Max-Planck-Institut
fiir Mathematik
in den Naturwissenschaften
Leipzig

Numerical attractors for rough
differential equations

(revised version: June 2023)

by

Hoang Duc Luu and Peter Kloeden

Preprint no.: 25 2021
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Abstract

We study the explicit Euler scheme to approximate the solutions of rough differential equa-
tions under a bounded or linear diffusion term, where the drift term satisfies a local Lipschitz
continuity and an one-sided linear growth condition. The Euler scheme is then proved to con-
verge for a given solution, where the convergence rate is independent of the initial condition.
For a dissipative drift term with linear growth condition and a bounded diffusion term, the
numerical solution under a regular grid generates a random dynamical system which admits a
random pullback attractor. We also prove that for bounded drift and diffusion terms and under
a centered Gaussian noise with stationary increments, the numerical pullback attractor then
converges upper semi-continuously to the continuous-time pullback attractor as the time step
goes to zero.

Keywords: rough differential equations (RDE), rough path theory, rough integrals, random
dynamical systems, random attractors, Euler numerical scheme.

1 Introduction

The theory of rough paths proposed by Lyons [23, 24] allows one to formulate and investigate
stochastic differential equations of the form

dyy = f(y)dt + g(y)d Xy, (1.1)

where f : R — R? g : R* = L(R™,R?), d,m € N have sufficient regularity and X; € R™ is a
stochastic process with stationary increments, such that almost surely all realizations are v-Holder
continuous for some v € (3,1), e.g., fractional Brownian motions [25] with Hurst indices H € (3,1)).
Using this theory one attempts to solve the controlled differential equation

dys = f(ye)dt + g(ys)daz, (1.2)

with the driving path z as a realization of X in the space C¥(R,R™) of continuous paths with finite
v-Holder norm on any finite time interval, such that x can be lifted to a rough path x = (z,X),
where X and z are related to each other by Chen’s relation.

The solution of (1.2) in the sense of either Lyons-Davie [23, 24] or Friz-Victoir [13, 26] does not
need rough path integrals to be specified. Alternatively, rough path integrals can be defined using
fractional calculus, and the solution of (1.2) can be understood in couple with its Lévy area, see
e.g. [15, 20].
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Another approach is to interpret equation (1.2) in the integral equation form

t t
ytzyo+/0 f(ys)d8+/0 9(ys)dzs, (1.3)

where the second integral is a rough integral for controlled rough paths in the sense of Gubinelli
[17]. This approach facilitates the derivation of estimates of solutions and is more convenient for
investigating their asymptotical behaviour and their approximation under numerical discretization.

The Euler scheme for rough differential equation is first studied under the frame work of rough
path theory for discrete time sets in the classical work of Davie [8] for pure rough equations and
later in Friz and Victoir [13], Lejay [19] for mixed equations of the form (1.2), where the drift term f
is at least globally Lipschitz continuous and the diffusion term g is often bounded and of C3. When
dealing with one-sided Lipschitz f, it is important that one can find a way to estimate the solution
norm. In this direction there is work by Riedel and Scheutzow [26] to estimate norm of the solution
in the sense of Friz-Victoir. It was recently proved in Duc [10] that the system (1.3) has a unique
pathwise solution for a given initial condition under a Lipschitz continuity of the drift, which will
be relaxed in this paper (Proposition 2.4 and Corollary 2.5) to a local Lipschitz continuity and an
one-sided linear growth condition of the drift. A direct consequence gives an estimate of solution
supremum norm, which is then used to prove the convergence of the explicit Euler numerical scheme
in Theorem 3.1 by revoking the cut-off technique which comes from Whitney’s theorem [28] and by
using the solution estimates in Proposition 2.6.

In this paper, we propose an analytic approach to study the numerical attractors of the explicit
Euler numerical scheme from the rough differential equations (1.1) and (1.2). To do that, we follow
a probabilistic setting in Bailleu et al [2] and Duc [9] for the rough noise to prove that system (1.1),
understood in the pathwise sense as (1.2) with pathwise solutions in the Gubinelli sense, generates
a continuous-time random dynamical system [1], while the discrete-time Euler scheme generates a
discrete-time random dynamical system.

Moreover, we go a step further by proving that under the dissipativity of the drift term and with
the bounded or linear diffusion term, there exists not only a pullback attractor for the continuous-
time RDS generated from (1.1) (see Duc [9, Theorem 3.1] and Theorem 5.1), but also a pullback
attractor for the discrete-time RDS generated from the explicit Euler numerical scheme with the
regular grid and a sufficiently small step size, although the latter requires additional conditions on
the linear growth of the drift term and the boundedness of the diffusion term (see Theorem 5.2).

Finally, we prove in Theorem 5.5 that, under restricted assumptions that the drift term f and
diffusion term ¢ are bounded and globally Lipschitz continuous and the driving noise X is a centered
Gaussian process, the numerical pullback attractor converges upper semi-continuously and almost
surely to the continuous attractor as the step size tends to zero. The same questions on existence of
numerical attractor and its upper semi-continuous convergence in case of a linear or more general
diffusion term is still open for future work.

2 Rough path theory and rough differential equations

2.1 Rough paths

Let us briefly present the concept of rough paths in the simplest form, following Friz & Hairer [12]
and Lyons [23]. For any finite dimensional vector space W, denote by C([a,b], W) the space of
all continuous paths y : [a,b] — W equipped with the sup norm || - [ a5 given by [[Yllo [a,p) =
SUPseq,) 4tll, Where || - || is the norm in W. We write ys; := y+ — ys. For p > 1, denote by
CP~v4([a, b], W) C C([a, b], W) the space of all continuous paths y : [a,b] — W of finite p-variation



1/p

Nl var. fa,p) = (supn([a’b]) Yo e i Hp) < 00, where the supremum is taken over the whole
class of finite partitions of [a, b].

Also for each 0 < a < 1, we denote by C%([a,b], W) the space of Holder continuous functions
with exponent a on [a, b] equipped with the norm

[ s,
b = [Yall + 19l jary, where [yl = sup - < o0, (2.1)
olab] ¢ o] [ab] st€a,b], s<t (t S)a

For o € (3, 3), a couple x = (2,X) € R™ @ (R™ ® R™), where 2 € C*([a, b], R™) and

X
X € C%([a, %, R" @ R™) := { X € C([a, ]2, R" @ R™) :  sup Hiza S0
stelab], s<t [t =]

is called a rough path if it satisfies Chen’s relation
Xs,t - Xs,u - Xu,t =Tsu @ Ty, Va<s<u<t<b. (22)
We introduce the rough path semi-norm

l [ Xt
Il oy = Dolagosy + XMy g here [l o= sup 2ot o (23)
B s,t€[a,b];s<t | S|

Throughout this paper, we will fix parameters i <a<v<iandp=1sothat C*([a,b],W) C

CP~v*([a, b], W). We also set ¢ = £ and consider the p—var semi-norm
1
Iy vne oy = (121 X o )
1/q (2.4)
10 v fa 2 = ( sup ZH Kot ) :
T([a,b]) =1

where the supremum is taken over the whole class of finite partitions II([a, b]) of [a, b].

2.2 Gubinelli’s rough path integrals

Following Gubinelli [17], a rough path integral can be defined for a continuous path y € C*([a, b], W)
which is controlled by x € C%([a,b],R™) in the sense that, there exists a couple (y', RY) with
y' € C%([a,b], L(R™, W)), RY € C**([a,b]?, W) such that

Yst = YsTst + Ri/’t, Va <s<t<hb. (2.5)

y' is called the Gubinelli derivative of y, which is uniquely defined as long as x is truly rough [12,
Definition 6.3 & Proposition 6.4], namely there exists a dense set of instants s of [a, b] such that z
is "rough at time s”, i.e.

h*, 2
WAt € R\ {0} :  limsup LU Zsal] ’3";”:
tis |t— S| a

For instance, almost all trajectories of a fractional Brownian motion BY with H > is truly rough
[12, Section 6].



