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Abstract

We propose a quantitative direct method of proving the local stability for the trivial solution
of a rough differential equation and of its regular discretization scheme. Using Doss-Sussmann
technique and stopping time analysis, we prove that the trivial solution of the rough system is
exponentially stable as long as the noise is small. The same conclusions hold for the regular
discretization scheme with small noise and small step size. Our results are significantly stronger
than [20, Theorem 14] and [22, Theorem 18] and can be applied to non-flat bounded or linear
noises.

Keywords: stochastic differential equations (SDE), Young integral, rough path theory, rough
differential equations, exponential stability.

1 Introduction

This paper deals with the local asymptotic stability criteria for rough differential equations of the
form

dy = f(y)dt + g(y)dz, (1.1)

or in the integral form

v = g0 + /0 (sl + /O o(p)dz,, 1€ [0,T). (1.2)

Equation (1.1) can be viewed as a controlled differential equation driven by rough path z €
C”([0,T],R™) in the sense of Lyons [26], [27]. As such, system (1.1) appears as a pathwise ap-
proach to solve a stochastic differential equation which is driven by a certain Holder noise X;. In
this paper, we would like to approach system (1.1) and interpret the second integral as a rough
integral in the sense of Gubinelli [23], and consider v € (3,1] for simplicity of presentation (see a
detailed description in Section 6).

Under certain assumptions imposed on its coefficient functions, a rough differential equation
will have the property of the local existence, uniqueness and continuation of solution given initial
conditions, see e.g. [23] or [17] for a version without drift coefficient function, and [32] for a full
version using p - variation norms. Moreover, with a stronger assumption on the coefficient functions
a rough differential equation will have global solutions which exists on the whole time interval [0, c0).
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This gives rise to the recent interest in investigation of qualitative properties of rough differential
equation with a view to the parallel in the well developed and well known qualitative theory of
ordinary differential equations.

The topic of asymptotic stability for path-wise solution of (1.1) is studied in [15, 14, 12] for
which the noise is assumed to be fractional Brownian motion [28] (i.e. a family of BY = {Bf };cr
with continuous sample paths and E|Bff — B || = |t — s|?! for all t,s € R) with small intensity.
In addition, the topic of local stability is studied in [20, Theorem 14] and in [22, Theorem 18] for
local versions on a small neighborhood B(0, p) of the trivial solution, using the cutoff technique and
fractional calculus, and under the assumption that g(z) is rather flat, i.e. g(0) = Dyg(0) = 0 for the
Young differential equations and ¢(0) = D,g(0) = D,,g(0) = 0 for the rough differential equations.
A related topic is random attractors for the random dynamical system generated from (1.1) and its
discretization, which is investigated in many works, see e.g. [19], [11], [10], [8] and the references
therein.

In this paper we are interested in the Lyapunov asymptotic stability of the rough differential
equation (1.1) near an equilibrium point (the origin). Since the stability is a local property of the
equation, it is natural to restrict our investigation and impose conditions on the equation only in
a neighborhood of the origin. Throughout the paper, we will assume that there exist a positive
constant ey > 0 such that in the ball B(0,¢) := {y € R?: |ly|| < €0} C R? the following conditions
are satisfied

(Hy) in the ball B(0,¢) the coefficient function f : RY — R? of (1.1) is locally Lipschitz
continuous which can be decomposed into

fly) =Df(0)y+ H(y),  Vye B(0,e), (1.3)

where Df(0) € R¥9 is a matrix which admits all eigenvalues of negative real parts. Meanwhile,
H : R? — R? is the non-linear part satisfying: there exist positive constants Cp, Ly, m > 0 such
that

IH )l < Cullyl™™,  |1H(y) = H)I| < Lully — 2| Yy, 2 € B(0, ), (1.4)

(H,) in the ball B(0,¢) the coefficient function g : B(0,e) — L(R™,RY) of the equation (1.1)
belongs to C3(B(0, €g), L(R™,R?)); we denote

C, = max{||g||oo’3(07€0),||Dg||oo73(o,eo)7HD2gHoo,B(0,eo)}, (1.5)

max { Cy, 19l 50.0) 107l 0.0) - (1.6)

(Hx) for a given v € (3,3), @ € CY(R,R™) - the space of all Holder continuous paths such
that z is a realization of a stochastic process X;(w) with stationary increments and that x can be
lifted into a realized component x = (z,X) of a stochastic process (z.(w),X..(w)) with stationary
increments. Moreover the estimate

Cy

E(H:cs¢ Py ||sttuq) < Crult—sP”,  Vstelo,T), (1.7)
holds for any [0,7] C [,00), with pv > 1,¢ = § and some constant Cr,.

Concerning the assumption (Hy), for instance, given v € (%, 1], the path z might be a realization
of a R™-valued centered Gaussian process satisfying: there exists for any 7' > 0 a constant Cr such
that for all p > %

E||X: — Xs||P < Cplt —sP”, Vs, t€[0,T]. (1.8)



By Kolmogorov theorem, for any v € (0,7) and any interval [0,7] almost all realization of X will
be in C¥([0,77]). Such a stochastic process, in particular, can be a fractional Brownian motion BY
with Hurst exponent H € (3,1).

Assumptions (Hy), (Hg), (Hx) are sufficient to prove the existence and uniqueness of the
solution of (1.1) defined for any initial value yo € B(0, ¢p) and on a finite or infinite time interval, as
well as the continuity of the solution semi-flow and the generation of a continuous random dynamical
system, see e.g. [32, Theorem 4.3], [2], [11] and [10].

In this paper, we will always assume that f(0) = 0 and ¢g(0) = 0. System (1.1) then admits an
equilibrium which is the trivial solution. Our aim is to obtain the stability of the system (1.1) in the
neighborhood of the origin (an equilibrium). For this we need to show that the solutions starting
near to 0 are not exploded, i.e. it can be extended to all the time ¢ > 0, and the requirement of the
stability are met.

Note that the condition (Hy) assures that the "unperturbed” ODE § = f(y) is exponentially
stable (see Perko [31, Theorem 1, p. 130], Chicone [6, Theorem 2.77, p. 183]). We will show that
in the rough path setting, considering the rough path integral as a perturbation of this ODE, the
system (1.1) remains exponentially stable provided the perturbation is small. Roughly speaking,
our main results can be formulated as follows.

Main results. Assume that f(0) =0 and g(0) = 0 so that zero is the trivial solution of (1.1),
and conditions (Hy), (Hy), (Hx ) hold such that the generated Wiener shift is ergodic. Then there
exists Cop > 0 depending only on f such that for any 0 < Cy < Cy, the trivial solution of (1.1)
18 exponentially stable almost surely. The same conclusion holds for the regular discretized system,
provided that the step size is sufficiently small.

Our approach to deal with this problem is first to impose an additional global conditions on f
and g to get a global continuous random dynamical system generated by the solutions of (1.1), and
then to apply our stopping time technique to get the local stability of the trivial solution for the
global system. Finally, we use the extension technique in [16] to prove that such global assumptions
on f,g are feasible but do not change the local dynamics of the system around the trivial solution,
hence they can all be relaxed.

Our method applies the direct method of Lyapunov, which aims to estimate the norm growth
(or a Lyapunov-type function) of the solution in discrete intervals. For the continuous time set,
this technique is feasible thanks to the Doss-Sussmann technique to transform the rough differential
equation on each stopping time interval to an ordinary differential equation which can be seen
as a non-autonomous perturbation of the unperturbed ODE. The tricky part is proving stability,
which means one needs to control the norm growth of the solution less than a parameter ¢ on
each stopping time interval. The exponential attractivity is then an indirect consequence of the
Birkhoff’s ergodic theorem (via Lemma 3.1), provided that the generated Wiener-shift is ergodic
(this holds for fractional Brownian motions, see Lemma 6.2 in Section 6). It is important to note
that one can develop a direct argument for the local system without extending it to the global one,
by taking care of the time for a solution to exit the local regime of the trivial solution. The results
in Theorem 4.2 and Theorem 4.3 are significantly stronger than [20, Theorem 14| and [22, Theorem
18] and can be applied to non-flat bounded or linear noises (see Remark 4.4).

