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ABSTRACT

In this paper we study the numerical method for approximating the random periodic solution of
semiliear stochastic evolution equations. The main challenge lies in proving a convergence over an
infinite time horizon while simulating infinite-dimensional objects. We first show the existence and
uniqueness of the random periodic solution to the equation as the limit of the pull-back flows of the
equation, and observe that its mild form is well-defined in the intersection of a family of decreasing
Hilbert spaces. Then we propose a Galerkin-type exponential integrator scheme and establish its
convergence rate of the strong error to the mild solution, where the order of convergence directly
depends on the space (among the family of Hilbert spaces) for the initial point to live. We finally
conclude with a best order of convergence that is arbitrarily close to 0.5.

Keywords Random periodic solution - Stochastic evolution equations - Galerkin method - Discrete exponential
integrator scheme

1 Introduction

The random periodic solution is a new concept to characterize the presence of random periodicity in the long run
of some stochastic systems. On its first appearance in [22], the authors gave the definition of the random periodic
solutions of random dynamical systems and showed the existence of such periodic solutions for a C'* perfect cocycle
on a cylinder. This is followed by another seminal paper [9], where the authors not only defined the random peri-
odic solutions for semiflows but also provided a general framework for its existence. Namely, instead of following
the traditional geometric method of establishing the Poincaré mapping, a new analytical method for coupled infinite
horizon forward-backward integral equations was introduced. This pioneering study boosts a series of work, including
the existence of random periodic solutions to stochastic partial differential equations (SPDEs) [4], the existence of
anticipating random periodic solutions [6, 7], periodic measures [8], etc.

Let us recall the definition of the random periodic solution for stochastic semi-flows given in [9]. Let [{ be a separable
Banach space. Denote by (2, F, P, (05)scr) a metric dynamical system and 6 : Q — € is assumed to be measurably
invertible for all s € R. Denote A := {(t,s) € R? s < t}. Consider a stochastic semi-flow u : A x Q x H — H,
which satisfies the following standard condition

u(t,r,w) = u(t,s,w) ou(s,r,w), forallr < s <t rs,teR, fora.e we . (1)
We do not assume the map u(t, s,w) : H — H to be invertible for (¢, s) € A, w € Q.
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Definition 1.1. A random periodic path of period 7 > 0 of the semi-flow v : A x 2 x H — H is an F-measurable
map y : R x 2 — H such that

u(t, s,y(s,w),w) =y(t,w), Vt>s 5
{ y(s+7,w) =y(s,0,w), Vs eR 2)

for any w € .

Note that Definition 1.1 covers both the deterministic periodic path and the random fixed point (c.f. [1]), also known
as stationary point as its special cases. To see the latter one, one may assume (2) holds for any 7 > 0, and define
7(0iw) = y(0,04w) for t > 0, then one can conclude that u(t,0, §(w),w) = g(6w) from (2), which coincides with
the definition of random fixed point (also termed as the stationary solution) given in [1]. A well-known example for
stationary solution is given by Y (w) = [ EOO e*dW (s), for the one-dimensional random dynamical system ¢(t, w)z =

re 4+ f(f e~ (=5)dW (s, w) generated from the following Ornstein-Uhlenbeck process:
dy(t) = —y(t)dt +dW (t), y(0) =z € R, t >0, 3)

where W : (t,w) — W(t,w) is a one-dimensional two-sided Wiener process on (2, F,P), and as a convention, w is
usually hidden in the notation W (s, w). One can verify that ¢(¢,w)Y (w) = Y (6,w). If in addition, we add a periodic
drift term to Eqn. (3) such that it reads as

dy(t) = (—y(t) +sin(t))dt + dW(t), y(s) =z €R, ¢t >0, 4)

then it is not hard o see the semiflow for (4) is given by ¢(t,s,z,w) = ze (=% 4+ f; e~ (=" sin(r)dr +
fst e~ =AW (r). Now define Y (t,w) = fioo e~ (=) sin(s)ds + fioo e~ (=) dW (s). one can verify that
Y(t,w) = ¢(t,s,w)Y (s,w) and Y (t 4+ 27, w) = Y (¢, f2,w). Indeed,

t+2m t+2m
Y(t+2mw) = / e~ 2= gin(s)ds + / e 2= 1Y (5, w)

— 00 — 0o

t t
= / e~ sin(5 + 2m)ds + / e~ =AW (5 + 27, w)

— 00

t t
= / e~ sin(5)ds + / e~ EIDA(W (5 + 27, w) — W (2, w))

— 00 — 0o

t t
= / e~ sin(5)ds + / e~ AW (8, Oanw) = Y (L, H2rw)

— 00 — 0o

where we use the measure preserving property of Wiener process stated in Assumption 1.5 in the last two lines.
Therefore Y is a random periodic path for semiflow ¢ generated from SDE (4).

In general, random periodic solutions cannot be solved explicitly. Even for the simple case as we showcased in Eqn.
(4), one relies on numerical approaches to simulate the random periodic path Y. For the dissipative system generated
from some SDE with a global Lipchitz condition, the convergences of a forward Euler-Marymaya method and a
modified Milstein method to the random period solution have been investigated in [5]. For SDEs with a monotone
drift condition, one benefits a flexible choice of stepsize from applying the implicit method instead [20]. Each of these
numerical schemes admits their own random periodic solution, which approximates the random periodic solution of the
targeted SDE as the stepsize decreases. The main challenge lies in proving a convergence of an infinite time horizon.
In this paper, we consider approximating the random periodic trajectory of SPDEs, where, we encounter an additional
obstacle of simulating infinite-dimensional objects. For this, we employ the spectral Galerkin method (c.f. [13]) for
spatial dimension reduction, construct a discrete exponential integrator scheme based on the spatial discretization and
conclude the existence and uniqueness of random periodic solution from the discrete scheme. To the best of our
knowledge, this is the first study that works on the numerical analysis (Galerkin analysis) of random periodic solutions
for SEEs. The Galerkin-type method has been intensively used to simulate solutions of parabolic SPDEs over finite-
time horizon [10, 11, 12, 14, 15, 17], and it is recently applied to approximate stationary distributions for SPDEs
[2]. For the error analysis of both strong and weak approximation of semilinear stochastic evolution equations (SEEs)
through Galerkin approximation, we refer the reader to the monograph [16].