Denote by 22%([a,b]) the space of all the couples (y,y’) controlled by z, then 22%([a,b]) is a
vector space equipped with the norm

1y, 52,2000 = I%all + lvall + 1@ 9 20 fanr > W@ s 20 er = 19 s T 1R Do ap2 -

Then for a fixed rough path x = (z,X) and any controlled rough path (y,y') € 22%([a,b]), the
integral fst Yudx, can be defined as the limit of the Darboux sum

t
/ Yud,, = lim Z (yu X Ty + y;Xu,v>
§ [u,v]€ll

where the limit is taken on all finite partitions II of [a, b] with |II| := [m?xn |v—wu|. Moreover, thanks
€

)

to the sewing lemma [17], [4], one obtains the estimate

t
H / YuldTy — Ys @ Tst — y;Xs,t
s

5 (2.6)
3
Smﬁ — s a( Il s, 1R g 5,02 + H|y/wa7[s,t] 1Kl 5,92 )
In our paper, we often use a similar version to (2.6) under p—variation semi-norm as follows
t
H / YuldTy — Ys @ Tst — ngs,t ‘
s (2.7)

SCP( |||x|Hp—var,[s,t} mRy ”|q—var,[s,t]2 + ‘Hy,mpfvar,[s,t} |”X|”q—var,[s,t]2 >

by choosing C, = %, given that p € (1, 3).
1-2'"%

2.3 Rough differential equations and solution estimates

The existence and uniqueness theorem for system (1.2) is first proved by Riedel & Scheutzow [26],
where the solution is understood in the sense of Friz & Victoir [13]. Using rough path integrals, we
interpret the rough differential equation (1.2) by writing it in the integral form

t t
Yo = yo + / F(ys)ds + / olys)dzs, Vit € [a,b], (2.8)

for any interval [a,b] and an initial value y, € R%. Then we search for a solution in the Gubinelli
sense, and solve for (y,3") € 22%([a,b],R?). This is possible because for g : R* — L(R™,R%)
satisfying (Hg) or (Hé) below, it is easy to check (see e.g., [17]) that

(v.y) € 22%([a,b,RY) = (9(v),[9(y)]) € 22*([a,b], L(R™, R?)),
with  [g(y)]s = Dg(ys)ys € LR™, LR™,RY)),

thus the second integral in (2.8) is well defined.
Throughout the paper, we will assume that.

(Hy) f is locally Lipschitz continuous and of one-sided linear growth

3C > 0: (y, f(y)) < C(L+lyll*), VyeR% (2.9)



in addition f is of linear growth in the perpendicular direction, i.e. there exists C'y > 0 such that

{f(y)

70 -5

yH <cp(1+lgl). vy 0 (2.10)

either
(Hg) g belongs to C3(R?, L(R™,RY)) such that

Cy = maX{HgHoo, 1Dgllso, 1 D5]]o HDSHOO} < 00; (2.11)

or

l _ m
(H!) gly) = Cy for C € L(L(R™,R?),R?) such that
Cy == [|C| < o0 (2.12)

(Hx) for a given v € (3, §), « belongs to the space C¥(R,R™) of all continuous paths which are
of finite v-Holder norm on any interval [s,¢]. In particular, x is a realization of a stochastic process
X (w) with stationary increments, such that x can be lifted into a realized component x = (z, X)
of a stochastic process (z.(w),X..(w)) with stationary increments, and the estimate

B(llasell? + 1Xstl*) < Crult = s, s, t € [0,7] (2.13)

holds for any [0,7], with pv > 1,¢q = § and some constant Cr,.

Assumptions (Hy), (Hg) or (Hé), (Hx) are sufficient to prove the existence and uniqueness
of the solution of (1.2), as well as the continuity of the solution semi-flow and the generation of
a continuous random dynamical system, see e.g., Bailleul et al [2] and Riedel & Scheutzow [26,
Theorem 4.3].

Here we prove another version of the solution estimate of (1.2), under the definition of solution
in the Gubinelli sense, which extends the diffusion coefficient g to both the bounded case (HZ) and

the linear case (H;) We first modify assumption (2.9) by another equivalent one as below.

Lemma 2.1 Given locally Lipschitz continuous f, condition (2.9) is equivalent to the following
condition

30> 0: (y, f(v)) < Clyll L+ llyll), ¥y € RY; (2.14)

Proof:  Condition (2.9) follows from (2.14) automatically due to Cauchy inequality. For the
other direction, one can easily show that

W, () < VD)l ( sup £ +1+ y]), ¥y € R

llyll<1

Indeed, if ||y|| < 1, then

W, 1)) < Iyl sup £ < @€V Dyl sup 17+ 1+ ).

lyll<1 lyll<1

On the other hand, if ||y|| > 1 then by (2.9)

(v, fy) < CA+ylP) < Cllyll + llyl*) < (Cv 1)||yH( sup [|f(y)[ +1+ ||y||>~

lyl<1

Hence (2.14) is followed by choosing C' := (C' V 1)<SUPHyH§1 I f(y)|l + 1).



Due to Lemma 2.1, from now on we can work with the following assumption for f.
(H';) f is a locally Lipschitz continuous function which satisfies (2.14) and (2.10).

The techniques to be used are the Doss-Sussmann technique [27] and the so-called greedy sequence
of stopping times in Cass et al [3]. Namely, for any fixed v € (0,1) the sequence of greedy times
{77, %, T) ien is defined by
:7} Amax . (2.15)

Define N(v,x,I) :=sup{i € N:7; < max I}, then it is easy to show a rough estimate

N(v,x,I) < 14+~77|x|? (2.16)

p—var,l *

In fact, it is proved in Cass et al [3] that ¢N(7%!) is integrable. Other studies on continuity and
properties of stopping times can also be found in Duc et al [11, Section 4].

Note that from Duc [10, Theorem 3.4], the solution ¢.(x,d,) of the pure rough differential
equation

dou = g(du)dzy, u € [a,b], g € R (2.17)

is C! w.r.t. ¢, and %(-, X, ¢q) is the solution of the linearized system

d&u = Dg(bu(x, ¢s))éudry, u € [a,b],&, = Id, (2.18)

where Id € R¥? denotes the identity matrix.

The idea is then to prove the existence and uniqueness of the solution on each small interval
[Tk, Tk11] between two consecutive stopping times, and then concatenate to obtain the conclusion on
any interval. The Doss-Sussmann technique used in Duc [10, Theorem 3.7] and Riedel & Scheutzow
[26] ensures that, by a transformation y; = ¢¢(x, z¢) there is an one-to-one correspondence between
a solution y; of (1.2) on a certain interval [0, 7] and a solution z; of the associate ordinary differential
equation

= [gf(t,x, zt)]_lf(qbt(x, zt)), te€0,7], z0=yo. (2.19)

To estimate the solution norm growth, assign

0
Ve =y — 2z, and = [aif(tvxv Zt)] —1Id, vtelo,7],
where 7 > 0 is chosen such that 16C,Cy [|x||,_ar,0.,) < A for some A € (0,1) small enough.
The following result from Duc [9, Proposition 2.1] shows solution norm estimates for equation

(2.17).

Proposition 2.2 Assume that ¢y is the solutions of (2.17). Introduce the semi-norm

WK” RH |||p—va,r,[s,t] = m,{’mp—van[&t] + |||RR|||q—Var,[s7t}2 .
Then for any interval [a,b] such that 16C,Cl ||x[l,_yar (p) < 1, the following estimates hold
O 73 RﬂH < 8CyCo Il i (2:20)
p—var,[a,b]
-1
i) || o2 (1%, 00) - (o2 5o x 00| 1| <166,y Ixly vargasy - (221




A similar result for the linear case g(y) = C'y is formulated as follows.

