Thus we obtain
E[||I[4,1]||2] < CK.

For the second component we get

nol ity
(Bl < X [ (B~ 1) = Cla =) (oI as
j=0"1j

Lj+1

n—1
SCZ/ (1€t = 1)) = Clta = s)A~ DR,
j=0"1j
< B[IABD2 o)) a
nlrtin y
Scj):g)/,j (Is—1;P=VE[1+ ||u1(s)|\f3_l])1 2 ds

< Ckmin(ﬁfl,l)7

for > 1.

Altogether we thus obtain

. n71 .
E[||Erra, |2 < C- (h? + 2B Lk Y E|U —w (1))4])  for B€0,3],
Jj=0

4(ﬁ 1)

E[||Erraa|?] < C- (k5 4 4>min(B-11) +kZE U] —ur(1))|?])  for B e[1,4].

j=0

Estimate for the stochastic part, Err;. We rewrite the stochastic part as we did for the
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deterministic part of the error:

n—l i1 .
) /t (Eh(tn — 1)) PG (UY) — —s)G(X(s))) dw (s)

" Ep(tn —1)) Z0(G(U7) — G(X (1)) dW (s)
=0"1j
nlprjp
+Z6 } En(ta — 1)) Zi(G(X (1)) — G(X(s))) dW (s)
J= J
/,[M (En(tn = 1;) Pn — E(tn = 1;)) G(X(s)) dW (s)

=l erjg
+ Z [ B 1) = B =) 60X () aw )
j=0"1j

=N +h++Js.

The estimate for the first term follows by using the Ito isometry, the boundedness of &, S,
and A;l/ 2, and the Lipschitz condition on the function g in (2.8)

~1/2¢ j
Bl 2= / B[, 1t =1) 2(8(U]) — 8(u117))) o] s
j=0
< Ck Z E[|U] = u1(2)|)
j=0
for B € [0,3]. The same estimate holds for the second component J} 5 with B € [1,4]. For
the first component of the second term, using Proposition[2.2] we obtain

E{[[/11 | ): / Bl S —1) 2480 (1)) — 8(u1 ()] 2] s

<c2 v VE[lur (1) — w1 (s)]2] ds

j=0 1j
nolopte 2min(B.1
<CY [ s ds (Rl + fvoll3 )
j=0"1j
2
+ sup E[1+ [ ()]3])
1€(0,7]

S CkZmin(ﬁ,l)’

for B € [0,3]. Similarly, the estimate for the second component of J, reads

Z / (Gt 1) (810 (1)) — 8(u1 ()] 2] s

< CK* ).
<Ck (Emuonﬁ+||vo||,3,11+t:55]E[1+|\u1<r>||ﬁJ)
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For the second component we have 8 € [1,4], so that min(f3,1) = 1 and max(f — 1,0) =
B — 1. For the first component of the third term we use (2.9) with up =0 and 8 € (1,3] to get

E{|1/5,11/) Z / E{I (A, 2Saltn — 1) P4~ A28t~ 1)) 800 () g s

<cntBY [P EQIABD g0, (5)) 2] s
j=0"1j
4 2 4
<Ch~ sup E[l1+[lui(t)][g] <Ch
t€[0,7]

by Proposition The estimate for f € [0, 1] is obtained in the same way. For the second
component, we also obtain

)
sup E[1+ [lur (1)|[3] <
t€[0,7]

E[Vp2lI°] <

for B € [1,4]. Finally, for the first component of the fourth term, we get
Lj+1 _ B
B[] Z / B[ (S(ta —1;) = S(ta — ) AP2AP 2g(uy(5)) g ds

— L+l
SCZ[’ 5= ds sup I+ 0]
i—0/1 telo,

< Ck* sup E[14 ||us ()|*],
7]

tel0,

for B € [0, 1]. For B > 1, we note that A=B/2 = A=1/2A~(B=1)/2 and that A~(F~1)/2 is bounded
so that we get

E[|[Jja,1)]|*] < C?min(B-1),
Similarly, for the second component, we obtain
E[|[Jj4.9]|*] < CRPminB=1Y),

for B > 1. Altogether the estimate for the stochastic error reads

n—1 .
BB ) < C- (W + 2B 1k Y B[V~ (o)) for B e [0,3],
Jj=0

_ . n—1 .
E[|ErrealY < - (W5 42 Lk Y B0 (1)) for e [1,4)
=0

Collecting the estimates of the three parts of the error, we thus obtain the following
estimate for the error in the position and velocity of the stochastic wave equation

n 45 min = j
E[U7 = ()P} < € (W5 +2m Dk Y El|U] i (c)IP), B e 0.3,
j=0

n—1
n 48— min(f—1, j
E[|U5 —(t) ] < C- (056D 427000 4k Y E[U] —un (1)), B e [14]
j=0
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Using the above error bounds and an application of the discrete Gronwall lemma proves
the following result for the mean-square errors of the full discretisation of the semi-linear
stochastic wave equation with a multiplicative noise.