Let (H, (-,-), ||-||) and (U, (-, )u, ||-||v) be two separable R-Hilbert spaces. For a given o, T € (—oo, 00) withtg < T
we denote by (2, F, (Ft)se[to,1], P) a filtered probability space satisfying the usual conditions. By (W (t)):e[t,,7] We
denote an (Fy)se[t,,7]-Wiener process on U with associated covariance operator ) € £(U), which is not necessarily
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assumed to be of finite trace. Denote by £ = L(H) = L2(Qz (U), H) the set of all Hilbert-Schmidt operators from

Qz(U)to H.

Our goal is to study and approximate the random periodic mild solution to SEEs of the form

dX[° = [ — AXP + f(t, X[0)]dt + g(t, X{°)dW (t),  fort € (to,T7,

to _ (&)
X0 =¢.

Throughout the paper, we impose the following essential assumptions.

Assumption 1.1. The linear operator A: dom(A) C H — H is densely defined, self-adjoint, and positive definite
with compact inverse.

Assumption 1.1 implies the existence of a positive, increasing sequence (\;);ey C R such that 0 < Ay < Ag <
with lim; o, A; = 00, and of an orthonormal basis (e;);en of H such that Ae; = \;e; for every i € N. Indeed we
have that -
dom(A) :={x € H : Z A (2, en)? < 00}

n=1
In addition, it also follows from Assumption 1.1 that — A is the infinitesimal generator of an analytic semigroup
(S(t))tejo,00) € L(H) of contractions. More precisely, the family (S(Z));c[0,0c) €njoys the properties

S(0)=1d € L(H),
S(s+t)=S5(s)oS(t)=S5(t)oS(s), foralls,te]|0,00),

and

sup Sl cy < 1. (6)
te[0,00)

Further, let us introduce fractional powers of A, which are used to measure the (spatial) regularity of the mild solution
(9). Forany r € [—1, 1] we define the operator A% : dom(A%) = {z € H : Yy Aj(w,e5)? < oo} C H — H by

i

Aig :Z A2 (z,e;)e;, forall z € dom(A2). (7

Then, by setting (H", (-,-),, || - ||l) := (dom(A%),(Az-, A%.),||A% - ||), we obtain a family of separable Hilbert
spaces. Clearly, forany 0 < r; < ro < 1, we have that dom(A) C H™ c H™ C H. Note that, H is a subspace of
H" forr e [0, 1], and the dual space of H" is isometrically isomorphic to H="[16].

Assumption 1.2. The initial value &: Q@ — H satisfies £ € L?*(Q, Fy,,[P; H). Denote by C¢ a constant such that
E[[|€]]*] < CZ.

Assumption 1.3. The mappings f: Rx H — H and g: R x H — L are continuous and periodic in time with period
7. Moreover, there exist & € (0,1/2], Cy,Cy,Cy 4 € (0, 00) such that

1F(tur) = f(tu2)|| < Crllur = uall,

1f (s w) = f (2, )|l < Cp(1 A+ [luf)|tr = t2]",

lg(t, u1) — g(t, u2)lzz < Cyllur — uzl,

lg(t1,w) = g(t2, )l gz < Cy(1 + [lull)[tr — 2o,

2(f(t,ur) — f(t,uz),ur —ug) + ||g(t,ur) — g(t,ug)H%g < —Cf4llur —usl|* (dissipative condition)

for all u, uy,us € H and t,t1,t2 € [0, 7).

Remark 1. Indeed the condition on f can be weakened to a local Lipschitz condition for the existence and uniqueness
of the random periodic solution. However, to show the continuity of the random periodic solution or to conduct the
numerical analysis, one still need Assumption 1.3.

Remark 2. One will see that the Holder continuity in temporal variable imposed on both diffusion and drift terms plays
an important role in the numerical analysis part. To be more specific, it partly determines the order of convergence of
the proposed numerical scheme.

Remark 3. Note that the assumption on ¢ excludes identity in £(H ). One may refer to [2] for techniques handing a
slight more general assumption on g, which allows ¢ to be constant in £(H ).
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From Assumption 1.3 we directly deduce a linear growth bound of the form
1wl + lg(tw)llcz < Lyg(1+[lull), forallt € R, u e H, ®

where Ly := |£(0,0)]| + [lg(0,0)]| 2 + (C; + Cy)(1 +74).

Under these assumptions the SEE (5) admits a unique mild solution X : [ty,T] x © — H such that it is uniquely
determined by the variation-of-constants formula (c.f. [3])

t t
Xi°(€) =St —to)e + [ S(t—s)f(s, X0)ds + [ S(t—s)g(s, X)dW (s), )

t() tO

which holds P-almost surely for all ¢ € [tg, 1.

1.1 The pull-back

To ensure the existence of random periodic solution, we need some additional assumptions on the Wiener process and
on Cy and Aq:
Assumption 1.4. The constant C'y in Assumption 1.3 and the eigenvalue A\; of A satisfy C'y < A;.
Assumption 1.5. There exists a standard P-preserving ergodic Wiener shift 6 such that 0(w)(t) = W (t + s) — W (s)
for s,t € R, ie,

Po (W (t) t =Po (W(t+s)—W(s)) L.

