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ON THE BACKWARD EULER APPROXIMATION OF THE
STOCHASTIC ALLEN-CAHN EQUATION

MIHALY KOVACS, STIG LARSSON, AND FREDRIK LINDGREN

ABSTRACT. We consider the stochastic Allen-Cahn equation perturbed by
smooth additive Gaussian noise in a spatial domain with smooth boundary
in dimension d < 3, and study the semidiscretization in time of the equation
by an implicit Euler method. We show that the method converges pathwise
with a rate O(At7) for any v < % We also prove that the scheme converges
uniformly in the strong LP-sense but with no rate given.

1. INTRODUCTION

Let D C R%, d < 3, be a spatial domain with smooth boundary 9D and consider
the stochastic partial differential equation written in the abstract It6 form

(1.1) du + Audt + f(u)dt =dW, ¢t € (0,T]; u(0) = ug,

where {W(t)}i>0 is an L?(D)-valued Q-Wiener process on a filtered probability
space (0, F,P,{F;}1>0) with respect to the normal filtration {F;};>0. We use
the notation H = L?(D) with inner product (-,-) and induced norm | - || and V =
H} (D). Moreover, A: V — V' denotes the linear elliptic operator Au = —V-(kVu)
for u € V, where k(x) > ko > 0 is smooth. As usual we consider the bilinear form
a:V xV — R defined by a(u,v) = (Au,v) for u,v € V, and (-,-) denotes the
duality pairing of V' and V. We denote by {E(t)}+>0 the analytic semigroup in H
generated by the realization of —A in H with D(A) = H?(D) N H}(D). Finally,
f:Dy C H — H is given by (f(u))(z) = F'(u(z)), where F(s) = c(s* — 5%)?
(¢ > 0) is a double well potential. Note that f is only locally Lipschitz and does
not satisfy a linear growth condition. It does, however, satisfy a global one-sided
Lipschitz condition, which is a key property for proving uniform moment bounds.

We consider a fully implicit Backward Euler discretization of (1.1) via the iter-
ation

(1.2) w — T At AW + AL f(ud) = AW, §=1,2,...,N;  u® =,

where At > 0. Note that this scheme is implicit also in the drift term f. In return,
the scheme preserves key qualitative aspects of the solution of (1.1) such as moment
bounds.

The following two results constitute the main results of the paper. For notation
we refer to Section 2. Let N € N, T = NAt and t, = nAt,n =1,2,...,N. In
Theorem 5.3 (pathwise convergence) we show that if |A2+°Qz||zg < oo for some
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2 M. KOVACS, S. LARSSON, AND F. LINDGREN

small ¢ > 0, Ellug||? < 0o, and 0 < v < %, then there are finite random variables
K > 0 and Aty > 0 such that, almost surely,

sup |u(t,) —u™|| < KAtY, At < Atg.
t, €[0,T]

In Theorem 5.4 (strong convergence) we prove that if p > 1 and E|ju|/?* < oo,
then
; . n|p —
AR, b, fettn) =l =0

Since the method of proof uses a priori bounds obtained via energy arguments
together with a pathwise error analysis based on the mild formulation of the equa-
tion, a strong rate cannot be obtained via this line of argument. We would like to
point out that the strong convergence of the Backward Euler scheme is somewhat
surprising given the superlinearly growing character of f, see also the discussion
n [12]. We do not know of any results where strong convergence results, with or
without rates, are obtained for a time-discretization scheme for an SPDE with non-
global Lipschitz nonlinearity without linear growth (for SODEs, we refer to [11]).
There are many results on pathwise and strong convergence of the Backward Euler
scheme (usually explicit in the drift term f) under global Lipschitz conditions (or
local Lipschitz with linear growth conditions), see, for example, [4, 8, 9, 10] and
the references therein. For non-global Lipschitz nonlinearities the relatively recent
method developed in [12] uses a scheme which is based on the mild formulation
of the SPDE. This is also employed, for example, in [2]. In that setting pathwise
error estimates are derived but strong convergence results would be rather difficult
to obtain as the method loses the information about the one-sided Lipschitz condi-
tion on f, which can only be exploited in a variational or weak solution approach.
We also mention [23] where convergence in probability is obtained without global
Lipschitz conditions for the Backward Euler scheme.