The situation is rather complicated for the discretized system of (1.1), because the Doss-
Sussmann transformation fails to control the solution norm to be sufficiently small in the discrete
time set, and in general the solution can exit the local regime of the trivial solution right after
one discrete time step. Thus similar to the continuous time case, we need first to extend the lo-
cal system to a global one and then to apply the coupling technique to compare solutions of the
rough difference equation and its unperturbed system. A sufficient condition is the integrability of
solution, which is straightforward for Young equations but not trivial for the rough case under the



p-variation norm. To overcome this difficulty, we develop further in Section 3 the stopping time
technique, which was studied e.g. in [5], [15], [7] for continuous time sets and recently in [8] for
discrete time sets, to estimate the norm growth of the solution on each stopping time interval and
then to control the initial value ygy inside a random radius ball, leading to the local exponential
stability as in the continuous time case. The stability criteria in Theorem 5.1 and Theorem 5.2 are
new, where the choice of Cy and step size A are independent and pathwise free.

When the assumption on ergodicity of the generated Wiener shift is relaxed, the ergodic Birkhoff
theorem is still applicable in estimating stopping times, but results in random variable limits. In
this case, all conclusions in the main theorems still hold almost surely, but all the stability criteria
and parameters would be path dependent.

Our method still works for a lower regularity coefficient v < %, although the computation would
be rather complicated. Moreover, it could also be applied in case f also depends on time, i.e. f(y)
is replaced by f(t,y).

We close the introduction part with a counter example that choosing a large C; might break
the stability.

Example 1.1 Consider the It stochastic differential equation

-G o

or in short dy = f(y)dt+ g(y)dB;, where B is a scalar standard Brownian motion will all realization
in C¥ for v € (%, %), and u,o are real constants. We omit the issue of existence and uniqueness
of the solution of equation (1.9), noting that it can be solved either in the It6 sense using polar
coordinates y; = rsina,yps = rcosa or in the pathwise sense as a rough differential equation (see
e.g. [11, Theorem 2.1] and [10, Theorem 5.1]). In particular, one can apply It6 formula to check
that

dllyl? = [20y. F)) + 9@ dt + 20y, 9(u)dBy = (21+ o = 2y|2) |yl *d.

In other words, 7 = ||y||? is the solution of the ordinary differential equation

%n =n(2u + o* — 2n). (1.10)
Clearly, zero is the trivial solution of (1.9). For ¢ = 0 and p < 0, system (1.9) is an ordinary
differential equation, which admits zero as an globally asymptotically stable solution. However,
when o > 0 large enough such that o2 4+ 2 > 0, then the zero solution of (1.10) becomes unstable.
In other words, the zero solution of (1.9) will break its stability when perturbed by the linear noise
for o large enough.

2 Rough differential equations, local solutions and their extension

The existence and uniqueness theorem for system (1.1) is first proved in [32], where the solution is
understood in the sense of Friz & Victoir [18]. Using rough path integrals, we interpret the rough
differential equation (1.1) by writing it in the integral form

t t
%:%+/ﬂmw+/awm&vaM, (2.1)



for any interval [a,b] and an initial value y, € R?. Then we search for a solution in the Gubinelli
sense, and solve for a path y which is controlled by x. We refer to [13] and Section 6 for definitions
of variation and Hélder norms, Gubinelli rough integrals for controlled rough paths.

The solution of (1.1) with the initial value yo € B(0,¢€p) is understood in the pathwise sense,
under the assumptions (Hy)-(Hg). To apply the arguments in [13], we provide an indirect argument
to first extend the local domain B(0,¢€) to the whole R?, and then to apply available results for
global solutions. To do that, in the rest of this section (and sometimes later, we will say explicitly
if it is a case) we assume the following global condition of f and g.

(HY) [ satisfies (Hy) and, moreover the decomposition (1.3) holds for all y € R with H being
globally Lipschitz continuous

Ly > 0: |H(y) — HEI < Luly— =), vy,z € RY (2.2)

(H}) g is in C3(RY, L(R™,R?)) where we define

Cy i= max { gl oo 20, 1D g 20 1D s A/ 19 s 1103} (2.3)

Note that from [13, Theorem 3.4], the global solution ¢.(x, ¢,) of the pure rough differential
equation
doy = 9(¢pu)day, u € [a,b], ¢, € R? (2.4)

is C1 w.r.t. ¢, and %(-, X, ¢q) is the solution of the linearized system

A&y = Dg(du(X, §s))8udry, u € [a,b], & = 1d, (2.5)

where Id € R%*? denotes the identity matrix. The idea is then to prove the existence and uniqueness
of the global solution on each small interval |7y, Tx11] between two consecutive stopping times, and
then concatenate to obtain the conclusion on any interval. The Doss-Sussmann technique used in
[13, Theorem 3.7] and [32] ensures that, by a transformation y; = ¢¢(x, 2;) there is an one-to-one
correspondence between a solution y; of (1.1) on a certain interval [0, 7] and a solution z; of the
associate ordinary differential equation

2 = [gf(t,x, zt)]_lf(¢t(x, zt)), t€0,7], 20 = Yo. (2.6)

The parameter 7 > 0 can be chosen such that

16C,C, %0, —var 0,/ < A, for some A € (0,1), (2.7)
where [|x[|,_ (0,5 18 defined in (6.4), C, is defined in (2.3), and C,, is defined in (6.11).

The following result is a direct consequence of [11, Proposition 2.1] and [10, Proposition 2.3],
which shows solution norm estimates for equation (2.4). The proof will be omitted here due to
similarity.

Proposition 2.1 Let ¢; be the solutions of (2.4). Assume (Hy), and g(0) = 0. Then for any
interval [a,b] such that 16C,C, [|x|| <1, the following estimates hold

p—var,[a,b]

i) |n¢|||,, v fog] < sopég 1l e, gy 0 {6l 1} (2.8)
99

i) |22 o x60) — 1| [[[520x 00)] 1] <166, Iy - (29)




Note that all the above arguments might fail to be applied if we work directly with the local
solution for yo € B(0,€p). This is because at stopping time interval [7j, Tk4+1] the Doss-Sussmann
transformation y = ¢¢(x, 2¢) that starts from y, € B(0, ) might exit B(0,¢y) soon before 7j4;.
Hence in general it would be rather technical to estimate the exit time of the local solution from
B(0, ).

Next, to apply (H}) and (Hy) for a global solution on R?, we first need to recall a result on
extension of differentiable functions on R?. Namely, we have the following lemma which is a direct
corollary of a theorem by C. Fefferman [16, Theorem 1].

Lemma 2.2 There exists a positive constant c3 > 1 depending only on the dimensions m and
d (independent from eg) such that any function g : B(0,eq) — L(R™,R?) which is in the class
C3(B(0,€0)) can be extended to a function g* : R — L(R™ R?) of the class C3(RY) with bounded
derivatives up to order 3, and the following inequality holds

l9%[lc3 ey < c3llglles (B(0,co))-
A similar extension result for the case of locally Lipschitz continuous functions f, H also holds (see

[3, Theorem 1.53, p. 54])

Lemma 2.3 There exists a positive constant ¢; > 1 depending only on the dimension d (indepen-
dent from €y) such that any function h : B(0,¢y) — RY which is Lipschitz in the ball B(0, e) with
Lipschitz constant L, (B(0,¢€)) can be extended to a globally Lipschitz function h : R* — R® with a
Lipschitz constant LE(Rd) and the following inequality holds

Li(RY) < ¢t Ly(B(0, €0)).