Denote by X, "™ (¢, w) the solution starting from time — k7. The uniform boundedness of X, *7 (¢, w) in the L? sense
can be guaranteed under Assumption 1.1 to 1.4. Further, under Assumption 1.1 to Assumption 1.5, one is able to show

that when k — oo, the pull-back X, *7(¢) has a unique limit X in L?(€; H), moreover, X is the random periodic
solution of SEE (), satisfying

¢ t
X[ = / S(t—s)f(s,X;)ds—l—/ S(t—s)g(s, X2)dW (s). (10)
Surprisingly, the mild form (10) can be shown well-defined in L*(Q; H ") for any r € (0,1). More details about the

proof can be found in Section 3. Besides, the continuity of X, kT (&, w) is characterized in Section 3 for error analysis
in Section 4.

1.2 The Galerkin approximation

Next, we formulate the assumptions and notations on the spatial discretization. To this end, define finite-dimensional
subspaces H,, of H spanned by the first n eigenfunctions of the basis, ie, H,, := {e1,...,e,},andlet P, : H — H,

be the orthogonal projection. Note that H,, C H" for any 7 € R. By doing this, we are able to further introduce
the following notations: A, = P,A € L(H,), S,(t) = P,S(t) € L(H,), fn = P.f : R x H, — H, and
gn = Prg:Rx H, — E?J(Hn). Then the Galerkin approximation to (5) can be formulated as follows

AX = [ = A X[ + fot, X0 ]dE + g (8, X010V AW (F),  fort € (to, T,
X" = Pe.

Applying the spectral Galerkin method results in a system of finite dimensional stochastic differential equations. Note

that for z, y € H,,, we have that A,,x = Ax, S, (t)x = S(t)x and (x, fnl(t, y)) = (x, ft, y))

Remark 4. 1t is easy to see there exists an isometry between H,, and R". An simply calculation leads to the existence

of a unique strong solution to (11). The uniform boundedness of X,* kT as well as the existence of the random
periodic solution to (11) are simple consequences of the corresponding properties of X, k.,

Y

Let us fix an equidistant partition 7" := {jh, j € Z} with stepsize h € (0, 1). Note that 7" stretch along the real line
because we are dealing with an infinite time horizon problem. Then to simulate the solution to (11) starting at —kr,
the discrete exponential integrator scheme on T" is given by the recursion

o-n,—kT on,—kT . o-n,—kT . on,—kT
R n =Su(h) (X_,WH,L + hfu( = b7+ R XTE Y ga(—kr + b, X_,WH,L)AW,,WW), (12)

for all 7 € N, where the initial value X f",;kT = P,&. Moreover, if we define

X7 = ka;lfjh and A(t) = —k7 + jh

4
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fort € [—kT + jh,—kT + (j + 1)h), it follows that the continuous version of (12) is therefore

th’_lw = Sp(t+ kT)P.§ + /t Sh (t — A(S))fn(A(S),X:’_kT)dS
—kT

+ / Sh (t — A(s))gn (A(s), X;“_’”)dW(s)

—kT , (13)

=S+ kNP [ S(- M) fa (A, X2 )ds

+ / S(t — A(s))gn (A(s), )_(;“_’”)dW(s),
—kT

with differential form
AXF = —AXPTIT 4 S(E— A()) fu (A(E), X0 TFT)dt
+5(t — A1) gn (M), X 7F)dW (2).
In Section 4, we show the uniform boundedness of )A(Zl kT by imposing another assumption on Ly 4, Cy, Cy and A;:

Assumption 1.6. L, < 2\, g—f + 5/\9_1
We conclude the random periodicity of the spatio-temporal discrete scheme (13) in Theorem 4.1 and determine a
uniform and strong order to approximate X ~*7(¢) from (13) in Theorem 4.2. Compared to the convergence in
SDE cases in [5, 20], for the SEE case it is required that the approximation trajectory starting from L?(; H ™) with
r € (0, 1) rather than an arbitrary starting point in L?(Q; H), which guarantees the continuity of the path X ~*7(¢).
An interesting observation from it is, the order of convergence directly depends on the space where the initial point
lives on, ie, L?(£); H ™). As the rate of the convergence from X ~*7(¢) to the random periodic path X* is dependent
of the initial condition, we end up this paper with Corollary 4.1 which determines a strong but not optimal order for
approximating X *. Corollary 4.1 also implies the best order of convergence can be ever achieved is 1/2 — ¢ with
arbitrarily small e.

(14)

<1

2 Preliminaries

In this section we present a few useful mathematical tools for later use.

Proposition 2.1. Under the condition of the infinitesimal generator —A in Assumption 1.1 for the semigroup
(S())ie[0,00) the following properties hold:

1. For any v € [0, 1], there exists a positive constant C () such that

[AT(S(®#) —1d)|| gy < CrL(w)t” fort >0, (15)
where Id is the identity map from H to H. In addition,
AT ey < ALY (16)

2. For any p > 0, there exists a positive constant C (1) such that
[A*S@) ccary < Co(p)t™"  fort > 0. (17)

3. Forany ¢t > 0, ||S(t)||z(zry < e~ ***. For the orthogonal projection P,, it holds that
1S(t)(1d — Pyl gy < e M, fort > 0. (18)

Proof. The proof for the first two inequalities can be found in [19]. For the last one, note for any x € H, we have the
decomposition z = Y, (,€;)e;. Clearly S(¢)(Id — P,) is a linear operator from H to H. Then the induced norm
(indeed we consider its square for convenience) for it is therefore

oo
IS = Pz = sup IS = P)z|> = sup > e P (z,e)?
zeH,|z]|=1 weH, ol =1, 57,
o0
< e Pt gup Z(x, e;)? < em PAnrat| g2,
z€H,||lz||=1=5
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As one of the main tools, Gamma function is presented:

L(v) := / 27 e dx < oo fory > 0. (19)
0

3 Existence and uniqueness of random periodic solution

In the following, we will show the boundedness of the solution to SEE (5) and characterize its dependence on the
initial condition, both of which are crucial ingredients for the existence of random periodic solutions. The proof
simply follows Lemma 3.1 and Lemma 3.2 in [20].