Spatial pathwise convergence results for certain semilinear SPDEs with non-
global Lipschitz f without linear growth are obtained in [1, 2], both using spectral
Galerkin approximation. Concerning spatial strong convergence we only know of
[17] and [24], both with rates, based on a spectral Galerkin method and a finite
difference method, respectively. In the latter two papers the authors use energy
type arguments, and hence they can fully exploit the one-sided Lipschitz character
of f.

Finally, we would like to note that (1.2) is also referred to as Rothe’s method.
Since we can prove both pathwise and strong convergence, one can set up a nonlinear
wavelet-based adaptive algorithm to solve the elliptic equation in each time-step
and obtain a implementable scheme, which converges both path-wise and strongly
in a similar way as in [3] and [15].

The paper is organized as follows. In Section 2 we collect frequently used results
from infinite dimensional analysis and introduce some notation. In Section 3 we
discuss the spatial Sobolev regularity of the solution and the Holder regularity in
time. In Section 4 we prove maximal type p-th moment bounds on u™ (Propositions
4.1 and 4.2), which are in fact the exact analogues of the ones on u(t) (Proposition
3.1). Here we highlight that for p = 2 the bounds only grow linearly in T', while
for p > 2 exponentially because of a Gronwall argument. In Section 5 we state and
prove the main results of the paper on the convergence of (1.2). An important part
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of the proof is a maximal type error estimate for the linear part (Proposition 5.1),
where we employ a discrete version of the celebrated factorization method.

2. PRELIMINARIES

Throughout the paper we will use various norms for linear operators on a Hilbert
space. We denote by L(H), the space of bounded linear operators on H with
the usual operator norm denoted by || - ||. If for a positive semidefinite operator
T: H— H, the sum

o0
TrT = (Teg,ex) < 0o
k=1
for an orthonormal basis (ONB) {ej}ren of H, then we say that T is trace-class.
In this case Tr T, the trace of T, is independent of the choice of the ONB. If for an
operator T': H — H, the sum

oo
ITlfis := > I Texl|? < oo
k=1

for an ONB {e}ren of H, then we say that T is Hilbert-Schmidt and call ||T'||gs
the Hilbert-Schmidt norm of T'. The Hilbert-Schmidt norm of T is independent of
the choice of the ONB. We have the following well-known properties of the trace
and Hilbert-Schmidt norms, see, for example, [6, Appendix CJ,

(2.1) 1T < Tlus,  [1TS]lus < |TlaslS 15T lus < [SIHIT s,
(2.2) TrQ = Q% |hs = ITlfis = 1T Ilfs,  if Q=TT

Next, we introduce fractional order spaces and norms. It is well known that our
assumptions on A and on the spatial domain D imply the existence of a sequence
of nondecreasing positive real numbers {\;}r>1 and an orthonormal basis {ej }r>1
of H such that

Aep, = Apeg, lim A\p = +oo.
k—4o00

Using the spectral functional calculus for A we introduce the fractional powers A®,
s€R, of Aas

A%y = ZAZ(v,ek)ek, D(A®) = {U € H:|A%|*= ZA%S(mek)z < oo}
k=1 k=1

and spaces H? = D(AP/?) with inner product (u,v)s = (Agu, A%v) and induced
norms ||v|s = ||A%/2v]|. Tt is well-known that if 0 < 8 < 1/2, then H? = H? and
if 1/2 < B8 <2, then H? = {u € H? : u|sp = 0}, where H? denotes the standard
Sobolev space of order .

We recall the fact that the semigroup {E(t)};>¢ generated by —A is analytic
and therefore it follows from [21, Theorem 6.13] that for ¢t > s > 0,

(23)  [[APE()] < Ct7|loll, B >0,
(24)  AP(E(t) = B(s))oll < Os™ V|t — s+ || AP0, 520, 0<y+p< 1.