Proposition 2.3 Assume that ¢(-,%, ¢,) is the solution of the rough differential equation
doy = Cpyday, t € [a,b], ¢, € R (2.22)

Then for any interval [a,b] such that 16C,Cy ||x|| <1, the following estimates hold

p—var,[a,b] =

i o R < 8C, Il v fog 1 8all (2.23)

p—var,[a,b]

(t, %, 6a) — (t,x qsa)] — 1d|| <3Gy |Ix| (2.24)

p—var,[a,b] *

W g 1 [E7>

Proof: The existence and uniqueness theorem for equation (2.22) is proved in [10]. To estimate
the solution norms, one uses (2.7) to obtain that

Isll <Cylldsllaell + C2116s %ol
SR T T—

+ ”’Xm(]fvar [5,t] H‘C ® C¢|||p var,[s,t] }

q—var,|[s,t]
2 ¢
(O Il var o + O3 Wl o) {05l + o o ) ]
<20y Il var o 19511+ 2050y Iy smrn 6. 2]

whenever 16C,C, ||x|| | < 1. As aresult

p—var,[s,t

Wllpsargod) S 2C0 1%k var o 1600 50+ 2CoCo IXllyyar o | 6 2|

p—var,[s,i]
< 20y Il o (06l + [l 22 )
P T
whenever 16C,Cly [|x[|,_yar s < 1. The similar estimate for H‘R‘Z"Hpivar’[& q is already included in

the above estimate, hence

IN

0.7 A0y Il o (19511 + [| . 22

GOy Il o |6

p—var,| st])

p—var,[s,t]

p—var,[s,t]

< 4Gy Il rne o (951 + 5C,Cy Il g [l 77

p—var,[s,t]

< AC Il e 1651+ 5 [0 B

p—var,[s,t]

< 1. Taking the term H

whenever 16C,Cl [|x[l,,_yar (s o, R from the right hand side to

the left hand side, we obtain

s.4) < 1, which proves (2.23).

p— Va.I‘,[S,t}

o B < 8C; Il . 165

pfvarv[svt}

whenever 16C,Cy ||x||

p—var,

7



To prove (2.24), observe that the solution ¢(t,x, @,) is linear w.r.t. ¢, i.e.
o9

6(t:3%, 00+ h) = 0(t.3.60) = 0{t,3.) = S (1.3, 60) .
Hence one deduces from (2.23) that
"¢(t7x7 h) - h” < |||¢('7X7 h) |||p—var,[a,b} < 809 mx’”p—var,[a,b} ”h”7
which implies that
122 (¢, %, 6a)h — B
(t,x,¢q) — Id|| = s = <8C, , Vtela,bl.
H@(ba X ¢ ) H hbél[gi ||h|| |||X|||p var,[a,b] [CL ]
-1
The estimate for H [ ~(t,x gba)} - IdH is similar. O

We now state below the existence and uniqueness result as well as the solution norm estimate
for rough differential equation (1.2) under bounded diffusion coefficient g.

Proposition 2.4 Under the assumptions (H}), (HZ), (Hx ), there exists a unique solution of
(1.2) on any interval [0, T]. In addition, for each X\ € (0,1) small enough, there exist some generic
constants C(N), () such that the solution satisfies the following estimates

A
[Wlloc.0.21 < VT (llyoll + CNT + 5N x,[0,7])) = R. (2.25)

( A
16C,Cy’
Proof: The existence and uniqueness of the solution of the equations (1.2) and (2.19) hold

on some small interval [0, 7j5¢q1], thus we only need to prove that the solution can be extended into
whole interval [0, 7]. Indeed, with such 7, it then follows from (2.20) and (2.21) that

A
17ell = llge(x, z¢) —zell < 5 and g <A, VE €[0,7]. (2.26)

To estimate ||z, we rewrite (2.19) as

Zp = (Id+ ) f(ze + 1) (2.27)

The additional technical condition (2.10) is equivalent to the following: for y € R? and y # 0, f(y)
is decomposed in the unique form

f<y>=Wy+w;<f<y>>, where mh=1-m, and [m-(f @)l < Cr(1+[oll). (2.28)

Consider two cases.

Case 1: z; + v # 0. From (2.14) and condition (2.28), we can check that

d (2 4+ v, [ (2t + 1))
2dt [l + el

sallal? = (e d+v)| (20 +70) + 7o, (F (2t )| )

_ (+)\/ 2t+n n
= <zt7 (Id+ ) 12t + 7e] >< 2+ el Sz + %)> + <Zt + 7t77rzt+'yt(f(zt + %))>

—<’Yt, ﬂ'i;Jr'yt(f(Zt + ’Yt))> + <Zt, T/JthLtJr%(f(Zt + ’Yt))>
< (N C+ ) + (||%|| el ) (£ G2 30

< @ NIC+ ) +AG + 12 (14 12l +3)- (2.29)

8



Case 2: z; + v = 0. Then the same arguments with the Cauchy inequality show that
d
2dt

By applying the Cauchy inequality to the right hand side of (2.29) and (2.30), we can show that
there exist generic constants C'(\) and 6(\) such that

sllzell? = (e, (Td +90) £(0)) < (L+ N FO) ] [12¢]l- (2.30)

d
%HthQ <C) +5(N)||z)l?, vte(o,T], (2.31)

which, together with Gronwall lemma, yields

2]l < 65(>\)t(||20” + ?((j\‘))) . ?(())\‘)) < 65(>\)T||y0|| + ?((;‘))(ets(k)q- . 1>’ vt € [0, 7].

In particular

W01 < Wellngot + i) < 7l + S5 (7 1) 45 @232)
(2.32) implies that [|z|| is bounded as long as ¢ € [0, 7|, thereby proving the existence and uniqueness
of the solution z; of equation (2.19) on [0, 7], and so is the solution y; of (1.2) on [0, 7].
Next, with such a A > 0, construct a greedy sequence of stopping times {Ti(ﬁ,x, [0,77)}.
On each interval [7;, 7;41] it is similar to prove the existence and uniqueness of the solution of the
two differential equations (1.2) and (2.19) with the shifted time

Wivr, = fWear)dt + 9WYt4r,)dT1ry, VEE [0, Tips — 75
. 0 -1
Zt‘i‘ﬁ' |:8¢Z5 (t X. T Zt+T1)i| f(¢t(x'+7'” Zt-i—Ti))? vt S [07 Ti+1 — Ti]) ZTZ‘ - y‘l'i'

As a result, the existence and uniqueness of the solution of the two systems (1.2) and (2.19) on
[0,77] is proved by concatenation. To estimate the solution norm, observe from (2.32) that

o)
(0

’ S 65(>\)(7'k+1_7'k)||y7_k” + (efs(/\)(Tk+1—Tk) _ 1) + %, 0 S k S N — 1’

HyT k41 |
which implies that

- _ CA) s _ _ A
O(N)Th41 < =0 N7 (N7, O(N)Tht1 O(N)Tht1
€ o ll < e [y |l + 50 (e e ) +5e :

Hence by induction, one can easily show that

S(A ()\) k—i—l 5
e ( )TkHHkaHH < ”y H + W( Tk+l) Zef i
C(A A
hence lymll < O ol + 6(()\)) (e 1) 5l 4+ 1)t
< @O (|l + CNmp + 5k +1), 0<h<N -1

That together with (2.32) yields

e —T C(\ - . A
(7] P M) (Th11 k)HkaH + 5(<)\))(66( k1= Th) _ ) 3
S 66()\)Tk+l <HZOH + C( )Tk.+1 + )\(k + )) 0 S k. S N 1

9



By the definition of stopping times (2.15), 7y = T, which yields (2.25).
A similar result for the linear case is formulated as follows.

Corollary 2.5 Under the assumptions (H}), (H{g), (Hx ), there ezists a unique solution of (1.2)
on any interval [0,T]. In addition, for each A € (0,1) small enough, there exist some generic
constants C(X), () such that the solution satisfies

A
16C,C,’

CO)\ OV

X, [O,T])}(Hyoll + W> “S R. (2.33)

Proof: The proof follows the proof of Proposition 2.4 line by line, except for a minor change.
Specifically, due to Proposition 2.3, (2.26) has the form

1Y loo,fo,7) < exp{d(AN)T + AN(

A
lvell = llge(x, z¢) — zell < Sllzell and - leel] < A, vt € [0, 7]. (2.34)

This does not change (2.30) while it modifies the estimate (2.29) to

d _
izl < (L N)llC + ) + 27 Cp (14 (L A el (2:35)

Therefore one can still prove (2.31), which makes (2.32) have the form

1Yllo.o.r] < (14 Al2lloo,j0,7)

< (14 X) [Tz + g(())\\))(e‘;()‘)T - 1)]

c\)
S(A)THA ) ST
< 0 Aol + 575 (e 1).