THEOREM 3.1. Consider the numerical discretisation of the semi-linear stochastic wave
equation with a multiplicative noise by a linear finite element method in space and the
stochastic trigonometric method in time. Assume that uy € L,(Q, HP), vo € Ly (Q,HB 1)
and that the functions f and g satisfy 2.8)) for some B > 0 for the error in the position (and
for some B > 1 for the error in the velocity). Then, the mean-square errors read

||U1 —up1 (tn) ||y (@.00) < C- kminB-D - for B e [0,2],
>mgmo<6kmwl” for B 1,2]

|UT = fn)”L2 om0 <C- (h & +kmm(ﬁ D) for Bel0,3],

)

U3 — ua (2 ||L29H0 <C ( +kmm(671’1)) Jor B e[1,4].

Observe that the error estimates between the finite element solutions and the solutions
given by the stochastic trigonometric method are proven in a similar way as above, using in
addition Proposition [2.3]

4. A trace formula. In this section, we will only consider the problem (I.T)) with addi-
tive noise (g = 1 in (I.I)) and the nonlinearity f(u) = —V'(u) for a smooth potential V. We
will further consider a trace-class Q-Wiener process W, i.e., Tr(Q) = ||Q'/?||#5 < . In this
case, the exact solution of our nonlinear stochastic wave equation satisfies a trace formula (see
for example [2, 5] for linear stochastic wave equations), where, in analogy to deterministic
problems, the “Hamiltonian” function is defined on H' = H! x H as

1
H(X)Zf/ (qu\2+|Vu1\2)dx+/ V(uy)dx
2 /g P
1 1
= 3 lua P S 1A P+ [ V)
_@

PROPOSITION 4.1. Consider the nonlinear stochastic wave equation (1)) with additive
noise, that is with g = 1. Further, let f(u) = —V'(u) for a smooth potential V, let W be a
trace-class Q-Wiener process, and let the Hamiltonian H be defined as above. Then the exact
solution, X (t) in equation 2.4), of the nonlinear stochastic wave equation (L.1), satisfies the
trace formula

E[H (X(1))] = E[H(X(0))] +15Tr(Q), 120, (0

Proof. Indeed, using Ito’s formula (Theorem 4.17 in [8]]) for the above Hamiltonian, we
obtain

HX(t)) = +/ ), GAW (s +/ X(s)),AX + F(X))ds

// 1/2 1/2
2/TrH )(GQ')(GQ'/?)")ds

. 0] . . .. .
for all time ¢. Here we have G = [ I}’ since we are concerned with additive noise. The

expected value of the second term in the above formula is seen to be zero. Using the definition
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of A and of the nonlinearity F, the integrand present in the third term reads
(Aul,uz) + (V’(M]),uz) + (Ltz, —Auy — V’(ul)) =0.

Finally, using the above definition of G and the fact that the operator Q is self-adjoint, the last
term in the above formula is seen to be equal to

1 12/ 1/2v8) 4o -1
5 | (@202 a5 = 15r(0).

This shows the trace formula (@) for the exact solution of our problem. O

REMARK 4.2. The trace formula is also related to the energy equation, a tool that can
be used to analyse the existence, or nonexistence, of solutions to stochastic nonlinear wave
equations, see [J] for further details on this topic.

We next observe that, for the finite element solution Xj,, one has

1 L 12
H(X,) = iHuh,sz‘FEHAh/ ”hA1H2+‘/@V(”h,1)dX,

because || Vv | = ||A2v]| = HA,I/ZV;,H for finite element functions v;,. This results from the

definitions of A!/2 and A}l/ 2, see Section [2| Using similar arguments as in the proof of the
above result, one can now show that the finite element solution Xj(¢), defined in (2.5), also
possesses a trace formula.