Lemma 3.1. For SEE (5) with the given initial condition £ and satisfying Assumption 1.1 to Assumption 1.4, we have
sup sup E[[| X, (¢)]%] < oo (20)
keNt>—kr

If, in addition, & € L?(Q, F_,,P; H") for some € (0, 1), then the mild solution X; ¥ (¢) introduced in (9) is well
defined in L?(Q), F_j,,P; H") forany k € N, and t > —k7.

Proof. The fist assertion follows Lemma 3.1 in [20]. It remains to justify the second assertion, by bounding each term
of (9) in L?(Q, F_,,P; H") with some constant independent of k and t. For the first term on the right hand side of
(9), we have

E[| A2 S(t + kr)E|1%] = E[|S(t + k1) A2€||?) <E[||A3¢]).
To bound the second term on the right hand side of (9), we apply the linear growth of f in (8), Proposition 2.1 and
(20), and take 0 = % as follows:

t

E[||A? 3 S(t — ) f(s, X;7F)ds|)”]
:]E[HLkTA%S(9(t—S))S((1—9)(t—s))f(s,X;’”)dsHQ}

<213, (14 sup sup B ( [ 142500 = )i IS((1 = 0)(t = ) Jds)

t 2
2 T\2 —kT |2 ) T3 =M (1-0)(t—s)
< 2Lf7g02(2) (1+2161§S§EII)WIE[HXS I ])(/_IW (0(t—s)) e ™ ds)

2
<2L? CQ(C)Q(l—i—Sup sup IE[HkaTHQ])/\I_Qu,
- 129 2 keN s>—kr ° 4

where we make use of the definition of Gamma function (19) and 6 = % to get

i _r tkr . s T(1=1
/ (6(t—s)) Ze MA=0)(t=s)qg = / (0s)"2e M 1=0sqs < )2 1%.
—kT 0

It remains to estimate the last term of (9). To achieve it, we shall apply the 1t6 isometry, the linear growth of ¢ in (8),
and Proposition 2.1 together with the technique involving Gamma function above:

t
E[||A2 S(t — )g(s, X75)aW (s)||°]
—kT

t
<2Lfg(1+sup sup E[|| X7F)? ])/ |AZS(t — s)|%ds

Ns>—kr — kT

(-
<2L% (1+sup sup E[|X7*)°])(2A)" " %
keN s>—kt
O

Remark 5. As in [20], it suffices to show (20) through a weaker condition on f, g than the linear growth (8) there exists
a constant Ly, 4 such that 2(u, f(t,u)) + g(t, )|z < Lyg(1 + |lul|?), fort € Randu € H.
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Lemma 3.2. Assume Assumption 1.1 to Assumption 1.4. Denote by X, T and Yf’” two solutions of SPDE (5) with
different initial values £ and 7). Then for every € > 0, there exists a ¢t > —k7 such that

E[| X" = Y7 P < e Q1)

whenever ¢ > t.

The existence of the semiflow u for SEE (5) and its continuity with respect to the initial condition, ie, u(t, s, -,w) :
H — H being continuous, can be guaranteed by [18]. With Lemma 3.1, Lemma 3.2 and Assumption 1.5, the
existence and uniqueness of the random periodic solution to (5) can be shown following a similar argument in the
proof of Theorem 2.4 in [5].

Theorem 3.1. Under Assumption 1.1 to 1.5, there exists a unique random periodic solution X *(¢,-) € L?(Q2; H) such
that the solution of (5) satisfies i
Jim B[] X777 (€) - X7[°] = 0. (22)

Moreover, it holds that the mild form of X* given in (10) is well defined in L2(Q; H") for any 7 € (0, 1).

Proof. It remains to show the second assertion. The first conclusion of Theorem 3.1 ensures that for any e, there exists
a K (t) € N such that E[[| X; %7 (¢) — X[||?] < e forany k > K (t). Then

lim sup B[] X7[|] = limsup E[| Xy — X, "7 (€) + X, "7 (6)]%)

te[0,n] te[0,n]

<sup sup 2E[|X; "7 (€)[*] + limsup lim 2E[|X;*7(€) — X{||°]
keN tg[0,n] t k>K(t)

<sup sup 2E[|X; (€[] + 2e.
keN te[0,n)

Because ¢ is arbitrary, then lim sup,¢ (o - E[| X7[|?] < supjcysup,cpo. 2R[|| X, (&)1

Due to the random periodicity of X * and the measure preserving property of 6, it holds that
lim sup E[[| X (-)[|*] = limsup E[ X;_ (0[] = limsup E[[| X7 (-)||*] = lim sup E[| X (-)[|*].

te[m,2m te[m,2m te[m,2m te(0,m)
Similarly limsup,e(_ o) E[| X;[|?] = limsup;c(o - E[[| X7 [?]. Thus by induction, lim sup,cp E[| X7|[*] < oo.
Then following the same approach in the proof of Lemma 3.1, we can deduce that the mild form of X is in L?(£); H )
forany r € (0,1). O

The second conclusion of Theorem 3.1 claims that the X * lives in an intersection space of L?((2; H "), which is much
smaller than L?(; H). Note that the first conclusion of Theorem 3.1 shows the convergence is regardless of the
initial condition &, that is, X, *7 (&) will converge to the unique random periodic solution no matter where it starts
from. This observation is crucial in that one may choose a starting point with preferred properties, for instance, the
continuity shown in Lemma 3.3.