Put
" == max{c], 3} > 1, (2.10)

to be the universal constant that can serve for both estimations of smooth and Lipschitz extensions
above. Hence, there are new functions

f* R — RY, g R4 = L(R™ RY),

such that f*,g* are the extensions of f, g from B(0, ¢) to R? provided by Lemma 2.2 and Lemma
2.3, i.e. f*, ¢g* coincide with f,g in B(0, ¢y) respectively. Hence, we have

Cy<Cr<Cp <c*Cy, Ly <c'Ly. (2.11)
Consider the equation

dy: = f*(y)dt + g" (y)dy, (2.12)

It is easily seen that the functions f*, g* satisfy the strong assumptions (H}. )-(Hy.)-(2.11) as well as
the original assumptions (H - )-(Hg+). Therefore, there exists a unique global solution for equation
(2.12) due to the choice of f*, ¢g*. In particular, for any given solution y;(x,yo) with yo € B(0, €p)
there exists a time

T(X,y0) :=sup{t > 0: ys(x,y0) € B(0,¢0) Vs € [0,¢]} >0, (2.13)

such that all solution norm estimates can be computed via f, g (instead of f*, g*) during the time
interval [0, 7(x, yo))-



3 Stopping time analysis

3.1 Stopping times for the continuous time case

The construction of a greedy sequence of stopping times in [5] is now used in many recent results, see
e.g. [7, 15, 13, 11, 32]. Namely, for any fixed v € (0,1) the sequence of stopping times {7;(7, X) }ien
is defined by

T0=0, 7= inf {t > 15 1l ) = 7}. (3.1)

For a fixed closed interval I C [0, 00), we define another sequence of stopping times {7;*(y,%, I) }ien
by
7 =minl, 77, = inf {t > 1 Il ) = 7} A max 1. (3.2)

Define N*(v,x,1I) :=sup{i € N: 7 <max I} + 1. It is easy to show a rough estimate

N I) < 14 5 I (33)

In fact, it is proved in [5] that eV “(vx.1) ig integrable for Gaussian rough paths.

Denote 6 the Wiener-type shift in the probability space Q2 := %S’Q(R,Tf(Rm)) (see (6.6) in
Subsection 6.2). Throughout this paper, we will assume that € is ergodic. In case 6 is not ergodic,
one can use the ergodic decomposition theorem [33, Theorem 3.2, p. 19] to reduce the problem to
the ergodic case.

The following lemma is reformulated from [15, Theorem 14] for the stopping times defined in
the p-variation norm. To make the presentation self-contained, we are going to give a short and
direct proof here.

Lemma 3.1 Given the greedy sequence of stopping time (3.1), the following estimate

lim inf 2 > !
iminf —
n—oo n — EN*(v,x,[0,1])

(3.4)

holds almost surely.

Proof: For each j denote by N(v,x,[j,7 + 1)) the number of stopping times 75 in [7,7 + 1).
Since the minimal stopping time 7 in I is bigger than min I = 7(v,x, I) and the maximal stopping
time 7 in I is less than max ] = T]’(,*(W 1) (v,x, 1), it follows that

N*(v,x,I) > N(v,x, [min I, max I)). (3.5)

Denote by |74 | the integer part of 74, then 7, < |7 | + 1. As a result, the number of positive
stopping times in the interval [0, 7] (which is k) is less than or equal to the one in the interval
[0, |7%] +1). As a result,

Tk S L 7%
k — N(’)/7X, [07 LTkJ =+ 1))
On the other hand, by definition of N and N* and inequality (3.5),
L7x]

7=0
Tk [7%]

< Y N (nx i+ 1) =D N (v, x(6,w), [0, 1)),
=0 =0



where the last equality is due to (6.7). Hence,

L7

= > > . :
BTSN (1, x(0,0), 0,1)) ey S5 N (7 x(050), 10, 1])

By applying the Birkhoff ergodic theorem to the last right hand side of (3.6), where 7, — oo as
k — oo, the numerator tends to one while the denominator converges to EN*(v,x(-),[0,1]). This
proves (3.4). O

Lemma 3.2 For every a,b € R,a < b, the following estimate holds

TN (%), @, 0) 2 1%l —var fa 5] - (3.7)

As a consequence,

YEN* (7, x(-), [a,0]) = E[lx()ll ,—var,fa) - (3.8)
Proof: Indeed, it follows from [7, Lemma 2.1] that
P _ P
|||me—var,[a,b] - |||X|||p—var7[7'5‘77';’{},*(’%){’[(1’1)])}
. N*(v,%,[a,b])
* p— p
< WOxl)™ X B o
]:
* -1 *
< [N* (%, [a, D] [N (7, x, [a, B) |47
S [N* (’Y, X, [CL, b])]p/yp
or equivalently
PYN* (77 X, [CL, b]) > ”’X”‘pfvar,[a,b] :
Taking the expectation to both sides of the above inequality, we obtain (3.8). O
Lemma 3.3 The following estimate holds for any n > 1 and any sequence tg < t1 < ... <ty
n—1
Z N*(’Ya X, [tjv t]-‘rl]) < N*(’Yv X, [to, tn]) + n. (39)
§=0

Proof: By definition, on [tj,t;11] there are at least N*(v,x, [t;,t;41]) — 1 consecutive stopping
time intervals on which the p-variation norm of x is 7. As a result, on the interval [to,t,] there

are at least Z?:_ol (N (v, %, [t), tjsa]) — 1) disjoint stopping time intervals on which the p-variation
norm of x is . This proves (3.9). O

3.2 Stopping times for discrete time sets

For investigation of discrete time systems arising from Euler scheme applied to the rough equation
(1.1) we modify the stopping time technique to the discrete framework. In the discrete time setting
we will use more complicated control than the control function Ha;”ﬁ ~var[s,4] used in the continuous-
time setting above. More precisely, given a finite sequence of controls w.. € S associated with
parameters (3, € (0, 1], we would like to construct a version of greedy sequence of (discrete-time)

stopping times similar to that in [8].



For our rough equations we consider S = {wM, w® WG} w! t = Lf(t —3),01 =1, wgt) =
OO lel? g+ B2 = & and W) = CEIXYS 1, o 85 = £ = 2. Heve Ly = [ DF(0)]| + Lyt is the global
Lipschitz constant of f on R%,

Let 0 =ty < t; <ty <--- be an increase sequence which tends to infinity. Given a fixed v > 0,
assign the starting time 7‘0 = 0. For each n € N, assume 7! = t; is determined. Then one can
define 71 a1 by the following rule:

o if Zweg wti thar > then set 7, +1 = tpi1;
o else set 7y ntl T Sup{tl LE ZwES wflmtl —= ’Y}

Similar to the continuous case, for a given closed interval [a,b] C R, and II[a,b] = {t; : 0 < i <
K,a=1t; <t} <...<tj =b} be an arbitrary finite partition of [a,b]. Given a fixed v > 0, assign
the starting time Té_[ = a. For each m, assume 7)* = ¢} is determined. Then 7%, is determined by

the rule:

] ﬁw
o if} s Witye > then set T4 = th,

e else set 717 = sup{t] € (t;.0] : > pes Wt%t; <~}

A detour to the continuous case: Note that for the continuous-time case treated above, based
on the set of controls S, one can replace the control x in (3.1), (3.2) by S to construct the sequences

5 from 0 and 75* from a on given [a,b] in a similar manner. Denote by N4(v,x, [a,b]) the number
of 5% on [a,b). Then, due to the choice of the controls w® (i = 1,2,3), similar to (3.3) we have
(see for instance [7, Lemma 2.6])

* 1 —1|7
N3 8) < L+ 07 (B0 = 0+ Cp el + I o |- 10)

Furthermore, similar to Lemma 3.1, we have

S

T, 1

lim inf 2% > 3.11
nee n — ENA(v.x, [0, 1)) (3.11)

almost surely.
Now back to the discrete setting, define N*(,x,II[a, b]) to be the number of times 7.'* in [a, b].
In the following Lemma we relate the sequence of discrete stopping times to the continuous one.

Lemma 3.4

N*(y,x,Ia, b]) < 2Ng(7,%, [a, b)), (3.12)
175
lim inf 2%/ ™ (1) > liminffm. (3.13)
n—r00 n n—r00 n

Proof:
Observe from the definitions of 71*(y, x, II[a, b]) for the discrete time set II[a, b] and 7 (7, x, [a, b])
(with the same set S of controls but for the continuous time set [a, b]) that, between two consecutive
stopping times 7 (7, %, [a,b]), 75,1 (7, %, [a, b]) there are at most two stopping times 711 (v, x, II[a, b]).

As a result,
N*(v,x,H[a,b]) < 2Ng5(v,x, [a,b]).