PROPOSITION 4.3. Let f, g and W be as in Proposition The solution of the finite
element approximation of problem (1), X(t) in equation 2.3), satisfies the trace formula

E[H (1)) = EIH06(0))] +15TH(#407), 120, 2)

We will now prove that the full discretisation of the stochastic wave equation, that is the
numerical solution given by @), satisfies an almost trace formula. Indeed, as seen in the
theorem below, we get a small defect of size &(k™"2(B—1):1)) However, due to the use of
Gronwall’s inequality, the defect term is not uniform in time.

THEOREM 4.4. Let f, g and W be as in Propositiond.1|and@.3) Let further the assump-
tions in Theorem 31| be fulfilled. Then the stochastic trigonometric method (3.1)) satisfies an
almost trace formula

E[H(U") =E[H(U)] —Hn%Tr(@hQQZh) + O (k™inCB=1).1)) 4.3)

for0<t,<Tandf €]1,2].

Proof. The proof uses similar techniques as the ones used to prove the mean-square error
estimates for the numerical solution in Section 3

To prove the almost trace formula (@.3), we first add and subtract the expectation of the
Hamiltonian for the finite element solution Xj,(¢)

E[H (U")] = BIH(U") — H(Xy(1)] + E[H (X(0))]
= E[H(U") ~ H(X3(0))] + E[H (X0 (0))] + 105 TH(Z10.)
using Proposition .3] We will next show that

E[H(U") — H(X,(1,))] = O (k™" P10 4.4)
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for B € [1,2]. Indeed, we have that

E[H(U") ~ HO ) =E |5 [ (03P~ (o) Py

1 1/2 1/2
+5 U8 UEE =18 P ) )

+ /9 (V(UI) =V (ups (1)) d | 4.5)

Thus we get three terms to estimate. Using Cauchy-Schwartz inequality, the first term in the
above equation can be estimated by (neglecting the factor % for ease of presentation)

E[[UZ1 — fun2(60) 1P| = [ENUS + un2(ta), US — wn ()]
< (BIUE +una(t) 2 _1]) > (EIUE — w262, p)
< C(E[A P2 W —wpn(m))7) ',

1/2

where we have used the discrete norm, the fact that the finite element solution uy2(¢) is
bounded in the mean-square sense (see Proposition[2.3)), and the fact that the numerical solu-
tion given by the stochastic trigonometric method is also bounded, i. e.

E[|U g+ 11U 5 1] SC <eo for n=0,1,....N—1.

The proof of these estimates is similar to the one for the finite element solution given in

Proposition[2.3]
Using the definition of the time integrator and similar techniques as in the proof of the
mean-square convergence, one next estimates

- nloetin
AP —uya (1)) = Z/t’ APty — 1) = Culty — 5)) P dW (5)
j=0"1j

nlptig )

+ X [ AP - 1) 20 U]) - ) ds
j=0"1j
nl et _

X [ AP 0~ 1) 24 (1)) ~ i (5)) ds
=01

n—1 ot _
+Z/t” AE,I ﬁ)/z(Ch(tn*fj)*Ch(tn*S))th(uh,l(s))ds
=071

=N1+h+J3+Js.

Using the temporal regularity of the cosine operator, see (2.10), equation (2:12)), and assump-
tions on g given in (2:8), one gets

nlopter g 12
B P = X [ 1AL P (Cultn—1) = Calta=s)AP V2 2 as
j=0"1j

n—=1 rt; 4 B )
SCZ[j HA](/ll ﬁ)(Ch(tn_tj)_Ch(tn_s))/\l(f 1)/2@]’!/\—(‘3_1)/2
Jj=0""%

x APD2Q12 g ds
< CR*minCB=DD - for B e1,2].
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Next, using the convergence results from Theorem [3.1]and the Lipschitz assumption on f, we
observe that

( [[l/2 || 1/2 2‘6/ ||A1 B/ Ch( —tj)glh(f([jlj) Flupa (e ])l/zds
J
<Ck2 ||U1 —up1 (1))l ])1/2 < ck™in(B-1) - for B ell,2].

Similarly, using the assumptions on f given in (2.8), and the regularity property of the finite
element solution stated in Proposition[2.3] one gets

(Bl %) * = ZO/ (BIIALChltn = 1) 24 (Flna (1) = Fana D)) s
J
<ck™BD - for Be(1,2].