(2.36)

Therefore the existence and uniqueness of the solution on each small interval [7;, 7;41] is proved and
also on the whole interval [0, 7] by concatenation. The solution estimate (2.33) is then followed by
induction.

[
The following result is just a reformulation of the classical result in [23] or [17], but for the mixed
equation (1.2). There is a trick to consider the mixed equation as a new pure rough equation for the
extended driving path (¢, ), but then one has to impose unnecessary conditions on the regularity
of f to prove the existence and uniqueness theorem [13, Chapter 12]. In order to make the paper
self-contained for the benefit of the reader with explicit estimates that will be used later in Section
5 (Theorem 5.5), we would like to present the sketch of a new proof below.

Proposition 2.6 Assume that ||f|lec := supyega [|f(y)|| < co. Then under the assumptions (HZ)
and (Hx ) there exists a generic constant C1 = C1(||fl|oo, Cgs 1% [l,,j0,71 - T) independent of the initial
condition, such that any solution y of (1.2) satisfies

Iyl —var ja ) < Cr(b—a)” and |RY| <Cilb-a)”, YW0<a<b<T. (2.37)

p—var,[a,b]

If, in addition, f is globally Lipschitz continuous w.r.t. a constant Cy, then there exists a generic
constant Cy = Ca([|f oo, Cr, Cg, 1%, 1977, T) independent of the initial conditions such that any
two solutions y'(x,y8),i = 1,2, of equation (1.2) satisfy

192 = ¥ o fap) < Collys — vall, YO<a<b<T. (2.38)
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Proof: The proof follows similar arguments and estimates in Duc [9, Proposition 2.1] and Duc
[10, Proposition 3.1]. First, observe that 3, = g(ys) and [g(y)]s = Dg(ys)g(ys) with

1
| 7o < CollR g i + 505 19l ) D v

qfvar,[a,b]2

It then follows from the fact || f||co, [|g]|lcc < 00 and the estimate (2.7) that

il < [ Wt | [ iz,
< lloo(t = 5) + lgloo (9)9)loe %o
G IDIW)IO ot ¥ g+ [|RO W e |
< Moot = 8) + Co Il var oy + C2 IXIE e
30 { CE IR o) 10— )+ Co 1N, o) Wy v g }-
As a result,

190 var 5.0 I Flloo(t = 5) + Co 1%l 5. + Ca 1%l 5.
+3C {CQ 151 a1 19—y = Co 1€l —var s IR v, s } (2.39)
A similar estimate for RY then shows that
VRV, e o) < flloot = ) + C2IXI2 o

+ 3CP{C§ ”’mefvar,[s,t] my’”pfvar,[s,t} + Cg ’”mefvar,[s,t] ”|Ry mqfvam,[s,t]2 } (240)

Hencea provided that 160}709 ”‘me—var [s,¢] < 1 one takes 30 CQ |”X”|p var,[s,t] Wy|||p var,[s,t]’
smaller than } I9ll,—var. (5,4 from the right hand side to the left hand side of (2.39) to obtain

which is

B9l —van 1 21 ot = 5) + 2G5 Iy vmn o) + DR (2.41)
Replacing (2.41) to the right hand side of (2.40) and then taking all terms of | RY[],_, 542 from
the right hand side to the left hand side of (2.40) yields
IRV, g < 3l oot — 8) + 3C2 XU o - (2.42)
Now replacing (2.42) to (2.41), one deduces
Il —var. s, < 5l flloo(t = 5) +5C 1%, —var 5.1 - (2.43)

Note that (2.43) and (2.42) hold whenever 16C,Cy || x|
sequence of time {Tz(lﬁcpcg, ,[a,b]) }ien as in (2.15) and using (2.16), one can easily show that

< 1. Next, by constructing a greedy

p—var,[s,t]

p=1 N (W’X{a’bo -1
[k v < (mcpcg x,[a.0]) = I, r
1 p=1 N(m’x’[avb}) -1
=) (1o Tis = 1)+ Cy Il s
i=0

11



2p—1

1
N (a0 % 0T) 7 (1ol = )+ Co el o)

SSN(mc}ng’ x, [0, T]>

A similar estimate for ||RY||

2p—1

(If1loe (0 = @)1= + Cy Il g0 ) (b — @) (2.44)

2 shows that

g—var,[a,b

BN(mc}ng,’ x,[0,7])

1
S3]\[(1601[,61,’X’ 0.71)
Therefore, (2.37) is proved by choosing
1 o 1-2v 2
Cri= 5N (1 0.71) 7 (I (TH2 V1) + G Ixllgoy V (Callory ) | (246)
Finally, take any two solution y(x,y{), write z: := y? — y; on [0,7] and use the semi-norm

as in Proposition 2.2. If f is globally Lipschitz continuous w.r.t. constant Ct, one can apply the
following estimate in Duc [10, Theorem 3.9]

mz7 Rzmp var,[s,t] = / CfHZqu’U, +4C {C mx”’p var,[s,t] v 02 ”’X’”p var,[s,t] } (247)

y | Z
(O RS 2 O [ R S s

By (2.42) and (2.43), the term <1 + ‘Hyl,Ry

2p—1

IR (1 oo (b = @) + C2 IXI2 s o)

q—var,[a,b]?

2p—1

(1006 = )2 + C2 12 gy ) 0 = ). (2.45)

g

) are bounded by
p—var,[s,t]

< 24167 f[loo

Hp var,[s,t]
1+ 16| flloo(t — ) + 16C 1|, —yar (5.4

whenever 16C,C, ||x|| < 1. This and (2.47) leads to

p—var,[s,t}

t
lzall 4 s Bl o < Mzl +2 / Cyllzlldu
S

+8CHCy Il var 5.0 (1 8TUS o) (W2l + 12, Bl v s )

whenever 16C,Cy [|1x[,_ oy 5.y < 1. Hence, as long as 8CpCy [[x[|,,_yar, (5. (1 + 8T flloo) < i by
taking the term HzSH + |2, R? Il —var,[s,¢ from the right hand side to the left hand side, one obtains

t
zell < Mzsll + 12, Bl —var,fs,) < 2125l +4/ Crllzulldu. (2.48)
S

One can now apply Gronwall lemma for (2.48) to conclude that
l2ell < 20|z|e*“r ™ whenever  16C,C Ixll,_ar, .0 (1 + 8T [1f o) < 1.
By the same arguments as in [10, Theorem 3.9] together with a construction of the greedy sequence
of time {Ti(160pcg(1i-8T||f||oo) ,X, [a, b]) }ien, one can show that
1
16C,Cy(1+ 8T [ flo0)” 0.7]) log 2.

p—var,

2] 00,ap) < ll2all exp {4CfT + N(

This proves (2.38) by choosing

1
Oy = exp {4CfT + N<16Cpcg(1 ST [O,T]) } (2.49)

12



3 Explicit Euler scheme for rough differential equations

In this section, we introduce a cut-off technique to deal with the one-sided Lipschitz drift term f by
directly investigating the solution estimate for the Euler scheme via a comparison to the solution
of the continuous system (1.2). Intuitively speaking, it is a consequence of Whitney’s theorem [28]
which helps extend the cut-off drift term f, now only defined on a compact set given from the
solution estimates (2.25) and (2.33), to a whole space such that both its derivatives and itself are
bounded. One can then apply Proposition 2.6 to the extended function and use similar arguments
of [13, Theorem 10.30] to obtain the convergence rate of the numerical scheme.