Another consequence is that 73l (v,x), 78k, 1(7,x) > 75(7,%) (otherwise there exist two con-
secutive stopping times Tf (v, %), T{il(’y, x) between which there are more than two stopping times
(v, x)). Therefore, it is easy to check that
(7, %) 1757, %)

lim inf & > liminf — ™
m—00 m m—00 m

The lemma is proved. O

4 Local stability for rough differential equations

We give the definition on asymptotic/exponential stability of the trivial solution (cf. [6] and [31]
for the ODE case, and [22, Definition 8] for the rough differential equation case).

Definition 4.1 (A) Stability: The trivial solution of equation (1.1) is called stable, if for any e > 0
there exists a positive random variable r = r(x) > 0 such that for any initial value ||yo|| < 7(x)
the solution y; of (1.1) starting from yo exists on the whole half line t € [0,00) and the following
inequality holds

sup |Jye]| < e.

>0

(B) Attractivity: the trivial solution is called attractive, if there exists a positive random variable
r(x) > 0 such that any solution y; of (1.1) with ||yo|| < r(x) ezists on the whole half line t € [0, c0)
and satisfies

lim (] = 0. (4.1)

(C) Asymptotic stability: The trivial solution of equation (1.1) is called asymptotically stable, if it
is stable and attractive.

(D) Ezxponential stability: The trivial solution of equation (1.1) is called exponentially stable, if it is
stable and there exist two positive random variables r(x) > 0 and a(x) > 0 and a positive constant
p > 0 such that for any initial value yo satisfying ||yol|| < r(x) the solution of equation (1.1) starting
from yo exists on the whole half line 0 <t < oo and the following inequality

lyell < a(x)e™"

holds for all t > 0.

It is easily seen that, like the case of ordinary differential equations, exponential stability implies
asymptotic stability, and the asymptotic stability implies stability; but the inverse direction is not
true.

Now we show that given the assumptions (1.3) and (1.4) it is enough to prove the conclusions
of our theorems under a stronger condition that matrix Df(0) € R?*? satisfies

Ny >0: (. DFOW) < Alyl’. vy € R (1.2)

Indeed, for any matrix Df(0) with negative real part eigenvalues, there exists a positive definite
symmetric matrix Q = M? (M is positive definite symmetric matrix) which is the solution of the
matrix equation

Df(0)'Q+QDf(0) = I

10



where I € R?*? is the identity matrix [4, Chapter 2 & Chapter 5]. We then introduce the (invertible)
transformation £ = My under which the transformed system has the form

d¢ = Mdy = Mf(y)dt+ Mg(y)dx
— MFME)dt + Mg(M€)da
- PWDﬂmM;%+AHﬂM’%ﬂﬁ+N@U[*Qm
= [DF(0)¢ + K(&)]dt + G (€)da.

where F(§) = DF(0)¢ + K(§) satisfies the same condition of negative real part eigenvalues and
condition (1.4) with different constant C'x and the same constant m. Moreover,

(€ MDFOMYE) = (MM~'¢, MDJ(0)M~'¢)
5 (I M2 DFO)M6) + (D) MM e M)
S (7, [QDF(0) + D)@ M

1
€)%
2||M |12

1
— M2 < -
Mg <

which has the form of (4.2). Hence (1.3) and (1.4) lead to (4.2) upto a linear transformation.

We emphasize here that Lemma 3.1 holds only almost surely w.r.t. w €  under the assumption
that the Wiener-shift # in Subsection 6.2 is ergodic. From now on, we will only work with a
realization € C” of the stochastic process X; satisfying assumption (Hx), such that z can be
lifted into a rough path x. For a little abuse of notation, we only mention the dependence of x in
the proof, without addressing that x = x(w) = (z(w), X(w)) for almost surely w € €.

Now we are in a position to prove our first main result.

Theorem 4.2 Assume (Hx) for the noise, (Hy), (4.2) for the drift and (Hy) for the diffusion

with £(0) = 0,9(0) = 0 so that zero is the trivial solution of (2.4). If there exists a A € (0,1) such
that

A

Ar > IDFOIAR+ )+ Cal+ D76t + A1+ NEN" (35 X(), 0,1)
p g

(4.3)

then the trivial solution of (1.1) is exponentially stable almost surely.

Proof:  First, we assume (H}) and (Hy) to prove the theorem under additional assumptions
on f and g to make the solutions of the equation (1.1) exist on the whole half line 0 < t < oo,
hence (1.1) generate a global random dynamical system, see e.g. [32, Theorem 4.3], [11] and [10].
Moreover, we assume additionally that the constant C’g defined by (2.3) satisfies the inequality

Cy < c*Cy. (4.4)

We assume that g # 0, because otherwise we have nothing to prove in Theorem 4.2. By (4.4)

we have 0 < C'g < C*C; < oo. Therefore, for A := 5\0*06‘1* we have 0 < A < A < 1 and due to (4.3)
g

the following inequality is satisfied

Ap > IDFO)AZ 4+ A) + Crr(1+ AP el + A1+ NEN* (—2— (), [0,1)).  (45)

pP~g
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Now, choose and fix a T satisfying (2.7) (such a 7 obviously exists), we follow Section 2, relate the
solution y; of (1.1) to the solution z; of the ordinary differential equation (2.6) via transformation
Yyt = ¢i(X, 2¢), where ¢.(X, @q) is solution of the pure rough differential equation (2.4). To estimate
the solution norm growth, assign

0
M=yt — 2z, and = [(%(taxa Zt)} -1, vtelo,r],
and one rewrites the transformed system (2.6) in the form
f= (L4 00 f (2ot m) = (L4 [DFO) (1 + ) + Hz+m)], € [0,7] 20=p0.  (46)

Introduce the Lyapunov function V(z) = ||z||* and fix an € € (0,€p). Since A and 7 satisfy (2.7),
one deduces from Proposition 2.1 that ||¢:|| < A and ||n:]| < Al|z]| for all ¢ € [0, 7]. It follows from
(4.6) that

V() = (2, Df(0)z) + (2t, DF(0)me) + (21,10 D f(0) (2 + me)) (4.7)
+ (2, (I + ) H (2 + mi))
< =Agllzdl® + 1D FO) Hzellimell + el D £ O) 1|zl [l 2 + el
+ (LA e D |z [ H (2 + me) |
Asllzel? + DO + Mlzel1? + Crr(1+ X)2H7 |z ]|+

< = |Ar = IDFOYINEZ +A) = Crr(L+N)F 2™ | 2],

IN

where the last two inequalities of (4.7) hold as long as (1 + \)||z¢|| < € < € in order to apply (1.4).
Due to (4.3), A\ and e satisfy

k=r(\ €)= Ar — [DFO)A2+N) — Cp (1 4+ A)*me™ > 0. (4.8)

define 7" := sup{t € [0,7] : ||zs]| < 5 VO < s < t}, then

As a result, given |zo| < T T+

|27+ || < 15 and it follows from (4.7) and (4.8) that

d
@V(z) < —2kV(z), tel0,77].
In particular, V(z7+) < V(20) exp{—2x7"} = V(yo) exp{—2r7"} < V(20) or [lz7+|| < [lz0]| < 55,

thus z; can still be extended into the right hand side of 7* until its norm hits 5. Due to its

definition, 7* = 7. In other words, provided that |[yo[| < 175, we have just proved that

lyell = llze +mell < (14 A) [zl
< |lyoll(L + A) exp{—rt}
< lyo|l exp{—rt + A}, Vte[0,7]. (4.9)

Next, construct the greedy sequence of stopping times (3.1) on [0,00) where v = W. One
g

can then prove similarly that: whenever ||y, | < += then

1+A
[9ell < Ny I(1+ A) exp{=r(t = 7n)} < [lyr, || exp{—r(t — ™) + A} (4.10)
for all ¢ € [1,,, Tht1],n € N. By induction,
€
[yr || < llyoll exp{—KTn + RA} A ——, VneEN.