We will also use It6’s Isometry and the Burkholder-Davies-Gundy inequality for
Tto-integrals of the form f(f(n(s), dW (s)), where W is a Q-Wiener process. For this
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kind of integral, Itd’s Isometry, [6, Proposition 4.5] reads as

(2.5) E /0 (n(s), AW (s))| =E /O 1G%n(s)2 ds,

and the Burkholder-Davies-Gundy inequality, [6, Lemma 7.2], takes the form

P to H
<8 ([M1Qkneras)  pze
0

_ Finally, if Y is an H-valued Gaussian random variable with covariance operator
Q, then, by [6, Corollary 2.17], we can bound its p-th moments via its covariance
operator as

(2.7) EIlY [ < Go(E[YIP) = Cp(Tr Q)" = 11Q% |-

(2.6) E sup
te0,to]

/0 (n(s), AW (s))

3. REGULARITY OF THE SOLUTION

The following existence, uniqueness, and regularity result can essentially be
found in [19, Example 3.5] for D = [0, 1], where it is stated with esssup instead
of sup for the second term in (3.1). It is remarked there, [19, Remark 3.4], that
the result can be proved in higher dimensions by using [20, Example 3.2], where
domains with smooth boundary are considered. Finally, by [18, Theorem 1.1], the
ess sup can be replaced by sup in the second term as stated below in (3.1). We also
note that for the equation considered in this paper, this result can be obtained by
using the deterministic Ljapunov functional J(u) = ||[Vul|]} + [, F(u) dz and Ito’s
formula in a way analogous to [14, Theorem 3.1 and Corollary 3.2], see also [5].

For the definition of variational solution we refer to [22, Definition 4.2.1].

Proposition 3.1. If |[A2Q2||gs < oo and E|jug||? < 0o for some p > 2, then there
is a unique variational solution u of (1.1). Furthermore, there is Cp > 0 such that

3.1) E sup [lu(®)[]” +E sup [lu(®)|f <Cr.
te[0,T] te[0,T7]

In this case, u is also a mild solution, see [22, Proposition F.0.5 and Remark
F.0.6]; that is, u satisfies the integral equation

(3.2) u(t) = E(t)uo + /0 E(t — s)f(u(s))ds + Wa(t), te0,T],

almost surely, where the stochastic convolution W, is defined by

Wat) = /OtE(t ) dIW(s).

This ultimately follows from the fact that the noise is additive trace class and that,
by Sobolev’s inequality,

(3.3) 1f I < CUlu®)] + lu®)ze) < Clu@®l + u@®)]),

which is bounded almost surely for ¢ € [0,7] by Proposition 3.1. Note that here,
in order to be able to use Sobolev’s inequality, it is crucial that d < 3 and that the
nonlinearity f is at most cubic.

Next we look at the pathwise Holder regularity of u. First we consider the
stochastic convolution Wy.
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Lemma 3.2. Let 0 < 8 < 1, ||A%Q%HHS < oo and p > % Then, there is a
nonnegative real random variable K with EKP < oo such that, almost surely,
[Wat) = Wa(s)] ¥ -

sup <K for0<~vy<
t#s€[0,T] |t —s|7

Proof. Let t > s > 0. Note that the stochastic integrals below are Gaussian random
variables and hence we can use (2.7) to bound their p-th moments. Therefore,

p

E[[Wa(t) — Wa(s)|? < cpE’ / E(t— o) dW (o)

p
+C,E

/03 E(t—o0)—E(s—0)dW(o)

p
2

t
e ( / IE(t - 0)Q* |3 da)

$ 1 % P
e (/ ||E<t—a)—E<s—o>Qz||%sda) <clt— 8%,
0

where the last inequality is shown in the proof of [15, Theorem 4.2]. Then the state-
ment follows from Kolmogorov’s criterion, see, for example, [16, Theorem 1.4.1]. O

With the above preparations, we now prove the Hoélder continuity of u. Note that
the result is suboptimal compared to the corresponding result for W, in Lemma 3.2,
which requires only 5 =1 to get the same Hoélder exponent, while here we assume
B = 2. This is a consequence of the fact that we use the mild formulation here
and hence cannot exploit the one-sided Lipschitz condition on f but only its cubic
growth.