For any finite partition IT := {0 = tp < t; < ta < ... < tj—1 < tm = T} such that |II|] =
supy, [tk+1 — tk|, we consider the explicit Euler scheme of equation (1.2) to approximate the fixed
solution y(-,0,%p), i.e.,

Yo = yo;

(3.1)
Y1 = Uk + L) (tkar — i) + WD T 0y + Dai) gD Xy ey, 0 <k <m— 1.

Since the solution y(t,0,yo) is fixed on [0, 77, its supremum norm is bounded by a fixed number R
following (2.25).

Our main result below in this section shows that the error between the continuous solution y
and the discrete solution of the explicit Euler numerical scheme (3.1) is small on the whole interval
[0, T].

Theorem 3.1 Assume that y(t,0,yo) is a solution of the rough differential equation (1.2) on [0,T],
under assumption (H}) for f, assumption (HZ) or (Hg) for g, and assumption (Hx ) for x. Then
there exists a generic constant

C=C(f, 9,1l 10,7 T lyoll) > 0
such that for |II| < 6 small enough

sup |y (tx,0,y0) — ykll < CIII[P . (3.2)
0<k<m

Proof:  We first prove the conclusion for bounded g under assumption (Hg). To begin, we
follow Garrido-Attienza & Schmalfuss [16] to introduce a cutoff functions fr, where R is given by
either (2.25) or (2.33) for a fixed A = 3, such that

o fr(y) = f(y) for all y € B(O,R+1) and fa(y) = £(0) for all [ly| > R+ 2

e fr is globally Lipschitz continuous w.r.t. constant C'y, and is bounded by a constant || fr||oo
on R%.

Specifically, fr(y) := f(Cr(y)) for all y € R, where (g € C?(R4,R?) is constructed with Cr(y) =y
if [|y|| < R+1 and Cg(y) = 0if ||y|| > R+2, such that (g is bounded and ||Cg||, [|D¢R |0, | D?CRloo <
00.

Consider the truncated rough differential equation

dyr = fr(ye)dt + g(ye)dx(t), t € [0,T]. (3.3)

It is easy to check that equation (3.3) also satisfies the existence and uniqueness theorem. To
differentiate the solutions of (1.2) and (3.3), one denotes by yr(t, s, £) the solution of (3.3) that starts

13



at time s at point ¢ € R%. Since [1Ylo,j0,7) < R, the solution y; lies entirely in the ball B(0, R+1) and
f(yt) = fr(yy) for all t € [0,T], which implies that y. = y.(x,yo) is also the unique solution of (3.3)
starting from yo, i.e. yr(+,0,y0) = y.(x,y0) on [0,T]. Since fr and g are bounded, by Proposition 2.6
there exist generic constants C1([|frlleo; Cg, [1%ll,,10.77 5 T): Co(lfRllocs Crrs Cgs 1%, 10,77 - T) Which
are independent of the initial conditions, such that any two solutions of (3.3) satisfy (2.37) and
(2.38).

Next, define for the finite partition IT := {0 =ty < t; <t2 < ... < ty—1 < t;, = T} the explicit
Euler scheme for the truncated rough differential equation (3.3) as follows

Yo = Yo;
Yer1 = Uk + fRWE) frv1 — te) + 9(UR) Tty 1 + D)9 Xty 41,0 <k <m — 1.

The proof applies traditional arguments from Friz & Victoir [13, Theorem 10.30]. Namely, denote
by z;, the solution to (3.3) at time 7' that starts from y; at time ¢z, i.e. 2z, := yr(T,t, y;). Then
z0 = yr(T,0,y5) = y(T,0,y0) and 2y = yr(T', tm, yp,) = Yy, Using (2.38), we obtain

(3.4)

—_

m—1

lyr(T,0,55) = ymll < D Mok = 2keall < D Nyr(T ey i) = yr(T thrr, vl
k=0

3

i
Ly

< lyR(T, trs1, YrR(Ekt1, te, Uk)) — YR(Ts tit1, Yoy 1) |l

i
o
A

m—

<Co(|lfrllse: Cras Con oy 1) S lymltiss tis ) — sl (3.5)
k=0

On the other hand, from the definition of yr(tri1,tk,y)) and y; ;, we apply (2.7) and (2.37) to
obtain, up to a generic constant

YRtk th, Yi) — Yraa |

tkt+1 ot
<[ [ Untm) ~ fatiiin+ [ otwrw) - i,

tk

SCffR (tk+1 - tk) H|yR(7 tk? yZ) |||p7var7[tk7tk+1]
o Cp (U2t 11 DR Dy vt D% st 2 B9 B U v ] )
_ 2
<C1(lfrlloos Cos Il o1y T) | Cra T + Co (Wl o1y + I .17 ) | i =)™

Therefore, one can estimate (3.5) with a constant

Cs = G0 [Cr T 4 Cy (Wl oy + I 071 )| (3.6)
as follows
m—1 m—1
lyr(T,0,95) = ymll < Cs Z(tkﬂ — )% < a1t Z(tk+1 —ty,) = CsT|II* 1. (3.7)
k=0 k=0

The right hand side of (3.7) converges to zero as |II| — 0. Similar arguments also hold if we replace
tm = T above by any t; and define z := yr(t;, tx, y;) for all 0 < k < i. Hence one obtains (3.2) for
the Euler numerical scheme of the truncated equation (3.3) by assigning

C(f 9, Il o1y T oll) i= C5T = CoC [Cr T2 4 Gy (Ikllgo.ry + Ix o1 ) |70 (3:8)
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which depends on f, g, x and R, thus also on ||yg|| due to (2.25). Note that yr(tx,0,v0) = y(tx, 0, yo),
thus by choosing [II| < 6 for § = 6(|| frlloc: Crr: Cgs [%l,,10,77 - T) small enough, we deduce that

sup [[yill < ylloo, o) + C6* < R+ 1.
0<k<m

As a result, fr(y;) = f(y;) for 0 < k < m, hence the Euler scheme (3.4) for the truncated equation
(3.3) coincides with the actual Euler scheme (3.1) in the ball B(0, R + 1), which proves (3.2).

The conclusion still holds for the linear diffusion function g under assumption (ng), since one
can introduce a bounded function gr in a similar way to fr, where R is given by (2.33). Since
similar arguments are involved, we skip the proof for this case here. O

4 Generation of random dynamical systems

4.1 Probabilistic settings

The generation of a random dynamical system from rough differential equations (1.1) and (1.2) is
proved in Bailleul et al [2], where the solution of rough equation is understood in the Lyons-Davie
as well as the Friz-Victoir sense. In this section we follow Duc [9] to present a similar version for
Holder spaces, where the solution is understood in the Gubinelli sense.

Let (Q,F,P) be a probability space equipped with a so-called measurable metric dynamical
system 0 : R x Q — Q such that 6; : Q — Q is P— preserving, i.e., P(B) = P(4;*(B)) for all
Be F,teR, and 045 = 0,00, for all t, s € R. Recall that a continuous random dynamical system
0 Rx QxR = R (tw,y0) — @(t,w)yo is defined as a measurable mapping which is also
continuous in ¢ and yg such that the cocycle property

ot + s,w)y0 = ©(t, 0sw) 0 o(s,w)yo, Vi, s € R,we Q,yo € RY (4.1)

is satisfied, see Arnold [1].
In our setting, denote by T¢(R™) = 1 & R™ @ (R™ ® R™) the set with the tensor product

(1,9, 9°) ® (L,h', h?) = (L, g" + h',g' @ h' + ¢g* + h?),

for all g = (1,9',¢%),h = (1,h',h?) € T2(R™). Then it can be shown that (T?(R™),®) is a
topological group with unit element 1 = (1,0,0) and g~! = (1, —¢', ' ® g' — ¢?).

Given a € (1,v), denote by €%(I, TZ(R™)) the closure of €°°(I,TZ(R™)) in the Hélder space
€*(1,T2(R™)), and by €3"*(R, T2(R™)) the space of all paths g : R — T2(R™)) such that g|; €
€9(I, T3(R™)) for each compact interval I C R containing 0. Then %é) YR, T2(R™)) is equipped
with the compact open topology given by the a-Ho6lder norm (2.1), i.e the topology generated by
the metric

1
da(ga h) = Z QT(Hg - h| a,[—k,k] A 1)

k>1

As a result, it is separable and thus a Polish space.