1+ )
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Thus, in order for y., to satisfies y,, < it is sufficient that

=%
HyOH exp{_'l’m—n + n)\} < HL)\’ vn € N,
or

llyoll < R(x) := 1 _16_ 3 inf { exp{KrTh(x) —n\} :n € N}. (4.11)

We show that R(x) defined in (4.11) is a positive random variable. Indeed, by Lemma 3.1, there
exists a positive random variable M (x) such that

. where Cy = EN*(—2— x(-), [0,1]). (4.12)

1
1+ M) 16C,C,

inf{% n > M(x)} >

As a result,

¢ > R(x) >

—16— P { ogr?iiz\l}(x) (HT" B nA) /\nzljr\bf(x) n(ﬁ B )\) }
d (4

It follows from (4.5) and (4.8) that

K > )\(1 + A)Cl

Hence, taking into account that kg — OA = 0, it follows that

exp { min( : (m'n - nA) } (4.13)

€2 R(X) - 0<n<M(x

€
1+ A
As such, the right hand side of (4.13) is positive and thus R(x) defined in (4.11) is a positive
random variable. All in all, there exists a random neighborhood B(0, R(x)) of zero such that
whenever [yl < R(x) then [jy.,|| < 5 for all n € N and then ||| < e for all t+ > 0 due

o (4.10). Since the conclusion holds for any fixed € < ¢y, this proves stability. Moreover, since
sup{2- :n > M(x)} < (1 +A)Cy for n > M(x),

| < lvollexp { =7 (= A7) } < lollexp { = (5 =A@+ 2O )7}

n

Put
wi=r—A1+XNC,

we have 0 < pu < k. Using (4.10), and taking into account that ||yo|| < we obtain that

T
lyell < [lyoll(1 + A)e_”(t_m)e_’”” <ee ™ forall te€[m,,Thi1],n > M(x).
Therefore, since ||y;|| < € for all ¢ > 0, provided the initial value ||yo|| < R(x), we have
lyel| < au(x)exp(—pt) for all ¢ >0,

where
a(x) := eexp { (H — A1+ )\)Cl>rM(x)} = eexp{uTp(x)} >0

is a positive random variable. This proves the exponential stability of the zero solution of (1.1)
under the additional assumptions (H7%)-(Hy)-(4.4).

Finally we show that we can relax our arguments from the additional assumptions (H})-(Hyp)-
(4.4). Given the equation (1.1) on B(0,¢€p), we follow the extension process in Section 2 to extend
fyg on B(0,€0) to f*,g* on R% Then consider equation (2.12)

dys = f*(ye)dt + " (ye)dy,

13



It is easily seen that the functions f*, g* satisfy the strong assumptions (H}.)-(Hg.)-(2.11) as well
as the original assumptions (Hj«)-(Hy«). Therefore, the foregoing arguments are applicable to this
equation (2.12) due to the choice of f*, g*, implying that the trivial solution of equation (2.12)
is exponentially stable. That is, there exist two positive random variables ¢y > ¢ > R*(x) > 0,
a*(x) > 0 and a positive constant p such that if ||yp|| < R*(x) then the solution y; of (2.12), starting
from yo, satisfies ||y¢|| < € < ¢p and

lyell < o (x) exp(—pt), Vt>0. (4.14)

We notice here that since f* = f and g* = g on B(0, ) the quantities | Df(0)||, Cu, Af, C; defined
for the equation (1.1) coincide with their counterparts defined for (2.12).

For any initial value [|yp]] < R*(x) < € < ¢y the solution y; of the equation (2.12), starting
from yp, satisfies ||y:|| < e for all ¢ > 0, hence it is the solution of (1.1) starting from yo because
(1.1) coincides with (2.12) for all those solutions. Therefore, for any initial value yo satisfying
llyol] < R*(x) the solution y; of (1.1) starting from yo satisfies ||y;|| < € and (4.14) for all ¢ > 0.
This implies that the equation (1.1) is exponential stable. The proof is complete. O

Theorem 4.3 Assume that f(0) =0 and g(0) = 0 so that zero is the trivial solution of (1.1), and
the conditions (Hy), (Hy), (Hx) hold. Then there exists Co > 0 depending only on f such that if
0 < Cy < Cy the trivial solution of (1.1) is exponentially stable almost surely.

Proof: We apply the Theorem 4.2 to prove this theorem. Note that from the condition (Hy) we
have (1.3), (1.4) and as shown above we can also have (4.2) by a linear transformation. Therefore,
for simplicity we assume that (4.2) holds.

To prove our theorem we will use the criterion of stability provided by Theorem 4.2.
First observe that there exists a small positive number Cp € (0, 1) (dependent on f but not on

g) such that

%L > IDIO)ICo2+Co) + (1 + CoICUEN" (12— (). [0.1). (4.15)

(because the right hand side of the above inequality is a continuous increasing function of non-
negative Cy and vanishes at 0). We will show that this constant Cp furnishes the conclusion of the
theorem. To this end, let g is such that 0 < C; < Cy we will show below by an application of
Theorem 4.2 that (1.1) is exponentially stable.

It is easily seen that there exists a small positive number €; € (0,1) such that

A
Cr(1l+ Co)*tmen < Zf’ (4.16)

and

Co
L+ | D390, B(0,60)

€1 < min{ ,1,€0}. (4.17)
Then B(0,¢1) C B(0,€¢y) and we have

ID*gllos,B0.c1) < 1D"9lloo, B0y for i=0,1,2,3. (4.18)
Since || Dg|ls,B(0,e;) < Co and g(0) = 0 we have [|g||o0, B(0,e;) < Coe1. Hence

HgHoo,B(O,el)||D3g||oo,B(0,e1) < OOEIHDggHoo,B(O,el) < Cg (419)
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We notice that if we restrict the consideration of (1.1) on the ball B(0,¢€;) instead of the ball
B(0,€y) then the stability criterion (4.3) provided by Theorem 4.2 now read

A > [IDFO)IAE2 + A) 4+ Crr (1 4+ X)2Fmem + A1+ NEN*( x(+),[0,1]), (4.20)

16C,c* C’; 7

where C’; is the counterpart of C;j computed in the ball B(0,¢1). By virtue of (4.18), (4.19), (1.5)
and (1.6) we have .
C’; < max{Cy, Cy} < Cy. (4.21)

Now we show that if we choose A = C’; then the inequality (4.20) is satisfied. Indeed, by the choice
of X and (4.21), (4.15) we have

~

% > |DFO)A2 + ) + A1 + AEN*( x(-),[0,1]).

16C,c*Cs’

This together with (4.16) imply (4.20). Therefore, Theorem 4.2 is applicable and leads to the
exponential stability for system (1.1). O

Remark 4.4 (i) Theorem 4.3 implies the result in [22, Theorem 17]. Indeed, if g € C3 and ¢(0) =
0, Dg(0) = 0, D%g(0) = 0 then by restricting consideration to a smaller ball B(0,¢;) C B(0,¢) we
may make Cy small enough to satisfy the assumptions of Theorem 4.3 implying that the equation
is exponentially stable. On the other hand, in the case g is a linear map, ¢ = Cy, C € R¥>™
with ||C|| < Cy, (1.1) is exponentially stable by Theorem 4.3. However, condition Dg(0) = 0 in
[22, Theorem 17] is not satisfied so that [22, Theorem 17] is not applicable. Thus, Theorem 4.3 is
significantly stronger than [22, Theorem 17].

(ii) We notice that the derivative of order 3 of g does not affect the local exponential stability
of (1.1). An interesting example is the one-dimensional case with g = Cyy + Cay? + C3y?, where
C4,Cq,C3 are constants. By Theorem 4.3 if (1, Cy are small enough then (1.1) is exponentially
stable for any C3 (provided other assumptions on f, g are satisfied).