Lemma 3.3. Recall that for a fixed h € (0,1), A(¢) := —k7 + jh whent € (—k7 + jh, —k7 + (j + 1)h]. Consider
the mild solution X ~*7(¢) of SEE (5) with given initial condition £ € L*(Q, F_y,,P; H") for some 7 € (0, 1) and
satisfying Assumption 1.1 to 1.4. Then for any v; € (O, r/ 2} , there exists a positive constant C'x depending on r and
vy such that

sup sup E[|X; "7 — X477 < Cx (vy,r)h™".
keN t>kr

Proof. One can deduce the following expression from the mild form (9):

X (€)= X579

= (S(t = A(t)) —1d) S(A(t) + k7)€
/ S(t—s)f(s XS’”)ds—l-/A(t) (S(t—A(t)) —1d)S(A(t) — s)f(s, X F)ds (23)
A(t) —kT
A(t)
+/ St — s)g(s, X7F7)dW (s) + / (S(t — A(t)) — 1d)S(A(t) — s)g(s, X *7)dW (s).
A(t —kT
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To get the final assertion, we estimate each term on the right hand in E[| - ||2]. For the first term, we have that
E[]| (s 1) S(A() + k7))
—E[||A~ ”1( ( — A(t)) —Td) A~ G S(A(t) + kr)AZE]]]
< JAT(S (= M) = 1) |20 1A™E 12 1S(A(E) + k)| 2 EN AZE?)
< Calp)h? AL TVE] AR,

where Proposition 2.1 is applied for the last line. For the second term of (23), by making use of the linear growth
condition on f and Holder’s inequality, we can obtain

IE[H/ t)S’(t—s)f(s,X;kT)dsHﬁ §2L h2(1+sup sup E[|| X kT|| ])

Ns>—kt

Similarly for the fourth term of (23), through the Itd isometry we have that

E[]| S(t — 5)g(s, X" )dW (s)||’]
A(t)
t

:/ E[||S(t—s)g(s, X" 2] ds

A(t)

< 2L3 h(1+sup sup E[|X757%]).
keENs>—kr

For the third term of (23), applying Assumption 1.1, Proposition 2.1, and defining = 1/2 yield the following estimate

At) 5
\/ S(t — A(t)) —1d) S(A(E) — s) f (s, X5 *)ds]|]
H/m S(t — A(t)) —1d) A" S(A(t) — s) f(s, X5 ") ds "]

S Ol (V1)2h21/1 /

—kT

A(t) A(t)
A" S (A(t) — S)Hamds/k A" S (A(t) = )| e ELL £ (s, X5 P [1P]ds
o (24)

A(t)+kT 2
<21, (1 sup sup EIXTI)CL 002 ([ 14 S(09)5((1 = 0)5) ey ds)
s T 0

A(t)Jrk‘r 2
<213 (14sup sup E[|X;*[%])C (V1)2h2V102(u1)2(/ (95)*’4@41(179)5@15)
keN s>—kr 0

AP - )2
<203, (1 sup s B 7P)Cr )12 ol P A

where we change variable to deduce the integral in the fourth line and apply the Gamma function (19) to get the last
line.

For the last term of (23), using the It6 isometry, the linear growth of g in (8) and the definition of the Gamma function
we have that

A(t)
Bl [ (S(e— A6) ~ 10 S(A0) — 9)g(s. X (5]

A(t)
= / E[JA™ (S(t — A(t)) — 1d) A" S(A(t) — s)g(s, X;’”)Hig}ds

—kT

. A +hr (25)
<213, (1 sup sup EIXTI)CL 002 [ 47 S09)S((1 - 0)9) s
220270 (1 — 204)2
§2L (1+sup sup E[|| X kTH ]) 1(v 1)2h2”102(1/1)2 (2M 2( ) .
keN s>—kT
O

One will see that the continuity of the true solution in Lemma 3.3 plays an important role in later analysis.



A PREPRINT - JANUARY 25, 2022

4 The random periodic solution of the Galerkin numerical approximation

This section is devoted to the existence and uniqueness of the random periodic solution for the Galerkin-type spatio-
temporal discretization defined in (13), and its convergence to the random periodic solution of our underlying SPDE

(5).
Lemma 4.1. Under Assumption 1.1 to Assumption 1.3, for the continuous version of the numerical scheme defined
in (13) with stepsize h € (0, 1), it holds that

B[l X7 - XM < Cuh(L+E[|I X351, (26)
where C,, = 3(\% +4L7 ).
Proof. From (14) we get that

o-n,—kT on,—kT
Xt - Xt
t

= (S(t— A(t) — 1) X 4 /A S A A (a8, X2y o

+ / S(t — A(s))gn (A(s), Xsn’fh)dW(s).
O

For the first term on the right hand side, we have that

E[| (S(t — A(t)) —1d) X7~
B[ - e
i=1

< (7M1 R MP) < X2RZE]| X8,

] 8)

where we use the fact (1 —e~*) < a for a > 0 to derive the last inequality.

For the second term on the right hand side of (27), we have that

=[] [, st- e siaion xr e
< [} Ist= A as [ Ell5 (400 K24 s

<20’ L3, (L+E[| X35 °]).

where we apply the Holder inequality to deduce the second line and make use of the linear growth of f to get the last
line.