Let us consider a stochastic process X defined on a probability space (2, F,P) with real-
izations in (%(? (R, T2(R™)),F). Assume further that X has stationary increments. Assign
Q= %(?’a(R, T2(R™)) and equip it with the Borel o-algebra F and let P be the law of X. Denote
by 6 the Wiener-type shift

(Bw). = wit @wip, Yt € R,w € 6y % (R, TE(R™)), (4.2)
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and define the so-called diagonal process X : R x Q — TZ(R™), X;(w) = w; for all t € R,w € Q. Due
to the stationarity of X, it can be proved that 6 is invariant under P, then forming a continuous (and
thus measurable) dynamical system on (2, F,P) [2, Theorem 5]. Moreover, X forms an a-rough
path cocycle, namely, X.(w) € Cf(? (R, TE(R™)) for every w € §2, which satisfies the cocyle relation:

Xips(w) = Xs(w) @ Xy (sw),Vw € O, t, s € R,

in the sense that X, 4 = X;(fsw) with the increment notation X, oy = X, @ Xy It s
important to note that the two-parameter flow property

Xs,u & Xu,t = Xs,tavsa teR

is equivalent to the fact that X;(w) = (1,x¢(w)) = (1,2¢(w), Xo¢(w)), where z.(w) : R — R™ and
X..(w) : I? - R™ @ R™ are random funtions satisfying Chen’s relation relation (2.2).

To fulfill the Holder continuity of almost all realizations, it follows from condition (2.13) and the
Kolmogorov criterion for rough paths [13, Appendix A.3] that for any « € (%, v)and p = é, there
exists a version of w-wise (z, X) and random variables K, € LP, K, € L%, such that speaking w-wise
and with an abuse of notation, ||zs|| < Kalt — 8%, || Xsl| < Kalt — 5|2, for all s,t € [0,T], so
that x = (z,X) € €%(I). Moreover, we could modify « such that

: Tot
reC¥(I):={zeC*I): lim sup s, =0},
(1):=A {) A=00<i—s<n |t — 8[* J

Kol

X e C%?I%) = {XeC?™1I?): lim sup 2o 0},

A=00<t—s<n [t —s

thus (1) C C%*(I) @ C%2%(I?) is separable due to the separability of C*¥(I) and C%2*(1?).

As pointed out in [9, Remark 1] and due to [2, Corollary 9], the above construction is possible
for X; to be a continuous, centered Gaussian process with stationary increments and independent
components, satisfying: there exists for any 7" > 0 a constant C such that for all p > %, E||X: —
Xs||P < Cplt — s|P” for all s,t € [0,7]. Then X can be chosen to be the natural lift of X in the
sense of Friz-Victoir [13, Chapter 15] with sample paths in the space C’g *(R, TZ(R™)), for a certain
a € (0,v). In particular, the Wiener shift (4.2) implies that

100}l o) = DKMy fonpsn - Nisit (<(000)) = Nigprn (@) (4.3)

Throughout this paper, we will assume that 6 is ergodic. In particular, if X is a m-dimensional
fractional Brownian motion with mutual independent components, one can then apply [14, Lemma
3] to prove the ergodicity of 6. In this paper we would like to skip this detail and focus on the long
term dynamics of the numerical systems.

4.2 Continuous flows

Given the setting in Subsection 4.1, we are going to generate a random dynamical system for stochas-
tic rough differential equation (1.1). The first step is to study the properties of rough path integrals.
Given each realization w of the diagonal process X;(w) = w; = (1, x(w)) = (1, 2¢(w), Xo ¢ (w)), we
can define the stochastic integral in the pathwise sense as a rough path integral introduced in
Subsection 2.2, i.e.

b
/ Yudwy, = lim Z <yu ® Typ(w) + y;Xu,v(w))-
a |TI|—0 o
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The expression of the Darboux sum in the right hand side can be rewritten as

Y ® T (@) + YKo @) = @, 928 (1 2 (), Koo @) (4.4)

where the operator ® in the right hand side of (4.4) is defined as the left hand side. Since w is the
realization of X, it follows from Chen’s relation (2.2) that

(120 (@) Ko@) @ (1, 20,0(), Ko@) ) = (1, 260(@), Xoulw))-
Hence the shift property (4.2) yields

(1200 (@) K (@)) = 03" w0y = (Bu)ys VO s <L, (4.5)
We therefore can rewrite the definition of the above rough integral as
b
/a Yy = |11[i|ri>l()§(yu7y;)®(0uw)vu' (4.6)

Since Oy 4w = 0, 0 O,w, it is easy to check that the rough integral in (4.6) satisfies the additivity
and the shift properties, i.e.

c b c
/ Yudwy = / Yudwy + / Yudwy, Va<b<c (47)
a a b
b+r b
/ Yudwy, = / Yutrd(0rw)y, Ya <b,reR. (4.8)
a+r a

These two properties (4.7), (4.8) and the existence and uniqueness result 2.4 then suffice to prove
the cocycle property (4.1) of the generated random dynamical system from the stochastic rough
differential equation (1.1). We quote a result from Duc [9, Proposition 2] as follows.

Proposition 4.1 Given the measurable metric dynamical system (Q,.%,P,0) and the p-rough co-
cycle X : R x Q — TZR™) as above, the system (1.1) generates a continuous random dynamical
system ¢ over (2,.%,P,0), such that for any [0,T] and all w € Q, p(t,w)yo is the unique solution
(in the Gubinelli sense) of (1.2), which is understood in the pathwise integral form (2.8) on [0,T],
where x = (x,X) is the projection of X.(w) on R™ @ (R™ @ R™).

4.3 Discrete flows

Given the probabilistic setting in Subsection 4.2, for a realization w; = (1, x¢(w), Xo+(w)) of the
diagonal process X;(w), we consider the explicit Euler scheme for the regular grid with step size

h >0, ie. II ={kh}ren and

yo € RY,

h h h h by h (4.9)
Yk = Ui + LR+ 9W) Tkn, e 0)n (@) + D) 9(Wi) Xin, (ke ppn (@), k€ N.
Such a scheme is well defined. Using (4.4) and (4.5), we rewrite (4.9) as
v = (s + £bn) +{ (o) Dawaw)): (2enesnn(@) Xin n(@)) )
=:F(hyp) =G(yp)
= F(h, yi?) + G(y,};)@(l, $kh,(k+1)h(w)a th,(k—i—l)h(w))
= F(hyr) + Gye)@ (Onw),, = H(h, Opno)yi (4.10)
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where we introduce the generator function
H(h,w)y = F(h,y) + G(y)@wi. (4.11)

Hence similar to Proposition 4.1, we can easily prove that the Euler numerical scheme (4.10) gen-
erates a discrete-time random dynamical system ¢ : N* x Q x R? — R? over N := {kh}rcn and
(Q, #,P,0) such that for any w € Q and y? € R?, " (k,w)yh is defined from (4.10) by

P (0, W)yl =y, (41
" (kh,w)yll ==yl = H(h, Ok—1)pw) ... 0 H(h,w)yl, VE>1.

5 Random pullback attractors

Given the random dynamical systems ¢ and " on the phase space R?, we follow Crauel & Flandoli
[6] (see also Arnold [1, Chapter 9] and Crauel & Kloeden[7] and the references therein) to briefly
present the notion of random pullback attractors.

In the probabilistic setting, recall that a set M := {M(w)}weq is called a random set, if w —
d(y|M(w)) := inf{d(y, z)|z € M(w)} is .Z-measurable for each y € R?. A universe & is a family of
random sets which is closed w.r.t. inclusions (i.e. if Dy € 9 and Dy C Dy then Dy € 2). In our
situation, we define the universe Z to be a family of tempered random sets D(w), that is, D(w) is
contained in a ball B(0, p(w)) a.s., where the radius p(w) > 0 is a tempered random variable (i.e.
t_lzrinoo%long p(Oww) = 0 a.s., see e.g., Arnold [1, pp. 164, 386] and Imkeller & Schmalfuss [21, p.