(iii) Criterion (4.3) can be relaxed to

A

Ar > [IDFOIA2+A) + Cu(1+ A" + M1+ NEN" (15
rg

x(+),[0,1]) (4.22)

without constant ¢*. The reason is that all the arguments in the proof of Theorem 4.2 are applied
in the local regime B(0,¢y) where f*, g* coincide with f,g. Hence condition (4.15) in Theorem 4.3
can also be relaxed without ¢*. However, the difference between the criteria are small and only
upto constant ¢* that happens in controlling the number of stopping time N*, hence is negligible.
We will see in the next section that the direct arguments for the local system fails to be applied for
the discretization scheme of system (1.1), because at each time step there is a possibility that the
solution can exit B(0, €y), making it difficult to construct a sequence of stopping time 7, as seen
in Theorem 4.2. For that reason, we prefer to maintain the strategy to study the local stability of
system (1.1) and its discretization scheme via the extended system (2.12), that helps us simplify
the arguments of the proofs.
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5 Local stability for discrete rough systems

In this section, we consider the discretization scheme of system (1.1), i.e. the explicit Euler scheme
for the regular grid with step size A > 0, i.e. II = {t} := kA}ren and

Yo € RY,

(5.1)
Yie s = Ui + LA+ 9wt i + Do) 9Wi) Xyt k€N

The global dynamics of the discrete system (5.1) has been studied recently in [10], [8], which show
that there is a similarity in asymptotic behavior of the continuous system (1.1) and its discretization
(5.1). Note that we can not apply the Doss-Sussmann technique for the rough difference equation,
simply because it is difficult to control the solution growth in a smooth way for the discrete time set.
Instead, we will couple the discrete system (5.1) with its unperturbed discrete system and control
the difference of the two trajectories.

Here in our local setting, the global arguments in [8] can not be applied because one needs to
control at each discrete time step the solution to stay inside the ball B(0,¢€p) to prove the local
stability (the notion of stability of discrete systems is an obvious modification of the one for the
continuous-time case). By extending the local system from B(0, ¢y) to R, we can prove the following
results.

Theorem 5.1 Assume (Hy) for the noise, (Hy), (4.2) for the drift and (Hy) with f(0) =0,9(0) =
0. Assume further that there exist A >0 and X € (0,%),7* € (0,1) such that

1 1 m 1 *\ 2
oA > Af > 50}160 + i(HDf(O)H + Lyc*)*A (5.2)

+ (3C, + 2e2)c* Cyr* [EN*(V*, x(-),[0,1]) + ENz(X, x(), [0, 1])].

Then the trivial solution of system (5.1) is exponentially stable almost surely.

Proof: We will do in a similar manner as in the proof of Theorem 4.2. At first, we assume
global conditions of f, g as in (H})-(Hy). Moreover, we assume additionally that the constants Cy

defined by (2.3) and Ly defined by (2.2) satisfy the inequality
ég S C*Cg, IA/H S C*LH. (5.3)
Due to the assumption (H}) the function f is global Lipschitz continuous with constant L §=
|Df(0)|| + Lzz. From (5.2), by virtue of (5.3) we have
1

1 1.
TR A 5LfA (5.4)

+ (3G, +2¢5)C7" [EN* (", x(), [0,1]) + EN5(A, x(), [0, 1))]

For each 7 € II fixed, we would like to compare the solution of this difference equation (5.1)
with the unperturbed difference equation

20 = yTA, 2ty = 24, T [(20,)8, Vig > T (5.5)

We would like to study the dynamics of this difference equation (5.5). Due to the global Lipschitz
continuity of f, for any s,t € II,t > s > 7T,

lzsell < D7 I Ge)IA < Lillzlloo s gt — 5);

s<tp<t
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which implies

12llp—var 115, < 125l + Lllzlloo s, (t = 8) < [L+ Ly (t = )] l2lloo, 15,0 (5.6)

On the other hand, by using Lyapunov function V(z) = ||z||*> and applying the same arguments as
the ones in Theorem 4.2, we obtain for any ||z, || <€ <€

Hztk+1 H2 = HztkHZ + 2<Ztk7f(ztk)>A + Hf(Ztk)H2A2

< Nz l? = 22 Az |IP + Cre™Allze |I? + LA 2, |12
<zl [1 - (2Af — Oy — ﬁ}A)A}
<z IP(1 = 264) < |z, |1 exp{—2rA},

where one deduces from (5.4) that

1 1
K= Ap— §CH6 — 7L2A e (0, E) (5.7)

As a result, we can prove by induction that,
if ||zo0]| <€ then |z < l20]/(1 = kt) < ||20]| exp{—rt} <€, Vtell (5.8)
Next, define hy, = yé — 2, for all ¢, > 7, then by definition h, = 0 and for all ¢, > 7

h‘tk+1 = htk + [f(h‘tk + Ztk) - f(Ztk)]A
+g(ht, + 2t,) 2ty b0 + Dg(he, + 26,)9(hey, + 26) Xty 1101 -

Define Rgt = hst—g(hs+ zs)xs, for all s <t. We then apply the discrete sewing lemma [23, 8] for
For = g(hs + 25)xst + Dg(hs + 25)g(hs + 25)Xs ¢
for all s,t € II,t > s > 7 and similar estimates to [8, Theorem 3.3], to obtain
17, R |p—var, 115,14 (5.9)
< sl + Cp | Co Nl vartosg + C2IXl— a1 |1 2llp—ver, 115
+Cp| L1t = 5) + Cy Il artpos + C2 UKy var s |15 B v, 115

At = nA—i-l where 72, 71A+1 are the stopping times defined in

We now apply (5.9) for s = 7 = 75

Section 3.2 for A € 2 %) Then h.a = 0. Consider two cases:
Case 1: Tt Cy[L7(7841 = 7) + Cy lally varigra v, ) + C2 Il i o, | < A then (5.9)
yields
1l nir
< by Rl gar i ]
< M By e ttn 1 + CoC el et o 12 e n
< MR R seriiea 2
+CpCy Ixly e e,y [1+ Ep(72 = A>}||z||oo,mf,9,7,g+l]
SN L ]+<1+A>cc el e 7 Iloomgra o,
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which yields

”hHOO,H[TnA,TnA+1] < Hh R HP var,II[74, n+1]

C C wxmp var,II[T2,T, +1] (1 + )‘)
— 1 _ )\ "Z“OO,H[TTLA,Tﬁ_,'_l]
< 3CpCy Il —varmipra 72, 1 12 lloo mpra 72,
where the last inequality holds due to A € (0,1). As a result, whenever HyTAA | = llzrall < 1555, we
obtain from (5.8)
N Y toX A I B I (5.10)
< lzpll [exp{=n(t = 720} (14 3C,Co Ixlly v ns, ) |
S Hy-rnA”(l + 3)‘) S €, vt € H[ ) nA—l—l]
In particular
A A A
s 11 < sl 1= w(md = 78) +3CoCo Il i o,
A A
< ||y1-nA H exp{_ﬁ(7n+1 —Tn ) + 301?09 ’”X”|p—var,ﬂ[7'$,7'$+l]}'
By applying Lemma 3.2 for a certain v* > 0 fixed, one obtains
A A A * N A
||yf$+1|| < [lyrallexp{—r(mdy — 7) +3C,Cov" N* (v, x, [, T ) }- (5.11)

Case 2: If C, ﬁf(7$+1 — 2+ Cy |l n+1]] > A so that

A, nA+1 are two consecutive times in II. Construct the sequence of stopping times 7;(

aaa g+ Ol

pvau"l_l[n,n_,'_1 g—var,II[T5
A
CPCQ ’
for continuous time interval [75, 72 4], thus

17ra

’7' n41 ’T nt1

I < Nzl (Collrg o I+ C2I% 8 1 ).