Proposition 3.3. Let [|A2Q?||ys < o0, E|uo||2 < 0o and T > 0. Then, for all
~v €0, %), there is a finite nonnegative random variable K such that, almost surely,

sup flu(t) —u(s)|l <K
t2scjor] [t —8]7

Proof. Let T > 0,0 <s<t<T,and 0 <y < % We use the mild formulation
(3.2) to represent u(t) — u(s) as follows:

u(®) = u(s) = (B(t) ~ B@)uo + [ B(t~r)(u(r)) dr
+ /OS(E(t —r)—E(s—7)f(u(r))dr + Wa(t) — Wa(s).

The estimate in (2.4), with 8 =y = 0 and p = 3, implies that ||(E(t) — E(s))uo|| <
Clt — s|Z|lug1. The second term can be bounded, using Proposition 3.1 and (3.3),

/:E“ - <“<?">>H < / B = )] dr

<Ot —s| sup ([[u(r)]| + [lu()[?) < K[t - s|.
re(0,T]
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In a similar fashion, using this time (2.4) with 8 = p =0 and % <y<l1,

/O (Bt —r) — B(s — ) f(u(r)) dr

S/Os (B —r) = E(s =)l dr sup (Ju(r)] + [lu(r)]7)

relo,T

< K|t — s|7/ r7dr < KTVt — 8.
0

Finally, we note that ||Q2 s < C||A2Q2 ||lus < oo by (2.1) as A~2 € L(H), so
that we can use Lemma 3.2 with 8 = 1 to conclude the proof. |

4. A PRIORI MOMENT BOUNDS

Our first result bounds the second moment of the Euler iterates in (1.2). The
proof uses a kind of bootstrapping argument and as a result we avoid Gronwall’s
lemma. Therefore, we are able to obtain bounds that only grow linearly with T’
instead of exponentially. Since these bounds will be used in the Gronwall step in
the pathwise convergence analysis, the constants appearing there will grow expo-
nentially with time instead of double-exponentially. We have to use test functions
in the energy arguments below that are different from the ones used in the deter-
ministic setting, for example in [7], because of the presence of a non-differentiable
right hand side. This ultimately forces the choice of a scheme implicit also in the
drift in order to be able to use the one-sided Lipschitz property of f.

Proposition 4.1. Let Iy = {1,2,...,N} and T = NAt. If |A2Qz||us < co and
Ellug||? < oo, then there is C > 0 independent of T such that

E sup ||[u'||? +E sup [|!]? < C(1 +T).
leln leln
Proof. First note that it is enough to bound the second term on the left hand side
since || - || < C|| - ||1. Taking the inner product of (1.2) with u/, we get
(W — = ul) + At [T+ At (f(u!), u?) = (AW, o).

Using the identity (z — y,z) = 3(||z[|* = [ly]|?>) + ||z — y||* and the fact that for
some C > 0 we have sf(s) > —C for all s € R we get

1 . , 1. . ) )

U = 1l =H%) + S llw? = w? 7HJ + At o |}

< CAt+ (AW u? — u ™Y 4 (AW uf 1),

Using a kick back with the second term on the right and summing from 1 to n
(1 <n < N) gives

n

n
a1+ lle? — w712+ ALYl

j=1 j=1

< T+ Juol + 3 (1AW |2 + (AW, wi 1))

j=1
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Taking expectation, using that AW/J is Gaussian with covariance operator At Q
and hence E[|AW|2 = At TrQ = At Q2 ||}, and that E Y[ (AW7, u/~1) =0,

we conclude
E( [lum]”+> v/ — o712+ At > [’
(4.1) j=1 j=1
< C (T +Elluol® + T|Q s ) -