For the last term, Ju, we obtain the estimate for § € [1,2] as follows

(Bl %) * = 20/ (AL (ol =1) = Cilta =)
J

x APV 5, £y 1 (5))]12) ' ds
< Cgmin((B—1).1)

where we have used equation (2.10), the equivalence between the norms (2.13)), the assump-
tions on the nonlinearity f, and the fact that the finite element solution u;, | is bounded in the
norm |5 1.

Collecting all the above estimates and observing that 2(f — 1) < B for 8 € [1,2] , we
finally get

[B[U3 1 = [lun2(t)|*]| < CKm =D for - B e [1,2).
The second term in (3) can be estimated in a similar way as above and we obtain
(1AL U7 = 1Ay 2 (1) ]| < CRTCPDD - for - B e [1,2),
For the third and final term in @, using the mean value theorem we get first obtain

E[|V(U}) =V (un1 (t)) |1, ()] < CE[VU) =V (1 (tn)) ] 15(9)]
S CIV(E)UT —un1 (tn)) I, (0. 10)-

Recalling that f(u) = —V’(u), using Holder’s inequality, using the fact the numerical solu-
tions are bounded in the mean-square sense, and the error bounds stated in Theorem 3.1} we
estimate the following expression

E[[VUT) =V (un1(ta))ll, () < CIV'(ENUT = un (tn) |, 2,50

1/2 )
<c (E[nur — 1 (1) ||§2(%]) < cpmin(B),

Putting all these estimates together we obtain equation (@.4)) and the theorem is proven. O
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5. Numerical experiments. This section illustrates numerically the main results of the
paper. We first present the time integrators we will consider, then test their mean-square
orders of convergence on various problems and finally illustrate their behaviours with respect
to the trace formula from the previous section.

5.1. Setting. The solution of our stochastic wave equation will now be numerically
approximated using the method of lines, i. e., with a linear finite element method in space and
then with various time integrators (see below). Further, we will consider two kinds of noise: a
space-time white noise with covariance operator Q = I and a correlated one with O = A™° for
some s > 0. We refer for example to [5] for a discussion on the approximation of the noise.

We shall compare the stochastic trigonometric method with the following classical
numerical schemes for stochastic differential equations. When applied to the wave equation
in the form (2.I), these numerical integrators are:

1. The forward Euler-Maruyama scheme, see for example [[13] or [17],

X" = X" 4 kKAX" +kF(X") + G(X")AW™.
2. The semi-implicit Euler-Maruyama scheme, see for example [10] or [19],
X" = X" kAX"T A KF (X™) + G(X™)AW".
3. The backward Euler-Maruyama scheme, see for example [13]] or [L7],
X" = X" kAX"T 4 kF (X" 4 G(X™M) AW,

4. The semi-implicit Crank-Nicolson-Maruyama scheme, [10] or [19],
k
X =xn 4 EA(X”“ +X™)+kF(X") + G(X")AW™.

Note that the backward Euler-Maruyama scheme, the semi-implicit Euler-Maruyama scheme,

and the semi-implicit Crank-Nicolson-Maruyama scheme are implicit numerical integrators.
All the numerical experiments were performed in Matlab using specially designed soft-

ware and the random numbers were generated with the command randn(’state’,100).

5.2. Multiplicative noise. Let us first consider the one-dimensional hyperbolic Ander-
son model [7,19]:

di(x,1) — uye(x,2) dt = u(x,1)dW (x,7) for (x,7) € (0,1)x(0,1),
u(0,6) =u(1,t) =0, t€(0,1),
u(x,0) = sin(27x), i(x,0) = sin(37x), x€(0,1).

This stochastic partial differential equation with multiplicative noise is now discretised in
space by a linear finite element method with mesh size 4. This leads to a system of stiff
stochastic differential equations. The latter problem is then discretised in time by various
integrators with time step k.

Figure [5.T]illustrates the results on the spatial discretisation of the finite element method
as stated in Theorem [3.1] The spatial mean-square errors at time Tepg = 1,

\/E [||uh(x, Tend) — M(X, Tend) ||2] )

are displayed for various values of the parameter # =27, / =2,...,9. The covariance op-
erator is chosen as Q = A~ for s = 0,1/2,1/3,1/4. In the present situation, f(u) = 0 and
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FIGURE 5.1. The Anderson model: Spatial rates of convergence for the covariance operators Q = A™* with
s=0,1/2,1/3,1/4. The dotted lines are reference lines of slopes 1/3,2/3,10/18,1/2.

g(u) = u satisfy the assumptions (2.8) with f < s+ % This can be seen using the computa-

tions done in Subsection 4.1 from [12]] (with p = 2s and ox = %) A clear dependence of
the spatial convergence rates with respect to the covariance operator can be observed in this
figure, in agreement with Theorem [3.1] Here, we simulate the exact solution u(x,#) with the
numerical one using the stochastic trigonometric method (STM) (3-1) with a small time step
kexact = 272 (in order to neglect the error from the discretisation in time) and fexaet = 279
for the mesh of the FEM. The expected values are approximated by computing averages over
Mg = 250 samples.