Then it follows from (5.8) and the fact that 7% ; = 72 + A in this case, that

A
luds 1< lzea I+ Dzeall Collwrs o+ C2I%ca oo ]
A
< uyTnAn (1= 5 = 7) + Cllra o I+ C2IX s o ] (5.12)

Note that k(75 — 72') = kA < &, we now apply inequality 1 —u +v < e %(1 + e%v) to (5.12) to
obtain
A)}

.
[1 + exp { n+1 }(Cg||xTnA,TnA+1 I+ Cg2||XTnAvT$+1 H)]
Iy llexp { = nlrd -2

(14 (Collerg pa, 1+ G 1% 005,11 (5.13)

Tn n+1

< s lexp { = w(rih —

18
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Again we apply Lemma 3.2 so that for a certain v* > 0,

L () ENNIP e SN

n o 'nt1

AA A
< 14 Il r ) O Il 2,
< 1+ BKACA'Q’Y*N* (7 y X, [TnAv TnA+1])

R 2

FEAC P [N )
X R 2

< 1+ GHACgV*N*(7*7X7 [TnAaTnA-H]) + [eHACgPY ] [N*(’y % | nA’ nA'H])}

< exp {23 Gy N x I )
where the last inequality is due to the fact that 1+ u +u? < €2*,Vu > 0. Hence (5.13) has the form
I < s lep { = r(rdy = m2) + 2620 N (7 x 2 78D ) (51
Combining (5.11) and (5.14) and setting
C =3C, + 23
yields for any n € N
Iy 1 < lufsllexp { = r(rahy = 7) + CCA" N* (v x, I 7)) |

provided that Hy A | < 1355+ One can then prove by induction that for any n > 1

Il < llydllexp { = w7+ CCpy* ZN*'Y x, [, 78 |- (5.15)
7=0

By applying (3.9) in Lemma 3.3 to (5.15), we finally obtain
Il < luillexp { =t + CC* [N*(r' x, I 7)) + 1) }. (5.16)
Hence, in order for Hy A | < 13555 for any n € N it suffices if one chooses y4* so that

lyg'll < R%(x)
€

1nf €xXp {KJTnA - Cég"y*N* (7*7 X, [07 TnA]) - Cégfy*n}

1+3\n>
B € A % N A *N*(’}/*,X, [07T71A])
= 17 T}Lr;f exp T, { Kk —CCyy ¥—CC£,7 P } (5.17)
Denote 7,(7*,x) the maximal stopping time that is less than 75, By (3.4) in Lemma 3.1
N*(v*,x,[0, 75 1
lim sup 9l ’XA[ 7)) < lim sup n <EN*(v*,x(+),[0,1]) (5.18)

n—00 Tn n—00 Tn

Mean while, applying (3.13) and (3.11) for  := X yields

R CcC. ~* .
limsup CCyy 5 < ——91— < 20C, " EN(A, x(-), [0,1])  a.s.
n—00 Tn lim inf 22
n—o0
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Since A € (0,1) and v* € (0, 1) satisfy (5.4), and by assumption C'g < ¢*Cy, we can use the same
arguments as in the proof of Theorem 4.2 to prove that R®(x) defined in (5.17) is a random variable
which is positive almost surely. We has proved that if ||yo|| < R®(x) then |jy2 | < ; 3 for all
n, and using (5.10) we have ||y:|| < € for all t € II. Moreover (5.15), (5.10) and (5.4) yield the
exponential convergence of yﬁ to zero as k — oo. Thus, exponential stability of the trivial solution
of (5.1) is proved.

Finally, following the same way as in the proof of Theorem 4.2 we use extension techniques to
relax the proof from the additionally required strong global conditions (H7%)-(Hp)-(5.3). Namely,
by virtue of Lemma 2.2 and Lemma 2.3 we can find extensions g* of ¢ and H* of H respectively
from B(0, ¢p) to the whole space RY. Put

f () :=Df(0)y+ H*(y), VyeR?

*

according to (1.3). Then for the difference equation of type (5.1) in which f, g are replaced by f*, g
defined in Theorem 4.2 respectively, i.e.

y6* € RY,

5.19)
A A *0 A *0 A PYSWANUR TAWAN (
Yierr = Ytp T T W) A + 9" ()2t + D9 (v5)9" (03 ) Kt tns K EN

the criterion (5.2) for the pair f*, g* as well as the strong additional global conditions (H7}.)-(Hy.)-
(5.3) are satisfied. Therefore, the foregoing arguments are applicable to (5.19), yielding exponential
stability of the trivial solution of (5.19). Moreover, since inside the ball B(0, ¢) the equation (5.19)
coincides with the equation (5.1), the same arguments as in the proof of Theorem 4.2 show that the
trivial solution of (5.1) is exponentially stable. The proof is completed. O

Theorem 5.2 Assume (Hx) for the noise, (Hy) for the drift and (Hy) for the diffusion with
f(0) = 0,9(0) = 0. Then there exists Ao > 0, Cy > 0 depending only on f such that for any
0 <A< Ap, 0<Cy < Cy, the trivial solution of (5.1) is exponentially stable almost surely.

Proof: ~We apply the criterion of exponential stability given in Theorem 5.1 to prove this
theorem. Similar to the continuous case in Section 4 we have (4.2) by a linear transformation.
Therefore, for simplicity we assume that (4.2) holds.

At first, we note that once given (5.1) on B(0,€y), we may consider (5.1) on a smaller ball
B(0,€1) with 0 < €1 < €g, and on B(0, €1) the corresponding parameters Cg, Ly, Cy are not bigger
than their counterparts defined on B(0,ey). Therefore, we may apply Theorem 5.1 to (5.1) with
the change of €y to €; in the criterion (5.2), that means the criterion (5.2) now becomes a new (and
better) criterion

1 1 m 1 *\ 2
A > Ap > 50]{61 + §(||Df(0)|| + Lyc*)*A (5.20)
(30, +26)e"Cyy” [EN (77, x(), [0, 1)) + EN3 (A, x(), 0. 1))
Choose and fix 0 < €1 < ¢g such that
1
Chel’ < 5)\f. (5.21)

) A ) .. )
We fix Ay = mm{ﬁ7 W}. At this position, one can assign v* = %, A= % and

choose Cy € (0, %) from criterion (5.20) and inequality (5.21) such that

(30, +263)e" Gy [BN* (3, x(), 0, 1)) + EN (5, x(), [0,1))].

A1
7>7
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This is possible, because we can estimate the two expectations

EN°(x()[0,1) < 14 2E (), = Cn
EN3(5,%(),0.1]) < +(W)M(%)”Erux<->wpm+CgEuxomq[O”
<

L+ 371D + La)” + ElxCI 0. =

by the quantities which are independent of C;. We then determine Cy as follows

Co —mm{l )\f }
47 90+(3C, + 2e2)(Cy + Cs

)
It is easily seen that with such choice of Ag and Cp if 0 < A < Ag and 0 < Cy < Cp then
the criterion (5.20) is satisfied, hence Theorem 5.1 is applicable to (5.1) implying that (5.1) is
exponentially stable. The proof is complete. O

Remark 5.3 (i). We notice that the arguments in the proof of Theorems 4.2, 4.3, 5.1, 5.2 are
conducted for one fixed specific path x = x(w) for which inequality (3.4) in Lemma 3.1 holds.
Those w form a set of full measure Q' C Q.

(ii). If one deals with non ergodic cases, one can use the ergodic decomposition theorem [33,
Theorem 3.2, p. 19] and have the conclusion of local stability for each ergodic component of €.
Otherwise, the ergodic Birkhoff theorem is still applicable, but the right hand side of (3.4) and
(3.11) would be random variables. As a result, the right hand side of criteria (4.3) and (5.2) are
path dependent, which implies that A and X are also chosen to be path dependent. In this case, Cy
in Theorem 4.3 and 5.2 is also path dependent.

6 Appendix

6.1 Rough paths

Let us briefly present the concept of rough paths in the simplest form, following [17] and [26].

For any finite dimensional vector space W, denote by C([a,b], W) the space of all continuous
paths y : [a,0] — W equipped with the sup norm || - [ (a,0) given by [|Ylloc ja,5] = SuPsefa) [[¥:ll;
where || - || is the norm in W. We write ys; := v — ys. For p > 1, denote by C?~V¥([a,b], W) C

C(la,b], W) the space of all continuous paths y : [a,b] — W of finite p-variation |y[l,_yar (0p =

1/p
(supn([mb]) Yo Wit Hp> < 00, where the supremum is taken over the whole class of finite
partitions of [a, b].
Also for each 0 < o < 1, we denote by C*([a,b], W) the space of Hélder continuous functions
with exponent « on [a,b] equipped with the norm

[ys.c I
b = [%all + 1Yllajap,  where [ly| = sup = <00, (6.1)
ol ¢ fab) olab] s,t€la,b], s<t (t - S)a

For « € (3, 1), a couple x = (z,X) € R™ & (R™ ® R™), where 2 € C°([a, b], R™) and
X € C?**([a, b)?,R™ @ R™)

= {XEC([a,b]2,Rm®Rm) : sup sl <oo},

s,t€a,b], s<t ’t - 5‘201
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is called a rough path if it satisfies Chen’s relation
Xs,t - Xs,u - Xu,t =Tspy @ Tyt Va<s<u<t<hbh.