Next, we take the inner product of (1.2) with Au? and obtain similarly as above

1, - 1. . , o
U = 1 =HIE) + S llw? = w? 7HIE + At |5 + At (f(u/), u”)

2 . .
= <AWJ,UJ>1.
Since f'(s) > —C, we have
(f!),ul)y = (Vf(), Val) = (f () V!, Vul) > =Cl’ |}
Hence,

1 . 1 ,
Ul = 7HE) + Sl — o/ T + At |3
< AtO|[u? |2 + (AW jwd — w71y + (AW w71y,

Thus, using a kick back with the second term, we obtain

l l
Il 13+ le? = E + A Y [l

— !
(4.2) ’ l J

< O [ Hluollf + D (At ][ + AW + (AW, u?~1)1)

j=1
Therefore,
(4.3)
! _ _ . _
Esup ([l + Il —wHF+ A D[]
leln = ~

(At[Ju?[[F + AW + (AW, w/7h)y)
1

!
< CE|uo||} + CE sup
leln j=

N !
< CE|lul[{ + CE Z (At|W||3 + |AW7(|T) | + CE sup Z(ij,uj—lhl

j=1 leln =1

Since A2 AW is a Gaussian random variable with covariance operator
Q= AtARQ3(A2Q2)",
it follows, by (2.2), that
E|AWY|J} = At TrQ = At [|A2Q* [fs.

Next note that Z;:1<Aij u?~1); is an Ito integral the form fotl (n(t),dA2W (1)),
where 7 is a piecewise continuous process, and hence also a martingale. Then, using
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Holder’s inequality, the martingale inequality [6, Theorem 3.8], Itd’s Isometry (2.5),
(2.1), (2.2), and (4.1),

2 2

!
Elsup Z (AW 4?71, < E sup Z (AW 4?71
eln i lely \ 21

2
l

N
<dsupE [ S TAWI WY | =4EAL Y QF AT
leln i i
Jj=1
N N _ N
<4[Qz|PAt Y Ellw T < 41Q2 [fsAt Y Ellu’ T

j=1 j=1
11 1
< CA2Q it (T + Elluo|* + T1Q lIfis)-

Therefore, by (4.3), using also (4.1), we conclude that

l l
lEsup '+ e =+ A Y )3 | < C(L+T)

Jj=1 Jj=1

and the proof is complete. O

When proving strong convergence, even without rate, one needs bounds on higher
moments of the time discretization. This will be achieved via a discrete Gronwall
inequality, resulting in a bound that grows exponentially with time. However,
since our approach does not provide rates for the strong error, this is not a major
drawback. Note also, that this result is the exact time-discrete analogue of the
bounds on the solution from Proposition 3.1.

Proposition 4.2. Letp > 2, I, = {1,2,...,n}, 1 <n < N, and T = NA¢t. If
A2 Q7 ||lus < 0o, Efug||? < oo, and TP~ At < 3. then

Esup [[u![[? +Esup [|[u' |} < C(T, p, uo).
lel, lel,

Proof. As noted in the proof of the previous proposition it is enough to bound the
second term on the left hand side. We start from (4.2) and take the pth power of
both sides for p > 1 to get

13 < € | lluoll? (}jAtuuﬂn)
l l
- p
+ (§ |\AWJ||1) (;1 INCRT )

j=1
l
< O | fuoll¥” + A= P ALY |17
j=1

l

l
S AW+ (AW, it ),,
j=1

Jj=1
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Therefore,

n
Esup [[u'[|} < C [ Eluol|¥” + T*~'At Y " Esup |||
lel, =1 €l
(4.4)

+ S EJAW | + B sup (3 (A, wi ), )
lel,

Jj=1 Jj=1

Next, we bound the last two terms in (4.4). We already noted that AT AW is a
Gaussian random variable with covariance operator QQ = At Az Q% (A% Q% )*. Hence
we use (2.2) and (2.7) to bound its 2p-th moment as