220]).

A random set A is said to be invariant if p(t,w)A(w) = A(w) for allt € R, w € Q. An invariant
random compact set A € Z is called a pullback attractor in &, if A attracts any closed random set
D € Z in the pullback sense, i.e.

Jim dyr((t, 6-10) D(0- )| A(w)) =0, (5.1)

where dp(|-) is the Hausdorff semi-distance, i.e. dg(D|A) := supgep infaeca ||d — all.
The existence of a pullback attractor follows from the existence of a pullback absorbing set (see
[7, Theorem 3]), namely a random set B € & is called pullback absorbing in the universe & if B
absorbs all closed random sets in &, i.e. for any closed random set D € 2, there exists a time
to = to(w, D) such that
o(t,0_w)D(0_w) C B(w), for all t > t,. (5.2)

Then given the universe 2 and a compact pullback absorbing set B € &, there exists a unique
pullback attractor A(w) in &, given by

Aw) = [ e(s,0-sw)B(0_sw). (5.3)

t>0s>t

As proved in Duc [9, Theorem 3.1], under the assumptions (H';), (Hg)7 (Hx) and the dissipa-
tivity condition

D1 >0,D2>0:  (y, f()) < lyll(D1 — D2llyll), Vy€RY, (5.4)

there exists a pullback attractor A(w) for the generated random dynamical system of the stochastic
system (1.1) such that |A(:)| € £ for any p > 1. It is important to note that assumption (5.4) is
equivalent to the dissipativity condition: there exist constants d; > 0,ds > 0 such that

(y, f(y)) < di — da|ly|l*, VyeR% (5.5)
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see Duc [9, Lemma 1.1].
We show below the same conclusion for the linear g, but require further that the stochastic
process X is Gaussian and C; = ||C|| is small enough.

Theorem 5.1 Let the assumptions (Hy), (H{g), (Hx ) hold and further that X is a centered Gaus-
sian process such that the metric dynamical system 0 is ergodic. Then for sufficiently small Cy,
there exists a pullback attractor A(w) for the generated random dynamical system of the stochastic
system (1.1) such that |A(-)| € LP for any p > 1.

Proof: 'We will follow the arguments in Duc [9, Theorem 2.1] line by line to prove that for any
A > 0 small enough, there exist constants dy, Cy > 0 such that the following estimates hold

el < exp {AN( x,[0,1]) }Ilyolle ™ + N ( x,0.4])], Ve, (56)

A A
16C,Cy’ 16C,Cy’
To do this, the main task is prove that there exists constants C'y,dy > 0 such that
1d ~
5@”%“2 < Oy = Sxllze>. (5.7)
To prove (5.7), one follows the notation in (2.34) and (2.28) to estimate

linztﬂz =(z¢, (Id + Ve) f (2 + 1))

2dt
(oo tra - [P ) )]

<Zt,(fd+1/1t) (Zt+7t)><’2t+’}’t f(zt+’yt)>

12t + el £ Mlze +wll’
:;‘]TJI =:Ma
+ (t, (Td+ ), (FGe ) (5.8)
=:M3

The estimates for M7 and Mj look the same as in the proof of [9, Theorem 2.1], thus there exists a
generic constant C' such that

MMy < O~ 2(1 = V)]
With ¢ satisfying (ng), there is a small change with M3, which according to (2.35) looks like
M < 2AHthCf(1 +(1+ )\)Hth) = 2CA(L+ N)[|z)” + CA(||2e]* + 1)
The coefficient of ||z||? in M3 is then can be controlled by choosing sufficiently small A € (0,1). As

a result, one can always find generic constants C), §y such that dp > 0 and

1d _
5 gllzel® = Midy + My < Ox = allze|®, vt € [0,7].

Hence by using Cauchy inequality, one can prove that
Cx

el < llzolle™T + =2,
A
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which deduces that

s Ch
ly=ll < (1 + Mllzrl < llgolle*™ > + (1 + )<= 5y

Assign Cy := (1 + )\) , then for each t € [0, 1], by constructing the sequence of greedy times
{T(m, x), [0, ]}, one can easily prove by induction that

| < A=ONTi 4 4 iA ,=0,... N(———— tl).
o < ol i, i = 0., N 0.)
In particular, (5.6) holds. For ¢ = 1, one obtains
1]l <llyoll exp{AN( A x [0,1]) — 6x}
X S — —_
Y1l =11Yo p 16013097 ) 1Y A
=1 (x(w),[0,1])
+OAN (2 x, [0,1]) exp{AN( x,[0,1])} o
- X - )
M Yec,c, o eI g0 o

=:{(x(w),[0,1])
By replacing w by 0_,w and using induction arguments, one can prove that

n—1

g (O—new, yo) Il <llgoll T [ n(x(0—nw), [i,i + 1])
=0

+ ) Ex(0-nw), [i,i + 1]) Hn ), 1,9 + 1))

1=0 J=i+1

Since X is Gaussian, it can be lifted to a Gaussian rough path, from which one can prove the
integrability of exp{)\N(ﬁ, x,[0,1])} (see Cass et al [3]). Hence {(x(w), [0, 1]) is an integrable
random variable and tempered. On the other hand, by using (4.3) and applying Birkhorf’s ergodic
theorem, one can show that

n—1
1 1 x(0_p, +1]) =1 1 0_iw), 0,1
1T?Lsogpnzgo ogn(x w), [¢,7 + 1]) lrlgsolipn;l og n(x(0-iw), [0, 1])
A
=EAN(———,x(- 1]) — da. 1
(160pcg7x( )7[07 ]) A (5 0)

Similar to the arguments in Duc [9, Theorem 3.3], one can choose A := Cj for sufficiently small Cy
so that the right hand side of (5.10) is negative. One then follows the arguments in Cong et al [5,
Theorem 4.5 & Lemma 5.2] to conclude that there exists a random pullback attractor. O

5.1 Random pullback attractors for the explicit Euler scheme

We now consider a similar result on the existence of a pullback attractor for the discrete-time RDS
generated by the Euler numerical scheme (4.10) for sufficiently small step size h > 0. The difference
is that condition (2.10) is not enough, thus we need f to be of linear growth and g is bounded. We
formulate the result as follows.
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Theorem 5.2 Under the hypotheses (H}),(Hg) and (Hx ), assume further that f is dissipative
with (5.4) and of linear growth, i.e. there exists Cy such that

IF Il < Cr(1+[lyl]). (5.11)

Then there exists a hg > 0 such that for all h < hg, the generated discrete-time random dynamical
system @™ from (4.10) admits a global random pullback attractor AM(w).

Proof: It suffices to prove that there exists an absorbing set for the generated RDS .
Consider the Lyapunov function ||y,?|| then by applying Cauchy inequality and using assumptions
(Hy¢), (Hy) and (5.11) one obtains

i ? =Nk + FUR + 9@ Trn e yn + Da@i) 9w Xn, e nynll?