We introduce the rough path semi-norm

1
illogos) = Nellouy + IXIZ, o
1]

where || X]| 2 = sup  —— - < 00.
2o [a.b] s,t€a,b];s<t |t - 8’2(1

Throughout this paper, we will fix parameters % <a<v< % and p =

CP=¥(la, b],W). We also set ¢ = § and consider the p—var semi-norm

Q=

1
Il ot = (B2 o+ DEN s )
1/q
XM g —var,ja,52 = ( sup ZH X tigaI? ) ;
([a,b]) i—

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

Example 6.1 (i), Let B = {B; :t € R™} be a Brownian motion. Define

B ;_/ By, ® dB, € R™ @ R™ = R™™,

so that C*(]a,

b, W) C

where the stochastic integral is understood in the It6 sense. We consider continuous versions of By

and IB%ItO and define
BY? := By — B{\C — By ® Byy,

which is continuous in (s,t) and satisfies Chen’s relation (6.2). By the additivity of the It6 integral

t
BL? = / B, ® dB,.
S

By the Kolmogorov criterion, there is a version of (B,B!"*°) which is in €*(I,R™) for all o« € (3, ).

Note that by It6 formula

L=

- 1
Sym(BYY) = §Bs,t ® Bt — 5

Define
BStrat B??* —In(t—s), then Sym(BStrat) 7B + ® By,

which implies that (B, BStat) ¢ nga(l, R™) for all a € (3, 3). Moreover

t
Bittrat — / B,, ® dB,.
S

where the integral is in the Stratonovich sense. It is then easy to check that both B*® and BStrat

satisfy Chen'’s relation (6.2).
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(ii) When X = B is a scalar fractional Brownian motion, we define the stochastic integral
i y6BH in the sense of Skorohod-Wick-It6 by using the Wick product as in [30, Chapter 5]. Then
by using the Wick-1t6 formula [30] for the Skorohod-Wick-1t6 integral

$B0) = 180 = [ s [ rslst (6.5)
S
for any function f € C?, we can compute explicitly
Yot Lonme lion  on
stt = Bs,u(SBu = §(Bs,t) - i(t -8 )7
S

In general, X can also be defined for a scalar centered Gaussian process of the form X; = fo (t,s)dBs
where B is a standard Brownian motion, and K(t,s) is a square integrable kernel. In partlcular,
the stochastic integral [ X can be computed as the limit of Riemann sums defined w.r.t. the Wick
product [1]. As such X,; := fst Xsu0X, can be computed explicitly and satisfies Chen’s relation
(6.2).

The reader is also referred to [17, Chapter 10] for a detailed construction of X of a multi-
dimensional Gaussian process X = (X;); with mutually independent components.

6.2 Probabilistic settings
Following [10], denote by T2(R™) = 1 ® R™ & (R™ @ R™) the set with the tensor product

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

for all g = (1,¢%, ¢%),h = (1,h!, h?) € T2(R™). Then (T2(R™),®) is a topological group with unit
element 1 = (1,0,0) and g~ = (1, —¢', ' ® ¢* — ¢?).
Given «a € (% v), denote by €%(I, TZ(R™)) the closure of €>°(I, TZ(R™)) in the Holder space

(I, TER™)), and by ‘fg’a(R,Tf(Rm)) the space of all paths g : R — T2(R™)) such that g|; €
€%(I, T?(R™)) for each compact interval I C R containing 0. Then (5(? *(R, T2(R™)) is equipped
with the compact open topology given by the a-Ho6lder norm (6.1), i.e the topology generated by

the metric )
da(g,h) = Z 27(
k>1

).

Let us consider a stochastic process X defined on a probability space (2, F,P) with real-
izations in (%00 (R, T2(R™)),F). Assume further that X has stationary increments. Assign
Q= CK(?’O‘(]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). = wi ' @wir, VE € R,w € 6y % (R, TZ(R™)), (6.6)

and define the so-called diagonal process X : R x Q — TZ(R™), Xy (w) = w; for all t € R,w € Q. Due
to the stationarity of X, it can be proved that  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) € ‘fg *(R, T2(R™)) for every w € €2, which satisfies the cocycle relation:

Xt+5(W) = XS(W) & Xt(QSOJ),\V/OJ S Q,t, s € R,
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in the sense that X, o1 = X;(fsw) with the increment notation X ¢y = X;' @ Xy It is
important to note that the two-parameter flow property

X37u & Xuﬂg = Xsyt,Vs,t eR

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 functions satisfying Chen’s relation relation (6.2).

As pointed out in [11, 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 C7 such that for all p > %, E|| X, —
Xs||P < Crlt — 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 [18, Chapter 15] with sample paths in the space C’g *(R, T2(R™)), for a certain

€ (0,v). In particular, the Wiener shift (6.6) implies that

H‘X(Qhw)’”p var,[s,t] ’”X( )mpfvar,[s%»h,tJrh] 3
Nis, ) (x(0pw)) = Nisyn,eqn) (x(w))-
As said above, in this paper, we need an assumption on ergodicity of 6. It is known (see [21,

Lemma 3]) that if X is a m-dimensional fractional Brownian motion with mutual independent
components, we have the ergodicity of 6.

(6.7)

Lemma 6.2 Assume that X = BY, then 0 is ergodic.

Proof: We sketch out a short proof here. For H = %, the canonical process w.r.t. the Wiener
measure IP’% and Wiener shift ffw. = wiy. —w. on Q* = CJ(R,R) is ergodic. By [21], the Wiener
shift mx. = 244 — 2 is ergodic on ' = CO*(R,R™) w.r.t. Py = BHIP’%. Because of [17, Theorem
10.4], there exists a full measure subset Q1 C Q' such that w = (1,2,X) € Q for any xz € 4.
Moreover, by [18, Theorem 15.42, 15.45], one can choose this full measure subset €; such that it
satisfies the piece-wise linear approximations (mollifier approximation). Then consider the natural
lift S on smooth paths

t
S(x)es = (1,70, / vorday), (6.)

which can be extended to {2 such that S : Q; — (2. One can now apply the arguments in [2] to
conclude that there exists a metric dynamical system (Q F,P, 9) such that Q ¢ Q and P = PH oS,
Furthermore,

0,S(z) = lim 6,8(z™) = lim S(pz™) = S(nz). (6.9)
n—oo n—o0
Since 7 is ergodic, it follows from [21, Lemma 3] that € is also ergodic. O

6.3 Gubinelli’s rough path integrals

Following Gubinelli [23], 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], LR™,W)), RY € C**([a,b]?, W) such that

Yst = Yoot + Rgt, Va<s<t<hb. (6.10)

y' is called the Gubinelli derivative of y.
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Denote by 22%([a, b]) the space of all the couples (y,3’) controlled by z. Then for a fixed rough
path x = (z,X) and any controlled rough path (y,y') € 22%([a,b]), the integral fst Yydx, can be
defined as the limit of the Darboux sum

t
/ Yudx, = lim Z (yu @ Ty + y;XU,v)
S

where the limit is taken on all finite partitions II of [a, b] with |II| := [m?x |v —u|. Moreover, there
u,v]) €Il
exists a constant Cj, > 1 independent of x and (y,y’) such that

t
H / YuldTy — Ys @ Tst — y;Xs,t
s

‘ (6.11)
ECP( ||‘$|||p—var,[s,t] |||Ry |||q—Var,[s,t}2 + My,mpfvar,[s,t] |||XH|q—var,[s,t]2 )

6.4 Stochastic integrals as rough integrals

In general, a Gubinell rough integral [ ydx is defined in the pathwise sense with respect to a driving
path x, yet we can compare it to classical stochastic integrals in some special cases. Namely, let B
be a m-dimensional Brownian motion which is enhanced to an Ité rough path (B(w), B"(w)) €

for any o € (3, 3) a.s. Assume (y(w),y'(w)) € @é%w) a.s. Then the rough integral

/yrdB},té = 1l[lHlO Z (yuBu,v +y,uBIut,?))
I =0 e

exists a.s. If y,7 are adapted, then a.s. fI yrdit® = f[ yrdB, where the latter is the It6 integral.
The same conclusions also hold for (B, B%"2") and the corresponding Stratonovich integral (see e.g.
[17]).
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