E[|AWY |7 < Cp(Tr Q)P = C, AP || AZQ% ||
Therefore, it follows that

(45) P P EJAWI P < ConP AR Y | AZQ3 T < CTP | A2Q3 3.
j=1 j=1

For the last term in (4.4) we use the Burkholder-Davies-Gundy inequality (2.6),

(2.1), and (2.2) to conclude that

. P p/2

Esup [ STAW/ w7 | <GE [ ALY [Q7A7w 1|2
el . -
no\ j=1 j=1

< CIQ* PAFPar* Y Bl |}

(4.6) =t
. gy
< ClQ2 |BsTP? At > | = + SEsup [[u'[[;?
= 22 geq

n—1
= CA2 Q2§ TP + C A2 Q2 B TP/ AL Y (E sup Iullfp> :
=0 i
Finally, substituting (4.5) and (4.6) into (4.4) yields the desired bound by using the
discrete Gronwall inequality. Before applying the discrete Gronwall inequality we
kick back the last term from the sum TP~ 1At 2?21 E sup;;, [u!]| 3 in (4.4) using

the condition TP~1AL < % O

5. THE CONVERGENCE RESULTS

We begin by showing a maximal type error estimate for the linear problem.
Define the Backward Euler approximation of the stochastic convolution Wa (¢,,) by

n n tr
Wh=Y E" AW = Z/ E" AW (s), where E™ = (I + At A)™".
k=1 k=1"tk—1

The following result has been proved in a larger generality for multiplicative
noise in Banach spaces using heavy machinery in the range 0 < g < 1. This
would be enough for the purposes of the semilinear problem with additive noise.
However, it is possible to obtain the range 0 < 5 < 2 because the noise is additive
and the approximation of the noise is exact at the mesh points. Since this result is
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interesting on its own, and the proof presented here is rather elementary based on
a discrete version of the factorization method, we present the result and the proof
for the full range 0 < 3 < 2.

Proposition 5.1. Let € € (0, %), p> é, 0<B<2, and T = NAt. Then there is
C =C(p,e,T) such that

(E sup WA(tn)WXII”> < OALZ A" 2Q% |us, ta = nAt.
t, €[0,T]

Proof. Define the deterministic error operator F, by F,, = E(t,) — E™. It is well
known that the following error estimate holds

_ B+ 5
(5.1) [[ASF.| < CAtSt, * Ao, 0<v<B+p py20, Be0,2).

Next, we consider the decomposition

n

WA(tn) — WZ = Z/tk (E(tn — o’) — E"*lﬁLl) dW(O’)

k=1"tr—1
tk
= Z — E(tn—1r41)) dW (o)
tr—1
ti
+ Z BE(tp_ji1) — E"* 1) dW (o) =: €} + €}
tr—1

To estimate e; we first write

elz/tk BE(t )(I - E(c —t,_1))dW (o / E(t YU(0) dW (o)

tr—1

with ¥(o) = (I — E(0 — tx_1)) for 0 € (tx—1,tr]. Next we use the factorization
method from [6, Chapter 5] to write

= co /Ot” E(ty — o) /gt" (tn — 8)" 1% (s — o)~ ds AW (o)
—a | " tw = 8) Bt — 5) [ 5= wo)E(s - 0 aw (o) as
= o [t 9B~ 7 5) s
where o € (0, 1), et = [!(t —s)""%(s — 0)~*ds and

Y(s)= /Os(s —0)¥(0)E(s —o)dW (o).

Therefore, by Holder’s inequality and that |[E(¢)|| < 1 for all ¢ > 0,

T =1 7
E sup el < e /s<—1+a>%ds /]E||Y(s)||pds.
tn€[0,T] 0 0

The first integral is finite for p > é To bound the second integral, notice that

Y (s) is a Gaussian random variable for all s € [0,T] and therefore, we use (2.7) to
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bound its p-th moment, (2.1), (2.3) with 8 = 5 — ¢, and (2.4) with f =+ =0 and
p= g, to obtain

BV < Gy ([ (5= 0210 - )@} s do)