<y l® + 20, F Db+ [LF (i) 1202
+ 2<y£ + F Wiy 9 W) T, (k1) + Dg(yz)g(yz)xkh,(k+l)h>
+ 2/l g ()T, k10 I” + 20 D9 W) g W) X, o1y I
<|lyill* + 2 /ly | (Dy — Dallypll) + 2C7R* (1 + [lylI*)
h )2, L 2 2
b (Il + Con(+ kD) + 5 (Collanesnnl + O3 1% esnl)

+ 2C2 |z n, et 1ynlI” + 2C; 11K peh (et 1y 1

D2
<|ly |12 (1 — Doh + ZCJ%hQ) + il 2070 4+ 4xh(1+ ORI + 2xC7h°
1
+204 ) (Gl el + O K i)

<Ilypl? (1 = Dah + 20302 + k(1 + C30%)) + €6 (IR ar sy ) (5:12)

where
D? 1
h Y1 272 273 L 2 42 4 74
€ (4) = Fh 2070 + 2xCfn +-2(1+ xh) (c2a2+ cpat), (5.13)
and one can choose x := % so that

D D D
L= Doh + 2070 +4xh(1 + CFh%) = 1 — Z2h + 2070 + 2 C3h* < 1= 2h (5.14)

whenever
Dy

h< — 2 A1=:hy. 5.15
4C3(2+ Do) ’ (5.15)

Note that from (4.3), fg(mx(w)|||p_var7[kh,(k+1)h}) = 53(|||X(9khw)wp—var,[o,h}) which can be written as
&8 (Opnw), where €8 € L' is an integrable random variable. Replacing (5.14) into (5.12) one can
show that for h < hg in (5.15)

Dy _Dy
Iyt < (1= Z20) Ik 2 + € Onw) < €= PRI + €8 (Bunw).
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Hence by induction one can prove that

k-1

Dy Dy,
lyill* < e T "yl + D e 5 e (Oh-iw), VR > 1.
=0

By applying similar arguments to the ones in [9, Theorem 3.3] one concludes that there exists a
random pullback absorbing set B"(w) = B(0, R"(w)) where

=3 e EHR (O ). (5.16)

k=0

Since &8 € L', so is log" &k, which implies that %10g+ Eh(O_4w) — 0 as t — oo. Hence &} is
tempered, and it follows from Cong et al [5, Lemma 5.2] that R"(w) is finite and also tempered a.s.
This proves the existence of a random pullback attractor A"(w) defined by (5.3). O

Remark 5.3 When g is linear, the question on existence of a numerical attractor for the discrete
RDS " generated by the Euler scheme is still open.

Remark 5.4 Although ¢ is integrable random variable, it follows from (5.13) and (5.16) that,

1 4
ER' = — 5 E&h ~

~ — Reh
1_ef%h Dh !

which diverges to infinity as h tends to zero, since £f(w) contains element %|Hx(w)|||}27_var’[07h] A

h2 =1 x(w) || 0,1]- This implies that the absorbing set B" might blow up as h tends to zero, which
makes it difficult to prove the upper semi-continuous convergence of the numerical attractor in the
next section.

5.2 Upper semi-continuous convergence of the numerical attractor

The upper semi-continuous convergence of the numerical attractor to the attractor of an autonomous
ordinary differential equation is now a classical result in numerical dynamics, see e.g., Han &
Kloeden [18]. Similar results have been established for many other types of differential equations
including random ordinary differential equations [22]. It is well known that the stronger continuous
convergence in the Hausdorff metric holds only in very special cases.

For the rough differential equation (1.3) in the sense of Gubinelli, where the stochastic process
X with stationary increments, we can only prove an analogous result for bounded f and g, i.e., that
A" — A in the Hausdorff semi-distance as h — 01, i.e., converges upper semi-continuously. We
formulate the result as follows.

Theorem 5.5 Assume (HZ) and (Hx ) with a centered Gaussian process X. Assume further that f
is globally Lipschitz continuous and bounded, such that the dissipativity condition (5.4) is satisfied.
Then ©" admits a numerical pullback attractor A" which converges to the attractor A a.s. in the
Hausdorf semi-distance, i.e.,

lim dy (A"A) =0 a.s. (5.17)
h—0

Proof: For any time step h < %, assign [ := L%J € N. Then h € (l—Tl’ 7] with 1 —h <lh < 1.

It implies from the proof of Theorem (3.1) that in case f is bounded, we obtain from (2.37) and
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(3.7) for T := 1 that there exist constants

C3(w) = Cw) =C2C1 | Cp + Gy Il o + Il 0 ) |

5N (15 10.1) (11 + o b v (S g )]
<oxp {405 + N(160pcg(11+ TS )}
< [Cr + Co (el go. + IX1 o)) (5.18)

as in (2.46), (2.49) and (3.8) such that
™ (1h, w)yo — (1, w)yoll <lle" (1h, w)yo — @ (th, w)yoll + o (lh, w)yo — (L, w)yoll

ho- .
< S [0 (ih, w)yo — @(ih,w)yoll + [0 (- w)yoll,—var in,1)
_7’_

<C(w)h* 1 + C3(w)(1 — Ih)”
<C(w)(R* ' + 1Y)
<C(w)h3 1.
As a result, there exists a constant C'(w) independent of the initial condition yo such that
" (th, w)yoll < (1, w)yoll + Clw)h®~,  Wyo € R (5.19)

Observe that in the last formula in (5.18), C'(w) is the product of 3 terms, where the first and third
terms are integrable due to the fact that |||, ) is integrable of any order, and so is the second
term due to Cass et al [3, Theorem 6.3]. Hence by Cauchy inequality, C'(w) is also integrable. Now
applying Duc [9, Theorem 3.3] for dissipative function f, there exists a constant n € (0,1) and an
integrable random variable §o(w) = &o([[x(w)]],,j0,17) such that

le (L w)yoll < nllgoll + &o(w),  Vyo € RY. (5.20)

Hence
1" (th, w)yoll < nllyoll + &o(w) + C(w)h* (5.21)

which, by similar arguments to Duc [9, Theorem 3.3 proves the existence of a pullback absorbing
set B"(w) = B(0, R"(w)), where

Riw) =3 7 (&)(G_klhw) + C(H_klhw)h3”’1>. (5.22)
k=0

We are going to find an upper bound for R”. To do that, we use (4.3) to rewrite R" as

WE

Riw) = 30 [eo(x(0 1)l o) + COUXO—kan)llgo.)h* ]

=
Il
o

I
NE

7 So(lIx(w)

= ktn,—kin1y) + C(’”X(w)mv,[*klh,fkthrl})h3u_1:| .

e
Il
o
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It is easy to check that —|klh| > —klh > —(|klh] 4+ 1), and
(—kih, —klh+1] C | — [klh] — 1, — |kl + 1}, vk € N.
On the other hand, it follows from [h > % that
|klh] < [(k+1)lh| < |klh|+1, and |klh| < [(k+ 2)lR]. (5.23)

Hence (5.23) implies that the sequence {|klh|}ren covers the set N of natural numbers and every
number in the sequence only appears at most twice. By writing j := |klh| we can easily prove that

Riw) < > plhh [Eo( |||X(W)|||y,[—Lkth—1,—Lklhj+1}) + C( (o)l = ki —1,— (kin )1y )hgl’_l}
k=0

< 25 w0 (I@lysn o) + OO yr o )2 ]
=0

< 2inﬂ' [fo(H‘X(e—jw””%[_l,”) + C( [RIC)] . )} —: 2R (w). (5.24)
=0

Similar to the argument in proof of Theorem 5.2, since {o([|x(w)ll,,_1,1)) and C([x(w)l],,—11)
are integrable, it follows that log™ So([lx(w)ll,,—1,1) and log™ C([lx(w)ll,,—1,1) are also integrable.
Thus &o([lx (W)l (—1,1): C(Ix(w)ll, (—1,1]) are tempered random variables which, together with Cong
et al. [5, Lemma 5.2], shows that R(w) is well defined and also tempered. That means A"(w) C
B"(w) = B(0, R"(w)) for h < } are entirely contained in a tempered set B(0,2R(w)), hence they
are uniformly attracted to A(w) in the pullback sense under the flow ¢. Hence for any ¢ > 0 small
enough, there exists a M (e,w) such that

1
dy (gp(k‘, G_kw)Ah(G_kwﬂA(w)) <€ VkzM(ew), Vh<3. (5.25)
With such fixed M (e,w), there exists a constant C(w, M) such that for all b < §(w, M) A 3 and all
y" € A" in the w-wise sense
" (M, 0-rrw)y" (0-rrw) — o (M, 0_rrw)y" (0-pw)|| < Clw, M) <e.

Since the above inequality holds for all y* € A", it yields
dn <cph(M, 0 nw) A" (0_p1w) (M, H_Mw)Ah(G_Mw)) <e (5.26)

From (5.25) and (5.26), it follows from the invariance of A" under " and the triangular inequality
that

1
di (AMw)|A(w)) < 26, Vh < 6(w, M) A 5
This proves that (5.17) hold almost surely. O
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