For the last term on the right hand side of (27), through the Itd isometry, Assumption 1.1 and the linear growth of g
we have that

]l / A(s))gn (AGs), X277 ) aw ()] ]

:/A(t) (1S (t = A(s))gn (A(s), X2 747)[7,] s
<2025 1+ B

O

Lemma 4.2. Under Assumption 1.1 to Assumption 1.3 and Assumption 1.6, let X ~*7 be the solution of SEE (5) with
the initial condition £ and X" kT from (13) be its numerical simulation with the stepsize h satisfying

(5L 1./ hAn(1+ Cph) +2C5\/Cr)Vh < 204, (29)
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Then it holds that

) MCpy+ Lpg+L2,)

n,—kt f.9 9 5
sup sup E[||X; O] < 052 + M — L Lo
kEN t>—kr 175

: (30)

If, in addition, £ € L2(Q, F_j,, P; H ") for r € (0, 1), the numerical solution introduced in (13) is well defined in
L?(Q, F_jr,P; H") forany k € N, and t > —kr.

Proof. Applying the Itd formula to 22| X7 7 (¢)||2, where we consider the differential form (14), and taking the
expectation yield

t
ME[| XM (€)]12] =eARTE[| €[] + 2 / ME[| X1 7F)|%ds
—kT

t
-2 / ME(XM TR AX M) ds
—kT

(€19
t
+ 2/ eQASE()A(Q’fkT, S(s - A(s))fn(A(s), X?’fk"))ds
—kT
t
4 / EEIS(s ~ Als)) g (A(s) X2 ).
Note that the inner product in the last second term can be further divided into several inner products as follows:
(X278 (s = A(s)) Fu(A(s), X7FT))
= (X;l”’”, (S(s— A(s)) —1d) fn (A(s), XS””’”))
(PR X (M), X = Fa(A(5),0)) o)

+ (X7 F(A(s), XTFT) = fu(A(s),0))

4
(X0 Fa(A(5),0)) = DOV
i=1
For V;, we have that

t t R .
2/ eME[V]ds = 2/ EME(XM,(S(s — A(s)) — 1d) fo(A(s), XI7FT))ds
—kT —kT

t
<Ly Ah / SME[| XA (X4 4 1)]ds
—kT

t
eQASE[HXg,fkTHﬂ ds

t

< Lyh / 28 ds + géfxnh /
—kT

< Lfyg)‘nh(;)\"‘ 5Cnh) (€ — =27y

t
+ 5L g Anh(1 + Onh)/ EME[| XM ds,
—kT

kT

where to deduce the second line we make use of linear growth of f and a similar estimate of (28), and to bound the
term of E[|| X *7||?] in terms of E[|| X ~*7||?] to get the last line we make use of the following fact from Lemma

E[|| X3 *7(1] < 2B[[| X7 7] + 2B | X7 — X7

2(1+ CLR)E[| X7 (12] 4 2C,h.

<
B (33)
<

10
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For Va2, we have that by the Lipchitz condition of f, the Holder inequality and Lemma 4.1

+ t
2 [ emmats =2 [ VBECTE - XD LA, XETH) 1 (A(9).0))ds
—kT —kT

t
<20, / SME[|| X7k Xk 0k s
—kT

t
<20y [ B[ - Xe R LR s

t
< 20,‘»\/0”\/%/ eQAS\/(E[||XQv*’”|\2} + )E[||X7*7)12]ds
—kT

- 2
where we use the fact \/(a2 + 1)a? < a? + 1 to deduce the last line.

For V3, together with the last term in (31), we are able to make use of dissipative condition in Assumtion 1.3 such that

+ t
2/ e2>‘sE[V3]d$+/ e2>\SE[HS(5 —A(S))gn(A(S)vX;l:—kT)Hig}ds
—kT —kT )

t
- 2CfVCn\/E(e2>\t _6—2,\1@T)+2Cf\/c_n\/ﬁ/ eQ}\SE[”X;l,—kZT”2:|dS7
—kT

< 2/_k ENE[(X T, ful(A(s), X7 = fu(A(5),0))

T [lgn (Als), X27) —gn(A(s),O)Hig]ds—l-/_k Mg (A(s),0) | ]ds

T

t B L2’
< —Znyg/k 82>\SE[HX;1,7ICTH2]dS+%(62)\1& — =My,

where we also apply linear growth of g in (8) to deduce the last line.
For Vy, we have that by the linear growth of f

+ t
2/ M E[Vy]ds = 2/ EME(XTM, fu(A(s),0))ds
—kT —kr

t
< 2Lf,g/ MR XM ] ds
—kT

L t N
< ./<79 (e2>\t - e—2>\k'r) + Lf,g/ 62)\SE[HX:’_ICTH2} ds
—kT

Under Assumption 1.6, take A = Ay — Ly ,/2. In summary,

SME[[| X917
t

< e PATE[IENP) + (A + Ly — 2/\1)/ ENE[| X ds
—kT

t
—(2Cs,g — (5Lg,g\/hAn(1 4+ Cyh) + 2cf\/cn)\/ﬁ) / MR XM ds
—kT

Lt gV Anh(14+5C,h) +2C/Crh + 2L?c7g + 2Ly
* 2
4(Cf7g + Lf_’g + L%g)
2\ — Ly g
where, to deduce the last line, we make use of the choice for & in (29). This leads to
2
4(Cf79 +Lyg + L.ﬂg) (1 _ 872>\(t+k‘r)) <024 '
2\ — Ly, = ¢ 2\ — Ly,