We are now interested in the time discretisation of the above stochastic partial differ-
ential equation with space-time white noise (Q = I and thus 8 < 1/2). In Figure one
can observe the rates of mean-square convergence of various time integrators. The expected
rate of convergence &(k'/2) of the stochastic trigonometric method as stated in Theorem
can be confirmed. Again, the exact solution is approximated by the stochastic trigonometric
method with a very small time step kexact = 2712 and uses fexaer = 2710 for the spatial dis-
cretisation. Mg = 250 samples are used for the approximation of the expected values. The
numerical results for the forward and backward Euler-Maruyama schemes are not displayed
since these numerical schemes would have to use very small time steps for such an hexyct (see
also Subsection [5.4] below).

5.3. Semi-linear problem with additive space-time white noise. We next consider the
sine-Gordon equation driven by additive space-time white noise (Q = I and thus f§ < 1/2)

dit — Audt = —sin(u) dt +dW, (x,1) € (0,1) % (0,1),
u(0,t) =u(1,t) =0, t€(0,1),
u(x,0) =0, u(x,O)zl[%%}(x), x€(0,1),
where 1;(x) denotes the indicator function for the interval I.

Figure [5.3] displays the rates of mean-square convergence of various time integrators.
The expected temporal rate of convergence & (kl/ 2) of the stochastic trigonometric method
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FIGURE 5.2. The Anderson model (space-time white noise): Temporal rates of convergence of the stochastic
trigonometric method (STM), the semi-implicit Euler-Maruyama scheme (SEM) and the Crank-Nicolson-Maruyama
scheme (CNM). The reference lines have slopes 1/4,1/3 and 1/2.
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FIGURE 5.3. The sine-Gordon equation (space-time white noise): Temporal rates of convergence of the
stochastic trigonometric method (STM), the semi-implicit Euler-Maruyama scheme (SEM) and the Crank-Nicolson-
Maruyama scheme (CNM). The dotted lines have slopes 1/4,1/3 and 1/2.

as stated in Theorem [3.1] can be confirmed. Again, the exact solution is approximated by the
stochastic trigonometric method with a very small step size kexact = 272 and uses fexact =
2710 for the spatial discretisation. M = 250 samples are used for the approximation of the
expected values.

5.4. Trace formula. We will now illustrate the trace formula from Section @ To do
this, we again consider the above sine-Gordon equation and solve this problem with a linear
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finite element method in space and in time we use the stochastic trigonometric method (3-1))
with f(u) = —sin(u), g(u) = 1. Figure[5.4](top) displays the expected value of the Hamil-
tonian along the numerical solutions of the above stochastic sine-Gordon equation where the
covariance operator is given by Q = A~2. In the present situation, the Lipschitz function
f(u) = —sin(u) and the function g(u) = 1 satisfy the assumptions (2.8) with f = 2. This
is seen using the fact that the eigenvalues of the Laplace operator with Dirichlet boundary
condition satisfy A; ~ j* and the eigenvectors are given by {v/2sin(jzx)};. The meshes are
h=0.1and k =0.01, the time interval is [0, 5], and Ms = 500 samples are used for the approx-
imation of the expected values. In this figure, one can observe the unsatisfactory behaviour
of classical Euler-Maruyama-type methods. This is not a big surprise, since, already for
stochastic ordinary differential equations, the growth rate of the expected energy along solu-
tions given by these numerical solutions is incorrect [[18} 4]]. The Crank-Nicolson-Maruyama
scheme however seems to reproduce very well the linear drift in the expected value of the
Hamiltonian. Let us see what happens when one uses bigger time step and longer time in-
terval. Figure (bottom) displays the same quantities on the longer time interval [0,250]
for the Crank-Nicolson-Maruyama and the stochastic trigonometric methods with a larger
time step k = 0.1. Excellent behaviour of the stochastic trigonometric method (3.1) is still
observed although this does not follow from the result presented in Theorem £.4]
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