[N

B

e ( [ 6= o) we)at 4t - 047 401 i do)
0

s z
< AT Qb ( / <s—o>2a1“€||w<am‘3||2da>
0

< CAt7 || AT Q3| </ (s — g) 20 1t2e ds)
0
< CTp a, EAt 2 HA +EQ HHS7

provided that o < e. Given p > 1/e, we thus need to choose o € (E’E)' We
conclude

T
/ E[[Y ()[1” ds < TCrpa At F AT Q7 |1,
0

which proves the bound on e}. To bound ej we use a discrete version of the
factorization method. First introduce the constants

-1
1+
Cn k= (At Ztn lfltl D;H—l) .

It is not difficult to see that ¢, < C for all 1 <k < n. Then we have

n n
_ et - k
eg = E E(tn—k+1)cn,k (At E tvL—lfltl—O;c+1> AW
k=1 =k
n

n
- ZE”*’““cn,k (At Zt;lmtl CZH) AWF
k=1 =k

n l

=AY 6 E(tn-1) Y ekt S Eltign) AW
=1 k=1
l

— At Z A ETY et G BUET AW
k=1

= At Zt;lmE n )Y — At zt;#flE" Iyt

_AtZtnljfl - zYl+AtZtnll+f1E" Y=Y = ey + ey,
=1

where

l l
Vi = enat G Eties ) AWF, Y1 =3 e ity G BRI AR
k=1 k=1
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Next, we bound e};, by Holder’s inequality and (5.1) with p = 0 and v = £, as
follows

N p—1 N
—1+a _8 £ B
E sup |en]? < (At Z (7| RAT )P 1) EAt Z A= Y|P

tn€[0,T] =1 =1
p—1

N
(AtZt( gt ) EA Y |45 Y|P,

=1

l\/‘u

where the first sum is finite if p > L. To estimate the last sum, note that A%/2Y*
is a Gaussian random variable and hence as before, we use (2.7) to bound its p-th
moment. Therefore, using also (2.1) and (2.3),

N N 1 P
EAt Y [ARY! P = At S E (Z cmktl_c}HlAgE(tlHl)AWk)
=1 =1 k=1
1 5
—%a 8 1
= At Z (At Zci,ktlfk-HHAQE(tl—k+1)Q2 |12qs)
=1 =
N N 5
< CAt Z (At Zt;mHE(fk)AQ A" +€Q ||HS>
=1 k=1
N 5
< CT| AT Q7 |ig ( Ztklza+25> < Orpuac|A™T Q7 |[fg
k=1

provided that a < . Finally, we estimate ef,. By Holder’s inequality we first get

N p—l
E sup |622||p<<AtZt‘””llEllp ) EZHY Ol
tn€l0 =1

(Atz# e ) EZ||Y(1)—Y<Z>||I’<CWZHY O]

=1 =1

if p> é To estimate the last term, we use (2.7) to bound the p-th moment of a
Gaussian random variable and also (2.1) and (5.1) with p =1 —2¢ and v = § to
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get
N l p
Z YO =YOI? =Y ennti G Fronr AW*
1=1 ||k=1
N N g
<G, (At Zt;Z“quQ%n%s)
=1 k=1
N b
=Gy (N Dot AN RATEAT Q| >
1=1 k=1
N 5
< CAt¥ (m Zt;l_%‘“a) AT Qb
k=1
< Crpa AT AT Q3 B,
whenever a < ¢, which finishes the proof. O

Next we state a Lipschitz estimate for f(u). Here we use Sobolev’s inequality
and, similarly to (3.3), it is crucial that d < 3 and that the nonlinearity f is at
most cubic. For a proof we refer to [14, Lemma 2.5].

Lemma 5.2. For all u,v € H' we have
A2 (f(uw) = F)] < C(lullf + ol = ol

We are now ready to state and prove the pathwise convergence of the Backward
Euler scheme defined in (1.2).