The second assertion follows the proof of Lemma 3.1. O

(82>\t o 872>\k7’)

< 6_2)‘kTE[H§”2] + (e2>\t o e—2>\k'r)

)

4(Cf)g +Ljg+ L%g)

E[I X (€17 < E[I€)%] +

11
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Lemma 4.3. Under Assumption 1.1 to Assumption 1.3, denote by X% and ¥, """ two Galerkin numerical
approximations from (13) of SEE (5) with the same stepsize h € (0, 1) but different initial values £ and 7). Define

Bk = Xy TR and similarly BT = XM — VTR Then
E[J| B — BRI < enhB[|| Er) |1, (34)
where ¢, = 3(\;, + C7 + C7).
Proof. From (14), we have that
AE T = —ABP M 4 8(t = M) (fu(A(£), X, 7FT) = fu(A(1), Y0 74T))dt
S (t = AWD) (ga(AL), X7 7) = ga(AWL), 7)) aw ().

The rest of the proof is similar to the proof of Lemma 4.1. O

(35)

Lemma 4.4. Under the same assumptions as Lemma 4.3. Denote by X" and ¥, ~*" two approximations of SEE
(5) with different initial values ¢ and 7 under the same stepsize 2C(VhA, + /cn)Vh < Cy 4. Then

o-n,—kT O, —kT — T
B[| X7 = VTP < e PR — gp|?).

Proof. Similar as the proof of Lemma 4.2, we apply the It6 formula to e2*|| £} ~F7112, take its expectation, make
use of the Itd isometry and get

t
SB[ ETP) = e PMRTELIE — nll?) + 20 / U] BT P)ds
—kT
t
~2 / MSE(ET TR AE™ TR ) ds
—tk‘r (36)
1o / B (BT S(s = Als)) (f(A(s), X274) = F(A(s), ¥7)) ) ds
—kT
t
+ / R[S (s - M) (9(A), X - g(As), ) I ds

In order to make use of the dissipative condition in Assumption 1.3, we further decompose the following term into
three terms

(B247.8 (s = M) (F(A(s), X2 787) = F(A(s), V7F7))
= (BS™7, J(A(s), X757 = f(A(s), Y 70))
+ (B2, (S(s = Als)) = 1) (F(AGs), X27F) = F(A(s), Y2 747)) )
(BT = B2 S (s = ) (F(A(s), X277 = F(A(s), Y2 747)) )
=:Uy + Uy + Us.

Substituting the right hand side into Eqn. (36) and applying the disspative condition in Assumption 1.3 give that

t
SME[ BT < e PMFTEIE - l*] + 200 — A1>/k MR ES T ?ds

t t

ePMSE[Us)ds + 2/ e2MSE[Us)ds.
—kT

t
o [ (B Pds + 2 /

—kT

For the term involving Uz, we have that
t t
2/ MR [Uy)ds < QCf)\nh/ ePSE[|| B R |12 ds,
—kT —kT

where we bound [|S(s — A(s)) —Id) - || < Auhl| - || as we deduce the bound in (28) of Lemma 4.1 .

12
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For the term involving Us, we have that
t

t
2 [ s <acy [ NE]IEN T - BRI s
—kT —kr

t
< 2Cf\/Cn\/E/ PASE[|| B R 1] ds,
—kT
where we apply Lemma 4.3 to deduce the last line.
In summary, we have that

t
SME[ BT < e PMETE(|IE = l*] — (Crg — 205 (VRAL + vea)Vh) / MR ES T ?ds

—kT
< e PMITE[|I€ — |

because of the choice of stepsize h. Then the assertion follows. |

Theorem 4.1. Under Assumptions 1.1 to 1.6, for any h € (0, 1) satisfying

2C(VhAn + en)Vh < Cj g and (5L 57/ hAn (1 4+ Cnh) +2C51/Cp)Vh < 2C5 g, 37)
the Galerkin numerical approximation (13) admits a unique random period solution X . € L?(Q; H) such that
Jim B[R - X7 = 0. (38)

With Lemma 4.2 and Lemma 4.4, the proof is similar to the proof of Theorem 3.4 in [5].

4.1 The convergence

Theorem 4.2. Under Assumption 1.1 to Assumption 1.3, and Assumption 1.6, let X ~*7 be the solution of SEE (5)

with the initial condition ¢ € L2(, F_r,P; H") for some r € (0,1), and let X™ ¥ be its numerical simulation
defined by (13) with the stepsize h satisfying (29). Then for any any v; € (0, /2], there exists a constant C, which

dependson &, A, f, g, r, v; and the uniform bounds of both X% and )A(.n’*kT, such that

o 1
sup sup (B[ X, — X 77)°) T < (i + —=), (39)

kEN t>kr An

1/2

where /1 A k represents the smaller between v and k.

Proof. From the mild form (9) and the continuous version (13) for the Galerkin numerical approximation we derive

that
t

X7F - X TR = S(t+ kr)(Id — P,)E + / S(t—s)(Id — P,)f(s, X7 F)ds
—kT
St = 5) (fals, X707 = fu(A(s), X1 (5) ) ds
St = 5)(fa(A(s), X5) = Fa(A(s), X37F7))ds
S(t—8)(S(s = A(s)) —1d) fu(A(s), X 7")ds
¢ (40)
S(t—s)(Id — Py)g(s, X7F)dW (s)
S(t—s) (gn(s,X;kT) — On (A(s),XX(kS;))dW(s)

S(t = ) (90 (M) X3(5) = 9n(Als), X)) dW (s)

13
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It remains to estimate each of {J;}?_; in E[|| - ||?] with a finite bound that is independent of k and ¢. For .J;, we can
get the following estimate based on Assumption 1.1 and the condition on &:

E[|S(t + kr)(1d — P,)¢]1%]

00 o0 —2(t+kT)X;

_ E[ Z 672(t+k7))\i (ei, 5)2} _ E[ Z 8770)\;(617 5)2}
i=n—+1 i=n+1 )‘n
< E ZA’“ eu €] = 3 EIATEIR)

For .J, by using the same decomposmon for x € H as in .Jy, the linear growth of f, and the uniform boundedness of
Xt_’” (see Lemma 3.1), one can see that

’UhZet” o S X

i=n+1
> Gein fls X4 |as) ]

t
]E|:(/ e*Q(t*S))\nJrl
—k7 i=n+1

t t
[ emnoas [ ettt g s, X s
—kT

—kT

IN

IN

k (1 2)\n+1(t+k‘r))2
<2L% (1+sup sup E[||X, "7
fq( up sup. X571 o

<o Li,(1+sup swp BJ|IX; ).
n+1

To get the upper bound for .J3, one shall apply the Holder inequality and Assumption 1.3, and then make use of Lemma
3.3,

(B[S0 = 90 (n(o: X247 = £ (A0 X))
E[H/_k S(t — 8)(Fuls, X47) — Fu(A(s), X2F7))ds||*])
B[ 80— (FalA6: X = £ (M) X5

t
sch(%”“p sup || X472 + /Cx (v, )h™ ) / IS¢ = )leands

keEN s>—kr
2Cf( 1+ sup sup IE[HX;’“TH?]h”‘—i—\/CX(Vl,T)h”I),
/\1 keN s>—kr

where to get the last line, we use the following estimate based on Proposition 2.1,

t t

1
/ 1S = 8)llccayds < / e M=o ds < —, (41)
—kT —kT «Q
Regarding the term J4, by Assumption 1.3 and the estimate (41) one has that
_ 2 .
—KRT n,—kKT 2 —KRT n,—KRT
il [ (= (A6 X3) — £l X2 )] < £ sup I - K0

For term J5, following the estimate (24) yields
t
vn,—kT 2
B [ S( = 9)(S(: = Ms)) = ) £u(A(e), K27

A2 D1 - 1y)?
< 2qu(1+sup sup E[HX || ])CQ(V1)2CQ(I/1)2 ! ( )

h21/1
keNt>—kT 4

14
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Directly applying the Itd isometry and the estimate (18), we have the bound for Jg:

Bl [ S(t=5)(d = Pagls, X)W ()]

t
<2L% ,(1+sup sup E[| X" ])/ 1S(t = s)(Id = Pp)||Zsryds
keNt>—kr kT

2L n,—kt
< 2 91 sup sup B[ XTF).
n-+1 keENt>—kr

Through the 1t6 isometry, Assumption 1.1, Assumption 1.3, Lemma 3.3 and a similar estimate as (41), one can derive
the bound for .J; as follows

Bl [ (= 9)(onls X4 (A X)W ()] )
< @[] [ 8= $)on(s X7 = ga (A(9), X)W (s)|]) 2
B[] | 8= 9)(anA) X = gn(Ae) X)W ) [)

t
—kT K V1 1/2
s2cg(¢1+sup sup BIX 20+ /Cxlnn i ) ([ 180 = 9l mas)

keEN s>—kr
2C
< i ( 1+sup sup E[|Xs*2]n" + \/Cx(l/l,T‘)hyl).
2M kEN s>—kr

Regarding the term Jg, by the Itd isometry, Assumption 1.3 and the estimate (41) one has that
E[| / 80— (90 (M), X3E) = 9n (M), X2 ) (5)|*] < g supEmX S !

Finally, applying the It6 isometry and the linear growth of g in Assumption 1.3, and following the estimate (25), we
have the bound for .Jg that

B[ [ S(t=5)(S6=A6) = 1d)ga(A(s), X )aw (o)
< 2qu(1+21€11N3t§u1;>W]E[HX"’ ol ])/%|\A"15(t—s)A*"l(S(s—A(s)) —1d) |71 ds

n kT 2)\ 21/1—1I‘1_2 2
<213, (1 sup sup B[ 2) a1 Cafon 2 T2
t>—kT

In total, we have that

_ Sn.—k 1/2
sup sup (E[| X, — X712 <Zsup sup (E[]|J;[|))"/
keNt>kr keNt>kT

1 1 1 c, c, b omkris
+—+ + (=L + =L ) sup su X7k X
VAT W SRR W, b v A

Because of f—f + f)\i < 1 from Assumption 1.6, we can conclude the final assertion. O
1

< O(h™ + h" + 12,

Note in Theorem 4.2, one can take 14 = r/2 to achieve the fastest convergence.

Corollary 4.1. Assume Assumption 1.1 to Assumption 1.6. Let X; be the random periodic solution of SEE (5)
and Xt" " be the random period solution of the Galerkin numerical approximation with the stepsize h satisfying (37).
Consider approximating X"* through the sequence { X" *7(£)},, with & € L2(, F_j,,P; H") forr € (0,1). Then
there exists a constant C', which depends on A, f, g and r, such that

1,k T AK 1
sup E[|1X; - X|°)? < o(hahs + —). (42)

vess

15
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Corollary 4.1 implies that the best order of convergence can be achieved is 1/2 — ¢ for an arbitrarily small ¢ > 0 if
r = 1/2. Moreover, as the mild form of X} is welled defined in (), (o 1) L?(; H™) shown in Theorem 3.1, and

H™ C H"™ forr; > ry, it is not surprised to observe that the order of convergence would be higher if we adopt the
approximation sequence with initial condition in L?(£2; H") under a higher value of 7.
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