Theorem 5.3. Let ¢ > 0, ||[A2T5Q% ||lus < o0, Efug||? < 00, 0 < v < 1, and

T = NAt. Then, there are finite random variables K > 0 and Aty > 0 such that,
almost surely,

sup |u(t,) —u"|| < KAtY, t, =nAt, At < Atg.
tn €[0,T]

Proof. Since the arguments are pathwise and hence basically deterministic, we omit
standard details. Let e” = u(t,) — u" and 0 < v < 3. We decompose the error,
using the mild formulation of (1.2) and (3.2), as follows

e" = (E(tn)uo — E"ug) + (Wa(tn) — W3)

+Z/L E(t, —s)f(u(s)) — E" ¥ f(uF)ds =: e} + el + e}

le—1
By (5.1) we may estimate e; as
1
let || < CAE=[uo]:-
For ey, by Proposition 5.1 with 3 = 2, we have that

leg|| < LAE[[AZH°Q? |us
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almost surely for some finite nonnegative random variable L. Next, we can further
decompose ez as

ey = [  E"FT(f(u(ty) - f(ub))ds
k=1"tr-1
#30[ Bl B () s
k=1"tk-1

n tr

#3 [ Blwr) () - fult) ds

k=1"tk—1

# [ (Blln = 5) =~ Bltaooa)) F(us) ds = €y + e+l + s
k=1"Ytk-1

To bound e}; we use Propositions 3.1 and 4.1 together with Lemma 5.2 to conclude

that for some finite nonnegative random variable L; we have, almost surely,

n tk 1 1
el = |32 [ ABE AT (platee)) - ) s
k=1"trk—1
n tr 1 n e
ngz/ te 2 llek ds = Liat Yt 7|k,
k=1"7tk-1 k=1

_1
where we used the well known fact that [|AY/2E¥|| < Ct, ? (see, for example, [25,
Lemma 7.3]). Next we use Proposition 3.1, Lemma 5.2, and (5.1) withy =0, p =1
and § = 2v to estimate e}, as

n th
lefall =3 [ AHECupi) - B (e ds
k=1Ytk—1
n tk 1_ n _l_
gAﬂLQZ/ ty? Tds=ALoAt Y 27,
k=1"tk—1 k=1

almost surely for some finite nonnegative random variable Ly. For ef; we use the
Hoélder continuity of w from Proposition 3.3 together with Proposition 3.1, Lemma
5.2, and (2.3) with g = %, and obtain

less || =

S [ A A () - flulte)) ds
k=1"tk—1

n t ) n 1
<arLyy [t ds—armacy gt
k=1 k=1

th—1

almost surely for some finite nonnegative random variable Ls. Finally, by Proposi-

tion 3.1, Lemma 5.2 and (2.4) with 8 = % and p = 0, we have
i tk 1 1

S [ A Bl 5) = Bltarn) A f(u(s)) ds

k=1"tk—1

n tk 1 n 1
gAt7L4Z/ ty? Tds=AOLAE Y 127,
k=1

-1 k=1

llesall =
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almost surely for some finite nonnegative random variable L. Putting together the
estimates and using a generalized discrete Gronwall lemma [7, Lemma 7.1] finishes
the proof. O

Finally, we show strong convergence in LP, albeit without rate.

Theorem 5.4. Let ¢ > 0, p > 1, and NAt = T. If |A2TQ2|jys < oo and
E|[uo||?? < oo, then

lim E sup |lu(t,) —u"||P =0, ¢t,=nAt
At—0 tn€[0,T]

Proof. Let
Yn:= sup |u(tn) — u"|P.
tn€[0,T]
By Theorem 5.3 it follows that Yy — 0 almost surely, and hence in probability, as
N — co. By Propositions 3.1 and 4.2, there is M > 0 such that, for T?P~1At < %,

EYZ < C]Et sup ] (Hu(tn)ng + ||u"\|2p) < M.

n€l0,

Therefore, it follows that {Yn}nen is uniformly integrable. Being convergent in
probability and uniformly integrable, it converges in L'; that is,

. = T By
AR, oy eltn) =l = i BV =0,

see [13, Proposition 3.12]. O
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